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ES E C UT I VE S U M MARY 

This rcpon dcscribcs thc Pcrformancc Awssmcnt (PA) and Compositc Analysis (CA) far 
rhc current solid low-lcvcl radioiicti\lc waste (LLW) disposal facility at thc LOS Namos 

Sationid Labar:itory(LhVL). Matcrial Disposiil h c a  (?vlDA) G. The PA and CA sitis@ 

;he following DOE rcquircmcnt documcnts: 
0 

0 

DOE Ordcr SS20.2A ~ l ~ - i ~ r _ c _ ! i ~ , ~ ~ m c n t  (Scptcmbcr 1988); 

"Guidancc for a Compositc Analysis ofthc Impact of Intcracting Saurce Tcrms on 
thc Radiological Protcction of thc Public from DOE LLW Disposal Facilitics" 
(April 1996); 

"Rcviscd lntcrim Policy on Regulatory Structurc for Low-Lcvcl Radioactivc 
Wnstc M;lnilgcmcnt and Disposal" (July 1996); and 

"lntcrim Format and Content Guidc and Standard Rcvicw Plan for U.S. 
Dcpanmcnt of Energy Low-Lcvcl  was^ Disposal Facility I'crformancc 
Asscssmcnts" (October 19sl6), 

Thc purposc of thc P A  is to dctcrminc if LLW gcncratcd sincc Scptcmbcr 26, 198s has 

been, and will continue to bc, disposcd of at MDA G in a manncr that will not rcsult in 

radiation doscs to mcmbcrs of thc public that cxcecd pcrhrmancc objcctivcs spccificd by 
thc DOE. I n  ;I complcmcntap fashion. thc C A  is uscd to cvaluatc options for ensuring 
that cxposurcs from ;ill waste. disposcd of at MDA G will not imparz doscs to futurc 
members of'thc public in csccss of spccificd limits. 

>IDA G hiis bccn uscd for disposal of thc Laboratory's radioactivc witstc sincc 1957, Thc 

chcmicd, physical, and radiological chilractcristics of waste disposcd of after Scptcmbcr 

26, 19SS have bccn rcponcd and documcntcd in accordancc with thc rcquircmcnts of 

DOE Ordcr SS20.2A. Chnractcristics of the inventory buricd pnor to Scptcmbcr 25, 19SS 

arc unccnnin. although clcctronic rccords mist for disposals aAur 1971, Topcthcr, the PA 

and CA providc a comprchcnsive evaluation of the potcntirtl radiological cxposurcs to  

futurc mcmbcrs of the public from past, prescnt, and futurc dispossls at MOA G. Doses 
arc projcctcd beyond 1,000 ycars ahcr facility closurc, which is assumcd to occur in 2044, 

The rcsults arc comparcd with pcrformancc objcctivcs providcd by the DOE, 
Radiological doscs to futurc mcmbcrs of thc public can result from thc rclcasc and 



transport of radioactiviv via natural proccsscs aKcc:ing thc undisturbed disposal sitc, and 

from direct intrusion into tlir waste by humans, The latter can, in prhciplc, be prevcntcd. 

whilc thc fornicr can be controllcd to only 3 limited cmnt .  

'The projection of futurc doses involves modeling releases of radioactivity from h D A  G 
iind transpon of that riidioactiviv in air, watcr, soil, and biota at locations tlcccssiblc to 

f'uturc mcmbcrs ofthc public for ;L pcriod of at lcnst 1,000 ?cars. This rcquircs an 
undcrstmding of fiicilit'y USCS and natural proccsscs affecting rclcasc and transport and 

assumptions about human usc of the sitc and its surroundings. 

This rcpon first cstablishcs the rcgulatov framework of the PA and C.4  dcfining thc 

pcrformancc objcctivcs and summarizing the gcncral approach followcd to dcmonstratc 

compliance with thosc objrrctivcs, and thon discusses thc technical framework of thc 
analysis, Thc tcchnical framework includcs dctnilcd dcscriptions of thc natural and man- 
made charactcristics of the sitc that tclatc to its long-term radiological pcrformancc. and 

dcscriptions o f  thc models used to annlpzc its long-term pcrformancc, Two conditions arc 
evaluated: One considers doscs to o K h  mcmbcrs of the public following rclcascs of 

radio;rctivity from thc fiicility rcsulting from natural proccsses. whilc a sccond considers 
doscs to individuals who may inadvcncntly intrude into rhc wtlstc. Rcsults ofthc dose 

projections arc cvahtcd  ngainst pcrformancc objcctivcs ;md arc intcrprctcd in thc conm? 
of implications for disposal operations and furtticr invcstipttions, 

Tlic pcrformancc objcctivcs for the PA arc providcd in DOE Order 5S20.2A and the 

report "lntcrim Formnt and Con:cnt Guide and Standard Revicw Plan for U.S. 

Dcpanrncnt of Encrgy Low-Lcvcl Waste Disposal Facility Pcrformancc A.sscssmcnts.'* 
These pcrformsncc objcctivcs wcrc intcrpracd as: 

Masimum cffectivc dosc equivalent of 25 mrcdyr to any member of the public 
resulting from cxtcrnal csposurc and concentrations of radioactive mntcrial 
rclcascd into surfacc water, groundwater, soil, plants, and animds. 

M n i m u m  cffcctive dosc cquivalcnt of 10 mrcdyr  to any member ofthe public 
from conccntrations of radionctivc mstcrial rclcucd to the atmosphere (excludin, 
radon) from rVca G and all other facilities at the LAXI. 
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e hlasirnum flus of radon gas (i.c.., ""Rn and '"Rn) from the undisturbcd disposal 
sitc of 20 pCi/m'/s ( I  .9 pCi/A'/s). 
blasirnunl cni.c:ivc dosc cquivalcnt of 100 m r c d y t  for continuous csposurcs of 
individuals who inndvcncntly intrude into thc frtcility after thc loss of active 
institutional control (1 00 ycnrs). 
Miisinium cffcctivc dosc cquivillcnt of 500 ni:c.m/yr for acutc cxposurcs of 
individuals who inadvcncntly intrudc into thc facility after thc loss of activc 
institutional control (100 ycars). 

M;isinium effcctivc dosc cquiv;ilcnt of 4 mrcdyr t o  any mcmbcr of the public 
from the consumption of drinking water drawn from wclls outsidc of the land-usc 
boundary. 

Thc pcrfornimx objective for tlic CA i s  thc DOE primary annual dosc limit of 100 mrcrn 

c5cctivc dosc cquivalcnt for monibcrs of thc public. If the projected dosc cxcccds 30 

m r c d y r .  ;in options analysis must be prcparcd to  considcr actions that could bc tnkcn to 

ruducc csposurcs, t : ik jn~  into account tlic cost of such actions. Contpliancc with 

pcrformancc objcctivcs is evaluated ovcr il 1,000-ycar post-closurc pcriod. 

0 

0 

To model rclcasc and transpon of radionctivity from MDA G, waste charactcnstics and 

natur;il proccsscs ivcrc csamincd. Most wastc disposcd of at M D A  G is slightly 

contaminaicd laborato? tr;ish (c,g., paper, packaging materials, sI;issivarc, ctc.) iind 

dcbris from cleanup activitics (c.p., building rubble, conduit, soil. ctc,), Thc inventory 
includes large quantities of tritium. "Co (in activatcd mctals), and "'Cs (in irradiation 

sourccs); spccial nuclcw matctials ( c g .  ""Pu, '"Am. and ""U); and tcsiducs from 

mcdicnl r;idioisotopc scparntions (cos., ""Tc and '%b). 

The wst t  inventory for thc PA and CA w:is dividcd into four scsmcnts, cnch ofwhich 

was chmctcrizcd scparatcly according to ilvailability of information, Thc four scpmcnts 

and  thc gcncral mcthod of cl~aractcrizrrtion iW:  

1957 - 1970 Inventory: Radionuclidc contcnt c!drapolatcd from rccords from thc 
early 1970s; 

1971 - Scptcmbur 25, 19SS Invcntory: Rndionuclidc contcnt obtaincd from 
clcctronic dritabasc; 

Scptcmbcr 26, 19SS - 1995 Invcntory: Radionuclide contcnt obtained from 
clcctronic database; and 

. . .  
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1996 - 2044 Inventory: Radionuclide content cxtrapolatcd fiom records bcniiccn 
1990 and 1995. 

This segmentation o i \ w t c  invcntoT nllowcd thc projected doses associated with 

scprtratc PA and CA invcntorics to bc cvtlluated against the applicnblc pcrfomancc 

objuctivcs, Thc PA addrcsscd wastc disposcd ofonly after Scptcmbcr 26, 19SS. whilc the 
C,\ 2ddrcssc.s a11 waste. M'hcn unccnaintics arosc for any s o p c n t  of thc invenlory. a 
conscious effort \\'as niadc to err on thc sidc of conscrvatism and ovcrcstiniatc 

radionuclide contcnt and potcntial rclcasc ratcs, 

one or morc of the following cnvironmcntal mcdia: 

tiir; 
Sudacc soil; 

Surfucc \vntcr; 

Groundwatcr; and 

\'cgctntion. 
Contact with or JSC of contaminated cnvironmcntal mcdia was assumed to cause radia1.m 

doscs as a result of; 

0 Inhdntion of contuminatcd air: 
0 lrnmctsion within contaminatcd air; 

0 

Ingestion of contarninatcd water; 
I 

lncidcntal ingestion of contaminatcd soil; 

Estcmal csposurc to contaminated soil; 

Consumption of milk and meat from animals th;rt have inpsted contntninatcd 
water; and 
Consumption of food crops grown in contaminatcd soils and subject to sudacc 
dcposition of radioactivity, 

0 

Ttic MDA G facility is situcrtcd atop a rclativcly flat narrow nicsa named Mcsita dcl Buey. 
about 30 m (99 A) abovc two canyons, Cailada dcl Buey to thc notth and Pajanto Canyon 

to thc south. Disposal units arc cscovntcd to depths of about 20 m (65 fi), x t  back a 

distancc of 15 rn (SO A) from thc sides of thc mesa. Thc surfacc of Mesit3 dcl Buey is 

iv 



about 275 m (900 A) above thc regional quifer, which supplics thc drinking water for 

arca rcsidcnts. The climatc is scmiarid, thc ccosystcm is Piiion-Junipcr woodland. Thcrc 

arc natural proccsscs somewhat uniquc to this setting that havc imponant implications 

4 t h  rcspcct to csposurc pathways considcrcd in the PA and CA, includinp: 

Ev;iporation ;it depths within the mcsrl; 

0 Slow moisture flus through thc mesa; 

S u r f m  water mncrff from the mcsa into the canyons; end 

Channclcd Itrinds within the canyons. 

Thc >IDA G inventory includcs many wu tc  forms contaminated with a wide varicty of 

radionticlidcs. Thrcc source t o m  modcls wcrc dcvclopcd t o  nccount for possiblc rclcascs. 

For the purpose of thc PA and CA, rclcascs of radioactivity wcre assumed to rcsult from 

t hc following proccsscs: 

Gts-phasc difrusion; 
Translocation of radio;rcrivc marcrials by burrowing ;\nimiils and decp-rooting 
plants; And 

Aqucous-phasc Icxhin!, of soluble riidionuclidcs 

0 

A gas-phase diflLsior1 niodcl was uscd to calcul;itc thc timc-dcpcndcnt !lux of 

radionticlidcs in thc invcnto? that arc citlicr charactcristically volatilc (i.c,, krypton and 
radon) or form p s c s  (i.c,, C as ‘JC02) or vapors (i.c, .” as ‘1-120, H31-10/J-lTO). A 

biotic translocation rnodcl W;IS used IO iiccount for he-dcpcndcnt surf‘acc-soil 
radionuclidc conccritrations as :I rcsul: of burrowing Linimals cscavating wastc and plants 

as si mi 1 ii t i ng r d  i oiic: i vi t y t h r o ug h root s pen et r a t  i ng IKLS t c , t li cn d c p o sit i ng radio iIc t i vi ty o n 
thc surfricc with nxural defoliation. Finidly, an aqucous-phasc rclcasc rnodcl was 

dcvc!opcd ro simulatc dissolution of radioxtivc m:ircrinls into \vatcr pcrcolatins throu_rh 

thc disposal units. 

I 4  

G:is-phnsc rclcascs wcrc trrrnsponcd offsitc in air. producing inhalation doscs. Surface 

contamination rosulting from biotic intrusion was transpottcd offsitc in air and subscqucnt 

redeposition and in surfiicc watcr, resulting in inhalation, ingestion, and cxtcmal 

cxposurcs Aqucous-phase rclc:iscs wcrc trmsportcd vertically downward tow;ird the e 



inhalation, ;ind cstcrnal radiation doscs. 

I 

Inventory' An:dysis Loc:~ tion C:I 1 c u 1;i t cd Pca k Yerf'o rm a n ce 

PA Air Pathway Caflada del h e y  6 , 6 ~  10': mrcmlyr 1 I O  mrcdyr' 

Dose 0 bj cctivc 

Rcccptor Loc:~ t ions 

Masinium offsitc radiation doscs wcrc calculated at vuious timcs and locations coi~sistcnt 

w i t h  the natural characteristics of the sitc, assumcd facility life-cycle, and assutncd futurc 

land use. X4DA G lics dons  the LAX boundary, directly adjacent to land in Caiiada del 

Bucy owned by tlic Ssn Ildefonso h c r i c a n  Indians, and approsimatcly 2 km (1 3 mi) 

from thc small rcsidcntial community of U'hitc Rock. White Rock is hydrolo@cnlly 

downgradicnt from MDA G, while Cailtldn dcl Bucy is cffcctivcly downwind of thc 

Fxility. Conscquently, potential offsitc rcccptor locations for groundwater and air 

conmination arc rclativcly close to thc facility, The following time periods, land use 

nssumplions, and rcccptor locations were considered in the PA iind CA: 

1957 - 20.14: Operational pcriod durinp which site ~ C C C S S  is strictly limitcd and. 
cnvironmcntd nionitoring prcvcnts offsite rclcascs, causing no offsitc doscs; 

0 2045 - 2046: Closurc pcriod during which surf~cc struc:urcs arc dismantled, 
disposd units arc covured, site acccss is limitcd, and cnvironmental rclcascs arc 
moni torcd; 

0 2047 - 2146: Institutiona1-control pcriod during which acccss is controllcd 
according to csisting boundaries, allowing potential cxposures to 3 rcccptor in 
Whitc Rock and within Caiinda del Bucy; and 

0 2147 - 2046: Industrial-usc pcriod during which acccss is controlled over a 
smnllcr pcrimcter around thc facility, allowing potcntitll csposurus at a rcccptor 
1oc;ition in Pajarito Canyon dircctly adjacent to the facility, 

Thc following tablc sumiii;irizcs thc maximum doscs ctllculatcd ovcr the 1.000-ycar 

compfiancc period for scvcnl pathways at various rcccptor locations and comprvcs thcm 

with applicable pcrfomancc objcctivcs. 

0 

e 
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PA All Pathways Whitc Rock 1 . O X  1 O~ mrcm/yr 25 mrcdyr 

CA All Pathu’;1ys M7iitc Rock 7 . 2 ~  10.’ mrcm+r 30/1 OO mrcdyr  

PA lnirudcr MDA G 12 IO 30 mrcm’yr 100 rnrcn-dyr 
PA Riidon Flux LfDA G 0. I to 3 ,  I pCi/m’/s 20 pCi/m’/s 

Pajarito Canyon 

Pajarito Canyon 

;I. I)A Iilcludcs \ w c  disposcd 0f;iircr Scplciiibcr 26. I!”; CA iilcludcs :ill \v:isrc 
b.  Pcrrorii1;incc objcclivc rcprcanls lhc iI1;isiiilutn projcclcd cspsurc from ;dl rclc;iscs ; I !  LA%. 

Projcctcd doscs a n d  radon fluscs wcrc small in all casts considcrcd, and well bclow :he 

applicnblc pcrformiincc objcctivcs for thc PA and CA. Tllc peak PA dosc for thc air 
pathw;iy ;in;ilysis w 1 S  a small contribution to :he n m i m u m  annual dosc of 3.5 mrcm 

projcctcd for othcr filcilitics at LANL. Thc projcctcd doscs for thc CA wcrc less than  thc 

IO0 mrcndyr ?rima? objcctivc, as lvcll :is thc 30 nircmlyr limit indicative ofthc nccd for 

a n  options analysis. 

Thc uriccnaintics associ:itcd \vith tlic ptojcctcd doscs, i111d thcir impact on the ability of 

MDA G to comply with thc pcri’orinancc objcctivcs, arc discussed, Unccn;iintics in 
invcntory. cnvironmcntal data, and mocicling p;ir;inictcrs arc considcrcd ovcr 3 10,000- 

ycar period to provide rcason;iblc ;issiir;\nce that thc pcrform;\nce objcctivcc will hc 

acliicvcd. rUier xcounting for tlic uncertainty in thc dosc analysts. all pcrformancc 

objcctivcs :trc still likcly to bc mci. 

~ ~ ~ a l y s c s  and ficld and cspcrimcntal data will continuc 10 bc rcfincd to support thc 

maintcn;incc of the sitc Pcrformancc Asscssmcnt, with nn emphasis on reducing important 

unccnaintics in :hc analysis. Wastc Acccptancc Criteria, waste cltaractcrization 

rcquircmcnts, and waste disposal operations will bc modified to reflect thc rcsults ofthc 

PA. 
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This rcpon describes thc radiological pcrfornmce asscssmcnt (PA) for M a t e d  Disposd 
 rea (>IDA) G, the disposal facility for low-level radioactive solid wilstc (LLW at LQS 

.%lamas S;ationsl Laboratory (thc LtlboratoT, LANL). The PA mathematically projects 
rhc porrntial radiological dose poscd by LLW disposed of ;It W A  G d e r  September 26, 

I %S to a hypothetical membcr of thc public over a period of 1,000 ycm.’ To supplement 

r h r  P.4.  a compositc tlndysis (CA) projccts the potentid cumulativc impacts of dl 
rsdlotlcti\*et m2:crials in the pound at LiWL that may interact with rclcitscs calculatcd in 

ihu AtD.4 G PA,’ The results of the PA arc used to set limits on the radioactivity content 

o f  LLU’ that  can be safely disposed of at MDA G. Results of the CA provide Evidence 

that continucd disposds at M D A  G will not rcquirc fururc corrcctivc or remedial actions 

IO protcc: thc public c v m  when other sources arc considered. Both ,malyscs arc required 

h thc t S Dcpanmcnt ofEnerby (DOE) ar,d must bc approved by the Deputy Assistant 

Sccrciary for DOE W s t c  hlsnagcmcnt, and once approved. form the technical basis for 
thr bID.4 G Disposal Authorization Statcmcnt ’ 

The analysts dcscribcd in this rcpon rcflcct the resolution of comments provided by thc 

DOE Pccr Rcvicw Pnncl (PRP) upon rcvicw of prcliminnn, work.‘ Thosc comments, and 
hniv cach was addrcsscd in thc prcscnl analysis, arc contained in Appendix l a  Rcsolrition 

of Jikf’ ( ‘ tmn~~vi ts  o t i  DmJI PcrJormurrcc Ass‘~.vsntc*rrIfor U N L  TA-54, Arc4 G Luw- 

I LW*I /<t lLflfJUc~/Vc Wusre Di.spo.sal Fucilip. Onc of thc major comments pravidcd by the 

PRP rocoynizcd thc issuance of I?~~cornmordurion 93-2 of thc Defense Nuclew Fncilitics 

Safety Board f DhTSB). which concluded that all waste should be included in the PA for 
LLW disposal facililics:’ 

. .  
(1)nsrructions should be issucd t o  insure that: (a) pedorrnancc asscssmcnts y e  

based upon thc total inventories (past. prcsent, and future) cmplaccd or planned 
for rhr burial site; and (b) performmce objectives (dose criteria) of DOE Order 

S S t 0  2A arc achicvcd for thc composite of all tow-level wastc disposal facilities at 

1-1 



Pursuant to thc DOE'S acceptance of thc DhTSB rccommcndauoa the Implcmcnrorrort 

PIatr for DMSB Recommendation 94-2 was issued? This plan specified the requirement 

for the CA:; 

(T)hc Department Will conduct n composite analysis that accounts for other source 

tcrms that add to thc  dose to a hypothetical hture member of the public projcctcd 

for the disposal facilities. 

This rcpon fulfills the requircmcnt for the completion of thc LML PA and C k  Thc PA 
portion ot'rhe analysis focuses on ELL: disposed of after Scptcmbe 26, 19S8, when DOE 
faciliws implcmcntcd rigorous waste chunctcrktion rcquircments.' The CA considers 
wasrc disposed of before and d e r  thcsc rcquiremcnts wclc implcmcntcd, at locations 

tshcrc potential releases &Sht combine with projected releases from MDA G within 1,000 

yci1r5 aficr disposal operations at MDA C ccasc. Of the prc-19SS disposals a: LAbL 

only those occurring at h1DA G itself YC considered likely to internct with rtlcasscs fiom 

p u s -  I9SS disposals, The tcchnical justification supporting this conclusion is prcscnted in 
A p pcndis 1 b k h t i i c d  Justtficuriorr far Exclrrdirtg Sources from the MDA G Cornpasire 

S~ncc both thc PA and CA tlndyscs involvc the projcction of hturc events, the results arc 

nor prcdictions of ccnain impacts; rathcr, thc P;l/'CA process is a systematic method of 
dcmonstnting rcasonablc cspectation that MD.4 G will not escced perfomancc measures 
dcfinrd by the DOE.'.' The rcsults of the analyses indicate that the natural fcaturcs ofthe 

sirc providc lonplasting protection against siSni5cant rclcascs of radioactivity into the  

accessible environment. Exposures to radiation from waste disposed of at MDA G can be 

kepi 3s low as reasonably achievable (ALXU), and well bclow pcfiormancc measures 

prescribed by thc DOE. if the waste is left in.placc and not disturbed. Furthermore, the 

performance measures CM be met even if other sources of radioactivity remain in place. 

-. 

The analyscs supporting thcsc conclusions nrc described j3 subsequent scctions of this 
rcpor,. To limit the I c n g h  of this report, it borrows informution from other sourccs to the 
extent possiblc. Documents available from LANL or in the open literature that provided 

. .  
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supplemental information considered in the PA or CA arc included in the Rcfcrenccs 
section. Thc main body of this document was written to be generally accessible to _. ~ 

interested and informed rcadcrs. It contains thc minimum technical language and 
mathcrnntical expressions possible without compromising the quality of infomation 
rrauired by Itittrim Formal and Contcni' and Sfandard Rcvicw Plan for US Dcprrment - 

of Etur,qy Low-Lcvcl M'usrc Pcrformartcc Asscssmcnrs, ' and Guidancc for a Composirc 
A t/aJi;vt,v i f  dic  Int/lact ojintcrucring Soirrcc Terms orr thc Radiologcal Protccrion of thc 
I'trhllc,front Dcppurtmcnr o/Encrgy Low-Levd 'vYasfc Disposal Facilities.' Readers with 
interest in technical formalisms and intemcdiatc results are directed to the extcnsivc . . . . - . -. 
appcndis scction. The appendices include independent reports prcparcd for :hc PA and 
r . 4  bv subiect-matter csperts. They provide complete dcscnptions of methodology, input . ,  - .  - 
pilmmctcrs. assumptions, unccnkntics, and results of work conducted fat the Disposal 
Facility Characteristics (Section 2), Analysis of Performttncc (Section 3), Results of 
Analysis (Section 41, and Inadvertent Intruder Analysis (Section 5) sections of this report. 

This i s  the first iteration ofwhat will become a "living" document, It will be continuously 

cv;llUatcd and rcviscd in accordance with Muiri~cnuncc of USa Dcparnntnt of Eticrgy 

/.ow-/.cw/ M'usfc Pcrformancc ,4sscs,stncr~t.v." The PA and CA will bc considered find 

only aficr 3fDA G is closed, other sourccs of potentially interacting radioactivity are 

rcmcdiatcd and/or stabilized in place. and the boundaries of institutional control ovcr 

contaminated sitvs 3rc established. 

1.1 APPROACE 

XZDA G has bccn used for thc disposal of the Laboratory's r:idiosctivc wLqte since 1957. 

\{'hilt. scvcrd othcr sites at the Laboratory have also been used for radiaactivc wastc 

disposal, XIDA G is thc only LLW disposal f;vAity currently operating imd is expected to 

bc thc onl>* facility used in the future, While intcractions from potentid rclcues from 
formerly uscd sitcs art: not expectcd within 1,000 y w s ,  rclcnscs from past, prcsent, and 

future disposals at ,ADA G will be additivc, Thcreforc, the cntirc MDA G inventory was 



rigorously modeled, while other sourccs were d j z e d  in a scmi-quantitative m m c r  to  

accomplish t lx  objectives of the PA and CA 

h extensive body of data was collected to evduatc the potenual for releascs of 
radioactivity from XIDA G and to project subscquent cvposurcs to members of the public 

due la such relcascs. Information on thc hIDA G grologk settins. faciliry characteristics, 

and waste inventory, for example, was collcctcd, rcvicwed, and inteyrcted to idcnti@ 

processcs and conditions that could potentially lead :o rcltascs of radioactivity from MDA 

G (rcfcrred to as SOIUTC rems), and move it to locations that could be accessed by 
mcrnbcrs of the public (rcfcrred to as ~ ~ p ~ w e p ~ r h a y s ) ,  Source tcm(s) and cvposurc 

pathway(s) wcrc coupled with realistic human activities that might lead to contact with 

contaminated soil, air, ~ a t e r ,  or foodstuffs to define cxpomrc scenarios, Taken topether, 
all source terms, csposurc pathways, and exposure scenarios form thc coriccpftral model 

of KiDA G. which is illustratcd in Figure 1-1, 

Thc diagram illustrates thc topographic setting of >IDA G on Mcsittl del B u y ,  bounded 

by Cahch  del Bucy to the north md Pajhto Canyon to thc s o u t k  the geologic setting of 

h1DA G. consisting of subsurface layers of various volemic dcpositions (i,e.,  Units 2, Ivu. 

I vc, and 1 v,r of the Tshircgc Member of the Bandclicr Tug; the Otowi Member of the 

Bandeticr Tuff, md thc Ccrros del Rio Bassalt); and thc hydrologic setting of MDA G, 
inc0rpora:ing intermittent surface streams in P;rjarito Canyon and Catlda dcl Bue~l), liquid- 
and vapor-phasc watcr moving through the subsurface within the intact rock (k,, the 

~?iuirrx), within fracturcs in the rock, and along intc~aces between layers (ix,, inrcrbedr 

and conmcI.v), and from vegetation (i,e,, rrunspirarion). The solid mows emanating from 
thc mess surfacc and vqctation rcprcscnt thc movement of watcr M a tiquid (straight 

arrows) and 3s 3 vapor (serpentine mows). " 
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The natural c1i;uactcrisUcs of thc site hnvc important implications rtgwding the source 
terms and cxposurc pnthwnys mdyzed for thc PA rind C k  This is especidly vue for _ _  

csposures associated with contaminntion of the regional wntcr-supply aquifer, When 

combined with the semiarid dimate, thc Bandelier T a i s  in general vcry ciry. Much of the _ _  

moisture from prccipitation that is absorbed by the matrix is rcmovcd by evaporation and 
transpiration (collcctivcly turned cvapnframpirarion) from the surfkc of thc mesa. 
Evapotranspiration is effectivc to depths of 1 to 2 rn (3 to 7 A), where plant roots arc 

abundant In addition to ~s near-surface drying, tvaponuon appem to occur dong thc 

sides of the mesa, and in fixtures and surge beds, which arc lnycrs within the mesa that 
appear to allow air flow, This relative absence of moisture practically ellminates the 

possibility that radioactivity Will be c h e d  down thtough the mto the regional water 
table. tvhich is about 275 m (900 A) below the suflace of the mesa, The movement of 
mdicractivity throush the tuff is further reduced by natural minerals in the ruff that bind 
many radionuclides, These and other natural features of the site, dong with man's uses of 
the facility and its environs, arc described in Section 2 Disposal Facility Characteristics, 
Thr mathematical models for source term and pathways' antllyscs rue described in Section 
.: .Analysis of Pcrformance. 

I. 1, I Source Terms and Related Processes 

The Sourcc terms illustratcd Figure 1-1 are identified by straight and serpentine mows 

around the disposal units. The straight arrows rcprcscnt dissolution of radioactivity in 
liquid wtcr  percolating through the disposd units (i,e,, ayucous-phmc source tern). The 
serpentine arrows susgcst releases of radioactivity into thc ak, either tls p e s  (Le,, gas- or 
~.(i/)rrr-p~?u.~c.source term) or u dust particles (Le,, rc~.\7~~~c.ndcdparrinrlar~s). The actual 
source term for resuspcndcd pmiculates involves processes that lead to surface 
contamination, including crosion and intrusion by plants and animals (Le,, biotic 
~ W t l . d t ~ C U t ~ ~ J I l ) ,  

., 

1.1.2 Exposure Pathways and Rclntcd Processes 

The csposure pathways combine a source relcasc with air or water, which can t ~ ~ ~ s p o f t  
radioacth*ity away from the disposal facility to locations where it might bc accessed by 



future members of the public (Le,, rccLptur locations), Contamhint umpan is identified 

by open m o w s  on Figure 1-1, Aqueous-phase rclescs arc transported throu,rh the rock 
bcnctlth thc disposd units (i,e,, thc vudosc :r,rrc) toward tlic regional aquifer (i.c,, the 

surururcdxme) with  liquid wimr in the matnx by gravity and othcr natural forces (cg., 

vapor prcssurc, watcr pressure, ctc.). Gas-phase rcleascs and rcsuspcnded piuticulntcs are 

transponcd in kr to downwind rcccptots, Finally, surfacc contamination resulting fiom 
biotic translocation is transponcd off of the mesa by Stormwater runoff. 

Exposurc pathways can combine one or more sourcc t e r n  and transport media. For 
cxample, radioactivity containcd in water (cither below ground or on thc surfrlcc) can be 

assimilatcd by plants; resuspendcd radioactivity in air can bc deposited onto plants; and 

contaminated sufiacc soils can be splubcd onto plants, 

1.3.3 Exposure Scenarios 

The exposurc scenarios considcrcd in the PA and CA include internal eqosurcs duc to thc 

consumption of watcr contaminatcd through aqueous-phase r c k i c  and trimsport: 

inhalation of tlir contaminated with radioactive gases and radiooctivc pmicles: ingcstion of 

foods cultivated in contaminated soils, and contaminatcd by redeposited radjoactivc 

particles; and direct cxtcrnal exposure to contaminated ~ r ,  water, and soil, To project 

doses io hgpothctical hture rncrnbers of thc public for thc PA and C 4  these esposurc 
sccnanos were assumed to occur at locations away from MEA G. 

In addition to  thc offsite cxposures considered in the PA and C.4, another sccn3sio wiu 

perf'orrncd as pan of the PA only. This sccnuia projects doses to a hypothetical 

inadvertent intruder who may actually come into contact with radioactivity through 

activities at MDA G. While not 3 likely sccnurio, the intmsion analysis was pcrformcd to 

cstablish upper limits for the radioactivity content of LLW disposed of in the hturc  at 

M D A  G; this is callcd out as the developrncnt arc3 in the figurc. 



13 FACILITY DESCFUPTION 

Thc currcnt conflgumtion of MDA G with rcspcct to thc cntirc mcsa and bordering 

canyons is shown in Figurc 1-2. 

Jernez Mountains -. 

Figure 1-2 Aerial photograph of MDA G and its surroundings 

Of ttic 40 hcctai'cs (100 acrcs) comprising MDA G, 26 hcctms (65 acrcs) have nlrcady 

becn used for waste disposal, A portion of thc remaining ;Iv;Lilablc acrcagc is expected to 
be dcvelopcd as ncccssary to mcct the LLW disposal nccds of the Laboratory. 

Thc gcogmphic and gcologic siting of MDA C providc natural features that enhance thc 

suitability of MDA G for LLW disposal. Thc wastc managcmcnt and disposal activities 

providc further assurance of s d c  disposal operations. Section 2 of this report describes 

thc chwxtcristics of thc site and facility that affect the analyses that ;vc dcscribcd in 
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Figure 1-3 Facili~y characteristics considered in ofl'sitc dosc :wessmcnts in the PA 

On the top of Figure 1-3, the disposal facility characteristics that arc described in Section 

nnd CA 

2 arc listed. Subjects are grouped according to the gcneral portion of thc performancc 

analysis that they support, either source term, environmentd transport analysis, or dose 

analysis. Thc threc blocks in the middle of the ... figure indicate the organization of Scction 

j of the rcpon. Section 3 discusscs the source term, cnvironmcn:al transport, and offsite 

dose analyscs that werc selected to  sjmulatc the perfonnancc of MDA G in light of the 

sitc-specific information prcscntcd in Section 2. Euch phasc of the ovcrdl analysis is 
presented in terms of air-, groundwater-, and all-pathways. 
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1.2.1 Geographic Siting 

Nlcsitn dcl Bucy is located in the east-centrd portion of the LA% complar, which is 
scparatcd into Tcchniwl Areas (TAs). M e s h  dd Bucy and MDA G are located in TA- 

54. As Figure 13 shows, the TA-54 perimeter is coincident whb the LAM, boundary on 
i ts  north and c u t  edges. 

. -  
~ A N T A  c e  N A T I O N A L  C O n E a t  

Figure 1-4 U N L  Technical Arm (TA) map 

Thc ncuest rcsidcntid community to MDA G is White Rock which is located directly 
cast of the TA-54 The land adjacent to the north perimeter is owned by the San Ildefonso 

Indian Tnbc. Tribal land cxtcnds into Caiiada del Buey, the canyon dircctly no& of 
M e s h  dcl Bucy. The people of San Ildcfanso Pucblo regard a portion of limd adjacent to 

LANL as sacred hunting grounds. In addition to hunting wildlife for food, Pueblo people 

also hahrest the h i t  of pii\on and juniper trccs ndvc  to the YCLL. Hunting and gathering 
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activi~ics, as well as use of the canyon stream, occur on the land ditcttly adjacent to MDA 

G. 

1.2.: Geologic Siting 

>lcsitn dcl Buev is composed of scvcrd distinct layers of porous rock  known as Bundclirr 

Tuff, the layers are idcntified in Figure 1-1. Bandelicr Tuff was dcpositcd by volc(snic 
eruptions in thc lcmez Mountains io the west; two  major eruptions resulted in the 
deposition of the lowcr 25 m (82 A) thick Otowi Mcmbcr, and the uppcr 55  m (1 75 fi) 
thick Tshircp Mcmbcr, Bctwecn thc two mnssivc dcposits arc two rclntivcly thin Inycrs 

callcd the Tsmkaivi pumice bed and tho Ccrro Toledo intcwal. The uppermost layers of 
the Tshircsc Mcmbcr ofthc BrtndcIier Tuff u c  visible OR exposed mcsn sides. 

On average dong its ccnterlinc, the surface of Mesita del Buey is about 30 m (1 00 ft> 
abcrvc the adjacent canyon floors, and about 275 m (900 ft) above thc regional aquifer. 
Thc dcposirional units th in  and dip gcntly along the length of the mcsa toward the cast and 

south 

A considcrable amount is known about the propcrtics of the TshircSe Member or'the 

Bandclier Tuff into which disposal units a; MDA G ~LTC excavated, Much lcss is  known 
nbour decpcr units, most notably the Ccrros dcl Rio Basalt bctwccn the Bandclier Tuff and 

the rcsiond aquifcr. As mentioned in Section I . I ,  the Bmdelicr Tuff contins minerals 

that are known :o hold, or sorb, ccnain radionuclides. Tile moisture content of thc tuff 
thc mesa is low, containing on average about S percent w t c r  on D volumc basis. 
Howcvcr, rhc moisture content is quitc variable depending on the location. Mcasurcments 

takcn from borcholes ;it scvcral locatjons wound MDA G suggest ;L complicated process 
of wctticg and drying thruushout thc mcsn, apparently influcnccd by fracturcs and certain 

interbeds. ". . *  

1.2.3 W:istc M:inrrpemcnt 

Currcnt waste manasemcnt opcntions at MDA G include permanent disposal ofLLW, 
rcmporary storage of trmsurmic (TRU9 waste: awaiting final disposal at the Waste e 

C .  
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Isolation Pilot Plant (WIPP), and temporap storage of Mkcd U W  (MLLW)'' awaitins 
final treatmenr under the Federal Facilities Compliancc Act (FFCA)." The LAX 
radioactive waste manngcmcnt program is consistent with the specifications of DOE Order 
5 8 2 0 . 2 ~ . '  Thc physical, chcmicd, and radiologid characteristics of dl waste stored and 
drsposcd of at hlDA G are described by the waste generator on scvcrd f o m ,  Thcse 
forms arc rcviwcd by waste mmagemcnt pcrsonnel pnor to shipment of waste to ensure 

[hat all i tx i t r  mects applicablc ncccptancc criteria regarding w;1~tt form, packaging, 

chemical contcnt, and radioactivity contcnt, Once approved, these documents become 

perniancnt quality records, Both paper copies and clectronk data arc retined indefinitely, 

Thc LL\V disposal records arc used to develop the PA and CA inventories and to compare 

projected inventorql wi th  acmd disposals, 

Once received by 
consrstcncy and acccptrrbility. If my significant discrcpancics arc identified, the reccivins 
[rchnician issues ;I nonconfommce rrpon to the waste gcncrsror describing the problem. 

Thc generator is then responsible for correcting thc problcm, cithcr at &IDA G or, if 
nc'cessary, after the waste is rcturncd to the generating facility, Sonconfomucc rcpom 

3rc also pcmancnt quality records. They arc rcvietvcd IO identify trends that indicate 

either inadequate pidancc or surveillance on the pan of \rime manqcmcnt or recalcitrant 

\ s ' ~ s [ c  s e n c r a m .  The documcntation, review, 3pprotial, and acceptance procrsscs arc all 

clemcnts of thc gmra to r  certification pragmm implcmmtcd for LLW, I' 

G, waste packqcs and docurncntation are checkcd for 

Thc largest i d r r r n c *  of LLW disposed of at b D A  G is rourinc LLW, whjch includes 

slishtly contaminated rcfusc likc paper and personnel protective cqujpment generated on a 

routine basis. The majority of the rau'ioactivip disposed af is associated with a relntivtly 

small volume of nanroutinc LLW, which includes highly activated metals disposed of 
pcriodically Routine LLW is disposed of in unlined pits, while nonroutinc LLU' is 
drsposcd of in lined and unlined vccical shaAs, which provide additional personnel 

protection and/or scgrqation. 

c. 
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Tvpicnlly. pits arc recxnpltU, about 20 rn wide x 150 m long x 21 m deep (-65 ft x 500 

ft , 65 tt). a notable cxccption is Pit 39, whkh is approximately hcrnisphcnd, about 20 rn 
(6: fi, in diamclcr u d  20 m (65 ft) dccp. Shafts UT typicdly cylindrical, about ?,O m (-65 

f i ,  decp and ranging in diameter from 0,s to 1 rn (-1.5 to 3 A): one cxctption is il.1 m 
I - 12 fi 1 dlamcter "triplc-nugcrcd shaft" used S O I C I ~  for the disposal of activated 

conlponenl5 from thc LrV\iL Scutron Scicncc Center and Mcson Physics Facility. Pits are 

fillcd t+*lih \ m t c  IO t+ithin 1 to 2 m (3.3 to 6-6 ft) of the ground surface, then back5Ilcd 
and cm.crcd with consolidatcd crushed tuff. Topsoil and native pass seeds YC cmplaccd 

over :hc iuflro form 3 vcgutrttivc covcr that prcvcnts erosion and watcr infiltration, and 

prot'idcs iln esthetic appcarmcc, Shafts arc filled to within 1 m (3.3 A) of thc nm, then 

huckfilled \+ith tuff  Until this year, filled shafts wcrc cnppcd with contrctt. The current 

opc:a\ional closurc proccdurc fur filled shafts is to covcr them with mounded tuff and 
allmi for scttlcment for a period of up to 5 ycars bcforc capping with concrete. 

1.3 SCIIEDCLES 

,AS noicd eurlicr. the CA considcts waste disposcd of 

{ururc. \c.hile :he 

t ha! will require disposal in the  futurc.  Thc analysis is performed over a period of 1,000 

after ficil i ty clowrc. For the purposes ofthc analysis, it is assumcd that M D A  G 

>IDA G in the past, prcscnt, md 

ilddrcsscs invcntofy disposcd ofsincc Scptcmbcr 26, 1988 and W i N C  

nil1 be used t h r o u s h  2044. Oncc the dispos;il capiicity i s  cshaustcd, all disposal units will 

be closed, and surfi~cc structures dismantlcd. final site closure is expected to require one 

1 0  two y r s  (bctwccn 2045 and 2046). Active institutional control will continuc for ;1 
period of IO0 ycars (bc:wecn 2037 and 2 146). During institutional control, site access 

\ ~ . I I I  be controlled. cnvironmcntal monitorins will be pcfomed. and closure cap intcgn'ty 

\ r i l l  be maintaincd A f x r  the institution31.controI pcriod, it is assumed the site will be 

maintained by thc DOE or its cquivalcnt for as-yet undcfined industrial uses, This 
industrial-usc pcriod is assumed to prcvail for the 900 ycars remaining in the compliance 

period (bciwccn 2 147 and 3046). In summruy, for thc purposes of the PA md CA, the 

h1DA G liftcycle IS dcfincd as follow*s (all dates u c  inclusive): 
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- 1957-2044: ~ c t i v c  W& disposal period: 

1057-2044: CA inventory disposal: 
September 26, 19SS-2044 PA inventory disposal; 

0 204s-2046: Site closure prhd;  ' 

- 2 147-3046: Industrial-use period. 

tO- I i -2  146: Institutional-control period; and 

1.4 RELATED DOCUMEXTS 

The rcsults o f  thc PA and CA impact scverd onsoins progammatic and planning 

actihaitics at LA.hl. In addition, the results of thc PA provide tcchnicd idonnation that is 
inrccratcd into many waste management documents. The relationship benvccn these 

documents and the PMCA uc described below. 

1 .j, 1 Sitp\!\'idc Environmcntnl Impact Sultcrncnt 

The DOE is currently prcpuhs ;L sitc-widt cnvironmcntd impact Statcmcnt (sl4EIs) 

pursuant to the National Environmcntd Policy Act 

porcntirrl cnvironmcntnl and cconomic cfl'ccts of continued and proposed operations at the 

Laboratory. Continued opcrations 3t XlDA G arc among thc activities addressed in the 

SIVEIS. Thc PA team and SWEIS personnel hnvc cootdinatcd activities to ensure that 

thc analyses have been approached in i~ consistent and cficicnt manner with rcspecr to :he 

follow in^ aspects of MDA G: 

which cvdutltcs the 

- Esisting wastc inventory; . Projected hturc  LLW inventory; 

Proposed hturc disposal-unit developmcnt; 

Disposal unit closure; and 

Results of trvlsport calculations, 

Gcneral facility and site description; 

* .  

The current SWES schedulc allows for consideration of PA details rcportcd herein. 
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1.4.2 Environmcntnl Rcstoration Project Documcnts 

The Laboratoq’s Environmcntd Rcstoration (ER) Project has many documents that u c  

rclatttd to both the PA and CA. Thosc documcnts and their relationship to thc MDA G 
analyscs arc briefly discussed below, 

].4,2, I Inst~1llution Workplun 

The Ins:all:irion Workplan (IWP) estnblishes the replator), frmmvork, propammatic 
s;mcturc, and lifccyclc for the Laboratory’s ER i3rojcct. I’ It also identifies the project 
scopc and schcdulc for all sites described DS Solid Waste Management Units (SRWs) ,  
Opcrablc Llnils (OUs), and Ficld Units (FUs) under conddcrntion for remcdiation under 
the Rcsource Conscwation and Recovery Act (RCIW). Certin aspects ofthe nVP arc 

importilpi to :tic dcvcloprncnt of thc CA and the results of the CA will, in turn, provide 
Informstion that is importan1 to  the implcmentarion of activities descnbcd in the plm, 
Estlnplcs of mutual intacst and benefit include: 

0 K:idio;ictivcly cont,uninatcd sitcs idcntificd in thc ITVP ils potcntially interacting 
sources considered in the C& 

Schcdulcs for completing site charnctcriation studics that may impact the 
maintcnancc ofthe CA; and 

Rosults of the CA that can bc uscd 3s ;1 tool to prioritize activitics and schcdules in 
thc IWP. 

I. 4.2.: KCRA Fucilitics I n  rvstigurions W(irkp1sns 

The dcttlilcd plans mc! schedulss for individual OUs within the ER Project arc described in 
R C b I  Fiicilitics lnvcstigation (RFI) N’orkplan documcnts. Thc portion of M D A  G that 
contains wastc disposed of before 1988 is part of the ER Project’s OU 1148. Many 
actiities dcscribed in the fW work{hlfiJr OU I f4S ue specifically related to the MDA 
G PA and CA.” Both thc workplan and this document dcscribc natural features of the 
site, facility uses, and conceptual models for contaminant transport. Thc FiF1 workplan 
describes ficld invcstipations to measure rclesses from historic disposals, while thc CA 
modcls the same rcleascs. Thosc ficld investigations havc provided D substantid body of 
data used in the PA and CA. In  turn, the results of the CA will be uscd to evaluate 
alternative remcdiation and/or closure options for OU 1148. 
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In addition to  thc Wl workplan for OU 1148, additional ER plm dcscribins sitcs with 

potentially intcricting sources have been very usehl in developing the CA. Thc 

descriptions of the natural setting and uses of other MDAS in ~ Y ~ O U S  RFl Workplans wcrc 

used directly t o  identify, and ultimately exclude, sources of radioocthity that could 

interact with projcctcd rclcses From MDA G witbin a period of 1,000 ~ C U S .  In turn, it is 
anticipated that the results ofthe CA will bc used to phntiZc field investigations at other 

SltCS 

1.4.3 L:ind Usc Plan 

The Laboratory's ER Project has dcvelopcd a site-wide future land use plan in 

cooperation with the Kew Mexico Environmnt Department. thc U.S. Environmentd 
Protection ASrncy, and the DOE," h e x  E of that document describes the firurc 

scenario for MDA G, which is dcsisnated for fimre industrial use on DOE proprq .  

.Access to thc sitc will bc limited to workers or authorizcd visitors and Scncral facilit)' 

survcillancc will be instituted. Additional institutional controls will be dcfincd and 

implerncntcd 3s needed to prcvcnt or limit exposure to contminurts, This Document of 
Unc!crs:andinS has imponant implications qarding csposurc pathways and scenarios 

used in the PA and CA to cvduatc compliance with specific pcrfomance objectives, 

1 , ~ , f  Sitr\Vidc Gtoundw:rtcr Protection P h n  

The Sitc-Widc Hydro~eolo~ic Workplan relates to the prediction of hydrologic flow paths 

and rcsultmt contaminant movrmcnt on 3 Laboratop-wide scdc. One purpose of thc 

ivorkplan is to pcrform hydroscologic modeling to answer c o n t ~ n m t  pathway and 

hvdrologic c questions at ER sites, AI of the ER sitcs considered in thc CA ut considered 
in thc Hydroseologic Workplan, Thus, the rcsults of the PA and CA will be rcvicwcd for 

consistency with &sting conceptual models of the hydrogcology of the LANL sitc. 

Furthermore, rcsults will bc intcsratcd with any regional analyscs to bc performed. 
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I .J.S \\'as t c Ma rxigrmcn t Docu mcnts 

Thcrt: arc m u ?  documents describing adminisuative, programmatic, and/or operational 

;Istxxts of the LLW management program that are rclotcd to the PA. These relationships 

a r t  summarized bclaw. Each of the documents described, dong with the PA, are integral 

elements of thc formal configuration manaserncnt program to ensure consistcncy 

!hrou_chout the ficility lifccycle." . 

I .  4.5.1 S'N(c0' rinitly.vi,v Rcp~~r' 

hIDA G is identified as a Hazard Category 2 non-reactor nuclcar facility due to the TRU 
tc0;lste storiigc activitics that occur there, ,4 Safcty Analysis Rcpon (ShR) is maintained to 

undcrstand and minimize the hazards associated with viuious facility USCS. I n  To support 

SAR for ?dDA G, the natural features and uses of the facility arc dcscribcd, and il 

hazard analysis i s  performed, A considerable degree of overlap exists bcwcen the 

information containcd in the S A R  and thc PA; both arc considcrcd companion documents 

that ensure the safcty of the facility during the operationd (Sa) and post-closure (PA) 

periods 

I .  J, 5.2 lYuatc Acccptuncc Critcria 

The rcsults ofthc PA \vi11 bc used to set limits on thc future wzste invent09 so as to 

establish xasonablc assurance that human hcalth u d  cnvironmenid impnc:s will be below 

3pplic3blc pcrfurrnilncc objcctivcs, Thcsc limits will become integrated into the M7asrc 

rf C C O ~ I U ~ I C C  Crircria jor  CST Trwtrncri~, Storage, atid Di.$posal Facilitics (WAC). '' The 

relationship bctween the rcsults of the PA and the WAC is discussed in Section 6 of this 

report. 

. .  .. 
The requircnicnts for waste characterization as dcscibed in the Wastc Acccprancc and 

C ~ w $ c u ~ h t /  Prugmn are based on the rcsults of the PA.'' This use of the PA rcsults in 
rhc waste certification program will bc pcrformcd in accordance with the Data Quality 

Objectives process cndorscd by the U.S. EPA md DOE,'" 
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I. d. 5, J Closure PIon 

The opcrstional closurcs for pits and shafts were briefly discussed prcviously in this 
section, Operational closurcs will bc used until tbt site undergoes final closurc, which is 

assumcd to occur benvcen 2045 and 2046. The Clomrc. Plunjor WM,  M D A  G describes 
final conceptual closure designs for the site.” Two options u c  included: one for thc pits 

containins TRU waste, and one for pits contaixhg only LLW, Both options incorporate 

lavers of matrrials specifically cngineercd to minimize watu pcrcolotion a d  prevent deep- 

rooting plants and burrowing animals From penetrating the cover, (LS demonstrated ovtr 
st.\*cral ycnrs in cxpcrimcntal and field investisations performed at LANL. The sourcc 

term 3n31yscs for thc PA and CA and intruder analysis for thc PA modeled the 

opcrntiond cover. The results of the PA and CA will be used to cvduatc options for final 

ccn’cr drsiys,  indudins the operational cover. 

The ~ ~ t ~ ~ ~ t r ~ ~ t i f f ~ ~ ~ t ~ t a l  Moni~oring Plan for TA-54 Arca G dcscnbes nctivhks related tc the 

AlDA G PA.” Routine sampling and malysis of air, sedimcnt, soils, plants, and animals 

pcrtormcd around MDA G in support of the Laboratop-wide propm are supplemented 

N i t h  additional ficld work that specifidly support the PA. AS dettliled later in this rcpon, 

additional field investigations are planned to providc information for reducins the 

unccnaint)’ in the PA and CA evaluations, 

T ~ F  ,9ormvatcr Pulhrriori Prcwntion PIan for  TA-54, Arca G describes the natural and 
mtlnmzde fcatures that control water runoff from the surfacc of MDA G into thc adjacent 

canyons.” As such, it provides information uscful in describing and modeling surface 
.. water moverncnt related to transport of radioactivity both above and below ground, It 

also provides information for assessing the potential for water crosion that m3y impact the 

ability of the site to contain radioactivity over the long tern. 
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1.1 PERFORWSCE CRITEW 

This scction ou:lincs thc criteria used to judsc thc peff~rmancc of MDA G ovcr o period 
of 1,000 years. To provide a comprchcnsivc analysis, the DOE has established 

pcrformancc objectives against v h k h  the results of thc PA xc compucd to dcmonstrntc 

lastins prorecTion of: 
Fururc mncmbcrs of thc public; - lnadvcncnt inpders;  and 

Groundwatcr. 

In :iddition :o the csplicit pcrfonnmce objectives, the PA iLnd CA cvduote the costs and 

hrncfirs of a!tcmativcs dcsipncd to maintain rclcascs to thc cnvironment at ALA.! Itvcls. 

Thc DOE is  comini:tcd to managing M D A  G (and othcr wastc disposal arczs) as long as 

ncccssa;* ro cnsurc: lasting protection of thc public and the cnvironmcnt. Long-tem 

insrirurional control of hfDA G is considcred n best management practice and will ensure 

that rclcascs from thc site arc ALAR4. Currcnt L A ? ?  land-use plans project that MDA 
G \ b i l l  bc an industrial site. Institutionnl control will be consistcnt with currcnt Laboratory 

operations and procedurcs and will limit ;ICCW to workcrs and authorized visitors. 

The follotvin: scctions dcfine the pcrformsncc objcctivcs for thc MDA G PA and C t t  and 

Idcntifi- thc point of compliance whcrc each pcrformancc objcctivc is evdua,ted. Each 

nurncrical objective is applied at a location consisrcnt wi th  thc long-tcrm institutional 

conrrol assumcd for M D A  G.  AI the samc time. locations are chosen whcrc masimum 

doses are likely to occur. 

1.5.1 Public Protection Pcrforrn:rncc Objectives 

Thc public-protection nnnlysis is described fully in Section 3 of this report, while results 

arc prescntcd in Section 4. It was conducted to assess compliance with thc public- 

protection performance objective as stated in DOE Order 5820.2A: 
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&sure that extcmal exposure to the wstc and concentrations of radioilctivc 

matcrial which may bc relciiscd into surface water, groundwstcr, soil, plants and 

animals rcsults in an cffcctivc dosc cquivalent that docs not cscccd 25 rnrcdyr to 
anv rncmber of thc public. Rclcoscs to the atmosphcrc shall meet the rcquircmcnts 

of 40 CFR 6 I ,  Rcasonnblc cffort should bc made to m i n t a h  releases of 
radioac:ivity in cmucnts to the general environment 3s low as reasonably 
;1c h i eva blc. 

To dcmonsiratc compliance with thc first p a n  ofthis statcmcnt, the “all-pathways” dosc to 

;I hypothetical member of the public is dculntcd at the paint of highest dose. The all- 

p s r h w y s  dosc is thcn compivcd with thc 25 ~ c & ) T  pcfionnulcc objective to cvaluntr 

ihc lonptcrm ability of the site to control thc migation of radioactivity offsitc. The all- 

pat h \ b q i s  dosc includcs cxposurcs to radioacti\i.ity in air, water, soil, and foodstuffs, Thc 

poim of asscssmcnt for :hc all-pathways malysis durins the 100-yeu institutional-control 
pcriod is n c w  t h c  town of White Rock. which is thc ncwcst oflsitc receptor downgradicnt 

from thc facility. During the 900-ycu industrid-usc period, two groundwater receptors 

arc considercd, one 100 m (330 ft) cast-southeast (ix., downgradicnt) of the M D A  G 
trncclinc, 2nd another in Pajarit0 Canyon, opposite XlDA GI which is nssumcd to be 

accessiblc if the land-use boundar?, is reduced to the lMDA G fcncclinc, 

The air path\vay is considercd alonc in demonstrating compliance with the second 

starcment in the public-protection pcrfomancc objective. The numend objective is 
based on the National Emission Standards for H w d o u s  Air Pollutants. which limits 

doscs from radioactivity in air at offsitc locations to 10 m r e d . ~ ,  this limit spplics to thc 

Laboratoq as il whole2* Two points of uscsdmcnt art evduatcd, one in Cafitlda del Bucy, 

which has been dernonstratcd ;IS being thc location ofmx4rnum potential offsite airborne 
concentrations, and mother in White Rock, which is the nearest population center. 

. 

0 

0 

*. 

e 
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Neither the dl-pathways nor the &pathways dosc uscssmcnt includes the effect of 

radon-series radioisotoFcs in air. Sepuatc controls for the crnission of radon have bccn 

developed: ' 
I rlvcraip ground-surface cmission from thc disposal f d k y  not to exceed 20 

pCiim'/s, or 
Incrcmentd increac in thc air concentration of radon not to exceed 0.5 pCi/l at the 
point of public acccss. . 

Thc point of assessment for the radon pcrfomvlcc objcctive is MDA G. 

Results o f  the compositc analysis must bc comparcd with thc DOE'S primuy annual dose 
limit for public protcction of 100 mrcdyr at tlic point of public access. In addition, if the 

projccted dosc from CA sources cxcccds 30 mrcdyr, there is a rcquiremcnt to analyze 

drcrnativcs for reducing the public dosc AtARA.' 

1.5.2 1 ntruder-Protection Pcrform:lncc Objcctivc 

For thc purposcs of cstablishin~ mdioactisity limits for LLW to bc disposed of in the 

iuturc at M D A  G, thc PA USCS thc concept of thc"inadvcrtcnt intruder." The inadvcncnt- 

tntrudrr anrtlysis is fully dcscnbed in Scction 5 of this rcport. Thc inadvcncnt-intruder 

ptrformilnct objective is found in DOE Order 5820.2A: 

Assure that the committcd cffectivc dose equivalcnts received by individuals who 

ixidvcncntly may intrude into the Pxility after the loss of x t i v c  institutional 

cantrol(100 ycsrs) will not cxcccd 100 mrcmlyr far continuous mposurc or 500 

mrem for a singlc acutc exposure. 

Th inadvcncnt intruder analysis cstabtishcs radioactivity limits by calculating thc dosc to 

3 pcrson who in;idvcnrntly intrudes into the wastc. Upper limits for conccntrations of 
radionuclidcs in the disposal unit uc thosc that result in an intruder dosc equal to thc 

applicable numerical objcctive. Again, this is a modcling construct md not m anticipated 

occurrcncr, lis institutional controls will prcvent such events, 

I .  

I 

.,. 

I. 
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For the purpose of the analysis, intrusion is assumed to occur no sooner than 100 ycus 

following ficility closure, tlnd not beyond 1,000 y e w  after closure, The 100 mrcm/yr 
objective is used to assess cxposurc from s person accessing the disposal sire. Doses SLTC 

assumed to occur from direct radiation, ingcstjon of contaminated soils and foodstuffs, 

and inhalation of airborne radioactivity, Intruder doses y e  cvduatrd for PA 

and arc nssumcd to occur on or into a representative existias pit and/or sh,&, as well tls P 

fimre pit and/or shaft; there is no intruder dose assessment required for the CA inventory, 

only 

1.5.3 Groundwntcr-Protection P'erformuncc Objective 

The groundwater protection analysis is discusscd in Section 3 of this report, and thc 

results arc prcscnted in Section 4. Thc nppliablc perfomrul~c objcetivc is found in DOE 
Order SS20.2A; "Protect groundwatcr resources, consistent with Federal, State and loud 
rcquiremcnts." 

Thc point of nsscssmcnt for the groundwatcr protection cntcnon is the point of m a s h u r n  

csposurc beyond thc land-use boundq ,  During thc 100-ycar institutional-control 

period, the currcnt TA-54 boundary is assumcd to apply, which places the point of 
conipliancc at tl water well ncar Whitc Rock. During the 900-year industrial-use period, 

two points of asscssmcnt arc evaluated consistent wilh the ;Issumption that the land-usc 

boundq  during this period will bc rcduccd to the current MDA G fcnccline. One point 

o f  asscssmcnt is 100 rn downgradient of the fcnccline, and another is in Pajarito Canyon, 
adjaccnt to MDA G. 

l .G  SUlrlllWRY OF KEY ASSESSME~~TASSUI~PTIO~S 

Exposurcs to future members of the public will be minimized if radioactivity is locally 

contained, and if intrusion into the waste is pycvcntcd. The ability to contain radioactivity 

locally depends largely on nature, while the ability :o prevent intmsion depends solely on 

man. It follows, then, that two kcy assumptions in the MDA G PA and CA arc that, 

througirout thc 1.000-year compIimcc period: 

.. 

0 

e 

. .  
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m Thc current natural conditions of the site will prcvd,  md 

0 A govcrruncnt entity will maintain the site and control ~ C C C S S  to it. 

Ccnain reasonably-cxpcctcd cxtrernes in precipitation arc evaluated, and intrusion into the 

ir'aste IS also considcred. The rcsults providc additional assurance lhat human exposures 

\vi11 be bclow the pcrf'ormnncc objcctivcs even under worst-credible cases, 





2. DISPOSAL FACILITY C W C T E W S T I C S  

Numcrous site. facility, and waste characteristics YC important to model potential rclcases 

of radioactivity from Material Dispod Area @IDA) G, and to assess the potential 

consequcnces of such rclcascs. Figure 2-1 summariZcs these characteristics and identities 

their relationsfiips to aspects ofthe analysis dcscnbcd in Scction 3 .  

+ 
ANALYSIS 

,METWODOLOGY 

Grroundwtcr Pa~hway 

(Sccoon 3.3) 

AjrPathway 

b All Pnlhwnys 
PATEWAYS ASD 

SCENARIOS 
+ AirPathways 

Croundwatcr Pathway 
ALI P3thways 

(Scction 3.2) 

Figure 2-1 Use of disposal facility characteristics in analyzing disposal facility 
p crfo rm a n ce 

2.1 SITE CEiARACTENSTICS 

The potentid for releases of radioactivity from MI)A G to ~LECCL human health will rely on 
thc likely p r o k h y  of fbturc members of the public to the facility and their anticipated use 
of potcnti~ly-contaminated environmental medTThc conscqucncc of such releases will 
depend on the type of radioactivity released, the quantity of radioactivity rcltGcd, the mtc 
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of rtlcasc, and the cnvironmcntd medium thou@ which the rclcasc occurs. Imponant 
aspects of the site geography. mctcorolo~y, ccolog, ~tology, gcochcr"iistry, backpound 
radiation cnvironmcnt, and natural resources that impact the pcfi3mmcc assessment (PA) 
and composite analysis (CA) YC c h m c t c h c d  below. 

2.1.1 Geography and Dcmography 
L N  is located in northwescrn N w  Mexico, about 45 km (29 mi) northwest of the 
state capitol, Santa Fe, and about 100 km (60 d) north-northwest of Albuquerque, the 
sr;Lte's largcsr city, A rcgiond map is shown in Figure 2-2, The Labontory owns and 
occupies some 11 1 km' (48 mi'). 

1 
1 *- 

/Id' 
I 

Figure 2-2 Location o f  the Los Alamos National Laborntory 
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2.1.1.1 Disposal Sirc Locdon 

M'J)A G is located On MCSit3 del Bucy at TA-54, whjch is in the cast-southcast portion of 
:he Laboratory complcx. The north and c u t  borders of TA-54 arc coincident with the 

L m  property boundary, Mcsita dcl Buey was identified in 1956 by the U.S. Crcolo~cnl 

Service for rndioaaive waste disposal due to its favorable hydrogcologic propcrrics, which 

arc describcd in dctid liner in this sktion. The majority of TA-54 was identified in thc 

initid site survcy as suitable for radioactive wsc disposal. Since 1957, about 26 hectares 

(65 acres) hovc been uscd for rhjs purpose; im additional 40 hectares (100 acres) arc 
.?'. 

cxpectcd to providc sufficicnt LLW disposal capacity to support the mission of the  

Laborarory in the Future. 

For thc purposcs of projccting doses to future mcmbers of the public, it is assumed that 

thc currcnt M D A  G boundary will remain through thc 100-yw institutional-control 

period. Thcrcaftcr, during the 900-ycar industrid-use period, it is assumed that the 

boundary Will bc reduced to co;ncidc with the perimeter currently dcfincd by the fence 
around M D A  C. 

. 

2, I. I, t Di.\posuZ Sire Description 

Thc c ccometry and placement of disposal units, and :hc typcs of wastc they contain, 

influence potential relc3sc and transpart proccsscs, and, ultimntcly, the projectcd 

ridioloEjc;rl 'knpacts, F ip rc  2-3 is s facility map of MDA G supcnmposed on 3 
topo~nphicd c map, The f i p r c  calls out the approximate current boundivy used in the 

analysis of thc 100-year institutional-control pcnod and the assumcd hrurc boundary used 

in thc P O O y w  industrial-use period. Also idcntificd is the hwrc dcvtlopment area 

assumed to bc filled over 8 period of 50 years. As the topopaphid map shows, the mesa 

is rclatively flat and nmow running cast-southerrsf with stcep sides d&g into Cailsda 

dcl Buey to the north m d  Prrjarito Canyon to the south. The northern side of the mesa is 

more gcntly sloping than the south side, The south faces of Mcsita del Buey arc almost 

vertical near thc rim, becoming more sloped t o w d  the m y o n  floor some 30 m (100 fi) 
below, Pcrcnnid water flows in Pajarito Canyon ut a result of rainfall and snowmelt 
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cvcnts. Catlada del: Bucy is much drier than P3j;Lfito Canyon, with P smd sum that 

flows only a fcw days out of the yeu. Stomwater runoff from Mesh dcl Bucy fced the 

streams in both canyons, The major n3rura.I drainages are cvidcnt in the Fimrc 2-3 as 
incisions dong the south wall of the mesa. 

'Figure 2-3 ~Mnp o f  MDA G illustrating mcsa-canyon topogmphy and current and 
future lsnd-use boundaries 

The natural drainage pattern is locally disturbcd as IL result of waste manascmcnt activities 

at MDA G. Erosion controls arc uscd to divert watcr away from wmc mannngemtnt 

activities and dispos;ll units, These controls include graded drainage channels, installed 

culverts, riprap, silt fences. isphnlt channels, asphalt curbing, cw.hcn berms. and weirs, 

As a pnctice, mnoff controls arc designed to p i d t  surface water into the natural 

drainages. Certain surface stmcturcs at MDA G also alter the natunl erosion parterns 

dons thc mesa, but only on a vcry local scdc. Signs of erosion arc identified and 
corrcctcd as a prvt ofthc quarterly storm water complimcc proccss. 

Disposal units arc cxc~vstcd into the Banddicr TWushg backhoes. while shafts arc 
drilled using augers. All disposal units arc set back at lciist 15 m (50 ft) from the ncarcst 
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canyon rim and are dus no dccper than 3 m (1 0 A) nbovc thc ndjnccnt m y o n  floor.32b 
The inrnct Bandclicr Tuff and the "crushed ruff' uscd to bnckfdl and cover disposal units 

provide cflirctivc cont;iinm&t and isolation of mdionctivity bccausc of thc hydrologk x d  

pcochcmkal propcnics discussed in section 2. i.4. 

2.1.1.3 Populntion Dism'burion . 
The number of pcoplc living around MDA G is important for evaluating potentid impacts 

of disposal opcrations there. This is especidly tmc in the ALARA analysis, wfiich 

comprrrcs t o m  and bcncfits of altcrncrtivcs on thc basis of population risk. The projected 
populrr:ion of Los Namos County in 1994 WLS approximotcly 1S.200,=7 Two rcsidcntinl 

and associated commcrcial ucu e i s t  in the county, Los Almos with 3 population of 
1 1,400 and U'hitc Rock with a population of 6,800. White Rock borders the LAM, 

boundary to the cast, and is approximately 2 km (1.2 mi) cast of MDA G, Other major 
tcsidcntial population centers within an 80-km (53 mi) radius of LnNL include Espdola 

to thc northeast and Smta Fc to thc southcast, Snnta Fc, with a population of about 

80.000, is expected to rcmain the major urban ccntcr oi thc regon. In dl, spprosimatcly 

224,000 persons live withiin an SO-!an (S-~) radius of the Laboratory. 
e 

21.1 .4  L'scs of A(gaccnt Lcnrls 

Ownership of land surrounding, LA\% is  indicrrtcd in Figure 2-2. State and fcdcrnl 

_povcrnrncnt ascncics and local Indian tribes control land surrounding Los Alamos County. 
Of thcsc, thrcc fcdcrnl agencies (i,e,, Bureau of Indian Miijrs, U.S. Forest Scwicc, and 

Bureau ofLand Manngcrncnt) control thc majority of land in the u c a  

Thc Santa Fe National Forest comprises 6 4 , 4 8 6  hectares (1,567,18 1 acrcs) of land in 
scversl counties. The Espnfioln District of the Santa Fc Xational Forest includes 142,521 

hcctarcs (352,170 acres) that border DOE land to the northwest and southeast. The 
Bandelicr National Monument borders thc southwest portion of the L A X  complex and is 
managed by :he National Park Senice. The monurncnt - includes 12,950 hectares (32,000 

acres) of land, 9,308 hectares (23,000 ncrcs) of which arc designated wilderness, All 

access routes to thc monumcnt pass through or along the hbontory propcrry. 
0 
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Thinccn Niitivc h c r h n  Pueblos uc located within 80 km (52 mi) of LANL Each is 
govcrncd by its own tribal govemmcnt, With technical and administrative assistance &om 
thc B u r a u  of Indian Af fa i rs ,  The San Ildcfonso Pucblo owns a uinnplu piecc of land 

that directly borders MDA G within Cuiada d d  Bucy to the north csf the facility. The 
tot;il m a  o w x d  by thc Pueblo is 10,tiOO hectares (26,192 acres), As stated in Section 1. 

thc pcoplc of San ildcfonso Pueblo regard a portion of land adjacent to L M  as sacred 
hunting srounds. In addition to hunting wildlife for food, Pueblo people also harvest the 

h i t  of pitlon and juniper aces indigenous to the a m .  Hunting and gtthen'n~ activities 

occur on the land directly adjacent to Mcsito del B u y .  

Within Los Alamos County, vacant - land dominates dl catcgoncs of land use, accounting 

for 49 percent of the area. Agricultural activities in the Vicinity of LANt have bcm 

dcc l inh~ for thc past sevcrd decades and arc no longer considered an important economic 

activity in tcnns of cash income to area residents, Livcstock (prirnilrily wttlc) providcs 

nearly 75 pcrccnt of the cash rcvcnuc fiom farm commoditics in the rcpon; crops 

( inchdins  hay, corn. chile, and apples) provide thc remainins 25 percent. Smdl f'i-rms 

rcmain an important means ofgsupplcmcntal income and domestic food in the nochcm 

Sew Mcxicu rcgion. The Son Ildcfonso Pueblo grows crops for domestic consumption 
and some local marketing. Among the crops gown arc corn. chile, squash. bans, and 

tomatoes. Thc folloting points summttrizc local a ~ c u l t u m l  activity: 

, I  

A small perccntqt of land ( I  to 2 percent) is used for gowing crops; 
Hay, corn, and chile are the most common crops in Los Nnmos, Rio h b a  and 
Santa Fe counties: 
Most of the ap'cuItural acrengc is irrigated; 
Surf3cc-watcr imption is much mote common than groundwater imgntion in 
Snndovd and Rio Anibn Counties; the opposite is tme in Smta Fe County; and 
Livcstock density is low (1 pcr 500 acrcs). 

AI cattle are range fed in northern Ncw Mexico. livestock forage primarily on native 

short-grass specks. Much of the land now occupied by LA,ST was hisroricdly used for 

grains. The pcoplc of thc Pueblos in the rcgioiRho t;r;rzc 1iPcstock on thcir lands nw 
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LANL. and numcrous private land owners in rural ucas keep small numbers oflivcstock 

on land that surrounds Los Amos County. 

2.1.2 Meteorology and Climatology 

Thc local and rcgionill ntmosphcric conditions influcncc radionuclide trmspon in scveral 

wavs. In tcrms of subsurfact transport, water from rain and snow is imponant as the 

sourcc of rccltargc, water flowing through the ground to the water table. Summer rains 
and spring snowmclt zlso cause erosion of the mesa surfacc, and hnvc the potential to 

cam radioactive matcrials into adjacent canyons. Finally, the atmospheric conditions 

determine the cxxnt  to which airbomc radioaai\?ty Will bc transported away 6om the 

disposal sitc. 

Los Alarnos County has a semiarid, tempcrate mountain climatc that is cxknsively 

moni;orcd and wcll dcscnbcd,’” Thcrc are four pcrmmcnt meteorological towcrs Lcu\Tz, 

tha: collcct dcl13 on precipitation, tcmpcrature, humidity, cvapotrmspiration, and wind 

spccd and direction. Thc main Los Alamos p u g c  was initially installed at TA-S9, wcst of 

Th-54 and at 3 higher elevation. In 1990, the main g a u g  was movcd to TA-6, just south 

of TA-59 but at a compilrablc clcvation. Additional Sauges have been instslltd at TA-49, 
TA-53, and TA-54. Thc pcrmancnt towers arc all sitcd on mesa tops. Tablc 2-1 

summarizes penincnt d m  mcasurcd sincc 1989 at the TA-54 tower, It lists both monthly 

and average annual paramcters. 

Tablc 2-1 Summary of Mcteotological Dntn 3t MDA G 
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The data in Table 2-1 indicate that about 40 percent of the m u d  nvcrrtge prtcipiration 
occurs during July and August, which is rcfcrrcd to ;LS the monsoon season, Snowfall is 
- createst from December through March. Variations in precipitation fiom y w  to y e u  can 
bc quite large. with annual extremes ranging from 17 to 77 cm (6,s to 30,; h,) over the P- 
year record from TA-54. Evaporation is gcncdIy h& The data in Table 2-1 indicate 
that an equal amount of moisrurc was lost thou@ evaporation and transpintion as well u 
precipitation. Evapotranspiration is highest in the summer months, when vegetation is 
lush. ternpcraturcs arc high. and relative humidity (Le., the mount  of moisture prcscnt in 
air compared with :he amount of moisture that an be in air) is low. 

. 

.I 

The avcmgc annual precipitation mesurcd aver a pcnod of 50 years at the Los Ahmos . - . 

- cause is 36 cm ( IS  in.), which is considctably higher than the 36 cm (14 in.) avenge 

mwsurcd over 9 years at TA-54, The 30-year pluviomctnc record from the Los Namos 

DrcciDitatian ssugc has been uscd for predicting annual precipitation in the region, 

including a 100-ycar daily rainfdl emcrnc of 6.4 cm (2.5 in,) and a 100-?car annual 

precipitation cvcnt for Los A m o s  of $3 cm (33 in.).> Daily raiddl extremes of 2.5 cm 
( 1 0 in.) or more occur in most yemi, 

Additional longcr-term evidence of local precipitation history is available through 
dcndroclimatolog, which compares modern mctcorolo@cd records with 

contcmuortlneous tree gowth (tree Stmidd  climates like LOS Aamos haw very 

strong dcndroclimatic correlation bcnvctn prccipitation and tree-ring width. The best 

correlations have been found far long-livcd coniferous species that suhivc arid cydes, 

including pondcrostl pinc3 '  While ponderosa pine do not grow at Mcsiw del Buey. t h y  

art abundant at slishtly hisher elevations on the PajYito Plateau. including TA-59 and 

TA-6, where the Los Ahnos wcathcr 8 a u p  has been stationed. Dendroclimatology h u  

been used to estimate annual precipitation in ytars predating the plu\<omctn'c record. back 

to the year 151 0. The analysis indicates thc foIl&ng precipitation CXVWTICS: 
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The maximum m u d  precipi:ations were 101 cm (40 in.), 58 cm (23 in.), md 79 
cm (3 1 h.), occurring in 1597, 1794, und 1919, respectively. 

A through C 
D 

E and F 

The minimum mud precipitations were 1.1 cm (5 .5  in,), 1 1 cm (4.3 h.), and 6 cm 
(0,79 in.), occumng in 1523, 1935, and 1685. rcspcctivcly. 

Unstable flavorable) 
Neutral 
Stab 1 e (Unfavor ab 1 e) 

22% 15% 
3 0% 37% 

Thcsc numbcrs compnrc well with the cstimatcd mLuimum precipitation bascd on 

pluviomctnc rccords. Both suggest that a m&mum annual precipitation of about 80 cm 

( 3  1 in,) can be cxpectcd c v t p  century. Again. these m u d  prccipitarion extremes are 

based on pluviometnc and dcndroclimatic rccords at TA-59flA-6, whcre rrinfatl generally 

cxcecds that st TA-54 by about 10 crn (3.9 in.). 

2.1.2.2 Wind Speed and Direction - 

For thc purposes of modeling atmospheric transport of radioactivity from M I A  G, several 

chartlctcristics about wind speed mc! dircction arc required. Two of these arc A*:ubi&v 

c/ussc~* and mixing hcrghr. Stability cla.ssus A through F charactckze the ability of the 

amosphurc to disperse or spread contamination, from unstable (A) to stable (F). Unstable 

conditions are good for dispersing (and therefore diluting) airborne contarninatioq wkik 
stable conditions tcnd to keep the contamination in 9 more localized volume of air. 

Stability catcgory ficqucncics are btlscd on variations in wind dirccion and speed as a 

function of height abovc the pound, Stability class frequencies over Mcsita &I Bury and 

in Pajnrito Canyon bascd on the 1935 mctcrolo@ gauge data are listed in Tabk 2-2. 

The d m  susgest that canyon winds and mcsil winds are both dominated by uns~able 

(favorsblc) conditions, 

Tiblc 2-2 Atmospheric Stabilip Class Frcqucncics 
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The mixing height is related to the vertiwl thkkncss of the unstable mnosphcrc. h g c  
mixing heights u c  "favomblc" for dispersing or diluting airborne contamination. Avtmgc 

mixing heights for the Labontory region arc listed Table 2-5, 

Januan, 

Tiblc 2-3 Avenge Atmospheric Miring Beights" 

710 
Scsson I A3cragr Mixing Heipht (ml 7 

Julv 3.200 * 
I Averape 1 2,000 1 

The bind pnrterns across the Ptlju5to Plateau arc greatly influenced by the mea-myon 
topography, which is cvidcnt in Figure . 2-3. Data from ti portable mcteorolosiicrrl gauges 

installed in 1994 to monitor wind around MDA G are indicative of the strong chmcling 
that occurs in canyons. Fibwrc 2 4  shows the avcragc wind roses ( d i a g u w  of wind spccd. 

frequency, and dircction) for dayrime and nighttime hours during 1995 over Mesh  dd 
Buey and within Pajarit0 

speeds, and frcquencics. %We mcsa-top winds flow prcdominvltly from the south to 

souttiwcst during the day, wnyon winds flow illmost e.uclusivcly upcanyon (north 
northwest) during the dsy and drain downcanyon (south-southcut) at night. The strongest 

winds at MDA G YC out of the south-Southwest, up thc Eo Grande vallq. During the 

niphttime, westerly winds fiom thc Jemez Mountain dounslopc arc common, tendins to 

follow thc m y o n  drainage winds,'" Winds spccds arc less than 3 d s c c  (10 Wscc) most 
of thc time. and YC slower in the m y o n  than across the mesa. 

Thc wind roses indicate "wind fiom" directions, 
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r 
Figure 2-4 a Windross from Maim del m: daytime (top) nighttime (bottom) 
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L1.4.1.1 w a c c  D& 
Soils of thc surface of M e s h  del B u q  arise from Tshirc~c colluvium and wind-blown 

sources. Nativc soils have been dimrbed by waste-rnanagcmcnt operations OVY much of 
the surface of the mesa. In lcss dismrbTd porrions of Mcsita del Buey, native soils arc 

thickest near the ccntcr of the mesa and thinnu towud'the edges, More hi@y developcd 

soils on the north-facing slopcs arc richcr in organic mnu. Suiface soils tend to be sandy 

in tcsurc  n e s  the surf'ace and arc more ~Iay-Iiike beneath the su6act. Soil-fobnning 

processes have been identified dong hctures in the u p p a  part of the m w  and the 
transloc3tion of clay rnineds from surface s o h  into friicrurcs hiis been described at M D A  

G." 
- 

\!"nile ccmin soil components (including iron oxides and clay minds) arc vcry important 

in understanding the fate and m s p o n  of s d a c c  contamination (e&, spills and d u c n t  

dischsrses) they have not bccn CCrGnsivcly studied to support MDA G modding bewusc 

the radioacrivity is below gound. Grater considemtion has been paid to the geochemical 
constituents of the subsurface. as discussed next. However, both modcling and field d3ui 

s u ~ ~ t s t  that surface soils do d c c t  subsurface contmhmt msport  throuph their physical 
characteristics rtlstcd to water flow, Recent geophysical tests have been pafonncd on 

e 

surface soils, but the data have not yet been analyzed, 

Unit 2 of thc Tshircgt Member ofthe Btvldelier tuff is competent, resistant caprock that 

forms the level top of M e s h  del Buey. It is about 12 m (29 A) thick over much of MDA 

G. Unit 2 forms ncarly verticd cliffs on the side of the mesa whcrc it is exposed, The 
rock is composed of crystal-rich, devitrified pumice hpenu in a manix of ash, shards, 

- 
e Unit 2 is cxtensivcly fractured as a consequence of conmaion upon postdepositiond 

cooling. The "coolingljoint" hcturcs arc visible on mesa edges and on the wds of pits, 
as shown in Figure 2-9a. In general, the fractures dissipate at the bottom of Unit 2. 



d.4 Observation and detailed mapping show that most fracturcs in Unit 2 arc nearly vertical, 

Mean spacing bctwccn fractures is about 1 m (3.3 ft), and fracrurc width mges from lcss -.m 

:him 1 to 13 mm (c0.03 to 0.5 1 in.) with 3 median of 3 mm (0.12 in,). Fmcrurcs arc 

typically fillcd with smcctitc clays to D dcpth of about 3 m (10 ft); smectitt clays arc .. 
known for their tendency to swell when water is present, and for their ability to strongly 

bind certain elements, both of which h a w  implications for transport of radioisotopes in 
fracturcs, At greater depths in fiamrcs, opal and calcite have bccn obscrvcd, usually in 

the presence of tree and plant roots; both the minerals and the roots suggest that some 

water occurs ar depth in fiacturcs. 
- 

At thc base of Unit 2 is a scrics of thin [lcss than  I O  cm (2,9 in.) thick], crystal-rich, finc 

and sand-sized surgc dcposits. Thc surge beds mark the buc of Unit 2; they arc idcntificd 

along the wall of P pit in Figure M a ,  and on an outcrop along the south wall of Mesita del 
6ucy in Figure 2-9b. As discussed below, data obtaincd from borcholes and cores show 

that the surgc bcds at the base ofunit 2 appear to have M imporrant local effect on 
moisture flux. 

2 1.4.1.3 B n n d e l i e m .  T shircae Mcmbc r Unit 1q 

Tshircge Member Unit Iv is n vapor-phase cooling unit beneath Unit 2. Thjs m h  forms 

sloping outcrops, which contrast with the morc vertical CWS ofrjnir 2, The uppermost 

?onion of Unit Iv is devitdicd and vapor-phase dtcrcd ash-fall and ash-flow tuff and has  

been designated Unit lvu, where “u” sign5es “upper,” It is about 14 m (46 ft) thick near 

M D A  G. is slightly weldcd at its basst, and becomes moderately welded ncxcr thc 

overlying Unit 2. Only the morc prornincnt cooling fracturcs originating in U6t 2 

continue into the rnorc welded upper section of Unk Ivu but dic out in the ICSS- 
consolidatcd lower section. More typically, fiamrcs in Unit 2 do not extend into Unit 

1 vu. as illustntcd in Figure 2-9a. 
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Figure 2-9 n) Surge bed and fractures in Zinit 2, Pit 38, and b) surge beds 
at base of Unit 2 in outcrop along south wall of 1Mcsita dcl Buey 
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2,1 d. 1.4 &?ndclicr Tuff. Tshircrrc Mcmbcr Unit Ivc 

Beneath Unit 1 w is Unit lvc. where "c" stands for "colonnade," chamctcridnp the 

columnar jointing visible in cliffs formed in this \ink Unit IV C  is a slightly welded, 

devitrified ash-flow tuff at its base and top, bccoming more welded in its intenor. Unit 

1 vc is 7 to S m (23 to 26 fl) thick in the castcm reaches of M e s h  del Bucy and 15 m (49 

ft) thick in thc western reaches. 

Thc basal contact of Unit Ivc is mtrrkcd by a rapid chmge (k, 0.2 m v e R i 4 )  from 

dcvitrifkd to vitrified pumicc. Vitrificd pumjccs below this interval, in Unit lg stmd out 

in relief on wctlthcrcd outcrops, whilc devitrified pumices above this interval arc highly 

wcathercd. Near the basc of this interval is a prcfcrcntidly-croded rccrss narncd thc 

"vapor-phasc notch." Thcrc is no depositional break associated with the vapor-phase 

noich; rhc abrupt transition susgests that this fcriturc is the base of th: dc4uification that 
occurred in thc hot interior of the coolins ash-flow sheet d e r  emplnccrncnt. A$ discusscd 
in grcwer dctail below. thc vapor-phasc notch shows intcrcsting locJ characteristics with 

respect to moisrurc flux. 

* 1 3 1 5 Ran&licr Tuff. Tshirem Mcmbcr Tnit Ig 

Unit 1 I; is a vitric. pumiceous, nonwcldcd ashflow tuff underlying the devitrified Unit lvc. 

I t  is abou: 15 m (49 R) thick beneath M D A  G. Fcw fractures art  abscrvcd in the visible 

outcrops of this unit, and weathered cliff faccs have a distinctivc swiss-checse appearance 

due to thc softncss of the tuff', Only the uppermost surface of Unit 1 g js resistant to 

erosion, helping to dcfinc thc vapor-phuc notch described above, A distinctivc pumice- 

poor surgc deposit forms the b u t  of Unit 18. 

2,1 P , 1  4 &mdelie: Tuff. Tshirgx Member. T sank& Pum k c  &i 
The Tfsmkawi pumicc bed is a thin bed of gavel-shed Vitnc pumice, It is about 0-6 m (2 

A) thick beneath MDA G. 
II 
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2 1 ,a, 1.7 . C C ~ O  T&do 

Thc Ctno Toledo Lntcrvd comprises thin bcds oftuff~ccous mdstoncs, siltstones, rrsh 
and pumicc falls, which separate the upper Tshircgc md I o w a  Oto\i  Members of the 

Bandclier Tuff. Thc CCKO Toledo Interval also includes mixed bmvcl and cobble deposits 
dcrivrd tiom lava; it is either not repottcd or not prcscnt in older core lop,  but has bccn 

idcntificd as a 7 m (22 ft) interval in reccnf corc samples rccovcrtd fiom drilling on thc 

. 

eastern portion of ;MDA G. 

21 4 1 8 Ri\ndclicrTuff. Otowi Mcmbc 

Thc Otowi Member ruffs YC about - 30 m (9s ft) thick in the northwesern pof'tion of 
blcsita del Bucy and become thinner toward MDA G. Although the Otowi has bccn 

pcnctratcd by rcccnt boreholes. its thickness has not been mcuurcd at MOA G. The ruffs 
arc massivc. nonwtlded, pumicc-rich, and mostly vitric ash-flow* Thc pumices arc fully 
inflated, supporting tubular structures :hat hmc not collapsed as a result of my 
posrdcpositional welding. The matrix is an unsoned f i x  of & ~ . s s  shards, phenocrysts, 
pcrlitc clasts, and minute, broken pumice fra.gmcnts. 

, ,  

* e 1 4.1 ,Q B a a t i e r  Tfl. Oto wi MCmbcr. C k m a h c c  Bed 

Thc prcscncc ofthc Guaje Pumice Bed beneath MDA G can be inf'mcd from core logs, 

but i ts thickness has not been mcasurcd there. The thickness of the unit has been 

measured w 2 m (10 ft} in the nonhwestcm reaches of Mcsitn dcl Bucy, and as 3.7 m (12 

A) in Pajanto Canyon south of M D A  C. It is abscnt or not identilied in corc taken from 

the eastern part of the mesa. The puhcc bcd is nonwclded but brittle. Pumice tubes arc 
partidly filled with silica ctmcnt. 

1 .  

4.1.10 C c r ~ o s d c \ ~ ~ B  as& 

Few data exist to describe thc Cenos del Rio Basalt directly bcnath MDA G. Local 
borehole cores show that the bassalt consists of both angular rubble and dense, f n m r t d  

msscs, with zones of modcrtltcly to very porouzawi. The thickncss of the b d t  benath 

MDA G is c.utrapolatcd to be bctwccn SO and 150 m (262 and 492 ft). 
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Thc Rcndija Carryon fault is the nearest of the Pajarito Fault systm to hfDA G, \ o G ~  





2 1, z 2 Water Rcsourccr 

Under normal operating conditions, the majority of water fiom the Guajc and OtoWi well 

fields S C N C S  only thc town of Los i d m o s .  Approximately 5 percent of the water from the 

Omwi well S C N C S  LANL, Of the 5 wclls in the Pajarito field, 2 SCNC the town of White 

Rock and 3 S C N ~  LAN,, Under unusual circumsturccs, water from any well can bc 

routed to any destination. The LA well field was transfcned to San Rdcfonso in 1991 + 

Currently only L A 2  and LA-5 arc uscd for water supply. The wells arc no longer uscd 

for drinkins water but do provide nonpotablc water for higation. In addition. nonpouble 

industrial water is obtained f b m  the spring gallery in Water Canyon. 

The Cochiti reservoir dam is located on the Ria Grande, about IS km (9.3 A) from the 

southernmost poin: of the LkhL boundary. It provides the xca with flood control, 

sediment retention, rccrcation, and fishev dcvcloprntnt. The permanent pool extends 

upstream some 12 km (7.4 rn$ rcaching a point about 5 km (2.1 A> from the 
southernmost point of thc LA% boundary. The d m  is estimated to trap at least 90 

percent of thc sediments camed by the Rio Grande. 

N o  municipal watcr supplics arc tnkcn dircctly from the Rio Grande river between LAIC 

and the Cochhi Dam, The river is used pnmarjly for recreation. lnigation water is tnkcn 

from the Rio Gande downstrcarn from LAXL at numerous diversions starring at the 

Cochiti Dam, 

2.1,s Satural Background Radiation 

To evaluate contamina:ion of environmental media (including air, so& water, plants, and 

animals) is 3 result of waste manrtsement activitics at M I A  G, it is necessary to know the 
natural background radiation environmcnt. The LA% publication Ertvimnrnend 

Surveilfunce ai Los Afumos during I994 reports that the m u d  d e c t k e  dose cquivalcnts 

due :o background radiation in Los A m o s  t o m i t c  and Whitc Rock wee 348 md 336 

mrem rc~pcctivcly.~~ Naturally-occumng radon accounts for nearly haK of the total, with 

the remainder contributed by cosmic and terrcstd radioactivity, and self-irradiation. 
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While data describing thc pre-operational backpound environment 3t MDA G arc 

unavailable, regionid background infomation is nvailablc, Rcprcsenutivt background 

conccntrations of radioactivity in air ftom the Laboratory region arc listed in Table 2-12. . 
Table 2-12 Avenge Background Concentrations of Radioactivity in Air from 

Regional Stations 

+/- represents two standard du\Gintions 

Soil and water samplcs are collectcd at several regional stations, which are shown in 

Fiy rc  2-2 1, The samples YC analyzed for radioactivity gcncdly associated with 

Laboraton, operations. The L h J L  Environmcnt, Sdety. and Health Division is 
rcsponsible for sampling and analysis. and presents results in m u a l  cnvironmcntrrl 
survcillaficc reports, such 3s  that citcd above. AI data summarized here were uken from 

1994 sampling and analysis, 
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TCUBA ESPAROLA- 

SANtA FE 

Figure 2-21 Regional surface water and soil sampling locations 

Smples of soils north (Chamita sampling station), cast (Otowi sampling station), and 
south (Frijoles samplinS station) of the I Laboratory have been analyzed for radioactivity. 

Results rcprcscnting regional background radioactivity in soils are listed in Table 2-13. 
* 

Table 2-13 Radiochemical Quality of  Recionnl S o h  

I Radioactivitv I Chamita Station I Otowi Station I Frijolcs Station I 

1 -1.7 +/a 1.9 I I 0.2 +I- 0.3 1 0.4 3.1- 0.3 
~~ 

7.74- 0,7 0,o */- 0.1 0.1 J/- 0.0 cs (PCi43) 137 

1 0,001 +/- 0,030 I 0,000 +/*0.030 1 0,005 +I- 0.001 I 1 238Pu (DCild 

I 0 +I- 0 I 3 4- 0 I 
+/- represents two scandard deviations 



Radioaetivip Embudo Station 1 Otowi Station I Cochiti Station 

'n (nCi/L) 0.1 +/- 0.3# I 0.2 4- 0,3 ~0.0+/-0,3 

% (pCih)  1.9 +/- 0.7 c0.6' 1.9 +/- 0.7 

0,4 +/- 0,7 0.1 */- 0.7 0.5 4- 0.8 9 r  (pc i / t )  

Uranium (m-E/t) 1.6 +/- U.2 2.4 +/- 0.2 1.6 4- 0.2 
:38P" (pCi/L) 0.012 4- 0,030 I -0.014 +/- 0.030 -0.017 4- 0.030 

4 ~ ~ 

?39.?40pu (p~;/t) 1 0.033+/- 0,020 I 0.035 4- 0.022 

%m COCilt) I 0.004 +/- 0.030 NIA 

1 Gross Camma (cpmh) 1 60 +50 I 2 0  4- 50 I 10 +I- so I 

-0.014 +/- 0.020 I 
0.017 +I- 0.020 

'II 

P 01- represents wo standard deviations 
Mtasurtmcnt below detection limit 

2.2 PRJSCPAL FACILITY DESIGN FEATURES 

The long-term radiological conscquencc of LLW disposals at M D A  G will be nc&iblc if 
two conditions Csir be ma: Radionetiviry docs not become distributed in the environment, 
and humans do not corne into direct contact with the radioadvc waste. The abiliry to 

isnlatc radiomivity fiom the environment depends largely on natural processes and 
conditions, while the ability to control human intrusion depends on human factors. The 

previous section described many ofthc natural characteristics ofthe disposal $te that must 
bc considered in the PA for MDA G to cvaluak the likdihood that the aforcmmuoncd 

conditions will be met. This section discusses. the man-made features of the disposal 
facility that must also be considered in making his dctmnination. 

- 
The design of MDA G taka advantage of the n a n d  3bility of h e  site to contain 
radioactivity. The very dly hog rock cffktivcly decoupIcs radioactivity in U W  from the 

2-66 

e 

e 

e 
I 



main aquifer for thousands of y w s .  Pits and shafts arc cxmvatcd in the Tshircgc Member 

of thc Bnndclicr tufT Crushcd tuff removed during acavntion is used to line, backfill, md 
cover pits, As a lincr, the crushed tuff absorbs moisture and leachate. As backfill, the 

crushcd tuff compacts to stabilize the pits, and also absorbs rnoiawrc, As a covet, the 
crushed tuff provides ;I stable, abso$tive barrier, and supports natural vegetation that 

controls erosion and transpires moistcrt. These and other facility design features arc 

described below. 

2.2.1 Water Infiltration 

W3ter infiltrating from the sufacc - of thc mesa through thc disposal units is potcntially 

problematic, particularly if the infiltrntion is of sufficient quantity to leach radioactivity 

from the waste and transport the contamination dovm through the vadasc zone. As 

discusscd cnrlicr, thc unsaturatcd uppcr units of thc Bandclicr Tuff tcnd to retain water 
(providing m opportunity for evaporation) as opposed to transmittinp it, "he amount of 

infiltration rcdizcd depends upon scvcral componcnts of the hydrologic cycle. Figure 2- 

32 depicts the water bdmcc conponcnts that iducncc infiltration through a disposal unit, 
P r u c i p l t r t i o n  

R u o t  ZonJ \ l n f l l t r i t i o n  
I - - - - - - - - -  \ - -  

\ D i s p o s a l  P i t  I 
4 -  

R cch  r rgc 

Figurc 2-22 Conceptualized water balance componcnts 
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h5ltration is the moisture remaining in the ground (or the pit c o v d  after mnog 

evaporation and transpiration remove some h a i o n  of the prccipiwrioq (or snowmclt). 

Scvcral components of thc wntrr-bdancc sqstcm have bccn discussed on a rcgiond swlc 
carlicr in this section, As mentioned: prccipiution, evaporation, and mspirotion vuy 

throughout the y e x  Evapomtion generally occua Within s c v d  cxnthaers of thc 

surfacc and sppcars to be cffcaive over gcater dcpths in hcturcd or vcry permcnblt 

rock. Transpiration is ;L resuit of root uptake and occurs throughout the root zone. Due 

to the int cr-relationships among the watcr-balance components, infiltration varies with 

climate. ecolog, and topography, _Natural recharsc through the Bandelier Tuff also 

varics, accordins to climate and lo& rock chmcteristics, 

Manmadc disturbances at M D A  G intcroct with thc natunlly variable water bdmcc 

components, making infiltration difficult to quanti& with a hi@ d e p c  of ccminty. 

Throushout much of the year, cvapotnnspiration kceps the dispod units quite dqp; 

r c c h q e  occurs with snowmelt, when tvapotnnspiration is low. Effoits arc made to 

maintain thc hish cvnpotranspiration potential on site by rnaint;lining vcsctativc covers 

over filled disposal pits, However, waste management operations rcquirc features such as 

roads. asphalt pads, fire breaks, and stormwater diversions that intcrfcrc with 

cvapotranspiration. In addition, while pits are in use, they may retain additional moisturc 

from rainfall or snowmclt becusc rr3nspKation is absent. 

e 

Studies of tcst plots at LAXL hnvc rncasurcd water-bihncc components through coven 

resembling the operational pit covct,uscd at MDA G," Data show that 87 pcrctnt of 

prccipitiition is lost to evctpotmspiratioh whiic about 6 pcrccnt remains as infilmtion 
below the root zone (the reminde r  is retained in surfice soil). Data dso indiwtc that 

pcrcoltltion through a convcntiond vcgetatcd mshed-tufFcovv was gatest h the lntc 

0 
winter and carly spring when snownclt occurrcd?md evapomnspimtion was low bclusc 
the vegetation w s  not trctivc, Additional information on infilhation is available from field 

mesurcmcnu of rnoisturc within wcll-established covcrs at MDA G, '' In 1973, 

* .  2-68 



Rtpon-54G-013. R2 
3/27/97 e measurcrnrnts were taken in holes augcrcd into the covers over Pit 1 and Pit 2, which 

wcre closed in 1961 and !963, respectively. Measured volumaric moimre content wis 

quitc variable, with individual mcasuremcnts of 4 and 8 percent by volume in Pit 2. and 12 

and 17 perccnt by volumc in Pit 1. In d mcsurcmcnts, pcak watff concentrations 

occurred ;It dcpths of 2 m (6,6 ft), ind decrcascd beween 2 and 3 m (6.6 and 10 A). The 

variation in moisture contents observcd bctwccn the ?its wils tentatively attributed to 
variations in soil conductivity or diEcrtnces in sufiacc slope, 

As discussed in Section 2.1 .S, o common approach to csthliting bdtntion (or moisture 

flux) is to cqurtte flu,. with the unuwrated hydraulic conductivity of the rock using the 

unit-gradient assumpxion." Applied to thc abovc moisture mcasurcmcnts. this method 

indicates infiltration within the Pit 1 ,and Pit 2 covers bctwccn scvenl millimctcn to 
scvcral cenrimctcrs per ycar. Clearly, many factors influcncc 'hf2tration through pit 

covers, Among those as recognized as imponant arc surface-soil propeirics, depth of the 

root zone, vegetation density, and slopc. A?I of thcse factors differ bmt len  disturbed 

covcrs and the undisturbed natural scning. 

a 

To bcttcr undcrstnnd infltration through disposal units at MDA G, the moisrurc content 

within Pit 37 has bccn mcwred  pcriodiwllqt ovcr the past three yeus. Pit 37 is expected 

to havc moisture contents in excess of most pits at ,MDA G. While most pits arc 
excavated. filled, and covered within two to four ?cars, Pi: 37 has bccn receiving waste 

since 1990, and has still not yet been covered. Multiple mcasuremcnts from Pit 37 

indic;l:c P maximum moisture content of about 11 percent by volume, with a mean of 
about 8 pcrcentaSJ Figure 2-23 is  a composite plot showing volumetric moisture as a 

function of depth for scverd meuurcmcnts taken over a period of a yeu .  Using the unit 

approximation, the average intiltration rntc thou@ Pit 37 is S d y r  (0.2 in./yr) at the 

avcragc pit moisture content. - 
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Figure 2-23 Seutron moisture profiles through Pit 3'7 

While moisrure content data collected within pit fill has ~enerdly shown moisture lcvcls 

hir$rr than for surrounding undisturbed tuff, the ultimate cfftct on recharge beneath the 

pits is not ~;110wn.~'"~ In 1976 cores wcrc collected fiom horizontd boreholes drilled to 

pass through Tshirege Unit 2 about 1 m (3.5 ft) bcncath a pit that had bctn closed in 
1966.'' Analysis of these cores indicated that concentrations of %. 'J'Cs, ""Pu, 3p*:rOp~, 

3nd :"&TI were below the minimum dctection limits, suggesting that none of these 

radionuclides h3d migrated €iom the pits, In 1992 the borcholcs wcrc re-entered and 

moisture mc;lsurcmcnts made with a neutron probc." Volumetric mohure content vdues 

beneath the pits wcrc in thc range of 1 to 4 percent, and were gcncrdy 1 to 2 percent 

highcr beneath the pit than moisture lcvcls away from the pit. These mmurcmcnts  

suggest that pit cumvation h s  ;L small dcct on moisture contents b c n a t h  thc pits, 

This discussion has  focused OR idtrrltion through pit covers, and not shaft covers. This 
is IargcIy bemuse mort data art ;~vdable for pits. The conditions measured in pits are 

- 
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exmctcd to bound thc infitration in shAs, howevcr. Pits provide R much larger surface 

nrcn for infiltration than shah .  In addition, pits rernin open during dispod operations, 

while shafts arc covcrcd bctween disposals, and, oncc fillcd, arc g e n e d y  covcrcd with 

concrete. 

2.22 Disposrrl Unit  Cover lntcgrity 

Considerable rcscsrch'hils becn conduacd at LANL reguding the cffcctivcncss of landfill 
COvcrS in arid cnvironmcnts.'" Many imponiint upems of rclevmt field studics and 

analyses wcrc uscd in developing a conccptual multi-layer cnghcercd cover for MDA G, 
which is dcscribcd in the CIomrc PIurtjor LlNL hdDA G. While M cnginccrcd c o w  has - 
been contcmplntcd for final sitc closure, the simple hrcrh covcr sccms to perfom 
adequately, and has some advantages over an cn@necred dcsip. The most obvious of 

thcsc sdvanragcs include c u e  of installation and m~ntcniinct, and cost-cffcctivcncss. 

Another impocant consideration that any unccrtisintics regarding the pcrformmcc of the 

simple crushed-tuff covcr YC cxaccrbattd in a multilayer barrier. Thc nominal 1 or 2 rn (5 
or 6 tt) operational covcr described below is the b x x - m c  dcsign in the PA models; 

alternative dcsips will be evaluatcd on the basis of the results of the PA and CA. 

The operational closure cap for pits at M D A  G consists of 1 to 2 m (3 ,3 to 66 ft) of 
consolidatcd cmshcd tuff,  10 cm (4 in.) topsoil, and nativc g a s s  vcgttation. Cmshcd tuff 

is emplaccd with earthmovers or scrapcrs. then consolidatcd in plaec using a SO-ton 
bulldozer The general topography of the surface of :he cap over a given pit is matched to 

the natural local topography. Until this year, pits wcrc fillcd to within 1 m (3.3 A) of the 

"spill point," or thc lowest point along the surfacc pcnmetcr of the pit. Current 

specifications require that pits bc Wed to within 2 m (6.6 fi) of the nearest rim. For pits 

fillcd according to the spill-point restriction, the opcrationd closure c3p may be several 

mctcrs thick. 

2.23 Structuml Stability 

The wutc packaging rcquircments and disposal pit operations used throughout the history 
of MDA G confer strumrid stability to thc pits, The 35 yean of pnctiwl field 
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applications susgcst that the design is dcctive at providing an interim b i d e r  to water 

pcrcolation, ;1 critical aspect with rcspcct to long-term disposal-unit pcrformancc. Thcrc 

has bcen no signZcant subsidencc, only infiequcnt ant! minor lo& scrtlcmcnts, which 
Iiavc bccn filled \ + i t t i  tuK The pcdorniirncc is ;itthbutcd lfirgcly to ovcnrll disposnl-unit 

stability conf‘crrcd by the operational practices of burying waste in compacted, pardlcl lifts 

separated by consotidstcd crushed tuff: 

Pit disposal methodolog was developed to minimize the potential for subsidence, 
prornotc consolidation within thc disposal pits, and minimize the potentid for shcar failure. 

This is achicvcd by layering and compacting waste. Both modeling and field evidence 
SUPPOR that the system is stable. Wmc is cmploced in parallel horizontal lsycrs or “lifts” 

using dump trucks, cranes or forklifts, Sufficient crushed-tuff backfill is used to a1 void 

spaccs bcnvecn waste, to covet w m c  in one lift, and to provide on even, consolidated 

surf3cc for the next lift. Earthmovers and scrapers arc used to tmplacc thc backfill. and 

5O-ton bulldozers arc used to consolidate the cmshcd-tuff Iayer and the emplnced waste. 

On a volume basis, a typical disposal pit is at least 60 percent consolidated, crushed tuff. 

Compression mcrtsurcments of crushed tuff show extrcmcly f& consolidation; Animal 
settlcrncnt is observed because consolidation is imediatc  and occurs cumulativcly durins 
each Ioadingo9 

U’hile liberal use of hrse quantities of backtill is ;I good practice in tcms of disposal unit 

stability, it is not an efficient use of Limited disposal capacity, To increase pit c4icitncy. 

waste mmngcmcnt is now using large containers to package most LLW disposed of in pirs 
and M D A  G, Effom art made to ensure that the boxes arc hII and contents compnctcd 

to the cmcnt possible, both to maximize &cicnq and t o  r~Gnimizc thc potential for 
subsidence. These objcctivcs will be more easily achitvcd when L a  bcgins opcnfing 

its 200-ton supcrcompnctor to compact waste directly into luge metal boxes. TO dntc, 

onc pit (Pit 2s) has been used for disposal of waste - contahcd in large m a d  boxes. The 
disposal efficiency of that pit is apcctcd to bc substtmtidly higher than previously-filled 

pits. 
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2.2.4 1n:idverteat Intrudcr Barrier 

The only structural bnmcrs to human hthtsion at MDA C are concrete u p s  place over 

fillcd d i s p o d  shafts, There are no strucrurd barriers to prcvcnt inadvcncnt intrusion into 

disposal pits at MDA G, Rnther. site access controls such as those currently used arc 

assumed to bc in place throughout thc 100-yeu aclivc institutional-control period and into 

the industrid-usc period, 

3.3 WASTE CHAMCTEIUZATION 

This scction discusses the approach uscd to chamctcrizc the wrrstc disposcd of at M D A  G 
and summaritcs the rcsults of thc characterization effort. The methods uscd to  

characcrizc the historic and ftmrc waste inventories are addrcsscd in Section 2.3.1 and 

- 

-.J - * L )  .-, rcspcctively. Completr: descriptions of the inventory projcaion methodology and 

rcsulrs may be found in Appendix 2c Rodi&ctivc Waszc Invcntogvjor the TA-54, Area G 
Pcrformartcc Asscssmcnr and Composirc A nafysis." 

2.3.1 Bistonc Waste 

Historic wnstc rcfcrs to the mntcnal disposed of at MDA G from 1957 through 1995, The 

charactcnztion cffort considcred this waste in thce scgmcnts, bucd  on the period over 

which it was disposcd of. Thesc periods include: 

1957 to 1970, . 
* 

197 1 to September 25, 1983, and 

Septcmbcr 26, 1988 through 1995, 
This approach was used bemuse thc l~wcl of information available for a c h  wasrc sc-yncnt 

differs, and bccausc it allowed clear delincation bctwten thc PA and CA inventories, Thc 
methodology uscd to estimate the radiological chuact&stics of the historic waste YC 

summarized below. 

I 23.1.1 Inventory Dcvclopmnt 

Detailed records describing the ndiolo@d charnctcristics of w m c  disposed of at MDA 
G between 1957 and 1970 are unavdabit. While the early inventory is largely LLW, it 
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also includes some “RU w m c  and mked LLW (MLLW). TRU waste was segregated 

from LLW prior to disposal starting in 1971, and MLLW was segeptcd fiom LLW prior 
to disposd in the mid-1980s. Lacking detailed disposal records, the waste disposed of 

bcnvtcn 1957 and 1970 was chmctcrked by extrapolating waste data for material 

generated d e r  I971 back to thc cider period, Adjustments were made to the 

ewapalation-based estimates to account for shortcomings in the projection method. 

The periods from which the 1957 to 1970 waste charactensics wcrc mnpolatcd wcrc 

sclcctcd following an evaluation ofLLW and TRU waste dispo.4 data in the post-I971 
period. The recorded annual volum_cs and activities disposed of as LLW, and stored as 

TRU waste, bctwccn 1971 and 1995 arc plotted in Figure 2-24 and F i p n  2-25, 

respectively. 

Figure 2-24 Recorded annual LLW disposal volumes (top) and radioactivities 
(bottom) 
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Referring to Figure 2-24, annual LLW disposal volumcs havc becn relatively constan: ovcr 

time. In contrast, LLW activities havc varied widely, most notably in 1979. For TRU 

waste, Figure 2-25 shows that volumes of waste placed in storage ranged over an order of 

magnitude, while radioactivity content ranged over about 3 orders of magnitude. In lisht 

of :hcsc trends and variations, cflons were made to select thc most representative time 

framc to cxtrapolate back to thc 1957 to 1970 period, 

3/27/97 

Figurc 2-25 Recorded annual TRU storage volumes and radioactivitics 

The LLW disposal and TRU waste storage records fiom the carly 1970s were judged to 

be most rcprescntativc of waste disposed of before 1970 based on information provided by 

former LANL waste management prrsonncl.m For waste disposed of in pits, thc penad 

from which the 1957 to 1970 waste characteristics were cxtrapolatcd wxi 1971 to 1977; 

for shaft WG,C, the period was 1971 to 1975, Thc 1971 to 1977 pit data and the 2971 to 

1975 shaft data wcre used to dcvclop averagc annual disposal quantities for estimating the 

prc-1971 inventory. These averages were multiplied by the number of years MDA G 
rrcccptcd wastc for disposal in the :espcctivc disposal units between 1957 and 1970. The 
average annual Pit inventories wcrc multiplied by 12, to account for the 22 y w s  that 

"routine" wastc was disposed of at MDA G; records - indicate that only "non-routine" 
w s t c  was disposed of during 1957 and 1958. For shafts, the avcnge m u d  inventory 
W;LS multiplied by 5 ,  reflcahg the fact that shafts bcgm accepting waste in 1966. 



The findmental assumptiofof the extrapolation approach used to chmet&e the prc- 
1971 disposd inventory is that waste disposed ofbeween 1971 md 1977 resembles the 

waste disposed of prior to 1971. While *As assumption is gcncrdy expected to be valid. 

some of the wastes gcnented from 1957 to 1970 and 1971 to 1977 are unique to those 

periods* To account for waste that was unique to either period, individds familiar with 
rhc Laboratory's wutc-generating and waste managcmcnt programs during the periods of 

intcrcst wcrc intcnticwed. As a result of those interviews, waste in the rccordcd inventoT 

that was de tehncd  to have bccn Scnerated only after 1971 was rcmovcd fiom the data 
used to e;utrapoltltc the 1957 to 1920 inventory. Waste that was unique to the 1957 to 
1970 period was added to the inventory estimated using the mrapolation approach. 
Esarnplcs of inventory associated only with the post-1971 pcnod include the waste 

gcneratcd by the Los Nomos Neutron SwtrcrinS Center (LhMCE; TA-55) and the new 

plutonium-processing facility (at TA-55). An examplc of waste that is associated only 

with the prc-1971 period is the material generated during the decommissionins of thc old 
nuclcar-ma.terid processing Inborntones at Th-2 1. 

The historic vmitc inventories for the 1971 to Scptcmber 25, 1958 and September 26, 

198s to 1995 periods were cstimated Using disposal data in the LANL LLW disposal 

database and thc TRU waste database. The majority of thc ,MDA G invcntov for this 

period was dcrivcd from the LLW disposal records, The TRU waste that was non- 

retrievably disposed of in pits and shafts was added to the LLW inventory to wive  at the 

rots1 inventory for the period. 

2.5.1.2 Rodorruclidc Allocadonc 

Radionuclide invcntories in the historic waste were cstimntcd using the appropriate waste 

disposd records, In rcccnt ycars, waste Senemton hnvt been required to list a t h i  

rJdionuclide present in the wmc, along with itsmivity. However. up until 1991. 
senerators were pmnittcd to use acronyms and material codes to report mdioactivity in a 

more generic manner. Since the quantity of spccSc ndionudidcs is ncdcd to conduct 
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for refcase, trmspofi, and dose wlculations, it was necessv  to relate thcsc entries to 

individual ndionuclidcs. The methods used to conven gcnenc codcd activhics to 

radionuclide-specific activities arc discussed in t h e  folloWir,g pampaphs. 

A portion of the w x i t t  disposed of i t  M D A  G is charactckxd in the LLW and TRU 
waste datnbascs LIS mixed d v a t i o n  products ("1 or mixed fission products v), 
Radionuclide allocations for thcsc acronyms wcrc pcrfbmcd according to the analysis 

descnbcd in Appcndix 2f Isotopic Composrtions of /nvcnfory Designations "Mixed 

Fission Product " and "Mixcd Activation Product."f0 T h e  MAP dcsipntion has bccn 
used primarily by gcncrators at thcLAXSCE, where high-energy pmicle beams YC 

projected onlo targets which, in tum, become activated. Three major waste streams arc 

c ccncratcd at L A N C E  including trash, targets, and beam-line inserts. Thc fractional 

abundancc of cach radionuclide in the M A P  waste was dc tchncd  through discussions 

with thc gcncrnor. These abundanccs arc shown in Table 2-15. The data in thc last 

column in this tablc were multiplied by the activity rcponcd as MAP to determine 

radionuclide-spccifc activities. T h e  majority of the MFP waste included in the: databases 

was gencratcd through thc processing of contaminated specimcns rcthcvcd from 
underground nuclear weapons test-beds. When elcmcnts' fission. they produce other 

elcments (i.c,, fission products), some of which itrc themselves radioactivc. The amount 

of each fission product (or fission yield) generated depcnds upon how fission is induccd 

(by fast or thcrmnl neutrons) and what radionuclidc fissions (c.g., 3sU or ?J?u>. 

Table 2-15 "Mixed Activation Product" abundance 

Radionuclide Mass Fmction Activity Concentration Activip Fraction 
W g )  

:Be 2,0E-02 l11E-04 6.950 1 

1.OE-01 6.3E.t.02 4.IE-02 -"a 

5JMn 1 .SEI0 1 1.5E3.03 9 . X - 0 2  

"CO 1.2E-0 1 1 .OEM3 6,7E-02 

boco 4.4E-0 1 5.OEM2 3,3E-02 
"Zn S.3E-01 1.1EM3 7.1E-02 

! 
1') 

- 
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Thc allocation of radionuclides present in MFP was based on thcnnal and fast neutron 

fission yields for ”’U and ?Pu, ;Ilt radionuclides with an atomic ms numbcr bctwctn 

75 and I60 and a half-life of nt lcut onc y w  were includcd in the calculations, In using 
these fission yields. it was conservatively assumed that the ykld o f  P given isotope was the 
mwimum of that provided far thermtil and frrsc neutrons. h casts where sevcd isotopcs 

of a Sivcn clement wcre gcxratcd by fission, it was assumed that the entire yield consisted 

of the long-lived spccics. Wicn NO long-lived isotopes were generated, it was assumed 

thar the yield of each isotopc was half of the total. 

Nuclear materid codes were uscd ai &\I to describe uranium and plutonium isotope 

blends on waste charactcrhtion forms durinp, thc cold WY, These c o d a  continued to bc 

used by many senerators through 1991. In order to chruactcrize histone waste 

invcntorics, it was ncccsstvy to convcrt the activities recorded for each code into 
radionuclide-specific activities, The informstion necdcd to perfom the conversion is 

avsilablc from the nuclcar rn3terials processing facilitics, The fiaMional abundulces uscd 

to allocate ma:end-code activities to radionuclide activities YC included in Appendix 2c. 

2.3.1.3 Inventory Catcgon’es 

The chemical. physical, and radiological characteristics of wutc detcnninc how 

radioactivity may be released from thc matcrid, For esmplc, surf;lce contamhation on 
slass may bc quickly rinsed from the waste os watcr pcrcola:cs through the disposal units. 

whereas radionuclides sorbed to soils or concrcte may be relased fiorn the wmc 

- cradually over time, Under certain conditions (c.8.. ”C in organic waste), reicrrses may 

occur in the form of gases. Source-term modeling for the PA and CA accounts for the 

predominant modes of rclcasc. 

Assignment of the historic waste inventory to spccif~c waste forms was based on “wastc 

codes” assiped by generators to describe their U t e .  These wmc codes were divided 

among four gcncnc waste forms including: 
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Sudace-Contaminated Waste; 

Soils; 

ConcretdSludge; and 

- 

Bulk-Contaminated Waste. 

This catcgorhtion allowed impicment~tion of a fdirly detailcd aqucous-phue source 

release analysis described in Section 3.1.2. If a charaacnstic release process could not bc 

determined for a given type of waste, the mntcrid was usumcd to bc Surface 

Contamintltcd Waste. Modeled rates of rclcasc are grcatcst from this wutc form. The 

catcgories to which thc different w-utc codes were issigned are presented in Table 2-16. 

11.3.1.4 Rotlionuclidc Screening 

As discussed carlier, active instiationd-control ovcr MDA G is expected to last 100 years 

after the cnd of disposal opcrations and thc two-?car closure period. During this period. 

persons will be prcventcd from intruding onto the sitc and measures will be takcn to 

maintain proper facility function. Consequcntly, thcre will be little or no potential for 

cxposurcs fiom radionuclides that undcrgo significant lcvels of decay during the '1 00-year 

period. Consistent wi th  this reasoning, thc PA and CA invcntoks wcre scrccncd to 

climinatc radionuclides with half-lives of 5 ycnrs or lcss that decay to stable products, 

Radionuclidcs wi th  half-lives of5 years or lcss that decay into radioactive isotopcs with 

half-lives greater than 5 ycars wcrc mainraincd. All radionuclides with half-lives Srcater 

than 5 years wcre maintained. 
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Rrlrrv \lrrh.nlun 

W u w  WmTtc Docription 1 b p i d  1 soil 1 1 C O ~ Y ~ O ~  

Code 1 Release Sorption Coacmc 

10 IGnphutt Solids x 
I 1 I Gnphte  Powder x 
14 Combwblc  Decon W m c  X I 
IS Cellulosics (piper, wood cte.1 x 1 I 
16 PlrnCS X I I I 
I7 I Rubber M31tn;lls >I I 

f I t 18 lCornbusublc Lib T m h  (ppcr.  p l v o c  rubarl x 
18 I [?Jon- Cornbumble U b  Tnsh (glnss. m c d )  x I I 

2U (Hvdrowhn Oil - Liqud I X  I t 
I9 I Combined CornbustlElon-Combun. Lab Trash .v50?”3) t 1 30?&1) 

4 
2 1 ISllrcon Dascd 011 “Absorbed -No F m  Liqud X 

X 
X 

20 I 
21 1 
X! Petroleum Conmmrcd Soil 
23 Aqueous Soluuon - Absorbcd - No Fm tiqurd X 
2J CcnicntcMmmobi1ircd ResidudPowdcrs I 
25 h c h c d  Process Residues S 
26 Evaporator BonomslSdlu x 
3 ChIondcSdts S 

!Hvd.roc;,ubon Oh - Absorbed - No Frce Liquud 
1Silicon B,zscd Oil - Absarbcd -No Fm Liqurd 

I 

I I 
I 

I I 
x I 

I 
S I  

I 
I 

I I 
30 
3 I 
32 
33 
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PNEquprnent X I  I I 
Son-PN Eqlupmcnt I x  I I 
PN Oversize Eqlupmcnt S 
Non-PN OIrtsizc Equipment l x  

I 

.. 

46 SkullmdOx.ide s 1 
X I  

49 I S m i m p  Sludpc 
SO 1Mcd crucibles, Scnp, Dia X 

47 Slag and Porcelain 
X 

5 I [Precious M c d s  X I  I 
52 IScnpMcCd I .Y/SP’/a(a) I I I 50Y4al ‘ 
53 / L u d  
55 fFiltcrMedi3 
56 /Filter Mcdja Rcsiduc 
60 !Other Combustibles 

X I 
X I  
X 
x 



2.3.2 Future Inventoty 

Future waste includes dl LLW expected to rtquirc disposal at MDA G between 1996 and 

the end of facility opcrmions in the year 2044, For the purposes of estimating the hrurt  

inventory, :Ivec ategoncs of waste were evaluated: 

Operational wmc: 

ER and D&D w m c  (including facility upgrades); and 

Mixed-waste ttatmmt residues. 
Thc information and assumptions used to project fiturc hvcn to rk  of these wzstcs art 

discussed below. 

- 
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2 .3 .x  Oprrah’ond warre 
Operational waste refers to material generated by ongoing propuns at the Lnbontory. 
In Scnerd, LANL p r o w s  arc gouped according functions in TAs. Thc waste 

sencrated by progruns w i t h  a given TA is similar in a broad sense. For cxample, nuelcar 
we3pons y l d  he1 operations arc perfbrmed at TA-55, and the radioactive waste gencntcd 

there is generally contaminated with actinides. Given these Similarities, the projected 
opcrationd LLW inventory was dwclopcd based on the assumption that, b h g  any 
unforcsecablc chmngcs in Laboratory progrms, the waste S t t m  generated at a gvcn TA 
in the p m  would generally reflect operational waste gencmtcd in the htun by the same 

TA. Accordingly, recorded data foz major waste generators at W were analyzed to 

cstimatc average annual waste volumcs, activities, and radionuclidespteific 

conccntr~tions (ix.. radioactivity in waste divided by volume of w s t t  for each 

radionuclide). Separate projections wcrc,devcloped €or waste disposed of in pits and 
shafis. These avcragc wutc charmeristics were assumed to r a n a h  constant over the 

remainder of the operational lifetime of MDA G, 

The major generators of U W  at LANL were identified using screening calculations based 

on total volume. total activiry, and radionuciidc-specific activities disposed of during thc 

I990 throush 1995 period. Generators contributing to 95 percent of the total volume, 

activity, or radionuclide-specific activity of waste disposed of at MDA G in one or more 
years were identified as major Senerators of w;rs~c. All screening calculations were based 

on the total waste disposed of at MDA G, with no distinction bring made between waste 

Surkd in pits ad shafts, 

A total of 19 TAS were idcntificd is major gcnentors ofLLW on the basis oftotal 

volumes of waste shipped for disposal. Only 7 TAs were identied as major generators on 
the bassis of total waste activity, dl of wkich were idcntificd 9s major waste gcncntors on 
thc basis of waste volume as WCU. The scrccnin~dculation based on radionuclide 

spccifk activities idcntificd twentyleight TAs as major gcncntors of waste during the 

1990 through 1995 period. Au told 26 TAs were identified as major generators of LLW. 

2-82 



Thc rcmnining TAs at the LANL Scncratcd less than 5 pcrccnt of the volumc and activity 

oiLLW disposed of at MDA G in my gbcn year between 1990 and 1995, Thesc TAs 

wcrc not considered in the dcvelopment of the firtux operational LLW inventory. 

Once ;he major LLW gcncrating sitis were identified, associated p r o s a m  and f ad iv  

manasers were intcrvicwed to validate the assumption that waste-generating activities at 

thc T h  arc cxpeacd to continue. The results of these suwqs rcvcalcd that opcrations 

3rc cxpectcd to continue csscntially unchanged for the forcsecable future at several TAs; 
these gcncrators wcre includcd in projectcd inventories for operational LLW. Waste 
gcncratcd a; 5 Ths is cxpectcd to consist primarily of ER and D&D waste is closed sitcs 

and facilities Zrc rcmrdiated, Thesc TAs wctc climinntcd from thc list of major generators 

of operational wutc.  Table 2-17 lists the TAs identified as major gcnmtors of waste. 

Tablc 2-17 U\L technic31 areas identified as major LLW generators 

TA-3 South Mesa Site TA-36 Kappa Site 
TA-8 Anchor Site West Tk-39 Ancho Canyon Sitc 
TA-9 Anchor Site E.- TA-41 W-Site 
TA-11 K-Site TA-42 Hcdth Research Lab 
TA-15 R-Site TA-46 WA-Site 
TA-16 S-Site TA4S Radiochemistry Site 
TA-I 8 P3j;lrito Laborstoy 
TA-21 DP-Site 
TA-35 Ten Site 
TA-59 OH-Site TA-55 Plutonium Facility 

TA-50 Wastc Management Site 
TA-5 I Radiation Exposure Faciliry 
TA-53 Meson Physics Facility 

A ponion of the 1990 to 1995 LLW data used to project future operational waste 

inventories u’xi gcnrrated during dcfocro ER and D&D activities. Because projections of 

LLW Qcnerarcd by ER and D&D activities were developed separately, the ER and D&D 
waste records were removed to avoid double-counting this w m c  in the MDA G 
inventory. Although it is not possible to extract - all records - for ER and D&D LLW from 

the database. it is reasonable to assume that waste idcntified by certain waste codes was 

Senerated xi a result of clean-up activities. Thus, 11 waste s t r m s ,  shown in Table 2-18, 
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wcre assumed to rcprcscnr ER and D&D waste and were excluded from projections of 

future operationill waste invcntoric~. 

Table 2-13 Waste codes excluded from future projections 

2.3.22 ER and D&D Wa~lc 

Waste generated is a result of ER and D6D activities at LANL gcnerdly consists of soil, 

concrete, asphalt, metals, ducnvork, electrical conduit, and piping. A number of Ths 
scheduled to undergo ER or D&D wcrc identified in the scrccnhg process discussed 

above. Estimates of LLW volumes provided by the ER Project Office were used in the 

future w i m  projections." 

Dctailcd characterization of ER and O W  LLW has not bccn undertaken at LANL. 
Howevcr, when LANL was considering the dcveiopment of ;1 RCRA dispod facility for 
ER waste, a survey was completed to characterize the potential MLLW inventory 

expected to require disposal in that RCRA faCilirJtp? A~sumhg that the ndiolopiwl 

characteristics of thc MLLW to be gcnentcd by ER would apply cqudy wdl'to the LLW 
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inventory, this information wlls used to cst'hiite thc ER and D&D radionuclide inventories 

in thc future waste. 

2.3.2.3 ,MU W Trcnrmcni Rcsidus 

A ~aricty ofhlLLW strcams arc in sorage or arc generated lit LANL. Tratmcnt of this 

wasw in compliance with the RCRA Land Disposal Restriction (LDR) is cxpeaed to 

result in sornc of this wasc being rcclassificd as LLW (i,c,, waste without any hazardous 

components). Whilc a pocion of the LLW generated through trcatmcnt could bc disposcd 

of 31 G, this quantity is expected to  be small, This is bewusc the prcfcrtcd 

altcrnative for dcaling with the ?vfLLW, - 
LAYL D~L? Site Trcatmcnt Plan, is to scnd the material offsitc for treatment and disposal. 

Based on :hex considerations, LLW gcncratcd from the treatment ofMLLW w3s not 

includcd in invcnrory projections. 

u provided in the fiscal y w  1995 update t o  the 

In addition to the MLLW that will undcrgo trcatmcnt, dcplctcd uranium chips and 

turn@ ycncratcd during onsoins  machining opcrations must bc trcatcd before disposal 

ai M D A  G, Thcsc chips and turnings arc pyrophoric and. thercforc, fail to mctt  the waste 

acceptance criteria for disposal at M D A  G. In the put, this waste was stored above 

p u n d  3t MDh G. The storcd invcntorj was rcccntly stabilized in a solidified clay matrix 

in 0.1 -m' (30-gal) drums and is stascd for disposal in a pit. Chips and turnings generated 

in the futurc Will bc si~darly stabilized and disposed of. The projected futurc uranium- 

chip invcntory includcs w z t c  already staged for disposal, and waste expected to bc 
Scncratcd in the coming years.'' 

2.3.3 PA Inventory 

The rcsults of the waste characterization effort ut summuked bclow for the PA 

inventory, The disposal pits containing waste that conrributc to the PA are idcntificd in 
Figure 2-26, whjlc the generd location of dispsd units expcctcd to reccivc w m c  

between 1996 and 2044 is shown, the dimensions of thcsc units arc not known at this 

time, Historic disposal shafts are also indicated in the figure, but y e  not idcnticd in 
terms of thcir contribution to the PA hventoiy. 
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Figure 2-26 Disposal units coktributing to the PA and CA inventories 

2.3.;. I Scptcmbcr 26,19S8 rhrough I995 PA Ware 

The volumes of waste disposed of at MDA G between September 26, 1988 and the end of 
1995 arc shown in Figure 2-27. Pit dispods avenged about 4,000 m3 (140,000 €t3), 

while shaft disposds avenged about 40 m’ (1,000 ftJ>, All told, airnost 30,000 m3 
( 1 .OOO,OOO !IJ) of waste was disposed of during the period, 

Figure 2-27 Annual volume of pit and shaft waste disposed o f  from September 26, 
1988 through 1995 

0 

0 

0 

* .  2-86 



e 

The tot31 wdisposcd activhics in pi: and shaft waste for the September 26, 1988 to 1995 

period arc shown in Figurc 2-28, Annual disposal activities ar t  greatest for thc shafts, 
svcrnsing about 40,000 Ci. Annual disposal activities for the pits avenge around 20 Ci. 
Approsimatcly 440,000 Ci was dispbsed of during the period, more than 99 pcrccnt of 

which was placed in shafts, nearly a11 of which was tritium. 

Figurc 3-28 Total annual activities o f  pit and shaft waste disposcd o f  from 
September 26,1988 through 1995 

Thc distribution of the historic PA inventory among the four w;lstc forms uscd in source 

term modeling is show in Figure 2-24 for waste volumes and activkies. Morc than 75 

percent of :he waste volume consists of surface-contaminated waste. Approximately 75 

percent of the pit activity, and more than 99 pcrccnt of shaft activity. is associated with 

surface-contdnated waste. 

Figure 2-29 Volume and activity ofwaste in each inventory cnttgory disposed of  
from September 26.1988 through 1995 

.I ,. 
.I. 
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The predominant radionuclick present in the pit include 3K 6oCo, and ='U With activities 

ranging fiom about 5 to 16 Ci in su~facc-contuninated waste. These xAvitics uft small, 

however, compared to the activities of the prcdominmt radionuclides in shaft waste, 

where 'H, 6oCo, and 

contaminated waste, 

Cs activities r h s e  from 83 to 450,000 Ci in thc surf"cc- 

~ ~~ 

Inventoy Volumc (m') Activity (Ci) 

CatcgoT Pits I Shafts Pits Shafts 

Surface Contminntcd I 1.3EW5 I 1.1EJ93 I 1.dE+03 I 6.2E406 

2.3J.2 1996 rhough 2044 PA Wmte 

The total volumes and as-disposed activities of waste projected to require disposal at 

M D A  G from 1996 through 2044 YC shown in Table 2-13. - 
Approsimstcly 150,000 m' (5,200,000 ft3) of waste is projected for disposal, almost 99 

pcrccnt of this volume is cxpcctcd to bc disposed of in pits. In contrast, the vast majority 

of :he total activity Will bc disposed of in shds.  In terms of the pits, SS'pcrccnt of thc 

total waste volume consists of surfaco-contaminated waste; surface-contaminated watc 

comprises 94 percent of the total pit activity. Scventy-eight percent of the total shaft 

waste volume consists of surface-contaminated waste, this same waste form accounts for 
esscntially all of the s h ~ 4  activity. With the esception of high-activity 'H waste, the future 

waste is projcctcd to be disposed uniformly ovcr the rcmaindcr of the operational lifetime 

of ;MDA G. Larger amounts of the '14 waste will be disposed of early in thc 1996 to 2044 

penod as backlogged waste is bun'cd, 

Tablc 2-19 Projected disposal volumes and activities for future invcntoT categories 

I ConcrctdSludgc I 5.6E.i.03 1 1.9E.142 I 3.9ENl I 3.5E.I.00 1 

I Total I 1.5€+05 1.4E.eO3 I t.6E+03 I 6.2E+06 I 
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2.3.4 CA lnvcntoly 

The inventorq' includcd in thc M D A  G CA is discusscd bclow, As stated carlicr, this 

jnvcnt0p.l includes all waste disposcd of at M D A  G sincc 1957 and dl waste cxpcctcd to 

rcquirc disposal through thc cnd of operations in 2044, 

- 

2.3.d.j 2957 through 1970 GI Wasre 

Thc estimated voIumes and ai-disposed activities of wzste placcd in pits and shafts from 

1957 through 1970 arc summokcd in Table 2-20. The tablc Lists the contributions made 

bv cxtrrrpolatcd LLW and l X U  waste. Thc'mcthods uscd to cstimatc the 1957 to 1970 

pit and s h ~ 4  inventories arc such :hat totals for individual disposal units cannot be dcrivcd 

nor can the year of disposal bc disccmcd. 

On a volume basis, LLW accounts for approximately 90 pcrcent ofthe pit waste and 

csscntinlly dl of the shaft waste disposed of during this period. The of the waste 

estirnatcd to be disposed of in pits is domjnated by TRU waste, however, which accounts 

for 93 percent of the total. TRU waste comprises only 2 percent of the total shaft waste 

activity. Similar to the pattcrn noted carlicr with rcspcct to the PA inventory, surface- 

contaminated waste comprises the bulk of the pit and shaft waste, In terms of thc pits, 

surface-contaminated waste accounts for about 75 percent of the total volume and 
approximately 85 pcrccnt of the total activity, Practically all of thc shaft waste (volume 

and activity) is contributed by thc surface-contamin3tcd component of the wastc. 
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Table 2-20 Extrapolated volumcs and nctivitics for each inventory category disposcd 

lnven tory LLW TRU Total , 

Catcgoy and VoIumc Activity Volumc Activity Votumc Acthip 
Disposal Unit (m3) - (Ci) (m? (Ci) (m’) (Ci) 

of from 1957 through 1970 

* Pit Waste 

Surface Contaminated 4,OE+O4 7.4EM2 1.7E+03 1 SE44 4.2E-eO4 1 -6E-04 
Soil 6,OE+03 1.9E.I-01 1.1E-cOl 3,7E+O1 6.1E”O2 3.9EMI 

4.SE+03 4.1EM2 1 3.OE4; 2.4EW 7.5E+O3 2,SE+03 ConcrctdSludgc 

Bulk Conrminatcd 1.1EM1 7.SE-02 I O.OE..OO O,OE+OO 1.1EMl 7.SE-02 

Shaft Waste 

Surface Contaminated 1.4E+02 3,SE+04 1,2E+OO S.3EM2 1,5E+02 2,6E+04 

~~ 

I 

Soil 2,1E-02 O,OE+OO O.OE+OO O.OE.cO0 LlE-02 O.OE-00 

ConcrctclSludge 4.4E-OI O.OE+OO O:OE-OO 0,OE+00 4,4E-O1 0,OENO 

Bulk Contnminatcd 5.3E-01 I S,SE+OI IO,OE+OO 1 O.OE+OO S.3E-01 I 5.5E”OI 

The radionuclide-specSc inventories for the 1957 to 1970 CA waste ut provided in 
Appendix 2c. The pit waste acthip is dominatcd by several transuranic radionuclides, 

reflecting the contributions made by the TRU waste disposcd ofduring the period. 

Scvcrd plutonium isotopes and ”‘Am arc present at activities ranging from 4.4 to S, 100 Ci 
in one or more waste forms. Thc shaft W U ~ C  is dominatcd by ‘EL which accounts for 

almost 99 paccnt of the total activity. 

23.4.2 1971 fo Sepreder25, I988 Whste 

The volumes of waste disposcd of at MDA G fiom 1971 thou@ Scptcrnbcr 25, 19S8 are 

shown in Figure 2-30. Annual disposal volumes during this pcriod ranged from 2,000 to 

1 1,000 ms (70,000 to 385,000 ft’) for the pits, volumes of shaft waste mgcd from 10 to 

140 ms (350 to 4,900 ft’). Annual disposal volumts for thc pits wcrc relatively constant 
during the period, averaging about 5,000 m’ (175,000 fi’). Shaft wmc disposal was more 



9 

e 

0 

erratic, and incrcascd noticcilbly bctwccn 1381 and 198s. Approximatcly 128,000 m.' 
(4,500,000 f?) ofwastc w u  disposcd of durins the pcriod. 

c 

Ficurc 2-30 Tot:il : tnnud  volume of wmtc disposed of  bctwccn 1971 :Ind 1338 

The estim;l:cd as-disgoscd waste activities pisccd in pits and shafts at MDA G bcnvcen 

I971 and Scpternber 2s. 198s arc shown in Figure 2-3 1 ,  Approximately 870,000 Ci was 

disposcd of in the 23 pits and almost 100 shafts :ictivc during the period. Annual disposal 

xtivitics for thc pits mngcd from 4 to 35.000 Ci, \vhilc shaft activities rangcd fiom 250 to 

250,000 Ci The activities placed in individual pits wcrc highly variablc, ranging from less 

than  I Ci ffit 12) to about 30,000 Ci (Pit IS) Four pits (Pits 10, IS. 28, and 29) account 

for 9s perccnt ofthc total activity Thc total acrivity ofwaste disposcd ofduring the 

pried was doninatcd by thc shafts. which rcccivcd nlmos: 830,000 Ci. 

Scvcral pits and shafis were used for the disposal ofTRU wastc in thc 1970s. The total 

volume ofnon-retnevablc TRU waste disposed ofin 4 pits was 71 m' (2,500 ft'>l an 

additional 4.4 m3 ( 1  50 A') of waste was disposed of in shafts, The actii4ty associated 

with this wasw ta:alcd about ;,400 Ci. This waste is includcd in the projections shown 

above. 
- 

1 A.  
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Figure 2.31 Tot:il annual nctivity - of  waste disposcd of bcwccn 1971 and I988 

Surfrrcc-contaminated waste and soils are the major forms of pit waste on a volume basis. 

accountins for 56 and 26 percent of thc total, rcspcctivcly, In terms of activity, however, 

the surfm-contaminated waste is the major contributor, accounting for more than 9s 
percent of the total activity. Surface-contuninatcd waste xcounts  for drnost $5 percent 

of :he projcctcd shaft inventory and ovcr 99 pcrccnt of the total activity. 

Radionuclide-spccifc activities arc tabulated in Appcndix 2c. S i d i u  to more recent 

iv;lste inventoncs, 'H, "Co, ?r, and '"CS arc the major contribu:ors to the total pit 

activity. nhh activities ranging fiorn about 1,100 to 7,500 Ci in surfacc-contaminated 

iv;iste. Disposal shaft t v u t t  is dominated by 'H, with an activity of almost SOO.000 Ci in 

surface-contaminated waste. Contributions from othcr radionuclides drop off rapidly, 

'"CO, "kr, ?Sr, '%L '"Cs, and 3'-"Pu contribute 100 to 2,000 Ci each. 

2.3.5 Summary of PA and CA Lnvcntoriw . 

As discusscd earlier, the MDA G PA and CA address diffcrent portions of the wstc  that 

has bccn disposcd of and cxpcacd to require disposal in the fiitute. This section 

summiirircs thc radioactive wute inventoncs included in thc two ar~alyscs. The 

invcntorks of the PA and C are very briefly summarized hcrc, These final inventoncs were 
- - 

thc basis of the source-term analysis presented in Section 3 , l .  The dctciilcd radionuclide 
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specific waste volumcs and activities for cach of the 4 wute  catcgoncs are found in 

Tablcs 3-32 through 3-36 in Appendix 2c. 

2.3.5, f Tor01 PA I n m n r a ~  

The PA inventory includes the wastcdisposcd of at MDA G since Scptcmbcr 26, 1988 

and the w3stc expected to requirc disposal over the remainder of thc facility’s lifetime. 
The total volurncs and activities of wastc projcctcd to be disposed of over this pcnod are 

provided in Tablc 2-21 for the disposal pits and shafts, Thcse quantities arc provided for 

the four waste foms that arc considered in source-term modeling and YC summed over all 
pits and shafts rccciving waste during - this pcriod, 

T:ible 2-21 Pit and shaft waste-catcpoly volumes and activities include in the PA 
invcn tory 

Total Volume Total Activiv 
(Ci) 

Invcntav  CategoFy I onJ) 
Pits 

Surface Contaminatcd I.SE+OS 1.6E+03 
Soil 1.4E+04 s.OE+O 1 

ConcrctdS ludgc 6.SE.93 4,4E+Ol 

Bulk Contaminated I 3SE+03 24E-01 

Surfacc Contaminated 1.3E-03 6.6E.1-06 

ConcrctdSludgt I 2.2E+02 3.9EM0 

Shnfts 

Soil 1.3E-01 2.E-07 

Bulk Contaminated I I04E.cO:! i 1.9E.t.04 

Surfacc-contaminated w w c  is the major contributor to the PA invcntoty on LI v m m c  and 

activity basis. In tcms of thc pits, this w u t e  fonn cornprkcs 86 pcrccnt of the projcctcd 

volumc and 94 pcrccnt of thc projected activiry of PA waste, Surface-contaminated w w c  

comprises 77 percent of the shaft waste on a volume basis and more than 99 percent of the 

projcctcd activity. 
L 
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2.3.5.2 Tor& Gi Inventory 

The inventory for the CA includes waste disposed of at MDA G since it opcncd in 1957 

and the waste expected to rcquire disposal over the remainder of the hdity's lifcthc, 

The total volumes and activities of waste projccted to be disposed of ovcr this p&od arc 

provided in Trtblc 2-22 for the disposd pits and shafts. Thcsc quantities provided for 

the waste fonns that arc considered in source-term modeling and YC summcd over all pits 
and s h a h  receiving waste during this pcriod. 

Table 2-22 P i t  and shaft wastecmgoq' volumes and activities include in the CA 
invcntoq 

Inventory Category - Total Volume Tout1 Activity 

Pits 
(mS (Ci) 

Surf'ace Contaminated 2,4E+O5 5 3E.t.04 
Soil s .4E+04 1 ,OEM2 
ConcrctdSludgc 2.OE+04 2.9ENZ 
Bulk Contaminated W E N 3  5.7EM2 

. Shafts 

1 2,6E+02 

1 .OEM2 I 
1 . OEM2 I 
2.6E-M I 

The predominant wastc form in the CA invcntory is surf5ce-contamhated waste. It 

~ C E O U ~ I S  for 76 and 94 pcrccnt of thc pit waste on volume and activity bases, :cspcctively. 
Surface-contamhated waste comprises S 1 percent of the shaft w m c  on n volume basis 
and morc than 99 percent on an activity basis. 
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3. .OTALYSIS OF PEFZFORMANCE 

This section describes the mcthods used to analyze tbe radiological p e r f o w c c  of MDA 

G in terms of the potential for future exposures from the release and trmspotr of 
radioactivity to locations and media accessible to members ofthe public. The objective is 

t o  comparc projccted doses to hmrc  mcmbers of the public witb thc prescribed DOE 
performance mcasurcs which s done in section 4. There arc three pms to the ovcrdl 
analysis corrcsponding to the three shaded boxes in Figure 3-1 I Tbc Sourcc Tern defines 
how and 31 what ratc radioactivity might bc rclcased into air, water, u d  soil; Analysis 

hlcthodology dcscribcs how the amount of radioactivity in air, water, and soil was 

niodelcd as n function of time, and how doses duc to  use of contaminated air, water, and 

soil wcre calculatcd; and Pathways and Scenarios discusses whcrc and how t;uposures to 

radioactivity in air, water, and soil might occur. Each part of the analysis is related to site- 
specific information providcd in Scction 2, as suggcstcd in the figure. 

I DISPOSAL FACILITY CK4R4CTERISTXCS 

Figure 3-1 Rclntionship bctwecn f;ccility characteristic, and unalysis 
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3.1 SOURCE TERM ANALYSIS 
This section describes the natural proccsscs by which wdioacdk5.ity may be r c l e x d  from 
the LLW disposed of 3t MDA G aftcr disposal openuom cease. The mat!cmtldcal models 
used to estimate rates of release of rJdio;lctiviT into air. water. and soil over time we 
summarized bclow, whilc detailed descriptions are provided in appcndics to this section as 
noted. 

processes include: 

Dit’fusion of ndiotlcdve gases: 

Dissolution of radioactivity in wtlur percolating through the waste: 

Biotic translocation of rJdioactivt material 10 the surfacc by pl;mtS rooting and 
animals burrowing into the waste: and 

Exposure of mdioactivc material. by erosion and cliff ntmt 

CasNu por Diffusion 
t .  

Hiotic l’rmsloation 

Figure 3-2 Sourcc term componhs considered in the PA and CA 
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In general, the source term processes illustrated in Figure 3-2 do not apply equdly to d1 
:adjonuclidcs in the h D A  G inventory. Difkrcnt modcls were invoked to account for the 

inventory chuactcrktics discusscd in Section 2,3, as wcll as the natural and man-modc 

characteristics of the site discussed in Section 2.1 and Section 2.2, Most radionuclides in 
rhc jnvcntory will dissolve in water infiltrating t!!e disposal units, but the rate of dissolution 

will depend on the waste form, the rudionuclidc, and geochemical factors, In contriist, only 
a fcw radionuclidcs will bc released in a gas phase, including those that arc cithct 

characteristically volatilc (c.g., "'Kr, "Oh, ilnd =Rn) or those thnt become incorporated 

into pases or vapors undcr ccn in  circurns:ances (cg,, 'H ilnd "C). AU radionuclidcs in 

the invcntov may be translocatcd from thc disposal unit to the ground surface by plants 

and animals that pcnctratc disposal-unit covers, but the rate map be radionuclidc sptcific. 

Finally, thc cs?osure of waste by erosion and cliff rctrcat will, over geologic t i c ,  deet all 

w m e  equally. 

The following paragraphs s u m m ~ z e  the source :em rnodcls uscd to quantify rclcascs of 
radioactivity to suppon the air-, groundwater-, and all=pathways udyses  for the PA and 

CA. For cach, the rclcvant information prcscntcd in Secuon 2 will be referred to. 

e 

3.1.1 Air Pathways Annlyki 

The air-pathways analysis addresses the potentia) impacts of radioactivity released from 

MDA G to thc atmosplicrc. Relcascs may occur as a result of gases diffising fiom thc 

disposal facility or resuspcnsion of conurnination cxposcd at the surface as a result of 

biotic intrusion, erosion, or cliff rctrcat. Thc release mechanisms for gmes and paniculatts 

are discussed below. 

j, 1.1.1 Gau-phase Source Tcrm 

Thc pas-phase source term analysis accounts for that fraction o f  the MDA G invcntory that 

CM be expected to be rclcascd 3s either a gas or a vapor, Modeling radioactive gas 

generation within disposal units is bascd on the characteristics of the inventory described in 
Scaion 2.3, while the rates at which radioactive gases and vapors diffuse from the disposal 9 
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units account for dispo,d unit dcsip fclttures discussed in Section -.-,. The following 

p m p p h s  sumrnatizc the detailed ga -phuc  source term ;indtlysiS reportcd in Appendix 3, 
Evaluation of A m s p h e r i c  Releasf Sources for Gascow Phase Conuuninana Emanating 
from rite Disposol Faciliry at Area 

listed in Table 3-1: radon is discussed latcr in this s d o n .  The activiidcs arc dcay-comcted 
to the year 20-44 when disposals arc usumed to c c a ,  

Table 3-1 Approximate gm-phasc sourcc term invcntory in 2034 

"'Kr 5.OE-03 
"sfir 7,OE.c.OO 

Much of thc MDA G 'H inventory is in the form of tritiated water absorbtd in a solid 
matrix (e.&,, molecular sicvcs). In this form, 'H can be leached by w 3 ~ r  percoladng 
ihraugh the disposal units, or CUI diffuse in vapor-pha.%c following oxidadon. Vapur- 
phase rclc~sts w e n  calculated by dividing the 'H conccnmtion in thc wsu by the S 
percent pit moisture content ( m c u u n d  in Pit $7: rrfcr to Section 2.2.1), then phtioning 
this conccntntion bcwccn Liquid and vapor p h m s  bucd on thc vapor pressure of the gu. 

Production ntes of "C-labeled EUCS wen  csdmated usuhing that the "c inventory 
axsaciated with organic wute  will be incorponted into methane and cubon dioxide u the 
waste biodegrades. This pmccss is illustntcd in Figur.e 3-5. hll "C present in the form of 
combustible labontory tmsh and h;Jf of the inventory present 3s combined 
cornbustibldnon-combustible labontory r u h  was s s u m c d  to bc avihble for 
biodcgndation and the cvolution of "C-labelcd pi. Two ntcs of gcncndon for "CH, 
m d  ''CO: wen: cvduntcd. In thc analytic model used for final calculations, a l l  ''C gas wrts 
conscntntivcly assumed to bc gcncritcd within a single year. In P nmencal model used to 
verify the conseneatism of the analytic approach, more realistic gas generation rates wen 
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and "CO= wcrc evaluated. la the rsaalytic model uscd for final Cnlculntions, all '*C gas was 

conscrviltivcly assumcd to be generated within H sin& ym. Ln a numerkal model used to 

veri6 the conservatism of the analytic approach, more realistic gas gtncration rates were 
used, b s c d  on degradation rates of paper and wood, which biodcgradc over 17 and 500 

ycars, respective~y,~' 

* 

/ ' f  

Figure 3-3 Conceptual model of the cvolution and r c l a s c  oF14C-labeled biogases 

Two isotopcs of krypton ,"Kr and "Kr, occur in the MOA G inventory as fission 
products. Thcse isoropcs arc noble gnscs that will readily diffisc from waste. The cntirc 
projected invcntorics of thesc p s c s  wcrc w u m c d  to be available for immedintc rclmc 

from the disposal facility. 

The only othcr charactcristicdly volatile radionuclidcs in die MOA G inventory we 3oR.n 
and '"h, These gases arc generated by the radioactive decay ofxnRa and r% 
ruspectivcly, and arc nvnilablc for immedintc rclcasc f?om thc cljsposd facility upon 

generation. The projcctcd inventories of zoRn account for thc inventory of 2?nRa in thc 

disposed waste and thc generation of 

Similarly, thc projected =Rn inventories account for the =?kt disposed of in the pits and 

shafis and the TbRa Senerated by the decay of 

following the decay of"%, and '"'Pu, 

"VI vuPu, zjxU, and i"zPu, 

I .  

I. 

.I 
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The projected inventories of s6Ra md in pit nnd shaft wistt arc shown in Figure 3 3  . -  
for the September 28, 19% - 1995 ;md 1996 - 2044 PA inventoncs. lnsofar as the radon 
isotoocs arc in secular cquilibnum With thdr rcspcdvc parcnts, the hventorks shown in .. . 

the figure arc equivalent to the activities of ='Rn and 
dohnatcd by the 30Th in thc waste. Given thc loas half-life of the 

inventory rcmins  constant over the pcriod of time shown in thc figure. Projcacd 

inventories of =Rn are more variable over time as =ki present in tbt wastc initially 
dewys, inventories nsc ;It Inter times due to duughtcr ingrouzh. 

The % inventories we 

the ridon 

1 Oe4l  

Figure 3-4 Radium isotopc actib'ities in historic (top) and future waste (bottom) 
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3 , 1  ] , I  ,2  (&-Phase Source Tern MQdchg 
Fipurc 2-5 is a conccptud modcl of thc gas-phase SOUTCC rclcascs. It rcprcscnts thc gw- 
phase invcnton, as "wxtc," and illustrates the pas diffusing through the disposd unit md 0 
cover. The gas concentration gradient is ;I mcasurc of the change in gas concentration with 
depth; it is the driving forcc for diffusion. The magnitude ofthe concentration gradient is il 
function of :he source invcntory and the diffusion coefficient, Thc 'mount of gas diffusing 

through a given arc3 of thc cover into thc tltrnosphcre as D function ofurnc is thc flux, 

which is the sourcc term for that gas, 

<r> Flus throug c o w  

Disposal Unit Cover 

Figurc 3-5 Ca~iceptu:il rriodcl o f  g;rscous-phase source release 

The fluxes of 3HH0, "C&, "CO:, "Kr, zoRn, and '"Rn were estimated using standard 

diffusion theory. Thc ciitTusion cocfkicnt used for waste disposed of in shafts was derived 

from Gctd me;tsuremcnts of tritium flus around the tritium shafts at MDA G. The diffusion 

cocficient indicrttcd by thrsc measurements, 5.0 x lo4 m2/yr (4.6 x IO3 ft2/yr), is about 60 

times larger than cspccrcd vnlucs bnscd on standud diffusion models." This cnhanccrnent 

has been nttributcd to ndvcction duc to pressure changes (haromctricpumping) 

communicated within the mesa through fractures, consistent with thc discussion of vapor- 

?hue drying in Section 2.1.5, 
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The chanced diffusion coefficient is cxpectcd to apply to al l  gases diffusing from the 
disposal sh&s duc to the proximity of the disposed waste to the surrounding hcturcd mff. 

A diffusion cocficient of 1 .O x 10' m'/yr (1.1 x 10' fi'/yr) was uscd to modd "C, "Kf, 

b 

Gas o r  

Vapor 

I d c h ,  Idco2, H I , M ~ Q ,  Z O S h  

"0 

"a, 2"Rn, and '"Rn diffbsion in the pits. This d f i s i o n  coefficient is baed on the fke 
diffision coeficicnt of the gasses, adjusted to account for porosity and tomosity effects, - -  

Diffusion Cocflicicnt (m2/yr) 

Pits Shafts 

100 1 50,000 
600 50,000 

The diffision cocficient used to estimate '"0 fluxes fiom the pits was 6.0 x 10' m'/yr 

(6.5 x 10' ft'/yr). This hisher cocficient accounts for the c f k s  of thcmd gtidicnts on 

thc diffusion of water vapor in porous media. The dflusion cocfficicnts used to model gasS- 

phase diffision from pits and shAs arc listed in Table 3-2. 

3. I .  1.2 Surfucc Soil Rcfcavcs 

The second source ofatmosphcric release is thc resuspension of radioactivity in soils at 

MDA G4 Surfacc contamination may result from biologicd and physical processes. Based 

on thc information provided in Tables 2 4  and 2-5, animals and plmts nauvc to the region 
may pcnctmtc disposd unit covers in a relotivdy short time if'lcft unchccked, trailoatiOg 

contiuninatcd matend to  tlt surface cithcr directly through cswvation or indirectly 

though root-uptake and subsequent dcfoliation, Ovcr ~f longer period of time, surface 
erosion due to runofimay rcducc the thickness of thc disposal unit COVUS, and Iatcral 

erosion (or cliff retreat) may disrupt the disposal units. Based on information presented in 
Scction 2.1, over ;I period of 1,000 y c m ,  surhce erosion and c W r c a a t  will not expose 

waste directly. However, surface erosion will thin the cover, naking it &cr for d c e p  

rooting plants and burrowins animals to penetrate contaminated regions4 



Plmt ;md animd intrusion and surface erosion ;uc currently controlcd at M D A  G as pari of 
ongoing site maintcnlmce. For thc PA and CA. it is nssumcd &at disposal unit C O V C ~ S  Wili 
bc similmly inspected and maintained throughour tbc 1,000-yeu cornplivlcc period to 
ensure that damage from senlcment or erosion is c o m t c d ,  IVhilc this lcvcl of mainten;incc 
is also x m r n c d  to prevent cxtcnsivc intrusion into thc w u t c  by plants and mim;ds. biotic 
intrusion WLIS includcd in the SOUKC trrm mdysis for the PA and CA. The npproachcs 
d e n  in modcling r c l t i ~ w  duc to biotic hmsion, erosion, and cliff rctrcat arc surnmu-izcd 
below. 

, ,  
7 1 ,  1 ,', 1 Bl(3nc 1 ntrrusion 
Thc c o n c e p u l  model for biotic inuuqion h depicted in Figurr: 3-6. As illusrated h the 
tiyrt. plants may ssjrnjhtc radioactivity from the disposcd w x i t  and dcposit i; on thc 
surlicc as ;I result of Icaf-Pall or succession. Radioactivity may also be brought to the 
!,urt';~cc during burrow cxcavation and mixed with clean cover soil. The implcmcnution of 
the biotic intrusion model is summllrizcd below. Complctt model details may bc found in 
Appendix 3b A Modti1 fur rite Bioric Trun.s~rJmfion of Buried Low-Level Rodioactivc Wuste 

ro rltc Ground Sut$uce in h e  Prmscncc of Slrrfacc Ero.si~n.'~ 

Figure 3-6 Biotic transloation conccptunl model 



Key prrrmctcrs in the biotic urnlocation model include: 

o The waste cover tbiCkntSS; - The intrusion dcpth; 

The waste volume translocated; 

- The ratio of the wstc  volumc to the total volumc (wste plus COVCT) trrmsloated. 

The rate at which waste is translouted; and 

Rooting and burrowing depths for native plmts and animals, presented in Tabbies 2 4  and 

2-5, provide site-specific data on intrusion depth. The b s c  cuc considucd a SiOgk plant 

and singlc animal spccics, The representative burrowing u h d  was the de= mousc, which 
is the smdl anhd most frequently trappcd nt MDA G.” While hrrrvcster ants have deeper 

burrowing depths, the volume excavated by them is insipifimt compared With that 

excavated by a deer mousc, A generic ~d plmt with a 2 m (66 ft) rooting depth bounds 
thc plmt intrusion cspcctcd at MDA G, Whilc some plants mny extend tap roots to 

grcatcr dcpths, thc root mass rcsponsiblc for radionuclide uptake has bccn found to be 
within :hc top 2 m (66 ft), which is consistent with the information in 2.1.3. , 

The rclativc volumes of contaminated and uncontaminated matends brought to the suflace 
wcrc approximated with a s i n ~ l t  bounding value for plants and a second d u e  for ~ h d s ,  

which rcprescnt il nct penetration into the disposed wiistc volume. Dan used to cvdunte 

parmeters for thc burrowing-animal translocation calculntions were taircn from the 

BIOPORT code docurn~ntation.~’ Much of the data cited there originated from studies on 
pocket gophers, done at LA\%, and are considered to bc directly rdcvnnt to the MDA 

GU9’ 

Dccr micc were assumed to cxcwatc 0,OS kg/m’/yr (0.01 Ib/ft‘/yr), ofwbieb 10 percent 

was considcred waste, All radioactivity present in the top layu of waste was assumed to 

be equally susceptible to translocation by burrowing imimnls. (Tables 3 3  through 3-38 YC 

in Appendix 2c with Ci/m’,) Plants wcrc assumed to contribute biomass at a rate of 
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0.1 kdm'lyr (0.02 lb/ft'/yr), '' with 30 pcrcent of the rooting volume extending into the - 

waste volume. This latter vnluc is conservative, compared to site S ~ C C ~ C  dsu, and could 

be considered to account for ;I contribution from plants such as c h a m h  which extend wcll 

below the mkmurn 2 m (6.6 fi) rooting depth used in the model. TO bound the root 
up:die Factors for all ridionuclidcs in the inventory without modeling each one 

individually, D r a n g  of root uptake values was modeled, including 0,001, 0,01, 0.1, 1.0, 

and 10. 

a 

The biotic trmslocation modcl calculatcd il sufbce concentration normalized to initial 
w s t c  concentration. Each intruding plant or animal contributed to a timc-dependent 

surface contamination conccntration, Plants were assumed to biodrpdc and deposit 
biomass in the soil surface locdly, os siipporred by a study conducted at LANLeW Plant.. 

add biomass to thc soil, which is assumcd to be primarily drawn from biosynthesis and not 

from the or@riat soil mass. Thcreforc, the contaminant concentrations will be continually 

diluted in new biomass and the wwc afid sdrface conccntrations will eventual!)' approach 
zero it*onIy plants arc considcred, Over very long pcriods of time (Le,, >IO,OOO years) 

surface concen:rations approach that of the waste due to translocauon by burrowing 

animals. 

The normalizcd sudacc contaminant rcsulrs for the base case parameter vducs are shoIm 

in Figure 3-7. The wnical axis is a mcasure ofthe ratio of the surface soil cont,uninant 

concentration (C,) to the original ivastc conccntration (C,,); the horizontal axis is time. 
Diflcrcnt symbols rcprcscnt thc time-dcpcndcnt normdizcd surface conccntrations for the 

root uptake factors (BJ considcrcd; animals arc rcprcscnted by an uptake factor of 1, For 
hctional root uptake, surface soil concentrations remain below the waste concentration 

for all tine. For uptake factors larger than unity, surfacc soil concentrations cxcccd wistc 

concentrations until such time that the waste concentration i:; depleted, and 

uncontaminated biomass dilutes the surface sail concentrations, occwring between 1,000 

and 10,000 y c m  on Figure 2-7. Beyond 10,O.IO years , the surface concentration is limited 

by the  mal cxcavation. 
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,7.1,1,2 2 Erosion and Cliff Rctrcnt 
A surface water balance model was perfomcd for the PA and CP, which estimated, among 
the other cornponcnts ofthc water bdmce equation discussed in Section 2.2, rates of 0 
s~rfncc sediment transport. The model is sumnlvizcd later in this section, and is 
completely rcportcd in Appcndis 3c Surfucc Watcr arid Erosion cdcU/utionY to SuppOrl 

0)~' iirca G Pcrforrliarrcrs Assc.~.srncnt,~~ Thc surhcc water balance modcl indicates that the 

surface of hliesita del Bucy (including closurc caps) is subjcct t o  sheet erosion, at D rate of 

4 x IO" d y r  (1.3 x 1 O4 A/yr). The rnodcl assumed a I m (3,: ft) laycr of crushcd-tuff over 

the waste, with o gravcl-mulch lnycr over thc tuff supponing dense grassy vcgctation, 

While not all of thc disposal units at M D A  G currcntly have a gmvel-mulch laycr, the find 
closure design will incorporatc onc bascd on thcsc results. Soil crosion studies on surface 
covers at Los Namos showed that soil erosion was greatest on plots that were recently 
disturbed and had little or no cover.9(' Substantially less erosion occurred when gravel- 

mulch was applied to the reccntly-disturbed covcr.97 Another factor of 2 reductions in soil 
loss was suggested whcn vcgctation was used in conjunction with the gruvcl mulch, 

Erosion raws calculated in that study ;vc assumed to  be valid for the purposcs of modcling 

the lonptcrm performance of thc disposal pit covers. 

Erosion ;It the rate of 4 x 10'' m/yr ( I  .3 x 1 O4 Wyr) o w  the 1,000-ycar compliancc period 
will remow less than 1 yrccnt  of the total cover depth placed over any of the disposal 

units. Conscqucntly, crosjon docs not pose a direct thrcat to the integrity of the disposed 

waste during rhis period, 

Referins to the information in scction 2.1.4, lateral erosion or cliff rctrcat occurs to 

variable dcgrccs along the mcs3 walls across the Pajanto Plntcau. In theory, erosion of 
Mesit3 del Bucy may. ovcr timc, cx?osc waste disposcd of in the pits and sh&s closcst to 

the mtsa edges. The 15 rn (50 ft) minimum sct-back distance betwccn disposal units and 
the c d g  of thc mesa was cstablishcd to delay disruption of the waste by lateral erosion. 

The rate of lateral erosion is difficult to predict because it is a discontinuous proccss. 
lndcpcndcnt cstimatcs of cliff retrcat rates made by sevcral investigators at LANL were a 
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prcsentcd in Section 2,1.4. Applying them to MDA G, the IS m (50 ft) setback d i w c t  at 

MDA G will not erode bcforc 30,000 to 400,000 yeus. Thus, it is unlikdy that wute 

disposed of at MDA G will be exposed by lateral erosion during the 1,000-yw compliance 

period, therefore cliff reuat was not includcd in thc PA md CA 3s a viable mechanism of 
radionuclide relcasc. 

3.1.2 Grou ndwn ter Pro tcction An:dysis 

Source tcnn modcling for the groundwater pathway quantities the rates at which 

radicnuclides may bc dissolvcd into water percolating through the disposal units, The 
model described in this section accounts for many of the n a d  and designed faturcs of 
MDA G presented in Sections 2.1 and 2.2, and addresses thc chanctcristks of the 

inventory described in Scdion 2.3, First, the inventory is summarized, then the source tcnn 

model and the assumptions upon which it is based arc discussed. * 

3.1.2. f Grcluntllvarcr Purfrtuay Inucntory 

In Section 2.3, 4 waste categories were identified: Surface Conbnatcd ,  
ConcretdSludpe, Soil, and Bulk Contdnured. a ,  Thcsc categories account for ciifferrncts 

in the rates at which radioactivity in or on the waste would be dissolved or leached into 
water percolating throush a disposd unit. In the squcous-phase source term modd, unique 

rt lesc rates wcrc dcvelopcd for cach catcgoF;I based upon the qwthy of water 

contacting the waste, the geochchstq of that water, the contact time bctwecn the water 

and the waste, and the chcmicd form of thc radionuctidcs present. 

The numbcr of radionuclides inktidy considered in tbc aqueous-phc SOUTCC tm was 66, each 
gcncrdly prcscnt in 38 disposal units, To reduce this numbcr, a consvvntivc screen w a  

performed to identify rtldionuclidcs that could be climinatcd from the aqueous-phase 

source tcrm without compromising thc dose analysis, The screen was pdormcd as 
follows: 
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dissolvcd instantaneously in moisture within a disposal unit. (The moun t  of water into 
which thc total inventory was dissolved wiu 8 percent, based on data prcsentcd in 
Scction 2.2.) 

The contaminated water was tlssumcd to bc ingested at a rate of 2 Udny (0.52 gallday) 
for an cntirc year by n sin& person. 

The dose resulting from each radionuclide was compared to tbc 4 mrcmlyr 
groundwater protection standard. 

hdionuclidcs for which thc dosc was lcss than 4 mrem/>'r were eliminated from the 
aqucous-phase sou:cc t c m  analysis, 
bdionuclidcs for which thc dosc wu cqud to or greater than 4 m r c m l ~  were 
maintained in the aqucous-phasc sourcc tcrm analysis, 

Thc total inventory of each radionuclide in the MDA G CA wis assumed to be 

c 

Thjs Scrccnjng sccnrvjo bcnrs no basis in fact. It is a modclinp construct that allowed for 
thc idcntjfication and climinntion of radionuclidcs that present no significant radiological 

risk t i l  groundwntcr cvcn whcn inpcstcd tlt their highest possible concentrations, The 
moisture within disposal units is not avdsblc for human consumption hid, at 8 perccnt, is 

not cvcn cstractablc. During the time that radionuclides arc transported fiom the dis?osd 

units to the regional aquifcr, concentrations would bc greatly rcduccd as ;I result of 
radionctivc decny, dispcrsion and sorption 1vi;hin the vadosc zone, md  dilution'in the 

regional aquifer, Thus, tlic scrccn is v e p  conscnp;ltivc, lcading to much higher doses on 3 
radionuclide-specific basis than  would othcnvisc bc projcctcd in the groundwater 

protection ;malysis. 

A total or68 radionuclidcs, cxcluding d;tughter products, wcre initidly considered in the 

:lqucous-phnsc sourcc icrm analysis. Twcnty-two of these rtldionuclidcs, considered 

individually, resulted in mia imurn  doses lcss than 4 mrcdycru ,and were cxcludcd from 

further considcration in the groundwater protection analysis. The collcctivc dose resulting 

from dl rtldionuclidcs clirninatrd by thc scrccn was 15 rnrcdyr. Thc results art prcsentcd 

in Table 3-3. 
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Table 3-3 Results of  thc groundwater-pathway invcnto?y screen 

bdionuctidr Maintained Elirninvtcd 
5i-32 

Ti& 1 x 1 
u-231 1 x 1 
u-33 x 1 
U-234 1 x 1 
u-235 1 x 
U-236 x 1 1 u-38 
2~9.1 1 1 x 

x I 
S 

I 
x I 

Ho- 163 I 

>I I 1-129 I 
: I. 

3-16 

Tc-99 5 
73.229 X 

1 )I 
~~ 

Th-130 
1 
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3.12.2 Groundwarcr Paritwup Sourcc Tcrm Modcl 

The conceptual modcl for aqueous-phase source term is shown in Fiyure 3-8. The Icfi 

side of thc figurc reprcscnts B pit containing a rclativcly hornogcncous distribution of 
waste, wi:h thc 4 catcpories initially reprcsented. The right site of the figurc shows one 

unit of u pmicular waste category, with infiltration entering the waste at the top, and 

leachate 1c;iving the wastc at the bottom. A podon of the radioactivity in thc waste 

rcmtlins as 3 solid-phase conccntration (C,), while thc liquid-phase concentration moves 

with the Ictlchate (Cl), 

Figure 3-8 Conccptu:il model Tor aqucous-phnsc dissolution of radioactivity from 

The concentration in the solid phasc rcltltivc to thc liquid phase is relatcd to the speciation, 

solubility. and distribution cocfiicicnts ilssocintcd with cach wastc form, which depend on 
the chcrnistry of the infiltrating w3:cr and the contact time between the water and the 

w m c .  Thc following subsections describe thcsc characteristics for each of the 4 waste 

forms. In gencrd. rclcnsc r a m  arc grcatcst for the surface-contaminated waste. The rates 

of release for soils, concrctc, and sludges arc controlled by the gcochcmhy of the water 

percolating through the disposal units and the chcmicd forms of the radionuclides. 

Rclcases from the bulk-contaminatcd waste arc retarded by physical factors such as the 

rate of corrosion of activated steel. Thc models used to estimate radionuclide relcascs 

from cach wstc-form catcgoq arc summarized below. More dctdcd information is 
provided in Appcndix 3d Mvdcliiig of Iirc Aqucous Pirusc Sourcc Rckeavc to thc 

surf;icc~cont:iminatcd waste 

9 
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Urtsarururcd Zone from the Lou Alamos Areca G Diposd Faci/iy.w The ilppcndiv rcport 
sum&ts  ;1 nvo-phase analysis, n preliminary .mdysis modeled rtlwcs from all 4 waste 

catqorics in dctail. The final analysis addrcsscs only the surfcicc-contmhated waste 

category. With this simplification in the source term analysis, it was possible t o  modd 

relcascs of mukipit: radionuclides from each of 38 disposal units indcpcndcntly, 

Bcforc dcscribhg the source term modcling, the su~facc-water balance modd pcrfonutd 

to estimate a percolation or recharge rate through the pits is briefly discussed. The 

complete rcpon of thc surface water balance modd summarized bdow ki available in 
Appcndix 2ca 

mlin 
The ability to model water balance is essential to projecting long-term faat)' 
pcrfomulcc. In support of the PA, surface runoff, soil erosion, and pctcolaUon through D 

I-m (:$S a) thick vcgctatcd crushed-tuff covcr WBS simulated, Thc buowc simulation 
modeled the anticipated disposal-unit covcr configuration during rhc active institutional- 

control period at MDA G. The pit for this simulation was given n suc5ct area of 0,4l ha 
( lac) with a length to width ratio of 2 t o  I .  Thc pit was assumed to be sloped dong the 

width dimension for runoff and crosion calculations. The surf'i~ce slope was 3 percent, 

consistent with the dcgrcc of dip of the stratigaphic Iaycrs, described in Section 2-1.4. 

The pit uith c o w  was assumed to be 16 m (53 fl) deep, with water balance calculated for 
the upper 1 m (2.: A). A 10 cm (4 in.) clay loam surface topsoil layer was modcicd at the 
top of thc pi:. which supported a uniform vqctativc layer with M nvcriqc root depth of 1 

m (3.3 ft), and a thin pravcl-mulch layer, Thc rcmining dcpth (90 cm) ofthe pit was 

fillcd with crushed BandcIicr TufE 

Percolation through thc I-m ( 5 M t )  covcfs werc predicted using a Monte Carlo approach, 
A total of 100 realizations that wcrc 10,000 years long were generated, giving a total of 
1,000,000 annual pcrcolation calculations. The avcmgc ymud precipitation from tbc 

stochastic wcathcr Scncrator was constrained to thc sitc-spccific value of 36 cm (14 in,) 

cited in Section 2,12; the misirnurn was 71 cm (28 in.), arid the minimum was 12 crn (5 
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in,). These \dues compare wcll wi th  thc cstimatcd 100-yw prccipiution event based on 
the jO-ycnr pluviomctric record, which is consistent with thc 4OO-ycm dendroclimntic 

rccord. Tablet 3-4 shows the statistics for w u d  values ofptrcolnuoa, u o $  and soil 

erosion for the 1,000,000 obscrvations modcled, Thc avcrngc percolation through a 

nominal operational closure cap cnlcultltcd in the 1,000,000 Monte Cy10 realizations wlis 

1 nun (0,04 in), with zcro pcrcolation occurring for 80 pcrccnt of thc 1,000,000 

realiutions; the m;l?limurn sinyle-year percolation wils 130 mm ( 5  in,), 

T:tblc 3-4 Annual values of  pcrcolation, runoff, and soil erosion 

Vatia ble 1 Muin 1 Standard Dcv. I Maximum I Minimum 
I I 

5.15 I 129 1 0.0 
~~ 

Rutiol’l’(nim) I 0.78 I 1.65 67.5 0.0 

Erosion ( t h y )  1 0.002 0,005 023 0.0 
- 

Wi!c the final closurc condition of MDA G is cxpectcd to bc wcll represented by the 

surfxc ivntcr balance modcl, the current state ofvegetation and other sudacc conditions 
is highly vxiable bctwecn pits. To be consewatkc in the groundwatcr proteaion, the 5 

m d v r  (0.2 in./yr) infiltration rntc suggested by Pit 37 i r r  siru moisture measurements was 

used to cdculare aqueous-phasc source rclcascs rnthcr than the lower 1 rnmlyr (0.04 
in./yr) vdue calculated by the water-balancc modcl. Thc higher rcchvpe ratc is also 

consistent with the near-surfrrcc fluses cstimatcd in sevcral independent investigations, as 

discussed in Section 2.1.5. The higher in situ measurcmcnts and inferred moisture fluxes 

arc consistcnt with thc abscncc of vcgctation in open pits, confirming the results that 

transpiration is v e v  important in rcmovins water from the system, 

--A’...&. 3 1 ’ 7 9 Su~~ice -Conr ; imi r ; i~~~  Waste S o u w  TCITQ 
Release from sudace-contaminated waste was assumed to occur is water dissolves the 

contamination. Thc ratc of dissolution and the magnitude of radionuclide relcases depend 

upon thc mount  of water contacting the waste, the length of contact h c ,  the 

geochemical characteristics of the water, and the chemical form of thc mdionuclidcs, The 
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mount of infiltrating water and the rate of Sl t ra t ion were based on in situ pitmoisture 
nienstlrcmcnts rcfcrred to in Section 22.1. A moisture content of S percent was Ssurncd, 

with an infiltration ratc of 5 d y r  (2,O x 10’’ id?) through the disposal Units. 

&sumins an average waste package thickness of 1 m ( 3 3  ft), a water t r d t  time of I 6 

years through the wastc was estimated. The infiltrating water was assumed to h i m  the 

gcochchcal characteristics of the Water Canyon Galley, reported in Scdon 2.1.6, The 

domjnant chemical forms (speciation) of the radionuclides were modclcd nssumhp 

dissolution in water of that chemistry; these are listed k~ Table 12 in Appcndk 2n. 

The maximum concentration of an clerncnt ia water, or the solubility firnit, was also 

dctermincd using Water Canyon G d l q  chemistry; the solubility hnks npplicd in thc 

andysis YC listed in Table 13 of Appendix 2n. For most radionuclides in thc MDA G 
inventory, solubiIity limits are never reached; those radionuclides arc termed “inventory 
limjtcd.” Thosc radionuclides whosc cdculatcd leachate conccnuatiom do reach the 

solubility limit arc termed “solubility limited.” 

Solubility limits apply, to elcments, and thercforc arc compued to the total concentration 
of aII radioisotopes of a given element in ;L Sivcn volume of water. TO rdidct i l ly  model 
the contributions of scvcrd radioisotopes of a sin@ clemat  to the elemental solubility 
limit, thc distribution ofthc radioisotopes in individual disposal units must be known. 

While data are availablc to support such modeling, the effort required t o  evaluate 

thousands of disposal rccords \vas judscd to bc greater than the benefit dcrivcd. To 

simplify the aqucous-phase sourcc tcm model in a conscrvativc way. c3ch ndionuclidc 

was assumed to bc availablc at its clcmcntal solubility limit on a disposal-unit basis, This 
approach is clearly conscwauvt since it alllows more rndiondvity to bc rdmed under 

solubiIiry.limitcd conditions. An exception io this is uranium, which is abundant as scvcral 

isotopes. For uranium, corrcction factors were derived for the isotopes in each package 

and among all packages in a disposal unit. This is detailed h Appendix 3d. 
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For invcntory-limited radionuclides. rclcascs rnodclcd in this mLznncr incrcase over ii 
period of 16 ycus  until 3 shon-tcm pc& release ratc was attained, then dcclinc until the 

invcntory is deplctcd thcrtaftcr. Rcltascs of most rtldionuclidcs in the M3)A G inventory 

are invcntoq limitcd. For radionuclidcs that are solubility-limited, rclcucs remain at a 

Icvd dictated by thc solubility limit until the cntirc invcntory within a singlc disposd unit is 

lcachcd. 

a! Soil SQLIrCc 
fhc soil source term model accounts for radionuclide rclcrrses from soils and soil-like 

matcrials, takins into account thc sorption bchnvior of thc conhnmnts ,  Sorption was 

chuilctcrized by the soil distribution cocficicnts. Thesc cocfficicnts were based on s i t e  

specific srudies using crushtd tuff and values adopted from thc open literature, accounting 

for chemical spccitltion undcr the c0nditior.s imposed by hc issumcd Water Canyon 
G d l e ~  porc water geochemistry. Radionuclide conccntratiou were compared with the 

appropriatc solubility limits. Thc data used in the analysis are presented in Tables 7 and 13 . .  . 

in Appcndix 2 n .  

3 2  2 c Concrctc mc! S l i i d ~ y  Snurcc Tcm 
Rele;rscs from concrete and sludges wcrc cstimatcd bascd on the sorption of radionuclides 

in bigh pH environmcnts. Many radionuclides. nctinidcs in pmicular, sorb strongly to 

emcntitious rnatcnd, duc to the abundance of minerals in cemcnt, is wdl as its alkalinit)' (pN 
> Sludges sencrrrtcd at the LAXL liquid waste trcntrncnt facility (TA-50) arc higllly 

dkdinc due to :hc addition of lime during the trcatmcnt process. The chemistry of the 

dewatered sludsc is similar to cement, resulting in similar modcs of relca.se.'Oo For the 
concrctdsludgc source term, chemical speciation and radionuclide solubilities were 

estimated based on an alkaline, oxidizing onvironment. The sorption values and solubility 

limits used to model rclcascs from cemcnt md sludge waste form are included in Tables 9 

and 14 in Appendix 2a. The timc-dependent concentrations of radionuclides rcleuscd 

from concrctdsludge waste were compnrcd with the solubility limits for the isotopes 
under idkalinc conditions. 
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21.2.2.5 Bu Ik-Contnminntqmastc Source Term 
Thc bulk-contaminated wxxc form consists lugcly of activated metals from the Los 

Amos Ncutron Scat:cring Center, including suhlcss-steel =get mom= and metal 
bcmi-line insens, Thc rclcase of contamination from this waste form was modeled using 

S~CL.! corrosion rate of 2.0 x 10" rdyr (7.0 x 10' Wyr),''' Quantities of ndioacthity 
rclcascd from the metals were assumed to enter into solution in the pore water within the 

disposal units, The radionuclide concentrations in tbc I t d u t e  were compared with 
solubility limits for intact tuff ,and rclcascs were limited 11s appropriate. 

j, 1.2.3 Groundwutcr Pat.)iwuys Sourcc Turn S u m m q  

Thc results of thc groundwater pathway source term model revealed that tbc projected 

radionuclidc conccntrations in the leachate were dominated by the surfacecontaminated 
waste invcntoncs, This was the case for all rcldionudidcs and dispostll units included h 

the PA ,and CA. Based on thcsc results, the find source term model implcmcntcd for the 
groundwntcr protection analysis included only thc surf'ace-contamimted waste. This 
simplification madc it possible to allocatc pit inventories to thc individual units: ultimately, 
the anslytic rclcssc model was added to thc numerical model used to dculntc subsurface 

transpon in Section 3.3. Furthcrrnorc, it dflowcd consideration of the ef5ccts of solubility 

limits on ;I disposal-unit basis, with 3s pits bcinp modclcd in 3 redistic geornctq. Source 
terms were devcloped usins this model for the four inventory segments: 1957 - 1970; 

1971 - Scptcmbcr 25, 19SS; Scptcmber 26, 19SS - 1995; and 1996 - 2034, 

3.1.3 All-Pathways Analysis 

The mechanisms and processes that wcre considered in the all-pcltbwoys d y s i s  include 
gas release, biotic intrusion, and leaching by'water percolating through the disposal units. 

The models and assumptions used in estimating rates of r e l a c  by thcsc m c c h ~ s m s  have 
been discussed. 



3.2 PATEWAYS AND SCENARIOS 

Pathways and scenarios arc used to define how and where exposures to radioactivity 
released from M D A  G will occur, Specific scenarios arc defined to evaluntc the ability of 
M D A  G to comply with the performance measures prcscntcd in Section 1. The 
pcrformmce measures arc interpreted such that exposures arc evdumtd in : e m  of the air 
pathway and thc groundwater pathway independently, and then d1 pathways combined. 
Thc uathwiws link rclcnscs of radioactivity to air, watcr, and surface soil to offsite 
locations, whcrc cxposures to futurc members of the public rue cvaluatcd nssuming 
various air, water, and surface soil u s a ~ c  scenarios$ The pathways and sccnatios invoked 
i n  the PA and CA differ somewhat depending on which period of the MDA G lifccyclc is 

. - ... 
considcrrd. For the purposes of dcfining appropnatc pathways and SCC&OS, the facility 
lifecyclc and access boundaries arc defined as follows: 

Qx~ational/Closurc Period: 1957 - 2046, when public access is assumed to be 
limited by thc cxisting TA-S4 boundary, md offsitc releases are assumed to  be 
prevented. 

onsure integrity of the disposal unit covcrs. - -  
* &~nl - l j j sc  Period: 214703046. whcn public access is assumed to be limited by 

thc existinn MDA G fcnccline, and sitc is passivcly saintaincd such that biotic 
v 

intrusion into disposal units may occur, 

The pathways and scenarios to  bc dcscribcd in this section y e  summarized in Table 3 4 .  

and thc locations at which each sccnario is evaluated arc indicated in Figure 3-5. Since 
offsitc rcleascs are assumcd to bc controlled during the opcrational and closure pcriods, 
offsite exposures are not considcred until the onset of institutional-control. Complete 
descriptions of the pathways and sccnarios discussed below are available in Appendix 3c 
Radiological DOSC Asscssmcnt for  rhc TA-52, Arcc G Pcrformanccl Asscssmenl and 
Composite A na!v.sis, Io' 
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Table 3-5 S u m m a p  of exposure pathways and scenarios 
~ 

Time Period 
Insti tu tionsl-con trol 
(2047-2146) 

~ 

Industrial-u~c 
(21 47-3036) 

Path way 
Air 
Groundwater 
AI 

Air 

G r o u n d w a t er 
All 

Sccni rio 
Inhalation of sass 
Lugcstion of ground\.vata 
Inhidation of pses, direct and indirect 

ingestion of goundwater 
Inhalation of and immersion in puts 

and particulates; ingestion of and 
exposure to rcdcposhed pmkulatcs 

Lngestion of groundwater 
Inhalation of and irnmcrsion in gases 

ilnd pYtieulotcs; inpcstion of and 
exposure to rcdcposittd p;lniculntcs; 
direct and indirect hgCd0n of 
groundwntcr, direct and indirect 
consumption of contaminated 
sediment 

Figurc 3-9 Loc;ition of cv;iluation of cxposure scenarios 

3.2.1 Air Pathway ctn:ilysis 

Tlic air pathway unalysis was performed to RSSCSS the ability of MDA G to comply with 

offsitc dose limit of 10 m r d y r  for thc PA and 100 mrcdyr for the CA and with thc 

radon flus linlit of 20 pCi/m% (1.9 pCilft%). For the offsitc dose uscssmmt, tbt  air 

pathway analysis projected exposures due to radioactive guscs and suspended pdculatcs 
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A) north of MDA G in Caiiadn dcl Bucy, identified on the basis of p:cvVailing 

mcteorolo~icd conditions and the complex t e m h  in the Vicinity ofMDA G, Because 

trvlslocated to thc surface by biota, os dcscnbed in Senjon 3.1, I ,  Doses fiom the air 

pathway wcrc cdculatcd at the town of White Rock and at the point of maximum 
atmospheric cxposurr. The point of rnmimum exposure was Iocatcd about 500 rn (1,600 

active site maintenance is assumed to prevent biotic intrusion throughout institutional- 

control, exposurcs during that period wcrc assumed to result from the himlation of only 

rndiosctivc gases (csccpt radon and its daughters) released fiom MDA G. During *e 

industrial-use pcriod, site miLintcnmce is assumcd to be more passsivc, allowing for some 

biotic intrusion to occur. Thetcforc, contaminated soils suspended from tht disposal site 

following biotic intrusion were included in the dose projections during the industrial-use 

period. The rcccptor was assumed to inhale airborne dust, ingest crops contaminated by 
radioactivity deposited on plants, and reccivc cxtcrnal radiation from contaminated soils 
and airborne radioactivity. W l c  the cultivation of crops in Caihda del Buey is not 

considered to bc likcly due to thc iack of available water, the scenario is assumed to 

conservatively bound cxposurcs reccivcd by persons harvesting mtivc foodstuffs, such ;IS B 
Pifion nuts and juniper ,bcnies. 

3.22 C ro u n dw:i ter Protcc t io n AniIlySiS 

The groundwater protection analysis projected doses to hture  members of the public due 
to  radioactivity lraclird from M D A  G, trmsponed throu@ the vadosc zone, and entering 

the regional aquifcr. I t  was pcrfonned to assess thc ability of MDA C to comply With the 

4 m r c d y r  performance objective for doses received by a future member of the public duc 

to  consumption of contarninatcd groundwater. Groundwater ingestion doses were 

projcctcd at thc point of maximum offsitc groundwater concentration, which diffcrcd 

during the institutional-control and industrid-use periods. Rcfcrring to thc discussion of 

local md rcgional hydrology in Scction 2.1.5, and recalling the assumed Imdusc 

boundarics rcvicwcd above, maximum Sroundwater concentrations at locations acccssiblc 

to members of the public arc cxpectcd to occur near the town of Whi te  Rock during thc 

institutional-control pcriod, During the industrial-use period, the assumcd currcnt 
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fcncclinc boundary allows acccss t o  groundwatcr nt locations o a r s  to MDA G. Two 

locations were idcntificd for evaluation of groundwater dosa duhg the industrial-use 

period, one downngradicnt from MDA G approhatc ly  100 rn south-southcS of the 

facility, and another in Pajorito Canyon dircctly adjacent to the facility, The downpdicnt 

receptor was idcntificd to cvduate doses from radioactivity tnnsponcd down throush the 

vadosc zonc dircctly beneath MDA G, thcn out into the regional aquifer. The Pajarito 

Canyon location was selccted to evaluntc the lateral transporr pathway, whcrc 

radioactivity is transported in the aqueous phasc laterally out towads the mesa side, 
whcrc radioactivity may thcn be rinscd by runoff into the dluVid groundwater h Pajrrrito 

Canyon and subsequently transported to the regional aquifer. Since rcchvgc beneath the 

alluvial aquifer in P;lja.rho Canyon is faster than recharge through Mesh  del Buq,  thk 
pathway was evsluatcd ils il potential “fist path” for radioactivity to reach the regional 

aquifer. 

M‘hile the dluvisl aquifcr in Pajarit0 Canyon was eL-duated h t e r n  of its potentid effect 

on accelcrotin,r vadosc zonc transport, it was not considered to bc n drinking water 

source. The source of water uscd as the basis for cvduatcd compliaace with the 
groundwatcr protcction performance objective must meet thrcc cntcna: 

1, The water must havc D potential for being contaminated by radioactivity leached 

2. The aquifer must be of adequate quality and supply to meet the needs of the user, 
3 .  Thc aquifer must bc accessible to the receptor within the constraints ofthc DOE 

from MDA G, as modclcd in the aqueous-phuc source term. 

land-use boundarics. 

Of thc Froundwatcr sources in the y e a  described in Section 2.1 S (i.c., illluvial watcr h 

CAada del Bucy and Paj3fito Canyon and the saturatcd ilquifk in the Puyc Formation) 
only the regional aquifer mctts dl of these criteria. Water in P@rito Canyon nnd Cdada 

del Buey may become contaminated by radioactivity trmportcd laterally from the disposal 

units to the sidcs of the mesa and washed into the canyon by surface runoff. Consistent 
with the assumed boundaries durir,g the facility lifetime, water in Pajarito Canyon will not 
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be occessiblc 3s II source of drinking water in thc location immtdiatcly adjaccnt to MDA G 
during the operational and activc institutional-control periods, Howcvcr, this water may 

bc accessed for drinking wtttcr ncw Y+%te Rock approximatdy 2 km (1.2 dlcs) away. 

Alluvial water in this canyon is ncccssiblc to members of the public during the industrial- 

use period; w t c r  within Car'mdr! dcl Bucy is accessible to individuds at all times as this 

canyon lics on the bordcr of LANL and San Ildcfomo Indian Imds. According to data 

prcscntcd in Section 2.15, neither source of water in the canyons is capable of supponing 

avcragc household water use, The alluvial water in Pajarit0 Canyon., the more substantial 

of thc two sou:ces, would most  likely bc pumped dry during most setsons of thc year. 

Thc regional ilquifcr situatcd in the Puyc Formation bcncath MDA G is the only body of 
water that  is suitsblc for cvaluilthg the compliance with the 4 r n r t d y  PA performance 

objectivc. Radioactjvity leached from thc waste disposcd of at MDA G will eventually 

discharge into thc regional aquifer, This aquifer is ucccssiblc to members of thc gcncrd 

public during all phases ot'the facility's lifctimc. Groundwater within the aquifer is of 

sufficient quality and quantity to meet dl watcr necds of im individual. 

32.3  All-P:ithw:i,vs Aii;rlysis 

Thc all pa:hwnys annlysis was pcrformcd to cvaluntc the ability of MDA G to comply with 

the 25 mrcmlyr public-protection performance objective for the PA, and the 100 mredyr  

public dosc h i t  for the CA. I t  considered doscs fiom airborne radioactivity as previously 

dcscribcd. Dircct ingestion doscs via the  groundwatcr pathway were cxpandcd to include 

indirect ingestion of goundwatcr through foodstuffs ttliscd on contaminated water. In 
addition to thc sir and goundwatcr pathway doses, the all-pathways analysis included 

doscs associated to the transpon of contmjnatcd surface soil (resulting from biotic 

translocation) off of the mesa into Pajarito Canyon by runoff, 

The all-pathways andysis was implemented in Cahlada dcl Bucy and near White Rock 
during the institutional-control period, aad in Ptljuito Canyon and 100 m downgradient of 
the MDA G fcnccline during the industrid-usc period. The receptor ncar White Rock waq 
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ssumcd to rcccivc csposures from the inpestion md inhalation of ndioacthity and dircct 
radiation. lngcstion doscs occur from the consumption of crops irrigated with water 
drawn from thc resident's wcll, milk and meat from rrnifials raised using water from the 
I_ 

wcll, and drinking water. lnhdntion doscs result from thc in&c of dust suspended from 
eontminarcd soil surfrrces, Exposures to  dircct radiation fiom airborne contamhation .. mnd 

radioactivity dcpositcd on the soil add to the internal csposures. Exposure pathways for 

the receptor at thc point of maximum atmospheric cvposurc wcrc discussed in Section 
* -  s IC. I 

During the industrid-use period, esposurc pathways modeled at the lowtion of 

m a s h u r n  groundwater cxposurc wcre idcnticrrl to those described above for the receptor 
location ncx  thc tcwn ofWhite Rock. The rcccptor location in Pajarho C q o n  was used 

to estimate potential doses resulting from the urnport of contmhation from Mcsita de! 
Bucy to the canyons below. Sources of contamination includcd radioactiviq brought to 

thc surface of thc mesa by plants curd burrowing animals, and contamination transported 

laterally to the sides of the mesa and d o w w u d  to the r e p o d  nquiftr. Su&t runoff 
was assumed to transpon each source of contiunination into the canyon. 

The rccrptor in Pajarito Canyon was assumed to rcceivc csposurcs from the ingestion of 

small amounts ofsoil, food crops grown in contaminated soils and imgatcd with water 

drawn from the alluvial aquifer, and milk and meat from animals rksed using thc 

source of water. Additionally. csposurcs wcre modclcd from thc inhalation of suspended 

particulrrtes and direct radiation from airborne md soil contaminauon. 

The sscssrncnt of exposures to the offsite resident at the locations discussed above is 

cxpcctcd to provide reasonably conservative dose cstimattts. By definition., the l o d o n  of 

milsimum atmospheric esposurc will bound doscs to oEsitc individuals resulting from 
airborne releases from the facility. Concentrations of airborne contamintltlts will diminish 
as the distance from the disposal facility incrcascs or as the location of the receptor 

relntivc to thc sire changes, Groundwater pathway doses will decline at locations hrtbcr 

3-23 



downgradient than those cvnluatcd as thc conccntrations of groundwater conLamhtion 

abate duc to dilution and dispersion. Exposures to pcrsons living in Pajarit0 Canyon are 

expected to be greatest immcdiately bclow MDA G, OS trmspon of surface runoff further 

down the canyon will tend to dilutc soil contamhunt conccntrations, 

3.3 AS A LYSl S >I ET W OD0 LO CY 

This scction summnrizcs thc approaches uscd to modcl the transport of radioactivity from 
M D A  G to offsitc rcccptor locations and to project doscs for cacb of the cvposurc 

scenarios discussed above. The discussion follows the o r g d t i o a  of the prc\<ous 

sections. describing thc air pathway andlysis mcthodology first, the goundwntcr 

protection analysis rncthodology sccond, and the dl-pathways mct!!odology third. For 
c x h  pnrhway. thc mcthods uscd to simulntc t rbspon of radioactivity released by one or 

more of the sourcc tcrms discusscd in Scction 3.1 to locations identified in Section 3 2  YC 

described, followcd by a sumiary of the methods used to project doscs according to the 

scenarios prcsentcd in Section 3.2, 

sourcc t u r n  and cnvironrncntal transpon. Source terms, described in Section 3.1, iirr 

indicatcd as dnslicd lincs, whilc thc cnvironmcntd trmspon rncchanisms (and media) with 

which source tcrms arc coupled arc indicatcd as solid lincs, Refcmng to the f iprc ,  the 

gas-phasc sourcc t c m  diffusing through the covcr into air is coupled directly with the 

atmospheric dispcrsion transport pathway; dic aqucous dissolution source t c m  is coupled 

directly to thc latcral and venicd unsaturated transport pathways, which arc coupled with 
thc surface-watcr and saturated t r m p o n  pathways, rcspectivcly. The biotic translociitjon 

sourcv tcrni is ~ o u p l c d  dircctly with thc surfacc-water scdimcnt transport pathway, and 

indirectly, through rcsuspcnsion, with the atmosphcric diffusion p~thwoy. The 

Fipurc 3-1 0 illustrntcs thc conncdon bctwccn 

rclationships shown in thc figure will bc discussed in d a d  below. 
I' 
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Figure 3-10 Coupling ofsourcc tcrrn :tnd cnvironmcntnl transport analyses 

3.3.1 Air P:ithw:ly Analysis 

The air pathway analysis addrcsscd the trcmspomof gas-phase rclcascs and rcsuspendcd 

particulates to locations downwind of M D A  G. The paragraphs to follow deschbt how 
thc rnctcorologicd data presented in Section 2.1.2 wcrc uscd to quanti& atmospheric 

conccntrntions at the Caihda dcl Bucy rcceptor Ioc3tion. and how those ritmosphcric 
concentrations wrr  uscd to estimate doses to an individual residing in C;Lijada del Buey. 

3.5. :, 1 Aritlosphcric Trtrnsport Model 

The infomation summarized hcre is presented in detail in Appendix 3fAmtospheric 

Transporr irr Complcx Terrarn ur Los Alamos, Area G,’03 As presented in Schon 3.1.1, 

rclascs of radioactivity to the atmosphere may bc cvpccted :o occur lis a result of gases 

diffisins from MDA G and thc rcsuspcnsion of contaminated dust exposed at the surface 
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following biotic intrusion. Resuspension occurs as a result of winds across the mesa, and 
COnvCns surfax-soil concenmtions cdculated usins the biotic translocation model into 

airbornc paniculatcd concentrations. The resuspension rate used in the analysis was 1.8 x 

10.' kdm2/scc (3.7 x 10"' Iblft'lscc), which was dctermincd at MOA Gelo4 The transport 

analysis was based on standard Gaussian plume models generally uscd to calculate 

concentration maxima of airborne contamination. Howcvcr, the dispersion factors were 

modified to account for winds chnnnelin_s through canyons, 

The sir pathways transport model made usc of the wind speed, wind direction, 

atmosphcric stability, and mising height data discussed in Section 2.1.2. The model used 

mcasurcd windrosc data like that prcscnted in Figure 2 3  to identifjr wind sectors on thc 

mcsil top (whcrc relcnscs would occur) that coalescc into winds in Ccriiada del Bucy 
(where conccntrations would bc grcatrst). To calculate airborne concentrations from 
M D A  G sources, wind specds md frequencies mcasured at the MDA G meteorologkal 
station werc compilcd. The data indicate that 68 percent of the southcrly winds that blow 

across hlcsita del Bucy annually contributc to winds in Caiiadn dcl Bucy during the 

drr).time. I t  was dctcrmincd that the m u h u m  air pathways rclcascs ue transported by 

winds within sec:ors from M'SM' to ESE, Gaussian plume dispersion values for those 

scctors werc obtained from a prcLious analysis pcrformcd using standard EPA 

That nnal~~siis calculntcd dispersion at a location 500 m (1,600 ft) mc t hod o 1 o g  . 

downwind of MDA G. thc minimum distance allowed for distributed source (ix., 60 

105. IIJO 

acres). 

Wind rost data from Coiiads del Buey, Pajarito Canyon, and another canyon stations at 

TA-4 1 wcre used to calculate an irvcrage cnnyoo wind velocity of 1,6 ds ( 5.1 as). Data 

from four mesa-top canyons wcre used to calculate an averqe mesa-top wind velocity of 

2.6 m/s (8.6 Ws). Stability-class and misinphcights werc determined fiom the mesa-top 
metcorological data, (Morc rcccnt information, unnvidablc at the time that this analysis 

was performed, show that canyon winds uc stable and unstable in roughly cqud 

proportions, and that neutral conditions occur relatively idrcqucntly.) 

.. 
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Summing the SWS-ESE quadralt dispersion parameters OX 500 m (1,600 fit>, multipljkp 

by the mesa-to-canyon wind-speed ratio of 1.7, and bg the daytime ficquenq of 0,68, a 

dispersion vduc within Cdadn del Buey at thc loation of the m b u m  concentration 

was calculated to bc 5.5 x 10.’ s/m3 (1.6 x IO4 dfk’), Gas-phase concenmtiom at that 

location wcrc calculatcd by nultiplying the dispcnion vduc by the gas-phssc fluxes. For 
airborne pyticula:cs, the surfacc-so2 concentmuons (see Scdon  5.1) w a c  9 multiplied by D 

rrsuspcnsion vclocity consistcnt with rn nvcrapc mass loading of 1,O x 10” kdm’ (6.3 x 

10” Ib/f13) from rncasurerncnts pcdormcd at MDA G,IM Consistent with these data, the 

masimurn offsite conccntrations werc calculated 500 m (1,600 ft> north of MDA G in 
Cahdtl  dcl Bucy under daytime conditions. 

To illustratc the cffcct of chmelinp of winds within Cdnda del Bucy, F i p c  3-1 1 shows 

thc result of an atmospheric release computed from thrcc point sources &thin MDA G, 
svhich is focatcd n c x  x m -1. y - 0 in the The plumcs convcrgc in Cailada dcl 

Eucy IO thc nonhwcst of the release site a: thc location of the maximum offsite rcccptor, 

and thcn diverge 3s the plumes disperse above the adjacent mesas and canyons, The 
results are in good agrccmcnt with the empirically obscrvcd wind flow fidds, and With the 

assumptions for dctehning the mtLvimurn offsite reccptor location used in the PA and 
CA, 
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LAXI Arta G Rdcasc Scenano 

Figurc. 3-i 1 Atnwspllcric rc1c:isc coniputcd from threc point sources within Arca G 
(ccntctcd nc:it x = -1. y = 0.) showing a convcrgcncc of thc plumes in Cailadn del 

Bucy t o  the northwcst o f  thc tclc:isc. 

Thc projected doscs for thc air pathway analysis accounted for exposures from airborne 
concentrations of radionctivc eascs and cont;iminntcd dust. Airborne concentrations of 

radioactivity uscd in thc dosc projcctions w r c  takcn directly from the atmospheric 
transpon modcliny results described above. Suspcndcd contamination was assumed to 

deposit on the surfiiccs of food crops gown  by a rcsidcnt and on surface soils, Plants 
were assumed to assimilate a ponion of the radioactivity dcposited on the foljagc, and a 

ponion of radioactivity present in contaminatcd soils. The details of the approach are 

prescntcd in Appendix 3c. 

Thc lcvcl of rcsourcc utilization assumed for thc rcccptor is expected to provide very 

consmative estimatcs of potential doses. As stated previously, tbc raising of food crops in 
Caiiada del Bucy is not considcrcd likcly based on the limited avahbility of water. Rather, 

cxposurcs might occur due to the ingestion of native foodstuffs harvested within the 
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c;ulyon. This more redistic sccnuio is bounded by the moddcd one. wherein The 
rcccptor was assumed to bc present at the site approkatc ly  70 percent of thc dmc and 

crops grown at thc residence were assumed to cornprkc SO percent of the individud's 
food requirements. i\n clvcragc inhalation rate of 5.000 m' (280,000 f13) was usumcd, 

Direct exposures from contminatcd soil surfaccs were estimated using the 

MCROSKIELD computer code.1ox MlCROSHIH-D simulations wcrc conducted for 
unit concentrations of all parent and daughter radionuclides included in the air pathway 

analysis. Thcsc unit-concentration cxposure rates were s d c d  using thc projcctcd surface 

soil concentrations at thc rcccptor locaUons to determine the projected doses to the 

receptor 

3.3.2 Groundwatcr Protcction An:ilysis 

A ;-dimensional groundwntct modcl was used to simulate the transport of radioactivity 

from thc disposal units to the regional aquifer, The source term described in Section 5.1.2 

for surfacc-contamination dissolution was implemented dircctly in the vadose-zone 

transport modcl, with releases from 5 s  dkposd units being modeled independently. This 
level of complczlity was required to incorporate releases from rnmy SOWCES containing 
multiplc ridionuclidcs, to account for the complex vadose-zone hydroloSy of the site 

described in Section 2.1,5*, thc l q c  area over whi& was~te has becn disposed of at hlDA 

G, and to account for the unique topography of the disposal site. The vadose-zone model 

was used to calculate radionuclide fluxes at thc basc of the Ceros del Rio Basalt section. 

Thosc fluscs were directly input into ;I thrcr-dimensional modd of thc regional aquifer, 

which calculntcd groundwater concentrations at the offsite locations identified in Section 
3.,.-. - 9  

A region of interest, shown in Figure 3-12, was determined that would include the 
distributed sourccs within the mesa, account for the prevailing groundwatct flow direction 
bcncath ,MDA G, (see Figure 2-12), and contain the appropriate offsite locntioas whcrc 
rndionuclidc conccntr;ltions and doses would be calculated, 
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Figurc 3-12 Rcgion of intcrcst identified for thc groundwater pathways 
computations 

This section dcscribcs the modcling approaches uscd for the groundwater protcction 
analysis. It summatizcs modcls uscd to simulatc the umsport of radioactivity in the 

aqueous phase through thc vtldosc zonc'and regional aquifer. The details of thc 

mcthodolagies summarized below arc prcscntcd in Appendix 3g Simulufions of 
Grourrhwlcr Flow urd Xudionuclidc Trartsporr in rhc Vadosc und Sururared Zoncs 

Bcricarlr Arcu G. Los AIumos h'utional Lohwatury,'09 Thc n i w c r  in which :ndiological 

doses were projected from usc of contaminatcd watcr arc also summarized bchw, with 

details of the dosc assessment availnblc in Appendix 3e. 

The vadosc zone transpon modcl uscd in thc groundwater protection analysis accounted 
for hydrogeologic and geochemical chruacterish and proctsscs hat  ut cxpeacd to 

daminate contaminant transport in the unsaturated zone, The interpretation of the 

cx-tcnsive body of data prcscntcd in Sections 2,l.S rcprcscnts thc conceptual mod4  of 
vadose-zone transport, The conceptual modcl acccssarily invokes simplifications 
regarding the complex hydrologic system to allow the system to bc mathcmntically 
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modclcd. The effect of some of the more important simplifications arc evaluated in short 
parme t er studies, 

The conceptual model of vadose zone hydrology is P simplification of the complm 
hydrologic system at AMDA G. The model is filly detailcd in Apptadk 3 b C'oncepfual 
Mdcl /or  Subsrrrfacc Traraspor: CS~MDA G."' An important simplification in the 
conccptual model is a stcady-state moisture rcchurgc rate through Mesh  d d  Bucy. This 
simplification rcflccts the relative lack of data required to rigorously model vapor-phase 
moisture flow, evaporation through fractures and surge beds, and varinble hydraulic 
Dmmeters, dl o f  which have bccn hypothesized on thc basis of d y s c s  on the avdablc 
data set dcscribcd in Section 2.1.5.3. Thc magnitude of the steady-state recharge rate used 
in thc Eroundwater protection analysis was chosen to be conswvntivc based on modclinp 
and ficld data. Water balance modeling s u m m k c d  in Section 3,1.2.2.1 and detailed in 
Appendix 3b indicates an averasc rechvgr rate of about 1 d y r  (0.04 hly) though thc 
disDosa1 units in their closed configration, assuming an avenge muid prccipitauon of 36 r ~~ 

cm (14 in,&), ;I hlly vcpetntcd covcr with a mx4mum rooting depth of 1 m (3.3 e). The 

modcled rcchugc ratc is less than the 5 m d y r  (0.2 in./yr) indicated by moisture 
measurcmcnts in an open pit. This discrcpancy rcflccts the importance of tnnspintion in 

water balance at M D A  G, which is abscnt in O ~ C R  pits. while the lower recharge mtc 
modclcd may be anticipated when pits YC closed and thc v t ~ c ~ t i v c  covcr is fully 
dcvelopcd, the Iargcr rccharse rate consistent with in situ mcuurements was selected for 
the base case unsaturated transport model, Steady state recharge of this rnagnhudc was 

considered to be a rcr\sonable simplification based on the idonnation available, which is 
briefly summarized below. 

The recharge fl uxcs through the Bandclicr Tiff have been estimated using n variety of 
ficld, laboratory, and computationd tcchniquts, the most relevant ofwhicb were 

summvized in Section 2.1S.3, Intqrcts t ion ofthe available data supports the 

conceptual model of aqueous-phase transport that rccognkcs that moisture recharge is 

gcnedly slow within thc mesa, but is also quite variable, Recharge is ag'ccted by natural 

e 

0 

e 
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characteristics and munmadr dtcrations. Seasonal wetting and drying cycles maintain 

moisture contcnts (up t o  20 perccnt) in the top few meters of thc mesa that are higher than 
tliose found at greater dcpths (less than 5 percent). While r tchugc through fractures n m  

thc mesa surface may occnsionally occur, fractu:~ flow docs not nppcv t o  result in 

incrcascd rcchargc at  dcpths below Unit 2. 

Surfiicc disturbances associated with waste management activities may increase the 
moisture content near thc top of the mesa, but  3 lastint; cffect ofthis inctcased moisture 

on dcepcr rccharge has not becn demonsuntcd, Extrcnicly low moisture contcnts found 
10 to IS rn (SO to 60 fi> bclow the mesa surface arc likely to bc the result of evaporation 
caused by air t!ow through fracturcs and surpc bcds, u supported by data on moisture 

content, matric suction, stnblc isotope ratios, and chloride content. Thc hydraulic 

propcrtks of each uni t  of thc Tshirege Member and  the Oto\G Member cf the Bimdclier 
Tuff i~rr relatively uniform, with l a r y r  diffcrcnces betwccn units, 

There arc scvcral aspects of thc hydrology that, while potentidly importtult, wcrr ignored 

in thc computational model of vadose-zonc, trampon, due to a luck of data. Srvcrd 

simplifying assumptions werc invoked in thc computational model, As stated, the model 

assumes ii uniform r i t e  of infiltration through the mcso; this may be rcasonablc, 

considcring :hat tllt: disposal units thcmsclvcs do not contiiin fractures, m d  are excavated 

cjther whhin or through the surge bcd at the basc of Unit 2. and thc appnrcnt effects that 

thesc fcaturcs have on romovins wntcr from irndisrrrrhcd mesa may not apply to the 

hsrrrrhcd system. Each stratigraphic unit is modelcd with uniform hydraulic 

charac:eristics corrcsponding to thc arithmetic mean of thc field dntn summarized in ?able 

2-7; spatial variability of hydrologic pro?crtics within units is ignored in the model. 

e 

While not cxplicitly included in the f i n d  thrcc-dimensional computations, several 

potcntially imponant features of the hydrologic system wcre evaluated to understand their 

cflect on the overall analysis. The cffcct of fractures on moisturc flow w u  considered, as 

was cvtlporation through in fiacturcs and surge beds. 0 
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In addition, unccrtaintits in material propchcs and smcturc wcrc evalu3tcd. The details 

of the geology beneath MDA G were shown in Figure 2-5, The bise of the Bandefier 

Tuff lies directly over :he Cerros del Rio B a d t  and has a wcstcrly dip beneath the mesa. 

The Guaje Pumice Bcd at the bottom of thc Bandelicr Tuff a p p m  to thin and may 
disnppcv complctcly toward the cast end of the mesa. The chwctcrisdcs of the interfrrcc 

may havc sipifimt cctnsequcnccs for lateral diversion of groundwata. The hydrologic 
charactcristics of the Ccnos d d  Rio Basalt, which makcs up il substantial portion of the 

vadosc zone, arc not known. Variations in bassalt propenics und Guajc Pumice Bed dip 
and thickness were evaluated to cnsurc that thc 3-dimcmional aodcl was cons t~a t ivc .  

1.2 Mathrmdcn l  I Mod LiAlmbl 
The FEHM @nhc EIcmcnt yeat and Mass) computer code was uscd to hpicment the 

conceptual model of vadose-zone transport. The code wu developed at LANL to 

simularc the flow of subsurface air and wt tu ,  and thc transport of bcat and mass (t.& 

radionuclides). It has bccn applicd to the proposed ~gh-lcvcl nuclear waste repository 

site at Yucca Mountain in Nevada, which is , I  hydrogcologically similar to MDA G. FEHM 
can be run in one-, :wo-, or thrcr-dimensional gcometnw; to reprcscnt flow and transport 
in hrtcrogcnrous porous frrrcturcd mcdia of vuying degrees of saturation, To dculatc  

flow and transpon throush thc vadosc zone, FEHM solves motbemiltical equations that 

describc the conscrviltion of mass for ~ r ,  water, and contaminant radionuclides. and of 
energy. FEHN accounts for solute transport by advection and dispersion. The advection- 

dispersion equation accounts for sorption of solutes to materials. 

The parmetcrs uscd to  describc flow and transport within regions of the grid include 

many of the charactcristics of the vadosc zone diseusscd in Section 2. I ,  including: 
radionuclide distribution cocffkient, saturated hydraulic conductivities, and the rnnuic 
potential and rdativc conductivitics described by the van Gcnuchtcn puramcters. The 
code pumcters and previous calibration studies arc described in detail clsnvhcre,”’ 
Athouph FEHM has thc capability to calculate water vapor flow and transport which havc 
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been suggested as potentidly important. the data required to support such modelins are 

not yct availaiblc, Thc grid and matcrid properties used to model the vadose ronc within 

the region considered in the PA and CA are described below. 

E: : 7 romp~~tntionnl Grid 
The j-dimcnslonai grid used 10 model vadose=zone transport rclied on field data to 

rcnlistically ponray the sufiacc and subsuflke gc010fl Of the region. The surface 

toposraphy was defincd usins 0.6 m (2 t?) topopraphic contours from the LANt Facility 

for lnformatlon Mnn;lgemcnt and Display (FMAD). Thc top and bonom surfaces of the 

Orowi and Tshlregc Members were dcfincd at 1 5 2  m (SO ft) spacings (nonhjng a d  

e;ls;jnS) obtaincd from the LANL sitc-widc geologic modcl."' Data from many of the 

cores rccovcred from borcholcs 31 M D A  G wcrc used to dcfinc Units 2, Ivc, the C e r o  

Tolcdo Intcn'al, and the Guajc Pumicc Bed. 'I2 Tlicsc dam wcrc suppltmcnted by outcrop 

observations to dcfinc the Unit 2/Unit 1\21 contact, In all, 149 data points were avilablc 

for defining the Bandclicr Tuff in thc three-dimensional grid. Not all stratigraphic units 
\ v e x  equally-wcll dcilncd; il pmmcter study was performed to cvaluatc the sensitivity of 

the calculations to the dcfinition of the morc poorly-dcfined frtyers. The number of points 

available to dcfinc each un i t  were as follows: 

76  points for Unit 2; - 30 points for Unit isc; 

25 points for Uni: ig; 

1 .? poinx for the Cerro Tolcdo Interval; and 

4 for the Guajc Pumicc Bed. 
These points \ w e  intcrpokitrd to form sufiicus using thc Stratigraphic Gcoccllultlr 

hlodeling (SGM) s ~ f i w a r c . " ~  Unit Iw, which is poorly represented by core logs, w s  

defined as :i parallcl 7 .6  m (25 fi) layer nbovc Unit lvc, In the abstncc of specific field 

data, the Puyc Formation was dcfined as a flat 30 m ( 1  00 A) thick layer at the buse of the 

vadose-zone model. Thc water t3blc occurs at :he bottom grid boundrvy, at an elcvatjon 



a 



c 

Figure 3-14 Pit bound:irics, internal pit nodcs, and mesa edge nodes for thc thrccc 
d i ni en si o n ii I vnd osc zon c cal cu tat io ns 
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Table 3-6 liss how thc v;Yious scpcn t s  of the inventory disusscd in Section 2.3 and 
ADDendiv 2e were distributed among the pits shown in Figure 3-14. ?be aqueous 

Inventory Scgmcnt 
1% - 1970 
1Y7 1 - September 25. 1988 
Scpicmber 26.198s - 1995 
1996 - ?,w 

Modclcd Pits Containing Inventow 
Piu 1 - 6: shafts located west of Pits 2 and 3 

Pits 7 - 36, cxcept piu 30 and 31: shafts west of Pit 16 
Pits 30.31 and 36 - 39: shafr; west of Pit 22 
Four Ivgc pits sh&s west of Pits 37 and 38 

. .  7 t ' 1.J pp- * I  rondlac?n, F 

A relatively complicated set of boundary conditions was requircd to define the rcgion of 
InLeRst described in Fizure 3-12, which includa not only Mcsin del h e ) '  but i k 0  the 
adjacent canyons, all to the depth of the rcgiond aquifer. For the base cue, the surface of 
hlcsiu dcl Bucy w u  assigned a 5 m d y r  (0.2 inJyr) inf'ilradon rate, while Paj;uito 
Canyon and Cuiada del Bucy had recharge rates of 50 mmlyr (2 irdyr) and 1 rnrrlyr (0.4 
in,/yr), respectively. These values ~ c r t  chosen on the basis of field dau  desclibed in 
Section 2.15 The sides of the mesa were represented xi evaporative boundrlrics, The 
hnttorn of the grid, representative of the rcgiond aquifer, \ v u  assigned ;I fixed ssturdtion of 
99 pcrcent. Figure 3-15 shows the background srrtuntion field resulting from thcsc 
b n u n d a y  conditions, The outline of the mesa is well defined, rcflccthg the general 
topogrtlphic contours seen in Figure 3-12. The relatively moist 1LUu~5um in Pajruito 
Canyon shows up as green, as docs the ssturuted boundivy condition at the bortom of thc 
grid, 

To understand the potential sensitivity of the results to the 5 m d y r  (0.2 h l y r )  steady-sotc 
percolation. two variations on steady-state infiltration rate through M a i m  del Bucy were 
considered. I mm/yr (0.04 inJyr) and 10 m d y r  (0.4 inlyr). Transient input w u  also 
evaluated in p r c l i r n i n q  2-dimension3 calculations: the results will be nvicwed later in this 
section. 
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I Geologic 1 k a t  1 Porosity 

e - 9  &. 1.5 Transpon P r O m e 2  
Each node of the computational grid (identified in F i p r c  j -15)  w a ~  assigned the 

van Genuchtcn Paramctcrs 1 

hydrologic values characterisric of thc specific geologic material being mudclcd, These 

t~ilues arc summarized in Tablc 3-7. 

3gatcri:it I (cm/s) I I e r  I a I N (ern*') 

Unit 2 I 3.27E-04 4,SlE-01 I 1,3E-02 I 6.OE-02 1.9E+00 , 

l j n i t  I vu 1 I.48E-04 5. I7E-01 I 2.OE-03 3.OE-03 1,9E+00 

Unit 1 vc I 1 .GYE-04 S.09E-01 1 9.OE-03 I 3.3E-02 1.6E+00 

T:iblc 3-7 Bydrologic propertics uscd in the v:idose-zone transport model 

Otowi Mcmbcr 1 2.49E-04 I 4.35E-01 I 1.9E-02 I 5.9E-03 
Guaic Pumice I 1.5E-04 1 6,G'iE-01 O.OE-00 8.1E-04 
Basal: Matrix 9.7E-05 1 1 .OE-04 6.6E-06 3.8E-02 
Basal: Fractures 9, iE+02 j 1.OE-04 3.OE-06 3.8E-02 
PuveFormntion I 4.6E-0; I 2.5E-01 I 4.5E-02 1.5E-01 

1.7E+00 
l.OE+OO 
l.ilE+OO 

1 .JE+OO 

2.6E+00S 

-.- ~~~~ 

Unit 1g 1 1,SSE-04 1 +!.80E-01 1 6.OE-03 1 5.3E-03 1 1.7E+OO 
I Ccno Toledo 1 S.65E-04 I 4.73E-01 1 S.OE-03 I 1.5E-02 I 1.5E+00 I 

Vcp l i t t le hydrogcologic daw arc avnilablc to charnctcritr thc Ccrros del Rio Basalt, 
Silmples collected fron the basalt Iaycr arc exvemely variable in tcxture, and indicate the 
layer may be hishly fractured. To compensate for the lack of site-specific data, 

hydrolosic propenics w r c  conscrvativcly assipned to the basalt to reflect a one ytu 
travel time through :hc lay:. The basalt was niodcled as M "cquivdcnt continuum," 
which ccmbines liydroloyic fcotures of mstris and fracturc flow. 

Few data are available for :he Puyc Formation, although the gcncral flow characteristics 
arc more certain than thc Ccrros del Rio Basalt. The Puyt Formation is a sandy 
conglomerate with coSSlt! and gravel, whosc hydrologic properties we expected to 

resemble those of c o m c  sand. The hydrologic properties ossipcd to the Puyc Formation 
arc typical of coilrsc sand. with ;I reduced porosity to account for the Inrgcr cobbles. 

. .. 
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The distribution cocflicicnts uscd in the vadose-zone transport wlculstions included the 
sjtpspecific vahcs dcrivcd cxpcrirncntally for several radionucbdes, iss discussed in 

Section 2.1.6. Sorption cocficients rncasurcd for Am, Np, Pu, Tc, and U using sythctic 
pore watcr wcrc used to modcl transport of those nuclides through d1 units of the 

Bandclicr fur Sorption cocfficicnts mcasurcd for Np, Pu, Tc, and U ushs Water Cilnyon 
Gallery v.pater and Unit 2 core samples taken from depths ranging from 3,3  to 3,7 m (1 1 to 

12 A) w ~ r c  used to modtl  transport within the disposal units, Distribution coefficients 
measured in devitrificd tuff from Yucca Mountah? wcre assigned to all of the remrrinbg 
radionuclides. No sorption was assumed in the resion of the M d  representing the Ceros 
del Rio Basalts. Thc upper section of the Puye Formation was assigned mcasurcd 
sorption cocficients for Water Canyon Gallcry on the assumption that the upper scction 

ofthc Puyc Formation, while unsaturatcd, would still have pore water similar to saturated 
srrmplcs Thcsc same values wcrc uscd in thc three-saturated transport calculations, 
Table 3-8 summarizcs the sorption cocficicnts uscd in the vadosc-zone transport 

calculations. Thc radionuclidcs in the table are those that wcrc identified in Section 
2 I .:.I 3s bcins maintained in thc groundwater pathway analysis inventory. 

The liquid diffusion coefficient used in :hc vadose-zonc transport model vnricd with the 

desree of rnoisturc saturation. rcflccrins :hc results of studies showing that difision 
decrcoscs with dccre:ising saturation. In  thc calculations described here, the diffision 
cocfficicnt dccre;iscd from 10“’ m’/s ( I ,  1 x 10” A’/s) at saturation to IO” m’/s (1,1 x 10* 

f i ’ i s )  at 3 moisture content ofO. 1 perccnt. To account from hydrodynamic dispersion. the 
model assumed a vcrtical dispcrsivity of I m (3 .5 fl) and a horizontal dispersivity of 0.1 m 
(033 ti). 

u 2  1.6 P:irnmctcr StudieJ 
The but :  cnsc vadose-zonc transport model dcscribcd in the previous sections w l l ~  

charac:crizcd by a stcady-statc rcchargc rate, specific boundary conditions, find unit- 

average hydrologic propcnits. Several one- and two-dimtnsional parameter studies were 
performcd using FEIlM to invcstipte how thc base case parameters might affect the 
outcome of thc analysis, and to ensure that the base cue was conscrvativc in that it would 
result in the fastest and largest fluxes into thc saturntcd zone grid (described later in this 
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section), while using parameters that arc rcnsonablc for the sitc. Each panmeter study 

. . .. 
Hf-1 X2 

summarized below (and d c t d c d  in Appendix 38) used thc propcrtics and dimensions 

I 

500 300 I 

applied in the 2-dimeiisiond buc-case model, unlcss othcrWisc indicated. 

. --I 
I 

h'40 I ?  15 

.*'h993m .9J 100 100 

m 7 3  4 4 

Table 3-8 Sorption cocficicntq used in the vadose-zone tmnspofi calculations 

7 

I I 42n 

30 50 I 
50 30 

I 0 I 0 i 

Transient Jnfiltru& 

The cffccts of transient infiltration through pits were invcstigntcd to ensure that tbc 

steady-state approitnation was npplicablc. Thcst calculations simulated transient 

infiltration events by adding yenr-long "pulses" of rnoisturc at the top of the computational 
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b,$d (i.c.. into thc disposal units). Four c z c s  were considered, taken from the Monte 

Crcrlo pcrcolation calculations pcrformcd for the surfacc-water balance model reponed in 
Appendix 3c. Four h@-pcrcolation cases werc selected for input in the two-dimensional 

FEHM transient-input parameter study; two cases (Czc 6 and Casc 17) had the highest 

number ofycars with consccutivc pcrcoladon, and were selcc~cd as a worst-cuc. The 

mxirnum single-year pcrcolation calculatcd in the water balancc model w u  105 mm (4.1 

in.), with an ossocintcd pcrcolation rote of 5.8 d y r  (0.23 h,/p>. Tbe valucs and 

rclcvant statistics describing thc four transicnt CUCS considcrcd YE shown in Table 3-9, 

T:ible 3-9 St;itistics of pit percohtion used in the four transient calculations 
r 

Pa r:i rn et cr 1 c;lse 1 1 case2 Case6 I cast 1’; ’ 

Average Pit Pcrcola:ion Rate ( d y r )  I 5.49 5.27 5 5 0  5,Sl  

Maximurn Pit Pcrcolation Rate 992 88.1 90.8 105.4 

Pcrccntsp of ycars with no 
uercolatjon 

72.6 I 73.9 73,6 I 73-6 

. .  
Transpon timcs for the 5.81 mm/y (0.229 in./yr) pcrcolation ratc matched the bast-case 

steady-statc I m d y r  infiltration rate to within thrcc pcrccnt. Thc avcragc pit pcrcolation 

was 5 , 5  m d y r  (0.22 in./yr), with a maximum of nciuly 10 c d y r  (4 idyr) .  Most ycus  

showed zcro nct infiltration, Scvcral transient moisturc pulscs rcprcscnunp wet years in 
:he Montc Carlo simulations w r c  used as boundary conditions for the pits and results 

were compared with the 5.5 rnndyr (0.22 in./yr) steady-statc case. Thc results are 

compared in Table 3-1 0. 
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n u  and p a k  concentrations for the stend?- . . m -  . - 1  ---,A *:--- 

a,mual percolation wcre reflcctcd in transport times only for the first few hundrcd y m ,  

and only in the upper-most units of the Tshiregc Mcmbcr of the Bandeliv Tuff. As Figure 

2-16 shows, by the time the moisturc reaches the buc of the Otowi Mcmber, the cEccts of 
the transient input (dashed lines) on saturation within h e  mtrk arc within 3 percent of 
the stcady-state case (solid horizontal linc), An important outcome of this study is that the 
steady-state boundary condition rcsultcd in J f s t c t  groundwater mvcl time through thc 

grid, Also, concentrations of t r a m  contaminants $c,, "C) were about 10 percent highcr 

in thc steady-statc case, Thcsc rcsults suggcst that the stcady-sntc approxination is both 
valid and conscrvative for modeling transport throush the vndosc zone at MDA G. 

(4) B;ur of Otowi FZernbcr = 0,35 7 
0 i. .- -I 

I I 

0 so0 
I . . . . L . . . - I . . . .  

1000 1500 2000 2500 3000 
Time (yr) 

Figure 3-16 Moisture profilcs from trmsicnt input compared with S m m / y  steady- 
ststc input 



the scnsitivity of contaminant truspon to vilriation~ in hydrologic propckes and in 

boundary conditions. The importancc of uncertainties in thc matcrid properties of the 
Guajc Pumice Bcd, thc Cc170s dcl Rio Basalt, and the Puye Formation were analyzed. 

The cffcct of moisturr boundary conditions in Caiiadn del Buey and Pajruito Canyon w u  

also investigated, to csamine thc uncertainty in moisture content in the canyon alluvium. 

TO cxaminc the potcntial impoflance in unccrtaintics in material properties, hydrologic 

propenics dctcrmincd from a sinyle core sample of the Guaje Pumice Bed were used, and 

associ;l:cd unccnaintics were evaluatcd. Without any crcdiblt site-spccZc 
chuactcriz;ition data for the Ccrros del KO Bas& they wcrc ussigned the propcrtics used 
to chilractcrize the basalt bcncath thc Radioactivc Waste Management Complex at the 

Idaho Sational Engincuring Laboratory;”’ no transport properties wcrc assigned to these 
lower units, The chauactcristics that wcre varied in this study included: 

The thickness ofthe Guajc Pumice Bed (0, 1, 3.7 and 12 m); 
The slope ofthe Guaje Pumice Bed (0, 0.5, I ,  and 2 degrees); 

The saturated hydraulic conductivity of thc Guajc Pumice Bcd (1.33 x lod and 8.7 
x lo-? cmlsrc) ; and 

The saturated hydraulic conductivity ofthe Ccrros del Rio Bnsdt (8.7 x IO” and 

A potcntitllly significan: outcome of this study is that the Guajc Pumice Bed, which dips 
0.5 to onc d c g w  to the southeast, can prornotc significant lntcral flow of moisture toward 

Pajarito Canyon. The lateral flow dcpcnds upon the degrec of dip, the boundary 
conditions applied t o  C a h d a  dcl Bucy and Pajarito Canyon, and the pcnncability of the 

underlying basalts. The thickness of thc pumice layer had a relatively small effect on 
lateral flow, with thicker layers resulting in slower flows. Similarly small effccts wcrc 

found with variations in slope of the pumice loycr. 

a 

6,7 x IF3 cm/scc). 

Of thc propenics ilnd boundary conditions invcs:igntcd, the saturated hydraulic 

conductivity of the basalt undcrlyinp the Guajc Pumice Bed hnd the strongest influence on a 
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flow, Whcn tbe b d t  conductivity dau werc used thc W t  S v v c d  s II barrier to 
downward v c r t i d  flow, resulting in almost cxclusivdy latad flow in the Guje  Pumice 
Bed. When the basalt conductivity was incmcd (to uccount for opcn fnewcs. for 
exam~lc), moisture flowed down into the b d t  h r n  the pumice, and Iatual flow was . -  
p r l y  dhhishcd* E m  3-17 ill~~tntes the mult of v;UYing t b ~  b d t  P ~ O ~ C S ,  The 
bluc in the figure shows thc flow of water, with the rcd backpound rcprcscnring the solid - 
rrmrrix, AU of the geologic units with the2 uniquc pmpcrties arc n p m n t t b  in the 

cdculations; this plow is simpUcd to illustnrc the wntupfumc. 'The top figm shows 
that, when budt mmk properties 311: mnodcled, w3tCtcllIcrhg from tbc top of tbc mesa 
spreads ImenlIy within the basalt ?he ccntcr figure shows thc cffcct of a source of 
moisture (t.g., beneath Pajarito Canyon) a d d 4  lntcnl ly  (e.g,, along the Guaje Pumice 
Bed: although not cvidcnt in this figure, 1atEnl flow from thc center of the mesa sL$~~atts 

when it cncomIcrs the lntcnl flow from Pajdto b y o n ,  Finally, Lhc bottom figure 
illusmtcs the eff'cct h t  fncrurc pm@cs (modclcd as il quivdcnt  continuum) have on 
moving watcr downward through the b u d t  

As n rcsult of this analysis, it was determind h t  the fncturc propCrCifi for the b i t a t  
would be used in the f m d  three-dimcnsiond computations, given that this would ilffcct the 

shoncst tnvcl  h c s  to the rcgiond aquifer. 

cs and &g&& t 

As discusscd in some d e b 1  in Section 2.1.5. there apptys to be evapontion occuning 
decp within M e s h  del Bucy, most liiicly along frJeruns and the surge Mi at the basc of 
Unit 2 of the Tshircge Mcmbcr of the Bandcliu Tuff. A sct af hvcdimcnsiond FEHM 
calculations w u  conducted to modcl rhc cffccts of evslpontion from the mesa sides. within 
f n c r m s  in Units 2 and Ivu, and within the surge bed< at the base of Unit 2. The 
compurational grid rcprcscntcd a 2 5  rn wide, 5 m t311 blwk of WT, Cirhcr Unit 2 or Unit 
1 vu. using the avenge propertics previously Oiscusscd. The genersll configuration is 
shown in Figurc 3-15, The top boundmy reprcscnts thc mesa top, the dght b u n c h y  
represents the mesa wall, and the Idt bounchy reprewits the intcnot of thc m e w  
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evaporation CLW. This comspondcd with an order-of-magnitude decrcasc in the net steady I 

infirration ntc, 

Unit 2 

-A-  - Inflltrntlon 
+ MOM Edge - )c - lorn frtrcturo spoclng - 5m tracture spaclng 

Figurc 3-19 Resulting Saturation Profiles for Evaporation dong a hlcsn 
Edgc (right side) and from fmcturcs with 5-m and IO-rn spacing:, 
Unit 2, 

Another cdculauon WLS pcrfomcd to mimic evaporation within the surge beds at the base 
of Uni t  2. abutting Unit lvu. The two layers were modeled with their appropriate 
hydrologic propcnks and thicknesses. Uniform hfilaaaon at a rate of 0.1 c d y r  (0.4 
in./yr) was applied along the uppcr boundary. The surge bed was modeled ;1s a region of 
low sirurntion again corresponding to ;1 relative humidity of 50 percent. Figure 3-20 
shows the steady-snte saturation for this c u e  c o m p m d  with rt no-evaporation cut. 
Saturntion values throughout both units wcrc significantly lowcrcd by thc fixed low 
s:irur;ltion at the intedace. 

These simulxions indicate that cvapondon along fncturcs and surge beds can conmbute to 
significant drying of Units 2 and 1 vu, possibly causing the very low saturations seen in 
these uniu, 

3-53 



20 
n 
E 
Y 

= s 10 

0 

--a--lntlltratlon only 
-Evaporntlon from 'surge bed' 

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 
Sutunition 

Figure 3-20 Resulting saturation profile for evaporntioc dong the "surge 
beds" a t  the Unit Ylvu interface compnrcd to that for infiltration 
alonc. 

s & p m  Fi(( & Co- 
A study \v3s conductcd using FU-IM to investigate the effect of fmcturc fills and coatings 
on moisturc flow through the MDA C subsurfxe.l'b T h e  model is illusuarcd in Figure 3- 
2 1 with a single vcrdcd fr~cturc ccntcrcd in an otherwise uniform block of matrix usigned 
the propcrcks of Unit lvu. There wcrc four puts of the systcm: the matrix, the frxturc. 
the frtlcture coating arid thc frxturc tiH. The f n c t u n  aperture and spacings arc avenge 
vdurs from local mcuurernents. The frxtun w u  modeled with hydrologic propertics of a 
highly porous and highly permeable sand, 

When present, frmun coating and hcture fdls were assigned clay pxmekrs from the 
litcrtrtun because there tlrt no values avidable for the local clays and cdiche~. 
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Figurc 3-21 System configuration for frncturc f i l l  and coating study 

Two different inflow conditions were uscd at the top of the fmcturc. Onc assurncd a 

constant rate of5 c d d a y  (2 in./day) to r c p k r n t  un extrcmc event for a single day. 

Iiowcvcr, this inflowrate was applicd for thc entire timc period of the simulations, oftcn 
up to IO0 days. The other inflow condition used was il ponded condjtion at the top of the 
ftacturc applied for 0.5 days, followcd by removal of the source, This was cffcctivcly M 

infinite source of water for 0 3  days, 

The following variatiom werc considered, with tbe results indicated: 

0 No coatins, no f i l l :  no fracture flow; 
Continuous frnciurc coating, no fill: fracture flow only when hydraulic 
conductivity of the coating was four orders-of-mapkudc less t+an the 
conductivity o f  the matrix; 
Discontinuous fracture coating, no fill: insignificant fracture flow beyond br& in 
coating; 
Continuous fracture coating, fil l  within fracture: no fiacturc flow; 

Continuous fracture coating, f i l l  at top of fracture: no fracture flow; nnd 

No coatiny. f i l l  within fracturc: no f r amrc  flow beyond Ell. 
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This study supports the conclusion that fractures will not sustain liquid flow under the 

conditions modeled, whkh  represent conditions at MDA G. 

&f Pcmrccrhilin~ MnrriwFructvrc Flaw 

A 1 .dimensional sensitivity anolysis wis conductcd with FEHM to dctcrminc whcthv 

including fractures in the upper units ofMcsiul del B u q  would result in fastu flows.. 

Both sttady-statc and transient infiltration patterns were evduattd. Also, the hydraulic 
conductivitics of each Seologic unit (no fractures) in the I-dimcnsiod column were 

varied within the rang,c of field data to establish the minimum and m;udmum tnvcl timcs 
through the units, 

These pnrarnetcr studies were performed using a 1 m (53 fi) wide, I-dim~n~ioad cross- 

sectional column of thc three-dimensional grid. Two base-we cdculath.~ were 

performed usins the unit-averasc matrix propcnies a s i p c d  in thc 3-dirncnsiod 

computations; one calculation rcprcscntcd the undisturbed tuff With n 1 m m / ~  (0.04 

h/y) infiltration rate, while ;L sceond rcpresentcd the disposal pits with n 5 ,s  mmly (0.22 
h/V)  infiltration rate. 

The stcady-statc, motris-only (Le,, no fractures) calculations based on thc assumption that 

the unit-average hydraulic propenits listed previously applied, The results represent the 

nveragc trnvcl time throuph thc cntirc column. ,Minimum groundwater travel times 

throuph each unit wcrc calculated by assignins the m;lsimum measured saturated hydraulic 
conductivity; ma..imum tnvcl times through each unit W C ~ C  calculated by using the 

minimum measured value, Each unit ws evaluatcd separately, With all 0 th~ units 

maintaining the averagc values. Maximum ;ravel times through the atire column were 
also calculated, by assiyninp a11 unhs their respective minimum conductivities, Thc 

averase, minimurn, and m x h u m  hydrologic propcnics used h the analysis an listed in 
Table 5-1 1 I 
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Tablc 3-11 Saturated hydraulic conductivity ranges for geologic materials 
I 

I Geologic 1 Kmt (m') I 
t Minimum M o m  Maximum I M:itcri;il I 

Crushed Tuff 1 ,OSE-l? 2,95E-13 9.40E-13 

Unit 2 9.63 E- 1 4 4.46E-I 3 4,01E-12 .. 
- Unit lvu S.48E-14 1.5 1E-13 1.01E12 

I I I 

unit Ivc 2 1  8E-14 1,70E-13 I 1.49E-12 I 
Unit lg 3,44E-l4 1.92E-13 4.47E-12 

C e r o  Tolcdo 5.3 9E- 1 4 S.S2E-l3 4.93E- 1 2 

Otowi Mcmbcr I 1.26E-14 2,53E-13 8.94E- 12 

Guajc Pumicc I no data 1.53E-13 no data 

Basalt I no data 1.00E-13 no data 

Mcr basc-casc flow ficlds werc cstablishcd for the W O  columns, fracturc pumetcrs wcrc 

added to Unit 2 and Unit lvu in the undisturbed tuff column, and to Unit Iw in the pit 
column (Unit 2 is pcnerdly cntircly cxcwatcd for disposals). Fractures wcrc modeled 
using the dud porosity/dual pcrmrttbility option of FEHM. The fracture spacing and 
upenurc wcrc assigncd vslues of 1 , l S  m (3,s !I) and 3 mm (0. I in), rcspcdvcly, bascd on 
field mcasurcmcnts. Scvcral valucs for van Gcnuchtcn propcrtics Tor Gacturcs wcre 

cvdutltcd. In dl but one casc, the moisturc flow in the matrix was lrvgcr (by IO to 

100,000 times) thrin the flow in  the fracture. The v;tn Genuclitcn parameters producing 
:he grcil:cst fracturc flow, which wns within the s:unc ordcr of mugnitudc as the matrix 
flow. wcrc a = 0.03 cm", N I , 5 ,  and K 7.5 x 10" cm'. The moisturc profiles for the 

unfracturcd and fractured intact tutt'columns wcrc ncarlp identical (within t ! ! cc  pcrccnt), 

as were thc groundwatcr travel times to the bilsnlts (less than 300 yeus, slower in the 

fractured column), 

Once a steady-state flow field was cstablishcd far the fractured columns, transient 
infiltration simulations were conducted. The trnnsicnt influation casc With the gre31est 

~ M U ~ I  percolation referred to prcviously provided input to thcsc calculations. Transicnt 
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infiltration into Fracturcd and unfractured columq was d d 3 t e d  for D period of about 

S,OOO years. Moisture as a function of depth was compucd bcwca thc fractured stad!'- 

state and fractured transient ~ S C S ,  between thc trmient fractured md non-frilcnud 
simulations, and bctwccn fractures and the matrix in the fiacturcd transient Simulations. 
The results of this study showed th3t ftrtcture flow was not sipficant h ~c stcidylmtt 

simulations. Nor did fracture flow sip%cantly dter flow fields or transit t b e s  h the 

transient simulations, Bucd on these results, it was determined b t  the two-dimmiond 
models uscd in othcr parameter studies, and thc rhrcr-dimwiod modd used to calculate 

vndosc-zone transport, cauld rely on the stcndy-statc approximation. While fractures in 
the upper tuff units wcrc shown to bc inconsequentid to thc find resultS in the o n e  
dimcnsional column studies, the thrcc-dimcmiond model did include fmwe*typc 

propenics for thc basalt to force rapid transport through this uachmcterhed layer. 

3.3.z.: Rcsulr.~ of rlrc Vohsc Zonc TrunspoH Calcularionr 

The 2-dimensional vadose zone transport calculations wcrc run on a subset of 
radionuclides that wcrc rspected to bc trlvlsponcd in the shortest p&od of time due to 

thcir low sorption coeficicnts, This subset includcd '"C (Ecd=O),*? (IidmO), 

(Kd-0.15 1-7.9, 99Tc (Kd-O), and 3"U (EldC434,S3). Thc base C;LSC featured ~1 steady 
flow field: 5 m d y r  (2 in./yr) for the mesa top, 1 m d y r  (0.4 in,/?) in Cfiada del Bucy, 
and 50 m d y r  (20 in./yr) in Pajarito Canyon, The calculations wcrc ,w for a p&od of 
10,000 years to cnsurc an understanding o f  thc long-term potcntid for aqucous-phose 

transport. Both vertical f lus  to the water table and lateral flux to the men sides WCTC 

examined. This calculation showcd that only the completely nonsorbing (k, KdRO) 

nuclides wcrc transported to cithcr thc water table or to the mesa side over a 10,000-yty 

time framc, This result enabled the elimination of the rema.ininp nudides from further 

eonsidcration, becausc thcir sorption coeficicnrs are l q c r  than those of dthcr "'Np or 
3wU. This screening technique includes thc consideration of lrll dau@tcr products in the 

37y 
p 

tadionuclidc decay chains, 
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Trrtnspon calculations wilh diffcrcnt flow ficlds using thc maximum flow ficld werc 

performed to understand the sensitivity ofthr results to thc pcrcolation boundvy 

conditions. (1 0 m d y r  for thc mesa top. 5 mm/y in Cdridn del Buey. and 100 mdyr in 

Pajarit0 Canyon) wcrc pcrformed to ensurc conscrvatism h the model. Again, neither 

radionuclidc w u  trmsponed to the rcgiond aquifer or to thc sidcs of the mesa whhh 

10.000 ycurs. 

. I*?- 
) . J . ~ . - .  1 Vcnical Transport toward thc WntCT Table 

F i p c  j-22 shows thc total timc-dcpcndcnt flux of "C from the vadose zone to the 

satunwd zone for thc 4 invcntop scgrncnts considcrcd in thc CA, refcrrcd to ;IS: 1957 - 
19iO (Oldest). 1971 - 1988 (71-88), 1385 - 1995 (Historic), and 1996-204 (Futurt). 
Thcsc rcsults arc from the bast csc.  stcady flow field, Thc time of h v d  and shape of 
the f lu s  cwcs for p"Tc and '"I arc qwlitrrtivcIy similar to and bounded by "C c w c s ,  

For c x h  nuclide and each waste c;ltegory. thc flus incrciuscs through the 1,000-ycu 

cumpliancc pcriod. Beyond 1.000 ?cars out to 10,000 y c m .  pcak fluxcs have bccn 

capturcd for dl nonsorbing radionuclides. No otlicr radionuclides rcnch the saturated zone 

Lvithin IO.000 yexs.  

*.. 

* !  

Figure 3-22 Total Flux of "C from the vadose zonc to  thc saturatcd zone from thc 
four sourcc rcgions. 

3-59 



Figurc 3-23 illustrates thc effects of the various flow conditions considered to bound the 

b s e  c s c ,  using ””I flu curves as an example. The legend on thc figure lists the 

infilmtion bounm conditions, in mml~,  on Mesh  dcl Buey, in Cxh& del Bucy, ;md in 
Pajuito Canyon. For csmplc,  thc base c s c  of 1 d y  (0.04 in./>’r) in Cdnda del 

Bucy, 5 mm/yr (0.2 in./yr) on Mesiu del Buey. and 10 m m l ~  (0.4 h./yr) in P3j;Uito 

Cumyon would be identified as 5-1-1 0, The peak flus for the high-flow case (k., 

10 - 5- 1 09) occurred at about 1.000 y c m  compmd with about 2,5000 yevs  in the base 

case. ;md had higher concentrations than the base case. Conversely. the peak flus in thc 
Iow-flow (ix., 1-1-20) calculation occurred several thousand ycm later than the base 

CUC. and thc lower-concentration flus was dispersed over n much longer period of timc. 

H 
7 10 .’’ 
LL 

10 ‘I’ 

j I ;  iI f * -  

0 2000 4000 6000 8000 10000 

Time (yr) 

Figurc. 3-23 fluxes at thc bast of the vudose zonc grid for scvclul vuriutions in 
flow ficlds 

j.S.2.2.2 Latcrd Transport towud thc M e a  Sides 
Thc lateral flux through the mcsa sides adjaccnt to Cahda del Buey (nonh) and Pajxito 

Canyon (south) for the b u e  c s c  arc shown in Figure 5-24, using “C as an csmplc: 

fluxes for YC and ‘‘9 arc qualitatively similar. Fluscs associated with the lateral 
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transport of radioactivity from the 4 individual source tcms considcrcd in thc CA [;.e., 

oldcst ( I  957-1 97U). 1971 -1 988. historic (1 988-1 9951, and future (1 ?96-204)], which 

includes the 2 considcrcd in thc PA [k., historic (1 988-1 995) mnd future (1996-2044). 
Thcsc calculated flux valucs arc cxpcctcd to grcotly ovcrcstimatc the true flu that might 

occur. Thc simulated latcral m s p o n  of thc nuclides occurs because of thc cvapontivc 

boundary condition imposcd along the mcsr! sides. Thc vcry lowQ. fixcd sawation along 

b e  mesa sidcs C ~ U S C S  ;1 strong lotcrd prcssure gidient which pulls water from the mesa 

interior tcnvxrd thc cdgcs. This model ignores the cvaporativc processcs that apparently 

occur within the fractures and surgc bcds, as discussed in Section 2.1 $5.  Thc cffccts of 
thcsc dccp-mcsa cv:iporrrtivc processes would hc expsctcd 10 weakell the 13ter;ll pressure 

grdicnt cwscd by cvaporation at thc mesa sidc. 

Additional con:;erwtism in thc lntcrd-flux pathway is introduccd by h c  uwmpt ion  that, 

immcdiady upon rcaching the cdgc of thc mesa. thc radioactivity is instwtancously 

trmsponcd to thc canyon alluvium. In rcalip, radionuclides would accumulate dong the 

mcsri cdgc rather than moving beyond, as water cvaporatcs leaving the hcavy, non- 
volatile solu~cs behind. 

Figurc 3-24 Lateral “C fluxcs along thc north (Icftj and south (right) walls of 
Mcsita del Bucy from thc 4 CA source scgmcnts 
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Figms 3-25 shows the pcncric water fluxes calculated at thc b s c  of the \*adosc zone 
following htcral amport toward thc south rim of the mesa adjacent to Pajarit0 Canyon 
and toward the no& rim adjacent to Cailadn del Bucy, Scpuntc cdculntions wcrc 
pcrfomcd for thc two canyons. For Pajarit0 Canyon the pcrcolation mtc was SO mm(y 

(2 in,/y), and for Cahda del Bucy the pcrcolation rate was 1 mm/>~ (0.4 h./)~). The flus 
\vas applied o v a  arcas in the two wnyonr; adjaccnt to thc hisronc pits. Fig= 3-25 s h o w  
thc resulting flus histories at the bue  of the vadose zone for ~e base WC. As the f i g w  
indicatcs, much larger fl~scs occur dong the south wd1 ndjacent to Pajarit0 Canyon. 

In  addition to thc bsc case, high- and low-flow boundw conditions WEE considered in 
the latrr;ll-transport pathway analysis. Larger and smaller flusts occurred carlicr md later 
for the high- and low-!low cases. respcctivcly. These two cases, dong  with thc base cue.  

wcrc run to bound thc possible conditions at thc sitc. Again, cvcn the low-flow csc, 

which produces thc smallest f l ~ c s ,  is considcrcd conscndvc  relative IO what might 
rcally bc espccted to occur. 

The gcncrk fluxes shown in Figure 5-25 wCrc rnultiplicd by the scding factors listed in 
Table 5-12 to dctcrminc the fluxes for the "C, ""Tc, and 
thctors for the low-flow. b u c  cue ,  and high-flow boundxy conditions. 

Thc tddc lisu the scaling 

1 

-South - -North : ! 
i h  I 

0 2000 4000 6000 8000 10000 

Tlmc (vr) 

Figure 3-2s Ccneric fluxes ut bnsc of grid from lntcral fluxcs through north and 
south mesa walls, then transported verticaIIy, base case 
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Tublc 3-12 Scaling factors to correct gcncric conccntration breakthrough CLINC for 
c:rch nuclide and wrrstc categoF for thc busc case, und low- and high-flow@ ficlds 

l29 '"TC 
.. 

T 1 1 ! - L  __.._ , _.., Busc Low 
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3.3.2.3 Saturated Zonc Tramport Model 

The chanctcristics of thc rcgional aquifer considered in modeling saturated U U S ~ O R  of' 
radionuclides in the aquifer wcrc prescn:cd in Section 2.1 5 ,  A :-dimensional 

compu:ational grid was dcvelopcd for aquifcr flows in ;I southcastcrly direction toward 

thc Rio Grandr river, nic FEHM codc u u  uscd to calculatc saturated vmsport through 

thc grid. Thc regional aquifcr is assumcd IO be contained by the Puye Formation, this 
formation consists of volcnnic debris with cobblcs, rocks. and boulders in P matrix of 

silts. clays. and sands. 

Thc model 0.1'the saturatcd zonc v.xs simplc, commcnsuratc with the rc1a:ivcly limited 

data available for rcgiond aquifer bcncath MDA G, Only thc upper 100 m (330 ft) of the 

rcgional aquifc: was modcled, A 3-dimcnsiond rtxtangulu box \vas defined that 

cstcndrd from thc westcm end of MDA G to thc Rio Grrvldc rivcr. The box was oriented 

approsimatcly pcqxmliculu IO thc a w m e d  goundwatcr flow potential, Thc region 

rnodelcd was 9,800 m (22,000 fi) long. 1,300 m (4,000 ft) widc. and 100 m (230 ft) deep. 

Figu:c 2-33 is a diagram o f  the computational domain. 
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Figurc 3-26 Comput:ltionul domnin of the P u p  Formntion for saturated trunsport 
calculations 

Tttc computational grid \vas rectangular. defincd by a to td  of 19.580 nodes. The top. 
bonom, north side, and south side of thc grid wcrc usigncd no-flow boundap conditions 

to rninimizc lateral dispersion and dilution. The c x t  and wcst sides of the grid WCK 

assigned fixed h>ednulic pressures corresponding to &he assumed gradient. Figurc 5-27 
shows the computational grid used in the :-dimcnsiond s a m t c d  zone calculations. 

Flow \vu modeled as homogcncous and isotropic with il vclocity of 5.0 s 10" d s c c  (52 

Wyr). Hydrologic propenics d o  coarse sand wcre assigned to thc Puye Formation. with 

an intrinsic pcrmcabiliv of 3.7 x lQ''2 m2 (S.1 x 10"' rt-') and a porosity of 0.25. The 
diffusion cocffjcicnt for thc saturotcd zonc was assumcd to bc 1.0 x 10" m%cc (1 .O x 10'' 

f?/scc); with a dispcrsivity of 20 m (66 ft) in the direction offlow and 2 m ( 6 6  ft) 
trmsvcrsc to thc flow, Thc arm bcncnth MDA G was reprcsentcd by grid clcrncnts that 

are 20 m (65 fi) wide in the direction offlow and ij rn (144 ft) widc in the direction 

purpendicular to the flow, 



a 
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Figure 3-27 Three-dimensional finite clement grid wed for thc soturmd zonc flow 

and transport calculations, 

The flux of radionuclidcs cdculntcd by thc vadose zonc transport model was input into 

thc nodcs rcprescnting MDA G. Thc fluxes were dcscribcd by 28 spatial footprints, so 
that the spiltid distribution produccd by the v ~ o u s  sourcc rcgions w&s maintained. As 

an illustration of the intcrfacc of' the vndosc zone and saturated zonc calculations, Figure 

3-28 shows thc conccntmions of ImI arriving at the base of the vadosc-zone grid at 1 ,OOO- 

ycm. Concenmtions for the 4 inventory segments considcrcd in the CA arc rcprcsentcd 

separately. Similar rcsults were calculated for "C and "cc. The plume from thc oldest 

inventory is Iargcst at this timc, as the disposal units conraining this inventory ut on thc 

eastern cnd of Mcsita dcl Bucy and are lowest in the stratigraphy, 

z 
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(a) Oldtsr (b) 71 to 88 

(c) Historic (d) Future 

Figurc 3-34 Ftusei of '"1 rwching thc hu.c;c. of the v:idw zone grid ut 1,ooO yews 
for thc four diffctent saurce rcgions. bise ww 

3.3.2.4 Nu$ull.v of t h p  Saturated Zone TmnspoH Calculoh'ons 
Figure 3-29 shows conccntntion profiles at two Iocc3tions in the uturntcd zonc. using thc 

base-case vcrticd flux of'*) from thc historic inventory i ~ s  an cxamplc. Thc two curves 
rcprcscnt thc po in t  of maximum dose and the 100 m (330 ft) downgmdient cornpliancc 
poini. Thc two CUNCS have the same shape. but thc lower conccntrdons 100 m (330 f t )  
downpdicnt location reflect the additional dilution and mixing that occurs;. Aquifer 
dilution of vadose zonc conccntntions is approximately P factor of500 bctwccn the 
m u i m u m  vadose zonc conccntration and the concentration at thc 100 m (330 ft) 
downgndicnt cornpliancc p i n t .  

3-66 



Figure 3-29 "'1 conccntrations in the sntumtcd zonc for at tbe point of maximum 
concentration und ut the 100-m downgradient compliance point with thc base 
CHSC vcrtical tmnsport through tbc vadoac zonc. 

Figure 2-30 shows thc groundwater conccntmtions rcsulting from thc lateral transport 

p3thw;ty. Thc thrcc groundwater flux c w e s  rcprcsent the timc-dependent aquifer 

conccntrations at the location of masirnun dosc for the base case (5-1-50). low-flaw 

case (1-1-20). mc! high-flow c s c  10-5-1 00. Thcsc gcneric fluxes were scaled by thc 

approximate peak flux values listed in Table 3-12. The b u c  CLYC breakthrough curve 

rtscmbles the mesa-side fluxcs. with ;1 lag time of approximntcly 50 y c m  for 

radioactivity to t r ~ c l  through the vadose zonc at the canyon flow rate of 50 rnm/>~ (2 

inJyr). For each of the thrcc vadosc zone flow cases, this pathway results in higher 

aquifer conccntrations than the downward pathway durjng thc first 1,000 y c m  bccausc of 
the ;~ssumption of instantaneous transport irom the mesa sidc to the canyon alluvium, 
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Figure 

0 - -  

Timr Lvr) 

Groundwrrtcr concentrations in thc saturated zonc bcncath Psrjarito 
Canyon, for thrcc flow fields 

3.3.2.5 Groundwater Protcctiun Ana/ysiF Dose Projccrions 

T h e  dose projections for the groundwater protection analysis cstimatcd the ndiation dose 
rcceivcd by 3 hypothetied person assumed 10 use the rcgiond aquifa as a source of 

drinking watcr. The potential doses depend upon thc ndionuclidc conccnmtions in the - 

aquifer. the quantit?, of watcr consumcd. and thc radionuclide dose conversion factors, 
The radionuclide conccntrntions in the aquifer were taken directly h m  the results of thc 

s tunted  zonc modeling. The aquifer modeling results w m  evaluated to idcnufi the 

location whcrc the potcntial dosc from thc consumption of water was grcrrtcsc, &ng into 

account dl radionuclides prcsont in the wtcr. 

Thr receptor was assumed to consume 730 L (1 S9 gal) of wntcr ymudly. dl of which 

~ 3 s  assumcd to comc from the contaminated aquifer. This consumption m e  is consistcnt 
with the levcls of usage prescribed by safe drinking water regulations. 

333 All Pathways Analysis 

The 311 p a t h ~ y s  analysis considered the potential impacts of radioactivity released f k m  
MDA G for thrcc receptors, The approaches used to modcl the transport of ndioactiviy 
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miscd IO B dcp$ of 0.15 m (5.9 in.) in thc unconminatcd m y o n  soils. 

All radioactivity transponcd Intcrdly from the disposal units to the sidcs of thc mesa was 

assumed to bc cmicd  by su r f xc  runoff into the canyon helow. The radionuclides in the 

watcr wcrt transponcd to thc rcgional aquifcr, which wpas ;issumcd to bc thc rcccptor's 

sole sourcc of wntcr, 

The modcling approach uscd to cstirnatc doscs for thc 311 ~athwa>~ analysis at the point of 
masimum srmosphcric cxposurc has bccn discusscd in Section 5.3.1, The projccted 

doses for thc dl p3thw;iys an;llysis at thc point of rn;iximum groundwater cxposurc 

dcpcnd upon thc radionucIidc conccntrations in thc aquifer, thc lcvcl of usngc of this 
rcsourcc by the rcsidcnt, and thc rddionuclidc dosc convcrsion factors. Thc lcvcl of 
rcsourcc utilization nssumcd for thc malysis was idcnticnl to th3t  discussed culicr for thc 

air pathway analysis, Thc dose convcrsion factors and thc application of thc 

MICROSHIELD computer codr to thc dosc mdysis YC also thc m e .  The assumptions 

rcgxding resource utilization and thc application of thc dose factors wcrc thc samc for 

the canyon rcsidcnt CLS well. Dctailcd discussions of the modcls and data uscd in the a11 

p3thw;lys ;~nalysis can bc found in Appendis 2c. 

IO wo of thcsc locations, the points of rnx&-m.un graundwatcr csposurc and annospheric 

csposurc, hnvc bccn discusscd above, Thc third all pathways receptor location. in 
Pajarit0 Canyon, w u  usumcd to become conmina ted  whcn surface runoff a m s p o n c d  

conmination from the top and sides of M e s h  del Buey into the canyon. The tllichcss 

of conminat ion rcmovcd m u a l l y  from the top of thc mesa NU sct equd to the surface 

erosion rate of 7.0 x 10" m (2.3 x 10" fr). which was cdculatcd in thc surfacc-water 

urnsport model discusscd earlier, The conminacd  scdimcnt w3s ssuned to bc sprcad 

ovcr an uca  in the cimyon cquisaicnt to thc arc3 of conmination on thc me= top, and 

0 
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4. RESULTS OF ANALYSES 

This scction prcscnts thc dosc projcctions for thc incmbcrs of rhc public living in thc 

vicinity of MDA G, Thc rcsults of thc dosc analyses for both the PA and CA arc 

discusscd, dong with ;I scnsitivhy and uncertainty analysis performed to bcttcr undcrstond 

thc rcsultmt changes, Finally, the application of M ALARA analysis to MDA G is 

discusscd, which cvduatcs ccrtain options to funhcr minimize projcctcd doscs from the 

facility. 

4.1 RESULTS OF THE PA DOSE ANALYSES 

Thc results of thc PA dosc analyses arc discusscd in tams of thc various cxposurc 

pathways considcrcd to dcmonstratc compliance with the public-protcction and 

groundwatcr-protection pcrformancc objcctivcs. The invcntory addrcsscd in thc PA dosc 

andyscs is wastc disposed of sincc Scptcmbcr 26, 1988 projcctcd through thc ycar 2044. 

The char;lctcristics of thcsc tvnstcs wcrc summanzed in Section 2,3.3. For cach cxposurc 
pathway cwluatcd, Tnblc 4-1 summarircs rhc time, loe;~tion, and cxposurc routcs 

considcrcd in each phase o f  thc analysis, dong with thc applicable performancc 
objcc t i vc( s) . 

4.1.1 Hcsults of Air P:ithw:iy Analysis 

The air pathway analysis was pcrf'ormcd to evaluatc thc potcntiol dose to a hture member 
of :he public as a rcsult of airborne rclcascs from MDA G and of the flux of radon gas 

from the suf'cc of the disposal fiicility. Thc sourcc tcrms for thc air pathways wcrc 

prescntcd in Section 3.1.1, and include radioactive gascs and rcsuspended sufacc 
contamination resulting from biotic intrusion: 

Thc modcling of atmosphcric dispcrsion of radioactivc gslsts (excluding radon) and 

sufiice contaminants described in Scction 3,3.1 identified the channeling cffccts of the 

complcx mcsn-canyon tcrrain, discusscd in Scaion 2.1. Doscs wcrc dculatcd at thc point 

of maximum atmosphcnc concentrations and in White Rock, which is thc ncmst  
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Table 4-1 Summary of erposure palhwajs and perrorrnanre ohjecfivcs 

'albrrry 

Lfr 

Croundmrlcr 

lperafiorul, Institutiorul- 
:onirol, and Industrial-Use 
' C i i d S  

)pcralio;lal, Instituticd-Control, 
tnd Irdwa-Usc Periods 
3peration.d and lnstikilional- 
Ccnlrol Pcriods 

Dpcratiod 2nd Iastirutioml- 
Control Pcriorls 

beation of Aswsrrntnl 

100 m csst-soukast of MDA G 
and Pajarito Canpn 

3iporurc Routtr 

ngedion of f d  c r o p  grovn in conmircited 
soils and contminitcd by airborne radicuctiiity 

'ngation of ccnlamin.~kd soils 
Irhlation of airborre rrtdicuci\ity 
Direct radiation from aiibomc radioacthit)- 
Direct radiation from conlaminaled soils 

Radon flux from the undidrubcd d i s w l  sile 

Ingestion of drinkirg m c r  

Ingdon of drinliing aater 

Ingestion of food crcp irrigated uirh s x l l  uakr 
Ingestion of meal and miLk from animals rntcrcd 

Ingestion of canldrnirukd soils 
Direct radiation from aihrne dust 
Dircct radiation from contaminalcd soils 

with well Hater 

Ingaion of drinking rialcr 
lngcstian of food crops g r o w  in cont3rninatu 

Ingestion of mi and milk from animals rratcrcd 

lngution of contamirsd soils 
Dircct radiation from aihrne dust 
Dircxt radiarion froni conlaminiled soils 

soils a,nd'or inigald Hi th  w I 1  H a w  

mi& wdl uatcr. 
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population ccntcr: thcsc locations wcrc idcptificd in Section 3.2.1. Maximum 

conccntrations of airborne radioactivity wcrc in Cailada dcl B u y  approximatcly 500 m 
( 1,600 A) to the north of ?ADA G during both the 100-ycnr institutional-control pcriod 

rind :he subscqucnt 900-year industrial-usc periods, Thc sourcc tcrm during thc 

institutional-control pcriod was limitcd to radionctivc sas and vapors, assuming that sitc 

maintcnancc activities would protcct against biotic intrusion, During the industrial-use 

period. biotic translocation as a source ofsurfacc contamination was includcd in the air- 

pathway analysis, nssuniing that thc sitc is less risorously maintained. 

During thc institutional-control pcriod, thc projcctcd dosc duc to inhalation of 

contaminatcd gas w;is 6.6 x 10’‘ mrcm in Cofind;i dcl Bucy and 1.6 x 1 Om2 rrlrcm in Whitc 

Rock. Thc projcctcd doscs wcrc duc almost csclusivcly to inhalation of .” (as water 

vapor), with ’‘C (as carbon dioxidc) contributins only 1 pcrccnt to thc dosc, Thc pcnk 

doscs occurrcd at thc end of disposal opcrations, in thc year 2044. becnusc inventories of 

?-I werc highest at this timc, 

Projcctcd air pathwily doscs wcrc considerably hishcr during the industrial-usc pcriod, duc 

to rcsuspcndcd sur fxc  contnmination rcsulting from biotic translocation. The projcctcd 

doscs from ntmosphcric transport of suspendcd surfacc contamination during the 

industrial-usc pcriod arc shown in Figure 4- 1, Pcsk projcctcd doscs in Cnilada dcl Bucy 

and Whitc Rock wcrc 9.1 x 10” mrcm ;ind 2.2 x 1 V3 mrcm, rcspcctivcly, occurring at thc 

bcsinninp, of tnc industrial-usc pcriod. 

The radionuclidcs that contributed to the pcak dose during the 1,000-ycar compliance 

pcriod arc shown in Figurc 4-2, lsotopcs of americium, plutonium, and uranium account 

for more than 95 percent of thc total dosc, lnhnlation of contaminated dust accounts for 

esscntially all of the projcctcd cxposurc. 
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Figure 4-1 Oflsitc :lir pattiwry doscs during thc industrial-use period for the PA 

I 

__1-- "1 I 

Figurr 4-2 Ridionuclidcs contributing to offsite air pathways dosc during 
industrial-use period for thc PA 

Thc radon fluscs calculntcd for the PA inventoy arc presented in Table 4-2. Results arc 

listcd for both %n and '%n calculatcd grow into the inventory 11s 

decay. For wastc drcody disposcd of in pits, -Rn fluxes rcmrtined rclativcly constant at 

1.1 x 10" pCilm'/s (1 ,O x 1 V' pCi/ft%) ovcr thc rcmnindcr of disposal facility operations 

and ='Ra 
.m 
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3'R" 
(pCi/rn'/s) 

D is posd 

Invrntory 

(i,c., until 2046), dcclining thcrcaftcr throuphout thc 1,000-ycar compliance as the "%a 

decays. Vcry s1igh:ly highcr "'Rn fluscs wcrc projcctcd for the fururc pit waste, with thc 

pclik flux of 1,7 x IO" pCilm'/s (1 -6 x 10" pCilR'ls) occumng at thc end of disposal 

opcrations. \!'hilt '"RT fluxes dominntcd thc radon cmanntions from pits, =%n 
dominated the radon flux from shafts. Thc maximum projcacd flux of %n was 3.1 

pCi/m'/s (2.9 x 10" pCi/R'/s), from thc existing shafl inventory, comparcd with ;1 

maximum "'Rn flus of 2.5 x I OS2 pCi/rn'/s (2.3 x 1 U' pCi/A%). Smallcr radon fluxcs 

wcrc projcctcd for shaft wilstc cstritpolntcd to rcquirc disposal in thc Future. 

9.7- 

Z2Rn Totiil 
(pCi/m'/s) ( pc i/m'/s) 

Esisting waste O.OE+OO 1 . 1  E-01 

Fu t u rc waste O.OE-t.00 I,7E-0 1 

r- D is p o s I S Iw fts 

1.1E-01 
1 .E41 

Esisting waste 

Futurc waste 

4.12 Results of Groundwater Protcction Annlysis 

The sourcc :crm modcl for thc PA groundwntcr protcction analysis w3s dcscnbcd in 
Section 3.1.2 as thc surfircc-contnminntcd scgmcnt of the invcntory summarizod in Scction 

2,3.3. Doscs duc to thc direct ingcstion of groundwatcr earnctcd from thc rcgional 

aquifer w r c  calculatcd at the point of mwimurn offsitc radionuclidc concentration and in 

Pajnrito Canyon, lls idcntificd in the Scction 3.2.2 and Section 3 . 3 2  The projcctrd doscs 

for thc groundwatcr protection analyses pcrformcd 100-ni downgradicnt from MDA G 

and in Pajarito Canyon oppositc M D A  G are shown in Figures 4-3 and 4-4, respcnivcly. 

The analysis was performed ovcr a pcriod of 10.000 ycars post closurc to providc 
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rcasonnblc assurmcc that the groundwater protection pcrformance objcctivc could bc mct 

dcspitc sipif cant unccrtaintics in thc modcling. Projcct goundwatcr inststion doscs arc 
small, with only thrcc contributing radionuclides, “C, y”rc and ’% Thcrc wcrc no off‘situ 

doscs from the groundwstcr pathway during thc institutional-control pcnod, bcwusc no 
rndionuclidcs wcrc transported beyond thc currcnt TA-SJLAXL boundary within 100 

years. 

At thc location 100 m (330 ft) downgradicnt from M D A  G, the peak annual dosc was 1.4 

x 10-5 mrcm. Thc pcnk occurrcd beyond the 1,000-year compliance pctiod, at 4,000 

ycars. Binety-cight pcrccnt of the dose at this location was duc to “C and ?c, cach 
contributing cquully. Thc remaining 2 perccnt was duc to ingestion of ’?.The mmimum 

annual dose calculatcd in the groundwatcr protection analysis i v z i  4.5 x 10-5 mrem, 

occurrins at 700 ycars at thc Pajonto Canyon location, About 67 pcrccnt of thc pcak 
dosc was duc to “C, with w T ~  contributing 5 1 pcrccnt and 1291 contributing the 

rcmnindcr. 

-- .- 
(rlQ Im $ O Q ) 1 X O * O Q U O O 4 6 0 0 m w m A l O O m  

v m  8 1 m  IM .I W d w y  Chur 

Figure 4-3 Doses projcctcd for PA from ingestion of contnminntcd water dnrwn 
from the rcgionill :rquifcr 100 rn downgtdditnt o f  MDA G. 
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Figure 4-4 Doses projected for PA fr'roni ingcstion of cont;rmin;ttcd watcr dr:rwn 
from the regional ;quifer from wcll in Pnjnrito Canyon. 

4.1.3 Results of  AI1 P:ithw:rys An:rl)*sis 

Thc all pathways analysis cxamincd thc potcntid impacts upon mcmbcrs of the public as a 

rcsuh of radioactive rclcnscs to groundwatcr and to surfacc runoff. As dcscribcd in 

Section 3 3.3, surfacc runoff was nssurncd to transport surfacc contamination resulting 

from biotic translocation 9s scdimcnt into Pajarito Canyon. Thc a11 pathways analysis was 

pcrfo,mcd whcrc cxposurcs would bc mnxirnizcd, which diffcred dunilg the institutional- 

control and industrial-usc periods according to nssumcd Iandusc boundancs. Exposure 
routes considercd in ;hc all pathways analysis were: dircct ingcstion of contaminated water 

drawn from thc rcgional aquifcr, ingestion of foodstuffs rziscd on conuminatcd watcr, 

inhalation of airbornc radioactivhy, immersion in sirbornc radioactivity, ingestion of 

rcdcpositcd airborne radioactivity, and direct cxposurc from redcposited airborne 

radioactivity, Thc projcctcd doscs were dominatcd by the groundwatcr pathway. 

Outing thc institutional-controt pcriod, potcntiill doscs wcrc projected for B rcccptor 

locatcd ncar the town of Whirc Rock. Two locations wcrc considered during the 

industrial-use pcriod, one at the point of maximum groundwater conccntration 

downyradicnt of MDA G, thc othcr in Pajarit0 Canyon 0pposi:c MDA G. 
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No csposurcs arc projcctcd to occur for the a11 pathways analysis during the institutional- 

control pcriod, 11s groundwater triivcl times from MDA G to White Rock acccd  100 

years. The doscs projcctcd for two rcccptor locations considcrcd during the industrial-use 

penod arc shown in are shown in Figures 4-5 and 4-6, rcspcctivcly. Annual doscs at the 

downprndicnt location incrcasc to a pcek of 4.2 x 1 U3 mrem at 4,500 y m  post-closure. 

with ‘‘C and 99Tc makin$ approximately equal contributions to this dosc. Thc peak dosc 

at this location during thc 1.OOO-yc;lr compliancc period is 2.3 x lV7 m r c d > ~  due largely 

to “’C and to s Icsscr cxtcnt to  Y c .  Thcst two radionuclidcs are also rcsponsiblc for the 

groundwstcr doscs projcctcd in all pathways analysis in Pajuito Canyon. Sincc the trtlvcl 

time to the aquifer is shortcr via thc “out and down” pathway, p d  dose occurs carlicr, at 

700 ycsrs. Doscs dcclinc fiom the 1 . 3 ~  lo4 mrcm ma.x.imum for the rcmainder of thc 
10,000-year period. In addition to thc dosc associated with thc usc of conulminatcd water 

drawn from thc regional aquifer is a small dosc (roughly 2 pcrccnt of thc rnxchum) due to 

cxposurcs associatcd with 3”pPu in canyon soils. 

1E 

i e  
rc 

Figure 4-5 Doses projcctcd for the PA rrll-puthwriys anrrlyis from use of 
contnminirtcd water drawn from the regioniil aquifer 100 m downgrridicnt o f  

,MDri G. 
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Figure 4-6 Doses projcctcd for the PA all-piithwlrys an:rlysis from use of 
cont:imin;itcd water dr:iwn from n wcll in Paj:irito Canyon. 

The contributions of the various cxposurc pathways to this pcak dosc arc shown in Tablc 
4-3. At both rcccptor loc;itions, thc highest dosc contribution is duc to thc ingcstion of 

crops irrigatcd with contanlinatcd watcr drawn from thc rcgional aquifer. Thc sccond 
highcst contributing pathw3y is direct ingcstion ofgrountvntcr from thc regional aquifer. 

The contribution of thc consumption of irrigated crops to thc total dosc is expcctcd to bc 

over-estimated. Radionuclide conccntrations in thc crops arc dominatcd by radioactivity 

takcn up via thc roots followins thc dcposition of radioactivity in irrigation water on 

surfacc soils, While thc thrcc riidionuclidcs projcctcd to occur in thc imgntion (k, I4C, 
y’Tc, and ‘“1) wntcr arc highly mobilc, thcir concentrations arc projccttcd assuming a 

buildup timc in thc soil of 15 years. A morc rcasonablc pcriod of buildup for highly 

mobilc radionuclidcs is  cxpccrcd to bc on thc ordcr of onc ycar. Under thcsc conditions, 

doses from thc consumption of crops would dcclinc about 15 times. At thcsc levels, the 

consumption of drinking wntcr would bc thc primary contributor to thc projcctcd doses. 



T:tblc 4 3  Exposurc pathway contribution to peak all pathways dosc during 
institutionlll-control period for the PA 

Ex pow re P:i t h way Contribution to Peak Dose 
(mrcm) 

Percent 

Peak Dose 
, 

Downgradicnt Pajarito Cyn Downgrtldicn Pajarit0 Cyn 
t 

~- 

I nscstion of Watcr 

Ingestion of Soil 

lnpstion of Meat 
Inyestion of Milk 
Inhalation of Paniculatcs 

Ingestion of Crops 

23,: E-OS 4SE-05 5 i% 34% 

1.6E-10 l.lE-06 0% 1% 

j ,4E-09 1,4E-06 1% 1% 

4,1E-09 1.5E-06 2% 2% 

1,4E-07 S.OE-OS I 60% 60% 

3.SjE-12 2.2E-06 I 0% ?Yo 

I IDirect Radiation f?om Soils( 1,8E-I2 I 2,4E-06 I 0% I 1% I 

]All p:rthways I 2.3E-07 I 1.0E-04 I 100% I 100% I 

4.2 RESULTS OF THE CA DOSE ASALYSES 

The source tcrm for thc CA includcd thc PA inventory, plus waste disposed of bcforc 

Scptcmber 26, 19SS; thc chnractcristics of thc CA inventory wcre discusscd in Section 
2.3.4, The pcdormilncc objcctivc for thc CA is ;I mmimum dosc of 100 mredyr  to a 

future mcmbcr of thc public from all csposurc pathways, Thc results of thc CA tire 

qualitativcly'similar to the rcsults ofthc PA, with air-pathway doses associated with the 

biotic-intrusion source term being dominant, Cumulative air pathway doscs wcrc 

calculated in Cailada dcl Bucy and Whitc Rock, and cumulativc all-pathway doscs wcrc 

projcctcd a! thc location of m u i m u m  groundwater conccntration downpaddient of >IDA 

G and in Pajanto Canyon. 

Thc mmimum dose to thc &pathway receptor in Caiiada dcl Bucy during the 100-year 

institutional-control period was 7.5 x 1U' mrcdyr. The rnmimum dosc via air at the 

Whitc Rock location during thc instirutional-control period was 1.8 x lo'' mrcdyr .  Thc 
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air-p;ltt1way dosc during this period is duc to gas-phasc rclc:i!;cs (31-11-10, “CO:, rmd 

“Cct-L,) froni MDA G, and is projcctcd to occur at thc cnd of fircility operations when ’H 
invcntories arc grcatcst. Thc inhalation of tritiatcd water vapor is  rusponsiblc for 90 

pcrccnt of thc total projcctcd dosc. Fipurc 4-7 shows the projcctcd air-pathway doscs 

cilculntcd dur ing  tlic industrial-usc pcriod for thc CA. Pcak doscs arc projcctcd to occur 
during thc industrial-use period. 3s thc radioactivity in air incrcnscs as a result: of 
suspcnsion and trnnspon of surfacc contamination from biotic intrusion. Thc pcak annua: 

dosc projcctcd for thc air PilthWaY is 5.5 rnrem in Caiiada dcl Bucy, and 1.3 mrcm in 
N’hitc Rock. Doses decline :o about 3 2. inrem by the end  of thc 1,000-ycu complinncc 

pcriod as radionuclidcs in the wilstc decay. 

I I I 

Figure 4-7 Offsite doscs f rom ;iir p;ithw:iy during industri;rl-usc period for thc CA. 

Thc radionuclidcs that con:ributc to the pcak dosc for thc air pathway annlysis arc shown 

i n  Figurc 4-5. lsotopcs of amcncium and plutonium account for morc than 95 pcrccnt of 
the total dosc. lnh i i l a t i~n  of contaminatcd dust accounts for csscntially all of thc projectcd 

dose, 
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Figure 4-S Rndionuclidcs contributing to offsite dose from air p:lthws~y during 
industrial-usc period for the CA 

42.1 All 1'athw;p's Dost Annlysis 

Thc projcctcd doscs for thc all-pathways rcccptors located 100 m downgradicnt of MDA 

G and in Pajsrito Canyon arc shown in FiSurcs 4-9 and  4-1 0, rcspcctivcly, for n period of 

10.000 ycars. Tlic downgrndicnr doscs pcsk at 7.2 N 1 Od rnrcdyr approximstcly 2.000 

ycnrs after thc end of facility operations, coincidcnt with thc arrival of "C. The peak dose 

occurs clftcr thc 1,000-ycar comphncc period. Durins the compliance period, the 

masimurn annual all-pathways dose is 1.2 x I O m 5  mrcm, 9s pcrccnt ofwhich is contributed 

by ''C and "Tc. 

I-=''-'mU * *  ...,-... *I 

F i p r c  4-9 Doscs projcctcd for CA rrll-pntbw%ys anrrlysis from USC o f  contrrmin:rtcd 
watcr drawn from rcgionel aquifer 100 m downgmdicnt of M D A  G 
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Figure 4-1 0 Doscs projected for CA all-pathways nndysis from use of contaminirted 
wsitct dr:iwn from well in Pajarito Canyon 

Thc peak annual dose for the rcccptor in Pajailto Canyon is 7.2 x lo" mcm,  projccted to 

occur carly during thc 900-ycar industrial-usc pcriod. Radioactivity brought to the sutfacc 
by plants and animals and transponcd in sediment from thc surfacc ofMesita dcl Bucy into 

the alluvium in Pajnrito Canyon is the major con:ributor to thc peak dose, Sevcral 

radionuclides contribute to thc CA all-pathways dosc, most importantly, "-"9pu (37 %), 

lohmAg (1  9 %), '%f( 18 %), and 2'1h (S %>. Important cxposutc pathways include the 

inhalation of suspcnded dust, thc ingestion of soil, and dircct radiation from contaminatcd 

soils, shown in Tnblc 4-4. 
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lnpstion of Milk 

Dircct Radiation from Soils 
Inhalation of Particulates 

0% 

ZjE-07 9SE-09 2% oo? 
I.5E-10 2.4E-03 0% 54% 

3.Z-10 I 3.1E-02 0% 4 3 0  

0% 
1 1.2E-05 I 7.2S03 I 100% 100% I 

4.3 SEKSITMTY AND WCERTAIh'TY * 8 

Thc dosc projections presented in Section 4.1 and 4.2 arc subjec: to uncertainties in 
various elements of the analysis supporting thosc projections, Some of the unccrtrhks 

' arc associatcd with thc sitc characterization data summatized in Section 2, while othc~s 

arc inhcrcnt in the mathematical and computational approximations described in Section 5 

used to simulstc source tcnns, environmental transport, and dose conscqucncc. 

Specifically, imporrant unccnainties wcrc idcntificd by subjcct-ma8cr cxpens who 

conductcd work in support of thc PA and CA; the appcndiccs written by those acpcrts 
include an evaluation of uncertainties in thc con:c.ut ofthcir analysis. This section 

addrcsses thcsc uncertainties and discusses thc sensitivity of the dosc projections to thcm. 

The matcnal summarized below is presented in greater detail in Appcndk >e. 

The purposc of thc sensitivity and uncertainty analysis is to provide rcasonnblc u s u m c c  

that thc pcrformancc mcuurcs will bc mct whcn unccrtaintics in the supporting annlyses 

arc propagiltcd through the final dosc asscssmcnt. Qullntifiing the potential for the 
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Thc sensitivity nnd unccrtninty analysis focuscd on the projcctcd pcrfonnancc of the 

disposal fricility during thc 1,000-year compliancc pcriod, Howcvcr, in somc instances, 

sourccs of uncertainty ;ire discussed hcrc in tcrms of thcir impact ovcr pcriods of up to 

I0,OOO years because certain nspccts of the :inalysis arc inscnsitive to unccnnintics in thc 

I ,000-ycar pcriod but  arc quitc scnsitivc to unccnaintics at latc: timcs. 

Thc discussion to follow is organized in tcrms ofthcsc modclinp componcnts, which 

consistently afTcct dose projcctions for thc air. groundwater, and all-pathways sccnarios: 

l’hc waste inventory, which defines thc total amount of radioactivity buricd in the 
disposal facility. 

Sourcc rclc;isc mcchanisms, which dcfinc thc modc and ratc at which rndiooctivity 
is rcicascd to thc cnviromant from thc disposcd wsstc. 
Transport mechanisms, through which radionuclidcs arc transportcd throush thc 
cnvironmcnt to locations acccssiblc to humans. 

Usttsc factors, which dcscribc thc ratc of usngc of, or time cxpascd to, 
contaminatcd rcsourccs. 
Dosc conversion factors, which rclatc intnkcs of radioactivity to absorbcd doscs in 
thc rcccptor. 

c 

The irnponancc of unccnnintics is rulatcd to tlrc safety margin irnplicd by thc ratio of the 

projcc:cd dose to thc applicable pcrformancc mcnsurc(s), That ratio is providcd in Table 

4-5 for cach pathway nn;llyz:cd. Thc projcctcd pcrfonnancc listed in the Tnblc 4-5 is for 

thc 1,000-ycilr compliance period. For each pathway considercd in the PA and C.Q the 

dosc (or flux. for radon) calculated during thc 1,000-year compliancc period is listcd 11s 

projcctcd pcrfonancc. The ;tpplicablc pcrformtlncc mcasurc for cnch projected dose is 
thcn identified. Finally, in the last split column, the rntio ofthc projected dose to the 

performance measure is shown. This ratio is an indication of thc margin of safety in thc 
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projcctcd pcrformance. The smaller thc margin of safety, the morc important the 

uncenaintics in thc pathway annlysis becomc. 

P:lt hway Projcctcd Pcrformancc 
FA CA 

A1r 6.6E-02 5 .S I W C ~ > T  
mrcdyr  

AIl-path\~a!,s 1 .jE-Od 72E-05 

G mu n d m t c  r 8.3 E-02 
m r c d y r  

rnrcdyr n i r c d y r  

I d3 

Radon Flus I ? . I  Ci/mUs I d a  

Pcrformnncc 32c:~surc 1 Ratio 
PA CA PA 1 CA 

10 mrcdyr  100 7E-04 6E-02 
WCd)T 

~ l l U C d ) ' T  n/9 tE-03 n/3 

25 mrcd>.r 100 S E m 0 6  f E - O S  
ilUCd)T 

2 o c ~ ~ s  1 da 2E-0 1 d a  

43,I Invcntot?, Unccrtaintics 

Thcrc arc several sourccs of unccnainty in thc invcntorics used in thc PA and CA source 

term analyscs. Rccdl from Scction 2.5 that :he total ,MDA G invcntop \vas characterized 

in thrcc scgncnts. Two of these invcntory scsments, accounting for disposals betwccn 

1971 and Scptcmbcr 25, 19S8, and betwccn Scptcmbcr 26, l9SS and ISgS, wcrc 

charxtcnxd dircctly using clectronic records. Thc two othcr segments, representing 

unrccordcd disposals berwccn 1957 and 1970, and future disposals berwecn 1996 and 

2034, wcrc cmapolatcd using subsets of thc electronic dilta. Assuming that thc 

information in the database accuratcly reflccts thc information reported by generators. 
potcntial errors in thc PA and CA invcntorics include: Errors intrinsically ilssocintcd with 

mcasuring thc activity prcscnt in wastc, and inaccuracies in thc extrapolation methods. 
Both of thcsc sources of m o r  or uncertainty arc discussed below for each pathway 

ondyzcd in the PA and CA. A comprchcnsivc discussion of thc information summarized 

below can be found in Chaptcr 4 of Appcndix ;e. 

4.3.1.1 Air P atlz way 

The air pathway analysis includcd the projection of radon f l ~ ~ c s  (PA only) and the 

projection of offsitc doses associated with airborne radioactivity (PA and CA). Projcctcd 
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pcak fluscs of radon gas from thc historic pit and shaft w s t c  arc 1 , l  x 10'' pCi/m?./s (1 ,O 

x 10': pCi/fl'/s) and 3.1 pCi/m'/s (2.9 x 10" pCi/R'/s), rcspcctivcly. Thc mxximum flux 

for thc future pit i s w c  is 1.7 

Ihc future slinft wistc is S,1 x IO" pCi/m2/s (7,5 x 10'' pCilft'ls). Thc projected radon 

fluxes arc due to "'Rn from ""Ra, ilnd '"Rn from '"Ra, a dccay product of'12Th. Thc 

pe;ik air-pathw;ly dosc calculrrtcd for thc PA inventory is 6.G x 10'' mrcm/ycnr in Car'lnda 

Jcl Bucy is. duc to tlic inlialntion of rndioactivc gnscs at thc cnd of disposal opcmtions, 

Dust rcsuspcndcd from thc sitc at thc cnd of institutional control rcsults in a pcak dosc of 

9.2 x 1 0'3 in Cafiada dcl Bucy. Thc pcak air-pathway dosc projected for thc CA inventory 

is 5 . 5  mrcdycar in C;iAadu dcl Bucy, projcctcd to occur a t  thc cnd of thc institutional 

con:rol pcriod. The radionuclidcs contributing thc thc outconic o f  thc air p;ithways 

analysis arc: .* 'Ra, -' 'Th (radon flux); 'H, "C (radio;ictivc gascs), and 

and "'Am (r;idioiictivc particulates). The uncertaintics in cnch of thcsc rtrdionuclidcs in t h c  

PA and C A  invcntory introduced by mcasurcmcnt errors and cxtrapolation errors arc 

summarizcd bclow. 

IO" pCilm'ls (1.6 x 10'' pCgfl'/s), wliilc thc pcak f lus  for 

119 

.)-I, -I,- 35.3Xu, 3M,3Qp,,,  

' 1 1  Radium-226 is rclativcly cilsy t o  dctcct to with ;I f h o r  of 2. Similarly, '"Th (the primary 

sourcc of 
short-lived daughtcrs cniit rclativcly high-cncrgy garnmtl radiation. Errors associatcd with 

non-destructivc analysis arc typically within 200 to 300 pcrccnt. 

in :hc air piithway inventory) is rclativclg ciisv to dctcct bccnusc its 

Tritium is difficult to dctcct in  small quantities without performing radiochemical ;inalysis. 

hlcasurcnicnt errors decline as thc activity of thc w s t c  incrcascs. For samplcs with 

activitics on thc ordcr of D fcw curies. off-gassing mcasurcments may be accurate to within 

;I factor of IO.  Waste containing hundrcds to thousands of cuncs of"-T arc rcndily 

charactcritcd using ion chamber mcnsurcincnts and calorimetry. which are accuratc to 

within n fixtor of 2 and less than 20 petccnt. rcspcctivcly. In Scction 2.3, it was identified 

that 'I-l accounts for grcntcr than 90 pcrccnt. of thc total activity invcntgry at MDA G. 
Tlic majority of this 'H was contains hundrcds to tens of thousands of curies. Thus, 
mcasurcmcnts crrors arc cxpcctcd to bc less than 20 to 100 percent, 

4-17 



Mcasurcmcnt crrors for "C can bc significant bcwusc it cmits low-cncrcry bcts particlcs, 

Howcvcr, thc "C inventory at M D A  G is dominntcd by inaditltion sourccs, which YC 

accurntcly charactcrkcd, Thus, thc unccnainty in thc recordcd activity is considcrcd 

insignificant, However, thcrc is some unccnainty in thc cxtrapolation for future disposals 

of this potcntially imponant rrrdionuclidc, The future invcntory is bawd on an annual 

disposal rate applied for 50 ycars, which was bascd on only two disposals of irradiation 

soutccs n i th in  n period of 5 ycors. For this rcason, thc projcctcd "C inventor? is 
cspcctcd to bc ovcrcstimnted by as much as 50 pcrccnt. 

Thc 235 and 238 isotopcs of uranjum can bc dctcctcd usins non-destructive techniques 
with mors  on the ordcr of 200 pcrccnt. This factors applies to thc dcplctcd and cnrichcd 
uranium in the PA and CA invcntop. 

Ncnrly all of thc plutonium-contarninntcd LLW disposed of ut M D A  G is gcneratcd by thc 

nuclear wcapons proptam. and is Scncratcd at TA-3 and TA-55. Thc same programs 

Sencrate TRU waste. Thc LLW strcam is Scncrally low-dcnsiv matenills packaged in 
cardboard boses, It is charactcrizcd using a sensitive pummn-ray dctcctor calibrated to 

mcasurc '"Am, which is uscd as a stilling factor for estimating the quantity of various 

plutonium isotopes in thc wastc. thcricium-31 is rclativcly cuy to dctcct in low-density 

matriccs; ~~~c;~surcnicnt crrors for this low-dcnsity LLW arc ~cncrally lcss than 100 to 200 

percent. Thc rclotivc proponions of '"Pu and r'Pu arc reasonably well know, Thus, thc 

mors  in thc rcponed '"Am, ''oPu, and ?+.I from TA-3 and TA-55 arc considered 

accuratc to within n factor of2 to 3, 

The plutonium inventories (and projccted air-pathway doscs) for thc CA arc dominated by 
thc cxtnpolated 1957-1 970 disposals. Subjcct-mnttcr experts maintain that this 

cmapolation vastly ovcrestimatcs thc actual activities, perhaps by as much at 300 

pcrcent ,% 
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A substantial fraction of thc recorded MDA G ‘*’Am invcntory is containcd in dcwntcrcd 

sludgcs from thc liquid rndiouctive wastc trcatnicnt facility at TA-SO. This w s t c  is 

radiochcmic;dly assaycd and is thcreforc well charnctcnzcd, with mors on the ardcr of 10 
to 50 pcrccnt. Thc amount ofthe 2*‘Arn in the prc-1971 cxtrapolstcd may bc significantly 

avcrcstimatcd. A total of 2 2  x 10‘ Ci of thc isotopc was cxmpolatcd bascd on 1971 - 
1975 records, whilc thc waste projecled fiom 1971 through :he cnd of disposal opcrations 

in 2044 was projcctcd to contain only 34 Ci. Thc v e ~  largc diffcrcncc bctwccn thcsc 

ixlivitics suggcsts rhat thc 1957 to 1970 invcntory of the radionuclidc is overstwcd. 

4.3. I ,  2 Grou rt  d w  tcr Protection 

A pcnk dost: of S.3slO’.’ mrcmlycar is ptojccted for thc groundwater protcction analysis 

for thc PA at the receptor location 100 rn (530 A) cast-southcast ofthc k c a  G fcncclinc 

dur ing  thc 1,000-ycar cornpliancc pcriod. The pcak annusl dosc projcctcd for thc rcccptor 

in P;ij;iTito C;inyon during this period is 4.5 x 10” mrem. In both cases, “C, “Tz, i\nd I”? 

are thc only radionuclidcs that contributc to thcsc projcctcd doses; no othcr rrrdionuclidcs 

rcach thc aquifcr durinp thc cornpliancc pcriod. or through thc 10,000-ycnr analysis 

period. Of thcse, “C is the priman) contributor to thc pciik doses, accountins for 68 to SS 

pcrccnt of thc totals. 

hlcasurcrncnt errors for “C, “Tc, and ‘“’1 can bc significant. bccausc thcy crnit 

low-cncrg bcta psrticlcs and x-rrrys. Errors associ:itcd with mc;isurcments in low-dcnsity 

was:c may bc on thc ordcr of 100 IO 200 pcrccnt unlcss thc W ~ S ~ C  is subjected to 

radiochcrnicrrl analysis. an approach scldom uscd to charactcritc LLW, Thc ‘“C inventory 

is dominntcd by irradiation sources, which arc very accurately charactenzcd. Thus, thc 

unccnilinty in the rccordcd activity is considbred insignificant. I-Iowcvcr, thcrc is somc 

unccnninty in thc extrapolation for future disposals of this potcntially important 

rrrdionuclidc. 

Thc invcntoilcs of “C, ”Tc, and l31 included in thc groundwntcr protcction analysis arc 
dominntcd by wastc projcctcd to bc disposcd of in thc future. Annual k t u r c  disposal 

. ,. .. 
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cstimatcs wcrc bascd on the annual disposals betwccn 1990 to 1995. Approsimuely 60 

pcrccnt of thc projected annual disposal of ''C over thc next 50 years is bascd on two 

disposals sincc 1990, both ofwhich wcre irradiation sourccs, Irradiation sourccs arc not 
considcrcd routinc waste. Thus, thc projcctcd "C inventory is cxpcctcd to be 
ovcrcstimatcd by as much as 50 pcrccnt, Both 99T and 

prcscncc in thc PA inventory is bucd on the mcthod used to allocate activities rcponcd as 
,WP to spccific radionuclides, which is inc!udcd 11s Appendix 2g. Thc major uncertainty 

in that allocation is thc assumed age of the waste at thc time of disposal, The effect of 
that uncertainty in the projcctcd futurc invcntory may not bc important insofar as the 

programs rcsponsiblc for sencrating MFP-contaminated waste arc no longer in csistencc 

(i,c,, reactors, wcapons tcsting). 

are fission products. Their 

Two all-pathways csposurc scenarios wcrc included in thc PA One considered J rcceptor 

100 m (330 A) hydrolosically downgmdicnt fiom h D A  G. and anothcr in Pajanto 

Canyon. The rnasimurn dose projcctcd to occur within 1,000 ycars was 1.3 x lo4 

mrcdyear. 'Thc consumption of water and inpsion of food crops ikgrttcd with watcr 

drmvn from n supply \vcll in Pnjarito Canyon accountcd for 34 and 60 percent of the peak 
dose. rcspcctivcly. The mssimum annual dosc projcctcd for CA aII-pathwq's analysis was 

7.2 x 10" mrcm. also occurrhg in Pajarit0 Canyon. The inhalation of rcsuspcndcd dust 

and dircct ndiation fiom contaminated soil account for 77 pcrccnt of this dosc, Thc 
radionuclidcs contributing to thc all-pathways Pajarito Canyon rcccptor dose include: %r, 
IoHmAg, "'CS, '"Hf, 3J82'HU, =.'"''~u, and "'iun, Thc uncertainties in thc invcntory of 

many of thcsc radionuclides has bccn discussed. 
.. 

Thrcc of thc radionuclides contributing significantly to the all-pathways dose emit high- 

cncrgy photons and are thus easily mcasurcd: 10YmAg, 137Cs, and "'IX Measurement 

errors for thesc ndionudidcs, usins non-drstmcrivc analysis, will typically fdl wkhin 100 

to 200 pcrccnt, In contrast, % is a pure bcta emitter md may be dificult to detcct in 
waste matriccs, Consequently, it is possible that generators havc ovcrlookcd, or othcrwisc 
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137 ciisy-to-dctcct fission products (c.p. Cs), whose obundnncc can bc used as a scaling 

factor for ' 3 r .  

As stated above, thc majority of fission-products in the invcntoy results from thc mcthod 

uscd to nllocntc WP nctivitics among contributing radioisotopes. Whilc the I3'Cs 
invcntoty is dominated by irradiation sources. the entirc lonmAg inventory is bascd solcly 

on thc MFP allocation process. It is cxpcctcd that all thc projcctcd quantitics of 

radionudidos dctcrmincd in tlic MFP allocation proccss arc ovcrcstimstcd, since the 
pro_c,r;inls that pxicr;ttcd MFP wnstc in the past arc no longcr viablc at LA=. 

4.3.2 Sourcc Tcrm Unccrt:rintics 

The known or unknown unccnnintics in the analyscs dcvcloped to cstimntc timc- 

dcpcndcnt rclcnsct; of thc radionuclidcs discussed nbovc arc summitrizcd below. 

4.3.2, I Air Purlwlu~* 

Two mcchanisms of rclcasc wcrc considcrcd in thc sourcc-tern modeling for thc air 

pathway milysis: the diffusion of radioactivc p s c s  from wnstc, and thc rcsuspension of 

con:aniination triinsponcd to thc surfilcc by plants and burrowing animals. Potentially 

impocant unccnaintics in thc air-pathway sourcc term analyscs iIrc discusscd bclow. 

The rclcnsc of radon gas from thc disposcd waste is dircctly propoflional to thc cmanstion 

cocficicnt. This coefficient is the fraction of radon that is rclcascd from thc wilstc matrix 

into the pore spacc. Whilc thc actual cocficicnt will be arccted by thc characteristics of 
the wsstc matrix, thc valuc of 0.25 used in thc dosc asscssrncnt is  cspcctcd to reasonably 

rcprcscnt thc soils at LAXL."' Lackirlg actual nic;tsurcrncnts from the site, howver, it 

was assumed that the c m r  associated with thc cmonation cocfficicnt was 20 pcrccnt. 

The 'H fluxcs projcctcd for thc scenario arc cxpcctcd to ovcrcstimatc thc actuiil r;itcs of 
rcleasc obscrvcd at thc disposal site. Thc analytical modtl  assumed that all tritiatcd water 

vapor in thc disposal units at ;I givcn timc was rclcascd from the disposal sitc within 1 
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ycar, that no dcplction of tlic 3M inventory occurred from poundwstcr lcachins or 

diffusive losses, and that thc cntirc ‘H inventory was locatcd immediatcly below thc 
carthen cover placed over the disposal units, thcrcby minimizing the distnncc over which 

thc vapor must diffisc. hn analysis of sitc-spccific data suggest that the ’H invcntory is 
actuslly difhsing over B much longer pcriod of time, Tlic cmpirial data suscst that thc 

modeled 2H nuscs arc approximately 200 times greater than YC prescntly occumng. 

Similar assumptions w r c  mndc in modcling the diffusion of ’*C and 

Conscqucntlp. thosc fluscs arc judscd 10 be ovcrcstimntcd. 

N l , ” ) I C r ,  

Potcntially important sourccs of uncertainty in the biotic intrusion sourcc rclcuc model 

rclatc to whcthcr plants or animals arc rcsponsiblc for thc translocation. For thc 
radioactinidcs rcsponsiblc for thc majority of thc air-pathway dose. burrowing a ~ m u l s  

were thc primary transport vcctor, As modclcd. thc projected rclcnscs of radioactivity due 
to thc intrusion of animals dcpcnd upon thc burrow distributions and the dcnsitics of thc 
burrows at thc sitc, Thc sourcwclcuc modcl was bascd on ;I burrowl distribution 

rcprescntativc of thc pockct mousc. The burrow cliarrrcteristics ofthis spccics wcrc uscd 
i o  cstimatc thosc of thc dccr mouse, n species of small mammal commonly obscwcd ;It 

XlDA G, Burrow dcnsitics uscd in thc modcl werc consistcnt with densities obscwcd for 
dccr mice. In thc basc CISC. the dcpth of burrowing was 2 m (6.6 fi), with IO pcrccnt of 

the burrows assumed to occur bclow a dcpth of 1 m ( 3 2  A). Occper and morc mtcnsivc 
burrowing csamincd as an cstrcmc case resulted in contamination lcvcls almost 3 times 

grcatcr than the base casc. 

4.3.22 Groundwarcr hotcction 

Thc uncertaintics in thc su~icc-contamination dissolution source tcrm relate directly to 

thc flux rate of moisturc percolating through the disposal units, The base-case infiltration 

rate of  5 mdycar (02 in./ycar) uscd to calculate both contact timc and release nte  is 
rclativcly unccrtsin, but wcll within the ranpc of anticipatcd vatucs, Thc two bounding 
infiltration ratcs considcrcd, 1 and 10 mdycar (0.04 and 0.4 in./ycar) lead to rclcasc ratcs 

that 3rc 4 and 300 pcrccnt of thosc projcctcd. rcspectivcly. to occur for base C;ISC. Thcrc is 
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\*em little likclihood that rclcasc ratcs would bc othcrwisc undcrcstimntcd for the thrcc 

r;ldionuclidcs of intcrcst in thc ptound\v:itcr pathway analysis, sincc dl radionuclidcs were 

:issurncd to bc sufiicc contaminated. ;ind sincc "C, 'F'Tc, and "'1 arc nonsorbing. 

d.j.2. j A II Pu!h W(IJ*.V 

Unccnaintics associatcd with groundwater transport modcling of radionuclides to the 

:cccptor locations c;ist+outlicnst of thc MDA G disposal units and in Parijito Canyon arc 

discussed in Scction 3.1. I .3. Thcsc unccrtaintics, and tlicir cspcctcd impact, apply to thc 

'.dl p3thways'' sccnarios ;IS wcll. Thc following discussion addrcsscs additional soutccs of 

unccnainty uniquc to tlic All kithways - Gtoundwatcr ;rnd All Pathwnys - Psr;rjito Canyon 

sccnarios 

4.3.3. J Air Pi i thwy 

Thc atmosphctic tr;mpon mudcl may be clinractcrizcd by thc vnlucs of thc rcsuspcnsion 

factor and dispersion factor uscd in thc dosu calculations, Thcsc vatucs arc bascd on 

sitc.spccific information and assumptions about thc ctTccts of coniplcx terrain in thc 

vicinitv of MDA G. Whilc thcre 3rc unccnnintics associatcd with thc rcsuspcnsion and 

dispersion factors, tlic inagnitudc of m y  m o r  introduccd into thc projected atmosplionc 

conccntrations by thcsc unccnaintics is diflicult to quantify without additional site data. 

Subjcct-matter cxpcns cxpcct that thc ovcrall uncertainty in thc rcsuspcnsion factor is lcss 

than an ordc: of magnitudc. Errors introduccd by unccrtaintics associated with the 

dispcrsion factor arc cspcctcd to be on the ordcr of IO0 IO 200 pcrccnt. 
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In the goundwntcr protcction analysis. radioncth'iq dissolwd from the surfiicc of waste 

into w t c r  pcrcolating through the disposal units W;IS transported both vertically and 
latcrally through the vadosc zonc, Radioactivity trnnsponcd vertically followcd a straisht- 

down path into the rcgionaf aquifer, while radioactivhy transponcd Intcnlly was 

instantancoiisly rinscd from thc mcsa edgc into thc alluvial system into thc canyon and 

thcn trinsported down to the rcsional aquifer. Once rcnching the rcgjontll aquifer, thc 

vcnicslly-transportcd radioactivity was transported within thc saturated zone to il 

downsradicnt rcccptor wcll; 1stzrally-transponcd radioactivil?' w a ~  nssumcd to bc 
accesscd by a supply wcll directly bcncnth thc Pajarit0 Canyon rcccptor location. 

Important fhctors in evaluating cornpliancc with thc goundwater protcction pcrformancc 

objcctivc rclstc to the time rcquircd for radioactivity to reach thc rcccptor wcll. and thc 

conccntration of radioactivity at thc location of the rcccptor well, 

Radionuclidc travcl timc is a function of thc groundwater triivcl timc, tlic sorption 

bchavioi of thc contaminants, and thc dcgrcc of dilution that occurs in thc regional 
aquit'cr. Unccnnintifs in sorption arc not important. since none of the radionuclides 
contributing to the drinking-watct dosc w r c  sorbcd within thc \*;ldosc zone. Unccnaintics 

in proundwoter travcl tirnc, or rccharse. and aquifcr dilution arc rccognizcd and have an 
etT'ect on the groundwater pathway analysis, 

Groundwatcr travel times in thc unsaturated zone arc proponionid to the amount of water 

pcrcolating through thc. disposal site and to thc hydnulic conductivities and moisture 

rctcntion chsractcnstics of the vadosc zonc. As rcponcd in Appendix 3s goundwatcr 

trnvcl times wcrc ,flcctcd by only about 25 pcrccnt to unccrtointics in hydraulic 

conductivity, Larger differcnccs wcrc found whcn cmcrnc flow ficlds wcrc considered, 

To bound thc unccrtainty in thc base-case flow field, a set of high-flow and low-flow 

boundary conditions wcrc considcrcd in thc vadosc zone tnnspolz calculations, The high- 
flow a s c  modclcd infiltration rates of 10 m d y c a r  (0.4 in./year) atop Mcsita del B u q ,  5 

mmy/r (0.2 in./ycar) in Cniladn dcl Bucy. and 100 mm/ycar (02  and 4 in./ycar) in Pajarito 
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Canyon; thc low-flow casc modclcd ratcs of 1, I ,  and 20 d y c a r  (0.04, 0.04, and 0.S 

in./ycar) at thc top of thc mesa, in Caiiadii del B u y .  and in Pajanto Canyon, respcctivcly, 

Thc high-flaw casc rcsultcd in carlicr and largcr fluxes t o  thc regional aquifer for both 
lateral and vcrtical tr;inSPOR, whilc the low-flow casc rcsultcd in later and smaller fluxes. 

Compared wi th  thc base-cnse pcnk flus at 2,500 y c m  and 600 years for vertical and 

Intcral-thcn-vcnica1 groundwater flux t o  the saturated zone, brcnkhrough occurred at 

about 1.000 and 300 years, rcspectivcly. 

Groundw;ilcr simulations indicatc that thc total mass of contamination czritins thc sides of 

the mesa ovcr 10,000 ycars is npproximatcly 30 pcrccnt of thc mass discharged to the 

aquifer. Bascd on thcsc results, doses rcccivcd by the rcccptor located cast-southeast of 
Area G would bc no morc than 30 pcrccnt grcntcr if all contamination wcrc trnnsponcd 
vertically to :hc regional aquifer. 

The unccn;iintics discusscd nbovc for the proundwatcr pathway analysis apply to all- 

pathway cnvironmcntal transport. In addition, unccrtaintics in scdiment transpofl of 

silrf'rlce contamination into Pajnrito Canyon also apply, as do uncertainties in factors 

reiated to contamination of foodstuffs due to radionuclides prcscnt in irrigation water. 

Thc mcan erosion rate of4.O x IU' d y c a r  ( I  .3  'r( lod' ft/yc;ir) calculntcd in the surfacc- 

water balnncc model dcscribcd in Appcndix 3b was uscd to transport contamination fiom 

thc surfacc of Mcsitn dcl Bucy into Pxjarito Canyon in the all-pathways analysis. This 

erosion ratc has a standard deviation of about 1 x IO"' d y c a r  ( 3 3  x 10" Wycar), and a 

maximum value of almost 5 x 10'' dycar (1.6 x IO"' Wycrtr). 

thc actual crosion ratc would be cspcctcd to fiill within an ordcr of mngnitudc of the man 

rate. Hence, doscs to thc canyon resident would incrcasc by 10 timcs or lcss duc to crrors 

in the erosion rate cstirnate. 

Based on thcsc statistics, 
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Radioactivity transported into thc canyons by surfbcc runoff was assumcd to uniformly 

dispcrsc over an area that is cquivdcnt to thc area of contamination on tlic mesa.. In 
actuality, rclativcly high contaminant concentrations arc expcctcd to occur in lo& 
dcprcssions whcrc surfrrcc runoff collects, whilc littlc or no contamination may occur in 

othcr arcas, Though thc actual distribution of contamination across the landscape will 

influcncr the projccted csposurcs for the canyon resident. it is not readily projected. 

Conscqucntlp. the crror introduccd by this sourcc of uncertainty was not considcrcd 

Funhcr in thc scnsitiity and unccnninty analysis, 

Thc contamination transportcd to thc canyon floor was assumcd to bc mivcd to a depth of 

15 cm (6 in.) ovcr thc rcsidcnt's cntirc lot, This dcpth is cspccted to be rcasonablt for the 

individual's garden, but may ovcrcstimiite the mixing dcpth ovcr the remainder of the lot 
and thcrcforc, rndionuclidc conccntrations in suflacc soil. Under worst-casc conditions, 

howcvcr, rcduccd misins dcpths will rcsult in no more than a tcn-fold incrcasc in the 

projected doses. 

Thc food crops considered in thc all-path\ways analysis wcrc assumed to be contaminatcd 

bv radioactivity deposited on plant surfaccs during imgation, as a rcsult of rainsplash, and 

bp root upttlkc of contamination in w t c r  rcaching thc ground. All radioactivity dcpositcd 

on plants was nssurncd to bc trclnsfcrrcd to thc cdiblc portions of IC* vcgetclblcs pown 
by thc rcsidcnt. whilc 10 pcrccnt ofthc activity dcpositcd on protcctcd produce. fruit, and 

c cnin was assumcd to be tlssimilatcd into thc cdiblc portion, Moderate increucs in the 

translocation factor for protcctcd produce, fruit, and grain will hnvc limited impacts on the 

projccted ingestion doscs, givcn the small contribution that contamination dcpositcd 

dircctly on thc plants makes to the pcak projccted doscs, For csampk, a five-fold incrcasc 

in the translocation fictor for non-leafy vcgctnblcs results in food pathway doses that are 

about 20 pcrccnt greater than those projcctcd for the nominal w e .  Thc amount of 

radioactivity initially retained by a plant during imgation and the rate at whkh it is 
wcathcrcd from plant surfaces are not casily quantified. The fiaction of activity initially 
retnincd will dcpcnd lnrgcly upon the rntc at which wntcr is applied to thc crops and the 
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morpholog of the plants. The ratc of wcathcring Will vary with mctcorologicd 

conditions at :he sitc and characteristics of thc food crops, Whilc thc mngnitudc of thc 

error introduced by thcsc uncefiaintics is unknown, it is not cxpcctcd to bc significant. 

The root uptakc pathway w a s  t ho  more significant ofthc thrcc, accountins for morc than 

$ 5  pcrccnt of thc dosc projcctcd for the food ingcstion pathway. The soil conccntriitions 

of IJC. w T ~ .  and '2''1 due to irrigation arc cspcctcd to bc ovcrcstimatcd by thc modcls used 
in the dosc scssmcnt .  A soil buildup timc of 15 ycars was assumed to apply to all 

radionuclidcs in irrigation water. M'hilc accounting for buildup may bc appropriate for 
radionuclidcs that sorb to soils, thcsc highly mobilc rrrdionuctidcs will tend to be 

transponcd downward wi:h watcr pcrcolnting through the garden. As thc contamination 

is rinsed from thc soils, it wilt bccomc unwailablc for root uptake by plants. Under thcsc 

conditions, thc plant r;idionuclidc concentrations of''C and '"Tc would be 19 and 16 

pcrccnt, rcspcctivcly, ofthc projcctcd values. Concentrations of I2"l would bc about SO 

pcrccnt o f  thc modclcd valucs. 

Thc uptake factors used in thc dosc asscssmcnt for ''C and w T ~  both cxcccd 1.0, 

indicating plant radionuclide conccntrations cscccding those obscmcd in soils. 

Modcr;itcly Iiighcr uptnkc factors for thcsc radionuclidcs (c.s. ,  2 timcs the nominal vnlucs) 

would rcsult in food pathway doscs :hat arc almost 2 tinics highcr than projcctcd, 

14owcver. thesc highcr doscs would incrcnsc the pcak sccnnh doscs by less than 20 

pcrccnt. Thc uptakc factors for lZ9l would nccd to incrcasc by 100 timcs or morc to havc 
significant cffccts on the pcak. 

The plant radionuclide conccntrirt.ions rcsulting from thc assimilation of radioactivity 

dircctly from the irrisation watcr arc a function of thc amount of water spplicd to thc 

crops, crop yiclds, thc plant translocation factor, thc fraction of the radioactivity deposited 

on thc plant that is initially retaincd, and thc ratc at which radioaftivity dcpositcd on plant 

surfaccs is removed duc to wcathcrhg. Thc amount of watcr that was rtssumcd to bc 

.. .. 

tlpplicd to the crops is bascd on information for the grcatcr Los dsmos m a  and, as such, 
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is cxpcctcd to reasonably approsimatc the amount of water applicd to food crops. While 

rates of water application could vary for short periods, the total amount ofwater applied 

to the crops over the coursc of a growing scuon is not espectcd to changc substantially, 

4.3.4 U s q c  F:ictor Unccnnintics 

The usage factors applied in the dosc asscssments for the PA and CA wcre taken from 
standard rcfcrenccs. Thc cffcct of known unccrtaintics in thcsc factors on the air-, 
L rroundwater-, and all-pathways analysis arc discussed bclow. 

4.5.4. J Air Purh wuy 

Thc quantity of radioactivity inhaled is dctcdned by the rate of inhalation and duration of 

cxposurc. An annual inllalation rate of S.000 m3 (2.8 x lo’ A‘) was used in thc dosc 

asscssmcni, bascd on the assumption that thc individual spends 16 hr of each day cngaged 

in lisht activity and 8 hr resting. This value is 10 perccnt grcatcr than the annual inhalation 

raw of 7,300 m3 (26 x 10’ ft‘) rccornmcndco’ by the EPA bur Icss than the EPA’s 
rcasonablc worst-casc infialation rate ofalmost 11,000 m‘/ycar (3,9 x 10 5 i t ) .  3 l ie  

Thc offsitc rcsidcnt was assumed to bc at homc and inhale airborne radioactivhy for 
almost 6.200 hr pcr ycar. Data summarized by rhc EPA) indicate that, on avcragc, an adult 

spends 64 perccnt ofthcir timc at home or in the yard. This equates to approsimatcly 
5,600 hours pcr year, about 9 pcrccnt lcss than the values uscd in thc PA and CA, 

4.2.4.2 Groun(iwutcr Prorccrion 

The sole sourcc of exposure for the groundwarcr protcction analysis is thc consumption of 

contaminated water drawn from thc wcll. The individual is usumcd to inscst 2 L (5.3 x 

IO” gal) of witcr per day, including water consumcd in the form ofjuiccs and other 

beverages containing tap water. This watcr consumption rate is consistent with the 

methodology uscd to dcvclop the groundwater protcction standards and, as such., is 
nppropriatc for use in thc MDA G dosc asscssmcnt; howevcr, it is expected to 

overcstimatc actual rates of consumption for an avcragc individual. The National 

Acodcmy of Scicnecs cnlculatcd an avcragc per capita wtrtcr consumption rate of 1.6 
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L/dny (4.2 x 10" gallday) b;iscd on ;I survey of nine literature SOUTCCS. This sourcc and 

scvcrnl othurs choscn by thc EPA to dctcrminc a rccommcndcd consumption r;itc indicatc 

itn avcrasc iidult drinking water consumption rate of 1.4 Wday (3,7 x lo" gd/dny) and 3 

rcasonablc worst-casc value of 2 V d o y  (5.3 x 10'' gaYdoy). 

4.3.4, 3 ,411 Purh ~ y s  

In addition to :Iic inhal;ition of'contnrtlinatcd :iir and thc consumption of contnminatcd 

drinking \vatcr 1f13t wcrc ;Ilrcildy discusscd, thc two all piithays rcccptors wcrc assumcd 

to consumc food crops :mi ;inirn;ll products raiscd on il contaminntcd cnvironmcnt. Thc 

incidental ingestion of and cxposurc to contaminatcd soil also play imponant rolcs in the 

projcc:cd all p;itliways doscs. While the consumption of contaminated food crops 

contributcs as much as 60 pcrccnt ofthc projcctcd pcuk doscs. the consumption of milk 

and bccf is rcsponsible for less than 4 pcrccnt of the total doscs. Conscqucntly, thc 

following discussion nddrcsscs thc uncertaintics wsociatcd with thc food-crops usage, 

Thc crop >liclds used in thc dosc asscssmcn: arc cspcctcd to bc reasonable for the northern 

Sew Mcxico rcgion. Whilc dccrcascd yiclds could rcsult in highcr conccntrations of 
radionuclidcs in plants, thcsc diffcrcnccs arc cxpcctcd to bc minor, Thc assumption that 

one-half of thc rcsidcnt's food rcquircmcnts arc met by crops and animals raised a: the site 

is cspoctcd to 0vcrcstim;itc the actual amount of food riiscd by a typical individual. Thc 

EPR indic;itus that, on tlveragc, 2.C pcrccnt of vcgctablcs is homc grown, whilc 20 pcrcent 

of fruit is pawn at home. Rc;isonablc worst-cnsc valucs citcd by thc EPA for the amount 

of home grown vcgc:ablcs and fruit in thc intrudcrls dict arc 40 and 20 pcrcciit, 

rcspcctively , 

Thc rote of inadvertent soil ingcstion uscd in thc dosc asscssmcnt, 100 mdday ( 5 , s  x 10'' 

oddiiy), rcflccts a n  adult with a high rcndcncy to inscst soil, More rcasonablc ingestion 

rixcs would bc low to moderntc, in the range of 1 to 10 mddny (3.5 x 10"to 3.5 x lo4 

oddny). The ratcs of ingcstion used for IC@ vcgc:abks, grain, and producc are based on 
national nvcrages for the Unitcd States."' Thcsc consumption rates gcncrally agree with 
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tllc annual consumption rate of 190 kg (420 lb) of h i t ,  grain. iuld vcsctclblcs citcd by thc 

M C  for an avcrnsc individual,'" The rates also gcncrdly agcc with data which indicatc 

:innun1 consumption r : m  of vcgctablcs, other producc, and grains o f  about 1 S, 1.10, and 

2 5  kp (40, 5 10, and f? lb), rcspectivrly."' Finally, the total consumption rate uscd in thc 

dose asscssrnent is similar to thc consumption ratc of 190 k&cx cited by the NRC, bur is 
3 to 4 times sinallcr than that citcd for modcling doscs rcccivcd by the mLGmally csposcd 

individual. 

Dircct radiation cxposurcs will bc nttcnuatcd by thc individual's house during the timc 

spcnt indoors. A shiclding factor of 0,7 was uscd in thc dosc assessmcnt to account for 
thcsc shiclding crccts. In csscncc, this mcans that 70 pcrccnt of thc direct radiation 

incident upon thc house contnbutcs to thc rcsidcnt's projcctcd cuposurc. This shicldinp 
factor, which is cspectcd to ovcrcstimntc thc csposurc ofthc individual. is suggcstcd by 

thc NRC for projcctinp doses to the mashurn individual: thc value susestcd for the 
avcngc individual is 0.5, 

43.5 Dosc Convcrsion Fiictor C'nctrt:rinties 

As in the casc of usage factors, dose convcrsion factors uscd in thc PA and CA dosc 

projections came from standard rcfcrcnccs, The cffcct that unccrtaintics in dosc 

convcrsion factors hnvc in the air-, groundwater-, and all-pathways annlyscs arc discusscd 

below. 

4 . 3 m  Air Purltwa), 

Thc radioactivity inhalcd by thc receptor in thc air-pathway analysis is relatcd to doses by 

inhalation dosc convcrsion factors. Thc projected doses for the scenario arc committed 

cffcctivc dose cquivalcnts, rcprcscnting thc total dose cquivalcnt rcccivcd by the body 
over a SO-year pcriod after the intakc of radioactivity. Thc dose convcrsion factors itre 
based on the rccornmcndations of the lCRP,'20 whilc uncertainties in the dose convcrsion 

factors uscd to project thcsc doscs do exist, thcse unccrtainties arc difficult to quanti@ and 
wcrc not considcrcd in thc analysis, 
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43.5.2 Groundworcr Prorcction 

Thc only csposurcs cva)urrtcd in the groundwater protccrion analysis is tlrc consumption 

of contaminated watcr dmwn from thc wcll into thc rcgionnl aquifer. Unccrtaintics and 

their cffects wcrc discussed in Scction 4.3.4.2. 

43.5.3 All P u t h u y s  

All-prrthwys doses ivcrc cstimatcd usins SO-ycar comnlittcd cffcctivc dose cquivalcnts for 
intcmal csposurcs”’ and cxbxnal dosc convcrsion factors for exposures to penetrating 

radiation in contaminated soils, Tlic dosc convcrsion factors used to cstimatc csposurcs 

from direct radiation from contaminatcd soils wcrc dcvclopcd using the hZlCROSMlELD 
computcr codc. This code accounts for the source gcomctry and shiclding configuration 

(i,c., excluding the individual’s house) iippropriate for the “all pathways” S C C I X ~ ~ ~ O ~  and, as 

such. is espcctcd to provide rcasonnblc cstim;i:cs of thc actual csposurcs. Thc csposures 

c;dculatt.d by thc code were convcncd to radionuclidc doscs using a convcrsion factor of 

0.75 mrcm/mR, This hcror wild ridoptcd from ICW 51 and pcrtains to n rotational 

scomctry for il photon cncrsy of 0.2 McV. Whilc :tic prccisc convcrsion factor will 

dcpcnd upon the photon cnc rg  and csposurc geometry. it is not espcctcd to vaiy by more 

than 20 pcrccnt for cxpcctcd csposurc conditions. 

6.3.6 Propagirtcd Dose tisscssmcnt Unccfi:rintics 

Considcrcd alonc, no single sourcc of uncertainty idcntifcd nbovc is expected to 

compromisc thc ability of thc MDA G disposal facility to comply with thc pcrfomancc 

measurcs. Howcvcr, the crrors introduccd by the uncertaintics in cach scgment of the 

ilnalysis for each pathway will propagate through thc diffcrcnt modcling stages. TO 

dcmonstratc rcasonnblc assumcc of compliancc, thc potential impact of thcsc propnptcd 

crrors on the dosc asscssmcnts must bc cvaluated. 

4.;.6.1 Air P u f h w y  Analysis 

Thc unccnaintics that may cause thc projcctcd air-pathway doscs to be underestimated 

includc: 

Thosc associated with thc projcctcd invcntoncs of sevcral radionuclides; 
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Thc c?xnt of animal burrowing at the site; 
The valucs uscd for thc resuspension and dispersion factors; Thc inhnlntion mtc of 
the reccptor; and 
TIic timc thc rcccptot is csposcd to airborne radioactivip:. 

Thc compositc analysis inventory for 2J1Am was assumcd to be subjcct to a 30 pcrccnt 

mcasurcmcnt uncertainty, consistcnt with the detection errors associated wi,th 

rndiochcrnjcal mcisurcment tcchniqucs. Thc plutonium isotopes wcrc assigncd crrors of 

1 .O to account for mcasurcmcnt errors and thc vast ovcrcstimation of invcntones that is 
cspectcd to rcsult from the c;rttrapolation-based ?rojcction method. The crror of 2.9 

assigned to animal burrow distributions rcflects unccnainty about thc caent of intrusion 

into tlie disposed waste, An error of 3.2 was assigned to thc rcsuspcnsion and dispersion 

fixtors to rcflect a tot31 crror of 900 pcrccnt. This error was assumed to apply to thc 

point of m x i r n u m  csposurc in Callada del Bucy and to thc receptor location in the town 

of IVhite Rock. An m o r  of 1 .A was itssigncd to the inhalation ratc bsed  on a comparison 
of thc inhalation ratc uscd in thc dose asscssmcnt to ;1 reasonable worst-casc valuc. 

Finally, an m o r  tcrm of 1 , l  was assigncd to the timc of csposurc to rcflcct an SO percent 

occupancy rate at thc disposal site. 

Unccrtaintics associatcd with thc projcctcd radionuclidc invcntones, thc rcsuspcnsion and 

dispcrsion factors uscd in atmospheric modcling, thc inhalation rate of thc rcsident, and 

thc amount oftimc thc individual spends at homc may causc thc projcctcd doscs to be 

ovcrestimntcd. Errors assigncd to the projected inventories for thc PA rcflects a reduction 

in thc opcrational period of the disposal facility ilnd accuratc mcmurcmcnt of radionuclidc 

activities. Plutonium invcntorics arc cstimatcd to bc overstntcd by at Icast a factor of 3. 

Errors wcrc assisncd to thc rcsuspcnsion and dispersion factors to rcflcct n total 

uncertainty of 900 pcrccnt for the Ciiikda dcl Bucy and Whitc Rock receptor locations. 

An mor  factor of 0.9 was assigned to the inhalation rate and thc timc of cxposurc to 

rcflect overage breathing rates and occupancy times, Table 4-6 identifies thc uncertainty 

factors applied in thc propagation of cmors for thc air-pathway dose asscssmcnt 
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Tllc propng;itcd crrors showr? it1 Table 4.6 indicatc that the PA doscs projcctcd to occur 

from thc inhalation of radioactivc gascs may be undcrcstirnatcd by about 10 t h c s  and 
ovcrcstimatcd by 4.5 tirncs, U k n  applied to the projected peak doscs, these mors  

trnnslatc into annual doscs of 6.5 x 10-1 and 1,s x 10-2 mrcm at thc point of rniwimum 

csposurc in CaRada del Bucy. Corrcsponding doscs for thc M'hitc Rock location arc 1.5 x 

IO-  1 ilnd 2.4 x 10-3 mrcdycar, Doses rcsulting from the inhalation ofrcsuspcndcd dust 

m y  bc undcrcstimatcd by 130 timcs undcr worst-casc conditions, or may be 

ovcrcstimatcd by a factor of about 15 timcs undcr conditions approaching bcst-c;wc. 

Thcsc cstimatcd crrors yicld a maximum dosc of 1.2 mrcdycnr, and a minimum dose of 

6.3 x 10-4 mrcmlycar in Cailada dcl Bucy, Thc worst-case dosc projcctcd for thc 

rcccptor location at White Rock is 2,s x 10-1 nrcdycar ,  while ;I dosc of 1,s x 10-4 

mtcdycar is cstimatcd for optimal condi:ions. None of thcsc projccted doscs thrclitcn thc 

ability of'thc disposal fiicility to cornply with :hc 1 O-mrcdycar pcrformancc objcctive. 

Thc total crrors listcd in Tablc 4-6 indicatc tha t  thc air-patl~way doscs projcctcd for thc 

C.4 may bc undcrcstimntcd by 9.S and 39 timcs for r;tdionctivc gnscs and rcsuspcndcd 

dus:, rcspectivcly. Based on thcsc worst-case conditions, thc masimum annual doscs 

projcctcd to occur following thc rclcasc of r:idioi\cti\t gascs from thc disposal sitc arc 7.4 

x IO" nircm DI thc point of masimum csposurc and 1.7 x 10'' mrcm at White Rock. The 

niasimum doscs from thc rcsuspcnsion of contaminatcl dust arc cstimatcd to bc 2.7 x 10' 

and 64 mrcdyctir in Ciihida dcl Buey and at White Rock, rcspcctivcly. Doscs projected 

for thc gas and dust itihalation pathways may ovcrcszimatc actual doscs by about 4,5 and 

2: times, ruspcctivcly. Thcsc mors  translate. into doscs of I .6 x IO" and 3.9 x 10'" for 

radioactivc g i i ~  for thc rcccptor locations in Caiiadil dcl Buey and White Rock, 
respcctivcly, The dust inhalation dosc is rcduccd to 2,4 x 10" mrcdycs r  in Cafiada dcl 

Bucy and 5.8 x 10'' rnrcrdycar in Whitc Rock, 
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Source Factor for Rationalc Frrlnr fnr 

Uncc r i  ain I) PA I CA Correction Factor PA I CA 
of L~ndcrcstimitcC for o 1 c cc I I i rn 2 t c 2 

Hatiortalc 
lor 

Corrcrtion Factor 
hdionuclide In\ retorits 
Am-24 I I 3.OEtOO 1 1.3F.100 1 Dcfation crror of 203% for PA and 3% for CA 8.5E-01 

8.5E-01 
8 5E-01 

8.5E-01 

8.OE-01 

h-233 

1 OEtfw) 
S.5E-f)! 
3.3E-01 

No dctaiion error, intrcur~tc projection for PA 
No dcrcction c r m .  in~curatc projection for PA 

No & d o n  error, imccurak projection far PA; 3- 
fold o\rrcstimtc imcntor). for CA 

Nodetcctionerrcir, iluccurale projcdion for PA; 3- 
fold mertrlimle inwntory for CA 

No dsrcction error. imccurarc projxulion fer PA; 3- 
fold os-ereaim!c henlory  for CA 

3.3E-01 

3.3E-01 h - 2 4 0  

R.5E-OI 

8.5E-01 
8.OE-01 
8.5E-r) i 
8 5E-01 

h-21 I 3.3E-01 KO ditcction ma, inxcumtc projcction fcr PA; 3- 
fdd o\-ercstimle invcfirory for CA 

Projection iruccurak, no dctcction crror. 
Prcjtction inlccurale. m dcrcciion ctror. 
Projxtion inxcura!c, rw Ccicction mor. 
Projcction immratc. 110 detection cncc. 

C 

C 

C 

C 

a d  rrojcstion mors for CA 

2 9Et00 2 9Et00 Ralio o fmximim tobx+xaseGistrrburion 1.OE+00 1 OEtOO 
lnri con me ni aI Tran5poit 
Rcsuspensiorr 3 2Ef00 3 2Et00 Error of 10 in rcsuyxnsionard dispcrsion 3 2E-01 3 2E4l 

Dispcrsion 3.2E300 3 2Et00 Error of IO in rmcpcnsion and dispcrsion 3.2E-01 3 2E-01 
fxiors 

fXtOK 

Th-232 3.GE+# c Octrction crror of 200 7C 
U-2 3 4 2.I)EiOr) C Dctcclioncrror of tor)!.’. 

U-23s 2 OE+W C ik~cciion crror clf Iry) 7: 
u-2 38 2.OEt00 I C Dttcclkn crror or lo0 ?C 

No osercstinufc asnrmcd 

Error cf I O  in resuqxnsion and diqxrsim fxtorr 

Error of I O  in resuspcnzion and disvrsion facton 

Inhri!arion b ! c  I . lEi00  1.4E400 Ratio of H o r s t c a s e  IO IklSc- 9.OE-01 3.OE-01 

ExFmreTime l . lE i00  l . IEt00  Ratio of w o n t u e  to b 3 K - t ~ ~  9.0 E 4  I 9-0 E-0 I 
brio of EPA aicrage to bjsciax 
Ratio of e s p c c l d a s e  to brixcax 



\Wiilc scvcrnl sourcrs of unccnainty arc ussociatcd with the projcctcd CA doscs for thc air 

pathway analysis. ccnain charactcristics of the portion of >IDA G uscd for thc disposal of 

prc- 197 I waste may significantly limit atmosplicric pathway doscs. Transuranic wastc 

storsgc fiicilitics hnvc bccn constructcd ovcr thc pits used for wastc disposal bctwccn 

1957 and 1970. As pan ofthc construction of thcsc f;icilitics. a total of3,3 m (10 ff) of 
covcr matcrial \viis placed ovcr thc disposal units, If maintnincd over t h i s  portion of MDA 

G. this additional covcr ivould cffcctivcly prcvcnt biotic intrusion into thc 1957 to 1970 

H'BSIC invcnrory. Givcn that this ponion of \hc CA invcntory contributcs approxiniatcly 

98 pcrccnt of thc pcak CA dosc projcctcd for thc air pathway analysis, pcak cxposurcs 

would dcclinc to about 0.1 mrcndycar. This reduction would, in turn, significantly rcducc 

thc worst-c;isc dosc of 270 mrcdycar rcponcd above. Undcr thcsc conditions, thc 

30-mrcm'yc;ir pcrformancc objcctivc would casity bc mct. 

Sourccs of unccnainty that may CBUSC thc projcctcd radon fluxcs to bc undcrcstim.itcd 

includc thosc ~ ~ ~ c i i ~ t c d  wi th  thc projcctcd invcntorics of '"Ra I ilnd 9'Th and thc 

cmanation cocflicicnt. Thc crrors [rssigncd to thc projcctcd radionuclidc invcntorics arc 

bascd on thc mcasurcmcnr unccnaintics discusscd carlicr, An m o r  tcrm of 1.2 was 

assigned to thc radon cmnnation cocflicicnt in Iicu of sitc-spccific data for this paramctcr. 

Unccnainiics associatcd with thcsc silmc pxamctcrs may also ovcrcstimntc the iictual 

radon fluxcs. Thc propagated m o r s  shoivn in Tnblc 4-7 iiidicatc that thc radon fluxcs for 

thc historic PA wwtc may bc undcrcstiniatcd by 2,4 timcs, whilc fluxcs for thc futurc 

ivastc inventories niay bc 3.6 rimes hi&r. Applying thcsc crrors to the projcctcd pcak 

fluses, radon fluxcs of 2.6 x lo'' and 6.1 x 10" pCi/m'/s (2.4 x 10'' and 5.7 x 10' 

pCi!A'/s) arc projcctcd for thc historic and futurc pit waste, rcspcctivcly. The worst-case 

fluxes for thc historic and future disposal shnAs arc 7.4 and 2.9 pCilm?ls (6,9 x 10" and 

2.7 x IO" pCi/!l'/s), rcspcctivcly. Fluxcs may be overcstirnatcd by fxtors  ranging fioni 

I ,2 to 1.6 timcs, Thcsc crrors transhtc into projcctcd fluxcs of 8.5 x lo'' and 1.1 x 10" 

pCi/m'/s (8.2 x IO" and 1 .O x 10'' pcl'tt'ls) for the hisroric and futurc disposal pits, 

rcspcctivcly. The corrcsponding fluxcs for ttic historic and futurc shaft waste arc 2 , s  and 

5 . 1  x 10" pCi/m'/s ( 2 2  x 10" and 4.S x 10'' pCi/fi'/s), rcspcctivcly. 
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T:iblc 4-7 Corrcction frictors for unccrt:rinties in radon flux for the PA 

Correction Factor for Corrtction Fiictor Tor 
Overcstimutcd Flux Sourcc o f  Unccrt:iinty Undcrcstirnntcd Flux 

Inventoq Pitst Futurc I P:ist Futurc 

2.0 2,O 1.0 I 0.8 : : b b  

:J:Th 3.0 3 .O 1,o 0,s 

Emanation 1 2  0,s 1 I L .  

Sourcc Term 
0,s 

Total R:idon Flux Unccrt:hty 2.4 1 3.6 0,s 0.64 

c) 

4A6.2 GrouttJwuter Proteerim Anii(w'is 

Unccnaintics :hat may cause doscs for the groundwater protcction analysis for thc PA to 

bc undcrcstimatcd includc: 
Thosc nssociatcd with radionuclidc invcntorks, 

Rates of watcr infiltration on thc mesa and in the adjacent canyons, the u'atcr 
transit timc in thc W ~ R C ,  radionuclide travel times, and 
Thc modcling approach uscd to cstimatc rates of lsicral transport. 

An crror tcrni of 3 was assigned to "C, w T ~ ,  and ISI bascd on thc assumptions that all 

futurc wawc projcctions wcre c o m a  and that measured activities always undercstimotc 

the actual nctivitics by 200 pcrccnt, Thc error tcrm nssociatcd with the watcr infiltration 

r;iw w;is 2.2. bascd on high flow calculations and thc conscn*ativc assumption that watcr 
passcs throush thc wastc puck;lge~ in thc disposal units in a year's timc, More rapid 

transit timcs may occur if thc moisture content of the wu tc  was greater than prcljcctcd or 
thc mount of infiltration in the disposal units was incrcucd. Finally, an error of 1 2  was 

assigned to Iatcral flow modeling for thc rcccptor location east-southeast of M D A  G, 
based on the assumption that, in the event that no latcral transport occurs, dl radioactivity 

lcachcd from thc wastc may reach tlis rcceptor's wcll. 
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A numbcr ofsourccs of uncertainty miiY causc thc actual doses for thc groundwatcr 

protection analysis to bc ovcrcstimatcd, Somc crror tcrms includcd wcre assigcd to 

account for this possibility, Thc m o r  tcms assigncd for invcntory unccrtaintics arc bascd 
on thc assumptions that all wastc activitics were mcasurcd xcuratcly and that thc W A  G 
disposal facility ccws operation aAcr 40 ycars rathcr than 49 ycars. This error term was 

rcduccd funhcr for "C to account for thc possibility that no I4C sourccs, the dominant 
contributor to thc projcctcd invcntory, will bc gencratcd at the Laboratory. The error 
terms nssociatcd with thc wntcr infiltration rntcs take into account thc rcsults of thc 

groundw'atcr simulations for low=flow conditions, Thcsc snmc crror tcms arc listcd for 

radionuclidct travcl timcs, but were considcrcd only oncc in m o r  propagation, 

Thc error term of 0.75 for water transit timc was cstimntcd buscd on the assumption that 

thc time tcquircd for watc: to trwcl through the wnstc ptickapcs is grcntcr than 1 G ycars 

but Icss than 50 ycars, Such a condition may csist, for instancc, if drier conditions 

prcvailcd in the disposal units. Unccnrtintics associatcd w i t h  aquifer dilution modcling 
may ovcrcstimntc thc actual dosc by a Pictor of two or morc, a f. *Lctor of two was nssumcd 

for the scnsitivity and unccfininty analysis. An error tcrm of O,6 was assigned to the 

Pnrijito Canyon rcccptor location to xcount for unccrtnintics introduccd by combining 

lateral rclcascs from thc historic and futurc pcrforniancc asscssmcnt invcntorics. This 

factor was cstimatcd as thc ratio of thc dosc contributcd by thc fiture invcntoT to the 

total pcak dosc from thc cntirc pcrformnncc asscssmcnt invcntory. Finally, the rate of 

watcr consumption was assigncd an error of 0.7 to account for the fact that thc 2-Wday 
(0.5-gaVday) consumption ratc is highcr than  tivcragc pcr c;lpita consumption rittcs. Tablc 

4-8 lists t.hc correction factors applied to thc groundwatcr path\vays doscs to account for 

uncentlinties that may undcrcstimatc or ovcrc3timnte doscs. Thc results shown in Tablc 4- 

8 indicatc that thc parnmctcrs and modcling approachcs uscd in thc PA may undcrcstimatc 

doscs to thc downgradicnt by as much as 360 timcs, and by ils much ;is 1s t i nm at the 

Parajito Canyon location. Bascd on thcsc rcsults and on thc doscs projcctd for thc 

rcccptor located 100 m downgr;idicnt of ;MDA G, thc pcnk annual dose cxpcctcd undcr 

worst-case conditions during thc 1,000-ycar complinncc pcfiod is 
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c-14 
Tc-33 

I-lt9 

R c ~ I I - 5  4G-O 13. R 2 
312 7r97 

3.OEt00 Projccticm accurate; dc-ection crror of 2 W 4  -1.2E-01 Projection irwccuratc; m deration mor. 
3.OEtOQ Projection accurate; detection mor of 2WX 8.4E-0 1 Projcclion im-mratc; no dctcclion crror. 
3.OEt00 P r ~ j ~ ~ t i o n  accurate; detection mor of 200% 3.OE-01 Projection imccura!c; no detection crror. 

Parajito C p  

\Vasle Transit Tim 

2.7Et00 Ratio of high- flow field doK to h x e x  doK I .ZE-Oi 

2 2E*m m o o r  I ) C W O ~ C ~ S X ( I ~ ~ ~ C ~ T S )  7.5E-01 

Ratio of taw-flm ficld dase IO baxast d o x  

Ratio of 50 J cars to brtsc case ( I G )-cars) 

Radionuclide Trnrl Time 
Dcmngradienl 4 2EtOI Ratio of high- flow field dose to hsc- doK 5.3E-05 Ratio d low-flow field dose to basecase dose 

Parijiro o n  2.7Et00 Ratio of high- flo;v ficM dose to & a x  dose 1.2E-01 Ratio Of IOW-~~OW field d m  CO ~JX-GISC d m  

LareraI Transport hlodeling 

Aquifer Dilution l.OEt00 C 5.OE-01 &!io of csfcul3ted-lo&n-a~d aquifer \docit)- 

Combirntion of L a t c d  Sourccs 

Doungradicrit 1.3Ei00 Proportion of h l e d  flux to sertical ff u?( I .OEtOO C 

Parajito C p  I .OEfOO C 6 OE-01 Wtio of doxs due to historic and fuiure insentoriel 1 
Rclource Ulitiralion 

I \~atcc  Connrrnriicn fire I I.OE+W I C I 7.OE-01 I Ratio of EPA'sprcnpifa rate t o  assumed rate 
Tofal Propagafcd E r r o r  
Dmnpadicnt 3.dEt92 7.7E45 I 1 I +Parajilo Cjn 1 . a m  o I 1.OE42 I 
b. Factors reirexnl &&ce lo which projcctcd S C C M ~ O  doxs m y  bc m c m t i m t d  doc t o  mors in mdds 3nd pararictcrs undtr c p i m I  conditions 
c. No crror assifirLd as pjrameier did not rmbc significatit cantribution lo boscr. 
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0 cxpcctcd to bc 3,O x 1 I?' mrcdycar. Similarly, thc pcak annual dose undcr worst-casc 

conditions for thc rcccptor in P;irajito Canyon is cxpcctcd to bc S,3 x 10' mrcm. Even 
undcr thcsc unfnvorablc conditions, thc projcctcd pcak doses for thc groundwater 

protcc:ion nnnlysis still constitute only small Fractions of thc 4-mrcdycnr pctformancc 

objcctivc. 

Based on thc rcsults shown in the table, doscs for thc downgrndicnt rcccptor may be 

ovcrcstimatcd by scvcral orders of rnagnitudc. whilc doscs for the Pnrtljito Canyon 
resident may bc ovcrstxcd by a factor of 100. Nencc, undcr conditions approaching best- 

cast, thc pcnk projcctcd dosc for thc rcccptor cast-southcast of thc disposal fiicility is 6.4 

x I Ui3 mrcdyear. Similsrly, the peak annual dosc projcctcd for thc pcrson in Panjito 

Canyon is 4,5 x 10'' rnrcm, 

4.3.6.3 All-Putltwuys Antilysis 

Thc [Ill-pathways doscs propngrrtcd at thc 100-m dowgradicnt rcccptor location are 

scnsitivc to thc unccrtaintics in thc groundwatcr protcction analysis alrcady discusscd, and 

also ta othcr factors associated w i t h  doscs duc to cxposurcs to contaminated foodstuffs 

and soil, In  terms of thc latter factors, unccnainties in plant uptake factors and thc 

amount of radioactivity in irription w t c r  that is assiniilatcd by crops may cause projcctcd 

doses to  bc undcrustimatcd. An error of 1.9 was assigncd to plant uptake factors to 

rcflcct thc impact n two-fold incrcasc in thc plant uptake factors for I4C. "Tc. and ''37 will 

have on projcctcd food pathway doscs. Thc crror of I ,1 assigncd to plant uptake from 
irrigation c rcflccts il fivc-fold incrcasc in rhc rranslocntion fx to r  for non-leafy vtgctablcs, 

Sources of unccrtainty that may cause rhc prbjcctcd all-pathways doscs to bc 

ovcrcstimatcd include soil rndionuclidc conccntrations resulting from irrigation, thc rtlte of 

soil consumption, and thc proportion of thc rcsidrnt's food requircmcnts that is raised by 

the individual. An error of 0.2 is assigncd to thc soil radionuclide concentrations, which is 
corisistcnt with a morc rcasonablc buildup timc of 1 ycar for "k, wTt, and '9. Tlrt: crror 

of O,] ; ~ s s i p ~ !  IO the soil consumption ra:c is bascd on WCtagc soil consumption rates in 
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adults that hove a low tcndency to cat soil, Thc proportion of food rcquiremcnts go\+% at 

thc resident's homc is assigned an error of 0.S bascd on thc ncltiond tlvcrclgcs for this 
paromctcr. Table 4-9 and 4-1 0 list the corrcction factors applicd to the all-pathways doscs 

to account for unccnnintics that may undcrcstirnatc or overcstimntc doscs cslculatcd in the 
PA and <PA at thc downgradicnt and Pajnrito Canyon receptor locations. rcspcctivcly. 

Tlic propagated crrors listcd in Tablc 3-9 indicate that thc doscs for the dl-po:hways 

analysis performccl for thc downgrsdicnt receptor may be undcrestimntcd by a fanor of 
630 for the PA and 7 10 for the Ck Thc products of thcsc crrors and thc projcctcd pctrk 

doscs yicld worst-case doses of 6.1 x I o "  and 4.1 x 10" mrcdycnr, rcspectivcly, Thcsc 

doscs arc small fractions of the pcrformancc objcctivcs pcrtincnt to these analyses. Due to 

various uncertainties. thc all-pathways doscs may also be overcstimated by s ~ e r n l  orders 

of magnitude. 

Addirional sourccs of unccrtainty include thc m:c of crosion, the soil mising depth in the 

canyon, and thc soil consumption ratc, An error of 10 was assigned to the first two 

parametcrs bascd on prcvious discussion, The error of 0. i assigned to the soil 

consumption rate takcs into account thc intakc of soil in adults with ;I low tcndcnq* to 

instst soil. 

Rcfcrring to Figure 4-10, the propagation of mors in dose wscssmcnt for the all- 

pathways rcccptor in Pajnrito Canyon indicates that the PA doscs may be undcrcstimatcd 
by a factor of 27 and ovcrcstimatcd by 1.1 x lo" times, Thcsc propasatcd erron yidd 

annual doscs o f 3 3  x 10' and I ,64 x 10.' mrcm. rcspectivcly. CA doses for this scenario 
may be undcrestimatcd by 540 times, and ovcrcstimatcd by 3,6 times, Thc doses 

corrcspondinp to these crrors are 3.9 and 2.0 x 10') mendyear. The worst-wc doses ;~l"t 

all much lcss than the appropriate performance objcctivcs. 
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Resource lJti!izatim 
Soil Consurnpion 1.OEtOO 1.OE+00 n'a I.OE-02 I .OE-02 Ratio of c x p c t d  soil ingestion to hx  casc 
W t c r  Consuniprion l.OE400 I.OEtOr3 nfa 7.OE-01 7.OE-01 M i 0  Gf cstim!rJpr cqiifa rate lo tnsc 
Vegctrtble Consumption 1.0Et00 1.OEi00 d . 3  I.OEi00 I.OE+O nia 
Proportioa of(hrdtn Crops &ten I.GE+W 1.0EWO nra 6.OE-01 6.UE-01 htio of cdirmlcd horn-grain fwdslufJs 

ingestion to tuK chcc 
,Tofat Propagalcd Error -6.3EtOL 7.1Et02 3.5E-06 5.OE-07 

a. Factors reprexnt the degree lo nhich Frojecled sccrurio doxs m y  te findercstim3td d w  ta errorr in m d d s  and param-fer5 un3cr conditions ayprmching uorstxasc. 
b. Factors rcpresent the degrce to uhkh projcvtcd ~emrio  doses m y  bc oiercstirnittd due to c m r s  in rndels m d  pramcters unda cpiml codilions. 
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Rat ionalc Factor for Rationale 
i o  r Un dc rtltirnllcrs lo r 

3.OEt00 
3.OEt00 

Accurafe projection; detection m o r  2ix) ?L 1.2E-01 9.JE41 Imcuraie projection; CLO dcrection mor .  
Accur~:s pmjxtion; dctedon etror 200 % 8.4E-01 8.7E41 Jnxcurafe projxtion; rw) dekcliGn error. 

3.0EtOO 1 Acmrzte projection; dctection m o r  2CO 7C 3.OE-01 I.OEtOr) Iruccura!c projxtion; no detection crroi. 

2.2Et00 2.2Et00 W!cr Traasil Tim 
dose dose 

brio of I )-car to base case 7 . 5 E 4 l  7.5E-01 Ratio cf 50 jurs lo  base cast 

Waicr Consumption 
Vcgctabk Consumption 
Proportion cCGarden Crop L~tcn 

I.OEi00 I.OEt00 d a  
I.OEt00 l.OE+OC) d a  
I.OEt00 I.OEt00 nfa 
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Table 4-10 Correction factors f o r  rinceriaiiities in Pajarito C'aiijoii all-patliwajs doses in [lie PA and CA 

._ - - I PA I CA I Ccrreclion Factor I PA k[ Corrcclion Factor I Uncertainty 
. _ _  tadionuclidc Inrentonci 

1-129 3.OEt00 
iwrcc R c k a x s  
InfitIradon Rare I4.2Et01 &!io of high-flow conditions dasc lo hxxcast I 5.2E45 4.4E-06 I Ralio of low-ffou-condilions do% to hxcasc 4.SEtOl 

hrironmenlal Transport 
GW Trarrl Tim 5.2E-05 Ralio of high-flaw conditions doK to bxse-casc 

d#K 
Ratio of !atcral m s  flux lo Cad m s  flax 

nf3 

I I 

I.OEtG0 
5.OE-01 Aquifer Dilution 

Concentrations from irrigation I 15 )r bUi!!up tinx of conL3rnimt.s in soil with Ratio of soil h idup for 2 jwrs lo base cax 
no miemion 

~~ ~ 

2-fold increase in  p h i  uptlkc factors Tor C-14, 
Tc-33, and 1-129. 

5-fold increase in transslocatisn faclor for mn- 
I d v  terzetabks. 

I.OEt00 

1.2Ef00 1.2Et00 t Plan1 Uptake from Irrigation I .OE*Orl 

7.OE-01 
I.OEi00 
6 OE4l  

rolal Propagated Error IG.3Et021 7.tEt02 I ~ 3.5E-06 
a. Factors reprrxnl the dcgroe to which projatcd xcmrio doKs msy k unjercstiin~td due to crrors in m&ls and psrmlc t s  undcr coditions ayprmching uorstasc.  
b. Factors rcprtxnl Ihc degrce lo which projatcd xcnirio doscs m . 3 ~  be mcrcstimkd ~ I J C  to crrois in m&ls and pramctcrs undcr oprirrul cod:tions. 



4.4 ALA%% ASALYSIS 

As statcd carlier, thc primary pcrformsncc objcctivc for the CA is IO0 mfcrdyr to B 

hypothctical mcmbcr of thc public. A dosc constraint of 30 m c d y r  is also applied to thc 

rcsu!;s of the CA. If thc projcctcd doscs cscced 30 mrcdyr, an options or tU.4R.A 

analysis shall bc performcd to identify cost-cffcctivc ways in which thc potcntial cxposurcs 

to thc public can bc reduccd. 

Thc projcctcd pcak doscs ibr the exposure sccnanos includcd ir. thc CA do not cxcccd thc 

j0 rnrcdyr limit. Undcr thcsc conditions, an ALARA analysis is not rcquircd but may 

still be warranted.' The following paragraphs discuss thc proccss uscd to detcrrninc if, 

indccd, a quantitativc ALAR4 asscssmcnt is justificd, 

The ALAR4 analysis considcrs thc cost of thc actions takcn to rcducc ncposurcs rcliltive 

to the tuduction achicvcd. To conduct the analysis, ;I rnonctary cquivalcncc is assigncd to 

thc rcduction in doscs, Having donc this, the r U A M  proccss is considcrcd to bc 

optirnizcd whcn thc cost of the action is lcss than, or in the rangc of, thc monetary 

valuation of thc avoidcd dosc. Thc monctary equivalcncc rccornmcndcd by DOE for tlic 

dosc reduction is in thc rangc of S1,OOO to $1 0,000 pcr pcrsodrcm potentially avoidcd. 

To cvaluatc whcthcr rtn action takcn to rcducc collcctivc population dose is cost-cffectivc 

or ALAR.& thc potcntinlly cxposcd population must be quantificd. Then. thc collcctivc 

dosc is the individual dose calculated in thc CA multiplied by thc numbcr of potentiidly 

exposed people, integratcd ovcr a pcriod of 300 ycars. In  tcrms ofthc groundwntcr 

pathway, thc sizc of the population exposcd is conscrvativcly sct cqual to the total numbcr 

of pcoplc living in Whitc Rock and in the Cochiti Pueblo. This population totals about 

15,000 people, The pcnk cxposure projcctcd for the resident in Parajito Canyon depends 

upon thc individual’s prcscncc dircctly bclow M D A  G. Conscqucntly, thc totul population 

that may be cxposcd is much lcss than that cstimatcd for the groundwater pathways and is 

usumcd to bc 10, Thc pcak air pathway crcposurc is to a hypothctical pcrson in Cailrrda 
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dcl Bucy, approximately 500 m north of MDA G. While the number of persons that 

would bc csposcd to thcsc conditions will bc small, it is conscrvntivcly assumcd to be 100, 

The cntirc population of Whitc Rock, 6,SOO pcoplc, is assumed to bc cxposcd to the &r 
pathway conccntrntions projcaed for that location. The collcctivc doscs wlculntcd for thc 

CA ALAWi annlysis arc listcd in Table 4-1 I ,  Applykg a S1,OOO monctuy valuation to the 

projcctcd pcak population doscs listcd, an action that climinsttd the population cxposure 

projected via thc 3ir pathway in Canada del Buey would be ALARA if it cost lcss thm 

SI 60,000. whilc climincting the projccttd air-pathway dosc in Whitc Rock would bc 

A L N U  if it cost lcss than or cqual to $2,700,000, In contrast, the all-pathways doses arc 

so small that acticins takcn to rcducc them arc not highly volucd in thc KARA sense, 

I Projected Peak Populrrtian Dose 
(person-rem) 

T:~ble 4-1 I Colfcctivc population doscs for thc composite :mitysis ALAR4 an:rlysis. 

t 
I AI1 Pathwavs - Paraiito Canvon I 22E-02 I 
I h ~ a t h w T y  - Canada dcl Bucy I 1.6E+V2 1 
I Air Pathwav - Whitc Rock I 2.7E+O3 I 

Any of sevcral options that would dccrensc the potcntisl for biotic intrusion into disposal 

units at MDA G would substantidly rcducc thc collcctivc air-pathway doscs in both 
Cnhda del Bucy and in lvhitc Rock. Among thcsc options arc n thicker covcr and nctivc 
maintcnclncc of thc sitc to climinntc thc potcntinl for biotic intrusion. The passive solution 
is i\ttractivc for scvcml rcnsons. The estimutcd cost for 250,000 rn3 of crushed ruff (40 

acrcs, I m thick) is $1,500,000. This cost would be augrncntcd by the cost to prcpatc the 
existing covcrs, to crnplacc tlrc new covcrs, to'rccontour the surf;cc, and to rcvcgctatc the 

ncw covcr, Even so, it may bc ALARA to cmpltlcc illl additional 1 m of crushed ruff over 
the closcd disposal units, Howevcr, bcforc such u decision is mndc, it is prudcnt to 

cvnluatc the results of thc sensitivity and unccrzsinty analysis and to rcfinc the air pathway 

analysis accordingly, 
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Thc rcsults of thc sensitivity and unccrt:iinty analysis show that projcctcd air pathway 

doses arc scnsitivitc to thc actinidc invcntorj extrapolatcd for the pcnod 1957 through 

197 1 ,  That invcntory is cxpccted to bc grossly ovcrcstimatcd. A morc thorough 

characterization ofthc prc-1971 invcntory is warrantcd ifthc rcsults arc goins to be used 

as 3 basis for the closurc plan. Thc air-pathway doscs [ire also scnsitivc to the c m n t  of 
biotic intrusion and subscqucnt translocation. I n  thc biotic translocation modcl. actinides 

arc extractcd by dcer micc rathcr than plants. $0 material will be cxcwatcd by dccr mice 

if thcir burrows do not pcnctratc through thc covcr and into thc wastc, Awming a 1 m 

(3.3 tl) cover and a 2 m (66 A) burrowing dcpth, contamination will bc translocatcd to the 

surfacc. Tlic radionuclidc contcnt of the matcrhl will not likcly bc what was modclcd, 

which assumed 3 hornogcneous mix and distribution of all radionuclides contnincd in a 
Sivcn disposal unit. Ccnain rccords for thc prc-1971 invcntory suggcst that much ofthc 

morc highly contaminated plutoniiim wastc is buried at thc bottom of pits, thcrcby making 

it unavailable for cxTrtraction from thc top-most l i f t .  Ag;iii\, n morc carcFul considcrntion of 

thc prc- 197 1 invcntory is wauiintcd bcforc any dccision i s  madc on thc basis of this 

ann] ysi s. 

Two other considerations should bc noted rcgarding thc potential for biotic translocation. 
I t  is likcly that scvcrnl of thc oldcr pits arc covcrcd with morc than 1 m (3,s A) of cmshcd 

tuffbccausc., until 1996, disposal units wcrc dctcrmined to bc full on the basis of thc spill 

point, the lowcst point along thc pcrinietcr of a givcn pit. On cxcavation, the spill point 

was idcntifkd. and a linc was projectcd from tlic spill point around the pit to crcntc the f i l l  

linc. Wastc was not placcd to within 1 m of thc f i l l  linc, Givcn thc topography of thc 
mcsa and thc Icnsh of pits, the f i l l  linc may be more than 1 m (3,3 .,) lower than the 

oppositc wdl, Anothcr fact to rccognizc is'that the oldcst disposal units (Pits 1 4 )  are 

rcsponsiblc for the Inrgcst air-pathway doscs, assuming a 1 m covcr. In rcality, howevcr, 

thcsc pits are covcrcd with approsimatcly j m (IO A) ofovcrburdcn and surface stmcturcs 

supporting a TRU waste managcmcnt project. It is unlikely that all of the ovcrburden will 

bc rcmoved. It is possiblc that the surfacc stiucturcs will bc dismantled and rcmovtd, and 
that thc bare surfacc will be rccontourcd and rcvcgctatcd likc thc rest ofthc mesa, 
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5. IiSADVER'fENT INTRUDER ANALYSIS 

Thc inadvcncnt intrudcr analysis was pcrformcd to cstablish upper limits on radioactivity 

conccntrntions for LLW to be disposcd of at MDA G, 'rhc DOE intends to exercise 
control of M D A  G until it can bc safcly rclcascd for public USC, and intrusion is I 

hypothc:ic;il cvent modclcd to address thc following pcrformancc objcctivc in DOE 
5820.2h applicablc to thc PA invcntory: 

Ensurc that thc conimittcd cffcctive dosc cquivalcnts rcccivcd by individuals who 

inadvcncntly in'trudc into thc fkility nfict. the loss of active institutional conrrol 

( 1  00 ycars) will not cscccd 100 rnrcdyr for continuous cxposurc or 500 mrcm for 

ti singlc acu~c  cxposurc. 

For thc purposcs of thc analysis, nccidcntal, tcmporary intrusion was assumed to bc duc to 

a lapse in control at thc site during thc industrhl-use period.' Sevcrol intmdcr sccnarios 

wcrc considcrcd to modcl cvcnts tha: could wasonably occur and rcsult in chronic or 
x u t c  cxposurcs, 

Thc intrudcr analysis and rcsults arc discusscd in thc follo~ing scctions, First, the thc 

acute and chronic csposurc sccnarios considcrcd for tlic analysis arc summafizcd, then the 

doscs resultins from thc sccnarios analyzcd are prcscntcd. Finally, a supplemcntd analysis 

performed to undcrstand the scnsitivity of the calculations to unccrtainties in thc model is 

discussed. A dctailcd dcscription of'thc inadvcncnt intruder analysis summarizcd bclow is 

includcd in Appcndix 3c. 

5.1 m'TRUDER E S P O S W  SCENARIOS 

Tlircc intrudcr exposure scenarios-1) Intrudcr Agriculture, 2) Intruder Construction, 

and 3) Intruder Discovwy- \+*ere initially considcrcd in thc PA. In gcneral, these 

exposure sccnarios rcscmble thosc uscd by the US, Nuclear Regulatory Commission 

(YRC) in support of 1 o CFR Part GI 
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Intrusion into the disposal pits at MDA G was assumed to be feasible at all times idtcr thc 

cnd of thc 100-ycnr activc institutional-control period, It was assumcd that waste 

containers and waste forms would not limit thc potcntid for intrusion into the waste. 

b'hilc stcel bows and dmms uscd for wastc disposal, and some wastc forms (c.g., mctals 
and goutcd wastc) may be rccognbblc uftcr 100 y c m ,  thcir m t t s  ofdcgrrtdotion undcr 
local disposal conditions arc unknown. hadvcrtcnt intrusion into the dkposol shafts wns 

iissumcd to bc prcvcntcd for 300 years following the closurc of iMDA G, Thc disposal 

shaA dcsign incorporates concrctc caps to bcttcr isolate thc w s t c  fiom thc surfxc 

cnvironmcnt. Although tfic cspected lifetimc of thesc concrete caps is unFtnown, it was 

assumed that thc concrctc c a p  \vi11 rcsist intrusion for SO0 yc,m, 

Wcll drilling was not modclcd primarily because it w a s  not considcrcd rcalistic. Forcmost, 

an accidcntal, unnoticcd siting of n water well is not likely in that thc regional aquifer is 
locatcd at a signiscant dcpth bcncath M D A  G. Similarly, cxplorotory wells will not likcly 

be pursucd in this ma. duc to thc lack of csploitablc natural rcsourccs, 

Among tlic thrcc intrudcr cxposurc sccnilrios, tlic intruder-agriculturc scenaho ~va.s choscn 
to dcmonstrntc compliance. For usually, potcntiol cxposurcs will bc Srcatcst for the 

agriculturd intrudcr undcr all conditions, whcn thc conccntrntion of radioactivity 

encountered, the times of cxposure, and the lcvcl of rcsource usc arc considered. 

Gcncrally, thc cxposurc routcs include insestion of contaminated food and soil, inhalation 

of airborne contaminants (espect radon and its daughters), and dircct radiation from 
airborne contaminants and contaminated soils, In thc intrudcr-agnculturc sccnano, a 

"standard rcfcrcncc man" builds and rcsidcs in rl basement home over a disposal unit. 

spreads contamination excavated during basement construction ovcr thc construction lot 

and Snrden arc& and consumes crops grown in the garden. 

. 

Thc construction sccnano considers cxposurcs rcccivcd by an individual conszructing a 

house at the disposal site. The projcctcd dose for thk sccnano is lcss than that projected 

for thc agricultural intruder becausc of fcwcr routes and shortcr cxposurc times. 
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I n  thc discovery scenario, whilc constructing a housc at disposal sitc, an individual 

discovers intact wastc in thc caursc ofcscavating a bascmcnt and abandons all cflorts. 

Thc conccntrations of radioactivity cncountcrcd by thc intruder are grcater than those 

conlactcd in thc prcvious scenarios bccauc the waste is not mixcd with clean soil. 

Idowcvcr, thc tirnc of cxposurc is far lcss (lcss than 100 hours), and thc number of 

cxposurc routcs lcading to potcntinl doscs arc fcwcr. 

The naturc of thc intruder sccnario is such that intrusion into onc type o f  disposal unit 

(i.c., pits or shoAs) prccludcs simultnncous intrusion into the othcr. Similarly, intrusion 
into the historic wastc by an individual is not consistent with intrusion into thc future 

invcntory at thc samc time. Conscqucntly, scparatc intrudcr dose projcctions wcrc 

calculaicd for the historical and future invcntorics, and for the disposal pits and shafts. 

Thcse projcctions accounted for the invcntorics disposed of, or projectcd to bu disposed 

of, at MDA G and the spccific chariictcristics of thc disposal units. 

Thc results ofthr: intrudcr analysis were uscd to assess compliancc with DOE Ordcr 

5820.2A and to cstablish rndionuclidc conccntmtion h i t s  for waste disposcd of nt MDA 

C. Both of thcsc andyscs wcrc biWd on thc 100-mrcmlyr pcrfarmnnce objcctivc for 

chronic intrudcr cxposurcs. Thc NRC dcfincs acutc cxposurc evcnts as those that occur 
fo: less than 1 ycsr."' Bnscd on this dcfinirion and on thc ;issumption that complaccncy 

on the part of thc sitc custodian could last as long as two years, it was assumcd that the 

intruder-agriculturc scenario constitutes a chronic cxposurc. 

5.2 ISTRUVER AXALYSIS RESULTS 

'The dose projcctions for thc intrudcr-osriculturc cxposurc sccnnrio are prcscntcd and 

discusscd bclow, first considcring intrusion into wastc djsposcd of bctwecn Scptcmber 26, 
1988, m d  the cnd of 1995, and thcn for waste cxpcctcd to rcquirc disposal bctwccn 1996 

and 2044, thc assumed cnd ofdisposal operations at MDA G. 

.. 
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5.2.1 Intruder An:dysis Results for Historic Waste 

The doscs projcctcd for the intruder-agnculturc csposurt: sccnano for the disposal units 

filled from Scptcmber 26, 19SS through 1995 u c  shown in Figure 5-1 for thc period 

benvccn 100 and 1,000 ycars following the cnd of disposal operations. In calculating the 

doscs, it was assumed that pits fillcd bcfore 1996 wcrc covered with 0.9 m {z ft) of 
crushcd t u f f  and 0.1 m (0.3 fl) of topsoil; thc shafts fi1Icd bcfort 1996 wcrc covcrcd with 

0.9 m (2 ft) ofcmshcd tuff and 0.5 m (1,5 !?> ofconcrcte, 
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Figure 5-1 Doses a~lct~ ls ted  for intrusion into pits nnd shafts (top and bottom, 
rcspcctivcly) fillcd from Scptcnibcr 26,1985 through 1995 
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The pcak dose resulting from intrusion into hhtonc pit waste was calculated to be 30 

mrcdyr, whilc thc pcak dose from intrusion into historic sh,d wilstc was IS  mrcdyr .  

For both pi:s and shafts, thc pcak dosc occurcd at the carlicst timc of intrusion, which 

was 100 y c m  for pits and 300 ycars for shafts (becausc of thc prcsumed stability of the 

concretc bnrricr). Thcrcafler, annual doses dccrcascd with the dccny of thc shorter-lived 
rndionuclidcs in thc waste. Thc rndionuclidcs making major contributions to thc projected 

dosc aftcr intrusion are shown in F iprc  5-2. 

i 
I 

Figurc 5-2 R:idioauclides contributing to the doses from inndvcrtcnt intrusion into 
historic wmte in pits and sh;ifts (top rind bottom, rcspcctively) 
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Two long-lived radionuclidcs, %I and 3*U, account for about 52 pcrccnt of thc pcak 

dose projcctcd for thc histork pit waste; four others, '*'Am, 3wPu, "?h, and "'U. cach 

contnbutc 6 to 9 percent of the pcak dosc, The inhalation of suspended dust and direct 

ridiation ffom contaminated soil uc rcsponsiblc for 42 and 2s percent of thc pcak dose, 
rcspcctivcly. For intrusion into sh&, "'"Ag and 13'Cs are responsible for almost SO 
pcrccnt of thc projcctcd dosc; '"Am, 9%b, *Nb. pwPu, wid ?J u c h  contnbutc 5 KO 13 

pcrccnt of thc dose. Important exposure pathways include direct radiation from 
contaminatcd soils, which accounts for 66 pcrccnt of thc total dosc. and the inhalation of 
airbornc radioactivity, wllich contn'butcs 21 pcrccnt of thc dosc. 

5.2.2 Intruder An:dysis Results for Future Wustc 

Tlic intrudcr analysis for thc futurc w,lstc invcntory assumcd that pits ~ 2 1  bc covcrcd uith 

2 m (6.6 fl) of crushcd tuff and topsoil, and that shafts will be covcrcd With 1.5 m (5,l ft) 
of crushcd tuff ilnd 0.5 m (1.5 A) of concrctc. Doses projcctcd for thc intrudcr-al;nculturc 
cxposurc scenario for thc futurc disposal pits and s h ~ 4 s  are shown in Figure 5 3  for the 

1 ,OOO-yeilr compliance pcnod. Similar to thc historic invcntory, pcak doscs occurred at 

the eirlicst timc of intrusion, 100 ycars for pits and SO0 yeus for shaii. The peak m u d  

dosc for thc pit wu:c was 30 mrcm, which remained rclntivcly constant throughout thc 

complinncc period, The peak intruder dose for thc hturc shaft wastc was 12 mrcd~T.  

Annual doscs for thc shaft waste dcclinc after thc initial intrusion evcnt at 300 years to less 
than 6 mrcm by the cnd of thc compliance period. Radionuclidc contributions to the peek 

doscs projcctcd for the fiture pit and shaft waste arc shown in Figure 5 4 .  Plutonium-39 
and 3nU account for about 50 pcrccnt of thc projcctcd peak dosc for the disposal pits; 

" ' ~ m ,  3"Pu, '"Pu, ='R;I, and 3'U arc cilch rcsponsiblc for 5 to 7 pcrccnt of the total 

dosc. lnholation of airborne particulates and direct radiation from the pound suflacc arc 

thc dominant cxposurc pathways, accounting for 68 percent of thc p d  dosc. In temis of 
the htutc shafts, "'Cs accounts for 3s pcrccnt of the projected intrudcr dosc; '"Am, 

'%%, " J ~ u ,  and cach eontributc 10 to 17 pcrccnt ofthc tcttd dosc. Inhalation of 
airborne "'Am, ?Pu, and 34U and direct radiation from soil contaminated with 13'Cs 

account for 53 pcrccnt of thc projcctcd cxposurc. 
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Figure 5-3 Doses c:dcul:itcd for intrusion into futurc pits :md shafts (top and 
bottom, respcctively) 

5-7 



An% I 

Figure 5-3 Rdonuc l ides  contributing to thc doses from inadvertent intrusion into 
futurc waste. pits and shafts (top and bottom, rcspcctively) 

5.2.3 Summary of Intruder Analysis Rnults 

In thc inadvcrtcnt intrudcr analysis, waste disposed of in pits rcsultcd in larger intmdcr 

doscs than wutc disposcd of in shafts. Thc radionuclides contributing most of thc pit- 

intrusion dosc wcrc lonplivcd rndioactinidcs (uranium, amcncium, and plutonium), 

primarily through thc paniculate-illhalation pathway. Direct radiation fiom soils. ingestion 

of soils, and ingestion of crops also produccd small but non-zcro doscs. Doscs horn 
intrusion into shafts, both historic and future, wcrc due mainly to direct radiation from soil 
contaminntcd with gamma cmittcrs including 'OnrnAg, 137Cs, 92h'b, and %, with inhalation 

of actinide-c0ntaminatcd particulates and ingestion of actinidc-contamhatcd soil also 

bcing important. Doscs due to direct radiation from i r  and inhalation of 'x "C, and 

krypton wcrc insignificant contributors to calculatcd intrudcr doses. 

Thc purposc of the intrudcr-sccnario sensitivity and uncenninty analysis is to determine 

how thc projectcd intruder doses change when uncertainties in data used in the analysis 

arc considcred. Thc uncertainties affccting the inadvertent-intruder andysis include the 

assumed radionuclide concentrations in the disposal units, the stability of the concrete 

shaft cover, and the thickness of the cover, Thc modeling panmet.cn used in the analysis 
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wcrc obtiiincd from standard rcfcrencc sourccs; howvcr, thc paranlctcrs were not 

considcred in thc sensitivity rind uncenainty analysis not only bccausc t h q t  are industry- 

standard valucs, but also bcctlusc the scenario itsclf is considcred vcry conscrvntivc with 

rcspcct to rcgional noms. The sensitivity of thc rcsults to unccrtaintics in invcntory arc 

discusscd in Ssction 5.3.1, while thc cffccts of unccnaintics rcgardins disposal-unit cover 

dcsigns arc charactcrizcd in Section 5,3.2. 

5.3.1 1 nvcn t o r y  Unccrt:rin tics 

The intmdcr dose asscssmcn: indicatos that rclativcly few radionuclidcs in thc M D A  G 
would have any significant radiological impact on an agricultural intrudcr. Thosc 
radionuclidcs wcrc shown to  bc "'Am. '"Pu, ""Pu, L, U, 

and ''Xb, Thc uncertainty in thc rccordcd and projcctcd invcntorics diffcrs somewhat for 

thcsc r;idionuclidcs, ranging from very low for cnsy-to-rncasurc '37Cs to very high for 

dificult-to-mcnsurc 238Pu, Unccrtaintics in invcntory only bccomc important whcn 

ptojcctcd doscs are ncar the pcrformancc objcctivu, Thc information prcscntcd in Scction 

3.5 on thc invcntory unccnaintics apply to the intrudcr analysis, 

3 8  V 3 5  "ZTh. IJ7cs, IOnlllAg, 'WNb 

5.3.2 Disposal-Unit Covcr Unccrt:lintics 

Thc projcctcd doscs to hypothctical pcrsons who may at some point in thc futurc 

accidcntally intrude into disposal pits and shafts at ;MDA G dcpcnd o n  thc thickness and 

intcgnty of thc disposal unit covcrs. Thc rclativc d k c l  of 1 rn (3.3 it) and 2 tn (6,6 A) 

covcrs ovcr disposal pits rcflccts thc dcsrcc of mixing of contaminatcd w u t c  and clcan 

covcr materials, This cffcct can be quantified in tcrms of thc 2 5  ratio of contarninatcd to 

clcan miitcrid cxcavatcd with a 1 m (3.3 ft) covcr, comp:lrcd with thc ratio of 1 :3 for a 2 

rn (6.6 ft) covcr. 

Thc cffcct of thc assumed, but unccnain, 300-ycnr integrity of the concrctc shaft covcr 

can bc analyzcd by comparing the rclativc rndioactivity prcscnt at 100 ycars post closure 

(the cslrlicst timc that intrusion is considcrcd fcasiblc) to that prcscnt at 300 ycars, a h  

200 ycnrs o f  ducny. Thc valuc uscd in the analysis is consistcnt with valucs gcncrally 0 
~ assumcd. 
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6. PERFORMANCE EVALUATION 

Thc purpose of thc PA is io dctcrminc ifLLW pcncrated sincc Scptcmbcr 26. 1988 has  

been, and will continuc to bc, disposcd of at MDA G in il manner that will not result in 

radiation doscs 10 mcmbcrs of the public that cscecd spccified pcrfomancc objcctives, In 

a complementary kshion, the CA is uscd to cvaluatc options for cnsunng that exposures 

from all waste disposcd of at MDA G will not impart doscs to future members ofthc 
public in csccss of permissiblc lcvcls. This is accomplished by comparing thc rcsults of thc 

PA and  CA to thc upplicnblc pcrforniancc objcctivcs for cach cxposurc sccnano modclcd, 

3s discusscd in Scction 6.1. Thc comparison providcs infonation that is intrgrotcd 

direci!y into LANL wastc managcmcnt and cnvironnicntal rcstoration activities, as 

dcscribcd in Scctian 6.2. Thc rcsults of the PA and CA arc also evaluated to dcterminc 

whcthcr additional work is rcquircd to cnhancc thc modcls and data uscd, and to cnsurc 

thc conrinucd applicability ofthc rnodcls and  results, as discusscd in Section 6 3 ,  

6.1 COMPARISOS OF RESULTS TO PERFORMAXCE OBJECTIVES 

Thc rcsults of thc PA dose cslculntions prcscntcd in Sections 4 and 5 arc comparcd with 

thc public-protcction and intruder-protcction pcrformmcc objcctivcs, rcspcctivcly, LS 

spccified in DOE Ordcr S820 .X .  Thc rcsults of thc CA includcd in Scction 3 arc 

comparcd against thc offsitc dosc limits also spccificd by thc DOE.' This scction 

comparcs the rcsults of the PA and CA dosc pi'ojcctions with their rcspcctivc pcrformancc 

objectives. 

6,l . l  Ev:ilu:ition of Perform;ince Rssessmcnt Results 

The PA modclcd scveral cxposurc pathways and sccnarios to dctcrminc complinncc with 

public-protection and intmdcr-protection pcrformancc objcctivcs within the 1,000-ycar 

complinncc pcriod, This scction cvduatcs thc rcsults of the analyscs by comparing each 

pathway with its applicablc pcrforniancc objcctivc(s), 



6.1.1. I Air Puthays A nnly$k 

Thc air pathways analysis projcctcd doscs rcsultins fiom the rclcsc of radioactivc gases 

from the disposal facility during thc operational, institutional-control, und industrial-usc 

pcriods. as wcll as thc rcsuspcnsion of contaminated dust follovhnp the cnd of institutional 

control, Radon fluxes from the undisturbed sitc wcrc projected for all three pcriods xi 

wcll. 

Compl i;i n cc R:ldionuclidcs Coritributirlg to Pc:tk Dosc 
Period Pc:ik Dose (rnrcm) 
Institutional Control ‘H, “ C 6.6E-02 

Industrial USC s ~ u , ” n u , ~ w p u , : L l * , ~ ¶ ~  9.2E-03 

Thc dosc objcctivc for the air pathways analysis is 10 rnrcdyr at an offsitc receptor 

location. Table 6-1 shows the colculatcd doscs for thc institutional-control and industrid- 

usc periods, Thc IO mrcdyr pctformancc objective for the air pathway analysis 
rcprcscnts thc m;lsimum ct’cctive dose 3 mcmbtr of the public may reccive fiom d1 
facilities at thc LA\L To dcmonstratc complimcc with this objcctivc, thc projcctcd 

doses for M D A  G must bc nddcd to thosc projcctcd as rcsult of rclcrrscs fiom othcr 

L “ L  f’cilitics. In  compliancc with 10 CFR Part 61, thc LAX environmental 

survcillancc progriim includes thc ptojcction of masimurn individual doscs from oirbornc 

cmissions from LAX facilities. Dosc calculations based on monitorin,s data collcctcd in 
1994 projcct a ma..mum individual dosc of 2,s mrcmlyr at a lowtion north of TA-53, the 

Los tUamos Ncutron Scattering Ccntcr. 

Fr:ic t ion 
of Limit 

0,007 

0,0005 
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f-lowcvcr, :hc projcctcd dose for thc X I D A  G disposal fiicility is cspectcd to bound thc 

actual csposurcs reccivcd by a rcccptor ;it thc point of m;lsimum atmospheric cxposure in 
1994 and. gcnerally spcakhg, for at IcilSt the ncxt 100 ycars. To the cncnt rhat the doscs 

from the othcr facilities at the LAX do not risc significantly above the 1994 dose 

cs:imatc, thc 10 mrcdyr pcrfomancc objcctivc will bc satisfrcd. 

Thc f lus  objective for radon f k m  thc undisturbcd disposal sitc is 20 pCilm?ls (1.9 

pCi/R'/s). Tablc 6-2 prcscnts thc results of thc flux projection ;LS fractions of this limit, 

Relativc to the performnncc objcctivcs, t l ic projcctcd radon fluxcs are very low. Thc 

largest flus, projccted for thc historic disposal shafts, is only 16 pcrccnt of the flux 

objcctivc. Fluscs calculatcd from tlic othcr disposal units and invcntory segments arc all 
lcss than five pcrccnt of thc limit. 

T:iblc 6-2 Compilrison of projcctcd r:idon fluxes with the flux limit 

D is p os nl 
1 nvcn t o y  ::OR" --'Rn Tot:rl 

Projected Flux (pCi/rn'/s) Fr:r ct i o n 
of  Limit .** 

Historic waste 5.1 E+OO 2,5E-02 3.1E+00 I 0.16 
Future wastc , 8.1E-01 2.OE-03 8.lE-01 I 0,04 

6.1.1.2 Grounhutcr Protccthn Analysis 

The performnncc objective for thc groundwater protection analysis is 4 mrcdyr  at the 

point of maximum Sroundwatcr cxposurc oukidc o fLhXL or M D A  G boundarics. 

Doses wcrc projcctcd for ;I location near White Rock during the opctational and 

institutional-control periods. Two locations, 100 rn (330 A) cast-southeast of MDA G and 

Pajatito Canyon. wcrc considered for thc industrial-usc pcriod. No groundwatcr 

conccntntions were calculntcd prior to thc end of the 100-year institutiona1-control 

pcriod. The peak annual doscs within 1,000 ycars a: thc point of maximum cxposurc 
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cast-southcast ofrMDA G and in Pajarito Canyon were 7.5 x 10" and 3.5 x 10' mrcm, 

respectively, These doses arc morc than 100,000 timcs smaller than the dosc objective. 

6.1.1.2 A11 Purhvuys Analysis 

Thc results for thc all pathways analysis arc compared asinst 3 pcrformancc objcctivc of 

25 mrcdyr .  Locations for projcctcd doscs includc the rcccptor location near Whhc Rock 

prior to the cnd of institutional control and thc rrccptot locations 100 rn (330 ft) cut- 

southcast of M D A  G, and in Pajarito Canyon thereder. No sirEnificant cxposurcs wcrc 

found to occur at the location ncu Whitc Rock. Thc peak dost projcctcd for the rcccptor 

100 m (330 A) cast-southcast of hfDA G ~ 3 s  2,O x 10.' m x m .  Wilt this is 60 pcrcent 

grratcr than thc dosc for the groundwutcr pathway analysis, it is still a small fraction of the 
pcrformancc objcctivc. L a r p  doses wcrc calculated for thc Pajanto Canyon receptor. 

The mLxirnum dosc during the 1,000-ycar compliancc period was 1 .O x 1 O4 mrcm, which 
is a factor of 250,000 lcss than thc pcrformnncc objcctivc. 

6.1.1. I Ititruder fiorecfion Anu&s& 

Thc intmdcr-protection pcrformancc objcctivc for chronic exposures is 100 mrcmlyr. The 

results of thc intnidcr-agriculturc dose assessment arc comparcd with this dosc Iimit in 

Tnblc 6 4 ,  NI projccted doscs arc a small fraction of thc dosc objective, 



Tnblc 6-3 lntrudcr-agriculture dosc :rsscssmcnt comp:ircd with thc pcdorm:lncc 
o bjectivc 

Projcctcd Friiction of Sign i frce n t Significmt 
DOSC Perform n nce Pfithwnys %d ion u cl i d cs 

\!':I 5 t c (mrcm) Objcctivc (>lo'%, of dose) (>lo'%, of dose) 

39pu, "-?MU Inhalation of dust; 

and crops; ditcct 
0.30 ingcstion of soil tiistoric Pits 

I i ' 1 radiation from SO" 

radiation from soil 
Inhalation of dust; 

dircct radiation 

1 
0.12 ingcstion of soil; p2h73, '"Cs, z'%l, 

ZWu, Future Shafts 

I 1 from soil 

6.12 Ev:ilu:ltion of Composite An;rlysis Results 

The results of thc compositc analysis arc coniparcd to ati ill1 pnth\\!ays dosc limit of 100 

mrcrdyr to dcmonstratc compliance. If  thc projcctcd doscs escccd 30 mrcndyr, an 
options analysis must be prcprrrcd to considcr cost-cffcctivc zctions that could bc takcn to 

rcducc cxyosurcs. Groundwatcr-bascd doscs were projcctcd for a rcccptor ncar White 
Rock during thc opcrational and institutional-c~ntrol pcriods. Exposures wcrc also 

projcctcd for a receptor locatcd 31 the point of m u h u m  atmosphcric cxposurc (it, 

outside of LAXL boundarics) during thcsc pcriods, Rcccptors located 100 m (330 fl) 

east-southcsst of MDA G, at the point of mcuriinutn atmosphcric cxposurc outside of 

MDA G bound:irics, and in Pajarito Canyon were considcrcd during thc industrial-usc 

period. No doscs wcrc projcctcd to occur at the location near White Rock, Thc 

masimum annual dosc for the rcccptor 100 ni (330 A) down-gradient of M D A  G through 

the 1,000-ycar cvmpliancc period wxs 1.2 x 1 V5 mcm. Thc pcak projcctcd dosc for thc 

rcccptor locatcd at thc point of maximum atmosphctic cxposure was 5 . 5  m r e d y r ,  after 
thc end of institutional control. Thc maximum annual dosc to the Pnjitrito Canyon 
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reccptor was 7 2  x 10" mrem. The pcak atmosphcnc pathway dosc is 5,s and 18 percent 

of tlic 100 and 30 mrcmlyr limits, rcspcctivcly, Thc pctlk projcctcd doscs for the other 
rcccptors arc a11 much less than thcsc dosc objectives. 

6.2 USE OF RESULTS 

Thc rcsults of the dosc uscssmcnt ovcr the 1,000-yeiu compliance horizon provide uschl 

information for cnsurins lastins containment and isolation of radioactiLip, This section 
discusses thc likely and potential USCS ofthc rcsults o f  thc PA (Section 6.2.1) and the CA 

(Scction 6.2,2), 

6.2.1 Use o f  Pcrformnncc Asscssmcnt Rcsults 

Thc rcsults of thc PA arc instrumental in thc dcvclopmcnt of Wastc Acceptance Criteria 
for ~'vDA G and n closurc plan for thc facility. The rcsults arc also cxpcctcd to cor:tribute 

to thc ongoing SWEIS, Thc application of thc results to these arcas is discussed in the 

following scctions. 

6.2.1.1 Wu.w Acceptance c d c r h  

As rcquircd by thc DOE, thc rcsults of thc dosc projcctions in the PA arc used to sct limits 

on the amount of radioactivi~ that \\ill bc disposcd of at MDA G, The results of the 
intrudcr analysis, in particular, arc uscd to sct radionuclidc conccntration limits for w s t c  

disposcd of in a near-surface configuration. 

Thc wnstc acccptancc criteria for pit and shaft w s t c  arc calculated on the basis of the 

rtldionuclide-spccifIc intruder doses projected for thc fiturc disposal unit inventories. In 

thc first stcp of this calculation, the 100 mrcmlyr intruder pcrfomsncc objective is divided 

by thc projcctcd dose for II givcn radionuciide, TZris ratio is subsequently multiplied by the 
as-disposed ndionuclidc concentration in the w s t c  used as the basis for the dose 

asscssmcnt. Thc result is thc conccntration limit for that radionuclide, The application of 
this mcthodology to 011 radionuclides in the PA inventory is summltrized in Table 6-4 for 
pits, and Toblc 6-5 for sh&s, Thcsc invcntory limits apply to all waste disposcd ofwithin 

S m (10 A) of the surface of a disposal unit. Therc arc no PA-bucd concentration limits 
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for w s t c  dispascd ofat  dcpths grcatcr than 3 m (10 A), ;is no intrudcr cxposurcs are 
projcctcd to occur as ;I rcsult of this wnstc within 1,000 years of facility closurc. The 

SRC Grentcr-Than-Class C and thc DOE TRU limits still apply, however, 

T:iblc 6-4 Inventory linlits for pit waste using intruder ;in;$Gis limits 



1 , 
! 

I .  
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T:tblc 6-5 Inventory limits for shift wstr using intriidcr :innlysis rcsutts 

The conccntration limits will bc npplicd as WAC for "routine" LLW on D per-package 

basis, using the sum-of-fractions rulc for wtlstcs contaminntcd with more than onc 
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radionuclide. C1i;ir;ictcrizarion rcquircments 4 1 1  be devclopcd using thc EPA DQO 
process. I t  is important to rcalizc that thcsc lin$ts arc bascd on the total volumes of pit 

and shaft \v;Istc disposed of in thc futurc, 140,000 ;tnd 1,400 m3 (5.0 x 1 Ob and 5.0 s 10‘ 

ff), respcctivcly. For this rcason, packages with activities cscecding the 1 i n - h  may be 
safely disposcd of provided that thc arrugc dispoml unit concentration docs not cscced 

the limit, and providcd that neither TRU nor NRC Grca~cr-Thsn-Class-C’:~ waste is 
disposed of at MDA G. Waste pnckagcs with mcasurcd conccntrations in csccss of the 

limits listcd in Tablc 6-4 and Tablc 6 4  may be rrcccptcd on a wsc-specific basis, with 

carc bcing tnkcn so as not to cscccd thc threshold ovcr thc disposai unit volume, 

Thc rcsults of thc groundwatcr protection and all pathways analyscs pcrfcmcd in thc PA 
arc uscd to cstablish total invcntory limits for thc avcrngc disposal unit. Thc mcthodolo,ry 

uscd to sct total invcntory limits bascd on thc groundwatcr pathway analysis is analogous 

to that used in sctting conccntrdtion limits b m d  on thc intrudcr analysis$ Radionuclidcs 

that arc projected to entcr the rcgional aquifer within :he 1.000-ycu compliance period 

arc thosc for which invcntory limits will be cstablishcd. Thcsc includc “C, Y c ,  and lsI. 

Tablc 6-6 lists thc total invcntory limits far thosc radionuclidcs that havc the potential to 

bc transponcd through the vadosc zone within thc compliancc pcriod based on the rcsults 
in Section 4. Disposal of tllcsc radionuclides will bc automatically trackcd (at thc pre- 

approval stngc) so that total invcntoncs listed in Tnblc 6-6 arc not excecdcd, 

Table 6-6 Tot:ll i n v c n t o T  limits for U S L  LLW 

Radionuclide I PA Invcntoy (Ci) I Invcntoq Limit (ci) 
“c  I 1.62E-0 1 I Sa74E+06 

t I . .  ~ ~ - 
I 

7,71E+00 6.09E+ 1 0 

6.2. I 2 , v m i  G CIosu re Plan 

Bccausc thc air pathway analysis produced the hishest doscs in the PMCA unalyscs during 

thc industrial-use period whcn biotic trtlnslocation was modclcd suggests that maintcnancc 
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and dcsign ofclosurc caps IO minimix  the potcntial for biotic intrusion is a rclativcly 

impomnt considcration, Thc final covcr dcsigns considcrcd in the Clusiirc Plunhfur 

f J A l  MDA G incorporate a layer of hcavy cobblc-rocks to prcvcn: biotic intrusion. 

Thcsc "biob:rrricrs" hsvc provcn 10 be morc cffcctivc for discouraging burrowing animals 

than  plants, however, and arc not pcrf'cc:ly cffcctivc. Thc rcsults of thc PNCA will bc 

uscd to rc-cv;iluate thc fin31 covcr options, in light ofthc ALARA analyses discussed in 

Scction 4.4,  which suggcsts that a fully cnginccrcd closurc cap incorporating a biobarricr 
to prcvcnt intrusion of most animals and somc plants may not bc cost crcctivc, Rather, it 

may bc cqually as cffirctivc to add a sccond I-m (2,Z-fl) laycr ofcrushcd tuffovcr ihe 

older disposal units, whosc nominal covcr thickncss is 1 m (3.3 fit>. Bcforc any dccision is 

miidc on final c o w  desigii, howcvcr. thc unccnaintics in thc biotic intrusion and 

rrtmosphcric dispcrsion modcls must be bcttcr undcrstood. In addition, cnginccring 
drsu'ings ;rnJ othcr rccords will bc rcviewcd to dctcrminc thc actual thickncss of thc 

closure caps over pits; it is likely that many pits alrcady havc cover thickncss in C S C ~ S S  of 1 

m (3,; ft). 

b 

In  evaluating f i n d  covcr options, thc impon;incc of the griivcl mulch Iaycr includcd in thc 

surfxc wntcr-balancc modcl (Appcndis 3b) will bc considcrcd, This is a fcttturu of the 

simplc cmshcd-tuff cover that has ;i potcntirttly significant impact on site pcrformance by 

con t r o 1 1 i n g su rfa cc erosion , 

6 .2  1.3 Si'fc- W7dc En rv'rorrnrentd Itrrpact SfuitDmcnf 

Thc rcsults of the CA will also bc madc avnilablc to thc S l a I S  Office. Discussions with 

S W l S  pcrsonncf indicatc that thc rcsults will be cxtrcmcly uscful in characterizing the 

likely impact of ongoing wastc manapcmcnt Opcrntions in thc contcxt o fNEPh 

6.2.2 Use of Composite Annl)*sis Results 

Thc rcsults of the CA will bc made available to ER Project ficld unit managers. 

Preliminary discussions indicate that thc rcsults may bc uscd to support closure plans for 

certain sitcs. For othcr sitcs, aspccts ofthc CA may bc uscd as thc tcchnical framework 

for additional modcling. 
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6.3 MAIFTEFcl.iiCE PROGRAMS 

The PA and CA will be maintaincd in accordancc with DOE guidance to cnsurc the 

continucd applicability of the rnodcls and intcrprctation of rcsults, Thc PA maintcnance 
program includcs pcriodic cvaluation of LLW disposal rccords and operating condi.' ,ions to 

cnsurc consistcncy w k h  thc assumptions made in the PA and idcntifics future work to be 
performed to improve thc realism of thc models used in thc PA' Thc ckmcnts of the PA 

maintenance program arc prcscntcd in Scction 6.3.1. Similarly, the CA will be reassesscd 

as ncw information on other potcntially intcracting sources of radioactivity btcomcs 
avdablc.  Thc CA mointenancc program is discusscd in Scction 63.2. 

6.3.1 >'l:\intcn:\ncc of the Pcrformancc Assessmcnt 

Thc purposc ot'thc PA maintcnonce progmm is to tnsurc thc continucd applicability ofthe 
PA, Thc PA will bc rcviscd cvcry fivc ycars, or more frcqucntly if new information . 

bccomcs available that may altcr thc outcomc of the annlysis. Thc PA maintcnancc 

prosram has nvo kcy cornponcnts. Onc is ficld and espcrimcntal work and additionill 

analyscs conductcd to rcducc thc unccttainty in the rnodcls used in thc PA Thc sccond is 
thc prcparniion of scminnnual reports that summarize aspects of thc wv d c  manngcmcnt 

program and disposal opcrntions rclatcd to thc PA. 

6.3.1.1 Furiltcr Work 

Thc scopc of thc analyscs, and ficld and cspeimcntal work rcquircd to support thc PA is 
Inrgly dcfincd by the outcome of thc scnsitivity and uncertainty analysis, The program 

will focus on obtaining data that arc cspcctcd to have an impact on the rcsults and 

conclusions of thc PA and that will provide additionill assurancc that the sitc is cffcctive at 

containing and isolating radioactivity. 

Thc nnalyscs indicate that surface proccsscs rclatcd to biotic intrusion affect the outcome 

of thc PA and CA. Thcrc rcmoins substantinl unccnainty regarding moisturc flux through 

thc mesa; further work to cnhancc the understanding of proccsses and propertics related 

to vadosc zonc flow and transport. 
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6,3,1,1,1 1nvc"ntvy Chmgcri$t ia  
Unccniiintics associntcd with thc projcctcd invcntorics of '"Am 3nd 

important influcnccs on thc dust inhalation doscs projcctcd for the CA, DS indicated in 

Senion 4.3. Whilc the crror t c m s  assigned to thc projected inventoncs arc smJ1, it is 
c\Pidcnt that thc actual invcntorics of americium and plutonium disposcd of prior to 1971 

;ire highly unccrtiiin. For csamplc, thc projcctcd invcntory of'?" in thc prc-1971 waste 

may bc ovcrcstimntcd by morc than thrcc-fold. Based on thc tclativc lictivitics ofZS1Am 

disposcd of bcfbrc and aficr I97 1 ,  thc invcntorics for this kotopc also nppcar to vastly 

overstated. I t  is apparcnt from thcsc rcsults and the sensitivity o f thc  atmospheric dose 

modcling to thc prc-197 1 invcntory projcctions that bcttcr chnrc1ctcn7~tion of this carly 

Oru arc w:w.:4 

wnstc is \Vi\mitntCd. 

6 , : .  1 lA2-$JfX$~-R~C-CSG 
Since biotic translocation. rcsuspcnsion, and atmosphcnc transport of r:idioactivity was 

thc pathway idcntificd as havins thc greatcst patcntial radiological impact on future 
mcmbcrs of thc public, work will bc performcd to cnftancc thc undcrsttlnding of processes 

rclatcd to that pathway. Furthcr cvduation of covcr dcsigns will bc ticd to additiond 

invcstigntions discusscd to hcrc. Thc actual potcntial for biotic transport by plant and 

animal vcctors will bc cvaluatcd as sitc-spccific data bccomc nvailablc from annual 

sampling ;it bfDA G. Thc cornplcx-tcrrain correction IO Gaussian dispersion modcl wiII 
continuc to bc cvriluatcd rcl;itivc to site-spccific data, 

Thc sensitivity ;ind unccn;rinty :innlysis discussed in Scction 4.3 assigned an crror of 5900 

pcrccnt to account for unccnnintics associated with thc rcsrispcnsion and dispcrsion 

hctors uscd in thc ztmosphcric modcling. Givcn their potcntisll impact on thc projcctcd 

doscs whcn thc total crror of thcsc parilmctcrs is constrnincd to C 900 pcrccnt. furthcr 

invcstigation into thcsc unccrtaintics arc necessary, 

Thc surfi~cc watcr biilancc modcl will bc ci\librattcd to cn1xrncc the accuracy in simulations 

of Ions tcrm covcr pcrformnncc. Scvcral vannblcs arc pnnicularly important, yct not filly 
characterized on a sitc-specific basis, including cvapotranspiration and scdimcnt transgort. 
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Thc mctcorologiwl tower cast-southeast of MDA G in M i t c  Rock bcgrln collcctinp 

evapotranspiration data in October of 1996, In addition. scdimcnt t aps  haw been 

installcd at scvcrd locations around thc h b A  G perimctrr. As d3ta bccomc available. 
including geophysical data fiom the recent analysis of MDA C surfacc-soil samples. thc 

information will be uscd to cslibratc the surhcc-watcr balance modcl, 

lmprovcments in the understanding of surfacc proccsscs, watcr balancc in pruticulw, has 

important implications for surf~cc w t t r  flux boundary conditions, which dnvc subsurfkc 

processes relatcd to transport of radioactivity, Additional work planned to enhance the 

undcrstanding of subsudtce proccsscs is discusscd below. 

a 1 . 7  V,~_U-~QW and T r m  
While the groundwatcr pathway wns not shown to bc importmnt durins thc 1.0OO-ycar 
compliance period, thc pcak doses for some nuclides ;It 2,000 to 3,000 ycan are L ' C ~  

scnsitivc to unccnnintics in thc modcling. Thcrcforc, it is imponant to understand, at Icast 
conccptudly, how that pathway might impact thc biosphcrc ovcr a longcr tinic horizon. 
Thc confidence in the long-tcrm performance of MDA G with tcspcct to groundwater 
protection would bc srcntly cnhanccd if additional data wcrc availnblc to charactcrirc thc 

vadose zonc. Tire most vdunblc data arc those that i d 1  cnhancc thc ability to realistically 

modcl potcntially important proccsscs such as evaporation. vapor-phasc w i m  mowmcnt. 
and pcrcolrrtion transients rhrough fractures and sursc bcds. Lateral transpan alms 
fractures or intcrbcds, and latcrrrl movcmcnt of moisturc toward the mesa along thc Guajc 

Pumice Bed miy bc important in tcrms of the subsudacc sourccs of moisturc apparent in 
the rccharge analyscs. In addition. uncertainties associatcd with thc modcl would be 

rcduccd if thc dcep strlitigraphy of the subsur'gcc (from thc Otow4 Mcmbcr down to the 

Puyc Formation) is dcfincd. 

Scvcrul corc fogs arc still 3vaiIablc from borcholcs at MDA G, Thcsc Will bc uscd in 

additional natural tracer analyses. Results from thcsc analyscs will be vduablc in 
substantiating thc occurrence of decpcvnporation within, and the very small recharge ratcs 
through, thc mcs.  The results will also bcttcr define the spatial variabiliy in cvaporativc 
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cffccts and rcchargc. Geophysical ;inalyscs of snrnplcs from M D A  G SUrfitCC soils, basnlt 

corc, from thc 'vapor phase notch' region, and from othcr corc havc bcen complcted 

rccently and nccd to bc incorporntcd in thc PA and CA. 

Dcpcnding on thc outcomc of thc ficld work, additional ditto will bc rcquircd t o  suppon 

the modclins of proccsscs :hat bccomc bcttcr dcfincd, such ;is dccp cvaporotion. For 
csample, thc cffcct of b;iromctric changes on vapor-phasc flow within the fractures and 

surgc bcds nust bc quantiiicd 10 provide boundary conditions for thc mudcl, 

The 1t7 ,vrtti volurnctric moisturc content of scvcrtll borcholcs at MDA G will bc rcgulxly 

measured ilnd used to cstimatc Ioc;i1 rechlirgc rates as pan of thc PA maintcnancc 

progrnm. Tlie currcnt schcdulc calls for six borcholcs :o bc monjtorcd on a monthly basis 

using n w t r o n  probcs, ano:licr twenty v.iill bc monitorcd annually, 

6.3.1.2 Scrrririnnuul Report.\. 

A rcpor: will bc providcd twicc ycarly to the Albuqucrquc Opcrations Oficc of the DOE 
summarizi11s infomat ion accumulated in the interim pcriod that may afkct thc 

assumptions, outcomc, or intcrprctation of thc PA. This rcport will includc a rcvicw of 

disposal records cornprircd with thc l'uturc invcntory modclcd in thc PA and with  tllc 

invcntory limits cst;iblkhcd in thc PA. Thc st:itus of thc \vaste ccnification program will 

also bc discussed, insofar as it may havc imponant implications with respcct to invcntoy 

unccnihtics. Thc bi-annual rcport will also summarize ficld and laboratory studios and 

a~idvscs conductcd in support of the P A  such as thosc dcscribcd above, ns wcll as site- 

spccific cnvironmcntal monitoring data. Finally. the rcpon will dcscribc any changes in 
operations 3t h D A  G that may impact the an'alyscs pcrfomcd in suppon of thc PA, Such 

changcs rnny includc new covcr designs, ncw wastc strcams, or ncw pit designs. 

6.3.2 M:iinten;inccr of the Composite Andysis 

Most of thc MI3ks initially considercd in, but ultimatcly climinntcd from, the CA arc in 

various s t n ~ c s  of chamctcrintion in acccirdancc with the RCRA Facilities Tnvcstigation 

proccss, Information rcgtlrding thc sourcc tcrm. hydrogcologic sctting, potential rclcascs, 
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7. QUALITY ASSURANCE 

This scction sumniarizcs quality assurilnce (QA) xi rclatcd to thc PA and CA. Thc QA 

program suppons the credibility and validity of assumptions, data, and analytical mcthods 

uscd to dcmonstrstc complinncc with thc pcrformancc objcctivcs, This section and 
associiltcd appcndiccs of this rcport wcrc pcer rcvicwcd for technical accuracy. 

7.1 FIELDDATA 

Thc Qriuliry Progrant Planfor ilrc 

coilccting, analyzing, and documcnting field ~amplcs . '~ '  Much of thc field data uscd to 

charactcrizc the rcgional and local gcology, pcochcmistry, hydrology, and hydrogcology 

wcrc obtnincd by the LANL Environmcntal Rcstormion Projcct and compilcd in the 

L t W L  Facility for Information Managcmcnt Analysis and Display databasc (FIMAD). 

Using FMhD cnsurcs thc availability of accuriltc and consistcnt geologic, hydrologic, 

rnctcorolopic, and gcochcrnial data. FIMAD was the source o f  most of the 
gcohydrolosical data uscd in characterizing tlic sctting of other MDAs initially considered 

in thc CA, as discusscd in Appcndix Ib. 

Program describes thc QA rcquircmcnts for 

Mcteorological, ecological, and radiological data uscd in thc PA werc obtaincd through 
LANL's Environment, Safcty. and Hcelth (ES&H') Division. The ESbH Division is also 

rcsponsiblc f O i  thc Laboratory's groundwatcr protcction program, and 3s such obtains and 

maintains data regarding surfacc watcr and groundwatcr. All monitoring and compliance 

activitics sponsorcd and undcnakcn by the E S W  Division adhcrc to a QA program 

(QM) with specific rcquircmcnts for sampling and analysis. 

7.2 LABORATORY DATA 

Thc proccsscs ncccssary to mcasurc natural traccr coritcnt and radionuclidc sorption were 

conductcd in accordnncc with QA proccdurcs implemcntcd in analytical laboratories both 

at LANL and at the New Mcxico Insthutc of Mining and Technology, Smplc  custody of 

core samples used in both analyses followed QA proccdurcs at thc Laboratory's ER core 
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stortigc facility, CNoridc analyses wcrc conductcd using EPA traceable standards and 

techniques. Stablc isotopc anillyscs wcrc conductcd using p s  standards calibrated agoinst 

an intcrnntional stablc isotop standard, which werc also applied in thc isotopc extraction 
proccss. 

7.3 IE;VESTORY DATA 

Qualiry sssurancc rchtcd to LLW invcntory data applics to thc quality of the records 

mtrintaincd by w s t c  managcmcnt personnel, and to the quality of the data providcd by the 
c qencrators. The TA-54, Arco G Qtraliry Assurance ProLgrum Dmription cstablishcs the 

Qi\ rcquircmcnts for MDA G ;IS a nonrcactor nuclcor facility, With respect IO records 

mnintnincd at MDA G, wastc chnractcriation datn pro\<dcd by gcncmtors on waste 

profilc forms and waste disposal rcqucst fonns arc thoroughly reviewed by trained 

pcrsonncl, and must bc approvcd prior to waste shiprncnt. After approval but prior to 

shiprncnt, data is  cntcrcd into an clcctronk databasc, Mer  waste hns bccn acccptcd for 
dispostrl, data is rccntcrcd into :he database for double-data cntw quality control. Data 

cnty pcrsonncl arc nutornnticallp alcrtcd whcn discrcpncics occur bctwccn thc first m d  

second data cntrics. In this rnanncr, thc accuracy of the data tnnscription is cnsurcd. 

The accuracy of the waste chmctcrirstion data providcd by the gcncrators is variable, and 
dcpcnds largely on quality programs instituted at thc gcncnting facilities. Srvcral of thc 

latgcr-volumc wastc-gcncrating sitcs arc designated nuclctlr facilities (including the 

Plutonium Facility, thc Chemistry and Mctallurgy Rcscarch Building, and thc Isotope 

Production Facility), and as such havc QA proyams consistcnt with 10 CFR S30. As 
prcviously mcntioncd, the ER Project (another high-volumc LLW Scncrator) has 3 robust 
QA program. with u sampling and analysis plan specific for wastc charact~riz;ltion.'~ 

The approach used to characterkc the 1957 through 1970 invcntory data was pcer- 

rcvicwcd by current and rctirtd LANL personncl f,miliar with the gcnemtion, 
characterization, and disposition of radioactivc waste through the Laboratory's histoy, 
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The inventory charxtcri7~tion report includcd I I S  Appcndix 2c was prcparcd by Rogcrs 

and Associatcs Enginecrhg Corporation (RAE). All dotn uscd by RAE wcrc provided 

clcctronically by L A N 1  pcrsonnd Thosc data wcrc rnaintaincd and mnnipulatcd in Excel 

sprcadshccts to provide tlic invcntov scgmcnts (cas., 1957-1 970) and categotics (cas,, 

surfacc contaminatcd). Rcsults of sprcadshcct computations were revicwed in accordancc 

with R4E QA rcquircmcnts, 

D im used to asscss other sourccs for inclusion in the CA wcrc obtaincd from L a  
rcfiircnccs. many of which wcrc providcd by thc ER Projca. 

7.4 FACILITY CURACTEFUSTJCS 

Many ofthc methods for assuring quality at MDA G arc described in thc Cortdtrct Of 

Opcraiiorts and othcr work-control proccdurcs.’” For cxamplc, thc constmaion, USC, 

closure, and maintcnancc of pits and shafts ore pcrfoncd undcr spccific proccdurcs by 

trained individuals, Data on the configurations of)hc disposal units modeled in thc PA 

and CtZ were obtaincd from as-built records. Rccords havc bccn hist~ric;illy maintained 

(cithcr cnginccring drawings or photogrnphs). and havc bccn rcccntly mitdc iivailablc 

clcctronically from FIMhZ), a datnbosc maintaincd by thc LANL ER Projcct under its 

QAPP, 

7.5 MAI’I3E;VJnTICAL MODELS 

Much of the data dcscribcd above was uscd in thc mrrthcmatical modcls for source rclcasc, 

cnvironmcntal transport, and dosc impact. As dcscribcd in this scetion, the major 

comput;ltional modcls uscd in thc PA and CA havc undcrgonc cxtcnsivc and wcll- 

documcntcd vcrifica:ion. Analytical cquations were dcnvcd from standard tcchnicnl 

rcfcrcnccs, 



7.5.1 Source Tcrm Modeling 

Thc quality of thc inventory data uscd to develop and implement the sourcc rclcascs has  

bccn discusscd. hslytial mcthodologics wcrc bwcd on standard sources, and 
paramctcrs werc takcn cithcr from standard rcfcrcnces citcd in appendices to scction 3, or 
wcrc based on sitc-specific data provided by the ESkH Division. Analyses and results 

were rcvicwcd by subjcct-matter experts. 

7.5.2 A tnios plicric Tci nsport Modcling 

Thc computer codc uscd 10 calculatc transpon of radioactivity in air was CAP-SS, 

rtpprovcd by tlir EPA for modeling contaminant dispersion in air, The standard dispcrsion 
calculations were pciformcd by E S W  personnel in accordance with that Division's QA 

procedures. Thc complcs terrain cnhanccmcnts to thc standard Gaussian plumc results 

wcrc bnscd on mctcorological data obtaincd from thc ES&H Division. Thc analytical 

approach and rcsults arc fully described in Appcndix 3n and have undergone technical pccr 
rcvicw, both by LAX,, pcrsonncl snd the Amencon hdctcrologkd Society, 

7.5.3 Surfacc Runoff and Soil Erosion Modcling 

Thc codc uscd in the surfacc runoff and erosion simulations rcponcd in Appendis 3c was 
bascd on the SPUR modclI3 and thc CREAMS codc dcvclopcd by the U.S. Departrncnt 
of Agriculturc. I" The watcr-bnlancc routines were v;didatcd on watersheds in 
southwcstcm Idaho. 
dynamics on Ipsimctcrs at Nanford, 

observations (wctlthcr and soils data), from handbook and sugcstcd puamctcr vnlucs 
(snow purnmctcrs), and previous simulations st Los rUarnos, ils citcd in Appendix 3c. 

1 

la 1 The SPUR code has becn succcssfully uscd to prcdict soil water 
Pmmctcrs for the simulations werc obtained from 

7.5.4 Subsurface Transport Modcling 

Thc FEHN numerical rnodcl used to alculutc aqueous-phase transport through thc 

vadosc ronc and rcgionsl aquifer in support of thc groundwntcr protcction ar~nlpsis has 
undersane cxtcnsivc verification and vcllidi~tion as pan of the Yucca Mountain Site 

Charactcriztltion Projcct, Thc mathematical models and numcrial mcthods arc described 
in MdcIs  and Mdr& Summuryfor the FHMApplication. A complete suite of 
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verification problems is docurncntcd in Sodlwurc P'crflcution Xtporr for h M M  Fcrsron 

f . 0 ,  D3tn used to gcncrntc thc grids and to define initial and boundary conditions wcrc 

tnkcn from LAXL rcfcrcnccs or opcn-litcraturc sources, as citcd in Appendix 38. 

Rcpon-SJG-O 13, R7, 
327197 
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7.5.5 Dose Asscssmcnt 

The dosc projcctions for the PA and CA werc performed by RAE. Esccl sprcadshects 

wcrc used to implcmcnt standard dose-asscssmcnt calculstions. rUl parilmctcrs uscd in thc 

calculations wcrc takcn from standard tcfcrcnccs or wcrc based on site-specific data. as 

cited in Appcndix 3c. Rcsults wcrc rcvicwcd in accordancc with RAE QA proccdurcs, 





8. PREPARERS 

Thc analyscs conducted in suppon of the PA and CA wcrc pcrfomcd by subjcct-matter 

cspcrts. Each mcmbcr of rhe tcnm is idcntificd in this scction, along with thcir 

qualifications and contributions, 

Di;ina Hollis 

Tcchnical Staff Mcmbcr, Solid Wastc Operations Group, Environmcntal Manngcnicnt 
Division, Los Allnmos National Laboratory 

B,S.. Phvsics and Biology, M.S, Radiophamacy & Radiation Protcction Enginecring 

Diana was the m m  lcadcr and primary author for the PA and CA. Shc also dircctcd the 
invcntory charactcrizntion cffons dcscnbcd in Appendix 2c, and i s  the author of 
Appcndix 1 a flcsolrition of PRP Comments on Drurfr Pcrformancc Assessment of 
W N L  TA-54, Arcs G tow-Lcvcl Rudiiouctivc Wustc DiJposul Futility, and Appcndix 
1 b Tcclirrical Jiistiljcution for  L-tchdiq Sourccs from tile MDA G Compositc 
Analysis. 

cxpcriencc in fluid-dynamics modcling in support of the DoD underground nuclear 
wcapons program. 

Diana has six ycars of cspcricncc in LLW management at LAXI, and eight ycars of 

Erik Vold 

Technical Staff Mcmbcr, Solid Wnstc Opcrations Group, Environmental Manngcmcnt 
Division, Los Alamos National Laboratory 

M,S. I-lcalth Physics, M.S. Environmental Enginccring, Ph,D, Mechanical Enginccrhg, 

Erik providcd technical ovcrsight for thc PA tcam. cnsuring intcgration and consistency 
among the mathcrnatical modcls. He conductcd analyscs of in situ moisturc data to 
understand thc rolc of vapor phasc and liquid phnsc wattr transport in thc vadose zone 
in support of thc hydrogeological model, ;is dctailcd in Appcndix 2cAnabsis of Liquid 
P l m c  Trunsport iri rhc Unsaturatcd Zortc at a Mc,w Top Disposal Facilip, and 2f 
Isotopic Compositions of Inventory Dcsipa lions “Mixed Fission Product, ’’ and 
“Mixcd Activatiari Product. ” Hc developcd all sourcc tcrm analytical modcls for the 
PA which arc rcpoficd in Appcndix 3a Evaluatior: of Atmohy7hcric Rclcusc Sourccs 
fur Guscous Piiusc Contumiriant.y Emanating from thc Disposal Facility at Area G, 
Appendix 3b A Modcl for r h  Biotic Tramlocotion of Buried Lm-Levcl Radioactive 



Rcp%T-S4G;-O13, R2 
3t27197 

Wasrc io rirc Ground Siirjacc in Ihc Prcscncc of Erosion, and Appendix 3d Modditig 
of thc A q i m i i s  Phasc Sourcc Rclccsc 10 the Unsaturutcd Zoncjrom thc Los Alamos 
A r m  G Disposal Fucilip. In addition, hc pcrfbmcd the atmosphcnc dispmion 
analysis ;is dcscribcd in Appcndix 3f Atmo.\;oheric Traqmrt  in Compkcx Terrain at 
Los Alamus, Arcu G. 

Erik has more than 10 yctlrs' cspcnencc in ndiolopic cnvironmcntal analysis and is 
currcntly thc projcct Icadcr for cnvironmental monitoring at MDA G, 

Rob Shuman 

Principal Scicntist, RoScrs and Associntcs Enginccring Corporation 

B.S. Zoology, M.S. Mcalth PhysicdRsdioccolo~ 

Rob prcparcd thc invcntory uscd in thc source term modclins for the PA which is 
dcscribcd in Appcndis 2c Radioacrivc. Wustc. ItivcttIoIy for thc TA-SJ, Arca G 
Pct$ornturm As.wsmcnt arid Composirc Arralysis, and conductcd thc dose 
xiscssrncnts, which arc rcponcd in Appcndix 3e Radiiological Dose Asscjtsmcntjor tiic 
TA-54, Arca G Pcrforrriaricc ..l.s.ssc'svrncrrt orid Cornpsire clrtalysis. In addition, Rob 
assisted in many othcr aspccts of thc PA, includiny sourcc term modcling, cxposurc 
pathways and sccnarios dcvelopmcnt. and intcrprctation and hepat ion  of rcsults. 

Rob has many ycnrs' cspcncncc in radiological pcrformancc assessments, and human and 
c c o l o $ d  risk asscssmcnt. Hc assisted in thc technical rcvicw ofthc INEL and O N  
PAS, and thc DOE'S Pcrformance Evaluation methodology. 

Technical Staff Mcmbcr, Gcoanalysis Group, Earth and Environmcntal Sciences Division. 
Los Alamos National Laboratory 

B,S,, M.S. Chemical Engineering 

Kay was responsible for the subsudacc flow and trmport modcling for the PA and 
conductcd thc unsaturated transport calculations. Shc is the primary author of 
A p pcndix 33 ,Yirnulations ofGrourrchvarc.r'Flow arid Radionuclide Tmqpurr in lhc 
Vadose and Sartrrarcd Zorrcs bcrrcark Arca G, t o s  Alamos National Laboratory, 

.. 

Kay has 1 1 years' cvpcricncc nt LANL in modcling flow and transport h the unsaturatcd 
and saturated rncdin. For cight ycws, shc performcd modd v c n f i d o n  support for the 
Yucca Mountain Projcct at LAP&, 
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liathlzcn Bowcr 

Tcchnicnl Staff Membcr, Gcoanalysis Group, Eanh and Environrncntal Sciences Division, 
Los dames National Laboratory ' 

B.S,, M.S. in Geological Engineering, M.S. Education, Ph.D. Civil Ensinccring 

Kathlccn dcvclopcd tlic saturated zonc modcl uscd in thc PA. and pcrfonncd the 
calculations of r;idionuclidc transport in thc rcgional aquifcr, 2nd contn'bu?cd to 
Ap pcndis j g  Simirlurions 01 Grvirtrhcurcr Flow utrd Rudioritrclidc Tratisparr iti rhc 
Vudv.sc atrd Sutirrufcd Zoncs hcticath Arca G, Los Alamos Natiorral hhoratory. 

Kathlccn has extcnsivc ficld and modcling experience related to rock mcchanics, 
groundwntcr hydrology, and solute transport. 

Don Kricr 

l'cchnicd Staff Mcmbcr, Ennh and Environmcntal Scicnccs Division, Los Nnmos 
National Liboratory 

B.S. Eanh Scicnccs, M.S. Gcology 

Don compiled thc gcolopic and hydrologic data of Mcsita dcl Bucy for usc in the PA and 
is thc primary author of Appcndix 2a Gcdogic, Gcoltyrlrulogjc, und Gcochcmicul 
Datu Smimary of Marcrid Di,yasal Arco G, Technical Arca SdI Las Alamos 
Nurionul fxrhvrutory. He assisted in thc dcvclopmcnt of the thrcc-dimcnsional grid 
uscd in thc vadose zonc transport calculations, 

Don is thc monagcr of Ficld Unjt 5 of thc Laboratory's ER Projcct, which includes a 
portion of M D A  G as Opcroblc Unit 1 143, 

Patrick Longmirc 

Tcchnical Staff Mcmbcr. Chcmical Scicncc and 'rcchnology Division. t o s  Alnmos 
National Laboratxy 

B,S,, M.S., P1l.D. Gcology with Geochemistry cmphrtsis 

Pat was rcsponsiblc for charactcriring the gcochcmistry of the M D A  G subsurhce, which 
includcd litcraturc scnrchcs, modeling, and cxpcrimcntol work. Hc is a co-author of 
Appcndix 23, and thc primary author of Appcndix 26 Barch Smprion f i p c , ~ h i c n ~ s  for 
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Pat has 18 ycnrs' cxpericnce in hydrogeochcmistry. including fatc and transport of 
inorganic contaminants, soil chcmistry, and contaminant sorption. He is ;L Ccrtificd 
Groundwatcr Profcssional and i n  insttuctor for thc Association of Ground Watcr 
Scicntists and En&' mxrs .  

Btcnt Scwmnn 

Technical Staff Mcmbcr, Environmcntal Scicnccs Group, Eanh and Environmcntal 
Scicnccs Division. Los Alamos National Laboratory 

B.S.. M.S., Ph.D. Geochemistry 

Brcnt conducted thc natural tracers analyses in suppott of thc subsurface charxtcnzrttion 
and modcling for thc PA and is the author of Appcndix 2b Vadose Zotic Wurcr 
Mo\~cnrc*trr ar Arcs G, Los illunros ,Vutiorial Luhorarory, TA-SJ" Irtterpretatiorts 
h'uscd oti Ciriaridc arid Stablc Isotop Profikcs, 

Brcnt has applied thc geochemical and isotopic t r a m  anaIgscs to viidosc zonc proccsscs 
at scvcral locations on thc Prljarito Platcau. 

D w i d  R o p r s  

Tcchnicnl Staff Mcmbcr, Wttcr Quality and I-lydroloLy Group, Environment. Safety, and 
Mcalth Division. Los Alimos Xational Laboratory 

B.X. Physics. M,S. Gcophysics, Ph.D, Earth Scicnccs 

David prcparcd thc hydrogeological conceptual modcl for the pcrf'ormancc uscssmcnt, 
dctailcd in' Appendix 3h CortccprtiaiMdd fur Strbstrrfacc Trurrsport at MDA G. Hc 
assisted in data collcction, evaluation, intcrprctation, and analyses in support ofthc 
hydrogeological conccptuaf and mnthcmatical models. 

David is involved in thc devclopmcnt of thc sitc-widc hydrology rnodcl for the Lnbontov. 

Everett Springer 

Dcputy Group Lesdcr, Environmcntal Sciences Group, Earth and Environmcntd Sciences 
Division, Los hlamos Xational Laboratory 



B,S., Ph.D. Wrrtctshcd Scicncc 

Evcrcn pcrf'ormcd thc surface wutcr balance modcling in support of thc sourcc tcrm, 
subsurface transport, and sedirncnt tronspan analyscs, HC is thc author of Appcndix 
3 E Sirr$acc Wutcrr a d  Erosiorr Culcrtluriorrs to Support the MDA G Performance 
A sscssnrcnl. 

c 

Everett has many ycars' cxpcricncc in simulation and asscssment of surface and subsorfacc 
arid and semiarid hydrologic systems. Hc is involvcd in Field Unit 1 of thc ER Project. 
Everett i s  thc lcad modcler for the ccosystem-lcvel model of thc wcstern U.S. 
ran_rclnnd ecosystems. 
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Appendix la  

FCESOLUTJON OF PRP COMMlFhTS ON 
DRAFT PA FOR LOS ALAMOS ARIEA E 

DISPOSAL F A C X L m  

The PRF appreciates the opm shving of information between the prcparers an3 the 
Panel, and the PRP commends the PA prepuers on the prcpmtion of the qualify 
drift PA. 

No rcsolurion required. 

In finalizing the PA, thne nccds to bc conccrtcd effort to h t e p t c  he various p m  
into 3 cohcsivc whole. For cuyaplc, interprctlltiohs lent to site dam in forming the 
conceptid model necd to bc carried through from detailcd appendices to 
conclusions of the d y s c s ,  "bere needs to bc ;L closa coordination among the 
t c m  mcrnbers. 

There are several rcports included as appendiccs that contributed ro rhe 
formutarion ofthe conceprual modd for subsuduce trampor!, and supportcd rhc 
implcmcnrarion of rhe numcrical modcl subsurfact transport. These reports 
describe independent analyses thar suggest a very complex gcohydrolog, thar 
involves cvaporativc processcs deep within thc mcsa. Each of these analyses arc 
reviewed and interpreted a the basis of thc conceptual model dcscribed in ' 

Ai;rpendix 3g Canceprual Modcl for Subsurface Transport. The simplificarions 
ussumcd in impfcrncnring the numerical modeljor subsur$ace transport are 
surnmarixd in Section 3.,X,1.1 Conccprual Model of Vadosc Zone trunrport. 

The groccss of developing wmc acceptance cnrcrh l3om PA results must be 
prcsentcd in the f d  PA. 

Scction 6.2. I Use of Performance Assessment Rcsults a'cscribes the methodology of 
inrcrpreting the rcsdts of rhc PA dosc analyses in the context of waste acceptance 
crireria. 

??le sitc-specific information hvailrtble ,at Los A m o s ,  that has l a d  to the g c n d  
undcmvldhg of how the site works, is not wcll reflected in the modeling to date, 
For cxxnplc, S ~ ~ C S S C S  th3t drive the natural system 3t LANL arc highly variable and 
aansicnf yet steady-state ;~ssumptions arc made in the groundwater analyses, 

A concerrcd cflort has been made to collect and a~sess  new and existing dara 
regarding rhc natural proccssw related, in particular, 10 moisturcfluxes withir: the 
mesa. The interpretation of those dura formed the hydrogeologic conceptual model. 

1 



5 ,  

6, 

7. 

8. 

As discllsscd at length in Section 21.5 flvdrogcolog), it is recognized that the 
moismrc fluxes within rhe namral systcm ure spatially and tcrnprally variublc. 
However, data required to resolve the vwiabiliy are nor mailablc, and mqv nor 
attainablc without perturbing thar natural sysrern Sevcrd parameter studies, 
described in Section 3.3.2 Groundwater Prorcction Anac'ysb, were performed to 
tsarnine the v a M y  of the steady-stutc approximation of rcchnrge through the 
vadose :one, It wus found r h t  rransicnrs as modeled were damped within the 
vadosc tone, and that thc srca& stute in$ltration rate w d  in the vadose zone 
nansport calculations was a conservative upproximation of acrural conditions, 

be 

The PA is focused on selccted mcchvlisms and pathways. Findimtion will require 
considcntion of o t h n  pathways Ad the ssocintcd rationale (kited A p t i o n ,  
Iatcnl migration coupled With c l i f f r t~a t .  u p w d  migration, episodic events, 
s d a c c  water transport, migration to poundwrrter through m y o s  floor. etc.). 

All  of these mcchanism and pathways were uaiiressed, and are discussed in 
Scction 3.52 Groundwater Rotection Analysis of the report. 

Upward migration md lrrtcd migration (individually and in combination) of 
contuninults nccds to bc oddrcsscd, 

Upward migration was discounred on rhc basis of in situ moisrweprofiles, which 
indicarc that liquid-phare maismreflow is downwurci to the depths of the surge 
bcds at rhe base of Unit 2, which is approximately 15 m below the sufacc. Upward 
migration of gases and vapors was calculatcd, ar rcporrcd in Section 3, I .  1. I Gas- 
Phasc Source Tcrm and Appendix 2a Evaluation of Atmospheric Relearc Sources 
for Gascous Phase Contcminants, Emanaringjom the Disposal Faciliry at Arca G. 
Latcrai aqrreous-phase migrarlon was includcd in rhc vadose-tone transporr 
calculariom IC is discussed in Sccrion 3.52 Groundwarcr Protection Analysis of the 
report, and is rccopkcd as a viable parhwqv. 

Calculations ye based on shcct erosion: howcvcr, this mny not be the most 
appropriate runoETmode1 for such complcx temin .  

Field invcstigutions of rlic sufacc of MDA G performed by rhc su@ace warcr 
balance modcling team indicate that shcct erosion of disposal pit covers is a valid 
assumption. Erosion is discussed in Section 2.1.4.1 Regional and Si:e-,$pccific 
Grolou and Topopophy and Section 2.1.5 I SurJcce Wuter. 

Sd'cc mtcr mnsport off the mesa to the canyon floor and tben to the aquifer 
should be considend. Expcriencc at LAM. hdicitcs that contamination at the 
surface of the mesa readily moves via surfice water runoff to the mexi edge, thcn to 
t!t canyon bottom, Thus, contaminzition at the surf!ace from covcr erosion andlor 
biotic pathways would then bypass the unsaturated mdeposit of the mesa. md 
move to the aquifer through sediments in the anyon floor. 

2 

e 

0 

* 
' .  
c 



Appmdix l a  

9. 

This pathway was modclcd in the a11 puthwuys analysis of the PA, Section 3.22 All 
Pathwoys Analysis. The s o u m  term for  this transport pathwuy was biotic 
i n m i o n ;  at the estimated erosion ratc, ;he @ct o~suTface erosion on biotic 
translocation was insignificant, Evcn u higher rate of erosion that w a  coupled into 
thc derailed biotic translocation model did not aflcct surJace contamination lcvcls 
appreciably, as reported in Appcndix 36 Model for  the Biotic Translocation of 
Buried Low-Level Radioactive WLWC to thc Ground Sufacc in the Presence of 
Surface Erosion. 

The fastest rate of cliff rcrrat (7,000 y c m  to expose the wmc) should not bc 
s ~ m a r i l y  dismissed. Cliff retreat should be couplcd with horizontal and l a m d  
migration rates. 

CIiffrctreat is addressed in the rcporr in Scction 3,1, I Air Pathways Analysis. 
Givcn fhc change in cvmpliuncc pcriod to I ,  000 years, cvcn the fosrcsr csrimatcd 
cfiffrctrcat rate rcferrcd to by the PRP is nut considcrcd an imminent threat to 
conioinrncnt of radioacriviry,'however. 

To better understand the hydrological system, some consideration and shuhtion of 
m s i c n t  cvcnt should bc done. EfTorts should be made to factor the basalt into the 
model to provide a better rcpresenttltion cf the physiwl s y s t m  (the higher w m r  
contcnt of thc Otowi formation), Evcn'if the water flow md c o n b u t  transport 
through the basalt were not factored into the o v c d l  result &e., the breakthrough 
monitoring point wme retained), a different water retention relationship for the 
Gwje pumice or Cmos dcl Rio bassalts could be used to bring about higher watm 
contcntS in thc Otowi formation. *Mort effort is also needed to reprcscnt the 
influence of air rnovcmcnt within the vadose zone (Tshircge mcmbcr). 

All ofthcsc items were cxplicir(v addrcsscd in thc modcling discussed in Sccrion 
3d 2.2 Groundwater Protection Analysis. The parameter stu& peformed to 
cvaltratc the cflccts of the Guajc Pumice Bed and the Ccrros dci Rio Basalr is 
summarized in the main body of thc report, and is rcportcd in detail in Appcndix 3s 
Simularions of Groundwarer Flow and Radionuclide Trunsporr in the Vudose und 
Saturated Zones Beneath Area G, Los Alamos National Laboratory. 

Unfortunately, sufjicicnt dam arc not presently available to rcalisrically model air 
flow in the vadose-:one vansport model, olthough the model docs have u dual- 
phase namport capabilip, As rcportcd in Scction 2.1.5,6.4 Vapor Flux Studies, thc 
waterflux in mid-depth rcgion of rhc m&a upgarcntly occurs in thc vapor phase, 
This vapor-phase flux occurs in the fractured Unit 2, and rhc highly permcable 
surge beds ut the base of thor stratum. Barometric pumpings har been identified as 
a driving fo rm for vapor-phasc rransporr. Thus, while the role of vapor-phpse 
drying and decp evaporation appcar to ploy a critical role in vadose-zone 
hydrology, additional field data urc required to dcjne boundary conditionr in thc 
vadose-:one transport model, 
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1 I .  The use of field studics such as TDR probes. wci,rhing lysimeter, etc., should be 
considered to g& n betta understanding of wxer flow in the vadose zone. 
Incovorate the data h m  appmpriatc existing field studies md discuss p l u s  for 
conducting additionitfield studies in the fiturc work section of the PA. 

Additioncl data have been obtuinedfiom new boreholes ct MA G. Scvcru1 
boreholcs arc being maintcined and uedfor routine ncuaon-probe moisture 
measurements. The data obrained to darefiorz: boreholes and recovered core urc 
includcd in Sccrion 2.1.5 Hyci r~gco lo~ ,  rfinding is secured therc arc plum to 
install rnoisrurc! gauges d o n i  ttrc bottom of Pit 58 and Pit 59, rhough access pipcs 
that arc olrcady installed 

12, The PRP is conccrncd that thc new method of waste emplaccmcnt may clnhmcc 
subsidence, LANL may wish to consider elimination of voids by compaction or 
filling. 

The PA anaiysts share this conccrn, 7hc usc of lurgc metal conruincrs do cnhuncc 
disposal cflcicncy, but this must be wcighed ageinst the potential comeguences of 
probablc void spaces associated wirh the usc of large containers, An optior: being 
evaluated is rhc emplacrment of large contuincrs without thrir covcrs, rhcn 
bacwlling the containcrs with crushed mfto cnsurc that void spaces arc filled To 
daw, only singfc ips within two pits (Pit 37 and Pit 3s) have been complctcd with 
large containers. 

12. The "all-pathways" dose is dominated by consumption of crops which have been 
I contaminated. by irrig3tian. It is counter-intuitive that the dosc from drinking water 
is so much less than that from eating. 

This issue is discussed in Section 3.3 Sensirivigv and Unccrruinry, which is c 
suntmcxy of the more detailcd discussion in Appendix 3e Radiological Dose 
Assessment for the TA-54, Area G Perjorrnonce Assessment and Composite 
Analysis. The contribution of the consumption of irrigated crops to rhe total dose is 
cxpecrcd to be ovcresrimatcd. Radionuclidc conccnrr4tionr in rhc crops arc 
dominatcd by radioactwry iokcn up via thc roots following the deposition of scid 
radioactiviry on surfacc soils by irrigation. mile the radionuclides projected to 
occur in the irrigation water arc highly mobile, their conccnnarionr are projecrcd 
assuming a buildup time in the soil of 15 ycars. A morc reasonable period of 
buildup for highly mobile radionuclidcs is expected IO be on the ordcr of o m  yc'ar, 
Under thesc conditionr, doscsfiom rhc consumption of crops would decline nbouf 
I5 times. At these Imcls, the cowumprion of drinking wuter would be the primary 
conniburor to the projected doses. 

1 4  The assessment of biotic aylsport docs not seem to be consistcnr with data 
provided on pl+t rooting depth and mixid burraw drpth. 
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1s. 

16, 

17. 

18. 

This u;l,7arcnr discrepancy results f iom rhc fact rhar, while Some plants and animals 
narivc ro rhe region do roor and burrow ro dcprhs grcarcr than rhosc modeled, rhe 
amount of marcrial brought to rhc sudacc is dominated by shallowcrprocesscs. In 
particulur, studics have shown rhar root mars decrearcs almvsr cxponcnria f fy with 
depth, and is largest within the rop one or h ~ o  mctcrs of rhc suflacc. Regarding 
burrowing animals, sire-spccFc studics rcveal rhat the mosr prllvalcnr burrowing 
animal is rhc dew mouse, Thc modeling of biotic translocation is discurscd in 
Sccrion 3.1. I Air Parhwqs A palysis Sourcc Term, which summurixs rhc analysis 
dctailcd in Appendix 36 Model for the Bioric Trcnslocation of Buried Low-Lcvel 
Radioactive Waste ro rhc Ground Surfacc in the Presence of Sufacc Erosion, 

Thc information presented for atmospheric -port docs not secm to support the 
location of the maximum receptor. 

Discussion of the location of rhc maximum ofsirc air concentrarions is summarked 
in Sccrion 3.5,l Air Pathways AnalyJ'is, and dctaifcd in Appcndk 3' Armosphcric 
Transport in Complcx Tcrraln at Los Alamos, Atca G, Thc placcmcnr of thc 
maximally-cxposcd ofsire individual for rhc air-parhway analysis in C a h d a  del 
Bucy is well supparred by sire-specific mcrcorological dara (i, c., wind direction and 
frcqucncy on mesas und in canyons). The parficular locarion, SUO rn upcanyon, 

The bar graphs representing ndionucfidc concen&tions, prescntcd k Chapter 11, 
pagc 50, Figure 2.3-2 of the PA, should bc checked for accuracy, In addition, 
radionuclide conccnmtions provided in Tables 10 and I I '  of Appendix ZC, "Area 
G LLW Inventory Over Facility Lifetime." Indicate how thcsc concctions will 
affect the dosc projections presented in the PA. 

till invcnrory dara und graphs h o c  been rcviscd, and are prcscnrcd in Section 2.3 
Wastc Characrcristics, 

Pcr the May 3 1, 1995, mcmomdum from Jill E. Lytlc. EM-30, "Inclusion of Pre- 
1988 Sourcc Term and Wcr Sources of Fbdioactive Contamimtion in Low-Level 
Waste Disposal Facility Perf'ommcc Asscssmcnts," legacy waste and other 
potcnrid sources of ndioactive contamination will have to be included as the PA is 
finalized. 

Thc PA analysis included the cnrirc disposal inventory at MDA G to m e t  this 
rcquircrncnt. Orher potcnriul sowccs wcre cxciudcd, bawd on technical 
jusrifications provided in Appendix 1 b Technical Jusrificarion for  Ercluding 
Sourccsjom rhe MDA C Composite Analysis. 

C x c  should be taken in developing inventories of legacy and historical wstcs to 
consider cnccrtahtits in oldcr waste c h m c t h t i o n .  
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The methodofog, ond rcsults of thc o ldu wosrc chcracreritation effort were peer 
reviewed by Mvrenr and former M L  personnel familiar with the Laboraron, 's 
past waste gcncraring and w a r e  managcmenr practices. 

19. The PRP suggest that ll~l effort bc undertaken to interview long-term LANL 
cmployccs and nvailablc r c h s  to help deteminc process history for legacy waste. 

Sec rcsponse for Comment i8, above. 

20, Thc PRP suggest that a brondn set of ndionuclidcs should be hitidly considered in 
the screening process, i.c., all of the nuclides listed in the DOE dose convcrsions 
factors documents, July 1988. 

Thefitrurc invenrory considcrcd in rhc PA is based OR iEformationprovidcd by 
facilip andpropam rnunugers at LNL  while rcdionuclidcs nor considered in rhc 
analvsis ure nor cxpecrcd, i fa  situation crisw whcrc a new w a r e  stream is 
gcncrarcd thar conrainr radbnuciidcs nor included in thc PA, thc w a w  streurn will 
be certified and accepted for disposal only afrer PA analysts hpvc approvcd i r ,  77;c 
characteristics of the new wastc strcarn that arc relevant to rcleare and tmnsporr 
will be rcvicwed, including radionuctidc spcciarion, solubiliry, and sorprion 

21, 

22. 

25 1 

23. 

Uncertainty ylalysis has only been done in tl qualitative m m c r  to date, A more 
rigorous study of u n c d t y  is necdcd. The ylalysis should also consider coupled 
rnech3nisms nthcr that just one mechanism at D time. This will help in the pluming 
of fume work. 

The sensiriviry and unccrrainv analyscsfor the ofsire and inma'er dose projccriors 
have been updarcd to addrcss the PRP 's comment. These analyses, discussed in 
Sections 4 and 5 of rhc main rcporr and Appcndix Je Radiological DOSC Asscssmenr 
for rhe TA-54. Arca G PcrJormance Asscssmcnt and Composite Analysis, wcrc 
pc flormcd in accorduncc with currcnr DOE pidance. 

Justification or rationale must bc presented for the selection of parameter values and 
sccnxios, such as 10" dust loading and 10,000-year compliance period, 

All paramc;crs used in the malyscs ore jurificd either within rhe body of rhc 
rcporr or within the appendices. 

Solubility limited &ta for certain ndionuclidcs needs to bc presented on the basis 
of d1 isotopes in the clement: for cxmple, urylium and thorium. 

Soiubiliry limirs as modclcd in rhc PA ure disczlrscd in Section 5. I 2  Groundwcrcr 
Prorecrion Analysis Source Term 

The ndon fl w vdues should also bc presented in terms of ah concentration or dose 
to make the values meanin@. 
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25. 

26. 

27 1 

In accordance wirh current DOE guidance, radonj7uc.r wcrc calculmd as 
discussd in Section 3.1.2 Air Pathways Analysis Source Term and comparcd wirh 
rhc rudon-flirx pcformonc objccrivc in Section 4 , l .  1 Rcsults of :fir Pcrhwqy 
Analysis. The crforrnancc objcctivc used ro cvaluarc rhc projected MDA Gflurcs 
was 20 pCi/rn-/s. 

The effective diffuqion coefficient for the vapor phase is about 10 times lower rhan 
h a t  uscd in NRC Rcgulntorj Guide 3.64. This should bc justified. 

Drflsion cocflcicnts uscd in thc oirpathwuys analysis wcrc mcmurcd ar ,MDA G. 
As discussed in.Scction 3.1.1 Air Pathways Analysis Source Term , rhc d f l s i o n  
cocflcicnt for watcr vuporfiom thc shops was b a e d  on sitc-spccijk data, the 
cocflcicnr for /he pirs was cstimatcdfrom the free difFrsion cocflcicnt udjusrcd to 
account for thc qflccrs ofporosiry, rorruosiiy, ond rhcrmal gradiicnts. 7%;. rcviscd 
cocJkicnts arc larger rhun thar used in NRC Rcplatory Guidc 3.64 

P 

The find documcnts needs to be consistent m o n g  the various pm, i.c.. a 
consistent rooling depth should bc u c d  in each of the various malyscs that use it, 
and moisture content should bc USCC! in each ofthe various analyses that USE it, and 
moiswc content should be reponed and discusscd in a single unit (Le., % by 
volume) nther than by thc three units of % by weight ?GI by volume, and sawation, 

Atrcmprs wcrc made to ensure comisrcncy ro the cxtcntpossiblc, Howcvcr, ccrtain 
mcusurcd vuiucs cannot casily bc converrcd into other units, 

In finalizing the PA, artention should bc.givcn to technical editing to produce n 
quality documcnt (detine terms, provide Units in equations, present lcgiblc graphics, 
coordinate text titles and p m p p h  numention with thc table of contents, ctc,). 

Tlrc muin body ofthc rcporr has undcrgonc u coniplctc rcchnical cdir. Individual 
autlrors wcrc responsible for rhcformar of their ugpendiccs, 
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1. INTRODUCTION 
Thc DOE requires that a composite ;m;llysis (CA) bc prcpmd to 3sscss the cumulsrivc 
futun: impacL< of active low-level rxiioactivc solid wrrste ( U W )  d i ~ p ~ d  facilities and 
other sourccs of rcldioxtivity that could interact with projcc&d rclcaxs from the active 
faciljty.' Material Disposal Area @IDA) G is the only active LLW disposal facility at the 
LOS N m o s  National Lnboratory (LhNL). Project& rc1c;lSes of radioactivity from waste 
djsposed of at ,MDA G after Scptcmbcr 26, 1988 hmc bccn evaluated in rhc redological 
perform;ince wcssment (PA) !'or M D A  G, M required by DOE Order 5S20.2A.' 
Radioactive w u t e  h u  b a n  disposed of a[ MDA G since a b u t  1957. M o r e  the mid- 
1970s, radioactive wastc wx also disposed of at at several other facilities across the 1 II-  
h: (33 mi') LANL complcx , WhiIe M D A  G continues to bc used for U W  disposal, 
othy radioactivc w ~ q t c  bsposal s i t s  uc inactive and arc mumaged by the & I  
Environrncntal Rcstontion (ER) Project pu r suu t  to the Hazardous and Solid Wastc 
Amcndrnen:s (HWSA) of the Resourcc Conservation and Rccovery Act ('RCRA),' In 
terms of a compositc cffcct of potential futurc rclcases from M D A  G and formerly-uscd 
MDAs, thc w ~ s e  disposed of at M D A  G bctwccn 1957 and Septcmbcr 26,1988 arc likcly 
to intcmct with potcntial releases from wure disposed of aftcr September 26, 1988. For 
this rcuon. dl waqtc disposed of at ?ADA G sincc 1957 and projected to bc disposed of 
through 2W was included in the sowcc term for thc MDA G PA. The composite impact of 
p w .  prcscnt, and future disposals ;II MDA G have bcen analyzcd and r t p n c d  in the 
Pcrjonnurlce Asses.vmmt and Composirc Analysis for the bs Alums National Laboratory 
Marcrid Disposal Area Ga4 
Duc to thc Pevorablc mcteorologic, hydrogeologic, and geochemical chmctcrisucs of thc 
natural cnvironment in thc Los A m o s  ma, potentid releases from formcrly-uscd MDAF 
across thc L A - -  complex arc unlikcly to intcnc: with modeled relexws from M D A  G, 
This rcpon prcscnts the tcchicd justification for eliminating other sources from 
consideration in thc M D A  G CA. Potcntid rclcues from other sources 3fc compared with 
the modcled r c l c ~ ~  from iMDA G. 
Thc modcling approach and dosc esthatcs for the ,MDA G CA analyses arc s u m & d  in 
Scction 2. Othcr soutccs of redioxtiviry that wcrc initidly considercd in, but evcntudlp 
excludcd from, thc CA arc described in Scction 3, The technical bu i s  for excluding these 
sourccs is dscusscd i n  Section 2. Findly, conclusions drswn from the preceding sections 
are presented in Scction 5.  

2. SUMMARY OFMDA G ANALYSES 
The pcrfonntlncc mc;Lwrc for the M13A G CA is that the projcctcd dose to s hypothcticd 
future mcmbcr of thc public resulting from relcucs from ,?ADA G and all other potcchlly 
interacting S O U ~ S  should not cxcced a dosc ljmit of 100 mrcm/yr. Uthc projcctcd dosc 
exceeds a dose consvaint of 30 mrcdyr ,  an analysis should bc performed to consider the 
actions that can bc tdm to rcducc the cdculatcd dosc. The pried of assessment is 1,OOO 
y c m  after closurc of MDA G, which is usumed to occur aftcr disposals CC;L';C in the ycar 
2044. 
,h Figurc 1 illustratcs, M D A  G is locatcd on Mcsita dcl Bucy, P nmow cut-southeast 
trending mesa hundcd by CG3d3 dcl Bucy to the north and PajYito Canyon to the south. 
The topography of thc site i m p o m t  effects on release and transport and, ultimately, 
conscqucnccs of radioactivity contained by the facility. 
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Figure 1 LMDA G layout superimposed on a topographic contour map 
At .MDA G, LLW is dispscd of in pits and sh& exavatcd into bedrock to depths of 
about 20 m (65 ft). Thc kdrock is of volcanic origin, and f o m  P 275 m (900 fi) vadose 
zone, The mesa consists of Bandelitr Tuff, P compound cooling unit of variable d c v s  of 
welding. The canyons arc about 30 m (100 ft) below the surface of the mesa. 
The disposal facility has k e n  filled from e s t  to west. with f u t n  disposals anticipated to 
occur in the devclopmcnt m a  crrllcd out in Figure 1. As stated in thc Introduction, p s t ,  
present, and future disposals at MDA G w e n  included in the S O ~ C  term for the MDA G 
PA to evaluate complimcc with the CA pcrfarmancc mc;LFurc. The followhg offsitc 
exposure scenarios wcrc cvdustcd far thc CA inventory: 

' 1 ' way';- * : Burrowing animals excavate contuninatcd material from disposal 
k%%kklDA G; contaminated material is suspcndcd in air above the disposd facility and 
msportcd to an offsite receptor, a portion of thc d r n c  radioactivity is ndcpositcd at thc 
reccptor sitc, while the the rest nmains airborne: an individual receptor tccclivcs doses from 
thc radiorrctiviry in air, on soil, and on foodstuffs. 
w a t h w a y  rccn,?na * : Radioactivity is dissolvcd by water pcrcolating through 
disposal units at MDA G: leachatc is trvlsported vertically down through the vadose zone 
directly ta the rcgional aquifer, and laterally into semi=mtuntcd alluvium lacared near the 
disposal facility, from which it is m s p n c d  directly downward to the rcgiond aquifer. 
radioactivity is mixed into the rcgional aquifer, an individual receptor at an offsite location 
rcccivcs doses due to the consumption and use (irrigation) of c o n t m h c d  watcr dnwn 
from the rcgiond aquifer. 
A1I-r)nthw3vscenanb ' : The all-pathways scenario combines portions of thc air- and 
groundwater=pathway sccnllrios. Burrowing a n i d !  cxavatc contuninatcd mterial from 
disposal unitq3t M D A  G; contaminated m;lteri;ll is transported offsitt by surf;lce-watcr 
mnoff, an individual offsite receives doses f b m  contrrminted wacr (via the groundwater 
pathway) llnd from contaminated sediment. 
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The approach to modcling these s c c n ~ o s  is s u d d  below. This infomution will be 
used to cvalunte, and ultirnatcly disrnhs, thc potential for rtlwcs from othcr formerly-used 
MDAs to incrc;lsc thc projjccttd doscs fmm ,MDA G, 

2.1 Air-Prrthwoy Scenario for MDA G CA 
7 b c  mLCrnurn &pathway dosc projtctcd in thc MDA G CA was 5.5 m d y r ,  the result 
Of: 

burrowing animals pcnctnthg through I-m (3.3-fi) disposal-unit COVCK and 
excavating mwid cont3Sfiin;llCd with actinides; 

suspension of actinides jn air; dispersion of airborne actinides into 
north of ALiDA G; and 

e 

inhalation of airborne actinides. 
According ro Radiological Dose Assessment for fhc TA-54, Area G P c g f o m c c  
Asscssrnenr and Composirc Analysis? the inventoiy rcsponsiblc for the gnat majority of 
thc ir-pathway dosc w a  thc oldest w;L!tc in the inventory, the characteristics of which 
wcrc extrapolated from existing records, ;ts described in Radioactive Ware Inventory for 
rhr TA-54, Area G P e f a m n c e  Asscssmcn: and Composite Analysis? The model used for 
biotic uiislocatjon is reponed in A Modclfor die Bioric Translocation ofBuried Low- 
k v e l  Rudoactive Wasre to the Ground Suface in rhc Presence of Surfacc Erosion, which 
;Lssumcs ;I maximum burrowing depth WLC tlssumcd to bc 2 m (66 ft) bucd on site- 
sFcific dm.'  It assumes that waste contaminated with actinjdcs is readily cxavatcd by 
burrowing animals. This is conse rdvc  baqed on information suggc~hg h a t  the h g c s t  
mount of' plutonium-bearing waste in that p0niQn of the hvcntory is dewatcrcd sludge that 
is buricd at the bottom of only a single pit. 

Thc atmospheric dispersion model used to simulatc thc trmnspon of airborne radioactivity is 
rcpoccd in Amospireric Transpan in Complex Terrain af Los Alums, Arta G,' The 
idcntificauon of the air-pathway receptor locauon wu bmcd on data collected from six 
mctcorologicd muons opcratcd on thc mcsu and in the canyons immcdiatcly around M D A  
G. Thcsc dnu indicate that winds flowing across Mcsita del Bucy m chmnclcd into 
Ca7adii dcl Bucy, Thus, groundsurface rcleiuscs suspcndcd in win& blowing from sevcnl 
sectors across thc mesa arc cxpeckd to co;lJcscc into ch;\nnclcd winds within the canyon. 
Prevailing mesa-top winds arc gcncrally from the south-southwest during the day, 
following thc Rio Grmdc valley. During the night, downdraf(s from the mountains from 
to the wcst taus: winds to flow towards the cut .  Mesa top winds vary, howcver, 
pmicululy during the day, In concrat to mcsa-top winds, flow in the canyons is strictly 
bimodal: Winds flow up-cmyon (wcst) during the day, and down-canyon (cast) at night. 
To calculate air-pathway doscs in Caihda del Bucy, thc dispersion of suspcndcd 
particulates was chmctcrizcd by site-spccifi'c dispersion parameters WQ [h, air 
conccntrations (Ci/m3) normalized to source rtlt;lsc: (Ci/s)] at two receptor Imtions. One 
receptor was dcfincd at thc point of maximum offsitc concentration, which was 500 m 
(1.600 ft) nonh of M D A  G in Caiinda dcl Buey. A second rtccptor was defined at the 
ncvcst downwind popu1;lGon ccntcr, w h i t e  Rock, which is about 3, km (1.3 mi) east of 
MDA G, These air-pathway rcccptor locations arc called out in Fiprc 1. Values o f ~ / Q  
wcrc calculated for 16- 22.5" wind scctors using the CAP-88 computer code. The 
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calculated values reflect the dominant wind direction on the mesa tops, which is from 
south-southwest and apply to open, flat termin. They were modifed to account for the 
com~]ex mesa and canyon tcTnin surrounding the MDA G site to e~lsurc that m;ulimum 
offs{tc concenwtions were moddcd d s t i c d y  for the sitc. 

The atmospheric model conscrvativcly u-wmcd that dl p u n d  lcvd rtlcascs from MDA G 
which blow out across an adjacent m y o n  bccomc cnaaincd in the canyon flow. S c v e d  
wind sectors were combined into a single canyon flow, which wils upsacam during the day 
and downstream at night. Using this rncthod, it was determined that the maximum off-site 
airborne conccntntions would occur in Caisada del Buey during the daytime, At h i t  
location, the rnrurimum dispersion pwmetcr  was c.aIculatcd to be s.~xWs/m’. ~ h c  
m x i m u m  dispersion p m e t c r  in White Rock wu associated with nightthe down-ccmyon 
flow, with 3 vduc of 1 . 3 x l ~ s / m J .  At both receptor locations, the complex temin 
comction i n c m e d  projected plume concentration! by a factor of 24 over that expected in 
any single downwind sector. Conccntrdtions arc incrcacd by n factor of 1.7 as a result of 
. I  

lower nvcngc wind velocities in the canyons. 

2.2 Groundwater-Pathway Scenario for M D A  G GI 
Thc maximum m u d  goundwatcr-pathway dose cdculakd during the 1,OOO-pr 
compliance period in the MDA G CA w3s 1.2~10’ m m  at the downgraditat receptor 
location. Groundwater doses wen duc to the ingestion of the h c  ndionuclidcs of the 60- 
plus in the inventoIy h a t  wcft non-sorbing: “C, vc, md ‘9. Cubon-14 was 
rcsponsiblc for most of this dose. The source term used in the pundwatcr=pathwsy 
analysis was based on the ;Issumption that d of the radioactivity surface con*r;Lmination, 
which is thought to bc conscrvntivc for at least the “C bucd  on knowledge of the dominant 
WNC form for that ndionuclide. I .  

Thc hlDA G groundwater pothw3y analysis is fully dcscribcd in Simdurionr qf 
Groundwater Flow and Radionuclide Transport in the Vadose d Unsaturated Zones 
Beneath Area G, t o s  Alums National Laboratory? The threcldimcnsional ghd w u  P 
fairly ;ICCUT;~~C represcnntivc of the s tn t ipphy iUusmtcd in Figure 2. A good set of data 
is available to support modcling within thc upper 100 m (330 fi) of the Bandclier Tuff. 
Each smtignphic unit comprising the Bandeljet Tuff w s  modeled with uniform hydraulic 
characteristics corresponding to the arithmetic m c u  of tbc field d3n summvizcd in 
Geologic, GcohydroluRic, und Geochemical Datu Surtunu~ of Material Disposal Area G, 
Technical Area 54, Area G, Lus Alamos Nationat 
Thc conceptual model of vadose zone hydrology is a simplifcation of the complex 
hydrologic system at MDA CY, The model is fuUy derailed in AppcndixConccpnral Model 
for Subsurface Trampon at MDA G,’ ’ An important simpliflwtion in tbc conceptual modd 
is 1 steadystate moisturc recharge rate through Mesit3 del Bucy. This simplification 
rcfl ccts the relative lack of data required to rigorously moc!cl vapor-phu moisture flow, 
evaporation through fractures and surge beds, and vuiable hydraulic pyamcm, dl of 
which have been hypothesized on the basis of analyses on thc available data set The 
mnfitudc of the steady-smc rcchqc mte used in the groundwater protection analysis w a  
choscn to bc conscrvativc bwcd on modeling and field dab Water balance modding 
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npomd in Surfoce Water and Erosion Calcdhons to Suppon the MDA G Pefonnancc 
Assessrncnt'' indicates ; ~ n  averngc rcchargc rate Of about 1 n " y r  (0.W in./,vr) k o u g h  thc 
djspos;ll unit5 in their closed configuration, Ilssuming an avemgr: m u d  precipitation of' 36 
cm (14 in,/yr), a fully vcgctatcd cover wkh a maximurn rooting depth of 1 m (3.3 fi). The 
modeled recharge rate is less than the 5 d y r  (0.2 inJyr) indicated by moisture 
mc;Lsurcrncnts in an opcn pit at the site. This discnpylcy reflects the irnprt;ulcc of 
tmnspiration in wxcr  balance at M D A  G, which is absent in open pits. Whi le  the lower 
recharge rclte modeled may be anticipated when pits arc closed and the vege~t ive  cover is 
fully dcvclopcd. thc larger rcchargc rate consistent with in situ mtasurcments was selected 
for b e  base cue unsaturated m s p o n  model. Steady state rcchugc of this magnitude was 
considered to be ;I rcasonoblc simplificcluon b u c d  on tbc information nvailablc. which is 
bricfly summ&cd below. 

Figure 2 Stratigraphy of Mesib del Bucy 
The rcclluge fluxcs though thc Bandclicr Tuff liwc bccn cstimntcd using a variety of field, 
laboratory. and computational techniques. Recharge is affcctcd by natwd characteristics 
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Unit of Bandclier Tuff Hosting Facility 
Depth of Disposal Units 
Thickness of Bandclier Tuff 
Depth to regional aquifer 
Recharge Rote through Mcsiu del Buey 
Moisture Tmsit Time to Regional Aquifer 

and m m a &  dtcntions. Sc;Lconal wcrting and drying cycles main& moisturc conrents 
(up to 20 pcrcent) in the top few metes of the mcsa that are higher than those found at 
w t e r  dcpths (less than 5 pcrccnt), While rcchugc through fr;rcturcs n w  the mesa 
surface may occasionally occur, fmctun: flow docs not a p p  10 result in incrcascd 
rcchuge at depths below Unit 2. Suf‘acc disturbmccs ussocintcd with waste management 
activities may i n m w  the moisnvt content ne= the top of the mesa, but o lasting cffcct of 
this increased moisture on dccper recharge has not bccn demonstrated. Exmmcly low 
moisture contents found 10 to 15 rn (50 to 60 ft) M o w  tbe mesa surface arc likely to be 
the rtsult of cvnpontion caused by air flow through fncturcs and surge hds, ;LF supported 
try dab on moisturc content, rnaaic suctioa, stable isotopc ratios, and chloride content 
There arc s c v e d  3spccts of the hydtology t h 3 ~  while potentidly importult, wcrc i g n o d  
in thc compumional model of vadose-zone transport, due to a lack of &A S e v d  
simplifying assumptions were invoked in the computational model, As stated the mode1 
assumes a uniform rate of infilmtion through the mesa: this my bc reasonable, 
considering that the disposal units thcmclves do not c o n m  hcturts, and an cxc3v;ltcd 
either withm or through the surge bed at thc b x x  of Unit 2, and the npparcnt tffccts that 
thrsc features have on removing water from wdhmrbcd me.- may not apply to the 
disrurbrd system. While not explicitly included in the find thrrc-dimensional 
computations, s cvcd  potentially i m p a m t  fcaturcs of the hydrclosic system were 
evaluated to ensure conservatism in the the final analysis. Tbc effect of h c m s  on 
moisture flow WLS considered. w was cvaponuon through in f n c m s  and surge beds. Ln 
addition, unccnintics in material propcrtks and structure w c n  evaluated. 

Unit ’ A n i t  1 vu 
4‘0 m (65 ft) 
$2 m (270 ft) 
Approximatcly 305 m (1 ,OOO ft) 
Approximately 5 d y r  ( 0 2  inJyr) 
A00 y c m  

The analysis used a conservative but reasonable stcidy-sutc infilmtion rate of 5 Wyr to 
simplify thc complcx vadosc=zonc hydrology. The computation represented tbc regional 
stratigraphy and geology in ;L rcalisuc thtrc-dimensional c o n f ~ u o n ,  capturing the 
physical, hydrologic, hydraulic, and geochemical properties of the Bandefier Tuff. 
Table 1 llsts x v c d  fcanues of thc MDA G groundwater trylspcrt analysis. 

Table 1. Fcoturcs of.the M D A  G groundwotcr transport analysis 

3.3 AIlaPathwoys Annlysis for the MDA G PA 
The maximum all-pathways dose calculated during the 1,OOO-ycy compliance pcnod 
considered in the CA was 7.2~10’ mrcmlvr, received by thc receptor in Pajaito Canyon, 
The majorit), of thc dose was attributed towinhalation of resuspended contaminated 
sediments and ingestion of vegetables contaminated with sediment (via &splash), 
Contributing radionuclides wcrc ‘OnmAg, and ‘“Am. As in the air-ptlthwy analysis, 
the sourcc term was burrowing animals. The transport pathway was sedimcat trylsport at 
a mtc of S,OxlO” d y r  (1.3~10“ Wyr), as modelcd inSufucc Water and Erosion 
Calculatiom to Suppm the MDA G P e f o m c c  Assessmnr. The conscntatism in thc 
actinide inventory and biotic rrylslwation model SUM previously ia reference to tbe air- 
pathway analysis apply equally to thc dominant all-pathw;ry sourcc term. The inventoly of 
the dominant fission products WL, extnpolated using thc mcthcdology described in 

, 
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Isotopic Cumposirionc of lnvenro? Designations "Mired Fission Products 'I and "Mixed 
Acrivction 

3. SOURCESTO BE CONSIDERED 
h tcnns of physical dimensions and radiological inventory, the largcst potcntidly- 
interacting sources at LAI\JI. arc fomcrly-uscd MDAS. Figurc 3 illustntcs the djstribuuon 
;md s i x  of thcsc othcr sourccs on a topograpfiical map. With the exception cf MDA AB, 
these other MDAs gcncrally rcscmblc M D A  G. MDAs A$, and T about 6 km (4 mi) 
nonhwest of M D A  G and MDA C about 6 km (4 mi) wcst-northwest of MDA G arc all 
formerly-used radjoactivc w;LFte disposal sites* MDA AB 5 km (3 mi) west-southwest of 
!vIT)A G w3s used for below-pound test detonations. As Fiprc 3 ihs tn tes ,  the area 
occupied by MDA G is 405,000 rn' (1 00 nc), while the combined m of thc orher sources 
is only about 83,690 m2 (20 ac). Like M D A  G, the fomer!y-used MDAs ut on mesa$. 
Ln addition to thc formcrly-used IcaAs, some smaller zones of c o n h a u o n  arc known to 
cxist in Pueblo Canyon, L o s  Mynos Canyon, M o m d n d  Canyon, and Pajarit0 Canyon, 
Thc cimnyon contarmnation is the rcsult of p a t  liquid effluent discharges from nuclear 
materids processing (Pucblo and Los A l m o s  Canyons). liquid wciste mtmcnf  
(Monandad Canyon), and test mctors (Pqjarho Canyon). Canyon con&nauon is 
rcssociatcd with sediment and dluvjum. Information regarding the inventory of othcr 
sourccs was compilcd in 1977." Very littlc is known about the total extent of 
contunination within thc canyons identificd rrbovc. It is certain that the mount of 
contamin;rtion in canyon alluvium rcnd scdmcnt is far lcss than the mesa-top sourccs, 
howcvcr. Thc following paragraphs discuss the history md inventory of formerly-used 
mcsa-top MDAs. 

3.1 MDA AB 
MDA AB is locatcd at Tcchnicd Area (TA) 49, which is about 5 km (3 id west-southwest 
of MDA G. It was uscd for below-ground hydronuclcv expcnmcnts in 1960 and 1961. 
Experiments were conducted in s h a h  and chambers at depths bcrwecn 18 ;urd 24 r:i (60 
mnd 80 ft). The total volume of contaminated tuff has bccn estimated at about 30,000 m3 
( 1,000,000 ftJ).'$ Thc radiologid inventory has bccn cstimntcd xi 0.2 Ci ?J and 2,450 
ci 23vPu, 

3.2 M D A A  
MDA A is locatcd at TA-21, some 6.7 km (4.2 mi) north-northwest of MDA G. MDA A 
ccupics an area of 5,060 m' (1.25 ac). Bcnvccn 19M and 1947. two shallow pils that 
were about 4 rn ( 13 ft) deep were used to disposc of about 1,020 m3 (36,000 ff') of "solid 
u'stcs with alpha contamination accompanied by small amounts of beta and g m ~ ' , " ' ~ '  " 
During this pcrk~I. two underground storage tanks were installed to store a total of 
185,494 L (49,OOO gal) of a sodium hydroxidc solution contilining 334 g of 3 ~ u  at the 
time of cmplaccment (circa 1947j.'" Thc liquid from these tanks was rccovercd, mated, 
and solidified in ccmcnt in 1975, The cont3min;ltcd cement was buried at MDA A for 
scvcral ycm,  but was retrievcd in the late 1980s and moved to Pit 29 at MDA G. In 1969, 
a 9 rn (30 ft) dccp pit WLS excavated at MDA A for thc disposal of 3'U, 
contaminated building debris from dcmolition work at TA-21. The actinide inventory of 
M D A  A is judged to tx much smaller than the ,MIA G hvcntory, 

and 

3.3 M D A  B 
M D A  B is also Iwatcd at TA-21. Thc approximate m a  occupied by M D A  B is 24,000 m' 
(6,O oc), Engineering dnwings show that a single luge pit comprises M D A  B, but then: is 

" .  
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conflicting evidence that 4 smaller pits were excavated. Solid waste was disposed of at 
MDA B bcnuccn 1947 and 1950. Thc rd io logid  bwntory includes "pluton.ium 
polonium, uranium, mcncium, curium, lanthanum, \and) actinium."" Thc disposal 
capacity of the pits is estimated to be about L. , 

In 196j, M D A  B was rtsudaccd with P variety of cover systems during a pilot study 
conducted in support of the Sational Low Level Wmte Management Fropm and the 
EPA's L;md Pollution Control Division,.Con&nat Branch. Its present state 
incorpontcs scvtrd variations of n nominal 1 m (3.3 ft) thick crushed-tuff covcr, which is 
placed over the original crushed-tuff cover. Variations include cobble and gravel bio- 
b m k r s  bctwcen the old and new covers, as well 3s shrub, gas, and pvcl-mulch surface 
treatments, The totai covcr thicknea nt MDA B is nomindy 2 m (6.6 ft). 

6O,OOO e), The en& pit a m  is 
estimated to contain no more than 100 g (6.13 71000m3% Ci) of . 

3.4 MDA c 
MDA C is located at TA-SO on P mesa about 6 km (4 mi) west-northwest of MDA G. 
,MDA C occupics ; ~ n  
(chemical) waste wu disposcd of in six pits and 107 shafts at MDA C beween 1943 and 
1965. The average depth of the MDA C disposal pits was 6 m (20 ft), while thc avmgc 
depth of shafts was about 5 m (16 ft), The pits were frlled bctwcea 1948 and 1959, and 
the shafts w e n  filled benvccn 1958 and 1965, Log books wcrc uscd to record limited 
information about wstc disposds ;Iftcr 195.1. E s h ~ c s  of the total mdiologicd inventory 
3t MDA C arc 196 Ci in piti and 49,383 Ci in shafts. This cstimak includes 26 Ci of 
uranium (Le., '"W '"U, "'U, 36U, and 49,136 Ci of "'Cs: 31 Ci of wSr; 26 Ci 
of >%I; 139 Ci of '"Am: 50 Ci of Mixed Fission Products (MFP):  and 200 Ci of Mixed 
Activation products (MAP). Mmy of these ndoisotopes ;vt impamnt, bkwd on the 
results of the M D A  G analysts. Important fission products include Y c ,  'q, and '('%F. 
Using the conversion factors uscd in thc MDA G analysis, 50 Ci of M;Fp would include 
1x10'' Ci "rc and 5x10' Ci I-"? and 5x10'' Ci lonmAg. 

of about 48,500 rn' (12 3t). hdioactivc and hazardous 

3.5 AMDAT 
MDA T is located at TA-21, along with MDA A and MDA B, MDA T includes four 
absorption bcds where r;ldioactively contaminated ljquid waste h m  the plutonhm 
processing Iaboratorics at TA-21 was disposed of bctwecn 1945 and 1952, In 1952, a 
1iquid-w;Lste trcament plant was installed to rcmovc plutonium and other ndionuclidcs. 
Thereaftcr, thc absorption beds received rclativcly small quantities of LLW, until 1967, 
when a ncw liquid-wutc Veatmcnt process was initiated. Bctwc.cn 1968 and 1975, treated 
liquid waste was mixed with ccmcnt pumped into shafts at MDA T for disposal. After 
1975, the ccmcnt p m c  was poured into cormgated metal pipes, and rcEtrievably buried 3t 
M D A  T. There were 62 shafts at MDA T uscd for thc permanent disposal of cement-mated 
liquid waste. 

Appro~rnatcly 69,000 m' (18.3O0,OOo gal) of liquid waste was disposed of the MDA T 
absorption beds bctwecn 1945 and 1967. "As of January 1973, the absorption beds 
containcd ... 10 Ci of As of July 1976, the disposal shafts contained 7 Ci of "'U, 
47 Ci of 3nPu, 3,761 Ci of '"Am, and 3 Ci of MFP." In t c m  of mobile radionuclides, 
this translates into 6x10' Ci T c  and 3x10' Ci and 3x10' Ci The total volume 
of ccmcnt pa t e  pcxmmently disposed of in shafts at MDA T was 3,500 ms (1Z,5oO e). 

4. CRITERIA FOR SOURCE €YCLUSXON 
Sources can bc cxcludcd f n m  consideration in the CA if sufficient justification is provided, 
and the ntiondc for exclusion is explained.' At LANL, sources wen: cxcludcd on the basis 
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ofndioxtivip.' invenroy relative to t h ~  t o d  inventory at MDA G, availabiliw O f  th;lt 
inventory for k l c w  via biotic mnslocntion or lmhatc,  potential for atmospheric 
dispcfiion toward ,MDA G. potentid for contamination of the rcE!,jond aquifer at 9 receptor 
n c y  %tc Rock, and potential for sediment m s p n  into Prtjanto Canyon. Thc MDA G 
CA is used as a basis for comparison. This approxh invokes the fundmental assumption 
that the models used to project rclcae and t~zinsport from disposal pits at M D A  G ut 
applicablc to other mesa-top sources, which is judged to be rc~ssonablc, It uses an allother= 
things-bcing-cqud approach for such things &S nchargc rates, erosion f;ltcs, and complcx- 
tcnain cffccrs, which is gcncriilly valid among the souccs k i n g  considered. 
The rationdc used to cxlude formcAy-uscd MDAs is consislent with DOE guidance' stating 
that sources may bc cxcludcd from the CA i f  

thc ndionuclide invcntory of thc source is smdl enough that, given rc;fionablc release 
mechanisms. the sourcc could contribute only a very small fixtion to the dose 
attributed to M D A  G; or 

thc distlmcc from the source to the location when potential cxposurcs arc projected to 
occur is sufficiently long that dispcrsion into thc cnvironrnent would reduce the 
contribution from the sourcc to a small fraction of that projected from MDA G. 

Thc DOE d m  rccommcnds that thc first iteration of the CA bc bascd on information rcadily 
at hand. Thc information prescnted above is consistent with this guiclancc. The 
dcterrnination ;IS to its accepubihty as a bucs for exclusion presented in this Scction can be 
made in the context of Data Quality Objectives @QOs), in thc m m t r  s u d d  below. 

4.1 D:iL? Quality Objectives 
Thc EPA dcvclopcd the Dau Quality Objcctivc Prcccss to dctcrrnine thc type, quantity, and 
quality of data nccdcd to support dccisions rcguding cnvironmcntd restontion options for 
cnntminatcd sites." Thc DQO Proccss consists of six stcps, which were appiied L! 
follows: 
1. 

2. 

3, 

4. 

5.  

&IJC thc P a  a: Cumulative doscs to futurc mcmkrs  of the public duc to r c l c ~ m  
from MDA G and MDAs AB, A, B. C, and T mcst be kept bclow I 0 0  mredyr .  and 
should bc miintaiincd bclow 30 mrern/yr if ALARA, 
/ d tn t '  [he m: Do projcctcd cnvironrncntal relea!es from MDAs AB, A, B,C, 
and T%wt thc potential to intcract with offsite doscs calculated in the M D A  G CA so 
that thc cumulative dose cxcced~30 mrcdyr pnmvy dosc consnh t?  

: Thc m d m u m  air-pathway dose from the &IDA G 
W y r ) ,  the =groundw;lrcr-pathway dosc (1,2xlO" mrcmlyr), and 
the mximurn all-pathways dose (72x10 '  rnrcmlvr); the radionuclides contributing to 
thosc doses (''''Pu, '"Pu, '''Pu, '''Am 'OkrnAg, m2Hf, '2"1, "Tc, and "C); 
contributing source terms (biotic inuusion, aqueous-phase dissolution); nadily- 
available infomation on tbc invcntory, mctcorologic, geologic, and geohydrologic 
chmctcrishx of MDAs AB, A, B,C, and T. 
l2cfuI- * : Regional aquifer 100 m (330 ft) downpdient  from MDA G; 
ur in white Rock air SO0 rn (1,640 ft) in Cdada del Bucy, and soil in PajLUito 

pcve1 ; Thc primary dose constraint is 30 mrem/yr, and the dosc 
limit is 100 mcdyr. The maximum air-pathway dose from the MDA G CA is 5.5 
mrcrdyr, the nuximum groundwater pathway dose is 1.2~10'' mrcrdyr, and thc 
maximum 41-pathways dose is 7.2~10'' mrcdyr. To mcct the 30 mrcml,vr dosc 
constraint, doses from other MDAs must bc shown to be lcss thm 24.5 mrcdyr  via air 
in Caiiadrt del Bucy, lcss than 99.999988 mrcm via groundwater, and lcss than 99.993 
mrcm via all-pathways. 

. .  1s i o  th s 

CU~OE; M 3 A s  G, AB, A, B, C, md T. 
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V c 'lotnl lnvcntory 
Isotope (Ci) 

: The very low groundwater doses md all-patbwsvs 
doses from MDA G a l l o e % . f e  errors to be acceptable in thc hVentOncS of '%, 
ems in the vadost-zone tnvcl times bcna, tb  thox MDAS. Unce&%kS affected 
estimated rclc3scs from other sourcts more impomt when considering the air 
pathway. The propagated uncchntics in the '%A '%I, "'Am invcntofics, 
the potentid for biotic msloation of contunhated mtcrials, and the potential for 
atmospheric dispcrsion into Cu1ad.a del Bucy must bc more pmfully evaluatcd to 
ensurc compliance with the 30 mdyr p r i m ~  do% constn.int and thc 100 m d y r  

. I  

c 

3 1 -  "'""'Ag, "Nf, '9, "Tc, ilnd 'C at the fomdy-uscd MD&, md  VU^ luge 

dose limit. 

4.2 Potcntinl Air-Pathway Sources 
B u d  on the DQO Process. porcntially-hterdng sourcc tcrms must havc thc following 
propcnics: 

Significut 'Jbpu, 39Pu, "%I, and '"Am inventories; 

Disposal unit covers less than 2 m (6.6 ft) thick: and 

Table 2 lists thc inventory of imponant rrrdionudidcs for dl of the formerly uscd MDAs 
combined. The d m  in the table were presented nbovc, in Section 3, 

Wind directions toward CY'lada dcl Buey. 

Trrble 2. Comparison of M D A  G inventory with other sources 

The table lists the MDA G inventory for compa~%on. At most sites, thc known inventor& 
of most impomt  rsdionuclidcs m between two and five ordcr~ of magnitude less t h ~ l  tht 
M p A  G inventory. There arc two notable exceptions, however. The inventories Qf ''%I 
md :"&TI at MDA A13 and ,MDA T, rcspcctivcly, arc larger than thc M D A  G inventories, 
Whilc they arc not listed on the table kc3use their invcntov is difficult to quanntifv given 
the rcndily-av&lablc information, it can bc assumed on the busis of prcccss knowledge that 
both MDA AB md LMDA T arc contaminated with fission products associated with many 
uranium and plutonium isotopes; this assumption will bc c h e d  through in the discussion 
to follow. 
The d3ta in Table 2 5u est that MDA AB and MDA T hnvc tbc potcntid inventory to 

whethcr these inventories have the potential to bc released to the surface, whue they an be 
rcsuspcndcd and transpbncd in air. The MDA G CA showed that =tinides are mslocatcd 
to the surfacc b burrowing animals, and not bv plants whosc mts pcnctntc into disposal 

Thus, MDA AB and MDA T arc evaluated in terms of 6 c  potential for bunowing animals 

.I 

incnw &-pathway P oscs calculated in the M D A  G CA, It then remains to be d c t e h c d  

units. This is CY uc to thc fact chat the actinides havc VCN small mt-uptakc coefficients. 
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with a maximum burrowing depth of 2 m (6.6 ft) to acccss coatrtminrrtion.3 As swed 
above, the source of contamination at M D A  hs is at least 18 m (60 ft), T~IIS is ninc t h c s  
thc nominal bumwing depth for thc region. Thus, M D A  AB C X I  bc excluded from further 
considcrntion ~s a potential ahpathways source. 
Brrsed on information provided hv the ER Project, the disposal unit C O Y C ~ S , ~ ~  M D A  T ;vt 

tential for biouc mslocauon ;1s ii source very similar to those at MDA G.’ 
tc? at M D A  T is considcrcd equal to that at A G. The s’Am hvcntoy is the quantity 
of mtcrest. All other thin s k ing  cqud, the source term from MDA T might bc n h u t  wicc 
~s large ;IS thlct at M D A  E I 

tcntial for ground-level r c l e ~ c s  at MDA T to coalesce with rcleascs from M D A  
G within a h d a  dcl Buey is cvduatcd. The wind roscs shown on the n ht-hand side of 

to%c re rescnutivc of conditions at M D A  T, DUM& a ical yea ,  winds at MDA T blow 

within thc scvcral canyons bctwccn MDA T and MDA G (which is cxpcctcd), airborne 
cont;lminant\ may bc carried toward Cab& del Buey about 10 percent of the time. 
The dispersion distmcc between MDA T and Caiiada dcl Bucy is about 6 km (4 mi). 
Assurmn Pisquill Catcgorv D (i.c.. ncutrd dis rsion), :I goundlcvel rclc~se will be 

from MDA G arc dispcrscd by a actor of 5,5x10’ drn’ at the rtccptor location. 
All of this information can be uscd to cstirnatc the mount  be which projected ;lir-pat!way 
doses ctllculatcd in the MDA G CA may be chanced by nlcrrscs from MDA T. Due to 
their rclativc inventories, it is usumcd that the 
a~~roximatclv Nice those at MDA G. ln thc ,-A G PA, >‘Am accounted for about 30 

E& 

Fi ure 3 can L? be uscd to evaluate this potcntial. The data shown for TA-5 B arc considered 

toward K DA G about 10 pcrccnt of the time, Assumng T at those whds urc not intercepted 

8” dispersc c f  by 1.6~10“‘ s/m3 (k, /Q) over this ~stmcc. As stated in Section 2.1, rclt3ses 3 

iclcrrses from MDA T m 

p k n t  of thd 5 5  mcmlyr air-pathway dosc, All other things k i n g  e q u 4  the MDA T 
rc1c;LScs would incrcasc doses by 60 prccnt. Taking into account the wind frequency. 
f m o r  would be reduccd to 6 pcrcent, Finally, accounting for relative dispesion, thc 
ootcntid dosc incrcuc due to airborne ’‘‘Am rclc~sed from MDA T and disrxrscd into 

this 

r -  - -  ~ - - 

Cuiada del Buey would be about 0.1 percent of 5.5 mrem, or 5.5~10’ rnrcm, To cause the 
cornpositc air-pathway doses from W A  G and MDA T to approach thc 30 mrcdyr  
primary dosc consmint. thc uncertainties in this estimate would have to cxcecd 4,SxlO’. 
Thc unccminty in thc air-pathway dosc wcssmcnt pcrfonned for the M D A  G CA was 
rc1;rtivcly large, Scvcral individual sourccs of uncertainty contributed to the ovenl l  
propngatcd unccnainty, including invcntory, source tcrm, environmental Uanspon, 
resourcc utilization, and dose conversion factors. Each of these is discussed at length in 
Dose Asmsmcn: for  rile TA-54, Area G Perfiorrnancc Asscssmcnt and Composite 
Anulysis~ In summaq. the totd propagatcd m o r  that may lcad to underestimates of air- 
pa:hway doscs in the CA is 540, while the total propagated m o r  that may lcad to 
overestimates of slir-pahway doses in 0.28. The two grcatcst individual sources of 
unccnainty wcre usociatcd with radionuclide invcntory uid the potcntid for biotic 
inuusion. It is cxpcctcd that similar unccrainties will apply at MDA T. The potential 
worst-ciuc unceminty of 5 ~ x 1 0 ’  is neuly an order of magnitude less than thc the 
acccptablc unccminty of 4 . 5 ~ 1 0 ~ .  

4.3 Po tcn t in1 Ground water-Pa th way Sou rccs 
The rddionuclides of intcrcst in thc groundwater-pathway arc “C, * T c ,  and ’? Based on 
thc information in Table 2, MDA C has a patcntially imponant invcntory of at least ‘9. 
This radionuclide w u  a very small contributor to goundwatcr-pathway doses in the MDA 
G CA. It is also likely thar MDA AB and MDA T also contain fission productc due to the 
uranium and plutonium proccsscs Icsding to the contaminatioii at those sites. Thc mount, 
however, is difficult to qumify.  Thus, MDA C, MDA T, and MDA AB wcn: all 
considered 3s viable groundwater-pathway sources. The potential for nonsorbing fission 
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products entering the regional quifer  from M D A  C. M D A  T. and MDA AB to be 
vansponed to a receptor bcnveen MDA G and W h i t e  Rock over a period of Loo0 yevs 
was cvaluatcd, 
Fi urc 4 shows isv-pressure contous of the ngiond 

;md MDA T. Thc contours show the c n e d  direction of the poundwater flow, from west 
to exst. The flgurc shows that MDA t is clearly upgradient from MDA G. MDA T is 
7cncnliy upgraclicnt, but the direction of groundwater flow is lass c1cu do to the width 
ktween contours. MDA ,4B appears to have a panllcl flow path to MDA G. For tbc 
purposes of this cvduation, it was considered possible that contaminants rclwcd from 
thesc thrce former1 -used MDAs, oncc ruching the regional aquifer, might bc cvricd 
toward VJhjtc R o d .  

Next, the vadose zone roundwater tnvcl urnc WLS cvaluatcd, This was accomplished by 

figure indicates thc thickness of the shirc e Mcmbcr of thc Bandclier Tuff, thc 
stratignphc unit for which reliable g c o h v k l ~  ic &ti arc available to support credible 

cooling unit of,Lhc Bandclicr ruff, It is composed of Unit 2 an nit 1 at MDA G; Unit 3. 
Unit 2, and Unit 1 at MDA C and ,MDA T: and Unit S/6, Unit 4. Unit 3, Unit 2, and Unit I 
;It MDA AB. At each site, the Otowi Mcmber of thc Bandclicr Tuff is resent at different 

near the Kio G m d e  River, and flows may not have reached MDA T or MDA AB. The 
stntignphy beneath MDA AB is well known to de h s  of about 210 m (700 ft): no basalt 

(200 m) section of Ccrros del Rio B~salt underlying the Otouli Member of the Bandclitr 
Tuff was not modeled. It was given propertics that allowed it to m s m i t  water over ;I 
period of one year, 

uifcr beneath mmy of the LAKL 
&As. including those under considention here, n m e  7 y, MDA G, M D A  AB, MDA C. 

i;. comparing thc "modela %I IC s t n t i p  hy" beneath thcsc sites, u illustrated in Figure 5. The 

vadose zone trylsport rnodelir$. The Tshirtge % ember is the u 

thicknesses, cnerdly thinning from wcst to cast. Beneath the Otowi Ib ember, the Ccrros 
del Rio Bws. 2 t can bc found beneath M D A  G and MDA C. The source of the b x d t  is cast, 

was encountcrcd in a borehole penetrating that dcp tp1 . In the MDA G CA, the thick section 

aee most compound 

M D A  C MOA C MDA 1 

Uaaattm? 

MDA AB 

No Uaultm 7 

Figurc 5 Stmtigruphy of Bnndclier Tuff at M D A  G, MDA C, und M D A  T 

12 



Appendix l b  

Groundwater r w e l  t ime vertically down through the vadosc zone to thc regional aquifer 
wz 600 y m  in thc , m A  G CA. That time was dccrcased to 100 y t y s  when a lateral 
path WLS followed out the mesa side. then through the P;lj;lrito-Canyon subsurfax. 
However, only 30 pcrccnt of the m u s  w u  urnsported latcnlly, conmbuhg P vcry small 
perccntrrrge of the groundwater-pathway dose. Thc vcrticaldownwud tnvc1 path is 
thcrcforc used LS 3 baris of comparison with other sources, It is elm from Figure 5 that 
the downward vadosc-zonc groundwater travel t ime will bc far lcss from M D A  G than for 
u y  of the othcr sources under consideration, dl other things k i n g  equal. 

This compahson usumcs that the hydrology modclcd in the M D A  G CA is rcprcsentativc 
of MDA C, MDA T, and M D A  AB. Mydrology is affected by prccipit;lLhn, vcget3tion, 
md geology, among othcr things. The vcgctation is about the same at d of these disturbed 
sjtes, with thc exccpuon of MDA A& whch was covered with asphalt many y c m  ago. 
Prccipitation varies across the LAXL complex, and is somewhat higher to the west of M D A  
G. MDA C is V C Q J  nclv M D A  G, and on the samc mesa., and has similar precipitation. 
,MDA AI3 is on the s m e  isopleth xi MDA G. However, MDA T rcccjves higher mnual 
average prccipitation, Idowever, that docs not necessarily imply higher rcchrrrgc riltcs, In 
f x t ,  in situ moisturc contcnt of inesu across thc LANL cornplcx is rclntively constmt, 
cven in ;LTC;L', that receive higher annual precipitation. This suppons the &$sumption that 
recharge ratch arc probably similar, also. 

Thc assumption that thc rcchargc nte  uscd in the MDA G CA applics to M D A  T my not be 
considcrcd appropriate at MDA T, bawd on the fact that liquid waste w3s disposcd of at 
MDA T. As suted in Section 3.5, some 70,000 m' (1 8,000.000 gal) of ljquid wutc was 
disposcd of at MDA T ovcr a pcriod of 22 y w .  At MDA G, an infiltration cxpcnmcnt 
was pcrformcd in thc field to estimate thc ntc  of liquid mignuon in situ. Over a pcriod of 
22 months, about 42 m'of water was pumped into a pit dug 1 m (3.3 ft) into the tuff;'' this 
is about half the mnud discharge into the sorption beds at MDA T. When moisture contcnt 
w u  mcuurcd about 10 months after the infiltration has cc i .~~! ,  it was found that thc 
moisturc contcnt had rcached ;I steady state of about four pcrccnt at ;L depth of about 7 m 
(24 ft) ,  which is typical of undisturbed regions, This information can be uscd to support 
the fact that, despite its higher initial moisture content, rcchuge bcncath MDA T m y  bc 
cxpctcd to rcvcn to background conditions st a depth that it shallow relative to thc 
thickness of thc Bandclicr Tuff. 

Given thc hct that MDA G h u  the shoncst groundwater travel distvlcc and perhaps the 
largest invcntory of nonsorbing radionuclidcs, i t  is highly unlikcly that rclcucs from other 
sources will rcsch thc main aquifer and combine with rnodclcd rclcases from M D A  C 
within 1.OOO years, It is virtually impossibic that such intcncting rclcascs would increuc 
the doses projectcd in thc MJ3A G CA by six or scvcn orders of magnitude, which would 
bc required to cxcccd the pcrformmcc mcuure. Modeled rclcwcs from MDA G will reach 
m offsite rcccptor (c.g,, Whitc Rock) sooner. and in a less ljilutc conccntntion, than 
releases from other sites, given the groundwater gradient. ln addition, given available 
information. thc inventorv of mobilc ndionuclidcs is much l m x r  at MDA G than at the 
fokerly-uscd MDAs. Ln'addition, significant dilution of rel&cs from M D A  C would 
occur within the rcgional aquifer before intcncting with relases from M D A  G, since MDA 
G is downgradicnt from these othcr sources. 
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4.4 Potential All-futhways Sources 
The hlDA G CA identified scvcrd radionuclides as potentially hpmt in t e r n  of the d- 
pathwavs analysis for a rcccptor in Pajahto b y o n .  The most i m p o m t  of these were 
dyPu, lamAg, and 3'Am. Thc data in Table 2 suggest that MDA! C, T. and AB may have 
significant inventories of these species, It is not possible that stdirnent will be tmsponcd 
from the surface of MDA T or MDA AB in:o Pajariro Cmnyon. However, it is possible that 
s u d x c  conmzination tmsponcd into Pajluito Canyon from MDA C could move in the 

rcnnial dluvial aquifer downstream toward MDA G. However, the inventory of =.'%, 
'm,4g. and "'Am ;It MDA C is much smalla thu! that at MDA G. 

5. CONCLUSIONS 
This analysis indjcates that rc lacs  from other large sourccs of ndioactivity in the ground 
at  LA!^ will not contribute signifiicultly to nle;rscs pmjeckd in the MDA G CA, which 
projcctcd rclcscs from past, present, and future disposal activities. Tbc most imponvrt 
pathwav in the MDA G CA was identified a air, at a receptor location b &Sa& del b e y .  
This rcccptor location is sitc-specific for MDA G. reflecting the channeling of winds into 
canyons. There is very little potential €or pundlcvcl airborne reIc3scs at other sites to 
dispcrse into Cab& del Buey. Rather* airborne nlea~cs from other mesa-top facilities uc 
cxpcctcd to be chmclcd into canyons north and south of the facility in question. 
Thc all-pathways scenario considered in he MDA G CA produced doses scvenl orders of 
magnitude less than the 301100 mremlyr performance mwurrs. The dominant pathway in 
thc MDA G all-pathw;lys analysis was sediment trylsport. Here, too, the receptor loation 
is unique to MDA G, in Pajarit0 b y o n  just south of the facility, Thcrc is no real potential 
for mdionuclidcs to bc trmsponed in su7bce sediment from other sources except M D A  C, 
which also borders Pajarit0 Canyon. Howcvcr, the apparent inventory at MDA C is much 
smaller than the inventory at MDA G, Furrhermorc, it is not likely that contuninstion 
potentially mnspncd into PajY'ito Canyon from %IDA C would be carried 6 h (4 mi) by 
downstream by the perennial waters in Pajarit0 Canyon, Finally, the long groundwater 
mvc l  timc through thc vadose zone beneath MDA G and other lmtions e f fdvc ly  
prccludes thc possibiliry that thc regional aquifer win be contrvninatcd by potential 
groundwater rclc~scs from any or many SOU~CCS of radioactivity in the ground at tAhZ. 
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GEOLOGIC, GEOHYDROLOGIC, AND GEOCHEMICAL DATA SUMMARY OF 
MATERIAL DISPOSAL AREA G, TA-54, LOS ALAMOS NATIONAL 

LABORATORY 

Donethan Kricr, Patrick Longmire, 
Robert Gllkeson, and H. J. Turin 

1.0 INTRODUCTION 

This ropon provides geologic, geohydrologic, and goochomiml descdptions of IO& units 
surrounding Matorial Disposal Area (MDA) G at Tcchnical Area F A )  54 on Mesita del 
BUOY at Los Alamos National Laboratory (LANL), New Mexico. This information is used in 
thc LANL performance asscssmont of MDA G. Tho assessment, which is required b y  
Dopanmcnt ot Energy Order 58202A, is an evaluation of tho long4erm pertormnnce of the 
Iow-Iovc1 radioactive waste disposal facility and will provide dose ustimates as D function 
of time for radionuclides migrating from the facility to various depths and availablo to 
diff crcnt exposure pathways, including to tho regional aquifer. We reviewed the Ilterature, 
laboratory, and field data of physical and goochemical properties for Ilthologic units that 
ccmposo the stratigraphic soction bonoath MDA G. The physlcol properties data for the 
rock units hosting MOA G vary in quality and in appliwbillfy to the numerical flow and 
transport modeling effort, which will model MOA G as speclflcally as possible. This roport 
ancmpts to cornpilo tho most roliable and consistent data for use in the perfomanco 
assessment modaling and analysis. 

This report Is composod of four sections and threc appondices, Soction 2.0 prcsonts 
summary goologic inlomation of the stratigraphic unlts that undorlio Moslta dol Buey and 
host, at groat depth, the regional aquifer for !he Pajadto Plateau, Now observations from 
recent drilling activltios aro included. Section 3,O io a compilation and discussion of the 
hydraulic properties of theso rock units, The hydrologic information focuses on 
stratigraphic unit hydraulic properties measured in drill a r e  from Mesita dol Buey and 
adjacont canyons and follows the approach of Rogcrs (1994) and Rogars and Gnllahbr 
('I 994a, 1994b, and 1995). The Rogers and Gallaher technical memorandums are valuablG 
source documents for tho prosent work and a resource for calculations of mtnc potential 
[e(Y)] and hydraulic conductivity [0(K)] as functions of volumetric mois?um content and 
other physical properties of the rcck matrix. Tho dnra presonted draw from the 
moasuroments chosen by Rogers and Gallaher based on data roliability, but differences 
oxist becausa additional data woro included in this report. Section 4.0 is a rovlew of 
relevant goochemical data required for solute-transport calculations and for input to the 
numcriwl model FEHM (finite clcmcnt heat and mass transfer) (Zyvoloski et al. 1988) 
used for tho podormance asscssm~nt offort in modeling subsurface flow and contamlnant 
transport:. Appendx A is a roforenca source listing of publications dted in Sectlons 1, 2, 
and 3 and of relntod papars for which no joumal roforonces or U N L  roports exist; 
reproductions of each publication are providec: to the prlncipal Investigator for the MDA G 
performance assessment. Data from those publlwtlons were used as input to the MDA G 
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performance assessment rnodoling. Appendix B describes in situ moisture in dntl cores 
from beneath MDA G and adjacent areas. Appendix C presents subsurface air= 
pornoability monsurorncnts at various locations on Mosltn del Buoy. 

2.0 GEOLOGY OF THE MDA G AREA 

2.1 lntroductlon 

Mcsita del Busy is composed of layors of volcanic materials that vary in thickness trom a 
few foet to many tons of hot, Deeper stratignphic units include rocks of sedimentary 
origin. Section 2.3 describes each layor and includes discussions of transition :ones 
between layors, An important feature is the OccflmncO of numerous fmctures in the 
uppermost volwnlc layors of the, mesa, Descriptions of the adjacent canyons are 
included; they aro usoful for compiling a completb hydrogeologic pieturn of MDA G. 

Geologic descriptions of tho MDA G area are drawn trWn numerous sources, Rosonberg 
and Turin (1993) provide a recent summay of MOA G geologic, hydrologic, and 
st;ismologic obsewations. Numerous characterization studios have been undertaken over 
the yoars, and most are referenced in Rosonberg and Turin (1993) and in this report. 
Some of the more impomnt studies on specific topics am by Bale et al. (1963), Smith 
and Boiloy (1966), Purtymun ond Kennody (7971). Koarl ot al. (7986n, b), Hbikon et al. 
(1990), and Rogers and Gallaher (1995). More rownt or lass available sources have 
been included In Appendix A. 

2.2 Stratigraphy and Stratlgraphk Nomenclature 
Mcsita dol Buey is composed of B complox sarles of nonweldod to moderatoly welded 
rhyolitic ash-flow and ashefall tuffs callod the Bandolior Tuff (Smith and Bailey 'I 966, Smith 
et 3t. 1970, Hslken ot ai. 1990). Tho tuff was deposited during violent eruptions of 
volcanic ash from the Valles caldera, located about 18 km (11 mi,) west of MDA G. The 
Bandolier Tuff has two members: the Tshiregc Momber (upper) and tho Otowi Member 
(lowor), and both are present beneath Masita del Buey. 

Diff oront stratigraphic systems for the Tshirege Member haw been developed over the 
yanrs because of local variations in lithologies. Broxton and Roneau (1995) present a 
correlation chart for the systoms developed since 1963 for Pnjorito Plateau and propose a 
goneral system that can be usod across the plateau (Figure 1). That system can be 
applied at Mesila del Buey and currontly is in use for Environmontal Restoration (ER) 
Projoct drilling at TA-54, For simplicity and ease in tracking historical proporties data, 
howover, we have chosen to utilize Bola et al. (1963) (Figure 1) because of its 
widospreod us0 in many physical proponies invostigations related to MDA G and to ober 
waste disposal and hydrologic issues at the Laboratory. 

F m  the surface downward, stratigraphic units banoath TAD% consist of the Tshirego 
Member of the Bandelier Tuff (Units 2b, 2a, 1 b, and la, and the basal Tsankawi purnim 
bod) and tho Otowi Member of tho Bandolier Tuff with Its basal GuaJe pumice bed. The 
members om sepnratod by an ash-falMluvlatilo scdlmentary interval (Cerro Toledo 
intowal). Underlying the tuff Is a thin deposit of poorly sorted coarse sandstones 
alternating with ashy layers, assigned to the Puye Formation; o thick sequence of basalt 
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flows and breccias of tho Ccrros dcl Rio basalts: and wnglomamtes and sandstoncs of 
tho Puyc Formation, which host the regional aquHor. F m  tho region sunounding MDA G, 
Units 2b through lb crop out on tho tops and sidcs Of Mcsita del BUQY, and all rccks that 
prcdatc Unit 1 b arc obsorvod only in boreholes penetrating bolow tho basa of the mesa. 
At Mesita del Bucy, the potantiomotric surface of the regional aquifer is at an clevation of 
about 1768 m (5800 tt) (Purtymun 1984). The mesa top olovntion at MDA G is 
appraximatcly 2048 m (6720 tt)* 

T H Y  

Figurc 1 Strotlgrnphic corrclotion chart for Bondcllor luf f ,  Pojarlto Phtcnu 
(Stoxton and Rcnaou 1995). 

The scope of nvallnblo datn specific to MOA G is limited. Hydraulic data do not exist for 
units deeper than the Otowi Member. Oat? on fractures are limited to Units 1 b, 2a and 2b, 
which crop out on the top and sides of the mesa, and thcso data am incomploto becauso 
of limited exposurc. A few borcholes in tho area adjacent to MDA L extend to depths of 
about 100 m (328 f!), but within MDA G no boroholcs cxtend deeper than about 45 m 
(148 ft). 
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2.3 Description of Stratigraphic Units at Mesita dol Buey 

The following soctions cuntilin descriptions of the stntignphic units at Mosita del Buey. 
Thoso units hove wide distribution across tho Pajjorito Platoau except for *he deeper 
basaltic lava flows section. Tho basaltic lava flows am limitod to the onstom and 
southoastom plateau. Soma descriptions are drawn from recent lithologic logging in 
boroholos now MDA L by F, Caporuscio (1994) and J. Marin (LANL, in progress). 
Broxton ot at. (in progress) givo detailed pctrogrnphic and gcochomial dcscriptions ot the 
units bononth tho mosn. Figurn 2 givos loation information for MDA G and nearby 
borcholos. 

2.3.1 Bnndeller Tuff 

2.3.1.1 Tshirege Member Unlt 2b 
Unit 2b is a brink resistant caprock that toms the top of Mesib del Buey and adjacent 
mcsils. It is tho distal part of an oxtcnsive ash-flow shcot that is moclorately welded and 
about 12 m (39 tt) thick at MOA G. This uppormost stratigraphic unit hosts the disposal 
pits anci shafts that are tho focus of tho perfomanco assossmcnt, 

Unit 2b is composed of crystal-rich devitrified pumice fragments in a matrix of ash, shards, 
and abundant phcnocrysts, Tho rock is extonsivoly fnctured bowusc of the contramon 
of the welded ash matrix as it coolod aftcr deposition, The VCrtiCal cooling fractures have 
bocn dcscribed in scvortll studies, but most thoroughly in studies of Disposal Pit 39 
(Renoau and Vonimm 1994) and of the north wall of Pajarit0 Canyon (Reneau ot al. 

Maps of Pit 39 show that tho mean f n w r o  spachg in Unit 2b ranges between 0,6 and 
0.8 m (1.9 and 2.6 ft), and rrponuros range bbtwesn ct and 13 mn (<0.03 and 0.51 in.) 
with D median of 3 mn (0.1 in.) (Figure 3). Provious fncturo mapping in disposal pits 
(Purtymun and Kcnnody 1971, Purtymun et al. 1978) indicated lnrgor spacing (about 2.2 
m, 7.1 tt); this may bo attributable to incornploto mapping of minor fmctures on tho pit 
walls. Fracture oriontations vary in Pit 39, but groatost frequoncics am in the N 50" E and 
onst-west diroctlons. Fracturc dip in Unlt 2b avoragas 90" (vcrtiwl). 

In Pi: 39, fractures aro typially filled with srnectito clays to a depth of 3 to 4 m (9.8 to 13.1 
tt) and with opal and cattito bolow this dopth. Opal and a l d t ~  doposition is associated 
with prosonco of troc root molds. Tho association suggosts that biological activity or its 
cossntion results in mineral proelpitation, which works to partially occlude transport 
pathwnys, In a root study, Martons and 8ames (1993) found tho distal ends of roots of 
living plrSon troes in thin joints at dopths of 14 m (46 ft) in Pit 39, a fact often cited as 
cvidence of moisture availability to this depth in tho tuff, Living roots were observed to 
tho bottom of the pit at a depth of 14.2 m (45 ft) (Reneau 3nd Vanimn); thcir &mum 
depth is unknown, Obsorvations in noighboring Pit 38 rovool one set of live roots at a 
depth of about 20 m (66 it), The 3- to 4-mm-dianster (-0.1 in,) roots have grown 
downward within a prominent, near venical fracture that is filled with clay and extends f rwn 
tho surface to belbw the bottom of the pit. 

Doposition bywind andlor watctr of cloys and arbonntos in factures is demonstrated b y 
Davonpon (7 993) In a study at MDA J, about 2 km (1.2 mi.) nochwost of MDA G. In 
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Figure 2. Location mop for MDA G and nearby boreholes. 

dotall, d d u m  camonato deposition is usually intonor to cloy deposition whero they 
cooxist within a ,fracture. In Davenport's modol, d d u m  carbonate procipitates trWn 
percolating wator trappod in smoctito shrinkage cncks as the clays rohydrate and swoll. 
Tho swolling lgwors fracture pornoability wlthin tho uppar sovordl motors of trncturad tuff. 
Ho ConcludoS that the prosonco of calcite wlthin clay fillings suggests that 'clay f i l l  alono 
doos not complctaly soal tho frrcturos or procludo wntor movcmont through them.' 
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Kcafl O t  ai, (1986a, b) rcport an incrcoso in tho numbor of tracturas within mon, woldod 
ponjons of Units 2b and in underlying Units 20 and Ib.  A much Smaller population Of 

fractures is obsen/ed in the nonwelded to slightly wcldcd Unit la .  Thcy describe one 
@so of a dense lining (WSB hilrdoning) along a cored traeture in Unit 2b at 8 depth of 10.0 
to 13.4 m (35 to 44 tt), which they suggest may indicatc prcfcrcntiol flow of watcr or water 
vapor in tho fnaure at that dep:h. Furthcmom, their graVhOtnC moisture content data 
show increases in moisture associated with tvro spacific fractures at depths of 11,6 m and 
138 m (38 and 55 ft), 

accent ER Project drilling at tho TA-73 landfill (airport sito) has rovoalod clcvatod moisturo 
associated with fractures at depths to 41 rn (135 ft). Detailed fracture mapping along 
outcrops a: TA.73 has dcmonstratod intorvals of increased l’rixture density for tuff in clitf 
cxposurcs. Thc dovoiopmcnt of thcso intowals is attributed to the strain rosponse of 
brinlc, moaeratoly wolded tuff to toconic movoment in the doopor subsurface rathcr than 
:o cooling con?raction immediately after deposition (Matt Walters, personal communidon, 
1995). Differential block motion along caollng fractures or planos of watlkne- as is also 
cvidont. Along Mcsirn dol Buoy. this typo of dutailod fracturo mapping has not boon done. 

A thin (4 0 em, c4 in.) interval of crystal-rich, fine sand-sized material is commonly found at 
the base of Unit 2b. This interval of lenticular and somctirnes cross=boddod lnyors is 
atlributcd to de?osition tram the basal surgo associated with violent eruptions. It rises in 
stratigraphic position 1 to 3 m (3 to 10 ft) toward the west (Broxton et at,, in progress), In 
oamm TA-54, thclsc Iayors (surgo beds) occupy the highest lovols of Unit 2a and 
progrcssivcly climb in stratigraphic position westward beyond MDA G whare thoy 
occupy the basal portion of Unlt 2b, The elevations of tho surge beds have bean 
survcycd on tho odgos of Mcsita dol Buoy and ara Shown in Figum 4 (D. Broxton, 
personal communication. Juno 1995), The surgo beds are displaced by small faults: 
displacements range bewcml 5 an (2 in,) and 60 an (23.6 in.), with relative! motions 
down to the west, Twcnty-six such faults wcrc moasured along tho north wall of Pajclrho 
Canyon, but the number may bc groater becauso of poor exposure in some  areas. 
Thcsc small faults appoar along cooling joints in thc upper part of Unlt 2bl but they have 
no apcrturo at tho clcvation of the surgo bods. It is not known whother the faults die out in 
undcrlying poorly wcldod tutfs, as thc majority of cooling joints do. Thore is evidonco trom 
borcholc packer tests (Appendix C) that tho thin surga bcds allow highor air flow within 
thc mcsa intcrior because of impinging winds and fluctuations in barometric pressure, 

2.3.1.2 Tshlrege Member Unit 26 

Tshircgc Mcrnbcr Unit 2a undcrlics Unit 2b and consists of devitrifiod ash-fall and ash- 
flow tuff (Purtymun and Kennedy 1971. Kcnrl at al, 1986a, b). The unit is about 14 m (46 
tt) thick ncar MDA G. is slightly weldod at its base, and bocomos moderately woldad up 
sodion. In outcrop, it has a massive nnd’unjointcd appoorance, but its upper par& host 
downward extensions of more prominent cooling fracturos that originate in Unlt 2b. In 
outcrop and limited anglcd borehole data, tho fractures die out downwwd as the tuff 
becomcs loss ccmsolidntod. Because of the vory wcok nnturo of the unit. attempts at 
retrieving a r c  from Unit 2a noar MOA L during ER Projoct investigations (Fall 1993, 
Summer t 994) invariably resulted in unconsolidated material. 
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2.3.1.3 Tshircgc Mcmbcr Unit l b  

Kcarl et al. (1 986a, b) describe Unit 1 b as a slightly welded, dcvitrifiod ash-flow tufl at its 
base and top that becomes more wcldcd in Its center. Howcvor, the unit ncver axhibits 
the jointing characteristics of moderate welding shown by Unit 2b, which caps the mesa, 
Unit 1 b is 7 to 8 m (23 to 26 tt) thick in cnstcm MDA G and 15 m (49 !I) thick naar MDA L. 
It has a groater content of unflattcncd (nonwolded) pumice lapilli (size of 4 to 32 mm, 0.1 to 
1.3 in,) than the ovcrlying tuff (Unit 2a), which may contributo to a decrcased density 
(Kcad ot al, 19868, b). The pumicos ore davitrlfiod and show spharulitic cristobniitc 
structures but become slightly more vitric with dopth, 

Unit 1 b is morc resistant to erosion that overlying Unit 2a and a n  form a small lodge in 
weathcred outcrops. In the outcrop, the tuff hosts closcly spacod (7.6 to 12.7 an, 3 to 5 
in,) vcrtical fractures that give the tuff an appearance of vortical colonnades, 

Uni: 1 b is exposed at the basc of the south-facing slop0 of Mesita del Buoy. In drill wre, 
its basal contact is marked by a rapid change [vortical distance of -02 m (-0.7 tt)] frwn 
devitrified to vitric glass in underlying Unit la. Vrtric pumices below this interval stand out 
in rclicf on weathered surfaces: devitrified pumiccs obovo this intarval are erodod out 
leaving holes that wind, wator, and ice continuo to cnlargc. This transition results in a 
prcfcrcntially eroded recess dcfined by alignment of small caves, somc as tall as 1 S m (5  
tt): this reccss is named thc vapor-phasc notch by Baltz et al, (1963). Characteristics of 
this intchlal at TA-21 are summarized Sy Broxton ct at, (1995), 

2.3.1.4 Tshircgc Mcmbcr Unit l a  

Uni! l a  is the oldcst unit of the Tshirege Mcmber. It is D vitric, pumiceous, nonweldcd ash- 
flow tuff that has a thickness of about 15 m (49 fi) boncath MDA G, Puqmun (1995) 
obscrvcd :hickncsscs in drill holcs ranging bctwcen 15 m (49 f i )  east ot MDA G and 13 m 
(43 ft) west of MDA G. Funher west, drilling bcnonth MDA L has ponotratod 36 m (1 18 tt) 
oi Unit la, Outcrops on south-facing slopes near MDA G suggest 15 m (49 tt) as a 
minimum thicknoss, pcrhaps bcccluso of local thickening trom north to south through the 
mma, Thcrc is littlc infonation about M c n t  or chartlctcristics of tracturcs in this unit. Kead 
et 81. (1986a, b) rcport encountering only 2 fractures in 11 holes cored into Unit la ,  
although the entire thickness of the unit was never penctrated. Typically, nonwelded tuffs 
do not suppon fractures bccausc of their wcak matrix properties and rolativoly cool 
tcmpcraturc at deposition, 

2.3.1.5 Tonnkowt Pumice Bcd and Ccrro Toledo Interval 
The Tsankawi pumice bed near MDA G is a thin (~0.3 m, 4 . 0  tt) layor of gravcl-sizad, 
vitric, nonwoldod pumice. Its prosonco is widespread across tho Pojarito Plateau at tho 
baso of thc Tshirogo Mcmbar. The Ccrro Tolodo intorval stratigraphically underlies the 
Tsankawi pumice bed and Is composed of intorbeddod and lenticular beds of tuffaceous 
sandstones, siltstones, ash and pumice falls, and intorwlatod gravel and cobble doposlts 
derived frwn mafic to intermediato b a s  of tho Tshicoma Formation. Somo layats show 
ovidonco of rowoiking by running wator during or soon after deposition, 

The distinct Tsankawi pumice bod and the Corro Toledo iKtewal separate the upper and 
lower tutl members of the Bandclier Tuff but wcrc otten includod as part of tho top of the 

9 



undcriying Otowi Mombar tuffs during past core logging at TA-54 In recant drilling 
bcnoath MDA L, 9 m (29 tt) of Cerro Tolodo interval and <OS m (1.6 e) of overlying 
Tsankawi pumico bcd wort3 oncountorod. Because the Cem Tolodo intowal thins 
oastward across tho Pajarito Plateau, we assign a 5-m (16-ft) thicknass to this interval 
bcneath MDA G, Physical propofties of this intow31 would probably be dominated b y  
Cero Toledo sedimentary beds because the Tsankowi pumico bed is very thin, In 
borcholo 54-1015 (Figuro 2), Cero Toledo intonral care was damp with moisturn and was 
tho shallowest vislblo moisture ancountcrcd in the boroholo (olovation 1994.3 m, 6543 tt). 
No contaminants havg beon rncnsured with fiold instrumonts or in core sample analysis in 
this interval. 

2.3,1.6 Otowi Member 
Otowi Mombor tuffs are obout 30 m (98 tt) thick boneath MOA L and thin oashsard :owad 
MOA G. No complcto thickncss has been measured for MDA G. Tho tuffs are composod 
of a rnassivo, nonwclded, pumico-rich, mostly vltnc ash-flow tulr, Pumicos are fully 
inflated, moaning that :he tubular pumice structures art3 not mllapscd by m y  
postdopositional wolding, Bancath MDA L, tho pumico makos up about 20% of tho tutf, 
ranges in sizo botwcan 0.5 and 7.0 em (0.2 and 2.8 in,], and is vitric. The rntrtrix is an 
unsoncd mix of gloss shards, phenocrysts, perlit0 ciasts, and minuto broken pumice 
fragmcnts. Lithic fragmants mako up about 2% of tho rOCk ond m~ pumice swarms (with 
up to 30% pumico) occupy intervals as much tis 0.6 rn (2 tl) thick. No visible moisturo has 
bccn obscrvod in cored Otowi Member beneath Mosita dol Buey. 

2.3.7.7 Guaje Pumlco Bed 

Thc Otowi Member ovorlios 3 m (10 tt) of the Gunjc pumice bed at 8 depth of 117.6 m 
(386 tt) bcnoath MDA L, corresponding to an elevation of 1955 m (6414 ft). The unit is 
cornposod entirety of pumicas nnging bctwodn 0.3 and 1.5 an (0.7 and 0.6 in.) in 
diamotcr. Tho pumico fngmonts are nonwclded but silicific;d and brittle beneath MDA L, 
Pumice tubos arc partially filled with silica mrncnt and may havo reduced rnatnx 
pcrmcability now that loc~lllty. Tho Guoje pumico bed is roportod as 317 m (12 ?I) t!ick in 
wcll T-5, located in Pajarito Canyon south of MDA G, Cortolations bctwoen boreholes at 
MDA G suggest a shallow southward component of dip to the Guajo pumice bod: 

2.3.2 PrclBandelier Tutf Units 

In borcholo 54-1015 at MDA L, tho basc of thc Guaje pumice bod overlies about 3 m (IO 
tt) of poorly consolidntcd, intorbcddod, coarse sand, silt, and ashy laycrs that am 
probably rclatod to the Puye(7) formation. The thin finar-gmincd layers in tho corn were 
damp, but tho basalt immcdiatoty below the contnct was dry. 

Lnyors of thick mfic lava flows and flow breccias of the Cerros del Rio basalts underlie 
tho thin interval of Puya Formation, tinlo is known about fmetures and internal contacts 
within tho Ceros del Rio basalts bonoath MDA G, Exposed basaltic flows in steop 
canyons on tho Pajarit0 Plateau am highly fracturod; discontieuous tracturns form a jaggod 
network wlth unfilled open openuros. Flow brocclas aro found sopanting individual flows 
and occupying the toes of flow fronts. Bruccias are mort oaslly eroded in outcrop and do 
not support fractures cxtanding through tho denser lava flows. 
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The Cerros del Rib basalts have bccn c o r d  in borcholcs 54.1015 and 54-1016 in the 
canyon north of MDA L. They consist of rubbly flow breccias and dense tncturcd 
microporphyritic lava flows with up to 10% vesicles, with zones of moderately vesicular 
to vcry frothy lavas (as much as 60% open vcsiclcs) in the uppomost 21 m (69 It). In 
borcholc 5.1-1 015, thc circulation of drilt air and retrieval of cuttings wcre lost when the drill encountcrcd thc frothy basaltic lava from about 100 to 105 m (328 to 345 It); thic a indicated 

high permeability of the frothy basatts, On the other hand, drill air and cuttings were 
rctumcd in :he denser basaltic lavas, and little loss of armlation m r i o d  through these 
intervals. Howover, during drilling of borchole 54-1016 At a depth of 33 m (108 tt) below 
the top of the basalt, tho drill air was obscrvcd blowing out from boreholo 54-1 01 5, 107 m 
(351 R) cast of 54-1015, Both holcs were unasod within tho ba, d t .  An -500 Whin. 

blowor had bccn usod tor drilling boroholo 54-1 01 6, but the borohole had complotoly lost 
circulation. and an estimated 5 to 10% of tho injection air had flowed to tho distant woll (J, -. . - -. -. - . 
Eddy, personal communication, March 1995). The obsorved flow of drill air horizontally 
through thc basalt indiwtos high parmeability in tho frothy basaltic soction. 

Total thickness of the Cerros del Rio bosalts bcnoath MDA G is unknown, In borehole 54- 
1015, a thickness of 48 m (157 tt) of basalts wcrd drilled wlth no lowor contact 
cncountcrad. Puyc Formation scdimcntnry rocks wcro cncountorod boncath 82 m (269 ft) 
of basalt in wcll PM-2, located south of MDA L. No basal contact was oncountered in woll 
T-5, south of MDA GI aftor drilling through 28 m (92 n) of basalt. 

Elevation at tha top of the basalt directly boncoth MDA L in borcholc 54-1 01 5 is 1949.5 m 
(6396 tt) above sea IovoI. Holc LGC-89-32 in wos!ern MDA G encountered basalt at 
19672 m (6454 !I) elcvation: hole LGC-89-33 in eastern MDA G encountcrcd basalt at 
1980.7 m (6498 3) elevation; and wcll T-6, south of MDA L, encountered basalt at 81 33 m 
(6015 h) clcvation (Purtymun 1995). Thcsc elovations indiwto that tho bosslt dips about 
5" toward the west and possibly stoepens east of MDA G toward basalt outcrops a: 
State Road 4 and Pajarito Road. Basalt rock tcxturcs similar to those found ncar surface 
volcanic vonts havo bccn lowtcd ncar this intersection, about 1 km (0,6 mi.) oast of MDA 
G. 
Undcrlying and intcrfingoring with the btlsalts are sedimentary conglomomtas and 
kinglomerates of tho main body of tho Puyc Formation. Tho upper approximatcly 200 m 
(656 ft) Eire composed of coarse basaltic, latitic, and quartzite grovcls in a poorly sorted 
matrix of sand- and silt-sized grains, Wcll PM-2, located about 1.5 h (0,93 mi.) west of 
MDA G, is. thc ncarcst hole to intercept the Puyo Formation and underlying Tesuquo 
Formation, which host the rcgional aquifer (Coopor ot al. 1965, Purtymun and Cooper 
1969). No boreholcs at MDA G extend deep cnough to encounter these dooper units. 

2.3.3 Alluvium and Canyon Bottoms 

The canyons that bound Mcslta del Buoy in tho rcgion of MDA G are Pajarito Canyon to 
the sou:h and Caiiod3 dol Buoy to tho north (Ftguro 2), Canyon alluvium is composed of 
unconsolidatod silty to coarse sands of quartz and snnidino foldspar crystals, crystal 
ftngmcnts, and biokon pumice fragments woathcrod fmm tho surrounding mcsn tops and 
sides. Occasionally, fragments of latito or similar composition lava are incorporatad, as are 
cobble- or smaller-size fngmonts of wolded tuff. Ailuvial packages are Icnsoie in cross 
section and roach 3 to 4 rn (1 0 to 13 ft) in thickness (Purtymun 1995), 
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Tho canyons rrnnsport wator and lwsc scdimont by way Of surfoco runoff from tho m a s  
and flow originating upstroam from MDA G, Pajanto Canyon, on the south side of Mesita 
dol Buey, transmits water intormittcntly throughout seasons of heavy pracipitation. 
Cafiads del Buoy, on tho north side, drains a much smallor ilrocl and llows only cluring 
hoavy snowmelt or heavy rains. Pajorito Canyon hosts a known narrow alluvial aquifer 
systom in an area near but upstroam of MDA G. However, drilling within CaiSada del 
Buoy nmr MOA G shows that those canyon sedimcnts contain no porchod water, 
although thin moist lansos of silt and clay am reported (Devnurs 1985, Dovaurs and 
Purtymun 1985, Puriyrnun 1995). (Porched wntor, probably rolntod ro discharge from a 
noarby water supply well, is rcportod in two boroholos in Canada del Bucy 
approximately 1800 m (6000 It) upstroam trom MDA G; SOG Purtymun 1995, p, 7 14.). 

2.3.4 Structure Sections Through thc MDA G Area 

figure 5 indicates the lines of structure sections shown in Figurns 6 and 7. Goologic 
controls for thc sections aro from boreholos shown on tho figures. Bandelior Tuff units thin 
from wos: to oast and dip about 3' to thc mst; borcholo data suggcst vary littlo southonst 
component of dip to those sheetelika deposits, but maasurements on outcrops at MDA G 
indicato o striko and dip on Unlt 2b of approxirnatoly N 68" E 3" SE. The Bandelior Tuff is 
about 90 m (295 ft) thick bonoath tho wost boundary of MDA G and 44 m (144 rt} thick 
bcnca:h tho cast boundary. The thickness of Unit 20 in holo LGM 85-11 suggasts a 
southorly componont of dip to its uppar contact, but othor unit thlekncssos am consistent 
with a gontlc eastward dip. Tho Guaje pumice bed has boon identlfiod in tha westom map 
aroa, but the unit, if present, is vary thin in tho east. 

Othor than tho minor faults doscribod above at the base of Unlt 2b of the Tshiroge 
Membar, no geologic faults or surfoco oxprossions of b u ~ c d  structure havo been identified 
at Mcsita dcl Buey, Cooling joints in tho tuffs provide the only known fracture flow paths 
within the Bandolier Tuff. 

3.0 HYDROCEOLOGY OF THE MDA G AREA: FACTORS PERTAINING TO 
SUBSURFACE CONTAMINANT TRANSPORT 

3.1 Introduction 

Tho portion of the performanco assossmen: to which this document ponahs is concerned 
with radionuclide contaminant transport bonoath MDA G. If such subsurfaco trmspor: is 
significant, it will be controfid by flow processes. The processos :hat drive flow and 
transport at MDA G are extromely complex, involving two phasos (liquid and gas) in a 
variably saturatod medium, The systom is further compliwtcd by the presonce of open to 
filled fractures. Liquid flow in tho panially=satunted (vadose) zona above the water table 
is drivon by energy gradients ond controlled by tho hydraulic conductivity and structure of 
tho medium, At the same timc, tho gradients and tho conductivity am strongly affected b y  
tho moisture contcnt distribution. This interrclnlod foedbock systom results in complox 
nonlinonr bohavior that is described by nonlinear partial diff erontial equations, These 
cquations anno i  bo solved analytically, so to accurately prodict ftuid movement and 
distributions, it Is almost always nocassnry to use a numend modeling approach. The 
accuracy af th'o numerical model depends on tho accuacy of the chamctorization of the 
systom. This includes knowing the values of tho different material properties and 
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relationships wlled for in the cquations. The purposo of this soction is to summarize 
available data on matorial proportles, report values that are representative of the different 
hydrogoologic units under MDA GI and pmvido rbferencos to the original data sources. 

Most of the data presented or rcfarenced in this soction pertain to the upper Bandelior tuff 
units bocalrso thoso arc the units in which virtually 011 of the CQMS and measurements 
have been taken. The npproxjmatoly 790 m (623 ft) of basaltic and undarlying 
sodimontory rocks between the Bandolier Tuff and the water table havo never been 
corcd benaath MDA G and ham rarely been cored dSQWht3re on the Pajjaflto Plateau, and 
thus, tho hydraulic propertics are largoly unknown. Once mOOSuR?dl they would provide 
additional information on radionuclide transport timas sway from tho disposal aroas. 

3.2 Mnterlal Properties 

Somc matorial properties and rclationships arc needed to characterize the subsurface 
system. Rock proportios include porosity, bulk density, and saturated hydraulic 
conductivity. Properties that charactefize the fluictlrock relationships in the vadose zone 
includc 8, the volumetric moisture content (a moasum of tho mount of water present); \v, 
the rnatric potential (suction, tension) (a measuro of the energy state of the wator); and IC, 
thc hydnullc conductivity (a momurn of the ability of a fluid to flow). These three 
properties aro strongly interrolotad. The relatlonships botwoon them are wlled cunsrifurive 
rohrionships and include the 8-ty rolationship, tho chamcteristic cum,  and the K-8 and K- 
w relatlonships, the unsafumled conductivity curvos, In tho following tables, we hove 
compilod values for thosa proportios and relationships. 

I 
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Figure G, Sfructura sectlon A-C along a northwest-southeast transect MDA G. 
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Table 1 lists published and unpublished hydraulic propeq data rnommd from solocted 
cores of MOA G and the vicinity. The dam listed represent the best available based on 
the stratigraphic assignments of the samples, the analytical proceduro used, and 
traceability of the data. However, in tho wse of stratigraphic assignments in Kead et al. 
(1986a, b), we have reassigned a thickness of 8 m (26 ft) to Unit 1 b, based on measured 
rhicknosses in soveral outcrops and comparisons between the section originally 
doscribod at Momndad Canyon (Bnltr ot al, 1963) and Mositn del Buey. In doing so, we 
moved care moasurements from upper Unit I b  (Koarl et al. 1986a, b) to their correc! 
assignment in lowor Unit 2a. This roassignrnent nffocts only three samples. 

Individual sample data in Table 3 come from a variety of sources. For 16 of tho samples in 
Tablo 1, volumotric water contdnt was ostimnted trOm COM mkturo profiles reported in 
Koart e: al. (1986a, b). The original plots of tho cor0 moisture data as a function of depth 
are reproduced in Figure 8, The estimated data are sufficiently similar among the holes and 
agree sufficiently woll with recently measurod values that this approximation is acceptable 
for charactoriretion of these tayers. 

3.2.1 Density and Poroslty 
Porosity is usad in equations for flow and transport, 60th porosity and bulk density are 
needed when convorting moisture content to sntuntlon, which Is the form usad in the 
model calculations. Numerous dansity and porosity moasuromonts on Bandelior Tuff in the 
vicinity of MOA G have been reported by Konrl et al. (1986a, b) and in various reports 
by Stephens and AssocIatos, Inc. (1994a, 1992b, 1992a, 1991), as summarized b y  
Rogcrs and Gallaher (1 994b). 

In genanl, the best published descriptions of tho pro-Brtndclior units in the vicinity of 
MDA G aro the drilling logs from wotor supply wolls PM-1 and PM-2, (Cooper 0t al. 1965). 
Howcvor, no density or porosity moasuremonts am reportod. 

3.2.2 Charncterlstfc Curves 
Tho charactoristic curvo (0 vs. y) is needed for any numend prodiction of flow in the 
unsatuntod zono and can also bo used for estimating fiold head (w) gradients trom mor0 
readily available 8 measuromsnts. The dcterminntion of the ChariXtCriStiC curve for a core 
sample can be found in Baar (1972) and Klute (1986) and providos the types of data 
listed in Table 2. 

Tablc 2 lists the moisture choractcnstics of drainage CUMS (water displaced by air), as 
measured in 1obon:ory oxperimcnts on 45 samples of tuff. Data sources are shown atter 
the table, The vnluos reported in Table 2 use prossure-plate-derived data up to 
pressures of about 1 bar (-1021 cm) and psychromotor-detivoc! data at tho higher values 
of tension, Rogan and Gnllohor (1994b) discuss the ratlonalo tor accepting measurements 
in roports from the geotochnical loboratoj of Daniel 8. Stephens and Associates and frwn 
Bondix (Kaarl et al. 1986a, b). Because prossure-plate moasuremens do not equilibnte 
obovo -0.5 bar (-511 an water), psychrornoter measurements should be usad in high- 
tansion rogimcs (Stophens and Associates 1992n). 
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TABLE 1 

SELECTED BOREHOLES 
HYDRAULIC PROPERTIES DATA FOR MDA G STRATIGRAPHY FROM " 8  

J 

.* 
-I., 

Tshlrege Member, Unlt 2b 

Borehole Dopth pb 0 Porosity Soturotion KSAT 0, N a : -  
(it) (glcrn') (VOI. %) ("A) I"/.) (cmkec) (%) 4- 

- - 54.0 c 5.4~10" - c - .  ., 

5* 
LGM 65-11 3 

d 4 . 4 ~ 1  O* 1 - 9 

1.3 54x1 0' - - 9 

- 1 .O' 42.5 2.4 4 . 8 ~ 1  O4 - 9 - 
- 1.9' 51.5 3.7 2,8X1O4 - - 9 

LLM 85.02 7 - - 41.5 

SLLC 85-15 10.0 1.46 1.0 46,4 2.2 1.6~10" 3.8 2.044 ,0060 

LLM 65-05 15 - 0.7' 52.6 

LGM 85-06 29 
8 LLC 85-14 29,O 1.39 2.0 44.1 4.5 4.2~10" 0.0 1.890 ,0060 

L G M  85-1 1 30 
3.8' 39.6 9,6 1 .l X I  0" LLM 65-01 30 - 

LLM 85.02 36 - 3.7' 46.5 8.0 1.2~10" 
LLM 85-05 3C - 2.0' 73.6 2,7 2.2XlO" -.. I - 
LGM 85-06 51 - 1.3' 40.2 3,2 8.4~10" - - - 

Boroholo Dopth pb 0 Porosity Saturation KBAT (3, N a 
(tt) (g/cmJ). (voi, yo) 4%) (%I (cm/soc) (%) 

LLM 85-01 52 - 1.3' 64.4 2.0 2.7x10" - L I 

- - 111 - I - 
54-1 006 41.5 1.28 4.7 44.9 10.5 4.1X104 0.0 1.769 ,0064 

Tshlrcgo Member, Unlt 2a 

2A LLC 86-22 54.5 1.26 1.3' 51.0 2.5 8.2~10" 2.0 2.238 ,0037 
28 L L C 8 6 - 2 2  54.5 1,26 1,3 d 8 . 3  2 , f  2 . 5 ~ 1 0 ~  0.0 1.932 ,0045 

7 LLC 86-22 65,O 1.27 f A' 48,7 2.9 1.4~10" 0.0 2.347 .0026 
LLM 85-02 67 - 1 Ll- 43.3 3.0 9.8~10" - - - 
54-1 001 67.8 1.20 1.9 41.4 4.6 1 . 3 ~ 1 0 ~  0.0 1.894 ,0034 
L t M  65-05 76 - 2.6 74.2 3.5 1.3~10" - - - 
54-1 006 76.2 1.20 0.6 d4.5 1.3 9.8x10'' 0.0 1.880 ,0030 
54-1 001 82,s 1.25 2,6  46,O 5.f  l . l X I O a  0.3 2.225 ,0022 
54.1 002 91.8 1.26 1.5 , 46.0 3.3 8.1xiO" 0,O 2.213 ,0012 

54-7 001 10'1.5 1.19 3.9 51.4 7.6 1.6~10"' 0.0 1.782 ,0034 

54-1 003 107.5 1.22 1.5 51 .o 2,9 1.3~10" 0.0 l , t 3 3  ,0030. 

' Moisturo content (0) ostimalod from moloture protiles In Kearl 81 al, (1986a, b). 

LLM 85-07 101 - 3.4' 62.1 5,s 2 . 5 ~ 1 0 ~  - I - 

17 



[continued) 

Tshirege Member, Unit l b  
Boroholo Depth p, 0 (wl. Poroslty Saturntlon Klur 9, N 0. 

(tt) (g/cm') O A )  (%I (Yo) (cmlsec) (%) 

1.1x10" I - I - 11 .O' 52.6 20.9 7.3%10" - - - 
17.3 l .?XlO* - - I 

59.9 10.7 9.9x10.' - I I 

LGM 85-11 94 -. 14.6' 64.3 22.1 
LtM -85-06 99 
LLM 8502 117 d 8.4' 48.5 
54-1 003 119.0 1.22 6,4 
54.1 001 121.5 1.18 9.0 46.4 19.4 22x1  0" 0.0 1.583 ,0041 
54-1 002 121.5 1.23 3.2 49.5 6.5 4 .6~10 '~  0.0 1.?73 ,0031 
54-1 006 124.0 1.22 2.5 43.5 5.7 4.5~10" 0.0 1.721 .0035 
1 LLC 86-22 131.5 1 .OS 20.0' 50,7 39.4 1,9x10'' 1.2 1.586 .0021 

18LLC 86- 131.5 1.05 22.0 50,8 43.3 2.ix10'' 4.4 1.709 ,0021 
22 
54-1 006 136.0 1.28 6.3 47.2 13,3 5.7~10" 0,O 2.087 . O O l d  

5d-1001 141.5 1.20 15.6 48.2 32.4 8.2xlOmg 0.0 1.029 .0037 
54.1 002 142.5 1.19 11.5 49.1 23.4 2 . 5 ~ 7 0 ' ~  1.7 1.393 .0154 

Tshlregc Member, Unit l a  
Boreholo Dop:h pb 9 (wl. Porosity Sotumtlon KUT 0, N U 

("h) (cmlsoc) (%) (tt) (g/cm') 96) (%I 
CQ8M-1 
CDBM-1 
COBM-2 
CDEM-1 
CDBM-1 
CDBM.1 
t L M  85-06 
LLM 85.11 
LLM-85-05 
LLM-85-01 

54-1 003 
54-1 006 
54.1 002 
54-1 003 

- 54-1 002 
54-1 003 

23.5 
34.0 

, 38.0 
44.0 
54.0 
64.0 
115 
115 
123 
124 

156.0 
160.5 
178.5 
206.0 
243.5 
260.5 

54-1 003 270,s 

1.17 
1 .07 
0.94 
1.26 
1.09 
1.23 - 
- - - 

1 . ld 

1 3  
1.16 
1,18 
1.14 
1.11 
1 .31 

2.1 48.8 5.5 
5.8 46.2 12.7 
8.3 48.4 17.2 
9.3 44.5 20.8 
8.9 44.6 20.1 
11.2 45.1 24.9 - 56.3 - 
- 60.1 - 
- 65.6 - 
- 48.9 - 

4.9 43,2 11.3 
1.8 52.6 3.4 
6.6 39.3 16.8 
8.0 42.8 18.7 

27.0 a 39.3 19.1 
9,6 48.8 19.7 

6.2~10" 
2.2x10' 
4.5~10" 
7.0~10" 
4.6~1 OJ 

1.2x10' 

i .ax1 oJ 

22x1 o* 

12x1 0" 

9,l X l  Ogg 

1.6~10" 

1.3~10" 

6 .5~1  O'D 
1 .S%7 0' 
1 .7xl od 
2.7%1 Od 
2.6~7 0" 

0.0 1.939 
0.0 1.634 
2.6 1.791 
0.0 1.682 
0.0 1.519 
0.5 1.724 
I I - - 
- 9 

- 9 

2.5 1.765 - c 

0.0 1.815 
L - 
0.0 1.745 - I 

- 

,005 
,0071 
,0041 
,0070 

,0053 - 
I 

I 

,0040 
I 

,0043 

,0062 

- 
I 

I 12.1 41 .O 29.5 . - 

Moisturo cootonl(0) estimated lrom moisture profilos in Keerl et al. (1986a. b). 
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(concluded) .1 

' ,  
TsonkowIEorro Toledo I 

0: *. 0, N Borehole Daprh pb 0 (vol. Porosity Saturation KsAT 
(tt) (g/cm3) "0) (%) (%) (cdsec)  (Sb) . I  

CDBM-1 89.0 1.20 17.6 44.3 39.9 2.3~10" 0,O 1,428 ,0131 I 

CDBM-1 94.0 1.05 10.4 50,3 20.8 1 . 5 ~ 1 0 ' ~  1,6 1.585 ,0173 1, 
Otowl Mombar . -  .. 

. .  
Depth pb e (vol. Poroslty Saturation KSA, 9, N U Borehole 

CDBM-2 66.5 1.16 11.6 44.6 26.1 5.0xlO' 1.7 1,598 ,0084 

C D BM-2 67-5 1.22 12.3 44.0 

CDBM-1 104.0 1.20 15.1 44,6 33.8 23x10" 0.0 1,489 ,0064 

(tt) (g/crn') %) ("/I (%I (cmlsec) (%) 

27.9 2.7~10" 3.9 1.987 ,0060 

CDSM.1 114.0 1.29 15,6 45.1 34.6 1 . 6 ~ 1 0 ~  2,5 1.778 ,0045 

f 2C.O 1 , l O  11,o 43.7 25.1 2.9X10" 0,O 1.447 ,0082 CDBM-1 
134,O 1.24 11 , i  44.7 26,2 1,6x10" 1.2 1.646 ,0057 CDBM-1 

CDBM-1 1CL.O 1.14 10.2 42,8 23.9 4.2x104 4.2 2.307 ,0055 

CDBM-1 

CDBM-1 

154.0 1.29 11.1 41 .O 27,l 1 . 0 ~ 1 0 ~  2. f  1.890 .a039 

CDBM-1 174.0 1.18 10,l  41 .2 24.4 2.1~10" 3.0 1.89f  ,0053 

COBM-1 184.0 1.18 9.3 43.2 21.4 3 . 0 ~ 1 0 ~  2.6 1,894 ,0062 

COBM-1 189,O 1,19 9.4 43.0 21.9 1.8~10" 0.8 1.648 ,0057 

The laboratory mathod for dctermining characteristic curves involves the m0aSUfQm0nt of 6 
a: discrete values of w ,  while for most purposcs, some sort of continuous function [either 
e(w) or w(0)J is desired. Various curvc-fining functions hova boon proposad, ranging ttWn 
simple powar-low fits to mom cornplcx multiparameter models. One muhiparamcror modal 
that has met with wide ncccptancc is thc van Ccnuchtcn curvc (van Gonuchten ct ill. 
1980), given by the  following function: 

whcro 6 = atfactive saturation, 
e = moisture content (cm%m3), 
0, = rosidual moisture ccntcnt, 
13, = saturated moisture content (porosity), 
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73 25 O L = = = = = l  

Figure 8. Volurnetrlc molsturc vs. depth lor 12 boreholes (Kcarl et al, 1986a,b). 

w = matric suction, 
a, N = van Gonuchtbn fitting paramot6r;, and 
M 1-1IN. 

Tho van Gonuchton c u m  is fit to the monsurod dab by varying tho two paramoters, a 
and N. - 
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Figure 8 (concluded). Volumetric moisture vs, depth for 12 boreholes (Kaarl et at. 1986e,b), 
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TABLE 2 
PRESSURE HEAD VS. MQIS7URE DATA FROM LISTED SOURCES’ 

54-1 001,  67.8” 
Prossure Moisturo 

Hoad (vol. Yo) 
1 (ern wator) 

0.1 41.4 
i 

54-1 001, 82.5 
Prossure Moisture 

( e n  water) 
Hoad (vol. X) 

0.1 46 

~ ~ 

54-1 001,  101 .S 
Prossuro Moisture 

Hoad (vol. %) 
(em water) 

8 

51 38.6 
112 37.3 
326 29.3 

91 8 25.7 

6884 1.3 

0.1 51.4 I 
51 43.3 51 46.8 

112 41.3 7 12 44.1 

326 38.7 326 37.3 
91 8 35.1 91 8 21 *4 

4304 2 6333 1.9 

- 

54-1001,  1 4 1 . 5  
Pressure Molsture 

Hoad (vol. 0%) 

(em water) 

0,l 48.2 

51 44.6 
112 43.1 
326 37.7 

91 8 28.8 

5599 11.2 
21 283 7.0 

181 01 1.2 1401 2 1.1 12656 1.2 I 1 I 
54-1  002, 91.8 
Pressure Moisture 

Hood (VOI. %) 
(ern water) 

0.1 46 

51 43.6 
112 42.4 
3: 1 38*4 
903 32.3 

591 5 2.1 
17948 0.7 

54-1001 ,  121.5 
Pressure Moisture 

Hoad (vol. %) 
(em water) 

54-1 002,  121 ,S 
Pressuro Molstuto 

(em wotor) 
Head (vol. %) 

0.1 46.4 
51 42.4 
99 40.4 
306 34.6 
920 21 .? 

5304 6.5 

12074 3.8 

54-7 002,  142.0 
Prossure Moisture 

(ern valor) 
Haad (voi. %) 

0.7 
51 
112 
31 1 
9 03 

6884 

20886 

49.5 

45.3 

43.6 

37.4 

22.5 
1.9 
1.2 

0.1 49.1 

61 43.6 

102 33.9 
301 . 27.8 

923 26.6 
7118 9 
17071 I 

’I 

54-1 002, 178.5 
Prossum Moisture 

(em water) 
Hood (vol. %) 

0.1 39.3 
51 37.7 
102 35.2 
306 25.9 

91 8 20.9 
5721 2 

25495 1.6 
a. Slophona and Assocl~tos 1991, Stophans und Associalea 1992b, Stephona and Associates 19% 
b. HOta dosignallon, aamplo doplh (fi) 
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TABLE 2 (continued) 

5 4 - 1  002, 2 4 3 . 5  
Prassurd Moisture 

Head (vol, %) 
(em wator) 

0,l  39.3 

51  37.3 

54-1 003, 101.5  54-1 303, 1 5 6 . 0  
P:ossure Moisture Prossure Moisturo 

( t m  wator) (em water) 
Head (vol. %) Head pot, %) 

0.1 51 0.1 43.2 

51 46 , l  51 41.7 

102 33.1 112 44.4 102 40 

306 22 31 1 37,8 306 30-2 
91 8 20.7 903 27.7 91 8 28.1 

5283 2.2 5599 1 .? 71 69 5.3 
14094 1.9 27769 0.7 1481 8 4.6 

54-1 0 0 6 ,  4 1 . 5  
Pressure Moisturo 

( t m  water) 
Haad (VOL %) 

0.1 44.9 

51 40.8 
102 38,s 
296 24.8 

91 8 15,s 
7536 2 

13257 1 ,I 

54-1006,  7 6 . 2  
Prossuro Moisturo 

(-cm wator) 
Hood (vol, %) 

54-1 006, 124.0  
Prossure Moisture 

(-cm water) 
Hoad (VOI. %) 

0.1 44.5 

5: 42.1 

172 40,9 

31 1 34,4 

903 29.3 

6098 2.5 

21 630 009 

0.1 43.5 

51 39.8 

102 38.7 

296 33.3 
923 20.5 

G55f 3.8 

141 34 2.2 

5 4 - 1  006, 1 3 6 . 0  
Prcssuro Moisture I Head (VOI. %) 

45.3 

5 4 - 1  0 0 6 ,  1 6 0 . 5  
Prossure Moisturo 

(ern wator) 
Hoad (vol, 010) 

~ 

0,l  52.6 

51 42.3 

8 LLC85-14, 2 9 . 0  
Prossure Moisturo 

(em waror) 
Hoad (vol. Yo) 

0.1 44.1 

53 39,6 
112 44.3 102 40.5 104 38.1 

31 1 40.7 306 34 51 2 16 , l  

9 03 29.8 918 32 1030 8.2 
4691 4 6853 0.8 3040 2.8 
14746 1.9 13961 0-9 5080 1.4 

.13. 15200 1 I 

.. 
h 
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- 
St.LC85-15, 10.0 2ALLC8622, 55.0 

Pressure MOlStUrQ 

(em water) 

Prassuro Moisture 
Hoad 

(ern wator) 
(vol. 9'0) HQ3d (vol. X) 

0,l 48.2 0.1 51 

0.1 46,4 53 49,3 
53 a 2  104 48.5 
104 39.1 512 21.8 
51 2 16.6 1030 1l . t  
1030 10.1 3040 4.7 
3040 5.8 5080 3.1 
5080 5.1 15200 2.3 

I 15200 4.1 

f L L C 8 6 2 2 ,  65.0 

(em water) 

Press u ro M 0 1st U rQ 
(vol. "/.) 

Moisture 
(vol. 7 Yo) 

28LLC8622, 55 .0  
Pressure 

(cm water) 
H08d 

0.1 48.3 
53 45.8 
104 43.3 
51 2 21.3 
1030 10-4 
3040 4.1 

5080 2.8 
15200 0.1 

0.1 48,7 
53 47,7 
104 46.1 
512 27 
1030 11.6 
3040 3,4 

'I LtC8622, 732.0 
Prossure Molsturo 

(ern water) 
Hood (vol. %) 

I I I - c - c 

1BLLC8622, 1 3 2 . 0  
Prossure Moisturo 

(ern water) 
Hond (VOl. X) 

5080 1.4 5080 12,l 5080 11.7 
15200 0.7 15200 8.7 15200 9.3 

L 

0.1 50.7 
53 49.7 
104 48.3 

51 2 37.7 
1030 31.8 
3040 17.1 

0.1 50,8 
53 50.9 
104 49.9 

51 2 37.1 
1030 30.9 
3040 16. t  

CDBM1D 23.5 
Pressure Molsture 

Head (vol. %) 
(-cm wator) 

0.1 48.82 
34 47.59 
111 44.59 
308 35.54 
71 4 24.26 

2295 21.33 
5303 18.35 
15348 , 74.8 
291 7 3.63 
6200 ,' 3.07 
19519 2.1 

COBhlI ,  3 4 . 0  
Prossure Moisturo 

(ern wntor) 
Hood (vola O h )  

0.1 46.1 8 
31 44.7 

107 40.5 
306 27.84 
71 4 20.68 
1632 t 8.8 
4875 16,96 
15909 15.93 
3885 4.99 

11208 3.3 
2251 7 2.56 

COBM'I, 4 4 . 0  
Prossure Moisture 

(em wntor) 
Head (vol, %) 

0.1 
31 
107 
306 
71 4 

1632 
4075 
15909 
53 54 
14400 
I 

44.53 
43.68 
41 -44 

30.77 
19.25 
13.94 
11 -26 
10,06 
4,43 
2,49 - 



CD8M1, 5 4 . 0  

Pressuro Moisture 

(.cm wator) 
Hond (vol. %o) 

0, l  

34 

111 

308 

71 4 

2295 

5303 

15348 

41 20 

t 8428 

- 
c 

44.6 

42.83 

37.31 

25.24 

22.51 

20.49 

18.81 

16.3 

5.6 

3.09 

.I 

- 

CDBM1, 9 4 . 0  

Prossure Molsturo 
Head (vol, %) 

(.cm wator) 

0.1 

31 

107 

306 

714 

1632 

4875 

15909 

5792 

241 18 

L 

50,25 

44.1 1 

32.6 

18,93 

16.59 

15s9  

13.1 5 

12.21 

4.94 

* 3806 - 

TABLE 2 (contlnued) 

COBMI ,  64 .0  

Prossure Moisture 
Hoad (vol. e/*) 

(cm wntor) 

0, l  

31 

107 

306 

714 

1 G32 

4875 

15909 

4304 

2021 2 

I 

- 

45.1 2 

43.42 

39.53 

27.41 

17,3 

14.26 

11.69 

10.79 

4.25 

2.64 

- 
- 

CDGM1, 1 0 4 . 0  

Procsura Molstura 
Hoad (vol, %) 

(em wotor) 

0.1 44,58 

69 41.39 

136 37.39 

208 37.4 

301 29.27 

707 21 -31 

1448 18.53 

5252 17,21 

15042 15.47 

7506 6.07 

20743 4.43 

C D B M ,  8 9 . 0  

Prossure Moisturo 

(cm waror) 
Head (vol. %) 

0.1 

68 

134 

207 

301 

707 

1448 

5252 

15042 

2774 

7791 

20835 

44.25 

35.91 

30.96 

26S6 

25.71 

22.26 

19.74 

17.12 

73.09 

7.79 

6.04 

4,89 

Prossure Moisture 
Hood (Vbl. %) 

(em wator) 
.. 

0.1 

31 
107 

306 

71 4 

1632 

4075 

15909 

41 71 

15746 

.~ 

45,08 

43,61 

40.27 

30.52 

18.38 

14.15 

11.49 

10.4 

6.83 

4.23 

- 
25 



CDBM1, 124.0 

Prossure Moislure 
Hood (vol. Yo) 

(ern water) 
~~ 

0.1 

69 

134 

207 

301 

707 

1448 

5252 

15042 

6037 

13359 
c 

d3.73 

39.33 

35.40 

28,64 

25.97 

22.46 
17.97 

16.85 

13.92 
6.46 

4.68 
I 

C D B M 1 ,  1 5 4 . 0  

Prossure Moisture 

k m  watorl 
Hand (vol. Yo) 

0.1 

31 
107 

306 
71 4 

1632 

4875 

15909 

4395 

16378 
- 

d1 .03 

39S2 

37.23 

28.71 
16.68 

14.96 

13,24 

12.37 

' 5.64 

3.89 
I 

TABLE 2 (contlnued) 

CDBM1, 134.0 

Pressure Moisturo 

(em water) 
Hoad (vol. %) 

0.1 44.7 

68 41.07 

135 37.63 

207 32.31 

301 28.02 

7Oi 18.44 

1448 15.32 

5252 13.98 

15042 12.39 
2499 6.38 

5242 5.91 

16857 3,66 

CDBM1, 144.0  

Prossure Mo 1st ure 
Hoad (vo1. Yo) 

(cm water) 

0.1 

31 

107 

306 

71 4 

1 632 
4875 

15909 

4395 

7 9978 
I 

L 

42.84 

41.1 8 

38.04 

20.57 

18,63 

18.47 

10.04 

17.63 

5.37 

3.59 - 
c 

CDBMI,  '164.0 

Prossure Moisture 

(em walor) 
Head (vol. %) 

0,l 43256 

68 40.2'1 

136 37,02 

209 30.55 
301 27.74 

707 24.8 

1448 22.1 1 
5252 20.61 

15042 18.31 

5374 5.3 

251 28 3.95 

CDBM1, 174.0 

Pressure Molsture 
Head (vol. %) 

0.1 

31 
107 

306 
714 

1632 

4875 
7 5909 

2978 

5?11 

27 895 

41.22 

ao.08 

36.6 

23.9 
16.77 

t 6.64 

74.28 
13.41 

6.47 

4.7 

3.41 

(em wnter) 
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TADLE 2 (concludad) 

C 3 B M 1 ,  183.5 

Head (vol. Y") 
Pronsuro Moist uro 

( t m  water) 

0,: 43.23 

70 39.44 

137 34.35 

21 0 27.1 

301 24,35 

707 20.81 

1448 18.07 

5252 16.79 

15062 14.33 

2458 5.39 

41 51 4.67 

21 487 3.67 

CDBM2, 37.5 

Prassuro Moisturo 
Head (vol. Yo) 

(an wator) 

0.1 

34 

111 

308 

71 4 

2295 

5303 

15348 

2580 

4752 

16266 

48.39 

45.63 

39.58 

24.94 

19.53 

16 

11 $89 

9*37 

6.77 

' 5-5  

3.88 

-- ~ 

C D B M I ,  1 8 8 . 5  

Hond (vol. %) 
Prossuro Moisture 

( t m  wator) 
~~ 

0.1 

28.4 

- 97 

31 6 

71 4 

1530 

51 50 

15297 

7448 

13250 

24531 

c 

b3 

41.81 

38,4 

25,8 

17.66 

16.06 

13.61 

12.26 

4.17 

3.31 

2.86 

- 
CDBM2,  6 6 . 5  

. .  
P rossu re Moisture 

Heod (vol. O h )  

( c m  water) 

0.1 44.56 

34 42.1 2 

111 36.69 

308 22.4 3 

71 4 17,69 

2295 l4,22 

5303 13.1 1 

15348 1 1.74 

4956 5.82 

16847 3.91 

CDBMO, 27.5 

Prossuro Moisture 
Hood (voi. Yo) 

(-cm wator) 

0.1 

34 

111 

308 

f l 4  

2295 

5303 

15348 

6608 

7 901 9 

- 
- 

47.9 

41.1 3 

28.3 

22.76 

20.95 

19.47 

18.25 

16.45 

9,65 

7.71 

- 
- 

CDBMP, 67 .5  

Pressure Moisture 
Head (VOI. %) 

(-cm wator) 

0.1 

34 

111 

308 

714 

2295 

5303 

15348 

4844 

18214 

- 

43.97 

42.43 

37.72 

23,02 

19.02 

17.43 

16.38 

14.76 

5.75 

3.88 

C. 

* 

... 
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Rogors and Gallohor (1994b and 1995) provido 8 compendium of molsturc rclontion curve 
fits for tho tuff wro data and includo data trwTl rnoPSummentS made on crushed tutf 
(Aboolo 1979n, '1 SW), Moan a and N valuos for Bondolior Tuff tort? samplos bonoath TA- 
54, lis compiled by Rogers and Gallahor (1994b), am listed in Tablo 3, along with other 
physical propeflios of tuff; the properties holp constrain tho porfomance assessment 
models. The sottwcro program RETC (van Genuchten ot al. 1991) was used for the 
curvo llttlng, Full doralls of tho 0-y monsurcmonts am contalnod in *ho original rclcronms 
cited above. The data and rcforencas in Table 2 are provided to enable the render to 
critimlly ovaluato the quality of the data and to use curve-fitting methods other than van 
Gcnuchton, If dosired. 

3.2.2.1 Tuff 

Numerous characteristic cuwe calculations have been made for crushed Bandelier Tuff 
(Abode 1979a. Abeolo et al. 1981, Aboolo 1984, Abeole ot al. 1986) and intact core 
samplcs from beneath TAG4 (Rogors and Gallahor 1994b). 

3.22.2 Atluvlum 

No charactcristic cuwo daa oxist for alluvial units on the Pajado Platoau. Alluvial cover on 
Mcsita dcl Bucy and MDA G is loss than 1 m (3.3 tt) thick and is highly disturbed b y  
human activity. Application of crushed tutf, asphalt roods and parking lots, mmmt pads 
and caps on shatts, hoavy truck traffic on unpaved roads, and maintonanco of natural or 
rcplantcd vagctation how ereatod a unique sol1 onvironmant over tho disposal unlts. Any 
influcncc on infiltntjon of molstura by !he alluvium must be avaluntod in future modeling 
off orts when data aro nvailablo. 

3.2.2.3 PrcBandelict Unlts 

To dab, thure has boon only ono chancfonstic cuwe maasured for units other than the 
Bandolier Tuff, This is a cuwo mcnsurod in the gcotochnid laboratory (Stephens and 
Associotos 1994b) on a bosolt cor0 snmplo takon from boraholo SHB-1. This singlo curvo 
cannot be considerod in any way rcprosontativo of the hotorogenoous basaltic flows and 
flow broceias beneath TA-54. 

3.2.3 Saturated Canductlvity ond Unsaturated Conductivlty Curves 

Saturated hydraullc conductivity, K, is D rnoasuro of how roodity P single fluld moves 
through a porous medium at saturation. Laboratory measurements oro part of the typical 
analysis suite performod on corn sompios in gootochniwl labomtorios, Conductivity 
vnluos for tho stratigraphic units prcsontod in Toblo 3 om tnkon frwn Stcphons and 
Associates (1994a, 1992) and K O G ~  ot at. ( 1 9 8 6 ~ ~  b). 

Thc Unsaturated conductivity CUNO roln!os tho hydraulic conductivity of a fluid to its 
saturation in tho systom and must also bo known for making numerical prodictions of flow. 
Tho K-9 curve can also be usod to ostirnate in situ infiltration ram trWn field moisture 
content monsufemmts, Given a number ot simplifying assumptions. If the 8-w 
chancterisdc c u m  relationship is known, then given oithor tho K-8 or K-yr curve, the 
other can be calculated. 
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In writing tho governing equations for flow, tho unsaturatod conductlvlty is ofton tactorod 
into two tcrms: tho saturated conductivity (K,,) and the ralative conductivity (or rolative 
permoctbillty) (Kd), i.o., 

Unsaturated conductivity curves con cithar 50 directly moasurcd or o n  bo estimated in a 
number of ways. Oirbct measurement techniques include both field and laboratory 
methods. Diroet moocuromants of K-, tend to bo difficult, tlmo-consuming, and expensive 
and are thereforo much toss common than K,, mansuroments. Exarnplas of tachniqucs 
include !oboratory column and ultracontrifuge studies and field infrltromoter studies (Conca 
and Wright 1992). 

A fastor and less costly altcrnatlvo to direct moasuroment of unsaturatod hydraulic 
conductivity is to usc D mathomatid estimation technique for IC, (e ) ,  Candidate mdols 
have been proposed by Campbcll (Abecla 1979b), Mualem (1976), and Burdine (van 
Gcnuchtan ot ai. 1991). These modcls assume that the shape of tho characteristic curve 
implies cemin properties of the pore structure of the medium and, using charactoristic 
curvc-fitting parameters, predicts K, as a fuwtion of saturation. K-, is then computed as 
the product of the K,function and a naasured voluo of K,, 

In situ field permeability mossuremcnts form another category of dlroctly rnoasured 
conductivity dah. Thcse mottsuremonts, which includc downhole air pormoebillty tests, 
paekcr tosts, slug tests, and aquHor tests, all moasure conductivity (or some closely 
related paramcter) at o single field moisture content. Thorefora, they do not provide 
information on K-0 for other values of 8, which would have to be extrapolated by some 
other means, They arc also more ditficult to perform and interpret than laboratory tests. 
Howevor, these tests are the only oncs that provide data on fiold-scale proporties that 
reflect large-scala hctcrogenclties and fracturcs, data for ralativoly undisturbed materials, 
and the only data for soft or unconsolidated gcologlc intervals that aro impossible to cor0 
intact. 

32.3.1 Tuff 

3.2.3.1.1 Intact Tuff 

Mcasurcmcnts on intact tuff by the geotcchnical laboratory of Daniel 0. Staphons and 
Associatos have ' producod numerous relative permeabiitt;, curves for Bandelier Tuff at 
TA-54 and olsawharo on the Pojarito Piatoau. Those curves wore produced using tho van 
GcnuchtonlMualom model (van Gonuchtan ot al, 1991), with laboratory characteristic 
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curve maosurements on core samples. Results are summarized by Rogers (1994) and 
Rogers and Gallaher (1 995). 

part of the current ER Project slto chsractonration atforts at TA-54, a number of in sltu 
air parrnaaSlllty maasurcmonS have beon conducted. Dotnils of these studies are 
summarizcd in Appendix C, Ono of the ER Projoct studios included the use of borohole 
dual packor mothods to moasuro in situ air permenbillty values in six boreholes in the 
proposad oxponsion m a  lor MDA GI The mQaSUrOd Gir pormoability valuos in each 
bordholo are presonted in Tables C-1 to C-6.and aro summnrlzad in Table C-7, Borehole 
locations ora shown on Fguro 8-t. All of the maasuremonts were performed with the air 
cxtractlon mothod at an open intorval of 27 In. (69 cm) betwoon tho boroholo pockors. The 
stratigraphic units tosted wore 2b, a, tb ,  and l a  of tho Tshirege Tuff Member: the 
Tsankowi pumico bed; the Cerro Toledo interval: and tho Otowi Tuff Momber [only one 
moasuromant (0.55 darcias) was performed]. For all monsuroments, air pcrmoobility 
values ranged botween 0.35 darcies and 172.47 darcios. The highest vnluas were 
mcasurcd on borahole intervals with open joints that were identified ftwn goologic 
description of the continuous core. 
The graatest nnge in dr pormeabillty voluos was measurod In Unit lb (0.63-17247 
darcics), Tho low valuos ara believed to reflect tho low air pamoabillty of the math while 
the high values aro duo to measuroments on open joints. Air pemeobilitios measured in 
the central and lower section of Unit la wore low, with a medim value of 7.12 darcias 
(Table C-7). The Otowi Tuff is also belioved to have low air permeability; a low value of 
0.55 darcios was moasured in the ono straddle pnckor tost podornod in this strntignphic 
unit. 

LabOntO~ rnoasuremants of air permaobility wcro canductad on cor0 frwn four ot tho six 
borcholos where straddle pucker motisurcments were performod (Table C-8). In general, 
the a r e  measuremonts &torminod lowor cdr permeability than the colowted straddle 
pnckor monsuroments. This is oxpoctod boause tho laboratory measurements were on 
unfracturod 6-in. (1 5cm) lengths of core whereas the straddle packer moasuroments wore 
on 27-in, (69-cm) borahole intorvats where fcaturos such as open joints, fmctures, or 
changes in rock matrix could influance the measurement results. 

3.2.3.32 Crushed Tutf 

Crushod Bandelier Tuff has historically been used for lining new disposal pits to a depth 
of about 0.3 m (13.0 in.), for separating soma disposed of containors within the pits, and 
for covering pits. Stophans and Associatos (1 994b) provido one analysis of the hydraulic 
proparties of a crushed Sandclior Tuff sample: the mothod of analysis was tho pressure- 
plate and tharmocouplc psychrometer. The following values were reponed: donstty was 
1.40 4/cm3, initial moisture content was i .5  vol.%, 6, equaled 38.3%, and saturation 
cqualdd 19.6%. Using Equations (1, 2, ind  3) for curve flt to tho retention data, van 
Gcnuchten paramotes are a equals ,0083 and N aquak 1 .n9, with a resldual saturation 
calculated at 0.0%. K, for this single sample is 8 2  x IO' cdsw. Calculated unsaturated 
conductivity for molsturo mnging from 10% to 20% apparantly vary trom loJ to lo" 
cdsec  (Rogop and Gallaher 1995). - 
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3.2.3.2 Alluvlum 

L ~ I  hydraulic information on alluvial aquifer materiak comes ~IWI Slug tests, These are 
single-wall aqulfcr tcsts that provide only gross, and somctimcs inaccurate, K,, estimates. 
One set of slug tests has been conduc:od for thc alluvial aquifar in Pajarito Canyon (Los 
Alarnos Tcchnial Associates 1991). Thcsc tcsts show L, renging bctwoon 4.2 x lod  
and 1.2 x 10' cm/soc (0.012 and 0.035 Wday). fhcsc nurnbors are surprisingly low, much 
lower than the rcsults of nine slug tcsts in Los Alamos Canyon alluvium that indicatcd a 
range of 1,s x lo'> to 4.0 x 70'' Cf7dSec (4.8 X WSOC t0 1.3 X 10'' ft'scc) wlth an 
average ot 1.4 x loQ2 cmlsec (4.7 x 10' ttlsec) (LANL 1993). The Environrncntal 
Surveillance Group has also conducted slug tcsts of the alluvial aquife; in Mortnndad 
Canyon, but results have not beon finnlizcd or rcloasod (0, 8, Rogers, personal 
communication, 1995). 

3.2.3.3 Prc-Bnndcller Tutf Unlts 

The only available hydrologic data on the pro-Bondelicr units of the Pnjanto Plntonu 
consist of estimates of saturated conductivity within the regional aquifer; these data wcre 
derived trom specific capacity tests in production wells and test wells. Thcse data, 
summanzed by Purrymun (1984) (Table 4), arc limitcd to good produaioGzoncs; lcss 
pcrrncclblc units, such as mossivo parts of tho Carros dol Rio basalts, aro not 
reprcscnted, 

TABLE 4 
SATURATED CONDUCTIVITY VALUES FOR PRE-BANDELIER TUFF UNITS - 

U n l t  Saturated Hydraulic ConduClvIty 

( g P d/fta) (cmlsec) 
Tcsuquo Formatlon mom 5.6 2.6 x10' 

(scdlmantary) 
range 3-9.3 1.443.4 x loJ  

Tosuquo Formation wlth m o m  8,2 3.9 x 10' 

Tschicoma Formation moan 19 9.0 x 10' 

intcrboddod basaltc 
range 5.3-1 1.3 2.5-5.3 x 10" 

(volcanic flows) 

Mixou Tosuquc Formotion 
and Puye conglomornto 

range 53-83 2.5-3.9 x 10'' 

Puyo canglornorots' moon 98 4 . 6 ~ 1 0 ' ~  

* Purtyrnun 1984 

c 
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Pumping tosts done at Tcst Aron North (TAN) ut the Idaho National Engincoring 
Laboratory (now Lockheed Idaho) provide data for satumtod pcrmeabilitios within a 
basalt aquifer. For TAN, saturated permoabilitios wcrc 1 Wday at TAN-20, 43 m/doy at 
TAN-18, 8 m/day at TAN.21 , and 177 m/day at TAN-24A. At TAN.23, pomonbility was 
cstimatod at >213 m/day, but tho water level could no! be drawn down for a long enough 
timo for roasonablo measurament (W, Soll, personal communiwtion, 1995). We might 
cxpcct similar lnrge ranges for saturated conditions beneath the Pojanto Platoau. 
Conductivitics for a pioco of co rd  basalt trM borehole SHB-1 west of Mcslta del Buey 
gave values of 3 x 10'' and 3 x lo'' cdsec (Stephens and Associates 1994b). 

3.2.4 H y st c res i s 
One pnysical process that is not typically characterized or measured in the laboratory is 
hystcresis of pnramater valucs. Hystaresis in the 0-y relationship is the diffarcnce in the 
saturation of a fluid at a givon prossuro as n function of the fluid displaccmcnt history. It is 
causod by a chango in displacomont bohavior of a fluid depending on whether It is by a 
drainage displacoment (air displacing water) or an imbibition displacement (water 
displacing air). It is worth mentioning because it can have a signifimnt effect on 0-yr 
values, as noted for Bondelier Tuff by Abrahoms (1963), but is almost always ignored 
because It introducos major complietltions into tho modoling and prodietion atfort and 
requtros more than doublc tho number of oxponmontc. Furthomom, tho samo hystorosis 
that atfccts the 0-w cuwo will also affoct tho K-w curvo, although tho K-0 relottonship is 
inhcrcntly lcss hyctorctic. Wa will also ignoro hysteresis, out of nccossity, bccauso thorn 
are no data avnilablo. 

32.5 Geohydrologic Properties of Rock Unlts beneath MOA G 

Toblo 3 lists rcproscntntivo propcrtics of tho gcologic units bcnoath Mosita dol Buoy in 
the region of MDA G for the purpose of mcdcling performanea of the disposal site, h e r e  
arc many proportios, mostly for the dcepor strat3, for which no relcvont dah exist. The 
uncertainties producod by thcso data gaps should bo alleviated by invostigations bolow 
our cutrcnt dapth of sampling. Tho thick interval of unsaturated rock botween the relatively 
wcll-known tuff and thc dccp aquifer provides additional delay of radionuclide transport to 
the water tnblo, but current data limits any quantifimtion. 

3.3 Hydrologic Condltions Below MDA G 
Tho previous soctions focusod on hydrologic propcrtios intrinsic to the goologlc rnntarials 
in tho vicinity of MDA G. Frwn thcso proportics, wo can tell how the materials might 
bohavc undcr D wide nngo of hydrologic conditions, but wo w n  only speculate about 
how theso materials am behoving undor tho disposal pis. In this soction, we look at 
information about prosent conditions and procosses. Both typos of intormation are citica] 
bocauso togothor thoy a n  provide an understanding of tho procosses that affoct flow 
and trsnsport today and also predictions of the cffocts of tho pracossas in the futuro. 

3.3.1 In Sltu Moisture Content 

Numorous maasuroments, both laboratory rnaclsummonts of frosh cor0 samples and 
ncutron probd maasuroments, of in situ moisture content haw been conducted in and 
around MDA G (Koorl ot 01. 19860, b: Rogors and Gollahor 1994a). Tho data indicate a 
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fairly predictable moisture profile through thc dmcrent stmtigmphic unlts of the Bandclier 
Tutf, Gencrally, field moisture contcnt in thc upper 33 m (1 00 fi) of tuff is less than 2% b y 
volumo in arcas that are undisturbcd by disposal pits and shafts, and most notably, 
asphalt cover, Around disturbed settings causcd by disposal activities, near-surface 
moisture content dramatically incrcases above the natural background state because of a 
105s of plant cvapo!ranspiration and supprcssion of atmosphoric vcnting by installation of 
large asphalt surfaces. There is ovidenco that the incrcasod moisturc content mny occur to 
depths of 15 m (50 tt) beneath disturbed arcas. Appendix 6 describes our current data tor 
in situ moisture content measurements. 

3.3.2 Perched kqulfcrs 
There is no evidonco of azonsivc perchod aquifers undor M e s h  del Buoy. Gardner at al, 
(1993) rcpon wet samples and equipment trom tho Otowi section in borehole SHB-4 in 
Pajnrito Canyon 2,4 km (1 .S milcs) nonhwost of MDA G. During drilling near MDA L, moist 
finc-grained Puyo Formation was encountcrad directly overlying tho bnsalts. Within me 
basalt, thin zones (-0.3 m, 1.0 tt) of wet basalt were observod (1) in the drill ah return 
from the drill hole during drillingr, (2) when thc drill air was first turned on in the morning attet 
bcing shut down overnight, and (3) as saturated zonas in vesicular basalt core. The drill 
holcs wcre not cored continuously. The clevntions whore water was observed in the 
basalt in borehole 54-1015 were 6278 tt (1913 m), 6260tt (1908 m), and 6250fz (1905 m), 
The clevntions where water was observed in the basalt for borehole 54-1016 were 6292 
tt (1918 m), 6258 tt (1907 m), 6204 tt (1891 m), and 6201 fi (1890 m). Chamiwl analysis 
of the water samples collected from the drill air was not warranted because of the 
imprompN collection mothods. Monitor ports to coll0c: groundwator, tf present, were 
installed in the Tsankawi pumiec bed, the Puye Formation, and solectod tones in tho 
basalt, To the  prcscnt time, sampling. evcnts have not found wator to be prcsent in any 
ot the ports. Wo belicve that small quantities of water wcrc trappod either soon atter 
basalt deposition or en routo toward :he deep aquifer (Section 2,3,2), 
3.3.3 In Sltu Matric Tension 

Kcarl et al, (1986a, b) measured downhole matric tcnsion profiles in two holes at TA-54 
using thcrmocouple psychromotor arrays. Rogcrs and Gallahor (1 994n) present 
laboratory-derived matric tension profilcs for five wclls drilled at MDA G during 1994; tho 
c o m  wcrc measured using the chillcd=mirror psychrometer mothod, These rnoasuremonts, 
togcther with measured watcr content, can be usod to infer a direction of liquld movemant 
based on head gradicntS, Based on head calculations h m  such moasuroments, Rogers 
and Gallahor (1994a) show that moisture is driven toward a dry, high-suetion interval that 
is associated with the pyroclastic basal surgo deposits at the base of Unit 2b. This high- 
suction intcrval is present to a dcgrcc in nearly 311 MDA C holes where matic tcnsion data 
cxists, 

3.4 Arcas for Further lnvcstlgation 

Tables 3 and 4 indicate that mu& critical information IS locking about tho hydrogoologic 
system bonoath the Pajarito Plateau and below MDA GI specifically. Tho following am 
arcas for turthbr invostigation. 
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1, Thoro is almost no infomation availabla for pro-Bondolior Tuff llthologics, including 
hydrologic propenies, thicknesses of basalt, and olevation of the top ot the 
sedimentary rocks that host tho rcgional equifar bclow MDA G. A carefully comd woll 
east of MDA G that pcnetrated tho deep aquifer could fill in some infomation, When 
comploted as a groundwater monitoring woll, it would be the ncorost monitoring station 
downgradicnt of the disposal units at Meslta dol BUQY. Aquifer tosting, laboratory 
analysis of hydraulic properties for solectod deeper stratigmphic units, and long-tom 
monitoring activity would provido tightor control on numcrid modding and chocks on 
aquifer integrity. 

2, Unlo is known about fracture presence, frcqubncy, apefture, continuity, and coatings 
or fillings below Unit 2a, Definitive chnractcnzation of fnctum fillings and coatings is 
missing for all units. The available i n fo rdon  is insuffidcnt to detcrmino whether 
fractures may be a critical flow path in the system. Choractcrizntjon of this site would 
benefit from study of ftacturc coatings and fills and their matorial properties to augment 
oxisting data on population, apenuro, and orientation. This i n fo rdon  is most 
accossiblo from oxistlng and futuro dlsposol pit walls. 

3, Rnal disposition of MDA G and tho other disposal ateas on Mosita dol Buey awaits 
fadcral and state agrecment on scien%c, w n o m i d ,  and political issuas. Onc 
potontial outcome is capping and sabllkation of wastes in place. A pilot study in the 
ER Project is looking at tho feasibility of large-safe atmospheric air movement through 
pcrmeablo geologic Inyars beneath disposal units. Dry atmospheric dr can absorb 
and vent moisture from porous media, thcroby decreasing tho mobility of contaminants 
and increasing the cffoctiveness of natural retardation offocts of the matrix, Future 
padormanco ossossmcnts might take into account tho banoflts of such an engineered 
stabilization systom, pafiicularly if a pnssivo systom can bo mado roliabla. 

4.0 GEOCHEMICAL BASELINE INFORMATION AND DATA 

4.1 Introduction 

Tho purposc of this scction is to provide a reviow of tho relevant gcochemid dab and 
information required for solutc-transport calculations that will be usod in tho pcrformanm 
assessment. These data will serve cis input to tho masshoot transfer model FEHM 
(Zyvoloski ot at. 7988). Speclfic geochemical data used as input to FEHM include sorption 
isothwm models, consisting of tho linear (KO), Frcundlich, modified Freundlich, and 
Langmuir: Honry's Law constants for liquid and vapor species: chemical fate laws using 
tho Arrhanius equation; and solubility data for solid phases. 

A dctailcd dlscussion on watcr/rock processes is also presented in this section. 
Gcochomical paramotas, such as pH, Eh, solution composition, mineral solubility, and 
prosonco of competing and complcxing ligands, havo the graatast impact on tho sorption 
bchavior of the eloments of concorn present in the pits, Tho release of radionuclides trWn 
the plts will bo controlled by hydraulic flux, poto-wntor chemistry, mineral solubility, and 
sorption bohnvior. The tollowing dom and infomation am noeded to vorlfy and quantity 
goochcmlcal reactions: soura-term characterization (types, forms, and amounts of 
contaminan&)); sourmtem goochomistry (minoralogy, spociotion, solubility, sorption, 
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porc-wator chemistry, and reaction rates); and hydrogoologiwVgeochemi~l 
charactcflzation (mineralogy, fracturc distribution, f-racrurc mineralogy, sorption capacity of 
fracture material, hydraulic conductivity, porosity, m d  moisturc content) of Bandclior Tuff 
and other geologic media at the site. 
very linlc ~ite~spccific geochemical data on sorption wpacitios ot the Bandclicr Tuff arc 
available (Polzcr et al. 1992). Pnnmcter data for Froundlich, modified Freundlieh, and 
bngmuir isotherms generally arc not available from YUCW Mountain oxpcrimcnts, and 
application 01 those isotherms to :he existing sorption data is not possible. Gcochcmiml 
and hydrological procossos influcncing soluto-transport proccssos within tho Bnndcllor 
Tuff arc extrcmcly complcx; thcrelorc, site-spcciflc data used ns input to FEHM will be 
required to obtain. thc most relcvant and meaningful rcsults for tho pcrlormanm 
assessment. 

4.2 Source-Term lnvcntory and Gcochcmistry 

Prcdicting the rclcase of radionuclides trom MOA G is complex becauso of the variety of 
contaminatod material disposcd of in tho pits and shafts. Elcmcnts of cunwrn indudo 
amcnaum (Am), camon (C), ccsium (Cs), cobalt (Co), ncptunium (Np),  strontium (Sr), 
plutonium (Pu), tcchnotium (re), tritium CH), and uranium (U). This list is bassd on wastc 
invcntorics provided by CST-14. Specific isotopes of these clemcnts and their 
associated activities are provided in Table 5.  Contaminatod matcrial in Pit 37 includes 
metal, ccllulosics (cardboard), concrete, soil, and dudgo, In Pit 37, most of tho activity is 
associated with U-contnminatod metal (8,16 Ci) and Pu-contaminated cellulosics (4.37 Ci). 
In tcrms of activity por volume ot contaminated mntcnal, U-contaminated mctal (0.0198 
Ci/m3) and Pu-contaminated sludgc (0,021 8 Cum') Of0 tho moa =t abundant wastc forms in 

thts pit, Other waste foms in Pit 37, which arc not includod in Tabla 5 ,  are irradiation 
sources consisring of cncapsulated materials. These matcfials aro not considered 
lcachablc and arc not includcd in tho total inventory of radionuclides listod in Tablo 5. A 
scparate invcstigation is being conductcd to quantlty the amounts of radionuclides 
potentially migrating from tho pits, Radionuclides are chnractcrizcd by dltfcrent leach rates, 
which aro controllcd by desorption and dissolution processes. 

Cemcnt sludgc that was processed at TA-50 is disposed of in Pit 37. Tho sludgc consists 
ot an alkalinc (pH 12) mixturc containing SI(OH), (40 wt%), CnIOH), (31 wt%), and 
Fo(OH), (19 wt%) with varying amounts (approximately 10 wt%) of AI(OH),, Mg(OH),, 
NnOH and othor metal hydroxides, mctal sulfates, and metal chlorides. Typical activities 
of radionuclidcs in tho TA-50 studgo arc as follows: Pu-2391240, 1 .O x 10' pcilg; Pu238, 
6.5 x 10' pCi/g; Am-241, 1 .O x 10' pCilg; U-235, c 5 pCi/g; and U-234, 200 pCilg (Tctry 
Filer, CST-9, personal wmmunication, July 28, 1995). The radionuclide content and 
nctivitics of older TA-50 sludge is characterized by the following: Pu-239/240, 4.0 x 10' 
pCi/g; Pu-238, 1 ,O x 10' pCi/g: and Am-241, 5.0 x 10' pCl/g (personal communication with 
Terry Eler, CST-9 on July 28, 1995). The chemiwl composition (major ion) of this 
hydroxide-rich sludge is rcprcscntalivo of hydratad cornant wntainlng Ca(OH), and 
Si(OH), (Eorner 1'992, Krupka and Sorno 1995). 
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TABLE 5 
S U M M A R Y  OF RADIONUCLIDE HALF-LIVES AND TOTAL ACTIVITY IN PIT 37 

AT MDA G, TA-54, NOVEMBER 3994 

Nucllda Mass (9) H n l l 4 ! t  (yr) Total Inventory (el) 
yH 

l4C 

Sr 

Tc 

I 

R3 

W 

1 3  

'37cs 
=U 

U 

U 

U 

3r 

33 

Ja 

:J'Np 

Pu 

Pu 

Pu 

Pu 

Pu 

238 

239 

210 

241 

?4? 

241Am 

1.26 x 10' 

2.02 
6,64 x YO' 

2.34 x 10* 

1.55 x 10'' a 

5,76 x lo"? 

2.76 x 10' 

1.52 x 10' 

1.26 x 10' 

1 ,os x lom1 

4.81 X 10.' 

2.13 X 10' 

1.42 X 10" 

5,8? x IO" 

. 1.42 X 10' 

3.18 x loo2 

1,09 x loaJ 

2.12 x 10.' 

8.95 x 10': 

12.33 

5.73 x I O J  

5.27 

29 

2.13 x 10' 

1.59 x 10' 

30,1? 

1.59 x 10' 

2 , u  x lon 

2.34 x 10' 

4.47 x lon 
2.14 x loa 

7,04 x 10' 

87.74 

2.41 x 10' 

6.54 X 10' 

14,7 

3.76 x 10' 

432 

1.2 x 10' 

9,o 

7.5 

3.3 x lo'2 

1 .o x 1 O'lO? 

2.4 x 10" 

1.0 x loJ 

9,s x loQ 

2.7 x 10'l 

t.1 x IO" 
1 .O x lo", ingrowth from "'Am 

1 .o 

8.2 x 10.' 

3.1 x lo* 

0.7 x 1O'l 

7.2 x lo3 

1.1 x 10'l 

8.3 x lod 

2.9 x i o "  

Saurco: Koller, D., personal communication with P. Longmire on Novembor 21 , 1994. 

A goochemical conceptual model for MDA G is shown in Fguro 9. This goochomiml mbdel 
is based on ralovant geochemical and mineralogical data and infomation collected from the 
ER Projoct 3t the Laboratory and from tho Yucca Mountain Project. The koy featurcs of this 
model are discussed below. 

1. Surface water (snowmelt, rainwater, andlor storm runoff) ontets the pits. Rainwater 
and snowmolt will have a low tobl dissolvod solids (TDS) confont and an aadic pH 
becauso of low concentrations of blcarbonnte, crldum (Ca), sodium (Na), and 
magnesium. Storm runoff may have a higher 70s contont and near-neutral pH 
because of its contact with soils, sedimcnts, asphalt, fill, and Bandelier Tuff. 
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Figure 9. Gcochtmlcal conceptual model for TA-54. 
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2. Para wator will be genorated as surface wetor enters the pits. This solution may 
approach equilibrium with crushed Bandelier Tuff waste forms, dissolved gases, 
radionuclidos, and othor contaminants. The TDS contont will incroosd in rosponso to 
~emica l  reactions and porewater residence time (masslflux). Rolatively oxidizing 
conditions probably prevail under unsaturatod-flow conditions in areas deficient of 
chemical reductants, such as organic sludges, hydrogen sulfide, and methane, 
Localized reducing conditions aro restricted to m a s  in tho pits whore reactive d-rcmieal 
reductants are present. 

3. lmportnnt geochdmical reodlons controlling the rolaase of contaminants from tho pits 
include contaminant dlffusion through waste forms, dosorption of contarninons from 
waste forms, partial dissolution of waste forms, dissolution of contaminants, and gas 
genoratlon. Those gecchemiml reactions will be controlled by pH, Eh, spaciation of 
contaminants, tomperaturn, advoction, and residence time of pot0 wator. The pH may 
vary from near ncuml to strongly alkolino values, especially H pore water comes in 
contact with conaote. Near-neutral pH values are expected to be dominant, however, 
bocause of the locallzed distribution of concrate and unsaturated-flow conditions within 
the pits. Contaminant loach ntes will bo controlled by the hydraulic flux, desorption, 
and oquifibn'um solublllties of the waste forms and contaminants. 

4.3. Geochemical Transport Parameters 
Roloaso of contaminants (including radionuclidos) from MOA C depends on the pit pore- 
water chemistry and the solubility and sorption bahavior of the radionuclides. This section 
prcsonts information and data derived trOm llteraturo on sorption and equilibrium solubility 
for elemonts of concern at MDA G. Leach rates of radlonuclides ccin be evaluated b y  
considering equilibrium solubilities of solid phases containing the element of interest, e,g., 
U, Am, and Pu, and by dototmining ranges of tho flux rate under unsaturated4low 
conditions. Sorption values for dovitrified tuff from Yucca Mountain am :he primoty focus of 
this discussion. Below MDA G, tho Bandelier Tuff consists of both devitrified and vitrified 
rock. Other hydrogeologic units prasont bonoath MDA G include basalts, Puyo Fomation, 
and the Snnta Fe Group sediments, which are important to consider for the solute 
transport calculations. Unfortunately, vory little hydrological and geochemical data have 
bcen collected on those strata, except for the Bandelier Tuff, Site-specific geochemical 
data for MOA G will mako tho calcutations mom technically defensible. Data needs are 
discussod in Section 4.4, Uncortainties and Future Invostigations. 

Distribution coetticiant (KO) values and solubility data from tltomture pertaining to Yucca 
Mountain were evaluated to estimate the potontlal for roloase of radionuclides from the pits 
ond through !he Bandelierfuff. The Yucca Mountain oxprimants have relevance to MDA 
G bec;lUSQ of similarities in mineralogy and sorption wpacitios of the Yucca Mountain tuffs 
and the Bandeliet Tuff. The major controls of radionuclide adsorption hdude mineralogy 
and distribution of the adsorptlve phases and major-ion chemistry of the solution 
contahing the odsobate(s). The mineralogy of dovitrified volcanic tuffs at Yucca Mountain 
(Wolfsberg 1980) is similar to the bulk mineralogy of the Bandolier Tut! (Broxton et al. 
1995). The Bandolier Tuff consists of devitrified and vitrified which is assumed to 
hnvo slmllar sorption capacities as Yuccrt Mountain tutfs for elements of concern based on 
similaridas o f  bulk surface arons for dovitriflod and vitrified tuff. The dominant minerals 



occurring in :he &vitrified tut: at Y u c u  Mountain include quartz, cristobalitc, and fcldspars 
with less than 5 wt% clay minerals and zeolites (Wolfsberg 1980). Devitrified sections Of 

the Bandelicr Tub' (Tshirege Member) are characterized dominantly by feldspar and quam 
with some cristobalito and tridimite (Broxton et al. 1995). Clay minerals compose lcss than 
2 wt% of the Tshirege Member (Broxton et al. 1995). 

The groundwater chemistry of woll J.13 at Yucca Mountain (Thomas 1987) is similar to the 
Water Canyon Gallcrj groundwater at Los Alamos (Table 6), Thoro aro some important 
diff orcnccs, however, in temperature and major4on chemistry, which may inllucnce 
adsorption proccsscs. The tcmperaturo of the J-13 groundwater (31 .O°C) is higher than 
the tcmpcraturc of tho Water Canyon Gallery groundwator (1 1.3'c). Tho dominant 
calions and anions in both groundwaters aro Na, ulaum, and bicarbonarc. Tho higher 
bicarbonate concentration in the J-13 groundwater probably accounts for tho limited axtent 
of adsorption of uranyl [U(Vl)] species onto tho Yucca Mountain tuffs. KO values tor U 
dotermined by Trisy ct al. (1994) under oxidizing conditions aro loss than 2 mug. The TDS 
contcnt of the J.13 groundwater is higher than tho TDS content of the Water Canyon 
Gallery youndwator by approximately a factor of 1,7, The J-13 groundwater may have a 
longer residence time within the tuff(s), which may account for the higher TDS content. 
The pH valucs for thc Water Canyon Gallcry and J-13 groundwators are 7.6 and 6.9, 
respcctively . 
The gcochcmistry of soils is rclevant to the migration of radionuclldos in si~rfacc and no&+ 
surface cnvironmcnts at f'A-54. Soils prcsont on the Pajarito Plateau have extrcmaly 
variable physical and chemical propcrtics, including pat7:icle sito, percent d a u m  
carbonate, clay mineralogy, iron oxides, and trace clcmont chemistry (Longmire ot al. 
1995). Thcso properties influcnco the adsoption of potcntial contaminants that may be 
released to soils. Variations of clement concentrations in solls ore related ,to dimto, 
topography, and to tho parcnt materials, which include alluvial fans, sheot wash material, 
colluvium, wind-blown sedimcnt, El Cnjetc pumice, and the Bandelior Tuff, Soils have 
higncr conccnaations ot aluminum (AI), arsenic (As), barium (sa), Ca, Cs, Co, chromium 
(Cr), and iron (Fc) than Bandolier Tuff samplcs because of tho soil's higher sorptive 
capacify (Longmire et a!, 1995). Sandolier Tuff has highcr concentrations of bcryllium (BQ), 
lead (Pb), No, potassium (K), thorium (Th), and U than tho soils bemuse of olomont 
partitioning during cruptivo cpisodos. 

A woll-devclopod B horizon is a dominant chanctoristic of well-dcvclopod soil profilos. 
Tho 8 horizon contains a groatcr abundance of clay mincrals and Iron oxldcs than tho A 
and C horizons. Clay rnincnls and iron oxides havo rclativcly high surfacc areas thnt 
increase the adsorption capacity of a well-developod B horizon for trace elements. Tho B 
horizon contains higher conccntrations of tram olcmcnts compared with A and C horizons. 
Distributions of the tram eloments Th and U in soil horizons and in the Bandolier Tuff 
suggest that there has beon little migration of thcsc two elements from the soils. 
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ANALYTICAL RESULTS OF WATER CANYON GALLERY GROUNDWATER, 
LOS ALAMOS, NEW MEXICO, AND WELL J-13 GROUNDWATER, 

YUCCA MOUNTAIN, NEVADA’ 

ElernentlPorametsr Water Canyon Gallery Well J-13 

11.3 31 .O 
7.6 6.9 

1 Oljb 278 

Tomponture (C) 

pH (fiold) 

Total dissolvcd sollds 

0 ,2b 

6.94’ 

0.6gb 

0,06’ 

0.05’ 

44Ab 

I .i9’? 

2.7gb 

4.9’ 

0.98b 

39,8b 

0,03b 

11 .5b 

6,ab 

2.P 

O.0Ob 

1 24b 

5.3b 

45’ 

60’ 

1 .?6’ 

0,23’ 

2.8tib 18.1 ’ 
a. Groundwator chemistry of Woll J.13 Is summacod by Thomas (1967). Input dnta for modo1 simulations 

(spociatlon and mlnoral saturation index calculations) taro dascrlbod In the toxl uslng results of chemical 
onalysas from Wotar Canyon Gallory, Los Alamon, Now Moweo, 

b. Concontration units roponod In mg coluto per kllogmm wator. 

4.3.1 Element-Redionucllde Adsorption Behavior 
R~dionuclida-contaminatad wosto proscnt in pits occurs as mcttils, cellulosics (cardboard), 
concreto, soil, and sludge, We assume tho: all radionuclides will be reloasod fmm the 
waste toms and that padal sorption will only occur onto surfaces of plt fill matorid, 
Bandolier Tuff, and other hydroge‘ologic media. 77’11s assumption is applied to the 
geochemimi-solute transport modcling because there is no site-specific data relevant to 
wasto form rodlonudide chemistry. In reality, some amount of oach radionuclide will r e d n  
within or adsorbed onto wasto-form surfaces, 

Numorous batch and column adsorption studios of elements of concern and their 
associotod ridlonuclides onto volcanic tuff haw been performed at Yucca Mountain (Triay 

0 
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et al. 1994, Wolfsbarg 1980, Thomas 1987, Nitscho ct al, 1993, Fuontcs ct al. 1987). 
Results of these inves:iga:ions were used to salect average valuos far batch KO 
mcnsurcmonts, assuming that thc Bandolier T~rtf is the Only roactive medium. Batch KO or 
Ro valucs for Am, Cs, Np, Pu, Sr, Tc, and U wore cxperimontally dctcrmined by Triay ot 
al, (1 994) and Wolfsbcrg (1 980) using the following equation. 

molcs or activity of radionuclido par g of solid phaso 
moles or activity of radionuclidc per ml of solution 

K O =  

Other KD valucs wcrc sclectod from other litoroturo rcforencos. 

The dimensions for Equation (4) are [MIMhWL> or [L’N], and the units of Equation (4) 
used in this report are ml’g or cm’/g, RD is the same as Kol except that no approach to 
equilibrium is assumed. Average KO valucs for the differant Clements are summarized in 
Table 7. Wolfsbcrg (1 980) points out that, in an oquiiibrium situation, identical values for 
sorption should be obtaincd tor all conditions intcrmediato between all activity inhially on 
thC solid (dcsoqtion) and all activity initially in solution (sorption). Wide ranges of sorption 
vnlucs for Cs and Sr aro summarized in Wolfsbcrg (1 980). SOrpliVQ propcnics of tho tutf 
vary with the abundance and composition of primary and secondary rnincnls, glass, and 
lithic tragmcnts. Ranges of selcetcd KO values for Cs, Np, Sr, Pu, and U mcasurcd on 
dcvitrified tuff (Yucca Mountain) arc summarized in Table 8, 
Rundbcrg (1987) reports that Cs and Sr adsorb onto Yucca Mountain tuffs with 
modcrotcly high KE values and rapid kinctics. This suggests that the sorption kinetics for 
Cs and Sr arc sufficicntly fast sc that cquilibrium is reached for tho retardation of these 
two okmcnts undsr groundwatcr-flow valocitics that would be reasonable for solute- 
transpon simulations (Rundbcrg 1987), Rate constants for those two olemcnts worc high 
(for Cs, Y, ranged bctween 5 9  x 10” and 4.0 x 10”s” and mngcd bctwcon 4 2  x 10’’ 
3nd 1.4 x 104si: for Sr, K, ranged bctwocn 1.1 x 10’’ and 9.5 x 10’Js” and K~ mngcd 
bcrdccn 6.7 x 10d and 2.0 x 10”s’). Thc parameters, x, and K,, are the rate constants of 
forward and backward rcactions, rcspoctivcly. The time-dopendent sorption data suggost 
n two-step diffusional modcl, where diffusion inside the intracrystalline channols of zeolites 
3nd clay minerals proceeds much morc slowly than docs ditfusion in the inttsrcrystallino 
pore space (RundSerg 1987). Thc adsorption proccss at mineral surfaces, howovor, was 
rapid in the cxperimcnts simulating porous-media flow. However, the kinetics of 
adscrption undcr fracture-flow conditions are not well understood. 

fhc actinides, spccifically Pu, exhibit D slow timc dcpendoncc for adsorption (Rundborg 
1987). This effect is shown in Table 8, where the desorption KO values for Am, Pu, and U 
arc within a factor of 17 (greater than the-adsorption KO values for theso elemen’s), Rate 
constants XI (6.37 x 10-7 s:) and ~p (6.37 x 10-9 SI) for Pu are smaller than tho nto  
constants for Cs and Sr (Rundbcrg 1987). Those higher dosorption KO valuss, howovor, 
may bc reflective of minora1 prccipitation in addition to sorption reactions, 
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IA€!LEJ 
AVERAGE SORPTION RATIO, K O  OR R D  (MUG), FOR VOLCANIC ROCK, YUCCA 

MOUNTAIN TUFFS, OXtDIZlNG CONDITIONS, PH 7, 25'C 

Devltrilicd Tutl 

130 

130 

130 

946 

80 

130 

0 

Element 

Actiniumn 

Aluminuma 

Arne ne i U m 

Bariumb 

CadmiumC 

CnllforniumO 

Camond 

Chlorined 0 

Cosiumb 

Cobalto 
Curiuma 50 

50 E u ro p iu md 

Gadollnlumd 50 

Hafniumf so0 

Hydrogen (Trltlum) 0 

lodincd 0 

M olyda nu md 4 

Nick& 50 

Niobiumd 100 

428 

0,45 

Loadd 25 

Palladiumd 50 

LL. tQ nro ostim;llod bnaod on chemical simllonlior bohvoan amonclum (111) and eclllfomium ( I l l ) ,  amontiurn 

b. Wolteborg 1980 
(Itl) and aluminum (Il l) ,  and omoncium(l1l) and actinium ( I l l ) ,  

E. Thlbnult 01 01. 1990 
d, Brookina 1984 
o. Polzor at al, 1985 
1. Halnlum (IV) is cncmtwlly slmilnr IO Zr (IV). 



mlz (concluded) 

Devitrlfisd Tutf Element 
Plutoniumb 110 

PotassiumC 

Protactiniumd 

Radiumd 

Snmariumd 

Sclcniumd 

Siliconc 

SilverC 

Strontiumb 

Noptuniumo 

Tuchnotlumb 

Thoriumu 

Ti nd 

15 

100 

200 

50 

2 

35 

90 

116 

0.007 

0 3  

500 

50 

Unniumb 1.8 

Zlrconiurnd 500 

b, Wolfsbotg 1980 
g, "inoy ~t 81. 1994 
d. Brookins 1984 
c. Thlbnult 01 nl. 1996 

The KO valuas selocted for the Bandelier Tutf (Table 7) represent D conservative set of 
voluos for soils forming on the Pajijarito Plotoou. The soils will hovo a highor sorptive 
capcity than tho Bandclier Tutf for most of the eloments of concern. This is because n 
higher abundanco of geochemically actlve phases (clay minerals, ferric oxyhydroxide, 
wlaum caho~it l to,  and solid organic mattor) is prcsen? in woll-dovelopod soils found at 
TA-54 (Oavcnport 1993) and throughou: the Laboratory. In addition, soils have highor 
surface arms than the Bandolier Tutt, which onhnnccs adsorption processes (Longmira et 
al. 1995). 

Goochomlwl data for ccment were providod by Bradbury and Sarott (1995) for source- 
term and transport analyses: tho data consistod of KO values for ndionuclidos measured 
undor oxidizing conditions, Those K,, valuos (Table 9) am tho mos: w m n t  and critically 
reviowod data available tmn litoraturn. Site-spoclfic adsorption data for ccmont am not 
available for TA-54. Tho KO vafuos tistod in Table 9 rcprosont equilibrium VD~UQS whero 
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the contaminant has had adequate time to dlftuse into all availablo internal sudacos of the 
fino-gminod hydration gel minonls and related roaetion products, such as silica and 
carbonate phases. Theso phases may be prosont within local alkaline conditions that 
may occur at tho intorface botWoon alkaline sludge and the pore solution within me 
unsaturatod zone. 

UEuA 
SORPTION AND DESORPTION RATIOS, K O  OR Ro, (MUG) FOR VOLCANIC 

ROCK, YUCCA MOUNTAIN TUFFS 

Element Ocvttrlfied Tutt (sorption) 

Americiuma 130 

Cosiuma 1 50-870 

Neptuniumb 0-3 

Plutonium4 110 

Strontium* 53-1 90 

Umnlurnn 1.6-2.2 

Element Dcvitriffcd Tutf (Desorption) 

Amoriclumo 2200 

31 0-630 Cosiuma 

Naptuniumb 

Strontluma 

Plutoniumo 

Umnium4 

unknown 

56-200 

1100 

6-1 3 

0. Wollsborg 1980 
b. Triay at al. 7994 

Krupka and Some (7995) raviawad and gonorally ogmed with the soloctad sorption data 
(Tablo 9) presontod by Bradbury and Sarott (1995). Bradbury and Sorott (1995) provide 
domilad discussions on waste- and disposod~materid-inducod procosses that influence 
tho oXtont of sorption of dmorant radionuclides under oxidizing and reducing conditions. 
Wo have solocted values, basad on obsowod mineralogy (Fe,O,, Fe(0H) J, Fe,O,), of 
tha sorption data tor oxidizing conditions that prove11 In the organlc-poor unsaturated tone 
within the Bandelier Tuff .  
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IBBJs9. 
AVERAGE SORPTION RATIO, KD OR Ro, (MUG) FOR CEMENT [CA(OH),), 

OXIDIZING CONDITIONS, PH 12.5, 25%’ 

Element Cement 

Actinium 2,000 

Alumlnum 

Amorlcium 

Barium 

Cadmium 

Californium 

carbon (co,’*’) 
Cesium 
Chlorine 

Cobalt 

Curium 

Europium 

Gadolinium 

Holnium 

5,O0Ob 

5,000 
50.0b 

500b 

5,00db 

70,000 

20.0 
20.0 
100 

5,000 
5,O0Ob 
5,000b 

5,000 
Hydrogen (t rl t ium) 0 

Iodine 

Krypton 

Lead 

Mol ybdonum 

Neptunium 

Niobium 

0 
0 

500 
0.1 
5,000 
500 

Nickal t o o  

Palladium 

Plutonium 

100 
5,000 

Potassium 0 

Protactinium 5,000 

Radium 50.0 

a. Brodbury and SnrotllB95 
b, Sorption ratios ootlmntod as follows: Sl(lV) Is chomicolly slmilar to Sn(lV): Cd(ll) is chomicolly slmllar to 

Pb(ll): Ba(ll) is chemically slmllor to Rn(ll); and AI ( I l l ) ,  Sm ( I l l ) ,  Eu(lll), Gd(lll), and Cl(111) are chemlcaily 
similar to Am(lll). Halnlum (IV) lo chomlcally olmllar to zirconium (IV). 
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(concluded) 
~ 

Element Cement 

Samarium 5,000b 

Solenium 
Silicon 

Sllvor 
Strontlum 

0.7 
1,ooob 

t .O 
1.0 

1 .o Technetium 
Thorium 5,000 

Uranium 2,000 

Zirconium 5,000 

b. Sorption ratlos ostlmatcd as iollows: Sl(lV) Is chemically similar to Sn(lV): Cd(l1) Is chemically similar to 
Pb(ll); Bn(ii) 15 charnically similar to Ra(ll): and AI ( i l l ) ,  Sm (Ill), Eu(lll), Gd(lll), and Cf(III) am chomica!ly 
similar to Am(lll), Halnlum (IV) Is chomicoliy aimllat to zirconium (IV), 

Tin 1,000 

Fmetum flow within the Bandolier Tuff and othor hydrogeologic units may 50 significant 
bonoath tho pits at MDA G. Burkholder (1976) prosents the following equation expressing 
tho distribution cocfflciont, K,,, on 8 per unit of surfaco area basis. 

(5) mass of soluto on tho solid phose par unit arm of solid phose 
conccntration of soluto in solution 

liA= . 

Tho dimensions for Equation (5) are [L'M x Mil'] or [L], and the unlts of Equation (5) are 
an. Surface-area moosuremonts (BFT-Nz gas mothod) of the Bnndelier Tutf range 
botweon 0.4981 and 5.3856 m2/g (n  = 21) with a moon of 1.5599 m'/g (1,5599 x 10' 
m2/g) (Stephons and Associn:es 1994a). Using the &, voluos listed in Tables 7 and 8 
and on ovorngo surfaco area of 1.5599 x lo' crn'/g for the Bandoller TM, I;, vnluos were 
calculated (Tablo 10). Those KA voluos am quite low, suggosting that vory little 
adsorption within fractures is likaly based on the small surfaco area of tho Bandolier Tuff, 

A rctardation oquotion for fracture flow prcsonted by Freeze and Chorty (1979) is shown 
LIS Equation (6). 

V 2& -=I+- , 
V C  b 

e 

0 

0 
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whcro v is tho averago flow vclocity, 
w, is thc average flow velocity of o given contaminant, 
KA is thc distribution coefficient per unit of surfaco area, and 
b is the aporturo width of tho fmcturo. 

The ratio VIV, is equivalent to :he rotardation factor. Equation (6) assumes that fracture 
surfaccs are planer; howover, somo of the fraclurc; surfaces at TA-54 aro irregular and 
contain coatings of alcita, solid organlc mattor, smectito, kaolinite, and feme 
oxyhydroxidc(s) (Davcnport, 1993)- Those coatings probably have higher surfface arous 
than the Bandelicr Tuff; thorefore, the amount of sorption may bo greatcr in filled or l i nd  
fractures than in unlined fracturos. Fracture widths (parameter b) moasured at MDA G 
consist of median apertures ranging bctwoon 0.2 and 0.4 an (Renoau and Vaniman 
1994). The m c m  fracturc apcrturc on the lowcr walls of Pit 39 is 0.53 t 1.1 1 cm (n = 122), 
although somc trocturc opcnings reached 10 ern in width (Ronoau and Vaniman 1994). 

Using thc ti, values listcd in Tablo 10 and a moan fracture nperturo of 0.53 an, retardation 
factors wcre wlculatod for fracturcd volcanic rock (Table 11). Thoso retardation factors arb 
quit0 low, suggesting that clomonts of concern will migroto at the same rate as water within 
the fractures. 

lx!uAQ 
RANGES OF SORPTION RATIOS PER SURFACE AREA OF FRACTURED ROCK, 
K , B  (CM) FOR VOLCANIC ROCK, YUCCA MOUNTAIN AND BANDELIER TUFFSb 

Elcmcnt Devitrified Tutf 

Amortcturnc 0.0063 
Camon 0 

CesiumC 
Cobaltd o.oooa3 
IodineC 0 

Neptuniumo 0-0,00019 

PIU t oniumc o.oot1 

TochnotiumC 0,00002 

0 I 0 0 9 6-0.0 5 58 

S t rant iumC 0.0034-0.01 22 

U raniumc 0.0001 0-0.00014 
muss 01 soluto on tho solid phaso per unit urea 01 SOlld phuse 

concontrntlon of solute in ~olulion 
a. & -  

b. Avorago Gurloco nrofl 01 Bnndollor Tun IS 1.5599 x lo4 cm2/g (Stophont M d  Atsociutos 1991sa), 
c. Wolhborg 1980 
d. Polror at 01, 1985 
c. Tnoy ot PI. 1934 
Sorption and desorption rottori of Cs, Sr, Am, Pu, U, Np, I, Tc, and C aro dolormined trom Yucca Mountain 
tufls, whoroos tho sorptron rnlto lor Co IS dotorminod from tho Bnndcllor Tutl. 



IauEJl 
RANGES OF RETARDATION FACTORS" FOR FRACTURED VOLCANIC ROCK, 

K, (CM) FOR VOLCANIC ROCK, YUCCA MOUNTAIN AND BANDELIER TUFFS 

Element bcvltri?led Tuff 

Amonciurnb 1.031 3 

Carbon 
Crtsiurnb 

CobalV 
lod in& 

Ncpluniumd * 

PI ulon i u rnb 

Strontiumb 

1 .o 
1.0362-1.21 06 

1.0001 

1 .o 
1-~.0007 

1.0268 
1.01 28-1.0460 

Tcchne!iurnb 1,0001 

u ra ni u mb 

(1, Sorplion and dosorption rntioo of Cs, Sr, Am, Pu, U, Np, 1, Tc, and C aro dotorminod from Yucco Mounlnin 
iufla, whoroas tho ciorption roho tor CC Is dolominod tmm tho Bondoliar Tuff. Tho mtardotion factor is 
given by v/v* I 1 + 2K.h whoto v IS tho avorngo flow voloclty, v, is the averogo flow voloc~ty of a given 
contorninant, &, is tho dlstribulton coalficiont per unit surtnco OrQa, and b is tho opot'turo wldth of tho 
frocturo, The moan troeture nporturo on tho lower walla ot Pit 39, MDA C, is OS3 cm (Ronoau and 
Voniman 1994). 

b, Woltaborg 1980 
c. Poker ut nl, 1985 
d. Trioy 01 01. 1994 

1.0004-1.0005 

4.3.2 Element-Radlonuclldc RocWoter Interactions 

Tho following discussion focusos on rocklwtltor interactions, such as pH, Eh, solution 
composition, and prosonce of compcting and complexing ligands, that have the greatest 
impact on tho sorption bohtlvior of tho olomcnts of concom pmscnt in the pits, 

Knowledge of tho redox conditions in thc subsurface banoath MDA G is important. The Eh 
of solution in a rockhater systom w n  influence tho solubility and sorption behavior of a 
r3dionuclido. Tho sorption axperimonts citod in this report wore conduct& under relatively 
oxidizing conditions, which are likely to dominate at MDA G. Under those conditions, 
sorptive capacities of the Bandclior Tutf are prodictod to decraose for U, Pu, Np, and Tc, 
which are stable in higher oxidation states, based on oxpenmental results roporled b y  
Wolfsberg (1980) and T h y  et ai. (1994). Solubilities of these elements in solid phase are 
much lower undar rclativoly roducing conditions than thay am under relatively oxidizing 
conditlons (Brookins 1988). Oxidizing Eh values should bo used in any proposed 
experimantal work and in mcdsl simulations. 
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The effect of ligand competition on tho sorptive bchavior of some elcmcnts of concorn 
may be of secondary importmc$ at MDA G, Radionudidos that adsorbldssoh by ion 
cxchangc, including Cs and Sr, may have higher affinities for ion-oxchange Sites 
availablc in thc Bandcliar Tuff than thc major cations (Na., CaPr, M C ,  and K*) present (37 in 
Pajarito Plateau groundwotors. Thy3,sorptivo ixpacitlos of $e Bandolier Tuff for Cs and 
Sr, howcver, could bc quite low ( Cs at 0.661 ml/g and Sr at 0,224 mug) (Poke: et al. 

Changes in pH can havc a major effect on tho adsorption behavior of U, Pu, Am, and Np, 
whcro adsorption is controlled by surface comploxntion processes. When a net negative 
surface ctargc dominatcs on the adsorbent bcforo the sorption reaction, sorption of 
cationic complcxcs is maximized abovc thc pH of point of zero chnrgo (pHwe). 
Convcrsely, whcn a not positive surface charge dominates on tho adsorbent bcforo tho 
sorption reaction, sorption of anionic complcxos is maximized bclow tho pH, Anionic 
complcxcs of U, Am, Np, Pu, and Tc tend to adsorb less than cationic eomploxos a: pH 
valucs grctltor than the pH, for spocific adsorbcnts. Cotionic spccios of the elements of 
wnccrn adsorb onto smcctite and fcnic oxyhydroxide to 8 groator oxtent than anionic 
specics a: pH 7 and higher (Triay ot al. 1994, Brookins 1984, GCX 1994). Cationic 
adsorbates arc cxpccted to adsorb onto solid sudnccs to Q groatar oxtont than anionic 
sdsomatcs. 

For many of the clomcnts of concorn, tho value of K,, is in part mntrollod by cornpotition 
between the sorbcntkurfacc site and complexing ligands (Cl-, F', GO:', HCOJ-, PO:, 
SO,") prcscnt in solution and dissociated organic anions such as humic and fulvic acids. 
By incroasing the concentration of a complexing ligand in solution, the value of E;,, is 
typically docrcascd. Aqueous spociatlon of clcmcnts of mnccm is provided in Tabla 12, 
with the listed valuos based on spectroscopy andor thcrmodynamic calculations. 
Analytical results o'f groundwater samplbs collcctcd on the Pajarito Plateau show that 
HCO,' is the anion found in highcst conecntration, typically oxcoeding millimolar 
concentrations. This ligand is important for radionuclide complcxing of Np, Pu, and U in 
natural solutions (Clark at al. 1995). Increases in ligand conccntntion, howwor, may 
enhance procipitntion of the clorncnt, e.g., tho minonl U0,C03, results in o docronso in 
solution concentration. Thorcfore, conccntrations of ligands, including HCOJ', should be 
dctomincd in porewatcrs for gcachcmiwl modcling simulations and exporimentol studios 
of MOA G. 

4.3.3 Elcmcnt43adionucllde Solubility Llmlts 
This section discusscs solubility limits for the elcmcnts of wncom in pits at TA-54. 
Solubilitics of thc clemcnts of a n m m  will be controlled by the degradation of wastes, 
c.g., corrosion of mcQi, brcakdown of cardboard, and dissolution of soluble constltuonts 
wlthin the concrete. Tablo 13 providcs a summary of solubilities of solid phases for 
clcments C, Sr, and U. Solid phases of U probably Oceur in waste os U mota1 and as 
U(IV) and U(VI). Tho values for C, Sr, and U are based on Yucca Mountain Project 
experiments and on thermodynamic calculations using the gcochomical cod0 MINTEQA2 
(Allison at 01. 1991). Solubility of COCO, was ostimotcd fmm thcrmodynamic dab 
tabulotod in Woods and Gortols (1 987). Theso calculations wore porfomcd nssurnlng an 
open systcm with COP gas (PCO, = 10'"' am) (KunWor 1969a, 1969b) to airnulato 

37 

ns 

1985). 
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vadoso-zone conditions within tho Bandelier Tuff, Measured solubilities wore availaSlo for 
Am, Pu, and Np (Triay et al, 1994, Nitsche at nl. 1993). Molal solubilities for solid phases 
(Tablo 13) containing C, Co, Sr, and U wcro mlculntad using analytical results from native 
(Sackground) groundwater discharging ttwn tho Bandelior Tuti in Water Canyon. 
Analytical results of groundwater collected at the Wntcr Canyon Gallery are provided in 
Tablo 6. This native groundwater probably is reprosontativo of recharge 
(noncontaminated) pore water within the pits. Coneontrations of CI, NO,, and PO, are 
less than 1 mykg, suggesting that anthropogenic species om not present, The TDS 
wntont is 106 mg'kg, which is relatively low cornparod to other groundwater samples 
collectod on tho Pajarito Plntoau (Bake ot al. 7995, Adorns 1994). 

maELl2 
RESULTS OF SPECIATION INVESTIGATIONS (MEASURED AND CALCULATED) 
FOR SELECTED ELEMENTS AT PH 7 WITH PCOl EQUAL TO lO"*" ATM UNDER 

OXIDIZING CONDlTtONS AT 25°C 

Element  Aqueous Spccles 

Amonduma AmCOJ-, Am(C0J 2. 

Carbo+ HCO,' (35%), CaHC03* (58%) 

Cesium CS- 
Cobaltc eo2* 
Iodine I' 

Neptuniuma NpOZ* (46%), NpO$O; (54%) 

P 1 utonlumO 111*+ polymor, 5%; IV., 6%; V*, 73% : VI,, 18% 

Strontlumb S:' 

Toehnatium TcO,' 
Tritlum 'HHO 

um n I ut+ 

a. Spaciatlon lor Am, Np, and Pu worn monsurod by Nllscho o! al. (1993), Triay O! 01, (1994)' and CCX 

b. Spaclntlon colculntlona for C, St, and U worn performad uslng tho goochomlcnl cornputor program 

MINTEQA2 (Allison et at, 1991). Partial prossum of CO: gos 501 oqunl \o loG" otmotphbrs for tho 
cornputor almulations. 

c. Spodatron alculotions !or Co wuro podonnod uslng data trom Brookins (1908). Input data for slmulnlion~ 
are doncnbod In the toxt uslng chomtcol onnlysea from Wntor Canyon Gallory dl6charging trorn the 
Bnndolior Tuff, Loo Akrnoa, Now Maxico, 

UOz(COJ," (81%), (UOJAOH): (I%), UO,CO,D(16%o), UO: (COJJC (270) 

(1994), 

. 

Tablo 14 provides a summary of solubilities of solid phasos at pH 12 using data provided 
by Ewart ot al, (1989). Geochemical modeling was also perfomed on specific elements 
(So, U, Cd, AI, and Si). Tho geochomical code MIMTEQA2 was used and oquillbium with 
Ca(OH), was ossumod (Allison et 01. 1991). Solubilltios for nonredox sensitive olomonts 
oro assumed to bo constant, provided that the solid-phase controlling oloment solubility 
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repor tcd by Ewan ot al. (1989), which was mansurod undor reducing conditions, applios 
for oxidizing conditions at TA.54. 

lxEuLu 
PRELIMINARY MEASURED AND CALCULATED SOLUBILITIES FOR SELECTED 

ELEMENTS IN VOLCkNlC TUFF AT PH 7, 25"Ca 

Element Solubility (mol/kg) Element So I u bi I I ty (m o Ilkg) 

Hydrogen vcry large Catiiorniumd 1.2x1 O'O 

Cesium largo Europlumd 1.2x10'0 

Amoriciumn 1.2Xl O'O Curiumd 1.2Xl own 

Thorium 1.9x10"o RadlumC S.SXl  0'l1 

Strontiumb 0.001 4 Bariumb 4.5~10" 

Siliconb z.axi o4 AI u mi n u mb 3,5x10*" 

Plutoniumn 2,3~10" Protactlnlume 1.3X1 O4 

Sarna nu ma 1 2 x 1  O'O Tinc 4 3 x 1  0'" 

Gadoliniuma 1,2x1 O'O Molybdenum large 

lodino vory largo SllVOP 5 6 x 1  0"' 

Carbon0 0.00034 Chlorine very large 
UraniurnD 1. I XI on4 Palladium 1 .ox7 0.I 

Tcchnotlum 

Cobaltc 

largo 

1.7~10'' 
Londb 

NioblumC 

1 . 6 ~ 7  OJ 

2.0x1 o.IH 
ZirconiumC ' 7 . O x l  O'l' Soicnlumb 0.0079 

Nickelb 1 .oXl o'~ Noptuniurna 1,3X10J 

Cadmiumb 5 . W  0'' Act i n I u md 1.2~10'~ 

Hafniumc 1 ,ox1 - II 

a. Solubllitioa lor Am, Np, and Pu woro mousurod by Nlmcho ut a!. (1983), Tdny ot PI. (1994), and GCX 

b, Solubilities tor difloront olomentG wore cniculntad ucing tho geochomlcal computer program MINTEQA2 

c, Solubilltioc lor olornunts w r o  colcuinlod lrorn tharmodynamic dnta and radox information prosentbd In 

d. Solubilitioa war0 octtmutcd bnmd on chemicnl simllefitlas wtth Am(il1). 
o. Solubiltiios wore ostlmatod bosod on chomicnl Gimllerttias wlth NpM, Input data for simulations conslst 

of chomial annlytos !rem Wntor Canyon Cnllory dincharging from the Bnndelisr Tufl, Los Alamos, Naw 
Moxlco, 

(1994). . 
(Allison ot al, 1991 I .  

Brookins (1988). 

4.4. Uncertainties and Further Investigations 

Geochemical and hydrological proccsscs influencing solutc-transport grocosses in the 
Bandolier Tuff4are cxtramoty complox. Uarahrre valuos trwn the Yueea Mountain Project 
(Triay ot at. 1994) for geochomid calculations used in !his roport are reasonable 

53 



ostimatos for approximating solute trnnsport in volcanic rock. Them are uncertainties, 
however, associated with tho application of these data to MDA G, which include 

lxEU3 
PRELIMINARY MEASURED AND CALCULATED S0L;IBILlTIES' FOR SELECTED 

ELEMENTS AT PH 12, 25°C 

Element Solubillty (mollkg) Element Solubility (mollkg) 

Hydrogon very large Collfomlumb 3x1 0"' 

Strontiumb 4x1 o* mriurnb 4x1 O4 

Siliconc 0.178 Alumlnumc 0.250 

Americiumb 3x10''' curiumb 3x1 0"' 

Cosiumb large EuroplumB 1 xlo''o 

Plutoniumb lod to 10'l0 Protactiniurnb 1 xlo"o 

Thoriumb 7 xl0" Radlumb 1 X l  0') 
Samariumb 1 xlo"o fine 0.005 

Gadoliniumb 
lodinob 
Unniurnb 

Camonb 
Technetiumb 

Cobale 

Zirconturnb 
Nickolb 

CadmiumC 

1 X I  0'l0 
vety lorge 
4x1 0" 
3x1 0.' 
largo 
8x10"7 

1 x7 0'' 

0.069 

1 x10'8 

M o I ybd@ n umb 

SllVOP 

PalladiumB 

Chlorineb 
Load6 

Niobiumb 

Soloniumc 
Noptuniumb 
Act lnlum 

large 
1 x1 o* 
1 X l  0') 

1 x l  os? , 

loJ to 10') 

1 x1 o-l0 

vory large 
4x1 O4 

3x1 0" 

Hafniume 1 x1 o'# 
a. Input data lor simuletlons consist o! chomical annlysos lrom Water myon Gallery discharging from the 
Bandollor Tun, Los Alamos, New Mexico. 
b, Solubility anta are from Ewan et al. (1 989). 
c. Solubilltios for Se, U, Cd, AI, and Si were calcutcitod using tho geochemical cornputor program MINTEQA2 
(Alllson et at, 1991). U(V1) is sssumod to be Ln bquillbrium wtth hUO4 (personal communlcation wtth R J. 
Some on April 26, 7995). Se(lV) is assumed to be In oquDibAum wlth C o W a H $ ,  basod on moderate 
oxidking conditions and B pore water onnchad whh Ca2+ from tho dissolution of ponlandite cement Cd(l1) Is 
asaumod to be in equillbrlurn 4th amorphous Cd(O& under hkh pH condltlona. AI(I1I) Is assumed to bo In 
cquillbriurn mth amorphous AI(0Hh under high pH condition3. Sl(lV) 1s ossumod to be in equillbnum wtth 
SI02 glass under high pH conditions. 
d. Co(l1, 111) is aasurned to be In uqulllbdum wlth -04, (Bmklns 1988) under high ond axldking 
condltlons (Eh I 250 mv), 
0. Hotnlum (IV) (J chemically 6irnilar to zirconium (IV), 
Solublllties for nOnrOdO% eensitlva oIement.8 are assumed to be conet(lnl, provided that he solM phase 
controlllng element salubillty retporled by €wart et al. (1909) measured under reducing condttions appty for 
oxidking condltlona Log PCOz gas set at -5 for model slmulatlons, 

, 
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application to liold conditions at TA-54, laboratory=bosed sorption invcsttgations as 
opposed to sitc-specific field calibrated investigations, mineralogy of waste/waste 
form[s), chemical charaGcnstics of pore water, and soption procusses for matnx and 
fracture flow, 
Site-specific data ore required 8s input to FEHM (Zyvolski Ct a\. 1988) to obtain the most 
rclovant and mconingfut rcsults for thc porfomonca asscssmcnt. Goochamiml data nceds 
for mcdol input using FEHM (Zyvoloski et al. 1988) includo sorption isotherm modols, 
consisting of linear (KO), Freundlich, moclifiec! Froundlich, and langmuir; Henry's Law 
constants for liquid and vapor spccics; chcmiml ntQ laws using the Arrhonius equation: 
and solubility data for solid phasos, The rcloase of elcmonts=rrldionuclldes trom tho pi?s 
will be controllod by hydraulic flux, porewater chemistry, rninenl solubility, and sorption 
bchacior. Data and information nccds to vorify and quantify gmhcmical roactions 
cccurnng at MDA G include source-tom chamctcization (typos, forms, and amounts of 
contaminants); sourcc-tom goochamistry (mineralogy, speciation, solubillry, sorption, 
porcowntor chemistry, and roaction ratos); and hydrogeologic3~geochomi~l 
chatactcnzation of Bandelior Tuff and othor geologic media at the slta (mineralogy, fracture 
distribution, fracture mineralogy, sorption capacity of fncture material, hydraulic 
conductivity, porosity, and moisture content)* 
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APPENDIX B 
IN SITU MOISTURE FOR BANDELiER TUFF STRATIGRAPHY 

WITHIN THE MATERIAL DISPOSAL AREA G LOCATION 

Analytical Tcchniqucs for Moisture Dctcrmlnatlon 

Moisturc content mcasuroments were porlormed on corc samples from borcholcs drilled on 
Mcsita dcl Buoy [Material Disposal Arcas (MOAS) G and L] to determine in sltu water and 
to obtain the vccical moisturc distribution. Tho borcholcs wcre drilled in 1993 and 1994 as 
Environmental Restoration (ER) Project ficld investigations. The moisture measurcmcnts 
are gravimetric measurements that wcre performod in three laboratory settings: a fixed radiological onnlycis laboratory (FRAL), a mobile ndiologial analye As taboratory (MRAL), 

and a fixed geotcchnial laboratory. The analytical proecduro usod in the FRAL was to 
neat 500-gram soil samples for 24 hours in a drying ovon at 100°C, weigh tho snmplo, 
and return the samplc to the 100°C oven for an additional 4 hours. The sample weight 
aecr the additional 4 hours was compared to the weight after tho initial 24 houts, If the 
weight changcd during the 4-hour pcriod, than tho samplo was heatcd for an additional 8 
tc 16 hours until rcpcatcd wcighing showed zero weight change, Tho analytical procedure 
used in the MRkL was heating 10. to 15-gram samples at 200% for 5 minutes in 3 
Denver Instrumcn! Company Model 1 R-100 moisture analyzer, Select core samples sent 
to the gcotcchnical laboratory for dcterminotion of in situ moisture content on both a 
gravimetric and volumctric basis were sonlcd in metal sleeves and Protect Core laminated 
pouches, Thc nnnlyfical methods used for moisture content determination in the 
gcotochnicnl laboratory wcrc Amcricon Socicty for Tosting and Motorials (ASTM) 3 221 6- 
90 and ASTM D 4643087. Analytical rcsults trom thc geotechniwl laboratory are rcported 
in Sterrhens and Associates (1994, 1995). 

The in situ mois:urc mcasurumcnts prcscntod hcrc are for core from borcholos l w t o d  
within IdDA GI MDA L, and cast of MDA L in :hc proposed expansion area for MDA G. 
Borcholcs located within MDA L and in :he proposed cxpansion area are shown on Figure 
B.1. Boreholes located in MDA G aro shown on figure 8-2. The borcholos at MDA G 
worc a cooperative effon of tho Los Alamos National Laboratory Environmenbl 
Survcillancc Group and thc ER Project, Tablcs 8-1 to 8-3 prcsont gmvimotric moisture 
contcnt values for analyscs in the FRAL and thc MRAL. Tho in sltu moisturo content 
profiles at coch of thc borcholcs arc presented tn Fiyurcs 8-3 to 6-19. The figuros ropoR 
whethcr anolyscs wcrc pcrformcd by thc FRAL or thc MRAL, For comparison, figuros 8- 
3, 8-4, 8.5, 8.8, and 8-19 also prcsent results tram gravimetric measurements in the 
geo:cchnical laboratory. The stratigraphy prcsentcd on otlch figure for correlation of units 
within the Tshirogo Mcmbcr of the Bandelior Tutf is that of Bolt! et at. (1963). Tho 
stratigraphy of units bclow the Tshirege follows the correlation of Vanirnan and Wohlcd 
(1996) and Vanirnan (1991). 

Moisture Contcnt Proflles for the Natural Terrain Scttlng of Mcsfto del Bucy 

Boreholes 54-1 001 , 54-1 002, 54-1 003,54-1004, and 54.1 005 aro locatcd in tho proposed 
expansion area for MDA G. Tho moisturc content prolilcs withln thase five boreholes am 
believed to bc similar to moisturc content profiles within the nngo for natural sattings, 
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TABLE 8-2 

GRAVIMETRIC MOISTURE CONTENT FOR BOREHOLES 54-lOlO THROUGH 
54-1 01 4 

54-1  01 0 54-1  01 1 54-1  01 2 51-13 54-1 O t  4 

5.4 

9.2 

*14,4 

19.2 

19.2 

24.4 

29,1 

34.4 

39.4 

44.6 

49.7 

I 

- 

7.99 

7.23 

6.25 

6.22 

5,81 

3.8 

4.78 

7.45 

6.61 

6.4 

6,99 

- 
c 

5,4 

9.6 

14,O 

19.6 

24.4 

29.1 

34.6 

39.1 

44.6 

4 9 3  

- 
I 
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6,ll 

7.33 

;,lo 

9.45 

6,83 

2 6 6  

6.75 

7 , s  

1 O M  

7,09 

- 
c 

- 

2.25 

4.75 

7.25 

14.7 

17.75 

23A5 

27.9 

34.9 

36.5 

40.75 

45.75 

49.0 

Depth %H20 Depth %H20 Depth %H,O Dopth XH,O Depth %H,O 

5.6 

9.3 

10.4 

19,4 

24.75 

24.75 

29.4 

34.4 

38.75 

44.4 

49.1 

54.4 

59.1 

7,94 

8.01 

6,63 

8 3 4  

D,15 

8 3 2  

5,48 

a71 

9869 

10.21 

6.14 

6,24 

6,Ol 

12.92 

7.85 

6.79 

6.64 

7.91 

7.76 

8.12 

8.69 

8.2 

, .tc 

8.45 

8.42 

- -  

I 

4 8 5  

6,4 

11.3 

19.2 

2 4 9  

29.61 

34.6 

41.7 

44.2 

49.5 

- 
I 

I 

7.45 

7.28 

6.74 

4.24 

2.32 

5.55 

0,06 

4,74 

5.57 

6.27 

- 
L 

c 

Boreholes 54-1 006 and 54-1007 arc located 60 tt and 25 ft, rcspectiveiy, southonst of :he 
southeast corncr of MDA L The moisture content profilcs in thcso borcholcs arc elevated 
to D dcpth of approximately 50 tt, as compared to the profiles for natunl settings, with the 
incrcaso possibly due to tho physical setting at MDA L. 
For thcsc scven boroholcs, the gravimetric moisturo content profilos for annlyc &s in the 
FRAL nro prcsented in Figures 8-3 to 5.9. A brief discussion of tho physical setting of 
each borehole follows. A duo-south drilling dirodon was selected for most deep angled 
holcs bccnuso it had the grentcst probability of intcjrsocting now-vertical joints and 
fracturos. 

Borehole 5.1-7001. This nnglcd boroholo is lowtcd approximately 4.40 tt southeast of 
hlDA L in the proposed oxpansion arm for MDA G. It is dAld  at an angle of 2 2 O  trWn 
vc r t i d  to the south to o total drillod depth br 374 ft. 

Borehole 54-7002. This borehole Is located approximately 330 tt south of tho southeast 
boundary of MDA L in the proposed oxpansion orcn for MDA G. It is drilled at an angle of 
2 2 O  from vortical :o tho south to n total drilled depth of 310 ft. This borehole was angled 
toward Pajorito Canyon to investigate tho in situ moisture profilo on the southcrn side of 
the mom. 



GRAVIMETRIC MOISTURE CONTENT FOR 
AND G-5 

BOREHOLES 54-1110, 59-1111, 

G-5  5 4 - 1  11 0 54-1  11 1 

Hole Length %H,O Hole Length %H,o Hole Length %H,O 
3.75 

6.75 

12.65 

17 
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32.75 

37 
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47 
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Flgurc 8.3. Ctnvlmotrlc core molsture tanlent from boroholc 54-1001 (angled 22'). 
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Flgurc B-5. Cravlmetrlc core molaturc content from borehole 54-1 003 (vertical), 
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Flgurc 8-6. Crovimcltlc cor@ moisture content from borehole 54-1004 (varticirl). 
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Data from fixed radiologlwl analysis laboratory 

Flguro 8-7. Crovlmotrlc core moleturc content trom borehole 54-1005 (angled 22'). 
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Figure 8-9. Grnvimctrlc core moisture content from borehole 54-1 007 (vcrtkal). 
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. Doto from mobile rndioloylal onolysis laboratory 

Flgurc 6-1 1. Grevlmetrlc cor0 motatura content from borcholc 54-1 009 (vtrtlcal). 
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Flgurc 6-12. Grnvlmetrlc core moldure content from borehole 54-1010 at MDA L (angled 45' - below Plt A). 



* Data lrom mobilo radiological analysis labomtory 
Figuro 0.13. Gravimetric core molatura content from borahols 50.1011 at MDA L (nnglnd 35' 

bolow PI! A). 
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Figure 8-14, Grovlmetrlc core moisture content from borchole 54-1012 at MDA L (angled 35" 

below Plt e). 
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Figure 0-15. Grnvlmetric core rnoisturh eontcnt from borehole 54-1013 at MOA L (angled 35' 
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Figure 8-16, Gravimetric corc moisture content from borchola 54-1014 at MOA L (angled 35" 
below Pit D]. 
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Data from lixod radiological analysis laboratory 

Flgurc D-17. Gravlmo:rlc core moialurc content from borchole 54=1110 st MDA C (vorllcal). 
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Figure 8.18, Gmvlmctric core moifiturc content from borehalc 54-7111 at MDA G (voftlcal). 
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Figure 8-79. Grnvlmctrlc core moisture contcnt from borchole G-5 st MDA C (vcRlcol). 

Data from gootochnicrrl lnborcrtory 

Borcholo 53-7002. This borehola is located approximately 330 ft south of the southoast 
boundary of MDA L in tho proposed cxpansion aroa for MDA G. It is drillod at ctn onglo of 
22" from vcnical to tho south to a total drillLxl dcpth of 310 tt. This boreholo was angled 
toward Pajarito Canyon to invcstigatc the in sltu moisture profila on thc southcrn side of 
the mcsct. 

Borcholos W7003 and 54=70@. Thcse two vortlwl boreholos oro located in the 
proposcd cxpsnsion m a  for MDA G. Tho borcholos wcro drilled vortically bocausc of 
thoit future role as multipart soil-gas monitor holos in G pilot tost to study active extraction 
of a subsurfnco p l u m  of volatile organic compounds. Borohole 54-1003 is located 
approximately 200 ft southoast of tho southoast boundary of MOA t 3nd is drilled to n 
total dcpth of 296.5 tt. Boraholc 54.1004 1s locatod approximatcly 150 ft cast of tho 
southoast boundary of MDA L and is drilled to a depth of 340 tt. 
Borcholo 54-7005. This ansled borcholo is Iomtod approximately 400 tt cast of MDA L in 
rho proposcd cxpanslon arm of MDA G'. It is dnllod at nn anglo of 21" in a nortoast 
direction to on angled dopth of 290.5 tt. This borehole was angled toward Canada del 
Buey to invcstigato tho in situ moisturo profilo in tho northom sido of tho mosn. 

Bumholo 54-1006, This onglcd boroholo is lowted within 60 fl east of tho boundary of 
MOA L and is drillod at on snglo of 26' from venial to tho south. The in situ moisture 
contcnt to a drillod depth of approximatcly 50 tt is thought to bo affcctod by the physical 

0 

0 
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setting at MDA L, that is, :he proximity to thc asphalt covered surtaces and past disposal 
practiccs a: MDA L (discussed below). 
Boroholc 54-7007. This vcrtical borehole is loatcd approximatoly 25 f7 south 01 the 
southcast boundary of MDA L and is drillcd to a dcpth of 150 ft. The in situ moisture 
conient profile, measured in this bareholc to a depth of approximately 50 tt, is also thought 
to bo ntl ccted by the physical sctting at MDA L. 
fable 8.4 is ~ t a t i s t i ~ l  summary of the in situ gravimetric moisturo contcnt in Stratigraphic 
units for the borcholcs locatcd in natural termin scttjngs. 

Previous investigations of subsurface moisture profiles at MDA G (Abecle ct al. 1981, 
Abeclc f 986) report :hat scasonal changes in moisture Content are limited to a depth of 15 
tt. Inspection of the subsurface moisturo profilcs for borcholcs (Figurcs 8.3, 8-4, B-6, and 
8-7) suppons the 1 5 4  dcpth as thc dcpth of seasonal infiltration. Table 8-4 prcscnts a 
statistical summary of moisture mensurcd in thc upper 15 ft of stratigraphic Unit 2b. Unit 
2b is the uppcrmost stratigraphic unit in all of TA-54. In the subsurfacQ, tho lowest 
moisture (valucs lcss than 1.2% grtlvimctricf occurs in thc depth interval from 15 tt to 40 tt 
below ground surface 3t borehole 54-1004 (Figure B-6) and to as grcat as 100 ft at 
borcholc 54-1003 (Figuro 6.5). 

Atmosphcrk vcnting (barometric pumping), an impomnt mcchanism related to the moisturo 
contcnt within thc mcsa, may occur to dcpths of approximatcty 110 ft. The local natum 
and cxtcnt of vcrtial fracturing is possibly an important control on the dopth of the 
atmospheric vcnting. For example, thcrc is a grcat diffcrcncc in the subsurface moisture 
content prcfiles for borehole 54-1 003 (Figure B-5) and borehole 54-1 004 (Figure B-6). 
Both of the borcholcs arc locatcd within thc wntral region of Mcsita del Buoy at a 
scparntion distance of 125 tt. The low moisturc cx:cnds to a much grcatcr depth at 
borcholo 54.1 003 and may 13C duc IO ntmosphcric vcnting to a grcater dcpth in tho locality 
ot this borehole. Borcholcs 54-1002 (Figurc 8.4) and 54-1005 (Figure B-7) exhibit 
rclativcly low moisture to approximatcly thc 100.tt dcpth. Thc low values obscrvod in 
thcse borcholcs may rcflcct greater ntmosphcric vcnting in thc canyon wall regions of the 
mesa. 

All of the subsurface profilcs show a dramatic incrcasc in moisturc in tho lower port of Unlt 
2a cxtcnding to thc vapor-phasc notch at thc bas0 of Unit 1 b. lmmcdintcly below the 
vapor-phnso notch thcrc is ;I dramatic decrease in moisture in the top of Unit la. Tho 
mcnsurcd grovimctric moisturc con:cnt in coro trom Unit 1 b ranges bctwocn 2,3Zo/o and 
IC.%%, with thc highest valucs mcnsurcd in borcholc 54-1001 (Figuro 8-31, 
Kcarl ct al. (1 990) obscrvcd thc incrcasc in moisturc content in Unlt 1 b and rcportcd that it 
was probably due to a smaller ovcrage pore radius in tho Unit 1 b rock matrix comparod to 
tho overlying and underlying rcck units, rcsutting in srrongor moisturo rctcntion forcos 
within Unlt 1 b. 
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TABLE B 4  

NATURAL TERRAIN SElTINGS 
IN SITU GRAVIMETRIC MOISTURE CONTENT' IN BOREHOLES~ LOCATED IN 

Bondelier Tuff, nc xd mF S D' re Rmgc in 
Thickness of 
Stratigraphic 

Unit (tt) 

I 

Tshlrogc Member ("/I ( % I  

2b (ground surlace to 1 5 4  
depth; 54.1 001 , 01 002, , 
-1 004, -1 005, -1 006) 

2b (depths grcntor than 15 

-1 005) 
n; 5d-1001, -1 002, -7 004, 

2b/2a (depth inlQhrnl with 
grav. moist. <1.2%: 50- 
1001, *1002, *1003, 
-1 004, -1 005) 

20 (54.1 001, -1 002. 
-1 003, -1 004, 91005) 

1 b (54.1 001, 91 002, 
-1 003, -1 004, -1 005, 
-1 006) 

1 a (54-1 001, 01 002, 

-1 006) 
-1 003, -1 000, -1 005, 

Tsonknwi Pumlce Bed 

Ccrro Tolcdo lntctvol 

{ I  002, -1 005, 01 006) 

(54-1 001 , -1 002, -1  003, 
*1004, -1 005, -1 006) 

Otowl Tuff Mcmbor 
(54.1 004) 

1.26 0.60-4.87 

15 '0.68 0.67 

52  0.67 - 

72 1.42 1.09 

30 6.31 4.99 

156 5.61 5,97 
. *  

5 12.07 11.71 

40 8.62 9,09 

8.23 8,04 8 

0,33 0.29-1.1 5 

0,2f 0.12-1.16 

0,98 0.12-4.50 

3.27 2.32- 
14.95 

1.79 2.08- 
12.69 

2.88 9-02- 
16,42 

2.82 3.91- 
13.40 

0.98 6.81-9.81 

2b: 3241 

c 

2b/2a<l.2% 
grav. 

25-85 

2a; 67-76 

lbh: 25 

10: 112-128 

Tsanknwl: 1-7 

Cerro Toledo': 
36 

Otowll: 9 5  

a, Annlysat from MWL and FRAL 
b. Boroholo Iocnlion3 shown on Figuroo B-1 and 8-2 
c. Numbor of Gamplos 
d. Moan 
c. Medlnn 
1. Snmplc standard doviatlon 
8. Rsnga 
h. Unit l b  is dolincd nb 25 ft thick nbovo boso of vapor phnso notch. 
I, Boroholo 54-1004 is tho only borohole lo complotoly ponotrnto tho Corro Told0 inl@rvnl and dnll 4 tt into 

tho Otowi Mombar, 

e 

0 

0 
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The subsurface profilcs for each borcholc show on increase in rnoistuto content through 
Unit la with grovimctric moisturc ranging betwccn 2.08% and 12.69%. Tho lowcst 
moisture occurs at thc vcry top of this unit directly bclow the vapor-phose notch, The 
highest moisturc occurs at the base of Unit la directly abovc the contact with the 
Tsankawi Pumicc Bod. Tablo E-4 summarizes tho distribution of subsurfacc moisture 
within thc Tsankawi Pumice Bed, thc  Ccrro Tolcdo Intorval, and the Otowi Mcmbcr. Tho 
Otowi Tuff Mcmbcr was sampled in borcholo 54-1004 only (Figure B-6). 

Borcholcs 54-1001, -1002, -1003, -1005, and -1006 all cndcd in tho lowot part of the 
Ccrro Tolecio intcrval. The Ccrro Tolcdo exhibits a dramatic range of in situ moisturc 
conicnt ovcr short vcrtiwl distmccs, with :ho nnge for all gravimctric mcasurcments being 
bctwcen 3.91 Ol0 and 13.44%. Thc obscrvcd groat variation in mois:ure contont ovcr shor: 
vertical distanccs is probably due to changes in textural properties of tho Cerro Tolodo. 
Sedimentary rocks with rclativcly smallor pores would have gronter moisturo retontion 
characteristics than immccliatcly adjoccn: scdimcnts with relatively marsor porc structure. 
Such icxwral changcs in Ccrro Toledo scdimcntary rocks are noted in the geologic 
dcscription of corc from thc borcholcs at MDA G. 

Moisture Content Profiles for Borcholes in MDA L 
Thc measured in situ moisturc content profilcs for borcholcs 54.1008, %-1909, 54-101 0, 
54-1011,54-1012, 54-1013, and 54.1014 arc nffcctcd by thc physical setting at MDA L. 
A brief discussion of the physical setting of each borcholc follows. 

Borehob 54-1008, This vcrticnl borchole is located in thc wcstcrn part of MDA L within a 
region of inactive, closcd chcmiul waste disposal shafts that cxtcnd to depths as grcat 
as 65 tt. The borehole was drilled to a depth af 150 tt and is located within 20 tt of 
dtsposnl shatt 34, which extends to a depth of 63 tt. The land surfacc in tho wcstcrn 
disposal shatt field was barc soil with little vegetation and was not covorod by asphalt 
when this borehole was drilled in 1993. In 1994, the wcstcrn region of MDA L, including 
the location of borcholc 54-1008, was paved with asphalt. As shown in Figurn &lo, 
gravimetric water con!cnt values of less :han 1% were measured for the depth interval of 
21 tt to 81 ft, Many measurcd values in this depth interval wcro less than 0,5%, Tho low 
in situ moisture may be duo in part to the disposal shatts, which scrvod as an acccss to 
atmosphcric air flow into and out of the mcsa because of changes in atmospheric prcssuro 
and wind, A statistiwl summary of in situ moisture content in boreholc 54=1008 corraloted 
to stratigraphy and depth follows. The parameters prcscnted in statistical summaries aro 
the numbcr of samplcs (n), thc mean in situ moisture content (;),and tho mngc of in situ 
moisturo content for tho population (0, * 

Unit 2b (upper 15 ft): n = 1, = 7.14% 

Unit 2b (15 ft-39 ft): n = 3, = 0.69%, r =  0,39% to 0.99% 
Unit 2b/2n (SI .4 t1-66.5 tt): n = 7, = 0,49%, r =  0.39% to 0.61% 

Unit 2n uppcr part (39 tt-85 f t ) :  n = 9, ? = 0,59%, r = 0,4l0/o to 0.82% 
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Unit 23 lower part (85 ft-110 tt): n = 5, 5 1,85%, r = 1.28% to 2,72Yo 
Unitlb(llOft-135fi): ne .5 ,  .r ~ 7 . 4 3 % ~  r=5.1?%tO 13.13% a I 

Unit la (135 tt-150rt total depth): n= 3, = 4.69%, r= 3.77% to 6.08% 

Borehale 54-7009. This vcrtiwl borcholc is located in the ccntrill rcgion of MOA L between 
an inactive chcmiul wnstc disposal pit (Plt A) and inactivo chemic31 wastc disposal 
shafts. The area around the borohola is covcrod by asphalt. Thc in situ gravimchic 
moisturo content profile tor borcholc 54-1 009 is shown in Figuro 6-1 1 Compared to in siW 
moisturc con!ont profilcs for boroholcs in tho nntunl torrain setting, thc moisture content tor 
borohola 54-1009 is otovjtod (to a dcpth of approximately 90 f!). we bclicvo this is a 
result of tho cxistcnce of the asphalt cover, which eliminates both plant 
cvapotrnnspiration and solar cvaporotion, as woll as any etleets of drying mused b y  
atmosphoric vonting through the ground surface, A stntisticrrl summary of in situ moisture 
contcnt correlated to stratigraphic units and dopth for boreholo 54-1 009 follows, 

Unit 2b (15 tl-52 tl): n = 6, = 5.19%, r =  4.7% to 5.6% 

Unit 2tt (52 R-110 ft): n = 7, = 3.52%, r = 2.4% to 4.91% 

Unit 1 b (1 10 tt-135 tt): n = 5, = 7.459’0, r = 55.9% to 10.67% 

Unit l a  (135 tt-150 n): n = 3, 
Boreholes 5&70:0, S - f U f  7 ,  54.7072, S-7073, and 54-7074, Thcse five angled 
borcholcs wcro dnllcd beneath inactive chcmiwl waste disposal units in central and@ 
castern MDA L. The area surrounding thesc boreholes is covcrcd by asphalt, Boreholes 
54-101 0 and 54101 1 were anglcd beneath inactivo asphalt-cgvarod waste disposal Plt 
A, Borcholcs 54-10t2, 54-1013, and 54-1014 woro angled banoath inactivo ssphalt- 
covcrcd liquid wasto surtacc impoundmcntt 8, C, and D, rcspectlvoly. Tho clevotod 
moisture content in thcso boreholes may be the result of :he asphalt sudaco and may also 
be a result of the disposal of liquid wastes in thesc units, In addition, when thcsd waste 
disposal units were in service, their open surfaces may have enhanced- infittration of 
precipitation. Tho moisiure content profiles for these boreholes are shown in Figures 8-1 2 
to 6-16; These baraholcs were all completed in stratigraphic Unit 2b, A statistical 
summary of in situ moisture content in tho five angled boreholes and in the Unit 2b section 
of borcholo 54-1 009 follows. 

= 4.69% f =  3.77% tO 6.08% 

n = 59, 5 = 6,95% 

r = 2,66% to 12.92% 

The land surfaco in onstom MDA L is covcrcd by asphalt, and ?ho moisturc in the angled 
borcholas and one vertical borehole (54-1009) drilled in that ama is elovatcd compared to 
thG moisture contont in boreholes located in areas not covered by asphalt. The asphalt 
covcr impedes rornoval of soil moisture by cvapotranspiration and atmospheric vonting, 
By the end of 1994, tho cntiro land surfaco within MDA L was eovorcd with asphalt. Two * 

boroholcs (54-1 006 and 54-1 007) loca:od on open ground cast of tho boundary of MDA L 
have increased In situ moisture content to depths of approximately 50 tt. The cause to@ 
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the incrcoscd moisture is not known, Runoff of surface wator frwn MDA L is currently 
controlled and directed north into the adjaccnt canyon, Controls on surface water runofl 
from MDA L in t h e  past arc not known. 

In Sltu Mdsturc Profllcs lor Borcholcs ncnr Wnstc Dlsposol Unlts at MDA G 
Borcholcs 54-1 110, 54-1 17 1, and G-5 arc located within MDA G ( 9 - 1  11 0 dnd 54-1 11 1 
3rc known also as G-3 and G-4), Thc lowtions of tho thrco boroholcs are shown on 
Figurc 8.2. Thc gravimctric moisture contcnt profiles for thc thrco borcholos arc shown in 
Figures 6-17 to 8-19, The in situ moisturc content for tho throe borcholcs is bcliavod to 
be atfcctcd by physical settings at MDA G. A brief discussion of the physic31 setting of 
cach borcholc follows, Borehole 54-1 11 0 was lowtcd 14 ft from the centor of tnhm wasto 
disposal shaft 153 and was drilled vcrtically to a depth of 103 fi. The disposal shah 
extcnds to a voRictll dcpth of 60 fl and has a diarnctor of 3 tt. Boroholo 54-1 11 1 was 
loa:cd a distnncc of 22 tt trom tho ccntor of tntium wasto disposal shaR 1SO and wan 
drillcd vcnically to a dcpth of 155 ft. The disposal shaft oxlends to 3 vcrtlwl dcpth of 60 tt 
and has a diamctcr of 6 tt. Borchole G-5 was located near disposal shatts for waste oils 
containing polychlorinated biphenyls (PCBs). Thc disposal shafts aro 6 ?? in diamctcr and 
most cxtcnd vcnically to a depth of 60 tt. Thrco of thc shafts cxtcnd vertically to a dcpth 
ot 65 tt. 
The in situ moisturc contcn: profilc for borcholc 54-1 11 1 (Fguro B-1 8)  indierrtcs vcry low 
gravimetric moisturc content for tho dcpth interval of 12.65 f l  to 56.5 tt. Tho statistical 
summary for :hc gravimctric moisture contcnt in !his borcholc over this dcpth interval 
follows. 

Unit 2b/2a (12.65 tl-56.5 tl): n = 10, 2 = o,4Oo/0, r I 0.1% to 0.65% 

Thc low rnoisturc contcnt in'this dcpth intownl (12.65 tt to 56.5 ft) may bo duo to 
atmospheric vcnting in a pcrmcablo pathway crcatcd during the construction of disposal 
shnn 150. Tho atmosphenc vcnting pathway may bc the annular space bctwbon the 
shaft wall and tho shaft borcholc. Howcver, such low moisturc contcnt valucs were not 
obscrvod in tho corc somplos anolyzcd from borcholo 54-1 11 0, which was located do50 
to disposal shatt 153. Thc statistical summary lor tho gmvimctnc moisturo content for this 
dcpth intcrval in borchole 54.1 11 0 follows. 
Unit 2b12a (32.75 fi-61.25 ft): R = 7, 

Thc moisture contcnt profilo for borcholc G-5 (Figuro 8-19) indiatcs that gmvimctric 
moisture contcnt valucs wcrc greater than 4% ovcr thc dcpth intcrval of 5 tt to 50 f t  This 
borcholc is located in onc of the larger rncsa-top landscapes, which is probably ?he 
rcason for thc highor moiswro contcnt in thc 15- to SO-ft-dopth intorviil, For this barohole, 
valucs of loss than 1% wore only measured in core samplos from depths of 55 tt (0,54%) 
and 60 tt (0.77%), The in situ low moisture was mcosurcd in surgo scdimcnts that 
commonty occur at tho brrso of Unit 2b. Thc surgo doposits may bo e latorally connoctod 
unlt with a highcr air pcrmotrbility t h a n  tho ovorlying and underlying stratlgmphic units. 
The PCB disposal shafts oxtcnd in dcpth to 60 tt and thcir construction may be providing 
atmosphcric vcnting to tho surgc doposits, which has rcsultod in tho low in situ moisturo 
mcasurcd at the 55-tl and 60-ft-depth intowal in borcholo G-5. 

= 1 .07%0, r = 0.85% to 1.13% 
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Tablo 8-5 prcsonts a summary of dry bulk density values measured in core frwn 
boreholcs driltod in MDA G (borehole G-5 on Figure 8-2) and in the proposed expansion 
area for MDA G (boroholos 54-1001, -1002, -1003, and -1006 on Figure B-1). The 
anolyscs aro from roports by Stephens and Associotos (1994, 1995). Moosurod dry bulk 
donsity VDIUOS mngod trom 1.1 1g cn? to 1.49 g/d. The lowost dcnsity vnluos woro in 
stratigraphic Unit 7a, and tho highcsr dcnsity valucs woro in s:ratigmphic Unit 2b. Table 
B-5 also prcsents n calculated moan in situ volumctric moisturn contont for s:ntigrsphic 
inits in t t i  natural torrain sotting, 

TABLE 6-5 

DRY BULK DENSITY' AND CALCULATED VOLUMETRIC MOISTURE CONTENT 
IN CORE FROM MESITA DEL BUEY 

Volumstricg 

( cm3/c mJI 

rt Borchole Strotigrophlc ne Fd SD' 
Numberb Unit gJcm3 Moisture Content 

G-5 Tshirogo Mom., 5 1.42 0.06 1.35-1 ,P9 0.9F 
Unlt 2b 

Tshiregc Mom., 8 123 0.04 1 . If-1.28 1 . i S  52.1 001 , 
-1 002, -1 003, 
1006, and G-5 

54.1 001 

-7006, and G-5 

54.1 002, 

and G-5 

Unlt 20 

Tshirogo Mom., 10 1.20 0.04 1.13-1.28 7.57 
-1 002, -1 003, Unit 1 b 

Tshlrogs Mom,, 7 1.14 0.02 1.11=1,18 9.83 
-1 003, -1 006, Unlt l a  

54-1 003 Corro Toiudo 1 1.31 
intonral 

1 1.29 

~ 

a. From Slupnonc and AssOcialas (1 994, 1995) 
b, Boroholo Iocc~tlons pro shown on Figuros 8.1 and B-2. 
c. Numbar of somplos 
d, Moon dOnSlty 
0 .  Samplo stondord dbVlallOn 

1 .  Rang0 
g. Volurnotric molsturc conlont calculated by multiplying the moun grWim@ffk moisruro COntOnt rob16 6-4) 

h. Dupth groator than 15 R b l o w  ground surfaeo in Unlt 2b 
by the moan dry bulk donnlty 
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Figure 8 in the  main tex: of this paper presents subsurface in situ volumetric moisture 
content profilos for boroholcs drilled on Mosita del Bucy in 1985 and 19d6 (Kearl et al. 
1986a, b). Tho locations of the boroholos arc shown on Figure 8.20, Table 8-6 presents 
in situ volumetric moisture content valucs related to depth and stratigraphic units trom tho 
borcholc for monitor hole LGM-85-06. 

TABLE 8.6 

IN SITU VOLUMETRIC MOISTURE CONTENT FOR CORE FROM BOREHOLE 
LGM-85-06. 

I ,  

Bandeller Tuff, In Situ Volumetric Depth (It) 
Tshircge Tuff Molaturs Content 

Mem. (cm3/cm3) 

Unlt 2b 4.21 13.6 

Unit 2b 1.61 17.5 

Unit 2b 
Unit 2b 
Unlt 2b 
Un!t 2b 
Unit 2b 

Unit 2a 
Unl: 2a 

Unlt 2a 

Unit 2a 
Unit 2a 

Untt 20 

Unit 2a 

Unlt 1 b 
Unlt 1 b 

1,16 

1,03 
22.8 
28.6 

1,24 33.5 
1.32 38.8 

2.81 42.2 

1,32 47.6 

1.24 

f , 4 5  

1 . f a  
2,15 

2,56 

3.26 
4.79 

?,27 

52.9 

57.8 

63.1 

68.5 

7 8  

?8,2 

83.0 

87.9 
Unil 1 b 7.93 92.9 

Unit 1 b 11,61 99.0 

Unlt 1 b 

Unlt 10 

Unlt I n  

4.55 

3,06 
3.72 

103.4 
1 OB.? 

113.1 

(Konrl 01 nl. 1886a, b) The boroholo locntion Is Ohown In Figuro 8-20, and the oubsurtaco molcturo proflla la 
shown in Flguro 8.21. 
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1 - 

Figure 8-20, locations of drill holes In MDAs C and L, TA-54. 

Subsurfoco moisturo profiles aro monitored with a ncutron probe in several vortical mnltor 
holes at MDA G (Loiza and Volc! 1995). One monkor hole is located insida a disposal pit. 
some 3ro lowtod adjscont to disposal pits and shatts, and othors are background monkor 
holcs located owoy from disposal pits and shntts in the natural tbrnln setting, Neutron 
probo monitor holo locations am shown on Figurn 6-21. Table B-7 is a summary of 
monitor hole locations and depths, Background monkor to13s in rclativvly undisturbed 
arms show D m i m u m  volumetric moisturn content mnging botwoan 6 and 9% and 
commonly exhibit constant volumotric content ol approximately 2% bclow dopths of 15 
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to 30 3. Figurc 8-22, a subsurfacc moisturc profile for background hole 54G-NPH-2, is a 
typical profile for thc natural terrain setting (Loita and Vold 1995). This background hole is 
located north of Pit 37 (Figure 8-24). 

TABLE 8-7 

SUMMARY OF THE NEUTRON PROBE ACCESS HOLES, MDA G 
-~ 

Hole ID Depth (It) Cnslng/OD (In.) Location 

Ej4G=NPH*1 

54G.NPH-2 

54G.N PH-3 

5GG-N PH-4 

54GNPH-5 

54G.NPH-6 

54 G- N P H -?a 

5PG * N PH-7 b 

54G.NPH-?C 

54G.NPH.8 

SG-NPH.9 

32 

60 

46 

66 

96 

54 

46 

42 

64 

95 

116 

A1/2 in. 

AV2 in. 

A112 in. 

PVC/4 in, 

UncasedlG in. 

PVCl4 in. 

PVC14 in. 

PVCIS in. 

P V W  in. 

Uncased/5 in, 

Uncnscd/5 in. 

lnsldo Plt 37 

Nanh of Plt 37 

North of Plt 30 

NoRh ol Bldg. 11 

PCB shafts 

Sourhonst cormr 

Tritlum shiltt a rm 

Tritium shaft aroa 

Trttlum shot: aroa 

Trttlum shaft a rm 

Tritium shaft aroa 

Figurc 8.23 prascnts neutron volumetric moisture profiles monsurod on six dates ovor a 0- 
month period in monitor holc 546=NPH-1, which is located within Pit 37. The highcst 
vdumotrlc moisturo contont in tho monitor holo is approximately 12% at tho 204 dopth, 
The higher moisture moasurcd in tho monitor hole located within tho disposal plt compared 
to moisture content in background monitor hole 54G-NPH-2 (Figure 8-22) may be a result 
01 disposal operations or increased runoff of precipitation into the pit because of surfaca 
topography. Data from the ncutron moisture monitor hole notwork nt MDA G indicates that 
locations disturbed by excavation, engineering, and other disposal operations have 
rosulted in incrcased moisturc to depths greater than 50 ft (Loiza and Vold 1995). 
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Figure 6-22. Neutron moisture profilc for background hole 54G-NPH-2. 

Figure 8.23. Neutron moisture profiles for hole 54G-NPH-1, MDA G, during July- 
October 1994, 
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APPENDIX C 
SUBSURFACE AIR P E R M E A B l L l N  MEASUREMENTS 

Borcholo straddle packor mcthcds (air i n j d o n  and air vacuum tcsts), opon borohole 
ancmomotry methods, and laboratory mothods woro usod to moasurc the air parmoabillty 
of stratigraphic units in tho Bandolier Tuff in boreholes located at Tochnical Arm 54. 
Methods uscd for these measurcrnents aro doscribed in Koarl ot 01. (1986~~ b), Kcad et 31. 
(1990), and Scionco and Enginooring Assmiatos, Inc. (1 9%). 

Figurc 8-20 shows the lmtion of five boreholes near Material Disposal Arm (MDA) L 
and in MDA G whorc packer mcthods wore usod to determine air permaability values as 
rcporfod in Koarl ot at. (1 $86~1,  b; 1 990). Appendix B roports thc rosults of moasuromonts 
of in situ moisture con:ont, which wcro also porfonod on corn from theso borcholes. The 
borcholc numbers and locations aro as follows: - Borcholo LLM-85-01 is lowtcd irnmodiatoly west of MDA L. 

Borcholo LLM-85-02 is lcxated outside of MDA L at tho southeast boundary of the 
disposal slte. 
Borcholc LLM-85-05 is lmtcd approximately 700 ft east of tho castem boundary of 
MDA 1. in tho proposed c3xpansion nron for MDA G. 
Borcholo LGM-85-06 is locatcd within MDA G in tho norlhwcstcrn part of tho disposal 
facility. 

9 Boroholo LGM-85-11 is locatcd within MDA G in tho north contnl part of tho disposal 
facility. 

Tablo C.1 prcsmts tho air pcrmcobility, values for both air injodon and air vacuum 
moosurcmonts in tho fivo vortical boroholos. Packor scpamtions of 6.0 ft  were utod in tho 
air injection tests, and packor separations of 3.3 ft  woro used in the vacuum tcsts. 
Tclblc (2-1 illustrates that tho straddle packor tests by Kcarl et at, (1986a, b) slctcmined 
that intrinsic pormoabilitios for air injection tests ranged trom 0.33 to 13,O darcios whcroas 
tho pcrmeabilitios moosurod in the vacuum (air omaction) tests ranged trWn 0,084 to 4.3 
darcies. There am largo difforoncos in pcrmcabillty vcllucs dotermined with the two tost 
mothods in Somo dcpth intorvnls. Tho groatost difforonce is in boroholo LGM-85-06 wharo 
a pormcability of 12.0 darcics was moasured for the air injection tost in tho dopth interval 
of 6 M 6  ft and a permeability of OA7 darcios was measured for the vacuum test in tho 
dcpth intorvnl of 60-63.3 ft. The diffcrcnw may bo bccauso tho grotltcr open lntarval of 
the air inledon tcst included la1 dlffcronccs of air pormeability within tho stratigraphic 
unit, such as the presonco of open fractures or changes in the air pormoability of the 
matnx 

Boraholo packor mcthods woro used to mcasuro in situ air pormanbllitias in SIX boreholes 
located in the proposod oxpansion oroa for MOA G, The locations of tho boreholos (54- 
1001 54-1 002,54~1003, 54-1 004,54-1005, and 54-1 006) am shown on figure B-1. The 
tost mothods and tost results aro prosented in Scicncc and Enginooring Associates, Inc, 
(1994). The tests in each boreholo included both opon borahole anomometry and discrate 
in situ straddle packer gas pcnaability measurements. The opon borahofe anomometry 

0 



tests woro pcrformcd first to idontity rclativo dlfforcncos in air pcmoability ovor tho total 
footagc in the opon borohole. In this test, maasuroments were taken every 5 tt in the 
opon borohole while a surfam-mounted uxtrtlction blowsr appliod approximately a 6-in. 
w m r  column vacuum to the total borohole. The anemometry profilcs wcro used to identity 
rolotivo pormonbility difforanccs within and bWbWK!n stratigraphic units in oech borehole. 
Tho ammometry profiles and geologic information were used to select discrete depth 
intorvals in each boroholo for moctsuromont of air pcrrnoabillty with the straddle packar 
systom. With tho s:mddlo packar systom, olr was extracted from discroto opon intervals of 
27 in. between two packars that had a longth of 6 f l  each. During the extraction period, 

Bore holc Depth Interval Tested Bnndeller Tuff, 
Tshiregt Mem. 

' Unlt 
Number U t )  

LLM-05-01 72-76 I 70-73.3 20 

lnjcctlon Vacuum 

LLM-65-01 30-36 { 30-33.3 2b 

- 
LL M -85.01 - 80-83.3 20 

LLM-65-01 93-99 94-97.3 2nb 

TABLE C-I 
AIR PERMEABtllTY VALUES DETERMINED FROM AIR VACUUM TESTS AND 

lntrlnslc Pcrmcabillty 
(da r c I es) 

Injection Vacuum 

13.0 1 3.9 

1.9 4.3 

- 1 0.56 

0.76 0.35 

AIR INJECTION TESTS" 

LLM-85-02 I 9-75 10-73.3 I 2 b  I 1.0 1.5 

LLM-85,02 24-30 25-28.3 I 2 b  I 1.6 I 2.2 

LLM-85-02 87-93 8'1-90.3 I 2ob I 0,33 1 , 0.93 
LLM-85-05 - 15-1 8.3 2b - 2.4 

LLM-85-05 - 1 4043.3 2n - 0.84 

LLM-85-05 - ] 50-53.3 20 - 0.06 
* I LLM-65-05 

c-2 

- I 6 0 ~ 6 3 ~ 3  2a I -  0.86 
LGM-85-06 I - 1 10-13.3 

LGM.8506 60-66 1 60-63,3 

LGM.85-06 8 1-87 82-85.3 

2b - 3.8 

2eb I 12.0 0.87 

2dlbcontnctb 1 8.4 0.1 

LGM-85-11 

1 LGM-85.11 

I LGM-85-11 

77-03 I 77-80,3 * 2dlbcontectb 3.2 0.82 

108-7 14 I 110-1 13.3 li3 0.72 0.27 

99-1 05 i 100-1 03.3 1 b l l  Q contac? 0.33 I 0.084 



mcasurcments wcro taken of the absoluto prossurc in the axtnction zone, ttro 
tcmpcraturc of thc cxtractod air, and tho airflow rato. For this application, air pemoabilitios 
wcrc calculated using a sphcnal oxtraction geomotry modal. Tablcs C-2 to C-7’ prcsant 
the in situ soil-gas pornoability monsuremonrs in aach of the six borcholcs. Figures C-1 to 
C-6 are subsurfnco profiles of tho in situ cffcctivo gas permonbilitios as a fundon of 
dcpth and stratigraphy. Each figuro prcscnts subsurfeco profilcs o! air production from the  
barcholc! ancmomctty tests. and for convcnionco, the figures also prcsont thc subsurface - - . -  . - ~ 

in situ mois:ure contint protilcs. See Appendix 8 for a discussion of subsurfaco moisturo. 

Thc cffcctivc air pcrmcability mcasuremcnts in boroholcs 54=1001 to 54.1006 wcro dl 
pcdormcd undcr air cxtraction with 3n open intorvol of 27 in. betwcan tho pnckors 
(Scicncc and Enginccring Associatcs 1994). For tests in tho six boroholos, tho moasured 
cffcctivo air pcmcabilitios ranged from 0,35 darcios to 172,47 dnrcios (Scion= 3nd 
Enginccring Associatcs 1994), The highest permeability vtllucs wora moosurod in open- 
fractuto intervals that were idontificd from continuous a r c  colloctod during drilling of tha six 
borcholcs. Tablc C.8 is a statistical summary of tho oxtraction tQStS perfomcd in the six 
borcholcs. Thc summary prcscnts on analysis for boroholas 54=1001 to 54-1005 8s a 
scpamtc sc? from borcholcs 54-1 001 to 54-1 006. Borehole 54-1006 is cxcludcd from one 
S C ~  of s:atistical analysis beauso much higher pormcabllltles wcre moasurcd in thc tcsts 
conducted in borehole 54-1006 than wcrc rncasurod in the othor five borcholcs. The total 
borcholc ancfnomatry tcsts also dctomincd a higher production of d r  from borchola 54- 
1006 than from thc othor fivo borcholcs. Thc air production was higher from borcholos that 
worc anglcd south to incrcaso thc probability of intcrsocting apon fmcturcs. Borchole 54- 
1006 was drillcd at tho grcotcst anglo from vaRiwl and had tho grcatost ovornll production 
ol air in the cxrraction tests, Tho borchola anamomotty tasts wore performod wlth 
cornplctcly ditlcrcnt cquipmcnt and at ditfcrcnt datos than thc stroddlc packer pcncnbility 

.. . 

Tho total ancmomctry tcst for borohola 54-1006 indiatod a high production of sol1 air 
extraction in tho depth interval of 120 tt to I f 0  tt. This was supported by high cffectivo 
pcrmcability mcasurcments in this intcwal with thc straddle packcr tcsts, Tho highcst 
eff cetivc pcrrncclbility (53.51 darcios) was mcasurcd on a 27-in. interval can!orcd at 162 f: 
in a pumico bcd in Unit la of tho fshircgc Mcmbor. 

Thc grcatcst. rnngo in ctfoctivo dr  pormcability valuos was rmrdod in Unl: l b  of tho 
Tshircgc Mcmbor. This is possibly tho result of mom straddlo packor mcnsuromonts 
capturing air production from open fracturcs in this unit, Thc highost cffectiva pcrrneability 
mcosurcd in the straddle packcr tests was 172.47 dorcics in Unit 1 b at G depth of 119.6 ft 
in borehole 54-1 002. 
The s:ratigraphic unit that was dctcrnincd IO h w c  the lowcst cffoctivo air pernoability in 
thc straddlc packer tests is Unit 10 of tho Tchlrcgo Mombor with mcosurcmcnts of undor 
1.0 dotcy, and tho lowost valuo monsurod was 0.35 darcy at a dopth of 134.4 tt in 
boroholo 54-1 005. 
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Figure C-1. Anemometry and permcablllty results, borehole 54-1 001. 

Borehole #54-I002 
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Figure C-2. Anemometry and petmeablllty results, borehole 54-t 002. 
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Borehole # S I  003 
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Figure C-3. Anemometry and permeability results, borehole 54-1 003. 
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Figure C-4. Anemometty and permeablltty results, borehole W1004. 
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Borehole #54-4005 
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Figure C-5. Anemometry and permcabillty results, borehole 54-1 005. 
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Figure G6, Ammometry and pcrmcablllty results, borehole 54-1 006, 
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TABLE C-8 
EFFECTIVE AIR PERMEABILITY DETERMINED FROM STRADDLE PACKER 

TESTS (AIR EXTRACTION)' 

P 
- 

me SDf Bandellsr Borehole nc X d  
Tuff, Tshlregs Numbersb (d a rc le I) (dare i cs) 

Mcm. Unit 

2b 54-1 001 I 
-1 002, -1 003, 
=lo04 

2b 54-1 001, 
-1 OO2,-1003, 
-1 004,-1006 

2a 54-1007 tO 
-1 005 

23 54.f00'1 to 
-1 006 

l b  sc*1001 to 
-1 005 

l b  54=1001 tO  

-1 005 

5 1.48 1,66 0.42 0.81-1.70 

6 1.88 i ,68 1.03 0.81-3.83 

40 

so 

19 

18 

2.43 

3.65 

10.68 

1 .?O 

2.05 

2.38 

1.79 

1 ,?? 

1.99 

3.39 

39.1 9 

0.96 

0.60- 
10.74 

0.60- 
15.69 

0.63- 
112.41 

0,63479 Mlnus 
172.47 
dnrey 
value In 
54-1 002 

lb 54.1001 tO 23 9.8f 1,87 35.53 0.63- 
-1 006 172.47 

l a  54-1001 to 36 1.21 0,98 0.67' 0.35472 
-1 005 

1.0 54=10C1 to 46 3.19 1.20 8.12 0.35- 
-1 006 53.51 

a. from Stophens and Amsoclnlas (1994) 
b, Borohola loeolionli nm shown on Figuras D-1 nnd 52 
c. Number 01 samples 
d. Mom pomoablllty 
0. Modlnn pomoablllty 
1. Sample standard dwiatlon 
g. Rango 
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TABLE C-8 (concluded) 
- ~~ 

P 
c 

Bandelior Borehole nc Xd ma SO' 

Mom. Unit 

Tuft, Tshlrege Numbersb (dare I C s )  (dare ies) 

ID 54.1001 tO 43 1.50 1.12 1.11 0.354.72 Minus 
~ -1000 53.51 , 

16.53 and 
12.18 
daw 
VEI~UOS in 
upper 1 b 
in 54- 
1006 

Tsonkowi Pumice 54.7 002, 4 5.69 2.32 7.73 0.93- 
Bod -1 004, -1 005, 17.19 

and -1006 

Ccrro Toledo 54-7001 and 4 3.14 2.55 2.23 1.16-6,28 
intcwal .I 004 

Otowl Mcm. 54-1004 1 0.55 0.55 

b. Boroholo localions aro shown on Figures 8.1 and 0-2. 
c, Nurnbor of sarnplos 
U, Moan pormooblllty 
0. Modinn porrnoablllty 
1, Snrnplo slnndard dovlnllon 
g. Rongo 

Laboratory moasurements of air pormaability as a function of wator contont were 
pcriomed on cor0 samplcs from four Sorehalos that aro lowtod in tho proposed MDA G 
cxpansion m a  (54-1 001 , 54-1 002,54-1003, and 54-1 006) and from borohole G-5, which 
is located in the central part of MDA G south of a sot of disposal shatts that rocoivod 
polychlonnatod biphonyl wastcs (Figures 8-1 and 6-2). Appondlx B roports thc results 
of measurement of in sltu moisture wntont in cor0 from these borchoios, Table C-9 
prosents the air permaability measuroments on the core samples at the lowest water 
contont usod in tho lnboratoty test. Toble.C.9 nlso identifies the strntlgmphic unit for each 
discrcte core samplo. Air permcabillty valuos at other values of water contont are 
prcscntod in the gootechnical laboratory roports (Stophons and Associates 1994,1995). 

c-10 



TABLE C-9 
INTRINSIC AIR PERMEABILITY VALUES ON CORE SAMPLES 

t Barehole Depthb (tt) Stretlgtophlc Intrlnslc Alr Volumetric 
Number UnitC Ptrmeablllty Water Contentd 

(darclss) (XI 

S4-1001 I 68 2a I 0,45 i 0.3 

1 54.1001 I 101.7 2a 2.95 0.3 

54-1 001 141.f 1 l b  1.06 1 0,0 

1 1  54-1 001 28 I 0.30 I 0.2 
I 

I 

54-1 001 I 121.7 I l b  2.34 0.1 

I 54-1002 92.1 2a 0.29 0.12 

I 54.1002 142.2 13 0.30 0.04 

1 54.1002 l f8.7 le 1.11 0.63 
f 54-1002 I 243.7 j l a  2.68 0.5? 

] 54-1003 11 9.2 l b  I 0.22 1 0.26 

j 54.1003 1 156.7 I l a  1.84 0.44 

1 

i 

54-7003 101.7 I 2a 1.69 I 0.1 1 

f 54-7003 206.5 l a  1.06 1 1.02 

1 54-1003 260.7 I l a  1.13 1 0.72 

1 

I 

i 54-1003 I 270.f I ComTolado I 3.29 1 1.11 1 
i 54-1006 I 41.7 1 2n 4.67 0810 

I 54-1006 76.5 I 2a 1 0.32 1 0.03 
L 

I 54-1006 124.2 l b  1.18 0.1 0 

54.1 006 160.7 I la  0.26 I 0.60 

9.0 I 2b 0.68 0.27 

1 G95 32.5 2b 0.20 0.25 

I 

I 54-1006 I 136.3 I 7 b  0.46 I 0.1 8 

I G.5 21.5 I 2b 0.49 ! 0.34 

i G-5 42.5 I . 2b 0.13 0,15 

L 

I I C-5 
t 

r 

I 

a. Analytlcnl mothods and rosutts fwm Stephens and Associatos (1994,1995) 
b, Laborator) tests were performed on 5ln.  longtho of corn. 
c. Unlls 25,20, I b, nnd 1 a am within tho Tshlrago Member of the Bendellor Tuff. 
d. Roportod volumctric wnter are not in situ volues. 



1 

Borchofs I Depthb (tt) Stratigrnphic lntrlnslc Air ' Volumetric 
Number UnitC Permenblllty Water Contentd 

(derc ios) (X) 

52.5 1 2b  ! 0.1 4 I 0.1 0 
0.31 0.1 3 

0.23 

8 2 S  l b  0.14 0.29 

0.61 
1P 0,31 0.56 

I C*S I 
! G.5 I 60.5 i 

G-5 I 
, G-5 I 

I 92.5 I l b  1.21 I G.5 I 

G-5 I 

28 

70 j 2allbcontact 0.33 
c 
I 

r 

102.5 I 

In general, the core measurements determined lower permeability values than tho straddle 
packer tcsts in tho s3mo depth interval in the borehole. This is cspccinlly notcd in 
botcholo 50-1001 (Figurc GI) at tho approximato depth intorral of 60 fi to 110 tt. The 
laboratory tcsts woro all pcrfomcd o n  unfracturod 6-In. lengths of cor0 whcrcas tho 
straddle packer tcsts included mocrsurcmonts across a 27-in. intcwal which could includo 
icatures (fractures and changcs in the rock matrix) that locally change the air permeability 
of tho stratigraphic unit. 
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ABSTRACT e 
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Natural chloride and stablc isotopc tracers werc used to cxamhc the 

vadose mne hydrology of Mesh del Bucy in the ViCiniv of the LOS A l m o s  

Yati0na.I kbon to ry ,  Area G, Low-Lcvcl Radioactive Waste Faci3ity. Porc-wattr 

chlolidc concentrations were measured with depth from COR samples from’four 

wells. In addition, 6’80 and SD stable isotope profdes were detcrmincd for one 

of the wells. The objectives of the study were to (1) quyltify flux rates a d  pore 

water agcs using t h e  chlondc - dam: (2) compare water flu rates t o  those 

obtained riom hydraulic methods in order to eschare t h e  most appmpriatc 

valucs for use in perfonnanct assessment nodeling; and (3) cxamint stable 

isotope profiles for evidence of deep evaporation in the mcsa system. In 

general, the chloride results indicate flux rates of a few mm/yr in t he  upper 

and lower parts of t h e  mesa. All the wells have a zone of high chloride 

concentration at approximately mid-deph. Flwts in t5esc chloride bulge 

arcas range from 0.03 to 0.8 mm/yr. I t  is likely that the bulges and low flu 

valucs may be related to evaporative removal of water in the  mesa. However, 

differences in maximum chloride conctnrrations (e,g,, 232 mg/L in well 1107 

vs. 4755 m g / i  in well 11 17) suggest that there may bc substantial lateral 

variability in t h e  a m o ~ n t  of evaporzlri’on that occurs. The chloride-based fluxes 

arc reasonably consistent with those from hydraulic approaches. The chloride 

results idso suggest tbt  there is substantial lateral and vcmcd variability in 

the mesa hydrologic system. Finally, t h e  stable isotope rcsults indicate the 

.i- 
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presence of isotopidy hcav water in t he  same reeon as the chloride bulge. 

Isotopically heavy water indicates that deep evaporation is likely because the 
e 

largest values occur at depths much greater than the depths at which solar- 

driven surface cvaporaeon takes % place. 

I N T I R O D U ~ O N  

Evduating reprcscntative flux rates for the Mcsita del Buey vadose zone 

is crucial for performance asscssmcnr - 
Waste Facility located at t he  LANL TA44 .  Thc fiyd-ac appmzlch (e& 

Birdsell ct d., 1995; Rogers and Gallaher, 1995) is one way that vadose zone 

ff ucs can be estimated. However, because of the dinidry in measuring 

hydraulic propcdes and accurately dctemhing rnoismrc content, suction, 

3 and hydraulic conductiviqr' rclationships, the hydraulic approach $clds flux 

of the  Arta G b w - k v c l  Radioactive 

. 

estimates with large uncertainrJes. Thus, even though the hydraulic approach 

provides useful information, additional estimates of the flux that do not rely on 

the same assumptions or parameters as the hydraulic approach is beneficial. 

The additional estimates would provide increased confidence that 

rcptesentativt fIw values arc used in the performancc assessment process. 

The cunent study was designed t o  provide esbatcs  of flux based on the 

chloride mass balance method ( U s o n  et d., 1994; Stone, 1984). Because this 

is a tracer-based, zvld not a hydrauXc-bastd approach, it provides 

independent estimates of flux that arc needed. 

2 
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In additior. to flux estimates, conceptual models of mesa hydrology c m  

be refined using nnrural tracer smdits.] In p&culu, stable isotopes can bc: 

used to evaluate evaporation, both at the mesa surface and at depth. The 

isotopic composition of water is dkctcd by cvaporation, which prefcrcntidly 

m c t s  Cghr isotopes into the vapor phase, l a ~ g  the r c m a h h g  liquid 

e d c h e d  in heavy isotopes. The depth at which SD and 6180 reach their 

m&um (heaviest) valucs coincidts with t!!e depth of evaporation (Bamcs 

and Allison, 1983; Allison e t  - d., 1983), Deep evaporation in Mesita del Bucy, 

12 contrast to surface evaporation, has bcen suggested by Rogers and Gallaher 

(19%); Rogers et d. (1996); and Vold et d. (1997) based on data from aoisrurc 

content and mamc potential mcasurcmcnts. The idea of evaporative rtmoval 

of water from mid-mesa depths of approximately 15 t o  100 ft is untested, and 

uill significmtly influence con&ntL?t mobility affecting pcrfommcc 

a ~ s e s ~ m c n t  calcula3ons. 

Bascd on t he  need for independent estimates of flux and for testing t h e  

deep evaporation hypothesis, the objectives of this study were to (1) use naturd 

chloride tracers to estimate flux rates of watcr in m e s s  and the age of water in 

the vadose zons water; (2) compmc the chloride-bascd fluxes to hydraulic- 

based fluxes currently used to  modcl'vadose zonc behavior at Area G; and (3) 

examinc stable isotope data for evidence of deep cvaporativc removal of water 

within the mesa. 
I 

3 



I 

HAT- AllD METSODS 

Chloride S,mdina and Lqboratorv Analvses 

Chloride profiles were determined from COX samples from wells 54-1 107, 

54- 1 1 17,544 121, and 54-1 123 at Area G. Samples were collected and 

mdwd at 5- or 10-ft intervals. Chloride eonccnrndons werc determined by 

laching the'corc sampks with DI water and analyzing the leachate using ion 

chromatography. The leaching and analyses were performed at the Los Alamos 

EES- 1 geochcmisay Iaboratoy. For each s a p l c ,  a p p m ~ a t e l y  50 g of 

was crushed ushg a mora and pestle. The tuff was then oven dried for at 

least 12 hours at 1OoOC. The cby sample was weighed and added to  an 

Srlcnrnqcr flask dong with approdatcly 75 g of DI water. The flask uas 

agitated for 24 hours on a r o w  mixer. Once the mixer was turned off and -&e 

solid matcrid settled, thc supernawt was filtcrcd and andyxd using a 

Dioncv Ion Chromatograph. Analyticd precision of the ion chromatograph is 

better than 5 Oh. 

Pore water chloridc concentrations were dculatcd using the leachate 

conccnu3tions, volumetric moisture contcnrs (from Vold, 1996). and bulk 

densities (from Kxier ct d., 1995) for each well (see Appendix 1). The polr 

water chloride concenrrations we= then =sed in t k  chloride mass bdmce 

approach described below to estimate vertical fluxes and vadose water ages. 

-. 
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Chloride Mass Balance Approach 

The chloride mass balance approach h3s been suce t s s fdy  used to 

dcte&.ne vadose zone fluxes in semiarid and axid locations worldwide. The 

approach involvcs measuring csoridc coneenmuons in vadose zone water - 
with depth. These concentrations sene as indicatorS of downward flux and 

water age (Stone, 1984; Allison et al., 1994). The downward flux is inverscly 

proyortional to the m o u n t  of chloride accumulation: high chloride 

concentrations indimre a low - flux that represents many y e u s  of mcteo5c 

chlorids accumulation couplcd uith e v a p o r ~ s p h t i v c  rcrnovd of water. 

Relatively low chloride contents indicate a high downwzd flu, or water that is 

able to move through t h e  vadosc zone at a fast enough rate to rnhimiZt 
. .  

cvapo trmspiroti on c ffcc t s  . 
The chloride mass balance method is based on the followkg 

asscrn7tions: 1) flow occurs latgcly os downwud piston flow: 2) dispersive 

rnixing of water and chloride is small; 3) atmospheric chloride deposition has 

been relatively constant and is the sole source of chloride to the system; and 4) 

chloride uptake by plants is ncgligible. Uncednry  rzlated to these 

assumptions will be addresscd in &t Discussion section, 

If vadose zone chloride conccnuations TVC constant below t h e  root zone, 

&en the average mnual flux (or rechxge rate) can be estimated using 

5 



were R is thc flux (m/yr); P is the average annual prtapitntion rate ( m / p ) ;  Clp 

is the average conccnaation of chloride in bulk precipitation (g/m3): and Crw is 

the chloride concentration in vadose-zone water below the root zone (g/m3), 

However, chloride concentrations in deep profdes m sometimes not cons'I;Mt 

below t h e  root zone, In this case, plots of cumulative chloride as a function of 

curnulativc water in the profde can  be used to  dcttrrnine changes in recharge 

rates over time. Approximately linear segments on the cumuladvt-cumuladvc 

plots indicate zones of constant flux. The flux for a segment is given by 

whcre Cl, is t h e  average chloride content of the smplcs represented by the 

scgnerrt (g/m3). Chlonde-based vadose water ages can also be estimated by 

first calculating the m o u n t  of chloride in each sample in tend  daw- to the 

depth of htcrcst usifig the relationship 

c1, - 9.Cd.Z (31 

where C1, is the amount of chloride in the intcn*d ( g / d ] ,  0 is the volumetric 

moisture content in the interval, Cd is the mass of chloride in the interval per 

volume of rock (g/m3), and 2 is the length of the sample interval (m). By 

calculating the cumulative sum of the Cl, values down to the dcpth of intcrcst; 

&e age can be calculated using 
L 
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A Ck/ (CimP), (4) 

where A is 3ge in ycus ,  and C l  is the curnulativc sum of the C1, v d u e s  (g/ml) 

at a given depth. h vdue of 0.36 mlr ;  was used for the avcragc w u d  

p:eci?itation (P) bascd on rneasurcacna at Tk-54 (Bowcn, 1990), and a value 

of 0.29 g/m3 was used Cor t h e  average concentdon of chloride in bulk 

precipitation (Cf) based on Andcrhoh (1994). 

- Stable Isorow Analvscs 

Stable isotope analyses of porc waters from ATca G were conducted u s h g  

moisture-protected samples from well 54-1 117. Thc moisrurt -protected system 

i.=volvcs sc&g core samplcs in gas impermeable plastic bags as t he  cores 

were removed from t h e  core barrel during drilling. This procedure reduces t h e  

chance of porc water cvaporation during the period between sampling and 

mdysis which would alter t!!c isotopic composition of the water. 

The stable-isotope analyscs were carried out at the New Mexico Tech 

Stable Isotope Laboratory. Soil water was extracted by high-ccmperarure 

vacuum distilldon, following Shurbaji e t  31. (1995), and 6180 and irD 

ntasuremcnrs were made on a Finnegan-Mat, Del=-E stable-isor opc-rauo 

m3ss specaomcrer using 02-Tech gas standatds. The hydrogen and oxygen 

isotopes w e  reponed in delta (6) notation as per mil (%o) dflercnces relative t o  

r,hc V-SMOW international standud: 
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where R is the D/H or W / ’ 6 0  n t i o .  Thc \-due of 6180 was measured from 

-actions made using the carbon dioxide c q i l i b r a ~ o n  tcchique of Socki et 

al. (1992). For the SD analyses, hydrogen u*3s extracted using the  hot umium 

mcthod of Bigcltisen ct  al. (1952), md thc r n d p c ~  w e n  cotrectcd by means of 

a lincar equation (SD@EN.I - 1.0086Dmcurucd + 7.37s) based on regression 

tL?alysis of V-SMOW and GISP standards. Thc ~ l d $ c a l  precision for the  6180 

a d  SD mdyscs  by mass spectroscopy is better thm 20.2 ?4m and S %o, 

respectively. TWO of the distillates (thc 16.6 and 25.6 f t  s a p l e s )  did not ><cld 

reasonable 6D values. I t  is likely that some hydrogen was produced from 0 
organic material, possibly from decayed roots, invalidating t he  water 6D values. 

RESULTS 

Chloride profiles for t h e  four wclls arc shoum in Figure 1. The chloride 

concentrations are not consttlflt with depth, and each profile shows a distinct 

Sulgc of high concentration between the 15 to SO ft depths. The changes in 

chloridc conccnmtions gcnerdy correspond to  changes in volumetric moisture 

content where the chloride bulges OCCUT in the zone of low moisrutc content 



Because the chloride concentrations were not constant with depth, t he  

cumulative chloride-cumdative water approach was uscd to  calculate fluxes 

(values ustd in the flux nnd age c33cuhtions m @vcn in Appendix 1). 

C u m ~ t i v ~ - c u m u l a t i v e  plots for each wcll arc shown irl Figurt 3. The Ggurcs - 
show three appro&atcly b e r v  scgment~, With well 1107 h a h g  a possible 

fourth segment below thc vapor phase notch. F l w  rates wcfe calculated for 

t he  three segments for each wcll (Table 1). For the xppcr segments t!3t 

correspond to t h e  shallowest - dcp'ths, relatively high flux rates are indicated as 

coz~parcci to  the  middle s e p e z t .  Wells 1107 m d  112 1 yield flux rates of 6 

m,d 3 mm/yr, respectively, whereas the upper segments for wells 1 1  17 and 

1123 yield rates of 0.1 and 1.5 mm/y~ .  Tht reason that t h e  I1 17 and 1123 

rates YC so much lower than those of 1107 an:! 1 121 is that shallow smples  

wcc not available for I 1  17 and 1123 and thcsc would tend to have lower 

ct.,loride concentrations which would incrcnse *he flu estimates. Flux rates 

Z'C t he  lowest in e d i  of the wells for the middle segments and rmgc from 0.03 

to 0,s rnrnlyr. For the dccpcst s e p c n t s ,  the flux rates increase to  vducs 

similar to that of h e  upper segments. Again, there were no samples available 

decpcr than about 90 ft for wells 11 17 and 1123 and thus, the esPimtltcs of 

deep flux ratcs arc substantially lower thm those from 1107 and 1121 because 

only ii few low chloride concentration samples wcre available. 

Chloride accumulation ages for each well arc also shown in Table 1. 

Ages for well 1107 suggest that it takes between one t o  w o  thousand years to 
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reach tbe 125 ft depth. Ages for the o r h a  wells suggest that it takes 

approximately six thousmd y c m  or more TO reach the same depth. 

The stable isotope prof?lts for well 1117 arc shown in Figure 4. The 

ucnd is for thc pox waters t o  become lighter in both 6180 and 6D with depth. . 
Because *ere: were no moism-protected sanplcs available for depths less 

thm 16 ft, generaked curves for s h d o w  isatopc proWcs at TA-51 (Ncwmm ct ~ 

d., 1996) arc dso  shown in F i v e  4, TA-51 is on thc sa.mt mesa as Area G, 

approximately 3 km upslope, q d  is probably a good proxy for undisrurbcd 

evaporation is limited to shdlow depths. By a depth of 1-2 rncters, isotopic 
. I  

values become Iighter (-9 to -10 6180 and -SO to -95 SD). At the depth t h t  rht 

nctcr samples from TA-5 1. This difference is i r n p o w t  for cvduaung dccp 

evaporative processes and will be explairrcd further below. 

DISCUSSION 

The chloride bulges (Figure 1) arc irr,porta.xX features of v e d c 3  

profiles because the origin of rhcse chloride accumulations will d k c t  the 

dcvelopmcnt of conceptual and quantitative models of the mesa hydrologic 

system. One cuplanation is that the  bulges represent a past period of low 

percolation rates and high evapotranspiration which was followed by a period 
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of higher pcrcolatian rates and lowcr e v a p o m s p h ~ o n  that displaced t h e  

chlofidc bdgcs to  the e20-80 - 
bulges afc not  concordant. If chanmg pdeochatc  was the cause of the 

chloride bulges, roughly similar pcak concenmtions and ages would be 

expected. A further problem is that the climate for t!!t last 20000 ye-, 

though variable, has tended to  be wetter than thc present (Phillips ct d., 1986; 

Smte e t  ala, 1992). This is in dircct convast to thc interpretation that the 

bulges indicate drier past conditions. - 
bulges represent a zone of evaporation and vapor phase urnsport which would 

cause chloride to  accumulate. The possible pathways of vapor movement arc 

discussed in t he  Deep Evaporation section below. Evaporition seems to be a 

plausible explanation given that other studies have suggested t!!c possible 

presence of deep zones of vapor dominated transport (c.E., Rogers and 

Gallaher, 1995; Rogers et d., 1996; Vold et  d. 1997). The evaporative zone, if 

present, may nor always ac'L as a barrier KO flow as indicatcd by the profile and 

flux rates for well 1107 (Figure 1, Table 1). Evcn though there is a chloride 

bclgc in well 1107, the mass accumulated is a fraction of t"lt in the other 

wells and the estimated verticd flux is still fdrly large (0.8 mm/yr). The 

differexes in chloride accumulation between t h e  wells suggests that if 

evaporation occurs, there nay bc substantial lateral hetcrogcxity whcrc the 

evaporative flux is not unifom throughout the mesa. The changes in chloride 

conccnmtion appear to be correlated to certain srshgraphic units and 

f t  depth, However, the vadosc water ages for the 

The mosz likely c.uplana~on is that the  
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features. The bulge in wcU 1107 occurs mainly within the lower part of unit 2b 

(surge beds), while the bulges wells 11 17, 1121 and 1123 OCCUT wi thh  the 

stratigaphially lowcr units, 2a and Ib. These units may act as permeable 

ants th3t have a direct connection . to the amosphcrc. For example, the surge 

beds at the bnsc of unit 2b have been suggested as a potential cvapomuvc zone 

(Rogers and Gatlaher, 199s; Rogck et de, 1096) which is consistent With the 

chloride bulge in well 1107. The bulges *h wells 11 17, 112 1, m d  1123 overlap 

the surge beds in some cases, - but also t l e  litholo& conmcts betwccn units 

lv(c), lv(ul), and Iv(u.2) (following the suggcsted nommclarun: of Bmzon and 

Rcrteau, 1995). Thesc units arc fractured and contain pumice beds, either of 

which nay have a connection to  the atmosphere p d h g  deep cvaporation. 

a 

The n.por-phase notch (Figure 3) is another smtigraphic fcatvrt thar 

a p p c m  to canool'or at least cornel& with changes in chloride concentrations 

and fiux rates. Chloride concentrations at m d  below the vapor-phase notch 

art dilute and thc decrease in concenuation conrsponds to a subsmti3-l 

increase in moisture content at the vapor phase notch. In wells 1121 and 

1123 a large change in slope occurs Sttwctn the middle segment and *he 

deepest segment of the cumulative-cumulative plots [Figures 3c and 3d). tlat 

corresponds to the vapor-phasc notch. The influcncc of the vapor phase nor& 

in well 1107 is more subtle (Figure 33). The cumulative-cumulative plot for 

well 1107 shows a small chmgc in slope in the deepest scgmcnt close to  the 

vapor phase notch. If there were samplcs decpcr in the pmfde, a fourth e 



e 

0 

.. 

e 

. .  
s e p c n t  bclour t h e  vapor phase notch might be more readily apparent. Only 

one samplc from below the vapor phase notch was available for wcll 11 17, SO 

no assessment of its influence can be made for this wcll, 

Unccrtainw 

With the various assumptions used in the chloride mass balmce method 

h e r e  are some related ~nce r t ih t i eu .  The first u n c e h v  relates to t h e  1-D 

vercical flow assumption. If deep - evaporative processes occur, t h e n  potentially 

lvgc  bur unqumriliablc m o r s  ir, the flux estimates result From a qualitative 

point of view, however, a large chloride concentration assodated with =UI 

evaporative zone is consistent with a low' f~ux   at era^ now also violates the LD 

vertical flow asscnption, If there is laterd flow in the dceper units 3t t h e  base 

of b e  mesa (described in the Stable Isotope section, below) then the flux 

cstimntes arc suspect becausc lateral flow can add or remove chloride from the  

system. Fracture flaw is not considered in the chlondc mass balance cqproach 

eit!!cr and because of its possible importance, especially in t h e  shallower tuff 

units, fracture flow adds additional unceruhty to  t!!c flux and age cstimatcs, 

Another factor that contributes to u n c c h r y  is thc concentration of chloride 

entering the mesa. Unfornulotcly, tlicrc are no long term data available for the 

Los Alm-os area, but short te.m data can be used t9 bound thc problem. A 

value of 0.29 g/m3 was used in the flux and age calculations based on a 

chloride mas5 balance srcdy by Anderholm (1994) for the  Same Fc area. This 
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value may be higher than thc Pajarit0 Plntcau average value, and is probably a 

conservzrtivc value in that it may overestimate flux rates and undercsumatc t h e  

ages. Evaluation of chloride concentrations in prcapimtion from the National 

Atmospheric Dcposirion p1.ogram station at Bandelicr National Monument , 

(NADP, 1994) and vaxious sampling stations on the Pajarito Plateau monitored 

by Adams et  al. (1995) suggest that chloride concentrations in &dl might be 

as low as 0.1 &/ma. If this vduc is more representative of the Pajarito Plateau, 

t5tn the flwccs in Table 1 would be about one third less than those shown and 

the ages would bc about th ree  dmes greater. The dlflcrcnt chloride input 

values do not make order of magnitude changes in the flux rates, and thus do 

not result in much additional uncedn ty ,  espcdally when compared to  

uncertainties from other factors such as deep evaporation. The effects of 

' different chloride conecntrkions arc i k p o m t  considcrations for CorrclaMg 

ages and changes in flux with past periods of climate chwgt because some 

pkoclirnate changes have occurred o w  rclativcly short time periods. 

Comparison of Chloride-Based Flux Estimates to Other F l u  Esdnatts 

Birdscll ct  al. (1995) used a modeling approach to estimate flux vdues in 

' t he  vadose zone beneath Area G. Thcy used gencrdizcd hydraulic puametcrs 

for the different stratigraphic units and varied t h e  infiltration rate in order :o 

match existing in-situ saturation data. They found that the sarurtition profile 

could not bc simulated using a single flux value. Instcad, they used duct  

I4 
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different Dux vdues t o  match three s a w t i o n  zones in the profile, Their result 

is consistent with thc chloride results in that three r n a h  flu zones wcrc also 

identifed. Unfortunately, the m p i t u d c s  of the chldde-based flu mtes do 

not a g c e  with the simulations in some cases. For wnmplt, BirdseU et al, 

found that a low flux of 0 to  0.1 m/yt fit the saturation data from unit 2b 

best. For the same unit, the chloride-based flux rates arc 3-6 m m / r ,  This 

discrcpmq results from differences in moisture contents used h the 

sirnclations versus those used d in t!!e chloride mcthod. The moisture contents 

used by Birdsell et d. wcrc based on vdues for the lower part of t he  unit where 

vducs range from 1 to ~ O / O  volumemc, The upper pwt of the unit is much 

weiter with maisme contentS on thc order of? to 

ustd in the chloride-based cs+hatcs. 

14% and these vducs were 

Thcrc was some consistcnq bcnsrcen the simulations m d  tile chloride 

:csults for unit 2a, in +&at both srudies indicate unit 2a is a zone of low flux. 

Again, however, the chlor;.de mcthod yields higher flux rates than the 
simulations, probably bccausc of highcr rnoisturc contents than thoc a~ used in 

the simulations. For units l a  and lb, the chloride-based €lux rates agree with 

the range of flux rates irom thc simulations. For t he  Cemo Toledo and Otowi 

units, t h e  chloride-bascd estimate for well 112 1 is consistcnr with the 

simulations. Wells 1107 and 11 17 were not drilled into tbt Ctrro Toledo and 

Otowi mits, and only one sample was available 

comparisons can be made for these wells. 

from well 
I 

1123, so no 

I5 
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h o t h e r  comparison can be made using the f l u  estimates for the upper 

prvt of h t  2b. NcwmvKt al. (1996) estimated chlonde'-bascd flux raws 

through v&ous so2 profdcs and into the f i t  10-50 cm of unh 2b for an 

undisturbed site at TA-53. For soils . without chy-rich Bt horizOns, which is 

tcprcscnmdvc of conditions at k c t i  G, flux rates ranged from 0.5 to 30 m m / ~ .  

Though thtsd estimates arc dominated by soil hydraulic pmperdes, the 

rn;?joncy of the esbatcs arc consistcnt with the 3-6 n u n / r  estimates for the 

upper part of unit 2b at Area GI - Neuman c t  d. also noted subsxandal lateral 

variability in flux: rates, consistcnt with t!.!c results from this study. 

A fid comparison can bc made With the  results ofVoId et d. (1997) who 

calculated the mapirude of liquid m d  vapor fluxes in the mesa. Ovcnll, the 

Vold et  al. results arc in reasonable agrremcat -4th the chloride-based flux 

estimates. Vipor-flwc rates dominate LI thc middle of the mesa, which 

corresponds to the zone of low chloride-based flux rates, and s u p p o ~ s  the 

hqTothcsis of dcep evaporation. Liquid flux rates arc dominant in the rcgio;, 

near and below +At vapor phase notch, which is consistent With the increase in 

chloridc-based flux rates in the dccpcr pans of the mesa. 

.. 
. Stable Isoto~es 

Stable isotope data from wcU I1 17 (Figure 4) provide additional evidence 

for dcep evaporation. The TA-51 dam show that surface evaporation effects ' 

disappear at depths less than 6 f t  whereupon values reach relatively fight 6180 
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aqd 85, values of -9 to -10 %O and -80 to -95 %o, rcspectively. Unsaturated 

zone stable isotope theory predicts that a quasi-stcady state valuc should be 

rcachcd below the mnc influenced by solar suxfacc cvaporadon ( U s o n  e t  d., 

1983; Barnes and Allison, 19S3). In other words, t ? c  approxirnntely -9 %O 6'80 - 
vdue, for example, should be maintained throughout the profile for dl depths 

below about 6 ft. However, conaary to theory, the 11 17 data show quite heavy 

valut.s at depths below the zone influenced by surface evaporation, 

A palcoclirnatc in tcvrc tdon  - for the existence of isotopicdlly heavy 

values deep in the profile does not seen plausible, as explained in t he  chloride 

bulge discussion. Instead, t he  isotope data a r e  consistent . with evaporative 

removal of water from within the mesa. At present, it is not clear how this 

process works or what t h e  pathways for airflow u . d  water rernovd might be. 

One hypothesis is that dry air Pavels down vertical fractures in t he  tuff, 

cvaparazes the water and moves back out of the fractures in response to 

the.md or barometric changes. Alternatively, the sides of the mesa could plq 

c i  role in allowing dry air into d.lc system and moving water vapor out. The 

hndel icr  tuff is exposed on thc mesa sides and is subject to 2 wide range of 

tempcracurcs and baromcvic pressures. At this smgc, the tracers a d  low 

moisture conxents strongly indicate &at deep cvaporcitian occurs in the mesa, 

Howcver, additional isotope data arc nccded to  confum the bchavivr seen in 

Wcu 11 17 and more work be required to undcrstznd the mechanisms a d  

pthways by which the evaporation occurs. 



. 

The existence of light isotope values at the vapor phase notch ar the 85 ft 

& p h  in well I1 17 Itads to two explanations. The fust is that water infdmted 

during a higher precipitation period during the Pleistocene or cxly to mid 

Holocene, and was not subject to extensive maporanon. Studies by Phillips et 

a?. (1986) and Stutc e t  al. (1992) indicate that such periods occurred in the 

pzst 20,000 yeus ,  so this explanation appears to bc reasonable for the Eght 

water at the bottom of the profile. The second explanation is that water may 

have been inEoduced by later@ flow along pathways that were not subject to  

evaporation of the s a c  intensity that occurred in the middle ofthe mesa. I t  is 

possible that recharge in the  adjacent canyons flows underneath Mesita d d  

Bucy, m d  Pajarit0 Canyon in padcuhr conc&s saturated alluvial zones 

which could geaeratc lateral flow. Unfomxmtcly, we do not have enough 

inf&ntion about the link berwccn mesa a d  canyon hydrology to adequately 

cvduate if lateral flow really occurs, The stable isotope data however, can 

provide valuable clues regarding the vdid iy  of the lateral flow hypothesis. A 

meteoric water plot (Figure 5) s h o w  a well-defined cvapomtion =end linc 

extending from t h e  local meteoric water line to the right. 6180 and SD vducs of 

precipitation from t he  Pajarit0 Plateau plot along the local meteoric water line, 

and if evaporation occurs the isotopic values will become progressively heavier 

following a trend such as that shown for wcll 11 17. The evaporative trend line 

suggests that zlll of the waters in the 1 117 p.0 - fde h v e  the s a c  soutce, 

including t h e  light water at the vapor phase notch. Thus, XIatcrzrl flow occurs, 

18 
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suM1yL4Ry AND CONCLUSIONS 

Chloride fluxesthatcs for wells 1107, 1117, 1121, and 1123 showcd 

rcnsonablc simil~riry in overall bchavior whcrc flux rates wcrt highest in thc 

shallow zmd deeper parts of M e s h  del Bucy 311d lowest in the middle of the  

mesa. Flux estimates for the shdlow and deep zones are  on thc.order of ;L fcw 

rnm/>i. For rhc middle region of the mesa., flux estimates ranged from 0.03 

mm/yr for well 1123 to  0.8 m m / y  for WCU 1107. Tnc low mid-depth fluxes in 

the wells are related to Ixge concentrations of chloridt. It appears that these 

conccntrotions arc related to deep evaporative proccsscs, and a stable isotope 

profile from well 11 17 suppons this conclusion. One detail is that the  bulge in 

well 11 17 has a very high maximum chloride conccneation (4755 mg/ L), while 

t h e  bulge for well 1107 has a much lower conccncauon (232 mg/L), The largc 

differences in chloride concentrations suggest that thcre is substantial lateral 

vviabiliry in vertical flux and in t h e  3mo-t of evaporation that occurs. In 

summay,  it appears that the M e s h  del Buq vadose zone is charactcrizcd by 
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e subsmntid lateral and vertical heterogeneities that cone01 the ratcs of water 

movement in the mesa. In addition, water movement in the middle of the mesa 

is likely innucnccd by deep evaporation. Funrrt work wiU involve measuring 

additional isotope profiles to v e w  t he  behavior seen in well 11 17, and will also 

include analyscs of shallow isotope data from Area G SO that site s p c d k  values 

can be used instead of those from TA-51, 
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Table 1. Flux Estimates and Soil Water Ages for Wells I107 and 112 1, Area G 

Depth bottom of 
l intemdl  Flux 1 d q t h  

(mm/yT) inttrvdlyr) I 

wel l  1117 
I Agc at 

Age at 
bottom of 

. 

1 - 
Well 1123 

1 Age at 
Dept!! bottom of 

/ i n t e r d l  Flux I depth 
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P O ~ S  W ~ W  C~IOMO ~onc.nvluon ( m W  

Figure 1, Chlondc profiles for wells 1107, 11 17, 7721, 3nQ 1123. 
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ABSTRACT 

AnrJvsjS of liquid phL$c trdnspon in thc unsaturated zone kncath a mcsa-top disposal fxiliry is 
dc-c;ihd. 
vcnjc:d f l ~ ~ x ,  b a d  on mojsturc profilcs with cmpiricd mdyLic forms for the moisture flux 3s a 
funclion of moisturc conlcnt. Thc sourcc t c m ,  cxprcsscd LS a chmctcristic time scdc for change 
in moisture cuntcnt, \ w i s  from about onc y c x  in high flux regions to over one thousud gc;lrS UI 
low flux rcgiona. Rcsuits sliow thc rnoisturc flux m d  sourcc t c m  within thc mesa fall into h r c  
rccions. A ' n c u  surface region' (<lorn dcpth) is found to h;lvc rn r r ~ c n g c  net downwud liquid 
phd5c flux of':~hout 1 c d y r  and cxhibits a aignificmt c\'apord~vc loss, presumably from surface- 
conncclcd friiclurcs. Ths region has a Ixgc \vialion in flux chwactcristics n d  is influcnccd by 
disposal opcriitions. RcI~1tivc1y large moisture contcnt and infcrrcd flux in this region at one 
location illu>trrc[cs the potcntid for disposal operations IO significantly dicr the narurd hydrology 
Imt of thc ncar surhcc on thc mcsa. 

Bcncath this is a 'low flux rcgion' which cxtcnds downward at lcrrst to a horizon ncx  the b u c  of 
the nicsa. In this rcgion the rrvcragc infcrrcd vcrticd flux is 0.0017 c d y r  upward with 3 m u i m u m  
downward flux at m y  location obscmcd to hc 0,006 c d y r ,  suggesting thcrc is negligible liquid 
phaac movcmcnt through this rcgion. 

t'i third rcgivn ncau thc b u c  of Ihc mcsa is ch;uaclcrizcd by a peak in the vertical prolilc of moisture 
2nd is ascoci2:cd wilh a 'vapor phit.\e notch', :it thc intcrt'acc of rhc vitrified and the dcviuificd 
volcanic luff. The analysis indicates a snid) avcngc downward flux of 0.07 c d y r  in thkrcgion 
and !,uggcsis a Iwd moisturc sourcc. This may indicate lateral flow, conncctiviry to alluvium of 
grutcr saturation in thc adjiccnt canyon. or rnay signify the clcvation of the bottom a nctwork of 
urfacc-conncc:cd fracturcs. Howcvcr, thc appnrcnt moisture sourcc may bc ncgligiblc if thc local 
rnatric propcnics differ from thc strarigrapbic unit avcragcd vtllurs. 

Thc flux magnitude indicucd at most locaiions, including thc apparent source at thc vapor ph;L\c 
notch, ia comparable to thc ur.ccn;linty dcrivcd in an crror analysis. Thcrcforc, the rcsuln indicate 
lrcnds in thc flux profilcs, whilc fluxes ;it apccific points m bcst  qumtificd 3s valucs below the 
dcrivcd c!clcction Iirnjts. Rc.sults arc :ittibiguoub in the vapor phasc notch region duc to limited 
n i i u k  propcnics and indicate a nccd to dctcnninc thc p r o p i e s  in this rcgion, and Lhus to kcr,cr 
uiidcrswnd rlic nioisturc flux to dccpcr horizon?; lxncith the mcsa. 

'. 

.- Lndysis infcm vcnic;rl moisture flux and a sourcc t c m  derived from thc gradient Of ' 



a 

c 



Appendix 2c 

ASALYSXS OF LIQUID PHASE TRANSPORT 
IN THE UNSATURATED ZONE 

A T  A MESA TOP DISPOSAL FACILITY 

INTRODUCTION 
 LO^ d;mos X;aGon;ll Laboratory (LAPI) Low-Lc\tl R;djo;t~tive W N c  (LLRW) Disposal 

Fdci]ity 111 Arca G is being cvduatcd for subsurface trmspon of contuninmts from the disposal 
>ire, as part of thc Pcrfomucc Asscssmcntl rcqukcd by the US, D c p m c n t  of Encrgy (US 
DOE) Order SSZ0.2A for ljs DOE facilities that dispose of rsldioacthc u'astc, Environnientd 
u:inspon at :hc hrca G disposal facility is complicatcd by the complcx terrain consisting of finger- 
like mesas, typicdly 100' (30m) abovc the adjaccnt canyon floors. Figure 1 shows thc site 
t'xilitics imposed on a rcrrllin map, The terrain is shaded 10 rcffect &he magnitude of thc local slope 
SO [ h a \  thc cdgcs of thc mcsu arc visiblc. Ana G is located on top of a mesa, Mcsita dcl Bucy, 
ivith Pajuiio Canyon 10 thc south and Canada dcl Bucy to the nonh. The mcs3 top, thc canyon 
floors, and h c  watcr ublc (about 300m below thc mesa top) ;vc dl sloping gcntly at about 3 
pcrccnt grade downward touwds thc Rio Grmdc to thc e s t .  

Subsurfacc transpon is con1piic;itcd by thc laycrcd stratigraphy (Fig, 2) which has rcsulted frorn 
tfic deposirion of muftiplc lrrycrs of volc;lnic flows and ash?. Site-specific hydrologic tr;lnspon 
Fropcrtics, dcfincd in  terms of tian Gcnuchtcn pumctcrs3, porosity, and saturated hydraulic 
conducri\aii>* arc availabIc~, Thcsc arc b w d  on andyscs by R o g d  and Rogcrs and Gallahers, 
for !hc uppcr 1:rycrs of the B;mdclicr Tuff, Tshircgc Mcnibcr units 2b, 2a, lb,  la. (rcdcsjgnarcd, 
:cspcc1ivcly 3s 2, I v u ,  Ivc, Is) and Otowi Member, but there ;UI: no site-specific hydraulic or 
[ransport propcnics auiiablc for thc dccpcr units, Tlic uppcr laycrs of thc Tshircgc arc fracturcd 
t4,iih an ai'crrrge frrrcturc spacing of about 1 m and apenurc of about 3 mm reponcd at Arca G6. 

This wmi-arid rcgion rcccives a h c h  35 c d y r  of precipitation, mostly in brief inicnsc summer 
thunderstornis and in wintcr snow fall. I t  has k e n  hypothesized that transient infiltration cvcnts 
;~nd  long tcrm cwporation from thc surfacc-conncctcd fractures play a dominant rolc in controlling 
thc hydrologic innsport, ;it I C N  in thc uppcr laycrs7. Modcling studics of the steady statc 
moisturc flux through thc matrix ( tu f f )  show that 3 singlc \due for the vcrticd flux cannot match 
rhc ficld obwwtions of moisturc profiles at rJI dcpihs simultancouslyH. This suggcsts thcrc ;vc 
qnificuLnt sources (or sinks) 25 a function of ctctwjon in thc uppcr laycrs of the Bmdcljcr Tuff. 

An ssrly asscssmcnt of hydrology in rhc uca3 br\>cd on ficld studicslovll spccificd only ;I rangc for 
rhc m q n i t u d c  of thc vcnicllj flux at k c a  G. A nuirnurn downward flux was indicated to bc near 
0.4 ft/,vr, or about 12 c d y r ,  Thc unccnainty in ficld data allowed B range in thc vcrticd flux 
catimatc such that the nct \~cnicd flux may bc a small upwlud quantity, The asscssmcnt of flux 
was  bascd on intrinsic pcrmcabilitv, matric potcntial dctcrminations on smplcs ,  and in-situ mmic 
potential from thcrmocouplc psychromctcrs plxcd in borchoks in and nciu to Are3 G. The 
mcthods did not fully rcsolvc conditions in thc rmgc of the in-situ moisturc content, so the flux 
c3timatcs wcrc rnuimum v;lluc.s cstimaicd using higher moisturc cuntcntS than obscrvcd in-situ, It 
u'as concludcdP thc actual flux is ?robably at I c ~  m order of magnitudc lcss than their measured 
rn;ucjrnurn vduc, or thus lcss than about 1.2 cm/sr downward. Neutron probe tncuurcment. of 
moisture contcnt indicated that rnoisturc profiles d;d not chmgc appreciably in time bclow a depth 
of 1-2m. 
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From previous studies, hydrolcgic transpon in the h G unsaturated zone is S t i l l  not well 
qutlnuficd nor cvcn understood conclusivcly when or whcn thc v d c d  flux is upwud or 
downivard. The prcsent study examines ficld data from ATt3 G in an analysis designed to address 
some of thc present uncthnt jcs  in the unsatuntcd transpit in the upper StntigrJphic h y c s  below 
this disposal site, Specifically, the vertical flux and its gadient (an effective SOUKC term) implied 
by ficld 6313 from scvcrd monjtoring bore holes throughout h G (s seen in Fig. 1) arc 
cxarnincd to help quantify our understanding of flux in thc vadose zone. 

r l  N A L Y S IS 

Methods 

111 thc complex stratigraphy within and bcncath thc mesa, an h p o m t  stcp in undersmding the 
subsurface trmspon, is to know if thcrc arc local sourccs or sinks to the liquid p h w  moisturr flux 
or r c c h q e  m c  in the tuff matrix. This would imply intenctions with Upor p h m  Or with 3 
3ccond pcrmeablc media. possibly a conncctcd nctu'ork of fractures. Without knowlcdgc of 
specific subsurface sourccs, nurncncd modcls applied to subsurface mspn h tkis rcgion can 
only justiiy onc source, 3 nct infiltration at the surf';rcc. Howcvcr, this source alone wu seen 10 be 
inndequ;lte to match all horizons within the mcsa simultancously8, Thc present analysis dcnves a 
\icnicdly Iodlizcd liquid-phuc moisture flux (the vcnicd component of the DXCy flux) and a 
source term for the moisture content from ficld data to improve our undctstulding of h e  rcchugc 
rile and its variations within the mesa rcgion. This is tu rn  improves our undcrstanding of thc 
moisturc movcrnent within thc mesa interior and its potential for contamhant transport. 

A governing transport equation for moisturc content in the unsaturated zone is discretized dong the 
vcnjctll a x i s ,  'An invcrsc 'finite-difference' proccdurc is applied to ficld mcuu'cmcnts of the 
moisturc contcnt to cvduac the vcrticd flux and its gradient. The cmpiricd relationships dcfining 
the unmurntcd hydrologic propcnies in tcms of moisturc content and its gradients ;VI= used in the 
fi ni [e discrc t izcd cqu;itions. 

The veflical gndicnt of thc moisture content is  related IO thc vc&d component of thc d i v c r p c c  
of flux. As such, i t  is ; ~ n  effective source term for vcdcal flux or rcchxgc rate which includcs 
effects of honzontd flux or time dependent change in thc lod moisturc contcnt This source term 
is discusscd in rhc following sections in terms of the possible physical mcchvlisms that my 
influcncc the vcnicd flux within h e  mesa subsurface. 

A schcmrttic summarking the Itndlysis is shown in Figure 3 for 3 c y h d r i d  C O n U d  VO~UmC, h 
brief, thc divcrgcncc of flux includcs o contribution from the differences in vcrLicd flu, r3 ICTOSS 

thc top and bottom faces, and from diffcrenccs in horizontal flux, rx, across the side arcas. This 
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flux divergcncc cquds t!!c vo1umc~c sourcc lcrm, Sdi), pius thc change in 1ocd moisturc content, 

F ( i ) ,  whcrc i is the indcx of thc discrctc clcvauon at which the qutultity is c\*rJuatcd. Thc ficld ae 
dt 
data provjdc an csrirnak of thc vcnical componcnt of the divcrgencc of the flux. This estimate is a 
mc;Lsurc of an ‘cffcctivc source lcrm to thc vcrtical flux’ whch may include contributions from 
horizontal flux, vapor or mauix volumetric cxchapc, or timc dcpndcnt varktjons in the rnoisturc 
storagc. Tcrnms arc dcfixd morc rigorously and chborarcd in the following mdysis. 

A continuity cquation for moisture content, 8 [volume fnction], can bc writtcn 

ueherc is thc flux and Sd is a source (S@) O r  sink (S@) tcm rcprcscnting ;I volumctrk 
addition to or loss from the mnkix liquid ph~sc. In the unsaturalcd zone, considering liquid phase 
Iranspon only, the flux c m  bc writtcn 

whcrc [ 01 dcnotc.s 8 functional dcpcndcncc upon the moisturc contcnt. Here, hm is a man% hc;ld14 
rcprcscnring rhc capillary suction forces. It is cqual IO thc mrrtric potcntid, Ym cxprcsscd as n 
hcltd, / I , , ,  = Y’,,,/px. Thc matric head is 3 ncgrttivc quantiy sincc the matric potential, Y,,,, is by 
convcntion ;I ncgativc quantiry. The unit vcctor in h e  vcnical a i s ,  2 ,  is dircctcd upward, so the 
vcnicd component of flux c m  be writtcn 

Applvinf. Eqn.( l )  to flow in the matrix. thc sourcc tcnn, SQ, rcprcacnu; volumetric sourcc or sink 
[crms’ rclalive lo the matrix liquid phase. Thc sourcc can include moisture exchange with thc vapor 
phasc, I n  a matrix volume ulhich is near surface-connectcd fractures opcn to the aunosphcrc, the 
moisturc col‘rtt‘nt can be significantly rcduccd from the conditions cxpcctcd in the mesa interior. 
Thcrcforc. this iiourcc tcrm includes rnois:urc cxchmgcd with fractures or other surfacc-connected 
zoncs of hjgh pcrmcability distributcd throughout thc matrix. This tcm, So, includes cvapontivc 
105s to the \*apor phasc whcn h e  sourcc tcrm is negative (n sink tcm), rmd could, for cxunplc, 
imply 2 net evaporatjvc loss 10 3 surfacc-conncctcd fc‘caturc wittin thc local volume. 

Combining tcrms Jbovc and accounting for one horizontal flux component, rx, dong an arbitrary 
horizon~~l axis, x, thc continuity cquation CLL? bc rcwritrcn, 

whcrc the lcft hand sidc is thc vcdcd component of the divcrgcncc of flux, qual to an cffcctivr: 
aource tcm for thc vcdcd flux, S:,p This source term cquds the right hand sidc terms. 
rcspcctivcly reprc,scnting l0c;d exchange with mother mcdia (cage, fractures) or with mother p h a c  
(c.g.. vapor), horizontal movcmcnt 01 liquid p h s c  in the m;ltnx’I wd urnsicnu which rcflcct the 
changc in Ixd storage of moisrurc contcnt. Thc horjzond flux, rx, could be evaluated using 
Eqn. 2 with  the uni t  vcrt!cd vector equal to zcro. 

4 
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The term representing thc volumcmc sourcc, S6 and the tern for the horizontal gradient of flu in 
Eqn.(4) arc cspccted to bc physically rcbted when the moisture at 3 specific location is influmeed 
by horhontd movcmcnt towards or away from ;1 fracture. In this case of B fractured mcdium, 
these wo terns can be rclatcd to the m e  physical mechanism and nccd to be cvalurrtcd together to 
represent a moistun: source or an cv;lpontivc 10s. 

The Icft hand sidc of Eqn.(4) can be expressed in t c m  of a discntizcd appmximation at a vend 
point wi th  index, i: 

whcrr thc discretized vcrticd flux from Eqn, 3, evaluated at node, i + E .  is 

;md 3 simifv cxprcssion with thc indices dccrcnicntcd by one holds for the flux at i-K, The 
notation hn,[8]; mcms thc mauic hcrrd is cvduatcd at the moisture content Y elevation, i. and 
K[O] , , , c  implies hydraulic conductivity is c\O;lluatcd ai an w x ~ g c  bcnvecn the two clcvations 3t i 
md ;+I. Empirical relations rcquircd to dcilnc A'[@] and itm[OJ 31c discussed in the followling 
section, Using field dau lsnd lhcse empirical rchtions. Eqns. 6 and 5 can be cvaltlatcd for Lhc 
vcn icd  flux and its gndicnt, rcspcctivcly. 

It is convcnient io express ~s sadicnt or cffcctivc source term IO vertical flux in ;I numbcr of 
i v q .  Multiplying Eqn. 5 though by a = /:fi+IZ) - :(i-lR) ) gives the C f f f c c h  .;OUTCC tern, 
SI (as in  Fig. 3), ;IS 

SI (7) 

csprcsscd as an equivalent flux, in  cmlyr for instance, which can bc comparcd more directly to the 
local flux, to a net infiltration rate, or to thc precipiution n t c  for comparison, This source tcnn is 
not normlllizcd pcr uni t  depth and so rcprcscnts the total source (or sink) over the depth inlewd 
bctwccn the adjacent field data points at :(i+lE) and at :(i=lZ). 

m effective source term. 

SZcffi (in Eqns, 4 and 7) to the vcnical flux or to the r c c h q e  rate. In this form, this effective 
source has units of invcrsc h e  and rcprcscnts the change in vertical Darey flux pcr unit vertical 
distance, with units for exmplc xi Lvr - 1  = (rn3,,,/m3) m/yt /m], where (m3Jm3) rcprcscnts the 
dimensionless volumetric water frxtion, 8. Ln this fo.m, we interprct the source term loosely to 
rcprcscnt an inverse of the time scdc over which thc vcmcd moisrurcflux is changing. The 

, can also k considcred The vcrticd gndjcnt in flux, - JC- 
& 

e 

a 

0 
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invcrsc of this  in Eqn. 4.. rhc chrxtcrislic time scale for moisrureflux, is denotcd Sf . inv  in 
the Results figures. 

The time scdc for which h c  moisrure conlcnt is changing is this cffcctivc source tcrm for vckcd  
nux umcs ihc rnoistutc conrcnt. This cffcctivc vcnicd source for moisturc content (denotcd Sinv 
in Fig, 3, and denoted, S t , i n v + v d % ,  in thc Rcsult figures) is written in scvcrd cquivdcnt forms 

Onc cm inlcrprcr this BS a chmc1crjsGc tirnc scdc for v c h d  movement, v:, to change the 
moisrurc contcnt, or. if thc Iocd sourcc tcrm is complctcly atuibutcd to the time dcpcndcnt change 
in  rnojslurc content (Eqn. 4) then this is thc minimum timc scdc ovcr which that moisture conlcnt 
is changing at thc present flux rates. 

Thc finirc diffcrcncc cqu;itions. 5 and 6, form thc basis for the flux rvldysis with thc dtcmate 
svurcc icrm l ' o r m u l a h ~ ~  in Eqns, 7 a i d  8. Each tcnn in hcsc equations has ;~n uwciatcd error 
based on the licld rncwmmcnt  ;md analysis uncertllinty which conuibutes to thc net unccrt;Linty 
for Ihc cxprcssion. This is rn impnrvlt considcration in intcpprcbtion of the results and will bc 
discussed in ;I Iatcr section. 

Tr, sumrnuri:c, rhc gradicnl of vcnicd flux implics 3 sourcc tc fm to the lwal rcchugc mtc which 
can bc cxptcsscd as il flux, SI (in Eqn. 7), or as ;t chllrictcristic b e  scale, Sinv (Eqn.(S)). The 
flux sourcc, SI, is intcrprcrcd ;IS thc moisturc flux nccdcd to account for h e  obscrvcd magnitude 
of thc vcnicd flux gradient if study statc conditions prevail. Thc source tcnn, cxprcsscd 3s a 
chuuxns t ic  rime scale, Sirrv, is thc minimum time over which the moismrc contcnt is changing if 
dl of thc vcnical flux grrrdicnt is atuibulcd 10 ;1 h c  dcpndrnt changc in moisture contcnt at that 
location. In  the ficld situation some combinatior, of thcsc two limiting cases is likcly to apply. 
This combination will vary with location 3s discussed in thc Results section for each of the ficld 
borc holcs. 

Application to Area G 

The approach is to combine moisture contcnt dau tvirh cmpincd fits for the functions, K[O] and 
II,,,[O], to cvduatc the vcnical flux and its divcrgcncc. Moisturt conicnt data arc cxmincd from 
scvcrd monitor holcs as indicatcd on Fig. 1. Data from most holes arc from neutron probc 
mcasurerncnts bccausr thcsc show good prccision and, if properly calibrated, rcasonablc accuracy. 
Thus, moisrurc contcnt gradients arc dctcrmincd rclativcly utll, as discussed more qu;mtit3tivcly in 
the Unccninty Scction, 

Moisturc contcnt profilcs for each of thc holcs lkc lcd  NPH# (Neutron Probe Hole) in Fig. 1 wcrt 
made during chc summer IO fail scasons of 1994, Thesc were reponed in baiza and Vold15, as 
dctcrmined with ;I ncuvon moisturc probc which mcsurcs directly in moisture contcnt volume 
percent ( I  00x9). Cdjbntions for each typc of holc cuing and hole dimctcr arc documcntcdl~. 
Mcasurcmcnts in a monitor holc (NPH-1) into an ircrjvc disposal unit conrmcd e;rrlicr findings 
\ha[ moisturc contcnt docs not changc appreciably in timc bclow 1-2m depth. The moisture contcnl 
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in the' two holcs labcled LGM-8Sd wen: taken from plots of results in a pnvious rcpofllo where 
thc mcwxcmcnts wcrc dso made by neutron probe. 

Borcholc 54-1002 (in thc LANL Envhnmcntal Restontion kogrun) is louted on the mesa top 
about km to the west of Area G, and is included kcausc it is the deepest of the holes rcportcd 
hcrc. ?he moisture d m  arc from p v h e t r k  mcusuremcnts of core smplcs  from the borcholc. 
h a l g i c  dctcrrnindons of the bulk density wm avcrdgcd in each stntigraphic layer ;LS 

s u m x i z e d  c lscwhtd and used hcrc to conwn this moisture content to a volumetric basis. The 
\dues uscd for bulk density averaged for a c h  stmtignphk unit arc shown in Table I. Becmsc of 
rhesc extra steps in the andlyric procedures. the p v h c m c  profiles contain mort uncehnty  than 
the ncuvon probe-dctcdned profiles espccid!y in the d e e p  ltlycr~ where rcl~ti~cly few smplcs 
(2 in thc Tsmkawi-Cem Tolcdo layers) were used to ch;metcrize the bulk density and unit- 
avenged hydrologjc p m e t c r s .  

Empirical relations rtquircd to definc unsaturated moisture flu as functions of moisture contcnt, 
K/6] and li,,,[@], havc bccn compiled by s u ~ d p p h i c  units at AXI GZ based on van Genuchten- 
M3ulcm anaIyse~39~6 3s rcportcd prcviouslyl'~. SCntigr~phic unit mean vducs m used in the 
prcscnt study as summuizcd with their standard deviations in Table L Although xsidud moisture 
cantent, 6-rcsidud. is d c t c d n c d  from curve fits, i t  is not applicable IO the prcscnt ;Lxdysis when 
field moisture data m less than thc residual. Wci) < 8-rcsidrral. thcrdorc Gtrcsidwl u*~s sct'equJ 
10 zero in this andysis. The stratig~aphic unit intcdaccs in cach borcholc were determined from the 
borcholc logs whcrc borchole logs werc wailable. Othcnvisc, a simplc interpolation estimate was 
uacd by comparing depths of moisture profile peak! and inflection points, with thosc in logged 
holes. 

Only onc of thc holes (54-1002) which wu used to dctcrnlinc the mean stratigr;lphk unit ~llnsport 
ptlrrunetcrs in Table I is thc s m c  as thc holes cxlutLincd in this prcscnt study, Howcvcr. the 
moisture profilcs in both sets ;ut similar and SO the transport propcrtics used here arc expected to 
bc reprcscnrativc of thc unit mean vducs. Recent dau from borcholc G5 [Rcf,J7] at G wcrc 
no1 included in cdcuhting the means used in this study, howcvcr, as seen in Table 1, in thc 1st 
column, by including thc G5 dam for Unit 2b, the SUI Gcnuchtcn-Maulcm fits art not changed 
grcatlp, 

Fitting pammctcrs for thc transport propcnics for thc crushed tuff werc d e n  from 3 scpmtc 
rcfcrcnce" and x c  thc s m c  3s the valucs used in the prcliminrvy PA 
(Xocc that thcsc vdues have been rcvjscd for subscquent PA smalyses, 
basis for comparisons herc and for an understanding of the scnsitivie 

modeling and ualysesl. 
howcvcr, they provide 3 
of the flux nsults to the 

wumcd mstrie properties,) The origin of the crushed tuff svnplcs is Unit 3j, not the same as the 
stratiEraphic unit of interest here, Unit 2b. Unit 2b is the nearest surface smtum at Area G and 
thcrctorc comprises most or ;Itl of h e  crushed ruff uscd in the disposal opcrdons as fill for the 
tvss~e disposd pits and shafts, Tlic diffcrcncc in the sourcc of the crushed tuff smplcs  Icd 10 
comparison tesu discussed in the Results Section. 

Trcnds in the property variations within cach unit have not yet bctn cxYnincd in detail and so 
possible systematic cffccts (e.&, P consistent vertical p d i c n t  of the fit p;mmctus within 3 unit) 
arc ignorcd in the ficld malyscs, but considcrcd to 3 limited extent in the u n c d n p  analyses. 
Mitnx propnics at a p;uZicular elcv;ltion, which deviate consistently from the man value for tht 
unit  in which that elevation is included, can produce an error in thc present analysis, 
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RESljLTS 

Thc absoluic magnitudcs of conductivity tlnd vcnicd flux arc plottcd togcthtr in Fig. SA, to allow P 
lopcalc  prcscn:ation, Hcrc onc sees that thc' mqni tudc  0 1  the flux is gcncrdly 1-2 ordcrs of 
rnagnitudc largcr ban ha: of thc hydraulic conductivity suggesting that P ' un i t  gradjcnt 
assumption' holds at few if  my of thcsc specific points in this dry borehole. This is clear in Fig. 
SB, which shows thc absolute vduc of rhc vcAcid flux function, f'&,,& + I ) .  At most points, 
this function is much grcrrtcr than  one, showing the diffcrcnccs in m m k  potcntid arc critical in 
dctcrmining thc magnitude of thc moisturc flux. 

This bcconics vcry importtmt in the vcry low moisture region, whcrc vcry small changes in 
moisture contcnt arc associated with I : L T ~ C  chtlngcs in rnatrk potential through thc unit-averaged 

c 
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Fitld Borchale Results 

The field monitor holcsarc located s in Fig. 1 (with one holc not shown, 53-1002 Icarcd on the 
mcsa top about I/?. km to tfic west of Arca G). The drainage dhidc dong the mesa top runs SSW 
to SSE ncu  thc north mcsa cdgc approximately through holes NPH-2, NPH-3, and LGM-SS-11. 
Thcsc holes should be ncu  thc locations of m u h u m  surf;lec run-off and ut cxpcctcd IO be 
among the drier boreholes. 

The rcsults from monitoring holcs arc presented roughly in order from drier to moister, lookhg 
first at a group of f ive shallower holcs ( 4 C m )  which do not reach the depth of the adjacent canyon 
floors, and thcn at thc dccpcr holcs (>30m) which cxtcnd slightly below thc depth of the Unit Ib- 
I;r intcrface. This intcrfbcc is nclvly coincident with the clcvstion of the xliaccnt canyon floor 
(Pajarit0 Canyon). This layer is identificd as Ihc vapor phuc  notch, just at or above the Ib-13 unit 
inlcrfxe, thc transition rcgion from vitrified tuff (Ib) to dcvivificd tuff (23). This notch h u  been 
idcnt~ficd at outcroppings as P layer of Frcfercntid wcathcrhg::. It m3y have unique hydrologic 
transpon propcnics but thcsc havc not yet bccn detcrmhcd. 

Rcbults for borehole SPH-2 (3 background holc in relatively undisturbcd tuff mu pit 37) ;uc 
shown in Fig, 6.  This moisture c u n ~  in Fig. 6A is assumed to be a nominal 'undisturbed' case, 
w i t h  rnoisturc decreasing somewhat lineuly with depth from 697% near the surfrrcc and leveling 
OUI at about 1 %  bclow 6m+ Thc infcrrcd moisturc flus in Fig. 6B is negligible k l o w  about 3m 
depth. In the uppcr most 3rn intend. the v&cd flus is prcdomjnmlly downward. at 1-3 cm/yr, 
The associated rnoisturc source is predominantly ncgatiw and of comparable magnitude to the flux 
suggesting a loss of thc downwud !lux. possibly to cqmration in surfacc-conncctcd fractures, 
Thc comsponding inversc sourccs in Fig. 6C suggest moisturc content profiles are not chmging 
within a 50 y c u  rime scale bclow 3m, and not changing within 500 y c m  bclow fm. In h c  top 2- 
.?, m, thc time scde for chmngc is about 0.5 yr, consistent with 3 sourcc term frequency of 2 / y ,  
suggesting a sc;rsonsl sourcc, possibly the summer rGns and the winter snow melts, 

Sinulrv results arc sccn in Fig. 7 for hole SPH-3  anothcr 'background hold in a r c l a t i ~ l y  
undisturbcd m a  also ncu the nicsa top drainage dividc. Thc moisturc p d i c n t  and h e  flux 
kcomc ncgligiblc at 4m depth. The flux is less than 1 c d y r  in the nc;u.surfacc region (0.45 
cm/yr avcngc to dcpth of 4m). Thc time scales uc slight& Iongcr than in thc prcvious case, with 
no chlrngcs sccn hcrc on a timc scdc shoner than 2 y c s  even at 1 m from thc surface. 

Fig, S expands thc scdc for flux and the flux source term w c r  thc depth m g c  whcrc the flux 
appcus to be negligiblc in Fig. 7B, The flux and its source appeu to bc fluctuating with depth, 
with ;I ni;Luimum I d  magnitude of lcss than 0.3 mml17 and an avenge flux of lcss than 10-3 
c d y r  dircctcd downward ovcr this range in dcpth from Jrn to 20m. The fluctu;ltions may be 
arti!;lcn of thc analysis due to he large chmngcs in manic potential implied by small changes in 
moistorc at the d q  end of the moisturc mgc .  The magnitude of implied moisturc movement 
appears to be small compmd to thc error in the analysis as discussed later in thc Unccnslinry 
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Section. On thc o:hc: hand, the appucnt fluctuations IIUY have a red physical basis, suggesting 
smdl loc;l]izcd 'pockets' of moisture flux moving at slow rates in diffcrcnt dixctions, 

~ c ~ u l t s  in hole SPl-l-7~ ;md 
adjxcnt 10 3 scrics of old burid ucnchcs. This is considcrcd a 'disturbed U C ~ ' .  and shows the 
incre;lsed moistufi content xlativc to thc previous N O  CLSCS. T h C  nCU Surface mOiStUrC PrOfik 
khavcs sirrjluly to the prcvious cases, but now dccrcaes from about 12% ncar thc surface and 
lcvcls out at ;L dcpth of about 8m to 2% or lcss. The vcnicd flux in t'nc top 6rn is 2.4 c d y r  
downward. Thc sourcc in :his region is ncptivc on average (-0.7 c d y r )  indicating net loss from 
the mauis, A distinct positive spikc in the source is sccn in Fig. 9B at a dcpth of 3m, the location 
of  ] ~ x a ]  maximum in moisture. This suggests a nct influx of' moisture cithcr transported from n 
ricxb>l moist rcgion, ;I fracturc or ;t disturbed trcnch exc3vation. or a time depndcnt rcsidud 
rcla:cd to prcvious surfxc wctting and more rcccnt surface drying. Thc f i n k n u r n  time scale for 
moisturc chmgc is about oncc pcr two years as sccn in Fig. 9C, suggesting that if the profile is 
artributcd to rcccnt drying. the previous wctung cycle WU at Icut two y e m  ago, perhaps during a 

seen in Fig, 9. This hole is in  thc muum disposal sh;lft 

Results for holc W H - 6  i n  the southc~st corner of Area G uc shown in Fig. 10. Moisture is about 
STC mLvimum and dccrcwcs from 3m to about 10m. similar 10 thc previous C;ISC. The lmal 
niuimurn at ?m dcplh is again possibly rclatcd to horizontal migration from ncuby disturbwccs or 
to a tirnc dcpcndcnt rcsponsc of a prcviously grcatcr rate of surface infdtntion followed by more 
rcccnt drying. The positivc (upward) Ducy flux in the top 3m suggests that the moisture profile is 
rrluing by u p w u d  moisturc flux driven by surface or ncu  surlhcc evaporation. The positive 
source tcm, in this dcpth rangc shows moisturc is now (or jcccntly) moving towuds this region. 
Thc minimum timc scdc for moisturc ch;ingc is about oncc per two ycm scen in Fig, 1K. 

uniquc SCI of rcsults arc sccn in Fig. 11  for holc SFI-I-4, This moisture conrent of 3070 n x r  thc 
surfacc and thc vcry slow clccrcasc with dcpth wcrc not obscrvcd at my othcr location, This hole 
is i n  ;m cnginccrcd draunagc m a  wherc s ~ r f i x c  run-off is divcrtcd towards this holc and SO the 
infiltration is cxpcctcd to be considcrably higher than at my undisturbed location, Nok that the 
niunitor holc itsclf is cucd mc! is not cxpcctcd to bc conducting witcr to thc subsurface rcgion. 
Thc a v c q c  downwud D;lrcy flux infcrrcd in the uppcr dcpths is in thc range of 100-200 crdyr 
dcpcnding on thc c s x t  intcrvd, corrcsponding to 3 to 6 times the a n n u a l  avengc prccipirstion rate, 

Thc 3VCr:Igc sourcc tcrm ovcr the s m c  depth is ncgativc indicating a net cvaporation of loss in thc 
mcsa top. The drying is not sufficient to reduce thc moisiurc in thc top 16m to the QpiCid obscrvcd 
bxkground Icvcls bclow 2%. The time scdcs for moisture contcnt change m seen in Fig. 1 I C  to 
bc u ~ l l  bclow one y c x  ;it most dcprhs, with a minimum u h ~ e  (at dcpth = 14m) of about 0.05 year 
or a frequency of about one per two wccks, md with sevcrd ncar surf;lcc poinu at 061 y e u  or a 
frequency of about once pcr month, Thus,  chmngcs ;It this IwaUon (NPH-4) arc mpid relative to 
:my ot her monitor holc. 

Thc monitor holcs discusscd up to this point did not cxtcnd dccp enough to reach thc clcvahn of 
thc adjaccnt canyon floors, The rcmining monitor holcs are deeper thm the adjacent canyon 
floors and show a chmctcristic moisture pcak associated with h e  vapor p h w  notch neu  the unit 
Ib-la intcrfacc. Fig, 12 shows thc results in hole LGM-85-06, using the moisture profile 
prcviously rcportcdlo. Moisturc contcnt incrcascs with dcpth beginning at about ?Om, and shows 
II moisture pcak at 30m. The borchole logging data shows this peak is in the 1 b unit, with thc Ib- 
la  intcrfacc at 32m. The profile in Fig, 12A is typicill for a mlatjvcly undisturbed area near the 
surf'rrcc, - 
The D m y  flux and iissmistcd source tcrm flux (Fig. 12B) decrcasc r~p id ly  ncar the surfacc and 
:ippcar to be significant again near thc moisture spikc at 3Om, In th is rcgion the Dmy vertical flux 
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md the source term flux show n trcnd whkh is sccn in nearly dl of the holes which pcncrnte this 
depth, The appmnt source tcrm cxhjbitq a large positive \due 35 the depth Of the m O i S t U E  @ 
sugysting net infilrJtion, in this qujvdent to about 5 c d y r .  TO citbcr sidc of this source 
spike, b e  source is ncgativc suggesting nct cvapontivc losscs over ~1 depth m g c  of 1-3 m. The 
concsponding D a y  flux is positive above the sourcc spike suggesting upwud movement away 
from ae spike and negative below the spike suggcsung downward flux from the SOUICC. 

This pattern suggests 3 source with movcment awav to cither side and LK the moisture n i o w  away 
it cvapontcs u indicated by the negative sources td either side ofthe spike. Another intcrprrution 
of the &t;l is possible, if here is a horizon near thc moisturc s p k  which has significmdy different 
m3bc propenics than the avenge vducs uscd for unit l b  (or la), then the moisture spikc could 
still reprcscnt B static equilibrium, and correspond to ncgligiblc flu through h e  ngion. 

In this hole. LGM-SS-06. the avcragc vertical flux from 2Sm to 35x11 depth is -0.43 c d y r ,  and the 
average Source in h a t  rmngc is 0,016 cndyr, indicating a significant doumnrd  movement but ;1 
ncgligibl)' smd] nct sowce. The minimum t i m e  scdc for moisturc content movement is a b u t  one 
V C ~  md occurs a! the dcpth of the moisture pcalt seen in Fig. 12c. Then is a rcgjon from 
;bout 15m to almost 25m depth where the mkhnum h e  s d c  is h o s t  1000 y e a  indjcahg 
negligibly slow changes in this 'low flux region'. 

Hole LGM-85-11 (Fig. 13) shows highct moisture content compmd to the previous cue  but 
similar trcnds with depth. decreasing from 15% near surface to 2% at 5m, ;urd inctcuing slowly to 
20-25m ;md thcn building to a local muimum or moisture spike at 2Sm, apparenlly the depth of 
the vapor phase notch at this location. The incrcucd moisture content corresponds to much lqa 
fluxcs thw the previous c s c .  about 30 cmlyr ncar the surface and 10-20 c d y r  at the moisurc 
spikc at 2Sm. Exccpt for one p i n t  at 5 m. thc time scale for moisture content change (Fig, l k )  is 
onc y c u  or grcarer with the minimum uducs occurring near 2Sm. From 7 to 23m (a low flux 
rcgion in  this borcholc) the source term time scale is greater than 100 yem.  

Each of thc two prwious ca..es showed negligible flux throughout the intcrmcdiatc ranges of 
depth. In Fig. 14. the Darcy fluxcs in the Limtcd range arc rcplotted to resolve this 'low flux' 
region for both holes. Thc V C ~ C L I  flux and source tcnn in cach cue oscillate about zcm with B 
m u i m u m  locd magnitude of about O,I-O, 15 c d y r .  The a~~crage flux over this region is -0,0017 
c d y r  and thc avengc source is -0.013 c d v r  for hole LGM-85-06, and for hole LGM-SS-I 1, 
thcsc rcspcctivc \'dues arc 0.01 and -0.07 c d y r ,  

Rcsults in Fig, 15 for holc SPH-5, ncu thc tritium shaft ficld. show a modestly high ncwsurfxe 
moisture content consistcnt with profilcs from othcr 'disturbed locations', f d h g  to below# 2% flt 
depth 1 Im, more consistent with an 'undisturbed location' at dcpth, The m u h u m  in rnoistutc 
conicnt at dcpth of 5m, with positive vertical flux and sources at shallower depths, is also 
consistent with LL disturbcd location as discussed for holcs KPH-7c and NPH-6 in Figs. 9 and 10. 
The moisture peak at 27m is similar to that discussed for the previous two holes which penet..tc 
the 1 b-la intcrfacc. The minimum time scdc in Fig, 15C is about onc veu,  with most points in the 
nngc of 20-1OOO years, Fig. 16 shows thc Ducy fluxcs in this hole or; an expanded scdc ovcr thc 
'low flux' region from 12 IO 25 m depth. Thc.maxbnum downward flux in this rcgion is -0.033 

,cm/yr, the average flux over this rmgc is -0.0036 c d y r  and the avcr~gc sink over this nngc is - 
0,0024 c d y r .  

Fig. 17 shows results for hole NPH-9 ( E R # l I l l )  located near the high ;rcGvity tritium shafts. '?E 
low moisturc contcnt throughout the profile suggts ts  this area at l a s t  1 d y  is rdauvdy 
undisturbcd by the ncuby disposal operations. or 11 is dry due to its pmXimiQ' to ~c mcs3 edge. 
The moisturc spikc at the Ib-la inrcrf;lce is at about 2Sm depth af this location and small in 
magnitude, producing a minor perturbation in the vcdcal flux or flux source term. A moisture 
buildup at 10m dcpth docs show thc s m e  trcnds s ptcviously observed at the lb-la inttrfxc 
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moisturc spikc, a positivc source dissipating u9th movcmcnt in the upward and downward 
directions and with adjacent ncgauvc sources possibly attributd to evaporation. &ccpt for two 
points, thc timc scdc in this holc is ten ycus or gcatcr a secn in Fig. 17C. 

Rcw]ts ;vc seen in Fig. 18 for hole SPH-5 (dso idcnuficd ~5 G-513*21), located in 3 c c n d  
ponjon of Arc3 G bctwcen a shaft ficld ;md oldcr dispo~d units, This hole WL! preyiously s c l ~ ~ t e d  
for dctilcd hvdrologic umnspon awssmcnt! including complctc matric chwi-tenstic curvcsl7 and 
LTA ccntrifugc mcuurcmcnts of thc unsaturated hydraulic conductivity curvcs19 on core smplcs 
rcmovcd a1 10' intervals. Thcsc data have bccn discussed p r c v i ~ u s I y ~ ~ ~ ~ l .  and will be considcrcd 
funher in thc Discussion Scction. 

Thc results in Fig, 18 i f l cc t  ;LI acpicd moisture profile, dccrcuing from abOUt 10% 10 7 - 8 5  ffl 
rhc top 15m. 2nd thcn dropping prccipitously IO lcss thim 2% at 16m. Thc intcrfacc of units 2b-23 
occurs 21 t!m h u p t  changc in rnoisturc contcnt. Throughout the top 15m. the vcdcd  tlux is 
conhjstcntlj' downward with an avcmgc vduc ovcr this intend of -1.1 c d y r ,  and this avcmgc 
incrcascs to - 1.7 c d y r  in the top 17m, due to :hc luge downwud flux apprucnt at thc abrupt drop 
in moisrurc. Thc nrr source tcrm ovcr thcsc ranges m rcspcctivcly, +0.36 c d y r  and +0.01 
c d y r .  This condition may imply a signiilcmt conncctiviry bctwcen this holc and adjacent 
disturhcd UC;L< of incrcxwd moisturc or adjxcnt surhcc-conncctcd fracturcs which conuibute to 
wciting thc holc 31 ccnin  dcpths and I O  dp'ing the holc at othcr depths, 

Thcrc is ui apparent sink at 17m of - 6 5  c d y r  (Fig. 16c) which SCCITLF to k removing the 
downwud w - ~ i c d  f l u x  3bove that dcpth. Surgc bcds at this dcpth hrrvc been proposcd L. 3 surfacc 
conncctcd fcaturc which may prcfcrcntidly dry this horizon23*13. Thc source and flux v a l u c ~  ;It 
this horizon arc cqud  to that seen at 4m dcpth whcrc thc moisture profilc undergoes a minor dfj'ing 
ircnd ;IS cvidcnccd by Ihc Iwal miriimum in moisturc content. Ln comparison 10 thc profiles at 
othcr hulcs in ths study, i t  ;ippcus [hat thi5 is not 3 ppicd chxrrctcribtic but is unique to thjs hole, 
ISotc howcvcr, in 3 rcccntly drillcd borcholc (Environmend Rcstontion Program, 54- 1 107) 
lwitcd n c u  to G5, thc moisrurc and matric potcnud profilcsz4 ;ue sfilar to that sccn at G5 
suggcsling an UCLI near thc middle of Aru G with .cirnilu chwactcristics, md similarly influcnccd 
by disposal opcrlrtions and or by surfacc-connccrcd fracturcs down through Unit  2b.I 

Thc hole ER-1002 is located on thc mcs3 top about 12 km to the west of Arc3 G, It is includcd 
I?cc;lusc i~ is dccpcr thm my hole within Arca G, pcncuating into thc Ccrro-Tolcdo mcmbcr at 7Sm 
dcpth. Thc holc was drillcd at 220 from thc vcnicd but dl dcpths rcponcd hcrc arc corrcctcd to 
vcn ic~I ,  Thc moisturc d m  is from gnvimctric analyscs on rccovcrcd borc hole smplcs  corrected 
10 a volumctric basis with stntigrapbjc unit avcragcd bulk dcnsitics (Table 1) and is thus considcrcd 
to havc 3 1;ugcr unccninty than thc ncutron probc mcasurcmcnts, 

Rcsults for holc 54-1002 in Fig, 13 show the trcnd cxpccted for 3 r~lativcly undisturbed uta, 6- 
7% n c x  surfitcc moisture Filing to 2% or lcss by 5m dcpth, with the moisnrrt spikc at the 1 b- la  
inicrfacc or v:ipor phase notch, at ;t depth of 4Om ;11 this location. Below this the moistult 
incrctlscs slightly untif depths of 80-90 rn whcrc thc moisture content incrcucs and fluctuates 
significantly with depth. Using thc Limited dau for tbc unit avcrage properties at thb depth. M 
appvcnt vcnicd flux and sourcc tcrm flux is sccn (Fig. 198) in thc range 80-100 c d y r  at abaut 
$Om dcpth and several valucs near 10-20 c d y r  occur at p in t s  below 80 m. 

If thcse data arc valid, thcy suggest n moisturc source at a very l&d horizon at 80m which is 
primarily moving upward u d  evaporating or otherwise lost above 80m. This appafcnt flux may 
not bc rcd howcvcr, it may bc anributed to poor &ta in moisture content or to stntigaphic 
proprty variations at this dcpth which have not bccn resolved, The associated h e  scdc in Fig, 
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19c is less than one year for several pints in this nngt. The m p h d r  of t ! c  nppmnt SOU~CC 
first secms unlikcly to represent a red physicd souxc at this depth. Howcvcr, sirnilx appmnt 
sources havc been seen in recent ;mdyscs on moisture proiclles undernctlth nearby canyon 
locations, suggesting tbc pssibiliy of Iatcral rnixhg at Lhis horizon. 

Figure 20 (top) shows the rcscdcd D a y  fluxes down ta 7Sm to avoid the erratic behavior n c u  
SDm and dccpcr. This now agrccs well with data from previous holes, showping nc@igible flus or 
sources except near the surface and at the vapor p h s c  notch ( 4 O m  here). Fig. 20 (bottom) shows 
the limited range of dcpth from S to 29m, Ovcr this range, the avenge vertical flux is -0,0005 
cm/yr ryld the denvcd sink is -0.O006 c d y ,  Dccpcr intervals have similarly ncgligiblc flux vducs 
until  onc includes the data below 76m. The vcnical flux in this rcgion is positlvc indicating an 
upward movcmcnt of 6.6 C ~ J T  which suggcsts the data and or analysis in this rcgion ;VE of 
qucstionablc rcliabiIity. The average flux valucs over several in:erv;lls ;ut included in thc 
following table. 

Avcragc flux vadues for holc, 53-1002 

I depth interval I uvcrugc vertical flux I nverapc source term 
I I 

Results for hole SPH-1 arc shown in Fig, 21. This is P c u c d  hole going through a ponion 
of an activc and nearly filled disposal unit, pit #37. Thc zero depth in the figutc is the cumnt pit 
surfcrcc which is about 10m below gndc, while the pit bottom is about 30m bclow gnde or about 
IOm below rhc acccssiblc 10m portion of this monitoring holc. "!Ye moisture profile is strongly 
invcncd with a m u h u m  at 6m dv th  consistent with on-going fill and disposd opcmtions in the 
open pit. 

Thc matric propcnics used in gcncrating the fluxcs and source terns in Fig. 21 B and C arc 
for 'crushed tuff as reponed in [lS.S]. Fig. 21B shows that in spite of ;L moisturc gndient 
drwing upwud flux thc net flux is gravity driven, downwlud thraughout the profile. The source 
irm cxprcsscd as a flux in Fig. 21B is smd1 and only positive nclv the 5-6m dcpth. probably 
indicating moisturc sourccs from reccnt disposal operations. Fig. 21c shows that Lhc minimum 
chrvtlcrcristic timc scale for moisrurc contcnt movcmcnt is about 20 years, suggesting that scasond 
or other shon tcmi fluctuations uc dmpcncd out in the crushcd tuff mrttrh, 

Howcvcr, the 
stratigraphic unit which senled xi thc source of h e  'crushed tuff' data is not from Unit  2b [p.I7, 
RcfS]. Thcrc have k e n  some indications that crushed tuff md in-situ tuff do not behave 100 

diffcrcntly in unsaturated hydr..ulic conductivity]?, nor in mmc propertied, Somc differences in 
m a k c  propcnics, cxprcsscd ;IS diffcrcnt exponcnb in power law fits of mtrk potential as a 
function of moisture contcnt, have bccn notcdz. 

As a check on the sensitivity of these rcsults to the actual mauic propertics used. the vcnical 
flux and source terms were recalculated using the m u i c  propcrcics for in-situ unit 2b. Thcsc 
results. labcled (2b-i), arc plotted with the previous results for thc 'crushed tuff' properties. (2b-c). 

, for comparison in Fig. 22. Using the in-situ muic properties it is sccn that the upward slope of 
the rnoisturc profile is now sufficient to drive a small upward flux (-1 cldyr) between 4 and 5,Sm 
depth. and P small upward spike at depth of 9m. For t h e x  propcrcies, limited upward movcmcnt 
occurs. The cxtcnt could be e x m i n d  in gcater d c d  to dctcrmi?c if contaminam transport is 

The crushed tuff used as fill at G is mostly from the unit 2b. 

- 
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signjficm[. Using h c  in-situ properties, the chmctcristk sourcc term time S C ~ C S  in Fig, 22B ;UT 

reduccd from thc prcvious 'crushed tuf f  propcnics, and YC now in the r a n g  of 1-2 ycus. 
Thc v u  Gcnuchtcn valucs for crushcd tuff uscd in thc Results h Fig, 21 were uscd in the 

prclinlinruy &d't A r u  G Pcrformuicc Asscssmcntl, Thcsc pwmcter vducs have since ken 
rcvised for subscqucnt PA work to o 'corrected' sct of numbers for crushed tuff which arc similar 
IO thosc for thc uncrushcd Unit 2b werage \dues uscd in this study. The results in Fig. 21 serve 
as a rncuurc of the scnsitivity of thc vcnic;d flux to the usumcd mrrtric properties, while results in 
Fig. 22 hbclcd ,964 rcprcsent cxpcctcd ficld conditions. 

Bounding Case Results a 

Rcsults for IWO assumed profiles of moisture contcnt x c  illustmted in Fig, 23, which 
bound thc r:Iiigc in  moisturc contcnt sccn in t!c holcs Thc  curve^ arc uscful to 
understand thc iirruts of the bL$c andyscs uscd hcrc and to 3pprcciatc the nodinclu dcpcndcnce of 
flus on thc moisturc contcnt. Lincv rnoisturc profilcs u c  usumcd, one, from 6% n c a  thc surface 
dccrcrrsing to 1 %  at a dcpth of 15' (-Srn), and two, 12% ncx  the sufidce dccrcuing lhcarly to 2% 
:II 3 dcpth of 30' (-1 Om), so that tach h ~ s  thc s m c  s l o p  but in 3 diffcrcnt moisture range. These 
tu'o profrlca brackct thc near s u d x c  profilcs at k c a  G in all holcs with onc cxccption (h;PH4), 

Thc slopc in both profilcs is O.Olm-l, which was choscn u a 'typical value', close to an 
avcrqc of thc obscrvcd vcrticd gradients in ncu-sudacc rnoismn. Many of thc holcs arc sccn to 
cshiblt II n c u  surfacc moisture gmdicnt of about this magnitude independent of thc nc;u surfxc 
rnoisturc contcnt. Propcnics of Unit 2b arc ssumcd in computing K[O] and li,,JO] in this 

A m  G, 

csarnplc. 
Thc nssociatcd Dlrcy flux in Fig. 238 shows thc vchicd flux s D CUTVC md 3s a lint 

scgnisnr for cach of thc two rnoisturc CUNCS. Thc drier moisture content corresponds to thc 
!,rnrtllcr !'lux in  Fig. 23B. which is Icss than I cm/yr, and the larger moisture profilc corrcsponds to 
flux i n  thc range of < I  - 7 c d y r  dcpcnding on thc c\'duafion point. A curve and line segment for 
cnch rnoislurc profilc rcprcscnt fluxcs c\duatcd rcspcctively, dong thc moisture .profile curve 
(cv;llu:itcd at c x h  moisture point shown in Fig. 23h) and IS an ';Ivcragc' ovcr thc moisture profile 
c u m  (discrctizing cach moisture profilc LS rr wholc q m c n t  by cvduating Eqns,(4 - 6) using only 
ihc rnoisturc proilk cndpoints rvld midpoint). Thc Jii'fcrcncc in flux in  thc continuous profilcs and 
in thcsc 3vcr;igc scgmcnts is sccn to bc largc, This indicates the scnsitjvity to the discrctimtion in 
fomung thc non-lincx diffcrcncc cxprcssions for thc flux and for thc sourcc cxprcsscd L$ 3 flux. 
A rcason for Ihc wvitivity is that thcsc flux csprcssions rn 'intcgrd rncasurcs between &t3, 
points' and uc not normdizcd pcr unit dcpth. This shows that h c  rnoistun: profilcs must be 
adcquatcly rcsolved for nic:ining!ul rcsults in thcsc tcrms, 

Similar considcrations apply IO thc sourcc tcrm flux CUNCS in  Fig. 23B. The 'avcrape' 
ovcr cach nioisturc r:mgc is now just 3 singlc point, using two vducs of vcdcal flux or thrcc 
\dues of moisture contcnt IO cvduate thc sourcc tcnn pcr Eqn. 5.  Thc inverse of the sourcs tcnns 
E q n .  7-8) arc pfotrcd as chmc1crjstjc times in Fig. 23C. This source tcrm is nomdizcd per unit  
dcpth and 50 thc diffcrcncc bctwccn thc liourcc tcnn cdculated dong the moisture profile and the 
source tcnn cdculatcd m nvcngc ovcr the moisture profile is in good agrccmcnt. The w u m e d  
1inca.r rnoisrurc profiles lcad to chrrractcristic timcs for change in rnoisturc content (indjcatcd as (St- 
inv,lmwul% in Fig. 3C) of 15 or more ycrus 31 the lowcr moisturc profilc lcvcls and about 5 ycm at 
thc higher moisturc contcnt. Thc timc scdc for changc in moisturc flux in Fig. 23C is l q e r  than 
that for :hc moisturc contcnt by the factor, 0-1. 

c 
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UNCERTAINTY 

Accuracy 

~ccuracy  of' h c  results in tlh analysis depend on the accuracy of four main factors: the moisture 
profiles. the mauic patentid functions over the observed in-siru moisnvt m g c ,  the unsaturated 
conductivitv function of moisture. and the appf idon  of stntigraphic unh avcr~gc functions to dl 
the dat3 points within each unit. Thc application of unit avenged func*jons upas discussed in 
rclation to the vapor phac  notch, with the impl idon  that adddond field d3t3 arc required to 
rcsolvc the hydraulic properties throughout that region. In o&er regions, the avenge s~zitigrr\phic 
uni t  properties sccm to bcncr reprcscnt the wholc unit bawd on the rcsulu in the pxvious section. 

Thc moisrurc profile accuracy is dirtctly rclntcd to h o t  of thc neutron probe me3surcmcnt.S for most 
of the data in this rcpon. Scuuon probc accuncy is c s h t c d  to k within S O 5  when properly 
calibratcd, but thc prccision is cxpcctcd to be k n c r  than 10%. In reccnt unpublished field d d 6 ,  
i t  is seen in the dry regime in borcholcs at Arcsl G that thc precision or rcproducibiliv error. 
tends to about JO - 0,001 or 0.1% (in moisture conrcnt volume percent), independent of moisture 
content, Thus at 1 ';d moisture content, the rclativc trior is A$/$ - 0.001/0.01 or 10% of thc mean, 
and i t  is less ai greater moisture contcnt. It is thc relative error or the difference between adjacent 
points as uscd in thc mojsturt gradient dctcrmination which is impomnt in this analysis and thus,  
10% is ;1 rcasonablc estimate for the error. 

Thc accuracy of the van Gcnuchtcn fits for unsaturated conductivity has becn discussed in scvcnl 
studies csunining data from rhc GS hole discusscd in this repOK 13~19.21. Ln that hole, unsaturated 
conductivity curves as a function of moisture cuntcnt wcrc mcxiurcd by the UFA centrifuge 
mc:hodlg and compared to van Gcnuchtcn fils using mtrk potcntid data17 with the saturated 
conductivities. Thcsc cunw were compwlrcd for 10 core smplcs, locstcd approximately onc e v c ~  
[cn fcct in the G-5 hole. 

Of the 10 c u m  comparisons, two wcrc bawd on umliablc data, one was ambiguous (at 9 , 5 ' ) ,  
thrcc wcrc in rclativcly good qrccmcnt throughout thc r u g c  of thc c u n t s  and four wcre in poor 
qrccmcnt. This suggests almost half or 3 out of 7 of thc rcliable mcasurcmcn& arc accurdte bawd 
on compxablc rcsults from two diffcrcnt dctcrminations for thc unsaturdrcd conductivip uscd in 
this study, Of the cascs in poor agreement thc kndcncy WAS for the txpcnmentd conductivity data 
(GFA dctcrmination) to asymptote at grcster moisture content than cxpcctcdl3*19. In thcsc cases, 
rhc actual conductivip at h e  in-situ rnoisturc content was beyond the nnge of thc c x p r h c n t  and 
thercfon could not be dctcdned .  The djscrcpmcy may havc been attributed to expcrimcntal 
limitations. or to a rcal lack of liquid phase movement yl the in-situ moisturc content. The Imer 
implies that thc in-situ contcnt could only bc ackiwed by cvapontion and vapor phase movcmcnt, 
3 possibility considered further in a scpmtc studyz'. 

Gencrdly, :hc mauic potentials (matric hcnds) found in this study arc consistent with the mgt in 
thc in-field psychrometer results rcponcd previously9'11. A possiblc cxcepuon is ;It the driest 
moisturc conrcnt! whcrc the mahc  potentid prcdictcd from thc van Genuchtcn fits in this study arc 
of c a t e r  magnitude than prcviously observed. Mlloic potcntid results between van Gcnuchtcn , 
fits and chilled mirror psychromcvy (CAMP) on Fecovcrcd core samples from hole G5 werc found 
tn good agrccmcnt13. M a r k  potentid from chilled minor psychrometcr mwurcmcnts on 
rccovcrcd corc smplcs  compmd wcll to van Gcnuchtcn fits with moisttire data in horizontal 
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boreholes at ATca G, at l es t  at thc dry range of moisture contcnt?a. Rcccnt unpublishcd results on 
C,W manic potential from COX rccovcred in A m  G boreholes as pait of the Enviromcntal 
Restoration P r ~ g r m ? ~ .  agrccs with rcsulw from moisture contcnt combincd with the unit-averagcd 
van Genuchtcn funcsons within 3 fictor of about two at most d;ru pointsz7. We find good 
rrgrccrncnr generally in matric potmud observcd in different studics md methods, howcver, it is 
dlfficdt to quantify thc o w d l  accuracy of d ~ c  mamc ptcnud dcrcnninntions in these diffcrcnt 
studics tvithout knowing which provides thc 'right answer'. 

0 

Error Analysis 

For 3 gencrd function, 

x = prr,v,w ,.'I* ), 

[he prop;rption of mors  is bascd on the stmdard f o d 9 ,  

.. Equation 6, for thc flux, is approximated by cwluaung dl functions at 3 moisture contcnt, 8,  ;Lt 

loc;l[ion, i, (index dong the E axis), and the moisture gndicnt is cstimatcd here as dW&=(8= e.)!. 
whcrc 6. is thc adjacent moisturc rncaurcmcnt. Hydrrrulic propcrtics ut assumed to be only D 
function of moisture so that, Vh, = (dhnl/de)V8. This does not apply to the intcrfxe rcgion 
between two dissimilv units, which must be considcrcd scpatatcly, - k., this applies only within a 
unit with avcngc hydrologic p r o p e r k  Thc vcrticd flux, r:, can thcn be cxprcsscd in s c v c d  
cquivalcnt forms for this yldysis based on 
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Based on thcse simplified analytic forms, the dcrivativcs, dr/& ar/%, etc., nccded in Eqn.(9) 
for thc propagation of errors can bc cvalualed and combined to obt& an c s h t e  for the error in 
thc nux, esprcsscd xi ur/.T: This is found to be given by 

(13) 

Mosi of rhc tcnns h a w  srndl uncertainties. probably about 10% (normdizcd) or kttcr,  consjdcring 
;I 'prccision' error. Thcreforc thc terms of thc form (aJu)?, where u is any one of the indcpcndcnt 
wrhbIcsl m each much less than unity. Similar tcrms including factors of D T o r  E/r arc also 
small since thcsc f;lctors ut also lcss than onc. 

To simplify the tcrm on the 1ut line of Eqn. 13, we asume rcdistic valucs and e\duatc these 
tcms, Sotc that ICVR, IB/fl, and JUn arc d1 less than or q u a l  to one. T>@xl pwmcter values 
arc bl, = =1,3 f 0.3 and bk - 7 f 0,5 [Rcf.25], and i t  is dways t N c  thiit (&A 3. bk) < bk since bh C 

0, This implies that the third line is less than ( bl; (7)) ', which is approximatcly equal to O S  using 

Lq = 7, and a& = 0.1. Thc 'precision' error for neutron probe moistun mcasurcmcnts is k n t r  
dun 10% if the moisture \iolumc content cxcccds 1% so th is  is a muimurn magnirudc for this 
rcrm ;It most locations. 

27 
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For 0 = 0,02 - 0.2, thcn In0  - 2 - 4. where 4 applics at thc low rnoisturc content end of the range. 
The two tcrms contahhg fnB then both excced unity and dominate the error propagation. 
Retaining hcsc two terns, thc t o d  m o r  is then approximately, 

which, in thc low moisture contcnt region, is CStimntCd ixq 

( 4 x a s  12 ( .I x 0.5 x 0.3F 4 4 =  0.4 4.4, 

0: 

~ S o u t  10% of thc crror comes from the unccrtllinry in thc cxpncntkd pumctc r  for the matri 
potcnlid CUNC f i t  and thc rest comes from thc unccminry in the exponential panmctcr describing 
thc unsarurarcd hydr~ulic conductivity. Whilc thcsc cxponcnts could bc indcpcndendy dctermincd 
from exwrimcntd data. in  the v u  Gcnuclitcn-Maulcm rnodc1,3116 the cxponcnts ut not 
in d cpc n dc n 1. 

This unccruinty analysis shows that thc crror assccialcd with cach point is larger than the mc;m 
value. This is chuacrcristic of a log-normal distribution. which in this mdys i~  has  0, = 
and is limircd by thc cxponcnt of thc moisture conlcnt uscd to characterkc the unsaturated hydrtlulic 
conductivity. Thc implication, that thc crror for c x h  point is I q c r  than the mcan, is h a t  wc need 
io intcrprct thc rcsulrs in tcrms of ovcr;lll trcnds supponcd by cach of the holes and by flux 
;Ivcrqcs coinputcd ovcr Iugc scgmcnts of thc holes, In  thcsc average trends, the Lssociutcd error 
is reduccd in proponion to the numbe: of obscwations includcd in the trend obscnlation. 

- 2.1 

In  !his analysis. the error is domjnntcd by 3 singlc tcrm rclatcd to thc u n c c d n v  in thc exponent 
for hydraulic conductivity. A direct analog in thc vu Gcnuchtcn-Maulcm modcl docs not exist. 
bul in hat  case. thc crror must bc irlalcd to thc van Gcnuchten cxponcnt, N ,  ;is confmcd in 3 
numcricd m o r  mdysis of thc \WI Gcnuchtcn p;lrmc~crs?7, as summarized in the following 
scction, Sincr'N is typically 1.5 - 2 md bk - 7, i t  is rc;lsonablc to conclude that the m o r  in the VU 

Genuchtcn schcmc is proportional to about four times the error in the exponent, N. The magnitude 
of rhc crror docs not dcpcnd upon tbc fining schcinc uscd to dcfinc the unsaturated transpor: 
functions, so h c  rcsult that o8 - 2 , f  applics. indcpcndently of thc fining modcl uscd. Notc that 
rhis \idue dcpcnds upon the xisumption that ,abk = 0.5, which was u estimate, and was not 
quantitarivcly dc tchned  from sitc data. 

As a find note. 3 moisture source term cxamincd in this study w x  given by Eqns. 7 or 8. This 
source is the diffcrcncc bctwccn flux at two adjacent points, Thc propagation of crrors applicd to 
thc differencc of two terms will double the magnhdc of the error for the sourcc tcm rclativc to 
that dcnved above for thc flux at each point, giving rn crror for the source terms in this analysis 
expressed as a geometric dcviation of s8 = 2 ~ 2 . 1  = 4.2. 
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Minimum Detectable F~WC 

A minimum detectable flux of the liquid phase can be derived from the u n c c ~ a h p  or emt 
analysis. In this section, wc numerically evduruc the unccdnry in thc flux derived from unit- 
avenged VM Gcnuchtcn rclations. This is described in detail for the vapor ph;lse flux 
clsewhcn~7,  The minimum detecntlc flux cul bc considered xi that flux which is sutisticdly 
disccrniblc from a zero flux estimate, and as such, is rclatcd to thc s m d d  deviation or width of 

(to k dcnotcd Uj7u in the subsequent result figures. whcrc LLD refers IO a lower limit of 
dctrction) and dcline it to be equal to the error cxpresscd a one standud deviation of the flux 
cstimatc, Or. Thus, 

the unccniinty of tht flux cstim~tc. WC consider ;L -ally dcteUblc ljquid phase flux. r m i , ,  

r m i n  = Or. (16) 

Tu cvaluaic thc uncertainty in our flux cshrrtes, Eqn. 3 is rcwrincn for the magnitude of h e  liquid 
flux in thc form, 

whcrc h r n I  and 11,. arc matric potentials (heads) evaluated at a d j a n t  points xpmted in sprcc by 
vcnical distncc. d; each evaluated in thc s m e  units of length. The unccndny in the flux. Or, is 
evaluated in t e r n  of uncertaintics in h,] ,  hmz and K, represented rtspectivcly by Oh), Oh: and 
QA.. Assuming thcsc unccrtahtics arc not comlatcd and that uncertaintics in the distance, A= are 
ncgligiblc, this gives 

Evdutrring the dcrjvativcs in Eqn. 1s from thc flux given by Eqn, 17. u d  further simplifying with 
thc rc;lson;iblc usumption that mahc potcdrrl uncertainties at adjsccnt points m comparable, or 
b/,l = = Ohntr thcn the flux unccrtinty becomes 

The minimum d e t c ~ ~ b l c  diffcnncc in mUic potcntids, Ih,] - hmzlmin, is rclatcd to the 
unccminties in mauic potential, and again using a 'marginally dctcctable' criteria rclatcd to one 
standard dcvinuon then 

and so the flux unccnainty bccomes 
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In deriving i im with thc unit-averaged van Gcnuchtcn pwmclcrs from the noisrure contcnt, then 
Lhc unccn;linty i n  h m  is ;L$sumcd to dcpcnd primvily on the unccninlies associated with the 
pruamctcrs. Os,',, and moisturc conrcnr, 8. Unccrrllinry in thc porosity and residual moistutc 
contents ;LTC ncgiccted. This is rta!!onable for porosity when in the dry rc&i.me far from saturation. 
It is a ncccssury simplification for the rcsidud contcnt, since the wnaly~cs proceeded under thc 
siinplification that residual contcnt cquals z r o  in order to usu rc  that all field d3ta values for 
moisture contcnt ;uc Lsswiatcd with ;L rcd mamc potcnud in thc van Gcnuchtcn f i ts, In this 
simplification. the mauic po1cnua.l uncertainty from the vlln Gcnuchtcn mcthod, Of,, is wrincn, 

Thc hydraulic conductiviry is assumcd to dcpcnd primarily upon the saturated hydraulic 
conductivity, K.,ofr thc moisturc contcnr, and thc \'an Genuchrcn prumctcr, N v p  The unccminty 
in ihc una;ltur:ricd conductivity dcrivcd from thc moisture profile and rhe van Genuchtcn rcIstions is 
rhcn. 

The dCrjva\j \ fCS in thcsc Eqns, 22 ;md 23. arc cvduatcd nurncrkdly from the van Gcnuchtcn 
relations in 3 sprcadshcct analysis, T h e  bcst cstimatcs for h c  UnCCKainuCS in thc dcpcndcnt t cm!  
a\ applicd io this study arc, 0 8  = 0,001 [volumc fraction], bnvR = 0,06 and, cxprcsscd as 
fncLions of' the mcm valucs, Omox = 0.2 a,,g and 0~~~~ = 0 2  K.ful, The vducs for OQ and for 
Gm,g arc dj3cusscd in [27], and 6n,,x and 0 ~ 0 , ~ ~  ~ J U C S  arc discusscd jn the following. 

Thc sxjaijon in saturated hydraulic conductivity, h'Jul, within a given stratignpbc unit is g,picdly 
100% or mort 2-45.  Howcvcr, the unccn;iinty u'c wish to chllrtlctcrize hcrc is not ;u1 overdl rcsult 
accuracy hul ;he unccnainty in ;issuming K,,,, is constant hcrwccn two adjaccnt mcawrcd points. 
Thus. UT nccd a mcxwrc of thc variability of KsuI bcrwccn adjaccnt profilc measurement points as 
used in rhc flux analysis. This is cslim;i\cd by considcrirrg !hc \duct; rncasurcd at C I f  in 
boruholc SP1-l-5 (G.5) 3s sccn in  Fig. 24. Thc ucccnzinty a1 ;1 givcn point is cstimatcd to bc cqud 
io 3 normalized djffcrcncc in A',$:,,, at adjaccni sp;llid locations, SIcJoI/K,su,, cvduatcd as the in-ficld 
obscncd p d i c n [  in A;Ll, timcs thc disiancc. &,,,, bctwccn tueo points whcrc the moisture profile 
rncasurcrncnts are typjcdly madc. Thcsc ssumprions are wrjttcn ;IS 

JKc,r n 

This cstimatc of thc error in Lhc snturatcd hydraulic conductivity is labeled dKsar/kj.ar*dmkk in 
Figa 24 and shown for the in-situ data, assuming &,,, = 3' Jm. The vduc is lcss than or equal to 
about 0 2  at most points. At most locations thcn, it is cxpcctcd that - oKklr < 0.7, 

Ksar 

I 

. .  

I". 
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The unccrr;linry in rhc van Gcnuchtcn exponent, is sccn in numencd c~aluat ions2~ to 
dominate b e  cnors especially at low moisture content, consistcnt with the mdytic result!! in t!!e 
prcviOUS section. Typically, the Bandelicr Tuff ~ t r 3 t i ~ ~ d p h i ~  unit s ~ n g c  S U ~ ~ S ~ ~ C S  Show 3 s m d u d  
deviation for the UI Gcnuchten exponent of about = 0.2 fRcf.21 or about 10% of N,,$ across 
each s~t igraphic  unit, The variation bctwccn Iwo 3djxcnt points is Ucly to be much smdlcr. 
This i,s seen in Fig. 25 whcrc the van Gcnuchtcn cxpo3cnt. derived from COR s m p l e s  
rccovercd from 10 f t  dcpth intends13 is plotted VE~SCS depth in borchok N'H-5 (G-5). 

A nom&cd gndicnt is used to c s h a t e  the varivlce espcckd h N ,  bctwccn two adjacent 
mcuurcmcnt points (scparatcd by Im) as discussed above for the KSur error cstimatc. This is 
shown in Fig. 25. labclcd, d,V/N*d:m/d:. Most V ~ U C S  UT seen to less than 0.03 and since N is 
typically close to 2. thcn the magnitude of the error in = 0.03 x 2 = 0.06 J 
most field locations. This mcthod is 3 simplc means of esurnathg a spatid cornlation scdc Icngth 
for thc pumcrcr.  

is about, 

A simplcr but less conscrvativc cstimatc of the v a r k x x  bctwccn wo mcwurcmcnt points is to take 
Ihc \*ruimcc associated with the stratigraphic u d  and simply assume the v;lriance bcnvccn two 
adjacent mcasurcmcnt points will bc the totd unit v ~ ~ c e  times the &stance k w e c n  two 
mcL!urcmcnt points divided by the total unit thjckncss, For a 'typical unit thichcss' in &GI G of 
about 10m. and d m  = I m ,  thcn for - Q,Ot 
usociatcd with tbc variation bctwecn two mcauremcnt points at lm scplmtion. 

= 0.2 assccilrtcd with the unit, wc cxpcct 

Using these cstimatcs of u n c c d n t y  or m o r  bcwccn adjaccnt mcuurements in the ficld lhcn thc 
cmor tcmlj in Eqns, 22 and 23 YC dctcrmined. thc dcrivalives ;VI: c ~ d ~ a t c d  nurncrkdly using thc 
van Gcnuchtcn relations, and thc equations arc solvcd for b/zm and Ox. T h c x  values 1u1: 
combined in Eqn. 21 which is ;L mcasurc of,the.flux detection limit pu Eqn. 16. This flux 
dctection limit is shown ;LVI a function of moisture content in Fig.' 26 for the rhru: valucs discussed 
h o v e  of unccnainty in the van Gcnuchtcn csponcnt, (and 1;lbcled dN in thc Figures), fhc 
t iduc = 0.06 is usumcd to apply to the present study. The dctcction limitcd flus its a frxtion 
of unsaturated flux is x t u d l p  decreuing with moisturc content, but not as fast as the unsatuntcd 
flus incrcLses, thus h e  dctcction limit incrrascs significantly with moisture content. 

Rcsults in Fig. 26 spply to the avenged un Gcnuchtcn p m c t c n  for the stntigaphic Unit 2b. 
Thcsc rcsults arc compared to thc flux dctcction limit using van Gcnuchtcn pruamctcl?; for Unit 1 b 
in  Fig. 27, In Unit Ib, a Iowcr liquid phasc flux is dctcctablc at any p c n  moisture content. 
Results for Unit 2a arc similar to that for 2b. Rcsults for thc othcr Bmdelicr Units rn cspcctcd to 
be approximately brxkctcd bctwecn rcsults for Units 2b and 1 b, by comparison to thck hydrdulic 
cond u c ti vi t y cu N C S ~ ~ .  

The dctcction limits derived from this uncertainty analysis can be compared to flux rcsults predicted 
in thc fictd borcholcs, The region around thc vapor phuc  notch was sccn to e,xhibit m appmnt 
moisture sourcc and Ixgc moisturc flux. In Fig, 28 the mxirnum magnitude of liquid p h s e  flux 
obscnlcd near thc vapor phuc notch, for each of the six borchoics in this study which pcnemted 
that rcgion, is plotted against [he pcak vduc of moisture content in that regon from that borehole. 
This is compared to the dctcction limit CUNC for Unh lb (in which thc vapor p h s c  notch Iics), and 
it  is sccn that the magnitudes of obscrvcd flux in each hole is consistcnt with the cxpcctcd 
unccminty in that Unit at that moisturc content. This supports the notion th;it the appmnt sourcc 
at the vapor phuc notch may not bc a sourcc of red moisture but may bc an unrcsolvcd variation in 
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rnaDic propcrtics which consistently OCCU:~  n c s  thc notch region, This possibiliry is consistent 
with unique propcfcics of thc notch obscncd at other locations outside of Arm G . -  
On hc other h;md, b e  p i n &  in Fig, 28 are plottcd at Lhc m&Um moistm COntEnt associated 
ulith the borehole profde, In some cues,  this m u h u m  is a narrow vcak and not d i g c d  cxactly 
with b e  posiGon where the muhum moisturc flux iS hdiCatCd. lf One 3SSUmCS hat  tht X r U d  
rlioisture contcnt is slightly lcss at the borcholc position whcrc the nuximum flux occurs, then the 
borehole points in Fig, 28 movc slightly to thc k f t .  Most poinu would then hdiCatC flux lCVClS 

which rrre above the dctcction limit, and corrcspond to a d source. Thus, the 'source' indicated 
31 the notch region remains mbiguous. 

In  Fig, 29, ;hc magnitude of the moisture flux rcsulung from Lhc analysis at all depths in two of the 
borcho]es is shown verscs the moisturc contcnt at h a t  borcholc location. These two borcholcs 
wcrc ChOscn b c c u s c  thcy bracket the ficld rcsults where LGM-85-11 is m 'cxvcme moist case' 
arid SPH-9 (Ell111 I )  is an 'cxtrcmc dry casc'. The ficld results arc compmd to ttlc minimum 
bctcctablc liquid p h u e  flux in Unit 2b and in Unit lb, using thc best estimate of the uncc&nry in 
L+C van Gcnuchtcn cxponcnt, DnVx (labdcd dhr in Fig.) = 0.06. It is seen that most of thc flux 
l c v ~ l ~  dercrmincd xc bclow the flux dctcction limits, and thercfon: cannot be considered as 
;ICCUT;IIC V;IIUCS,  but rathcr m 'below dctcction limit' rcsults. As above, diose points which ljc 
wry ncar to thc dercction limit curvcs arc ambiguous and may or may not be significantly 
dcicrmjncd flus IcvcIs, About 10% of thc moisture flux determinations appear to thc lcft of the 
dctcction limit cunzs and arc likely to indiearc real flux vducs. 

Figurc 30 :ornpucs thc minimum dctcctllbfe liquid phssc flux in Unit 2b to the uncertainp in 
unsaturated hydraulic conductivity, OK, (Iaklcd sigrnaK in thc Fig.), for the bcst estimate of the 
unccnainty in thc van Gcnuchtcn cxponcnt, (labclcd dN in Fig,) = 0,06. Thc (sigrnuK,J ~ d u c  
is an cstimatc of the rechugc or vertical flux unccdnty undcr unit gradient conditions whcrc the 
rcchugc rate is simply thc unsaturarcd hydraulic conductivity cvaluatcd at the in-situ moisturc 
content, Thc comparison shows that h c  flux unccnainy is dominated by that of the unsaturated 
lii~dr;iulic conductivity at higher moisturc contents whcrc the two wncs  are compuablc, The 
hniinurn dctcctablc gradicnt in matric potcnud contributes significantly to the overall flux 
unccnainty in thc dry range. whcrc the two cufycs diverge, 

I n  rcgions whcrc i t  can bc shown that thc unit gradient assumption appljcs (e.&, whcrc moisture 
content and nauic propcnics x c  on thc avcragc constant with depth), hcn thc dctcction limit for 
the vcnic;ll flux or r c c h q c  ntc will bc just CsigrnaK). Thcrc is ;L substmthl improvcmcnt in 
dc:cction linlit and thrrcfore in cstimating amdl rcchugc r;Itcs in Ilic dry moisture range, whcn thc 
unit  p d i c n t  wumption C L ~  be justificd. 

T h c  flux dctcction limih undcr unit gradicnt conditions, cxprcssed as (sigrnoK) dcnved from the 
w n  GenuchLcn avcragcd propcnics in thrcc str3:igraphic units arc shown in Fig. 3 1. It is seen, for 
cxamplc, that in a region within thc Otowi mcmbcr whcrc thc unit gmdicnt assumption applies, if 
ihc moisturc contcnt is 10-20%, then thc rcspctivc flux unccmintics arc about 0,4 - 10 cmlyr. 
Condiiions similu 10 this cxmplc an obsenlcd in mokure profiles under some c q o n  locations 
at Los Alamos5. Thc flux unccmintics ai thcsc locations arc largc and rnny limit meaningful 
prcdictions of flux lcvcls, 

Thc minimum dctcc~blc  flux dcscribcd here relates to a c h  flux dctcrminntion in the profile a ai? 
indcpcndcnt mcw.mmcnt. f i c h  flux estimate which can bc grouped w i h h  ;I similar region (e.g., 
;he low flux rcgion) contributes to B mem flux c s h t c  over that region (s summaked h Tablc 
n) which has its own associated unccninry. Propagation of errors analysis shows that the error 
usociatcd with the mean of n dctcmLinations, each with an error, 6, is cqud to & , A typical 
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borcholc profdc with 15 flux cstimatcs throughout the 'low flux region' would then have an m o r  
in  thc avcragc flux throughout that rcgion of almost four times ICSS hhan that usociatcd with each 
flux dctchnation. 

The sum of ;111 flux estimates over ;Lu boreholes (the summq'  rncw values in Table D) involvcs 
; b u t  100 points and thercforc about a factor of tcn reduction in the enor w a i s t e d  with the m a n  
estimatcd over that wholc region. Rcfemng to Fig. 29, one sccs that ;1 ~ U C ~ ~ Y R  by ;t factor of rcn 
in dctcction limit puts us into the regime of most of the individual point ff ux c s h a t c s ,  e,&., the 
dctcction limit for a trend in flux avcngcd over 100 pin ts  in Unit 2b 3f 1,5% moisture content is 

propcnics throughout the region, 

DISCUSSION 

Three Subsurface Tr&msport Regions 
Thc data and malyscs rcvcd scvcrd trcnds. The h a  G subsurface can gcncrally be characterized 
by thrce regions, A 'ncu surface rcgion' ha!! a variable depth with hole location from about 5m to 
morc than 10m and is chuuctcrizcd with s dccrcuing moisture content CpicdIlly from 6-lqC * /c  nw 
thc s u r f x c  10 < 2% at dcpth. Bclow this is a 'low flux region' chw.rer iwi  by low moisture 
conrcnt, and small VCRicd fluxes auld source tcrms in this unalysis which ut typically less than 0.1 
c d y r  locdly (at any depth), lcss than 0,Oj c d y r  in my holc. and lcss than 0.002 c d y r  avenged 
over thc 'low flux' region and over dl the holes, The third region is L\ moistuE peak ncar rhe 
vapor phase norch or lb-la interface, This is apprvcntlv asociated wiLb a moisture source tcrm 
and local flux dthough thc avenge seniclll flux ovcr h e  hngc of this third region is small in most 
cases, Limited dam bclow this third region makes it more u n c c d n ,  however, it appcm in this 
analvsis ihar bclow this 'notch rcgion' thc flux returns to ;I 'low flux rcgime'. 

These trends ;vc yuan~ificd in Table 11 which summluizcs for exh region, rhc depth intends. the 
intcn*dl-;lvengrd fIuxcs and source terms. The I U ~ C  wrirrbility Lsissociated with thc 'near surfxc 
region' led to a gcomctric mean as the k s t  c h w ~ ~ c r i u t i o n  of thc vdues in that tcgion. The other 
rcgions wcrc chmctcrizcd with Yithmetic m c m ,  required to mcmingfully avenge thc flux \ ~ I u e s  
of changing sign, Results at bok  XPH-4, which was obscncd io bc n c s  an enginccrrd drainage 
m a  and quite diffcrcnt from any other holc, ~ ~ e r c  climhatcd bcforc taking the gcomevic m a n  
bcciusc its inclusion skcwcd thc results cxccssivrly, 

Thc nclv surfacc q i o n  has P gcornctnc mcm dcprh of 7.Sm (-25') with P gtomrtrk standard 
dcviation of 1.6, suggcsiing that 'plus or minus one sigma' of thc holes fd between f .Wl.6 = 
4.9m and 7,8*1,6 = 12.5m. The mcm flux in thjs region is -0.94 cm/yr, about I c d y r  
downward, with a geometric stmdvd deviation of 3.9, chwxterizing a 1;lrEC variability. ",$e 
results, Thc source tcrm mcan is -0.1 1 c d y ,  about 1 t d y r  nct cv;lpontivc loss. The mn;ibikty 
is huge (q = 20.6) prcsumablv skewed by two h o b  which have vcry s d  sourcc terms (SPHS 
snd SPH9). Eliminohg Lhcsiholcs from the statistical sum gives a nasonablc source mean of - 
0.37 c d y r .  or about 40% of thc vcnical flux, md a morc rcasonoblc gcomcmc deviation, = 
4.2. 

The depth, flux terms, and moisturc content in this near surface region appcv to be dctcnnincd by 
rhc cxtcnt that the local site has bccn disturbed by adjacent cngincercd operations asociatcd with @ 
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wrrrtc disposal. Thc natural di&bution of sdacc-conncctcd fractures in the immcdiatc m a  of the 
monitor holc mag also play a rolc i n  some holcs, nokbly SPH.5 (G5), and in the ncuby. recently 
drilled test holc. ER-1107 [rcf.24]. 

A low flux rcgion is c h m c t c r i d  bclow thc ncu surf3cc rcgion. In thc Table n, this low flux 
region is charactcrhcd with LL depth down to Lhc 'vapor p h a e  notch' rcgion. howcvcr, the dab arc 
;l]so consistcn1 with a low flux rcgion cxtcnding down to g a t c r  depths thm cxunincd in this 
g u d v ,  wirh thc vapor phasc notch rcgion irnp0scd.u a l0C;LJ perturbation on top of a low flux 
rcgi& continuing 10 grcatcr dcpths. The dcpth of thc vapor phLqc notch region h u  ~UI ~ t h m c t k  
mcm of 21 2 5,dm. Over thc low flux rcgion, thc maximum downwud nct flux in my hole is 
0.007 cm/yr and Ihc rrver;l~c flux over dl thc holcs is 0,0017 c d y r  upward. Thc sourcc tcm 
a v c r q r  is -0.013 cdyr .  implying nct evaporation. consistent with a n a  upwrvd rnovcmcnt. The 
mxni tudc  of thcsc tcms arc dl considcrcd ncgligibly small. consistcnt with the large chmctcristic 

Source Term at  Vapor Phase Notch 
The \lapor phaxc notch rcgion show inkresting Iwd chuxteristics in this andpsis as sccn in the 
prc\pious figures. A positivc sourcc tcrni, possibly inf lux from a locdizcd horizon, is flrvlkcd by 
two horizon,\ in  which the moisturc is moving away iicrtic;LUy (up above thc source and down 
bclow thc xourcc) and simultmcously bcing lost to horizontal movcmcnt or evaporation in thc two 
horizons adjacent to thc source. The Irourcc avcragc ovcr h c  adjacent regions (in Tablc U) 
bccoinch 3 small nct vduc for dl of'thc horcholcs csunincd, Ntcrnativcly, thc rcsults nay rcflcct 
variable hydro1oy.k propcdcs in thc rcgion which arc not wcll chuactcrizcd. 

One possiblc physic:d intcrprcution is that this sourcc horizon is conncctcd to a more saturated 
canyon rcgion (Pajarito Canyon is thc likely candidate at Arca G) and the adjacent horizons arc dso 
surface-conncctcd but to a lcss saturated rcgion which thus acts as ;1 sink. Another possible 
intcprctation of the rcsults is that this horizon is bringing in moisturc from 'upstream' locations to 
thc wcst (along the u i s  of thc canyons), and Lhc source rcprcscnts a significant Iatcd moisture 
movcmcnt. 

A third pohsibility to c x p l i n  this appucnt sourcc as 1 rcd physical mechanism. is that thcrc is a 
significant fracrurc nctwork w h k h  is conncctcd to thc surfacc of the mc.m and extends downward 
cndiiig sonicwhat abniptly at thc horizon of the vapor phue notch, or at the Units 1 b-la intcrf'acc. 
This could dlow irfilaation through ofxn fractures during hcavy summct thundcrstom, which 
then moves rapidly downward to thc bortom of the fracture nctwork. Thc water sits there and is 
wickcd horizontally into the Bandclicr Tuff matrix at h i s  horizon, producing the large local 
moisture peak. Simult;meously, thc watcr spreads from the source horizon into t l ~ c  matrix and 
migrates back towards the fracture, clriven by cvapnt ion from thc fracture. Evcntually most of 
thc watcr cwporates, Icaving a small net sourcc term whcn avenged ovcr the region. 

- .  . 
I . ,  
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This possiblc source mcchmkm is consistent with the magnirudc of the s o w e  term expffsscd as a 
chvxtcristic time scalc which W;LV, sccn to bc u small 3s onc per year ncar this horizon s c v c d  
borcholc results. This suppons the hypothcsis of an m u d  influx. This mechanism would be 
consistent with strarigiiphic unit properties which arc approxim;luly constant with ele\*stion 
through the vapor phase notch region. This source mechanism sccms a likely cnndihte to explain 
thc licld data and malyscs, and will bc tested against dcudcd field data to be collected in the near 
future, Howcvcr. the moisture spike at the vapor phase notch is obsetl'cd at other locations (c.g.. 
T~49) where thc dcpth from thc surface to thc notch is much grearcr (doe'), making i t  less U<cly 
10 bc surface=conncctcd by 9 fracture network, and more tikcly to be o region of significant hteA 
movemcnt, 

Another possibility is that the prcsent mdllysis is ghing erroneous results. and thcrc is no 
significmt Source at this horizon. The analysis is b;lsed on the assumption that manic potcntid 
propt ies  throughout a s t d g r ~ p h i c  unii ut approximated by the avcrrge vduc for thc unit, 
;IIthough i t  is known thcrc arc Iugc variations within a unit. If thc variations uc consistcnt in somc 
ulay. c.g,, thc van Gcnuchtcn cxponcnt, N. increases linewly with depth throughout udt 1 b, then 
rhc prcsent analysis c u  givc crroncous results, If there exists o horizon ne= the u p o r  phase 
noich, whcrc thc mabc properties arc significmtly different than the avenge values assumed (i.c.. 
diffcrcnt from cithcr unit Itr or 13 propcnics). then it would bc possiblc to match the ficld obscn@ed 
moisture profiles while rn;lin&g insignificant venical flux and source term in thcsc horizons, 
The flux dctccuon limit analysis showed (Fig. 29) that tbc flux and source t c m  hplicd in the 
field near thc notch rcgion ;LIT within the range of unccdnty of thc analysis, suppohng the 
possibilitv that thc appucnt sources y e  not rcd but due to consistent mmc prop- variations in 
thc regioi. 

Thc issuc, whether or not a moisturt sourcc exist.. at thc vapor ph3sc notch, is important for 
undcrstanding thc unsaturarcd umspon bcncath the mesa. Thls wiI1 influcncc our understanding 
of [hc net vcnicd flux in  a i d  kncath thc mesa top and therefore it  is 3 cnticd issue for completing 
the Pcriormance Assessmcnt. The issuc ctln bc rcsdvcd by collecting corc smplcs through the 
vapor phae notch region and doing 3 complcte mrrtric potentid chmcteristic CUNC for each smple 
throughout this region. Cue must be givcn in collecting thc core to consider the possibility that the 
iinponant controlling horizon may bc very thin. 

Bclow thc tapor phnsc notch, thcrc ;vt limited data. In thc prcscnt study, scvcrd holes (LGM-85- 
06. LGM-85- 1 1, SPH-9,53- 1002) suggcst a negligible \iertkal flux in the region bclow the \ q m r  
phtlsc notch, Thc most dam in this region included in the present study is from hole. 53-1002, 
(Fig. 19-20). which showcd vcnical flux cc 0.1 c d y r  at dl points (Fig. 20) and the avcngc ovcr 
ihc intcnd bclow the vapor phuc notch (45-7Sm) of'-O.ooj cmlyr, The small avenge flux in that 
hole and thc small avenge flus values ovcr the uapor phaqc notch region LS sumluizcd in Table 11 
c x h  point to the possibility that thc 'low flus region' actually exrends dcepcr beyond the 'notch 
rcgion' and that the 'notch rcgion' is not more than a perturbation imposed on top of 3 continuous 
low flus rcgion. The data in this hole, ER-1002, shows anomolously I X ~ C  flux magrvtudcs in the 
lowcs[ interval, in thc Ceno-Toledo unit. This nccds further study to scc if lateral flow or other 
cffccts arc significant at that horizon. 

Uncertainty Implications 

The unceminty mdlysis shows that the magnitudes of flux predicted at most borehole locations are 
within the range in the u n c c h n t y  in flux due to the varhncc in modcl p;lrYneters and ficld data 
To somc cstent this vllrjmcc is attributable to spatial variations in ma& properties which could be 
rcsolvcd more cvcfuUy in ficld investigations. The potential rnoisturt source term observcd nw 
thc vapor phase notch region is significant enough to w m t  such furzhct bvestipion. At somc 
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point whcrc thc V ~ ~ ~ L L I I C C  duc to red spatid wriauons is mjnimizcd, the flux detection limits dcrivcd 
from this mdysis method will bc limjtd by thc cxpcrimcnd reproducibility in the dctcnninations 
of the mauic propcrties, 

Most of thc flux u l u e s  implicd at points throughout rhc borcholc profilcs in this analysis ;~11s not 
qu;lntiutivcly xcumtc but arc indications of flux bclow the 'dctcclion limits', dcrivcd and 
qumtificd in this study, Thus i t  can bc said that thc flux a& most point$ is less than the dctcction 
limits for a givcn moisturc contcnt LS shown in Fig. 27, It  is cxpectcd that the ucnds in moisture 
flux obscrvcd across thc boreholes are qudiutivcly c o m t  and that the avcrclgc flux vduc 
dctchncd  for cach of thc diffcrcnt regions is a good 'rcprcscnuuvc vdue' of thc 'cxpcctcd flux' 
in each of thosc rcgions, as discussed at thc cnd of the section on thc Flux Dckdon Limits. This 
could be quxnntificd morc thoroughl)' in futurc work by cvduating in p'catcr dettlil the reduction in 
crror when estimating a nvm quantity from 3 llvgc number of indcvndcnt cstirnates of that 
quantity. 

F1 ux Imp 1 ica t i ons 
Thc results scotion prcscntcd t;lc vcdcal flux sourcc LS 3 chuctcrisuc h C  S C d C  for C h U l g C  in thC 
mois:urc cuntcnt. This v;rIuc w u  sccn to v q  widcly, with a minimum of about onc y c u  or morc 
In thc mois; regions in most holes, A scwund wrhtion was cvidcnt in the ncu-surfacc Of  one 
hole ISpH-2j. 111 an cnginccrcd drainage uca,  holc W H - 4  showed a L ~ c  s C ~ C  of less t h u  one 
y c u ,  Thc mqnitudr of' the sourcc t cm in thc low flux rcgion of most holes incrcased to more 
ihdn ] 

Tiuoughout ihc V C J ~ C ~  profiles, and cspcckdly in rhe low moisturc contcnt rcgion, the unit 
gradient w,umption is not valid for estimating flux in this rcgion. Small variations in moisturc 
contcni corrcspond to I q c  vuiauons in mauic potential whlch significantly changc thc vcnicd 
flux from that prcdictcd as thc unsaturated hydr;ulic conductivity. These sindl changcs in 
mojmrc conlcnt oficn predict a snillll fluctuating moisture flux which may reflect rcd trmsport 
k[v,*ccn 1oc;il pockcts or m:\y rcflcct thc crror md unccninty in this mdysis. 

Vapor p h a x  loss by cvaporation to aurfacc conncctcd fcaturcs hu bccn posited as a dorninmt 
mcchmnisrn in shaping thc ncu-surfacc moisturc profilcs, Vapor p h u c  transpofi, including cffccb 
of t'racturcs in thc matrix matcrid. h a s  not bccn Imdyzcd in this repon but will bc the subject of a 
a u n d  rcport3. Anticipnring thosc rcsults, thc vapor phuc movrmcnt in lhc matrix is cxpcctcd IO 
play a rolc in thc dricr regions of the mcs;i top, 

The prcscnt mdysis showcd that SPH-5 (G-5)  did not cxhjbit thc typical profile obscnicd at m;my 
othcr locations, having 3 high moisturc contcnt which did not dccrcisc appreciably with depth unul 
bclow 17m, Thc obscnlutions may bc consistcnt wi th  ;I highly frxturcd rcgion. The 17m horizon 
is coincidcnt with thc intcrfxc of units 2b and 2a (whcrc 2b is morc fractured) snc! also with the 
;lpproximatc depth of thc adjaccnt Oispoul shafts and p i 6  which could conmbutc to the flux and 
sourcc tcrni~ sccn at this holc. Moisiurc, including somc infiltririon from adjacent disturbed arcs, 
or from fracturcs, mows duu'nward un t i l  thc fractures end at the uhit intcrface. and thc remaining 
moisture a[ this dcpth rwporrrtcs to the fractures. This analysis shows b a t  G-5 is not a good 
'rcprcscntativc holc' for A m  G profiles in gcncrd, howcver, it is similar to 3 recent profile in 3 
ncuby halc, EK-1107 Rcf.241, and may chmctcr ix  3 rcgion in the ccnwd portion of Arm G. 

ycus rcflccting thc low turnovcr ratc of moisture thcrt by liquid phusc movcmcnt 

In  prcvious ;malysis for holc G-5 l3,  i t  was suggcstcd that a uniquc horizon existed at the 2b-2a 
inlcrfilcc whcrc sapor phase 10s.s~~ occur. Thc prcscnt analysis suggests that h e  horizon is not 
cspccidly uniquc, but rather thc incrcascd moistun: contcnt and flux throughout the upper 2b layer 
is uniquc. This supports the notion of an cffcct from adjacent disposal opcrations or surface- 
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conntctcd fractures, Tht impact of either could be rcx'onably cxpcctcd to bc limited to h e  Unit 2b layer. Vapor phase movemcnt at this horizon will bc discusscd in 3 scpnratc rtpon- -7, whcre it  will 

be shown that vapor phac flux is significvlt under thc moisture conditions observed in hole G 5 ,  
only k l o w  :hc dcpth of 17m at the 2b2a intcrf;lcc. 

I t  is not clear that it would bc worth applying the qrcscnt mdysis to moisture chta b other deep 
holes duc to L!C limited matric propew data and thcrcforc the l q c  unccrrahry in rhc rcsulrs at the 
grcatcr dcpths. On the other hand, it is i m p o m t  to pursue this ~ ' p c  of analysis at %mater depths 
for modcling cdibntions and site chuiictcriution, It is cxpectcd that the flux 31 dcpths bclow 
possiblc cmyon source terms is morc chrJctcnstic of &it through the bulk of the unsaturated 
tone. and thcrcfore this is impomt  to know for site pcxfom;mcc. This can lx examined in 3 
iuturc study. 

Disposal Operations 

Djspsd opntions appcv to contibute to thc rnoisturc profiles in the nwsudacc layer and act to 
incrcrtsc its vluirlbilip above that cxpcctcd in undisturbed locations. This ws evidenced by 
incrc;lscd n1oisturc content und flux at locations adjxcnt to disposal unia U d  trenches ;~vl discusscd 
in  thc Rcsults Scction. At onc location ( S P H 4 )  thc enginccrcd dninagc htls incnucd the y p i d  moislurc cuntcnt by 3-5 times corresponding 10 ;UI increased ~ k c d  flux of 1 m-- '00 times that in 

the ttla.ivcly 'undisrurhed' locations, The borehole is not deep cnough to determine if the 
incrcucd infiltration has pcncmtcd through the 'low flux region' at this location. The n s u h  
show that the h y d r o l o p  C;UI be disturbcd rclrruvcly euily by unchecked disposal operrtltions, 
dthough long tcm effects arc uncertain. 

In relalively undisturbed =cas, the mesa provides an cxccllcnt natural b m k r  to transport. 
howcvcr, in  thc disturbcd locations the intcgriy of thc n m r d  transport b m k r  is compromised. A 
dcsirablc goal in disposal operations is to ~~~ the potentid for contxminut mip t ion .  This 
rcquircs mininit;ing opcntions that add water to the mesa top and avoiding S U ~ ~ C C  cnginccrhg 
which cnhuces local infilrrtltion of natural prccipittrtion or which nduccs thc Iugc nalurd 
cvqcmmspiration. iv1 surface paving, c ~ l \ ~ n s ,  drainqcs, etc,, should bc designcd to d k c t  
\vatcr m w  from covcrcd and from open ( ~ c t i \ ~ I y  used) disposd uni& Adequate \ u ~ g e ~ U v ~  
covers s i d l u  to the natural systems must bc m;lint;lined to usurc significant cvapotmsplration. 
Scu. and continuing opnt ions should be rcvicwed rcgulruly with rcspcct to mecling spccific 
rcquirrmcnts derived from thcsc gencrd considerations, 

Thc dcpth of thc low flux rcgion or thc top of thc wpor  p h x  notch region is cornpmblc to the 
depth ofthe dccpcr disposal units in the area. As such, the low flux region may not provide a tkick 
b m c r  to contamhuts moving from thc bottom of a disposal unit. This crnphaizcs the 
impORUICC of determining if the 'low flux rcgion' continucs to greater dcpths with the vapor phue 
nath  region xi ;1 smdl Iocd pcnurbstion. 

Nu rn cr icd  Mod ding Implications 
Thesc rcsults have important implications for numcncd modeling of thc contamh.nt transport 
from the disposal unit and CM be used to help calibmt numcricd mcdels to obtain reahtic 
moisturc flow fields which account for localized vuiations in r c c h q c  rate. Specifically, the 
source tcrms dcrivcd in this analysis a n  used to provide input to nurnc~cd modcls. Thk should 
providc bcttcr ngrecmcnt ktwcen numcricd models and thc ficld data. h n  that o b h c d  with the 
morc rtsuictivc source tcm usumptions of a net infiltntion only at the mesa top surface. These 
rcsults, in conjunction with othcr ma.lyscs on vapor t~ansport~~,  may bc applied towark 
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cornplcting a conccptud model of the complex flow in the mcsu stratigraphy, and towards 
quantifying thc contributions from liquid and vapor flux. 

C 0 r4 CLUS 10 N S 
The flux :ln;dysis shows that unsaturated vcrtical transpon in thc mcsa under the disposd site, # n a  
G, c;m bc chrunctc&d in thee regions. A near surfacc rcgion is influenced by infiltration and 
disposal oprrrrions and is spatidy wriablc, It cxtends to 7.8m 1 1.6, has ;I downward vcnicd 
flux of 0,g.: cm/yr 1 3,9, ;Lfld a chuxtcristic vc&.d flux source Lcrm of -0.37 cndyr 2 4.2 
(gcomcuic mews and standard deviations). Thc sourcc tcrm is about 40% of the vcrticd flux, 
with the diffcrcncc assumed to bc vapor vuspon, to bc cx;Lmined in a scpmtc study. BcIow this 
tluiablc 1lcwsurf;lcc rcgion, a low mois:urc flux rcgion cxists to at IeaSt 21.3 i 5.4 m With 
rrvcmge wnicd flux (upward) of +0.0017 .C 0.01 I c d y r  (;uithmctk vducs). Thcsc flux values 
u c  ncgligiblc md compvablc to thc analysis crrors. At gcatcr dcpths, the vapor p h w  notch 
rcjjon is chlrr;icwizcd with 3 moisture peak ruld dcrillcd downward avcragc flux of -0,073 k 0.3 1 1 
cndvr. This luge iuiabiljty suggcsts thc nct flux from this region to gmtcr  dcpths dcpcnds 
stroigty on location. 

Thc d m  ;ti thc vapor p h u c  notch suggest 3 moisture sourcc which is dissipated by vcrtkd motion 
mc! cvaporalion from the sourcc horizon Iocatcd ;it the peak in the moisturc profile, A number of 
physical mschmism! were discusscd which could contribute to this oppmnt sourcc. One 
cmndidatc rricchanism, bascd on iuvscssmcnt to datc, assumes a frdcturc network which is surfi~cc 
connccicd and cnds ;ibmptly ncu  the Unit Ib-la intcrfxc. Major storm cvenu could potcntidly 
x n d  u'alcr IO the bottom of thc fracturc nctwork whcre it will soak horizontally into the Eandclicr 
Tuff m t r i x ,  This could produce thr :ippucnt source sccn in tlx prcscnt analyses, and would 
rcprcscnl a rcal and imponant source tcrm possibly driving moisture flux at grcatc: dcpths. 

The apprucnt source may also bc ;I non-physical anifact resulting from the mdysis assumption of 
consun[ strdiigrqhic unit-avcr:igcd hydrologic propcnics. I f  this region has matric propcnies 
Ivhich uc significanlly dffcrcnt from thc adjnccnt horizons, then Ihc observed moisture profiles 
could be cansistcnt with ;i flux which is cvcrywhcrc negligible throughout thc rcgion. On the other 
hand,  3 horizon with distinct properties is likely to bc wiwiakd with a real Interat moisture flux 
sincc rhc vcrt icd variation in propcnics may act to inicrrupt vcrtical moisture flux. It is critical to 
disringuish thcsc possibilities and detcrminc if thc appucnt sourcc ~ e r m  is physical or not, bccausc 
this rcgion may or may not providc a moisturc sourcc driving flux at gu tc r  dcpths throughout the 
unsa:untcd zonc bcncath thc mesa. This controls the overdl unsaturated transit timc to thc ground 
u m r  and thus the impact on the sitc Pcrformwx Asscssment depends critically upon rcsolving 
h e  hvdrologic flows in this rcgion. The source term derived in this analysis can be used in 
num&icd studies IO improvc the accuracy in the Arca G PA cfforc. 

Thc ixgc w i a b i l h y  of moisturc and flux in thc ne;u surface rcgion indicatcs that operations my 
have a sirnificant imaxt on thc ncar surfxc unsatumtcd u;LnsRon, Undcr a m m e  conditions as 
secn at tic holc, SPH-4, ncu  thc drinagc buin,  operation; could impact transport in dcepcr 
rcgions, and compromjsc tbc natural isolation provided by thc low flux region. Any disposal 
operation which incrcucs local moisture contcnt or dccrcws cvapotxusphtion will dcgndc thc 
natural integrity of the disposal sitc and dcgndc the site pcrformmce to some extent, and thcrcforc. 
thcsc operations should bc rcvicwcd regularly for impact. - 
Thc uncrn;linty analysis indicates that m:my of the flux rcsult values uc less than the cstimatc of 
thc flux unccnainty, md thrrcforc must bc rcgrrrdcd as 'bclow the dctcction limits' of liquid flux 
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for this analysis mcthod. Wt specific flux values art less than dewtablc, the flux trends 
indicakd by tbc composite of vducs and by the ~ c n g c s  over regions in good c s h t s  of the 
average flux. Thc flux dctection limia could be improved with adddidond field d3t3. because t !c  
varimcc in the input pwmctcrs used in h e  prcscnt udysis rcnccu a red spatid vrvirnce in 
rnatcrial properties which could k rcsolvcd in limitd regions (e.g,. in onc or more sclcctcd 
borcholes). Uldmatcly, the flux dewtion limits in this typc of yldysis will be lirnid by thc 
cxpcrimental unccrtllinty associated with the reproducibility in mcsuring the mrtuix propenjcs 
needed to define the moisture chmctcrisuc c w c s  and the saturated, hydraulic conductivity. 
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Unit I 

I - (Tsankawi-Ceno Toledo) 
2 - from Ref. I8 
3 - additiond unit 2b d3!3 from hole G5 as reported in Kcf. I7 
4 - van Genuchten fitting pxmxters 
5 - 0-residual set equal lo zero in present anatpis to avoid inconsistencies where field d3ta moisturc is less 1hm the average 
residiieal, 0 < 0-residual 
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Fjg.3 Schcrnatic summary of ~ i d y s i s  showing a control volumc and flux clcmcnls through the 
control volumc. 
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Fig. 3.A-B Vcnical profiles for hole XPH-9 (ER1131) showing: A. volumcrric moisture 
conlent (TO) with the matric head (m) and su;ltigmphic unit interfaces indicated, and 8. v t ~ c d  flu 
and the local unsaturated hydraulic conductivity, Kunsat -Cdlw. 
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Fig. 5,A-B Venical profiles for hole KPH-9 (ERIl11) showing: A. volumcvic moisturc 
content (%), with thc absolute magnitudc of the vcrtical flux and the local unsaturated hydraulic 
conductivity, Kunsat -cm/yr-, and B. thc vertical flux function, abs(d(h,)ldz 4 I). 
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Fig. 6 Vcnicd profiles for hole SPH-2 (bkg near pit 37) showing: A. volurnctric moisture 
content, B, vcrricd flux and the sourcc tcrm cxpnsscd as flux, and C. source t c m  exprcssedm 
3 chmctenstk rcsponsc time. 
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Fig. 7 Vcnical profiles for hole NPH-3 (bkg near pit 30) showing: A. volumetric moisture 
content, B, venicd flux ad the source term cxprcsscd as ;L flux, and C. sourcc terms cxprcsscd as 
;I chrvactcristic - 
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Fig, S Vertical profilcs for hole XPH-3 (bkg ncur pit 30) showing vertical flux and the sourcc 
tcrm expressed as 3 flux in thc limited range of depth from Jm to 20m. 
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Fig, 10 Vertical profiles for holc hTH-6 (SE corner of Area G) showing: A, volumeVic 
rnoisturc content, B. wt.ical flux and the source term cxpresscd tls II flux, and C. sourcc t c m  
cxprcsscd as a characteristic response time. 
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Fig, 12 Verticd profiles for hole LGM-85-06 showing: A. volurnctrk moisture content, B. 
vcnicd flux and the sourcc tcrm expressed as 2 flux. and C. source t c m  expressed 3s a 
chmcteristic rcsponsc time, 
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Fig. 13 Vcnical profilcs for holc LGM-85-11 showing: A, volumetric moisture contcnt, B. 
vcrticrJ flux x id  the sourcc term cxprcsscd as ;I flux, ud C, source terms cxprcsscd as EL 
charxteristic Esponsc time. - 
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Fig, 13A Profiles for hole LGM-85-06 showing v c ~ c d  flux and the source tcrm cxpresscd I ~ F  a 
flux in thc 'low flux rcgion' for the vcrticd range from Sm to 22m depth. 
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Fig. 16 Vcnical profilcs for hole KPH-3 (mar tritium shaks) showing: A. volumetric 
moisture content, B. vertical flux ud the source term cxprcssed LS J flux, and C. source terms 
cxprcsscd as ;I chwrrctcristic response time. 
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0 
moisture content -vol%- 

Fig.27 Flux unccnainty or minimum dctcctablc liquid phwc flux comparcd in Unit 2b and in Unit 
I b for thc best cstimntc of t!!c uncenihty in the van Gcnuchten exponenf dY = 0.06, under hc 
present study conditions. 
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(whcrc LGM-SS-11 is an 'cxucme moist case' and NPH.9 (ER1111) is an 'extrcmc dn, case'), 
compucd to the ninimum dctcctabk liquid phase flux in Unit 25 and in Unit Ib for the best 
csLimrttc of thc unccrtahty in thc van Gcnuchtcn exponent, CIS d.06. 

61 



Rcpon=EtG-Ol3.FE 
3/31/97 

moisture content ~~01%- 

Fig, 30 flux unarr;linty or minimum dclccwblc liqujd phsc flux in Unit2b conpared t~ the unamirrty.. 
in unuturakd hydnulc clnductivity (si@ = crK> for the b a t  c;t imi~~ of b uncertainty in the v n  
Gcnuchrcn cxponcnt, ClN = dnvs = 0,06 

0 
rnoisturc contont -vel*%- 

1 Uncuuinty in unaturxd hyydnulic conductivity ( s i w )  in a h  d three sraipphk uninits 
(3, lb, Otowi) for tk best c s t i m a ~  of be un&ty in h v n  Gcnlrchm mpaneng dN = 0, %. 
Fig. 

62 





e 

e 

0 

LAlJR-96-4716 December 1996 

I 

I 
8 ! Baich Sorption Results for Americium, Neptunium, 
; Plutonium, Technetium, and Uranium Transpofi 
! Through rhe Bandeljer Tuff, Los Alamos, New Mexico 

! 

i: 1 BY 
I 

I 
! Patrick Longmire, Charles R. Cotter, lnes R. W a y ,  
! Jason J. Kitten, Colin Hal, Jessica Bentley, 
I Diana J. Hollis; and Andrew 1. Adarns I 

Lss &me,. 
Lo5 Alarnos National La!xnrory is openled by the 
Uniwerstty of California for f i e  Unired Stares 
Depamont of Energy under contract W-7405ENG-36. 



. 



BATCH SORPTION RESULTS FOR AMERICIUM, NEPTUNIUM, PLUTONIUM, 
TECHNETIUM, AND URANIUM TRANSPORT THROUGH THE 

BANOELtER TUFF, LO5 ALAMOS, NEW MEXICO 

Patrick Longmire, Charles R. Cotter, lnes R. Triay, Jason J. Kitten, Colin Hall, 
Jessica Bentley, Diana J. Hollis, and Andrew I, Adams 

ABSTRACT 

Quantiiying the migration of radionuclides through the Bandelier Tuff is 
essential in conducting a performance assessment for Material Disposal Area- 
G, Technical Area-54, Los Alamos National laboratory. The sorption of 
radionuclides on Bandelier Tuff is controlled by (1) the surface area and 
mineralogy of the tuff and (2) by the water chemistry of the solution in contact 
with the tuff, The dominant adsorbents within the Bandelier Tuff are inferred 10 
include glass, hematite, smectite, amorphous Fe(OH)3, kaolinite, and possibly 
calcite, Water Canyon Gallery (WCG) groundwater, discharging from the 
Eandelier Tuff , was used in the batch sorption experiments. This groundwater is 
relatively oxidizing and is characterized by a calcium-sodium=bicarbonate ionic 
comgositior, with a I D S  content less than  730 mg/L. The distribution coefficients 
tor radionuclides measured on t h e  Bandelier Tuff, at a pH value of 7.3, 
decrease in the following order: Am(1ll) >> Pu(V) > U(VI) >> Np(V) > Tc(VI1). The 
distribution coefficients for Tc(Vl1) are all negative and therefore, they are 
assirmed to be zero, Vadose-zone pore water was extracted from the Bandelier 
Tuff using an Unsaturated/Saturated Flow Apparatus. The pore water is 
characterized by a sodium-carbonate-bicarbonate solution with a TDS content 
of greater than 1300 mg/L. The pH values 01 the pore-water samples range 
from 9.2 to 9.8 and the solutions are oversaturated with respect to calcite, The 
dis:ribution coefficients for radionuclides measured on the tuff samples using 
the synthetic pore water, at a pH value of 9,8, decrease in :he following order: 
Arn(ll1) >> Pu(V) > U(V1) > Na(V) >Tc(VII), The distribution coefficients for Am(ll1) 
and Np(V) using synthetic pore water are higher than the distribution 
coefficients for these two radionuclides using WCG groundwater. Based on 
MINTEQA2 simulations, the dominant aqueous complexes of Am(lll) and Np(V) 
are predicted to include Am(C03)$' and NP02(C03)35', respectively, The 
synthetic pore water is predicted to be undersaturated with respect to 
Am(OH)dS), Am(OH)dam) ,  AmOHC03, Np020H(am), Np020H(aged), 
NaNp03.3.5H20, and NaNpCO3. Enhanced sorption of Am(ll1) and N ~ ( V )  
carbonato complexes on calcite is possible through surface exchange with 
carbonate and bicarbonate functional groups present Qn the calcite surface, 
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lntrodu ction 

Quantifying the migration of radionuclides through the Bandelier Tuff is 
essential in conducting a performance assessment (PA) of material disposal 
area (MDA)-G, technical area (TA)-54, Los Alamos National Laboratory. 
Adsorbates or radionuclides of interest at MDA-G include americium (Am), 
neptunium (Np), plutonium (Pu), technetium (Tc), and uranium (U), Neptunium, 
Tc, and U form soluble anionic species under oxidizing and near neutral pH 
conditions (Brookins, 7988; Brookins, 1984). These three elements are 
characterized by limited adsorption onto mineral surfaces in volcanic tuff (Triay 
et at., 7996: Thomas, 1987). The high solubilities of Np, Tc, and U make these 
three radionuclides a top priority in the transpor: investigations conducted as 
part of the PA for MDA-G. 

The purpose of this report is to provide the results of batch-sorption experiments 
of Am, Np, Pu, Tc, and U performed on the Banelelier Tuff. Results obtained from 
:hese experiments are required for solute-transport calculations as par: of the 
PA for MOA-G, These sorption data serve as input to the mass-heat transfer 
model FEHM (Finite Element Heat and Mass Transfer) (Zyvoloski et al., 1988). 

The objectives of this investigation are: 

1, 

2. 

3, 

4. 

identify the minerals and solid phases (silica glass, silicates, hematite, 
amorphous Fe(OH)3) within the Bandelier Tuff; 

characterize groundwater and pore-water chemistry most important :o the 
sorption behavior of Am, Np, Pu, Tc, and U on Bandelier Tuff: 

perform batch-sorption experiments with Bandelier Tuff (Tshirege 
Member) samples: and 

determine statistical parameters of the distribution coefficients (Kd) for 
Am, Np, Pu, Tc, and U used in performance assessment calculations for 
M D A G  

.. A detailed discussion on water-rock processes relevant to MDA-G is presented 
5y Krier et al. (1995). Geochemical’ parameters, such as pH, Eh, solution 
composition, mineral solubility, and presence of competing and complexing 
ligands, have the greatest impact on the sorption behavior of the contaminants 
of concern found in the pits at MDA-G, The release of contaminants from the pits 
in MDA-G will be controlled by hydraulic flux, pore-water chemistry, mineral 
(radionuclide) solubility, and sorption behavior of the Bandelier Tuff and other 
underlying geological strata, 
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EXPERIMENTAL PROCEDURES 

Groundwater 

Groundwaier from the Water Canyon Gallery (WCG), flowing from uppermost 
unit 4 in the Tshirege Member of the Bandelier Tuff, was used for the batch- 
sorption experiments. This solution is considered to be representative of 
groundwater flowing through the Bandelier Tuff. The most recent WCG 
groundwater saenple was collected on February 1, 1996 via a pumping- 
c'is:ribu!ion system at TA- l& A?proximately 55 gallons of WCG groundwater 
were collected at the distribution system, Water Canyon Gallery groundwater 
was collected following procedures detailed in LANL-CP-CST-DP-99, RO WCG- 
1. The measured ptl and Eh of the WCG goundwatar collected at the 
dis:ribu:ion point were 7,34 and +181 mV, respectively, The pH of uhe WCG 
Groundwater is controlled by dissolved C 0 2  gas under open conditions with :he 
atmosphere. Analytical techniques for analyzing the Groundwater include 
lncuctively coupled plasma emission spectroscopy (ICPES) (major cations and 
merals), ion chromatography (IC) (anions), carbonate alkalinity titration (CAT), 
cold vapor atomic absorption spectroscopy (CVAA) (mercury), and 
electrdthermo vapor atomic absorption spectroscopy ( E N A A )  (arsenic and 
selenium). Groundwater samples were analyzed at the EES-1 Laboratory, 
LANL and at the Department of Earth and Planetary Sciences, University of 
New Mexico using EPA-SWW6 or equivalent methods. Results of chemical 
analyses of the WCG groundwater are provided in Appendix A. 

The WCG groundwater collected in February, 1996 was filtered through 0.05- 
urn filter prior to :he chemical analyses and batch-sorption experiments Prior to 
chemical analyses, the WCG groundwater samples collected by LANL staff 
were filtered through a 0,45 urn membrane in the field. Filtration of t h e  WCG 
groundwater removes any potential colloids that may bias experimental results, 
Groundwater analytical data from Yucca Mountain indicate that filtration does 
not cause changes in solute chemistry, which potentially may influence 
speciation of the adsorbates (radionuclides) (Triay et al., 1996). 

Bandelier Tuff Samples and Mineralogy 

The Banddie: Tuff samples used for batch-sorption experiments were obtained 
from the core hole 1107 drilled at TA-54, MDA-GI Los AIamos National 
Laboratory. Core samples were taken from split spoon, hollow-stern augers. 
Core samples selected for sorption experiments were collected from the 
Tshirege Member of :he Bandelier Tuff from the following seven depth intervals 
(below ground surfac@, bgs): 10.8-12.0 ft: 650-66,O k, 740-750 tt, 79J-79.7 ft, 
79,9-80.0 It. 91 .0-91.5 ft, and 108.0-1 09.5 ft. The cote sample collected from the 
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depth interval 10.8-72.0 tt is from the devitrified (crystal rich) unit 2. The core 
samples collected from 65.0 ft through 80,O ft are from unit l v u  (vitric alteration, 
undifferentiated). The core samples collected from 97.0 f l  through 91.5 f :  are 
from unit 1 vc (vitric alteration, collonnade, slightly welded). The core sample 
collected from 108.0 ft to 109.5 f t  is from unit 1g (glass-rich), Geological 
characterization of the Bandelier Tuff at TA-54 is described in detail by Krier et 
al. (1995). 

The mineralogy of the Bandelier Tuff was determined by x-ray diffraction (XRD) 
analysis and surface area of the tuff was determined by BET (8runauer, Ernmert, 
and Teller) analysis. The dry, partially disaggregated Bandelier Tuff samples 
were passecl through a 500 um sieve prior to XRD and BET analyses. Crushing 
of the samples was performed prior to batch-sorption experiments. Details oi  the 
crushing and sieving procedures for the samples are given in LANL-CSI-DP- 
63, R4, Yucca Mountain Project Detailed Procedures, t o s  Alamos National 
Laboratory. Data collected from the Yucca Mountain Project (YMP) indicate that 
crushing and sieving the tuff samples do not cause significant differences in the 
mineralogy of the tuff that may influence the sorptive capacity of the samples 
(Triay et ala, 1996), Based on these results, the sorptive capacity of the 
Bandelier Tuff samples should not be biased by crushing and sieving. 

Americium, Neptunium, Plutonium, Tcchnctium, and Uranium Solutions 

Acid stock solutions (4 N MJO3) containing ~41Amll l l ) ,  2~3Am(lll), ‘37Np(V), 
239Pu(V), 95mTc(Vll), and ?33U(VI) were usea in the Satch-sorption 
experiments. The solutions were prepared by taking an aliquot of the well- 
characterized radionuclides and diluting them in the WCG groundwater or 
synthetic pore water. Radionuclide concentrations in the stock solutions used 
for the batch=sorption experiments are provided in Table 1. Nitsche et at. (1 993) 
reported the solubility and speciation of Am, Np, and Pu in Yucca Mountain 
groundwater’( well J-73) at room temperature at pH values 7 and 8.5. Based on 
these solubility measurements and similarities between the chemical 
composi:ions of WCG and J-13 groundwaters, the measured solubilities 
reponed by Nitsche et al. (1993) were used to determine maximum 
concentrations of *41Am(lll), ~d3Am(lll), *37Np(V), and z39Pu(V) added to WCG 
groundwater and synthetic pore water.(Table 2). The high solubility of Tc(V1f) is 
estimated from geochemical data (Eh-pW diagrams) presented by Brookins 
(1988). Grenthe et at. (1992) present chemical thermodynamic data of U and 
based on their solubility data, U probably occurs as U(VI) in both WCG 
groundwater and pore water extracted from the Bandelier Tuff. The mineral 
schoepite (UOz(OH)24420) is considered to be the most important U(V1) solid 
controlling the distribution of U(V1) carbonato and hydroxo species, based on 
XRD analysis of oxidized U metal found at firing sites within the Laboratory. 
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Table 1. Procedures for Sorption Experiments 

Batch sorption (under 
at m os p h e f i c con d it i on s) 

Batch sorption (within 
the controlled atmos- 
phere of a glove box) 

pH measurement 

Eh measurement 

Liquid scintillation 
counting 

LAN L-CST-DP-86 

LANL-CST-DP-100 

LAN L-C ST-DP-35 

LANL-CST-DP-I 02 

LAN L- C ST- D P-7 9 

Gamma scintillation 

'Yucca Mountain Project Detailed Procedures, Los Alamos National Laboratory. 

counting LAN L-C ST- N D K-9 5 
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Table 2. Summary of Results for Solublllty Experiments on 
Am e r 1 e i u m, Ne pt u n i u rn, PI ut o n i u m, Tech n et 1 u m, and 
Uranfum in Yucca Mountain Groundwater (Well J-73) at 
pH ? and Water Canyon Gallery Groundwater, Los 
Alamos, NM at pH 7.3 and 25oC. 

Initial Concentra *I Radionuclide Solubiutv lM)* ?ion w 
Am(ll1) 1.2 X 70.9 3.2 X 10.9 

NP(V) 1.3 X lo4 4.3 x 10'5 

2.3 X lom7 3.0 X log7 p w >  

Tc(V4 I) ."& very large > 104 

'From Nitsche et al., 1993. "Measured in Water Canyon Gallery groundwater 
prior to sorption experiments. The solid phases AmOHCO3 a n d  NaNpOz(CO3) 
-2HzO were identified by XRD analysis, For plutonium, amorphous material with 
some crystallinity containing carbonate a n d  Pu(IV) polymer was suggested by 
Nitsche et at. (1993) U02(0H)2 is predicted to control U(V1) solubility (Grenthe et 
al., 1992). "'Rgrd (1983) reports a solubility for NaTcOo of 10'1152 molar, 
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Batch Sorption Procedure 

Batch-sorpticn experiments consisting of three different sets were conducted as 
pan of tne PA for MDA-G, Data set 1 provides distribution coefficients for 
radionuclides using WCG groundwater (Appendix 6) to model transpor: under 
saturated-flow conditions beneath the disposal pits at MDA-G using the 
computer program FEHM. Data set 2 provides distribution coefficients for 
radionuclides (Appendix 61 10.8-12.0 tt sample depth interval) to model 
transport under (un)saturated-flow conditions within the disposal pits at MDA-G. 
Chemical analyses of pore water extracted from the Bandelier Tuff, using an 
Unsatursted/Saturated Flow Apparatus (UFA) (Conca and Wright, 1995) are 
tabulated in Appendix C, The pore water chemistry provides the basis for the 
composition of ;he synthetic pore water, which is included as part of data set 3, 
Data set 3 provides distribution coefficients for radionuclides (Appendix D) to 
model :ransport under unsaturated-flow conditions beneath the disposal pits st 
MOA-G. 

Results of the batch-sorption experiments, using WCG groundwater and 
synthetic pore water, are grovided in Appendices B and D, respectively. All 
batch-sorption experiments were performed at room temperature, following the 
procedure dekiled in Triay et al, (1996). The sorption procedure initially 
consisted of pretreating the Bandelier Tuff samples with WCG grcundwater or 
synthetic pore water for approximately twelve days. The sorbent : solution ratio 
was 1 g of Bandelier Tuff to 20 mL of WCG groundwater or synthetic pore water. 
After twelve days, the pretreated Bandelier Tuff samples were then separated 
from the WCG groundwater or synthetic pore water by centrifugation and then 
equilibrated with 20 mL of 241Am(III), z43Am(lll), ?37Np(V), 239Pu(V), 95mTc(VII), 
and ?33U(VI) in separate solutions. After a sorption period of three weeks, the 
solid phase(s) was separated from each solution by centrifugation. 

The amount of radionuclide in solution initially and after sorption was 
determined with scintillation coun:ers (Packard tri-carb 2200-TRIAB for 3 3 U ,  
241Am, and Z43Am; Packard tri-carb 2500-TR/AB for 239Pu; Packard tri-carb 
2550-TR/AB for 237Np) and a gamma counter (Cobra-Canberra) for 95mTc. The 
amount of radionuclide sorbed on the solid phase(s) was determined by the 
difference, The liquid scintillation counting technique used can discriminate 
alpha activity from beta activity and consequently, no interferences from 233Pa 
(the daughter of 2a7Np) are expected, Because the efficiency of the liquid 
scintillation counters is approximately 100% for the radionuclides, excluding 
95mTc, the counts per minute (cpm) provided in Appendices B and D are 
approximately equivalent to disintegrations per minuie (dpm). The efficiency of 
the gamma scintillation counter for 95mTc (self calibrating) is approximately 
70% Containers without Bandelier Tuff (control tubes) were used to monitor 
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radionuclide precipitation and sorption onto container walls during the sorption 
experiment, The difference in the  concentrations of 241, 243Am(lll), 237Np(V), 
239Pu(V), 95mTc(Vll), and 233U(Vj) in the initial solutions and in the control 
tubes varied from 40% to C4%, -2% to 0.1%, 4% to 6%, 4% to 0,4%, 4% to 5%, 
respec:ively, The large concentration differences for 241Am(lll) and 2C3Am(lll) 
are due to :he high sorption capacity of radionuclide on the control tubes. 

The batch-sorption distribution coefficient, Kd, was calculated using 

K d =  frl I G f r  i r f l i  c. (1) 
moles of radionuclide per mL of solution, 

and thus has units of mug. 

Ba:ch-sorption experiments were performed both under atmospheric conditions 
(synthetic Bandelier Tuff pore water, pH = 9.8) and inside glove boxes with a 
CO;? gas overpressure (0,4% CO2) to control the pH of the WCG groundwater. 
The initial pH values of the WCG groundwater, with the radionuclide solutions 
added, inside the glove boxes ranged from 7,08 to 7.55 (the Coz gas 
overpressure was adjusted :o maintain pH values between 7.2 and 7.3). 
References describing the details of the experimental setup and analytical 
techniques used in the batch-sorption experiments are provided in Table 1. 

Determination of ve'fy small or very large distribution coefficients result in large 
uncertain:ies in the calculated distribution coetficients (Triay et al., 1996), When 
little sorption occurs, calculations can yield negative Kd values: the error results 
from subtracting two large numbers (the initial radionuclide concentration in 
solution and the radionuclide concentration after sorption) to obtain a small 
number (the amount of radionuclide associated with the solid phase(s)). 
Therefore, small Kd values (in the range of 9) are not significant. When a great 
deal of sorption occurs, calculations can yield large uncertainties associated 
with measuring the small amount of radioactivity lett in solution after sorption. 
Because sorption distribution coefficients for Np and Tc tend to be very small, 
most Kd values are only repomd to two significant figures. 
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RESULTS AND DISCUSSION 

Hydrachemistry and Geochemical Modeling of the  Water Canyon 
Gallery Groundwater 

The chemistry of WCG groundwater is shown in Figure 1 and all water 
chemistry data are presented in Appendix A. The most recent WCG sample was 
collected in February 1996. The WCG groundwater js a calcium-sodium- 
bicarbonate solution with magnesium, potassium, sulfate, and chloride present 
2s the other major ions (Blake et al., 1995). The composition of this groundwater 
shows little variation in solutes over time, excluding bicarbonate (Figure l ) ,  
Dissolved siicic acid (Si(OH)40) is the most abundant neutral species occurring 
in this groundwater, which is derived from the dissolution of soluble Si02 glass 
Oresent in the Bandelier Tuff, The ionic strength of the WCG groundwater 
(February 1996 sample) is 0,001 1 molal, The charge balance (sum of cations - 
sum of anions/surn of cations + sum of anions) calculated for this groundwater 
analysis is ~2.39%, verifying accurate analytical results for this sample. 

The WCG groundwater is considered to be relatively oxidizing, based on both 
near-surface, fracture flow conditions within the Bandelier Tuff and the lack of 
chernical reductants present in groundwater (for example H2S as) (Blake et al., 
1995) and in the Bandelier Tuff (solid organic matter) (Longmire et al., 1995). 
In addition, ferric iron is the dominant form of this redox-sensitive element 
occurring in different minerals and solid phases including amorphous Fe(OHj3, 
FezO3, and Fe3Oc (Broxton et al,, 1995). The measured Eh value (+I81 mV) 
further suggests that the WCG groundwater is relatively oxidizing, The batch. 
sorption exgeriments were performed under oxic'izing conditions, based on the 
cbserved hydrochemical characteristics of the WCG groundwater and the 
mineralogy of the Bandelier Tuff, 

Calculations of solute speciation, PC02, and solid phase saturation indices 
were made using the computer code MINTEQA2 (Allison et ai., 1991), with 
single ion activity coefficients calculated using :he Davies equation. MlNTEQA2 
quantifies possible rock-water and water-atmosphere reactions, however, 
modeling results should be interpreted with caution and are limited by the 
scope of our understanding of hyd.rologic flow conditions (saturated and 
unsa:urated), possible reaction mechanisms, and kinetic constraints in a 
disequilibrium-dominated system. 
Mineral saturation index (SI) and speciation calculations were performed, using 
:he analytical results from the February 1996 WCG sample, with the computer 
code, MlNTEQA2 (Allison et at., 1991). The WCG groundwater is predicted to be 
slightly oversaturated with respect to cristobalite (SI = +0.631), The solution is 

. .  
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predicted ta be in equilibrium (SI = 0.000 5 0,500) with silica glass (SI = 0.025) 
and silica precipitate (SI = -0.302), which is consistent with results of 
mineralogical characterization studies of the Bandelier Tutf (Broxton et all, 
7995). The solution is predic:ed to be undersaturated with respect to calcite (SI 
value for calcite = -1,674). T3is is consis:ent with the observation that only trace 
amounts of calcite typically occur in the matrix oi unaltered Bandslier Tutf, 
excluding fracture fill material containing calcite and other soil cons:ituents. In 
addition, calcite does not occur within non-contaminated alluvial aquifers 
consisting of Bandelier Tuff (for example upper Los Alamos Canyon), because 
native alluvial groundwater is undersaturated with respect to this mineral. 

The oxidation sates of Am, Np, Pu, Tc, and U in WCG groundwater and 
synthetic gore water are assumed to be I l l .  V, V, VII, and VI, respectively, based 
on the following SpectroDhotometric and geochemical data. Americium(lll) is the 
stable oxidation state of this actinide in Yucca Mountain groundwater (well J-13) 
(Nitsche e: al., 1993), This is based on extractions with 0.5 hl TTA at pH 0 and 
coprecipWion of Am(II1) with LzF3. The J-13 groundwater is a sodium and 
bicarbona?e-rich solution similar to the ionic composition of WCG groundwater, 
Americium (Ill) is therefore, predicted to be the dominant oxidation state cf this 
actinide in WCG groundwater and synthetic pore water. Results of absorption 
spectrophotometry studies conducted by Nitsche et at. (1993) suggest that Np is 
s:aSle as Np(V) oxo and carbonato complexes in J-13 groundwater at a pH 
value of 7.0, The solution redox chemistry of Pu is very involved because 
several oxidation s:a.:es (Ill, IV, V, and VI) can occur in aqueous 'solution, 
Nitsche e? al. (1993) showed that a: pH values of 7-0 and 8 5  Pu(V) is the 
dominan: oxidation state of this actinide in J-13 groundwater. Nitsche et al. 
(1993) developed an indirect method to determine the oxidation states of Pu 
Sased on solvent extractions and coprecipita:ion. Technetium(Vl1) is stable as 
TcOp' at pH values ranging from 5 to 10 under oxidizing condi:ions (8rookins, 
1988). Uranium (VI) is assumed to be the stable oxidation state of this element, 
based on ielatively oxidizing conditions characteristic of both ?he WCG 
groundwater and pore water extracted from the Bandelier Tuff, 

The chemistry of groundwater samples collected from well J-13 (summarized in 
Thomas, 1987) is similar to the WCG groundwater. There are some important 
differences, however, in temperatuce and major-ion chemistry that may 
influence adsorption processes in comparing the two groundwater chemistries 
to each other. The temperature of the J-13 groundwater (31 .OOC) is higher than 
the  temperature of the WCG groundwater (1 1.3OC). The dominant cations and 
anions in both groundwaters are sodium, calcium, and bicarbonate, The higher 
Sicarbonate concentration in the J-13 groundwater probably influences the 
Itmiled extent of adsorption of uranyl (U(VI)) species onto the Yucca Mcuntain 
tuffs. Subsequently, values for uranium determined by Triay et ai. (1994) 
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under oxidizing conditions are less than 2 mug. The total dissolved solids 
(TDS) content of the J-13 groundwater is higher than the TDS content of the 
WCG groundwater by approximately a factor of 1 .in The J-13 groundwater may 
have a longer residence time within the tuff@) relative 10 the WCG groundwater, 
which may account for the higher TDS content. The pH values for the WCG and 
J-13 groundwaters are 7.3 and 6.9, respectively. 

The speciated form(s) of the radionuclides of in:erest influence the extent of 
sorption that takes place with trle adsorbent, in this czze the Bandelier Tuff. 
Speciation versus pH diagrams for Am(lll), Np(V), Pu(V), and U(Vl) in WCG 
groundwater, using analflical results obtained from the February 1996 sample, 
were calculated using the computer program MINTEQA2. These diagrams are 
shown in Figures 2, 3, 4, and 5. Sources of thermochemical data used in the 
speciation calculations for the actinide elements include: Am (Kerrisk and Silva, 
1986), Np (Lemire, 7984), Pu (Lemire and Trernaine, 1930), and U (Grenthe et 
al,, 1992). At a pH value of 7 3 ,  dissolved Am, Np, Pu, and U are predicted to be 
stable mainly as AmCOf, NpOf, PuOz', and U02(CO3)22-, respectively 
(Figures 2, 3, 4, and 5). Technetium(VI1) is stable as TcOd., comprising IOOOIb 
distribution of this element over pH values 6 to 10 (not shown as a figure). 
Depending on the pH,=, for the different adsorbents present in the Bandelier 
Tuff, cationic solutes (radionuclides) tend to sorb to a greater amount than do 
anionic solutes under near-neutral pH conditions, Net-negative surface charge 
dominates above the pHpnc for the ditferent adsorbents, enhancing cation 
adsorption. Potential adsorbents in the tuff include glass, smectite, kaolinite, 
hematite, amorphous Fe(OH)3, and possibly calcite. 

Mineralogy 3nd Surface Area of t h e  Bandelier Tuff 

The two major rock types of the Bandelier Tuff used in the batch-sorgtion 
experiments included vitric (glass) and devitrified (crystal rich) samples. Figure 
6 summarizes the mineralogy of the Bandelier Tuff samples representative of 
the two rock types. The vitric Bandelier Tuff samples (unit 7g) are dominated by 
silica glass with varying amounts of alkali feldspar, quartz, and cristobalite. The 
devitrified Bandelier Tuff samples (units Ivu, fvc, and 2) are characterized by 
alkali feldspar, quartz, tridymite, cristobalite with minor amounts of hematite and 
scapolite. Alkali feldspar. is the dominant mineral present in the samples 
followed by quart. 

Figure 7 shows results of BET surface area measurements for the Bandelier Tuff 
samples. The sudace area of the samples range from 1.294 m2/g (sample depth 
interval 108.0-109.5 ft bgs) to 2.688 m2/g (sample 5epth interval 10.8-12.0 tt 
bgs)(Figure ?). A correlation between surface area and mineralogy in the 
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FIGURE 2. FIESULTS OF SPECIATION CALCULATIONS FOR WATER 
CANYON GALLERY WATER USING MINTEQA2, LUS ALAMOS, NEW 
MEXICO. LOG AIIl(IIi) = -8.62 M AND LOG CO3-2 = -3.07 M AT 25C. 
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FIGURE 4. F1ESULTS OF SPECIATION CALCULATIONS FOR WATER 
CANYON GALLERY WATER USING MINTEQA2, LOS ALAMOS, NEW 
MEXICO. LOG Pu(V) = -6.54 M AND LOG CO3-2 = -3.07 M AT 25C. 
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FIGURE 5. RESULTS OF SPECIATION CALCULATIONS FOR WATER 
CANYON GALLERY WATER USING MINTEQA2, LOS ALAMOS, NEW 
MEXICO. LOG U(VI) = -5.44 M AND LOG CO3-2 = -3.07 M AT 25C. 
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FIGURE 6. MINERALOGY OF CORE IIOLE 1107, TA-54, 
LOS ALAMOS NATIONAL LABORATORY, NEW MEXICO. 
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Bandelier Tuff is not possible with existing characterization data, Overall, the 
bulk surface area of the Bandelier Tuff is small (e 3 ni'/g) relative to specific 
surface areas of sorptive minerals or solid phases such as amorphous fe(OH)s 
(GOOm2/g)(Dzombak and Morel, 1990). Sorption of the radionuclides is in part 
controlled by the distribution of trace amounts Of the highly sorptive phases 
(smectite, kaolinite, calcite, hematite, Fe(OH)3) disseminated in the  Bandelier 
Tuff. Increasing glass content of unit 1g does not contribute to increasing bulk 
surface area of the tuff (Figures 6 and 7). 

Major and Min0.r Oxide Chemistry of the Bandeliet Tuff 

Major and minor oxide chemistry of the Bandelier Tuff (core hole 1107) is 
provided in Figure 8, The Bandelier Tuff is enriched in Si02, with values 
ransing from 72.00 to 74.89 weight percent ( w t . O / ~ ) .  The dominant silica phases 
present in the tuff include quartz, glass, cristobalite, and tridymite, The next most 
abundant oxide, AI203 ranges in concentration from 12.27 to 13,04 wt.D/b, 
Aluminum is a major structural constituent of alkali feldspars, smectite, kaolinite 
and amorphous AI(OH)3 (Brogan et al., 1995), Concentration ranGes of Fez03 
and FeO rn the tuff samples are 1,OT to 1.73 wt.% and 0.045 to 1,46 wt.% 
respectively (Figures 8 and 9). The iron oxides Fez03 and FeO are 
representative of minor amounts of hematite (FezO3) and magnetite (FesOp), 
Hematite, however, is more abundant than magnetite in the Bandelier Tuff 
fBroxton et ala. 1995), Magnetite increases in abundance below a depth of 79 fi 
Sgs (increase in FeO concentration) in core hole 1107, which corresponds to 
the interface of lower unit 19 and upper unit l v  (Figure 9). Hematite is the 
dominant iron-rich phase within units l v  and 2 (Broxton et al., 1995). 
Abundance$ of CaO are generally less than 0.40 wt.9'0 over most of the depth 
intervals sampled in core hole 7107 (Figure 9). Concentrations of CaO, 
however, increase to 2.48 wt.% in the depth interval 10,8-12,O ft bgs within unit 
2 of the Bandelier Tuff, This depth interval is also characterized by increasing 
concentrations of H20(+) and CO2, which suggest that calcite may be present in 
:race amounts (Figure 9), 8roxton et al. (1995) report the occurrence of calcite in 
unit 2 within core samples drilled at TA-21, 1 S miles northwest of TA-54. Calcite 
has a high sorptive capacity of NP (Triay e? al., 1996) and other actinides. 

Batch Sorption Experiments 

The sorption of 243Am(lll), '-"3tNp(V), 23gPu(V), 95mTc(VII), and 233U(VII) on 
Banc'elier Tuff samples was investigated and results of batch experiments (data 
set 7 )  are surnrnarited in Table 3. All sorp:ion data (data set 1) are tabulated in 
Appendix B. The distribution coefficients for the radicnuclides (data set 1) are 
used to model transport under satura:ed=?low conditions beneath the disposal 
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FIGURE 9. OXIDE Cf1EMlSTRY OF CORE t1OLE 1107, MOA-G, 
TA-54, LOS ALAMOS NATIONAL LABORATORY, NEW MEXICO. 
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Table 3. Summary of Stalistical. Parameters for Distribution Coefficlenls (Kd) 
(mug) for the Bandelier Tuff (Core Hole 1107) using Water Canyon 
Gallery Groundwater (Data. Set l ) ,  Material DIspasal Area G, Technlcal 
Area 54, Los filarnos National Laboratory, Los Alamos, New Mexlco. 

8lalI8tlC Am-243 Np-237 Pu-239 U-233 

Mean 1 4 4  0;253 20.4 1 5.1 4 
Medlan 1 4 1  0.151 13.95 . 4.85 

0.10 
Stand. Dev. 
Skewness 0.30 1 3 7  2.60 
M I n i m u m 1 2 2  0.082 7.64 1.33 
M a K I m u m 164 0.525 74.60 9.19 
Sample No. 1 2  3 12  12  

1 3  0.239 18.78 2.98 , 

The pH of Water Canyon Gallery groundwater after sorptlon = 7.3 at 25 C. Sample depth Intervals are 
65.0-66.0 tt, 74.0-75.0 It, 79.1-79.7 II, 79.9-80.0 11, 91.0-91.5 It,  and 108.5-109.0 ft BGS. Two rock samples 
from each depth Interval were used In !he sorptlan eRporlrnenls. For 237Np, nfne aorpllon expetlments 
yleldsd negallve Kd values because of Ihe low distribution coefllclents for Ihla tedlonucllde. 



pits at MDA-G, Samgle depth intervals listed in Table 3 include 65.0-66.0 e, 
74.0-75.0 tt, 79-1-79.7 ft, 79.9-80,O ft, 91.0=91.5 ft, and 108.0-109.5 tt. The 
distribution coefficients measured on the Bandelier Tuff samples decrease in 
the followins order: Am(lll) >v Pu(V) > U(V1) >> Np(V) > Tc(Vlt). The distribution 
Coefficients for Tc(VII) are all negative (Appendix 6) and therefore, they are 
assumed to be zerot The distribution coefficients for the other radionuclides do 
net exhibit normal sta!islical distributions, This is based on differences between 
the mean and median values and a positive skewness characteristic of a right- 
sided dis:ribution tail (Table 3). The average distribution coefficients (two 
sorption experiments per sample interval) for the  different radionuclides, 
excluding Tc, are shown in Figure 10. 

The dis;rit;ution coefficients (data set 2 )  for the different radionuclides, Using the 
Bandelier Tuff sample collected from the depth interval 10.8 to 12.0 ft bgs, are 
used to model transport under unsaturated-flow conditions within the disposal 
p~:s at MDA-G. The Bandelier Tuff, within the depth interval of 10.8-12.0 it bgs, is 
used as pi; fill material at MDA-G< Average distribution coefficients (two sorption 
experiments per sample) for Am(lll), Np(V), Pu(V), and U(VI) measured on the 
tu8 samgle are 2050 mug, 7.5 mug, ill mug,  and 2,61 mug, respectively. 
The ranges in distribution coefficients for Am(lll), Np(V), Pu(V), and U(VI) are 
7550 to 2550 mug, 7.01 to 7,98 m u g ,  649 to 772 m u g ,  and 1.43 to 3.78 m u g ,  
respectively (Figure 1 1  ). The disiribution coefficients for Tc(VII) were ne5ative 
and therefore, are assumed to be zero. 

The distribution coefficients for Am(lll), Np(V), and Pu(V), within sample depth 
interval 10.8-12.0 ft bgs, are larger than the distribution coefficients for these 
radionuclides at Greater depths. This increase in the sorptive capacity of the 
Bandelier Tuff for Am(ltl), Np(V), and Pu(V) could be due to the presence of 
calcite, based on increasing concentrations of CaO and C02. This potential 
sorptive phase, however, was not quantified by XRD analysis. Distribution 
Coefficients for U(VI), however, are smaller at this shallow depth interval relative 
to oeeper sample intervals, Uranium is predicted to be stable as UO2(CO3)$- 
and this complex desorbs from ferric oxyhydroxide in equilibrium with solutions 
having a total carbonate concentration greater than 10.2 M (Hsi and Langmuir', 
1985) at pH values greater t han  6. 

Figure 12 shows c'epth versus the distribution coefficients for z43Am, 239Pu, and 
233U and the BET surface area for the Bandelier Tuff (core hole 11 07). The BET 
sudacemea data correlate with the distribution coefficients for Z43Am and 
239Pu, The correlation, however, is not so obvious between 233U and the BET 
surface area. Surface 
amorphous Fe(OH)3, 

areas larger than 2 m*/g may represent disseminated 
hematite, smectite, kaolinite, and calcite, Positive 
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iden?ification of these phases by XRD analysis, excluding hematite, has not 
Seen established in core hole 1107. 

Figure 13 shows depth versus distribution coefficients for 243Am, *39Pu, and 
3311 and oxide contents of the Bandelier Tuff (core hole 1107), Variation in 
abundances of FeO, CaO, and H20(+) .I. CO2 generally correlate with the 
distribution coefficients for 243Am and 239Pu, This correlatian, however, is 
reversed between the 233U distriSu:ion coefficient and HzO(+) + CO2 content, 
which is consistent with experimental observations made by other researchers 
in :nat carbonate complexing of dissolved U docreases the distribution 
coefficient for this element (Triay et al,, 1994; Hsi and Langmuir, 1985). The 
complex, U02(C03)2- is predicted to dominant between pH values 6.7 and 8.7 
ir, WCC groundwater at an U(VI) concentration of 10.5.44 M (Figure 5) .  

Pore Water Chemistry of t he  Bandelier Tuff 

Pore water was extracted from three core samples from core hole 1107 using 
an Unsaturnted/Saturated Flow Apparatus (UFA) (Conca and Wright, 1995). 
This pore water is residual water trapped within pore spaces of the Bandelier 
Tuff within the vadose tone. The UFA is a new method, based on centrifuga:ion, 
:o obtain direct measurements of transport parameters for porous media and 
differect fluids (Conca and Wright, 1995). The volumetric mois:ure content of the 
ooorly indurated samples was less than 8% Two more pore water samples 
were extracted from core holes 1121 (a: 35 tt bgs) and1 123 (at 59 ft bgs). The 
unconsolidated core samples were rotated at 10,000 rpm at a centrifugal force 
of 11,692 g for several days. The volume of pore water extracted from the core 
samples ranged from 1.5 to 6.0 mL. The solutions were diluted with ultrapure, 
double deionized water under controlled atmosphere conditions (argon gas) in 
slave boxes, The pH of each solution was then measured. The diluted samples 
were then analyzed from major cations and anions and trace elements. All 
pore-water chemistry data are provided in Appendix C, 

Variation in pore-water chemistry of three core samples (1 107) versus dep:h are 
shown in Figures :4 and 15. Overall, the pore water extracted from the 
Bandelier Tuff is characterized by a sodium-carbonate-bicarbonate solution. 
The pH of t he  pore-water samples ranges from 9,2 to 9.8, which is much more 
alkaline than rhe WCG groundwater (pH = 7.3), Accordingly, carbonate and 
bicarbonate concentrations ate much higher in the pore waters relative to WCG 
groundwater. These two solutes increase in concmtration with depth (Figure 
lC), Chloride and sulfate concentrations are also much higher in the pore- 
water samples relative to WCG groundwater and both of these solutes vary with 
depth in core hole 1107. Anion concentrations in the pore water generally 
decrease in the following order: chloride = bicarbonate > sulfate > carbonate > 
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FIGURE 13. AVEnAGE UIST~lBUTIOI4 COEFFICIENTS AND OXIDE CONTflATlONS 
IN BANDELIER TUFF (CORE HOLE 1107), TA-54, LOS ALAMOS, NEW MEXICO. 
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nitrate. Sodium is the mos: abundan: cation in the pore-water samples and 
cnncentrations of this cation increase with depth. Concentrations of Calcium, _ _ . . _ _ .  ~ ~ 

magnesium, and potassium are much lower than sodium and they decrease in 
concentration with depth (Figure 15). Cation concentra:ions in the pore water 
generally decrease in the following order: sodium >> potassium > calcium =. 
magnesium. 

Mineral-saturation index calculations were performed using the computer code, 
MINTEQA~ (Allison e: al., 1991) on pore water extracted from core hole 1107 at 
q i  tr deoth. 'The DH of this pore-water sample is 9.6 and the total carbonate - .  . 
(flC03- plus CO$') is 718 ppm (1 0-1.93 M as CO32'). The extracted pore water 
is predicted to be oversaturated with respect to :he mineral calcite (SI value for 
calcite = +1.718). Calcite was not abserved by XRD analysis, however, this 
minerat coulc! occur as surface coatings present at concentrations less than 1 
wt,YO. 

The pore-water chemistry of core hole 1107 suggests that evaporation is an 
tmpcrtant process for concentrating dissolved species within the vadose zone of 
;he Bandelier Tuff. StaSle isotope and chloride leaching data collected at TA-54 
(Newman, 1996) also suggest evaporation is an important process tha: occurs 
within :he mesa. Vaniman and Chipera (1995) report the occurrence of evaporite 
minerals such as gypsum (CaS04.2H20) and halite (NaCI) within fractures a: 
TA-69. The chemical evolution of the pore water is also controlled by the low 
hydraulic flux, which allows ?or long residence times (mass of solute/flux of 
solute) of solutes within the Bandelier Tuff. Under ambient moisture conditions in 
the EandeIier Tuff, precipitation ot sorptive phases, such 2s calcite and 
amorphous Fe(0H)Z with high surface areas, is enhanced, These phases have 
been observed in fracture fill malerial across the Laboratory (Davenport, 1993: 
Longmire et at,, 1995). Iron, in the forms of amorphous Fe(OH)3 and hematite, 
anc! aluminum, concentrated wkhin smecti:e, kaolinite, and possibly amorphous 
Al(OW)3, are also elevated within :he fracture fill material relative to the Bandelier 
Tuff at TA-46 (Longmire et al., 1995). Longmire et al, (1995) showed that 
naturally occurring trace elements (As, Be, Mn, and U) are concentrated within 
fracture fill material at TA46, which is consistent with adsorption or possibly 
coprecipi:ation being an effective process for removing trace metals from 
soiution. 

Batch Sorption Experiments Using Synthetic Bandelier Tuff 
Pore Water 

A synthetic pore water, based on the general compkition of the pore water 
extracted from the Bandelier Tuff using the UFA, was prepared for the batch- 
sorption experiments to quantify the mobility of selected radionuclides within the 
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vadose zone. The synthetic solution consisted of a mixture of equal volumes of 
10-7.26 M NazCO3 and 70'1.23 M NaHCO3 at 25OC. The total carbonate in the 
synthetic pore=water solution (10go-9d M) is greater than that measured in the 
extracted pore water (10-1.93 M) to achieve a pH value of 9.8, pH is considered 
to be the master variable controlling sorption of radionuclides on Bandelier Tuff 
under vadose tone conditions, This variable, in addition to total carbonate, 
controls the speciation of the adsorbate and the solubility of the solid phase(s) 
containing the radionuclide of inter;st. The synthetic solution had an initial pH 
value of 10.3, which is slightly highi than the j H  values (9.2-9.9) measured in 
the extracted solutions. At the conclusion of the batchsorption experiments, the 
pH decreased to 9,8, The experiments were conducted under atmospheric 
conditions, with sealed sorption vessels, to maintain the alkaline pH conditions 
characteristic of the pore water within vadose zone. 

Results of 241Am(lll), 237Np(V), 239Pu(V), 95mTc(VII), and 233U(Vl) sorption 
experiments, using the synthetic pore water, are summarized in TaSle 4, All 
sorption data are :abutcited in Appendix 0. Samples collected from depth 
intervals 10&12,0 ft, 65.0-66.0 ft, 74.0-75.0 It, 79.1-79,7 ft, 79.9-60.0 !I, 91.0. 
91.5 tt, and 108.0-19s ft were used in the sorption experiments. The distribution 
coefficients measured on the tuff samples with the synthetic pore water 
decrease in the following order: Am(ll1) >> Pu(V) > U(Vl) > Np(V). The 
distribution coefficients for Tc are all negative (Appendix D) and therefore, they 
are assumed to be zero. The distribution coefficients do not exhibit normal 
s:atistical distributions based on ctifferences between the mean and median 
values. In addition, a positive skewness is charac:eristic of the tight-sided 
distribution tails for 2J1Am(lll) and 239Pu(V), whereas and a negative skewness 
is characteristic of the left-sided distribution tails for '37Np(V) and 233U(V) 
(TaSle 4). The average distribution coefficients (two sorption experiments per 
sample interval) for the different radionuclides, excluding 95mTc(VII), are shown 
in Figure 16, The dis:ribution coefficients for 2dlArn(lll) and '3%4p(V) using 
synthetic pore water are larger than the distribution coefficients for these two 
radionuclides using WCG groundwater (Tables 3 and 4). 

Results of speciation calculations for the synthetic pore-water solution, at a pH 
value equal to 9.8 using MINTEQA2, are shown in Figures 17 and 18. Based on 
the model simulations, the dominant. aqueous complexes ot 241Am(lll) and 
=37Np(V) are predicted to include Am(C03)$- and NpOz(C03)$=, respectively. 
The dominant dissolved complexes of 239Pu(V) and *33U(VI) are predicted to 
include PuOpOHo and Uo2(co3)34-, respectively. The complex P u O ~ ~ " ,  
however, is present at 49%. The synthetic pore-water solution is predicted to be 
undersaturated with respect to Am(OH)3(s), Am(OH)a(am), AmOHC03, 
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a a e 

Table 4. Stiniinary of Slatistical Pararrieiers for Distribution Coefficients (Kd) 
(mug) for the BandelIer Tirlf (Core Hole 1107) Uslng Synthetic Pore 
Water Solutlon (Data Set 3), Materlal Disposal Area G, Technical Area 
54, Los Alainos Natlonal Laboratory, Los Alamos, New hlexlco. 

Statistic Am-241 Np-237 -- Pu-239 U-233 

Mean 761 1 1 .&a 8.06 2.44 
Median 2359 2.25 4 . 1 3  2.43 

f . i S  7.99 0.66 Stand. Dev. 9754 
Skewness I .03 - 0 . 4 1  0.66 -0;14 
Mlnlmum 198 0.17 1.23 ' 1 - 3 8  
Maximum 27300 3.07 19.40 3.44 
Sample No. 1 2  1 2  12 1 2  

~ ~~ 

Sample depth Intervals am 10.8-12.0 11, 65.0-66.0 II, 74.0-75.0 ft, 79.1-79.7 11,79.9-80.0 fl,  91.0-91.5 ft, 
and 10€3.5-109.0 ft BGS. Two rock samples horn each depth lnlerval wete used In the sorptlon 
ewperlmanla. pH = 9.9 uslng synlliellc Bandeller Tulf pore waler based on unsaluraled 
flow apparalus (UFA) extracllons. 
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NpO2OH(am), Np020H(aged), NaNp03.3.5H20, NaNpCO3, Pu020H(am), and 
U02(OH)2 (Figures 19 and 20). Precipitation of these phases from the 
carbonate-rich solution is not likely from a thermochemical basis because of the 
strong cornplexing of Am(lll), Np(V), and U(V1) with carbonate ligands. 

Precipitation of calcite during the batch-sorption experiments using the synthetic 
pore warer solution is possible. This solution containing 10-0.94 M total 
carbonate is predicted to be sligh:ly oversaturated with respect to calcite (SI for 
calcite = +0,6Cl), at Ca2* concentrations equal to 10'''~~O M (1 ppm), Calcite 
has a strong affinity for sorbing Np(V) based on results of batch-sorption 
experiments conducted by Triay et al. (1996). Calcite, with a pHpZc of 9.0 
(saturated CaC03 solution with Loglo Ca = -4.4 M and Logto Pc02 = -3S atm) 
(Zachara ct ai., 1993), is characterized by a net-neutral surface charge at pM 
9,O. As a comparison to the value provided by Zachara et al, (1993), Parks 
(1967) reports a pH,,, value of 9.5 for calcite. Based on a net positive surface 
charge, calcite adsorbs anions a! pH values below 9 or 9.5 and this phase can 
Se an important adsorbent for anions in natural systems under near neutral to 
alkaline pH conditions, Conversely, the sorption of cationic metals on calcite is 
maximal above the pH,,, for calcite (Zachara e! al,, 1993), At a pH value 01 9,8, 
characteristic of pore water within the  Bandelier Tuff, however, calcite contains 
a majority of negatively-charged surface sites consisting of 02- (from dissociated 
surjace HzO), COS and HC03. The positive charsed surface sites on calcite 
consist of Ca and other substituted divalent metal cations, e 
Under the high alkalinity conditions (Loglo total CO32' = 00~94 M) of the batch- 
sorption experiments, carbonate ligands attached to dissolved Am (Am(C03)$-) 
and Ng (Np02(C03)$-) complexes may replace the CO3 and HC03 surface 
sites on calci!e th roqh surface (ligand) exchange reactions. Sorption of Am(lll) 
and Np(V) complexes directly onto calcite (as inner sphere complexes) at a pH 
value 9,8 under high carbonate conditions is possible based on geometries of 
tne actinic!e(lV) and ac:inide(Vl) carbonate species presented by Clark et al,, 
(1994). The formation of bidentate surface complexes consisting of Am(tll) and 
Np(V) carbonate adsorbates is consistent with the higher distribution coefficients 
measured for these two actinides using the synthetic pore water, The geometric 
configurations of the adsorbed Arn(C03)$' and NP02(C03)35' complexes and 
thetr orientation on the adsorbing calcjte surface have not been investigated as 
par, of this study. An estimation based on the crystal radii of Am(lll) and Np(V) 
carbonato ions, however, suggests that ac'sorbed Am(C03)33= and 
Np02(C03)$* complexes have cross ?ec:ional diameters larger than the cross 
sectional area of individual surface functional groups found on calcite consisting 
of COS and HCO3. I1 therefore seems likely that each ladsorbed Am(CO3)33- and 
Np02(C03)$' complex has exchanged more than one of its Co$' ligands with e 
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the surface functional groups. This supports the hypothesis tha? ligand exchange 
forms a bidentate surface complex, based on the geometry (hexagonal 
bipyramidal coordination geometry about :he central actinide atom) of the basic 
structural unit of An02(C03)s4' reponed by Clark et al. (1994), A tridentate 
complex is less likely than a bidentnte complex because of the geometry of the 
three CO3 ligands in Am(C03)33= and Np02(C03)$- complexes. 

Based on carbon-1 3 nuclear magnetic resonance studies of carbonate 
exchange on plutonyl(V1) carbonate complexes conducted by Clark et at. (1 994) 
and sorption modeling simulations for calcite presented by Zachara et at. (1 993), 
ligand exchange of carbonato complexes of Am(ll1) and Np(V) with C03 sudace 
sites (XI), forming a bidentate surface complex, are shown by the following 
reactions: 

and  

X' represents t h e  anion-specific surface sites for COS. These two reactions 
assume that Am(C03)$- and N P O ~ ( C O ~ ) ~ ~ '  are dominant complexes sorbing on 
the calcite surface. 

Based on arguments made by Zachara et al. (1993) for other anionic complexes 
(SeO$-) undergoing surface exchange reactions with calcite, the half reactions 
for the anionic complexes of Am(ll1) and Np(V) may require a: least two different 
surface species (COS and HCO3) to successfully describe t h e  batch-sorption 
data. Bicarbonate is considered as a surface-reactive species and competitor 
with Np02(C03)$' and Am(CQ)$- because it is predicted to be the dominant 
non-complexed carbonate species (42.7%) present in the synthetic 3ore-water 
solution at a pH value of 9.8. 

The distribution coefficients for 239Pu(V) and *33U(Vl) using syn!hetic pore 
water, however, are smaller than the  distribution coefficients for these two 
radionuclides using WCG groundwater (Tables 3 and 4). The decrease in 
sorption capacity of t h e  Bandelier Tuff for Pu and U is most likely related to the 
speciation of these two actinides, The species PuQOHO may not undergo 
significant adsorption due to the tack of charge. In addition, ligand exchange is 
not effective for sorbing t h e  complexes Pu020Ho and PuO$+ on catcite. In the 
case of U(VI), the intrinsic surlace exchange amstants for U02(C03)34= with 
COS surface sites must be smaller than those for Am(C03)33- and 
Np02(C03)35'. 
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SUMMARY 

Batch-sorption experiments were conducted to quantify the sorption capacity of 
the Bandelier Tutf (units 19, l v ,  and 2) for Am(lll), Np(V), Pu(V), Tc(VII), and 
U(VI). The exmriments wsre conducted using either WCG groundwater at a pH 
value of i . 3  or a synthetic pore-water solurion at a pH value of 9.8. The WCG 
groundwa:er is characterized by a calcium-sodium-bicarbonate composition with 
a TDS content less than 130 mg/L. The synthetic pore water, represenling pore 
water extracted from the Bandelier Tuff, is characterized by a sodium- 
bicarbonate-carbonate solution with a TDS content greater than 1300 rng/L. 

At a pH value of 7,3 characteristic of VJCG groundwater, the dominant aqueous 
complexes of Am(lll), Np(V), Pu(V), Tc(VII), and U(Vl) are predicted t3 occur as 
ArnCO3-, Np02+, PuOf, TcO& and U02(CO3)$-, respectively. The WCG 
groundwa:er is predicted to be undersaturated with respect to calcite, 
AmOHC03, Arn(OH)g(am), Arn(OH)a(s), Np02(0H)(am), NaNpC0303.5H20, 
N2020H(arn), Np020H(aged), NaNpOzCO3, Pu020H(am), and U02(OH)2. 

Based on model simulations using MINTEQA2, the dominant dissolved 
complexes of Am(lll), Np(V), Pu(V), Tc(VII), anc! U(V1) in the synthetic pore water, 
a; a pH value of 9.8 with a total carbonate concentration of 10-0.94 MI include, 
Am(C03)33', N P O ~ ( C O ~ ) ~ ~ ' ,  P U O ~ ( O H ) ~ ,  TC04-, and Uo2(co3)34'1 respectively* 
The synthetic pore water is predictad 10 be undersaturated with respect to 
ArnOHC03, Am(OH)s(arn), Am(OH)s(s), NpOZ(OH)(am), NaNpC03.3.5H20, 
Np020H(am), NpOzOW(aged), NaNpO2CO3, Pu020H(am), and UOz(0H)z. 
The synthetic pore water is predicted to be slightly oversnturated with respect to 
ca k i te,  

Under t h e  experimental conditions representing both transpoR under saturated 
(WCG Srounhwater) and unsaturated flow (synthetic pore water) conditions, the 
sor9:ion capacity of the Bandelier Tuff for the radionuciides of interest decreases 
in the following order: Am(lll) >> Pu(V) > U(V1) > Np(V) > Tc(V1I). The distribution 
coefficients for Tc(V1I) are assumed to be zero in all of the batch sorption 
experiments. The diwibution coefficients for Am(lll) and Np(V) using synthetic 
pore water are greater than those measured for these two actinides using WCG 
groundwater. It is postulated that calcite precipitated from the carbonate-rich 
synthetic pore water, which enhanceci the sorptive capacity of the Bandelier Tuff 
for Am(llt) and Np(V). 

c 
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RECOMMENDATIONS FOR FURTHER RESEARCH 

More studies should be conducted to characterize both the pore water chemistry 
of the Bandelier Tuff and sorption qrocesses occurring in the vadose zone at 
MDA-G, TA-54. Transport under unsaturated flow conditions dominates beneath 
the disposal pits at MOA-G, The increased sorption of Am(ll1) and Np(V) on the 
Bandelier Tuff, at a pH value of 9.8 using synthetic pore water, with a total 
carbonate concentration of 10=0194 M, has not been fully evaluated. Calcite is an 
important adsorbent for Np(V) carbonato species. Calcite is known to occur 
within the Bandelier Tuff where evaporation of matrix pore water and fracture fill 
soIu:ions have occurred. Distribution coefficien!s for Am(lll), Np(V}, Pu(V), and 
U(V1) have not been determined using both glass-rich (unit 19) samples of the 
Bandelier Tuff and buried soils potentially present beneath the  disposal pits, 
More detailed mineralogical studies will be useful in identifying the adsorbents 
that are important in radionuclide transport at M D A G  These investigations will 
be useful in quantifying the transport of mobile species including Np(V), under 
oxic'izing and unsaturated flow conditions, for the performance assessment 
conducted at MDA-G. 
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APPENDIX A 

CHEMICAL ANALYSES OF WATER CANYON 
GALLERY GROUNDWATER 
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Summary of Chemical Analysis of Groundwater Samples, 
Water Canyon Gallery, Los Alamos, New Mexico. 

Dote 
Analysisa 

05/20/9 3' 04/04/96" 04/04/96" 0811 0192' 
(not filtered) 

TPC) 
AI 
B 
Ba 
ca 
CI 
Cr 
F 
Fc 
HCO3 
K 
Mg 
Mn 
Ns 
NHo 
NO3 
PH3 
Si02 
SO4 
Sr 
Zn 
TDSc 

t 5 , 3  
< O . l O  
~0.05 
~0.05 
7.20 
0.64 
0.003 
0.0s 
co.01 
52,8 
1 .?2 
3.05 
co.01 
G30 
<0.05 
0.48 
7.4 
43,7 
1.05 
0,07 
0,02 
117 

11.3 
0 2 0  
co.01 
c0.05 
6,94 
0.69 
<0.002 
0.06 
0.05 
44,6 
1 . f 9  
2.79 
<0.01 
4 -90 
<0,02 
0.98 
7.6 
39.8 
2,85 
0,07 
0.05 
1 OC 

25 
e0.1 
NA 
NA 
(3.8 
0.66 
NA 
0.04 
40.1 
52.0 
1,s 
2.5 
co.01 
G,60 
NA 
0.05 
7,40 
42.4 
l , t 8  
NA 
Nk 
114 

25 
c0.1 
NA 
NA 
6,5 
0.42 
NA 
0,05 
c0.1 
52,O 
1.6 
2.8 
co.01 
6.60 
NA 
0,18 
7,60 
42.0 
1,33 
NA 
NA 
NA 

Groundwnlor analyzed at tos Alomos National Laboratory, EES.1. Dnic Counce analyst, 
* *  Groundwater onnlyrcd at University of New Mcxico, Dept of Eanh and Planetary Sciences. 
John Huslcr analyst. 
a .  All nnolvscs ore in mglt. cxccpt where noted. 
N A  moons not analyzed. 
b. Standard units. 
c. TOS is total dissolved solids. 





APPENDIX B 

RADIONUCLIDE BATCH SORPTION 
EXPERIMENTAL DATA AND RESULTS 

USING WATER CANYON GALLERY 
GROUNDWATER 
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APPENDIX C 

CHEMICAL ANALYSES OF PQRE WATER 
EXTRACTED FROM BANDELIER TUFF 
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Summary of Chemical Analysis of Pore Water Samples, 
Bandeliet Tuff, 10s Alamos, New Mexico. 

Date 03/96' OC/96' 06196' 06196' 06196' 
AnalysisD 

-~ 

CH 1107 1107 A 1107 1121 1123 
51 ,O 104,O 35,O 59,O 

0.90 
D (ft) 91.0 
Al NA 0,23 0.15 0.14 

NA 7.53 3,24 1 .go 0,70 
Bt 1.07 4,28 1 .oo 2.50 22.6 
0 

c;I 17.3 78.0 8.79 23.8 853 
CI 31.4 306 58.3 161 1430 

F 46.0 20.0 41.6 43,9 4.29 
Fe NA e0.03 <0.03 <0,07 c0,03 

K 16,3 179 42.8 16-7 58.5 
1 .G3 16.1 3.09 4.05 63,8 

345 481 567 920 
NO3 0.47 96.7 0.50 109 28.9 
pHb 9.81 9,11 9,82 10.01 9,08 
OH NA NA NA NA 52,l 
Si02 NA 96.9 88.4 195 86.7 
$04 81.1 429 143 279 1951 
TDSC 1348 1708 f 533 1819 5473 

cos 171 58.2 225 239 c3 

HCOg 547 71.2 436 7 76 e3 

2 435 

Groundwatcr analyzed at Los Alamos Notional Lilboratot'y, EES-1. Do!e Counce analyst, 
a .  All ancrlyscs ufc in mg/L, cxccpt where noted, 
CH mcms Gore Hole Number. 
D mciins deplh of somplc whorc! pare wnlor is exltocted from (in fcot), 
NA mcnns not onalyzcd due to insufficient somplo volume, 
b. Siandard units. 
e. TDS is total dissolved solids. 
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APPENDIX D 

RADIONUCLIDE BATCH SORPTION 
EXPERIMENTAL DATA AND RESULTS 

USING SYNTHETIC PORE WATER 
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' I  
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1. XKXRODUCTION 

Thc Los Altlmos Xntional Laboratory (LANL) gcncratcs rndioactivc wnste ns a result 

of various iccti\+tics. Opcrationnl wnste is gcnorntcd n t  LAI\;L from n wide vnrioty of rescurch 
and dcvclopmcnt activities, including nuclcar wcnpons dcvclopneat, encrgy production, and 
medical rescorch. ' En\+ronmcntnl rcstoration (ER) and decantaminntion and 
decommissioning (DGcD) wnstc is  gcnerntcd as contnminntcd sites and fncilities n t  tANL 
undergo cleanup or rcmsdiation. The majority of this w'nstc is low-level rndiooctive wnste 

(LLIVC., and is disposed of at the Tcchnicnl Arm 54 (TA-541, Arcn E, disposnl facility. 

US, Dcpnrtmcnt of Energy (DOE) Ordcr 5 8 2 0 . U  requircs that radioactive waste be 
mnnqcd,  trcntcd, storcd, and disposed of in a manner that protects public hcolth nnd snfccty, 

und the cnvironmcnt. To comply with this ordcr, DOE Geld sitcs must prcpnrc and rnclintdn 
n site-specific rd.iologicnl pcrformancc nsacssment for nll U W  disposal fncilitios. 

Ad& tionnlly, in response to  Recommcndntion 94-2 from the Defense Nuclear Facilities 
Safety Board, DOE has developed a comprchcnsivc approach for ensuring that Environmental 
hlnnagcrncnt (EM) nctivitics will not comprohvc future radiological protection of the public 

(DOE, 1996)* Undcr this approach, DOE rcquircs tha t  a composite analysis be performed 
which accounts for the cumulativc impact of active and planned LLW disposal facilities and 
311 other sources of radioactive contamination that  could intcrac: with nctivc disposal 
faciljtjes. 

This rcport chllrocterizcs thc waste thnt will be included in thc next draft of the 

performnncc nvscssmcnt for TA-54, k e n  G. and in the composite analysis. In terms of the 
performnncc asscssmcnt, this wnstc incIudcs all LLW disposed of at k o a  G since 
Scptcmbcr 26, 1988, nnd the LLW projected to roquiro disposal over the rcmdindor of the 

f;lcility's lifctimc. The waste inventory for the composite analysis includes d l  radioactive 
wnstc disposed of at Area G since the disposal facility ogened in 1957 and the U W  projected 
t o  rcquirc disposal in 'the future. Charactcristics of the wnste addressed by this raport 
includc total volumtl, toto1 acti\5ity, and radionucljde*specific activities, Thcsc chnrnctcristics 

I 

1-1 



nrc providcd for sevcral diffcrcnt w ~ t c  f o m  and for w s t c  disposcd of in pits and shafts at 

Arm G. 

Choptcr 2 of this report summarizes the tqcpcs and quantities of radioactive waste that 

haw bccn disposcd of at Arcn G and discusses the methodoha  used t o  chnmctcxizc the 

waste. Chapter 3 presents tho rcsultv of tho  charactcrirntion effort. 
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2. WASTE CELARACTERIZATION METEODOLOGY 

This section dcscribcs thc wostc that has been disposed of a t  Arcn G (historic wnstc) 
and wnstc that is cxpcctcd t a  rcquirc disposal in thc futurc (futurc wnstc). It discusses tlic 
appronchcs used to  cstirnntc cbnrnctcristics of this W O S ~ C  in D form uscful for conducting the 
h c n  G pcrfomoncc asscasment and compositc nndysis. 

Diflcrcnt approaches W C ~ C  uscd to  chmnctcrizc hjzjutoric wostc nnd future w-nstc 

bccause thc levels of cxiuting information on these wostcs dflcrud. The methods used to 
charnctcrizc thc historic wnstc arc discussed in Section 2,3, whilc the nppronch for estimating 
futurc wmtc chnrnctcristics is dcscribcd in Section 2.2. 

2.1 HTSTORIC WASTE 

Historic wostc, nfi tho term is used hcrc, rcfcrs t o  rill wostc dispoacd of nt Arca G since 

it opr!ncd in 1957 through thc cnd of 1995, z t c u  G first bcgnn rccciving wclrtc in thc second 
quancr of' 1957. when its Srst djsposol pit was plnccd in acrvicc (Rogcru, 111771. This pit 

:ccoivcd only non-routinc contominutod w n s t c  until Jnnuur5, 2,1959, when it  b ~ g a n  occcpting 
routine contnminntcd wontc. Thc first shofln u w d  for rndjonctivc wnstc d i ~ p o s n l  at  hrcn G 
wcrc pluccad in service in April 1966 (Rogcrs, 197'7). 

Although thc wostc currently disposed of nt Arm G is rcstrictcd to LLW, transuranic 
(TRU) waste wns routinely disposed of a t  Ann  G prior to  1971. Since that time, most TRU 
wnstc has bccn s e g c p t c d  from thc LLW ond rctricvnbly stored. Furthcrmorc, prior to 1986, 

facility. Howcwr, since July 1986, when the EPA affirmcd i ts  authority OVCT thc rcplntion 
of the hazardous componcnt of MLLW, this wnste has bccn stcred on site or shipped off site 

for trcatmcnt and disposal. 

a O S t  of ML's mixed lon*-levcl waste (MLLW) W L ~ S  disposed O€ at t h ~  Arc0 G & S P O S ~  
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The wnstc disposcd of at Arcn G includes operational or routine wnste, non=routine 

waste, and w s t c  from ER and D&D activiticu a t  LANL, Opcrationd waste consists ofa wide 

rnagc of rnatcri~ls, including compactiblc trash (c.g., paper, cnrdbomd, and plastic), rubber, 
61395, disposable protcctivc clothing, solidificd powders and ash, animal tissuc, and suspect 
rndjoactivc wastc. Non-routinc waste indudcs classified wastc, u r a n k n  chips from shops 

a t  LAN%, and pieccv of heavy cquipmcnt such 11s dump trucks (ROgCrS, 1977). ER and D&D 
wostc gcncrully consists of cquipmcnt and scrnp metal, building debris, soil, nsbcstos, hnd 
polychlorinntcd biphenyl (PCB)-confmninatcd materials. The facility docs not accept free 
liquids for disposal. 

Tkirty-tivc pits and almost 200 shafts were used for disposal of UW at Arcn G 
though  Dcccmbcr 31,1995, Thcse disposal unity and thcir pcxiods of operation me listed 
in Toblc 2-1. Thc periods of opcrrrtion listed in thc table arc boscd on t he  Erst nnd lust dates 

of wmtc rcccipt, as indicatcd in LAlYL's LLW disposal database or Rogers (1977). 

Four of thc 35 disposnl p i b  werc stiIl opcn nt the cnd of 1995. Pit 31 is dedicated to 
thc disposal of nsbcstos waste and will continue to receive modcmtc amounts of waste in the 
future. Pits 37, 38, and 39 arc used for t!!c disposal of routine, ER. and DAD waste 

gcncrttcd at L&XL Fcwer than 20 of the disposnl s h a h  octivo between ApriI 1966 and 
Dccrmbcr 1995 w r c  active at tho end of 1995 (hpez ,  1996). In g c n c r l ,  concrctc caps have 
bccn placed ovcr thc dosed shafts. 

Thc typcs and quantities of LLW disposed of at Area G ere rccordcd on shipmcrrt 
manifests and cntcrcd into the LA?& LLW disposal dntabnsc on a pcr-packagc basis. 
Dispasul rccords from 1971 through the prcvcnt day h o w  becn mnintaincd in tho disposal 

dntabosc. The information contained in the dntnbasc includcs the wute form, the volume 
and total activity of thc W Q S ~ ~  pncknge, and thc rndionuclide nctivitics in the w*nste. \ W e  
disposal rccords for wnstc disposcd of prior to 1971 arc mnintnincd in logbooks, thcvc dotn 

arc not included in thc Uu' dispoual database. 

AY diseusscd earlicr, TRU wnate #*os disposed of ot &en G prior to 1971. Since that 

time, thc majority of this wnstc has bccn scgcgatcd and  rctricvably stored; small quantities 

of TRU wnstc wcrc non-rctricvnbly disposcd of in pits and shafts through 1979. Thc types 
and quantities of TRU waste plnccd in storago or disposed of EVC rccordcd on shipment 

. . . . . . 



Tublc 2-1. Opcrotjoad periods for thc disposul pits und & * h a s  ut Arcu G. 

Disposal Month of Firhi Month of Lust Currcnt 
Unit nc1ivWv D e l i v ~ d '  St3tUN 

Pits - 
1 
2 
3 
4 
5 
6 

8 
9 
10 
12 
13 
16 
17 
18 
19 
20 
21 
22 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
35 
36 
37 
38 
39 

c 
I 

2nd qtr, 1957 
4th qtr, 1959 

Jun-63 
1 s t  qtr, 1966 

Oct-69 
1st qtr, 1970 

Mar-74 
scp-71 
scp-74 

Jun-72 
Xov-76 
Jun-72 

Apr-79 

A u ~ - 7 2  
Fcb-78 
May-73 
Jan-75 
Aug-72 

Jan-75 
D ~ c - 7 3  

Dee-79 
Fcb-84 
Maya81 
Jon-81 
Mar-83 
Octo88 
scp-90 
Fcb-84 
NOV-82 
Jun-87 
Jun-88 
Apr-90 
scp-94 
hug-93 

,Apnl-61 
July-63 
Apr-66 

4th qtr, 1967 
DCC-73 
Aug-72 
Scp-78 
MLE-74 
Aug-78 

NOV-75 

Jul-75 
Mu-74 
Oct-79 
Aug-79 
OCt-77 
Dcc-74 
Apr-80 
Nov-76 
Fcb.86 
Apr-85 
MIly.86 
Fab-86 
Oct-86 

Mny80 

Scp.77 

Jun-90 
Prevent 
xov-90 
Jul-84 
Apr-88 
Oct-89 

Rcscnt 
Resent 
Rcscnt 

Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Clod 
Closed 
Closed 
Closed 
Closed 
Closed 
Closcd 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
C l o ~ e d  
Active 
Closed 
Closed 
Closcd 
Cloud 
Activc 
Active 
Active 
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Disposal Month of First Month of Lwt Currcnt 
Unit Del ivcry D e l i v c d  stntus 

Shnfts - 
1 
2 
3 
4 
5 
6 

8 
9 
10 
11 
12 
13 
14 ’ 
15 
16 
17 
1s 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

c 30 
31 
32 
33 
34 
35 
36 
3’; 
38 

L 
I 

Apr-66 
APF-66 
APF-66 

Ju-67 
Apr-67 

Jun-67 
Jun-67 

Jun-68 
Feb-69 

Apr-68 

Jan-67 
Jul-66 
SCP-66 
SCP-67 
NOV-69 
NOV-69 
M u - i O  
JuI-70 
Oct-71 
my-74  
Jan-85 

Apr-SO 
Au~-SO 

SCP-69 
SCP-69 
DCC-69 
May-70 

Jd-70 
Jun-70 

~ u 1 - 7 0  
scp-70 
,May-70 
Oct-70 
Fcb-70 
Scp’il 
Ju-’io 
J u ~ - 7 0  
JW-70 

Ju-67 
;TU-67 
Nov-67 
Jm-68 
Jan-68 
Mar-68 
Sep-68 
Jan-69 
Apt-69 
Aug-69 
Oct-92 
Mar-70 
Mar-90 
Sep-69 
Jun-70 

Dec-74 

Apr.74 
Jun-75 
Jan-85 
Mrry.93 
Apr-SO 
Apr-72 
Feb-71 

Aug-70 
JUI-70 
JUn-71 
Fob85 
Fob-71 
Oct-71 
Fob71 
Apr-72 
Jd-85 
h b * 8 5  
Oct-85 
Fab-?4 

NOV-69 

Apr-79 

Ju-70 

Closed 
Closed 
Closeci 

closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Clotied 
Closed 
Closed 
Closed 
Closcd 
Closed 
Closed 
Closcd 
CIOSed 
Closed 
Closed 
Closed 
Closed 
closecl 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Cloaed 
Closed 

ClOSed 



39 
40 
4 1  
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
56 
59 
60 
61 
62 
63 
64 
65 
66 
67 
66 
69 
70 
71 
72 
73 
74 
75 
76 
WCL 
I I  

Tnblc 2-1. Continucd. 

Disposal Month of First Month of Last C w c n t  
Unit Dclivwv Delivp+ Stntus 

Closed 
Closed 
Clased 
Cloacd 
Closed 
Closed 
Closed 
Clo~cd 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closc~ 
Closed 
Closed 
Closed 
Closed 
Cloecd 
Closed 
CIosed 
Closed 
Closed 
Closcd 
Closed 
Closed 
Closed 
Closcd 
Cloned 
Cloved 
Closed 
Closed 
Closed 
Closed 

Aug-70 
Mm-71 
MLU-71 
MW-71 
Jul-71 
AUg.71 
scp-71 
APT-72 
Apr-72 
3un-72 
Apr-72 
Jun-74 
MlLr=75 
scp-75 
Nov-75 
Jul-76 
DCC-76 
Jon-77 
Fcb-77 
Jul-72 
Jul-72 
Dcc-72 
Jun-73 
Apr-74 
Jon-76 
Jon-76 
Aug.76 
May-76 
Apr-77 
Jun-77 

Jan-75 
Jnn-78 

Jnn-73 

Aug-77' 

NOV-72 

Mu-73 
May-73 
Oct-73 
Jm-74 

0 3 - 7 3  
MnyX 
Aug-52 
Oct-72 
Au&-72 
Aug-72 
AUG-72 
Aug-72 
Jul-72 
scp-72 
s c p m  

Oet-75 
Apr-76 

Jun-76 
MU-76 
DCC-76 
Jan-77 
Tcb-77 
Mar-77 
Scp-73 
m y - 7 4  
Dec-74 
Feb-74 
Jnn-76 
Jon-X 
A u ~ - 7 7  
Oct-7'; 
Jul-76 
Jun-77 

Aug-77 
Fcb-76 

Aug-77 

Fcb-78 
MU-73 
MLU-73 
Aug-73 
Sep-73 
Apr-74 
May-74 
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Tablc 2-1. Continued. 

Disposal Month of Fin? Montb of Last Currcnt 
Unit Del iverv Ddivcna stntuw 

76 
79 
80 
81 
82 
83 
64 
85 
86 
ST 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
99 
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
114 
115 
118 
119 
120 

Ju-74 
Oct-74 
Jun-75 
May-75 
Fob-78 
Fcb-78 
hfm-78 
Mny-78 
scp-77 
Oct-77 
Nov-77 
Dcc-77 
Jm-'iS 
sop77 
Sep-77 
Jul- i8  
DCC-78 
Mar-84 
May-77 
JUl-7S 
Apr-83 
Mn y -$3 
scp-90 
Jul-62 
DCC-81 
Oct-82 
dun-82 
Jul-80 
SCP-78 
JuI-80 
MKC-80 I 

Fcb-59 
Om-79 
May-78 
May-79 
Aug-79 
M~u-83 
 MU^-83 
Ju~-83 
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Mar-75 
De075 
Apr-76 
Jw-76 
APT-78 
Apr-78 
Mny-78 
May-78 
Oct-77 
NOV-77 
Nov-77 
Ju-78 
Jan-78 
Mny-78 
Jul-78 
Jun-S4 
Jun-84 
Jd-84 
Jan-79 
Apr-64 

Jun-63 

Aug-S3 
3~1-82 
DN-82 
May-83 

M3.r-84 

Ju-81 

Aug-Sl 
Jan-81 
May-82 
Jd-80 
Nov-79 
Ju-80 
Oct-79 
Aug.82 
Aug-82 
Fcb-84 
NOV-83 
NOV-84 

Closed 
Closed 
Closed 
Closed 
c1osed 
Closed 
Closed 
Closed 
closed 
Closed 
Closed 
Closed 
Closcd 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closcd 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closcd 
Closed 
Closed 
Closed 
closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
closed 



121 
122 
123 
124 
125 
126 
12'; 
128 
129 
330 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
15'; 
158 
159 
160 
161 

DisTosd Month of Firi;t Month of Lah't Current 
Unit DplivCw DclivrnP Stntus 

Closed 
ClOSCd 
Closcd 
Closed 
Closed 
Closed 
Closcd 
Closed 
Clsscd 
Closcd 
Active 
Closed 
Closed 
Closcd 
closcd 
Closed 
Active 
Closcd 
Closed 
Closed 
Closed 
Closed 
Closed 
Active 
Active 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closcd 
Closed 
Closed 
Activc 
Active 
Active 
Activc 

Jul-84 
Aug.84 
Mat-84 
Feb-84 
OCt-84 
Mm-85 
Feb-65 
Oct-85 
Jan-86 
Jan-86 
Jul-8i 
MKE-87 
MU-86 
Jun-86 
Oct-86 
SCP-86 
sep-87 
Apr-87 
Apr-87 
Oct.87 
Oct-88 
Jnn-91 
scp-91 

Scp.91 
Fcb-94 

Ocr-91 
APT-9 1 
May-76 
tJd-79 
Apr-80 
Apr-83 
Apr-84 

Dec-36 
Aug-88 

Sep.87 
scp-89 
Apr-89 

Aug-93 
Jun-90 

APY-85 
Jun-85 
Aug-84 
Aug-91 

Mny-87 

Jun-86 
Mw-86 
Aug-87 
JuI-95 
Jnn.93 
Jon-87 

DM-84 

NOV-85 

Oct-86 
Mw-87 
Aug-95 
Sep-92 
SCP-87 
Oct-88 
Jul-91 
n i m i  
Sep-91 
Mu.95 
Mnr-95 
May-95 
May-93 
Jon-94 
MU-$9 
May-86 
Apr-83 
Apr.84 
Scp-86 
~ p r - 8 9  
SCP-87 
Ju-88 
Aug.93 
Apr-89 
Aup93 
Jun-94 
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Table 2-1. Continued. 

Dihpolid 
Unit 
162 
171 
172 
173 
154 
175 
176 
177 
189 
190 
191 
192 
196 
197 
206’ 
301 
307 
308 
c-1 
c-2 
c-3 
C-4 
c-5 
C-6 
C-7 
c-8 
c-9 
c-10 
c-11 
(2-12 
c-13 
C-14 

Month of First 
Ddivrrv 
May-95 
J~n.95 
Jul-95 
JuI-95 
Ju-95 
Jul-95 
Aug-95 
Aut95 
Aug.87 
MU-83 
Oct-84 
Feb-84 
Aug989 
Oct-93 
Sep-80 
Scp-92 
Fcb-92 
Mu994 

Fcb-SI 
Fcb-SI 
Fcb-81 
Fcb-81 

Fcb-81 
Fcb-81 
May-82 
RllW-84 
Aug-86 
JuI-86 
scp-87 * 

xov-92 

Sep-so 

Fcb-8 1 

hX0nt.h of Last - DelivcM 
Sep-95 
Aug-95 
Aug-95 
Aug.95 

Aug-95 
Aug.95 
Aug.95 
Fab-88 
May-84 
Dcc-S~ 
Sep-87 

scp-so 

Jd-95 

Aup.93 
NOV-95 

NOV-94 
Au~-94 
Apr.94 
scp40 
Fcb-81 
Fcb-Sl 
Fcb-8 1 
Fcb-8 1 
Fcb-8 1 
Fcb-8 1 
May-82 
scp-84 
Jul-85 
3~3-86 
Oct-90 
Oct-95 
XOY-92 

a. Opcrntionnl period is current through December 31, 1995. 
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CUXTCnt 
S t H t U R  

Active 
Closed 
Closcd 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Active 
Active 
Closed 
Active 
Active 
A c ~ v e  
Closed 
C l O Y e d  
Closed 
Closed 
Closed 
Closed 
Closed 
Closed 
Closcd 
Closed 
Closed 
Closed 
Active 
Active 



manifests and cntcred into thc TRU W ~ S ~ C  dat3bnse. Thcse detailed records date back ~3 

1971; information about waste disposed of prior t o  1971 is mnintaincd in logbooks. 

The historic waste invcntoqv for the period spanning 1971 through 1995 was estimated 

using thc data in the LAiiL LLW disposal dntobnsc and thc TRU waste dntabase. The 
mojoi:? of the k e n  G invcntov  for this period wos dcrivcd from the LLTV disposal rccords. 
Tnc TRU waste that  was non-rcrricvnblg disposed ofin pits and shnfta WOS nddcd to  the LLW 
invcntoS; t o  arrive 3: the total insenton* for the period. This TRU wmtc includes matcrid 
that was placed in pits G, 7 ,  8, 20,  and 22 an3 shafts 17 through 110. 

Thc lack of d e t d c d  shipment rccords for radioactive waste disposed of prior to 1971 
required that an altcrnntivc m c m s  of charactcriine; tllis wnstc bc dcvclopcd. Cocscqucntly, 
the chnrnc:criatics of n portion of thc waste disposed of sincc 1971 w r c  cxtrnpolntcd back 
t o  the period tbr which detailed disposal data were unaunilnblc. Specifically, the LLW and 
TRU waste disposal data for the period of 3971 through 1977 were uvcd t o  cstimntc the 

chnractcristics of the W ' D S ~ C  disposed of in pita prior t o  1971. Shnfk disposal datn for 1971 

through 1975 wcrc used to  chnrmtcrizc thc wnstc disposed of in shafts prior to 1971, The 
approach trtkcn in sclccting these pcriods is discussed in thc folloN*ing pnmgnphs .  

mc pcnod from which disposal data arc drawn to cstimatc the charnctcristics of the 

pre-197i w s t c  strongly influcnccs resulting invcntov projcctions, Thus, the data chosen €or 
the analysis nccdcd to be as rcprcwntativc of the period from 1957 to  1970 as possible. 
Under idcnl conditions, thc opcrntions gcncrating wnstc during the period from which wnstc 

charnctcristics are c?rrapolatcd would bc jdcnticnl to the opcrntions gcnernting waste for the 
pc+od of timc for which the w x t c  inwntory is bcing d c ~ l o p c d ,  As the period of time from 
which wasti! chnrnctcriatica arc cxtrapolatcd incrcnscs, howcwr, the likelihood of sntish-hg 

this condition diminishcs. Over time, some opcrations at Lt"L arc phased out, whi!c ncw 
ones begin os thc rolc ofLA.hl cvolvcs. Chhngcs in dirposnl regulations mny also nflcct t h e  

types and quantities of wnstc undergoing dispoaul, 

With thc  prcccding considcrntions in mid, the Arca G LLW disposal dnb wcrc 

examined for thc period from 1971 through 1995. The qunntitics and chnractaristics of the 
disposed waste wcrc cvaluntcd to establish U W  disposal pnttcms and idcntify nny obvious 
shjfts jn :hose pottcns.  The TRU waste dntobasc, which records thc typcs and quantities 
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of mu wastc disposed of or placed in storage at hYL, undcmcnt a similar evaluation to 

chmactcrizc thc TRU componcnt of the waste disposed of prior to 1971. Buacd on these 

cvaluutions, the results of which arc discussed in Section 3.1, the periods from 1971 to 1977 

and from 1971 to 1975 wcrc sclcctcd is reasonable periods for chnractcrizing the waste 

placed in pits and shafts, rcspectivclp, prior to 1971. 

The 1971 to 1977 pit dam and thc 1971 to 1975 shaft data ~ ~ c r c  used to dcvclop 

avcrngc annual disposal quantities for Arca G prior to  1971. Thesc nvcmgcs werc multiplied 
by thc numbcr of g c m  thc faciliw acccptcd waste for disposd in the respective disposal 

units, Tho werage onnunl pit inventoncs wcrc multiplied by 12 yeus becnuse k e n  G begm 
accepting routine contaminated waste on JUULQ' 2, 1959; only nan-routine waste wns 
disposed of bctwcn the facility's opening in 1957 through thc end of 1958. The nvcrage 

annual disposal quantities for thc shafts w w e  multiplied by 5 yews, consistent with thc fact 
that these units bcgan accc?ting w*astc in April 1966. 

Thc cxtrapolation approach used to cstimntc the prc-1971 invcntov iapl ia t ly  
assumcs that tho waste disposed of bctwccn 1971 and 1977 i s  similar to that disposed of 
betwcen 1957 and 1970. While this assumption gcncrally is expcctcd to be \:did, some of the 

wastes gencratcd from 1957 to 1970 nnd 1971 t o  1977 arc uniquc to those periods. A 

comprchcnsivc examination of the disposal d o h  to identi& thcsc uniquc wastes was beyond 
thc scopc of chis effort; howcver, former and current Urn pcrsonncl familiar with historic 
operations at LLVL wcrc asked t o  identi& wastes that were unique t o  cithcr thc 1957 to 

1970 or 1971 t o  1977 period, Waste that  was uniquc t o  thc 1957 to 1970 period was added 
to thc inventory cstimarcd using thc ciTrqolation approoch. Xf wostc was gcnerotcd between 
1971 and 1977 undcr conditions that  did not occur prior t o  that period, the materid was 

rcmovcd from tho 1971 to 1977 data used to catimntc thc prc-1971 inventon*. 

The physical and chemical form of thc waste disposed of in the pits and shafts plays 
an imporcant role in how radioactivity is rcleased to the cn\iiroamcat from the disposal Units 

and thc rate at which h u e  rclcnses occur. For example, s d a c c  contamhotion on ~luss  may 
-be quickly rinsed from the wostc ns watcr pcrcolotcs through thc disposnl units, whereas 
radionuclides sorbed t o  soils or concrctc may bc rclcnscd from disposal units grndually over 
time. Sourcc-tcm modcling for thc pcrfonnnncc osecsvmcnt accounts for releases fmm 
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surfacc=contsminatcd ts'astc, soils, c o n m t c  and sludgcs, nnd bulk-contaminatcd waste such 
as activated mctnls, 

Sourcc-term modcling pcrfomcd in support of thc Area G p c r f o m n ~ c  nsscssmcnt 

and  composite analysis requires that thc historic inventor)' data  for each pit and shaft be 
provided in terms of the waste forms discussed obovc. Thus, all waste streams that  bclong 
t o  a single wustc  form w r e  groupcd. For csmplc ,  all waste strcomv which arc cxpcctcd ta 

be surf'ltcc-contnminahd (c,g,, glass, trash, plastic) werc combincd. Data for them wastc 

streams w r c  surnmcd to dctcrminc thc total volumc, total activity, ond rndionuclidc-specific 

nctiv'itics t o  l i d d  thc inventory for surf'ncc-contaminatcd wnstc for the pits and shafts. 

Inventories wcrc dcvclopcd similarly for soil, concrctc and sludges, and bulk-contnminntcd 
w as  t e, 

Tnc dcvclopmcnt of wnstc-form-specific invcntorics required tha t  the wastc strcams 

disposed of nt A n a  G be categorized in terns of sufiacc-cont,aminntcd wastc, soils, concrctc 
and sludges, and bulk-contnminntcd waste. Thc catcgorics to which thc wnstc streams wcrc 
nssigncd arc shown in Table 2.2, Euch wostc strcam was conscn*ntivcly assumccl to be 

surf;lcc-contaminatcd waste unless t l m c  was specific knowlcdgc about thc waste and i ts  
rcltlase chnroctcnstics that  nllowcd it to bo ussipcd to onc of tho othcr thrcc catcgorics. 
\Ynste streams cncornpussing a varicty of waste matrices wcrc assumed to fall into scvcrnl 

dircrcnt wnstc-form or rclcasc catcgorics. For cxamplc, wnstc streams consisting of debris 

wcrc assoncd to include surf'acc-contaminatcd, soil, and concrctc components (shown in 

Table 2-21, 

Separate invcntorics wcrc dcvclopcd for a11 pits cxccpt pits 1 through 6, Pits 1 

through 6 wc4r1' nctivc prior to 1971, the first year for which dctailcd disposal datn are 

available, Conscqucntly, a significant portion of thc inventory in thcsc disposal units was 

bnscd on the extrnpolotion proccdorc dcscnbcd above. Given thc gcncml nature of this 
proccdurc, it was not possible to  assign individual inventories to  these pits, 

Thc wtrrstc placed in the Arcn G disposal shafts I V ~  combinad into a single shnft 
inventory, Thc shccr number of shafts that  hnvc been used for waste disposal, and the 
scattcrcd distribution of these shafts, complicotcs thc dcvcloprncnt of scpmate shaft 
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Tnblc 2-2. Wustc forms for LAhZ %*am ~trenmrs. 

10 

11 

14 

15 

16 

1: 

18 

181 

19 

20 

21 

201 

211 
.lo cc 

23 

24 

25 

26 

28 

30 

31 

32 

33 

35 

3G 

40 

41 

45 

46 

47 

49 

50 

Grnphitc Salida 

Crnphite Powder 

Combusliblc Decon W a r W  

Celluloaim (pnpar. wood, e e l  

PInstica 

Rubber blnterials 

Combustible t b  Trnsh (popr. plasdc, rubber) 

Son-Combustible Lab Trnsh ( ~ l n s a ,  mctol) 

Combinid Combuuribl~on~Ccmbusl ib ls  Lab 
Truh 

Nydrcruuboo Oil Illquid) 
Silicon-Bumd Oil '(tibeorbed, no free liquid) 

IIydmcarbon Oil (absorbed, no frit liquid) 

Silicon.DllsK1 Oil (absorbed. no fm liquid) 

P e t r a l e u m - C o n U n t e d  SOU 

r\qucoua Solution (absorbed, no free Liquid) 

Camrnkdnmrnobillted RcsiduodPowdm 

Lcachcd Procesa h n i d u a s  

Evnporntor BottomdSalts 

Chloride Snlb 

PS Equipment 

SonePK Equipment 

PS Overuize Equipmenr 

Soo-Ph' Ovenira Equipment 

Combusdbh Building Debris 

Son-Combustible Building Debris 

Comburtiblo Hot Cell W ~ t a  

Son-Combuotlblc Hot Cell tt'Aaw 

Urnnlum Chips und Turningn in Dlnscl Fuel 

Skull nnd Oxide 

Slng snd P o ~ c ~ l p i o ~  

Smituy SIudffs 

Metal Cnrciblcm, Scrnp, Diem 
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x 
x 
x 
X 

x 
x 
x 
X 

S T J W  

X 
x 
X 

X 

x 
X 

X 

X 

x 
I 
X 

x 
X 

X 

50%b 2 5 d  23'kb 

mo%' 
.WO%' 

xc x 
X 

x 
- 

X 

30%" 

x 

50%' 

50%. 

x 



Wtutr 
Codr 

91 

52 

53 

55 

56 

GO 
GI 

62 

G 5  

aa 

- 

G9 

30 

71 

72 

73 

74 

" I  , J  

76 
"" 1 ,  

78 

3D 

791 

80 

PO1 

86 

90 

95 

99 

Tablc 2.2. Continued. 

U'rrrtr Drrrrtiptlan 

r'mooua S!CMIII 

Scrap Motnl 

Load 

Filkr Mrdia 

Filter Medin Ranidue 

Other CombuRtlblas 

O t h r  Son-Combustiblan 

Molreular Sieves 

hnunul Tirrus 

I k b n r n s  

hhnrnn-Conminiibd Debris 

Chemical Wnrb 

DCfylllUrn 

Deyllium-Cnntlrminntd Debrim 

Scintillntron VlnLr 

loo Exchrrnga Rrninr 

Chrrniurl Trcntmcnt Sludpc 

Crmcnt P I U ~  
PCU.Conhrninnwd Marcrials 

PCD-Contsminnted Equipment 

PCG-Coataminatad Sol1 

PCB.Contnminukd Concrcts 

Irradiation Saurcas 

Irradiation Sourma in Land Shlalding 

Flring Point Iksiduea 

Rudionctivcly.Caotatninn tcd Sal1 

Clam 

Unldcntiflcd Mntcrial 

S d n c c s  
C o n d n m t s d  

WlUm 

X 

);row 
X 

X 

X 
x 
X 

x 
X 

X 

309bb 

X 

x 
G O d  

X 

X 

x 
x 

x 
X 

x 
X 

x 
X 

X 

x 
X 

X 

50%' 

~~ 

a. 

b. h o u m e d  diarributioa. 
C. 

Ralenre ord l  rsdiunuclider nxcapt mixed nctivotlon prnducta t S W )  iu nssumrd to w a r  vlu rapld rlrus; rslsase of 
XAP is aasumcd to occur vin rapid rinnrr (50%) und corrorlon (50%). 

Historic wnsla In unnumcd to ba audncs-contaminated; future wnrta ir M a l p c d  LO the roll W M ~  fom barad on 
nnticipntod wnrtc trsntrneot proenmaen. 

a 
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iavcntorica. Thc uscfulncss of sepnrate shPR inwntorics in terms of the pcrfomunce 
asscssmcnt nnd composite annlysis is questionable as w d l .  

A portion of the wnste dispovcd of a t  Arca G is listed in the LLW and TRU waste 

dntaboscs us mivcd fission products MFPI or miucd activation pmducm (W). Acti\+ty from 
t,hcsc wastcs was ollocatcd t4 specific rndionuclidcs as port, of the invcntov development 

(Vold, 1995). Allocations of MFP wcre bnscd on fission product yields for thcrmal and fmt 
ncutrons. d l  rndionuclidcs with an atomic mass number bcwecn 7s and 160 and II half-life 
of o t  lcnst onc year wcrc includcd in thc cnlculntions. In using thcsc fission product yiclde, 
it was conscn*ativcly nsvumcd that t h e  yield of a given isotope was the mudmum of that 
provided for thermal and fast neutrons. Thc rndionuclidcs included in the cnlculntions, thcir 
half-livcs, and thcir fission yiclds 01[! listcd in Table 2-3, 

In many instnnces, scvcral~isotopcv of an clcmcnt may be gcncmtcd by fission. The 
allocation of MFP acti\<ty was bnscd on the conscrvativc nseumption that thc entirc yield of 
isotopcv of n given atomic numbcr consisted of thc long-lived specks listed in Table 2-3. No 
stable isotopes wcrc assumed to bc gcncrmd in thc fission proccss, In wscs where two 
long-livcd isotopes wcrc pneratcd, i t  was assumed that thc isotopic yield of cnch isotope was 

half of thc total. Thc fractionnl correction tcrms for cnch fission product arc includcd in 
Table 2-3. 

The information in Table 2-3 was used to calculntc thc activity of each radionuclide 
gcncratcd pcr fission, Thcsc calculations wcrc conducted assuming the rvnstc was, on 
EtvCragc, 2 ycars old a t  t h u  time of disposal. This assumption stcmmcd ftom the fact that 

while some LLW is processed and disposed of a t  Arcn G within P year of generation, othcr 

waste (e.g., that generated through ER and D&D activities) may bc disposed of at the facility 
scveral years after i t  was gcncmtcd. Thus, bccousc detailed information on the times of 
gcncmtion and disposal ofthe hPP was notn~ailable, the 2-ycar ovcrqc age was nssumcd. 

Thc radionuclidc nctivitics per fission, decay-correctcd for 2 y c m ,  arc included in Table 23. 
Thcse nctivitics wcre normalized t o  dctcnninc thc fractional radionuclidc obundanccs in hlFs 
waste. Thesc fmctiond abundanccs, included in Tablc 2-3 and shown in Figure 2-1, were 
multiplied by thc total MFP nctivitics to  yield thc radionuclide activities for this u*nste, 
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Tablc 2-3. Information used to d o c a t c  m P  activity. 

Frnctionnl 
Average Activiryf Abundance 

Hdf=Lifc Fission Yicldl Corrcction Fttision nt (Activity 
Find ionucl ide fvr) M n s s  Numhcr Term 3. Ya-wrs R n si R) 

Ag-108m 
Bo-133 
Cd-109 
Cd-133m 
C~-144 
CS-134 
CS-135 
CS-137 
Dy.154 
Eu-150 
Eu-152 
Eu-154 
Eu-155 
Gd-148 
Cd-150 
1.129 
Iir-81 
Kr-85 
La-137 
M0*93 
Sb-92 
Sb-94 
Pd-107' 
Pm-134 
Pm-346 
Pm-147 
Ru-106 
Sb-125 

* sc-79 
Sm-146 
Sm-151 
Sn-121 
Sr-90 
Tb.157 
Tb-158 
Tc.97 
T099 
Zr-93 

1,3E+02 
I.OE+Ol 
1.2E+00 
1.5E+01 

2,1E+00 
2.3E+06 
3.OE*01 
1.OE+06 
3.5E.rO1 
1.3E+Ol 
8.6E*00 
4,0%00 
9.3E+01 
1.8E106 
1,6E+07 
2,1E+OG 
l.lE+Ol 
G.OE*04 
3.OE*03 
2.OEe07 
2.OE+04 
6,GE+06 
1,OE*00 
5,5E+00 
2,6E+00 
l.lE+OO 
2.7E+00 
6.5E.rO4 
1 ,OE+OS 
9.3E+01 
5,OE+01 
2.9E+01 
1.6E.r.02 
I. 5 E +02 
2.6E+06 
2.1E+05 
9.tiEe.05 

7.8E-01 

2.OE-02 
6.53.02 
1,OE-02 
1,OE-02 
6.5E-02 
6.5E-02 
653.02 
6,5E*02 
2,OE-03 
.I.OE-02 
5 ,OE=03 
2.OE-03 
110E-03 
2,5E*02 
1.OE-02 
3.OE-02 
7,OE=03 
Z,OE-O2 
6.5E-02 
65E-02 
6.5E-02 
6,5E-02 
3.OE-02 
6.5E-02 
5.OE42 
3.53-02 
4.5E-02 
2.OE-02 
2.OE-04 . 
b.OE=O2 
8.OE.03 
1.5E=02 
6.5B-02 
5.OE-04 
2.OE-04 
6,3302 
6,53=02 
6JE-02 

2-15 

i.OE+OQ 
l.OE+OO 
I.OE+OO 
l.OE+OO 
5,OE=01 
l.OE+OO 
l,OE+OO 
5.OE=01 
5,OE-Ol 
5.OE-01 
'I,OE+00 
5.OE-01 
l.OE+OO 
L.OE+OO 
5 .OE-0 1 
1,OE*00 
1.OE+00 
1 .OE+ 0 0 
5.OE-01 
5 .OE-0 I 
1 .OE+OO 
1,OE*00 
1.OE.tOO 
5 .OED0 1 
5.OE-01 
I.OE+OO 
l.OE+OO 
I.OE+OO 
l.OE+OO 

l.OE+OO 
l.OE+OO 
l.OE+OO 
l.OE+OO 
l.OE+OO 
1.OE+00 
l.OE+OO 

5.OE=01 

5.OE-01 

1,lE-OC 
3,83-03 
1.9E-03 
4.33.04 
4.9E-03 
1. LE-02 
2.OE-06 
72E-04 
6.9E-10 
9.5B-05 
2.4E-04 
6.9E-05 
l.lE=04 
l AE-04 
13E-09 
1.3E-09 
2.3E-08 
l.lE-03 
3,8E-07 
7.5E-06 
2.3E-09 
2.3E-06 
3,2E-09 
5.6E-03 
2.4E-03 
533-03 
7.9E-03 
3JE-03 
2.1E-09 
1,7E-IO 
5.9E-05 
2,OE-04 
1.SE=03 
2 , s - 0 6  
9.2.E-07 
1.7E-08 
2,l.E-07 
2.4E-08 

2,l.E-03 
7.43-02 
3.6E-02 
8.53-03 
9.6E-02 
2.2E-0 1 
3.8E-07 
1,4E-02 
1. .4E-0 8 
1.9E-03 
47E-03 
1.3E-03 
2.1E-03 
3,GE-03 
3.8E-08 
Z ~ E - O ~  
4.53-07 
2.2.E-02 
7.4E-06 
3.53-04 
4,4E-O8 
4.4E-05 
6.36-08 
1.lE-01 
4,SE=02 
1.1E-01 
1.6E-01 
6.OE-02 
4.2E08 
3AE-09 
12%-03 
4.0E=03 
2.9B-02 
4.2E-05 
ME-05 
3.4E.07 
43E-OB 
4.7E-07 
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A rc\iicw of thc LLTV disposal records for Arca G indicntcv that X W  w'ns primarily 

gcncratcd by thc Los Alnmos 35cson Physics Faciliv ( W F ) ,  B high-energy nccelerotor 
facility (\:old, 1995). Thnc major waste smcams nrc gcncrntcd n t  LPLMPF, including trash, 

targets, and bcam-line inserts, The dominant fonns of this wnstc icclude uctivatcd stecl, 
a1u;ninum. and g r a p h t e -  Thc rudio10,rrical characteristics of trash arc prot4dcd in Toblc 2 4 ,  

Based on similaritics bctwccn thc trnsh and the 0 t h  LLW gencrrntcd 3t LGWF, the 

fractional abundnnccs listed in Table 2-4 were assumed to  apply to all MAP genemtcd nt 

LLJIPF (Vold, 1995h The product of the abundances listed in the toblc and the specific 

acti\itics of the radionuclides >.iclds the activity of ench isotope gcncrntcd per gram of MAP. 
Somalizjng thcvc activitics jields the fractional abundnncc of cnch rndionuclide on an 
actitpity bas% (shown in Tublc 2-4). Thc acti\<ty fractional abcndnnccs wcre multiplied by 
the to:d 1Z;P :ictivity t o  dctcrmine thc radionuclide-specific nctitltics for that waste. 

Stlvcral rnntcrinl typcs have been uscd in the p u t  to dcscribc the LLW skipped for 
disposal or the TRU wusts placcd in storage, Each matcrial typc corrcvponds t o  specific 

radjcr,uclidc compositions, shown in  Table 2 4 .  Thcsc radionuclide nbundunccs were used 

to develop the Area G invcntov projections, klntcriol definitions for PU41, U72, GAMMA, 
C W P H ,  GRBETA, and TRU wcrc unovniInblc a t  thc time the Arc0 G inventory was 

prepared; thus, thcsc: matcrial types wcrc not included in  thc invcntory projcctions. 

Institutional control ovcr the h c a  G disposal facility will be maintained for n t  lcnvt 

100 ycars following the cnd of disposal opcrntions, During this pcriod, persons will be 
prcvcntcd from intruding onto thc site for extended periods and mcnsurcs will be takcn to 
maintain proper facility function. Conscqucntly, i t  is cxpoctcd that thcrc will be little or no 
porcnt id  for cxposurcs from radionuclides with short half-lives, 

Consistent with tkc prcccding discussion, the Area G invcntory ~ * n s  scrccncd to 
climinotc rrtdionuclidcs with short half-lives. In general, 011 rndionuclidco with half-livos of 

5 ycnrs or less wcrc rcmoved from thc djsposnl fncilIty inventory. Exceptions include 
shor,-livcd rodionucljdcv that dccny t o  one or more daughter products with hdf=livcs in 
cxccss of 5 years, and rndionuclidcs t h t  nrc dnughtcrs of parents with hnlf=livcs in excess 

of 5 ycrus. 

' 
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Tnblc 24,  Information used to d o c n t c  MAP activity. 

MXWS 

Be-7 3.OE-02 

Sn-22 LOE-0 1 

Mn-54 1.8E-01 
CO-57 12E-0 1 
CO-60 4.4E.01 

Zn-65 1.3E-01 

Radionuclide F r n c t i d  

Activity 
Conccntrntion 
in MAP (Ci/p, 

1.1E+04 
6.3E+02 
1.5E+03 
1.OE+03 

5.OE+02 
l.lE.cO3 

u. Source: Robcrts (1995). 
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Fractional 
Abundance 

(Activitx Etnsifi) 

6.9E-01 
4-1E-02 

9.53-02 
6.33-02 

3.33-02 
7.IE-02 



Material 
JhL 
m 4 4  
AM45 
D38 

GAMMA 
G W H  
GRBETA 
PU4 1 
PUd2 

PUS1 

PU52 

PUS3 

PUS4 

PUS5 

Am-241 
Am-243 
U-234 
U-235 
U-236 
U-238 

n 
1 

II 
1 

n 
n 

- 
-L 

Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Pu.244 
Pu-238 
Pu-239 
Pu-240 
Pu.241 
Pu-242 
Fu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Pu-238 
Pu-239 
Fu-240 
Pu-241 
Pu.242 
Pu-238 
Pu-239 
Pu-240 
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U18 

u21 

u22 

Tublc 2.5. Continued. 

PU5C 

PUS3 

TH88 
u10 

u11 

u12 

U 15 

Materid 
“vpc Tsoto9c.u 

Pu-241 
Pu-242 

PU56 Pu-238 
Pu-239 
Fu-240 
Pu-241 
Pu-242 
PU-238 
PU-239 
Pu-240 
PU-241 
Pu-242 
h - 2 3 s  
Pu-239 
Pu-240 
h-24 1 
Pu-242 
Th-232 
U-234 
U-235 
U-238 
U-234 
u-235 
U-238 
U-234 
U-235 
U-238 
u-234 
u-235 
U-238 
U-234 
U-235 
U-238 
u-234 
U-235 
U-238 
U-234 
u-235 
U-236 

Activiv 
Frnctian 
9.E-01 
1.OE-05 
&OE-03 
3.93-02 
2.9E-02 
9.3E-0 1 
1. IE-05 
2,7E-02 
LTE-02 
I, ’;E -02 
9.4E-01 
2.43-05 
9.9E-01 
5,OE-04 
1.9E-04 
1.a-02 
1.4E-0’7 
l.OE+OO 
5,OE-0 1 
2.B-02 
4,TE-O 1 
2.2E-01 
5.23-03 
’i.’iE-01 
2, f E - 0  1 
1.OE-02 
‘7.2E-01 
2.9E-01 
1.3E-02 
6.9E-OX 
4.1E-01 
2.4E-02 
5.6E-01 
4.6E-0 1 
2 .z -02  
5.Z-01 
5.1E-0 X 
3.1E-02 
1.6E-03 
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‘fnblc 2-5. Continued. 

U24 

u25 

U29 

u31 

U32 

u33 

u34 

u35 

U36 

Mnterial 
Tvpe TSotoDPs 

U-238 
U23 U-234 

U-235 
U-236 
U-238 
U-234 
U-235 
U-236 
U-238 
U.234 
u-235 
U.236 
U-238 
U-234 
U-235 
U-236 
U-238 
U-234 
U-235 
U-236 
U-238 
U-234 
U-235 
U-236 
U-238 
U-234 
U-235 
U-236 
u-238 
U-234 
U-235 
U-236 
U-238 
U-234 
U-235 
U-236 
U-238 
U-234 
U-235 

Activity 
_Fmcti on 
4.6F-01 
5.7E-01 
3.53-02 
4,1E-03 
3.9E-01 
6 3E-0 1 
3,8E-O2 
6,1E-03 
3.3E-01 
6.SE-01 
4.1E.02 
‘7.CE-03 
2.33-0 1 
7,’iE-0 1 
4.43-02 
9,5E-03 
1.8E-01 
8.OE-01 
4.4 E-02 
I.OE-02 
L5E-01 
8.6E-0 1 
4-43-02 
1.OE-02 
8-43-02 
9.1E-01 
4.1E-02 
9.1E-03 
3.63-02 
9.4E-0 1 
3 + 7E-02 
7.5E.03 
L5E-02 
9.5E-01 
3 5E-02 
6,5343 
823-03 
9 6E-0 I 
3,33-02 



u37 

U38 

u39 

u70 
u72 
us1 

Table 2-5. Continued. 

Material 
Type Tsotopea 

U-236 
U-238 
u-234 
U-235 
U-236 
U-238 
U-234 
u-235 
U-236 
u-238 
u-234 
U-235 
U-236 
U-238 
u-233 

U-234 
u-235 
U-238 

U - 

Activity 
F h C t i O D  

5.23-03 
ZOE-03 
9.6E-01 
3.1E-02 
4.3E-03 
7.OE-04 
9.33-01 
3.OE-02 
4,l.E-03 
2.8E-04 
9.X-01 
3.OE-02 
3.OE-03 
7.2E-05 
l.OE+OO 

a - 
5.1E-0 1 
2.2E-02 
4.7E-01 

0. Mntcriol type definitions were unnvnilnblc and were n o t  indudcd in the inventory 
pr oj cc tions. 



Scvcrnl tSTcs of LLIV arc expectcd t o  rcquirc disposal at Area G in the futurc. Thcsc 
include opcrationa! waste from ongoing ucti\+tic.s at  W, waste gcncmtcd from ER and 

D&D projects, and rcsiducs gcncmtcd from hlLLW trcntmcnt. The following sections briefly 
describe thcse types of waste and 2iscuss the methods used to project future Area G 
inventories of each. Section 2.2,1 uddrusecs operational W P S ~ G  Section 2.2.2 discusses ER 
and D&D wlnstc, and. Section 2,2,3 convidcrs rcsiducs gcncrntcd fiom MLLW trcntmcnt 

processes, Section 2.2,4 discusses thc nppronch uscd to  cstimata thc entire future inventov 

for h r c n  G, 

A 1;irgc portion of thc wustc disposed of a t  Arcn G in thc past has rcsultcd from 
normal opcrntions u t  thc various Tcchnicul Arcas ( T h )  nt LAP&, This waste is diverse, 
reflecting the uidc urruy of activities conductcd at LN\IZ. In gcncrnl, opcrntionnl wnstc 

requiring disposal u t  Arcu G in the futurc is expected to rcxmblo  that disposed of since 1990. 
Er.ccpt,jons will orisc, howcvcr, as LhiTL's mission cvolvcv in response to chnnghg rcscarch 

nccds and levels of funding. 

To cistimate the effect that changes in LANL's opcrations may hnvc upon operational 

wilstc chrrractcristics, it is ncccusary to idcntify the major gcncmtors of wasta nt WTL and 
cvaluntc thc potcn t i d  for opcrationnl changes a t  thcsc facilitics. Toward this end, scrccning 

calculntions w r e  conductcd t o  dctcrminc thc major gcncrators of LLW nt LANL bctwecn 
1990 and 1995, Thcsc scrccnin~; calculations wcre bnscd on the total volurnc, total ncti\<ty, 
and rndionuclidc-specific acti\<tics shippcd for divposnl during this pcriod. TAs whose waste 
shipments comprised 95 percent of the tutnl,volumc of waste disposed of ~t A ~ C R  G in onc or 
more y c u s  wcrc idcntifiad BS major gcnerntors of ~ a s t e .  A similar scrcen wns conductcd on 
the basis of thc total actixlty of wmtc disposed of bctwecn 1990 and 1995. All scrccning 
calculations w r c  bascd on thc tctnl m o u n t  of U W  disposcd of nt Arcn G; no distinction was 

mndc bctwccn wnstc buried in pits ond wnstc disposed of in shnfts. 
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Screening calculntions bnscd on the total activity of LLR- shipped for disposal may 
overlook TAs that ship wnstc ~ith low total activities but rclotivcly high acth$tics of specific 

ro&onuclidcu. To uvoid this potcntid owrsight, the wnstc diuposd database al.uo um 

screened with respect to  radionuclidc-specific a~t ivi ths,  TAs whose ~ m t c  shipments 
compriscd 95 pcrccnt of thc total rudionuclidc-spccific acti\<it?: disposed of n t  Axcn C in one 
or mora years bcnvecn 1990 and 1995 also wcre identified as major generators of UU'. Once 

again, scrccning calculations were boscd on the total amount of LLW disposed of in pits and 
shafts. 

Activities conductcd at LAXL arc g o u p d  according to function w;,th.in TAs. In 
gcnci-31, scvcral buildings or facilitics exist cnch TA, most of which gencrotc specific 
types ond quantities of waste. T h c  screening proccdurcs uscd to  identify major generators 
wcrC conductcd on thc basis of TAs, rather than thc indhidunl buildings or facilitics within 
cnch TA 

Once the major gcncrotors of LLW n t  W L  wcre identified, cstirnntcs of future levels 
of acti\+ty ut cuch werc dcvclopcd. Prograin and division managers for the TAs w w e  asked 
to identify operations that  gancrntcd LLW in thc past but arc no longcr active, and thosc that 

have gcncratcd LLW,in thc past and arc cxpcctcd t o  condnuc doing so in  the forcscenble 

fut,urc. Blonngcrs also wcrc asked to idcntif?! operations that DSC expcctcd to begin in the 
forcsceable fcture and gcncratc LLW, Finally, personnel familiar 1si:h thc overall operations 
of LANL werc qucstioned about futurc activities at thc various TAS, Adjustmcnts to the 
operational w*ustc invcntov wcrc mndc based on thc rcsponscs to thcse intcnicws. 

Thc projected opcrotional LLW invcntoyy was devclopcd based on the assumption that 

thc m s t c  gcncratcd in tho future by the TAY idcnrificd as major generators would rcscmble 
that  disposed of a t  Arm G bctwcen 1990 and 1995. Spccificdly, waste datu for this period 
werc analyzed to cstimotc avcrngc nnnunl total vohmcs, activities, nnd radionuclide 
activitics for cnch TA Scpnrnte projections were devclopcd for waste dispoacd of in pits nnd 

shafh. Thc cstimntcs dcvcloped for the TAs were summed to yield the total m n u d  averages 

for 011 LLW disposed of in pits and all wnste ploccd in shafts. These average waste 

charactcristies wcrc nsvuacd to rcmain constant O V C ~  the rcrnaindcr of the Area G disposal 

fncility's lifetime, 

- 
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Using historic disposal data to project future gcncmtion rates of high-octhlity tritium 
waste from LAS+?,,, tritim opcmtions is inapproprintc. T h e  disposal of w s t c  with high 

tritium acthitics WUY discontinued npprodmatcly G ycnrs ago t o  nllow thc udcquncy of the 
pockaging for this wnstc to bc cvnluntcd, While this cvnluntion has bccn complcted, t h e  

majority ofthc tritium W P S C C  backlog has not bccn shipped for disposal bccnuw the fcosibility 
ofrccovcring thc tritium from thc wustc is bcing nsscsscd. Most wnstc that did not contain 
hich activities of tritium wns ahippcd to Area G on n rcp lnr  basis over the last 6 years. 

Given the unique circumstances sumounding thc tritium u'astc, n combination of 
uppronchcs W;IS used to  cstimntc future disposal nctivitics nnd volumcs for this radionuclide. 
Disposal data for thc period spnnning 1990 to 1995 wcrc uscd t o  projcct future tritium 
disposal ratw for operations that continued ta ship wnstc for disposd during this time frame, 

Thc quantities of high-activity tritium wnstc currcntly in storngc wcrc estimated from dntn 
supplied by thc waste gcncrotors (Catlson, 1996; Martinez, 19961, Future waste gencrntion 
rows of the high-activity tritium waste w w c  cstimawd using gc?ncrator-supplicd infomn~on 

Olycrs, 19%). 

A portion of the 1990 to 1995 LLW dntn uscd to project future opcrntionnl wnstc 

invcnto~cs  rcprcacnts wasti? gcncrutcd during ER and D&D nctivitics. Bccausc projections 

of LLW gcnerotcd by ER and D&D activities wcrc dcvclopcd scpnrntcly, thc  ER and D&D 
wustc  rcprcscntcd in thc database was rcmcvcd to avoid double-counting this waste in the 
total hrcn G inventory?'. J3-Lilc it is cxtrcrncly dificult t o  extract all records for ER and D&D 
LLW from thc database, it is rcnsonoble to nssumc thnt ccrtain W ~ S ~ C  codcs or streams u p  

gcncretcd almost cxclusivcly LIS n rcsult of clcnnup activities. Thus, for the Arm G inventory, 

11 wastc strcnms were nssumcd t o  rcprcsent ER and DBD waste. 'Ilicss waste s t r c m s ,  

listed in Toblc 2-6, wcrc cxcludcd from the calculations of future opcrntionnl wastc3 

inventorics. 

2.2.2 ER :ind D&D LLW 

W'ustc gencrctcd from ER and D&D nctiviticcs nt LAJL gcncrnlly consists of soil, 
conmctc, asphnlt, metals, polyvinyl chloride (PVC) piping, nnd dcmolition debris. Scvcral 

sites or facilities art. scheduled to undergo ER or DBD in the foresccablo future. The waste 
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0 Tnblc 2-6. Wuste strcnms ossumcd to be gcncrntcd from ER and D%D activities. 

Pcaolcum-Contaminated Soil 
Combuvtibic Building Debris 
Non-Combustiblo Building Debris 
hsbcstos 

Asbestos-Contaminated Debris 
Bcr3.llium-Contadnntcd Debris 
PCB=Contnminntd Matcrids 
PCB-Contdnntcd Equipment 
PCS-Contaminated Soil 

PCB-Contominnted Concrctc 
Rp&o~ctivcly Contuminotcd Soil 

. 
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gcncmtcd by thcvc activitics is cxpcctcd to  include hELW, huznrdous waste, and LLW. 
Waste volumc projections dcvclopcd for thc low-lcvel eomponcnt of the ER and D&D wnsw 

bv thc ER Project Offcc (Mnuscn, 1996) wcre uscd for thc Arcn  G invcntov  projcctions. 

Thc Chemistry and Metallurgy Rcscuxh (CS’IR) faciliQ’ at LANL is undergoing an 
upgrade to bring i t  into complinncc with DOE Orders. The waste gcncmtcd during tho  
uppadc  was included in thc ER and D&:D portion of thc futurc inventory. Primary 

componcnts of the wastc include wiring, conduit, clectricnl panels, and other clcctricnl 
equipment. An nttcmpt is bcing mndc to  rccyclc itcms such na copper wiring; waste tha t  

cannot bc rccyclcd \vi11 be disposed of a t  Arcn  G. Volumc projcctions for thc CMR upgndc  
W I ~ S K C  provided by Kcnnicott (1996) wcrc uscd in thc k c n  G inventory projcctions, 

ER3VGoldcr (1995) dcvclopcd cstimatcs of tho MLLIV inventory for ER wnstc nt 

LLY’I,,. +X”hcsc estimntcs wcrc based on informntion on pawntin1 rclcnsc sitcs contnincd in 

the most rcccnt Operable Unit Rcsourcc Conscnpntion and Rccovery Act (RCRA) Fneility 
Investigation, i n t c n i c w  with formcr Opcrablc Unit Projcct Lcndcrs or othcr knowlcdgcablc 
tern1 mcmbvrs that  wcrc used t o  rcfinc information containcd in the work plans, and data 

from thc Facility for Information Zllanngcmcnt, Analysis, and Display (FDlAD) dabbnso. 
Thc first t w o  sources of information were used to dctcnninc potentid hELW sitcs, while +the 

FI?SAD datnbnsc w i l s  uscd to idcntifjt wnstc constituents, conccntrntions, nnd nctivitics. 

Thc r~dialogjcnl charlrctcrisGcs of the LLW to be gcncrntcd by ER nnd D&D uctivitics 

h m c  not bcen dcvclopcd. “!Ius, t o  cstimntc the contribution of this wastc to thc Arm G 
i n \ * c n t o ~ ,  it was assumcd that thc radionuclide conccntrations dcvclopcd by ERM/Goldcr 
(1995) for the mkcd ER waste npplp to thc ER and D&D LLW ns wcll. The projcctcd ER and 
D&D wasw inventory was nllocntcd among thc four wnstc forms used in the sourcc-tcrm 

modcling analysis, Bccausc detailed information on the forms of thc ER and D&D wnsts m d  
the proportion of each wns not nvni1oblc;it wn8 nssumcd that 50 pcrccnt of thc U W  
gcncmtcd bp thcvc nctivitics was r;urfcree-contmninntcd waste, Thc rcmnining wnstc WM 

nssumcd t o  consiat of cqunl proportions of contaminntcd soils nnd concrctc. 

The radiological chnrnctcristica of wmtc from thc futurc C M R  Upgndc wmtc  are 

lnrgcly unknown, Thus, it wn8 nssumcd that +he CMR upgrade waste hnd the s m e  

rndionuclidc conccntrntions ns the ER LLW diRcusscd nbovo, Thc entire inventory nasocintcd 
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0 with thc C X R  upgadc  wnstc was assigned to the surface-contaminnted umte form, 
consistcnt w5th the naturc of thc waste gcncrutcd from the u p p d c .  

2.2.3 hlLLW Rclsidups 

A variety of h U t V  strcnms arc in storngc or arc generated at UNL. Those w*astes 

e i s t  as solids, liquids, or comprcsscd gases. Thc solid waste includes oxidizers, reactive 
mcwjs, contvninatcd dcbris ond scrap metal, firing site dcbris, process rcsidunlu, 
contaminated ]cod shielding, decanturnination waste ond dcbris, and dewatered trcntmcnt 

sludges. Liquid and comprcsscd gas waste includes gas cylinders, ignjtnblc liquids, n a b ,  

C ~ I J Y ~ ~ C S ,  rcuctiivc liquids, anal>%ical laboratory waste, spent solvcnts. contaminated 

wastcwntcrs, mctals, photographic fLxr solutions, and chcmical products. Thc majority of 
thc MLLW is radiolo~cal ly  conmminatcd with plutonium or uranium. 

Prior to 1986, most of L9c MLLW gcneroted a t  U\% was disposcd of at the Area G 

disposnl faciliv. Howcvcr, sincc July 19S6, whcn thc EPA ufEinned i ts  nuthority over the 0 
regulation of the hazardous component of MUW, this ~ u t c  has been storcd. Since 1986, 
all containers of MLLW haw bccn tracked in nccordmcc with R C M  rccordkceping 
rcquircmcnts. 

Thc RCRA Land Disposal Rcstriction (LDR) rcquircs DOE sitcs to trcot hazardous 
wmtc (including thc hazardous componcnt of MLLW to certain standards bcforc disposul. 
Storage ofhnznrdous wnstc or h U I V  is gcncrally prohibited if thc waste does not mcct these 

LDR rcquircmcnts, The Fcdcral Faciliticv Complianec Act (FFCA), signed on October 6, 

1992, rcquircs DOE to prcpnre plans for dcvcloping the rcquircd trcntmcnt cnpncity for 
MLLIV storcd or gcncrntcd nt cach of its sites. 

In complinnce ~<th the  FFCA, &\T, issued ci Draft Site Treatment Plan (STP) that 
discusses thc prcfcrrcd options for m a t i n g  MLLW storcd or gcnerated at the tlitc CirCANz, 

1995). Trcntmcnt options wcrc idcntified for a number of waste strcams, several of which 
may result in thc gcncration of UW (h,, \s*nutc without any hazardous components). The 
fiscnl year 1995 updotc of this report has been issucd in draft form (LANL, 1996). Tho 
hZZLlV strcams discusscd in  thc tANL STP Update am listed in Table 2-7 with thcir 

a 
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Table 3-7. rMLI,W hecnms, trcntmcnt options, nnd inventories." 

Aqueous l%'astcs; 

Organic V?nstc 

H c n y  Metal Wastc 

C ynnidcs, Kitrn tes, 
Chmmatcs, and hrscnate8 

Biochcmicnl Laboratory Was& 

Bulk Oils 

Camprcsscd Gases: 

Cases Requiring Scrubbing 

Gnscs Rcquiring Osidation 
Other Compressed Gases 

Corrosivc Solutions 

Debris: 
Noncombus ti ble 

Combus ti ble 

Dcwntcrcd Trcntacnt Sludge 

Inorgunic Solid Oxidizers 

CAP/Evnporntive 
Oxi dn ti on 
Chcmicnl Plating 

Chemical Plating 

TBDC 

CAIbA3ydrothcmal 
Processing 

Caustic, Acid, or 
Watcr Scrubbing 

Gas Oxidation 
TBDC 

Chemical Plating 

Mncrocncopsulntion 

hfncroencapsulntion 
cub/ . 

Hydrothcrmd 
Proccssing 

1,7E+00 

1.9E+O0 

1.3E.01 

1.3E+00 

3.8E400 

3.33-01 

8.OE-02 
1.3E+00 

1.4E.cO0 

5.6E400 

1.4E.cOl 

2,SE+02 

2.OE-OL 

Annual 
Generation 

Rnte (m3/yrL 

1.OE-01 

2.OE-01 

2.OE-03 

1,OE-0 1 

G.OE-01 

2,OE-02 

2.02-02 
4-OE-01 

I.OE-01 

6.OE-01 

3.OE-01 

II 

LOE-02 
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Waste Strrnm 

IPA Wnstc 

Lcnd Wastes: 

Surface-Contaminated Lend 
ActivatedlTnscparablc Lend 

b u d  Requiring Sorting 

Lcnd Blankets 

Othcr Lend Waste 

Mcrcury Wastes: 

Elemental Mercury 

Othct Mercury Waste 

I\;onrndioaccivc/Suspcct Waste 

Organic Liquids: 
Xnlogcnotcd 

Non-Hdogenotcd 

PCB Waste with RCRA 
Cam poncnts 

Scintillntion Fluids 

Table 2-7. Continued. 

Volume in A n a U a l  
Preferred , Storage as of Generation 

Trcntmcnt Option 9/30/94 (m3) b t r  (m3/,1.) 

c 0 mmcra al 
Thermal Treatment 

Decontamination 
Macroencapsulation 

Sort Based on 
Trentmcnt 

1 Commcrcial 
Stabilization 

TBDC 

Amnlgomn tion 

TBDC 

Sort, S u n ~ y ,  and 
D ccon tnmi no tc 

CAlb/Hgdrothcmd 
Processing 

Cub/Hydrothemd 
Processing 

Commcrcinl 
Thermal 'hamcnt  

1.6E+01 

5.6E+01 
1.6E+01 
l.OE+Ol 

7.4E-01 

5.1E+01 

5.OE-01 

I ,6E+0 1 

1.4E+01 

1.SE+O1 

1,4E+01 

'7.4E-01 

2.5E.cOO 

3.OE-03 

2.5E+00 
2.OE-01 
O,OE+00 

4.OE-02 

Z.OE* 0 0 

LOE-02 

5.lE+OO 

1,9E+00 

l.lE*OO 

2.OE+00 

4.OE-02 

8.OE-01 

a 

e 

e 



Tnblc 2.7. Continuad. 

Wnstp Strenm 

Soils: 

Contaminotcd with Hcnvy 
Mctnls 
Cornbustiblc, Contaminotcd 
with Organics 

ER Soils 

Son-Cornbustiblc, 
Contaminated with Orgnnics 

Water-Reactive Waste 

Totals 

Prcfcrrcd 
Trcn tm cnt Option 

Coameranl 
stabilization 
cAlhmcmAl 
Dcsorption 

C o m c r a d  
stabilization 

Thermal Dcsorption 

Controlled Reaction 
with Water 

a. Sourcc: &YL, 1996. 
b. CAI = controlled-air inancration, 
C, TBD = to  bc dctcrmincd. 

3.9E.t.01 

7.8E+00 

6,OE+00 

6.1E+02 

4.OE-01 

l , r iE40 

I., 3E+0 1 

1.6E.cOO 

4.OE-02 

3.5E+01 
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cstimntcd invcntorics and tho qunntitics of wmtc projected to be gencmted between fiscal 
ycnrs 1996 and 2000, 

i b i l c  trcntmcnt options continue t o  be dcvclopsd for the MLLW s t r c a m ~  ut LAM,, 
the prcfcrrcd option for dcnling ~4th thcsc w t s t c s  is to trcnt and dispose of them off site, 
This option is made possiblc by tho incrcnscd wailabiliv of comc&al trcatmcnt and 

disposnl capacity and thc dcvclopmcnt of trcatmcnt facilities at other DOE sites, Under this 
prcfcrrcd option, W would continue to develop mobile treatment units only aftcr it 
dctermincs that  no offsitc altcrnotivcs exist for treating and disposing of the rcsidues. 

Tlic quantity of LLW gcneratcd bl* the trcntmcnt of h U W  and requiring disp~snl at 
Area G is cxpcctcd to be smnll, assuming thc prcfcrrcd option of using offsitc treatment and 
disposal facilities is implemcntcd. Conscqucntlp, this waste was not included in the Arca G 
iavcntory projections. 

A waste st rodm that is currcntly being stored as .mixed waste and which is not 
included in Table 2-7 is uranium  chip^ nnd turnings, This wostc is currcntly being stored 
in dicscl fuel in 0,1-m3 drums placed in 0,2-m3 ovarpncks, Additional chips ond turnings are 
expected to  bc gcnerated on a regular basis in thc future. Current plans call for trcnting this 
wastc, stabilizing it in a clay matrix, and disposing of i t  in Arca G. Consequently, this w m t e  

must bc aceountcd for in the projected inventory. 

Rojcctionu of future uranium chip waste invcntorics were based the quantities of 
wastc currcntly in storage and cstimntcs of future levels of activity in thc shops that 

generate the mntcrid. Volumcs and nctivitics of t he  waste in storngc were taken from the 

suorage database for thc wastc stream (Brazcnger, 1996). Quantities of \vnste cxpccted to be 
gcncrntcd in thc future wcrc provided by Wodgcs (1996a, 1996b). The waste activity w m  

nllocnted among the various uranium isotopes using the allocation factors for the matend 

typc D-38 (shown in Table 2-51, 
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22.4 Totnl Future Tnwntorv 

The rota1 umount of LLW that will bc disposed of at Arcn G will bc n function of the 
rnte at which wnstc is gcncratcd and the disposal capacity of the disposal facility. 
Scctions 2.2.1 through 2 2 3  discuss thc projcctcd rates of LLW gcncrntion. This  section 

discusvcs tlic disposal capacity of thc Area G disposal facility. 

Thc LLW disposal facility at  Arcu G is quickly npprouching ita cnpncity. Thc wnste 
disposal capacity remaining nt thc cnd of fiscal year 1995 was npproximntcly 23,000 m3. h 
additional pit has bcm cxcnvntcd within the arcn alrcndy rcsenvd for disposnl, and cuncnt 
plans call for cxcawting onc mom. With thcse ndditionnl pits, tho disposal facility is 

cxpcctcd to  be nblc to accommodatc routinc, ER, and D&D LLW into thc curly part of fiscal 
p x r  2001. 

An Environrncntcll hsscxsmcnt (EA) for thc expansion of thc Arcn G LLW disposal 

facility was prcpnrcd in J n n u u q  1994 (LLN,, 1994). Thc EA identified n proposcd nction 
and scvcral 31tPrnntive.j for dcnling with thc impending shortage of disposal capacity. Thc 
proposcd action culled for thc expansion of Arcn G and modifiutions in wnstc mnnugcmcnt 
and disposal practiccs. 'Under the proposod action, disposal opamtions would expand to 
approximately 28 additional hcctsrcs an Mcsita dcl Bucy, incrcnaing disposal capacity by 
approximatcly 600,000 m3. Later plans called for cxpanding the disposal faciliry by only 

2 ha. Thc incrcnsc in disposal c3pncit.v duc  to cxpnnsion would be complcmcntcd by :he 
.permitting and  operation of o 200-ton supcrcompoctor, 

The L W L  Site-Wide Environmcntal Impact Stntcmcnt (SWEXS), currcntly in 

prcparotion, cxamincs a number of options regarding thc Icvcl of future operations nt LAM,. 
If implcmcnted, :hew altCmotivcs would influence thc qunntitics of wuetc gcncrated and, 
hence, the disposal demands placed on Arca G. Thcrcforc, while construction of the 
compactor has procccdcd, cxpnnsion plans a t  Area G hnvc bccn postponcd until thc  SWIS 
is complctcd in fiscal ycur 1997. 

At the time the inventory projections wcrc dcvclopcd, it was unclear whether the 
Arca G disposal facility would bc cxpnndcd to ncccpt m o w  LLW nnd, if so, to whnt cxtcnt 
expansion would be pursued. Thus, to maximize thc utility of tho Arcn G pcrformmcc 
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assessment for future LLW disposal opcmtions o t  t h e  WL, it wag assumed that the 

disposal facility will c a n t h e  t o  acccpt wnstc though thc YCU 2044. This operationd period 
was choscn bccausc it is c,upcctcd to bc mcnablc t o  41 future LLW disposal needs nt  LAN,, 

In summary, the total projected invcntxq for thc Arcn G pcrformnnce asscssmcnt and 
composite analysis was calculated based on tbc ussumption that the facility will rcrnain 
opcratianal through 2044. The annual opcrationd wnstc projections for pits and shafts were 

multiplied by 49, the number of ycars bctwccn 1996 and 2044, to occount for the t o ta l  

invcntov of wostc placed in thcsc units. AI1 El3 and DS;D U W  projected t o  require disposal 
w ~ y  assurncd to be buxicd at Arcn G bcenusc the nctivitics rcsponsiblc for this waste me 

cxpectcd to be cornpletcd well before chc ycnt 2044, 
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3. AREA G I"ORY' PROJECTIONS 

"his chaptcr presents the &cu G invcntory projections dcveloped using the 
methodology described in Chnptcr 2. Characteristics of historic wnstc (disposed of between 

. 
i 

1957 2nd the cnd of 1995) arc discussed in Section 3,l. Future LLW projections are provided 

in Section 3.2. 

3.1 RTSTORTC WAS"E 

This section presents thc l&xmic A=cn G invcntory in t c r m ~  of thrcc waste tiisposd 
periods: (1) thc period from the opening of tho Arcn G dispovnl facility through 1970, (2) the 
period from thc beginning of 1,971 through Septcmbcr 25, 1988, and 13) thc period from 
Scptcmbcr 26,1988, through the end of 1995. Scpmate inventories were prcpnrcd for thme 
periods for two reasons. First, as discussed in Section 2.1, +*he m o u n t  of dctailcd data 

available for chunctcrizing thc historic waste differs dramatically bcwccn t h c  pre-1971 and 
1971 to  1995 periods. Maintaining the identities of thc prc-1971 nnd 1971 t o  1995 
invcntorics permits cvnluation of thc unccrhntics inhcrcnt in cnch invcntoxy. Second, DOE 
Order 5 8 2 0 , U  applies to waste disposed of on or oficr Scptcmbcr 26, 1988. Consequantly, 

separate invcntorks (i.c., wostc disposed of through Septcmbcr 25,1988, and wastc disposed 
of thcrcaftcr) must be dcvclopcd to dcmonstrate compliance with tho Order. 

Section 3 , l - l  charactcrizes thc waste disposed of from the t ime  thc Area G disposd 

facility began accepting waste through 1970. Sections 3,1,2 and 3,1,3 present t h c  invcntorjzs 
for the pcriods from 1971 to Scptcmbcr 2 5 ,  1988, and Scptcmbcr 26, 1988, to  1995, 
rcspcctively. 
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3.1.1 Prr-1971 Inventow 

As discussed in Section 2.1, datn from thc LANL LLW disposal and TRU waste 

daubnscs were uscd t o  chmactenzc the waste disposd of at Area G prior to 1971. The 
periods f r o n  which data were drnwn tc charncknze this waste are 1971 through 1977 for the 
disposal pits and 1971 through 1975 for the shafts. Thcse pcnods were chosen based on 

evaluations of the disposal and storage p n t t c m  between 1971 and 1995 and cFlmges in 
disposal practices at  M Z  during this pcriod. The results of thcse cvduntions are discussed 
in the follo\t.ing porngnphs. 

"be volumcs and activities of LLW disposed of nt k c n  G bctween 1971 and 1995 nre 

shown in Figures 3-1 and 3-2, respectively, for the disposnl pits and shafts. Pit and shaft 
disposal volumes ranged ovcr an ordcr of magnitude during this pcriod; the majority of the 

waste, on n volumc basis, was placed in the pits. Disposal ~ C t i V i t i ~ ~  between 1971 and 1995 
were much more variable, ranging ovcr scvcrd orders of magnitude, The disposal shafts 
received most of thc dctitity disposed of at h e n  G. 

The sensithity of the prc-1971 waste characteristics to the amount of data used in 
making these cstimntes w*3s evnluated as an aid in selecting a suitable period for 
extrapolation, Avcrngc nnnud  disposal volumes and octivities w r o  cdculntcd for pits acd 
shafts for cnch y c m  fiom 2971 t o  1995. Thcse avcrngcv wcrc based on thc disposal data for 

all prcccding ycws he., from 1971 through t he  ycnr in question). For cxnmple, the nnnud 
averages for 1973 W C ~ C  based on disposal data for 1971 through 1973, while the averages for 
1980 took into account data for 1971 through 1980. Standard detliotions were also colcdatcd 

for rhc subsct of data used to dctcrminc annual avcmges. The results of these cdculntions 

are shown in Figures 3-3 and 3-4 for LLW disposd volumes and activities, respectively. 

Fiyrc  3-3 shows that the average *annual volumes of U W  disposed of in pits at 

k c a  C arc rclntivcly constant, rcgudlcss of the length of time over which the average is 
cnlculatcd (Figurc 3-31, Botwecn 1972 and 1975, tho avcmge volume of waste disposed of 
incrcnzlcs from about 4,000 m3 t o  6,000 m3, and remains ot that level until 1983. Tbe 
gradual dcclinc in nvcrogc disposal volumc after 1982 rofl e& the domnwmd trend in w*nste 

disposal volumcs scen in Figure 3-1. This dcclinc is moderated by t he  increasingly greater 

numbor of y c m  included in the calculations of nvcrage volume. Tho average ahnft disposal 
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volume is rclativcly constant until 1981. a t  which point o. g n d u n l  incrcnsc begins, This _ .  
increase corresponds to the elcvatcd rates of disposal o c c h n g  from 1981 to 198'; 1 .  

(Figure 3-11, .,. 

Figure 3-4 shows that the avcragc annual ucthl ty  of UJv disposed of in pits rcmnins 

rclntivcly constant bct-rvccn 1971 and 1978, but increases sharply in  1979 duc to the disposal 
of Iargc! activities of H-3, co-60, Sr-89, and h W .  Tho avcmgc activities decline slowly 

thereafter as  disposal activiitics return to mora nomnl levels (see F i p c  3-21, Thc cffcct of 
waste disposal in 1979 on the n\*ern,qe nctivitics, howcvcr, is cvjdcnt for the remainder of the 
1971 t o  1995 period. Average shaft octhiitics rise nlmost on ordcr of m q n i t u d c  as the pcriod 

undcr considcradon extends from 1971 t a  1978. The overage rcmnins rclotiwly constant 
u3tiI  about 1983, at which point it riscs grndunlly, 

' 

*: 
* 1% 

T h c  rolumcs and activjticv of TRU waste disposed of or plnccd in storngc nt Arm G 

betwccn 1971 and 1995 arc shown in Figure 3-5. Aa shown, wastc volumes mngc over about 

an ordcr  of m a p i t u d c  during thc period; acthitics range OVCT almost. three ordcrs of 
m o p i t u d c .  Thc nvemga volumes of TRU wastc disposcd of or plnccd in storngc increosc in 
thc earl? and  late 1970s (sce Figure 3-61, rcmdning  rclntivcly constant thcrcilftcr, Average 
TRU w m t c  activiticu rivc dramatically through 1974 and rcmnin rclotivaly constant 

thcrcaftcr iFigurc 3 - 7 ,  

Based on the d:i:a prcscntcd above and other considcrntions, the pcriod from 1971 
through 1977 was chosen for estimating the prc-1971 waste charnctcristics for wnstc plnccd 

in  disposal pits. Thc startjng point of 19'71 was chosen bccnuac M T s  opcrations during 

that ycar most closely rcscmblc those that gcnernted wustc prior to  that timc. Thc quantity 
of TRU w m c  plnccd in storzgc, and thc rn&onuclidc concentrations in  tho waste, incrcnsc 

substantially in the lntc 1970s and carly 1980~~ Consequently, use of P longcr cxtropolotion 
period would incrcnse thc divcrgcncc between thc cxtrnpolntcd TRU woste inventory nnc? the 

uctud wastc disposed of prior t o  1971. T h o  19'71 to  1977 cxtrapolation pcriod itl 

advantagcow in tha t  it excludes a number of unique wostr? strcnms nssocintcd with D&D and 
startup nctik5tics n t  LAXL, including thc decommissioning of thc TA-21 plutonium fncilitics . 
und the startup of TA-55. 'ER period also gcncr~rlly prcdntcs R number of changes in 
disposal opcrntions a t  Axcn G, including thc implcmcntation of wnstc compaction in 1977 and 
the cnd of MLLW disposnl in thc mid-1980s. 
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A five-yuur period cstcndiing fron 1971 through 1975 was used for chmactcrizing the 

prc-1971 w s t c  placcd in shafts, In gcncrnl, the chxactcristics and qunntitics of waste 

djsposcd of in shafts batwccn 1971 and 1975 UC cxpcctcd to rcscmblc those of &c wnste 

ploccd in the shafts from 1966 to  1970 (Jl"nm~n, 19961, Ending thc cxtmpolntion period in 
1975 appears prudent bccnusc! it cxcludcs the much highcr djsposd ratcv obscnvd in 1976 

.. . 

.I :' 

and subscqucn: years. 

TIC data uscd for cstimnting the pro-1971 pit and shaft inventories wcrc cxnmincd 
t o  identify, t o  the extent passiblo, non-routine or spccid Cnsc wnstc. Bascd on this analysis, 
the following w'ostcu wcrc climinntcd from thc LLW nnd TRU wnatc d a b  used t o  cstimnte 
the prc-1971 inventory. 

tU wastc gcncrntcd a t  TA-53, the LXWF, This wnstc was cxcludcd 
bccuusc the M W F  bcgnn operations in Junc 1972. 

LLW and small amounts of TRU wuxte gcneroted from townsite (TA-1) 
clcnnup activities in thc mid-1970s. This ~ * m t ~  W ~ S  cxcludcd bccnusc 
similar activities did not occur pnor to 1971, 

LLW gcnerntcd from the rcmovnl of thc  ncid scwcr system in 1977. Thirr 
waste was cxcludcd bccnusc similar activities did not occur pnor to 1971. 

IIigh-octivity Pu-238 and U-233 wnstc gvncrtltcd 3t TA-21 and stored in 
trcnchcs A through C. Thc Pug238 wnste wus shipped to thc Suvnnnih 
Rivcr Sitc (SRS) for disposal prior to 1974. \Nhcn the SRS stopped 
acccpting thc wastc, it  was rctricvablg storcd in trcnchcs at Arca G. &\I 
did not rcceivc npproval t o  dispose of thc U-233 wnstc until nftcr 1971, 
Bccausc thew wnstcs wcrc rctricvobly storcd, they WTC excluded fiom the 
csrimatcv of thc prc-1971 inventory. 

Tbc estimntcd qunntitics of wnstc disposed of a t  Arca G pnor to 1971 arc listcd in 
Table 3-1 for pits und shnfts. Separate invcntoncs arc listed for wnctc projections that wcm 

b o d  on LLW diuposnl rccords and for wastc dcrivc.3 from the TRU wask dotnbmc. I W c  

Pits I; ond 6 rccoivcd waste prior to nnd following thc start of 1971, the p c o t c s t  volumc of 
wnstc was buried bcforc 1971. For convcnicacc, a11 of thc wnstc plnccd in thcsc units is 

included in thc prc-1971 invcntov. The dnto listcd in  Toble 3-1 include thc waste inventory 
dcvelopcd using thc c.xtrapolation method and the waste for which disposal rccords edst. 

- 
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Table 3-1. Total prc-19Sl hvcntory volumc and activity projections. 

4AE-01 O.OE-00 

5.3E-01 5.3E+O1 

LI. NI disposul uctivitics listed in thc datu wed to projcct pr-1971 inventories werc zcm, 
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hdionuclidc.r;pcafic i nven tdcs  arc listcd in Tables 3-3 and 3.3 for pits and shafts, 
respectivcl}*, for the four wnstc forms discussed carlier. ' h c  wastc volumes listed in the 
tables rcprcscnt the quantity of waste contaminated with cach rndionuclidc. Becausc gcvcrd 

radionuclides may occur in a single waste pnckngc, thc sum of these volumes is greater than 

the total volume of waste disposcd of in thc pits nnd shafts. 

Thc rndionuclidc uctiviitics listcd in Tables 3-2and 3-3 rcprcscnt asdnposcd acthltics 

and include contributions from hWP, MFP, and the motcnal types cliscusscd in Section 2.1. 
The radionuclides listed h a w  hdf-Lvcs grcntcr than 5 pars  or hnvc parents or daughters 
is*ith half-livcs grcotcr than 5 ycnrs. Thc radianuclidcs climinntcd from the invcntory 

projcctims based on holfalifc nrc listcd in Appendix A. 

Limited quantities of waste listcd in the 'l'RU waste database were disposed of 

non-rctricvably in Pit 6, Table 3 4  lists the totd volume, total activity, and 
radionuclide-specific invcntorhs for the wnstc in this pit, This iLformntion is includcd in the 

data prcscntcd in Tables 3-1 through 3.3, 

Using 1971 LO 1977 waste data t o  infer thc quantities and chnmctcristics of thc waste 

placed in hrcn G prior to 2971 ovcrlooks wostc that wns not disposed of during the 
cxtrnpolntion period. It is practically impossible to idcntify a11 unique disposnl cvcnts nt 

, k c 3  G bcforc 1971. HowCver, Wnlrcn (1980) has idcntificd scvcrd such cvcnts that involved 
lnrgc qunntitics of specific rndionuclidus and wllicfi wcrc not captured by thc extrapolation 

process, Thcsc cvcnts arc s u m a r i z c d  in Table 3-5. 

Based on thc information prcscnted in Tnblc 3-5, wnstc data wcre added t o  thc 
cxtrapolntion-bawd imcntoly projections. Thc waste form, total volumc, total activity, and 
rndiologicul chnructcrivticv of the wnstc rcprcscntcd by thcsc additions are listcd in Table 3-6 
nnd arc included in Tnblcs 3-1 through 3-3; T h c ~ c  odditions were b u d  on n number of 
nusumptions, The sludge gcncrntcd bctwccn 1952 and 1967 was nssumcd to be dispoacd of 
nt h c n s  C and G in equnl amounb becnuac the Area G pits did not receive routine 
opcrationnl w s t c  until the late 1950s. The 585 cquivalcnt grnm~s of Pu indicated for this 
wnstc WCFC not includcd bccnuse it was unclenr as t o  how to intarprct this cntry. All of the 
ccmcnt paste disposed of bctwecn 1959 and 1968 was nssumcd to bc? plnccd in pits at Arcn G, 

I 

I 

* a  

, 
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Tnblc 3-2. Pre-I971 radionuclide hvcntory projections for h c a  G pits, 
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3.?E+03 
3.2El.03 
1.5E+03 
32E+03 
3.2E+03 
32J+03 
3.2E+03 
3,2E*03 
3.2E+03 
3.2E*03 
5.5E-01 
3.23+03 
9,5E*03 
2.OE+04 
1.7E+03 
l.fE*03 
LYE-03 
3.ZE+03 
3.2E+03 
3.2E+03 
3.2E+03 
3,33+03 
3.3503 
3.2E.cO3 
3.23*03 
3,32+03 
1.9B-02 
5.4Ee00 

2.lE*oo 
4.4E+01 
7.6E-01 
8.7E* 00 
L4E-03 
2.Z-03 
1.5E.02 
1.CE-03 
8,73-03 
4.0E-04 
1.5E+01 
1.4E-05 
4.8E+OO 
1.4E+00 
3.7E*00 
3 9E-03 
Z . f E + O O  
2.6E-05 
4.7B-04 
2.3E*01 
f.GE.03 
1.5E41 
4.3E.05 
4.5E.02 
3.9E43 
6-53-05 
4,2E+03 
1.8E+03 
4.5E+02 
8.1E*03 
4.9E42 
4.3E-05 
3JE-06 
L Z 0 9  
1.2E+OO 
3,OE*OI 
4.3&02 
29892 
3 . 5 m  
4.33.03 
1.6E41 
1.X-03 

e 

e 

0 
3-14 



Wn wtr Fo&d ianuel idc 
U-234 
u.235 
U.236 
U.238 
Zr.93 

Sail 
Cog60 
Pu-238 
Pu.239 
Th-232 
u-234 
u.235 
U-238 

I_ 

Rulk.Cantnminntod WrintP 
Ccr60 

Table 3-2. Continued. 

Volume Activity Volume Activity Volume 
(ms) rei) ImY) (rl) , .  (m9 

7.3E+01 ?,fl+oo 7,3E+Ol 

I,OE+01 9.6E.05 l.OE+Ol 
1.3E+04 93E.00 1.3E.cO4 

- 
1dE+04 4.6E-01 1.3E+02 1.DE-04 1.8E+04 

3.1E+03 3,6E-07 2.5.E+01 4.8E-04 3.2E+03 

1.9E-01 2.8E.04 1.9E.01 
2.43+03 3.E-01 2,43+03 

d.9E-03 1.9E-04 4.9E-03 
5.7E-01 4.2E-01 6.TEg01 
2.4E+03 1.7E-02 2.4E+03 
1,3E+03 I . l E + O O  1.3E+03 

4.Z-03 3,4E-02 4.5E*00 3.7E+Ol 4.2E*03 

1.3E-03 7.2E-01 2,GE+03 2.2E+03 3.9E+03 
1.9E-01 2.8E-04 ME-01 
2.GE+03 4.OE+02 1.9E+02 1,7E+02 2.8E.cO3 
4,3E+03 4.5E+00 3.OE43 7.SE.cOl 7.3E+03 

2.5E*03 6.2E+00 2,GE+03 
1,OE+03 3.1E-03 4,9E*01 6.4E-05 2.OE43 

3-15 

Activhty 
ICI) 

?.?E+OO 
4.6E-01 
9,6E-05 
9.3E*00 

- 

4 JE-04 

L8E-04 
3.lE*01 
3.7E*Ql 
1.9E-04 
4,2E*OX 
1,7E=o2 
l . l E + O O  

2.2E+03 
2.83.04 
5,7E+02 
8 .OE+O 1 
6.2E+00 
3.56903 

2.6E-03 



Tnblc 33. Prc-1971 radionuclide inventory projcctionr; for hrca G shdts. 

AplO8rn 
Am24 1 
Bn.133 
c-14 
Cd=113m 
Cf.252 
Cm-244 
Co-60 
Cs-135 

Dy.154 
C8-137 

Eu-152 
Eu-154 
Gd-148 
Gd-150 
H9 
1-129 
Kr-8 1 
b 8 5  
LP.137 
Mo-93 
%92 
n - 9 4  
sp.237 
Pd.107 
Pu-238 
Pu.239 
Pu-240 
PU-241 
Pu-242 
SO.79 
Sm-146 
Sm.147 
Sm-151 
Sr-90 
Tb-157 
Tb-158 
Tc.97 
Tc.99 
Th-232 
U-232 
U-233 
U.234 

2.OE+00 
8,8E+00 
3.4E.01 
8.8E+00 
2.3E41 
3,8E41 
d,4E+00 
8,AE+00 
9.2E+00 
8,8E+00 
8.8E+00 
8.8Et00 
8,8€+00 
8.8E+00 
4.5E+01 
8.8E+00 
8.8E+00 
8,8Et00 
8,8E*00 
8.8€+00 
8.8E+00 
8.8E+00 
4.6392 
8.8E*00 
1,dE+01 
4.8E+01 

2,8E903 

8,8E+00 
8.8E+00 
8.8E+00 
8,8E+00 
8.0E+00 
$.8E+00 
8.8E+00 
8.8E+00 
8.8E+00 
2.7341 
3.8343 
3,6391 
2.9E+00 

3,4698 
6.;E+Ol 
LOE-02 

';.7E+OO 
5.5E*01 
1.9E.01 
1.2Eto1 
3.5E.0.0 
1.3E*01 
1.2E-05 
4.3E+00 
l.=E+OO 
3.3E+00 
3,4 E.05 
3,46+04 
2.3E-05 
4.E-04 
2.OE+01 
6.7E-03 
1,3E=01 
4.OE-05 
4 .OE-02 
'7.l.E-05 
5,7E-00 
;.9E9O1 
1.3E+00 

7,3E*01 

3,8E*05 
3 I 1E46 

1,OE*00 
2.6E+OI 
3.8E02 
1.6E-02 
3.1E44 
3,8343 
1.lELo2 
2.lE-01 
4.OE*00 
L9E.02 

2.4E-09 

1,OE+00 

l.OE+OO 

l.OE+OO 
l.OE+OO 
l.OE+OO 
1.OE+00 
1.0&+00 
LOE+OO 
l.OE+OO 

l.OE+OO 
1.OE-00 
l.OE+OO 
l.OE+OO 
l ,OE+OO 
l.OE+OO 
l.OE+OO 

l.OE+OO 
1.9E.02 
1.2E+00 
3,8E-03 
3AE-03 
3dB-03 
l.OE*OO 
1,OE*00 
l.OE+OO 
1.OE.00 
1,OE+00 
l.OE+OO 
l.OE+OO 
l.OE*OO 
1.OE+00 

1.n-02 

5.7E*OI 

6.5E+00 

2.9E-& 
l.lE+Ol 
LOE=05 
3.6E+00 
l.OE+OO 
2.7E+oo 
2.9E.05 

1.9E-05 
3.5E-04 
1.7E *O 1 
5.6E-03 
1.lE-01 
3.4E-05 
3.43-02 

4.8E-05 
3.OE-01 
d.9E*01 
1,OE+00 
1,5E+01 
5A3E-05 
3.2E-05 
2.GE-06 
LOE-09 
8.8E-01 
2.2E+o1 
3.2392 
1.4E-02 
2.6E-04 
3.3343 

2.1342 

2.OE*00 
9.8E+00 
3.4 E-01 
9.8E-00 
2.3341 

4.4E*00 
9.8E+00 
1,OE+01 
9.8E+00 
9.8E+00 
9,8E+00 
9.8E+00 
9,8&*00 
4.5E*01 
9,8E+00 
9.8E+00 
9.8E*OO 
9.83+00 
9,8E+00 
9.8E+00 
9.8E40 

9.8E+00 
l,4E+Ol 
4.9&+01 
3.8393 
6.6693 
3.8893 
9.8E+O0 
9.8E+00 
9.8E+00 
9.8E40 
9.8E+00 
9.8E40 
9.8E+00 
9.8E*00 
9.8E*00 
2.7341 
3,8E63 
3.6E-01 
2.9E+00 

3.8E-01 

Ir.GE-02 

3.4608 
l . S * O ?  
1.OE-02 
1,4E+01 
5.5E+01 
1.9E-01 
1.2E*o1 
6.4- 
2.3E*01 
2.3395 
7.8E+00 
25*00 
6,OE*00 
6.3E.05 
3.4E+04 
4.3E-05 
'7.GE=# 
3.7E+01 
1.22-02 
2.5391 
7.4345 
7.4E42 
7,lE*O5 
1.OE-04 
l . I E + O O  
5.OE*01 
l.OE*OO 
l.GE+Ol 
S.SE-05 
7.OE-05 
5.z-06 
d.SE-09 
1.9E+00 
4,8E+OI 
7.0E42 
3.0E-02 
5 . m  
6.9393 
1 . m 2  
2.lE-01 
4.OE*00 
d.9E42 
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llulk.Contnminnted m'nmtr 
Co-GO 6,3E*Oi l,EE+OO 
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. 

0 TubIc 34. Quuntitics sand radiological chnractcritdics of TRU waste that was 
non-retricvobly dihposcd of in Pit 6. 

Dihp0h.d Dihrpownl 
Wnd-te Pnrrrmt-tcrr Volume (m3) Activkv !Ci\ 

Wnstc Form Totnls 

Surfncc-Contaminated Wnvto 

Soils 
Concrete and Sludges 

Bulk-Contaminated Wnstc 

1,9E.c01 6.OE+O 1 

Rnd ionucl idr-Sprci fie Tnvcn torjes 

Pu-23s 1,9E+01 
fu-239 1.9E.cOl 

5,7E+OX 
3,6E+OO 
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1)ntc of 
Disposnl 

1952-1 967 

1959-1968 

195 1-1963 kJ 
w 
(D 

1960 

Qu mi t i t irs o I 1) is 11 o sed It  ndio 11 tic1 i d cs (E 1 

I)ispnsnl I l i  sposnl 
t h e n  Units 1’18 Am-2-41 U-233 0 1 II c r  Comments 

c, c; i’ils 3.4Et02 585 Over 3,000 55-gal drums containing 
equivalent 

g I’u 
weapons-grade Pu disposed of RS 

sludge; generated by tlic TA-21 
treatment plnnt 

c, G Pits 7:1).:+02 G.GE+02 6.5E+02 Approximately 1 1,€!00 55-gal drums 
of weapons-grndc materinl disposed 
of as cement pastc 

C , G  . Pits NtA-‘ N/Aa NlA” Sludge in 55-gd drums from TA-45 
treatment plant 

drums containing sand from TA-21 
decon trimination activities 

Q Pit 1 6.0E t 02 Approximately 30 to 4 0  30-gal 

a. N/A indicates that data were unavaihble. 



Total Total 
Volume Activity Rvdionuclide 

Wnrrtc Wnwtc, Form (mJl (Ci, bdinnuc.lidr Artiviw (Cjl 

1952.196; Sludge ConcrctdSludge 3,1E*02 l.OE+Ol h.239 1,OE+01 

1959.19C8 Cement Pilstc ConcrctclSlud~,a 2.53+03 2.2E+03 Am-241 2. E+03 

PU-239 4.5E+Ol 

u-233 6.2E+00 
1960 Soil Soil d,5E*Q0 3,7E*01 h.239 3.7E-01 
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a 

0 

a 

although small quantitics of it wcrc probnbly plnccd in k e n  C pits. Finally, all Pu 

inventarics Iistcd in Tabla 3-5 were assumed to be Pu-239 (Warren, 19961, 

3.1.2 1971 to !+ptcrnhw 25, lf lR8, Tnvcntorv 

Twcnt>*-fivc pits and ovcr 140 shafts wcrc used tu dispose of U W  nt  Arc0 G vetween 
1971 and Scptcrnbcr 25, 1985, Thc total volumcs and nctivitics of U W  placed in these 

disposal units during th is  period arc listed in Toblo 3-7 for thc four wnstc forms described 
c:urlicr, Individual totals arc rcportcd for C P C ~  pit, whilc invcntorics arc  summcd over the 

shafts. 

discussed in Section 3.1.2, thc wnstc disposed ofin Pits 5 and 6 is included in tho 

prc-1971 dispavd pcriod for conv'cnicncc. l?lilc these pits rcccivcd waste prior t o  and 
following 1971, thc grcatcst volume of rnntcriol W ~ Y  buried bcforc 1971. In addition, one 
shipment. of waste was placed in Pit 32 aftcr September 25, 1988. For simplicity, this 

sh ipmmt is included in the wnstc dntn prcscntcd in this section, Pit 36 nnd scvcrnl sh& 
wcre used prior to Scptcmbcr 26, 1988, and following that dab. Thc dntn prosanted in 

Table 3.7 includc the wastc that was djsposcd ofin those units through Scptambcr 25,1988. 

Pit 9 was used for the disposal of LLW and rctrievnblo storage of TRU waste, 

Although rctricval of thc TRU wnstc will Iikcly cntaiI rmova l  of the LLW as well, the latter 
is cxpcctcd to be plnccd back into a disposal unit a t  Area G. Consaquuntly, the LLW disposed 
of in Pit G is maintained in the invcntory. 

hdionuclidc-specific invcntorics arc listed in Tables 3-8 and 3-9 for t h e  pits and 
shafts, rcspcctivcly, for the four waste forms discustlcd curlicr, Invcntoncs OTC provided for 

cuch pit, bu t  arc summed over all of the shaft disposal units. The volumcs provided in the 
tnblcs arc thc qunntiticv of waste contaminated with cnch rndionuclido. Because savcrd 
radionuclides may occur in LL single waste packaga, the sum of thcsc waste pncknge volumes 

is gcntcr  than the total volume of wnste disposed of in - thc pits and sh&. The listed 
nctivitiarJ includc conhbut ions from MA€', MTP, and the matcrid typcs di~cussd  in 
Scctioa 2.1, 
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Tnb]c 3.7. Pit a d  shaft wnstc volumes and activities disposed of from 1971 to 
September 25,1988. 

Pit 7 
Surfacc-Contnminntcd Waste 
Soils 
Concrctc and Sludges 
Bul k-Contnminn tad Waste 

- 

Pit 8 
Surface-Contnminnted Waste 
Soils 
Concrctc and Sludges 
Bulk-Contaminated Waste 

- 

Pit9 ' 

Surfacc-Contaminated Waste 
Soils 
Concrete and Sludges 
Bulk-Contaminatcd Wnstc 

- 

Pit 10 
Surface-Contaminated Waste 
Soils 
Concrate and Sludges 
Bulk-Contaminotcd Waste 

Pit 12 
Surface-Contaminated Waste 
Soils 
Concrete and Sludges 
Bulk-Contaminated Wnstc . 

- 

Pit 13 
Surfacc-Contnminatcd Waste 
Soils 
Concrctc and Sludges 
Bulk-Contaminated Waste 

- 

3-22 

2.OE+03 
1.OE+03 
2.63+02 
2.9E+00 

7.7E+02 
2.SE-t-02 
7.SE+02 
O.OE+OO 

4.SE*00 
O.OE+OO 
O.OE+OO 
O.OE+OO 

2.53+03 
4.1E+02, 
2.1E+02 
1.1E+01 

6.4E+02 
9.33+02 
2.4E+02 
O,OE+OO 

1.2E.cO3 
2.83+02 
4.9E+O 1 
8.9E+00 

1.4E-01 
2.OE-01 
2.OE+01 
2,6E-02 

3.3E-0 5 
O.OE+OO 
2.1E+01 
O.OE+OO 

1.2E*00 
O.OE+OO 
O.OE*OO 
O.OE+OO 

6.4E+03 
1.5E+00 
1.3E+00 
3.83+02 

8.33-03 
O.OE+OO 
3.4E-01 
O.OE+OO 

1.7E+00 
4.2E-01 
4.3E-06 
1.5E-02 



Pit 16 
Surfacc-Cont&nntcd Waste 
Soih3 
Concrcte and Sludgcs 
Bulk-Contnminntcd Waste 

- 
1.6E43 
8.9E-1.01 
1.6E40 
3 .YE+ 0 0 

Pit 17 
Surface-Contdnntcd Waste 
Soils 
Concrcte and Sludgos 
Bulk-Con taminn tcd Waste 

- 
3.1E+03 
3.53+02 
3.6342 
O.OE.t.00 

Pit 19 
Surfncc-Contnminatcd Wnstc 
Soils 
Concratc and S h d p  
Bulk-Contaminated Wasto 

- 

Pit 19 
Surface-Contaminated Waste 
Soils 
Concrcto nnd Sludgcs 
Bulk-Contaminntod Wastc 

- 
5.3Eh01 
9.OE-01 
9*0E-01 
O,OE+OO 

Pit 20 
Surfnee-Contaminated Wastc 
Soils 
Concrete and Sludgcs 
Bulk-Contnxnhoted Woste 

- 

Pit 21 
Surfacc-Contam;nated W Q S ~ C  2,5E+03 
Soils 2,43+02 

Bulk-Contaminated Waste O.OE+OO 

- 
Conmete and Sludges 2.lEh.01 
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Table 3-7. ContiPucd 

Pit 22 
Surfncc-Contaminated Wash 
Soils 
Concrctc and Sludges 
Bulk-Contnminotcd Waste 

- 

Pit 24 
Surfacc-Contaminated Waste 
soils 
Concrctc and Sludges 
Bulk-Contaminatcd Waste 

- 

Pit 25 
Su.zf~cc-Contclminated Waste 
Soils 
Concrctc and Sludges 
Bulk-Contaminatcd Waste 

- 

Pit 26 
Sudacc-Contamino tcd Waste 
Soils 
Concrctc and Sludges 
Bulk=Contaminntcd Waste 

- 

Pit 27 
S urfacc-Con tuninn tcd Waste 
Soils 
Concrctc! and Sludgcs 
Bulk-Con taminntcd Waste 

- 

Pit 28 
Surface-Contaminated Waste 
Soils 
Concrete and Sludges 
Bulk-Contemjnatcd Waste 

- 
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6.OE+02 

l,OE+OO 
LSE-01 

L6E-01 

1.4E+01 
2.8E-01 
5,OE-03 
3 .'7E-O 1 

3.7E+02 

O.OE+OO 
3.2E-0 1 

6.33-02 

4.9E+01 
1.9E+00 
l.TE+OX 
4.83+03. 

1.6E+02 
9.9E-01 
6.43-03 
2.6E.cOl 

1.3E+03 
5.9E-01 
LlE-Ql 
6.5Ec01 



Pit 29 
Surf'ace-Contminntcd Wnote 
Soils 
Concrctc and Sludges 

-- 

B ~ l k = C o ~ ~ t n r u i ~ ~ ~ t ~ d  Waste 

Pit 32 
Surface-Contnminntcd V?nstc 
Soils 
Concrete and Sludges 
Bulk-Contaminated Wnstc 

- 

Pit 33 
Surface-Contaminated Wnste 
Soils 
Concrctc and Sludgcs 
Bulk=Contminntcd Wastc 

- 

Pit 35 
Surfacc-Contnminiltcd Wnste 
Soils 
Concrctc and Sludges 
Bulk-Contaminated Waste 

- 

Pit 33 
Surface-Contaminntad Waste 
Soilrr 
Concrctc nnd Sludgos 
Bulk-Contaminated Waste , 

- 

Shnftn 
SurfaccwContnminated Wnstc 
Soils 
Concrete and Sludges 
Bulk-Cantaminntcd Waste 

- 
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4.2J3+03 
2.9E+OS 
4.8E* 0 2 
1.8E+02 

3.OE.t.03 
1.3E+03 
3,1E+02 
1,6E1-02 

4.8E+03 
1.1E+03 
6.OE+02 
1SE+02 

1,9E+03 
6.63+02 
1.8E.cO2 
111E+02 

2,1E+03 
5.2E+02 
1.7E+02 
9.4E+01 

7.7Et02 
2.2E+Ol 

1.2E+02 
7 I IE-0 1 



e Table 3-8. Pit radionuclide inventories for 1971 through September 25,1988, 

Plt 7 
Ag9108rn 
- 

4.OE+01 

4.0E+O2 
4.OE-02 
2,SGOl 
1.6EAX 
4,OEA2 
4,OE+O 2 
4.OE*02 
J,OE+02 
d . O E 4 2  
d.OE+O? 
4,OE+02 
4,OE42 
4 , 0 3 4 2  
4,OE+O2 
4.OE92 
4.OE+02 

4.OE*02 
4,OE+O2 
1.3 E+03 
1.9E.03 
2,2E42 
2.3342 
2.x42 
4,OE+02 
4,OE*O2 
4.OE-02 
J.OE*O:! 
4.OE+02 

J.OE42 
4.OE42 
4.OE92 
!ME42 
J.OE+O2 

m + o :  

4.OE42 

1.dE40 
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Table 3.8. Continucd. 

Pd-107 
PU-238 
Se.79 
Sm*lQG 
Sm.147 
Sm.151 
Sr.90 
Tb.157 
Tb.158 
Tc.97 
Tc.99 
Zr.93 

Pit 10 
&.lOLlm 
Am-241 
Da-133 
e14 
Cd.ll3rn 
cr.252 
co&o 
Ca435 

- 

C8.137 
Dpl54 
Eu.152 
Eu4W 
Gd-148 
Gd.150 
H.3 

s uri.ccL 
Con t ~ r n  In n tcd Vwte Snilr 

Volume 
lm3* 

7.GE.03 
:.GG*03 
7.GE-03 
:,GG03 
7.6E.03 
7.GE43 
7,GFro3 
7.GE-03 
7,GE-03 
7.GE-03 
7.tE-03 
7.6E-03 
7.GE-03 
7,GE03 
7.GE03 
7.GE03 

- 

7.GE.03 
7,GE*03 
4.8E+00 
7.GE-03 
7.6E-03 
7.6E-03 
7,GE43 
7.GE-03 
7.6E-03 

7.GE43 

7.GE-03 

7.GE-03 

7 a G E903 

2.4E+02 
6.2E*01 
2.4E-02 
2,OE+00 
2.4E+02 
2.LIE-02 
3,GE+01 
2.4E+O2 
5,7E+O? 
2 .4E42  
2.41542 
3.4%+02 
Z4E-1-02 
2AE-42 
3.4E-42 

6 ,2341  9.bE-06 

6.2E+01 5.1E-07 

l.JE*Ol 1.3EAO 

3-27 

Concmto and 
Rludxer 



Table 3-8. Contisued. 

2.4E*02 
2.4E42 
2.4E+02 
2,4E+02 
?.4E*02 
?.4E+02 
2,4342 
2.4E42 
4.6E+02 
1.4E+03 
1.dE+02 
1,4E+O2 
1.4E+02 
Ll.E-0l 
2.4E+02 
24E42 
24E42 
2.4E+02 
5.8Ez02 
2.4E42 
2.43+02 
2.4E42 
2.4E+02 
1.8E+OO 
l,OE+OO 
0.8E41 
G,OE42 
2.lE.01 
4,5E+O? 
2.4E+O? 

?.Q4 
2.?E+Ol 
2.2E+Ol 
2.2341 
2.3241 
22EE91 
22IS41 
?.=E+O1 
2.2E41 
?.?E41 
2.2341 

2.=F,+01 
=,2E+O1 
22241 

zmoa 

1.3E-09 
2.3E-00 
l.lE.03 
3.8347 
: , s o 6  
2.3E.01, 
2.315.06 
3,2Ed9 
2.3E-02 
5.5E-02 
G.3E-04 
9.5E-03 
3.GE-08 
9.93-42 
2.1E-09 
1.7E.10 
1.4C13 
!ME45 
2.1E-01 
2, E46 
9.33-07 
1.7398 
2.lE-0: 
4,4644 
1.9E-05 
:.=E92 
l.lE-02 
6.3E-08 
1.JE-00 
2.4E48 

1.7E-05 
5.9E.01 
G,8E95 
3,1399 
I.lE-04 
l.lE.10 
3.8E-05 
1.1605 
2 9 M 5  
3,oE-lo 
2.0E.10 
3.6Fro9 
1.8Ear 
G,9Fi08 
1 . m  
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Table 3.8, Continued. 

Concrrir m d  
Soilr s ludgr. 

Volume 
(ma) 

7.lE-0: 
7.1 E+01 
:,lE+01 
3 X - 0 0  
G.LIE-0‘: 
4.GE+02 
:.1E+01 

1,3E+01 
1,7E-00 
1.lE-01 
5 .X-02  
3,8E+00 
1.SE-03 

l.OE+OO 

2.9E+O? 
l,OE+O? 
2 x 4 2  
4.4E+OO 
?,9E*O2 
G.3E+01 
:.OE+O2 
2.9E+O2 
?,9E+O? 
?.3E*02 
“,.DE+O2 
2.9E+02 
2.93-02 
8,3E+01 
2.9EeO2 
2,9E+OZ 
2.9E42 
?.9E+02 
2.9E4:. 
2.9E+02 
2.9E+O2 
2.9E42 
1,5E+03 
3.1E+03 
6.3E42 
6,3E+02 
G,3E*02 

2.8E41 l.GE-02 

9 m + o o  

l.IE+OO 

2.8E-07 7.3E-00 7.3E40 

5.OE+01 
1.GE.03 
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TnbIo 3-43, Continued. 

Yoluma 
I d )  

2.9E+02 
2.m-02 
2.93+02 
2.9&-02 
?.!)E42 
2.OE-02 
?.DE-02 
2.9E-02 
2,DE+OZ 
G44G+00 
LOEcOO 
I,lE*OC 
2.3E+00 
:.GE+OZ 
2,9E+02 

3.4E.02 
3.4E.02 
3.SE-02 

3.4E02 
3.4E-02 
3,4E9? 
3.4602 
3.dE-02 
3.4E-02 

3,4E-02 

3.4E.U2 
3,4&0? 
3.4E.02 
3,4E42 

3.4E-02 
3.4E-02 
3.4E-02 
3.4Eo2 
3.4E-02 
3.4E-02 
3.4E42 
3,d$0? 
3.4E-02 
3-43-02 
3.4E-02 
3.4E42 
3 , 4 E a  

3.4E.02 
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P i t  21 
L.34 
- 

Tnblc 3-8. Continued 

3.0E-08 

352 

1.9E42 1.0E91 

. 



$lo&! 
hb92 
xb.94 
I'd-107 
Pu.238 
Pu.239 
P ~ 4 4 0  
PU.241 
Pu.242 
Sa.79 
Sm-14t 
Srn.147 
Sm-151 
Sr-90 
Tb.15: 

Tc.97 
Ten99 
U.234 
u.235 
U.238 
Zr.93 

Table 3 8 .  Continued. 

Volume 
fmJt 

l.lE+02 
2.1E.01 
l.lE.02 
1.lEtoz 
?,4E+Ol 
1.1b02 
l.lE+01 
l,IE+O2 
l.lE+uZ 
1,1E+02 
1.LE+02 
l.lE+OZ 
1.8E+01 
l . l E 4 2  
1.1EtOZ 
l.lE+02 
1.IE+02 
l.lE+02 
l.lE+Q2 
l.lE*02 
l,lE+02 
2,9E+02 
t1.4E+O? 
B.GE+Ol 
9,CE+OI 
9,GE+01 
l . lE+02 
l.lE+02 
1.1E+02 
1.lE-02 
1,1E+02 
1.1E-02 
l.lE.02 
l,lE*02 
1.l.E*02 

4.3E+02 
3,1E+02 
l,lE+02 

l.6E*Ol 5,3343 

PIC 24 
cO-60 
Cam137 
H3 
Sr.90 
Th-230 

- 

3-33 



Table 3.8. Continued. 

U'Putr Farm 

S U d B W  Concrete and Bulk-Contaminrtd 
Cnntnmlnatrd Wi'cla %I!@ 81 ndpr. Wnste 

Rmdianitr I idr 

Th-232 
u.234 
U-235 
U-236 
U . 3 8  

Pit 25 
Ap10Hm 
hm.242 
Ba*133 
Cd a: 13m 
Cod0 
CS-135 
Ca.137 

- 

Dy.154 
Eu-XS!~ 
Eu.154 
Cd-148 
cd.150 
HQ 
1.129 
&.ai 
Kr.85 
La137 
Slrt4I3 
Sb-92 
sb.94 

Pu.238 
Pu.239 
Pu.240 
Pus241 
Pus242 
sc.79 
SKI-146 
Sm-147 
SUI-151 
Sr-80 
Tb.157 
T b 4 B  
Tt.97 
TC.9t) 
U.234 
u-2.35 
U-23M 
Zr-93 

~d.107 

Volume 
fms) 

0.7G42 
ZTE+O1 
6.GE-02 
2.?E+OO 
1.OE+03 

- 

3,SE+02 
1.7E+O? 
3.56+02 
3.5E+02 
2.3E+02 
3.JE+O? 
6.93+02 
3.5E+02 
3.58+02 
3.53+02 
3.53+02 
3,SE+02 
9.9E*01 
3.5E+O2 
3,5E+O? 
3.5E+02 
3.5E+02 
3.5E-02 
3.58+02 
3.5E*02 
3 .5E42  
7,3E+02 
? . S + 0 3  
?.OE+O? 
?.OE-02 
2.OE-O? 
3,5E+O? 
3,5E*02 
3.53+02 
3.5E+O2 
:.55+02 
3,5E+O? 
3,5E+O2 
3,5E*02 
3.5E*02 

9,4E+O? 
8.OE42 
3 S E 4 2  

?,5E43 
3.lE.03 
t1.9E42 
1.OE.02 
1.2E+02 * 

4.GE.07 
=.OE*02 7.1E+00 
1,GMS 
5.6E-03 
1.6643 
4.3E.03 
4,8348 
S,OE+01 

5.dEQ7 
2.7E-02 
8,8E-06 
ME94 
5 . 3 ~ 9 8  
5.3E-05 
7,8&.00 
1.GE.03 
5.5EQ2 
4.6E.01 
7.OE-03 
2.7E-08 
5.OE-08 
4.2399 

3.1~98 

:.OM1 

1.OE-09 
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Plt 2fl 
AplOtIm 
LIC- 

Tnblc 3-8. Continued. 

Volume 
l t t l 3 )  

l.GE+O? 

9.7E41 

AcUvity 
CCI) 

8.2E.04 

2,GE40 

l.lE+02 3.0E-03 

?,1E+02 

5,8E*02 
3,3E+O2 

3.4E.03 
1.7E.02 
R.2E.04 
1,?E42 
4.7E-08 

H.1503 

3.7E-02 
r*oc+02 
3.7502 
3.X-02 
l.lE*02 

Volume 
(ma) - 

l.9E+O2 
P.OE+OZ 
1.9E+02 
1.9E42 
l,UE+OP 

1.9E+02 
1.9E-02 
1.9E42 
l.DE*Ol 
1.DE42 
1,D E*02 
1.9E.02 

1.9E42 
l,DE+OZ 
1.UE+02 
1.9E+02 
1.9E+02 
1.9E+O2 
1.BE+O2 
1.9E+02 
ZOEA2 
3.OE42 

1.9E-02 
1.9Ee02 
:.OE+02 
1.9392 
?.GE+02 
1.9E+02 
1.9%02 
l.OE+02 
1.96+02 
2,3E+02 

1.9E*02 

9.8E40 
1.m1 
9.8E40 
9,8340 

2.6E.07 



Pit 214 - 
h.241 
cdio 
H.3 
P u . 3 8  
PU4239 
Pu.240 
Pu-241 
PU.242 

Table 3-8. Continucd. 

SurIncb. 
Cnntmmlnntrd Wnntr Snlln 

Concmts and 
s I Ud #W 

Volume 
Im') 

3.;E*O? 
, 4.8E*02 
3.7E*0? 
3.Z+O? 
3.IE+02 
3.7E+O? 
3.7E+02 
4.W-01 
3.7E-02 
3.7E+02 
3 . 3 3 0 2  
3,7E+O2 
3.7E+02 
3.7E+02 
3,7E+OP 
3,7E+02 
7,OE-02 
1.415-03 
3E-02 
2.3E-02 
?.3E+O? 
l.SE+OO 
3.7E+02 
9SE-01 
3,7E*02 
3.7E+O 2 
3. :Et02 
J.OE+02 
3,7E+02 
3.:E+02 
3.7E+02 
3.7B*02 
1,9E+01 
l.lE+03 
1.9E-01 
J,7&02 
3.7E+02 

6.2E41 
9.8E+01 
3,9E+O? 
D.DEcO2 
l.5E-02 
l.SEc02 
1.6E-02 

3-36 

Volume 
fm3) 

9,BE90 
I),&IE40 
9.8Ecoo 
9,8E+00 
9,8E+00 
%BE40 
9.8E*00 
3 . 8 3 4 1  
9.8E40 
9,HE+b0 
9.8C-00 
M E 4 0  
D.tlE40 
!ME40 
9,8E+00 
9.8E+00 
33E+00 
U,7E+01 

9.8E*00 

9JE-00 
9.8E+OO 
D,NE+OO 
12A+O1 
9,8E+00 
9,8E+00 
9.&IE+OO 
9.8E-00 

9.BE*00 

3,0%01 
1.6E42 



0 

0 

. .  

0 

Table 3.8. Continued. 

R rid i nnu r I i d 
Th.232 
u.35 
C.238 

Plt 29 
A p l O B r n  
h . 2 4  1 
Una133 
c.14 
Cd.113m 
C040 
CI-135 
C1.137 
31.164 
EU.152 
Eu-154 
cd-148 
Gd.150 

1.129 
Kr-8 1 
Kr.8: 
Ln.137 
.510*93 
Xb.92 
Sb.94 
s p . 3 7  
Pd.107 
PU.38 
P0.239 
Pu.240 
Pus241 
Pu*242 
S.79 
Sm-146 
Sm.147 
Sm-151 
Sr-90 
Tb-157 
Tb-158 
T097 
Tc*DB 
Th.232 
u.33 
u . 3 4  
u.23s 
U43G 

- 

na 

Concnte m d  
Snilr s 1 U d g N  

Volume 
Im'l 

3,lCOl 
5,4E+02 
3.8E+02 

- 

4.OEe02 
3,4 E+02 
4,OE+02 
2.9E-00 
4.OE+02 
2.4E-02 
4.OE+02 
5,4E+02 
4.OE+O2 
J.OE+02 
4.OE+02 
4,OE+02 
4.OE.02 
2.1E+02 
4.OE42 
4,OE+02 
4.OE102 
4.OEe02 
J.OE+O:! 
4,O E+02 
4.OE+02 
1.5E+O1 
4.OE+02 
1.OE+03 
LlE+03 
5.8E-02 
5.9E+02 
5.HE+02 
4.OE*O? 
4.OE-02 
4.OE+02 
4.OE+O? 
1,3E+02 
4.OE+O2 
4-OE.02 
4,0C*02 
4.OE+02 
1.9E-03 
3 .5E40  
4.OWl 
7,8E+02 
4.OE+01 

hctlvity 
ICl\ 

2.3E.02 

6.6@*02 

- 
n . 0 ~ 4 3  

3.GE-02 
C.3E-04 
1.3E+00 
2.1a.o: 
1.:c01 
I.OE-01 
G,CE-06 
8.8E*02 
2.3E-07 
8.1E-02 
2.3E.02 
6.2E.02 
G.3E.07 
3.8E-01 
4 -4  E-07 
7.8E.W 
3.8E-01 
3.3E3.04 
L5E-03 
7.GE.07 
7.GE*04 
7*1&07 
f.lE-OG 
5.GC-02 
3.3E-01 
3.5 E.02 
5.GE.01 
",,GE-OG 
7.2E.0: 
5.BE.08 
4.5E.11 
LOE-02 
1.4E+03 
7.2E-04 
3.lE-04 
5,8E*6G 
7 , f r n S  
4.0coti  
1.OE.02 
3,eE-m 
2.4E-01 
4.5Eo5 

Volume 
I ma) - 

3.4b01 

1.3E*0? 

22E*02 

5,50-02 

2.7E+02 
6.1E+02 
7.4E-01 
7.4E+01 
7,4E+O1 

4.2.E-02 

4.GE.01 

1,2E+00 

1.CE-03 

4.4E.03 

l.lE+OO 
3.AE-03 
1.7E.03 
5.4E.02 
5,13347 

H,9FrO2 
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ZOE41 
7,8E+O1 
",OE+01 

2,OE+O1 
1.3E41 
2,0E+OI 
4.2E+01 
2.0M1 
2,OE-dl 
2,OE+Q1 
2.OE4l 
2.OE+Ol 

?.OE*01 
2.OE41 
LOE4.01 
3.OE+O 1 
2.0E+Ol 
2.OE*Ol 
!&OE+01 

2,OE+01 
1.5E.42 
T,DE*Ot 
7.4E41 
7.4E+O 1 
7,4E+Ol 
2.OE+01 
2 , O M l  
2.OE*01 
2,OE+01 
2,OWl 
2.OE41 
2.OE41 
Z.OE*(ll 
2,OE+(11 

b.OE+OI 



. 

Table 3-8. Continued. 

2.6E-01 3 . 1 W  

Concrete and 
Sludge. 

l.GE+O: 1.3E-01 
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Tnblc 3.8. Continued. 

Surface- 
Cnn tnm Inntrd WHn t r  Soils 

Activity Volume 
tCI) (ma) 
-7 

4.lE.01 
1,OE-06 

2.6E.02 
9.5E-01 
9.3E41 
1SE92 
l . l E 4 1  
L9E-01 
4.ME.06 
1.6E*00 
1.7E-07 
b.BE.02 
1,;E.Oz 
4.5E-02 
4.7E.07 
4.OE+00 
3 . s . 0 7  
bb7E*06 
2.8E.01 
9.X.06 
1.8E.03 
5.5E.07 
5.5E-04 
7.8E-07 
I.?E.O? 
1.4E+00 
5,6C43 

3,2E-07 
~ ~ 4 ~ 9 2  

5,2847 
4.2E-08 
3.2E41 
L4E-02 
4 ,9Edl  
5.33-04 
2.2E-04 
42E.06 
[I.2&05 
2.GE.03 

1.1E-02 
G.=PrOl 
3.8Eo6 

2,4E+02 

1,16+00 

1.8E*00 

3.z~.ai 

3.GE+01 
2.GE.02 

?.fE*OO 

L7E.03 
GB9E+01 
5 -4 E42 



Table 3 8 .  Continued. e 

e 



Volume 
ImS\ 

1.5E*02 
!.GE+O? 
I.SE+O? 
l.SE.02 
1,5E+O2 
1.5E.02 
1.5E+02 
G.GE+Ol 
1.5E+02 
I.:IE+O? 
1.5E+O? 
1.5E-02 
l.SE+O:. 
l.GG+O? 
1,5E+O2 
!.5E*02 
5.9E.02 
9.3E+02 
4.2Ec02 
4.2E42 
4.%*02 
1.5E-02 
1.5E+O2 
:.3E+O2 
I .5E+O? 
I .5E*02 
1.5E+02 
1.5E+02 
1.5E+O2 
1.5E+02 
2.3 E 0 0 
4.3E+O? 
2.3E-00 
3.OE+O2 
l.:E+O2 

- Volums 
t m 3  
7 

C2E-01 
l.lE.02 
5.2E+01 
5,2E+O1 
5.?E+Ol 

l.JE+Ol 

1.:E.02 

4.0E.04 6.3E+01 
1.4G.02 7,1G+01 

4, HE.02 
H,OS*M 

3,2~.03 
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Table 3.9. Shurt mdiomclide inventories for 1971 through Scptcmbcr LI "5 , 1988. 

surfme* 
Contnminutui Wnr- 

Volume 
t "3) 

?.GE*Ol 
4.6b00 
ZGE-02 
?.6E+O1 
!ME-00 
2.GE+01 
3,3E.01 
3,9E.01 
l,bG*O? 
?.GE*Ol 
2.7E+01 
:.(iE+Ol 
ZGE-01 
?,GE+Ol 
LGE-01 
2GE.01 
I.JE+O? 
?.BE42 
?.6E+Ol 
Z.GE+Ol 
?.9E+01 
?.GE+Ol 
2.GE+O1 
2.GE-01 
",.CE+Ol 
3.8 E +00 
Y.2&0? 
ZbE+Ol 
1,2E+02 
!.GE-02 
1,3E+01 
1.3E+01 
1 . 3 E 4 1  
1.9E40 
1.4E-00 
2,GE+O1 
Z.GE+Ol 
L8E+01 
2.6E-01 
?,7E+01 
S E 4 1  
2,6E*01 
2,GE+O1 
?.OE+01 
1.2.b-01 
3.8343 

342 
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TRU waste wne non-rct~icvably disposed of in Pits 61 7, 8, 20, and 22 nnd several 
shafts a t  &ca G benvccn 1971 and 1979. Tnble 3-10 lists the total volumcs and acthjt ics 

of this waste (cxcluding waste ploccd in Fit 61 for the four w s t c  forms. Fhdionuclide-specific 
invcntorics for thc wastc are listed in Tablc 3-11. In cach CDSC, indi\<dunl totals are reported 
for t he  affected pits, whilc invcntoxy data me summed ovcc the s h a h .  Thcsc TRU waste 

dam arc included in Tables 3-7 through 3-9, 

The activities listed in Toblcs 3-8 and 3-9 arc tho  as-disposcd nctivitieu for 
radionuclides with half-livcs grentcr than 5 years or ra&onuclidcs with parents or daughters 
with half.livcs g c o t c r  than 5 ycnrs. The rudionudidcs climinntcd from th invcntoly 

projcctions bnscd on halfdifc arc listcd in Appendix A. 

3.1.3 Ft*ntornhw 26, 19W8, to 1995 Inventory 

Scvcn pits and approdmtltcly 40 s h a h  W C ~ C  used for disposal of wnvtc bctwcen 

Scptcmbcr 26, 1988, and the cnd of 1995. The total volumes and nctivitks of LLW placed 
in thcsc units during this period arc' listed in Tablc 3-12. Inventories for the four waste 

forms arc reported for each disposal pit, whilc in\*cntorica arc summed over fhc shafts, As 
discussed carlicr, d l  but onc shipment of waste was placcd in Pit 32 prior to  Septcmbcr 26, 

1986. The entire invcntoq for this unit is includcci in thc 1971 to Scptcmber 25,1968, period 
(Section 3,1.2). Thc invcntorics 1istc.d for Pit 36 nnd thc shafb include only thc waste that: 

w'n5 disposed of on or following Scptcmber 26, 1968. 

Rudionuclidc invcntorics for thc wnstc disposed of bctwccn Scptcmbcr 26, 1988, and 
the cnd of 1995 arc listed in Toblcs 3-13 and 3-14 far pits and shafts, respcctivcly. Scpurote 
invcntorics urc listed for the pits uscd during this period, while shaft invcntorics arc summed 

over all of thc individual units. Thc solumca listed in  thcsc tables rcprcscnt the quantities 
of wnstc contaminntcd with tho rcspcctivc rndionuclidcu. Becousc several radionuclides may 
occur in a single waste packagc, thc sum of the volumes is grcntcr than thc total voIumc of 
wnstc disposcd of in  thc pits and shnfts. The listed activitics include contributions from 
JWP, MFP, and the matcrial types discussed i3 Section 2.1. 
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Tslblc 3-10. Quuntitiw of TRU waste that was aon-retricvrrbly disposed of 
bctwccn 1971 and Scptcmbcr 25,1988. 

Total Disposal Total Dkposd 
 isp pow^ Unim'nstc ~ o r m  Jolume 1m3) Activity t-Ci) 
Pit 7 
Sdncc-Contaminated Waste 
Soils 
Concrctc and Sludges 
Bulk-Contaminntcd Waste 

- 

Pit 8 
Surfkc-Contaminated Wnstc 
Soils 
Concrctc and Sludges 
B~lk-Cont~aminntcd Waste 

- 

Pit 20 
Surface-Contnminnccd Waste 
Soils 
Concrcte and Sludges 
B u l k - C o n t d n a t c d  Wastc 

- 

.. . 

1,9E*00 6.GE-02 

5,8E+01 

8.5E-02 

Pit 22 
Surf3cc-Contnminntod Waste 1,1E+01 
Soils 
Concrctc and Sludges 
Bulk- Con tami n n tcd !!'a .q to 

-- 

Shnfts 
S urfn ce- Co n ta rn i n n tcd Was t c 
Soils 
Concrctc and Sludges 
Bulk-Contaminated Wustc 

- 
4.4hOO 

';.lE+OO 

1.6E-03 

6,OE+ 02 

2.8E+03 

3 



Table 3-11, Rndionuclidc inventories in TRU wu%e that wns non-retrievnbly 
dihrpowd of betwccn 1971 and Scptcmber 25,1988. 

Wmrt* Fnm 

surfnce- Coeclrte and B U l k - C O D t a m i n l d  
Cnntnmlnritcd Wnmte Rail. Sludnrr W.w* 

Radionurlldc 

Plt 7 
Pu-238 
Tu.239 
u.235 

- 

pit n - 
h a 2 4 1  
Pu.238 
Pus239 

Plt 20 
cr.251 
7 

Volume 
tmJ) 

8,5E-02 

l.lE+01 
2.1E-01 
1,1E*O 1 
l.lE+Ol 
1,lE.Ol 
t,lE+O I 
l.lE.01 
1.1E+O 1 
:,lE+Ol 
1,1E+01 
1,1E+O1 
f I 1E+O 1 
!.1E+01 
1.1E*Ol 
l . l E + O l  
f.lE+Ol 
1,1E+O1 
l.lE-01 
l.lE+Ol 
l,lE+01 
l . l E + O l  
l.lE+Ol 
l . l E + O l  
l.l&+01 
l.tE+Ol 
l , l E 4 1  
U E 4 1  
1.1E*O 1 
1,1E+Ol 
l . lE41  
1.1E41 

1.9E90 
1.9E40 
1.9E90 

1.6E-03 

9.3E-01 
3.6E*00 
2,GE+OO 
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e 

a 

e 

Toblc 3-11. Continued. 

Volume 
Ill?\ 

?.OE-00 
2.8E.02 
Z.OE+OO 
2.OE+OO 
1,9&03 
LOE-00 
:.oE-OO 
?,OE+OO 
Z.OE+DO 
LOEtOQ 
?.OE-00 
?.OE*OO 
l,lE+00 
:,OE*OO 
2.OE*OO 
2.OE+OO 
2.OE+OO 
2,OE+OO 
2.OE*00 
?,OE+OO 
4.5E-02 
2.OE+OO 
?.1E*00 
4,3E+00 
1.9E*00 
1.9E+00 
1,'JE-OO 
1,'JE-OO 
2.OE+00 
~ , O G + O O  
?.OE+OO 
2.OE*00 
?.DE-00 
2.OE-00 
?.OE+OO 
?,OE+00 
Z.OE+OO 

- 

4.5E.02 
6.86.02 
l.OE+OO 
1.1E.02 
l.1E-01 
2,OE+00 
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Tnblc 3.12. Pit and shaft wnstc volumes nnd nctivitks disposed of *om 
Scptcmbcr 26,1988, to 2995. 

Pit SO 
Surfacc=Contcuninatcd Wnstc 
Soils 
Concrctc and Sludges 
Bulk- Co n tamin n t t d  U'ns te 

- 

Pit 31 
S urfacc-Con t d n a  tcd Wns te 
SoiIs 
Concrcte and Sludges 
Bulk-Con t,mnntcd Waste 

- 

Pit 36 ' 

Surfacc-Contaminated Waste 
Soils 
Concrctc and Sludgcs 
Bulk-Contamina tcd Waste 

Pit 3'7 
Surfacc-Contaminated Wastc 
Soile 
Concrete and Sludges 
Bulk-Contaminated Waste 

- 

Pit 38 
Surface-Conturinntcd Waste 
Soils 
Concrcte and Sludges 
Bulk=Contaminntcd Wavtc 

- 

Pit 39 
Surface-Contaminated Waste 
Soils 
Concrete nnd Sludges 

- 

Bulk-Contaminatcc! Waste 

7.5E+03 
1,7E+03 
3.7E.cO2 
5.7E+02 

2.6E+02 
1.1E+02 
l ,lE+02 
O.OE+OO 

7.OE+02 
2.5E+02 
5,9E+01 
3,4E+01 

1.2E+04 
2.1E+03 
3,9E+02 
3.83+02 

8.1E+02 
l.OE+OZ 
1.1E+02 
O.OE+O 0 

1.5E+ 03 
4,43+.02 
1.9E+02 
O.OE+OO 

3.1E+01 
2.3E+00 

2.9E+00 
6.9E-01 

6.63-02 
3.3E-02 
3.33-02 
O.OE+OO 

1.3E+00 
1.5E-01 
1SE-01 , 

3.9E.01 

7.1&01 
3.3Ed00 
1.7E+00 
3.8E+00 

2.8E+01 

!XE+OO 
O.OE+OO 

3.83-02 

1.6E.cO0 
1.3E-02 
6.4E-01 
O.OE+OO 
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Totd Totd 
Dihposnl Disposal 

Dispos;n] Un;t)V'ndp Form Volurnc (m3) Activity (Ci) 
Shnfts 
Surfacc-Contuminntcd IVastc 2.1E*02 4.5&06 
- 
Soh  L3E+01 2,7E-07 
Concrctc and Sludges 2.6E+01 4.2E-01 
B u l k - C o n t d n n t o d  Wnt;t@ 2.8E.cOl 2,8E+03 



Table 3-13. Pit rndionuclidc invcntoriel; for September 26,1988, through 1995. 

Snllm 
Concmte nnd 

!4urlzcr 

Volume 
(ma1 

G.9E+OZ 
G.6E+02 
G,9E*02 
1.9E+01 
6.9E+02 
1.9E+03 
Gb9E+02 
1.1E+03 
6.9E-02 
t1.9E.02 
G.I)E*O2 
G.BE*O? 
6.OE+O: 
2.x-02 
6,9E*02 
6.9E42 
G.9E+O? 
G.BE+O? 
6.9E+02 
G.UE+O: 
6.9E42 
M.SE-02 
G.BE-02 
LI.GE*OZ 
3.OE43 
6.7642 
o.?c-oo? 
6.7E-02 
1,3&+01 

J,GE.Ol 
&9E+O? 
6.9E.02 
G.ObO2 
7,4E+02 
6,9E+02 
li.BE+O?. 
G,9E+O?. 
6.9E+O? 
3.5E+00 
l . l E 4 1  

o.9E+a? 

Volume 
rmJI - 

4.3G-01 
1.6E41 
4.3E+01 

4.30401 
2.32401 
4.3E+01 
1.8E42 
4.3E41 
4.3E+01 
4.3E+01 
4.3 E *O 1 
4 . 3 E 4 1  
J.OE+OO 
4.3E41 
4,3E+01 
4.JE+O1 
4,3&+01 
4 , 3 E 4 1  
4.3E+01 
d,3E*01 

4.3E*01 
2.3E+O? 
l.OE+O? 

4.3E+01 

4.3E+01 
.1.3E+01 
43E+01 
S.GE+Of 
4 . 3 E 4 1  
4,3E+Ol 
4,3E+O1 
d.JE41 

ti.CE+Ol 

LOE42 
4 .3E41 

Volumm 
fmJI 

1.9E41 
4.6E40 
1.9E+O1 

1.9E-01 
l.=E+OZ 
1 I 9E.O 1 
1.5E+02 
1.9E41 
M E 4 1  
1.9E41 
1 .9E41  
1 . 9 E 4 1  

1 ,9E41  
1 .9E41  
1,9E+Ol 
1.9&*01 
1,9E41 
1.9E41 
1.BE41 

1.9E-01 

?,GE+Ol 

- 

1,9E*Ol 

1.9Ee01 
1 ,9E41  
L 9 E 4  
3 . 2 4 1  
l ,PE41 
1 .9E41  
L9E41 
1.9E41 

1 

3,4E+01 

l.Jt41 
1.9E41 
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a 

e 

e 

Vol umr 
(rn% 

7.5E+01 
7.5E.01 
3.3E*00 
7*5E+O1 
3. IE.00 
I . o b 0 1  
6.4E+Ol 
?.5E+01 
7.5E-01 
7.OE+01 
7.5E.01 
7.a-01  
B.5E.00 - OdL r 7. 01 
7,5E+01 
:.5c+01 
7.SE.01 
7.5E.01 
7,5E+OI 
7,5E+01 
:.5E+01 
:.IE+Ol 
:.ZE+O). 
7.5E.01 
7.!iE+Ol 
:.5E+O: 
P.JE+O 1 
7.5E-01 
7.5E.0 1 
7.5E.01 
8.3E.01 
" I  ,.dL ?+ 00 

4.7E-01 
1,6E+02 
2.1E+OI 
7 .JL w 7. 01 

- P .  

C.:E*OO 
:.f!I3-01 
5.X-00 
GB7E*00 
1,3E+02 
L Z + O O  

5.  X + O O  
7.4G+01 

Activity Volume 
tCi\ l W l %  , 

?.OE.OCI 
:.1E.O7 
3.4E.09 
8.0 E-08 
I .7E.09 
3.7E.12 
1AE-07 
:.3E*13 
J.GE.08 
l.JE*OU 
3.4E.08 
3,GE.13 
l.lE.09 
:.4E.:3 
4.3E-12 
2.1 E.07 
:.oE.ll 
1.4E.09 
4 .?E- 13 
42E.10 
fi.OE-13 
G.5E.02 
4 .  OE- 13 
3.2E.14 
2.5E.17 
1.1 E.an 
6.9E.06 
J.OE*IO 
1.7E.10 
3.2E.12 
2.OE.09 
4.OE.07 
3.OE.06 
2.GE.04 
2.5E.04 
4.JE.12 

?.lE:.O5 
1.2EE.M 
7.4E.04 
8.3E.05 
1.9M1 
3.8E-09 
l,5Wl 
1,4610 

3.7E+01 
3.7E+01 
I+GE+00 
3.7E*O I 
1.CE.00 
3.7E.01 
4.",+01 
3.7E.01 
8.7E+O1 
3.7E.01 
3.7C+Ol 
3.77241 
4.3E+OO 
3.7E+O1 
3.7E+01 
3.7E+01 
3,7E+01 
3.7E.01 
3.7L01 
3.7E+Ol 
3,7E+01 
?.2E*O1 
3.7E+01 
3.7E+O 1 
3 .  7E.O 1 
3.7E*01 
4.2E+Ol 
3.'X+Ol 
3.7E+01 
3.7E*01 
4.2E+01 
3.7E+00 
2.4E-01 
5.PE41 
l.OE+O1 
3.7L01 

3.4E+01 

3.4E.O 1 



TnbIe 343. Continued. 

Volume 
(ma\ 

:.BE-00 
5.7E+00 
5.7E+OO 
5,7E*OO 
3.7E*00 
3.7E+01 
5,7E+00 
5,w+oo 
8,7E*00 
L7E*OO 
G.7E+00 
5.7E+Ol 
5.z-00 
J.:E+OO 
5 . 3 E 4 1  
d.OE+O? 
3 I OE+O 1 
3.OE41 
3.OE+01 
5.7E*00 
9.4&*00 
J,7E*00 
5.7E-00 
5.7E-00 
3.7E-00 
5.7E+oo 
5.7E*OO 
b,fE*OO 
3.7E+00 
1,3E.02 
8,3E+OI 
5,7E*00 

- 

9.4E+O? 
2.tlGb2 
1.8E*03 
?.SE+Ol 
l,OE-03 
7,JE=Ol 
l,4E+01 
?.OE+O? 
D.JE*O? 
1.4E-01 
l.4E-01 
1.8E+03 
9,4E*02 

-02 9 , 3 3 9 3  

3.9E-02 2.8G-03 
1.5E40 2.4E.07 
G.OE+O? 3.33*06 

5.2E+01 5.OE-003 
G,OE+O? 1.33-10 
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Table 3-13. Continucd. 

_.. 
1 

I, 

U'wtr Form 

Volurncl 
f rn4  

1.3E43 
9.4E*0? 
9.4E.02 
9.4E+O2 
9.4E+OZ 
>.4E+O? 
7.GE-02 
I.BE+Ol 
1.3E+01 
3.4E+02 
9.4E.02 
!+IE+02 
9.4 E+O? 
8.4E.02 
9.4E.02 
9.4E+O? 
:.OE.Ol 
1.4E-01 
3.3E.01 
1.3E*01 
:.13s+oo 
9,JE+02 

Z.:E+03 
5.9E.03 
2.OE+03 
':.Ob03 
l.'JE*03 
ti.'tE:*OO 
9.JE.02 
?.dG+O? 
9.4E*O? 
D.tiE.02 
0.4E+O2 
l . l E + 0 3  
9.4E+02 
9.4 E+O? 
9.4E+O2 
1.1 E+03 
1;.3E+01 
1.5E.01 
1.4E.02 
:.OE+OO 
2.OE.01 
7.4E*00 
1.3E.03 
4.7Et03 

1 ,w.o 1 

Activity 
fC1) 

I.tiE*Ol 
7.3E.09 
2.SG.03 
7.2E.04 
1,3E-03 
2.OE-08 
!1.5E*00 
ti.3E.03 
3, SE.03 
1.4E.08 
2.4E.07 
1 . m a :  
3.9E.06 
7.9E.05 

2.5E.02 
3,CE-03 
1,5E904 
1.1E.05 
9.OE.09 
3.GC.03 
3.JE.08 
5.7E.04 
3.ZE.02 
1,x+00 
2.2E.01 
3.4E+00 
l.?E-OS 
2.9 E-02 
*.*E.08 
1.2E.02 
I.HE.09 
1 .SE. 12 
G.ZE-04 
5.2E-02 
2.3E.05 
9.GE-06 
1.8E07 
32E-03 
3.9E.03 
4.33*07 
4.1E*CM 
3.OE9.r 
?.OE-10 
1.3E-03 
2.5E-01 
2,RZ-01 

- 

2.4 E . O ~  

0 1  

Snlln 

Vol u mn 
t m 5  

C.9E*O2 
G.OE+02 
G.OE-02 
G.OE102 
C.OE+02 
G.OE+O? 
?.OE*OZ 

- 

G.OE+02 
G.06.02 
G.OE*O? 
6.OE.02 
G.OE+OZ 
G.OE+O? 
G.OE+O? 

1.7E.00 

G.OEiO2 

4.2E.02 
4.%+02 
5.GE.00 
l.lE+OO 
: * 1 G O O  
2.3E.01 
G.OE+O2 

G.OE+O? 
C.OE.02 
G.OE.02 
C.?E+O? 
G.OE.02 
G.OE+OZ 
G.OE+02 
G.lE+OZ 
L7IZ-01 
1.4E+00 
3.6E*00 

2.OE.00 
G -1 E+ 0 2 
7.1E+O2 

Volumn 
lmJ\ 

5.3E41 
1,6E+01 
I.GE+Ol 
1.5E*01 
1 .SE+O 1 
1.5G+01 
1,7E+Ol 

- 

I.frE-01 
I .SE+Ol 
1.3E+01 
1.SE-01 
1.5G+O 1 
1,5€+01 
1.5%*01 

1.7E+00 

l.r,E+Ol 

:.FE+Ol 
8.8E.01 
1 IlE+00 
l.lE+OO 
l.lE+OO 

1.5E*Ol 

I.GE*Ol 
1.5E*Ol 
1.BE.01 
L'JE+O1 
1.5E+01 
1,5E+O1 
l.JE+Ol 
1.73-01 
1,7E-O]. 

3.5E+00 

LOE+OO 
3 .GE*O 1 
1,7%02 

3.5E.08 



Plt JR 
hm.241 
Am.243 
Uk*?47 
Cod0 
Cn.135 
Cll-13i 
Eu.153 
H.3 
H f. 182 
K.40 
&.e5 
Sb.94 
si49 
sp.23: 
Pu.238 
Pu.339 
P0.240 
Pu.242 
Ru.220 
Sr.90 
T099 
Th.230 
Th.232 
t'-232 
t'.:35 
u.234 
G.35 
U.?X 
U.238 

-- 

I PI t 30 - 
Am-241 
hm.243 
811-133 
Di.207 
C.14 
CO-GO 
Cn-135 

Eu-152 
H.3 
Iif.182 

CS.137 

Tnblc 9-13. Conhucd. 

U'utr Fnrm 

Volume 
(ma) 

1.3E.02 
2.4E+03 
D,4E+OZ 

B.OE+Ol 
3 ,sG*o 1 
l.OE*Ol 
8,lE+Ol 
:,m+oo 
1.3E+O2 
l.OE*Ol 
3.OE+01 
?.5E*01 

:.BE43 
1.3E+00 
2.4E-00 
7,GE-00 
9.9E+01 
3,3C+02 
2.1E.01 
5.BE+OO 

7,XE*Ol 
?.5E*01 
l.OE+Ol 
i.nE+o2 
LlE-01 
2.1E.01 
2.GE-02 
4,OE*02 
1.SE-02 
2 . Z - 0 2  

?.3E+O? 
5b7E-02 
187E-01 
3.8E-03 
2JE-01 

3.4E-01 
8.7E;E*01 
6.2E-01 
5.3E+01 
2.3E-01 

a, m + o  1 

Activlty Volume 
CCI) {ma) 

;,:E44 
&8E*01 
?.5E-07 

9.OE-03 
1,1E# 
1.oc-09 
2.dE-00 
4,JE-O: 
3.5G.02 
2.8607 
S.OE*OO 
6.8E-05 

7.4E.M 
6,OE.OS 
J.bE-03 
3,lE.ll  
3.4E-03 
1.7E+OO 
1 S O 4  
1.1E-04 

4.GE*03 
1.3E-02 
l.OE-09 
3,tlG.04 
1 JE.04 
1.1E.04 
';.?E42 
7.9E-03 
l,4l?43 
2.4E-01 

5,9E43 
L O W 9  
3.8E-07 
7.4E-05 
2.7E-05 
?.I)E42 
1.OE45 
4.5E-03 
ll.OE.09 
5.GE-02 
?.6&05 

2,3E+O? 
1,OE*03 
6.OE*0? 

1.9E+01 
l.OE-01 

7,3E-00 

3,dE+01 
L7E.01 
7.3E*00 

?,OM1 

G .7E*O 1 
3 . a - 0 1  

4.8&01 
4.7E+01 
1.OE-01 
1.4E+00 
2.OE-01 
1JE-01 

2.OE91 
1.OE.01 
1.OE-01 
G.4E*O1 
8,1E+O1 
LOE41 
3.GE+01 

3.OE+01 4.11E-W 

8.9E-00 
1.4E-02 
1,5E41 

3.U+Ol 
1.OE-01 

&BE40 

l.lE41 

7.OE+00 

6.7E-01 
3.8341 

5.0E-01 
5.7E41 
1.OE-01 
1.4E+00 

7.1E+00 

1.oE.01 
l.OE-01 
4.GE41 
l.lE+O? 
1.OE.ol 
G.8E+00 

2.lE+01 

l . D G 0 1  

1.9E-01 

3.8891 
5 . m s  

1.4E-03 

2. zE-03 

G.4E-01 

3.0608 
1.4E-03 

7.7E-01 
3 .6601  
5.7E.05 
5.7E-06 

1.4E.03 

3.Z-06 
5.7E.05 
7.5Eo3 
2.OE-03 
S.ZE-03 
3.3E-03 

4,5E4? 
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Tnblc 3-13. Continued. 

3.55 

Volume 
lrn’l - 

2.:E+Ol 
5.bE.+Ol 

l.DE*OO 
1,3 E.02 
1.5E.02 

Z.1G*OI 



rd 
02 
2 

k w 
A 

0 
R 

5! 
Y 

35 

d 
0 

w 
pi 

1- 
? 
W 
=? 
r. 

0 
0 



CORRECTION 

START 



c 



Volume 
tm31 - 

5.GE41 
1.:c+02 

l.9E.02 

:.9E.00 
1 . x - O ?  
1.9E*O? 

3.kE*01 

D.!X*11 
2.7E.05 
4.6E-05 

1.2E-05 
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Table 3-14. Shaft rudionuclidc invcntorh for Scptcmbcr 26.1988, through 1995. 

n':**tr Form 

Volume 

G.2E.00 

G.?E+OO 

340E+00 
G.2E.00 
X8E-03 
li.9E-01 
tl .SE+OO 
1.2E+Ol 
G.?E+OO 
6.3E+00 
G,GE*OO 
G.?E+OO 
G,:E*OO 
4.GE+01, 
6.2E*00 
G2E-00 
G . Z + O O  
C.2E-00 
G.fE+OO 
6,3E*00 
6.32~100 
3.8E.03 
1.9E.02 
O.?E+OO 
l.:E*O1 
ZJE-01 
42E-01 
4.2E.01 
4.2E.01 
8,3E.0: 
6.2E+OO 
G.Z?+OO 
d,2E*OO 
&?E-00 
6,4E*OO 
6.fE.00 
6,:€+00 
G,?E*OQ 
G.?E-00 
5.8Co3 

?.RE41 
l.JE*Ol 
l.SE-01 
L2E-01 
62E+00 

tI.tx-00 

3.tlE-03 

9.3E.01 

Snilr 

Volume Acdvlty 
rC1)- -- 

1.HE-02 
3.6341 
l.tlGO? 
5.9391 
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CORRECTION 
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Toblcs 3-13 and 3-14 includo rndjonucljdcs with half-lives g c o t ~ r  than 5 years and 
those with parents or daughters with half=livcs grcatcr than 5 yenrs. Thc rndionuclidcs 

climinntcd from the inventory projections based on half-life uc Est4 in Appendix A, 

3.2 PROJECTED TdLW Tl'WF%TORY 

The projected LLW inventory includes wnstc f T 0 n  routine operations nnd ER and 
D&D waste. Invcntoqv projections for thcsc types of ~ n s w  DTC prcscntcd in this scction, 
Projected opcrutionnl waste invcntoncs nrc discussed in Scctioa 3.2.1, ER and D&D invcntary 

projections arc provided in Scction 3.2.2, and invcnton'cs of MLLW rcsiducs OTC g k n  in 
Section 3 2 . 3 .  Tlic tctd future inventory is summarizcd in Section 3.2.4. 

3.2.1 Opcrritionnl LLW Tnwntow Projtvtions 

A total of 26 TAa wcrc identified as major gcncrntors of U W  n t  Lk?n, using the 

screening procrm dcvcribcd in Suction 221. Thc x m c n  based on the total volumc. of U W  
generated idcntificd 19 TAs as major gcncrncors of LLW, shown in Tnblc 3-15, Several TAS 
consistently gcncratcd largo volumw of waste throughout the 1990 ta 1995 pwiod, including 

TAs 3, 15, 21, 48, 50, 53, and 56. Thc rcmaindcr of the TAY listcd in t he  table qunlificd 0s 

major generators of wnstc for thrcc or less of the s i x  years. 

Thc results of the screcning calculations bnscd on total activity, shown in Tablc 3-16, 
indicate that P small number of TAS w r c  rcsponsiblc for most of thc nctivity disposed of at 

&en G: scvcn urcas wcrc rcsponvibic for 95 pcrccnt of thc activity disposcd ofbatwccn 1990 
and 1995. Of thcsc, TA48 nnd TA-53 wcrc'thc most consistcnt contributors, qualifying as 
major generators for five of the six ycnrs, All of the TAS identificd as major gencraton of 
LLW using the total activity scrccn also wcrc identified os such by tho Ecrecn bused on t o d  
wnutc volume. 

L 

Thc screening calculation bascd on mdionuclidc-specific activities idcntified 28 TAs 

The TAs that were 3s major gencrntors of wnstc bctwccn 1990 and 1995 (Tablc 3-17), 
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Tablo 3-15. Major gcncmtor's of LLW bmcd on total volumc. 

1990 1991 1992 1999 1994 1995 ------ Twhnicnl Arm 

TA-0 Unossigncd h d  Rcscrvc 
TA-2 Orncgo Site 
TA-3 South Mcsn Site 

TA-15 R-Site 
TA-16 S-Site 
TA-18 Pnrqjito Laboratory 

TA-21 DP-Site 
TA-33 HP-Sitc 

TA-35 Ten Site 
TA-36 Iinppu Site 
TA-39.4ncho Canyon Site 

TA-43 H c ~ l t h  Rcscnrch Lab and 
DOE Hctldqumcrs 
TA-46 VIA Sit0 
TA-48 Rudiochcmistq* Sito 
TA-50 Waste Mnnngemcnt Site 

TA-52 Reactor DcvcIopment Sito 
TA.53 Meson Physics Fnciliw 
TA.54 Waste Disposal Site 

TA.55 Plutonium Facility 

S S 

s 
S 

S 

S s 
S 

S 

x 
s 
x 

X x 
x x S S 

X 
x 
S 

x 
s s X x x 

S 

S 
S 

x 
X 

S S 

s 
s 
x 
s 
S 

x 

X x x S x 
x 

x 
x 
x 

x X X S 

n. 'W indicntcv that the waste shippcd'for disposul by thc TA comprised 95 pcrccnt of 
the total volume of waste disposed of in the indicated par. 
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Toblc 3-16, Mojor gcncrntorr; O€ LLW bnscd on t o t d  activity. 

Ycnr of  Dic;posnla 

1990 1991 1992 19% 1994 1995 Tcchnicnl hrcn - - I _ _ - - -  

TA.2 Omcgn Site X 
TA-3 South Mesa Sitc x x 
TA.21 DP-Site ]I: 

TA-33 "-Site S s 
TA-48 bdiochcmistv Site X x x x x 
T.4-53 Mcson Physics Facility X x X X x 
TA-55 Plutonium Facility s 

a, X" indicatcs that the waste shipped for disposal by the TA comprised 95 pcrccnt of 
the total activity of w m t c  disposed of in thc indicated ycx.  
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Tnble 3-17. Mqior generators of U W  based on radionuclide-specif% activity, 
0 

Twhn i c d  Arm 

Til-0 Unassigned Land Rcsclrvc 
TA-1 Town Sitc 
TA.2 Omega Site 
TA-3 South k c s a  Site 
TA-S Anchor Site lvcst 
TA-9 Anchor Sitc Enst 
TA-1.1 K-Sito 
TA-15 R 6 t e  
TA-16 S-Sito 
TA-16 Pamjito Laboratory 
TA-21 DP-Site 
TA-33 =-Site ' 

TA-35 Ten Site 
TA.36 Knppo Site 
TA-39 h c h o  Canyon site 

TA-43 Hculth Rcsearc? Lab and 
DOE Wcadqumcra 
TA-16 WA Site 
TA-48 Radiochemistry Site 
T.4.50 Wnstc  Mnnngcmcnt Site 
TAG1 Rodintion Exposure Facility 
TA-52 Reactor Dcvclopmcnt Site 
TA-53 Meson Physics Facility 
TA-54 Wnstc Disposal Site 
TA45 Plutonium Facility 
TA.59 OH-Sit@ 
TA.60 Sigma Mcso 
TA.64 Ccntrnl Guard Facility Sitc 

TA-41 W-Sitc 

x 

x 
x 
S 
S 
x 

x 
S 

S 
S 

X 

1991 1992 1993 1994 1W5 ----- 
X S 

x 
x x x 
x x s x s 
x 

x 

S 
S x 

S x x x 
x 

s S s 
s 

x 

s 
x 
X 
s 
S 

S 'S 
S x 

x S 

s x S 
S S x S 
s S x x 

x 
S 
S 
s 

s 
X 
S 
X 

x 

a. 'X" indicntcs that thc wnstc shipped for disposal by tho TA comprised 95 percent of 0 
thc totnl radionuclide-specific nctivitics of wasto disposed of in the indieatcd year. 
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idcntificd in addition to  those rcvcnlcd through tom1 volumc and nctivir) sercens include 
TA-1, TA.8. TA-9, TA-11, TA-41, TA-51, TA-59, TA.60, and "A-64. Of thcse, TA-60 and 

Ttii-64 were dismissed from furthcr considcration. TA-60 was identified ns n major gcncrator 
ofwastc based on the activity of "gamma cmittcrs" slippcd for disposal in 1994, Thc total 
L\C;lVity of this waste, 1.OE-06 Ci, \VIS much less than the disposcd acthitics of important 

gumma cfiittcrs ic.g<, Co-GO and Cs-137) in that  y e w  (2.2E1-02 and 1.5E401 Ci, rcspcctively). 

Given this f;rct, TA-GO was climinatcd from considcrntion us a major gcncrator of waste. The 
TA.64 waste shipmcnts notcd in thc dntnbasc consisted of soil samp1c.s collected from othcr 

TA, including Ttbl, T.4-21, TA-50, and Th-54. Given tha t  the waste was not gcncrntcd a t  
TA-64 and that  thc UUCLIS from which the contamination origiinntcd had drcndy bccn 

identified as major gcncrators of waste, this TA wns removed from further considerntian in 
the  futurc w w t v  projections, 

Estimates of future Icvcls of activity nt thc TAs idcntificd ns mnjor gcncrators of LLW 
a t  &.XL arc pro\idcd in Table 3-18, Currcnt opcrations nrr! cxpectcd to continue e~scntinlly 

unchanged for thc forcsecablc futurc at scvcral "As. In contrast, thc  wnstc gcncrntcd n t  five 

T& (TA-0, T.4-1, TA-2, TA-33, and T.4-52) is cxpcctcd t o  consist of primxrily ER and D&D 
tvostc as closed sitcs and facilities arc rcmcdiatcd. Some or all ofthc opcrotions mc cxpcctcd 
to  continue a t  thc remaining "As, although thc naturc of thc LLW gcncratcd a t  thcse TAs 
may change 3s opcrations cvolvc. For cxamplc, tha quantities and types of waste shi?pcd 
for disposal from T.4-21 u c  cspcctcd t o  chnngc significantly with thc D&D of the plutonium 

and uranium facilities. 

Bnscd on the rcsults provided in Tablc 3-18, LLIV gcncratcd in the futurc a t  TA-0, 
TA-1, TA.2. TA-33, and TA-52 was assumcd to consist solely of ER and D&D waste. These 
T& wcrc not considered in clic dcvclopmcnt of projected operational wnstc invcntorics. With 
thc cxccption of TA-54, all of thc rcrnining TAs listcd in Tnblc 3-18 were includcd in thc 

dcvelopmcnt of projected invcntorics for routine LLW. While the lcvcl of activity nt Rome of 
thcsc facilities may dcclinc in the futurc, it was not feasible to  usc the existing LLW disposal 
infomation to  identify (1 subsct of thc wantc gcncratcd a t  a given TA as wastc which will no 
longcr bc! gcncrntcd. Conscqucntly, a conscn*ative approach w39 ndoptcd whcrcin nll LLW 
generated a t  thcve TAY is includcd in thc pcrfomancc. nsecssmcnt and composite analysis. 
Adjustments to the projcctcd invcntory to  nccount for the s tn r t  ofncw opcrntions nt n small 
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Table 3-18. Projections of future operations at the m$or generators of U'W. 

Twhnicnl A w h  

TA-0 U n u n n i p d  Lund Rcncrve 

TA-1 Town Sib 

TA.2 Orncgu Sitr 

TA.3 South NSSP Sitc 

TA.8 Anchor Site Ly'cst 

TA.9 h c l i o r  Site E u t  
TA-11 K-Site 
TA.12 R-Sito 
TA-IG SeSitc 

TA.13 PnrJjito Liboratopt 

TA-21 DP-Site 

TA-33 HP-Sitc 
TA-35 Ten Situ 

TA-36 h p p u  Site 
TA.39 hncho Cnnyon Sitc 

TA-41 Ll'-Site 
TA-43 Hcnlth Rcscnrch Lab cind 
DOE Hmdquunem 

TA4G \\'A.Sitc 

TA-18 Radiochvmiatv Sitc 

TA.51 Rudiution Exponurc Firrility 

TA-32 Rcuctor Dcvclopmcnt Si& 

TA-53 Muson Physiu Facility 

TA-54 ISaste Dispoanl S ib  

TA-55 Plutonium Focility 

TA-59 OH-Site 

Futum- Operntlnnd Stnturr 

Gencrrition of ER w u t c  only, 

Ccncrution of ER WMW only. 

Rutretar hru bccn ahut down; gcacmtion of ER and D&D W U R ~ C  only. 

Opcrutions will continue. 

Opcrntiona will continue, 
Oprotions will continua. 

Operatiom will continuo. 

Opcrotiona will cootinue. 

Operations will continuo. 

Opcrntions will continue. 

D&D of plutonium und urunium fncilitics cxprctcd in futurc; othcr 
operntionn will continuo. 

Fncility c l o d  imd schcduled to undergo D&Ph 
Work with rudionuclidcrr will d d n c ;  D&D of old h i o n  product 
b d d i n p  i n  e c h c d u l d  

Opcrntiorur will continue. 

Operntions will continua. 

Drdino in opcrntiona handlinp mdionuclidoa. 
Operations will continuo. 

Operutions will continue, 

Oprutioncl will continue; quantity of fresh fusion-product wnab will 
dcclino. 

Current facilitiea to operatc until ncw liquid rndionctivc wlrsb 
treotment fncility ia constructed. A moderate incmnsc in the nctiviy 
of the wtutc is expected from thc morc cfficient trciitment pmcenu. 

Operntiont will continue. 

Rcnctorrr huvc undergone DSLD; activitica now mntcr on non&i?Z, 
ntudics thnt gcnerata littlc or no w u b .  

Oprntions win continue; ncw wnatc RtruemB pro cxpectd from the 
inndiution of wpta whcn studies of acalcrntor production of tritium 
begin. 

No nihnificnnt pcnemtion of waato cxpectcd, 

Oprntiona will continue: wnsb atlrEama conttlining weripom-pde 
plutonium could incrcnse n1ightlp.n LAX, increwem operntionnl 
plutonium aupport for DOE. When fnbricntion of Pub238 t h e 4  
gonerutom ia compleb, this plutoniium waatc will dccroaso. 
Opcrntiona will continua, 
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n m b c r  of T b  w r c  not possiblc bccnusc thc rndialoghd chrlrnctcristh of wustc from thcsc 
operations a rc  unknown. 

TA.54 wus not assumed to  bc n major generator of LLw in the future, Thc wnstc that 

is attributed to TA-54 in thc LLW dntnbosc is generally matcia1 gcncrntcd a t  othcr TA, 
origin of the wastc was listcd ns TA-54 bccausc the waste undcmcnt  spcciul handling 

a t  thc disposal fadit>* prior t o  disposal. Quantities of operational LLW actually gcncrntcd 

a t  TA-54 in the future arc cxpcctcd to  be smdl. 

In summnq, the major gcncrntors upon which projcctions of future operational waste 

invcntorics w r c  bawd arc listcd in Tablc 3-19, Thcsc generators arc cxpcctcd to account 
for npprobmatcly 95 pcrccnt of thc opcrotional LLW gcncmtcd in thc future on thc  basis of 
total \*olumc, total acti\+ty, and radionuciidc-specific activitics. 

As discusscd in Section 2,2,1, high-octiviu tritium wastc gcncrntcd in the past six 
\'curs is cuncntly being stored whilc tritium rccovcry options arc being invcstigntcd. Bccnuvc 
no decision had been made about whether the rccovoq option would bc pura w c d  at t h e  time 

tha in\*cntoq was dcvclopcd, it WUS assumed tha t  all of this wuste in storngc and d l  such 

wastc gcncrntcd in the fistcrc would bc scnt to Arcn G for disposal. Table 3-20 lists thc total 
volumes and tlcth<tics of high-activity tritium t w s t c  in storagc ns of July 1996 and the 
cxpcctcd rate of futurc gcncration, 

Thc projcctcd operational LLW invcntorics for k r c a  G arc listcd in Tublcs 3-21 
through 3-23 for thc four waste forms discussed culicr, Tnblc 3-21 lists thc  vo1urncs and 
as-disposcd acti\<tics of wnstc projected to  rcquirc disposal for the rcmnindcr of t h c  facility's 
lifctimc, Tablc 3-22 provides thc total as-disposed radionuclide invcntorics for tfic LLW 
disposed of in p i s ,  whilc Table 3-23 provides similar information for thc disposnl shafts. The 
waste with high levels of tritium, summarized in Table 3-20, is included in Tables 3-21 
through 3-23. Radionuclidcu with half-livcs of 5 ycurs or less hnvc been scrccned from the 
projcctcd invcntarics. 
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Tablc 3-19. Mqior gcncrutorr; of LLW between 1990 and 1995. 

TA.3 South Mcsn Site 
TA.8 Anchor Site Wcst 

TA.9 Anchor Site Enst 
TA-11 K-Sitc * 

TA-15 R=Site 
TA-16 S-Site 
TA-18 Parqjito Loborntory 

TA-22 DP=Sitc 
TA.35 Tcn Site 
TA-36 Kappa Site 
TA-39 Ancho Canyon Site 
TA41 W-Sit0 

TA-43 Hcnlth Rusenrch Lab nnd DOE Hcndquartcn 
TA46 W A  Site 
TA.48 Rodiochcmistry Site 
TA-50 OH-Site 
TA-51 Radiation Exposure Facility 
TA.53 Meson Physics Facility 

TA-55 Plutonium Facility 
TA.59 OH-Site 
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Tnblc 3-20. Storcd and projectcd invcntorics of wnhta with high E.3 activities. 

Volume 
lo 

Storage 
(ma) 

5 .EE*O 1 

32E*00 

3,RE*02 

G.?E+OO 

Actlvlty 
(CiI 

J.l3E*02 
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TnbIc 3-21. Projcctcd opcrntioad LLW voIumcs nnd activities for pits and 
shafts. 

Dinpounl UnitNnetc. Form 

Pit WJlIYtV 

Surfncc-Contaminatcd U'ctuto 

Soils 

Concrctc and Sludges 

Bulk-Conminntcd Waatc 

Fhiih \ V ~ i ? l t ~  

Surfacc-Contaminutcd Wonto 

Soils 
Concrctc ond Sludges 

Bulk-Contaminotcd Wnstc 

2.23+03 1.8E+01 l.lE*O5* 

9.9E+01 2.1E=o2 4.8E*03 

2,2E*o1 7.3E-01 l.ZE+OS 

52S+01 3.4E-01 2.5E+03 

2.3E+01 l.lE+05 1,3E+09' 

4.OEe00 7.OE.02 2.OE.cO2 

2,3E+00 3.3E+02 l.lE+02 

n. 
b, 
C, 
d. 

Indudua S,PE*OL m3 of starcd highmitiurn-uctivity wnstn, 
Includes 3.SE*02 Ci of stored high-tritium-acth$ty wnato. 
Xncludrs 3,2E+OO m3 of ntorrd high-tritiurn=acti\*ity wnato, 
Includcn 6.2E+05 Ci of Rtorcd high-tritium-activity wnaw, 

TOtri l  
Activity 

fC1) 

0 

e 

a 
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Toblc 3.23. Projcctcd shaft rndionuclidc iavcntorics for Arcn G, 
.. 

Volume 
fm3) 

7.2E+01 
2.GE.01 
3.1E.02 
?.3E+01 
3.1E.02 
4.1E.02 
,..E*01 
3.GE+01 
I.OE+OO 
2.HE.00 
l.BE+OZ 
9.3E.03 
9.3E.0: 
3.1E.02 
l.GE.01 
1.5E41 
1.2E+O2 
I.lrE*O? 
3,4E+00 
3.4E*00 
3,4E*00 
4.GE.01 
1.5E-01 
l.GE+OG 
3,1E*0? 
:.GE+OO 
9.GE.01 
l.lE.02 
9.GE.01 
I.:E+O2 

.-I- 

?.9E+02 2.OE+OO 
3.OE*O? G.3E-01 
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3.29 ER nnd D&D LLW 

The voiumcs of LLW cxpcctcd to rcquirc disposal a t  Area G due to ER and D&D 
activities and the CBlR upgrade arc listed in Toble 3-24. All of this w'nstc is e.upccted to be 
disposed of in pits, T'he voiumc of ER wastc is based on cstimatcs ~ollcctcd from thc various 

Ficld Units at  &XL. Estimatcs hud bccn reccivcd from about 60 pcrecnt of thc Units a t  the 
timc thc ER invcntoq* projections werc being dcvclopcd for inclusion in  the k e n  G invcntory. 

These units arc espectcd to account for approdmote1.v 85 percent of thc total future waste 

( ~ u ; ~ s s e n ,  1996). Conscqucntly, the projcctions wcrc incrcnscd 15 pcrccnt to account for the 
non-rcsponding Ficld Units. Thc DBD wostc volumc projections included in Table 3-24 arc 

bnscd on a spccific set of funding nsuumptions. Waste projections were available through 
frscnl ycnr 2001 at chc timu thc iucn G invcntory was bcing dcvcloped; D&D activities may 
continuc beyond this ynr. Thc volumc estimate for the CMR u p g a d c  wnstc accounts for the 
rcmaindcr of the projections (Kcnnicott, 1996). 

& discussed in Section 22.2, the radionuclide conccnerntions in the ER, D&D, and 
CbIR u p p d e  waste werc nssumcd to be the samc as those found in mixed low-level ER 
waste by ERWGoldcr (1995). "he 

nsndisposcd radionuclide invcntoricv bused on thcse conccntrations and tho volume 
information provided i n  Table 3-24 are shown in Tublc 3-26, Inwntorics are listed for 
radionuclidcs with half-lives grcate: than 5 ycrus and for radionuclidcs tha t  have daughters 
or parents nlth half-lives greater than 5 years, 

Thcvc conccntrations are pro\idcd in Table 3.25. 

3.2.3 MLLW Rwiducs  

The total volume and activity of uranium chips and turnings in storage (Le., was& 

plus dicsc1 fucl) through 1995 was 24.8 m3 and 5.3 Ci, respectively (Brazcngcr, 19961, 
Generation ratcv of uranium chips are expected to increase relative to histone levcls IW 

worklonds in tho UhZ shops increosc (Hodgcs, 1996d. The quantities of such waste 

cxpcctcd to  rcquirc disposal as a result of future operations arc listed in Table 3-27, The 
wastc was assigned to the soil wnsto form, based on the fact that the waste cmcntly is 
cxpcctcd to be stabilized in n clay matrix following trcatmcnt. The radionuclide inventories 
in thc waste also arc included in Table 3-27, 
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Tnblc 3-24. Projected ER and D&D and Cam Upgrndc LLW iaventorics for 
Arcn G. 



Rnd ion ucl id e 

Ac-227 

Am-241 
Ce-144 

CO-60 

CS-137 
H-3 

K.40 
Pb-210 
Pb-212 
h.235 

, Pu-239 
Pu.240 
RLI-226 

Concentrntion (pCi /g)  

2.2E.cOO 

1.6E+00 
LIE-01 
2.6E-01 
5.OE.0 1 
6.4E+01 

2.6Ea01 
4.3E*0 0 
1.4E+OO 

4.8E.01 
S.9E+01 
9,5E*01 
1.5E+00 

Sr.90 8.9E-01 
Tc-99 
Th.228 
Th-230 
Th-232 
Th-234 
Tl-208 
u-234 
u-235 
U-238 

3,OE-Ol 
1.4E+00 
1.1E+00 
l.SE+OO 
1.9E+00 

4.2E-01 
6,5E*00 
5.4E-01 
5.6E.cOO 

a. Sourcc: ERiWGoldcr, 1995. 
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Table 3-26. Rrldionuclidc invcntorics €or ER D&D, nnd CMR upgrndc wustc. 
u 0 I. 

Volume 
(ma) 

1.4E+04 
1.4E+04 
1.4E*04 
1.4E+04 
l.JE+OJ 
1 . 4 E 4 4  
1.4E+04 
1.4E+04 
!.4E+04 
I.4E+O4 
1.4E.04 
1.4E-04 
1.4E-04 
I .4 E+04 
1.4E+04 
l.4&04 
1.4 E+ 04 
1.41<+04 
1.4E*O4 

Acddty 
(Cll 

7.1E.02 
G.lE.02 
8.4E-03 
I.CE.02 
2*1E+OO 
h. 3E.0 1 
1.4G.01 
1.6C-02 
2.9E*00 
3,1E+00 
4.YE.02 
2.9E-02 
9.7E.03 
3.7E.02 
S,OE*r)? 
G.2E.02 
2.1c.0: 
I.7E.02 
I.tlE.01 

- 
2.2E-o: 
1.GE-02 
2.7E-03 
5.LE.03 
G.GM1 
2.6E91 
4.4E-02 
J.9E-03 
9,lEdl 
O.%OI 
1 .JE.02 
9.1E.03 
3.1E-03 
XE42 
1,9E-02 
1,9E-02 
G,6E-02 
6.SE.03 
5,7E.02 
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4 ,J E.03 
4.4E+03 
J.4E+03 
4.4E+03 
4.4E+03 
4.4E+03 
4,4E+O3 
4.4E+O: 
4.4E+03 
4.4E+03 
4.46+03 
4.dE+03 
4.4&03 
4.4E+03 
4.4E+03 
4.4Ec03 
4.4G*03 
4.4E.03 
4.48+03 

Activity Volume Activity + 
rCD (m3) CCI) - 

?.?E-02 
1,GE.02 
:,m.03 
G.ZE93 
G.5E-01 
2.GE-01 
4.4E-02 
4 .9 E-03 
9.lE.01 
9.7E.01 
I .SE*02 
P.1E-03 
3.1E-03 
1 2 E 0 2  
1.9E42 
1.OE.02 
G.6E-02 
5.tE.03 
L7C.02 



Tublc 3-27. Projcctcd inventories of uranium chip waste. 

ID i sposnl Diriposd 
Wnwtc Pnmmctrr Volume (m3! A c t h i e  CCi) 

Totnl Volumes nnd Acti\<tics 
Stored Waste 5.3E+00 

1996 1,6E-01 
1997.2007 7.7E+OO 

2006-2049 1.7E+O 1 

2.5E+01 
9.3E-01 
4.4E+01 

9. iE+O 1 

. 

Rnd ionuclidc-Spccific Activities 

u-234 

U-235 
U-236 
U238 
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3.2.4 Total Futurc Tnvcntorv 

total volumes and xti\itics of LLW projcctcd t o  requirc disposal at  hrcn 2 in the 
future are listed in Toblc 3-28. Scparrrtc totals nrc pro\+idcd for thc four wnstc forms 
considcrr,d in source-tern modeling and for waste disposed of in pits nnd shafts. Tables 3-29 
and 3-30 list thc total projcctcd radionuclide invcntorics for the pi ts  and shafts, rcspcctivcly. 

3.3 

hs discusscd in Chapter I, thc Arcn G pcrfomancc oescssmcnt nnd composite onnlysis 
address diTcrcnt pocions of thc waste that  has bccn disposcd of, and which is cxpcctcd to 
rrquirc disposal at ,  thc disposal facility, Thio  section summnrizcs the radiauctivc waste 

inventorics specific t o  thcsc two nnnlyscs, ' h e  A n a  G inventory for the performance 

nsscssmunt is summarized in Section 3.3,1, while Section 3.3.2 presents the invcntoqy for the 

composite analysis. 

3.3.1 R:idiorictivc Wnste Inventon' for thc A r m  G Pcrformnncc. Asscssrncwt 

Thc tbca G pcrforrnancc assessment includes ~vas t c  disposed of sincc Scptcmbcr 26, 
1968, and thc wnstc cxpcctcd to rcquirc disposal over tho rcrnainder of the fucility's lifetime. 
" h e  characteristics of this wnstc uro dctxilcd in Saccions 3.1,3 and 3.2 of this rcport. The 
summary tablcs that follow are bused on the information in thosc scctions. 

" h c  total volumes and actititicu of waste projected to bc disposed of between 

Scptcmbcr 26, 1988, and the ycnr 2044 arc ,prc\+ided in Table 3-31 for thc disposal pits and 

s h a h .  Thcsc quantitics are provided for the four  wmtc forms that uill be considered in 
source-tcm modcling, irnd arc summed over all pits and shafts rccciving waste during this 
period. Thc projcctcd radionuclide inventorics for this waste arc listcd in T~lbles 3-32 and 
3.33 for pits and shafts, rcspcctivcly. The waste volumes listed in thcsc tables rcprcscnt the 
quantitics of w s t e  contaminated with each radionuclide. Because several rnciionuclides may 

.. 

e.. 
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Tnblc 3-28. Totnl future inventory volume nnd 3ctivjQ’ projections. 

Total Total 
Diwposn] T..7nit!ll’iWc Farm Volumc lm3) Acti\+tv fCir 

Pit Wnstc 
Surfacc-Contaminated Wnstc 1.2E+05 1.4E+03 

SOilY 9.4€+03 3 .;E+O 1 

Concrctc and Sludges 5,53+03 3.9E+O 1 

Bulk-Contominntcd Waste 2.53+03 1.7E+O 1 

Sh nft Wir ste 

Surface-Contaminated Waste l.lE+03 6.1E+06 

Soils 
Concrete and Sludgcs 2.OE+02 3.4E+00 

Bul k-Con t3mino tcd Wns te l.lE+O2 1.6E+04 

I 
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Tublc 3-29. Totd  futurc r;idionuclide invcntorics for htcrl G pitr;. 

Surface- 
Cnntwmlnntrd U'nntr Sailr 

V O  I u Ins 
4 mJ) 

1.4E-04 
h.tiE-03 
2.3E-01 
3,%-04 
3,5E+02 
A.HE-03 
F.OE-00 
I.PE-02 
1.GE-03 
t(.GE+03 
1,2E+OO 
1.:c+oo 
3.1E-04 
6.6E-03 
2,GE-04 

8.7E-03 
H,GE+O3 
H.GE-03 
R M h o 3  
1.9E-04 
3.SE-02 
l.lE+O2 
H.GE+Q3 
1.4E-04 
b . G E 0 3 
H.GE-03 
8.LE+03 
H.C,E-03 
R.GE*03 
B.GE+OS 
1,6E+OZ 
?.3E+00 
5.1E+O2 
1,4E+02 
1.4E*04 
R , 6 6 4 3  
1.4E+02 
4.13-04 
7.1E+04 
3.3E+04 
1.0Ec04 
1.9G+O4 
1.4E-04 
H.CE43 
1,C,E+03 

n GLOJ 

Actlvity 
fCI) 

:.1E.02 
2.OE.01 
3.1E97 
l.lE.OO 
2.OE.04 
7.OE.00 
'7.zJJ4 
4 . 5 6 9 7  
1,4 Em01 
H.OE-01 
1 . m 4  
3.1G-03 
2,OE+Ol 
2.OE-04 
?.DE-00 
1.3E-06 
4.4E.01 
1.3E-01 
3.4E-01 
:I.GE*OG 
:.OE-OZ 
5.2E-02 
2.8E.02 
2.4E-06 
H.3I?*01 
4.3E.05 
2.1E.00 
?.OE*04 
1.4E.02 
4.2E.Oti 
2.1E.01 
3,9E*02 
1.3E-03 
3JE43 
7,4&0fl 
2.3502 
5.9E-06 
G.4E.03 
3.HE-01 
2.1E.01 
LlE+OO 
3.1E+01 
1.1E.04 
2.4E.01 
4.0cO6 
4,3E-Q1 

Volume 
fml l  

4,4@+63 
- 

5.SE*03 

4.4E*O3 

J.4E*03 

4 . 4 h 0 3  

4.JE+03 

4.4E+03 

5,G&+03 
d.53+03 
4 . 4 3 4 3  

4,415-03 

.I, ....I E+03 



T'nblc 3-29. Coatinucd. 
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Tublc 3-30. Total future rudionuclidc invcntorks for Rrcn G ~huPts. 

Volumn 
(ma)  

7 .  :LO 1 
2.SE.01 
3.1E-02 
?.3E+01 
3.1E.02 
4 . 1 b 0 2  
?.:E+01 
3.GE+01 
:.OE*OO 
?.YE*OO 
2.4E-02 
9.3 E.03 
1.1E*O: 
0.3E-01 
3.1E.02 
1.5E.01 
1.5E.01 
1.%*02 
:.SE+O: 
3.dE*00 
3.4E-00 
3.4E-00 
4.GE.01 
1.5E-01 
I.GE-00 
3.1c.02 
Y.GE+OO 
9.GE-01 
1.1 E+02 
9.GE.01 
1.7E*O2 

8.5C-03 
2.OE.03 
33E-01, 
2.2E-08 
3.7E.07 
4 . G b 0 3  
3,3505 
L Y E 4 2  
:.tlE*02 
7.3 E a 0  1 
G.?E+06 
8.2E-03 
2.1E*00 
3.3602 
2.5E.04 
1.9608 
3. 2E.I 3 
f.lE-O? 
1.1E.O: 
2.3E.02 
3.5E.0 1 
1.3E.06 
:.CE*06 
1.2E.14 
3.4G+01 
J.4E-07 
3.3E-03 
9.9E.04 
F.9E.03 
4.7E.05 
f . G E + O O  

l . lE-02 5.3E+O? 

?.9E+O? 2.00+00 
3.OE*02 G.3E.01 

:.I)E+02 I.RE.03 

3.4E*00 3.1E.06 
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Table 3.31. Pjt nnd shnft wnstc volumcs and activities included in the Area G 
pcrformnncc usscssmcnt invcntory. 

Total. Totd 
DihTosd Disponnl 

DisposnI Unid Wnste Form Volume fm3) Activitv CCi, 
Pits 

Surface-Conruninntcd Wnstc 1.5E+05 1.6E+03 
Soils 1.4E+.04 4.OE+Ol 

Concrctc and Sludges 6.8E+03 4,4E+01 
B ul k=Con tamin n tcd Wnstc 3.5E+Q3 2.4E+01 

Shafts 
Surf;lcc=Contaminatcd Wnstc 1,3E*03 
Soils 1.3E+01 
Concrctc and Sludges 2.2&02 

Bul k-Con tonzinntcd Was tc 1.4E.cO2 

6,63+06 
2,'iE-07 
3.9E+00 
1.9E404 
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Table 3-32. Pit rlrdionuclidc invcntorics for the Arcn G pcribrmoncc nsscssmcnt. 



Table 3-32. Continued. 
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Occur in a singlc wnstc package, thc sum of thcsc volumcs is grcnter than thc total volume 
of \\*nstc disposcd of in thc piw and shafts. 

3.3.2 Rndionctivc IVnstc Tnvcnton. for the Arm G Composite AnnJysjr; 

Thc compositc analysis includes all waste disposcd of sincc thc  Area G disposal facility 

oppncd in 1957 nnd the waste cxpectcd to rcquirc diSp0Sd over the remainder of thc facility’s 
I jfctimr. Estimated quantities, physical forms, ond mdio1ogh.I characteristics of this wnstc 

=e prcsentcd and discussed in Scctions 3,1 and 3 2  of this report, The infomarion 
summarized in the wblcs thnt follow is bnscd on thc data prcsentcd in thosc sections, 

Thc projected quantities of wnstc disposcd of from the beginning of operations nt 

&ca G tbough thc year 2044 arc provided in Table 3-34 for the disposal pits and shafts. 
Total volumcs and octivitics arc providcd for surface-contaminated waste, soils, concrete and 
sludges, and bulk=contaminatcd wostc. Thcy arc summed over (111 pits nnd sha% r c c e h k g  
WS’OS~C during this period, Tables 3-35 and 3-36 list thc projcctcd pit and ahnfk radionuclide 
invpntorics, rcupcctivcly, for thc wastc included in thc composite analysis. Thc W ~ S W  

volumcs listed in thcsc tnblcs rcprcvcnt thc qunntitics of wostc conmminatcd with each 
radionuclide. Bccausc scvcrd radionuclidcs may occur in 3 sin& w s t c  package, thc sum 
of  thcsc volumcs cscucds thc total volumc of wostc disposcd of in thc pits and  shafts. 



.'. 
h 

.* . 

1 

Tablc 3-34. Pit and shaft waste volumes and uctivities included in the k c n  G ,:; .. composite mdysis bvcntoqy, 
.I.. 

Diqmsril Unitl W w t e  Form 

Pits 

S uTf3 cc- Con t id n P ~ C  d Wn s t c 

Soils 

Cancrccr? an3 Sludgcs 

13 ulk=Con tamjnntcd Wnste 

Shafts 
Surfnce-Contaminated Waste 

Soils 
Concrctc and Sludges 
Bulk-Contaminated Wostc 

Totnl. Totd 
DilFposnl Disposal 

Volume (m3) Activity !Ci) 

2,4Ea05 5.9E+04 
5.4EaO4 1 * OE+02 

2.OEa.04 2.9E-1-03 

4,4E+03 5.33+02 

2.2Ea03 
3.5E+O 1 

2.2&02 

2.6E+02 

7.4& 0 6 

l.OE+OZ 
1.OE+02 

2.63+04 
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0 Table 3-35. Pit rudionuclidc hvcntorics for the Area G composite analysis, 
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Tnblc 9-35. Conthucd. 

W l r  

.I. 
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Tnblc 3-36, Shnft radionuclide inventories for the Arca G composite malysis. 
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Tnblc 3-36. Continued. 
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APPESPIX A 

FNDIOhfCLXDES EXCLUDED FROM AREA G 
IX&"OlzY PROJXCZTOXS BASED ON W-LIFE CONSX3DERATIONS 
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iu discussed in the muin rcport, institutionnl control over thc Arm G disposal facility 
will bc maintained for a t  least 100 ycnrs following thc end of disposd opcrations. During 

this pried, pcrsons will be prcvcntcd from intruding onto thc sitc for cxtondcd pcriods and 
mcnsurc's will bc taken to  maintain proper faciky function. Conscqucntly, at Arcn G, there 
will be littlc or no potcntinl for cqosurce to  rcsdt from rodionucljdcs with cxtrcmcly short 
half-1 ivcs, 

Consistent with the prcccding discussion, most rndionuclidcs wlth half-livcs of 5 ycnre 
or JCSS wcrc excluded from tho Arc0 G dispod  facility inventory. Exceptions include 
short-livcd radionuclidcs that decay to  one or more dnughtcr products with hdf l '  - ivca 

cxcccding 5 ycurs, and rndionuclidcs that me daughters of pnrcnts With half-lives grcntcr 

than 5ycurs. Thc radionuclidcs that wcrc cxcludcd from the invcntory arc listed in 

Table A-1. 



0 
Table A-1. Radionuclides cxcluded from thc Arca G inventory bnscd on ha-l i fe  

considerations. 

&-110m 
Aq-72 
As-73 
As-74 
BO-139 
Bn-140 
Be-7 
Bk-249 

Cd-109 
CC-139 
Cc-141 
cc-144 
Cm-242 
Co-56 

C0-45 

co-57 
C0.58 
Cr-5 1 
CS-134 
CS-136 
CU-67 
Dy-159 
Eu-149 
Eu-150 
Eu-155 
Eu-156 
Fc-55 
Fc-59 
Gd-151 
Gd-153 
Gc-68 
Hf+-172 
Hf-175 
Hg-203 
1-125 
1-131 
In=114m 
Inn1 15m 
Xr-192 

7,OE-0 1 
3,OE-03 
2.Z-01 
4.9E-02 
1,6E-04 
3.5E.02 
1.5E=01 
8,6E-01 
4.5E.0 1 
1.2E+00 
3.SE-01 
S.9E-02 
';.BE-01 
4SE-OX 
2, IE-0 1 
7.4E-01 
2.OE-01 
7.6E-02 
2,1E+OO 
3.SE-02 
6.33-03 
4.OE-01 
2.9E-01 
1.4E-03 
l.SE+OO 

2,6E+00 
4.2E-02 

1.2E-01 
3.3E-0 1 
6.6E.01 
7.5E-01 . 
5.OE+OO 
ME-01 
1.3E-0 1 
1.6E-01 
2.23-02 
1.dE-01 
5.1E-04 
2,OE-0 1 

I l ' a t P S  

Includcd as Cf-249 

A 4  

Includcd ns Pu-238 

Includcd ns Gd-150 



0 

a 

LO-140 
Lu-172 
tu- 172m 
Lu.1'73 , 

Lu-174 
3111-52 
Nn-52m 
Mn-ti4 
xu-22 
Xb=9lm 
h'b.92m 
h73-95 
Xd-147 
Ni-56 , 

Ni-65 
Xp-239 
P-32 
Pa-233 
Pb-212 
Pm-143 
Pm-144 
Pm-146 
Pm-147 
Po-210 
Pu-233 
Pu-234 
h-228 
Rb-82 
Rb-83 
Rb.84 
Rb-86 
Rc-183 
Rc-188 
Rh-97 
A B l . 9 9  
Rh-101 
Rh-102 
Ru.103 
Rue106 

4.6E-03 
1.8E-02 
7,OE-0 6 
1.4E.tOO 
3,6E+00 
1.5E-02 
4.OE.05 
8.3E-01 

1,8E=01 
2.SE-02 
3.6E-02 
3.OE-02 
1.7E.02 

6AE-03 
3.9E-02 
7.4E-02 
1.2E-03 
7.3E-01 
9.6E-0 I 
4.4E+00 
2.6E+00 
3.8E-01 
3.3E-05 
1.OE-03 

2.6E.cOO 

2.9E-04 

6.7E+00 
2AE-06 
2.3E-01 
9.OE-02 
5.1E-02 
2.OE-01 
1,9E-03 
1.9E.06 
4.43-02 

5.6E-0 1 
LlE-01 

3.OE+00 

l.OE+OO 
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Table Ad. Continued. 

s-35 
Sb-12*1 
Sb-125 
Sb-126 , 

sc43 
sc-44 
SC-46 
SC-75 
Sm-145 
Sn-113 
Sn-121 
Sr-82 
Sr-85 
Sr-69 
TP-179 
T3-182 
Ta-183 
Tc-95 
Tc-95m. 
Tc=99m 
T!l-228 
Th-234 
TI-204 
TI-208 
Tm-l’;O 
Tm-171 
U-237 
u-239 
V-48 
V-49 . V-52 
W-181 
IV-185 

, Y-88 
Y-90 
Yb-169 
Zn-65 
Zr-88 
zr-95 

2.4E-01 
1.7E-01 

3.4E-02 
4.5E-04 
4.53-04 
2.3E.01 
3.3E-01 
9,3E-01 
3.2E-01 
3.1E-03 
6 8E-02 
1.8E-01 
L4E-01 

2,7E+00 

1.6E+00 
3.2E-0 1 
1.4E-02 
2.3E-03 
L7E-01 
6.9E-04 
1.9E*00 

3.6E*00 
6.6E-02 

5.9E-06 
3,7E-01 

1.8E-02 
4.5E-05 
3.43-02 
9.OE-01 

1.9E.cOO 

Included ns daughtcr of T i 4  

Includcd as Rn-145 

Included Tc-99 
Indudcd L ~ Y  dnughrcr of 771.232 
Includcd os dnughtct of V-238 

Includcd ns duughtcr of Th-232 

Includcd ns h’p-237 

3.83-06 . 
3AE-01 
2,lE-O 1 
3.OE-0 1 
t.3E-03 
8.m-02 - 
6.7E-0 1 
2.33-02 
1.8E-01 

Included as dnughtcr of Sr-90 
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Appendix 2f 

Isotopic Compositions of Inventory Designations, 
'3lixed Fission Product' and 'Mised Activation Product' 

Erik L. Vold 

Abstract 

Thc Arcs G Pcrl'urmmcc Asscssnicnl requires that thc entire invcntoy bc spccificd in tcrms 
01' p x i f i c  nuclide activities, Thc invcntoni d3t;t base hu historically dlowcd some lcss 
\pt.y.-jific i nvcn lo~  dcsjgrdons indudins M'ixcd Fission Products (MfP), Mixcd Activation 
IJroducLs (MAP'). scvcrrtl Matcrid Type (Mn designations and othcrs, This rcpon 
dc.hcribcs thc :issignmcnt of spccific nuclide activiucs from the listed activity mounts in 
I N X I  01' ihc i n w n l o p  data b w  c ~ ~ c ~ o T ~ c s ,  MFP and W'ip. The MFP nuclide usignmcnt is 
t.r;lwl un ~12ndud fission produci >+id data and nornidliizd 10 total rrctivjry 31 wo y c m  
po+i.fi\uon. Thc MAP :issignment is bascd on s i w p x i f i c  analyscs conductcd by thc 
niali)r ;cnor;ilor of' thc activation produci! at Los Almos, the LAWF. 

I 
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Appendix ?f 

LMixcCf Fission Product 

1. i~  l u l l ~ - I i t ~ c ~  ;LTC u k c n  from the Table 01' Iso~opes (or Chart of thc Xuclidcs, GE N u c l w  
!:tic.r;!, S;in Ju\c. CA, 1'396'1 and from various cditions of the Handbook of Chcmistry 
and I'hy\ic\ ICRC Press), Thcrc is not good qrccmcnt for :his fundmcntd quamih, for 
% i m c *  (iI'thc niorc cxolic s,pccics. 



Appendix 2f 

With this daw. thc activiry results arc thcn calculated by nuclidc for scvcrd assurncd \xlucs 
of thc fission product agc, or Limc sincc activation. equd to zero, 2 ycars, 5 !'crus and 10 
vc;vs. For cuch assumcd 'age', thcrc u c  two data columna. Thc first shows the acti1,ity of' 
nuclide. i ,  pcr fission product yicld (FPY) decay comctcd to that age, 2nd this column is 
sunimcd to get thc total MFP acti\*iy pcr FPY at that agc. Thc second column is thc 
nuclide actii*i[)* :it that age. nomdizcd to thc total MFP acti\*ity at that age. For csamplc, 
ihc activity pcr fission is tabulated ivith no decay corrcctjon (however, nuclidcs with shon 
hrrlf'-ltvcs arc not considcrcd) in h c  column. ActlFPY(t0). This is summed to obtain r o d  
x t i \ ' i t y  pcr fishion and used to normakc cach nuclidc contribution to thc total acticiry lisrcd 
1 ri cot umn, ( , A t  CI, i/.Jcr. ror) Or -0 . 
I t  I \  Irnpnmt to normalize to thc total a d v h y  at the urnc that best rcprcscnts thc actual rrgc 
O J *  I / ~ C  h]FP 3.k ctwnctcrizcd in thc disposcd \vastc. It  is usumcd that some \i'astc rnw+ds 
jrc ;yroccwxl in rhc lab and disposcd of' in about onc ycar %+bile rtnolhcr significant 
cnntributioii to the \vustc will bc from clcan-up and D c !  operations which will occur 
\cvcr;ll y x r s  d ~ c :  thc h1FP was cretltcd. A single rcprc$cntstivr w x q c  agc for dI the 
LIFP I \  takcn to be two y c m .  Thus. the x t i v i t y  pcr fission for cach nuclide was d c c q  
CWTCCICJ to two yus in column, Acr/FPY@2y.  This isas summed and again uscd to 
iioriii;Llizc thr nuclidc activities pcr ~otd activiy att two ycars. as summruizcd in column. 
r..\~~t,i/,.\cr.rc~r~C~t!lr, 

Stniilsr d x i  is shown for the q c  of'nuclidcs cqud to 5 yc;irs :md I O  ycm.  Thcsc data clln 
bc u\cd to cstimatc unccnaintics alrwciatcd w i t h  the ~lsrurrl qr aftvaste disposcd 2s 'JIFP', 
.Yoic thrr: thc sum ot'hlFP activilics a[ cach tabulated agc dccrcucs by about ;L factor of 2 to 
.: indicating 3 1;irgc scnsitivity of the asscssrncnt :o rhc rstimatcd age ofthc MFP, 

F1;urc 1 shows a log !.c;dc of nuclide acti\'i:y normalized to thc total activity cvdurrtcd at t = 
t )  !car> ctop) and at t = 2 y e u s  (bottom). A Jit'fcrcnt sei of nuclides dominate cach CN; 

thc  shoncsi livcd n u c l i d a  which w r c  considcrcd (7  3 I y) dominate thc wltluation 
norm;dizcd 31 t = 0. Similar result!, wduatcd at I = 0. arc shown on a linear scale in Fig, 
21  tu^) for compluison. Tlic rcsults normalized :it t = 2 ycurs wcrc taken to dcfinc the SIFP 
conlcnt for thc ;malyscs in thc PA. Thc activity rcmaiiiing at 100 y c w  and nornidizcd to 
thc totd ;rctiviy at 2 ycars is sccn in Fig. ?.(bo:tornl, Thcsc numbers, fctc:, i /siott)@!'~r.  
t iw~ the ;ictivip listed as MFP in the disposal invcnrory rcprescnts the prclscnt best 
c>timatc 01' the actual nuclidc invcniov comprising MFP. This is the nuclide ~lssignmcnt 
u d  in  :hc site PA. 

Figurc shows ;I log scale of nuclide acLi\'iy rctnaining at subsequent times. t = 100 ! I n  
irop) and t 10,000 yn (bottom) nomidizcd to thc total activity cvduarcd at t = 2 !*cars. 
Sotc that Fig. 2Tbottom) and Fig, ;(top) show the b m c  data on lincar and log plots, 
rcspcctivcly, Thcsc arc thc nuclides which could powi t id ly  contribute at l a w  :imcs in the 
u.\scs>mcnt pcriod and beyond. 
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Appendix 2t' 

M F P  Un ccrroin ry 

Thc cu\-ol'f of ;I one p . r  hdf-lifc for fission products cvduatcd hcrc may conuibutc IO 
\ O : I ~ C  c'Tor, This crrur upill dccrcasc as rhc ' q c '  of tlic ,MFP incrcllscs, The m o r  is 
C . \ ~ C C C I C C ~  IC) hc srriall but q u i r c s  rnorc dcrailcd m:ilysis includins shoncr livcd fission 
p r( ,d u c I 5 I (1 q ii :I n I i fy . 

)I is cd A c t i v :i t i o n P m d u c t s 

Thcrc ;ire thrcc main i vastc  s t rums  from LAAIPF. including rrrrsh, t q c t s  llnd burn fine 
'~nhcrth', 3rd t q c t s ,  Each strcm has II similar bul distinct w u t c  profilc or nitclidc 
coniposition. Marcrids in c;ich s t rcm CUI include activarcd srccl. aluminum, and graphite. 
Onlv thc 'trash' U'LISIC profilc has bcen qullnrificd to date in an ongoing cffon bttwccn 
LASIPF and thc LAXL Ilcalth and Safety groups (John Robcns, pcrsonal 
cornmunic;ition). Bccu~sc thc u'asrc srrc;ims arc similar. this profilc will he [&;en 10 
rcprcxnt the Iota! profile for invcntory listcd ;IS MAP. 

- 



Appendix 3" 

l'hc ,W profilc has bccn detcmhcd to be compriscd of the follouling isotopes by mass 
fr ac t ion. 

CO-60 0.34 
Mn-53 0,IS 
Zn-65 il.13 
SS-22 0.10 

BC.7 0,03 

TIIC rnirjor unccnainty in this invcnlory is thr lirnc at which one chooses 10 categorize h e  
ww hcc3usc thc tord activity dcpcnds primruily on thc short livcd nuclide, Be-7. I f  onc 
awines  rhc invcntory is asscsscd accurately in lime 10 within 30 days, thcn the enor in Bc- 
7 xriwtion will tx tclatcd to thc decay exponential esprcssion. 1 - rxp( -0,693'30/53) = 
1. - 0.65. or about 32% diffmncc. ;IS a rough estimate of the ordcr of the error. 

" 

Thc beryllium rcsults from graphite activation. sodium from aluminum and rhc other 
nuclidcs rcsult from stccl activation. Thc distribution of activation products is not cxpectrd 
to vap grcat1y in time or bciwccn thc diffcrcnt w w t c  stream.. from LAMPF so this 
wiation introduces smaller unccnrcinp into the invcntop. If this factor introduccs a 20% 
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mor.  and i f  thc two sourccs of errors arc indcpcndcnt and thc dominant error tcrms. thc 
rotd c m r  should bc small, abou  36% 

R cfc t c  11 c cs 

LamdrstI ‘72 - J.R.L~lmarrsh. Introduction 10 Suclcu Reactor Thcoq, p.93, Addison- 
Wcslcy. ? k w  York, 1972, 
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E:valu;lrion of Atmospheric Rclcasc Sources For Gnscous Phas'i 
Contaminants Emanating from thc Disposal Facility ut Arcri G 

Abstract 

This rcpon summarizes a numcriclli cvduation of thc timc dcpcndcnt atmospheric relc~sc 
source rcrnis for gas and vapor phase contmnlinrmrs emmating from the disposal faciliry at 
LOS p,h.r~~us t'irca G ovcr thc long term Juration. Thcsc airborne sources art considtrcd for 
the site Pcrfonn;mcc Asscssrncnt {PA) and Composite Andysis (CA) to rncct U . S ,  
Dcprvrmcnt of' Encrgy rcquircrncntq. Thc modcl is cllibratcd to t t 5 ~ ~  field data. The 
numcricd approach and detailed results dcscribcd hcrt ;vc conlpwd and SCNC as a cross- 
check io thc Imdytic mcthod implcmcntcd within the PA dosc cdculations for rcprcscntathc 
wurcc rcriiis, including thc historicd PA invcntory sourccs for radon-222, carbon-14, ;md 
ui:iurn. 

Effcciive diffusion coefficicnts for g~~secs and the vapor phllsc m determined for migation 
I'rnrn dirpo3;il unit  pits atid :;cp;u:rirly from disposal sh:lfts, b;lscd on ficld dati~ for vapor 
phasc tritiurn migration from the .4rc:1 G sitea A 1-0 numcncd diffusion modcl (dong 1 
v&cd axis irllnsecung thc disposal unit) is drscrikd md implemented for rcpresentauvc 
nuclides IO prcdict timc dcy>cndcnt vcrticd conccntrauon profiles, "he  numcricd rcsults for 
ground 3urf~cc cfflux of contaminants m a cross-chcck to the rcsults predicted 
Lmdytically. Tritium rcsults arc first comparcd io ficld d m  and uscd to calibrate m d c l  
pumctc :~ ,  including thc in-situ diffusion cvefficicnt and 3 Lime c o n s m t  for thc rclcasc rate 
of btium from thc w u t c  matrix. Tritium mipation is thcn cxtmpolatcd to thc satuntcd 
aquifcr wing the u p o r  p h w  diffusion cocfficicnt abscrvcd in thc ncwsurfacc tritium 
diffusion licld study. Rcsults show tritium dccrciscs to bclow background lcvcls bcforc 
reaching thc aquifer. 

Carbon-14 is w u m c d  to bc rclcaLscd as COz or C1-L in thc biodcgndation of orgmic 
cdyon from two w s t c  forms, cnch with LI chrxtcrist ic dcgradation or rclcuc ntc .  Thc 
radon-222 scurce i c rm is genertrtcd by the dccay of radium-226 which is in turn dctcrmincd 
primarily from the listed invcntory of radium-226, uranium-234 and uranium-236, 
Sumcric results dcscribcd here and analytic PA results for thc cubon-I4 *and radon-222 arc 
in closc agrcemrnt (within 20% and 40%, r c s p c c d ~ l y )  and suggest the mallytic modcl 
implcmcntcd in the PA is adequate. Thc numcric rcsult (in agccment with thc mcasurcd 
field data) for the tritium ground su r fxe  cfflux is about 200 times lcss than that prcdictcd 
bv the analytic model, The conscnlarivc cstimatc of thc rclcxc ratc projcctcd in the md$c 
nbdcl is atu-ibutcd to thc sm:dI rclcxssc fracl.bn pcr y c v  from thc trkiurn w x t c  packages 
which is dcrivcd from thc ficld study but is not incorporalcd into thc ;rnnal*c relcuc 
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Evaluation of Atmosphcric Rclcase Sourccs For Gaseous Phase 
Contaminants Emanating from the Disposal Facilie at Arca G 

Introduction 

Thc ;Lirborne contunhint pathway dosc &!scssmcnf rcquirch cvduntion of akbornc sources 
from thc dispod sire which undcrgo atmosphciic transpon and dispcrsjon to off-site 
rcccpro: locarions, Thcsc sources include gaseous or vapor phase nuclidcs which diffusc 
from thc disposal un i t  and arc thcn rclcased ;1s cfflux from the ground sudacc above thc 
disposal un i t .  This rcport describes the numerical cvduation of the source rclcasc, 
calibrates thc rnodcl to ficld data, md compllrcs the numcric results to mdeVtic rcsults, This 
ScrvcS as 3 cross-chcck on the midpic modcl rcsulu implcmcntcd within the Area G 
Pcrf'ormancc Asscssmcnt (PA) and Composite Analysis (CA) [Shuman 19971. 

'Thc ;lir pathway dosc awssrncnt includcs factors of sourcc conccnrration, S, sourcc 
rclcasc rate. R, a[musphcric dispcrsion, dQ, and dose convcrsion, Dfi rclntcd as 

The airbornc transport, ch:uactcri;Lcd with a dispcrsion ~ I u c ,  dQ, cqud to thc rcccptor 
location conccntration, c [Ci/m3], pcr continuous sourcc tcnn rclcue. Q [ W s ]  is described 

. .  
i n  LI scpruaic rcpofl [Vold 1996AI. The dosc conversion, Dfi includes the inhalation rate for 
the inhalation dosc or for uthcr foodstuffs pathw3ys. i [  incorpotatcs thc deposition vclc&y 
for particulate contaminants L< dcscribcd in dct i l  clscwherc [Shumm 19971. 

A rclcasc modcl for thc timc dcpcndcnt gaseous ph;lsc rrdionuclidcs sourcr is thc si~bjcct of 
this rcport. This dctils thc numerical cvidu;ltion for sclcct nuclides of thc sourcc rcirast, 
tvhich combines D rclcase rate. R, with the disposal unit waste concentrations, S, to 
producc m intcgrntcd ground surfrrcc cfflux (Ci/s). Marc gcncrdly, onc can cvduntc thc 

sourcc an cfflux per uni t  (uta abovc a disposal unit (Cilm2ls or C i l d y r ) .  
. .  

Sourccs of rc1ca.w to thc atmosphere includc gaseous or vapor diffusion from thc waste 

with subsequent cfflux from the surface, A rcvicw of the invcntory indicates this includes 
scvcral nuclides. Of :hcse, tritium, carbon-14 and radon-222 wrrc chosen for comparison 
of numeric and ;mrrlyUc solutions in this study. Smdl mounts  of Kr rclc~scd from the 

mixed fission products, u d  radon-220 have also bccn cansidcrcd in the ,urdytk 
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asscssmcnt of the complete atmospheric r c 1 a . S ~  for tbc A m  G site Pcrtot-rmnce 
Assessment (PA) imd Composite Andysis (CA) [Shumm 19971, Tritium CITI;IIIOICS from 
thc w s t c  and is assumed to convcrt to mtiatcd water d u h g  its diffusion through the 
subsudacc. Cubon-14 is assumed to diffuse from thc organk frclction of the carbon-14 
W3S(C s it biodepdcs p n d y  10 carbon d i o ~ d c ,  Radon-222 cm3111tcs fton the wxite 

in rhc decay of Ra-226. whkh is a listed inventory item and also grows in from d m y  
chins  for additiond inventoy nuclides, most sipifrcmtly for U-234 and U-23s. ?he 

aourcc rclcuc model for a h  of thcx g;lscous / vapor sourccs is unique as described in 

Append% 341 

this report. 

Only ~ S C O U S  or vapor phase contaminants ;v1: evaluated in this report. AS considercd 
clscwhcrc. some frlrction of the total invcntory CUI bc mslocatcd to the disposd unit 
ground surfxc via biotic translocation or crosiond processes Fold and Shuman 19971, 
Subscqucntly, this c;m bccomc airborne as p;lniculalc m;mcr via rcsuspcnsion processes. 
Particulate niincr which bccomcs ;lirbornc by the rcsuspcnsion of surface soil 
contaminadon and its contribution to redeposition is considered clscwhcn in the PA 
[Shuman 19971. 

nc ~ I c w  modcls for airbomt. sources wcrc cvaluatcd by ;m;ll,$c and by n u m c r i d  
mcrhods. Thc analytic modcls described in the following wcrt uscd in the PA and CA dose 
pathway ;ISscSsment [Shuman 19971 bccausc of the pncticdity of implcmcnntion. 
Gcncrdly, thc analytic solutions arc bascd on simplifying asumptions and are not as 
accuratc rrprcscntations of thc physics. The numerical solutions reprcscnt the physics 
mort accurarcly. when the numerical approxhation mors ;vc small. The numerical results 
described hcrc wcrc calibrated to mtium field d3t3 md h e n  uscd to confm h c  wal*c 
model for the sclccted nuclide rclcsc cucs md to protiidc kttcr understanding of thc 
spxid and tcrnpod profiles resulting from the diffusion and efflux boundvy problcm, 

Thc cquation govcming the production, dcc;ly and diffusivc tran5po~t of a nucIidc's 
gacous concentration, Ci, is  

2 



I ,  = rndiologic dccay constllllt for nuclide i ,  

I), = diffusion cwfilcicnt for nuclide through thc matrix 

S, E source term for nuclide i. 

t l  n P I y t i c sol u t ion 

An axdvtic solution is dcrivcd for thc stcady stat:: csc in a source frce @on of thichcss, 
A. Thra rcprcscnts the WUIC covcr over a disposal unit pit or disposal shaft at Area G in the 
off.s1:c rclck\c sccnluio ;end rcprcscnls thc bsxmcnt slab in the intruder sccnuio. In this 

casc, thc govcming equation (2) rcduces 10 

In onc dimension, x, for conslant diffusion cocf'[\cicnt, the so!ulion is 

whcre x is now assumed to bc thc W ~ S I C  disposal unit  covcr thickncss, Lo md D is thc 
diffusion cocfficicnt within rhc covcr m:itcfld. Using thc flux approximation with ;I 

diffusion scale Icngtli, Ld = (m) -1 thcn the flux, J ( x )  bccomcs 

I 2nd 50 substiiuring from thc above, the flux magnitude is, 

,. . .  
This cxprcssion is uscd in the pathways ssscssmcnt as the 'mdlyLk result' for the 
tlrmosphcnc rclcase tcnn (cxccpt for radon-222 as discusscd later), A boundary condition e 
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Appendix 3n 
is imposed ;1s thc conccnmtion on the waste side fUting CO(x=O) = Cw, when CMI is 
dcivcd from the totid invcntory distributed over the total volume. ncglcchg the effcct! of 
diffusion. 

This ;Ipprosimation is not cntircly sclf-consistcnt bccausc thc boundary condition f x d )  is 
derived muming no diffusion and then used to dctcrminc the mount of diffusion loss. It 
is cxpcctcd to bc conservative since the actad waste conccnmtions arc nduccd by tbc 

' diffusion process. This analytic solution also d e s  not account explicidy for the ff w: loss at 

the surface boundary (the ground su.rf'acc-3ir intcrfacc I~catcd at di~tx~ce. x), Also, thc 
source icm, Co, accounts for dl h e  inventory in an a~dabblc waste form and does not 
account for a slow or rctvdcd relc;~l;c me from the w w c  package itself, it assumes the 
whole invcntory of this form is available to diffuse, Bccausc: of these considerations the 
numcricd solutions arc expected to reflect ;L more accmtc solution, 

Radon-222 is a special case ;md the malytk flux is dctcmhcd by n more dctrrilcd 
cxprcssion specificdy derived for radon flux from d & l i n g  [NRC, 19S4]. The 
application of this cquation to the Area G PA and CA is surnmarhcd in [Shuman, 19971). 

Sumcric Analysis and Cdibsntion Against Tritium Field Data 

The govcrning equation for thc diffusivc transport (Eqn, 2) was solvcd num&cdy by 
implemcnting standard fine diffcrcncing tcchniqucs using second order ccntnl 
differcncing for the diffusivc flux (c.g.. SCC [Andcrson,et.al., 19841. A 3-D code with 
cxplicit diffcreneing in timc was used to model the tritium mipting from the disposal 
shafts, This was detailed previously wold and Eklund, 19941 and compared to tritium 
~ u r f x t  efflux measurements in thc vicinity wund and Vold, 19951, Contour results 
c o r n p d g  the 3-0 numcrical results to the field dnu from wold and Wund, 19963 311: 
reproduced in Fig.1 to show the g c n c d y  good agrccrncnt bctwecn thc field c l u  and the 

" - simple diffusion model results. 

From this comparison study, the numeric model was d b n t c d  and tbc h-situ tffcctivc 
diffusion cocfficicnt for the tritium was found to be 15 rn?/yr, This conrspnds to ;L vapor 

phase diffusion cocfficicnt of about 1.5 xlP3m% or about 60 times the binary diffusion 
coefficient for watcr vapor in still air. This enhanced diffusion observed in-situ was lam 
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attributed to the aunosphcrc bxomctric pumping acting in conjunction with the &rcll(;cd 
cffcctivc pcrmcabiliry of the mesa tuff due to tbc fractured n a m  of the porous mu53 
[Vold, 1996Bj. Thc propoacd mcchmism for this cnhmccd diffusion will act the s m e  on 
my 6s or vapor species c n u h e d  h thc oscd.hh.ng ab flow bough the porous spaccs 
thc subsurface region. Thcrcforc, it is assumed hat  ~ S C O U S  spccics other than triti3lted 

vapor diffusc in thc tuff media witb hc samc cwfficicnt dcnvcd for the tritiated vapor. As 
discussed below, this diffusion vduc applies only tO sources h Lhc shafts whcrt 

subsequcrit diffusion is through thc undjsturbcd tuff. v o t e  that since the tritium moves by 

combined tiapor and liquid phascs the 'cffcctivc' tritium diffusion cocflicient (15 m2/yr) is 
not the same 3s thc in-situ vapor phuc  diffusion cocflicicnt (1.5~103 m2/s = 50,000 

r$(vr) cvcn though thc ritium rnovcment is dominated by the vapor flux. SCC wold a id  
Eklund. 19961 for funhcr detail.) 

Subsurfncc Gas and Vapor Phase Diffusion 

Diffusion of gas or vapor occurs from the WUIC package location wihh the disposal units 
through thc porous subsufixc media to the ground surfacc. Diffusion coefficients must k 
chxractcrizcd which are appropriatc for thc disposal pits and for the shdt.. . Values must be 
distinguished for guts md for water vapor whcrc water vapor is snongly subject to 

tcmpcnturc and prcssure gndicnt influcnccs. Tritium relcassed from wute packagcs is 
assumed to vxidizc in t ! c  saturated porc spaccs quickly comparcd to the diffusion m s i t  
timc. and thus  tritium diffuscs in thc subsurface region as watcr vapor. 

The bin;uy p diffusion coefficient, Do, for specific gases diffusing into still isothermal air 

vxics in the range from 1 to 3 xl0-5m%, with thc value of 2.4 xlO-5m% for water vapor 

i n  air ;it 8 O C  [CRC Handbook of Chcrnistry and Physics]. The simplc thcory for the in-situ 
diffusion cocfficicnt in a porous rnedh, Dim, indicates the diffusion is rcduccd from Do by 
the tonuosiv, t, and by a factor, e, rclatcd to the port space volume fraction, qEl or 
[Koortvatu.et.d. 19871 
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In-situ d m  often indicates this simplc thcaty for porous mcdin diffusion underestimates the 
xtud diffusion lphilips and & Vncs,'S'I]. Followhg the uninoloSy in that reference, 
wc usc 11 as the ntio of obscrvcd diffusion to diffusion prcdictcd by thc simplc theov in 
Eqn. 1, sa that the in-situ diffusion coefficient for porous media diffusion is written as 

In [Philips and de Vncs, 19571, they tabulate h from s c v d  ocpcrbend &ta sets for 
water vapor diffusion in porous media, md an avengc vduc is found to be h = 5.9 - 6. 
Tcmpcrmrc gndicnt effects were proposed as a dominmt factor h h e  empirid 
cnhmccment of thc diffusion of water v3por in these studies. It is assumed h our mdysk 
that 3 simihr cnhanccmcnt of w ~ t e r  vapor diffusion occurs in=situ. This is conservative 
sincc thc cnhllnccd diffusion is drivcn by tcmpenrurc pdien ts  which will noc propagate 
more than a fcw mctcrs into the disposal unk 

Diffusion of tsitiatcd water vapor from the disposd shafts at A m  G through the near 
surface (to 60 ft dcpth) tuff and to the ground surhce has been ucxnined in some detail and 
an empirically determined cocffcicnt for tbe in-situ diffusion has bccn found to be - 1.5 

xl0-3m%, or about 60 times the b i n q  diffusion cocfficient for water vapor Fold and 
Eklund, 19961. This luge anomalous cnhanccmcnt of in-situ diffusion has bccn snributcd 
10 a 'barometric pumping' in s rnodcl of atmospheric prcssurc fluctuation cnhznccd 
diffusion Fo ld  1996Bl. 

The calibration of thc model with frcld &n implies only that the enhmccd diffusion is 
significant for the cffcctive permc;lbiliry of the fractured media at h a  G, and that tryrspofl 

occurs through the connected fracture network. Tbe cnhvlccd diffusion mechanism in the 
model depends only on the pressure flucmntion drivcn convcctivc motion of air through the 
pore spaccs within the subsurface region and thus the enhanced diffusion is cxpccted to be 
similar for any c n h n c d  gu or vapor species. Since the diffusion mechinism docs not 
dcpend upon the properties of the diffusing species, all gases and vapors ar expected to 
diffusc similarly from the shaft disposal units at Anxi G to h e  ground suface with the 

diffusivity of 1.5 x 10-3 m h o  

- 
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Appendix 30 
Thc mech;tnism for thc cnhvlccd diffusion indicates that the= is no sig~ficmt cliffusion 

cnhmccmcnt for thc unfracturcd Bandclicr Tuff rns& propcflies, Within the pit disposd 
units, disposal opcrrttions include bxkitll and compaction of crushcd tuff surrounding thc 
wL.te packages which is cxpcctcd to minimize thc cffcctivc pcnncability within the disposal 
uni t ,  so th:ir i t  is simil;u in vduc to that for h c  crushed tuff. In this C ~ S C ,  diffusion within 
tlnd from thc pit disposal unit is not cxpcctcd 10 bc enhrrnccd by pressure fluctuations 3~ 
sccn in Ihc shaft diffusion field study. 

G;lscs ;rfc cxpccted 10 diffuse from thc pit dsposd unitS with thc h-Situ diffusion 
cocffrcicnt in Eqn. 8, with 11 - I ,  while tritium u water vapor will diffuse from pi& per 
Eqn, with } I  - 6, consistent with thc prcvious work discusscd above. A nornind binary 

diffuhjon cocfficicnt valuc is w u m e d  to apply to dl gas spcics in thc pits, Do = 2. XI@ 

5 d / ~ ,  I’hc cffcctivc air volume frxtion in thc pits is taken to be - 0.3. Thcsc values in 
Eqn. 8 Icad LO thc diffusion cocfficicnts uscd in thc uscssmcni 3s summ;lrizcd in this Table 
1. 

Tablc I: In-situ diffusion coefficients 

Rcsults 

Scar-surfacc Tritium at a 1-D Disposal Unit 

The governing diffusion equation (2) is solvcd in 1-D dong 3 v a h l  axis msccting thc 
disposal unit to projcct the surface cfflux abovc the disposal unit. Thc finite diffcrcncing 

. .  
*I 

c 

7 



USCS implicit mcthods resulting in a vidiagonal m m c  to solve at each time step using thc 
stmd;lrd Thornxi dlgonthm (e.&, sec [Press,ct,d,,1992]). The lop f h t c  difference zone 
cornsponds to the p u n d  surface whcrc the mtium conccnmdons 1111: assumed to bc zero 
and SO thc surfxe efflux evolves self-consistently with tbc vertical profilcs through the 
disposal unit. Thc diffusion cocfficicnt used in these calculations is rhc 15m:/yr dcrivcd 
from the detailcd comparison study wold md Eklund, 199q bcnvcccn aitiurn field data and 
modeling, (corresponding to the vapor phase diffusion cocflcicnt of 50,000 m*/, - vr sccn in 

Table I). Thc source tcm is assumed to be distributed uniformly over the depths from 10 
to 60 ft for shaft disposal. 

Tritium conccntmtion rcsults at thm rcprcsenwtivc points dong the vCrtical profile ;uc 

shown as functions of time in Fig.2. Thc mtium concentrations and thus the surhcc nux 
both pcd at about 10 ycm post dispsd (note this is for a simplified cast whcrc thc cnrin 
invcntoT is buricd at s single time, t = 0). At this pcA time the tritium ncar thc surface is 
almost two ordcrs of magnitude bclow the tritium conccnmtion at 12m dcpth (ncu the 
profile msimum. 

Tritium concentration profile rcsults arc shown in Fig.3. This indicattcs 3t culy times (1 yr> 
the venical profilc shape is still cvolving but by 10 yrs thc shape is closc to thc steady state 

profile which rcmins self-similar after that time whilc decrcuing in magnitude due to the 
radiologic dcctly Of the tritium. The vertical distribution of the mtim source is not 
prcciscly known. due to cmplaccmcnt uncertdntits ;Lsscci;Lttd with the tritium W;LS~C in thc 

shafts, Vcnicd tritium profiles for two assumed distributions of Pitiurn with depth arc 
compcvcd in Fig. 4. In both cases thc mtium is uniformly distributed but over diffcrcnt 
rmgcs in dcpth ;IS indicated in thc figure Icgcnd. The source which is closer to the suxf'xc 
( 1  1-60 ft) results in 3 grater surftlcc flux and greatcr ncmsudace gradient in tritium, LS 
should be exjxcted. 7'hcsc profilcs can bc compared at least qualitatively to tritium profiles 
from field data. 

* Field dau collcctcd in bore holes drillcd4n thc tritium disposal s h d  ;ut3 show 

concentrations of tritiated water from the con soil moisturc taken as a function of dcpth in a 

test hoic shown in Fig. 5. Rit test hole pcnetntcd 150 vertically and dinctly uylsccted 
the center of the tritium plumc from thcsc disposal shafts. .. 
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maichcd ficld d a u  (for cxmplc as shown in Fig. 5) .  

One can compm thc'vcnical profic shapcs predctcd by thc modcl in Fig. 3 to the 
o b w v c d  ptofilcs in Fig.5. Thc shapc and scalc lengths for cithcr computed result in Fig. 4 

.- 

. _ _  

A> dctajlcd prcviously wold and E h n d  19961 th is region is where the dcrivcd in-situ 
diffwion cocfficicnt applics, Below 60 ft ,  the &t3. sccm to dccrcasc morc rapidly with 

c 

. _  

dcpih ihan pd ic t cd  by the mode1 with tkis diffusion coefficient. "his appcm to be 
consisten! with 3 smallcr diffusion cocfficient ;LL grcatcr dcpths wold and Eklund 19961. In 
fnct. sincc thc modcl tics thc in-situ diffusion 10 thc ncu  suficc fracturc-cnhmccd cffcctivc 
pcmc;lbilirq' [Vold 19961, thc diffusion cocfficicnt is likcly to bc much smaller bcncath the 
mcs3 where the stratigraphy is rclativcly unfracturcd until at lest the dcpth of the b a d t  
l a y m  f Krrcr. ct.a14, 19951. 

Thc sourcc tcm dcrivcd hcrc was thcn uscd in I 1-D modcl to predict vapor phuc  trmspor't 
io thc dccp aquifcr and in thc 3-D modcl IO prcdict vapor p h w  losses to thc sidcs of the 

mesa. Tritium in rhc \'apor p h w  loss to thc rncsa cdges was ncgligibly smdl [Eklund and 
Vold 19951 and is not discussed further. 

Trit ium 3Yigratiun to the Dccp Aquifer 

Although not an atmosphcric rclcasc, tritium 2s II vapor may also diffuse down to towrud 
ihc aquifcr. A I-D diffusion mode1 for Uitium in vapor is bued on the diffusion equation 
(2). A vcnicd axis through thc disposal unit  is modclcd using 100 grid points (d: = 3m 
pcr point) from thc mesa top down to the to;, of the dccp aquifer, Frcc flux boundary 
conditions account for loss ;It the rncw top and somc loss to thc mcssl sidcs is modclcd 3s 
sink terns in thc top 30m. Standard numerical solution mcthods use a tridiagonal solver on 
thc discrclizcd govcrning equations at cach grid point [Prcs~,et,d,,1992]. 

9 
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Appendix 3~ 
model sourcc tcrm is dismbutcd over depths of 9-16 m (model nodes 3-6), and 

specified as I total of 2x10s Ci with rtlc;tsc and diffusion cocfficicnt ;LS detumined 
from thc above crnpiricrzl studies, This SOU~CC strengt!! is thc c o m t  order of mgnitudc 
and nccds to bc sealed to the inventory of c o n c m  in considcAing the results, For cxmplc, 

thc historical inventory (88-95) of tritium is about 4x1@ Ci (as of 199S), and so b e  modcl 
rcsulu arc a factor of two less than that expected from the historicd invcnto~ alone. 

The rcsults of the 1-D tritium vapor diffusion dculation are summrvizcd in Fig. 6. This 
shows tritium concentration vcrscs dcpth to the quifcr at s c v d   the^ u Iabcled in 
the figurc. The modcl prcdicts concentrations with an e.xponcntid decrease with depth to 
the aquifer, This is  indcpcndcnt of thc background Icvcl of tritium which is not considend 
in the modcl. For comparison, the background lcvd of tritium sccn in soil moisture is 
indicated ;IS thc liorizonral linc. Diffusion solutions bclow this levcl arc meaningless as the 
contaminant tritium wi11 blcnd into the background at this Icvcl. The figure shows that this 
occurs ;It about 70% of thc dist;mcc down to dccp aquifer. The vapor phase 
contllminwt moves rclativcly quickly compmd to thc aqueous phsc and arrives at h e  
background concentration (at this 70% dcpth point) in L!C 50-100 year time f m c .  tiquid 
pliase transport will be rclativcly small and much slowcr as discusscd in F o l d  and Eklund 
I9961 and as evaluated for the PA [Birdscll, ct.aI, 19971 (work in progress), 

Ca r bo n- 14 Rclease 

Model 

Cubon=l4 in thc ~ W C O U S  phase diffuscs from thc w ; w  disposal unit 3s governed by Eqn, 
2. Thc sourcc of gaqcous carbon-14 is the biodegradation of thc o r g d c  fnction of the 
cxbon-14 tvxitc. This was dctcrmincd to bc 47 mCi in the historical inventory (19SS- 
1995) b u d  on thc w x t c  codes usociatcd with organic carbon wstc  (100% of w~sste with 
waste codc IS and 50% of waslc codc 19. Watc codes lltr listed in scction 2.5 of the PA 
main report [Hollis,ct.al., 19971.) 

It is assumed that the organic cubon waste is h a  cellulosics and haif w d p a p e d p l a s t i c s  
which arc msumed to hnvc two distinct biodegndation characteristic times. Thcsc 
corrcspond to cffcctivt decay constants of 17 ycvs and 550 ycm, nsptctivcly, for or@c 
csbon wastc assumcd to bc 'paper' or 'wood, rubber. plastics' (see Table 3.1 in Appendix 
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6 to [MacKinnon,et.nl., 13941). This implies the sowcc tcrm for carbon-13 n'Cedcd L? 

Eqn. 2 is of thc form, 

where 
Qla ,  Q19 arc the invcntorics (Ci) in waste code groups 18 and 19 
V is the invcntory volumc (m3). 

Carbon - 14 Results Discussion 
The cubon-14 source tcrm for gaseous phuc  rclcwc from the disposd unit, generated by 
the biodcgndadon of rhc organic component of the C14 invcntory, is shown in Fig. 7 
indicating thc contributions from the two waste types. Carbon-14 conccntrations (Ci/m3) 
at the ground surface, ;It thc disposal unit midpoint in dcpth, and thc ground s d a c c  tritium 
efflux (Ci/rd!/s) LS B func5on of timc after disposd, calculated in the numerical diffusion 
model arc shown in Fig. 8. 

The carbon- 14 gaseous conccntrations and crnission fluxes peak immcdiakly afw disposal 
for rhe assumed biodegradation sourcc of ga.seous carbon and for the dcrjved in-situ 
diffusion coefficicnt. This peak results from the balance bctwccn the biodcpdation 
sources and the diffusive trmspon losscs. The dccrcaing concenmtions in time shows 
the effect of two source componcnts, corresponding to the two half lives assumed for the 
biodegradation source tcrm processes. At 100 ycm the conccnmtions an mote than one 
order of magnjtudc bclow the peak values. 

The concentration profiles with dcpth at four sclectcd times arc shown in Fig. 9, The 
profiles are scen to be very nearly self similar at the diffcrcnt time stcps with ;L slight change 
from 1 yr to 10 yrs, and so the gradient is not vaying in time, This indicatci the surface 
flux will v q  dircctly with the mount  of cubon-14 remaining at a given time. 

Carbon-14 ground surface cfflwr (CilmUs) as IL function of time after disposd is compared 
in the numerical diffusion model for two values of the diffusion coefficient ir. Fig. 10. The 

base case of 100 m:/yr is compmd to 3 rcduccd diffusion of 10 m2/yr, to examine thc 
effect of ;1 smdlcr diffusion cocfficicnt. For the l a m  cue,  the carbon-14 gaseous 
cmission fluxcs pcak at 10 - 20 y e u s  aftcr disposal for tbc mumcd b i d c p h t i o n  source 
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Appendix 3u 
of gaseous cubon. The diffusion in *hat cast is s d  cnough that it intnduc~s ;I 
significant dclay in thc flu to the sUrf3cc and hcncc the CWC mfycimum is shifted to a laur 
time. 

Rn-222 Rclcasc 

Model 
Radon-222 is a sufficiently long livcd ndon hotopt to diffuse from the waste to the s u r f ~ c t  
bcforc decaying, and is used for the numcrie and analytic nsult compdson. hdon-220 is 
also cvduatcd in the PA [Sbuman 19971. Radon222 p w s  in from the dccay of Ra-226. 
Radium-226 is includcd in thc listed inventory and results fiom dccay c h a h  of thc s c v d  

inventory isotopcs including: Pu-238, Pu-242, Ra-226. Tb-230, U-23, and U-238. For 
c x h  of rhtsc po[cntid ndon ContPibutos, the ndon as a function of &ne svs calculated, 
for 3 nomAjzed decay chain pmnt  quantity (1 Ci). This was multiplied by thc actual 

hisloricd total inventory and it was found that the resulting ndon-92 w s  dominated by 
thc inventory nuclides, Ra-226 and U-234 (and U-238 at very long times, 10,000 
yrs). 

Equation (2) governs thc producdon, decay and diffusivc transport of thc radon 222 
concentration. The source term is evaluated as: 

whcn: ,4226 is the R3-226 activity in thc invcntoy volumt. Vinv, mdf,, is an emission 
fraction to account for ndon amchment, 3bsorption. rcwdtltion on and diffusion from the 
inlcrior ofsoil grains. This was &en to be 1 in thc numerical Wlculations but assumed 
equal to 0.35 in thc find ylrtlyuc calculations in the dose wessmcnt based P R C  19$4]. 

Con 
* I  

The 3 

thc third gcncntion in a nuclidc decay chain, The time dcpcndcncc of R3-226 from U238, 
A3/ l1238/ t ] lm is cvaluakd as the solution to thc fourth g c n d o n  in II nuclide decay 



r c -  - 

chain. It i s  wurned sevcrd intermediate decay products uc in secular equilibrium and arc 
ncgligiblc in thc decay chain calculation. Thh source tcm and the contributions from R3- 
LI- 396, U-234 and U-238 arc pIortcd verses time in Fig. 11. 

0 

solve [he rcsuiting coupled algcbnic equations implicitly 3s in the prcvious cses, 
Rcponed solurions arc for *c c z c  using 200 grid points witb even spacing, dz = 0.5 f!, 
allowing 6 nodcs rhroughout h e  w;L!te cover, and 120 nodcs throughout the waste volume, 
This rcsolution WBS adcquatc to resolve 3ccur:ite profiles. 

The results for Rn-222 concentrations md sufict flux m shown ;IS a function of umc in 
Fig. 12. T h e  short drcay life for Kn-222 ; ~ w f e s  secul:u equilibrium and SO thc Rn-222 
rcsulls iollow the source activity nculy c x d y  xi compared to Fig. 11. At the w u t c  cdgc, 
thc Rn-222 conccntration is about 60% less than in the wa..te region interior. At thc ground 
surface. on top of the lm covcr, the Rn-222 conccnuauon is rcduccd by about a factor of 
20 from L!C conccntration in the w;LSte. This result is slightly sensitivc to the grid 
discretization, howcvcr, i t  was dctcrnincd that thc 6 grid points through t!!c waste cover 
wcrc sufficient to rcsolvc thc profilc to within a fcw percent. 

Thc surfircc cfflux (Ci/m2/s) follows ;IS tbc sclf-consistently detcrmincd boundary 
condition at thc surface grid ccll. and this is also shown in the figure. It is this vduc which 
can bc compared dircctly to thc Rn-222 cmission standard of 20 pCi/m2/s. It is sccn in the 
figu,?: that the peak cf'flux within the first 10,000 y c m  remains at lest an order of 
magnitude bclow thc standud, The modcl prcdicts thc standard is cxcccdcd at about 
50,000 ycus  duc to thc ingrowth from thc U-234 and U-238. 

Profilcs of Rn-222 conccnuation vcrsrs depth through thc disposai unit nt four times of 
intcrcst arc shown in Fig, 13. At t = 100 yrs .. the source is dominated by the ndium 226 
inventory, at t = 5000 ym, thc source reaches P local minimum, and at 100,OOO yrs thc 
contriburion from the U-234 and U-238. The profiles at sclf-similar 31 a h  b c  step 
rcflecting only the djffcrcncc in nct sourcc strength, A flat profdc throughout the watt 

volumc is seen w i t h  the roll off in conccn+mtion through the top Im cover and into the 
dccper tuff bclow thc pit bottom at about 18m depth. This chmctcristic rcsults from thc 

shon half-life of radon-222 relative to the diffusion time through the disposal unit cover, 

.. 

0 
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AnaI>*tic Solutions and Comparison to Numeric Results 

hdgnic calculations of atmosphcnc nlc3sc rate for gas or vapor ;vc implcmentcd within 
thc sitc PA calculations using Eqn. 6, Thc onc exception is for Rn -3q3 which is calcula.tcd 

from a more spcciftc'cquiit.ion originally dcrivcd for emanation from mill tailings as 
dcscnbed in [Shumm, 19971. Thc mdytic calculations ;ve spplicd to the en& Arca G sitc 
invcntov for the PA and for the CA as detailed in [Shurnm 19971. 

For crossxhecking with h c  nurncric rcsults, the a n d ) l i C  cdcuhtion ssumptions SISI: 

sumrrrizcd ;IS follows and with the inventory as given in Table II, H-3 historic (198s- 

1995) wxtc flux is bucd on a shaft ficld inventory of 429x10s Ci. a cmplxcment 
efficiency of 0.42, a shaft field factor of 0.107, 3 w" volume of 272 &, 9 cover 
thjcbcss of 1.37 rn and a diffusion cocfficicnt of s O . 0 ~  m:/yr. C-14 hiStOfiC pit wastc 

flux calculation is based on an inventory of 47x10'3 Ci, y1 cmplaccmcnt efficiency of .36, 
;I waste volume of 3xlv m3, a cover thickness of 1-02 m, and a diffusion coefficient of 

100 m:/yr. Rn-222 historic pit waste flux calculation is based on P cover thichcss of 1.02 

rn, s diffusion coefficient of 100 m"lyr, ud ;L Ra-226 concentration of 022 pCilg. 

Thc ground surfacc efflux for thrcc importvrt rcprcscnutivc ~LSCOUS contarninants arc 
compared from the numeric and malytic results in Tnblc II. Then is good a p c m e n t  for 
mdon-222 and for cubon-14, suggesting that the udy t i c  model is 3 reasonably good 
approximation for most czics. 

The tritium efflux is much higher (-22Ox) in thc ylal,Vtic C S ~ E  than for the numcriwl 
estimate. Thc numcriwl number q ~ ~ c s  fairly.wcl1 with ficld observations which mcuured 
about 14 Ci/yr total emrmahg from the ground surface in the vicinity of the high lcvcl 
tritium disposal sh3fts w u n d  and Vold, 19951, with about 2-3 CUP of that m i p t h g  by 
diffusion through the undisturbed tuff surrounding the shafts. Thar is, assuming rn 
cffccuve cmvlation m a  surroundhg the disposal shafrs of about 40m by a m  (this a m  
estimate is in good agreement with thc tritium plume obscwcd h h e  ficld data, s in 
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Appendix 3a 
Fig,]), thcn the numcrkal in tep tcd  rclerise would be about 0,002 C i / d y r  x 40m x 40~1 
- 3 Cilyr, This suggests thc numclicd method is calibntcd rcuonably accur;ltelp. 

The numcricd mcthod includes ;I sourcc k m  derived from cornparkon to the ficld data 
which specifics o umc constant for tritium rclcasc from the shafts. This was found to be 
aboui 1000 yrs [Vold and Eklund, 19961 indicating ;I small fraction of the muum invcntorj 
I \  a t i ~ d l y  escaping Lhc waste disposal packclgc in a given ycu.  This rclcw factor is not 
factored inm thc uulytk source term c s h n t e  for tritium rclcasc as detailed in [Shuman 
19971, the mnalytic model ;Lssumes thc cntirc tritium inventory is available for diffusion to 

thc 3urf;lce. This 1'LIctor probably account.. for thc discrcpancy bctwccn the numeric and 
malyc 3olurion.r for the tritium rc1e;lsc. The data suggest that the numeric rcsult is 
probably fairly accurate and thc md-dc rcsult is 1 conscrvntivc ovcr-cstimntc of thc actual 
rclcu+c rate for tritium, 

.I 
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A pcndix3a 
Tuble 11 Comparison of atrnospherjc source terms as surface edux 

between the numeric and analytic solutions for representative rndionuclidcs 
in thc A r u  G inventory. 

huclidc Wtstonc ( W v j )  Aunosphcnc Source 'I'm 
(minimum pound surface 

cvduatcd at 1995 cfnuxp w e  
inventory (Ci) a 

I Numenc I Analyuc Kcsult 

Dmcrcncc 
between 

analytic and 
numeric 

Result 
I 

a - Invcniory in calculation is that for disposal pits except for tritium, which is disposal 
shaft invcntory, 
b - MILl;imurn for al! time equals the m u h u m  within compliance htervd of 1,000 yrs 
except for Rn-222 which incrcascs bcyond 10.000 yr due to ingrowth contributions from 
U-234 and U-238 decay. 
c - This is thc estimated 'organic component' of the (2-14 wutc. 

d - Ody thc Ra-226 listed invcntory conuibutcs significurrly to the Rn-222 flux 3; car@ 

times. 
c - The range for thc mdytic solution covers a rmgc of values for an 'emanation factor', cy 

= 0.35 to 1.0. The numerical solution assumed ef = 1. Note that the mkximum value, 
1 ,E45 Ci/m2/yr, cornsponds to 0.3 pCi/m2/s, 
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[Hollis, ct,al., 19971 D.Hollis, E.Vold, R.Shuman, K,Birdsell, K.Bowct, W.Hmscn, 

D.Krier. P.Longmirc, 8.  Xcwman, D.Rogers, ESpringcr. "Ptrformmcc 
Asscssrncnt and Composite hdysis for the Los Alamos National Lbontory 

Conclusions 

Thc numcric rcsults are in g c d  ngccrnent with the analytic solution implerncntcd in the PA 
md CA sprcadshcct calculations for thc atmospheric rclcasc of gaS or vapor mdioxuvc 
conrruninmnts from k e a  G. A discrepancy in thc c s c  of muum is attributable to the s m d  
rcleasc r;l[c of'vitiurn from the waste pxkagcs or from the disposal shaft which is included 
in the numeric rcsult but is ncglcctcd in the analytic rcsult whcrc it is assumed the cnrin 
lrilium invcntoy is avaulablc for diffusion to the ground surfacc. This is o very 

conscrvativc ilssumption but tFlc mnal$c PA rcsults still hdc;lte there is no problcrn from 
the tritium emanation and subsequent kbornc dose pathwpays. 

Tnc numcric rcsults providc insight into the dctail of L!C v c h c d  profiles in conccnmtion 
Ilnd ihe sclf-consistently evolved surface cfflux for Lhc cwcs of tritium, carbon-14 and 
radon-222, Most imponmtly, they providc 3 sitc-spccific md field calibntcd cross-check 
on rhc accuracy of thc :malytic solution used to dctcrminc atmospheric rclc.xst source t m q  

in [he Los Alamos Arcrr G 'Performance Asscssmcnt and Composite Analysis. 
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SGCND: 

Fig, I Contour results of tritium flux in the vicinity of thc high level tritium disposal shafts 
[Corn Vold and Eklund, 19961. Ficld results arc shown on the site map, intcrpolatcd from 
samplc data as discussed in [Vold u d  Eklurid, 19961, The insct (left ccntcr) shows thc 
computational results for the s m c  mil from the 3-D model. The inset window is 

f x y )  = 600'~ 800', ;tpproximitcly thc s m c  uca  as thc dashed region on the map, The 
contour levels in each plot are r c l a h  and not quanti~tivcly compmblc between the field 

and the compuutjonal plo~s, 
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t h e  after dlsposel =yr- 

Fig2 Ttiuurn conccnmtions (Ci/m3) at the ground surface, at the dispod unit midpoint in 
depth. and the ground surfacc ukhm efflux ( C Y d s )  as a function of h e  after dispod, 

cdculatcd in the numerical diffusion rnodd. 

1 

Fig.3 Tritium conccnmtion (Ci /d )  profdcs ~crtically through tbc disposal unit calculated 
from the numcricd madel at thrtc d i f f m t  times. 

20 



RCPO~=~PG=O~~,R:! 
4/3/97 

Appendix 30 

ri 
E 
@ 0,001 

.h 

L 7 .- .^ - - L 

0.00001 

I I 1 J a 

0 5 10 PO $5 30 35 

Fig. 4 Tritium conccnaauon profiles (Ci/m3) v c r t i d y  tkough the disposd unit 

dong the vcnicd profile of the disposal udt. 
cdculatcd from numerical model for two diffcrtnt distributions of thc mtium source 
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Fig. 5 Profiles of tritium concentration data as rne;rsuEd in borcholc core moisture (labeled 
H3. i n  UIIIIS of pCi/cc). and vitium concentration pa volurntmc moisture content (Iabclcd 

H3/\lol';bHZQ. in units of pCi/cc/vol%), in a borcholc in the immcdiatc vicinity of the 
tritium shafts. 
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- 
depth to aquifer (normalized to 100) 

Fig, 6 Tritium concentration vcrscs depth from the mesa top to the deep aquifer at scicct 
timcs ~ w h . n g  tritium migration is dominated by vapor phuc diffusion as deitrmincd 

from cmplrical observations in the near surface umatunted rcgion at Arctl G, 



Fig. 7 Carbon-14 source term for gucous phxsc rcle~sc from the disposal unit, generated 
by rhc biodcgradadon of thc organic componcnt of the C14 inventory. 

Fig, 8 Carbon-14 concentrations (C2rn.3) at thr pound surface, at thc disposal unit 
midpoint in depth, and thc ground surfacc tritium efflux (CilmYs) as P function of time 

aftcr disposal. cdcu1a:cd in the numcricd diffusion model. 
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Fig. 9 Carbon-14 conccnwtion (Ci/nG) profiles vcRicdy through the disposal unit 
calculated from the numerical model at four & f f n n t  times. 
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Fig, 10 Carbon-14 ground surface rritium efflux (Ci/m2/s) as a function of timc a f m  
disposal, calculated in thc numerical diffusion model for two values of thc diffusion 

coefficient. 
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Fig. I I Rddium-226 (source for radon-222 g ~ x o u s  phase rcleasc from thc disposal unit) 
from thc threc main conuibutions, Ra-226 initid inventory, U234 inventory, and U238 

inventory. 

Fig. 12 Radon222 ConccnVations (Cilm3) at thc ground surface, at the disposal unit  cover 
depth ( 1  m), at the disposal unit rnidpoint in depth, md the ground surface tritium efflux 

(Ci/m2/s) xi 3 function of timc after disposal,' calculated in the numerical diffusion model, 

IS 



depth in disposal unit -m- 

Fig. 13 Radon-222 conccntdon (Ci/m3) profiles ve16cdly through &e dsposd unit 
cdculatrd from thc numerical model at fow differat times, 
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A Modcl for thc Biotic Trunslocntion of Buried Low-Lcvcl Rudionctivc 
W ; w c  tu the Ground Surface in thc Prcscnce of Surface Erosion 

Erik L. Vold - Los Almos National Labomtory 
Rob Shurnm - Rogcrs and Associates Enginccring, lnc. 

Abstract 

lnmsion into buried low-lcvcl rudioactivc w * W c  by planLs and burrowing animals may l a d  
to hc u;lnslocation of Cont;UTlinmL< to thc ground S U ~ X C  of thc dispossll facility, 
Radjoactivitv brought. to thc surftlcc is a sourcc term for iUnosphcriC I'c~CLSC by SUrf;lCC 
p;rticlc rcsispcnsion md for surface watcr run-off to an off-site rcccptor location. A 
slmplc rnodcl for this biotic uu~nslocation ptoccss, including a modification to account lor 
5urt~acc erosion at B specified ntc, is descrikd in this rcport. Sitc-spccific p r m c t c r  vducs 
for h c  low-levcl ndioactivc waste disposd facility a Los N ~ O S  National Laboratory, 
+,rea G, ax prcscntcd. T~CSC data m used to model 3 base C ~ C  intrusion sccnuio that is 
rcprcscntrtrivc ot'thc animal md plmt spccies at this semi-uid site. Two 'bounding cases' 
chx:ictcrizcd by grcalcr dcgrccs of intrusion uc also exmined in order to understand the 
unccnintics usociatcd with rhc base-cuc inuvsion rcsults. Thc output from thc biotic 
t:;mslocation model is II projcction of radionuclide-spccific surl'ace soil conccntrations xi ;I 
function of time, normdizcd to the initial wactc disposlsl conccntntion. Thtsc normalized 
conccntrations, Cs/Cwo, ;UT uscd in the environmental trmsport malyscs conducted in 
suppon of thc Arca G Pcrfom,mcc Asscssrncnt lLnd Composite Andysis. 

Thc Irmnsloc:ition of radioactivity is dominrttcd by burrowing animals when thc p I i ~ t  uptdct 
t'acror, U,, is smdl (SO.1). Under tlicse conditions, Ihc projcctcd value of CJC,, for thc 
tuea G b;Lw CLSC ranges from 0,03 to 0.07 md is rcla~vcly COIISt;Ult for thous:mnds of 
~ C U S .  Considering thc Arc;i G bounding C;L'~CIS, an uppcr limit on this Vduc is likcly to be 
about 0.12 and ;I lowcr limit likely to bc 0.02 or less, As the value of B; incrcues, the 
surfxc conccnuation is conuollcd by p l u t  uptdic until Iatc timcs. Ody fivc ckmcnb 
prcscnt in the \ v w e  inventory have luge upctkc fuctors, greater than or approximately 

For thesc isotopes, :he cxpccted valucs for CJC,, arc estimated ;IS 2.0, 0.6, 0.25. 0.25, 
and 10, rcspectivcly, Thc rnodcl implcmcnution in thc Pcrfoma~~cc Assessrncnt and 
Composite Analysis xcountS: for thc dct;lilcd radionuclide site invcntory and specifies thc 
Limc dcpcndent biotic trmslocation including effects of erosion on the penetration dcpth of 
plants and burrowing animals in the wutc. 

qual  to onc, Tc (Bi = 9.5), Sr (8; = 2.51, N ('13, = 0,9), C (Bj  1,3,J, M d  Ci ( B ;  = 70), 
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BIOTIC TRANSLOCATION MODEL 

Introduction 

Biotic jnwsion into low-lcvcl r d o ~ t i v c  w W e  disposed h shallow burial csnfiguntions 

at lcos ~ l ~ r n o s  h’ationd Ltboratory (LANL), A m  G, and the subsequent translocation of 
contaminints to the surfiice soil can occur from rooting of plmu or burrowing of small 
mim;l]s or jnsccts i n  thc wutc volume. A model €or this trrmslwtion proccss and the site- 
spccific pxamctcr vducs uscd for A m  G arc dcscrikd in this rcport. A simple 
n\odification 10 the model accounts for a spccificd sudacc crosion rate W h i c h  rcduccs thc 
U’;F%IC covcr thjckncss. The output from this biotic translocation modcl is s Frcdiction of 
surfacc soil concentradon a. a function of time. This conmihated surf‘acc soil 
conccnrration is a sourcc tcrm for atmospheric rclcue by s u r f ~ c  pYticlc resuspension and 
for surfacc run-off to an off-site rcccptor loc;ltian, subscqucntly used in thc dose malysis 
for thc disposal sitc Performance Asscssment and Composite Analys is  [Shurnm, 19961. 

A study of thc local plana fricrncy and Foxx. 19871 examined the distribution of root 
length vcrscs dcpth for many spccics indigcnous to this UCD. Most spcCics hsvc ncv ly  
cxponcntid dccrcuc in rooting m a s  with depth with exponential dccay lengths of only 3 
fcw tens of em. No significant root mass was reponcd for any species bclow 2 m depth, 
cvcn for Ihc Iugcr conjfcrs cxmhcd  in thc study. Convcrscly. some plats such as the 
chunis3 (;I luge weedy bush) can grow 3 up root to morc than 5 m. Trms1oc;rtion of 
s:rontiurn by a chmisr! u p  root jxncmting through at lea%t 14 fr of clean overburden 
covcriny, an old contaminated sitc hrrs bccn Jcscribcd in detail Frcsqucz. ctal., 1995~1. 

Ficld dab used to chwactcrizc rrlcvmt biotic rmslocatian mdc l  pumetcrs  for scved  - - -  ~ ~ 

animals potentially prcscnt af an arid or scmj-arid site ;u1: sumarizcd in Tsblc I, taken 
from thc BIOPORT code documentation (adsptcd from Table 23.1 in WcKenzie, ct.nl,, -.- . . 

1982]j, Thc ficld work quoted in the literatuff: for biotic uanslccation by small mmmuLs 
oftcn refers back to studies on pocket gophers done at Los Alamos [Makonson, ct,al,, 
1982. Hakonson. e d .  19921. and so thcsc study rcsults uc directly sppiicnblc to Arcn G, 
Rcccnt field work st Aft3 G suggests that thc dominant small mammal species h Arm G is 
the dccr mousc [J,Biggs, 951. 
litcrrrture [Arthur, et.d.,1987] for use in the present modcling. 

Burrowing data for this spccics is assumed from the 

2 
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Environment31 sun.cilIancc daa collccttd 3t &a G from vcgebLion and from small 
mammals generally shows elevated activities for stvu31 nuclides in both the vegetation 
[Frcsquczct.d., 1995;t, 1995b, 19961 md in the rnarmnds Piggs, ct.d., 19951. The 
contunination Icvcls arc low with respcct to dosc conscqutnccs, however. this c o n f m  
that the biotic translocation mcchankm at G is potentially hpor3nt in off-site 

migration and should be considcrcd for the all-p;lthw;lys dose ;LFscssmcnt. 

Analysis 

A simple conceptual modcl for biotic wmslocation is shown in Fig. 1 for a rcprcsenutive 
intruding animal and plvrt species. Key p m e t c r s  in the analysis include the WSIC cover 
thichcss. Lc. the total biotic intrusion dcpth, Lb, and the overlap in volumes (shown as 
arcas in thc frgun) of the t a d  biotic intrusion volume and the buried waste volume. (Note 
that thc shape of the depth distribution for the plant is shown as uniform with depth here 
for cxvnplc only and hat M cxponcntial distribution will be assumed in the analysis.) The 
extent ofoverlap of the biotic inwsion volunc with the watt disposal volmc kncath the 
w;lstc cover will be unique for a c h  specks, howcvcr, thc ovcrhp can bc approximtcd 
with n singlc bounding value for plants and with ;I second value for anhxd.5 which 
rcprcscnt different distributions in rooting depth or animal burrows. rcspcctiuely. The 
bounding values rcprcscnt a net penctmtion into the disposed waste volumc. 

Thc biotic trmslocation process yields 3 surfrcc conccnmtion, Cs, normalized to hhhl 
waste conccnmtion, Cwo. For morc than one biotic intruder species bringing a 
conthnntcd  soil mass to the ground surface from the subsurface, the normaliztd surface 
contamination is given as thc avcngc of the surfacc concentrations, Csb, duc to each of nb 
contributing biotic spccics, weighted for rhe soil mass brought to the surface (on an annual 
rate basis) by csch specics, or 

-. .. 
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ulherc 

and, 
,it, 

fb 

Bb 

= mass uansfcr to thc surface soil F@Yyr] for the biou species, 
b 

= frdction of biotic intrusion volume (plant rooting vohmc or 
u i m d  burrowing volume) which overlaps the waste volume 

s biotic uansfer factor. In plants, Bj is an elcmcnt-specific value 
for clcmcnt, i .  [(contcunin~Lntlkg-plant)/(contaminant/k)], 
and depends upon thc root uptake. For Yzimds, Bi is ukcn 10 
bc unity. 

Thc WLSIC conccntrarion in thc disposal unit is dcplctcd over time due to biotic intrusion a!! 
rcflcctcd in Cw[r]. Each biou species contributes to a h c  dcpcndcnt surfilcc contamination 
concentrdtion with thc avcragc given by the above equation. 

Each waste layer which is occupjcd. or intruded upon, by ;1 unique number of biota 
spccies, is dcplcted at 3 unique rate, This waste laycr conccntrntion, Ci:, is govcrncd by 3 
continuiry equation which CUI be WriKCn in the control volume htc@ form, 

whcrc Lj: is thc venjcal dimension of thc iz laycr and A is thc m a  in thc s u r f ~ c  plmc. For 
the initial w;~s:c laycr concentration, CwO, lading to an h.hial surface concentration of Csd 
and assuming the concentrs:ion cvcntually tcndc to a stcady state value, Css. this cquation 
has die solution 

whcrc the summation indices track thosc biota which intrude in the k layer, 
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The steady state concentration, CsJ., depends upon the assumed physical processes which 
determine the long-time characteristics. If one ncglccts surface erosion and assumes that 

only tht biouc intrusion is modifying the concentration of the surfacc, then animals act in 
thc long run to mix tbc waste conccnmtion throughout the biom intrusion depth, while 
plllnts ccntjnually dilutc contaminants by adding new biomass to the surfkc layers. 

Animal lnrruion - For mhd intrusion bclow a cover depth, Le, tbc hitid conwnhant 
conctnmtion brought to the surface by d s  is fb Cwo. Tbe long turn steady state 

contaminant surface conccnmtion is- Cw, representing an eventual complck mixing Lb 

of the conthnmmt throughout the (burrow) intrusion depth, Lb. Thc cxponcntid build-up 

timc constant is given by A+, from the solution equation ;IbOvc whcrc Liz = Lb - 4 for the 

casc P single species considered, or 

, 

l;h-4 

For thcsc ;ISsumptions, and ignoring Bb which is always uniry for animds, the t h e  
dependent surface concentration due to animal intrusion, exprcsscd as c~[t]lC~,, is 

Planr Inrrusion - For plant intrusion, plants at w u m e d  to biodcgradc and deposit h e i r  

biomass in the soil surfacc locally and on a time s d e  short compared to thc chmctcristic 

timc scdc (?b = &') for mass trmsfcr rates asociattcd with biotic tnnslocation, The 
model does not cxpficitly includc a factor, J') a 'fixed fraction', which represents the 
fraction of the biomass production nte which is locally furcd into tbe soil layer. This 
number is mumcd to beff = I ,  implying alI plant biomss pduccd in lacally dcgmded 
into thc surface soil. Thcsc assumptions of lowl .. and relatively rapid biodcpdation of the 
plant mass and local mixing in the surfacc soil arc supported dircctly by a study of 
translocation by c h h u  plants in this m Fmqucz, ct,al. 1995~1. 

.r 

Thc biom timc constant, Eqn. 5 ,  for plants is similar to that for mimds, However, the 
plant is adding biomass to the soil, wsch is assumed to k p-y dnwn from 
biosynthesis and not from the ongind soil mass. Therefon, thc contaminant 
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Combining the nbovc, Equations 1,6, and 7 givc n model of thc time dcpcndent cvolution 
extxctcd for the surfacc contaminant conccnuations for specified combinations of different r - -  ~ 

-. . 

snccics of aninids or plants. This tir@xts thc cffcct of surfact crosion which acts to 
rrducc the covcr thickness, Lc, ovcr time. The m d c l  is modified LS dcscrikd in P later 
section to account in a simple mmnc: for the effcct of surface crosion. 

Area G Parameters 

Thc Arm G Biota Translocation Modcl considers first ;1 ' b m  CUC' or likely expected biou 
intrusion CLSC. Following that, variations in the brtsc CUC arc considcrcd to cover the rugc  
of rcsults cxpcctcd from the unccnaintics in thc input data and in thc model itself, 

Thc covcr thickncss is usumcd to be 1 m lor dl historicd disposal pits (1.4 m ovcr 
historical disposal shfts). consistent with p u t  practices in disposal at h n  G. Current 

closure practice diculcs that future covcrs will have 3 thickness of 2 rn. This, combined 
with thc slow surfacc crosion rate and thc maximum biota inuzlsion dcpth at Arca G of 2 rn, 
indicatcs thcrc will bc no significant biotic ttmslocatjon from future disposal opcntions at 
Arca G. Thc above covcr thicknesscs arc implcmcntrd in thc biota analysis for the PA 
[Shuman, 19971 whilc this study ;Issurncs ;1 I r n  cover to il1ustr:uc thc rcsuks under 'basc 
case' assumptions. 

A bksc CLW is choscn to be thc most likcly scenario .. at Arca G* Characteristics of potentid 
rvlimd inuudcrs were summruizcd in Tiibic I adapted from [McKtdc,  ct.d,, 19821. 
Thcsc potential intmders havc kcn  compared to species observed at W L  lis surnmarizcd 
in thc main report, Rcccntly. deer mice havc bccn observed as the main spccics trapped at 
Are3 G disposal sitc [Biggs, 1995). Dirt excavation rates for decr mice observed at INEL 
[Anhur ,  ct.d.,19S7] m slightly lawet thu the values s u d d  in Table I for similar 
specics. so thc t3bulatcd vducs for pocket mice ;vc used as conscwativc upper limits. 

6 



Burrow data for the pocket mouse is u u m c d  to rcprescnt the 'deer mice' sincc this &n 
for deer mice data arc unavailable. Elcmcnr specific values for the plant uptikc factors, Bi, 
arc tabulated from Bacs ct.al., 1963 with modifications for carbon and hyirogcn a!! 
described in Shurnul, 1996, Thcsc vducs arc compiled in Tablc II, 

The G BUC Case considers ;L single plant and single mknd species thiu bound rhe 
problem. The review of data shows that a 'deer mice' spccics with n 2m maxhum burrow 
dcpth bounds anhd'kandmthn expected a thc Area G si&. Insect pYlslocation is 
expected to be rclativcly minor, A gencrk arid plant with rooting depth bounds the 
plant invusion cxpccted at A m  G (note that a fcw dccp tap roou can bc assumed to be 
included in the model sincefb is conscn~ativcly assumed to bc 0.3). The model p m e t e r  
values for the cxpectcd inmsion bast cue  rue summrrrizcd in Tablc Ill, 

In  this most likely base cue, prmcters  for deer n$ce n& = 0.05 kg/*f, fb = 0.1, 

and Bt, = 1. P m e t c r s  for thc representative plant specics arc xi& = 0.1 kf/m2/y 
[Manson and Miera, 19761 andjb  = 0.3. This vduc forfb is cowivativc compared to sitc 
spceific data rierncy and Foxx, 19S71, and could bc considertd to includc a conmbution 
from plants such ils chamis whkh extend well bclow the 2m rooting dcpth used in the 
model. 

A worst c u e  analysis considcRd intrusion by pocket gophcrs, Pocket gophers cxcwation 
r a m  arc lvgcr by -2Ox than that for deer mkc or othcr spccics. However, they are never 
rcponcd below 1 m depth which implics they will not intrude in UhL wxte which is 
bciow at least I 1 m cover over the historical disposal units. Bccause of the patentidy 
I;qc intrusion if pocket gophcrs bunow slightly dcrpcr than previously rtported, pocket 
gopher inuvsion into the wutc is considcrcd in an ' u n c c h t y  bounding case' by adding a 

pockct gopher specks to those specks already considered in the base case. Additionally, in 
the 'uncertainty bounding case'. the plant rooting . .  volume inausion fnction is increased to 
fb = 0.5 which is takcn as an upper limit in Iku of site-specific d;lt3. The base case deer 
mice ssurnptions remain unchmgcd in the 'bounding c s c '  ~ I U S C  &ut data m datively 
well cst;lblishcd empirically. 
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Area G Base Case (most Iikely biohtrusion) Results 

uptake dccrcxx:;, thc surfrrct soil contllminant concenmtions mc limitEd by the m i d  
excavalion, Thcsc conccnrdtions :uc sill incre;lsing ;It 10.000 y c m  due to thc slow 
cxcavation r;itc for thc burrowing animal spccics. 

Only ;1 fcw cjumcnLs prcscnt in thc wa.stc invenrory, Tc, Sr, C ;Ind Cd have UP&C hctofi 
(f;,) grc;ircr than or cqu;il i o  ;]bout onc. For dII other nuclidcs the figure shows that thc . -  

muirnum normdlizcd s u r f ~ ~  conurninant conccnuation value, CJC,,, for all times up to 
]o,@lO - 20,000 y c m  is under about 0.07 or 7%. One rc~sonablc approach to simplify the 
dose pathway cdculations is to w u n x  u constant vduc for C.:JCwo of 0.07 for d1 nuclides 
cxccpt for thc fivc listcd above. For each of thcsc, 3 diffcrcnt constant can tic rcad from the 
grapI.1 which bounds the cnnccntrations within thc 10,000 year confonnrvrcc intend 
Thcse const;tnt valucs for Cs/Cwo arc cstimatcd rcspcclivcly xi 2.0 (Tc, Bi = 9.5), 0.6 (Sr, 
B ,  E 2,5), Oa25 (H, Bi = 0.9). 0.25 (C, 3, = 1.31, and 0.1 (Cd, Bj = 0.5). Using thcsc 

surface conccnuadon fractions, the time dcpendcncc of the surfrrcc soil c o n h n m t  
COnCCntratiOn is a smdl variation ovcr the 10.000 yr compliance duration, IR the actual 
P N C A  analysis, thcsc simplifications w r c  not made: the full timc-dcpendent biotic modcl 
was irnplcmcntcd. 

Area G Biointrusion Model Uncertainty and Sensitivity 

The biotic u:inslocation model is scnsiuve to the a w m e d  species, thck dcpth distribution, 
and excavation rdrcs ;ts well M scvcrd Pactors which influcnce the lang-tcrm behavior. The 
variance in rcsults from the biota Umnslocation'modcl is c x b n c d  by considering two casts 

which arc intcndcd to bound the rngc  of unccminty in thc input pwmcterj. It is assumed 
that thc model itself is giving a rcuonrtblc cstimatc of the likcly physical processes, 

The first of the two 'bounding cues' incrcucs biointrusion to expected m n i m u r n  possiblc 
lcvels for id1 spccics, Thcse p w i c t c r  valucs ut shown in Tablc N, This CSC dso adds ;I 
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pocket gopher species, Thcsc anirndlls 31c never obscrvcd to intrude to sufficient depths 10 
pcncmtc a l m  covcr layer so thcy arc cxcludcd from the 'expected inwsion' b;LCe CSC. 

however. they cxwvatc considerably morc dirt than any other spccics SO if they intruded 
dccpcr than previously observed, thc intrusion results would be ucpcctcd to bc dominated 
by this species. 

n e  results of this first bounding wcc ;vc shown in Fig. 3, in a f o m t  sirniltlr to that 
described for Fig. 2. The n o r m d i d  surf'acc conccntntion \dues, for S d  Bi or Y 13tc 

times, have incrcascd to thc range 0.09-0.12 compared to thc 0.07 value in the bwe CLW 

due to thc I q c  : m i d  excavation by the pocket gophers in the prcscnt case. In this 
bounding case, thc maximum values of CJCW at lrvgc Bj,  arc xtU;rlly reduced slightly 
from the base casc, Ixcausc the plant uptake concentrations arc diluted by the incmscd 
pockct gophcr excavations in this cue. 

A second bounding caw was examined by using the bmc c u c  p m c t e r  vduc! except 
assuming an inceaw of a factor of 4 in the plmt biomass u p u e  factor. The bL!c CLSC 

value of r& = 0.1 kg/m2tyr is bucd on LANL site-spccific data for vcgchtive dcnsity 
(kg//m2) [lianson ;urd MicrA 19761 and Lssumcs pcrcnnid plmts which rencw their 

blomasss once pcr ycu .  The value of nip = 0.3 kg/m2/yr is the dcfault for arid sites 

Arc3 G sitc, 

The r c s u l ~  of this second bounding caw 351: shown in Fig. 4. For I q e  Bi ~ a l u e ~  where 
the root uptake dominates, then thc CJ/Cwo rcsult incttucs over thc b u c  cue. Howcvcr, 
for most nuclides whcrc Bj << I, then thc effect of increased plant biomass praducuon rue 
is to dilute thc surfacc concentrations dominated by the anhal excavations, so that for 

small B , ,  (50.01) then C.r/cwo goes to < 0.015. compared to the 0.07 vduc in the bmc 

c:\sc. -. 

Overall, it is obscrvcd in these limitcd 'bounding CLSCS' that the I q c s t  variance cxists for 
the animal intruder dominated nucljdcs (small B o .  Thc expected value of Cs/Cwo is 0.07 

when Bj is small (5 0.1) with 3n upper limit for CJChV likely to k 3bout 0.12 and a lower 

limit likely to bc 0,02 or less. If' these limiting c s c s  arc assumed to be associated with the 
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struldvd dcvjauon of a lognomid distribution, then 1 crude csUm@ Of p r m c t e f i  
describing thc distribution for CJC,, ~ v t  gcomemc mean of 0,07 and geomchc standard 

For hc few nuclklcs with I q c  Bi vducs, the sur'facc contamination results varied Ofdy 

s ] l g l l t l ~  bctulccn thr: CL!CS. I-lowcvcr, thc root upWkc factors thcmsclvcs werc not varied in 
this study, :md thcsc factors arc ssociatcd with 1;ugc uncertainties themselvcs. Therefon. 
the surface conuminrttion unceminty for nuc)idcs with luge Bj wiu bc dirccdy related to 
[he undcrljling unccnainty of the root u p d c  hctors. 

Area G Biointrusion Model Combined with Erosion 

Over wry lung timcs surface erosion could significdy rcducc the w;LSte cover thickncss 
; ~ l d  modify b e  rcsults of thc biotic umslocation by hcrclrshg thc hthlsjon volumc with 

time. Thc erosion ratc is vcry uncc&n and likely to v q  with location k i n g  lrugcst near 
thc slopcd mcsa cdgc and in rivulets and smdlcr on rclutivcly flilt t c h n .  A net incrc~~se in 
disposal unit covcr could result in mu where biomus rtccumula~on and deposition is 
I q c r  than thc crosion, This Iancr possibility would OCCUT' at Area G undcr the usumed 
conditions whcrc uniform surf;icc crosion wu dctcrmincd in p rc l iminq  analyses 

a 
[Springer, 19351 to bc about 0,024 kglmzlyr. This crosion value was reduced even further 
in thc find analysis for thc PA [Shuman, 13961, consistent with thc final calculated crosion 
rcsults LSpringer, 1996]* Thc cdculatcd crosion is for surfiice run-off only and docs not 
account for wind erosion which has k c n  cstimatcd indcpcndcntly for ?ua G 
[ Kowalcwsky, ct.a1.,1995] ;1s thc resuspension valuc of 0.057 k g h U y r .  The arid plant 

biomass production rrttc, 0.1 k@mz//yr, is slightly lugcr than the combincd calculated 
surfilcc crosion m c s .  Thus, if most of thc biomss production rate is fixed locally in the 
soil by microbid action, then the net crosion ntc would bc ncgativc corresponding to a 
thjckcning of thc wxqte covcr in Urnc duc to bioaccumuldon. 

Considcring thcsc unccmintics, the cffcct of surfxe crosion on the biotic rmslbcnuon 

model was cvduaed assuming net erosion is a uniform nte of 0,024 kg/rn?/yr. This 
corrcsponds to 3 constant dccrcw in tirnc of cover thickness, equal to - 2.t-5 d y r .  To 
incorpontc erosion into the biou t rms l~~a t io~~  model an miilytlc expression for inwsion 
volumc u 3 function of cover thickness is dcvclopcd This was o b h c d  by using thc few 

. t  .. 

10 



Appendix 3b 

dnn points avdable in the limm Vabk 1 t&cn from thc BJOPORT code docmenution 
[McKcnzic, et.d., 19S2J). and obtaining a c w c  fit to the &ti as shown in Fig.5 for the 
Arcn G gcncnc 3nirnd and plant inuudcr species. Using the resulting ;mdfic expressions 
forf,(Lc) and assuming a l i ncv  decnxx in cover thickness with time for thc assumcd 
constant erosion rate, the biotic model is modified to account for the combined 
mslocation-erosion cffccts in a simple by computing te(rl, then fb(Lc(r)) ,  and 
using these vducs in thc model Equations 1.6 and 7. The results arc shown in Fig. 6 for 
scvcral vducs O f  Bj, the plant u p d e  factor. 

This combined tr;ulslocation-crosion model is somewhat adhoc, T ~ c  biota madd %tS 
injhdy devclopcd with assumptions of ;I constant COVQ thiclmcss, which is not satisfied 
whcn erosion is simultaneously considercd. Since the erosion ntc is so small. however, 
the impact of thc model simplification is small and within the first loo0 or even 10.000 
years thc difference in results bcnvcen this adhoc model md a mort rigorous treatment is 
cxpccted to be ncgligible for the predicted erosion ntes. 

Onc effect of thc simplicotion to the erosion m d d  is P minor inconsistency Y long times 
when thc surface erosion first uncovers the disposcd waste. Thc surface contaminant was 

assumed to be diluted by the relatively clean b i o m s  deposited by plvlts which arc Iocrrlly 
fixcd into the soil in time. This means that the long time behavior spptoxhcs an uymptote 
givcn by the mass weighted exprcssion (Eqn. 1) which, for tbc Ara C p m e t c r  xdues, 
givcs 3 dilution hctor at the surface of about 0.3 for nuclides with small Bi. Howcvcr. on 
the other hand, one expects that a! erosion continues inro tbc waste then one should scc thc 
surface conurnhation cqud to thc w u t e  conccnwdtion for times whcrc the surface covcr 
has complctcly erodcd. This leads to B discontinuity in the model results from CJ/Cwo = 
0.3 :u I ,  at the time whcn the covcr rhickncss goes to zero. The combined biou-crosion 
mcdcl could bc revised to morc consistently account for the interactions of the two 
proccsscs and to rcconcilc thc apparent discontinuity, if the biota tnnslocation leads to 
significant conscqucnccs in the Pcrformmce Assessment for the site, Howcvcr, thc 
discontinuity occurs well past the 2,000 or CVUI thc 10,OOO year time frmc. .. 

Area G PA Implementation 

The model equations for biotic translocation in the presence of ground surfacc crosion have 
been implcmcntcd within thc analysis for tbc site PA in 9 set of spreadsheet dculaions 

0 

0 

, .  

e 



.. 
-7 

.. 

Appendix 3b 

which incoTonIt Ihc Arc3 G b u c  c:de biou p~mctcrs .  The model hplemcnted in the 
PA dose ~ d y s c s  is thc 'base case' biota uanslwcation modcl described here with the base 
case erosion modcl cornbincd in thc manner dcscibcd in h c  prcvious section, The rvlalysis 
in PA includcs thc acrual site invcntory dislinguishcd by disposd pits and by shafts for 
each of tbc four inventory source term groups [Shumm, 19961. It also considers the 
v q i n g  disposd unit cover thichcsscs discussed in this rcpon. Thc biotic VLlnslocntion 
produces 3 surf':lcc soil contarnination which contributes to two dose pathways. one, for 
airborne rcsuspcnsion of ground sudiicc p ~ c u l a t c  mncr  and two, for Surface erosion in 
storm water run-off fiam the mesa top fiicility to off-sitc locations. 

Discussion 

Trmslocrrtion of stronuum by a c h h s a  tap root through at least 14 A of clean ovcrburdcn 
soil covering old cont;uninntcd site h s  bccn dcscribcd in d e t d  FrcsqueZ,et.d., 1995C), 
This fi& work indicated that h e  nuclide, Sr, h;ls 3 significmt phnt U p d C  factor h 
chamjsa, consisient wi:h thc Ijtcritun: \due used in the analysis ( B i  = 2.5). Tlx study 
showed thc stron:ium is tllkcn to the surface by the plant, dcpositcd very I d l y  in thc litter 
droppcd by the plant and bccomcs mixed into rhc top soil, in ;I region imnlcdiarcly around 
the dccp rootcd p1;mt. The ticld work confims thc b;lsic assumptions of thc biotic 
translwxion m d c l  presented here for the plmnr spccics. The dccp root is bcyond the 
expcctcd biotic inmsion depth of 2 m. but the conscrvativcly assumed vdue o f fb  = 0,3, 
the arid plant ovcrlap fraction of intrusion and waste volumes, xcounts for upukc such 
that thc rcsults arc not strongly scnsiuvc IO the actual rootjng depth obscrvcd in thc field. 

As discussed previously. routinc cnvuonment;ll :;umcill;mcc data collated 31 Pmrr G from 
vcgctation and from small m m d s  gcncrdly shows clcvntcd activities for scvcrlll nuclides 
in both thc vcgctaiion [Frcsyucz ct.d., 199Srt, 1995b, 19961 and in the rrmmmds [Big& 
ei.al., 19955. This supports thc notion that the biotic translocation mechanism at Am G is 
potentially important in off-sitc migntion q d  for the all-pathways dose assessment. A 
dcuilcd cxunht ion of the field data in cornpuison to the quantimtivc prcdictions of this 
biotic translocrruon model h;is not yet bccn done but could be used to improve the model 
predictions, 
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Summary 

This report has described a biota t~~.nsloc;ltion model for application to the Pcdormmcc 
Assessment at ma G, Site panmctcrS for the m d c l  have been nvicwed and prcscntcd in 
3 most likclv 'base C;LSC+ and in two bounding czcs to cxplon the scnsithity of the rcsuh 
to the parameter input values. Lmplications of the model and these rcprcscntntivc cases 
have bccn discussed in dc td .  

7 h c  model equations for biotic mslocation in the pnsencc of ground suTf3cc erosion have 
been implcmcntcd w i h n  thc analysis for the site PA in a set of sprcndshett dcuistions 
which incorporate the Arcn G base csc biob pwmctcrs. Thc biotic mslocation produces 
3 surface soil contamination which conuibutcs to two dose pathways, one, for airborne 
rcsuspension of ground surface plvtjculatc manu and two, for surfacc erosion in storm 
water run-off from the mesa top facility to off-site locations, 

On=going cnvironmental survciU3ncE monitoring providcs an opportunity to 'calibrate' the 
model against field data. 
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A Model for the Biotic Trnnslocation of Buried Low-LcvcI Radioactive 
Waste to the Ground Surface in thc Presence of Surface Erosion 

Tables I - Tv 
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Tahle 1 Hurrowlng Habits of Yolerttial Anlrnal lnlruders at the 
Reference Arid Low-Level N’arle Burial Site 

(from [hltKenzie, et.ai., 1982) ). 
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Source of purarnclers is Baes e l  al,, 19ffl. unless olhewirc noted. 
Plsnbsoil concentrution foclon htlve uniu of  Cifkg (dry weighl) of vege~lion per cikg (dry weighl) of roil. 
Planl-soil conccntnlion fuclors und trinsfcr facton arc nsaumcd to be Ihc snmc as the futon for Cf and Cm. 
Source or plant upmke tiicion is Sheppurd et al,, 1991. Source or trunsfcr fncton is  NRC, 1977. 
Plan1 uptake of %3 from boil w u  not wsumed 10 occur, 



Appendix 3b 

site parameters: ps 1,3t3 kdm3 &= 1.m 

Model parameter values for 

site paromctcrs: ps = 1.3~3 kdd 
bicrt,? 

Table IV 
the Area G maximum biota intrusion case 

k= 1.m 

I 

1 dcermce i),2 2, o,oj  1. 7.7C-b 

3 pocket 0,l  1.2 1.2 1. 4.bC4 
pophers 
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A Modcl for the Biotic Trunslocntion of  Buried Low-Level Radiouctive 
Waste to the Ground Surfucc in the Presence of Surfoc~ Erosion 

Figures 2- 6 

.. 
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run-off 
cover 

A *  4 

t .  
L C  

akmosphenc 7 - rcsuspension ~ , 

max. bio. intrusion \ 9 = - 

= biointrusion volume 

Figure 1 Biotic translocation conccptunl model. 

Waste is distributed throughout the volumc bcncath the chsposd unit c o w  of thickness, 
k. Biotic intrusion occurs to an assumed maximurn depth, Lb. O’Jote that thc plant 
rooting voliimc, sketched as uniform with depth, is actudly mcdelcd as an exponential 
decrcuc in dcpth with a m;rximurn intmsion depth.) 
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Figure 3 Normdizcd surface contaminant conccntration verses time for the 
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Figure 4 Sormulized surfucc contaminant concentration verses time for the 
biota intrusion bast ewe paramctcrs but with plant upbke factor increased 
by ;1 factor of four: shown for several values of €31. the plant uptake fuctor. 

" 0 0.2 014 0,6 0.8 1 1.2 1.4 1.6 t.8 2 
c h r  depth -m- 

Figure 5 Datu points for assumed depth distributions (cum volf) of the 
biota intrusion volume, fb, and bcst-fit function profiles to the dutn for 

intruder unirnd species, an. and intruder plant species, pl. 
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Figure 6 
combined 

Sormalizcd sutfuce crlntominunt concentration wrscs time for the 
base case biota and erosion models, for scverrrl values of Bi, the 

plant uptake. factor. 
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SURFACE WATER AND EROSION CALCUlATlONS TO SUPPORT THE MDA G 
PERFORMANCE ASSESSMENT 

E. P. Springer 

lNTRODUC77ON 

The performance of MDA G is dependent on surface hydrological and ecological 
processes be&use radionuclide transport by surface runoff can affect human andlor 
environmental receptors directly and the pekolation for ?ha subsurface radionuclide 
mnsport pathway is determined by the water balance in the near surface. For 
subsurface disposal of waste, surface soil erosion reduces the effectiveness of the 
surface cover and if wastes are exposed, then surface runoff can tmnsport 
Contaminants either in a soluble phase or sorbed to eroded soil particles. ?"he 
objectives of this section are to estimate the effects at MDA G of surfaw runoff, soil 
erosion, and percolation. The conceptual and mathematical models will be reviewed, 
parameter estimation for the models will be presented and resuks and sensitivity 
analyses for a surface cover at MDA G will be presented. 

CONCEPTUAL MODEL 

Water Balance, 

The basic conceptual model that governs the surface water pathway is the water 
balance equation written as 

where: 
S = soil water storage (mm): 
P = precipitation (mm); 
Q = surface runoff (rnrn): 
ET = evapotranspiration (mm); 
R = the deep percolation (mm); and 
t = time. 

Equation 1 is used to describe the water balance far conceptual cover at disposal pit at 
MDA G. Precipitation may be e'ither rain or snow. Evspotranspiration is from both soil 
evapontion and plant transpiration. Deep percolation is defined as that water draining 
befow the pit. Figum 1 presents the conceptual model represented by Equation 1 

.. 

One key assumption for this application of Equat'on t to MDA G is that the cover is 
topsoil over crushed hm. Cover designs can include a low permeability layer such as 
day (wanen et at., 1996) or a capillary banier (Nyhan et al., 1900) to divert infibted 
water. No credit was taken in the following analyses for any engineered cover design. 
The model is orredimensional considering only the vertical coordinate. 
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Equation 7 is solved by rneasuting itS various terms in field experiments, The following 
material reviews studies pertinent to the terms in Equation 1 that have been performed 
at or near MDA G to support the - conceptual and mathernatkal models. 

I 
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Conceptual Model. For Water Balance At J 

.Area G Disposal  Pft 
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Percolation 

Figure 1. 
erosion assessmef'rt. 

Conceptualization of hypothetical pit at MOA G for surface runoff and 
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The focus of the following analyses is surface runoff (a). Limited measurements of Q 
I have been made for MDA G. Abeek et ai. (1987) presented resultr (for a single event) 

from a runoff gauging station located at MOA G. Nyhan and Lane (1986b) used rainfall 
. simulation to study surface n k f f  and soil erosion from different surface cover materials 
such as gravel mulch and vegetation at Los Alamos. Runoff data are available for one 
year for MDA G and tbe major tanyons (Pajarito Csnyon and Canada del b e y )  that 
drain the site as part of the Los Alamos s t o m t a r  qualby prugrarn. 

Soil moisture measurements have been made for various studies at MDA G. Results of 
a study by Purtyman are reported in Rogers (1977') for surface cover$ at Pits 7 and 2 in 
MDA G, These moisture data am presented in figures 2 and 3. Note that the water 
content in Pit 7 is higher than Pit 2. Tbe cause of this dl'fference is unknown. Nyhan et 
at. (1 986) performed a study at MDA G on Pit 25 using four different surface cover 
designs. One cover design includes the topsoil over cntshed tuff like the covw design 
presented in Figure 1 that was used in this Performance Assessmnt. The other three 
wver designs bad a biobamer cornposed of a layer of either large cobbles or gravel 
and cobble to prevent plant and animal intrusion. Beneath each cover design, a layer 
of crushed tuff was placed, and the soil water cdntent was measured in this layer. The 
temporal distribhon of water content in this crushed tuff layer for the diRerent cap 
configurations is presented Figure 4 which is from Nyhan at al. (1986). Generally, an 
increase in water content of the hrfF layer can be observed for all cover designs early in 
1983. A trend of decreasing water content occurs over the rest of 7983 followed by an 
increase in water content early in I984 that is coincident with snowmelt period, Data in 
Figure 4 indiate that water can penetrate to depths greater than 7 meter, Nyhan et at. 
(1986) examined root penetration of the different designs using a cesium tracer placed 
in the ciushed tuff layer beneath the cover designs. Substantial penetration was 
oSsenred for the soil over tuff design providing a mechanism for water removal. Some 
root penetration was noted for the biobamet designs, but this was not as prevalent as 
on the conventional design. 

. 

. 

Nyhan et at. (1 990) reported on a study of conventional and engineered surface covers 
at TA-57 loeated approximately 2 km west of MDA G. The conventional design 
consisted of loam soil over crushed tuff. The engineered design included a capillary 
bamer of pea gravel beneath the lcam top soil and a biobarier made of large cobble 
beneath the capillary bamer. The surface slope of these plots was zero in order to 
maximize infiltmtion: therefme no runoff occurred. Table 1 (Nyhan et a]., 1990) gives 
the different components of the water balance for the two plot designs, These results 
indicate the relative distn'bution of the components in Equation 7 earty in the 
performance period of these surface cap designs. Nyhan et al. (t990) attributed the 
seepage in the March to April period to snowmett and low evapotranspiration demand 
because the vegetation was still dormant at this time of the year. 
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Gravimetric Waier Content Pit 1 Hole G-1 
Sampled in Docember, 1973 

Gravimetric Watar Content for Ptt'l Hob G-2 
Sampled in Docamber, I973 

5 OD24 I 

Figure 2, 
G pit number 1. 

Gravimetric soil water content +om two boreholes drilled in cover of MDA 
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I 
Gravims~c Wabr Conbbnt Pit 2 Hob G-3 

Sampled in Docornbr, 1973 

Gravimetric Watw Content Pk 2 Hole G 4 A  
Samplod in D m m n k r ,  1973 

. Figure 3. Gravimetric soil water content h m  two boreholes drilled in a v e r  of MDA 
G Pit number 2, 
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Figure 4. 
beneath surface covers at MDA G (from Nyhan et al, 1986). 

Volumetric water content in crushed tuff layer (13f-cm sampling depth) 
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Table 1. 
et ai. (3  990). 

Soil water balance components for cover experiment at TA-57 from Nyhan 

.L 

Controt Plob Improved Pro@ 
1 2 1 2 

Precipitation (cm} 173.72 m,72 a 173.72 173.M 
Soil water in&ase 12.09 9.09 4.1 5 4.43 
(m 
Interflow (an) 0 0 0 1.93 
Percolation (cm) 10.62 10.63 0 2.64 
Evapottanspiration 151.67 154.87 169.57 764.71 

The available data suggest that water will penetrate a depth greater than t m at MDA G 
which is the cover thickness assummtd in the performance assessment simulations. 
As vegetation is established, deeper rooted plants can remove moisture from deeper in 
t he  profile reducing the percolation. On the negative side, plant root uptake may 
become a pathway for radionuclides, and dead roots can provide channels for flow, 

, .  Soil Erosion . I  

Soil erosion is defined for this problem as the removal of surface material by water. 
Wind is another agent that can  remove surface material, but it is not included here. Soil 
erosion is included because the removal of surface soil will reduce cap thickness and 
may eventually expose wastes and because radknuclides adsorbed to soil pahcles 
can be transported. 

Soil erosion studies on surface covers at Los Alarnos were reported by Nyhan et al, 
(1984) and Nyhan and Lane (79868). These studies used rainfall simulation technology 
with plots prepared for dflerent surface cover schemes to determine parameters for the 
Universal Soil Loss Equation (USLE) (Wischmeier and Smith, 1978). As expected soil 
erosion was greatest on plots that were recently distuhed and had little or no cover, 
The soil loss measured by Nyhan et ai. (1984) from the natural plots was 2% of that 
from cuttivated plots, Nyhan and Lane (1986a) showed an order of magnitude 
reduction in the USLE cover management (C) factor when a 70% gmvd mulch surface 
cover was applied compared to the bare soil surface cover. A further factor of two 
reduction in soil loss was suggested when a vegetation was used in conjunction with 
the gravel mulch but these resub were highly variable, Data from these studies were 
used by Nyhan and Lane (1986b) to determine parameters for the U S E  to apply to 
shallow land burial sites at Los Alamos. 

Soil erosion is a function of soil properties, surface conditions, topography, climate, and 
land management The Universal Soil Loss Equation (USE) uses a rnufipl idve 



expression to relate these factors (Wtschmeier and  Smith, 1978; Nyhan and Lane, 
1986b). The USLE estimates long-tcm average annual soil loss for a site using a 
climate factor. For the Performance Assessment,  the Modified Universal Soil t o s s  
Equation (MUSLE) was used because daity hydrologic information was available 
('Williams, 1975). 

Biological Intrusion 

1n:rusion into surface coverS by animals and  vegetaiion has important implications for 
surface runoff and erosion. Intrusion can  have positive and  negative effects on surface 
cover performance. Suter et al. (1 993) reviewed the effeets that vegetation and 
aurrowing animals may have o n  surface covers. For vegetation, the most detrimental 
effects are genetrating hydrologic bamers t h u s  reducing their effectiveness, and root 
uptake of waste material. Vegetation is needed to reduce potential percolation of water 
and  minimize water and wind erosion, Burtowing animals can  provide a more direct 
route for water to :he waste,  and  if the animals penetrate the waste  burrowing animals 
c a n  move contaminated soil or waste  to the surface where it can be eroded.  

* 

Studies from many different locations were reviewed by Suter et al. (1993). Link et al. 
(1 995) summarized infomation on vegetation and  animal effects for Hanford which is a 
semiarid site like Los Alamos. Their studies concluded that small mammal burrows 
have little or no effect on soil moisture content. They cautioned that :his result w a s  
based on short-term studies. 

Sejkara and Alldredge (7989) used rainfall simulation to study the  influence of pocket 
gophers on runoff and  erosion. Runof and soil loss were measured on bare and 
vegetated plots with and  without gophers, The results indicated tha t  introducing 
gophers reduced runoff by an avenge of 21% and  soil loss by 42% after four weeks  of 
activtty by the gophers  in the plots. The authors concluded from this short-term study 
:hat cumulative impacts of the gophers will increase with time and tha t  t he  presence of 
t h e  gophers may affeet other factors such as vegetation growth that can  further change  
the relationships between moff and  erosion. 

MATHEMATICAL MODEL 

The Performance Assessment  for surface runoff and  soil erosion from MDA G require 
analyses over a duration of 10,000 years or more, but historkal records are available 
for less than 100 years for the Los Alamos area. To provide the record necessary for 
this performance assessment ,  a stochastic climate generator is used to provide 
precipitation and weather  values, A daily water balance model of t h e  pit is employed to 
provide infomation on seasonal  variations of the  response of the disposal p k  

The mathematiut  models for generation of the weather and solution of the water 
balance were taken from the SPUR (Simulation of Produdon a n d  Util'kation of 
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Rangelands) Model (Wight and Skiles ?987). The water balance model for SPUR was 
based on the CREAMS (Chemical, Runoff, and Erosion from Agricultural Management 
Systems) model (Knisel1980) with modifications for snow accumulation and melt 

. Vegetation dynamics were not included in this application of the model. Vegetation was 
represented by a leaf area index (MI) cuwe that remained constant over each year. 

I 

The following mathematical descriptions are taken directly from the pertinent chapters 
in Wight and Skiles (1987). 

Climate Generation 

The climate generator is known as CLIMGN. The purpose of his component is to 
provide daily values of precipitation, maximum and minimum air temperatures, and 
solar radiation (Richardson et at.. 7987). The GENPAR code was used to estimate 
parameters for CLIMGN with historical records from Los Alamos. 

The CLlMGN program generates daily values of precipitation (P), maximum 
ternpetature (k), minimum temperature (tJ, and solar radiation (r) for an n-year 
period a? a given location. The model is designed.to preserve the dependence in time, 
the internal correlation, and the seasonal characteristics which exist in adual weather 
data for the location. Predpitation and wind mn are Senerated independently of the 
other variables, Maximum temperature, minimurn temperature, and solar radiation are 
generated depending on whether the day is wet or dry. 

I 

Precipitation 

The precipitationgeneration component of CLIMGN is a Markov chain-gamma model. 
A firstlorder Markov chain is used to genente the occurrence of wet or dry days. When 
a wet day is generated, the Weparameter gamma distribution is used to generate the 
p feci p ita tion amount 

Wrth the firstlorder Markov chain model, the probability of rain on a given day is 
conditioned on the wet or dty status of the previous day. A wet day is defined as a day 
with 0.01 inch of precipbtion or more, Let P,(WNV) be the probability of a wet day on 
day i given a wet day on day i-7, and let P,(W/D) be the  probability of a wet day on day i 
given a dry day on day i-1. Then: 

where P,(DMr) and P,(D/D) are the probabilities of dry day given a wet day on day i-7 
and the probability of a dry day given a dry day on day i-1, respectively. The transition 
probabiJities are, therefore, fully defined given P,(WAM) and P,(WID). 
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The density function of the two-parameter gamma distribution is given by: 

where a and p'are distribution parameters and r(a) is the gamma function of a. The Q 

and p are shape and scale parameters, respectively. For 0 e a < 1, the distribution has 
a reverse "J" shape. This shape is appropriate for precipitation amounts since small 
amounts occur more frequently than larger amounts, The gamma distribution was 
shown by Richardson (1982a) to better describe precipitation amounts  than the simple 
exponenrial distribution. 

The values of P,(WNv), P,(W/D), o, and p vary continuously during the year for most 
locations, In CtlMGN, each of the four precipitation parameters is held constant for a 
given month but vary frcn month to month. The parameters are used with a Markov 
chain-gcneration procedure and the gamma-generation procedure described by Haan 
(1 977) to generate daily precipitation values. 

Temperature and Solar Radiation 

The procedure used in CLIMGN is based on the weakly stationary generating process 
given by Matalas (1967). the equation is: 

. .  

X,(j) = ~ i - l ( ~ ) + & ( , i )  (4) 

where x,(j) is a 3 X 1 matrix for day i whose elements are residuals of k(j=l), fm (j=2), 
and r(j=3): c, is a 3 X 1 matrix of independent random components, and A and B are 3 X 
3 matrices whose elements are defined such that me new sequences have the desired 
serial correlation and  crossarelation coefficients. The A and B matrices are given by: 

A = M,M;' 

BB' = M,-M,M,'M: 

where the superscripts -1 and T denote the inverse and tanspose of the matrix, M, 
and M, are defined as: 

m 
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where p,(j,k) is the correlation coefficient between variables j and k on the same day, 
p,Q,k) is the comelation coefficient between variables j and k with variable k lagged one 
day with respekt to variable j, and p,@ is the fag-one-seriakrretation coefficient for 
va ria b le j 

The correlation coefficients in Equations 7 and 8 were determined by season from 20 
years of temperature and solar radiation data for 37 locations in the United sk?es. The 
seasonal and regional patterns of the correlation coefldents were described by 
Richardson (1 982b). The seasonal and spatial variation in the correlation coefficients 
are relatively small. If the small variations are negtected and the average values of the 
correlation coefficients given by Richardson (1982b) are used, the Mo and M, matrices 
become: 

0.633 0186 
1 

1 
(9) 

0.621 0.445 0.087 

0.015 4.091 0251 

(The offdiagonal elements were calculated but not reported by Richardson (1 982b)J 

Using Equations 5 and 6, the A and B matrices be~tm18: 

B = 0 . k  ," ] 
0238 4341 0873 

The A and B matrices gbsn in Equations 71 and 12 am use~I.with Equation 4 in 
CLIMGN to generate new sequences of the residuals o f t ,  t,,.,, and r, which are 
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serially correlated and cross correlated with the correlations being constant at all 
locations. 

The final daily generated valGs o f t ,  Ll and rare determined by mukiplying the 
residual elements generated with Equation 4 by a seasonal  standard deviation and  
adding a seasonal mean using the equation: 

where t(i) is the daily value of t,,Jj=l)l &(i=Z), and r(j=3); s,(i) is the standard deviation; 
and m,(j) is the mean for day i. The values of m,U) and s,(i) are conditioned on the wet 
or dry status  as determined from the precipitation component of the model. By 
expressing Equation 13 in terms of the coefficient of variation (c=dm) n t h e r  than the 
standard deviation, the equation becomes: 

The seasonal change  in the means and coefficients of variation may be described by: 

where u, is the value of m,Q) or c,Q) on day i. ‘ii is the mean of u,, C is the amplitude of 
:he harmonic, and  T is the  poshion of the harmonic in days. Value of u, C, and T must 
be determined for t he  mean and coefficient of variation of each weather variable (L, 
kn, r) and  for the wet or dry condition. There were no detectable differences in the 
means  and coefficients of variztion for fnn on wet or dry days. 

Some of the p a n m e t e r j  in Equation 15 demonstrate location dependence,  and other 
parameters do not change significantly with locz!tion. The values of T for all :he 
descriptors of temperature (means  and  coefficients of variation o f t  and Ln) are near  
200 days for all locations. Similarly, the T values for r are about 172 days (summer 
solstice) for all locations. Therefore, in CLIMGN, all the  T values for temperature are 
assumed to be 200 d3ys and all the T values for solar radiation are assumed to be 172 
days. 

The ii and C values fort- vary with location. The ampiitude (C) of the mean off, for 
a given lowtion was not significantly different on wet or dry days. The C’s for the 
coefficient of variation of are negative because  f is less variable during the 
summer  when :he mean f& is greatest, The values of 3 and C for the coefficient of 
variation o f t ,  are the same for either wet or dry days. The vatues for the mean of 
t- on wet days were significantly less than for dry days. The other p a r a m e t e s  for f, 
on wet days were nor required since they were not significantty different from the 



parameters oft- on dry days. The values of ii and C for the means and coefficients 
of variation of & all have a strong regional pattern. ' 

* I Similar to L, C for the mean of r was not signKcanQ different on wet and dry days, 
'ihe values of u and C for the coefficient ofvariation of r showed no relationship to 
station location (Richardson et st. 7987). In CLIMGN, the parameter values are 
assumed to beeconstant at the average values. 

The following notations will be used for the means ( 5 )  and amplitudes (C) of Equation 
f5fott-,g,,,,andr: 

TXMD- mean of lmax (dry), OF, 
AI% - amplitude of trnax (wet or dry), OF, 
CVlX - mean coefficient of variation of tmax (wet or dry), 
A C W  
TXMW 
TN - mean of tmin (wet of dry), O F ,  
ATN - amplitude of tmin (wet or dry), OF, 
CVTN - mean of coefficient of variation of tmin (wet or dry), 
ACWN 
RMD - mean of r (dry), langley(ly), 
AR - amplitude of r (wet or dry), ly, 
CVRD - mean of coefficient of variation of r (dry), (assumed to be 0.24 for all locations), 
ACVRD 
all locations), 
RMW - mean of r (wet), !y, 
CVRW 
locations), 
ACVRW 
all locations). 

- amplitude of coefficient of variation of tmax (wet or dry), - mean of tmax (wet), Qf, 

- amplitude of coefficient of variation of tmin (wet or dry), 

- amplitude of coefficient of variation of r (dry), (assumed to be 4.08 for 

- mean of coefficient of variation of r (wet), (assumed to be 0.48 for all 

- amplitude of coefficient of variation of r (wet), (assumed to be -0.13 for 

The GENPAR Program 

If users need to generate weather data for a loeation outside the 48 United States or if 
they need to develop generation parameters from actual data from a spefic location, 
t h e  GENPAR program may be used, The GENPAR program reads daily values of P, 
&, fm, and rand writes the generation parameters which are muired by CLIMGN. 
The number of years of weather data r e q u i d  to develop parameters which are 
representative of a particular location varies with the dimate. In general, at least 20 
years of precipitation data and 70 years of temperature and radiation data are required. 
Longer reootds of precipitation may ber required for arid locations. GENPAR was used 
with Los Alamos and MDA G weather data to estimate the parameters for CLIMGN. 

Solar Radiation C o m ' o n  for Sloping Terrain 
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A correction factor for adjusting the radiation values generated by the climate mode! for 
a horizontal surface to the aetual slope and aspect conditions at the site being 
simulated is included. The procedure uses the method outlined by Lee (1 963) to 

. ' calculate the potential insolation on both a horizontal and an inclined surface. 
' 

Water Balance Model 

' The water balwce component is described by Renard et al, (7987). A snow 
accumulation and melt component also described here CWI be found in Cooley et al, 
(1 987). 

S oi I- Layer Water Storage 

a 

0 

The soil profile is divided into layers (user-specified number of layers (up to eight) and 
layer thickness). Water balance calculations a= done on a daily basis using runoff, 
evapotranspiration, and peculation, as described in Equation 1, Total storage, field 
capacity, and initial water storage in the various layers are expressed in terms of plant 
available water and are computed from input parameters as fellows: 

UL, = (SMO, -SMlS,)'MK, 

where: 
UL = 
FC, = 
swo, = 
SMOi = 
SM3, = 
SM15, = 
THK, = 
STF = 
profile, 

SWOi = FCi STJ? 

upper limit of water storage in layer i (in), 
field capacity in layer i (in), 
initial soil water in layer i (in), 
soil porosity for layer i (inhn), 
1/3-bat water content for layer i (infin), 
IS-bar water content for layer i (inh},' 
soil layer thickness for layer i (in), and 
initial soil water content as a fraction of field capacity for the entire soil 



Runoff 

The traditional three antecedent moisture levels (1 - dry, 2 - normal, 3 - wet), as used by 
the Soil Conservation Sew& (SCS), have been modified in tho model by allowing,soif 
moisture to,be updated daily and by computing daily cuwe numbers based on soil- 
water storage, rather than using the three curve numbers associated with their moisture 
classes. Thus,9 each day has a CUM number (William and LaSeur 1976), and the soil 
moisture changes between runoff events with estimates of evapotranspiration and 
percolation using routjnes very similar to those used in CREAMS (Knbcll980). Using 
the curve number method, surface runoff or Q in Equation 1 is estimated on a daily 
basis from: 

(F-IJ2 I (P-02): 
P - 03s P.r-s-I, - Q =  

where: 
Q = daily runoff (in), 
P = daily rainfall (in), 
S = . a retention parameter (in), and 
1. - - 0.2s = initial abstraction. 

I 

The maximum value, s,, for the retention parameter, s, is computed with the following 
SCS curve number relationship (USDA 1972): 

1000 
C N I  

s, =---IO 

where CN1 is the dryantecedent.moishr~on~~ion curve number. If handbook e w e  
numbers are available for the normal moisture condition, CN2, the following polynomial 
may be used to estimate CN1: 

Gyi = - 16.91+l.54~8Gv2~0.01379~2+0.0001 177CX' (21 1 

The soil retention parameter scales frcm zero to s, and is computed daily as a 
weighted average of the unused storage in the various soil layers, The retention 
parameter is: 

where: 
n = number of soil layers, 

t 5  
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SW, = 
Wl = weighting factor. 

current water storage in layer i (updated daily) (in), and  

The weighting factors decrease exponentially to  give greater dependence  of s on the 
upper soil layers, so: 

w, = &Jb*l 

where: 

a = constant adjusted so that Cwi = 

= (depth to bottom of layer i)/(depth to  bottom of last layer), and 
n 

i-I 

dl 

Pe rco I ati on 

The percolation component of SPUR uses a storage routing model combined with a 
crack-flow model to predict flow through the soil profile. Crack-flow was not 
implemented for these simulations, 

In the  following, Pt, is percolation flow outof  the bottom layer i from the storage routing 
model, The variable PL, is equal  to  precipitation minus runoff, and  it is the amount of 
water that enters  t he  first soil layer. 

- 

Flow through a soil layer may be restricted by a lower layer which is saturated or neatly 
saturated. The variable PL, may exceed the projected available storage in the next 
layer (UL,,, - SW,, + WV,,), in which case, PL, is set to this projected value (see 
Equation 39 for definition of UW,,). There is no ‘succeeding” layer to the bottom layer, 
and the value for R in Equation 1 is PL, for the bottom layer. 

Storage Routing 

The storage routing model uses a n  exponential function with tfie petcolation computed 
by subtracting the soil water in excess of field capactty at the end  of t he  day from that at 
the  beginning of t he  day, or: 

lo SWjS FCI 
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. ,  

! 

when: 
PL, ' = ' amount of percolate (in), 
SW, = 
At = time interval (24 h), 
TI = travel time through a particuhr fayer (h), 
FC, = 
I = soil * layer number increasing with depth. 

the soil water content at the beginning of the day for layer i (in) 

the field capacity water content for layer. i, (in), and 

The travel time through each soil layer is computed with the linear storage equation: 

where: H, = the hydmulic conductivity of layer i (inh). 

Hydraulic conductivity is vaned fromthe specified saturated conductivity value b r  

where: 
SC, = saturated conductivity for layer i (inlhr), and 
PI 

The equation for estimating PI is: 

= parameter that causes HI = 0,0022 SCI when SW, = FC,. 
. .  

-9,655 -'qg 
where the consbnt (-2.655) assures that H, = 0.0022 SCI at field capacity. 

Evapotranspiration 

The evapotnnspimtion (m component in SP-UR is the same as that used in CREAMS 
and is based on work by Ritchie (19'72). Potential evaporation is computed with the 
equation: 

0.0504 H,A 
Y+d 

Eo a 

I f  

e 

0 

0 

a .  



where:. 
E, = potential evaporation (in), 
A - - 
H, = net solar radiation (ly), and 
Y = a psychrometric constant 

slope of the saturation-vapor-pressure cuwe 3t the mean air temperature, 

o is computed with the equation: 

where: T, = daily temperature (degrees  Kelvin). 

The variable H, is calculated with the equation: 
- 

where: 
r = ’ daily solar radiation (ly) and 
a albedo. - - A 

Soil evaDoratiaj 

The model computes soil evaporation and plant transpiration separately, Potential soii 
evaporation is computed with the equation: 

-0A w 
E, = d{Eoc 

E,GR 

where: 
E, = 7otentiaI evaporation at the soil surface (in), 
LA1 = 
surface (in‘/in3), and 
GR = 
plant communities, and 1 .O for bare soil.) 

Leaf area index defined as the area of plant leaves relative to the soil 

mulch (residue) a v e r  factor. (A value of 0.5 is suggested for most range 

Adual soil evaporation (EJ is computed in two stages based on the soil moisture status 
in the upper  soil profile. In stage 7 ,  soil evaporation is limited only by the energy 
available at the surface, and thus, is equal to the potential (Eq, 31). When the 
ascumulated soil evaporation exceeds the first-stage upper limit, the stage-2 



evaporation begins (the reader is referred to Ritchie (1972) for additional explanation of 
the procedure), The first-stage upper limit is estimated from: ' 

U = 1386-0118)0u 

where: 
U = stage4 upper limit (in) and 
a = soil evaporation parameter (CONA) dependent on soil-water transmission 
charactensties (ranges from 0.23 to 0.22 inlday'n). 

Ritchie (1972) suggests using a=U.14 for clay soils, 0.18 for loamy soils, and 0.13 for 
sandy soils. Similar values were obtained for data from Jackson et al. (1976). A wider 
distribution of values for mGst soil textural classes is given by Lane and Stone (1983). 

Stage-2 soil evaporation is predicted - by: 
E, = .[ti -(t - I)+] 

where: 
E, = soil evaporation for day t (in).arrd 
t = days since stage2 evaporation began. 

Plant transpitation 

Potential tnnspimtion (EJ from plants is computed with the equations: 

E , M  E, = 
3 

OSLAIS3 

E, = E,-E, LAI>3 

(33) 

(35) 

(If + E, 3 &, E, is reduced so & + E, = &,,) Because the LA1 is generally less than 
three in rangeland plant communities that SPUR is intended to consider, Equation 34 
will be used most of the time, If soil water is limited, plant transpiration is reduced with 
!he equation: 

E,SW E, =- omc sw s omc 
where: 

SW = current soil water in the root zone (in). 
= plant transpiration reduced by limited soil moisture (in) and 
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(If SW * 0.25 (FC), Ep - E,,,, and if E,, + E, exceeds available water, E, is reduced so 
+ E, = available water,) 

'Evapotranspiration (m, then, is the sum of plant tmnspintion (Eq. 34, 35 or 36) plus 
#soil evaporation (Eq. 32 or  33), and cannot exceed available soil water. 

pistibution of 

Soil-water evaporation is removed uniformly f i on  the soil profile down to a maximum 
depth (ESD). The variable ESD is set in the SPUR &e. If the soil profile does not 
contain sufficient water to meet  soil-water evaporation demand, the actuat amount of 
evaporation is reduced accordingly. 

in the soil Drofile 

Transpiration is initially distributed through the soil layers by the following equation: 

(37) v = v,c -v,n - 
where: 
v = water-use rate by crop at depth D (idday), 

= 
- 3,065, and  

"0 

v, 
0 = 

watermuse rate at the surFace (idday),  

soil depthldepth to bottom of deepes t  soil layer with roots. 
L 

The total water use within any depth can be computed by integrating Equation 37, The 
value of v, is determined for the  root depth each day, and the water u s e  in each soil 
layer is computed with the equations: 

V E T  
1 -e-*' , 

v, = - 
(39) 

where: 
UW, = water use in layer i (n), and 
D,, and D, = the fractional depths  at the top and  bottom layer i. 

When calculating actual uptake, transpiration demand for a layer that cannot be 
satisfied by the  available water in that layer is added  to the demand of the nexl layer. 
This process is continued until the transpiration demand is satisfied or the bottom of the 
toot zone  is reached. 
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The UW, vector contains the initial estimates of FT which are to be subtracted from the 
various soil layers. If a layer has insufiicient water, the excess ET is &ken out of the 
first layer containing available water and having mots present) 

Soil Erosion 

8 

Soil erosion is calculated using the modified Universal Soil LOSS Equation (Williams 
I :975). The sq’uation is . 

Y = . q ( ~ ; ~ ~ ) o J b  KCPLS 

sediment y ie Id (tondacre), 
coefficient = 95, 
runoff volume (in), 
peak flow rate (PIS), 
Universal Soil toss Equation (USLE) soil erodibility factor, 
USLE a v e r  management factor, 
USLE erosion control practice factor,’ and 
USLE slope length and steepness factor. 

Snow Accumulation and Melt 

The model used for snow accumulation and mett processes is HYDRO-’ti, developed 
by Anderson (7 973) of the National Weather Service (NWS). 

HYDRO-17 incorporates physical processes affecting snow accumulation and mek Air 
temperature is used to index energy exchange across the snow-air interface. This is 
not the same as the degree-day method, which uses air temperature as an index to 
snowpack out?low. The degree-day method docs not expikitty account for freezing of 
the melt water due to a heat deficit and the retention and transmission of liquid water, 
both of which wuse snowpack outnow to differ from snowmelt 

Accumulation orocesg 

The accumulation of snow in the model is simply based on the air tempemtture and the 
temperature selected to differentiate rain from snow (PXTEMP). Precipitation is 
considered to be snow if the air temperature is less than or equal to PXTEMP, and rain 
if the air temperature is greater than PXTEMP. The amount of new snow is added to 
the existing snowpack to establish a new total snowpack. 



Melt ~mcesses 

The snowmett processes arcdivided into two categories: snowme!t during rain-on-snow 
and snowmelt during nonrain periods. Snowmett during tain-on-snow periods is 
separated from mett during nonnin periods because (1) of the difference in magnitude 
of the various energy transfer processes during rainen-snow periods, and (2) the 
seasonal variaiion in melt rates is generally different for the two processes. 

Rainon-snow 

During rain-on-snow, melt is assumed to occur at the snow surface, Following the 
development of the model relationships presented by Anderson (1973), the energy 
balance of a snow cover can be expressed as: 

where: 
AQ = 
Q, = net radiation transfer, 
Q, = heat transfer by mass changes (advected heat), 
Q, = latent heat transfer, 
Ch = sensible heat transfer, and 
Q, - - heat transfer across the snow-soii interface. 

change in the heat storage of t he  snow cover, 

The units of each term in Equation 4: are energy per unit area. 

Upon expansion of each term in Equation 41, and elimination of variables made 
possible by the assumptions listed below, the amount of snowmelt M (mm) during a 
time period ~t (h) can be determined as follows: 

r M = ~t[0.61?x104(T, +273)4 -339]+0.013PxT, + 

S5UADJ[(OJem -61 l)+O.OOOS7P,T,] 

where: 
T, = temperature of the air (OC), 
p, = water equivalent of precipitation (mm), 
p a  = amospheric pressure (mb), 
e,,,, = 
UADJ = 

saturation vapor pressure at the air temperature (mb), and 
average wind function during rain-on-snow periods (mm rnb" dt h*'). 

The assumptions pertaining to conditions during rain-oon-snow events are as follows: 
1. The turbulent transfer coefficients for hsat and water vapor are equal. 
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2. 
3. 
precipitation is considered. 
4. 
5. 
exchange at the snow surface. 
6, 
melt 
7. 
8. 
of the bottom of the cloud cover, which should be close to the air temperature. 
9, 

The temperature of the snow cover outflow is 0 OC. 
The heat content of the transferred vapor is negligible: onty heat transferred by 

The isothermal snow cover is meltjng and the snow surface temperature is 0 OC. 
Heat transfer amss the snow-soil interface is negligible compared with energy 

The change in heat storage ofthe snow surface becomes equal to the amount of 

Incoming longwave radiation is negligible beesuse overcast conditions prevail. 
Incoming longwave radiation is equal to blackbody radiation at the temperature 

The relative humidity is quite high (90 percent is used), 

I .  

Under the conditions described by these assumptions, the wet-bulb tempenture is 
essentially the same as the air temperature, The s a t u d o n  vapor pressure can be 
computed as a function of air temperature by, the relationship: 

(43) 

The atmospheric pressure, Pa, is computed for the elevation of the site or area using a 
"standard atmosphere" attitude-pressure relationship which can be approximated by the 
expression: 

P, ts 1012.4-I 134E, +0.00745Ey ( 4 4  

where E, = elevation (hundreds of meter's). 

The wind-function parameter, UADJ, is determined during the calibration process. In 
the model, the amount of rain must exceed 6 mm during a 24-hour period before 
Equation 42 is used; therefore, humid overcast conditions  re more likely to have 
occurred. 

Ablation (Ngnrain Periods1 

Becsuse such a wide variety of meteorological conditions can occur during nondn - . periods, the energy balance equations are not used as a basis for estimating snowmelt 
from air temperature, Rather, an empirical air-tempetature+based relationship is used 
in which snowmelt is determined by: 
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I ,  

- I  

: I  
* 
.a . where: 

M f 

T. 

mett hetor, . I  

- - 
1 = base tcnTperature ("C) below which no melt is produced, and 
I., 

MBASE 
= air temperature ("C). 5 

I I C  

t 8% $ 8  The mel? factor exhibits a seasonal variation due partly to the variation in incoming solar 
radiation, and bartly to a decrease in the albedo of the snow cover with time since the 
last snowstorm, Seasonaf variations in other rneteorologicaf factors like vapor 
pressure, wind, and cloud cover, also influence the mett factor, A sinusoidal 
relationship between melt factor and season was developed within the model to 
account for this variation, This relationship is adequate for use throughout the 48 
contiguous United States, 

Ground melt 

In some watersheds, a small amount of mett takes place continuously at the bottom of 
the snowpack. The meft is small on a daily basis, but it can amount to a significant 
quantity of water when accumulated over an entire snow season. Groundmelt adds to 
soil moisture storage and hdps sustain baseflow throughout the winter. It is added to 
the snow cover outflow and to rain which falls on bare ground to obtain total rain plus 
me!t. 

%. 

- 

. 
' 

Model Parameters for Snow Accumulation and Mett 

In addition to the data requirements of temperature, and site elevation, values must be 
set for six major and six minor parameters to use the model. The six major parameters 
are those which generally have the greatest effect on the simulation resutts and, 
therefore, require the most care in determining the  proper value. These parameters 
with their expected range in parentheses are: 

1. SCF - (0.8 - 1 A). A snow conedon factor which adjusts precipitation for gage- 
catch errors during periods of snowfall and implicitly accounts for net vapor transfer and 
interception losses. This parameter depends mainty on the wind speed at the gage site 
and whether the gage is shielded. 
2. MFMAX - (2.0 - 8.0) (mml*C - 24 h). Maximum-mett factor during nonrain 
periods, This factor is affected by many climatic and physiographic variables such as 
radiation intensity, wind, forest cover, and asped 
3. MFMIN - (0.4 - 3,6} ( m W C  - 24 h). Minimum-melt factor during nonrain 
periods. The same climatic and physiographic variables that affect MFMAX also effect 
MFMIN in essentially the same way. 
4. 
periods, which is affected most by density and height of vegetation, and terrain. 

UADJ - (0.0 - 0.6) ( rndmb).  The average wind function during min-on-snow 



I 

5. 
atways 100 percent areal snow cover. This value is affected by the snowfall 
charactenstics ofthe area. If the snow cover k unkm and matts at a uniform rate, the 
area will remain at 100 percent cover until just before the snow disappears. In contrast, 
especially where dmng occurs, the snow cover in some areas is so variable that bare 
ground appears as soon as mett begins, 
6. ADPT - Areal Depletion Curve (describtd more fulty later). A curve which 
defines the awal extent of the snow cover as a function of how much of the original 
snow cover remains. It also implicitly accounts forthe redudon in the melt rate that 
occurs with a decrease in the areal extent of the snow aver and is closely related to 
the SI parameter. 

The six minor parameters can normally be determined in advance, based on a 
knowledge of the typical climatic and snow cover conditions for t9e area. These 
parameters and their normal range of values in parentheses are: 

1, TIP M - (0.1 - OS). A factor that determines how much weight is placed on the 
air temperature for each pnor period, A smaft value corresponds to deep snowpacks 
and fonger periods, while a larger value corresponds to shallow snowpacks and short 
periods of only a few days. 
2. NMF - (0.0 - 2.0)(mWoC124 h). The. maximum nega!be melt factor, This’faetor 
is assumed to have the same seasonal variability as the surface melt factor. It is 
affec!ed mostly by snow density, though climate and physiographic variables also affect 
heat exchange during nonmeh periods, 
3. MBASE - (0.0 - Z,O)(°C), Base temperature (normally 0 O C >  for snowmelt 
Computations during nonrain periods. 
4. PXTEMP - (0.0 - 5.0) (“C). fhe temperature which differentiates rain from snow 
(normally 1 to 2 OC). 
5. PMWHC - (0.07 - 0.05). Percent liquid-water holding capachy expressed as a 
dedmal, Represents the maximurn amount of liquid water in the snowpack which can 
be held against gravrty drainage. 
6. OAYGM - (0.0 - 0.5)(mrn). Constant rate of melt which occurs at the snow-soil 
interface whenever the soil is not frozen and snow is present, 

SI - (200 - 600) (mrn). The mean, areal water equivalent above which there is 

. 
* , 

- 

The range of values presented are based on information reported by Anderson (7973) 
and experience in calibrating the model at several sites and climatic regimes. Atthough 
upper and lower values are presented, values outside this range can occur. Since the 
model has been tested over such a wide range of conditions, most of the values should 
be within the range presented, 
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The Los Alamos preu’phtion data is adding an additional 70 an of precipitation on 
average over that received at MDA G. The advantage of the Los Alamos data is a 
longer record with better parameter estimates. One approach is to reduce the Los 
Alamos data by a linear faaor so that the average annual precipitation is equal to 35.6 
cm, The problem with this approach is the seasonal or monthly dynamies between the 
sites may be different. Using the White Rock 1 MOA G predpbtion record from 7965 to 
1994, a GENPkR estimate of the parameters required for CLIMGN was made. 
Comparisons between the CLIMGN precipitation parameters from both TA-59 and MDA 
G for the period of record in which there are values are given in Figures 5-8, The 
differences between sites appear to be consistent and no wssing in the monthly 
behavior is obvious between sites. Genenlly all parameter values for Los Alamos are 
greater than those from White Rock except the alpha parameter which is consistently 
larger for White Rock. Richardson et at. (1987) defined the alpha as the shape 
parameter for the gamma distribution therefore the higher alpha values for White Rock 
indicate a larger variance or more spread in these data. It was assumed that the 
consistent differences observed between the parameters in figures 5-8 permitted the 
Los Alamos data to be reduced by a constant factor so that avelage annual 
precipitation for the 10000-year simulation was 35.6 cm. 

Temperature and solar radiation data from TA-54 were used for panmeter estimates 
for the variables in CLIMGN because the neatest weather station is Albuquerque and 
ganmeters from Hanson and Richardson (1987) for Albuquerque were not considered 
adequate, The parameter values used in the simulations are given in Table 3. 

Table 3. Temperature and solar radiation parameters for CLIMGN for base a s e  
simulation.” 

Parameter Name 
TXMD 
ATX 
C v r X  
ACOTX 
TXMW 
TN 

Value 

62.3 
21.4 
0.127 
4.074 
55.51 
37. t ... 

ATN 18.6 
CvI7rl 0.203 

* ACUTN -0.164 
RMD 487.0 
AR 196.2 
RMW 365.6 
‘Wind mn was not used as part of this simulation. 
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probability of a wet day given a dry day. 
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distribution alpha parameter for daily prcciphtion amount. 
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Soil Properties 

The pit for this simulation was given a surhce area of 0.41 ha (1 ac) with a length to 
width nt io of 2 : l .  The pit was assumed to be sloped along the width dimension for 
runcff and erosion calculations. The surface slope was 3 percent, The pit with cover 
was assumed to be 16.25 m (53.3 ft.) deep, but the water balance for the upper t m (3 
ft .) was simulated for :his effoft to supply water input for source-term calculations. 

A clay loam surface soil was used as most representative of the Hackroy soil series 
found in this part of Los Alamos (Nyhan et al. 1978). 7he depth ofthe topsoil layer was 
10 cm (4 in,), The hydrologic properties for the clay loam soil were obtained from 
Nyhan (1996, pers. comm.) for soil from plots located at TA-51. These data are a better 
representation than the average values for a clay loan texture class from Springer and 
Lane (I 987) used by Springer (1995), The data from Nyhan (1996, pes. comrn.) was 
in the form of a moisture characteristic and the RETC code from van Genuchten et at. 
(:991) was used to fit the van Genuchten (1980) function to the data to estimate the 
340 cm and 15300 crn volumetric water contents, The parameter estimates from R S C  
are: saturated water content = 0.493; residual water content = 0.0673: alpha (cm.’) = 
0.01 15; and N = 1.5031, The values used in the water balance simulations are given in 
Table 4. 

The remaining depth (90 cm) of the pit was filled with crushed Bandelier Tuff which is 
the common bacMill at MDA G. Springer (7995) used the results from van Genuchten 
et al. (1 987) who f;rt a soil water retention function to 2at3 from an instantaneous profile 
experiment that used crushed Eandclier Tuff in an intermediate-scale facility, The tuff 
for that intermediate-scale experiment was obtained from the quarry at Los Alamos, and 
it was most likely from unit 3 of the Bandelier Tuff rather than unit 2 in which most of the 
pits at MDA G are located. Abeele et al. (7986) characterized the moisture retention on 
several cores from boreholes at TA-54 including MOA G, but Abeele et al. (1986) did 
not provide bulk density or porosity data for their samples. Porosity and bulk density 
estimates for the Bandelier Tuff units characerked by Abeele et al, (1986) were 
obtained by using the means for the same units from Rogers and Gallaher (199s). The 
data from Abeele et al. (1986) were analyzed using the RETC code (van Genuchten et 
al. 1991). The estimated parameters for the van Genuchten (1980) function for the 
crushed tuff were: saturated water content = 0.479: residual water eontent = 0.008; 
alpha (cm”) = 0.007; and N = 2,004. The parameter estimates for the water balance 
model are given in Table 4. The estimated saturated hydraulic conductivit)’ for t he  
crushed Bandelier Tuff is the same as that from Springer (7995) because there was no 
additional data on this parameter. 
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Table 4. Soil and wushed tuff properties used for MDA G simulation, 

The 7-m soil profile was divided into eight layers. The thickness of layers 1 through 6 
was 5 cm (2 in.), layer 7 was 15.2 cm (6 in.), and layer 8 was 55.8 cm (22 in.). 

The value for the soil evaporation patameter in Equation 32, CONA, is 3.8 mm/day'" 
which is the suggested average value for the clay loam texture class. 

Data were available for runoff from MDA G for two subwatersheds that were monitored 
by the Stomwater Runoff Program operated by ESH-18 at Los Alamos. Data for these 
subwatersheds denoted G'l and E 3  are given in Table 5. It a n  be seen from Table 5 
that there were 3 limited number of events recorded during the 1995 water year. Also, 
the last column of Table 5 is the estimated curve number parameter using relationships 
from Springer et at. (1980) to estimate the CN value for a given precipitation - runoff 
data pair, The lowest CN value obsenred was 72.5. What is not shown in Table 5 is 
the number of events where precipitation occurred with no runoff. These data reduced 
the CN1 to 70 for these simulations of MDA G. This is consistent with the CN2 from 
Lane (1 984) for the Los Alamos CREAMS simulations. Using Equation 21 a CN2 of 85 
has an estimated CN1 of 70.2. 

Table 5. Runoff data from MDA G watersheds collected by Stomwater 
at Los Alamos. 
Watershed I Date I Precipitation Runoff I Estimated CN 

I I (mm) (mm) ! 
G- 1 1 5/29/95 I 28.19 0.76 172.5 
G-1 I 8/13/95 74.48 0.78 182.0 
G-1 8/29/95 17.02 12.73 I89,O 
E 1  9n/95 26.42 2.39 179.9 
G-3 

-G-3 19/7/95 26.42 10.97 75.1 
G-3 1 9/8/95 126.42 I 1.79 70.7 

1 

Runoff Program 

The Ul distribution was taken from Lane (7984) for his Los Alamos simulation with 
CREAMS. These values and their Julian date are given in Table 6. linear interpolation 
is used between Julian days to determine MI values between the days listed in Table 
6, Rooting depth was assumed to be 0,45 m (1.5 R). This parameter was vaned for 
sensitivrty analyses because the depth in the soil profile from which water is extracted is 
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determined by the rooting depth. By removing water deeper b m  the profile, 
percolation will be affected. 

Table 6. Leaf area index distribution used for MDA G simulation. 

Julian Day Leaf Ares Index 

- 
For t h e s e  simulations, rapid or crack flow and return flow were set to zero. me 
disturbed nature of the pit and packing of crushed rnatenals,reduce the opportunity for 
rapid flow by destroying the structure of the soil a n d  tuff. The design of the base case 
cover does no: include permeability barriers that can  create significant lateral flow. 

Soil Erosion Parameters 

Tables, charts, and data  from Nyhan a n d  Lane (1986b) for Los Alamcs were used to  
estimate the parameters for M U S E  (Equation 51). Slope  length was 30 m (98.4 ft) 
and the slcpe was 3 percent giving the LS factor a value of 0.28. The K factor was t he  
avenge value obtained from the 1983 simulations of Nyhan and Lane (1986b) of 0.069 
Mg ha h/MJ ha mm (0.52 tonsacre houdIO0 acre.ft-tonhch). The C or  cover factor of 
0.03 was taken from t h e  1983 simulator tun of Nyhan and Lane (1986b) for their trench 
eap plots with a gravel and wheatgrass cover. 

S I MU LATI ON RESULTS 

The surface runoff, soil erosion, and  percolation through the I -m cover at MDA G were 
predicted using a Monte Carto approach. A total of 'I 00 realizations that were 10000 
years long were generated in this Monte Carto procedure giving a total of 1000000 
annual observations for the response variables. The t 0000-year period was selected 
for sensitivity a n d  uncertainty analyses  purposes according to guidance from DOE. The 
percolation estimates are used by the subsurface transport pathway to predict 
radionuclide source term behavior a n d  transport from the p b .  
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The statistics for the annual precipitation from tbe weather generator were: 

mean ~ 3 5 . 5 6  an (14.0 in), 
standad deviation = 5.97 cm (235 in.), 
maximum annual = 71.02 cm (27.96 in.), and 
minimum annual = 1229 an (4.84 in.), 

Nyhan et al. (I 989) estimated the lobyear annual pnxipitdon event for the tos 
. Alamos gauge io be 8 3 . 3  cm (32.9 ia.). ?he Nyhan et al. (1 989) estimate compares 
well with the rnavirnum generated by the stochastic weather generator. 

Statistic for the three response vanablesare given in Table 7. The percolation value is 
for the bottom of a 1-m profile. 

Va;ia b le 

Percolation. h ~ m )  

Table 7. Statistics for annual values of percolation, runoff, and soil erosion for 100 
Monte Carto simulations each with a realization length of 10000 years (total of 1000000 
observations) for MOA G at Los Alarnos. 

Mean Standard Maximum Minimum 

0.99 15.17 1 129.33 10.0 
Deviation I 

- . . ~  ~ 

10.0 
Soil erosion Nac*vr) I 0,002 0.005 10.23 10.0 
Runoff (mm) I 0.78 1.65 1 67.49 

I 

The large standard deviations relative to the means for each variable are indicative of 
highly dispersed distributions, and the large maximum values suggest a skewed 
distribution. These resub are consistent with those of Springer (1995) in terms of the 
relationship between the statiStics. The magnitude ofthe values are fower than those 
from Springer (1995) because of the reduced mean annual precip'itation and changes in 
the CN1 and soil water properties of the mvor profile. 

Springer (7 995) found that over 80 percent of the annual percolation values were zero, 
The same resub hold for this data set Some confidence in the simulation resub can 
be gained through the annual distribution of percolation. Nyhar: et al, (7990) reported 
that percolation through a conventional cover was greatest in the late winter and earty 
spring when snowmelt occurred and evapotranspiration w8s low because the 
vegetation was not active. Figure 9 is a plot of the monthly mean percolation from the 
Monte Carlo simulation. The sum of the February and March percolation values is 
approximately 68 percent of the annual average of 0.99 mrn. 
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Figure 9. Average monthly percolation for MDA G from 100 Monte Carlo simulations 
with a realiratioii length of 10000 years, . .  

The average surface nrnoff in Table 7 is low compared to the available runoff data from 
MDA G in Table 5. The limited amount of available data cannot be eonsidered 
representative of long-term response. These data were used to estimate the minimum 
CN, but this is not an avenge, To estimate the average, it is estimated that 30 years of 
data are required. Another issue for mnoff generation is the use of a daily precipitation 
and the CN method. In the Los Alamos area, high intensity rainfall events generate 
runoff and soil erosion, and the daily precipitation moderates the rainfall intensity effect 
because rainfall duration is constant for precipbtion event An alternative approach is 
to u s e  the daily simulation model for the interstarm period and an event based model 
such as KINEROS (Woolhiser et al., 7990) for the high intensity rainfall events. One 
complication is that the event based model will require more data on spatial distribution 
of infiltration and surface hydraulic properties.' 

The soil erosion in Table 7 is well betow the EPA recommended rate d4.48 mT/ha*yr 
(2 Wacoyr). This low erosion rate is directly related to the iow runoff, Taking the 
maximum rate from Table f ,  the 'i-m surface aver wit) be erode so that waste is 
expose in I0000 years (m 0.0005 cmlyr). This calcutation assume a spatially uniform 
rate of soil removal and a bulk density of the material of 1.337 g/m3 (Abeele 1984). 
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This rasutt is also dependent on the maintenance of the vegetation and gravel mulch 
cover that has been shown to be effective at erosion contml (Nyhan et al. 1984). The 
persistence of the gravel mulch and grass aver is unknown. 

UNCERTAINTII AND SENSITIV17"Y 
- 1  

The range of the variables in Table '7 reveals considerable uncerfainty. The range of 
percolation is three orders of magnitude which is similar to the range reported by 
Springer (7995). Percolation is important because It is used by the subsurface pathway 
anafysis to predict subsurface radionuclide migration. More site specific data'fmm MDA 
G were used for parameter estimates of the daily water balance model in this simulation 
than used by Springer (7 995), but the uncertainty has not been substantially reduced. 

, Much of the uncertainty in the percolation and mnoff results is due to the weather input 
term, and with realistic parameter estimates in the water balance model little reduction 
in uncertainty is possible. 

Springer (7995) examined the sensitivity of CHI, MI, rooting depth (RD), and initial soil 
water content and found that the CNI and RD parameters were significant relative to 
surface runoff and percolation response. These resub were consistent with those from 
Lane and Ferreira (1980) fortha CREAMS model. Additional data from MDA G has 
given a better estimate of the CN1 so this parameter has been fixed. RD was 
increased to a depth of 1 m which decreased tha average annual percolation to  0,003 
mm and the maximum annual percolation to 69 mm. This parameter remains sensitive, 
but further refinement is difficult without more controlled expehcntation. Also, the 
data fron the chloride profile studies by Ncwman (1996) supporEs higher flux rates in 
this upper zone. LA1 was r e d u d  in haH with the same temporal distribution and the 
mean percolation rate was doubled (2.08 mm vs. 0.99 mm). The change of magnitude 
in MI had a limited effect on mean surface runoff (0.78 rnm vs. 0.99 for the 0.5'LAI 
case). LAl'can be measured reducing uncertainfy associated with this parameter. 
Measurement of LA1 will also provide some data on its seasonal distribution which has 
not b e n  addressed in these simulations. 

- 
, 

' 

Long-term dynamics of the vegetation and soil properties remains unknown in these 
simulations. These effects can be very important to the integrity of surface covers 
(Sutet et at., 1993). 

. SUMMARY AND RECOMMENDATIONS 

The surface runoff, soil erosion, and percolation through a 7-m thick soil cover for the 
tow-level radioadhe waste disposai area at Los Alamos, MDA G, were simulated using 
a stochastic weather generator and a daily water balance model, Soil erosion was 
prediaed using the M U S E  equation. A Monte Cado approach was used that 
generated A00 real'mtions which were 10000 yaan long. 
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Precipitation p a n m e t e r s  for the stochastic generator were estimated using da ta  from 
the Los Alamos location nin gauge because the record for this site was longer, The 
mean annual precipitation w a s  constrained to 3556 cm which is the mean for the MDA 
G location from Bowen (199C$ The seasonal  distribution of the precipitation 
parameters from the White Rock gauge were compared to the Los Alamos gauge a n d  
the patterns were  similar for the available data. 

The simulated 'surface was a I-m thick profile with a 1 k m  layer of clayloarn topsoil 
and the remaining depth composed of crushed tuft Dab from the  s t o m w a t e r  runoff 
measuring stations at MDA G were available and  the CNI parameter was estimated 
from these data. Soil water characteristics and saturated hydraulic conductivity from a 
field experiment were used in place of soil texture based tabular values for the  topsoil. 
Also, crushed tuff water characteristics were revised using data from MDA G. 

Results from t h e  base case simulation showed considerable variability in both 
percolation and  surface runoff. Themagnitude of the  mean annual surface runoff is low 
compared with the  available data from MOA G. Soil erosion is directty related to 
surface runoff through the MUSLE equation so the amount of soi: erosion is low too. 
There was considerable vanability in the percclation and  surface runoff response which 
is essentially the same as the  variability a l cu la t ed  by Springer (1995). Better 
estimates of key parameters such as soil water characteristics and  CN1 did not reduce 
the uncertainty. Much of the uncertainty enters  through the weather input. 

.. 

.. 

The models and  parameter values reflect the current appraisal of the lumped system a t  
MDA G. Data such as chloride profiles, stable isotope distributions, and  surface runoff 
a re  being collected, and  these will provide some further constraints on  future 
simulations. Also, MDA G will be closed and no  further maintenance will be performed 
putting this system into a n  ecological and  soil succession process. Parameters that  
control the hydrology will change  with the succession process, but the pattern a n d  
magnitude of the change  are unknown and  not considered in this simulation study. 

The following recommendations are made based on the results of this simulation study: 

Continue to collect soil moisture, chloride profile, and stable isotope data to 
constrain model panmeters or  replace model inputs. It may be possible to use the  
chloride profile data to  estimate the  subsurface flux rate. 

- 
properties over time is needed. 

Implement a dynamic model that incorpontes changes  in vegetation and  soil 

effects of high intenstty rainfall events  on runoff and  erosion and  the spatial distribution 
of soil properties. The current daily water balance model can be used for interstorm 
penods to prcdict antecedent conditions. This is expeeted to be more impofant for tho 
soil erosion. 

Consider implementing an event-based surface runoff model to account for the 
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Source Releasc 'Modeling for thc Los Alamos National Laboratory 
Matend Disposd Area G Performance Assessrncnt and 

Composite Analysis 

Erik Vold - Los AIamos National Laboratoty 
Rob Shuman - R o ~ c t s  and Associates E n g i n w i n g  Corporation 

A pcrformancc asscssmCnt (PA) and composite analysis (CA) for the ~Ow-~cvCl 
radioactjvc waste (LLRW) disposal hdiv at TA-54, Area G, ;It the LOS Alsmos 
sa t iona ]  Labornto? (LANL) provide the technical basis for disposal opctations and 
dcmonstra tc thc unvironmcntal compatibiliy of thase operations. A model was 
dcvelopcd to project aqucous phase rclcascs from miiltiple waste forms of 
radioactitit]: to the unsaturated zone for the preliminaxy PA far the disposal facility 
a t  .Area G a5 described in thc report, LA-UR-96-366. Based upon the results and 
findings from Phasc One, thc model has bccn refined and improved in Phase Two 
for application to thc current LANL PA/CA, as dcscribcd in the rcpotr, LA-UR-96- 

Phase Onc focused on thc dcvclopmcnt of analytical and numerical aqueous phtlsc 
rclcasc models, and an cxamination of the rclcasc from composite waste forms 
btrscd on invcntory data for the 'historical PA' h v e n t o F  (1,988-1995). Lnvcntory that 
needed explicit release modcling was reduced with a leachate screening test. Four 
kvastc catcgorics wcre considcred in the Phase One analysis to account for 
characteristics of the waste forms that control aqucous-phase rcletlsc ra tcs. Rcsults 
from the prcliminary analysis show that peak leachate conccntrations were 
domjnatcd by ;I single w s t c  form, the 'rapid rcleasc' or surface-contaminated waste 
form. 

Phase Two focused on improving thc rc.lcasc model for thc dominant waste form, 
sutfclcc contanintltcd waste, to rcflcct a dissolution timc limited by the in siku 
percolation rate. The formulation allowed thc inventory-limited rclease and 
!jolubilit)t-limitcd r c lmc  models to bc applied to each of the inc5vidual disposal 
units at Area G8 Thcsc oqucous phase sourcc rclcasc models arc incorporated 
bircctlv into the 3-D unsaturated zone transport computations and are used to 
distiniuish mure than 40 disposal units and 45 nuclides ncedcd to charactcrizc the 
Sourcc releases in the PA/CA. 

Uncertainty was addrcssed in Phasc One, in relation to the analytic rclensu model 
and its paramctcrs. Phase Two modeling examined the effects QXI the release model 
and uncertahty associated with percolation transients. 

- .  . ,. 
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ABSTRACT 

Analittic and numerical modcling of the aqueous phase release to the unsaturated 
zone' of low lcvcl radioactive 'waste from a shallow burial disposal facility was 
initiated year (Phase One) in support of the prcliminaty -LOS A!amos National 
Laboraton' Area G Pcrformancc Asscssmcnt, This year (Phaw Two) the effort is 
continuikg to refine the prcliminay results to tlllowr for a rigorous 3-D analysis of 
the ~ q u c o u ~  phast. rc.lt.asc from m'cr 40 distinct disposal units into the unsaturated 
zone, T ~ C  previous results showed that ;I 'rapid release' or surface contaminated 
\\*aste form (Vsitkk solid-liquid phase partition coefficient, Kd = 0) dominate5 peak 
Icnchatc conccntrotions and thcrcforc dctcrmincs the maximum off-site 
&romdwatcr dose. The modcl for the dissolution process from the waste 
compartmcnt solid phase to liquid phase for the rapid rclcasc inventory has been 
improved to rcflect a transition limited by the insitu pcrcohtion rate. The analytic 
5olution to the prcvious modcl is singular for this case; il ncw solution is derived 
and applied to the site asscssmcnt. A dctailcd numerical analysis cvalurrtes 
transient pcrcolntion and thc resulting leach3 te conccntrations m d  wastc 
compartment efflux as il function of time in comparison to thc analytic source 
relcasc modcl output  based on an average percolation rate, Transients can be 
significant locally but attain wcrage valu'cs rapidly over local variations in timc and 
spacc. The site inventory is sorted into groups by timc period of htercst, allowing 
analvsis of nuclide solubility limits by individual disposal unit, A dctailcd 
implcmcntation of the sourcc rclcasc model has bccn incorporated dircctly into thc 
Source term module of the 3-D unsaturated zonc computational model uscd in the 
site perfomancc asscssmcnt. 
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Appendix 3d 
INTRODUCTlON 

A Performance Asscssmcnt (PA), as required by DOE Orders, is undcway for the 
low lcvcl radioactive waste (LLRW) disposal facility at Los Ahmos  National 
Laboratory, Area G [l]. This asscssmcnt providcs thc technical basis for disposal 
operations and for cstablishing cnvironmental compatibility of thosc opcrations. 
F i g l A  shows CI cross-section of the mcsa-top disposal faciliv at Arm G with three 
rcprcscntativc disposal units. 

A modcl for thc aqueous phase rclcasc of radioactivity to the unsaturntcd zone by a 
prcscribcd percolation rate and thc subsequcnt lcaching of contaminants has bccn 
evaluated in the prcliminar)* PA [l] with the model development described 
prcviouslv [2] and its application to the preliminary site PA in [3]. 'This report 
sumrnariz'cs rcsults from the prcvious analyscs and describes modcl improvemcr,ts 
and thc continuing effort to rcfinc thc rcsults in scvcrd areas. Thcsc include a 
refincd pcrcolation model for thc dominant 'rapid release' waste category, an 
examination of the cffects uf percolation transients on source rclcase, and a 
mcthodolop to apply thc analytic model rcsults to over 40 specific disposal units 
across thc site, including disposal pits and shaft fields. 

Synopsis of PrcIiminary Source Release Model 

The conccptual modcl for subsurface liquid phase release from s disposal unit is 
shown in Fig.lB, A rcprescnttrtjvc. wastc package is shown to thc lcft, and a disposal 
unit is shoh*n on thc right. Wtlstc pclckases for a given nuclide and for a given 
pckagc type arc' distributed mort. or less randomly throughout the disposal unit  
xlolumc and thus the lcnchatc t h r o u ~ h  thc waste packages approximates a uniform 
sD1umctric source term to thc disposal unit volume. In the model, radioactive 
contaminant moves through thrcc compartrncnts (Fig+lC) from the waste package 
solid p h m  to the waste package liquid phase by a dissolution process, from the 
waste packsgc liquid phase to the disposal unit by percolation, and finally from the 
disposal unit to thc unsaturated zone by percolation. Analytic solutions wcrc 
dcrivcd for the three compartrncnts [2]. I t  is critical to distinguish the waste package 
solid and liqcid phasc compartrncnts because thc maximum contaminant leachate 
conccntrations occur within the waste package leachate. Thcreforc, the efcmcn tal 
solubility limit must be applicd to the conccntrations at that point as dctailed 
previously [2], bcfore dilution occws throughout thc disposal unit volume. 

In application to the site Pcrformancc Assessment, the solution for the efflux from 
the waste package liquid phasc (compartment 2) has been used directly in the 
numerical transport model for thc unsaturated zone [4], with the waste Icachatc 
S O U ~ C C  term distributed ovcr the computational grid points which represent the 
disposal unit volumcs. Thus, the focus hcrc is on the conccntration and efflux 
solutions from thc second compartment in the model. The governing equations of 
intcrest arc dcrived as the contarninant mass continuity equation in thc control 
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volume or integral form ior each model comportment. The &it for the first 
comportmcnt, the waste package solid phase, is .- 

and for compartmcnt 2, the waste packsgc liquid phase, 

whcrc subscript s refm to the waste package solid phase, and x refers to waste 
package liquid (water) phase. C is the contaminant concentration, us is a specified 
dissolution vclocity, R is the standard rctardation coefficient, R = (I, + h'pm/8), and 
e is the moisture content volumetric fraction, q is o D q *  flux (flux of liquid 
volumc), V is a waste volumc from thc data bosc, and A is an arca in the horizontal 
plant.. Thc waste packages have an avcragc hcight dimension (h,) takcn to be Im,  
and A = hw/V, 

3 

Fig.lA Sketch of the 
stratigraphy cross-section 
undcrlying the disposal 
facilities at k e a  G. 
The figure dimemiom arc 
nor to scale; the mesa top to 
canyon floor distance 
averages about 100 ft, the 
canyon floor to the water 
table is about 800 Et, the 
mesa width varies from 400 
to 1200 ft. The cross- 
hatched regions indicate 
the more fractured 
stratigraphic units, The 
'vapor flu region' is 
discussed in the text, 



Fig. 18. Conccptud model for subsurfam liquid phase relcnsc from ;I disposal unit. 
A rcprcsentstivc M'cistc package (solid phase, s and liquid or water phase, w> is 
shoM*n to thc Icft, and a disposal unit (d) containing many randomly distributed 
h-aste pcktlgcs is shown on the right. 
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Appllndix 3d 
Synopsis of Frelimintly Model Results 

me data baSc for disposed radionuclides at Area G allows inventory to be sorted 
nuclide, by disposal package type (350 waste codes are a v a b b k  for the Waste 
gcncrator to identify diffcrcnt waste types and process s W C ~ S ) ,  and by disposal unit 
(DU) location (over 30 disposal pits and 200 disposal shafts over a 60 acre site). The 
data \ucre grouped in order to simplify the source tcm to a manageable calculation. 
The -50 waste codcs wcre categorized into four rclcasc groups, rapid rclcase or 
surface contamination (Q = 0 in the waste pahge), contaminated soil, 
concrctc/solidifitd sludge, ad metal activation or corrosion release, Performance 
asscssmcnt pa thwav analysis requircs that nuclides be disthpishcd,  so the tradeoff 
for simplification 'is bctwccn waste packase forms and w s t e  d i s p o d  location. 
Pha,sc b c  analysis simplificd disposal location while tracking waste forms in detail. 
Phase Two analysis simplifies waste form a~ justified in this discussion, and tracks 
disposal location in detail for input to thc 2-D and 3-D unsaturated zone transport 
modcl [SI. 

The PrelimjnaT PA analysis (Phase One)  focused on a simplification over disposal 
units whcrc inLyntory was avcragcd over &IOSC disposal units utilized the 
'historical inventory' (19SS-1995). This allowed detailed sorting and anal>9sis @ 
%*;1Stc form whew the >SO waste codcs wc:e approximatcd by four 'release categories' 
charactcrizcd with distinct paramctcr valucs in the source release mode1. A 'rapid 
rcIcssc.* category includes thc b";Istc inventon' whtrc the data bast did not have 
spccific cnough data to justify my rctardatiin or rctcntion for the waste package 
form, and $0 Kd= 0, or Rw = 1 applies to this waste category, and the 'rapid rclcrtse' 
wastc is assumed to be leached as soon as water percolates through the closed 
disposal unit. 

Thc prcvious analysis demonstrated clearlv that only the inventory in the 'rapid 
rc.]t.ase' category is significant in prcdicting'rnaximum Icachate concentrations and 
thus wc nwd comidcr only the 'rapid rcloasc invcntoy' to predict the maximum 
drinking water dosc or all pathways dosc thar cvcntually occurs after contaminant 
migration from thc site. The specific criteria for comparing release concentrations 
bagd  on invcntory sources across different waste forms is Qij/Rij where i is the 
nuclide index, j is the waste form or category index, and Q is the inventory quantity 
pct DU. This was cxamincd in the data basc across the entire invcntory and the 
'rapid rclcsse invcntory' was confirmed to dominate for all nuclides. For Am-241, 
cvcn though much of the invcntory is in the sludge/concretr waste category, R - 
5000 applies to that waste form [9] and so that waste release category does not 
contribute to maximum release concentra tions. A few nuclide elements i nc lud iq  
uranium wcre consistcntly solubility limited and for these CCLWS, the contributions 
across waste categories were calculated separately in the site assessment. 

0 
This allows us in Phase Two to use only waste invcntosy in the 'rapid release' 
category. This justified simplification allows US to evaluate the rapid release 
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ANALYSES 

Pcrcolation Limited 'Rapid Rclctlsc' 

chjractcristic time for waste package inventory to be available for dissolution in 
the liquid phasc of the water percolating through the waste packages within the 
disposal unit was previously sct as a constant b a d  on wastc form and empirical 
data whcrc available. No data arc available for the release from the rapid releasc 
cntcgory under in-situ conditions a t  Arcn G; it was assumed in Phase I analvsis to bc 
'rapid' relative to thc percolation transit timc through the waste pncGgc, T w  = 
(ew i lw ) /qw*  

Under the more realistic conditions assumed In Phasc II analysis for 'rapid rcleasc' 
\vaste, the transition from the solid to liquid phase by dissolution will be limited by 
the moisture FC:Cohting into thc waste package. Thus, this transition is controlled 
bv the same percolation rate whjch controls thc k x h a t e  rdC3Se from the w i W C  

package and so the samc characteristic timc constant applies to thc rclcasc from 
compartmcnt 1 or 2. Ln Eqn. 1 and 2, R w  = 7 ,  and us = q w / 8  and SO &, = &, and 
thcrcforc the analytic solution in Eqn.3 becomcs singular (divides by zcro), 

For this singular case, thc solution to Eqn.1 and 2, is rc-dcrivcd for & = &J = h = 
v 

= q W / ~ h u , & J ,  and assuming Vs= V i ,  The analytic solution for this case, whcrc 
the solid to liquid phase dissolution proccss is Iimitcd by thc moisture pcrcolation 
into tht. h'nste m d  the leaching from thc wastc form is controllcd by the same 
pcrcokition rate, becomcs 

f t  is cssily shown that thc maximum concentration in thc waste compartmcnt 
liquid phssc, CIC.n,ar, is gjvcn as C,o/&c, whcre c is tht  natural log constant or, Cw- 
nlr lx  - O,j7C&,,, The timc this maximum occurs is t = Tu/ = Z/A. The time 
dcpcndcnt leachate cfflux from thc waste, rw(t), is 

For thc analytic solution, Cw(t) is Given by Eqn.4, and thc Dxcy flux and moisrurc 
contents arc approximstcd as constant valucs from appropriate time averages. 

Thc result of varying n fixed dissolution timc constant, Ts = I /&,  from Eqn3 is 
compared to the singular case solution (T = Ts = T,) from Eqn.4, in Fig.2. The figure 0 
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shows a normalized concentration, Cw/(Cso/Bw), in waste leachate verscs tine for 
thc 'rapid rcleasc' waste category, usiig several values for 7, the transition time 
from the solid to the Liquid phase within the waste. The limit as T goes to zero 
corresponds to CI simple rclcase model where the contaminant concentration is 
instantaneously mixcd into the moisture volume fraction (and thus concentrated in  
the smaller moisture volmw), and subscquently decays in time through percolation 
from the waste package. Thc singular solution to Eqn.3 occurs for T = 16 ~ c a t s ,  This 
case is used in the site performance studics and assumes the dissolution Frawition is 
limited by the percolation through the waste package. 

Transients in Percolation 

Thc source rclensc model includes a set of governing equations and the analytic 
solutions which apply under simplifyhg assumptions Such ;Ls a constant 
percolation rate. Numcrical solutions to the governing equations were obtained for 
transient percolation rates to evdcate the validity of this assumption. Results for 
thc transient case are found by numerically integrating the governing equations, 
Eqn.1 and 2, to obtain C,(r) with us = qW(t)/8, and so the constant qzl is replaced 
M'ith qw(t), a given time scrics for thc percolation or Dxc)' flux. This time series W ~ S  

I 

- T o 16yt (TsPTw) 

0 10 20 30 40 50 60 70 80 90 100 
time -years- 

Fig.:! Normalizcd concentration in waste leachate w3ter for the 'rapid reIc;l.sc' waste 
category, using scvcral values for T = T,, the transition time from the solid to the 
liquid phase within the waste. Thc case (7" = Ts = T,) is used in the site pcrformancc 
studics and assumes thc transition is limitcd by the percolation through the waste 
package, Concentrations are normalizcd to initial solid phase waste concentration 
per moisture content, Cs,/O,. 



Appendix 36 

dctcrmincd from pcrcolation analyscs using sitc precipitation data records [6]. A 
constant Ow is still assumcd, consistent with small changes observed about the 
cmpirical valuc, and the transient flux is given by Eqn.5. Results from thc transient 
mdyscs arc swn in Fig.3 and 4. 

a 
Figure 3 (top) shows the normalized leachate conccnwation rrnd percolation vcrses 
t inc and compares conccntrations for the analytic solution to the avcraged 
pcrcola.tion rate f Cw-an-avg) and the numerical transient solution for the t ime 
dcpcndcnt percolation (Cu-num-q( f ) ) ,  for a parriculor percolation data 50 p' record. 
Thc percolation is very apcriodic and lcads to correspondingly aperiodic changes in  
rclcasc conccntrations which approximate the smooth curve result for the avcrage 
pcrcolstion rate. This particular pcrcolation data acries is unusually dry for the first 
25 ?cars, and the transient leachate concentration is displaced accordingly to later 
times than thc solution to thc average pcrcolation casc, 

Figure 3 (bottom) shows normdizcd lcachatc conccntration V C ~ S U S  timc comparing 
conccntrations for thc analytic solution to thc averaged percolation rate for o single 
SO yt pcrcolation rccord ( C w - a n - a ~ g )  and for thc average of four 50 47 pcrcolation 
records f Cx~,an-qo~c)  2nd the numerical transient solution for the time dependent 
percolation averaged over four 50 year tirnc series of percolation data (Czo,q(t)), The 
average pcrcolation for each of the four 50 yr records ranged from 3,s mm/yr to 9.1 
mm/yr  and the avcragc over thc four records is q = 6.7 m m / y r .  Thc average 
pcrcolation in the single 50 yr record plotted in thc figure is 5.6 rnm/yr. Sincc the 
average of this single 50 yr record is closc. to the average of the four records, thc two 
smooth curves are similar however, thcy would vary in direct proportion to thc 
avcrage pcrcolation o w r  the range from 3.8 m m / y  to 9.1 mm/yr, depcndhg upon 
thc acwal  timc scrics. The transient solution to thc pcrcolation clvcragcd ovcr the 
four 50 y~ records is already beginning to approach the smooth curve given for the 
avcrage pcrcolation valuc in the nndytic solution, 

The w m t c  efflux corrt:sponding to the conccntrations in Fig.3 is shown in Fig.4 for 
tht. same pcrcolation records. Normalized waste lcachatc flux vcrscs time (Fig-4 
(top)) compares valucs for thc analvtic solution to the avcraged percolation rate 
( f lux -w~qfave) )  and the numerical' transient solution for the timc dependent 
pcrcohtion ffIux-w-q(t)), The transient flux, givcn by Eqn.5, is very different from 
the analytic solution to the awragcd percolation rate, owing to thc direct 
dependence of flux on the aperiodic D a r q  flux, qft). The transient flux is nearly an 
ordcr of msgnitudc larger than the avcrabcd value a t  some points in timc but occurs 
only during the occasional percolation ycars. 

Figure 4 (bottom) shows the normalized waste packsgc leachate flux vcrscs time, 
comparing flux for the analytic solution to thc averaged pcrcolatiion rate for the 
single 50 )I pcrcolation record ( f iux-w-q(ave))  rrnd for the average of thc four 50 yr 
percolation T C C O T ~ S  IfI~rx,qouc) and the numerical transient solution for the time 
dcpendcnt pcrcolation avcmgcd over four 50 ycnr time scrics of percolation data 
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flur,q(t)), The numerical solution to the transient case for the average of the four 
records is slowly approaching the analytic solution to the average percolation, 
however, thc transient fluxes still differ from the average cast typically by il factor of 
two m d  thcy occur only in the percolation ycars. Here, the avc:a@g produces flux 
greater and lcss than the averagc flux value while the actual result for II single 
percolation record will most oftcn cxcwd the avcragc during percolation years and 
will be equal to zcro in this simple model during years without percolation, 

timo -yoam- 

time =yoas- 
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F i g 4  (top) Normalizcd waste packagc lcachatc flux v m c s  timc, comparing valucs 
for :hc analytic solution to the avcraged pcrcoIation rate (flux-w-q(avc)) and the 
numerical transient solution for the tirnc dcpcndcnt pcrcolation (flux-w-q(t)). 
Fig.4 (bottom) Normalized waste package leachate flux verses time, comparing flux 
for thc analytic solution to the avcraged pcrcolation rate for a single 50 yr 
pcrcolation record (flux-w-q(avc)) and for the avcrage of four 50 yr percolation 
records (flux-qave] and the nurncrica1 transient solution for the timc depcndcnt 
pcrcolation averagcd over four 50 year tirnc serics of pcrcolation data (flux,q(t)). 
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Appendis 3d 
DISCUSSION 

Transient results show that in conditions approachhg the extreme case, which 
might rcprcscnt waste in a rclatively shallow portion of the disposd unit, that the 
Mp;IStC Source &asc tc.m fluctuates considerably and is pcriodic in time follob*ing 

patticular time sequence of the moisture pukes following individual 
pcrcolation occurrences. The model howcvcr does not represent thcse cxtrcme 
conditiom accurately because the moisture transit t h ~  p a t  a waste package, Tu, = 
hule , /~uf t ) ,  is assumed constant in space and is assumed to vary in time only 
through qw(t). Actually, 'therc will be variations in space and time associated with 
each waste package, k, qwfz,t) and .BI:,t) will vary in time and in space cvcn over 
thc distancc associated with the wastc package height, hw.  This will tend to clverase 
the waste lctlchate efflux ovcr thc transit time and will dampen fluctuations on time 
scalcs shorter than the transit timc, T = hwBW/qwftl, - I6 years in the case for Area G. 
On :hc othcr hand, the transit time for averaging a mid transient (am/)?  for one 
?car) is much Jcss, T = (2)(0,08)/0.04) = 2 y. 

As thc dcpth of disposal increases, releases from the wastc are expected to approach 
projccted releases based on the steady-state percolation rate. Field data and 
numerical calculations on variations in moisture content profiles in the near 
surfacc unsaturated zone suggest that the percolation fluctuations dampen ncar the 
surface and that below about 2 m dcpth the variations arc slight [lo] and approach 
thc averaged conditions assumed in the stcndy state model. Waste packages at 
diffcrcnt locations throughout the disposal unit will sce the moisture transients at 
\various phases of the passing moistrire pulse. Leachate efflux from the disposal 
unit will Sc avcraged ovcr the differences associated with the larger disposal unit 
volumc and will tend to dampen fluctuations on time scales shorter than T = 
i i dOd /qd f t ) ,  where subscript d refers to 'disposal unit', and the t p i c d  height, hd is 
?Om, thus tending to average out fluctuations on time scales less than about 300 
vcars. 

Thc rcsults show that the transient solution approaches the analytic solution for the 
avcragc percolation rate as the percolation sequences are averaged in time, This has 
nuo implications. Onc, the variations for P set of particular percolation sequences 
rcprcsent the envelope of cxpectations for what will actually occur in the next 50 
v c m  which will drive the rcleasc from the disposal facility. At the end of site 
bpcrations, t!!e actual precipitation and percolation data could be used to estimate 
thc actual rclease. There is a second implication of the transient results if we also 
assume that the averaging in time is related to averaging in space. The variability in 
pcrcolation at different points in space is known to be large r;l. If we assume this 
indicates ;I real variation over an area cornparablc to that of a disposal unit then the 
net efflux from the area of a disposal unit is an average and the actual percolation 
over space and time will approach that nvcraged solution for the 'time average' 
pcrcolation rate. Within and beyond the voIume of the disposal unit, 
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hvdrodvnarnic dispcrsian will also act to avcragc transients during transport to dose 
receptor sites 

APPLlCATlON TO THE U S A  G SITE PElXFOTCMANCE ASSESSMENT 

The Arcn C inventory is divided into four scgmcnts baxd  on the time of disposal 
(1959 to 1970, 1971 to 1988, i988 to 1995, and 1996 to ?OM) for dose conscqucnce 
analyses [Ill. Thc w x t c  disposed of bctwccn 1988 and 2044 is included in thc Arca G 
Pcrformancc Assessment compliance cvtlluation. All of the waste is considcrcd in  
~nalyscs which partially satisfy DOE 'Composite Analysis' rcquircmcnts for active 
disposal facilities, The four invcntory groups arc distinguished roughly as: 1959- 
1970; limited TRG-LLW segregation, no detailed data base records, invcntory by 
extrapolation, 1973-19S6; detailed data base for invcntory, TRU and LLW 
distinguished, prc-compliancc period, 1988-1995; detailed invcntory data basc to 
present date, compliancc-driven, 19962044; future operations projected throughout 
the cxpcctcd lab lifctimc, compliance-driven. Inventory from 1971-1995 is 
wgcgatcd by disposal unit for thc sourcc rclctlsc modcl and for the subsequent 
transport analyst)~,  distinguishing ovcr 30 disposal pits and four grouped 'shaft 
ficlds'. Extrapolated invcntory ( d l  and >96) is avcraged over (past and planned) 
disposal units. 

For each of thc source tcrm disposd units, the rapid rclcasc component of the waste 
inventory is specified by wastc quantity, &fCi), and wastc package volume, V(m3). 
The curie concentration is convcrtcd to molnr concentration and the maximum 
Icschate concentration, Cw.nux = (OXC&V, is comparcd to thc clcmcntal solubility 
limit, Whcrc is lcss than the solubili? limit, the nuclide is considcrcd to be 
inventory limited and thc integrated rclcasc from thc wastc packages, Ow, for a 
uarticular nuclide from each disposal unit is calculated by intcgratinG Eqn,4 ovcr 
;vaste package area to obtain, 

This rclcase (and subsequent maximum conccntrations and dose asscssments) 
dcpcnds upon invcntory quantity but is indcpcndcnt of inventory volume or 
concentration. 

If Cw.rrrax is predicted to cxcwd thc clcmCnta1 solubility limit, Csr, the total lcachatc 
conccntratian by clement will be limitcd to C,j and the actual leclchatc concentration 
bv nuclide will bc some fraction of Csj whcre thc fraction, f,l, dcpcnds upon the 
contributions :o that clcmcntal solubility limit from othcr nuclides of the same 
clcment. The integrated Icachatc flux from the waste package during the solubility 
limited rclcasc is 
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The duration, &, of release at this rote is 

Fol]o~,?ing this duration, the rclcrrse will be briefly inventory limited and follow 
Eqn.6, This to a rapid decrcasc in rclcase rate and so the solubilit). limited 
rclcasc rate can bc realistically approximated EIS ;I step function with step height 
@vcn by Eqn.7 and duration cnding at Ats[ .  This rclcctse for solubility limited 
nuclides scales as the total nuclide inventor)' volume, Vw, because the release rate is 
limited to the fixcd conccntration, CSi. The initial waste concentration (at disposal 
time), Co = Qo/V,, does not play a direct role in the integd source strength for 
either release case, but docs detcrmine the duration of a solubifip limited release. 

Prcvious analysis [3] indicated that only a fcw nuclidc elcmcnts which were 5hobe.n 
to bc of significance in the sitc dose asscssmcnt were also consistently solubiliv 
limitcd, The nuclide fraction of the 
solubility limit, fsl, is found to be an important correction only for the uranium 
invcntoq*. This factor is cvaluatcd as a sum over waste foms of the fraction of the 
clcmcntal solubility limit attributed to il particular nuclide in a particular waste 
farm, normalizt'd to the nuclidc qu,mtity (as a volume) in the rapid rciease waste 
form ca tqpry .  This allows a straightfox+ard correction for the uranium nuclidcs 
from the 'rapid release' inventory tabulated for the source term evaluation @' 
individual disposal unit. 

These included uranium and thorium. 

Extcndins the prcvious analvsis to individual disposal units identifies specific pits 
and shafts whcre solubility 1;mits are cscccded, Plutonium and americium become 
solubilitv limitcd in ;I few dispcsal units including thc shaft fields, often resewed 
for d i s p k l  of waste with grecltcr spccific activi?. The realistic spatial distribution of 
thc disposal units with the individual sourcc tcrms which are either invcntoF or 
solubilitv limitcd scrvc as input to thc detaikd S-D unsaturated zone modcling 
cffort uidcm'ay as part of the pcrformance assessment [SI. 

CONCLUSIONS 

Phase Two source rclcase modeling acknowledged previous rcsults that the 'rapid 
release' waste category is critical, and thercfore deservcs a more self-consistent 
trcatmcnt of the pcrcolation and transition from the solid to thc liquid phase in the 
waste packagc lcachatc. This lcads to ncw analytic cxprcssions for the CL!! of 
inventory limitcd rclerrse which has btyn applied to the Arm G Site Performance 
Assessment in calculations incorporated directly into the 2-D and 2-D unsaturated 
zone transport modcl. Elemental solubility limits dictate which nuclide waste is 
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'inventory-ljmitcd' and which is 'solubilip limitcd' on am individual disposal uni t  
bask. Thc integrated rclease for the inventory limited case is proportional to the 
total inventory in a given disposal unit while thc solubility limited rclcasc is 
proportional to the Liventory volume and thc solubility limited duration is 
proportional to the waste invcn tory concentration. 

Transjcnts in rclcasc rates due to time varying pcrcolation rates w r e  examincd and 
found to potcntially impact the rcsults considcrably. Tlic results bracket the 
uncertainy due to pmolation, but probably ovcrcstimatcs the variability in thc real 
case. The rclcasc modcl does not accurately rcprcscnt some detailed aspects of the 
transient cast' nnd many factors in the T C ~  situation, including hydrodynamic 
dispersion and spatial and temporal variability in pcrcolation, arc likely to tlvcragc 
the actual rclcasc ratcs and tend to smooth the results towards those predicted by the 
analytic modcl using the average pcrcolation rates. 
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ABSTRACT 

The Pcrformancc Assessment for the LAKL Low-Lcvel Radioactive W'aStC (LLRW) 
Disposal Faci]jt)t, Area G, is on-going. A dctailcd rcvicw Of t h ~  inventory data b a x  
records and the existing mod& for sourcc release led to the development of tl new 
modeling capability to dcscribc the liquid phasc aqueous transport from the waste 
package volumes, lnvcntory is sortcd into four rclcasc form catcgafics and scrccncd 
in 3 compnrj!am of lcac!!ate concentratiom to the drinking watcr limit. Pcrcolation 
through the disposal unit is prescribed in an independent surface watcr balance 
model incorporating site rainfall statistics, Waste package types and the disposal 
unit matrix h a w  indcpcndcntly specified solubility limits and solid-liquid phasc 
psrti tion cocfficicnts, or Kd values, Analytic solutions for invcntory limited rC1c;ise 
of cach nuclide in each of the four different waste packrtgc rclcasc forms arc 
computed. Isotopic contributiom arc summcd ovcr clcmcnts to limit the waste 
psckagc liquid phase conccntrations to the clemental solubiliv limits. Time 
dcpcndent rcleas~s from the waste packages for each nuclide which may be 
invcntory or solubility limited arc spccificd as modcl output which is provided as 
the source tcrm to thc unsaturated transport modcl. The waste pclckagc efflux is 
distributed over the 2-D unsaturatcd zone model grid points corrcsponding to thc 
cross-sections for 5 rcprcscntativc disposal units within thc mcso top. Results show 
the Area G relcasc is dominated by the invcntory in the 'rapid release waste form' 
(Kd = 0), which pcrcolatcs from the waste packclgcs over 5-100 years and from the 
disposal unit ovcr 50-1000 ycilrs. Nuclides in vi-astc package categorics with larger 
Kd values arc rclcased proportioncltcly slower. Uranium and thorium arc thc main 
nuclides of conccrn rcleclscd as solubility limited nuclides from thc 'historical 
inventory' a t  Arm G. Thc analytic models provide an cfficicnt m e a  to explore the 
sensitivity of the rcsults to variations and uncertainty in the modcl parameter 
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A pre]imLqaT draft of the sitc Pcrfonnance Assessment (PA) for the LOS Alamos 
National Laboratow (LANL) low 1cve1 radioactive waste (LLRW) disposal facility at 
Area G has been complctedl as required pcr DOE orders. A detailed review of the 
jnvcntorv dtlta base, records and existing models for sourcc rcleasc led to the 
devclopmunt of ;I new modcling capability2 to describe the liquid phase aqucous 
transport from thc waste package volumcs. Thc code output, a time dcpcndcnt 
cfflux to thc disposal unit volume (as detailed L? App.3B to rcf.[l]), is provided as 
input to a sophisticated 2-D unsaturated flow model3 for subscqucnt transport 
\\tithin thc disposal unit and throughout the vadose zone. 

The Area G disposal facility is locatcd on thc top of CI narrow finger-likc mcsa 
composed of volcanic tuff (Bandclicr Tuff), deposited in stratigraphic Iaycrs of ash 
2nd solidified volcanic flows. Wa5t.c disposcd at  Area G is placed into pits excavated 
in thc volcanic t u f f ,  crushed in place, and backfilled with the native crushed tuff to 
about 30% wastc packagc and 70% tuff by volumc. Thcsc disposal operations arc 
evolving to minimizc future disposal volume, and to assure stability of emplaced 
:vas te. 

Disposal opcratiom at Arm G bcg,m in 1959 and disposal invcntory is established in 
;1 dctsilcd electronic data base dating back to 1972. (Disposal for operations prior to 
that date is rccordcd in log books currently bchg transcribed to 3 new data base.) 
Nuclide quantities are associated with 50 wastc codcs, which charactcrize the 
physical and chcmical form of the waste. 

ANALYSES 

Tht.5~ w a t ; t C  codcs wcrc sorted into four waste packagc rclcasc catcgorics, based on 
prcliminaT modcling cfforts which hdicatcd thc rclcasc characteristics of concern. 
The four rclcasc categories include rapid rclccrse (with compartment rclcasc time of 
one vcar, and with solid-liquid phase partition cocfficicnt, Kd, set equal to zero, 
tak i ig  no crcdit for solid phase rcabsorption), soil (Kd for Bandclier tuff at  neutral 
pH), concretc/sludgc (Kd for concrcte a t  pH=12, and corrosion associated with metal 
waste forms (with compartment rclcasc time of three hundred ycars, and with 
Kd=O). 

Of thc 60 invcntory nuclidcs Iistcd with half-life pctlter than 5 ycars, 30 were 
scrwncd out in a 'leachate scrccning', ahd 30 were followed in detail by the source 
release model. The leachatc scrccning compared the total inventory concentration 
in thc disposal unit moisture to the drinking water conccntrations that result i n  
4rnrcmJyr a t  the standard ingestion rate. Of the 30 nuclidcs followed in detail, 15 
w r e  decal; chain parents, with 48 non-secular equilibrium decay chain products 
cvolvcd sclf-consistcntly, 
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Appendix 3d 
Gcochemistn’ for the waste packages was evaluated in terms of the equilibration 
cocfficicnts, :Kds, and clcmentitl solubiliQ’ limits, Csl, interpolated from thc 
literawre by Lonpire4. Yucca Mountain Kds.516 were used IIS best estimates for Kds 
in bff and as conservative estimates in soil, justified by s favorable comparison of 
water chemism’ bctwecn BaRdclier and Yucca Mountain Wff samples‘. Solubility 
limits for tufF were applied to a11 waste packages except waste in concrcte/sludge, 
where valucs takcn from the literature8 were applied. A propam to cvaluate site- 
spccific Kds undcr field conditions is undcrway at Los Alamos. This will include 
five key nuclides in scveral Bandclier Tuff stratigraphies and over a r a g e  of water 
chemistry. 

Percolation calculations were run with a rnodified version of the SPUR code9 which 
docs ;I detailed water balance at the surface. Rcsults for thc b x e  caw closure cover, 
90 cm of crushed tuff, lOcm soil and II thin gravel-mulch seeded surface, showed a n  
avcrsgc. of 4mm/yr percolation from the disposal unit bottomlo. Recent rcsults 
with rcviscd crushed tuff hydrologic propcrties show an infiltration rate of 
5,5mrn/yr. The statistical miilysis shows the average percolation rate is for a highly 
skcwcd distribution composed of 80% v;lIucs equal to zcro. The L~plicatiom on the 
Sourcc rclexc model of the actual distribution rather than the average value 3re 
undcr invcstip? tion. A rmgc of infiltration modcl parilmetcr variations were 
evaluated to account for evapotranspiration including rooting depth and leaf area 
indcrt, and for run-off including surface slope and othcr factors important in the 
surface water balancelo. 

Thc waste rclcase modcl is based on a compartment representation of thc package 
cfflux, and dcpcnds upon package size, pcrcolation rate or Darcy flux, retardation 
cocfficicnt, and moisturc cmtcnt, Thc physical and conceptual flow models are 
shown in Fig.1, whcrc the conccntrstion and flux symbols are dcfined. An analvtic 
solution for waste package efflux undcr inventory-limitcd conditions (cvc.r>*th’ing 
which is not solubility limitcd) is evaluated for each nuclide in cad? w’astc package 
type (or rclcrrse category). This is described in detail elsewhere2 with the result for 
the waste package liquid phase cornpartmcnt concentration, Cw, written as 

with 

Thc cornpartmcnt subscripts are shown in Fig.1, and the h values are ‘compartment 
clearance r a t d  derived by c1 control volume integration of the continuity equation 
dcfined in terms of thc cornpartmcnt area, A (horizontal planar area), volume, V, 0 
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Appcndix 3d 
Dacy percolation rstc, q, dissolution vclocity, u, rnoisturc volumetric content, 8, 
and rctardation cocfficicnt, R, related in thc usual way to the solid-liquid phasc partition coefficient, Kd, as R = 1 * pKd/e, Ushg this time dcpundcnt 

conccntration, the waste compartment cfflux, Tw, is 

Nuclide contributions to thc same clcmcnt, including ingrowth from dccay chains, 
are  surnmcd to compare to the clcmental so1ubilit)t limits in each waste package 
type, Waste packrrgc concentrations for each nuclide of the solubility limited 
~Icmcnts  arc partitioned to the contributing nuclides. Thc solubility limited waste 
package cfflux for a nuclidc is 

0 
(3) rw = ~ ~ q ~ c ~ ,  

(4) 

whcrc C,I is the elcmcntal s o l u b i l i ~  Iimit and fslj is the fraction of the solubility 
limit v,*.ihich is contributed by that specific nuclide. This fraction i.l assumed equal to 
thc nuclides contribution to thc elcmcntal solubility limit at the timc when that 
iimit is first cxcccded. 

Solubility limited cffluxcs continuc until the solid phose waste package 
conccntration is depleted to thc point the water phase conccntration can no longer 
cxcwd r7 solubilit), limit, and wbscqucntly thc waste package is deplctcd a t  t hc  
inventory-limitcd rclcasc rat$. An algorithm of how the solubility limits arc 
trackcd over nuclides, clcmcnts and wastc package types is included as Table 1. 

* w  14 I 7 1 I 

I 
I 
i 

Fig, l a ,  Conceptual modcl for subsurface !iquid phasc rclcasc from a disposal unit. 
A rcprcstntativc waste package is shown to the left, and a disposal unit is shown on 
the right. 
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w m c  pnckngc wa,tt puckage 
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Fig, Ib, The three compartments irr the release model are sn equivalent 
reprcscntation of the conceptual model from Fi@, showing contaminant 
concentrations, C, and flux, r for the thrw compartments. 
____-__-_1---1---1----~--------------------------~--- 

Table I 
Al orithm for Model h ;g lementation 

Over%uclides and Waste ackage Forms. 

c* 
liquid phase in 
disposal Unit 

< # 

1. 

3. 

4, 

5. 

S. 

9. 

Crr!culatc c,(t), C,(t), and Cd(t) using inventory rclcase limited equations for 
311 time for each nuclide and for ~. cach waste .~ form. 
A. 
B. 

inventory nuclides - analytic solutions 
decay chain daughters - numcricitl solutiom 

Sum all nuclide contributions (inventory and daughter products) to each 
clement concentration for each waste form, 

Determine time, tsll, whcn solubility limit first applies for each waste form, 
whcn Cw(for elcmcnt sum) > C,l(clcment). 

Calculate Cs( t) and Cd( t) undcr solubility limited cquatiom 
.A. inventory nuclides - analytic eqns 
B. daughter nuclides - numeric solution to eqns 

Sum nuclidc contributions to elemental concentrations per waste form. 

Dctcmine time, ts12, when Cs(elcmcnt) is dcplctcd to point where solution is 
no longer solubility limited, when CF Csl q w  Aw/(US&)~ 

Interpolate in time to get Cw(ts12) for all nuclides for each waste f0.m. 

Continue from t = tsE to b d ,  calculathg c&), cw(t), G(t) ushg the 
inventory limited equations. 
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rclcasc modcl was tcstcd cxtcnsivcl>* as dcscribcd previously',:. The analJvtic 
models dcscribcd above wcrc supp1emcn:cd with numcricd modcling in two arcas. 
One, thc ingrowth of progeny nuclides which can have l-ranspofl properties 
diffcrcnt from the parcnt nuclides makcs thc analytic solutions to the compartment 
model impractical. Ingrowth of progeny is calculated numerically in a simple 
implicit schcmc which implcmcnb the compartment ~ o v ~ m i n g  equations with the 
addcd complexity of progcn)' ingrowth. This was used in the prcsent r,odcling 
pffort to account for 'daughtcr-product' ingrocs*th which could contribute to thc 
solubilitv limit within a wastc packagc. From thc pcrspcctivc of nuclidc transport in 
thp site' PA \\tork, ingrowth within the packagcs was considered negligible, and 
inGro\\*th w a s  rnodclcd within thc disposal unit and in thc unsaturated zone within 
the 2-D unsaturated modcl3 bccsusc that codc has had more extensive @A and 

A sc.cond numerical modcling cffort cxnmincd thc compartment solutions whcrc 
the w,tlste package efflux fccds s ont-dimensional (vcrtieal axis) rcprcscntation of thc 
disposal unit. In this case, rcleasc from the disposal unit js controllcd by thc vcrtictll 
gradient at thc djsposal unit bottom which cvolvcs cansistcntly along thc vcrtical 
axis from u w t c  packages homogeneously distributed throughout the disposa! unit. 
This work confirmed that the global or comptlrtmcnt modcl results were reasonably 
accuratc compared to results v.*ith I-D profile effects in the disposal unit:. 

RESULTS 

Figure 2 sh0w.c the concentrations vcrscs tirnc invidc the wastc package matrix, Thc 
solid conccntntion, Cs, is uncorrected for rctrdsorption in the solid phasc and 
corresponds to the c a w  wherc Kd = 0, Tnc actual solid phase conccntration corrcctcd 
for readsorption insidc the w w c  package and assuming a nuclidc with Kd = 0,5 is 
shown ;IS 'Csmod', b a x d  on a p v c r n i n g  cquation dcrivcd clscwhcrc2. Csmod 
decays over thc timc scale for 'rapid rclcasc' to an cquilibriurn platcau at ;I fraction, 
(p,Kd/e/(1+ p,Kd/B)), oi the original: solid p h a x  conccntration. It then decays to 
zero over the timc scdc for pcrcolatjon from thc waste package, along with the 
waste packagc liquid phase conccntrrr tion, Cw. If this nuclidc bccorncs solubility 
limited, the Csmod conccntration is nccdcd to tlccuratdy track the solubility limitcd 
rclctlsc through the so lub i l i~  limitcd rclcasc d urtltion. 

For the 'historical invcntory' (19S8 to thc prcscnt) and site conditions at Arca G, 
most nuclidcs arc found to be inventory lirnitcd, An important result observed 
from the source release model is that for invcntory limited nuclides, it is thc 
component of invcntory which is considered to be 'rapid release' which dominates 
the efflux function of time, All other rclcasc forms cffcct slower releasc rates which 
thcrcfore rcducc the efflux pcak in timc. The eventual pcak in the aquifer 
conccntration is dctcrmincd by this rclcasc modcl modified by translation and 
dispersion during transport through the unsaturated and saturated zones. 
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Fig2 Thc solid phssc conccntration, Cs, is modified for rcabsorption, Cs-mod, and 
decays to an equilibrium platcau ovcr thc time scale for 'rapid release'. It then 
dccays to 2cro over the time scalc for Fcrcolation from the waste package, along with 
thc waste package liquid phasc conccnhation, Cw, 

Thcsc conccpts are illustrated in Fig. 3, which shows the invcntory rclcase, Ci/yr, as 
a function of tirnc for four of thc plutonium isotopes in thc Arca G inventory. The 
pcak r c h x  rate for tach nuclide is dominated bv the 'rapid rclease' (Kd = 0) waste 
package source term which occurs at about 3-5 y&rs. Contributions to each nuclide 
from the other waste package rclcase forms have relatively slowcr rcleasc rates due 
to cffects of solid-liquid partitioning and rcadsorption (Kd > 0), and are sccn in the 
Figure as the 'bumps' which occur later in time from 200-10,000 years. Because these 
release ratcs arc so small, the contribution from thcsc waste packge types to the 
pcak release rate is small even if their inventory is comparrrble to that in the 'rapid 
release' category. 

For the Area G inventory and site conditions, the only nuclides which contribute 
significmtly to dose and are solubility limitcd are uranium and thorium. Uranium 
is depleted at a solubility limited rate which is sufficient to reduce the 
concentrations to an inventory-limitcd rclcase a t  about 5000 years, after which the 
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Appcndix 3d 
Source decrcasrs rapidlv to negligible levels. This is illustrated ir, Fig4 for three 
isotopes of uranium. As in the invcntory limited case in Fig.3, there are 
contributions from multiple waste package types, The most inventory is in the 
'rapid release' form which k solubility limitcd until about 5000 years. Imposed on 
top of this is B contribution from another waste form (concrcte/sludge) which is also 
solubility limited but is dcpletcd at  about 500 years. Most of the uranium in this 
iom is U-235, so only that isotope is noticeably influenced by the second waste form, 

I Pu.241 1 A 

Fig. 3 Area G rcsults 
for the historical 
invcntory showing 
the total waste 
package efflux in 
Ci/yr for four 
inv&tory-limited 
plutonium isotopcs. 
These curves 
correspond to the 
source tcnn 
(molcdyr) input to 
the unsaturated zone 
2-D transport model 
of Arc3 G. 

1E.10 1 . . .... -, 7 ......, . .. I.... . ,..I... 1 .I...., . . v- . . ,  . h 
0.01 0.1 1 l b  1Q lo00 loo00 1 m  

time .yoan- 

Thc thorium solubility limit is so small that thc rclcasc rcmtlins solubility limitcd 
cffectivcly for a11 timc. Plutonium is closc to thc solubility limit and would becomc 
solubility limitcd under slightly incrcascd disposal concentrations. 

Uncertaintics in the rcsults arc cxarnincd 
variables, and will be discussed in sokc 
percolation effccts is currently under inves 
rate or pcrcolation differences within the 
waste package itself are being cvduated. 

via partlmctric cxamination of the input 
dctaill& Variability due to transient 

,tigation. Spatial variation in percolation 
disposal unit matrix verses within the 
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Fig. 4 k e a  G results 
for the his todd 
inventory showing 
the total waste 
package cfflw in 
G/yr for thxee 
solubility limited 
nuclides of uranium. 
These curves 
correspond to the 
source term 
(moles/?) input to 
the unsaturated zone 

of Arc3 G. 
2-D tran~po~ model 

CONCLUSIONS 

The results of a site Performance Assessmcnt depend critically upon the source 
rckasc model and its input data. The maximum concentrations in the time 
dcpcndcnt cfflux from the wastc package will be integrated over the disposal unit 
volurnc and then translated through thc vadose zone and diluted in the aquifer 
whilc bcing modificd slightly for dispersion and diffusion during the clqueous phase 
transport. Thus, it is cl modiiication of the time dependent source rcleclse which will 
determine the receptor location concentrations and ingestion dose. 
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1. ISTRODUCTION 

The Los Alomos National Laboratory (LANL) gcnoratcs radionctivc wnstc from n wide 
vorlcty of rowurch and dwclopmcnt nctivitics and from the clcnnup or rcmcditition of 
contaminotcd sitcs and fnciliticu, Tfic majority of this wmtc is low-level radionccivc wastc 

rLLI$') nr,d is disposud of a t  the Tcc!inicnl Area 51 (TA-Sdl), &eo G, disposal fucility, US, 
Dcpnrtmcnt of Er.eriy (DOE) Ordcr 5S202A (DOE, 1988n) roquircs tha t  this waste bc 
managed, treated, storcad, and disposcd of in u rnunncr t h a t  protects public hculrh and safety, 

and thc cntironmcnt. To comply with this order, DOE Bcld sites m u s t  preparc and maintain 

sit+specific radiolodcnl pcrformancc usvcssmcnts for all LLW disposal facilities. 

In rcsponnc to RcBcommcndution 94.2 from thc Defcnsa Suclcar Fncilitiw Snfcty 

B o d ,  DOE 1x1s dovelopcd D comprchcnsivc uppronch for cnsunn): that Environmcntul 

Monngcrncnt nctivitics do not comprornisc future mdiologicnl protection of thc public (DOE, 
1996~). Under this approach, DOE rcquircs tha t  ficld sitcs conduct n compositc nnnlgsin 
which accaunts for the cumulntivv impact3 of activc and planncd LLW disposal fncilitics nnd 
ull other sources of radioactive contamination tha t  could interact with active disposal 
faci li tics. 

A rndiolobicnl dose aswssrnonL is :in internal part o f t h c  pcrformnncc nsscssmcnt and 

composite annly~ i s .  Thc :isscwmcnt is used to project potential doses to persons cxposcd to 

radioactivity disposvd of in n LLW disposal facility. Thc projcctcd doses arc camparcd to 
DOE pcrfommcc objcctivcs to ~ IHPCW flicility compli:incc, and arc uscd to dcvelop waste 

rrcccptnncc critcri:~ (WAC) for the disposol facility. 

T h e  pcrfomuncc. abjjvctivcs arc' specific to thc! performnncc! :iu.rcsumcnt and composit-c 

nnnlysis. Thc objoctives for thc pcrformnncc nvscssmcnt arc (DOE, 1988a): 

Protect public hoalth and snfcty in nccordnncc with stnndnrds spccifiad in 
npplicablc EH Ordcrs and  other DOE Ordcrs. 

Ensurtl that  cx tcrnd  cxposurc to the wostc und conccntrations of 
radiotictivc mntcrinl which muy bc rclcnscd into surfacc water, 



poundwotor, soil, plants nnd animals rcsulb in an effcctivc dosc 
cquivnlcnt that docs not cxcccd 25 ~ C Z ~ > T  t o  any mcmbcr of the public. 
Ensurc that rclcascs to thc ntmosphcrc mc'ct the rcquircmcnts of 40 CFR 
61, and that; a rcuuonablc cffort is madc to maintain rcleases of 
radionctivity in cfflucnts to the gencml cnvironmcnt as low* 11s is 
rcnsona bly ochievnblc. 

Ensurc that the committed cffcctivc dosc cquivalcnu rcceivcd by 
individuals who inadvcrtcntly intrudc into thc  facility after thc lops of 
octivc institutional control (100 yr) will not cxcccd 100 rnrcd-yr for 
continuow cxpoaurc or GOO mrcm for a single ncutc cxposurc. 

Protcct groundwater rcsourccs consistent with fcdcrd, state, and local 
requirements. 

Thcsc pcrformnncc objcctivcs wcrc intcrprctcd for thc Arcs G perforrnanca usscwmcnt as: 

. 

fi luirnum cffc.crivc dosc cquivnlcnt of 25 mrcm/>T to  any mcmbcr of chc 
public resulting from cxtcrnal cxposurc nnd conccntrntions of radionctivc 
matefin1 rclcnvcd into surfhcc watcr, goundwatcr, soil, plants, and 
onimnlu. 

&ximum cffective dosc cquivnlant of 10 I I X C ~ / , V ~  to any member of thc 
public from conccntru tions of radionctivc matcrial rcleovcd to the 
atmosphcrc (cxcluding radon) from Arm G and all othcr faciliticv at thc 
LAI\Iz. 

hlmimum flux of radon gas (i,c., Rn-220 nnd Rn-222) from the undisturbed 
disposal site of 20 pCUm2/s (1,9 pCVft'/sh 

Maximum effcctivc d o w  equivrrlcnt of 100 mrcm/.vt far continuous 
exposurcs of individuoh who inndvcrtcntly intruder into the facility after 
thc loss of nctive institutional control (100 )TI. 

Maximum cffcctive dose cquivnlent of 500 mrcm for ocutc cspovurcv of 
individuals who inndvcrtcntly intruder into the fucility aftcr thc loss of 
activc institutional control (100 yr). 

Maximum cffcctivc ~ Q S C  cquivnlcnt of 4 mrcdyr  to any mcmbcr of tho 
public from the consumption of drinking water drawn from wclls outside 
of thc land-use boundary. 

Thcso pcrformmcc objcctivcs nro consivtcnt w i t h  tho intcnf of DOE Ordcr 5820.2A 

(DOE 1998~) and the Intcrirn Format and Content Cui& and Standard Rcuicw Plon for US. 
Dupartmcnt of Energy Low=Lcuel Waste Dkposul Facility Performance Assessment 

0 

e 

0 
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(DOE 1996b), Compliance with these pcrformancc objcctivcs mus t  bc dcmonstratcd for D 

period of 1,000 )T. 

mc pcrformilncc objcctjvc for thc compositc analysis is the DOE primary annual  dose 
l i , ~ t  of 100 rnrcm cffwtivc? Cosc equivalent for mcrnbars of thc public (DOE, 1996~). Doses 
to the hypothctical rcccptor mus t  bc maintained 3s low ns in rcasonnbly ochicvnblc. If thc 
projcctcd done cxcccds 30 mrcmfyr, 3n options nnalysjs must be prepared to consider actions 

that could bc takcn t o  rcducc cxposurcg, taking into account thr! cost of such actions, The 
3O-rnrcm/-v dose is used as a dose constraint in cvnlunting thc  rcsults of thc compositc 
nnnlysis. Complinnco with tlic compositc unulyais pcrformnncc objcctivcv must bc 
dcmonstratod for o pcriod of 1,000 yr (DOE, 1996~). 

This rcport  discusscs the dow usscssmcnt conductcd in support of thc TA-54, .ken G, 
pcrformnnce msessmcnt  and cornpositc analysis. The mcthodology uscd to  project potcntinl 
doses t o  human rcccptors is described in Chapter 2, Tic  results of thc dam navcsHmcnt arc 

prcscntcd and discussed In Chuptcr 3. Chapter 4 discusses thc unccrtnintics nssociatcd with 

the dose asscssrncnt and their cffcct on Lhc rrbiljty of thc &cn G disposal facility to comply 
ivith the pcrformancc objcctivcs summarized nbovo. 
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2. DOSE ASSESSM3EhT METEODOLLOGY 

This chaptcr dcacribes thc modclfi und data uscd to prcjcct potential domi to 
inndvcficnt intruders nnd mcmbcrs of thc public living in t h o  vicinity of the Arm G disposal 

facility* Saction 2.1 divcuaacs the cxposure pathwnys and sconnriols used in the dose 
asscsument. Section 2 2  discusses the mod& and dntn used in the prcparation of the dove 

projections. 

2.1 

The  moans through which burnnntl muy bc cxposcd to rndionctive rnntcrials nrc cnllcd 
cxposurc pathwnys. Each cxposurc pathway includcs a source or rclcam from a sourcc, a 

transport or c.xposurc medium, LI locntion ut; which the cxposurc occurs, and nn exposure 

route. The uctual cxpovure pnthwoya that may lcud to human exposuroo will dcpand upon 
the patterns of human activity at, and udjuccnt to, thc disposal site. Pnttctns of human 
activity may be spccificd by using n collcction of appropriate exposure pnthwnys, gcncrnlly 

rcfcrred to as  nn cxposurc sccnnrio, 

The cxposurc pathways and sccnnriov through which pcoplc rnny bc cxposcd to  
radioactivity disposed of a t  h e n  G 3rc specific to the pcriod of thc facility's lifetime. Thus, 
t o  understand the busis for pathway nnd sccnario dcvclopmcnt, it is ncccssnry to undcmtand 
the s t a g c ~  of thc disposal facility's lifctjmc. Thcsc stngcs include tho: 

* Operational pcriod, dcfined as thc  period during which waste is placed in 
disposal pits  and shnfb. The Area G diaposd fnciility's operational pcriod 
begnn in  1957 and, for the annlysia described here, was nsoumcd to 
continuc through the year 2044. 

Closurc period, during which the find pits and shafts arc closed and 
surface structures arc rcnoved from tho site. Site closurc WQY assumed to 
rcquiro t;wo ycnrs to completo, through thc ycnr 2046. 
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Aetivc institutional control period, characterized by continuing DOE control 
Over thc cntirc LrwL. This period wnn oasumcd t o  l u s t  100 p, cxtcnding 
from 2047 through 2146, 

Industrial UYI! period, during which nctivc DOE control shifts from the 
cntirc LW;Z to specific fucilitics, including the &ca G divpovul facility. 
This period \vas nssumcd to cxtcnd throughout the remainder of &he 

1,OOO-,vr compliance period, or  until the yam 3046, 

Only offuitc membcrs of tho public may rcccivc rudintion c.xposureu during the 

operational and nctivc institutional control pcriods. E.uposurcs to thcsc receptors map 

continue following thc cnd of octivc institutional control, Furthcmorc, inadvertent intruders 
may roceive rndiation cxposurcu from waste disposed of n t  Area G for brief periods of time. 
The cxpouurc pathways and scenarios modclcd for each of thcsc periods urc discussed below. 

2.1.1 Opwntionnl nnd Active Tnstitutiannl Control Periods 

Radioactivity in wastc disposed of at Axen G may be lcachod fkom thc w,astc or 
rclcnvcd t o  the ntmosphcrc during tho operational nnd nctivc institutional control periods, 
Fbdioactivity leached from thc waste mny bo tronvportcd to the rcgionni aquifer underlying 
hrca  G. Use of goundwntcr by members of the public downgndient of the disposal facility 
rnny result in cxposures during these periods, Similarly, radioactivity rcleascd to  the 
atmosphctc in thc form of gases mny bc transported off site with prevailing winds, Pcrsons 
lh ing  downwind of tho disposal facility may inhnlc or othcMise be exposed to thcsc uirboxne 
contaminants. IWlc a potential cxiats for particulatc rclcnssv from the site, any such 

rclcnscs will bc very small bccnusc of controls placed on facility opcrations and sitc 
main tcnancc activities. 

E.uposurcs of thc public during the opcrationnl and active institutional contrul periods 
wcrc projected using the offsitc resident cxposurc sccnarios listed in Table 2-1. Thc 
Groundwotcr Resourcc Pratection Sccnario and the All Pathwnys - Groundwater Sccnario 
were implcmcntcd at the boundmy of t h e  LANL near thc t o w n  of White Rock, home to 
appro.xi.mntcly 7,000 people. Projected o.xpoaures for the former scenario were limited to the 
ingcstion of contminatcd pundwatcr  and were used to assess complianco with the 
4.mrcdyr groundwater protection standard. For the All Pathways - Groundwater Scenario, 

e 

0 
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Tnblc 2-1. Offsitc cxpostirc sccmrios for the opcrafionnl nnrl nctivc institutional cnntrol pcriotls. 

Exposiire Scennrio Exposure I’athwnys a id  Routes Poinl of Enposirrc 

Groundwater Resource Protection Ingestion of drinking water IANl, boundary adjacent to White Rock 

All Pathways - Groundwater lngeslion of drinking water 

Ingestion of food crops irrigated with well 
water 

Ingestion of mcat and milk from animals 
~ 3 t e r c d  with well water 

lngeslion of contaminated soils 

Inhalation of airborne radioactivity 

Direct radiation from a i r b m e  
radioactivity 

Ilircct radiation from contaminated soils 

IANI, boundary adjacent to White Rock 

Atmospheric Ingestion of food crops grown in 
contaminated soils and contaminated by 
airborne radioactivity 

Ingestion of contaminated soils 

lnliaiotion of airborne radioactivity 

Direct radiation from airborne 
radioac tivily 

Direct radiation from contaminated soils 

Point of maximum atrnasphcric exposure 
outside of LANL boundaries 



t 

&e receptor was assumed to receive cxposurcs from inhalation and ingestion of rndioactiviQ 
nnd direct radiation. Airbornc radioactivity suspended from contaminnbd soil surfaccv is 
ifinled by the individual during the time spent at homc. Ingestion doses occur from the 

consumption of crops grown in contaminated soils, milk and meat h m  animals r a i d  using 
water drawn from the rcsidcnt's well, small m o u n t s  of soil, and drinking water. Exposurcs 

to direct radiation from oirbornc contamination at t h e  homestead and radioactivity deposited 

on the soil add to thc intcmnl csposurcs. Thc projcctcd doses for this scenario wcre used to 
asscys complianec with thc 25-mrcdyr and 30/100-mrcm/lvr "all path~ays" performanco 
abjcctives for thc pcrfomnncc nsscssmcnt and conpositc nndysis, rcspc~tivcly. 

The Atmospheric Scenario was implemented at tho point of m h u m  atmospheric 

cxposurc outside of LANL boundaries and ut IVhitc Rock, the population ccntcr closest to 
ttrea G (Table Z-l), Thc rcceptcr was ovvumcd to inhale radioactive gases (except radon and 
iw doughtcrs) and rcvuspcndcd dust tranvportcd fkom Arcn G; ingcstion doses wort assumed 
to occur from the consumption of crops contaminated by rndiooctivity deposited on plant 
vurfncov and thc ground surface, and from tho consumption of small m o u n t s  of soil. 
Extcrnnl asposurcs w r c  ussumed to rcsult h r n  contnminatcd soil surfnccs and airborne 
radioactivity. Tlic projected doscv for this sccnnria w r c  uacd to asscss compliance with thc 
10.mcmlyr ntmosphcnc pathway performance objcctivc for tho pcrfomnncc ovscvsmcnt and 
the 30/100-mredJT "all pathways" pcrformancc objectivo for the compositc analysis. &don 
fluxcs from thc undisturbcd disposal site wcrc projected scparntclp and used to assevs 

compliance with thc ZO-pC;/m% (1.9 pCi/ft'/s) pcrfonnnnce nsvcvsmcnt f l u  objective, 

Tho locations used to projcct doscv for thc ofbite cxpovurc scenarios m consistcnt 
with DOE rcstrictions on land use, hydrologic and atmospheric conditions, and land-use 
patterns in thc vicinity of Arca G. As discussed in Section 2.1, DOE is e.xpcctcd to retain 
control of the cntirc LAXEL throughout tho opcrational and active institutional control 

- periods. Consequently, tho cvtablishment of a rcsidcncc or well any closer to h n  G than 

tho area immcdiatcly odjaccnt t o  White Rock will be prcvcnted. The m a  around White R~ck  
lies in thc provniling groundwotor flow path and is thc first location at which groundwater 
p o t a t i d l y  conmminntcd by wnstc disposcd of u t  Area G may bc uvod whilc site rcstrictiom 
me in place. Establivhmcnt of a wcll at this loa t ion  is consistcnt with c m n t  land use 

pnttcrns in thc region insofr as thc &NL boundary currcntly runs dong the caswrn edge 

of White Rock. The e.xposuros modeled at the point of maximum atmospheric e.xposure end 
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I 'hitc Rock account for the prcvniling mctcorolo~cal concWons, the complex terrain, ond thc 
dcmographic..c in the vicinity of Arcn  G. Both of thcsc locations arc situntcd on land outside 

of thc W L  bou:idnrics. 

The asscsvmcnt of exposures to  the offsitc rcsidcnt u t  tho locntionv discussed obova 

is cxpcctcd to providc rcuvonnbly conucrvntivc dose cstimntcs for the opcrntionnl and active 

institutional control pcriods. AY prct5ouvly discussed, thc lomtion ncnr White Rock is the first 
point wharc rcmlnr usope of wutcr drawn from thc aquifer is possiblc. If cxposuras OCCUT 
during the opcrationul or active institutionnl control pcriods from thc use of contnrninnted 

water, they ore expected to be pcntest  a t  t ! i s  locotion. Groundwnter pathway doves further 
downgradicnt of tlic disposnl sitc will diminish as the conccntrntions of groundwntcr 
contamination nbatc due to dilution and dispcruion. By definition, thc locntion of mnximum 
ntmosphcric exposure will bound doses to  offsitc individuals rcsulting from airborne rcleases 
from Arcs C. Conccntrations of uirbornc contaminants will diminish as tho distnncc from 
the disposal fucility incrcuscs or PY thc locntion of thc rcccptor relative to thc site changcs, 

Groundwntcr may occur a t  LhNL in the rillutium in canyon bottoms, ns zoncs of 
pcrchcd goundwntcr, and in thc rcgionnl aquifer, Thc sourcc of water used by thc offsitc 
resident will directly influcncc the msp-itudc of the dovcs rcceivcd by the individual from 
thc use of contaminntcd groundwotcr, Thcrcforc, the sc1ecti0n of this wntcr sourcc for the 
~ C Q  G pcrformnncc osscssmcnt and complinncc unulysiv is n potentially criticul port of the 
dosc nsaossmcnt. 

Thc source of goundwntcr used as thc basis for projecting dovcs to the offsite rcsidcnc 
must mcct three conditions to  be pcrtincnt to the Arccr G dose asscsumcnt, First, tho water 
must have a potential for bcing contornjnatcd by radioactivity lcachcd from tho Arcn G 
disposal fncility. Sccond, the groundwatcr must bc of adequate quality and supply t o  furnish 
the individual's needs. Finally, the watcr must bs uccessilslc to thc individuol dming the 

operational and active institutional control periods. 

Most of the water percolating through the Arca G disposnl facility is cxpccted to flaw 

vcrticolly until it contacts the regional aquifcr located within t h e  P u p  Formution. Watm in 
the u l luv im in Parajito Canyon and Canada del Bucy mny become conhminntcd following 

Intern1 trnnsport of radionctility from thc  disposal units to thc sides of thc mesa if the 

1 . .. 
. . I  
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conaminntion is wnshcd into the canyon by surface runofl. No contamination of these 

canyon waters is nnticipatcd from radicocti\lity lcnchcd fiom the wastc and transported 

downward with the watcr pcrcoloting through thc disposal site. Zoncs of perched water mny 
be present in the crinyons and may bccomc contaminated us mdioactiX4ty in the alluvium is 

tmmspor7cd downward; pcrchcd goundwntcr has not bccn obscnved beneath Mcsita del Bucy. 

In terms of wntor qunlicy and supply chnractcristics, there is no evidence that z o m s  
of perched water in tha vicinity of k c a  G are cnpubIc of meeting nn in&iduol’s water 

rcquircmcnts. Similarly, the alluvial wntcrs in Canada del Bucy and Parqjito Canyon arc 

not cspcctcd t o  be cnpnblc of supporting average household use. The ollu\rinl water in 
Pataiito Crtnyon, tho morc subatmtinl sourcc of watcr found in the two canyons, would 
gcncmlly be pumped dry during mast seasons of the yew. Adequate watcr may bo available 
for short pcriocb of time follonlng snowmclt runoff from April to  May nnd in mid to  I n k  

summer following runoff from summer thunderstorms. Groundwntcr nlthin the regional 
aquifer is of sufficicnt quality and quantity t o  mcet all wntcr nccds of the rcsidcnt. 

The acccvsibility of thc alluvial poundwatcr and zones of pcrchcd wntcr to the offsitc 

resident during tho opcrationnl and uctivc institutional control periods is limited, These 
sourccs of moivturc arc inacccssiblc in  Parqjito Canyon ndjtlccnt to Arc0 G due to restrictions 
placed on site ~ICCCSS during thc  oporationd and activc institutional c o n m l  periods; they mny 

be acccssed n e w  the town of JVhitc Rock, approximately 2 km (1.2 mi.) away. Allu\+inl and 
pcrchcd goundwntcr mlthin Canada dcl Bucy is acccusible to  individuals throughout the 
opcrntional and active institutional control periods bccousc this cunyon lies on tho border of 

LAKL and Snn Ildcfonvo Indian lands. 

Based on thc prcccding infomation, the r c ~ o n a l  aquifer was sclccted as thc  POWCC 

of watcr for thc groundwater pathway analysis, While nlluvial and pcrchcd goundwatcr  in 

Canada dcl Bucy nnd Pnrajito Canyon is ncccssiblc in somc arcas and may bo contuminatcd 

by mdionctivity transported latcrnlly from the disposd units, i t  is not cnpnblc of meeting 
ycur-round household watcr nccds. The rogionnl aquifer m a y  be contnminntod by 
rndionctivity lcnchcd Erom the wautc, is copoblo of meeting tho offvito resident’s watcr needs, 

and is ncccssiblc to mornbcrs of the public during thc opcrotiond and active institutional 

control pcnods. 
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The potcntial exists for an offsitc rcsidcnt to bc cxposcd to radioactivity rclcascd from 
the k c a  G disposal facility to  surfclec wntcrs udjnccnt to, and downgradient from, Mcsita del 
Buey. Surfacc runoff from thc mesa may rcsult in contaminated ycnr-round or scavonal flows 
in Pnrajito Ciinyon and Cnnnda del Buey. Scpmntcly, contaminated groundwatcr in the 

rcgionnl uquifor may cvcntudly dischnrgc to the Ria Grandc Rivcr, appro?dmatcly 5 km (3.1 

mi,) downgradient of i t c a  G. 

Exposures rcsulting from the use of surface wntcr during the opcrationol und nctivc 

institutional; control poriods w r c  not considcrcd in the k e n  C dose nusessmcnt. Active 
controls ovcr thc disposul site during thcsc periods will allow mcnsurcs to be tnkcn t o  prcvcnt 

the transport of radioucthtty into thc odjnccnt canyons via surface runoff. Projectcd 
exposurcs resulting from the UYC of contaminated surface wntcr from thc Rio Crnnde River 
will be bounded by doses contjngcnt on the use of contnminntcd water drown from the 
rcgionnl aquifer. Fbdionucljdc conecntrations in the river will be lowcr than conccntrntions 
in the rcgional oquifcr bccouvc of dispersive effects during thc additional time required to 
transport thca rndjooctivity to the surfacc wntm and because groundwntcr rclcascs will be 
diluted in the river. Cunscqucntly, the potcntinl doscs resulting from thc use of surface 
w t c r  will bc lowcr than the cxposurcs rcccivcd by using groundwater closer to the disposal 

si tc. 

2.1.2, Tndustrinl Use Pcriod 

Rudionuclidc rclenscs to goundwntcr and thc ntmoaphcrc will continue following the 
end of active institutionnl control and muy rcsult in cxposurcs ta mcmbcrs of tho public. 
Continued DOE control owr thc site will allow l o n p t c m  mnintcnnnce of tha sitc, thereby 

ensuring proper functioning of tho disposal; syotcm componcnw, Brief Iapscs in custodial 
rcsponsibilitics a t  t ix  disposal site may, howcvcr, permit rclenscs via additional mochnnism 

(c,g., particulute rclcusos to thc atmosphcrcl for short pariodu, Lapscs in custodial 
revponsibilitics may also proxldo opportunities for inadvcrtcnt intrudcrs to orrivc at the ai% 

und undertakc various activities that  may rcsult in their cxposurc to  rndioacti6ty, The 
cxposurc sccnnriov used to quantify thc potcntial doscu to offsitc individunh nnd intmdcrs 
during thc industrial use period are discussad below, 
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Exposures of mcmbcrs of the public during thc industrial use period wcre projcctcd 
using the offsite cxposure yccnurios listed in Tablc 2-2, The Groundwatcr R e s o ~ ~ e  
Protcction Sccnnrio was implemented at thc point of maximum groundwatcr csposurc 

cast-southcast of thc Arcn G boundary nnd in Parajito Canyon adjaccnt to &en G, Doses 
projcctcd far thcse locations were uscd to  asscss compliancc with thc 4-mrcmlyrgroundwatcr 
protection standard. Thc All Pathwnys - Croundwntcr Scenario w11s also bplemcnted  n t  the 

point of madmum groundwatcr cxposurc cnstwsouthcast of the h a  G fencclinc, and was 

uscd to ~ S S C S Y  compliance n5tA thc 25- and 3 0 / 1 0 0 = n r c d ~ ~  “all pathwnys” pcrfomancc 
objcctivcs for thc pcrfonnancc nssessmcnt and compositc analysis, respectivclp. The 
Atmovphcric Sccnnrio was uscd to cstimntc potential dosce for an indh5dunl located at thc 

point of maximum ntmosphcric cxposure outside of the Area G disposd facility boundaries 
and for a pcrvon living in tho town of UXtc Rock. Rcsulta for this scenario were cvnluatcd 
against thc lO-mrcdyr  atmospheric pathwoy perfomnncc objcctivc for the pcrformancc 
assessment and thc 30/1OO=mrcnlyr ‘all patliways“ pcrformancc objcctivc for the composite 
analysis. Tlia cxposurc pathways and routes modeled for thevc thrce scenarios were identical 
to those divcusscd in Section 2.1,l. Radon fluxes from t he  undisturbed disposal site were 

projcctcd scparatcly and uvcd to ~ Y Y C Y S  compliance with the 20-pCi/rn2/s (1.9=pCi/ft%) 
pcrfonnancc ossovsmcnt flux objcctivc. 

The rill Pathways - Parajito Canyon Scenario (Tablc 2-21 %*w uscd to cstimata 

potential doses rcsulting from thc  transport of contamination from M e s h  del Bucy t o  the 
canyons below, Thc projcctcd doscv for this scenario worc uscd to assess compliance with the 
2 5 - m r c d ~ w  and 30/100=mrcm/yr “all p a t h a y s ”  doeo objcctivev for the pcrformancc 
nvscssmcnt and composite analysia, rcspcctivcly. 

Radioactivity may be cxpossd on top of the mcsa through n variety of mccbnnismu, 
including plant and animo1 intrusion, soil erosion, and cliff rctrcat. Rntes of erosion at h c o  
G arc such that  wmtc will not be cxpoved until wcll nftcr thc 1 , O O O y  compliancc period, 
A mcar. surface crosion rate  of 4,OxlO” d y r  (1,3x109 Nyr) hus been estimated by Springer 
(1996). Based on this rate, less than 1 pcrccnt of thc covers placed over the disposnl pits and 
shaft3 IVC projectcd to crodc within 1,000 yr. 

Thc uniquc topogruphicd fcaturcs of the Area G disposal facility mnkc it swccptiblc 

to cliff rctrcut, whcrcin portions of the meso walls collapso into the adjacent canyons. If 

2-8 



Tnble 2-2. Offsitc cxiiusurc scennrios for the industrinl usc period. 

Exposure Scenario Hxposure 1’dliwny.s nnd Iloutcs Point of &;nliosrirc 

Groundwater Resource Protection Ingestion of drinking water Enst-southeast of Area C; ;md Parnjito 
Canyon 

All Pathways - Groundwater Jngestion of drinking water 

Ingestion of food crops irrigated with \wll 
water 

Ingestion of meat and milk from animals 
watered with well water 

Ingestion of contaminated soils 

inhalation of airborne radioactivity 

Ilirect radiation from airborne 
rndioactivi ty 

Direct radiation from contaminated soils 

Enst-soulheast of Area G and Prtrajito 
Canyon 

Atmospheric Ingestion of f d  crops grown in 
contaminated soils and contnminated by 
airborne radioactivity 

Ingestion of contaminated soils 

Inhalation af airborne radioactivity 

Point of maximum atmospheric exposure 
outside of Area G boundaries 



Toblc 2-2. Continued. 

Exposure Scenario Exposure Pathways and Routes Point of Exposure 

Direct radiation from airborne 
radioactivity 

Direct radiation from contaminated soils 

All Pathways - Parajito Canyon Ingestion of' drinking water 

Ingestion of food crops grown in 
contaminated soils and im-gated with well 
water 

Ingestion of meat and milk from animals 
wafered with well water 

Ingestion of contaminated soiIs 

Inlialation of airborne radioactivity 

Direct radiation from airborm parficulales 

Direct radiation from contaminated soils 

Parajito Canyon below the Area G 
disposal facility 



allowed to continue over cxtcnded pcriods, cliff rctrcnt mny rcsult in cxposurc of the wnstc 

disposed of in thc pits and shnfm. The time rcquircd for cxpovurc ofthc wnstc to occur will 

depend upon tho ratc of cliff rctroat, n subjcct studied by a numbcr of LANL invcstigntors. 

n c  rctrcnt of mcso walls occurs RY n result of small roclcslidca from cliffs, the 
separation of rocks from slopes, and lnrgcr, dcephscatcd landslides (Rcnenu, 1993). 
Lnndslidcs t>picn!ly result in mass-wasting on a much larger scnlc thnn that o b s c m d  from 
rockfalls. While the cnusc of lnndslidcv may vnry ncrosv thc LANL, seismic shnking wns 

idcntificd ns n potcn t i d y  important triggering mcchanivm for lurgc-scale mass movement 

along Parujito Canyon due to the proximity of faults bclicved capable of genarating 

hlngnitude 7 cnrchquilkcv (Rcncau and Vanimm, 19941. If seismic shaking docs plny an 
important role in landsiidcs, then the rntc of cliff retreat will be proportional to the 
recurrcncc intcrval of scismic events of sufficient intensity to  trigger movcmcnt of blocks of 
tuff, I t  is unclcm, howcvcr, what jntcnsity of shaking is sufficient t o  trigger landslides, 
u?lilc thc rccurrcncc intarvul of Mn,+tudc 7 cvcnts in the ccntrnl portion of the LANL is 
believed to bc p a t o r  than 10,000 v, pcnk ground accelerations of 0.16 to 0,3 6 mny occur 
with 1,000- to 5,000-yr return pcriods (Wong c t  nl., 1993). Short of complctc failure of tho 
15.2-m (CiO-ft)-thick tuff wrills scpmiting the disposnl units from the mcsu edgc, these 
recurrence intcrvals suggest that  it is unlikely tha t  wnstc will bc cxpovcd during the 1,000-yr 

complinncr, period. 

Whilc the lovv of blocks of tuff f o r n  mesa walls due to cliff rctrcnt is a &ycrctr! 

process, invcstiptors PC the IANL have devclopcd cstimntcs of cliff retreat rates assuming 

cliff rctrcnt is a continuous proccsv (Purtymun and Kennedy, 2971; Rcncnu, 1993; Rcnenu 
and Vnnimnn, 1994). Thcuc cvtimntcs range from npproximntcly 3.7~10' to 3.7~10'~ d y r  

(1.5~10'~ to 1,5~10*~ inJyr). Based on thcsc rates and the design critcrian that disposal unita 

bo placed no closer than 15.2 m (50 ft) from the cdgc of thc mcm, wmw may be exposed 

bctwccn 40,000 and 400,000 .yr from the prcnent day, Thcsc wtimntcs support the notion 

that  waste will not bc cxpovcd during the 1,000-yr complinncc period. Conscqucntly, the 

cffccts of cliffrctrcat wcrc not includcd in the dose asscsament. 

Based on tho  prcccding discussion, intrusion into the dispotrcd waste by plants and 
onimdlu was assumed to be thc sole mechanism through which rndionetivity could be brought 
t o  tho ~urfacc of thc disposal facility during thc 1,000-yr pried of complianco. Incluoion of 
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this rcleasc yccnario is cxpcctcd to bc conservative because DOE'S long-term control o\lcr the 

Area G dispoynl facility should prevent widespread cstabliahxncnt of decp-rootcd plants and 

populations of bumowing animals at Area G. 

Radioactivity may also bc transported Iatcrally by water drawn from the disposul units 
Contanination rcachhg the mesa sides may at Arc0 G to the sides of the mesa, 

subsequently be transported into thc canyons below with surface ruaoE. The contamination 
in thc runoff may sorb to canyons soils or be transported downwwd ~ i a  thc aUu\ld 
poundwatcr, cvcntunlly rcnching the rc@onal aquifer. This potential source of 

contamination ofwatcr supplios was also considered in thc projection of exposures for the hll 
Pathways - Parnjito Canyon Sccnorio. 

rcsidcnt in Porajito Canyon was assumed t o  raise crops and onimab to  supply n 

portion of his or hcr food rcquircmcnts (Table 2-21. The crops were msumed t o  be po~n in 
soil contaminated by the radioactivity transported from tho mesa top to tho cnnyon floor. 
Water drawn from thc rcgional aquifer was assumcd to be used for crop imgation and to 

watcr animals raised by the rcuidcnt. The cattle and COWS were assumed to be range-fed, such 

that  no crops were g o w n  to feed them. Exposures to radioactivity werc assumed to occur 

t*mough thc inhalation of pnrticulatcs suspended from contaminated soil surhccs in the 
cnnyon during thc time spent at homc, whilc ingestion doses wcrc assumed to result from the 

consumption of crops raised at the rcsidcncc, milk and meat from animals raised a t  the site, 

small amounts of contaminated soil, and wntcr drawn from thc  well. Exposures to direct 
radiation from airborne contamination at the homcstcnd and radioactiviw dcposited over the 

resident's lot wcrc assumed to add to thc intcrnul cxpouurcu, 

ils discussed in Section 2.1, DOE is cxpcctcd to maintain responsibility for thc Area 

C dsposnl site throughout the 1,000-~~ complinncc period, Continued control over the site 
will minimize thc potcntial for contact with thc disposcd w'astc. Howcvcr, if DOE bccorncs 

complacent about ita custodial responsibilities for n short period of time (e.g., one or t\h*o 

ynrs),  a situation may arivc whcrc on inadvertcnt intrudcr wrivcs at t he  site and, through 
his or hcr activities, bccomcs wpoucd to rodioncti\5ty. Civcn this possibility, an intmdcr 
analysis was includcd in the dose asscssment to asscss c o m i h n c e  with the intruder dose 

objectives speaficd in  DOE Order 5820.X 
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Five intrudcr cxposurc sccnmios, dcscribcd in Table 2-3, wcrc cvnluntcd for inclusion 

in the dose projections dcvolopcd for t l x  h e n  G performance usscssmcnt. Thc tnblc bricfly 
discusses the iictivitics that \VCPC ussumod to occur, when they were expectcd to bc feasible, 
thc amount of time cnch intrudcr was assumed t o  be cxpoucd to  rndioactivity, nnd the routes 

of cxposurc. In general, these cxposurc scenarios rcsumblc thosc used by the US. Nuclcar 

Regulatory Commission (NRC) in support of 10 CFR Pnrt 61 (NRC, 1986). 

Although the Drilling and Post-Drilling cxposurc s c c n d o s  m c  commonly corwidcrcd 

during the dcvcloprncnt of exposure sccnnrios for rndiologicd dose ayscssmcnts, they wore 
excluded from tho h e n  G pcrfomnncc nsecssmcnt. Both sccnariov arc basod on the 
assumption that the intruder cstnblishcs a well after arriving at the disposal site. Consistent 
with the Standard Format and Content guidance issucd by DOE (1996b1, thc cstnblishment 

of a w ~ l l  and subscqucnt UYC of groundwater wcrc not nssumcd to occur. 

The time a t  which thc intrudcr scenarios were considcrcd to be feasible may have 
significant cffects on thc projected doses, In  generid, intrusion into thc wovtc wns considcrcd 

fcusiblc a t  any time following the 100-lw activc institutionnl control pcriod as long ns thc 
wastc had dccomposed sufficiently to rcscmblc ordinary soil and no banicm M intrusion wcrc 

encountered, If the intruder cncounters intact ~ a s t c  pnckagcs, stabilizcd wasto (.c.g., grout), 

or cnginccrcd bnnicrv bag,, concrctc caps on disposal shafts), it was assumed that  the pctson 
would s top 011 intrusive activities and lcnvc the site. 

Conditions necessary t o  delay intrusion into tho disposal pity beyond the 100-yr activc 

institutional control pcriod w w e  not nssumcd to  exist. Thc potcntinlly rapid dccompouition 

of cardbourd boxcs rind stccl drums used to disposc of historic waste minimizes tho likclihood 
of encountering thcsc waste packages in an intact stntc. While the E-25 boxw to bc used for 
future wnvtc dispovul may remain intact for longer periods, their actual lifetimcs under Area 
G disposal conditions arc not known. Conscqucntly, i t  1vus assumed that thcsc containers 

bo not limit the potential for intrusion into tho wusfx, In terms of' waste form, mctnls nnd 
stabilized wnstc may be rccogniznble oftor 100 JT. Once again, however, the rntc nt which 

thcsc materials will dcgadc  to forms thnt  arc indistinguishablc from the rcmnindor of the 
mntcrinl in thc pits is unknown. Lacking this information, it; was coasarvativcly assumed 

that these waste forms do not prcvcnt intrusion. The othcr forms ofwastc disposed of in  the 
pita (e.g,, cellulosics, sludges, animal tissues, and filtcrs) truly may bc unrccopizublc ns 

* .. 

. I .  
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Table 2-3. 

Exposure Scenario 

Intruder-Agriculture 

In truder-Cmstruction 

Intruder-Discovery 

Intruder cxposurc scenarios considercd for lhc Area C; pcrformancc assessment. 

Scenario Ilescriptton 

The intruder resides in a house constructed over the 
closed disposal u n i k  'The person works away from t h e  
house during the day and  spends a portion of their 
spare time raising crops fGr personal consumption. 
Crops are grcirvn in ccintamination hrriught to the 
surface during basement excavation. T h e  scenario may 
occur any  t ime after the 100-y~ active institutional 
control perid f i r  the disposal pits; intrusion into the 
shafts is prevc-ntcd for 300 47  by the concrete caps. 

An individual arrives at the  disposal site and 

Radioactivity brought to the  surface during basement 
excavation is spread over the  house lot. The scenario 
is considered to he feasible at a11 times following the  
100-yr active institulional control period for the 
disposal pits; intrusion into the shahs is assumcd to be 
prevented for 300 yr by- the  concrete caps. 

An individual 3rrives at the disposal site Lo construct a 
house. The person encounters an intact barrim, 
stabilized waste, or a waste package in the murm of 
excavating a basement; determines that  lhc site was 
u s 4  fix radioactive waste disposal; and abandons all 
efforts. Wic scenario is feasible at the  end of the 
10O-j-r active inslitutional control period for thc 
disposal pits and shafts. 

. constructs a house over the closed d i s p a l  units. 

Period of 
Exposure 

t h dyr) 

6,180' 

500 

6 

E x p o s u r e  Routes 

Ingestion of contaminatd  food and 
soil; inhalation of airborne 
contaminants; direct radiation from 
airborne contaminants and  
contaminated sooils. 

Inhalation of airborne contaminants; 
ingesticin of contaminated soils; direct 
radiation from airborne contaminants 
and contaminated soils. 

lnhalation of airborne contaminants; 
ingestion cf cmtamination; direct 
radiation from airborne contaminants 
and contaminated soils. 



Trrblc 2-3. Con Cinticcl. 

Erposuro Scenario 

Intruder-nrilling 

Intruder-Post-Drilling 

Strtnario Ilcscription 

A Iocd well driller is contractmi to drill 3 well through 
?he c!oml disposal units. Radioactivity brought to the 
surface nisith the drill cuttings is spread o w r  a limited 
area around the drill rig. The scenario may occur any 
time after the end of the 100-p active icstitutional 
control pcn'od for the d i s p a l  pits and shafts. 

An individual resides in a house constructtd over the 
closed disposal units. The ptrson works away from the 
house during the day and spends a prticn of their 
spsre time raising crops for personal consumption. 

, Crops are gr0;h-n in the ccntamination brought to the 
surface during well drilling only. The scenario may 
occur any time afier the ~ O O - J T  active instituticnal 
control period for the disposal pits and shafts. 

Pcriad of 
Exposure 

100 or IC-ss' 

(tr  rh7) Exposure Itoutes  

L i m i t d  inhalation of airborne 
contaminants; limited dircct radiation 
from air immersion; dirert radiation 
from csntaminatd drill cuttings. 

6,160' Ingestion of contaminated fmj, 
water,  and soil; intialation of airborne 
contaminants; direct radiation from 
airborne conlaniinnnts and 
contaminated soifs. 

a. 
b. 

Time of exposure include3 4,360 hr inside the house and 1,600 hr outside the house. 
Time required to drill the well is specific to the area geology and depth of the well. 



wnstc within 100 yr of disposal. Finally, intrusion into thc pit wnstc was not assumed to be 
limited by thc prcsenca of cnginccrod burricrs becnusc no such fc'crrtrurs cxisc. 

Contuincrs uscd to disposc of waste in t h o  disposal sbaftg were not assumed to 
prcvont intrusion into tho wnvtc n h r  Ehc cnd of the institutional control period for tbc 

reasons given ~ 5 t h  respect to tho  pits. Similarly, while mctnllic and concrctc wnstc forms 
mny not be fully dcgrndcd wvithh 100 yr, it was conscn*ativcly n s s u c d  that intrusion is not 
prcvmtcd by thcst, mntcrinls. Thc disposnl shnit dcuign incorporates concrctc caps to  bettar 

isolate the wastc from the surfiico environmcnt. Tho use of thete caps to seal the disposal 
shafts wag cxpccted to limit the ability to excavate II bnscmcnt. While t he  expected lifetime 
of tlicsc concrctc caps is unlmown, it wns nasumcd that tho concrctc caps will resist intrusion 
for 300 ,w. Conscqucntly, the I n ~ d c r - ~ c u l t ~  nnd Intruder-Construction scenarios were 

not projcctcd to occur over thc dispovd shafh until 300 yr after thc end of thc clouurc period. 

Tl io intruder nnnlysis for tho Arm G perfomnncc nsseosmant wm 1imit-d to the 

dcvclopmcnt of dose projections for the Intrudcr-@culturc Sccnuio, Frajcctcd e.xposurcs 

for the  Intruder-Construction and Intruder-Discovoty s c c n h o s  will bc lower thnn those 

projected for tho hCrudor=&riculturc Sccnho  for the masons discussed below. Aa stated 
earlier, tho Drilling and Po~t-Drilling sccnnrios were excluded fiom consideration bccnwc 
lonptcrm control over thc sito is cxpectcd to prccludc cutablishmcnt of n well. 

Thc milgnitudcs of potential intruder c.xpouurcs arc n function of thc radionuclide 
conccntrntions in contaminated media, the length of time t he  person is c.xpoacd to  thcuc? 

media, and tho cxtcnt to which tho individual uses tho  contominatcd rcsource~, The 
conccntrntions ofradioactivity encountcrcd by the npicultural  intruder arc the snmc nu those 

projected for thc Intrudcr-Construction Scenario becausc tho Y ~ C  dcgrce of iatrusion inta 
thc disposed wnvtc is povtulatcd t o  occur nt the namc times relative to divpoval facility 

closure. Thc projcctcd conccntrations of ra&oncti\5ty contnctcd j, thc Intruder-Discovery 
Sccnario arc grentor than those cncountercd in thc Xntrudcr-Agxiculture and 
Xntrudcr-Construction sccnorios for any given time becausc the wastc \vas not assumed to 

be exhumed and mixed With clcan cover soil, 

Timcs of c.xposure to rndioactivity arc gcntcvt for the Xntrudor-Apiculeun, Sccnario 
(Table 2-31, Thc intruder in this sccnnrio was assumed to spend 6,180 hr at the rcsidcnce, 
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70 percent o f w h c h  is spcnt indooru. In contrust, construction of Lhc hounc WLW u.r.rumcd LO 

require only 500 hr, while thc discovercr wns nssumcd to spcnd 100 lv or leas a t  thc disposal 

site. Thc individurrl who rc-sidiw rlr, t h c b  cIowc~cI di,rponnl f:icility nlso mnlccs th(1 ,qTr!ntr?st UHP 

of contnminntcd rcsourccs and, hcncc, is subject to grcntcr risks of cxposurc. This person 
receives exposurcg throuEh ingestion of contnminntcd foodstuffs and noil, inhulntion of 
oirborm pnrticulntcs and ~ C I Y C S ,  and direct rndintion from uirbornc and uoil contaminntion. 

A subset of thcsc potential cxposurc routcs pcrtdnu t o  thc remaining intruder sccntuios. 

IVhcn thc conccn trcltions of radioactivity cncountcrcd, thc times of cxposurc, ond the 

lcvcl of remurcc utilization arc tnkcn into consideration, potential cxposurcs will bc grcatcut 
for the n p i c u l t u r n l  intruder under nll conditions. iL.1 such, projected dowR for this Rcenario 

will rcyult in WAC that  arc more rcstrictivc thnn criteria bnacd on projected doves for thc  

Intruder-Construction and Intruder-Discovcry scenarios. Conscqucntly, this scenario way 
choscn as thc busis for the intruder unalysis conductcd in support of thc Arcu G pcrformnncc 
uuscssmcnt, Thc pcrfo.mnncc objcctivcs Cor thc cornpositc nnulysi8 pertain t o  potcatinl 
cxposurcs rcccivcd by members of thc public; they do not apply to  persons who mny 
inndvcrtcntly intrude into thc disposed wute (DOE, 1096~) .  Thus, no intruder dose 

asscsemcnt was conducted for thc Arcn G cornpovitc onnlyais. 

k i  discussed curljclr, tlic inndscrtcnt intruder nnnlysis \vas included in thc 

pcrformltncc nsscasment to  nddrcss thc possibility that  DOE may bccomc complacent in its 
custodial rcsponsibilitics a t  Arca G for a period not cxcccding 2 JT (DOE, 1996b). Thc nctunl 

length of cxposurc is importanl; bccrrusc it detcmincs thc basis for assessing complinncc with 
the DOE Ordcr 5820 .U  pcrformance objcctivcs, The pcrtincnt dose objective is 500 mrcm 
for x u t c  cxposurcs, while chronic cxposurcs must not rcault in doses to the infiudcr 

exceeding 100 mrcm.JF. 

Thc KRC dcfrncs acute cxposurc cvcntv as thovc thnt occur for less than 1 yp (NRC, 
1986). Bawd on this definition nnd on the assumption tha t  complnccncy on the part of the 
HitC custodian could last as long as 2 yr, i t  WQN n.rnumcd that the Intruder-Agricultururc 

Scenario consti tutcs n chronic cxposurc. Conscqucntly, the 100-mrcrrJyr performance 
objcctivc wnR uscd to ~ , S H L " H  complinncc with DOE Ordcr 58202A for the intruder unalyYis. 
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Thc offsite and intruder c.xpouurc sccnuriou uscd to project potcntial doves during the 

industria! use period should be placed in proper pcrspcctive with rcspcct to current land use 

pnttcrns and the ncad to dcmonstratc complinncc with DOE performance objcctivcs. In tcms 
of futurc land-usc patterns, tho cxposurc scenarios may not accurately portray thc ways in 
w1lici.l Mortitu dc.1 Buoy irnd the cunyonn udjuccnt to i t  will bc used by their i n h u b i t m e  in thc 

future. More rcasonablc expectations would be that this I m d  w4l rcvcrt to uses consistent 
with thc  current lifcatylc of the San Ildcfonso Indiana, owners of the lands adjnccnt to thc 

m, 

Thc expouure sccnnrios wcre sclectcd to  pro\$dc rcasonably conscnmivc c s t i m n m  of 

the potcntial csposurcs that  may rcsult from the waste disposed of a t  Area G. To the cxtcnt 
that  thc scenarios rcprcvcnt morc intonsivc usc of potentially contaminated resources than 

might actually occur, thc calculated dosas arc expected to provide additional aewrancc that 
tho disposal systcrn will perform at lcavt ns well as projected. This uppmach to modcling 
exposures facilitates thc cvaluntion of thc ability of thc disposd facility to comply w<th thc 

dove objectives for thc porf'ormance nsscvHmcnt and compositc onnlysis. 

2.2 MODELS Ilua DATA 

The models and data used to project doves for mcrnbon of thc public and inadvcrcent 
intruders arc prcscntcd below. Section 2.2.1 discusscs thc radiological inventorics used in 

the dose nYsessmcnt and thc steps tnkcn to modo1 depletion of radioactivity over timc. 
Scction 2.2.2 describcv the modcls and data used to simulatc environmental transport of 
radioactivity to locations accessible to humans. Scction 2.2.3 prcwnts the models and data 
used to project intnkc of radioactivity by humans and thc consequent doses, 

21.1 Rndionucl id~ Tnvcntow Proiwtionn 

Tho pcrfomnncc nvscvamcnt and composite indysis address diffcrcnt portiorzv of tho 

waste disposcd of at Arca G sincc tho facility opened in 1957. The pcrf'ormuncc assessment 

nddrcsscs wnstc disposed of since Scptcmbcr 26,1988, and waste cxpxtcd to rcquirc dispovd 
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through the end of disposul operutions in thc yeur 2044. This inventov wan divided into two 
;)ortions: w s t c  diaposcd of botwccn Scptcmbcr 26, 1988, and tho end of 1995, and wnstc! 

projected to rcquirc disposnl from 1996 through 2044. Each of thcsc invcntorica WM further 
divided based on whcthct thc wastc was buricd in pits or shnfta, 

Thc invcrltov for thc compositc analysis jncludcv waste disposed of ot  ASCR G oinco 

the facility opcncd in 1957 and wustc cxpcctcd to  rcquirc disposal in thc future. Ay such, thc 
composite analysis invcncory includes thc segmented pcrfonnancc? nsscmment inventory 

discussed above. I t  dividcs the wostc disposed ofbctwccn 1957 and September 25,1988, into 
two sepcn t s :  the wnste dispovcd of through 1970, and thc wwte disposed of starting in 

1971. Scpmatc invcntorics for disposril pits and sh:ifts W C ~ C  dcvclopcd for anch divpasnl 
period, 

Scpttrnting thc pcrformancc nsscximcnt and the compositc nnnlysis invcntorics into 
d i s p o d  u n i t  and time-specific scgmcnts offcrv xvcrn l  ndvnntogcs. It p e m i w  cvnluntion of 

thc contributions thc pits and shafts makc to  thc projcctcd sccnnrio doscu, and pcrmits more 
detailed analysis of how unccrtnintics rtssocintcd with thc inventory projcctions influcncc 
disposal facility projcctlons. In uddition, thc development of WAC for the Arcn G disposal 
facility nceda to account for ftiturc disposal prclcticcu. Bccausc thcsc prncticcs nre cxpcctcd 
to  differ from historic opurntions, period-npcciiic invcntorics arc required for thc pcrformoncr 
ayscusmcnt inventory. 

Radionuclidc inventoricy in the disposul units will dcclinc over timc as radionuclides 

undergo rdioactivc decay, as radioactivity is lcnchcd from thc unit9 by wntcr pcrcolnting 

through the disposal site, and, for some isotopes, as the radionuclidcs diffuse upward out of 
the units as gases. For the A n a  G dose asscssmcnt, dcplction of thc invcntary was assumed 
to occur only ns a rcvult of radiooctivc docay; no credit WRS tnkcn for dcplction of the 
inventory due to lcuching or gnucous diffusion.. In gcncrnl, depletion duo to mdioactivc decay 

was calculated as 
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whcrc 
Qi,t 3: inventory of radiocuclidc i at time t (Ci) 

Ql,O = init id inventory of radionuclide i (Ci) 

4 3 radionctive dccny constant of radionuclide i (JT’’) 

t = time since disposal (YrL 

Adjus*mcnts mndc to account for radioactive decay must reflect tho disposal history 
of t he  wustcr. To minimizo thc need for d c t d e d  accounting of disposal dates, 011 waste 

disposed of during a given pcriod was assumed to bc placcd in the disposal uniw a t  the end 
of that period. For cxmplc, decay adjustmenu for waste projected to bc disposed of prior 
to 1971 W C ~ C  based on tho assumption that thc mnterinl was placed in the pits and s h n b  at 

the cnd of 1970a Similarly, decay adjustmcnts for waste disposed of botwecn 1971 and 
Scptcmbcr 25,1986, and for wastc disposed of betwccn Scptcmbor 26,1988, and 1995 were 
boscd on disposal dates of 1988 nnd 1995, rcspectively. 

The mujority of thc waste projcctcd to  rcquirc disposal in the future was assumed to 
be gcncratcd at ;I constant rate betwccn 1996 and the end of Area G disposal operations. The 
activity of R given radionuclide in the waste at thc end of disposal opcrations is given by 

T h e  timc, t, in Equation (2-2) rcfcrv to the Icngth of timc thc disposnl fucility is avsumcd to 
acccpt tho  future wastc. Thc Area G divpovnl facility was nsuumcd to continue to occcpt 
waste through thc year 2044, or 49 yr from the end of 1995. Adjustments for radioactive 
dccay of thc future invcntory remaining in 2044 were made using Equation 2-1. 

A portion of tht inventory projectcd to rcquirc disposal in the future includes 
tritium-contnminatcd wastes that hnvc boon in storage for varying lcn- of time. 
Adjustmen& for radioactive decay of this wnstc were mndc bavcd on tho dnte the w*nstc wns 

generated, if avnilnblo, using Equation (2-1). If thc dnte of generation was unknown, it was 

assumed that thc waste was placed in storago at thc end of 1995 nnd dewycd from that time 
forward, 
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Several radionuclidcs included in the Axon G dose assessment dccay to form 
rudiouctiva d:iughtcr products. Thc ingrowth of dnughtcr products over timc is an important 

part of thc disposal unit invcntories and must bc accounted for in thc projection of doses. 
The uctiiity of n givcn daughter product is a function of thc half-lives of thc parent and 

daughter rudionuclidcs nnd the tirnc over which ingrowth is nusumcd t o  occur. For the dose 

asSeSSmcnt, daughters with half-liveu that are short rclativc to thaw of thcir parents were 

assumed to bc i n  sccular cquilibnum H i t h  thcir pnrcnts and, thcrafore, to hnvc thc s m e  
activities as the parent rodionuclidcrr. Thc octivitics of longcr-livcd dnughtcra wcrc 

calculated using thc Bntemnn equation. 

For thc pcrformnncc nsscssmcnt, the conccntrations of waste radionuclides in thc 
disposal pits and dlaftu wcrc used in the projcction of doses t o  inndvcrtcnt intruders. In 
general, thcsc concentrations wcrc calculated xi the product of t h c  radionuclide 

concentrations in thc wnstc and the wastc cfiplaccmcnt cfficicncics for thc various disposal 

units. Wastc crnplxcmcnt cficjcncics for thc pits and shafts tha t  rcccivcd waste through 
1995 were 36 und 42 pcrccnt, rcspcctivcly, Thcrjc estimates were bnscd on thc nvcrngc 

cmplnccrncnt cficicncics for disposal units that  bcgan rccciving wnstc aftcr 1970 and which 
arc now closed. In anticipation of operational practiccv thnt will increase pit disposal 

cfliciencics in thc futurc, P waatc cmplacumcnt cficicncy of 50 pcrccnt was assumcd to apply 

to  d l  futurc disposal pits, Changes in opcrntionnl prncticcs arc not cxpcctcd to affcct thc 

wnstc cmplnccmcnt cfficicncy for disposal shafts. Conscqucntly, the wnatc cmplnccment 
cffrcicncy of 4 2  pcrccnt for thc historic disposal shafts was opplicd t o  the futurc disposal 
shafts as wcll. 

Thc disposul shafts includcd in chc. Arca G pcrfomnncc asscssmcnt and composite 

ann!ysis ure distributed in small groups over CI lnrgc portion of the disposal facility. This 
wide-ranging sputial distribution makcs projecting dosos to the inadvertent intrudcr difficult. 

In an nttcmpt to  simplify this portion of the dose nsscssmcnt and to  provide n rcnsonably 
conservative cstimntc of potcntiul intruder doves from shnn woute, it was ossumcd thnt the 

disposal s h a h  are arrnngcd in a shaft ficld. Thc dirncnsions of the shaft ficld were bnsed 

on the minimum spacing used in cxcnvnting the Bhnfis. Specifically, shafts with diameters 
of 0,9 m (3  ft) or ICM wcrc nssumcd to bc nrrnngcd t o  maintain a distancc of 2.3 m (7.6 ft) 
from the centcrs of adjacent shafts, Larger s h a h  were assumcd to bc spaced 5,5 m (18 f't) 
from the centers of adjacent s h a h  (Kopp, 1991). 
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Based on tho calculntionu described obovc, tho portion of the nrca within thc shaft 
3 that convista of shaft disposal u n h  WOY dctcnnincd. This calculation indicated that 

apprordmatcly 11 pcrccnt of thc SW~ACC arm of thc shuft ficld consists of dispovol units. 

Consequently, thc uverqc radionuclidc conccntrntions in historic and future shaft waste 
wcre rcduccd by roughly an ordcr of magnitude pnor to using thcm in projccting doses for 

inadvcrtcnt intrudor cxposurc scenarios. 

Thc disposal of radioactive motcrinl mny result in the tclcusc of radionuclidcs to the 
cnvironmcnt. Transport of thcsc rclcoscs may rcsuit in contamhation of ground and surface 
waters, ~urfclce soils, biota, and uir. Thc modchg appmnchcs tnkcn in simulating thc 

environmcntrrl transport of radioactivity from thc disposal pits and shafts arc discussed 
below. 

Tho foIIoting discussion is organized in terms of the en~lronmcntd mcdin that may 
become contaminatcd by rcleascs from thc disposal pits and shafts. Scction 2.221 briefly 
discusses thc approach uscd t o  modcl groundwatcr contarninant transport in the vadose zone 
and radionuclidc dilution in thc aquifer, Scction 2,2.2.2 describes the models used to 

calculatc lcvals of contamination in surfncc soils resulting from intrusion into tho waste, 

crosion, and cliff rctreat. Tho cquations used t o  project radionuclide conccntrntions in 
vegetation and animal products nro provided in Scctioas 2.2.2.3 and 2.2.2.4, rcupcctivcly. 
Finally, thc models usod to cstimotc atmospheric conccntrntions of mdioactiviw are discussed 
in Scction 2.8.2.5. 

2.2.2.1 Groundwntcr 

Rodionuclides leached from the wnvtc may bc transported vcrt idly through the 
unsoturntcd zonc and discharged to the rc@ond aquifer underlying thc disposal site, or 
tronspomd laterally fiom thc disposal units to tho sides of the mesa. Groundwotcr transport 
of rodionuclidcs through the unsaturated zono underlying Arc0 G and the regional aquifer 
was modeled by LANL personnel (Birdsell, o t  d,, 19971, 
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Thc results of the groundwnter transport rnodolinr: WCTC used to identify tlic loentiona 

at which thc gcntcs t  goundwatcr pathway axposurc occurrcd for the Groundiwtcr Rcsourcc 

Protection and All Pathways - Groundwater cxposure scenarios* hojcctcd radionuclide 
concentrations in thc nqujfcr wcrc multiplied by normalized cxposurc sccnario dose factors 

and summed a t  each model node or location, T l ~ c  locations with the greatest total doee were 
used as thc basis for mora detailed dose crilculations for thc  t w o  sconnrios. 

A1 Pathways - Pnrajito Canyon Sccnario included an  evnluation of thc potcntinl 
impuctv of rndionctivity that WUR transported latcrnlly from thc disposal units t o  thc Hide8 
of the mesa. All contamination reaching thc mesa aidcs wns conscrvntivcly assumed to be 

transported into :he canyon by surf'ncc runoff, and downward t o  the re$onal aquifer with 
water pcrcolnting through the canyon alluvium. In lieu of dctniled dilution modcling of thc 

contnminotion entaring thc aquifer, rndionuclidc concentrations for thc vnrious ,sc,gncnts of 
the pcrformancc usscssrncnt nnd cornpositc analysis i nven to rh  wcrc ximply summod prior 

to estimating thc conscqucnt doses, 

Thc Arcu G pcrfonnancc asscssmcnt W L L ~  conductcd to asscss compliancc with the 

DOE Ordcr 5820.2A performance objectives, One of t h a e  performance objectives requires 
the protcction of groundwatcr rcsourccs. Aa discussed in Suction 1, this objective was 

intcrprctcc! to  mcan that conccntrations in thc rcgiionol aquifcr m w t  bc such that 

consumption of the watcr will not lend to a dosc p c a t c r  thon 4 mrcdyr. Thc doses 

cdculatcd to dcmonstratc complinncc with thc groundwater protcction stnndurds were bnscd 
on projcctcd rndionuclidc concentrations in thc aquifer, and did not account for dilution 
cffilcts crcutcd by pumping wntcr over thc scrccncd lcngth of thc wcll, 

2.2.2.2 Surfucc Soils 

Surfncc soils mny become contarninntcd from inadvcrtcnt intrusion into tho disposed 
waste by humanv an3  intrusion into thc wnstc by plants and burrowing nnimnls. Wnste 

rndionuclidcs may nlso be exposed following erosion of the cover system pluccd over thc 
divpoenl units nnd cliff rctrcat along thc cdgcs of the mcsn. Thc methods for projecting soil 
contaminant conccntrntions from thcsc mechanisms UTC discussed below. 
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cxcavnting n bnscmcnt into Cnc dlsposal umu.  'Lnc concenmanon 01 rncuoacnmy in s w n c e  

soils following humon intrusion is n function of thc extent of intrusion Le., thc m a  and 
dcprh over which intrusion occurs) and thc depth of thc cover systcm plnccd over the waste, 

It  was nssumcd that thc su r thx  nrcn of tho house is 200 m' (2,150 e), typical for n 

reasonably largc ranch-stylc home, Thc axcnvation wns assumed to be 26 m (65 ft) by 16 m 
(52 ft) at  thc ground surface (ghlng a 1:l slope for the sides ofthe hole) and 3 m (9,s ft) deep 

(NRC, 1986). 

Thc total amount of matcnal axhumcd during bascmcnt construction is 906 m3 
(3.2~10' ft?), A portion of this matcnnl cor.sis8 of thc cWhcn covcr system plnccd ovcr the 
disposal units at thc cnd of operations. The rcmaindcr of thc materid is t h e  crushed 
cuWvwastc mi.uturc plnccd in thc units. Approximately one-third of thc exhumed motcrid w*os 

nssumcd to be used as backfill outside of and around the basement wdls. Thc remaining 600 
m3 (2.1~10' ft') of material wcrc distributcd ovcr the 2,300-m' (2,5x10'-ft2) lot on which the 
houvc wns consmcted,  lcvs the nrcu occupied by thc. house. 

Concentrations of radioactivity in thc mntcriul sprcnd over the intruder's lot were 

cnlculatcd using 

whcrc 

c, At 

CW,, 

E, 
E, = total volumc of oxhumcd matcrinl (mJ). 

= 

I 

= 

soil conccntration of rndionuclide i at time t (Cf ig)  

waatc concentration af radionuclidc i at time t (C-) 

volumc of exhumcd mntcrial consisting of crushed tuWwnsto (m') 

Equation (2-3) implicitly assumes that thc crushed tuWwnste mixture excnvotcd f h m  the 
disposal unitb) is uniformly mixed with thc  covcr mntond overlying the ~*as tc  before the 
matcrial is .spread ovcr thc lot. Thc wnstc radionuclide conccntrations, C,,w,t, wcrc cdculawd 
ns thc rodionuclidc invcntorics in tho waste di\+dcd by the cntirc volume of wostc dispoeed 
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of in tho pits or .shafts. Avcrqy radionuclide concentrations werc calculated for the four 
periods for which inventory data wcre dcvclopcd (see Scction 2.2.11, taking into account 

rndionctivc decay and daughtcr ingowth. 

mc volume of the cxhumcd matcrial consisting of thc crushed tufVtvastc mixturc, E,, 
is equal t o  the urea of thc cxcavntion timcs thc excavation dcpth less thc cover thickness. 

The thickncsv of thc waste ploccd in the disposal pits is  15 m (49 ft) nnd 16 m (52 it) in the 
shafts, bawd on thc nvcrngc thickncuu in historic disposal units included in the pc?rformmcc 
assessment. Thc nominal thickncss of thc interim covcr ovcr thc historic pits is 1.0 m (3.3 

ft), ~ h i l c  1,4 m (4.6 ft) of topsoil, crushed tuff, and concrctc arc plnccd over the historic 
disposal shafts. A uniform cover thickncss of 2 m (6,E fi) was used for nll pits and shafts 
opened for wrrstc disposul after 1995, rcflccting tcccnt changes in disposal opcrntions at 
Axen c, 

Radioucti\<ty may also 5c brought to the uurfacc of thc disposal facility by animal nnd 
plant intrusion into thu wnstc, T h e  burrows of invcrtcbrntcs and smnll mammals may e.xtcnd 
below thc cover placcd over thc waste, rcsulting in the incorporation of c0nta.dnant.s in the 

surface soils. Roots of plantti mny cxtcnd into thc waste und provide CI pathway for thc 
uptake and assimilation of rndionctivity. Following thc dcnth of tho plant or loaf fall, thc 
rudionctivity mny bc incorporated into thc surfrrcc soils as thc littcr dccnys. 

In gcnernl, DOE control ovcr the disposnl site was cxpcctcd to reduce thc impacts of, 
b u t  not cornplctcly prcvcnt. biointrusion into the disposed wnstc. T h c  establishment of plant 
species with c.utrcmc rooting depths was nssumcd to bc prcvcntcd by removing individuals 
once t h y  wcre identified. Simiinrly, rccognizjng thnt complctc eradication of burrowing 
animals may be difficult, nominal lcvalu of burroN<ng wcrc assumed to occur. "he modcling 
approach used to cstimatc thc trnnsport of rodionctivity t o  thc surfacc of thc disposal sitc by 
plant? and animals is discussed in Vold and Shumar, (1997). 

Erosion %ill indirectly and directly offcct thc conccntrntions of radionuclides in thc 
surfucc soils n t  Mesita dcl Bucy. Erosion of thc mcsn top will influencc thc volume of was& 

exhumed as n result of intrusion into the waste. As the covcr systcm is removed, thc 

proportion of thc rnntcrinl brought to  the surfncc 'kough humm, nnimnl, and plant intrusion 
thnt is waste will incrcasc. If erosion goca unchecked for very long periods, thc cover plncod 
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over thc dispovnl pits nnd shafts may bc entirely rcmowd. Undcr thcac conditions, 
radionuclide concentrations in the OKPOSC~ " s d a c c  soi1s" will be equivalent to the origind 
as.dispo.ucbd W ~ A C C  conccntmtions, corrcctcd for radioactive decay and daughtsr ingrowth, 

Work conducted by Springcr (1996) indicatcs a shcet erosion rotQ of 4x10'' m / r  

(1.3~10" f t l ~ ) .  Boscd on this rate und thc 1,000.y~ period of compliance, it is cvidcnt that 

erosion will have a limited affect on the covcr system placed over the disposal units. 
Ncvcrthclass, reductions in thc thickncsv of the cowr s,vstcm wcre accounted for in 
dctcrmining thc quantity of waste brought t o  the surface from human and biotic intrusion. 

Surf'acc soils at offsitc Iocations may bccome contaminated through a vaxicty of 
mechanisms, including deposition of uirbornc contaminants, deposition of radioactivity in 
watcr used for crop irrigation, and sudacc water transport of radionuclides. Soil 
concentrations resulting from thc first two proccsucs were modeled using Equations (2-4) and 
(2-5): 

whcrc 

C\,"L,t = air  concentrution of rndionuclidc i at time t (Ci/m3) 

Vd = deposition velocity ( d s )  

3.15x107 t seconds pcr year conversion factor 

= time over which dcpositcd activity builds up (yr) 

d = plow depth (m) 

P, = bulk density of surfocc soil (lrtg/m3). 
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whcrc 

Cl At 
c groundwater conccntration of rndionuclidc i nt timc t (Cilrn') 

I r  = irrigation rate (m3/m'-hr) 

8760 z hours per ycnr conversion factor 

fr = frnction of scar crops arc irrigated. 

A deposition vclocity of'0,OOl m/s (0.04.inJs) (Soldat ct nl., 19741, a buildup time of 15 y~ 

(hTC, 19';7), a plow layer dcpth of 0,15 m (5.9 in.) (NRC, 19771, nnd LI soil bulk density of 

1300 kdm3 (61 lb/f't3) (Abeele, 1984) w w c  used for the Arm G dose assessment. Crops were 
assumed to  bc irrigatcd at  a rate of 2.1~10~ m?'m'-hr (5.2~10'~ gaVft'-hr) for 27 percent of thc 
year (based on Hnnscn, 19950), Equation (2-4) w*ns used to projcct soil conccntrntions nt  the 
locotion of maximum atmospheric csposurc. Equnrion (2-5) was uscd to project soil 
concentrations a t  the offsitc locations whcrc thc resident uses groundwntcr to irrigatc crops. 

The A n n  G dose :is,qcssmcnt cvaluatcs potcntitll cxposurcs rcsulting ftom t he  

transpofi of rndionctivc sediments on thc top of Mcsitn dcl Buoy to Parnjito Canyon. The 
complcxity of modcling sediment transport is such thnt u simpler appronch was token which 
is expected to  bound the potcntinl exposures. In this approach, the rndionuclidc 

conccntrations in thc canyon surfncc soils o n  givcn by 

where 

CL.W.1 
= surfacc soil conccntration of radionuclidc i in the canyon at time c (Ciikg) 

= 

= 

surface soil concentration of radionuclidc i on thc mcsn tit time t (Ci/kg) 

dcpth of surfpcc soil on meso thnt iu trmuportcd t o  thc canyon Cm) 
C,,,,l 

Dfn 

De = depth over which contaminntion is mixcd in cnnyon soils (m), 

Thc depth of contonination removed from the mesa each year was set cqud to 4x10'' m 
(1.3~10~ ft) (Springcr, 19961, which is the depth of soil estimntcd to be eroded annually by 
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surface water runoff. The dcpth of mixing in thc canyon soils, D,, wag nssumcd to be 0.15 m 
(5.9 in.) (NRC, 1977). 

Equation (2.6) implicitly assumcs that thc nrcn ovcr which contamination is sprcad 

in thc canyon is equivalcnt to the nrca of contamhation on the mcsa. “he nctunl area owr 
which contamination will sprcad as i t  is tranuportcd down the sides of the mesa and out onto 

the central portion of the canyon iu unknown. Howver,  the assumption thnt the arcn would 

not be any smallcr than tha t  from which thc contamination originated is cspeeted to be 
rcnsonably c o n s c n d v c ,  

The unique copogrn#icnl fcaturcs of the Area G disposal facility make it susccptible 
to another form of disruption. Ovcr c.utendcd periods of time, wnsb disposed of in pits and 
shafts may bc cxposcd ns n result of cliff rctrcat, H o w w r ,  ns discussed in Section 2.1.2, &e 

rates of cliff ratrcat arc such thnt wastc at Arcn G is not cxpcctcd to bc c.xposcd during the 

1,OOo.yr complinncc period and, perhaps, for tcns or hundreds of thousands of y c m  beyond 

this period. Consequently, thc cffccts of cliff rctrcat wcrc not included in the dose 

nsscssmcnt. 

2.2.2,3 Vcgctntion 

Vegctation may bacomc contnminntcd with radioncti1lQ’ due to depositional processes 

and as u result of root uptake of radionctiL5v in the soil. Radionuclide conccntrationv in 
vcgctation arc calculated using 

whcrc 

CI,”,L 
T V  = vegetation trnnslocntion factor 

vegetation conecntration of radionuclide i at time t W k g )  



R, = vcgctntion retention factor 

;2, = wcothcring rcmovnl cocficiunt (hr") 

B,," = soil to  plnnt concentration factor (Ci/kg dry weight vcgetntion per Ci/kg dry 
wcighe soil) 

D" = dry-to-wet-weight ratio for vcgctntion 

Rr = rcsuspcnsion factor due to rainsplash h*') 

ME-04 = dny pcr accond conversion ihc:or. 

Tnc first term in Equation (2-7) accounts for contaminntion of thc plant from irrigating crops 
with contaminated water, whilc thc second term accounts for root uptake of soil 
contnrninntion. The f ind  term in the cquntion cdcuIn tc~  plant conccntrntionu resulting from 
the deposition of radioactivity on plant surfaccs from rainsplash. All three modcs of 

contamination werc considcrcd in modcling cxposurcu to nicmbcrs of the public, 
Contaniirration of food crops as n result of imEntion was cxcludcd from thc intruder nnnlysis 
bccausc this individual wns not assumed to  usc contnminntcd wntcr. 

'bdionuclidcs awirnilatcd by vcgctntion may undergo radioactive decay during the 
growing season and thc time bctwccn hanwt  and consumption of thc crop, The reduction 

in plant radionuclidc conccntrations duc to dccny, howcvcr, will bc ncgligiblc because tha 

lcngth of thc growing sixwon plus the holdup period is short compnrcd to tho half-livcs of tho 
radionuclides bcinr: nnnlyzcd. Conscqucntly, thew sccondnry effects were iporod .  

Equation (2-7) wa8 used to colculntc radionuclide conccntrntjons in Icafy vcgctablcs, 
produce (c.g., fruit and non-leafy vcgctnbh) ,  nnd grain. A variety of pathway and 
radionuclide- or elomcnt-spccific data arc required to calculate vegetation conccntrations. 
The pathwoy dntn used to pcrfonn food-chain calculations arc summarized in Table 2-4, while 
clement-specific parnmctcr values urc given in Tnblc 2-5. 

I .  
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Tnblc 2 4 .  Pathway input pnrnmctcrs for foodchain cxpowurc modcling. 

Tnput Pnrnmctcr 

Human consumption rotc: 
Lcnfy vcgctnblclr 
Othcr (protected produce, fruit, ctc.) 

Grain 
Mcnt 

Milk 
Wnter 
Soil 

Fraction of food cntcn t h n t  iu grown  on site 
Soil bulk dcnvity 
Vcgctntion wonthoring rcmoval consfunt 
Vcgctation cranslocntion factor: 

Lcufy vcgctnblcn 

All othcr crops 

Agriculrural p m d u c t i ~ @  (wot wcight): 

tmfy vcgctnblce 

Produce 
All other food crops 

Drpvct  weight frnction: 

Loufy vcgt?tnblrs 
A1 othcr food crops 

Irrigation tatc 

Fraction of ycnr crops arc irrigntod 

Animal consumption ruto: 

Cnttlo - wator 

Milk cow - wntcr 

Vnlue 

1.6E*01 
9.OE+01 

';.4E+OI 

U E + 0 1  

1.OE+02 

7.33+02 
3.66902 

5.OE-01 

1.3E+03 
2.1E-03 

1.OE+00 

LOE-01 

2.OE*OO 

2.OE*00 
6.OE-01 

1.06=01 
4.3E-01 

2.1E.04 
2.7E-01 

5,0E+01 

6,0E+01 

Sourcc of Vnlue 

Yang & Kelnon, 1986 
Yang tk Sclson, 1986 

Pang lk Sc'lson, 1986 
Yong Q Xcleon, 1986 
Yang & Nclson, 1986 

EPA. 1989 
EPA, 1989 

Sg et d,, 1978 

N g  et d,, 1978 

SXC, 197'; 
hRC. 1977 
SCRP, 1984 

Pctcrson, 1963 
Bnoa e t  nl., 1983 

Hnnsen, 1995n 

Hmacn, 1995a 

SRC, 1977 
S'RC, 1977 
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Table 3.5. Elcmcnt=r;pccific input pnramctcrs for food-chain cxposurc 

Flcrncnt 

Ac 

Al: 

Al 

Am 

At 

BO 

Ui 

Bk 
C 
Cd 
Cf 

c1 
Cm 

co 
Cs 

DY 

ELI 
Fr 
Cd 

H 
nr 
no 

I 

K 
La 
hl0 

hal 
Ni 

NP 
P 

mod el in g." 

Plirn t-Soil Conrcrntmt ton Frwtnrb 

Y,c~riR, VpgcrtnhlsN 

3,5E*03 

4.OE-01 

4OE.03 

5.X-03 

1,OE+00 

L5E-0 1 

3.5E.0 2 

8.5E-04' 

1,3E+0Od 

G.BE-01 

L1.5E-04 

7,OE+01 

8.5E-04 

2,OE-OZ 

8.OE-02 

1.OE.02 

l.OE.02 

3.OE.02 

1,OE*02 
a - 

33E.03 

1.OE-02 

l.5E-or 

l.OE+OO 

l.OE-02 

2,5E-01 

2,OE.02 

6,OE-02 

1.OE=01 

3.GE+00 

Pmducc 

3.5E-04 

1,OE.Ol 

6.5E-04 

2.5E-04 

1.5E-01 

LGE-02 
s.OE.03 

1.GE-05C 

1,3E+00d 

1.5E-01 

1.5E-05 

7,OE+01 

1.n-05 

7.OE.03 

3.OE.02 

4,OE*03 

4,OE-03 

8,OE-03 

4.OE.03 
0 - 

8,5E3-04 

1.OE-03 

5.OE-02 

5.5E-0 1 

4.OE-03 

G.OE-02 

5.OE-03 

6,OE-02 

1.OE-02 

3.GE+00 

Grnin 

3.53004 

1.OE.01 

U E - 0 4  

2.6E.04 

L6E-0 1 

1.SE-02 

5.OE*03 

l.6G-0 6 C  

1.3E+OQJ 

1,SE-01 

1.5E-05 

7.OE+01 

1.GZ-05 

7,OE-03 

3.OE-02 

4.OE.03 

4.OE-03 

8.OE.03 

4.OE.03 
e - 

8,5E-04 

4.OE-03 

, 5.OE.02 

5.5E-0 1 

4.OE-03 

6.OE-02 

5.0343 

6.OE-02 

I.OE=02 

3.5E+OO 

Forngc-to-hioat 
(d/kg\ 

2.5E-Ob 

3.OE-03 

L5G.03 

3 , 5 ~ . a 6  

1.OE-02 

1.9E-04 

4.OE-04 

3,5E*O@ 

3,lE-0Zd 

5.5E-04 

3,5E-06 

8.OE-02 

3,5E-06 

2,OE-02 

2.OE-02 

5.5E-03 

lr,OE*03 

2.6E.03 

3.5E-03 
n - 

1,OE-03 

4.63903 

7.OE.03 

2.OE=02 

3.OG-04 

6,0G-03 

2.6E=01 

6.OE-03 

ME-05 

t.SE-02 

Forngc-toM.Uc 
rd&) 

2.OE-06 

2.OE-02 

2.OE-04 

4 ,O Em07 
l,OE*02 

3,5E-04 

5,OE-Ocl 

2.OE-OS 

1.2E.02d 

LOE-03 

ZOE-OG 

1,GE-02 

LOE.05 

2.OE-03 

7.OE-03 

2.OE.05 

2,OE.OO 

LOE.02 

2.OE-05 
9 
3 

6.OE-06 

LOE-05 

1,OE-OZ 

7,OEd3 

2.06-0:, 

1.5E-03 

2.0342 

LOE-03 

5,0E46 

1.6E-02 
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Elcmcnt 

Pn 

Pb 
Pd 

Pm 
Po 
Pu 
Ra 
sc 
so 
si 
Sm 
Sr 
TO 

Tb 
Tc 
Th 

Ti 

77 

U 
Y 
Zr 

Table 26, Continued. 

Plant-Soil Conccntratian Fnctog  

h n f v  Vcptoblew 

2.9E.03 

4.5E-02 
LSE-01 

1.OE=02 

Z5E.03 

4 ,J E.04 

LJE=02 

6.OE.03 
2.5E-02 

3,5E-01 

1.OE-02 

2.5E+00 

LOE-02 

1.OE-02 

9,5E+00 

&BE-04 

53E-03 

4,OE-03 

8.63-03 

1.5E.02 

Z.OE*03 

Priulucc 

2.5E-04 

9.OE-03 

J.OE-02 

4.OE-03 

J.OE.04 

4.5E-03 

t.5E-03 

1.OE-03 
2.6E-02 

7.OE-02 

4,OE-03 
L5E-01 

2.53-03 

4.OE-03 

1,5E+00 

8 5 E-0 5 

3,OE*03 

4OE-04 

4.OE-03 

G,OE-03 

LOE-04 

Grain 

2,5844 

9.OE-03 

4.OE-02 

4.OE.03 

4.OE.04 

4.SE*05 

1 I 5E-03 

1.OE-03 
2.5E-02 

7.OE-02 

4,OE-03 

2.36*01 

2.6E-03 

4.0 E.03 

1.5E.00 

8.5E-05 

3.OE=03 

4.0 E44 
4.OE-03 

6,OE-03 

5,015*04 

Forojpto-Moat 
WkP) 

LOE-06 

3.OE.04 

4.OE-03 

0,OE-03 

9.5E93 

5.OE-07 

2.5E-04 
1.5E-02 
1.5E.02 

4.OE-05 

6,OE-03 

3 OE-04 

6,OE=04 

4.5E.03 

8.5E-03 

6.06-06 

3.OE-02 

4.OE.02 

2.OE.04 

3.OE-04 

5.5E-03 

Fomge-tc&Uk 
cdh\ 

5 0 E-06 

2.5E-04 

l.OE-02 

2.OE.05 

3.5E-04 

1.OE-07 

4.56-04 

LOE-06 

4.OE-03 

2.OE=05 

2.OE-05 

1.5E43 

3,OE=06 

2.OE-05 

1,OE-02 

SOE-06 

1.OG.02 

2.OE-03 

6,OE-04 

2.OE-05 

3,OE=00 

U. 

b. 

C. 

d, 
e, 

SOU~CO of pnrnmetcn ia Bnaa ot nl., 1984, Ud088 othewiao notal. 
Plantmil concontrntion factom buvo Uaiw of Ci/kl; (dry weight) ofvcptation per Cikg (dry weight) of 
soil. 
PInnt=soil concontrntion fnctom and mnefar factom nra USSUID~~ LO bo tho mmu tin the factam for Cf and 
Cm. 
S o u m  of plant uptnko Cnctora i o  Shoppard of nl., 1991. Saurco of trruufur factora is SRC, 1977. 
Tmnafor of H-3 from food to animnl producta ia mlculntcd wing o. a p d c  activity modal. 



h~ discussed cnrlicr, several of the radionuclides included in the k e a  G dose 
assessment dccnp to yicld rodiooctivc dnughtcr products. Many of thcsc daughter products 
arc cxtrcmcly short-lived and will be present a t  npproximntcly the same activity as thcir 
immediate lonplivcd parent in all cn~~ironrncntal ncdia. Food chain transport parameters 
for thcsc short-lived daughters wcrc assigncd thc samc vnlucv as thcir pnrcnts, cffcctivcly 

transporting the daughters a t  thc same ratcs as their rcspcctivc parents. Daughters with 
half-lives that arc long rclntivc to thc Icn@h of the growing season were ossigncd food chrlin 

transport pnramctcrs consistcnt with their own clcmcntal propcrties. 

Special consideration was given to modcling the assimilation of H-3 and C-14 in 
vcgctatjon. Tritium cdiibits minimal sorption onto soil particles and, as LI result, is quickly 

rinsed from surf;lcc soils. Consequantly, projected lcvcls of H-3 in the soil were not avsumcd 

to contribute to thc contamination of food crops through cithcr root uptake or rcsuspcnsion, 

In scenarios whcrc potcntinlly contaminated wntcr is used to imgatc  food crops, n specific 

activity modcl was used to estimate H-3 concentrations in plant tissues. Using this modal, 

the conccntrntion in plant tissue is gisen by (Wood e t  nl,,  1994) 

Ctb3,hL = concentration of R-3 in groundwatcr a t  time t (Cf ig )  

F: = fraction of water in vegctntion, 

The fraction of water in thc vegetation, Fy, was modified to account for thc €3-3 in 

the water in plants as wcll ;LY tha t  organically bound in thc produce. Thc equation used to 

make this adjustment is (Wood e t  nl., 1994) 
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whcrc 

F,"' 
Ft' x fhction of hydrogcn in vcgctntion 

9 a cocfficicnt to convcrt H-3 conccntration to hydrogcn conccntrotion. 

cff~ctive watat fraction in vcgctntion 

Appljing Equntions (2-9) nnd (2-9) with thc paramctcrs listed in Table 2-6 shows tha t  the 

H-3 concentrations in lcafy vcgctation, producc and fruit, and grain were cquivnlent to 91, 

91, and 62 pcrcect of the conccntration in thc water used for irrigation, rcspcctively. 

Root uptakc of C-14 was modclcd using the rcvults of Shcppnrd et d, (1991) ruthcr 

than spccific activity models. Thc plant conccntration factor adopted from this work is 
included in Table 2-5. 

2.2.2.4 Animal Products 

Rndioactit+ty ingested by animals consuming contaminatcd water and forngc may 
result in the contaminntion of animal products such as meat and milk, Cattle and COWS 

raised in the Los Alomos area arc typically range-fed, minimizing the potential for thc 

ingestion of contaminated forage, Thus, for the k e n  C dose assessment, potentinl sources 
of radiouctivitbt for animals wcrc assumed to bc rcstictcd to contnminntcd water drawn from 
arcs wclls, Conccntrntions of radionuclides in meat wcrc calculntcd as 

whcrc 

c,,,,, = conccntration of radionuclido i in meat at time t CCW) 

QW P consumption rate of water by animals ( W d )  

t , m \  P forngc-to-meat transfer factor for radionuclidc i ( d k g ) .  
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Table 2-6, Food chnin parnmctcrs uscd in the tritium rnodch," 

Fraction of Watcr Fraction of Hydrogcn 
Fond Product in Food Product in Food Product 

hnfy vcgctobles 8,OE-0 1 6.33-02 
Produce 8,OE-OI 6.33-02 

Grain L2E-01 6,3E-02 

Meat - 9.4E-0 2 

Milk - 8,36-02 

~ 

a, Source: Wood Q t  nl., 1994. 
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Contnminnnt conccntrntionv in milk wcm cnlculnted simiInrly using 

(2-11) 

whcrc 

Cl.rnU 

t .mk  = forngc-tomilk transfer factor for radionuclidc i (dkg).  

= conccntration of mdionudido i in milk at time t (C;/kg) 

Thc input paromcturs nccdcd to implcrccnt thcse equations rtrc indudcd in  Tnblcs 2 4  nnd 

2-5, Elcmcnt-spccific propcrtics of duughtcr products that arc in secdar equilibrium ~ i h  
their parents wcrc assumed to bc identical to those of tho parents. 

A spccific nc t i~ l ty  modcl was used to projcct H-3 conccntrotions in animal products 
Tritium resulting from thc  consumption of contaminated water (Nnpicr ct aI., 1988). 

conccntrations in mcnt and milk werc cdculatcd using 

whcrc 

CII.3.mLi 
- conccntrntion of H-3 in mcnt a t  time t (ci/kg) 

C t  =I fraction of hydrogcn in mcnt 

and 

w hcrc 

CHJ,m14, c conccntration of H-3 in milk at t ime t CCYkg) 

F L  3 fraction of hydrogen in milk 

2-36 

(2-12) 

(2-13) 



a 

0 

Rased on Equntionv (2-12) nnd (2-13) und the parnmcturv included in  Toblc 2-6, B-3 
ConcentmtionH in mcut and milk wrc '  cquivdant  to 85 und 75 pcrccnt, rcspcctivcly, of tlic 

conccntrotion in thc water drawn from the individual's wcll. 

Equations (2-10) through (2-13) wcre used to model thc cxposuros of mcmbcrs of the 
public livinK in thr! \<cinity ofArcu G, A! discussed earlier, thc  inodvcrtcnt intruder was not 

assumed to UYC contominntcd water drawn .%om the onvito wcll, Consequcntly, the transport 
rncchanisms addressed by these cquationv wcre not considcrcd in t h e  intrudor nnnlysis 

modeling:. 

2.2.2.5 Air 

Rcsuspwwion of contnminotcd surfacc !ioils nnd rclcnno of tndionctivc ~ a s e a  to thc 

atmosphctc may contamhatc  thc air obovc the disposd facility. The avcmgc air 
conccntrfttion of rndioactii5ty as particulatcu tvas cnlculatad for the intruder nnnlysis using 
on nvcrtlge mnsy louding approach: 

(2-14) 

whcrc 
m", = iivcrage mass lour 

I 

., 
I 

.L 

Cnlculntcd nir concentrations were based on a n  nvcragc mass loading of 1x10'' k,q/m3 (6,2x10!' 

lb/fk3). Thi8 vduc is a conscrvativc npproxjmotion of the averago background dust  loading 
for nonurban nrcas in  the United StaLcs of about 4x10" kdm3 (2,5x10'" lb/f13) (Anspaugh ct 
d, 19751, 

Airborne concentrations of contnrninntcd dust  downwind of k e n  G wcrc cdculntcd 

using 

(2.15) 
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A, = nrcn of site (m') 

S/Q = rutio of air conccntration to sourcc rclcu~c rutc (s/mJ). 

A rcsuspcnsion factor of 1,8x10" kg/rn'/s ( 3 , 7 ~ 1 0 ' ' ~  lWf"t%) was used in this calculation, and 

way bnscd on site=spccific measurements nt Arcn G (Kowalcwsb ct d,, 1995). Thc area of 
the site wns specific to thc inventoq' undcr considoration bg., the performance assessment 
or composite onolysis invcntory), These ,wca~ wcre cnlcuhtcd as the quotient of the 

nu-diuposcd wnatc volumc and thc uvcrugc dcpth of thc disposd units in which the waste \ v u  

placed. Waste volumcs wcre derived from thc invcntory projections (Shumnn, 199';); the 
disposal unit dcpthv of 10 and 12 m (33 and 39 ft) for pits and shafts, rcspectivcly, were 
bnscd on averages for ull historic disposal units at Area G. Thc values for XJQ for the point 

of maximum a*aosphcric cxposurc and the town of White Rock were based on ntmosphcric 

transport calculations conducted by Vold (1996a). 

Tritium, C-14, krypton, and radon may undergo gaseous rclcose from tho k e n  G 
disposal facility, lending to cxposurcu of inndvcrtcnt intruders and offsitc individuals. The 
flues of H-3, C-14, Eir-S1, and Kr-85 through a cover placed over thc wostc wcrc calculatcd 
using II modcl bnscd on simple Fickinn diffusion: , 

whcrc 
J,,, 1 flux of radionuclide i at time t (Ci/ni'/yr> 

gas conccntrntion of radionuclide i at time t (Ci(m3> 

x P diffusion distance (m) 

D, = diffusion coeficicnt of rndionuclide i (m'/yr). 

To implcmcnt Equation (2-161, it was ncccsvnry to  dcfino the conccntrntions of 3-3. 

C-14, 0-81, and. €3-85 availnblc for diffutlion as gases. Tho conccntration of H-3 in wntcr 

vapor depends on tho conccntrntion of tho radionuclidc in t h e  water i k l t h i n  the d i v p o ~ d  unity, 
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This concentration is simply the conccntxtion in tho wnstc divided by thc wntcr contcnt of 

the wastc. A moisture contcnt for the wnstc of 8 pcrccnt by volumc (Lonizn and Vold, 1995) 
W ~ I H  used to cnlculatc H-3 conccntrabons. 

Givcn the H-3 conccntration in soil water, thc water vapor conccntrntion was 

calculated bnscd on thc assumption that thc radionuclide in cvcnly distributcd bchvccn liquid 
nnd vapor. Tlic vapor conccntrntion is given by (EPA, 19880) 

(2-17) 

where 

CH.3dJ 

C,tS,r,r 

= 

= 

conccntration of H-3 in Water vapor a t  time t (ci/m3) 

conccntrntion of W-3 in goundwotcr a t  time t (Ci/m3) 

v?? = vapor prcssurc (otm) 

M = molccular weight of wotxr (glrnol) 

R = idcal gas constant (atm-m3/mol-'Kl 

T tcrnperaturc ('IC). 

The  paramctcr valuaH uvcd t o  implcmcnt Equation (2-17) include a vapor prcssurc of 1,2xlO" 
ntm, a n  idcal gas convtnnt of 8.2~10" m3 -ntdmol-% a tcmpcraturc of 283°K ClO'C), and a 

molecular wcighL of wntcr of 18 dmol. 

Only the (2-14 prcsent CIS organic wnstc was assumed to be nvailnble for release as a 
gas. In nctunlity, this gas will become available O V C ~  time as the organic waste matrix 
decomposes. Howuvcr, to bound the potcntinl .dose from thc rclensc! of gnscous C-14, it W ~ R  

aysumcd thot ell orgnnic (2-14 present in thc disposed waste would bc released as II gas 

within n single year. The portion of the C.14 inventory identified as organic was based on 
tho assumption thnt all combustible lab trash (wnstu code 18) nxld 50 percent of the combincd 
combuutibldnon-combustible lab trash (wnatc code 19) wns organic. All other C-14 wnste was 

nusumcd to be inorganic nnd unnvnilnblc for release ns a gas, AU Kr-81 and Kr.85 in the 
waste wns assumed to be avoilnblc for iamcdinto rclonsc AY gnscs, 
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Equntions (2-16) and (2-17) were used t o  estimate f lwcs into the inadvertent 
intruder's iiouuc und from thc undisturbed tlitu. Intruder flux projcctionu wurc b a d  on u 

diffusion dismncc of 10.2 cm (4 in.), a typical thicknc.ss of the floor of the foundation. The 
diflugion divtnnccs for projecting fluxes from thc undisturbed site were set equal to the cover 
dcptliu plnccd over the pita and shnftu, udjustcd for crosivc cffccta. Thc H-3 dispowd of in 
pits was assigned D. diffusion coefficient of 600 m'ly (6,500 ftzlyr) in  crushed tuff. This 
cocficicnt is based on thc free diffusisn coefficicnt of wntor vapor in air, 750 m'/yr 
(8,100 ftV-w) at S'C (CRC, 1962). adjusted to account for thc effects of soil porosity and 
tortuosity, and thermnl gndicnts in thc porous mcdia (Philip and de Vrics, 19571. A 

diffusion coefficient of 100 m'/>T (1,100 ft;'/Yr) was nsuigncd to C-14, &41, and Kr-65. This 
cocffcicat npproximntcs the frec diffusion of thcsc gascs, adjustcd downward for porosity and 
tortuosity cffcctu. Conactc diffusion cocfficicnts for nll gases were conscmativcly assumed 

to bc equnl t o  those in the crushed t a w a t i t &  miuturC. 

The diffusion cocfficient used for H-3, C-14, and krypton disposed of in shafts was 

50,000 d />~  (5.38~10~ tt'/yr). This vnluc is bused on work pcrformcd by Vold and Eklund 
(19961, nnd taka into account tha  cffccts of air movcmunt in thc ftocturcd mcdiu. surrounding 
rhc disposal unit% 

The projectcd fiuxcs of H-3, C-14, und +tan into the intruder's house w r c  used to 
project doses to the individual. Thcse doses arc proportional to the radionuclides' 
conccntrotions in the nir brcnthcd by tho intruder. These concentrntions wcrc cnleulatcd 
using 

J,J A J, I 
Cl,.Ll - - K V  K h  

wherc 

CI,IU = dilutcd concentration of radionuclide i in air at time t (Ci/ms) 

A = area of room (m') 

K nir ventilation rate (air changcdyr) 

2-40 

(2-18) 



i 

I 

V = v o ~ u m c  ofroom (m3) 

h = hcight of room (m), 

., An nvcrt lp  room hcight of 2.4 m (7,9 ft) and n ventilation rate of 0.5 air changes p w  hour 
werc assumed for the Axcn G dosc asscsmcnt.  .. 

Thc doses cnlculntcd bnvcd on Equntion (2-18) ignorc axposurcs rcccivcd by thc 

intruder during the timc spcnt outdoors at  thc disposal site. Thcsc doses arc cxpcctcd to  be 

ncgligibic comptlrcd to those roccivcd during the time spent indoors. Gascs rclcnsed to t h c  

ntmosphcrc outside of thc individual's home will quickly dissipntc and, consequcntly, povc 
littlc risk t o  thc individuol. 

l?w concentrations of rndionctivc guscs inhnlcd by a mcmbcr of t h e  public downwind 

of &ea G arc n function of thc fluxes from the disposal futility, thc arm of thc site, and t h c  

ntmosphcric transport charnctcristics of thc site, The fluxes wcrc! calculated using Equation 

(2-16). The site from which the flu OrigiinUtCd WAS specific to t;hc invcntory under 
considcration (c,g,, the pcrformnncc asscssmcnt or composite nnnlyais invcntory). These 
arcas w r c  c d m a t c d  as discussed nbovc n5th rc.rpcct to dust rcsuapcnsion and transport, 
Gus rclcoses from the disposal site were transported t o  the point of maximum otmosphcric 

cxposurc w i n g  sitc-specific modcls (\'old, 1996n). 

Radon fluxes from thc undisturbed d i s p o ~ l  sitp wrrc projected using thc upproncli 

given in XRC, 1984. 'l3c flu of radon gnu from covcrcd wnstc is givcn by 

whcre 
J,,c = i l ~ .  of r:idionuclidc i from covcrcd waste (Ci/rn'-s) 

J1.W = flux ofrndionuclidc i fiom bare w n ~ t e  (Ci/m'-s) 

E 

= 

whcrc j rcferv to covcr or wasto (m'*) biJ 

DIJ diffusion cocficicnt of radionuclidc i in cover or wavtc (m2/s) 
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thickncss of cover or wastc laycr (rn) 

P,' D,, [l - (1-k) mJ' (m%) 

tom1 porosity of covcr or waste 

0.26 C i / d  in water per Cum3 in uk 

fractional moisture saturation of cowr or wastc as givcn by 10" p, M/pI 

bulk dcnuiv of covcr or waste (kg/m3) 

moisturc contcnt of cover or wasto (w weight $1. 

The flux from uncovcrcd w a ~ t c ,  J,,- wns calculated using (NRC, 1984) 

(2-20) 

whcrc 
R, = specific actiL4ty of radium in thc wnstc CCYkg) 

P I  E bulk dcnsity of waste (kghn') 

E = radon cmnnntion eocfficicnt 

P diffusion cocficicnt of rndionuc!idc i in wnstc (m%> D,." 
% LT t s c k n c w  of wnvtc layer (m). 

The h-226 and €&a-228 activities w r c  dctcrmincd from thc invcntory projections (Shumnn. 
199';). and ndjustcd for radionctivc decay and ingrowth. The diffmion cocficicnt of radon gas 

in thc pit wastc and cover systcm was nssumcd to be 100 rn'/jT (1,100 ft'/yr). This value is 
bascd on chc approximato froe diffusion cocficicnt of radon, 330 m?yr (3,600 f t ' lq~)  (Thamct 
ct al., 1980), adjusted downwnrd to  nccount for tortuosiv and porosity effects, A diffusion 
cocficiont of 50,000 m'lyr ( 5 . 4 ~ 1 0 ~  ft'/yr) was uscd for rndon in the disposal shea ,  based on 
the work of Vold and Eklunc! (1996). Thc bulk dcnsity, porosity, and moisture content of the 
cover and waste were act cqual to 1,300 kdm' (S1 lb/f?? (Abeele, 1984),0.33, and 0.08 (Loaim 
and Vold, 19951, rcspectivclp, A rndon cmnnntion coeficicnt of 0.35 (MC, 19SS) WUY used 
for Rn.220 and Rn-222. 
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2.2.3 Humrin Exposurr :ind Dosc Proiclctionn 

The cxposurc sccnnrios uscd in the h r o n  G dosc ouscssmcnt project potcntid human 
cxposurcv for mcrnbcrs of the public and tlw inndvcrtent intrudur. In each : ~ c c n d o ,  t h c  

receptor is postulntcd t o  coinc in contact ni th  concaminntion and rccciva A dose through thc 
inKc:ition, inhalntion, or direct radiotion exposurc routcs. The opproachca used to modcl 

cxposurcs rcccivcd thraugh thew routcs nre discussed in Sccti0n.u 2.2.3.1,2.2,3.2, and 2.2.3.3, 

rcspectivcly . 

2.2.3.1 Ingwtion Exposurc Route 

The exposure sccnnrios included in tho dose nsvossmcnt project potential dows 
rcceivcd from the jngcstion of soil, food crops, nnimnl products, and wntor. In gcncrnl, the 
octixlty ingcstcd of a given rndionuclidc is givcn by the product of the consumption rntc of 
the contaminated medium, thc proportion of thc total rnntcrinl ingcstcd tha t  is contaminntad, 
and thc radionuclide conccntration in tho soil, food, or wntcr: 

(2-21) 

whcrc 
= jntnkc of radjonuclidu i through ingestion at  time t (Ci/yr> L I  

urn o consumption rata of contaminated rnntcrinl (kdyr) 

fln = fraction of consumed rnntcnal tha t  is contnminntcd 

Cl.rn,L = conccntrntion of rndionuclidc i in cm<ronmcntal medium at time t (Cfig). 

T h e  annual food, soil, and wntcr consumption rntm used in the dovc nascavmant arc included 
in Table 2-4. Fifty pcrcont of the food rcquircmcntu of tho intruder or homesteader wns 

assumed to bc mot by growing crops a t  his or her rcsidonco. All soil inndvcrtantly ingested 
by the individual was nvsumcd to bc contominotcd, All wotcr consumed by mcmbars of t h e  
public was avsumcd to  bc drawn from thc well d o w n p d i o n t  of the d i~posnl  site. 
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The doses rcceivcd from thc ingestion of contaminated matcnals w ~ r e  calculated as 
thc product of the intultc und thc radionuclide dove conversion factors for ingestion: 

whcrc 
= whole body cffcctik dose equivalent from thc ingcstion of radionuclide i 

a t  time t I m w d y r )  
%.L 

=! ingestion dove convcrsion factor for radionuclide i (rnrcm/.vr/Ci&r>. Dl, 

Thc total dose from the ingestion of contaminated material is the sum of t he  radionuclide 
doscs. Thc dose convcrsion factors used in thc dosc nvscsamcnt were taken from DOE 
(1988b) nnd EPA (19S8b1, und urc liHted in Tnblc 2-7. Dose convcrsion fuctom wcre not 
available in thcse sources for sclcctcd rtrdionuclidcs; these isotopes wcrc not included in the 
dose calculations, Thc ingestion dove convcrsion factors listcd in the tnblc arc 50yr 

cornmittcd dose cquivalent factors. 

2.2.3.2 Inhalation E.xposurc Routc 

The dose nsscssmcnt included thc projection of doscs due to the inhdation of 
radioactivity suspcndcd in tlic form of partieulntcv o r  rclcased as gases. The radionuclide 

intokc via inhalation was calculated using 

whore 

&,hJ E intnkc of rndionuclidc i through inhalation at time t (Cilyr) 

U",, D inhalation ratc (m3/yr) 

E fraction of ycnr indi\<dud inhales contnminatcd air. f.1,. 
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Tzrblc 2-7. Ingestion, inhalation, and air immersion dose coovcrsion factors,’ 

Expomre Routes 

Ac-225 
Ac-227 
Ac-220 
4-108 

AI-26 
Ag-108m 

Am-241 
Am-243 
At-217 
Ba-133 
Bt1-137m 
Bi-207 
Bi-210 
Bi-211 
Bi-212 
Bi-213 
Bi-214 
Bk.247 
C-14 
Cd-113111 
Cf-252 
C1-36 
Cm-248 
CO-60 
CS-135’ 
CS-137 
Dy-154 
Eu-162 
Eu-154 
Fr-221 
Fr-223 
Gd-148 
Gd-150 
H-3 

9.53-02 
1,4E+01 
2.1E-03 

b 
I 

7.53-03 
1.3E-02 
4.5E+00 
4.5E+00 

b 
1- 

3.23-03 

4.9E-03 
5.9E-03 

b - 
b 

0- 

9.9E-04 
G 8E-04 
2.43-04 
2.3E+00 
2.1E-03 
1.5E-01 
9.4E-01 
3.OE-03 
1.6E+Ol 
2.63-02 
7.1E-03 
5.OE-02 

b - 
6.OE.03 
9-1E-03 

b 
.I 

8.6E-03 
2,1E-01 

b - 
6.3E-05 

Ingestion Xnbdllation Air Imcrsjcm 
(rem/p Ci) Rnd ion u cl id P (rem/p C il 

l,OE+OI 6.8E+01 

2.9E-01 4.8E+03 
8.9E.t.O 1 

2.OE-0 1 8.2E+03 
7.93-02 1,4E+04 
5.2E1-02 9.5E+O1 
G.2E4.02 2.6E+02 

1,2E+00 
6.9E-03 1,8E+03 

3,1E+03 
1.4E-02 8.0E.cO3 
1.9E-01 3.8E+00 
.-- b 2,4E+02 

2.lE-02 9.6E+02 
1,SE-02 S.CE+O:! 
6.3E-03 8.1Ed03 
5.53+02 5.5 E +02 
2.1E-03 2.63-02 
1.4E.t.00 8.1E-0 1 
1.3E+02 3.8E-01 
2,OE-02 4.2E3.05 
1.9E+03 3.1E-01 

4.5E-03 6,6E-02 
3.2E-02 9, OE-O 1 

(m r cm/,vr/u c urn3) 

6,73403 6.3E-0 1 

b - 

b .- 
b - 

1 ,SE-U 1 1.3E+04 

b 
I 

b - 
2.2E-01 5.9E.cO3 
2.6E-01 6.53+03 

1.6E402 
6,1E-03 2.361-02 
3,3E+02 O.OE+OO 

6.33.05 3.93-02 

* b  I- 

b - b c- 

~ 

a. 
b, 

Sources: DOE, 198813 and 1988~; EPA, 1988b. 
No vnluc provided in cited sourccs, 

245 



. I. 

, 

. .  

Table 2-7. Continued. 

Exsonure Routw 

Ingestion Lnhdntion Air Immersion 
Rndionuclide (rcm/pCi) (rcdrr C i) (mrcm/vr/v~i/rn3~ 
Hf-182 
Hoc163 
1-129 
K40 
a - 8  1 
15-85 
LO-137 
MO-93 
Nb-92 
Nb=93m 
*%-94 
Ni-59 
Ni-63 

Np.239 
Np-237 

P.32 
Pa-231 
PO-233 
Pa-234 
Pn-234m 
Pb-209 
Pb-210 
Pb-211 
Pb-212 
Pb-214 
Pd-107 
Pm-145 
Po-210 
Po-212 

.c Po-212 
PO-213 
PO-214 
PO-215 
PO-216 

1.43-02 
b 

II 

2.5E-01 
1.9E-02 

b 
b 

Y 

4-33-04 
L3E-03 

5.3E-04 
5.1E-03 
2.OE-04 
543-04 

b 

3,9E+00 
2.93-03 
i’.’iE-03 
l,XE+O P 
3.33-03 
2,1E-03 

2, IE-04 
b - 

5,1E+00 
4.43-04 
4.1E-02 
5.8E-04 
1.43-04 
4.6E-04 
1.6E+00 

b 
b 
b 
b 

b 
b 

- 
c 

3 

u 

I 

2,SE+00 
b 
I 

ME-01 
XE-02  

b 
b 

- 
I 

C.3E-02 
2.83-02 

b - 
2.83-02 
3.3E-01 
1.3E-03 
3.OE-03 
4.9E+02 
2.Z-03 
1 3E-0 2 
1.3E+03 
8.6E-03 
C.4E-04 

b ,  

9,OE-05 
1,3E+01 
S,OE-03 
1.6E-01 
6.7E-03 
1.3E-02 
2.73.02 
P.lE+OO 

b 
b 
b 
b 
b 
b 

- 
. -  
I - 
Y - 

1.7E+03 

4.2E+01 
S,lE+02 
5.1E+02 
1.1E+O 1 
4.’;E+Ol 
3,8E+00 
7.83+03 

8.23+03 

O,OE+OO 
1,2E+02 
S,4E+02 
X.2E+01 
1.5E+02 
l.lE+03 
X.OE+04 
6.OE+01 

6.7E+00 
2.63+02 
7.4E+02 
1,2E+03 
O.OE+O 0 
8.4E+01 
4.43-02 
4.OE+OX 
O.OE+OO 

b - 

6.8E-01 

1.9E-01 

9,5E-01 

1.6E-01 
4.3E-0 1 
T4E-0 1 
7.6E-02 

a. 
b. 

Sourccs: DOE, 1988b and 1988~; EPA, 1988b. 
No value provided in cited sourccs, 
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Po-218 
Pu.238 
Pu-239 
Pu-240 
Pu-24 1 
Pu-242 
Ra-223 
Rn-224 
Rn-225 
Ro-226 
%-228 
Rn-219 
Rn-220 
Rn-222 
s c 4 4  
Se-79 
3-32 
Sm-146 
Sm-147 
Sm-151 
Sr-90 
TO-182 
Tb-15'; 
Tb-158 
TC-97 
Tc-99 
Th-227 
'E19228 
Th.229 
Th-230 
Th-231. 
Th-232 
Th-234 
Ti-44 

Tnblc 2-7. Continucd. 

b 
c 

3,8E+00 
4.3E+00 
4.3E+00 

4.1E+00 
8,6E-02 

5,  EE-0 1 
3 I 3E-0 1 
3.1E-01 
l,lE+00 
1,2E+00 

b 
b 
b 

I - 
I 

1.4E-03 
6.33-03 
1, SE-03 
2.OE-01 
1.8E-01 
3.43-04 
1,3E-01 
6,OE-03 
LOE-04 
4.OE-03 
1.5E-04 
1.3E-03 
3.63-02 
3.8E-01 

6.33-01 
1.3E-03 
2.8E+00 
L3E-02 
1.9E-02 

3.5E+00 

Exposure Rcu tw 

Ingcstion Inbdation Air Immcrnion 
Rndionuclidr frcdpci )  (rc.m/pCi! (mrom/.yr/p~ urn3) 

Li,2E-02 
4.6E+02 44E-0 i 
5,1E+02 4.l.E-01 
5.1E+O2 4.3E-0 1 
l.OE+Ol 8.53-03 
4.63+02 3.7E-01 
7.5E+00 6,7&02 
2.9E+00 E. 1E+O 1 
7,5$+00 3.4E+01 
7.9E+00 3.43+01 

2.9E+02 
2.6E+O 0 - b 2.6E+00 

4.2E.04 l.lE+04 

b - 

42E+00 3.23-07 
b 
b 
c - 

8.9B-03 3.5E-02 
1.OE+00 6.lE-02 
7.8E+01 O.OE+OO 
S.lE+Ol O,OE+OO 
2.93.02 4,6E-03 
1+3E+00 8.8E-01 
3.73.02 6.7E+03 
9,OE-03 1.3E+01 
2.53-01 5.56+03 
4.2E-03 4.7E+00 

L6E+O 1 5,23+02 
3.1E+02 9.9E+00 
2.OE+03 4.3E+02 
3.23+02 2.OE.cOO 
8.lE-04 5.8E+Ol 

3.33-02 3.9E+01 
8.9E-01 6.?E+02 

7.53-03 3.6E-03 

1,6E+03 9.3E-0 Z 

~~ 

a. 
b. 

Sourccs: DOE, 1988b and 1988~; EPA, 198Sb. 
No vnlue provided in atcd sourccs. 
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Rndionuclidc 
Tl-207 
Tl-20s 
Tl.209 
U-232 
U-233 
U-234 
U-235 
U-236 
u-23s 
Y-90 
zr-93 

b 
b 
b 

II 

I 

1,3E+00 
2,7E-01 
2.6E-01 
2.5E-01 
2.5E=01 
2.3E-01 
LOE-02 
1.6E-03 

b 
b 
b 

- 
- 

6.73+02 
1,3E*02 
1.3E.1.02 
1.2E+02 
1.2E+02 
1.2E+02 
823-03 
2.1E-03 

a. Sources: DOE, 1988b and 1988~; EPA, 1988b. 
b. No value provided in cited HOUTCCS. 
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2,OE+O4 
1.1E+O4 
1.3E+00 
1.2E+00 

7.7E+02 
7.6E-01 

6,OE-01 
5 , s - 0 1  
2.2E+01 
O.OE+OO 



Tnc timcs the inadvertent intruder and mcmbcrs of the public were assumed to be cxposcd 
to airborne radioactivity nrc listcd in Tnblc 2-8. An avcragc inhalation rate of 8,000 m3 

(2.8~10" fi3) of air pcr year (ICRP, 1975) was nssumcd, The product of t he  intakes nnd the 

inhalation dose convcrsion factors yields the radionuclide doses due t o  inhalation of 
contaminated air: 

(2-24) 

whcrc 
a whole body cffcctivc dose equivnlcnt irom thc inhnlntion of radionuclida i 

a t  time t (mrcdyr )  
Dl,h,L 

D1.h = jnhulntion dom convcmion factor for rndionuclidc i (mrcm/yr/Ci/yr). 

Thc total inhalation dosc a t  n given timc was cnlculatcd ns thc sum of thc radionuclide doses. 

The inhalation dovc convcrsion factors used in thc calculations (tnkcn from DOE, 1988b, and 
EPA, 1988b) arc included in Toblc 2-7. Radionuclidcs for which dovc convcrsion factors tvcre 
unnvailablc wcrc omitted from thc dam cnlculations. All inhnlution dose convcrsion fnctors 

arc 50. )~  committed dose cquivnicnt factors. 

2.2.3.3 Dircct Radiation Exposure Routc 

The inadvcrtcnt intruder and mcmbcrv of thc public may be cxposcd t o  direct 
radiation from contaminntcd ground surfaces nnd from immcrsion in airborne radioactivity, 

Dircct cxposurcs from contaminatcd ground surfaces wcrc calculotcd using 

(2-25) 

whcrc 
Di,r,L =i whole body 

rndionuclidc 
cflcctive dom cquivalcnt from direct radiation from 
fit timc t (mrcdyr)  

E,,, = cxposure rate from ground surfacc contaminatcd with radionuclide i in 
time t Wlh.r) 
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Tnblc 2-8. Exposurc times for tho inadvertent intruder and members of the 
public. 

Annual Exposure Timc 
Rcccptor (hr? Source 

Agricul turd-Intruder 

Outside of house 1.8E+03 NRC, 1986 

Gardening 1.OE+02 NRC, 1986 
Othcr activities l.'iE+03 NRC, 1986 

Inside of house 4.43+03 NRC, 1986 

Away from housc 2.63+03 NRC, 1966 

Offvitc Resident' 
Outsidc of housc 1,8E+03 hRC, 1986 

Gardening I.UE.t.02 hXC, 1986 
Othcr activities 1.7E+03 NRC, 1986 

Insidc of housc 4.4E+03 h%C, 1986 

Away from house 2.6E.t.03 NRC, i966 

n. Exposurc times for members of the public wcrc ussumcd t o  bc cquivnlcnt to the 
intrudor oxposurc times, 
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t, = time of rjxposurc (hr) 

0.7'5 = convcrsion factor (mrcdmR),  

The factor used to convert from cxposure in n i t  to absorbed dose is odoptcd from ICRP 5 1  

(1987) and pertains to  a rotational gcomctry for n photon cncrgy of 0 2  MeV. 

Thc cxposurc rates rcquircd to implcmcnt Equation (2-25) v m o  culculatcd using tho 

MICROSHIELD compudcr code (Grove Engineering, 1992). Expovurcs were modclcd using 

vnrious cylindrical cxposurc geometries to rcprcscnt thc volumc of contamination, Exposures 
rccaivcd by the offsitc rcsidcnt and inudvcrtcnt intruder wcrc modeled using a cylindcr with 
;I radius of 27.1 m (89 ft) and il height ofcithcr 15 o r  26 cm (11 in.). The  cross-scctional nrca 

of the cylindcr approkrnatus thc 2,300-m' (2,5x104 fl') lot upon which thc individual was 

assumed to livc. Thc height of thc cylindcr is the dcpth over which radioactivity was mixed 
in the surfclcc soils, Rodiouctkity dcpositcd off sitc following atmo,uphcric deposition, 
irrigation, or surfacc runoff from thc mcsa top was assumcd to bc mixcd to o dcpth of 15 crn 
( 5 3  in.) (SRC,  1973. The contaminated mntcrinl sprcod over the lot following bnsemcnt 
cxcavution rcsultv in a lnycr of materiel npproximntcly 28 cm (11 in,) thick. 

MICROSHIELD simulrrtions werc conducted for unit conccntrntions of all parent and 
daughter radionuclides included in thc k c n  G dose u.sscl;smcnt. These unit-conccntrution 
cxposurc rates wore scnlcd using the projcctcd surface soil conccntrntions a t  the receptor 

locations to cstimntc thc projected doscs to the intruder or offsite rcsidcnt. 

Direct cxposurcv rcccivcd from immcrsion in oirbornc radioactivity wcre cnlculntcd 

using 

(2-26) 

where 

D1,"fi.L = wholc body effective dose cquivnlcnt from direct radiation in air for 
radionuclide i u t  timc t (rnrcmlyr) 

Dim, 

f" 

= 

= 

air immersion dose conversion fnctor for radionuclide i (mremlyrlCilm3) 

fraction of year rcccptor is immersed in c o n t d n n t c d  stir. 
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a The dose convcrsion factors used in Equatioxi (2.26) werc tnkcn from DOE, 1988c and EPA. 
19&3b, Doye convcrsion thctors wcrc not nvnilnblc in t h e ~ c  sources for sclcctcd radionuclides; 

these isotopes wcre not included in thc dose cnlculations. A1 air h e r s i o n  dose conversion 
factors used in thc analysis me included in Table 2-7. 

A portion of the time the intruder or homcstcodcr spends at his or her rcsidcncc ~cill 

bc spent inside thc dwelling, E.xposurcs to dircct radiation during this time werc reduced 

rchtivc to  chc time spent outside because thc house will shield a portion of the beta and 
e nammn radiation. For the Area G dose osscssment, a shielding factor of 0.7 was used CNRC, 
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3. DOSE ASSESSMEhT RESTJLTS 

This chnptcr prcscnts the results of thc dose assessment conducted in support of thc  

Arc2 G performoncc assessment and compovitc analysis. Section 3.1 discusses the dose 

projections developed for tho t t c n  G pcrforrnnncc assessment, whiil~ thc dose cstimotes for 
the compositc analysis arc! prcscntcd in Scction 3.2. In Scction 3.3, thc rcsults of thc dose 

nsscssmcnt arc summaAzcd and used t o  cvnluate thc Area G di~posal facility's complioncc 

with DOE rcquircments. 

.* 

The exposure xcnarios discussed in Section 2.1 address potential cxpovuros to 

mcmbcrs of the public living in the vicinity of thc &XI G diaposnl f d E t y  ncd persons who 

inadvcrccntly intrude into thc disposcd wnvtc following thc 100-yr active institutional control 
period. Thc dose projcctionv for tho  pcrformnncc nsscusmcnt cue orgnnizcd in terms of these 
two cntcgoricv of rcceptorv, Section 3,Ll prcscnts and divcuwos thc dose eutimntcu for 

rncmbcrv of the public, while Scction 3,1.2 discusses thc dosc projcctions for pcrvons who 

inadvcrtcntly intrude into the disposal f'adity. 

3.1.1 Offsitc Dosc Asscnsmmt Rwults  

The rcvults of thc offsite dosc osscssmcnt LVC presented and discussed for cnch offsitc 
cxposurc scenario. mc! dose projections for the Groundwater Rcsourcc Rotoction Scenario 
arc discussed in Section 3.1.1.1, while the All Pathways - Groundwntor Scenario dosc 

projections arc addressed in Scction 3.1.1.2, Scction 3.1.1.3 discusses thc projected cxposuros 

for the Atmospheric Scenario and thc rodon flux projections for t h o  undisturbed site. Tbc 
dose projections for thc All Fnthwuys - Pnrajito Cnnyon Sccnario arc considctod in 
Scction 3.1.1.4. 



3.1.1.1 Groundwatcr Rc~ource Protcction Sccnluio 

Thc projcctcd doses for tho Groundwntcr Rcsource Protection Scenario are shown in 
Figures 3-1 and 3.2 for thc rcccptor locations cast-southcast of the h a  G disposal units and 

in Pamjito Canyon, rcspectivcly, for n poriod of 10,000 .w folloiing faaliv closurc, KhiIe 
the complinncc pcriod spnns only 1,000 yr, projcctions arc protldcd for the longer period to 

providc n mom complcte understanding o f  tho pcrfomancc of the disposal facility. Projected 
dovcs arc shown in Figure 3-1 starting 650 yr after facility closure. Contaminated 
groundw*ntcr may dischargc to thc aquifer before this timc, howover, thc projectcd doses to 
tho rcccptor arc c.?ctrcrncly s m d .  Doacs to thc canyon rcsidcnt occur much curlicr, due to 
the very short groundwnter trnvol timc to the regional uquifcr, 

Thc doscs shown in Figure 3-1 corrcspond to tho point of mrudmum gmundwntcr 
exposure approximately 100 m cuHt-southoast of tho Arm G fcnccline. Thc rcsidcnt near the 

town of White Rock is not projected to  rcccivc exposurcs from tho g r o u n d ~ ~ a t c r  pathway 
during thc activc institutional control pcriod bccuuvo contaminant travel times to this 

location arc much grcatcr than 100 ,vr. Annual doscs a t  thc point of maximum cxposure peak 

bctwccn 4,500 and 5,000 yr, rcnching a ma\dmum of 1.4~10'~ mrcm. C-14, Tc.99, and 1-129 

arc tho only rndionuclidcs that tcach tho rcccptor's well during thc pcnod, (2-14 is 
rcsponsible for tho myjority of tho projcctcd doscs early in thc simulation, whilc Tc-99 is a 

miijor contributor at later timeu. Projcctcd doscs a t  the rcccptor location in Pamjito Canyon 
(Figure 3-21 incrcasc to P maximum of 4 . 5 ~ 1 0 ' ~  X Z V C ~ J T  at about SO0 yr post-Closurc, and 

thcn dccline for thc rcmnindcr of the 10,000-)T period. C-14 is the primary contributor to thc 

projected doscs for tho cntirc period. 

The peak annual daw to thr? rcccptor downgndicnt of Area G during the complimce 
period is 8.3~10'~ mrcm. C-14 is rcsponsible for about $6 pcrccnt of this dose, whilc To99 

canyon rcsidcnt is 4.5~10' mrcm at 800 yr pout-closurc. C-14 is responsible for 6s pcrccnt 
of the peak dosc, To99 contributes 31 pcrccnt of the total. 

. accounts for csscntially all of thc rcmaindcr. Ay stated abovc, the pede annual dom to the 
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3.1.1.2 All Puthwrlys - Crouodwlitcr Sccnurio 

Ka dows arc projcctcd to  occur for thc All Pnthwnys - Groundwnkr Sccnnrio ut the 
rcccptot locntion near thc town of JVhitc Rock before the end of thc active institutionnl 
control pcriod bccnusc goundw'ntcr contaminant transport times to this location c.ucced 
100 51. The projcctcd annual doscv for thc offsitc rcsidcnt 100 m (330 ft) downgadicnt of 
thc &ea G fcncclino arc shown in Figure 3-3 for 10,000 y~ following disposnl fncility closurc. 

Thcsc dows, shown starting a t  650 yr post-closurc, rise to n mlutirnum of 4.2~10'~ mrcm nt 

4,500 .vr post-closurc. C-14 and Tc-99 arc thc major contributors to thc projcctcd doscs 

throughout the period. 

The peak annual Jose projcctcd for thc 1,000-p complinncc period is 2.3~10" mrcm, 

C.14 and Tc-99 contribute 86 and 13 pcrccnt of thc pcnk dose, rsspcctivcly. Thc 
contributions of the various CXPOSWC puthways to the peak projcctcd dose m e  shown in 
Table 3-1, Thc ingestion of drinking wntcr and consumption of vcgctriblcu irrigated with 
contnrninatcd wcll wntcr arc responsible for 37 and GO pcrccnt of tho peak dosc, rcspectivcly. 

3.1.1.3 litmosphcric Sccnurio 

Gnseous and particulntc rclcavcs to  the atmosphcrc may result in cxposurcs of 
mcmbcrs of ttic public following thoir trnnsport off siLc, Thcw cxpoaurcs wcrc projcctcd for 

the location of maximum atrnosphcric cxposurc', approximately 500 m (16,000 ft) north of 
hrca G in Canndn dcl Buey, and for the town of White Rock. The projectcd penk c.uposurcs 

ut thcsc locations prior to  thc cnd of thc nctivc institutional control period arc 6,GxlO'' and  

1.6~10'' mrcd jT ,  rcspcctivcly. T h e  pcak doses arc dominatcd by K.3, which nccounta for 
more than 99 pcrccnt of thc cxposurcs. The mnximum doses arc projectcd to occur at tho end 
of dispoval opcrntions, in thc gcor 2044, bccnusc invcntoricv of €3-3 arc. highest at  this tirnc. 

The sole exposurc route for this dove is the inhalution of trieintcd water vapor and C-14 gas, 

The doses projcctcd to rcsult from atmouphcric tronsport of contamination brought to  
the surfacc from biotic intrusion arc shown in Figuc 34, Thc peak projsctcd doso at tho  

point of naxiimum cxpovurc is 9,1~10'~ mrcrn/yr, while thc pcnk nnnunl dose in White Rock 
is 2,2x1OS3 mrcm. These doses occur a t  thc end of thc active institutiond control pe3riod, the 

, 
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Figure 33 .  Projected perfomancc assessment doses for thc 
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Pathway contributiom to the peak projected pcrform~ce  nssassmcnt 
dose for thc All Pathways - Groundwntcr Sccnnrio. 

Pathwvlv 

Ingestion of wntc t  

Ingcstion of soil 

Ingcstion of crops 
Ingestion of mcnt 

Ingcstion of milk 
Inhalation of partkulntea 

Dircct rndiutioa from soils 

Dircct radiation from uir 

Dofic at 
Pcnk Time 

8.3E-08 

1.6E-IO 
1.4E.07 

3.413-09 
4.1E-09 
3.83-12 
1.8E-12 
3.OE-18 

Total Doac 2.33907 

Purccnt 
Contribution 

37% 

0% 
60% 

1% 
2% 
0% 
0% 

0% 
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timc at which biotic intrusion is first cxpcctcd to bc fcuuiblc, The radionuclides that  

contribute to  thc pcnlc dos(!.q durinl: thc 1,000-ycnr complinncc period arc shown in 
Figure 3-5, Isotopcv ofumcricium, plutonium, nnd uranium account for mctrc than 95 pcrccnt 

of the dove a t  cnch locution. Inhalation of contaminated dust accounts for essentially all of 
the projcctcd cxposurcu. 

Thc projcctcd fluxes of radon gos from the undisturbcd &sposd site dcpcnd upon the 
Ru.226 and Ra-228 conccntrations in the W ~ H ~ C .  Total pit and shaft conccntrations of thcsc 

isotopes in thc wmtc disposcd of bctwcen Scptcmbcr 26,1988, and the cnd of 1995 arc shown 
in Figure 3-6 from the end of 1995 through the ycar 12045 (10,000 yr nftcr thc cnd of 
djsposul opcriltions). Concontrntions of fi-226 dcclinc initially duc to radioactivc decay, but 
incrcnvc tit lntcr times ns lonplivcd parcnts of thc  isotope dccny. Ra-228 conccntrntions 
remain rclntivcly cannt.int ovcr the entire period nnd are dctcrmincd almoRt cntiraly by thc 

Th-232 invcntoq' in thc pits and s h a h .  Thc conccntrations shown in thc figure do not 

riccount for the dcplction of rndionuclidcs in the wnstc due t o  leaching. 

The projcctcd peak radon flucv for tho historic wuatc arc prcsentcd in Tnblc 3-2. Thc 
maximum Rn-222 flux from thc historic disposal pits itJ l.lxlO*' pCi/m% (1.0~10~ pC2fi2/s), 
whilc the projcctcd fluxes of Rn-220 w c  ncgligiblc throughout thc pcriod. Thc pcuk projected 

Rn-222 flux from thc llistoric shoitV is 25x10" pCi/m':/s, (2.3~10"' pCi/f%s), whilc thc peak 
flux of Rn-220 is 3.1 pCilm% (2.9~10" pCi/ft'ls). 

Pit and shnft conccntrations of Ra-226 nnd h-228 in the futurc wastc nrc shown in 
Fimrc 3-7 for thc 10.000 ST follo\ving thc cnd of diupoml operntions. As dcmonvtrntcd 

carlicr, Rn-226 conccntrntions changc as initial invcntoricv decay and ingrowth from thc 
isotope's lonpr-lived parents occurs. Rn-228 conccntrntions rcrnnin assontinlly constant over 
thc period. Tho maximum Rn-222 flu during tlic 1,000-year complinncc period for thc pit 

wastc is 1.7xlU' pCi/m'/s (1.6~10" pCi/ft%),.occtming nt the end of disposal opcrations 
(Tnblc 3.21. Rn-220 flwccv from the pit wnvtc urc ncgligiblo. Thc poak projcctcd flux of 
Rn-222 from thc future shaft w ~ s t c  is 2.0~10'~ pCi/m'/s (1.9~10~ pCXt2/s), while tho peak 
Rn-220 flux during thc compliance period is 8,1xZO" pCi/m% (7.5~10'~ pCi/ft'/s>. 
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Toblc 3-2. Pcnk projected radon fluxes for the Accn G pcrformnrpcc assessment. 
0 

Peak Projected Flux During 
Complinnce Pcriad 

Rn-220 IRn-222 Total 
Dispnsnl UnitsNnste (pCilm'/s) IpCi/m%] ( pc irmvfd 

Disicrssnl Pits 
Historic waste O,OE+OO I.1E-01 1. LE-01 
Future W D S ~ C  O.OE+OO L7E-01 1,'iE-0 1 

Disposnl Shnfts 
Historic waste 3.1E.t.00 2.53-02 3.1E+00 
Future wnsto 8.1E-01 2.OE-03 8.IE-01 
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Figure 3-7. Tcu-226 and Ra-228 conccntrations in future pit nnd shuft wnsr. 
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3.1.1.4 iu1 Pnthw*rrys - Pnrsjito Canyon Sccanrio 

The projcctcd doses for thc All Pathways - Pnrqiito Canyon S c c n d o  m e  shown in 
Figure 3-8 for a period of 10,000 >T. Projected unnual doses incrcusc from 8,7x10" mrcm nt 
the end of tho nctivc institutional control period to o. peuk of 1.3~10~ mrcm at 800 JT 
post.closure, and decline thcrenftcr. Thc gcncral incrcasc in thc projected doses for the first 
$00 yr coincidcs 1~1th tho arrival of C-14, Tc-99, and 1-129 at thc rcsidcnt's well, following 
thcir discharge to the sidcv of the mesa. No othcr radionuclides arc projcctcd to reach the 

sides of thc mesa during the compliance pcriod, 

Thc peak scenario dose is dominated by the rudionuclidcs entering the regional 
nquifer. C-14 and Tc.99 arc responsiblc for 62 and 34 pcrccnt of tho dose, respectivcly, Pu- 
239 in thc canyon soils nccounts for 2 pcrccnt of thc total dosc. Thc ingestion of water and 
consumption of food crops irrigated with contaminated wotar account for 34 and 60 pcrccnt 
of Ehc pcak dose, rcspcctively (Table 3-31, 

3.13 Inndvertcnt Intruder Dose A.tswsrnmt Rcmlts 

Thc Xntrudcr-Apiculture Sccnorio was used to project potential doses to a person who 
inndvcrtcndy intrudes into the disposed wastc aftcr the ~ O O - J T  activc institutional control 

period. The nnturc of thc intrudcr scenario is such that intrusion into onc Qp? of disposal 
unit (Le., pits or shafts) prccludcs simultaneous intrusion into tho othcr. Similarly, intrusion 
into thc historic waste by an individual is not consistcnt ~ 5 t h  intrusion inzo thc future 
inventory n t  thc snmc time, Consequently, scpmote intruder dose projections werc prcpmd 
for the historical nad future invcntories, and for the disposal pits and shafts. These 
projcctions account for the invcntories disposed of or projected t o  be disposed of at Area G, 
as well as the specific chnractcristics of the disposal units. 

Thc projcctcd doses for the intrudcr scenarios account for thc cumulntivc dose from 
a13 wnstc mdionuclides. Conscquendy, the dove assessment methodology wag implemented 
at  various times oftcr facility closure to cnsure that thc timo-dependent aspects of cxposurc 

wctc accounted for and that the mludmum projected doses werc identified. With th is in 
mind, intrudcr doses were projectcd nt the time intrusion into the wash may fmt occur, at 
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Table 3-3. Pathway contributions to the peak projected pcrform~cc asscwment 
dose for thc All Pathways - Pnryjito Cmyon Sccnko.  

Pnthwny 

Ingestion of water 
Ingestion of soil 
Ingestion of cropy 

Ingestion of ncnt 

Ingostion of milk 

Xnhnlntion of pnrciculntas 
Direct radiation from soils 
Direct radiation from air 

Total 

DQSC at 
Pcnk Time 

4.5.E-05 
LIE-06 
8,OE-OS 

LSE-06 

2.2E -0 6 

2.4E-06 
1.4E-06 
1.6E-13 

1.3E-04 

3-16 

Percent 
Contri butian 

34% 

1% 
60% 

1% 

2% 

2% 

1% 
0% 



thc end of the l,OOO-ww compliancc period, and at  intcmedintc b e s  to improve the 
understanding of the disposnl facility's pcrfonnancc, ttq discussed in Section 2.1, the time 
a t  which intrusion may first occur differs for the different disposal technologies. Intrusion 

into thc wavtc was assumed to  be fcosibic a t  the cnd ofthc 100-yr activc institutional control 
pcrioc! for thc disposal pits, In contrast, thc prevcncc of concrctc caps over thc disposal shafts 
was assumed to prcvcnc thc intruder sccniuio from occurring for 300 yr follouing closurc of 

the disposnl facility, 

The dose projections for thc Intruder-Agiculturc Sccnnrio nrc prcacntcd and discussed 

below, Section 3,1.2.1 discusses thc rcuults for thc historic waste, the miltcrial disposed of 

bctwccn September 26, 19r38, and the end of 1995, Scction 3,1.2.2 nddrcsscs future wnste, 

the mntcriol cxpccLcd to rcquirc disposal bctwccn 1996 und 2044, the nssumcd cnc! of 
disposal operations a t  Area G, 

3.1.2.1 Intruder  DONC Projcctions for Historic Wastc 

The doscs projcctcd for thc Intrudcr-hgriculturc Sccnario for thc historic disposal pim 

arc shown in Figure 3-9 for 1,000 2.1 following thc cnd of disposal opcrations, Projections arc 
shown starting a t  100 , ~ r  post-closure. This period corrcsponds to the end of thc nctivc 

institutional control period, and is thc cnrljcst time a t  which intrusion into thc disposal pits 

i s  feasible. 

Thc pcnk projuctcd dosc shown in Figure 3-9 is 30 mrcm and occurs at the cnd of thc 

activc institutional control pcriod. Doses dcclinc to npproximntcly 24 mrcm u t  tho end of thc 
compliance period as the shortcr-livcd radionuclides undergo rndioactivc dccny. Thc 
tndionuclidcs making major contributions to thc projected dosc nt 100 yr post-closure arc 

shown in Figure 3-10, Pu-239 and U-238 account for about 53 pcrccnt of t h c  total  projected 

dose; Am-241, Th-232, U-235, nnd Pu-238 arc cnch renponsiblc for about 6 to 9 percent of thc 

total. Inhalation of suspcndcd dust and direct radiation from contuminntod soil Ute 

rcsponsiblc for 43 and 29 pcrccnt of thc pculc dose, rcspectivcly (Table 34). 

The projcctcd dovcs to the intruder from the inhalation of rndionctivc gnscs diffusing 
into thc houac from the historic pit w n ~ t c  nrc included in Tnblc 3-5. Thc p m k  dose from tlzia 
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Figure 3-10. Rndionuclidc contributions from historic pit waste to the 
pcak pcrformnncc assowmcnt intruder dam. 
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Table 34. Pnthwny contributions to the pcnk projected intmder dose for the 
historic pits. 

Dose nt 

Ingcstion of soil 5.8E+00 
Ingestion of crops 2.?E+00 
Inhalation of particulntes 1.3E+01 

Exposure Pnthwny Penk Timc 

Inholntion of gases L5E-02 
Direct rodintion from soils 8.5E+00 
Direct radiation from air S.2E-07 

Totnl Dose 3.OE+01 

Pcrccat of 
Pmk Dose 

20% 
9% 

43% 

0% 
29% 

0% 
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Table 3-5. Projected, intruder doscs duc to thc inhalation of radionctive gnaes, 

Rad ionucl id c 

H3 C.14 Totnl 
Wnstc Jnvcntorv (rnrcml Cmrcm) (mrom! 

Bistoric Wnste 

pits 7,SE-N 1.5E-02 1.5E-02 
Shafts 2.7E-05 1.9E-OX 1.9E-01 

Future Wnfite 

Pits 
Shafts 

1.4E-05 2.63-02 2,6E-02 
3.5E-04 O.OE+OO 3.5E-04 

.. * 
r 
c .. 
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pathway is 1.5~10" mrcm, and is dominutcd by C-14. This dose is projected to  occur 

irnmcdiatoly following the nctivc institutional control period, based on the consemntivc 
ussumption that all orgnnic C-14 prcscnt in the waste will bc rclcased as n gas m i t h i n  n 

single ycar. No doscs nrc projected to occur from Iir-81 and W 5 ,  as inhalation dose 

conversion factors wcre unavailable from DOE (19SSb) and EPA (19SSb). The inhalation 
doses listcd in Tnblc 3-5 arc rcficctcd in Figure 3-9 and Table 34. 

Dose projcctions for the Intruder-wculturc Sccnario for tho  historic disposal shafts 
arc shown in Figure 3-11. Projcctions are shown s e n g  at 300 .vr post-~losure: intrusion 

prior to this time was assumed to be prcvcnted by thc ploccmcnt of concrete c n p ~  over the 
shafts. Thc madmum projcctcd dosc during the 1,000-yr compliance period is 18 m m ,  
occurring at  thc timc offirvt intrusion. Projected doves dcclinc to leva than 8 mrcm by the 
end of r,hc compliance period, following the decoy of thc shorter-l id radionuclides in the 
wostc, 

The rndionuclidcs that makc major contributions to thc 300.p post-closure shdk dose 

are shown in Figuro 3-12. Ag-1OSm and Cs.137 arc rcsponsible for olnost 50 pcrccnt of thc 
projcctcd dose; Xb-94, h'b-92, h-241, U-238, and Pu.239 aach contkibutc about 5 to 13 
porecnt of the dosc. Direct radiation from contaminatcd soils account3 for 66 pcrccnt of the 

projected dosc, whilc inhalation of airborne radionctixtty accounts for 20 percent of the dose 
projection (Table 3-61. 

Thc maximum annual dosc from the inhalation of radioactive gases generated by the 

historic shaft wostc is 1,9x10' mrcm (Tablo 3.5). C-14 accounts for esscntiaIly all of the 

projected cxposurc, which was ossumed to occur nt 300 .w pout=closuro. The projected dose 
duc to thc inhalation of gases is included in Figure 3-11 and Table 3-6, 

3.12.2 Intruder Dose Projections for Futurc Waste 

Doses projcctcd for the Intrudcr=Apicultun? Sccnario for the future disposal pits  u e  
shown in Figure 3-13 for tho 1,000-1~ compliance period. Model calculations project a dose 

of 30 mrem a t  100 JT post-cloRure. The doses dcclinc to nppmximatoly 25 mrcm by the end 
of thc period. Pu-239 and U-238 account for about 50 pcrccnt of thc projected peak dose 
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Table 3-6. Pathway cantributiom to thc pcuk projcctcd intmdcr dom €or tb,c 
historic shafts. 

Dose at 
Peak Time Pcrccnt of 

Exposure Pnthwnv frnrrm) Pcnk DOHC 

Ingestion of soil . 1.7E400 9% 
Ingestion of crclps 6,OE-Ol 3% 

Inhnlntion of particulates 3.8Ei-00 20% 
Inhnlntion of gascs 1.9E-01 1% 

Dircct radiation &om soil 1.2E+01 66% 

Direct radiation fiom air 1.OE-06 0% 

Total Dose l18E+01 
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(Figure 3-14). lJ.234. Ro-226, U.235, tb-241, Pu-238, and Pu-240 arc cuch rcvponsiblc for 

about 5 to 7 pcrccnt of thc total dose, Inhnlation of airbanc pnfliculates and direct radiation 

from thc ground surfacc arc the dominant cxpovurc pathways, accounting for 69 pcrccnt of 
the pcdc dove (Table 3-71. T11c peak dosc from thc inhalation of radionctivr? g a ~ e s  is 2.6~10" 
mrcm (Table 3-51 and is doininnbd by C-14 gcncrnted from organic wnstc u t  thc cnd of thc 
:ictivc institutional control pcriod. This dose is rcflpctcd in thc rcsulte summarized in 

F ip rc  3-13 and Table 3-7. 

Dose projcctions for the Intruder-Afiriculturc Sccnnno for the futuro disposal shafts 

arc shown in F i p m  3-15. Projections arc shown stnrting nt 300 yr post-closurc; intrusion 
pnor to this timc w n y  nasumcd to bc prevented by thc ploccment of concrcrtr? C ~ P R  ovcr thc 

disposal units. The masimum projcctcd dosc during tha 1 , O O O m y r  complinncc period is about 
12 mrcm, occurring at thc timc of first intrusion. Projcctcd doses dcclinc to icss than 6 mrcm 
by the end of thc complioncc period, following the dccny of the t.ihortcr-livcd'rtldionuclidcs in 
the w w m .  Cs-137 accounts for 38 pcrccnt of thc projcctcd intruder dose; 3%-92, U-238, 
Am-241, and l'u-239 w c h  contribute ubout  10 to 17 pcrccnt of thc total dow (Figurc 3-16). 
Inhnlation of airborne radioactjvjty and direct radiation from contnminntcd soil nccount for 
83 pcrccnt of thc projcctcd cxposurc (Table 3-81. Tlic pcuk annual dosc from tho inhulntion 
of rndioactivo gnsc?i is 3 . 5 ~ 1 0 ~  mrcrn (Table 3-51 and is projected to  occur immcdiatcly after 

thc cnd of active institutional control. Tlic dosc is duc solcly to  tritiated wntcr vapor us no 
organic C-14 is prqicctcd to be prcscnt in thc future Phnft waste, 

3.2 COMPOSITE hVAL.YSIS 

Tho exposum scenarios for the composite onnlysis, discusncd in Section 2,1, addxcss 
potential cxposurcs to membcrs of thc public' living in thc vicinity of thc Arcn G disposal 
facility, Thc doac projcctions for thc annlysiH arc organized in tcfms of thcsc sccnoriou. 
Section 3.2.1 diacuuscu thc dove cutimatcs for tbc A1 Pathways - Groundwater Sccnurio, 
while the dosc projcctions for the Atmosphcxic Sccnario are  prcsentcd in Section 3.2.2. Tho 
projcctcd doses for thc All Pathways - Pornjito Canyon Sccnaxio nrc discussed in  

Section 3.2.3. 
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. ,  
Table 3-7, Pnthwiiy coatributiom to thc pcnk ptojcctcd intruder dotic for thc 

I future pitw. a. ,. 

DOHC nt 

Ingestion of soil 5,8E+00 

Ingestion of crops 3.5E+00 
Inhalation of pnrticulntca 1,3E+01 

Exposure P:ithwov Pcnk Tjmc 

Inhnlntion of gascs 2.6E-02 

Dircct radiation from soil 7.5E+00 
Dircct radiation from air 7.1E-0'7 

Pcrccnt o€ -. 
Pcnk Dowc ..", 

* 

. I  

19% 

12% 
44% 

0% 

25% 

0% 

Total Dose 3.OE+01 
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Table 3-8, Pathway contributions to thc pcak projected performuncc nsscssmcnt 
intrudcr dose for thc future shafts. 

DOHC nt 
Pcak Time Perccnt of 

Expasure Pnthwnv (mrem) Penk Dow~ 

Ingestion of soil 1.5E+00 13% 
Ingestion of crops LIE-01 4% 

Inhalation of pmiculntcs 3.8E*00 28% 

Inhalation of gns 3.9E-04 0% 
Direct radiation from soil 6,5E+00 55% 

Direct mciiation from air 5.SE-0’7 

Totd Dose 1.2E+01 
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3.2.1. 

notcd in Scction 3,l.L thc contaminant travel time to the rcccptor location ne= 
the town of Whjtc Rock is pcn tc r  than 100 yr, Conscqucntly, no doscs arc projcctcd for this 
locntion prior to the end of tho active institutional control period. Tho projected dosw for the 
point of maximum cxposurc 100 m (330 fl) oust-southcant of thc disposal units arc shown in 
Figure 3-17 for n period of 10,000 yr following closurc of thc disposal facility. Projcctcd doscs 
urc shown bepnning 650 ST nftcr thc end of octivc institutional control; annual ~ O B C R  

continue t u  incronsc until 3,000 >T post-clomrP, rcnching n maximum of T3x104 rnrcm. C-14, 
Tc-99, and 1-129 arc the only rndionuclidcs tha t  arc projcctcd t o  rcnch thc rcccptor's well 
within 10,000 "vr; C-14 is the primnry contributor to the projuctod doses throughout thc 
pcnod. 

The pcnk annual d o w  during thc l ,OOO-wvr  compliance pcriod is 1.2~10'~ mram, C-14 
and Tc-99 nccount for 95 and 3 percent of tho this dosc, rcupcctivcly. Exposurc pnthwny 

contributions to the pcak projcctcd dosc urc shown in Tnblc 3-9, Consumption of wntcr nnd 
ingestion of vegctnblcs irrigated with contnminntcd wcll wutcr contribute 38 and 59 pcrccnt 
of the pcnk dose, respcctivcly. 

3.2.2 Atmospheric Scrnnrio 

The projcctcd pcak dosc from gas inhnlation u t  thc point of maximum c.xpouurc is 

7.5~10.~ mrcdyr ,  thc corrcsponding dose at White Rock is 1.8~10" mrcrnfy, These doses me 

projected to  occur n t  the cnd of facility operations bccausc W-3 invcntoriev urc highest ot this 
tine. H-3 is rcsponsjblc for 90 pcrccnt of thc total doses; C-14 accounts for tho romnindcr. 

The projected doscs arc due entirely to thc inhalation of tritiated wntcr vapor nnd C-14 gnu, 

The doves projcctcd to  rcsult from atmosphcric transport of contamination brought to 
thc surfacr! from biotic intrusion arc shown in Figure 3-18. Tho pcnk projcctcd dosc for this 
pathway is 5.5 m r c d y r  in Conndn del Buoy and 1.3 rnredyr nt White Rock. Pcak doscs nt 

both locntions occur nt thc end of tlie uctivc institutionnl control period, the first t ime  u t  
which biotic intrusion is oxpcetcd t o  be fcnuible, Dams decline by tlic end of the 1,000-y~ 
compliance period 11s rndionuclidco in thc wnstcr dccay. The rndionuclidcs that contribute to 
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Figure 3-17. Projected compositc analysis doses for thc 
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Table 3-9. Pnthwny contributions to thc pcok projcctcd compositc analysis 
dose for thc AU Pnthwuys - Groundwntcr Sccndo.  0 

Exposurc Pfithwnv 

Ingcvtion of wtor 
Ingestion of soil 

Ingcvtion of a o p s  

Ingestion of mcat 

Ingcvtion of milk 
Inhalation of particulates 

Dircct rildintion f?om soil 

Dircct radiation from air 

Dosc at 
Pcnk Timp 

4.6E-06 

8.83-09 

7.2E-06 

2.OE-0'7 
2.33-07 

1.5E-10 
3.7E-10 

2.23-16 

Total Dose 1.2E-05 

Percent of 
Penk DOUP 

38% 

0% 

59% 

2% 

2% 

0% 
0% 
0% 
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the peak dose during the 1,000-yr cornpliancc pcriod arc shown in Figure 3-19, Isotopes of 
am&cjum and plutonium account for mom than 95 pcrcont of tho toto1 dose u t  cnch locnthn. 

Inhnlation of contaminated dust accounts for asscntially all of the projected exposures, 

3.2.3 

The projcctcd doves for the All Pathways - Porajito Canyon Scenario are shown in 
F i p c  3-20 for the 10,000->~ period follovling clovutc of. thc disposal facility. Thc projcctcd 

doses are greatest a t  the cnd of the active institutional control period, declining for several 
hundred yctlrs thcrcnf'tcr. hdioucti\+ty brought to the surfacc by plnntSs nad nnimnh is thc 

major contributor to the pcok dose. Doses rivc slightly to ;1 loco1 mzcimum o t  about 800 yr 
post-closurc, coinciding i i t h  thc arrival of pcak conccntrntionv of C-14 and Tc.99 at the 

rcceptorls well. 

Thc pcnk annual dose during the 1,000-yr complinncc pcriod is 7,2x1OS3 mrcm and, as 

stated above, occurs a t  the cnd of active institutional control, Hf-182, Ag-108~~1, and Pu-239 
contribute 16 to 37 percent of the pcak dosc: scvernl radionuclides make contributions 
ranging from about 2 to 8 pcrccnt (Fiprc  3-21). The inhalation of airborne dust and direct 
rndiation from conbmin:\t.cd soils ure rcsponsiblc for 3.1 and 43 pcrccnt of the mnximum dose 

during thc compliance period (Table 3-10), 

3.3 

This section summarizes the rcsulta of the Arcn G dove asscssmcnt. These results arc 
used to dc tcminc  if the disposal facility is in cornpliuncc with thc performance objectives for 
the pcrformnncc assessment and composite analysis. Section 3.3.1 addresses the dose 

projections for thc pcrformnncc nsscssmcnt, while Section 3.3.2 divcuvscu the results of the 
dose asscsnmcnt for thcb compouitc unnlysiu. 
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3.3.1 Perf'ormnncc Asscssmrnt Dow Summnrv nnd Camnlinnce Evnluntion 

The peak dose projections for thc cxposurc sccnnrios included in thc pcrfonnancc 
assessment arc s u m a r i z c d  in Tnble 3-31, Thc pcak annual dove for the Groundwater 

Resource Protection Scenario is 4.5~10" mrem at the receptor location in Parajito Canyon, 
Exposures nt this location me dominated by C-14. A pcak dose of 2.3~10" mrcm is projcctcd 
for the All Pathways - Groundwutcr Scenario, and occurs a t  thc cnd of the compliance period. 

The maximum annual dosc projected for thc Atmospheric Scenario is 6.6~10" m-em at the 

cnd of disposnl operations, and is due pnmllrily to releuscs of tritiated water vnpor from the 

facility. Thc peak doso for thc All Pathways - Pnrsjito Canyon Scenario is 1.3~10~ mrcmlyr, 

and occurs 800 yr nftcr thc disposnl facility closes. h l h u m  radon flwccs from the historic 
and futurc wnstc range from LLulO" to 1.7xlO'' pCi/m% (1.0~10" to 1.6~10~ pCi/ft%) for the 
pits and 8.1xlO' t o  3.1 (7.5~10" t o  2.9~10'' pcXt%> pCi/~'/s for the shafts (Table 3-12), 
Finnlly, the maximum projcctcd doses for tho inadvertcnt intruder range from 12 t o  30 
nucdw for thc historic and futurc waste disposed of in pits und shafts. All pcnk intruder 
doscs occur u t  the time of first intrusion, 100 and 300 yr aftcr facility closun? for thc pits and 
shah ,  rcspectivcly (Tnblc 3-1X1, 

The DOE Ordcr 5820.2A perfonnnncc objectivcs for the c.uposun! scenarios nddrcsscd 
in the dosc nsscsvmcnt arc listed in Tnblc 3-11, All projected peak doses IUT less thm the 

corresponding pcrformnncc objcctivcs. Peak drinking wotcr doscs and "all pathways" dovcs 
arc small fractions of the pcrtincnt perfomancc objcctivcs. Thc peak radon lluxcs from the 
historic woste arc 6.5 to 180 timcs smallcr than tho prcscribcd flux limit of 20 pCi/m% 
(1.9 pCi/ft2/y), whilc f lwcs &om futuro wastc (vc 25 to 120 timos s m d c r  than thc objective. 
Thc projected intruder doscs mngc fiom 12 to 30 pcrccnt of thc lOO-rnrcm/~w pcxfomnncc 
objcctivc for chronic cxposurcs. 

Thc lO-mrcm/)T perfomancc objectivo for thc atmospheric scenario represents the 
maximum cffcctivc dose a rncmbor of the public may receive from all facilities n t  the LAM,. 
To dcmomtrntc compliance with this objective, the projectcd doscs for Arc0 G must be added 
to thnsc projectcd to occur ns u rcsult of rclcuscv from othcr LANL facilities. h compliance 
with 10 CFR Part 61, tho LANL cnvironmcntnl survcillancc program includcs tho projection 
of maximum individual doscs from airborne cmissions from LANL facilities (LANL, 1996). 

Dose cnlculotions bnscd on monitoring data  collected in  1994 project a rnrudm-yn individual 
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Tabh 3-11, Summary of pcnk projcctcd doscs and p c r f o r m ~ c c  objcctivcs for 
the Area G pcrformmcc osacssmcnt. 

Apg li cn blc 

P e d  Dose Objective 
Exposur~1 fccnririo f mra-m/vr) (rnwm/vr) 

Projected Pcrformmcc 

Groundwater Resources Protcction Scenario 4.53-05 4,0E+OO 

All Pathways - Groundwater Sccnnrio 2,3E-07 2,5E+O 1 
Atmovphcric Scenario 6-63-02 1.OEaOl" 

A1 Pathways - Parajito Canyon Sccnario 
Intrudcr-Aficulturc Sccnnrio 

Historic pit wastc 

Future pit wnstc 
Estor ic  shaft wastc 

Futuro shnft waste 

1.3E-04 2,5E+01 

3.OE.cOl 1.OE+02 

3.OE+O 1 l.OE+OZ 
1,8E+01 1.OE*02 

1.2E+O 1 LOE+02 

a. Pcrf'ormencc objcctivc rcprcscnts thc m u i m u m  cxposurc rcccivcd by P mcmbcr of thc 
public from all sourccs at LANL, 
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Tnblc 342. Summnry of peak projcctcd rndoa duxcs nnd performnncc objectives 

for the hrcn G performance assessmcnt. 

Applicable 

&don Flux Objective 
Projected Pcdc Performance 

WRSfC Tvn c ( PC i/m VS\ (aCi/m2/s\ 

Historic pit LIE-01 2.OE+01 

Futurc pit L7E-01 2.OE+01 

Historic shaft 3,1E+00 Z.OE+O 1 

Futurc shnft 8,1E=O1 2.OE+01 
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dove of 3,s mrcm a t  a locution north of TA-53, thc Los Nmou Mcson Physics Fucility, Thc 
sum of this dosc :md the G,GxlO"-mrcm dose projcctcd at thc end of Area G dispovnl 
opcrntions ia itbout 3.6 mrrm.  This d o w  is l o s ~  thnn the 10-rnrcdyr pcrfomancc objcctivc. 

Strictly speaking:, summing thc atmospheric contributions in the rnnnncr dcvcribcd 
above is incorrect inxofar as thcvc doscs arc projcctcd to occur u t  diffcrcnt times and 
locations, The dose contribution from Area G corresponds to t!x tiine of projcctcd facility 

closure a t  a location south of TA-53, whilc the dosc calculated to dcmonstratc complinncc 
with 10 CFK Part 61 is bused on datu collcctcd in 1994 north of TA-53. I1owcvcr, the 

projcctcd doec for thc Arcn C disposal facility is cxpcctcd to bound tho actual cxposurcs 

received b? a rcccptor a t  thc point of madmum ntmosphcric cxposurc in 1994 ond, gcncrolly 
speaking, for nt least thc ncs t  100 >T. To thc cstcnt that  thc doacs from the othcr fncilitics 
r r t  the W i L  do not r ise  significantly nbovc thc 1994 dosc estimate, thc IO-mrcdyr 

pcrformuncc objcctivc will bc sntisficd. 

3.3.2 Compsitcr An:tlvsis nnsc Sumrnnrv rind Comnlinncr Evaluntinn 

Table 3-13 surnmnrizcs thc pcuk projcctcd doses for thc exposure nccniirios included 

in the composite analysis, Pank annual doscs for the All Prrthwnys - Groundwater and i l l 1  
Pathways Parajito Canyon sccnnrios arc 1 2 ~ 1 0 ' ~  and ' ; .?x~O'~ ,  rcupcctivcly. The dose for 
the formcr sccnario occurs a t  the cnd of the 1,000-~~ complinncc period, whilc the dosc for 

thc canyon rcsidcnt is projected to occur immcdintcly following the end of nctivc institutional 

control. Thc maximum annual dose projcctcd for thc Atmosphcric Sccnwio is 5.5 mrcm, and 
occurs a t  thc cnd of thc uctivc institutional control period. 

To demonstrntc cornplirrncc, thc projcctcd dosce for tho composita unulysis munt be 
less than 100 r n r c d y .  Furthcrmorc. doses grcatcr thnn 30 mrcmlyr indicate the nccd for 
un options analysis to identify cost-cffilctivc mcthods of rcducing cxpoeurcu, The results of 
the dose nsycsmwnt indicate thnt the Arca C disposal facility complies with h c  100-mrcdyr 

limit, and that  thcrc is no nccd for an options anulysis, 
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Tublc 3-13. Summnry of pcnk projcctcd doses Llad pcrformuncc objectives for 
thc Axcn G compositc aadysis. 

Ap pli cn blc 
Projwtcd Pcrformancc 
Pcnk Dose Objective 

Exposurr SctwnAo (mrrdvr)  (mrcdvr! 

fnthways - Groundwtcr Scenario 1.2E-05 3.OE+O~l.OE+02 
Atmospheric Scenario 5.5E+00 3.OE+Ol/l.OE+02 

.4ll Pathways - Pnrajito Canyon Sccnurio 7.2E-03 3.0E+OL/l.OE.c02 
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4. SEKSITMTY A\% WNCERTAINT 

The dosc projections prcvented in Chapter 3 arc the culmination of the modeling - -  

conducted to simulate radionuclide rclcnsc and transport in the Arcn G disposal cn\+ronmcnt, 
The arojcctions arc subject to thc unccrtainticu inhcrcnt in the modcling nndyscs, ns well . -  
as t o  those introduced by the dose nsvcmmcnt itself. "his chaptcr uddrcsscv thew 

unccrtnintics und discusses thcir implications in terms of demonstrating compliancc with the 
perfomuncc! asscssmcnt and compofiitc nnnlysis pcrformancc objcctivcrs. 

The scnuitivity and unccrtainty nnnlysis wns pcrformcd t o  develop nn undcrstanding 
of the potential cffccts modeling and data unccrtaintks may hnva on thc projcctcd dosca. 

The unccrtnintics associated with the modeling anolyscs conducted in support of tha .... 

pcrformancc nsscssmcnt and composite nnnlysis (ix,, infiItrntion modeling, source-term 

modeling, groundwater flow nnd transport modcling, atrnosphcric modeling, and dose - 
nsscssmcnt) wcrc cvnluntcd by cnch of the wbjcct-matter exports involved in the anolyscs. 
This chnptcr uses the results of thcsc stucliea to intcrprct thc Rignificnncc of identified 
unccrtnintics in t m n a  of dcmonstrnting compliancc with thc DOE Ordcr 5820.2A rind 
compositc annlysis pcrf'ormancc objcctivcs. 

Thc discussion of unccrtainty in orpnizctl in tcrms of thc cxposurc scennrios included 

in the pcrformancc usscvsmcnt and composite analysis. Section 4.1 discusscs uncertaintics 

und thcir potcntiul impuct on thc projection of doscs for members of thc public living 
downgndicnt or downwind af the disposal facility. Section 4 2  nddrcascs uncertainties as 
they pertain to thc inadvertent intrudcr dose projections. 

Thc sensitivity and unccrtninty analysis focused on thc projcctcd pcrfoniancc of the 

disposd facility during tho 1,000=yeur compliancc pcriod. However, in some inst;ancos, 
s0urcc.s of unccxtainty nrc discussed hcrc in terms of thcir impact over periods of up to 10,000 
ycoru. This longcr pcriod WUH takcn into convidcration to cnsurc thot waste disposed of in 
thc Arcn G disposal facility will not p o w  unocccptnblu r i v k v  to humm hcalth and tho 
cnvironmcnt. 



4.1 OFFSITE ESPOSURE SCENARIOS 

The offsitc cxposurc sccnmios w r c  used to cvalunte the potcntial impacts of 
rudionctivo rclcascs from tho Arcn G disposal facility on mcmbcrs of the public, Rcleuses 
wcrc assumed to  be tranuportcd to t h c  rcccptorv \+a groundwatcr, thc utmosphcrc, and 
s d m  watcr runoff, Tho radioacti\+ity in thcsc mcdin rcsultcd in thc contamination of 
foodstuffs and soils used or ncccsscd by thc offsib tcsidcnt. Unccrtaintics in thc modols ond 
parmctcrs used to estimate r o t a  of radionuclide rclcase, transport. and cxposure wi l l  
introduce errors into tho dose projections. The scnsitit4ty m d  uncertainty analysis discussed 
! x l o w  placcs quantitativc bounds on thc mo@tudc of ehc m o r s  associated with the projected 

doses, 

Thc following discussion is orgnnizcd in tcrms of thc ofiitc c.xposuro scenarios 
included in thc pcrformnncc asvcssmcnt and cornpositc unalysh Section 4.L.1 discusses the 
uncertaintics nnd their impact on projected doses for thc Groundwater Rcsourcc Protection 
Scenario, while tho uncertainties associated with thc A ~ o v p h c r i c  Scenario nnd the radon 
flux projections arc addrcsscd in Section 4.1.2. Thc impact of uncertainties associated with 
thc "011 pathways" scenarios is divcuvvcd in Section 4.1.3. Section 4.1.4 summarizcs the 

rcsulw of thc scnvitib4ty and unccrtninty analysis for thc offsifx cxposurc sccnnrios. 

Thc dosc projcctionv for the various cxposuro sccnurios all dcpcnd on o consiatcnt set 
of modcling componcnts or clcments. Thcsc components includc: 

The waste invcntory, which defines thc total m o u n t  ofradioactivity buricd 
in the disposal facility. 

Soucc rclcavc mcchanisms, which dcfinc thc mode and rate at which 
radioactivity is rclcascd to tho cn\+ironmcnt from the disposed wastc. 

Transport mcchnnismu, through which radionuclides UTC transported 
through tho cnvironmcnt to locntions accessiblc to  hmans, 

Uvngc factors, which dcscribo tho rate of usage of, or time c.xpoaed to,  
contaminated rcsourccs. 

Daw convcrsion factors, which rclatc intnkcs of radioactivity to absorbed 
doaos in tho receptor. 
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The discussions of scnsiti\$t)p and uncertainty thnt follow arc organized in tcrms of these 

A peak JORC of 8.3~10'~ m r c d y r  is prqicctcd for thc  Groundwn-x Rcs mc' Protcction 
Sccnririo a t  thc rcccgtor location 100 m (330 fl) cast-southcnut of the Area G fcncclinc during 
the 1,000-)~ cb;npliancc pcriod. Thc peak annual dosc projcctcd for thc rcccptor in Parajito 
Cimyon during this pcriod is 4.5x10*lr nircm. C-14, Tc-99, nnd 1-129 nrc! tho only 

r:idionuclides thnt contribute to  thcsc projcctcd doses; no othcr radionuclides rcnch the 
aquifer during the compliancc pcriod. C-14 is the primary contributor to thc pcnk doscs, 

nccounting for 68 to 68 pcrccnt of thc totals. unccrtaintics nssocintcd with the dose 

projections for this sccnorio, and thcir potcntid impact on thc ability of the Area G disposal 

facility to  comply with thc pcrformancc ObjcctivCs, arc discussed below. 

4.1.1.1 Rndioauclidc Inventories 

+I'hc projccted doses for the Groundwatcr Rcsourcc Protection Sccnnrio arc directly 
proportional to the nctivitics of rndiouctivc wostc disposcd of a t  Arcu G. Thc Septcmbcr 26, 
1988, to  1995 and 1996 to  2044 pcrformnncc nsuessmcnt invcntorics included in thc scenario 
w i m  projected using information talccn from the LLW disposal dntabnuc (Shumnn, 19971, 

Historic radionuclidc invcntorics were taken dircctly from the dntnbanc. Thc futurc 

opcrntionnl waste invcntorics wcrc Iorgcly cxtrilpointcd from 1990 to 1995 disposal rccords. 
Wnstc cxpectcd to bo gcncmtcd by cnvironrncntcll rcstoration 2nd dcconbminntion and 
decommissioning activitics was charrrctcrizcd using indcpcndcnt information from thc wrrvtc 

p?nurntors. 

The historic invcntory projections arc only as occurntc ns the rccordcd data used to  
vstimntc them. Errors mndc in mcosuring or reporting the volumcs nnd rndionuclidc 
activities will mimcprcscnt tho uctunl radionuclidc nctivitim and ConccntmtionM in tho 
disposal units, Insofar ns the futurc opcrotionnl wnstc projections nro  bnscd on the historic 

wustc disposnl records, they are also subject to  unccrtainticu introduced by mcnsurcment and 
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reporting errors, Additional uncertainties uc associntcd with the future wnstc because these 
projections usyurnc that wnstc requiring disposal in the future t i l l  have thc surne gcnerd 

chmactcnstics of LLW shipped for disposnl between 1990 and 1995. Changcs in the mission 
of the LAIN,, may dramatically of'f'cct thc types ond qunntiticv of LLW gcncrntcd at &\+I,, 
rhus invalidating chis assumption. Given tho currcnt political climntc and stab of flux 

within the DOE, it is rcnsonnblc to c?cpcct that such chnngcs could occur over the next 50 
ycprs. 

Thc mngnitudo of the C ~ O M  introduced by uncertaintics in the historic and future 
waste invcntoxy projections arc dificult to cvaluntc in an objective manner, The accuracy 
of the historic waste shipment dam cannot bo confirmed short of cxmvnting thc disposed 
wustc, un inappropriatc coursc of action by ull uccountu. IVhilc chcdw on thc uccurucy of 

future WPSLC projections will bc possible as shipments :inivc. u t  Arcir G for disposal, csrimntcv 

of t h e  possible errors at this time nro spcculntivc. Scwrthclcsu, some gcncral conclusions 

about tlicsc potcntinl errors can be drawn, 

N 1  of the radionuclides that  contributc to the groundwetct dose &cas C-14, Tc-99, and 
1.129) emit low-cncrgy beta pnrtjclcu and/or x-rays and, conucqucntlg, are difficult to detect 

in thc wastc, Dctcction is cnsicst in low-dcnsity waste due to the lock of ettcnuotion of 
radioactive emissions: accuratc detection in high-density wnstc is very difficult. Given these 
potcntial problcms, it is possible tha t  gcncmtors h a w  ovcrlookcd these radionuclides in the 
past. Errors ussocintcd with mconurcmcnta in low-density w n m  may bc on the order of 100 
to 200 pcrccnt unless the waste i3 subjected to radiochcrnicnl nnal~3iuS an approach seldom 
uvcd to charnctcrize LLW, 

The inventories of C-14, Tc-99, and 1-129 included in thc Groundwater Resource 
Protection Sccnnrio arc dominated by wmtc projected to be disposod of in thc future. For 
exnmplc, the future pcrfomnncc? nsscssmcnt invcntory comprises 84 nnd 90 percent of the 
tom1 C-14 und Tc-99 invcntoricu, rcspcctivcly, on a n  acti15ty buuis. The contribution offuturc 
wastc to chc total 1-129 invcntory is more modcrtltc, accounting for 55 pcrccnt of the tocal. 
Ovcr 9s pcrccnt of thc projcctcd invcntoricv of thcsc radionuclides is opcrationul waste, The 
significant contribution of future opcrational waste to tho projcctcd invantonos of C-14, Tc-99, 
and I-129 highlights the importnnco of occuratcly characterizing thc lcvcI offuturc operations 

nt m. 



rates of waste gcncmtion in thc futurc wcrc nssumcd to be equivalent to thc rates 
implied by the 1990 to 1995 LLW disposal rccords. Wastc gcncrutcd nt thcse rates was, in 
tunL, nssumcd to be disposcd of n t  k u a  G through thc Scar 2044. This period of almost 50 yr 

chosen to maximize thc bmcfit of the performance asscssmcnt in terms of optimizing 

waste management opcriitionu. This period is cxpectcd to be n conscrvntivc cstimotc of thc 
fucjlity's actual lifctimc, and may ovcrcntimatc tlw remaining apcrationnl period by 10 yr or 
more. Projected groundwatcr pathway doscu will decline from thovc rcportcd hcrc if tho 

facility closcs prior t o  2044, 

Approximately 60 pcrccnt of the projcctcd (2-14 invcntory in thc future wmtc  is based 
on the disposal of C-14 sourccs in 1992 and 1994, Sourccs of this t p c  and activity nrc 

disposed of a t  Arcn C infrequently, In fact, a rcview of Arcn G LLW disposni rccords 

indicates that  thc uctivity associated with thcsc sources rcprcscnts marc than 99 pcrccnt of 
the total C-14 sourcc activity disposed of since the early 1970s, Based on thcsc rcsults, the 

projected invantory of (2-14 used in thc pcrfonnnncc asscssmcnt is cx-pcctcd to ovcrcstimnto 

thc actual activity of this radionuclide placed in thc disposal facility, perhaps by ny much as 

50 pcsrccnt. Civcn thc contribution of C-14 to thc pcak projected drinkingwntcr doses, ncnrly 

any reduction in the projcctcd futurc inventory of this rndionuclidc will significantly affect 

thc 2rojectod scenurio exposures. 

1.1.1.2 Source Rclcnscs 

T h e  rate a t  which radioncti\+ty is lcochcd from the wnstc is D function of the fonn  of 
thc waste subjcct to Icmching, the amount of w t c r  percolating through thc wnstc, nnd thc 

gcochumical conditions within thc diuposnl unit cn\jronrncnt. ' l l i c ?  source-term modcling 

conducted in support of thc i u c n  G dosc asscssmcnt cxamincd the rclease chmxtcristics of 
four waste-forms: sudacc-contnminntcd waste, soils, concrcte and sludgeu, and 
bulk-contaminn tcd wnstc. Tho ulloca tion of thc period-spccific invcntorics among thcsc 
wostc-forms was pcrfomcd based on thc wnstc codes suppljcd by the gcncrator whcn thd 

waetc is shippcd for disposal. Wnvte stream wcre avsurncd to bc surface-contnminatcd 
wnvtc unlcsv thcrc was specific knowledge about t h e  waste ond itzi rclcouc chnrocr,cristics 
chat allowed it to bc assigncd to onc of thc other tlmx woate forma (Shumon, 1997). 
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Xn gcncral, ratcs of rndionuclidc rclcuvc arc greatest for tho surfr icc-conminakd 
waste ns wntcr percolating through the disposal uniu is nssumcd to linsc or wash thc 

contaminntion from the was& Vold and Shuman, 1997). In contrast, rcleascs eon soils, 
conuctc, and sludgcv arc invcrscly proportional to the distribution cocfiicicnts of the 

radionuclides !tithin each matrix. Rclcnscs from bulk-contaminntcd waste arc controlled by 
comoyion ratcs of the nctivutcd mctal waste form. Modeled rates of rolcasc of C-14, Tc-99, 
and 1-129 considered only thc invcntorics associatcd with the surfacc-contaminated wnstc 

bccuuvc prior work indicated that  rclcnscs from this wnstc form dominated the projected 
groundwntcr doses, 

The mnnncr in which rndionuclidc invcntorics wcrc nllocslted among the four ~*aste 

forms and thc simplification of the sourcc release model to consider only thc 
surfacc-contaminated waste invcntorics m e  not c.xpectcd to significantly offcct thc projected 
yccnnrio doses. Morc than 99 percent of thc wnstc contaminated with C-14, Tc.99, and  1-129 

was assigacd to the rapidly leaching, surfncc-contaminntcd waste. Conscqucntly, little 
opportunity cdsts for undcrcstimating actual rclcavc ratcs using thc allocation approach. 
\Vhilc nssuming that  thc vast majority of the C-14, Tc-99, and 1-129 woatc is surface- 

contaminntcd could lcnd to overcstimotion of actual relcase rates, the  magnitude of this 
ovcrcstimation is unknown. Conscqucntlp, no attempt wns mndc to bound this potcntid 
cmor. 

Rclcnscs of mdioactitlty from thc wasto disposed of a t  Area G urc proportional to the 
square of thc amount of water pcrcolnting through thc disposal u n i b  Wold and Shuman, 
1997). h nvcrngc pcrcolation rate of 5 m d y r  (0.2 inlyr) on top of hlcsitn dcl Buey w m  used 
t o  modcl sourcc relcnses and groundwntcr contaminnnt transport for the &ca G performnnce 
asacssrncnt and cumpositc analysis. This pcrcolation rate is bnscd on the unsaturated 
conductivity of crushed tuff at D moisture content of 8 pcrccnt, assuming unit gradient 
conditions. Pcrcolution mtcs  of 1 and 10 md.w (0.04 nod 0.4 inJyr) arc expected to 
rcnsonnbly bound thc basc-cnuc pcrcolntion ratc. These valucs rcsult in radionuclide release 
rates that arc 4 rind 300 pcrccnt of those projcctcd to occur for thc 5 - d ~ ~  (O.Z.inJp) 
pcrcolntion rate. 

Near-surface rams of water pcrcolation through Ana G arc e.xtremely variable and 
arc strongly influcnccd by thc disposal units, surfncc structures, and other alterations which 
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have uccompnnicd waste disposal. Givcn this voriobility, thc yclcclion of a suitable 

pcrco!ation rate for thc pcrfcrmnncc asscnsmcnt and compositc analysis is frnught iS5th 

unccnainty. S;cvcrthc.lc,rs, thc mean pcrcolation rate of 5 m d y r  (0,2 inJyr) uscd in the 

poundwatcr modeling is cxpccted to be a rcasonnble, end possibly conservative, 
upproximation of the rate a t  which w'ntcr flows through thc disposal units. This conclusion 

is supported by several lines of cvidcncc which indicatc that mcnn pcrcolation ratcs through 

thc disposal units a t  h r c a  G range from about 1 to 10 m d y r  f3,9x10°2 to  3.9~10" in&) 

(Sewman, 1996; Springct, 1996; Vold, 1996b). 

hdionuclide rclcnsc ratcs from tbc surfacc-conl;aminnted wnstc nrc influenced by the 
transit timc of wntcr through the wnstc packages, In gcncrul, pcnk radianuclidc 

conccntrations in the lcachatc ~ 5 l l  incrcase as thc transit tirnc dccrcnscs. Thc sourcc-tcm 
analysis cstimatcd PI; wcrage transit timc of appro.dmatcly 16 >T bmcd on an uvcmgc wastc 

package thickness of 1 rn (3,3 !I), a pcrcolation rate of' 5 mmlyT (0,2 inJyr) through tha  

disposal units, and a moisture contcnt for thc wastc of 8 pcrccnt Wold and Shuman, 1993, 

Thc magnitude of thc error introduced into the sourcc-tcm annlysis by unccrtuintics 
in the wntcr transit timc through thc wastc packagcs will be rclntivcly smnll. Thc sensitivity 

of peak radivnuclidc conccntrnticns in thc lcachatc to transit timc w'as cxnmincd for transit 
times ranging from 0.1 to 50 >T Wold 3nd Shumnn, 1997). 7'hc pcak lcnchatc concentration 
for a transit time of 1 yr WAS approximitcly 2.2 timcs grcator than thc pcak conccntration 
projcctcd for n transit time of 16 JT. ExtcndinZ: thc transit timc to 50 JT rcsultcd in a peak 
lcuchntc concentration nbout two timcs lowct than the conccntrntion for rho 1G-p transit 

timc. 

The gcochcmical conditions within thc disposal units play an important role in thc 

rclense of ridionudidcs from soils, concrctc, and sludgcs. T h e  conditions ultimntdy 

dc tcminc  tiic rndionuclidc sorption chamctcristicu in the units nnd thc solubility limits of 
waste contarninnnts in watcr percolating through thc wastc, Sorption chnrnctcristics 
influence thc relensc of radioactivity from the soil, concrctc, and sludge wnstc-forms; 
solubility limits may influcncc rclmsce from thc entire wnstc inventory. 

h discussed above, the majority of thc C-14, Tc-99, nnd 1.129 invcntories consist of 
surface-contaminatcd wnutc. Insofar ns rclensev from this waste form are unnfkctcd by the 



0 rsbionuclidcs' sorption bchnior ,  the gcochcmicnl conditions in the disposal units are 
rclativcly unimportant in tcrms of sourcc rclcasc modeling, Thck importance is diminished 

further by thc fact that  thc rclcnses of thcvc radionuclides wcre never of such a rnngnitudc 
a$ to  oxcccd thc isotopes' solubility Iimiw. 

4.1.1.3 Enviromcntd Transport Modcling 

The rndionctivitg leuchcd from the waste wns assumed t o  be subject to vcrtiwl 

transport to the regional nquifcr and to lateral migration to the sides of the mcsu. 
Contamination rcnching the sides of thc ILICYO. wacl conscrvntiwly assumed to  be washed 
immcdiatcly into the canyon allu\+um and transported dowward to tho ragionnl nquifcr. 
For cnch case, goundwntcr transport modcling was conducted to cstimatc radionuclide travel 
times to, and contaminant concentrations at, thc receptor's well. 

The mdionuclidc travcl timc, or timc rcquircd for rndionuclidcs leached from the 

waste to rcnch thc rcccptor's well, is important in that  it determines whether exposures will 
occur dlzring the compljnncc period and what thc magnitude of those cxposurcs ~511  be. 
Radionuclidc travcl tirncs arc u function of thc poundwntcr EL*avcI time nnd tho sorption 
behavior of thc contaminnnb. Groundwatcr flow modcling results indicate that  thc minimum 
groundwater travel timc from the disposd units downward to t ho  regional aquifer is 
approximntcly 600 yr (Birdscll c t  nl,, 1997). The travcl timc in thc aquifer from thc point of 
discharge to the rccoptor's well 100 m (330 ft) dowmgadisnt of the disposal facility is small 
in compnrison, about 50 >T. Thc groundwntcr travcl time to the regional aquifer from 
Pnrajito Canyon is projcctcd to be about 100 >T. This much shortcr travcl timc rcflects the 

Yhortcr distance from thc canyon bottom to the aquifer and pentor  rates ofwotcr pcrcolntion 
through the cnnyon alluvium. The trnvcl timc from thc point of discharge into the aquifer 
t o  thc rcccptor's wcll in thc canyon ~3 ignored bccausc thc wcll was assumed to be located 

immcdjntclp adjnccnt to Area G. 

Groundwtltcr travel timcv in thc unsaturated zone are proportional t o  thc mount of 
watcr pcrcolating through thc dispoml site. The 600-yr trnvcl lime atcd nbovc is bavcd on 
n percolation ruto of 5 m m l l ~  (0,2 inJyr) through tho mcso, 1 d y r  (0.04 inJyr) in Canada 
del Bucy, and 50 m d y r  (2 inJyr) in Parqjito Canyon. Tho effect of changes in  pcrcolntion 
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rates on t rawl  time is dcmonstratcd by thc results of madcling analyses pcrfonnod using 
mesa top pcrcolntion rates of 1 and 10 m d y r  iO.04 and ,4 in./yr). Thcsc pcrcolntion ratcn, 

whch  arc! espcctcd to rcusonnbly bound thc basc-cnsc! pcrcolntion rntes, wcrc projcctcd to  
result in poundwatcr  cravcl timcs from tho disposal unjkq t o  the aquifer of npproximntcly 

3,000 and 300 yr, rwpectivcly (Birdscll et  ol,, 1997). Groundwater trnvcl timcs from the floor 
of Parajito Canyon to the uquifcr arc also proportional to  thc infiltration rate. Thc 100-yr 
travel timc citcd obovc corrcsponds to ;L percolation rate of 50 m d j ~  (2 in@) in the canyon. 

Travel timcv of 250 and 50 >T arc projcctcd for canyon infiltration rntcv of 20 and 100 mm/yr 

(0.6 and 4 in . /F) ,  rcupcctivcly. 

Thc hydraulic conducti\$tics ond moisturc retention chnractcriutics of tlw gcologic 

strata undcrl)kg Area G will dctcrminc thc velocity a t  which groundwater moves through 
thc vadose zonc. Studies wcre conducted to  cvaluatc thc cflcct ofvariations in the hydraulic 

conductivities of the gcologk units underl jhg k a n  G on projected goundwntcr tr~v'cl times 
(Birdscll et nl,, 1997). Particle tracking simulutians were conducted using the minimum and 
maximum rcportcd valucs of hydraulic conducthitics for cnch unit down to thc Ccrros dol Rio 
bnsnlts, Thcsc t*nrintions rcsultcd jn chnngcs in thc projccccd groundwntcr trnvcl timcv on 

the order of 25 t o  35 pcrccnt. 

Units 2 and l v  of thc Tshircgc Member of the Bandclier tuff form thc top of Mesita 

dcl Bucy und arc characterized by c m w i v c  fracturing (liricr z t  01.. 1995). Ivhilc these 
fractcrcs may provide a pathway for dccp infiltration. thus shortcning thc groundwatcr travel 

timc, they do not appear to play an important role in this r c p r d ,  Thc crushcd tuff placed 

in the bottom of the disposal units during pit nnd shaft cxcilvntion tends to ~ c n l  thc fructurcs 
immdintcly below thc disposed wastc, minimizing thc potcntinl for rapid vcrrticnl movcmcnt 

of contaminatcd wntcr. Modcling studies by Sol1 (1995) indicate that  simificant flows in 
fracturcu arc unlikcly cxccpt undcr tho most cxtrcmc infiltration cvcnts, Evcn under theso 

conditions, the sirndations indicate that fractures with no coatings or fill arc unublc to c m y  
wa tcr long diutanccu. Finally, thc fractures bcncnth &ea G arc discontinuous, preventing 

water from travcling d o n g  them for long distances. 

Thc sorption bchovior of thc w m t e  rndionuclidcs in thc unsuturntcd nnd snturnted 

zoncs uho affects thc time rcquirad for rndionuclidcs to rcnch thc rcccptor's wall. The 
sorption bchnvior of the rndionuclidcs included in thc Groundwotcr Resource Protcction 
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Sccnorio WRS estimntcd bnscd on site-spccific studies nnd information takcn from the open 
litcmturc. A conscrvotivc dimibution cocfficicnt of 0 W g  was chosen for C-14, Tc-99, and  
1.129 ( L o n e e  c t  pl,, 1996). Boscd on this vnluc, the contnminiutt bawl  times for these 

rndionuclidcs wcrc equivalcnt to the groundwatcr travel times. Consequently, groundwntcr 

doses for contominotion transported vcrtkdl>* through the mesa were first estimated to occur 
about 650 JJT after facility closure (Birdscll c t  nl., 1997). Exposures f'rom radionuclides 
tranvportcd laterally, t o  the sides of the mesa, wcrc projected to  s t w t  about 100 >T after 
facility closurc. 

Emors in estimating radionuclide trawl times to thc receptor's wcll may lend t o  ovcr- 

or undcrcstimation of drinking water dosou. Ovcrcatimates of the contaminant trnvcl times 
gcncmlly will lcnd to undcrcstimation of thc uctud  groundw*atcr pothwoy doses. Convcrsely, 
undcrcstirnatcs of thc times required for rudionuclidcu to rcuch the well may lend t o  

ovcrcstimntion of thc nctuol doscs rccciwd by the person consuming thc wator, Tho impact 
of such cmors is expectcd to be relntivclp small in tcrms of thc receptor location in Parnjito 
Canyon. As stated carlicr, the contaminnnt travcl time to the nquifcr \ i i a  this routc is rapid 
(about 100 yr), providing little opportunity for overestimating the time required for thc 

radionuclides to reach the well. Conwrscly, while actual travel times mny bc gcn tc r  than 
100 _w, thcp would havc to bc morc thnn thrce or four times longcr to cause significant 
rcductionv in thc peak drinking watcr dose projected for thc canyon resident, 

The travcl time of G ~ s ,  Tc.99, and 1,129 to thc wcll cast-aouthcast of t he  &en G 
The cffect of shorter travel times on thc projcc%d disPosal facility is about 650 .vr. 

compliancc period doses a t  this location Le, ,  assuming convtnnt rates of radionuclide rclcnse) 
can bc approdmntcd using Figurc 3-1. As the travel time dccrcoscs, all projcctcd doses 
shown in thc figurc will occur at carlicr times. For cxnmplc, nssumc thc contaminnnt travel 

timcs for C-14, Tc-99, and 1-129 in the v.nd0se zone dccrcaue about 50 percent t o  300 ST, 

consistent with thc poundwntcr tmvcl time obucwcd using n mcsn top infiltration rate of 
10 ~ J T  (0.4 in JF) .  In n p p r o ~ m a t c  terms, the  dose shown in Figure 3-1 a t  1,300 , ~ r  post- 
closurc would occur at the end of the l,OOO-.w compliancc? period, Undcr these conditions, the 

projected pcnk dove during the cornplinncc period would increase about 5 5  times, after 
adjusting for rndionctivo decay. 
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preceding discussion dcmonstratcs that  thc wntcr infiltration rate in  thc vicinity 

of thc disposal site may hnvc significant cffccts on the projected drinking watcr doses, As 
discussed in Section 4.1.1.2, rates of radionuclidc rclcnnc arc proportional to tho amount of 
water pcrcolnting through the disposed waste, Furthcrmorr;, as discussed above, changes in 

i n f i l t m ~ o n  ratc will influcncc the radionuclidc travel times to thc receptor's wcll. l f i lc  the 
~ f f e c w  ofchnngcs i n  thc infiltration rate can bc estimated bnscd on nn undcrstnndifig of thc 
individual rclcnse nnd groundwntcr transport models 1;wd in thc pcrf'ormancc nsscssmcnt, 

the ovcrall impact of uncertainties in the rate of infiltration on the projected doses is bast 
understood by conducting specific model simulations. Such simulntions w r e  conductcd 3s 
port of the senaiti\<ty and uncertainty analysis, thc resulLq of which arc discussed in thc  

following p a r n p p h u .  

Birdscll ct nl, (1997) conducted a scrics of groundwntcr model simulations for diffcrcnt 

flow conditions a t  k c 3  G, The flow conditions included the following: 

A mcsa top infiltrntion of 1 m d j ~  (0.04 in,&), n Cnnadn dcl Bucy 
infiltrLtion rate of1 m d y r  (0.04 inJyr), and n Pnrnjito Canyon infiltration 
rate or' 20 mmfyr (0,s in./yr) 

A mcsa top infiltration of 5 mm/n (0.2 inJ}T), a Canada del Bucy 
infiltration rate of 1 m d y r  (0.04 in,&), and a Pnrnjito Canyon infiltration 
rntc of 20 m d y r  (0.8 in./yr) 

- A mesa top infiltration of 10 mm/.vr (0.4 inJyr), n Cnnndn dal Buey 
infiltration ratc of 1 m m / j ~  (0.04 in./)?.), and n Pnrnjito Canyon infiltration 
rate of 20 m d y r  (0.6 in./JT) 

h nicsn top inf;ltrnt;ion of 10 mmlyr (0.4 inJyr), n Canadn dcl Buoy 
infiltration ratc of 5 m d y r  (0.2 in./-m), and a Parnjito Canyon infiltration 
rate of 100 r n d p  (4 inlyr) 

ThCR flow conditions arc cxpcctcd to reasonably bound thc uctual infiltration rntcs at, and 
in thc vicinity of, tircu G. A9 discussed cnrlidr, scvcrnl investigators ( c g ,  Newmm, 1996; 
Springer, 1996; Vold, 1996b) h a w  indicated thnt the mesa top infiltration rntc rnngcs from 
obout 1 to 10 m d q r  (0.04 to 0.4 in./yrL Vold c t  ul. (1996) indicate infiltration rates ranging 
from lcvs than 1 m d y r  (0.04 in./yr> to 5 m d y r  (0.2 inJyr) in dry canyons such as Canodn 
de1 Buey, whilc infiltration ratcv in wct canyons such as Pnrajito Canyon appcnr t o  bo on t h o  
order of 50 mmlyr (2 i d y d .  
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The tom1 fluxes of rndionuclidcv to the nquifcr wcrc projcctcd for cuch of the flow 

conditions listcd above and comparcd t o  the flweu for the base-cost? flow conditions of 5 
m d y r  (0.2 in Jm)  infiltrntion on the mcsa top, 1 d F  (0.04 inJ>T) infiltmtion in Cnnuda 

del Bucy, and 50 m d y r  (2 inJ)T) infiltration in PY'ajito Canyon (Birdsell et nl,, 1997). 
Radionuclidc f lwcs  to thc nquifcr wcrc smnllcst whcn infiltration ratcs of I, 1, and 20 m m / ) ~  
(0.04, 0.04, and 0.8 iniyr) wcrc usuigncd to thc mesa top ,  Canndn dcl Bucy, and Parajit.0 
Canyon, respectively. Convcruely; fluxes reached n maximum when the mcso top w9ns 

assigned nn infiltration rate of 10 d y r  (0,4 inJyr) and infilltrntion rates of 5 and 100 ~ J T  

(0.2 and 4 in/)T) were assigned to Cnnadn dcl BUCY ond Parajito Canyon. rcspcctivcly. 
Potcntial doses  ere projected for tho drinking watcr pathway for thcsc low and high flow 

con& tions. 

Thc doses projected for the low and high flow conditions arc compared to thc bosc-cnsc 

dosc projections in Figure 4-1 for the receptor location 100 rn 1330 ft) cast-Routhcnst of the 
Arc0 G disposal facility. Doses for thc low flow condition incrcnvc throughout the 10,000-~~ 
pcriod shown and are significantly lowcr than t h e  bnsc-cnsc projcctions for most of this time. 
Thc pcnk annual dosc projcctcd for the low flow condition during the l,OOO-.w compliance 

pcriod is 4.4~10''~ mrcm, or almost 19,000 timcs lcss than tho peak dosc projcctcd for the 
bnsc case. Conversely, the higher rates of rolease and shorter travel times characteristic of 
the high flow condition result in highcr doscs o t  earlier times. The pc& annual dose 

projcctcd for thc pcriod, 3.0~10" mrcm, occurs approximotcly 2,500 years aftcr facility 

closure, The pcak dovc during the complinncc period for the high flow* condition is 3.5~10'~ 
mrcm/,vr, which is npproximatcly 42 times highcr than thc ma~mum compliance period dovc 
for the base c o ~ ,  

The projected drinking watcr doses for the base-asc, low, and high flow conditions at 

the receptor location in Pnrajito Conyon arc shown in Figure 4-2. Projected doses arc lower 
and pcak latcr for thu low flow condition rclativc to the base case, The peak dosc during thc 

1,000-yr compliancc pcriod is 5.3~10'~ mrcdyr  or 12 pcrccnt of thc peak dose projcmd for 
the bnvc case simulation. Projcctcd doses peak approxknntcly 600 yr aftcr facility clouurc 

undcr thc high f low condition, or 200 yr sooncr than that seen undcr thc base cuse conditionu. 
The pcnk dosc during thc coaplinncc period is 1 2 ~ 1 0 ~  mrcdyr, which is about 2.7 times 

the peak buvc case dose. This incrcasc in  thc projcctcd peak dove is lcss than that observed 
for t he  rcccptor location 100 m cost-southonst of Aron G, and is due t o  the cistcncc of 
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competing forces in thc lntcral and vcrtical dircctions. Tlic sidcs of the mcsn cxcrt a grcntcr 

pull on tho lcachatc for thc high f l o w  case because thcre is 3 fixed low saturation at thc mcsn 
cdgcs and an incrcnvcd moisture contcnt ncm thc disposnl units, On tlic othcr hand, 

incrcascd infiltration through tho disposal site tcnds t o  force w t c r  downward, beyond the 

avaporntivc “pull” of the mwu sides. 
- ,  

..I, 

The peak drinking water dosc projcctcd t o  occur following the lntcral transport of 
contamination to the sidcs of thc mesa. is cxpectcd to bc ovcrstatcd for rcnsons pertaining t o  

the manner in  which lattlral transport wvm modeled nnd the approneh used to cutimatc 
uquifcr contaminant conccntmtions, In tcrms of the goundwntcr modeling approach, the 
nicsignmcnt of n fixad cvaporntion boundary condition to thc sidcs of the mcsn only is  not 

cxpcctcd to accuratcly rcprescnt thc truc extent of cvaporntion within the mcsa, Evnporation 

is alvo cxpcctcd to occur within thc fracturcu in thc geologic units comprising the top of thc 
mcm. Croundwntcr moving lntcrnlly will cncountcr fhcturcs in  thc intact portions of thc 
mesa separating the disposal units from thc mesa walls. Undcr unsaturntcd conditions, 
rnoisturc will tend to cvnporntc a t  thc walls of the fractures, leaving any contamination 
behind. SJhilc saturated flow in thc frncturcs following hcavy prccipjtntion or snow-melt may 

transport thc contaminution downward, i t  is improbnblc that the radioactivity \rill undergo 

any trddjtionnl lateral transport. 

The poundwntc r  modcling nnulysis did not clccount for thc cxistcncc of fracturcs 

bctwr.cn the disposal uni t s  and thc aidcs of the mesa, Conscqucntly, Intcrol trnnsport of 

radioactivity W L ~ Y  assumed to proceed unintcrruptcd by fmcturcs in Unit3 2 and lvu of tho 
Tshircgc Mcmbcr of the Bnndclicr tuff, which forms the top ofRIcsita del Bucy. Under thcsc 

conditions, thc quantities of cantaminntion projcctcd to rcach thc mcsa walls arc cxpectcd 

t o  be pca tc r  than would actually occur, lending to projected doscs to the Parajito Conyon 
rcsidcnt that arc larger than cxpectcd. 

kwtwnptions about how radiooctjvity is transportcd from the sides of the mcsn to the 

rcgionnl aquifcr will also tend to  ovcrcstimotc tha octunl doses rcccivod from drinking 

contaminated noundwn tcr, Contamination rcoching the sides of thc mesa along Pmajiw 
Cnnyon was nsgumed t o  be carricd immediatcly to the bottom of tho  canyon by surface runoff. 
Once there, all radioactivity was assumed t o  be hanuportcd verticnlly t o  thc rcgiond aquifcr 

with tho prcvding  flow through thc canyon alluviun. It is more likely, howcver, that 

http://bctwr.cn


radionctivity w d l  bc washed from thc sides of the mew over timc. Contamination in the 
runoffvil l  bc distributed along the lower portions of tho mesa ~ a l l s ,  ivhcrcvcr w t c r  rnoy 
collect, and out onto thc canyon floor. It is unlikely that all contamination ~ 5 1 1  cnrcr inco 
alluvial watcrs and undergo immcdintc transport downward at thc ra te  projected in  the 
groundwater modeling. 

Radioactivity that is not subject t o  latcral transport was modeled to trnvcl vcrticdly 

to thc regional aquifer, Thcrcforc, ovcrcstimntcs of the amount of e o n d n a t i o n  transported 
laterally to thc sides of the mcsa will undcrcstimntc thc nchiicies transported vcrticdly to 

thc aquifer and, hcncc, thc doses rcccived bj* thc rcccptor located cast=southcast of the 
disposal units, Thc crror introduced into the dove projections by this sourcc of unecrtniaty, 
howcvcr, is cspectcd to  bc small. Groundwntcr simulntions indicate that the t o t d  mass of 
contamination csiting the sides of thc mcsa ovcr 10,000 , ~ r  is approximately 30 pcrccnt of thc 

mass discharged to thc nquifcr. Based on these rcuults, dose8 roccivcd by the rcccptor locntcd 
elrut-southcnst of hrca G would bc no morc than 30 percent p c a t c r  if all contamination were 
transported vertically to  thc rcgionnl aquifcr. 

Rndioocthity in the nquifcr is diluted as i t  is trcrnsportcd from thc point of discharge 
t o  tho rcccptor’s well. Unccrtaintics in thc amount of dilution that  wiI1 uctunlly occur may 
lcnd t o  crors in thc projcctcd drinking watcr doses. Conccntrntions of radioactivity in the 

aquifer arc a function of thc aquifer velocity, thc transvcrsc and longitudinal dispcrsi\5tics, 
and the mixing dcpth in the saturtrtcd zonc, In gcncrnl, mdionctitity in the nquifcr will 
becomc more diluted a y  the values of thcsc pnramcters incrcaue. 

The amount of aquifer dilution projcctcd to occur bcmccn the disposal site and  the  
rcceptw 100 m (330 ft) down=gradient of t.hc disposd unity may undcrcstimntc nctud 

conditions, An aquifcr velocity of 16 m/*w (52 W>T> was uacd in the snturotcd zone modeling. 
This vclacity is small relative to t h e  vclocitics.of 29 and 100 d y r  (95 and 350 fvw) citcd by 
Abrnhms (1963) for thc regional aquifer t o  the north and south of Rrcn G, respectively. 
Longitudinal nnd transverse dispersiviticu of 20 nnd 2 m (66 and 6.6 ft), respectively. were 
used in thc snturatcd zone modeling. Thcse volucv O ~ C  also cxpcctcd to be conservative. 
Longitudinal dispcrsi\<ticu arc expected to range from 24 to 130 m (79 to 426 ft) when the 

actual distances from thc disposal units to the rcceptor’s well me taken into account. 
Similarly, trclnsvcrsc dispcrsivitiov nrc cxpccted to range from 2.4 to 13 m (7.9 to 43 A), 
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Radionuclides discharged to thc trqujfcr wcrc projcctcd to  mix over thc entire 100 m (330 ft) 

thickncss assumed for thc rcgionnl uquifer, Abraham3 (1963) citcs uquifer thickncsucs of 530 
and 107 m (1,700 and 490 R) north and south of Arcn G, rcspectively, If the nquifcr 

thickness below h r c n  G is gcntcr  than 100 m (330 fk), additional dilution would bc cxpcctcd. 

Radionuclide conccntrations in  thc rcgional aquifcr below Parnjito Canyon were 

projected wporntcly for the Scptembcr 26, 1988 to 1995 nnd 1996 to 2044 pcrfomnncc 
assmsment invcntorics. The drinking watcr doscs prajcctcd for the canyon resident wcrc 
based on thc assumption that an individual consumes wntcr ~ i t h  radionuclidc concentrations 

cqud to  thc sum of thc conccntrations projected for thc historic and futurc wnutc. The nctunl 
contaminant ConcentrationY cncountcrcd by the rcvidcnt will depend upon the plnccmcnt of 

thc wcll rclntivc to thc disposal units and the dcgco  to which plumes from the diffcrcnt; 

wnstc invcntorics intcrnct with one mother. Ncvcrthclcss, tha approach used is cxpcctcd to 
ovcrcstimutc thc :ictunl cxpasurca rcccivcd by thc individunl. 

4.1.1.4 Rcsourcc Utilization 

The yolc sourcc of cxposurc for thc Groundwntor Resource Protcction Sccnario is tho 

consumption of contnminntcd water drawn from thc wcll, Thc individual is nssumcd to 
ingest 2 L (5.3xlO" sal) of wntcr pcr dsy, includinF watcr consumcd in thc form ofjuiccv and 
other bcveragcs containing tap ivntcr, This wntcr consumption ratc is consistcnt with thc 

mcthadolom used to dcvclop tho groundwater protection standards and, as such, is 
nppropriatc for UYC in tho Arm G d a m  nsscssmcnt; howcvcr, it is cxpcctcd t o  ovcrcstimatc 
actual rcltcs of consumption for an avcragc individual. 'rha National Acodcmy of Scicnccs 

(1977; reported in EPA, 1959) cnlculntcd nn ovcragc par capita watcr consumption rate of 1.6 

Uday ( 4 . 2 ~ 1 0 ' ~  gallday) based on u yurvcy of nine litcrnturc sources, This source nnd scvcrnl 
others chosen by thc EPA (3989) to dotcrmine n rccommcndcd Consumption rate indicntc an 
avcrogc adult dtinking watcr consumption rntc of 1,4 Udny (3.7~10" p.l/day) and n 
rcauonab!c worst-case value of 2 Udny (5.3~10" ,@/day). 
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4.1.1.5 Rndionuclidc DOHC Coavcrsion Factors 

Thc coneantrations of mdioncti\<ty in goundivater and the rate of wotcr consumption 
lield the intokcs of radioncti\<t,v for thc goundwatcr  user, Thcve intakes arc relatcd to  
doscs using thc ingestion dosc convcrsior, factors, The projcctcd doses for thc Groundwater 
Rcsourcc ?rotcction Sccnario arc committcd cffcctivc dose equivnlcnts, rcprcsenring the tom1 
dosc equivalent rcccived by the body over a 5 0 - s ~  pcriod after thc intake of radioactivity. The 
dosc convcrsion factors arc buscd on thc rccommcndations of thc International Commission 
of Radiological Protection (ICRP) 3s provided in Publications 26, 30, and 48 (ICRF, 1977, 
1979-1982, 1986). While uncertainties in thc dove conversion factors used to project thcsc 
doses c?dst, the impact of these unccrtaintics is not rcndily choructarizcd, The impact of 
thcsc uncertainties upon the dosc projections wns not considered in  thc uncertainty nnnlysis, 

4.1.2 Atmospheric Scrnnrh 

The Atmovphcric Sccnario wns included in tho dose assessment for the performance 
osncusmcnt and the compositc analysis, Radon fluxes w r e  projcctcd for thc undisturbed 
disposal site for thc performance assessment only. Tlic pcnk pcrf'ormonco msessmcnt dose 

for thc sccnario in Canndn del Buey is 6.6~10" mr~ml,vr, due to  the inhalation of radioactive 
gnscs at  t he  end of disposal operations. Thc corrcsponding dosc at the cxposurc location near 
White Rock is 1.6~10" mrcdyr ,  Dust resuspendcd from the site at  the end of active 

institutional control resultv in pcnk doscs of 92~10'~ and 2,2x10g3 r n r e d y  in Conodn del 
Bucy and ttnzitc Rock, rcspectivcly. Thc rudionuclidcv t h a t  contribute 1 pcrcent or more of 
thc pcnk doso for the inhalation of gases and dust arc listed in Table 4-1. Projected peak 

fluxes of radon gas from thc historic pit and shaft wastc arc 1.1~10" pCi/m'/s (l.0x10g2 
pCi/ft2/s) and 3.1 pCilm?ls (2.9~10" pCi/ft2/s), rcspcctiwly. T h o  muximum flux for the future 
pit waste is L7xlO-' pC;/m'/s (l.GxlO" pCi/ft%, while thc pcnk flux for tho future shaft 
waste is S,IXIO'~ pCi/rn=/s (c .~x~o ' '  p ~ i l f t ~ / s ) .  

The pcnk dose projected for thc Atmospheric Scenario using thc composite analysis 
invcntory is 5.5 mrcd-cvr in Canada dcl Bucy and 1.3 m r c d y r  near Whitc Rock. These doees 

arc projcctcd to occur a t  thc end of thc active institutional control period. hdionuclidcs 
making significant contributions to thc pcnk dosc arc included in Table 4-1, The inhalation 
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ofraciioactivo gusts prior to thc cnd of thc activc institutional control pcriod is ptojectcd to 

result in annual dovcs of 7.5~10'~ nnd 1.8~10" mrcm in Canada de1 Bucy and White Rock, 
rcspcctivc!y. Thc uncertaintics nvsociotcd with all of thcyc projcctions, and hcir potential 
impact on the ability of thc G disposal foalit)' to comply ~ t t h  the pcrformnncc 
objcctivcs, me discussed below. 

4.1.2.1 Radionuclide Invcntorics 

ib stated carlicr, thc historic ond futurc pcrformancc assessment inventories rn 

bnvcd on data tskcn directly from thc LLW disposal database, tho extrapolation of historic 
disposal data to cvtimatc futuro rntcs of disposal, and additional information collccted f3om 
waste gcncrntors. The 1957 to 1970 pit and shaft inventories for the compositc analysis arc 

b a u d  on thc c.utropolation of UW and transuranic wmtc data for thc cmly to mid-197Os. 

Thc 1971 to Scptcmbcr 25, 1988, compositc analysis inventory is based on data in thc LLW 
disposal datnbnsc. 

General commcnts about thc unccrtaintics nwocintcd with the pcxformnncc 
usscssmcnt invcntov projcctions arc provided in Section 4.1.1,l. Many of thcsc same 

uncertaintics will apply to the 1957 to 1970 and 1971 to Scptcmbcr 25, 1988, composite 
analysis invcntorics. The rcninindcr of this section dcals with unccrtaintics nssocinted with 
rndionuclidcs that mokc significnnt contributions to thc projected Atmosphcric Scenario 
doscs, 

H-3 is difficult to  dotcct and quantify in small quantities unless mdiochcmicol 
nnnlysev arc pcrf'ormt?d, h ienwcment  cmors dcclinc a8 the activity of the waste increascs. 
For sumplcv with acthitics on thc ordcr of n fcw curies, of'f-gnysing meavumments may be 
accurntc to within n factor of 10, Wnvto containing hundrcdv to thousands of curicv of H3 - 
nrc charactcrizcd using ion chnmbcr mcnsurcmantu and calorimetry. Tho forznor mcthod may 

bo accuratc to within n fnctor of 2, whilc thc crror avsociatcd with cnlorimctry is loss than 
20 perccnt. The mqiority of thc H-3 activity disposed of at Arcn G occurs ns packages 
containing hundrcdv to tcns of thousands of curics of H-3. Thus, based on the information 
provided above, monsurcmcnts errors arc expcctcd to  be lcss than 20 to 100 pcrccnt for thc 

H-3 invontorics, 
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In gcncrnl, radionuclide activities in  weapons-gndc plutonium LLW nrc difficult to 
detect using non-invneivc or non-dcstructivc mcnns, Dctcction cnpnbilitics arc closcly linked 

with the ncti\.ity nnd dcnsity of the wnstc. Low-dcnsity, low-nctivi ty wnatc may have 
mcasurcmcnt crrors as p c u t  ns 400 to 900 pcrccnt nssocintcd with it; us thc  activity 
increases, crrors will tend t o  fall bclow 1.00 to  200 pcrccnt. Plutonium nctivitics in  

high-density, low-nctidty wnsto nrc dificult to  dctcct: crrors mny reach 900 pcrccnt or  marc. 
As the dcnsity of highcr-activity ivos'te dcc-rcnses, mcnsurcmcnt crrors mny be as high ns 100 

to  400 pcrccnt. Thcvc unccrtnintics cnn be reduced when snmpling and radiochemistry arc 

uscd to characterize tho wastc. Howevur, this level of effort is scldom applied to LLW, 

\;hilcl thc crrors nssocinttld with plutonium activity mcusurcmcnts may bc quitc high, 
tcndcncics of gcncrotors t o  ovcrcvtimutc nctunl octivitics in LLW mny offsct all, or u portion 

of, them wrors. Generators of ivastc contn.minntcd with transuranic radionuclides 

understand thc importance of restricting radionuclide conccntrntionu to lcss than 100 nCVg 
if the rnnttlrinl is to  bc disposed of u t  Arcn G. Consequently, in thc last  thrcc to  five ycnrs, 

possibly longcr, most major gcncrntors oftransuranic wnstc hnvc listed rndionuclidc activities 
on thcir w n m  disposal records that corrcspond to  thc mcnn activity plus one scnndnrd 

deviation of the mcnn. 

The  tmdcncy of gcncrntors to ovcrc.rtimatc actual acti\<ties of plutonium in thcir 

wnstc is cspccinlly important in terms of the inventory projected for tho perfomancc. 
osstrssmcnt. This inventor?' is dominated by opcrntiond wostc projcctcd to  require disposal 

in thc futurc. h discusscd carlicr, tlic ilssumcd chnmctcristics of thc futurc wastc were 
based on the propcrtics of thc wastc disposed of between 1990 and 1995. Conscqucntly, any 
tendency to ovcrstutc octuul octivitics in thc historic wnstc will also tcnd to ovcrcstimntc 

futurc invcntorics. 

Thc plutonium invcntorics for thc compositr! unnlysiv arc dominated by the waste 

projcctcd to be disposed of prior to  1971. h discussed cnrlicr, thoso projections were 
dcvclopcd by cxtrapoluting m o t e  disposal dntn for thc early to  mid-1970s back to the 1957 

t o  1971 period. Tho projected invcntorics of these isotopes are cxpcctcd to vastly 
ovcrcstimntc the nctunl activities in the disposcd wnstc nnd, ns ruch, t o  ovcrcstirnntc the 

doscv for the Atmospheric Sccnurio, For cxmplc ,  Wnrrcn (1980) rcportv that npproximntcly 

9,700 g (21 Ib) of plutonium were disposed of n t  LANL through tho end of 1978. In contrast, 
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tlic projections dcvclopcd for thc 1957 to 1970 pcriod estimate tha t  ovcr 30,000 g (66 Ib) of 
plutonium was disposcd of at Arc0 G alonc. Approximatcly 29,000 g (64 Ib) of this qunn t ip  

was projected to bc Pu.239, thc rudionuclidc making the PcntCst contribution to thc projected 

htmovphcric Sccnano dose. 

Thc ovarcstimatc of prc-1971 plutonium invcntorics nppcuu to invoIve thc acti\+ties 
projcctcd for surface-contaminntcd wnstc, While this wnstc form dominates the projcctcd 
nctivitic,s, thc majority of the plutonium wnstc gcncratcd prior to 2971 is expected to consist 

of liquid wauto. In fact, information providcd by Warren (1960) suggcsts that approximately 
two-thirds of the plutonium activity w*as in tho form of liquids. 

In addition to highlighting possiblc shortcominky nbout thc prc-1971 wnstc projections, 
the form of the waste has important implications in tcnns of detection uncertainties, In 
gcncrol, thc liquid wostc in qucstion \vas charnctcrizcd by subjccting samples of the waste 

to mdiochcmicd onalysis, As discussed carlicr, dctcction crrors are much smaller when this 
npproncli is uscd. Errors associated with thcsc measurcrncnts arc cxpcctcd to be on the ordcr 

of 10 to 50 pcrcant, 

h - 2 4 1  is rclativcly easy to dctcct in low-density matrices; mcusurcmcnt wrors for 

this w s t c  arc gcncrallj* lcsv than 100 to 200 pcrccnt. Errors of 900 pcrccnt or more may 

occur in high-density matriccv bccausc. of matrix nttcnuation of gamma radiation. 
Measurcmcnt crrors may bc rcduccd using sampling and radiochcmiutry. Given that thc 

majority of thc h - 2 4 1  in thc  compovitc nnulysis invcntory consisted of liquid waste, 
rndiochcmical mothods were most likely used to quanti* netivitics of this isotope. Prc-1971 
invcntorics of this radionuclidc may olvo bo significantly overcstimntcd, A total of 2.2~10~ 
Ci of thc isotope w r c  projcctcd to bc disposed of bctwcen 1957 and 1970 using the 

cxtmpolation-bnscd approach, whilc the waste projected from 19iI through the end of 
disposal opcrotions in 2044 was projcctcd ta contain approximntely 34 Ci. The Inrgc 
diflcrcncc bctwctln thcse nctivitics suggcstu that tha 1957 to 1970 inventory of the 

radionuclidc is overstntcd. Howcwr, no firm conclusions may bc rcnchcd t i t h o u t  further 
investigation into this matter. 

Dcplctcd and cnrichcd uranium arc rcIntively envy to detect using non-destructive 
tcchniquos and can bc charnctcrizcd with crrom of 100 t o  200 percent. Thcvc cmors can nleo 
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bc reduced by srrmplins tho waste and conducting rndiochcmical nnolyscs, 1?1-232 is 

rclcltivcly easy to dctcct bccnusc its short-lived dnughtcru cmit rclativcly high-cncrgy gamma 
radiotion. Errors associated with non-dcstructivc Linolysis nrc typically within 200 to 300 
pcrccnt. Detection problem may nrisc if thc isotope hns been chcmicnlly sepnratcd from its 

daughters. 

The projcctcd radon fluxes from the Arc0 G disposal mi& depend upon thc amount 
of Rn.226 and Rn-228 prcsent in the w s t e .  The invcntoncs of these radionuclidcv depend, 
in turn,  upon thc :rmount of cnch isotope disposed of in thc pits and shnfks and the 
invcntorics of thc isotopcs' long-lived parrcnts. An cvalui~tion of the crrors introduced into 
the flux irojcctions by mcclsuremnt unccrtaintics must  take into account all of these sources 

of radon gas. 

Rn-226 1x1s been djsposcd of nt tbca  G in thc past, and is projected to require disposal 

in thc future. This rndjonuclidc is chtlractcrizcd by high-energy g n m n  emissions and is 
readily detected in LLW, Mcavurcmcrit errors for this radionuclide, using non-dastructivc 

analysis, will typicnlly fall within 100 to  200 percent. Contributions to  tho h-226 inventory 

from the dc!Cily of the isotopc's long-lived parcnk. nre ncg l i~b lc  ovcr thc 1,000-yr complinncc 
period. Consiqucntly, the mcusurcmcnt crrors :issociatcd with thc purcnts arc unimportant. 

Ra-228 has not bccn rcportcd in A-en C disposnl records but  is gcncrntcd by thc decay 
of Th.232. 30 othcr long-livcd pircnts of thc isotopcn arc projected to result in significant 
Ru-228 invcntorics. & discussed above, thc dctcction c1rrors uesociutcd with non-dcatructivc, 

nnulysis of Th.232 arc typically \sitthin 200 to  300 percent. 

4.1.2.2 Sourcc Rclcrrscs 

' b o  mcchrrnisrnv of rclcnuc wcrc considcrcd in the source-term modeling for thc 

Atmosphcric Scenario: the diffusion of rndionctivc gases Erom the buried wnsta, and tho 

rcsuspcnvion of contamination trnnsportcd to thc surface by plants and burrowing animals. 

Thc unccrtointics nssocintcd with cnch of thcsc rclcave mechanisms arc! discussed below, 
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n c  rntcs of rclcasc of gases from k e n  G will be proportional to t h e  diffusion 
copficicnty us,qipcd to thc waste and covcr mntcrinl. "lit diffusion cocfficicnts used in the 

dose asscysmcnt arc cxpcctcd to bc rcprcsencntive of conditions at Area G. Thc diffusion 

coeffiacntg used for H-3 wcrc 600 and 50,000 m2/yr (6,5x103 to 5 . 4 ~ 1 0 '  fk2/>~l for pita and 

shafts, respectively. Thcsc valucs take into account L!c cffccts of t h c m d  gradients in the 
pits (Philip and dc Vrics, 1957) and barometric pumping cffects ncur thc shafts Wold, 1997). 

These values arc approdmntaly equal to and 65 timcv greater than, rcspcctivcly, the fie 

diffusion cocfiacnt of water vapor. The diffusion cocficicnt used for modeling rclcases of 
C.14, krypton, and radon from thc disposal shrifts \vns t he  same as that used for H-3. while 
u value of 100 I&T (1,100 !I?/\.) was used for thc pits. The pit cocfficicnt was bawd on the 
ficc diffusion cocfficicnt of thcvc ~ ' P Y C S ,  adjusted downward to account for thc effects of soil 

porusity and tortuosity. 

The H-3 ff LYCH projcctcd for thc sccnnrio nre cspcctid to ovcrcstimotc t;hc actual rutcs 

of rclcasc obscnlcd a t  tlic disposal sitc, Thc nnnlytical modcl used in the dove assessment 
was bascd on a numbcr of conscntntivc assumptions. I t  was nsvumcd that all tritiated wutcr 

vapor in thc disposal units at a given timc WRS rclcnscd from the disposal sitc within onc 
par's time, that no depletion ot'thc H-3 inventory occurrcd from groundwater leaching or 
difTusivc losses, and that the entirc H-3 invcntorywm located immcdintcly below thc c n ~ h c n  
covcr placcd ovcr thc disposul units, thcrcby minimizing the distance over which thc vapor 
must diffuse. 

Vold (199'7) used n numcrical modcl to modcl H-3 fluxcs from k c a  G in P mom 
rcnlistic fashion, avoiding much of thc conucnDativr! nature of ths npprouch used in thc dose 
osyessment. Pcrhilps most importantly, the analysis includes a timc constant of 1,000 -w for 
tritium rclcauc. This constant, boscd on d a b  collcctcd a t  Area G, indicates that a small 
fraction of thc W-3 invcntov is nctuully escaping from thc wiistc packogcu in any given ycur, 

Thc results of these cnlculntions project fluxcs from t he  historic shaft wastc that LT 
npproximatcly 200 timcs loss than those projcctcd using thc onnlytical approach. 

hvumptionv similar to thovc discussed ~5th respect to H-3 H*CIY! also applicd in the 

dasc assessment to modcl (2-14, Eir-81, and Kr-65 gas fluxcs &om .hen G, Xumcricd 
modcling by Vold (1997) took into account the rate of C-14 gas gcncration bueed on 
bio-dcgndation rates of tho organic mntnccv &e., papcr and wood) comprising the invcntory. 
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Ncvcrthclcss, thc projccted fluxes using thc nnnlyticol approach arc in gcncrnl ngwcmcnt 
wjth numcricsl modcling results, Comp:irisons bcbvccn thc unnlyticd and nurncrical models 
wcrc not conducrcd for b p t o n .  

Tlw i'luscs of radioactive gases to thc atmoaplicrc may bc offcctcd by thc rntc of soil 
crosion at  thi! disposal facility. h r  cmsion of thc cover procccds, thc djstnnct! through which 
goscs must difTusc t o  rcnch thc ground surfocc will dccrunsc, possibly rcsultinR in pcn tc r  
fluxcs. Conwqucntly, errors awocintcd with cstimntcv of thc wosion rntc may lend to  crtors 
i n  thc projectcd rcleiiacn of gnsw from the site. 

The cffcct of crosion was not taken into nccount in madding H-3 vapor nnd C.14 gnscs 

rclcascs from thc disposal sitc. but \\*:is nccocntd for in the radon !lux projcctions, A mean 

erosion rntc of 4.0~10" dy-r (1,3~10'~ Wyr) was used in thc radon flux modcl, Snscd on on 
Area G modcling study conductcd by Springcr (19961, This crosion rntc hou nusocintcd with 
it a stnndurd deviation of 11~10'~ d y r  ( 3 . 3 ~ 1 0 . ~  IVyr), nnd n maximum vnluc of nlmost 5~10'~ 
m / > ~  ( l . G ~ l 0 ' ~  ftlyr). Eased on thcse statistics, thc nctunl crosion rntc is cxpcctcd to fall 
within an  ordcr of mamitudr! of thc mcan rate. Taking thcva errors into account, howCvcr, 
has only minor rffccts on thc projcctcd radon flwcu. 

Thc rclcasc of radon gas from thc disposed waste is directly proportional to thc 
cmonntion cocfficicnt. This cocfficicnt is thc fraction of radon that is rclcuscd from thc waste 
matrix into the pore apacc. While the nc tun l  cocfficicnt will be affcctcd by thc chnrnctcristics 

of thc wastc matrix, the value of 0,35 (NRC, 1989) uacd in  thc dose asscssmont is expcctcd 

to  rcuvonably rcprcscnt thc soils a t  LXXL. 1,acking nctunl mcnsurcmcnts from thc sitc, 
howcvcr, it  ~ V U Y  assumcd that the error asnociutcd with the cmtlnution cocficicnt wns 20 

pcrccnt. 

Potcntinlly important !murcw of unccnninty in thc biotic intrusion sourcc rcloasc 

modcl arc spccific to thc mode of transport of rndiooctivity to thc g o t n d  surfncc &e,, plant 
uptake nnd nnimd burrowing). Modcling indicates that  rates of rclense to  tho sudnca  ill 

be dorninntcd by plant uptnkc and the subvcquent dccny of plant organic rnnttcr for 
radionuclidcs with plant uptake factors of 0.1 and gcn tc r  Wold rind Shuman, 1997). 
Burrowing animals will bc the primary transport vcctor for rndionuclidcv that arc poorly 

, 
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nusimilntcd by plant.. . This is, in fact, the caw for the isotopes of m c r i a u m ,  plutonium, and 

uranium thn t  dominate the csposurcs projected for the Atmosphcric Sccnario. 

Rntcs of rclcnsc of rndianuclidcs due to plant uptnkc ~ 1 1 1  depend upon thc root 

distribution of thc plants rclntivc to thc disposed wostc, thc rote at which plant organic 

matter is dcpovitcd on t h e  ground surfncc, the vcgcti~tive dcnsiv,  and the plant uptakc 
fuctors. r b  (I g c a t c r  proportion of tha plant's roots c.xtcnd into thc wnstc. marc mdionctiviy 
\ d l  bc pasimilrrtcd nnd, ultimatcly, incorporated into thc surfncc soils a t  the site. The 
source-rclccsc modcling w17y based on n madmum rooting depth of 2 m (6,6 ft). Thirty 
percent of thc roots were assumed to  occur below a depth of 1 m (3.3 fi), thc approximate 
thickncvs of thc cover spstcrn plnccd ovcr t ho  historic disposal pits. This usaumcd root 
distribution is cxpcctcd to bound actual rooting depths a t  the disposal site. AY discussed 

cnrlicr, DOE will continue to maintain thc fucility. As purt of thcsc custodial duticu, it is 
cxpcctcd thnt cff'orts will be takcn to prcvent t he  cstnblishmcnt of very dceprootcd species 
of plants. 

Thc impact of grcatcr pcnctration into thc waste bp plant roots on rtldionuclidc 
conccntrations in thc surfacc soil will bc influcnccd by thc d c g e e  to which plants assimilate 

the radioactivity. Rndionuclidcs charoctcrizcd by small plant uptcike factors will be poorly 
nssimilntcd, rcgardlcus of thc proportion of roots contacting thc disposed waste. Given that 
the grimnry contributors to thc projcctcd doses for thc Atmospheric Sccnnno haw small plmt 
uptake factors, the distribution of plant roots in thc wmtc  is unimportant in terms of the 
long-tcnn pcrformoncc of the dispovol facility. 

The contamination nssimilatcd by plants was assumed to bc deposited on thc surface 

within a year's time due to leaf fall and decay of the above-ground biomass, This ropid 
recycling is cxpectcd to rensonobly ostimntc soil rndionuclidc concentrations, LCSB rapid 
cycling of plant matter would slow the release of mdiooctiitity to tho soil, resulting in lower 
mdionuclidc conccntrations in the soil for D period of time. Thc vegetative density uscd for 
the source modeling wus bnscd on site-specific dntn for vcgctativc dcnsities at  LAXL Much 
highcr densities will result in only modcratcly highcr soil concentrations of radionuclides 

with high plant uptake factors Orold and Shumnn, 1997). For example, n four-fold increase 
in the vcgct.ativc density would incrcasc soil conccntmtions of a rndionuclidc with o, plant 

uptake factor of L O  opproximntcly 13 percent. Soil conccntrationa of radionuclides with small 
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plant uptake factors will nctually decline slightly with increases in vegctntivc densities 

bccuusc thc plant biomass c>ffrxtivcly dilutes thc conturnination cxcavatcd by animnls. 

The rudionuclidc p lmt  uptake factors dctcrmjnc the extent to  which radioactivity in 
the soil is iwh-datcd by plants v h  rhcir roob. T h c  plant uptake €actors used to project 
ingestion doscH arc bascd on an  cscnuivc litcraturc rcvkw of tcrrcsthnl transport and 

npiculturnl pnrnmctcrs by Bncs c t  01, (19841, Thc plant uptake factors rcportcd in that 
study take into account the cxpcrimcntnl techniques used to gcncmtc thc litcraturc valuc.~, 

thc reliability of thc rcportcd dam, and their appropriateness for modeling uptnkc by 

apicultural  crops, ??le use of gcncnc plant uptnkc factors for thc dose analysis ignoras thc 
effects tha t  UYL-spccific factors may hnvc upon thc assimilation of rndionuclidcs from 
contaminatcd soils. Howwcr, whilc LCLUL-spccific upmkc factors are nvnilnblc for somc 
elcments and planw (c.g,, Whitc ct  al., 19811, u comprchcnsivc sct of factors for the 

radionuclidcs rind crops includcd in thc pcrformnncc rtascssmcnt does not exist. 

Thc crrors introduced into the dose nssessmcnt by unccrtninties nssocintcd with thc 
plant uptakc hctors will bc limited. Modeling results indicate that rclcoscs of contamination 
to thc surf3cc soil for radionuclides with plant uptake factors of 0.01 and 0,1 arc 

approximately (1 and 40 pcrccnt pcntcr ,  rcapcctivcly, than rclcnscs for radionuclidcs tha t  arc 
trnnsportcd to thc nurfacc solcly by burrowing animnlu. The rndionuclidcs that  make thc! 

most important contributions to thc pcnk projcctcd doscs for tho Atmospheric Scenario hove 
p h n t  uptake factors ranging from 4.5~10'~ t o  2.5~10.~. B a s ~ d  on thcvc uptake factors, cvcn 

one to two ordcr-of-magnitude incrcnscs will huvc rclativciy small impacts on the projcctcd 
doscs for thc sccnario. 

The projcctcd rclcnscs of radionctivity due to the intrusion of nn i rnds  into the wastc 

depcnd upon the burrow distributions of thc unimol spccies and thc dcnsitics of thc burrows 

n t  the site. Thc source-rcloilse modcl was bnvcd on D burrow distribution rcprcscntntivc of 
the pocket mouse. Thc burrow charactcristics of this spccics wcre used to estimate those of 

the deer mousc, n specics of small mammal commonly obscrvcd nt Arcn G. Burrows wcre 
cstimutcd to extend to a dcpth of 2 m (G,6 ft); 10 pcrccnt of thc bltlows wcrc amumcd to  
occur below u dcpth of 1 m (3,3 it) or thc npproximntc thickncau of the covcr system plnccd 
over closed dispovnl pits. Burrow densities used in thc modcl were consistcnt with dcnaitics 

observed for doer mice. 
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Whilo thc cstcnt of burro\{<ng assumed in thc sourcc-term modcl is cxpccwd to  

rcasonnbly reprcscnt conditions a t  Arcu G, dccpcr or more cxtcnsive burrows could result in 
increased ratcs of radionuclide transport to thc surfacc. Vold and Shumnn (199';) examined 
the ef'f'cct of incrcouing thc Icvcl of animal intrusion into thc waste to a rcuvonable maxim.m. 
Under thc condi tionv evaluated, surface soil concentrations of radiocudides with smnll plant 
uptake fuctors incrcasc almost three times relative to thc nominal lcvcl of intrusion assumed 

for the dosc nssessmcnt, Conccntrdons of radionuclides with large plant uptake factors 
decline bccausc the udditionnl soil brought to the surfzicc by nnimnls dilutes thc rn&oncti\ity 

dcpositcd by plants. 

Thc depth to which plants and animals intrude into thc disposcd waste will also bc 
affected by the surface soil erosion rate u t  Atca G. AY erosion propcsscs, the cover over the 

wngtc dccrcaucs. thcrcby ullowing plant roots and animal bunowv to extcnd further into the 

zonc of contamination. Howcvcr, taking thc unccrtaintics associated with the erosion rate 

into account has o minor effect on thc projcctcd ratcu of contaminant transport t o  the soil 
surface during the 1,000-yr compliancc period. 

4.1.2.3 Environmcntd Transport 

Thc atrnosphcric transport modcl may bo charactcrizud by the vclucs of the 
resuspcnsion factor and dispcrsion factor used in thc dosc calculations. Thcse values arc 
based on sitcepccific information and assumptions about thc effccts of complcs terrain in  the 
vicinity of Arcs G (Kowalcws& et al., 1995; Vold, 1996~) .  While thcro me uncertainties 

associated \tith thc resuspcnsion and dispersion factors, the magnitude of any cmr 
introduced into the projcctcd ntmouphcric conccntrations by thcso unccrtainties is dificult 
to quanti@ without additional site data, Kowdcwsky ct d. (1995) expect that the ovcrnll 
uiiccrtainty in the rcvuvpenvion factor is lcvs than an order of magnitude. Errom introduced 
by unccrtaintics associated n l th  the dispersion factor are cxpcctcd to be on t he  order of 100 

to 200 percent. 
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4 . 1 2 4  Rcsourcc Utilization 

Thc inhalation of radiouctivc? gases and dust accounts for mora than 99 pcrcent of thc 

projected pcnk dosc for thc Atmospheric Sccn;lrio. Conscqucntly, the discussion of 
unccrtnintics nssocintcd with rntcs of resourcc utilization focuses on this pnthwoy. Tho  

quantity of radionctitity inhaled by thc rcccptor is dctcmiincd by the r n t c  of inhalation and 

the fraction of time the individunl is cxpowd to contaminated air, An unnual inhalation rate 
of 8,000 m3 (2.3~10~ fL3) W:IS used in the dosc asscwrncnt, bawd on the nssumption tha t  tho 

inditldual spcndv 16 hr of each bay engaged in light netitlit>* and 8 hr resting (ICRP, 1975). 
While changes in activity lcvcls will result in highcr or lowcr inhalation rates, the ratc used 
in thc ussevsmcnt is rcmonably conscn'ativc as n long-tcrm nvcrngc. For cxamplc, i t  is 10 
pcrccnt grcatcr than the unnun! inhalation rntc of 7,300 rn3 ( 2 6 ~ 1 0 ~  ft3) rccommcnded by thc 
L:PA (1969) for continuous-exposure situations in which specific activity ptlttcrnv arc 

unknown. On the othcr hand, sccnnrio doscs would be about 35 percent highcr than 
projected if thc EPA's rcnsonablc wcmt-casc inhalation rntc of'almost 11,000 rn3/ycnr (3.9~10' 
ft3) wore used, 

The offsitc resident was osvumcd to bo at homc and inhnlc airbornc rrdionctivity for 

almost 6,200 h r  per ycnr. This voluc is rcnsonnblc for n person who works awny from thc 
housc but, otherwise, spcnds little timc away from thc rcsidcncc. Data summarizcd by thc 
EPA (1989) indicntc that, on average, an adult spcndv 64 pcrccnt ofhis or hcr  time a t  hama 
or in the pard, This cquatcs to :ipprodmatcly 5,600 hours pcr gcnr, or about 91 percent of 

the totni exposurc time usad in thc dosr. assessment, While higher occupancy times arc 

possible, i t  is unlikcly that nn overage adul t  would spcnd much more than 80 pcrccnt ofhis 
or her timc at  home, 

4.1.2.5 Radionuclide D o ~ c  Convcrsion Fuctors 

h stntcd cnrlicr, csscntially all of thc projected doses for the Atmospheric Scenario 
rcsul t from the inhalation of airborne radioactivity. The radioactivity inhaled by the receptor 

is rolntcd to doses using inhulation dosc convcrsion factors. The projected doses for thc 

sccnnrio ate  committed cffcctjvc dose equivdcnts, rcprcscnting the total doso equivnlcnt 
rcccivcd by the body over n 50-yr period uftcr thc intnkc of radioactivity. The dose convcrsion 
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factors arc bnscd on the rccommcndations of the ICRP (1977, 1979-1982, 1966). While 
unccrtaintics in the dose conversion factors used to project thcsc doses do mist, these 

uncertainties arc dificult to quanti@ and arc not considered hcrc. 

4.1.3 All Pnthwnvs Exposum Sccnnrios 

Two "dl pathways" cxposure sccnurios were includcd in  the Area G performance 

assessment: the A1 Pathways - Groundwatcr Scenario and thc All Pathways - Pnrnjito 

Canyon Scenario, A peak annual dosc of 2.3~10" m c m  is projccted to occur nf the end of 
thc 1,000-yr compliance pcriod for the All Path\s.ays - Groundwriter Scenario. The 
consumption of wntct and vcgetablcs irrigntcd with contaminntcd wnter accounts for about 
97 pcrccnt of the pcnk dose. The pcnk dosc projcctcd for the A1 Pathways - Parnjito Canyon 

Scennrio is 1.3~10"' mrc?m/yr. The consumption ofwntcr and ingestion of food crops irrigated 
with wutcr drawn from the rcuidcnt's well arc rcsponsiblc for 34 and 60 pcrccnt of tho  pcnk 
dow, rcspectivclg. REldionucIidcv contributing to thc pcnk doscs for thcvc scenarios arc 

indudcd in Table 4-1. 

Thc All Pn~hvnys - Groundwatcr and ,911 Pathways Parqjito Canyon scenarios were 

nlvo includcd in the cornpositc analysis. The maximum annual dose projected for thc former 
sccnario is  1.2~10" mrcm. The ingestion of drinking watcr and consumption of vcgctoblcu 
imgatcd with wcll watcr art' thc dominant cspovurc pnthways in this scenario. "lie peak 
dose for thc All Pathways - Pnr~ j i to  Canton Scenario is 7.2~10'~ X I U C ~ J T .  Thc inhalation of 
rcvuspcndcd dust and direct radiation ftom concaminntcd soil account for 77 pcrccnt of this 

dosc. Radionuclides making significant contributions to thcsc peak doses arc listed in 
Tablc 4-1. Tho unccrtnintics associated with the dose projcctions for the pathways" 
scenarios are discusscd below. 

4.1.3.1 Radionuclide Invcntorics 

Tho uncertaintics associatcd iith the waste inventory projections arc discus~cd, in 

guncrd terms, in Section 4.1,lJ. Furthcrmoro, m o r s  ausociakcd with measuring most of the 
radionuclides that arc important in terms of the "all pathw*ays" scenruios have been 

e 

* 

e 
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cstimnted, Thc following discussion nddrcsscs mcasurcmcnt errors €or rudionuclidcs that arc 
not considcrcd above. 

T w o  fission products, Ap108m and Cs-137, rnakc significant contributions to thc All 
Pathways + Pornjito Canyon Scenario dose for the composite nnnlysis. R c s c  radionuclidcs 
emit high-energy photons that arc rciidily dctcctcd. EIf-162 is 0130 charnctcrizcd by 

high-cncrgy g m m o  emissions and will be rcndily detcctcd in LLW, Mensurcment cmors for 
these rodionuclidcs, using non-dcstructivc nnalysis, will tl’pically fall within 100 to 200 
percent. In contrast, Sr-90 is n pure bctn cm’ttcr and may be diflicult to detect; in wnste 

matrices. Consequently, it is possible that gcncmtors hrrvc ovcrlookad, or othcmisc 
underestimated, xtis+tic.q associated with this rndionuclidc. 

Thc projcctcd invcntoriw ofAp1OPm and Cs-137 incorporntc unccrtnintics that wcro 

introduced by the rncthods used to projcct thcm. Ap108m nccounts for about 19 pcrccnt of 
thc peak dose to the canyon rcsidcnt for the composite annlysis. Tho projcctcd inventory of 
this mdionuclida is based solely on thc factors uvcd to allocntc thc Mixad Fission Products 
(SIFP) w s t c  to specific radionuclidw; no nctivitics wcrc listed in  thc  disposnl dntrrbosc 

spcci5c to this ieotopc. Conscqucntly, thc projcctcd Ag-108m activity is subject to 
uncertainties associated with thc allocation approuch Wold, 1996~). One such ucccrtninty 
thut mny avcrstatc the ncturrl acthlty of this radionuclide pertains t o  thc nssumcd ngc of thc 

MFP wastc, 

The MFP nllocntion fractions w r c  bnscd on thc ussumption tha t  thc waste wns 2 yr 
old a t  thc time thc uctixity wn,q recorded. This ngc was selcctcd rcnlizing that operational 

JIFP ivnstc may have bcen youngcr a t  thc time of disposal, wl.lile MFP waste from 
cnvironrncntnl rcstorntian o r  drcontnminntion and decommissioning activities may haw been 
considerably older. Over 96 percent of the MFP wnstc dispovcd of in tSle historic shnfts 
consists of opcrntional waste from hot-ccll octivitics, As such, it is rcnsonoblc to cxpect that 
this wnstc was, in fact, less than 2 >T old a t  the time of disposal, Under these conditions, thc 

rndionuclidc allocation fractions uscd to  distribute thc MFP w s t e  will overestimate thc 
actual octivitics of long-lived rndionuclidcs such as Ag-loam, perhaps by us much as n factor 

of 2.5. Rcductionv of this magnitude will significantly rcducc the doses projcctcd for thc 
canyon rcsidcnt. 
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Cs-13'7 was projected to contnbutc 4 pcrccnt of thc peak dose for the All Pathways - 
PSaji to  Canyon Sccnario for thc cornpositc analysis. Thc projected impnct of this waste, 

however, is cxpcctcd to ovcrstutc thc risk posed to thc rcccptor. Almost all of the historic 
invcntov is rcprcscntcd by two  irradiation sourccs mcased in stainless steel. \Vhi]e this 
waste wug assumed to bc transportcd to tho surface bp plants and burroNing animals, i t  is 
more likely tha t  i t  will still be contained in thc sourcc jacket at  the projected rime of 
cxposurc. Furthcmorc, even if the sourcc was no longer scaled, the discrete nature of the 

waste is such that transport of thc motcrinl to thc surfacc is unlikcly. Consequently, actual 
doses from tlic sourcc will tend to be smaller than tho projected e.qosurcs. 

As discussed in Section 4.1.2.1, the americium and p l u t o n i u  inventories projected 
for thc composite analysis arc expcctcd to sifihificontly ovcrestimate the activities actually 
plnccd in chc Arcn G disposal fucility. Thcsc crron arc cxpcctcd to significantly ovcrestimnte 
a portion of t h e  actual doses for the All Patl~wap - Puajjito Canyon Sccnnrio. 

Thc unccrtninties inhcrcnt in the sourcc-rclcnsc modcls used t o  project releases of 

radioactivity to groundwater arc discussed in  Scction 41.1.2. These uncclzaintics npplp to 
the "all pathways" sccnarios as well. Radioactivity was also assumed to  be trnnsportcd t o  

surf3cc soils by plants rooting in the disposed wnstc and animals burrowing into the disposal 
units, Possible errors introduccd by thcsc uncertainties arc discussed in  Section 4.1.2.2. 

4.1.3.3 Environmcntd Transport 

Unccrtninties avsociutcd with groundwater transport modcling of radionuclides t o  tho 

rcccptor locations cost-southcast of the A-en G disposal units and in Prvqjito Canyon me 

discussed in Scction 4.1.1.3. Theve uncettaintics, and their cxpectcd impact, apply to the "dl 
pathways" scenarios iu well. The following discussion addresses additional sourccs of 
uncertainty unique to thc All P a t h w y  - Groundwater m d  All Pathwap - Parsjito Canyon 

scenarios, 
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Thc infiltration chnractcristics on top of Mcuitn dcl Eucy and in the adjacent canyons 

will play an important role in terms of thc doses projected for the iU1 Pnthwnys - 
Groundwater ond All Pathways - Pmjito Canyon sccnnrios. A5 discussed in Scction 2.1.1.3, 
model simulations wcrc coriductcd to understand thc overall impnct of unccrtinticu in the 

rate of infiltration on goundwatcr radionuclide transport and doses t o  pcrsons using 
contamimtcd groundwntcr (Birdscll ct al., 1997). Bncfly, simulations were conducted for 

diffcrcnt; sets of mesa top and canyon infiltration mtcs. Radionuclide fluxos to the rcgionol 

aquifer wcrc compared among thc simulations, and thc cuscs resulting in the smallcst and 
lurgcst flu~c.r wcrc iduntificd. D o m  w r c  projected for goundwntcr uscm for t hew low and 

high flow conditions. 

Fiprc  4-3 shows thc projcctcd pcrformancc! nsscesmcnt doscs for thc All Pnthwnys - 
Groundmnter Sccnwio undcr low, basc c n ~ c ,  and high flow conditions. F'rojcctcd doses for 

thc low flow condition incrcasc throughout tho 10,000-yr pcriod shown. "lit pcnk onnud  

dosc during thc 1,OOO-yr  compliancc period is 1.2~10"~ mrcm, which is about 19,000 timcv 

l c ~  than thc pcnk complinncc period dosc projected for the bnvc CDYC oirnulution. Doscv for 
thc high flow condition pcnk upprodmatcly 2,500 JT 3Rcr facility closure, tho rnrudnum 
complinncc period dose is 9.7~10'~ m r c d p .  This dofie i8 42 timcs grcntcr than thc gcnk bnsc 

cusc doso. 

Figurc 4-4 shows thc projcctcd cornpositc nnnly.ris doses for thc d l  Pathwuys - 
Croundwntcr Sccnnrio for thc diffcrcnt flow conditions, Oncc ugnin, doscs for thc low flow 

condjtion incrcrrsc over thc 10,000-~~ period. A pcuk dose of 5.3~10"' r n r c d p  is projcctcd 
for thc complinncc period, this dose is about than 225,000 Limos lcvs than thc doac projected 

undcr base CUBC flow condition. Doscs for thc high flow condition punk nbout 2,000 yr aftcr 
facility closurc. The peak dose during tho 1,000-)~ complinncc period is 5,8x104 rnrcdyr,  
which is about 48 times p c a t c r  than the pcuk dose projected for thc bnse case f l o w  condition, 

The pcrformancc nsscvsmcnt doses projected for thc All Pnthways - Pmajito Canyon 

Scenario arc shown in Figure 4-5 for the diffcrcnt flow conditions. DORCY for thc low flow 
condition rench n mnximum n t  about 1,250 yr post-closurc. Thc pcnk nnnual doac projected 
for this condition during thc 1,000-yr complinncc pcriod is 2.0~10'~ mrem, which is 6.6 timcs 
lcvs than thc peak dosc projcctcd for thc basc w e  !low condition. Highar rates of rcloasc 
and transport nccompnny the high flow condition. The pcnk dose of 3.3~10"' m t c d y r  is 
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projcctcd to occur approximntcly 600 )T 3ltcr facility closurc. This dose is 2,s timcv pcntcr  

than the peak base C ~ Y C  dose, 

F i p r c  4-6 shows the projcctcd cornpositc onolysis doses for thc All Pathways - 
Parajito Canyon Scenario for thc diffcrcnt f l o w  conditions. Thc pcak doscs for thc base cnsc, 
low. and high flow conditions all occur a t  thc cnd of the active institubonul control period, 
when biotic intrusion into the disposed waste is first cxpcctcd t o  bc fcuuiblc. Dose 
contributions from C-14, Tc-99, and 1-129 increase bchvecn 100 and 1,000 yr post-closurc 33 
infiltration rntcs through the mesa top nnd Pnrajito Canyon rise, 

Thc t w o  "all pathways" rcwptors wcrc assumed to raisc food crops and animals to 
supply +? portion o i  the their food requircmcnts. While the consumption of contaminated food 

crops contributes a s  much as 60 perccnt of thc projcctcd pcak doses, thc consumption of milk 
and bccf is rcsponsible for less than 4 pcrccnr of thc total doses. Consequently, the following 

discussion addrcsscs thc rinccrtainticv nssocintcd with thc f o m c r  pathway. 

The food crops grown by the All Pathways - Groundwntcr Scenario rcccptor wcrc 
assumed to bc contaminntcd by radioocti\+ty dcpositcd on plant surfr~ccs during irrigation, 

;IS n result of rainsplash, and by root uptake of contamination rcnching the ground. The root 
uptake patliwny was the morc significant of thc thrce, accounting for morc than 85 pcrccnt 
of thc dosc projcctcd for thc food ingestion pathway. Thc crops grown by the "all pnthwnys" 
rcccptor i n  Parajito Canyon wcrc also assumed to be g o w n  in contamination wnshcd into thc 

canyon from thc rncsn top. 

The soil concentrations of C-14, Tc-99, and 1-129 due to  imgntion arc cxpcctcd to bc 
ovcrcstimatcd by the modcls uscd in the dose nuscssmcnt. A soil buildup timc of' 15 yr was 
assumed t o  apply t o  all rndionuclidcs opplicd in thc irrigation wntcr. IWlc accounting for 
buildup may bc approprictu for radionuclidcs that sorb to soils, those highly mobile 

rpdionuclidcs will tend t o  bc trnnsportcd downward with water pcreolating through tho 
garden. As the contamination is rinscd from the soils, i t  will become unuvnilablc for root 

uptnkc by plants, 

The dcgcc  to which C-14, Tc-99, and 1-129 build up in soils following irrigation will 

Howcvcr, it is depend upon thc radionuclidcs' sorption bchnvicrs in the offsitc soils, 
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roasonnbic ta cxpcct that thcsc contaminants \ d l  dcmonstrntc mobility similar to tha t  
projected fbr mcm top soils. Based on this assumption, D buildup timc of 1 JT is cxpcctcd to  
bt. npproprintc fbr projecting soil radionuclidc conccnerntjonli. Undcr thcsc conditions, tho 

plant radionuclide conccntrations of C-14 and Tc-99 would 5c 19 and 16 pcrccnt, rcupectivcly, 
of thc projcctcd \*nlucs, Conccntrntions of 1-129 would be ubout 80 pcrccnt of thc modelcd 

v 01 u cs * 

Errors in thu projcctcd doscv duc to unccrtainticu nvsocintcd with thc plunt uptake 

factors will bc liinitcd for tbc 'all pathways" scannrios. The uptake factors uscd in thc dose 
usscnsmcnt for C-14 und Tc-99 both exceed 1,0, indicating plant radionuclidc conccntrntionH 

cxcceding thosc obscmcd in soils. Modcrntoly higher uptake factors for thcsa radionuclides 
(~ ,g , ,  t w o  t i m w  thc nominal vnlucs) would result in  food pathwny doscs tha t  nrc almoat two 
times higher than projected. Howcvcr, thcsc highcr doses would incrcnsc thc pcok scenario 
doscs by less than 20 pcrccnt, The uptnkc factors for 1-13 would nccd to  incrcasc by 100 
tines or morc to  hmvc significant cffccts on the pcuk rcccptor dotmi. Rndionuclidcs 

transported into the canyon by surfacc runoff makc rclntively small contributions to  the food 
pathway doscs. Thosc that  do h o w  vcry small plant uptake factors. Increoscs in thew 

uptokc factors grunter than onc to  two ordcrs ofmagnitude would be nccdad to significantly 

nffcct projcctcd doscs for thc canyon rcuident. 

The plant radionuclidc conccntrations resulting from thc rrssimjln tion of rndionctivjty 
directly from the ir.+gntion w m r  arc II function of thc amount of w t c r  applied to  the crops, 
crop j<cldu, thc plant translocation factor, the fraction of the radioactivity dcpositcd an thc 
plant that  is initially rctnined, and thc rntc nt which rndioactjvity dcpositcd on plant surfoccs 
is removed duc to  wcnthcring:. Thc amount of wntcr thot was assumed to bc rrpplicd t o  thc 
crops is bnscd on information for the grcntcr Los Aamos arm and, os such, is cxpcctcd to  
rcasonnbly approximntc thc amount of wntcr opplicd t o  food crops, While ratcv of water 

application could snry for short periods, the total amount of wntcr applied t o  thc craps over 

the course of n growing wason is not expccted to change substantially, 

Tho crop yields used in thc dour! nsscssmcnt arc  expected to be ransonuble for the 
northcrn New Mcxico region. Wilt dccrcclscd yields could rcsult in highcr conccntrations 

of radionuclidcs in plants, thcsc diffcrcnccs arc cxpcctcd to bc minor. All rndioactivity 
dcposited on plants was assumed to bo t ranvfcmd to thc cdiblc portions of lcofir vcgctnbloa 
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grown by thc resident, while 10 pcrccnt of thc activity dcpositcd on protected producc, fruit, 
and g a i n  was assumed to bc assimilated into the ediblc portion. hloderatc increases in the 
trnnulocation factor for protected producc, fruit, and grain will hnvc limited impncts on the 
projected ingcstion doses, dvcn  thc small contribution that contamination dcpositcd directly 
on the plants makes to the peak projcctcd doses. For example, a five-fold increase in the 
translocation factor for non-lcafy vcgctablcs results in food pathway ~ O S C S  that are about 20 
pcrccnt p c a t c r  than those projected for thc nominal case 

Thc amount ofradioactivity initially rctaincd by a plant duringirrigntion and thc rate 
a t  which i t  is wcathcrcd from plant surfaces are not casily quantified, Thc fraction of acti\+ty 

initially rctaincd will depend largely upon thc rate at which water is applied to the m p s  and 
thc morphology of the plants. "hc ratc ofwcothcring Will vary whh mcteorologkd conditions 

a t  thc site and chaructcristics of the food crops. IVhilc thc magnitudc of the error introduced 
by thcvc unccrtninticv is unknown, it is not cxpcctcd to be significant. 

A largc component of the composite analysis doses projcctcd for thc Parajito Cnnyon 
resident is ul timatcly dctcrmincd by canyon soils that  bccomc contaminated following surfacc 
runoff, Fhdionuclide conccntrntions in the canyon soils arc proportional to t l c  quantity of 
contamination rcmovcd from thc mcsu top by surface runoff, thc arca over which thc 

contnmination dispcrscs during runoff, and thc depth to wl.lich thc radionctivity is mixed at 
the rcsidcnt's home. Thc doses projcctcd for this receptor arc bascd on thc assumption that 
u thickncss of soil cquivalcnt to the projcctcd surfacc erosion rate would be transportcd from 
thc meso cach }'car, As discusscd carlicr, LI mean erosion rate of 4.0~10" d y r  (1.3~10'~ f'tt)~) 
w-ns used in thc dose asscsvrnont (Springer, 1996). The nctual erosion rutc is axpectcd to fall 

within an  ordcr of magnitude of the mean rate. Rcncc, doscs to thc canyon rcsidcnt would 
incrcasc by 10 times or less duc t o  mors in the crovion rate cstimntc, 

Radioactivity transported into thc canyons by surfacc runoffmas assumcd to uniformly 
dispcrse over an  nrcn that  is equivalent to  the arm of contaminntion on the mcm. In 
actuality, rclntivcly high conturninant conccntrations arc expected to occur in local 
depressions whcrc yurfacc runoff collects, whilc littlc or no contamination may occur in other 
arms,  While thc uctual distribution of contamination 11cro~y thc landscape ~511 influence the 
projcctcd cxposurcs for the canyon resident, it is not rcndiIy projected. 'Conucquently, the 
error introduced by thia sourcc of uncertainty is not quantified. 
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'RE contamination transportcd to the c:rnyon floor W ~ R  u.ssumcd to bc mixcd to  a 

depth of 15 cm (6 in.) over thc residcnt's cntirc lot, This depth is cxpcctcd to bc rcanonnble 

for the individual's garden, but may ovcrcstirnate tlic mixing dcpth over thc rcmnindcr of the 
lot and, thcreforc, radionuclidt! concentrations in surfacc soil. Undcr worst-cnsc conditions, 
howcvcr, rcduccd rnifing depths will result in no niorc than a ten-fold iacrcnse in the 

projected doscu. 

4.1.3.4 Rcsourcc Utilizrition 

Thc unccrtninties associated with thc consumption ratc of drinldng wntcr and 
inhalation ratc of air uscd in tho dose asscssmcnt arc discussed in Sections 4.1.1,4 ond 
4.1.8.4, rcspcctivcly. Conclusions rcnchcd in those sections rcgnrding thc impact of 
uncertaintics on the ability of thc disposal facility to comply with the performance objectives 
apply cqunlly as well to thc "all pathways" sccnnrios. Thc ingestion of soil and food and 

cxpasurc t o  contaminntad soils also play important roles in tcrmv of the projected 'all 

pathways" doses. The potential imprict of uncertaintics associated with the URC of, or 
exposurc to, these rcsourccs is considcrcd bclow. The consumption of contaminated bccf and 
milk from animals raised by the rcsidcnt contributcs 4 pcrccnt or lcss to the projected pcnk 

doses. and is not considcrcd below. 

The rate of inadvcrtcnt soil ingestion uscd in the doac asscssmcnt, 100 mgldny 

(3,5~10'~ oddny),  is cxpcctcd to  ovcrcstimatc actual cxposurcs bccausc it reflects an adult 

with a high tcndcncy to ingest soil (EPA, 1989). Rates of ingcstion for individuals with low 
to moderntc tcndcncics to ingcat soil r m g c  from 1 to 10 mg/day (3.5~10" to 3 . 5 ~ 1 0 ~  ozldny). 

The rates of ingestion uscd for leufy vegctablcu, grain, and producc IUC based on nationa! 

averages for thc United Statcu Nang and Xclson, 19861, Thcsc consumption ratcs gcncrally 
apcc with the unnual consumption ratc of 190*kg (420 lb) cf fruit, grain, and vcgctables dtcd 

by the NRC (1971;) for on average individual, The ratcs also gcncrally ogee  with data 
dcvclopcd by Rupp (1980) which indicate annual consumption ratcs of vcgctil51us, othcr 
producc, and gn ins  of about 18, 140, and 35 kg (40,310, and 77 Ib), raspcctively. Finnlly, 
the total contlumption rute used in thc dose asscsNmcnt is similar to  thc consumption rata 
of 190 kdyr citcd by the NRC (19771, but is thrcc to four times smdlcr than that atcd for 
modcling doncs rccoivod by thc maximnlly cxpovcd individual. 



Tic nNaumption thnt ont?.holf of t h  rcuidcnt's food rcquircmcnta ia mct by crops und 
animnls ruiscd at tho sitc is cxpccted to ovcrcstimotc thc nctunl amount of food raised by a 

typical individual. Thc EPA (19SSl iRdiCatcY that, on u ~ c r ~ g c ' ,  25 pcrccnt of vcgctablcrr is 

home grown, while 20 percent of fruit is grown at home, Rcnsonablc worst-case ~nlues  cited 
by t he  EPA for thc amount of homc grown vcgctnblcs and fruit in the intrudcr's diet nrc 40 

and 30 pcrccnt, rcupcctivoly. 

??le offsitc resident w a y  assumed to be n t  home for almost 6,200 hr pcr year, during 
which time thc person was assumed to  bc exposed to direct radiintion and inhale airborne 
radionct&ity. As discussed in Section 4.1.2.4, +AS time of esposure cxeccds the time 
rccommcndcd by tho EPA (1989) for nn nverngc adult by about 10 perccnt. Although higher 
occupancy timcs nrc possible, it is unlikely that thc nvcrogc adult would spcnd more than 80 
percent of his or her time at home. 

Diract radintion cxposurcs \vi11 be ottcnuotcd by thc individual's house during t h e  time 
spent indoors. A shiclding factor of 0.7 wns used in the dose nsscvsment to account for these 

shiclding effects. In cwcncc, this means that 70 pcrccnt of thc direct radiation incidcnt upon 
the bousc contributcv to thc rcsidcnt's projectcd exposure, This ahiclding factor, which b 
expected to ovcrcstimnta the cxposurc of the individual, is suggested by thc hXC (1973 for 
projecting doscs EO thc maximum individual; thc value suggestcd for the averngc individual 
ia 0.5. 

4.1.3.3 IRndionuclidc Dosc Convcrsion Fncfow 

The 'all pnthwnys" rcccptors are projected to receive intcraul cxposurcs from the 

inhnlntion and ingestion of radioactivity. These cxposurcs wem estimated using 50-yr 

committed cfkctivc dosc equivolcnts, rcprcscnting the total dosc cquivnlent reccivcd by the 

body over o. 50-yr period aftor the intakc of radionctivity, These dosc conversion factors are 

bnvcd on thc rccommcndations of thc ICRP (1977,1979-1962,1986). Wbile uncertainties in 
tho  dovc convcnion factors usad to projcct thcvc doecs eAdst, thheue uncertainties urc difficult 
to quantify and urc not convidcrcd herc. 
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??.le dose convcrsion factors uscd to c'stinatc cxpomrcs from dircct radiation from 
conmminntcd soils wcrc dcvclopcd using the MICROSHIELD computer code ( G r o w  
Enl=inccrinK, 1992). This code accounts for thc sourcc geometry und shielding configuration 
(i,c,, excluding the indi\idunl's housc) upproprintc for thc "all putliwnys" iiccnnrios and,  as 

such, is expcctcd to provide rca~onablr! estimates of the uctuul exposures, Thc cxposurcs 
culculutcd by ti:c cock w r e  convcrtcd to rndionuclidc dosca using a convcrsion factor of 0.75 

mrcm/mR. This factor was adopted from ICRP 5 1  (1987) and pertains to a rotational 
p o m c t r y  for n photon cncrgy of 0.2 McV. Wdt. the prccisc convcrsion factor will dcpcnd 
upan the photon m e r =  and cxposurc p'omrbtry, it is not cspecwd to vary by mom than 20 

percent for mast  cxposurc conditions. 

Thc unccrtointics ussociatcd with thc offsitc cxposurc sccnnrios UTC discussed in 
Sections 4.1.1 through 1.1,3. Considcrcd nlonc, none of thc sources of unccrtainty urc 

cxpcctcd to  compromise thc ubility of the Arcu G disposal facility to comply with thc 
performnncc objrjcctivcu discussed in Chuptcr 1. However, the crrors introduced by tho 

unccrtainticu discussed above will propugatc through thc diffcrcnt modcling componcntu, 
increasing thc  potential impacts on thc projected doses. Thcrcforc, to ndcquntcly 
dcmonstratc complianw with DOE Ordvr 5820.2A and the DOE Implementation Ordcr, tho 
potential impact of t h c w  propngatcd wrors must bc cvnluatad. 

The m;innm in which m o r s  arc propagated for a given scenario is a n  important factor 

in determining thc ovcrnll c'rror in the dose cstimatcu. Propagation must tnkc into account 

how the projected ~ O S C S  arc affected by each pnmmctcr and must  uccount for any 
intcrdcpcndcncics that  c i s t  benvccn pilrnmc tcm. While unnlyticnl proccdurcs arc availnblo 

for cst inat ing the cffects ofcrror propagation, numcricnl tcchniqucs such as the Montc Carlo 
approach and Latin Hypcrcubc Sampling arc often npplicd to larrgc=scdc problems. 

Thc complcte set of data  rcquircd for a n  cxtcnsivc cvnluntion of unccrtninticv using 
numcricnl techniques is not available at t h i u  time. Thcrcforc, a simpler npproach to 

cstimnting the overall m o r  ussociated with the doso cstimatcs wns ndoptcd. Undcr  t b  
approach, :lpprosirnation.r were mndc of tho extent t o  which dosov may bc undcr- or 
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ovorcstimntcd duc to the uncertainties associated i i t h  the puramctcrs and models used in 
thcir cdculotion. Parnmctcrs nnd modcla that may, bccnuac of aaaocintxd uncertainties, 
undcrcstimntc the actual doses rcccivcd by a rcccptor w r c  assigned crrors grcatcr than 1.0. 
If a givcn parnmctcr was cxpcctcd t o  ovcrcstimtltc doses, and thc magnitude of t.lli.p error 
could bc approximatcd, an  crror oflcss than 1.0 \C”Y nsaigncd. Pammctcm and models that 
were not cxpccted to significnntly over- or undcrcstimatc actual doscs, or have errors 
associated with thcm that arc not easily quantified, w r c  ousipcd crrors of 1.0. 

The cmom nssipcd to account for paramctcr and modcl unccrtaintios wcrc combined 
to nrrivc at; n conscrvativc estimate of the overall error associatcd \\+th thc prujcctcd doses. 

Errors related to ypccific radionuclides or cxposurc pathwps were weighted by the fraction 
of the tom1 scenario doso for which thcy were responsible. Tho cstimntc of totnl error wag 

multiplied by thc projcctcd pcnk sccnnrio doscs to yield cstimntcs of the grcntcst and smullcst 
accnario cxpouurcs that could rcovonnbly bc cxpcctcd. Thcsc worst- nnd best-casc doecs wcrc 
used to cvaluclte thc potcntinl impact of uncc.rtaintics on thc ability of the k e u  G disposal 

facility to comply x<th the perfonnance objectives. 

Thc potcntial ~ P O C ~ S  of thc propagated error on the  ability of the disposal facility to 

mcst thc pcrfomnnce objcctivcs arc discussed bclow. Scction 4.L4.1 nddrcssev the impacts 
as thcy pertain to tho Groundwutor Rcsourcc Protcction Sccnario, whilc Section 4.1.4.2 

discuvscs potcntial crrors for thc Atmospheric Sccnnrio, Thc All Pathways - Groundwater 
and A1 Pathways - Parqiito Canyon sccnarios arc  considered in Section 4.1.4.3. 

4.1.4.1 Groundwntcr Rcsourcc Protcction Sccnario 

Section 4.1.1 discusses the  sourccs of uncertainty associated w i t h  the doses projected 
for the Groundwntcr Rcsourcc Protection Sccnnrio. These uncertainties and the estimated 
c m r s  nssociatad with them are summnrizcd in Table 4.2. The errom listed for thc 
ptlrmctcrs in thc table arc cstimatcs of thc cstcnt to  which doves could rcasonably be under- 

or ovcrestiautcd by cnch pararnctcr’s avsoantcd uncertainty. Tho rationale used in assigning 

thcsc crrors is summarizcd in thc toblc and in the following p ~ a g ~ a p h s .  The rcndcr is 
rcferrcd to Sections 4J.1.1 through 4.1.1.5 for additional datnils. 
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Uncertaintics that  may CCLUSC doses for t he  Groundwntcr Rcsourcc Protection Scenario 
t o  bc undcrcstimatcd includc those associntcd with radionuclide inventories, rates of water 

infiltration on thc mesa and in t h e  adjncont cnnyons, thc watcr transit time in the w", 

radionuclide travcl times, and thc modcling uppronch used to cstiimatc r a t a  of la tc rd  

transport. An error tcrm of 3 was assigned to C-14, Tc.99, and 1-129 based on the 
assumptions t h u t  all future waste projections wcre corrcct nnd that mcasurcd activities 

always undcrcstimotc the actual activities by 200 pcrccnt. Thc error terms associated with 

thc wntcr infiltration rntcs arc bnscd on tho results of thc goundwntcr  simulations for high 
flow conditions, discusscd in Section 4.1.1.3, These error tcrms account for the effects that 
increased infiltrntion has on rates of radionuclide leaching from thc waste and contaminant 
travel timcv t o  thc rcccptor's well, While thc same errors are listed for radionuclide trnvcl 

times, thcy wcrc considcrcd only oncc in the propagation of crrors. The error tcrrn of 2.2 

assigned to the watcr transit time is bascd on tho conscnmtive assumption that watcr passes 
through thc wastc packages in thc disposal units in u year's time. More rapid trllnsit timcs 
may occur if the moisture content of tho waste way g c a t c r  than projected or the amount of 
infiltration in the disposal units was incrcuucd. Finally, an error of 1.3 w m  assigned to 
latcrnl flow modeling for the reccptor location enst-southcust of Area G. This term is based 
on thc assumption that, in thc cvcnt that  no lntcml tranuport occurs, all radioactix+ty Icochcd 
from the wastc may rcach this rcccptor's wall. 

A number of sourccs of uncertainty may also cnusc the actual doses for thc 

Groundwatcr Rcsourcc Protection Sccnario to bc ovsrcstimatcd. Thc error terms included 
in Tablc 4 2  were assigned to account for this possibility. The error terms assigned for 
invantory unccrtaintics arc based on thc assumptions that all waste acti\+tics werc measured 
accurotcly nnd that  thc Area G disposal facility C C ~ Y C S  operation after 40 yr mthcr than 49 

yr. This c m r  tcnn \vas rcduccd furthcr for (2-14 to account for thc possibility that no (2-14 

sourccs, the dominant contributor t o  thc projected inventory, \vi11 bc gcnerated at the 

Laboratory. Thc error terms associated iuith.the water infihntion rntcs takc into account 
the results of tho groundwatar simulations for low flow canditions, discusscd in Section 
4.1.1.3. Those same cmr tcrms are listed for radionuclide trnvcl times, but wclc considcrcd 
only once in error propagation. The error term of 0.75 for watcr transit b e  was estimated 

bused on the assumption that thc time required for watcr to trnvcl through the wnste 

packages is g c n t e r  than 16 yr but less than 50 yr. Such o condition may cdst ,  for instance, 
if dricr conditione prcvailcd in  the disposal units. Unccrtainticu associated with aquifer 



dilution modcling may ovcrcstimatc thc nctunl dose by a factor of two or morc, a factor of two 

wns assumed for the scnuitivity and unccrtainty analysis. An error t c m  of 0,6 wns nssigncd 

t o  the Pnrajito Canyon rcccptor location to  account for unccrtnintics introduced by combining 
lateral rclcoscs from thc historic and futurc performnncc mscssmcnt invcntoncn. This factor 
wus cstimntcd as thc ratio of the dose contributcd by the futurc invcntory to the total pcnk 

dosc from thcb cntirc pcrformancc assessment inventory, Finnlly, thc rntc of water 
consumption was assigwd an error of 0.7 to nccount for the fact thnt the 2-Udny (0,5-gnl/dny) 

consumption rate is higher than uvcrngc pcr capita consumption ratcs. 

E n o r  tcrms of 1.0 wcrc assigned to d i  othcr sourccs of unccrtuinty associated with 

thc Groundwatcr Rcsourcc Protcction Sccnario. Tlic nssignmcnt of this vnluc significs that 
the parilmctcrs and modeling appromhcs used nro not cxpactcd to siATificantlp undcr- or 
ovcrcstimatc actual cxposurcs, or that thcy hnvc crrors nssocintcd with thcm that  are not 

easily qunntificd. 

The propagated errors for the Croundwntcr Rcsourcc Protection Sccnario providc 

bounds on thc d o g c c  to  which the dosc projcv%ions prepared for the pcrformnncc assessment 
ma>* undcr- or ovcrcstinatc actual cxposurcs of thc receptors, The results shown in Tnblc 

4-2 indicate that thc paramctcrs and modcling npproachcs used in thc pcrformnncc 
asscssmcnt mny undorcstimntc doses t o  the  rcccptor cant-southcast of thc disposal facility 
by as much as 360 timcs, and  by ns much ns 18 times a t  thc Pnrnjito Canyon location. Based 
on these results and an the doses projcctcd for thc rcccptor locatcd 100 m downgadicnt of 
k e n  G, thc pcnk annual dose cxpcctcd under worst-case conditions during the 1,000-yr 
compliancc period is cxpcctcd to be 3.0~10'~ m r c d y r .  Similarly, thc pcuk annual dosc under 
worst-case conditions for tl:c rcccptor i n  Parajito Canyon is cxpccted to be 8.1~10~ mrcm. 
Even undcr thcvc unfavorable conditions, the projcctcd pcak doscs for the Groundwatcr 
Rcsourcc Protcction Sccnario still constitute only small fractions of' t'nc ~ l - m r c d v  
pcrfonnancc objective. 

Thc pnramctcrs and modcls used for thc pcrformancc asucmmcnt may also rcsult in 
overestjmntes of the actual drinking watcr pathway doses. Bnscd on thc rcsultv shown in 
Table 4-2, doscv for the rcccptor may bc ovcrcvtimntcd by sc~*cml orders of magnitude, while 
doses for thc Parnjico Canyon rcsidcnt may bc overstated by a factor of 100, Rcncc, under 
conditions approaching best-cnac, the pcnk projcctud dosc for thc receptor e ~ t - ~ o u t h c ~ ~ t  of 
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tho disposal facility is 6.4~10''~ mrcd jT ,  Similarly, the pcak onnunl dose projectcd for the 
person in Parojito Canyon is 4.5~10'~ mrcm, 

Thc propngntcd crrors nnd the convcqucnt dove cstimatcs discussed nbovc rcprescnt 
conditions appronching worst and best-cnuc. More sophisticatcd analyses take into account 

the statistical distribution of modcl parameters and recognize that  many of the parameters 

and modcling c o n ~ t r u c t a  opcratc indcpendcntly of one another. The simpler analysis 
cmploycd hcrc ignorcs thcvc complctdtics, combining important sources of error to rnaxirnizc 
and minimize their impact on thc projected doses, Conscqucndy, the uctunl doses rcsultinp 
from the disposal of radioactive waste at Area G m e  expected to fall bcwccn these projectcd 

endpoints. 

4.1.4.2 Atmospheric Scenario 

The sources of uncertainty associated with the Atmospheric Scenario are discussed in 
Section 4.1.2. Thcse unccrtaintics and tkc' maximum errors expected to be introduced into 
the projcctcd doscs a y  ;L result of them arc sumxnurizcd in Tnblc 4-3, These cmors nrc 

estimates of thc cxtcnt to which doscs could be under- or overestirnatcd by each paramctcr's 
or model's asvociatcd uncertaint4.. T h o  bnscs for nsuigning these crrors arc summarized i? 
the table and in the following paragraphs. Thc rcodcr is rcfcrrcd to Sections 4.1.2.1 through 

4.1.2.5 for additional details. 

Thc uncertaintics that may cause thc projectcd sccnorio doses to be undcrcstimated 
include those associated with tho projectcd inventories of scvcrd rndionuclidcs; the extent 
of unimnl burrowing at thc site: the valucv uscd for the rrvuspension and dispcrsion fuctors; 
the inhalation rate of thc rcccptor; and the time tho rcccptor is c.xposed to airborne 
radioactivity. The errors assigncd to thcsc .parmctcrs  arc bnsed on tho discussions in 
Section 4.2. Tho crrors assigned to tho projected performancc nvscssmcnt invcntoncs of 

radionuclides arc bascd on thc mcnsurcmcnt uncertaintics discusscd carlior, The composite 

annlysis invcntoxy for Am-241 was avsumcd to be subject t o  a 30 pcrtent mcosurement 
uncertainty, consistent with thc detection m o r s  associated with rndiochemid mensuromcnt 
tcchniqucu. The plutonium isotopes wcrc nssigncd errors of 1.0 to account for meoaurcrnent 

cmrs nnd t he  vast ovorcstimntion of invantoricv that is cxpccted to result from the 
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Tdde 4-3. Sources of \Incc?rtitirltp nnil associnted crrors for the htnrospheric Sccnnrio. 
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c~xpola t ion-bnscd  projection mcthod. Thc m o r  of 2.9 assigned to animal burrow 

distributions rdlccts uncertainty about thc cxtcnt of intrusion into thc disposcd waste. An 
error of 3.2 W:IH us:;ignud to the rcsuspcnsion nnd dispersion factors to  rcflcct a total cmor 
of 900 pcrccnt, This error was assumed to apply to the point of mrudmum cxposurc in 

Cnnndn del Bucy an2 to tho rccqtor  location in the town of W u t c  Rock. An m o r  of 1.4 was 
assigncd to the inhalation rntc bnscd on n comparison o f  thc inhalation rntc used in thc dose 
assessment to a ronsonnblc worst-caw value. Finally, un error term of 1.1 was assigncd t o  

thc time of csposurc to rcflcct an 80 pcrccnt occupancy rate a t  the disposnl site. 

Unccrtaintics ussociatcd with thc projected rndionuclidc invcntorics, tlic rcsuspcnsion 

and dispersion factors uscd in utmovphcric modcling, thr! inhnlntion rntc of the rcsidcnt, nnd 
thc amount of time thc individual spcnds u t  home may cause thc projected doncs to be 
ovcrcstimatcd, Errors assigned to thc projected invcntoricv for the pcrfonnancc asscssmcnt 
rcflcct a reduction in the opcratianal period of thc disposal facility and nccurotc mcusurcmcnt 
of radionuclide activities. Plutonium invcntorics arc cstimatcd to bo ovcrstntcd by a t  lcnst 
a factor of thrce, based on thc comparison of the extrapolation-based prc-1971 invcntorics to 

thc indcpcndcnt cstimutcs of thc umount of plutonium that  had bccn disposcd of ot  k e n  G 
through thc lntc 1970s. Errors wcrc assigncd to  thc rcsuspcnsion and dispersion factors to  

rcflcct ;L total unccminty of 900 pcrccnt for thc Cannda del Bucy und Whitc Rock rcccptor 
iocations. An error factor ofO.9 was assigncd to tho inhalation rate and the time of exposure 
t o  rcflcct avcragr? breathing rates and occupancy timcs. 

Thc propaptcd errors shown in Tnblc 4-3 indicutc that  thc pcrformuncc nswuumcnt 

doses projected to occur from thc inhalation of rndioactivc gaucs m3y bc undcrcstimatcd by 
about 10 tirncs and ovcrcstimntcd by 4.5 timcs. "hen  applied to tho projcctcd pcnk doses, 
thcsc errors translate into nnnual doses of 6.5~10'~ and 1.5~10'~ m o m  nt tho point of 

maximum cxpoaurc in Canada del Buey, Corresponding doscs for thc White Rock location 
uro 1,5~1.0'~ and 3~tx10.~ mrcm/F. Doscs rcsulting from thc inhalation of rcvuspendcd dust 
mny bc undcrcstimnted by 130 timcs undcr worst-case conditions, or may bc ovcrcstimatcd 

by D factor of about 15 timas under conditions approaching best-crrsc. Tlicue cstimntcd cmom 
$,dd n ma?dmum dosc of 1.2 mrcdyr ,  and a minimum donc of 6.3~10~ rnrcrdyr in Cnnndn 
del Bucy. The worst-case dose projected for thc rcccptor location at I W t c  Rock is 2.8~10'~ 
mrcd-w,  while a dove of l.Gx104 m r c d y r  is cstimntcd for optimal conditions. None of these 

4-58 



projcctcd doses thrcntcn the ability of the disposal facility to comply with the lO-mrcm/,vr 
pcrfonnanco objcctivc. 

T ~ C  total crrors listcd in Tublc 4-3 indicate that thc Atmospheric Sccnruio doses 

projected for thc composicc analysis m a y  be undcrcstimotcd by 9.8 and  49 times for 
rndionctivc p s c s  and rcsuspcndcd dust, rcspcctivcly. Based on thcsc worst-case conditions, 
the maximum annual doves projected to occur following thc  rclcasc of radioactive gases from 
thc disposal site arc '7.4~10" m r m  a t  the point of maximum cxpovurc and 1.7~10-~ mrem 
a t  White Rock. The maximum doses from thc rcsuspcnsion of contminated dust arc  
cstimatcd to bc 2.7~10' and 64 mrcxdp in Canada dcl Bucy and at White Rock, rcspcctiively. 

Doscs projected for the gas and dust inhalation pothwnys m a y  ovcrcstimnte actual doses by 
about 4.5 and 23 times, rcspcctivcl~*. These errors translate into doscs of 1.6~10'' and 
3.9~10'~ for rndioactivc ~ Y C S  for thc reccptor locations in Canada del Bucy and IWtc Rock, 
rcspcccivcly. The dust inhalation dosc is rcduccd to 2.4~10'' mrcdyr  in  Canada del Bucy 
and 5.8~10'~ mcm& in White Rock. 

As discussed cnrlicr, tho doses bascd on thc propagatcd crrors i r e  expected to  
rcprcscnt worst and best-caw conditions. Actual doses are expected to fall in behvcen these 

cstimatcs. Ncverthclcss. i t  is  evident from the results for the compositc analysis that o 

potcntinl cxists for doscs from dust inhalation to cxccd  the 30 and 100 I I V C ~ / > T  pcxfomancc 
objcctivcs. Consequently, furthcr cxnminntion of thc uncertainties associated with the 

projected doses for this pnthway is wnrrantcd. 

Unccrtninticv asvocintcd with the projcctcd invcntorics of Am-241 and plutonium, thc 

cxtcnt of nnimnl intrusion into thc disposed wastc, the rcsuspcnsioa factor, and thc 
dispcrsian factor arc cxpectcd to bc the dominant influcnccs on thc dust inhalation doses 

projcctcd for tho compositc analysis. While the error terms assigned to the projected 
invcntorics arc small, it is cvidcnt from the discussion in Scction 4.1.2.1 that the actual 

invcntorics of americium and plutonium disposed of prior to 1971 arc highly uncertain. For 
cxnmplc, the projected invcntory of Pu-239 in the prc-1971 wnstc may be overestimated by 
marc than tbrce-fold. Bnscd on the rclativo activities of AXXI-241 disposed of befort! and &r 
19-71, thc invcntorics for this isotopc also nppcar to vastly ovcrstntod. It is apparent h m  
t h e w  results and thc sensiti\+ty of thc atmospheric dosc modeling to thc pre-1971 inventory 
projections that better charactcrization of this curly waste is wmantcd .  
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Thc error term sssigncd to thc distribution ofanimnl burrows at Arcn G nccounts for 

modcling rcsults using what are considcrcd to bc rcmonablc worst-cosc cstimotcs of animal 

intrusion at the DOE-controlled disposal site, Under most circumstances, site mnintcnnncc 

acti\<tics arc cxpcctcd to rcducc Icvcls of animal intrusion to Icvcls fir below the modeled 

conditions, Given the importance of this sourcc rcleosc mcchnnism to the projected 
Atmosphcric Sccnnrio doses, howcvcr, thc accuracy of the modcling conducted to daw ehould 

bc cvnluatcd. 

Thc acnsitivity and unccrtainty analysis assigned an crror of2900 pcrccnt to  account 

for unccrtnintics asvvciotcd with the rcscnpcnsion and dispcrvion factors used in the 
ntmosphcrjc modcling. Kowalwsky e t  a]. (1995) indicated that thc total uncertainty 

associatcd with thc rcFuspcnsion factor was "ccrtninly less than 2 onc order of magnitude", 
while Vold (1996a) has idcntificd scvcrul potcntinl sources of unccrtninty in tlzc dispersion 
factor. Ncvcrthclcsu, thcsc unccrtninticv hovc not bccn quontificd t o  data. Given thcir 

potential impact on thc projectcd doscs when the total error of thcsc parmctcrs is 
convtraincd to 2 900 pcrccnt, further invcstiption into thcsc unccrtaintics is necessary, 

While scvernl sourccs of uncertainty are associated with the projcctcd composite 
analysis doscs for thc Atmospheric Sccnnrio, certain chamctcri,utics of thc portion of &ca G 
uvud for thc disposal of prc-1971 wastc may significantly limit atmosphcric p n t h w y  doscs. 
"yansurnnic wnstc storage facilitiow hnvc bccn constructed over the pits used for  was^ 

disposal bctwccn 1957 nnd 1970. A 3  part of thc construction of thcsc facilities, a totnl  of3.3 
m (10 ft) of cover mntcrial was ploccd over thc disposal uniLq, If maintained ovcr this portion 
of Arcu G, this ndditionnl cover would cffcctiivcly prcvcnt biotic intrusion into thc 1957 to 

1970 wastc invcntory, Givcn that  this portion of the cornpositc nnnlysiu inventory contributes 

npprokmntcly 98. percent of thc peak cornpositc unalysis dosc projected for thc Atmospheric 

Scennrio, pcak cxposurca would dcclinc to about 0.1 rnrcm/yr, This reduction would, in  turn, 

silfr,ificnntly rcducc thc worst-case dose of 270 rnrcd-yr rcportcd nbovc. Under thcsc 
conditions, the 30-rnrcdyr pcrformnnce objective would cosily be met. 

The sourccs of uncortninty associated with thc radon flux projections arc discussed in 
Scction 4.1.2. These unccrtaintics and the errors cxpectcd to be introduccd into the projected 

flwcs as tl result of thcm arc summarized in Table 4-4. 'These errors cstimntc the cxtcnt to 
which fluxes could bc under- or ovcrcatimated by aach paramotor's nssocintcd uncertainty. 
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Tohlc 4-4. Sources of iincertainly nnd associated crrors for the radon flux projections. 

Uoccrtdnty Factor 
Source of for Underestimating 

Uncrr(a1ntp Flrir' 

Rsdicr.ocliEc Invertorits 

Ra-226 

€Iistcric Fit Waste 2.0EtCO 

IIi3bric shsn WULC 2 OEttO 

Future Pit H'aa?c 2.0EtDO 

Future SbTt W u ( t  2 GE tOO 

Future Shaft Kmte 3.OEtCiO 

Rationale for 
V8lncr h s i g n f d  

U o  t e r t si nly 
Factor for  

(h-rrcrtimrting 
IlUX' 

Rationale for  
Values Asdgncd 

1QEt00 

I OEtOO 

8 G E 4 1  

8GE4l 

l.GEt00 

I CEtOO 

80E01 

8 GE41 

I GEtOO 

6 GE-01 



'i'ablc 4-4. Continued. 

Uncertainty 
Uncertainty Factor Far tor far 

Overrstimrting Rationale far Source of far Undrrr si in at tog Rationale for 
Uncertainty nus- Vmluer Assimtd n u  I' Values Assigned 

Szrfxe  Erosicn b ! c  1 OEtm Ten-fof.3 increase in surfxe 1 OEt[n t c r e r  r n - . i n  rates h i r e  no i1xp3cf OD 
FrojcctrJ fluxes. crmicn rate hw r.cgligiE?c 

crrect an pmjectcd f l u s e ~  mer 
I.@M yr. 

8 OE-01 

8 OE-0 1 

6.4E-01 

6 4E41 



Thc rntionalc used in assigning these errors is summarized in thc table and in the following 

pamgnphs. 

Sourccs of uncertainty that rnny cause thc projcctcd rndon fl~xcu to be undcrcstimntcd 
includc those nvsociatcd with the projected invcntoncs of Rn-226 and Th-232 and the 
emanation cocfficient. Thc errors assigned to thc projcctcd radionuclide invcntoriev me b a s 4  

on the mensurcrncnt unccrtainticsdiscussed carlicr. An error term of 1.2 was assigned to 
the radon cmanntion cocfiacnt in Iicu ofsite-specific data for this parameter. Uncertainties 
associntcd with these snmc pnramcters map also ovcreutimate thc actual rndon fluxes. 

The propagatcd errors shown in Tnbh 4 4  indicatu that tho radon f lues  for the 
historic pcrformnncc osscssment waste may bc undewstimntcd by 2.4 times, while fluxcu for 
thc futurc wnstc! invcntorics may bc 3.6 times higher. Appl$ng these errors to the projected 
pcnk flues,  radon flues of 2.6~10" and 6,1x10" pCi/m% (2.4~10'~ and 5.7~10" pCi/ft'/tj) 
urc projected for the historic and futurc pit waste, rcspectivcly. The worst-case fluxes for the 

historic and futurc disposal s h a h  arc 7.4 and 2.9 pCi/m'/s (6.9~10'~ and 2,Cxlo'' pCi/ft'/s), 

respectively. These f lues  arc less than t h e  20 pCi/m'/s (1.9 pCi/ft'/s) flux objective. Fluxes 

mny bc overestimated by factors ranging from 1.2 to  1.6 times (Table 4-41, These errors 
translato into projected fluucs of 8 , 8 ~ 1 0 ' ~  and l.lxlV1 pCi/m% (8.L.ulO' and 1.0~10'~ 
pCi/ft%) for the historic and future disposal pits, rcspcctivcly, The corresponding fluxes for 
the historic and futurc shaft wnstc arc 2.5 and 5.1~10'~ pCi/m'/s (2,3x10" and 4,8x10'' 

pCi/ft2/s), rcspcctivcly. 

4.1.4.3 All 2nthwnys SccaarioH 

The uncertainties nssocintcd islth thc All Pothw~ys - Gruunawntcr and All Pnthwnys - 
Pnmjito Canyon sccnarios are considered in Section 4.1,3, Thcse unccminties and the 
maximum errors that may occur as a result of them nrc summarized in Tables 4-5 and 4-6, 
rcspcctivcly. Thc cmors listcd in thc tabicy arc t'stimatcs of tho  extent to which doses could 

roosonably be undcr- or overestiaatcd by CO& parameter's or model's associated unceminv. 
Tho rntiondo used in assibmling thcyo emom arc summ&zed in tho tnblc and discusscd in 
the following paragraphs. Additional information about those u n c c d t i e s  may be found in 

Sections 4.1.3.1 through 4.1.3.5. 

9 

460  

e 

0 

0 



Table 4-5. Sourccs of uncertainty nnd associntrd c r r o r ~  for t hc All t’tithwnys - Groundwnlcr Srentirio. 

L’nccrtainty Factor for Underestimating Dose’ 

Source ot  Fcrfolormsncc Compcsite Hntionde l o r  
L:ncrrtaiaty hrrcismcnt Analjsis Values AssiKnrd 

RdionucIidc ffivcnbriea 

C1J 3 CEtQ 3 OEiW Wirle is dis ,%4 cf at rro;’tcleJ ratc; 
Eatrcticn trior y u a ’ i l 2 M  percent. 

Tc-99 3CEtDO 3 @Et00 W x k  is d k p e d  cf a1 Frcj%kd rate; 
Ettection errcr eqaah Mo percect. 

1.129 

Ccacrnlralioo 
on surfacc- 
matami.mted 
waste 

1 GE400 1 OEtOO tVa.rtc i n c l d d  in dcre aszcsznent 
srroiints for Gcrt thin 93 p r c c c t  of 
t c t i l  projectd inrcntcrlo tf GI 4, 
Tc-93, and f-129. 

Unccrtdoti  Factor for ~rrrrs t i rna l ing  Dose‘ 

Pcrforroance Composite Rationale for 
Assessment Aninl~sis values A s s s i ~ e d  

9.OE-0)L 1 ElEtC9 Dirp53l facility clcstg afker 40 1-r; n3 

dtteclicn error. 

1 OEtOO I .PEt00  Factcr cannot be auigncd lackins 
re!case characteristi- cf asrt t  
stream allxated to aurfxe-  
rcntamimtd r;aJte. 

7 5E-01 15E41 €%.tiask to account f x  a traniit tin 
q c i t c r  than 16 j-r a d  leas th33 50 
p r. 

1 OEtOO 1.OEt00 Sigr.iharitIy higher dirtributim 
rruificiirnts nad L m c r  dubiiaty l k i b  
f:r C I J .  Tc-99. and 1-129 arc 
uL!:ktly. 
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Tahle 4-5. Continued. 

e tn 
E3 

Uncertainty Factor for UndcrcslimitinE Dose' 

Radiscudi?c 
Trawl f i E e  

Aquifer Drluthn 

Composite 
Analgsis 

4 EEtOl 

1SEtDO 

Rationale far 
Va!ucr Assignnrd 

)!&ling aggrorch b cct c x p c t e d  ts 
te capable cf uderestimatiag dcae 

Uoccrlrfoi~ Fnctor for Ih-crcstimating Dose' 

Pcrformsncc C o m p s i t e  
Assessmest Anal~-r ir  

1 CEtGO I OEtW 

2 OE4i  2OE01 

Rationale for 
V d u e s  &signed 



Uectrtsialy Factor fcr C'odcrestirnotinK Dose' 

ssurcc of I'c rf0mmce Corn pori te 
Uncertainly hscrsment  Analrris 

l.CEttk3 1.OEtth3 

1 OEtOO 1 QEtDO 

1 OEtOO 1 OEtW 

i.CEt#J 1 GEiOO 

RadijnocMe Doze Conrerricn Factors 

Ingeeztica 1.OEtW 1 DEtOO 
Factors 

Inhlatico 1.OEtIjO 1 OEtD3 
Factcri 

TGW P r q q a t e d  6.3EtDZ 7.1EtOZ 
E m r  

Rilioorle  f o r  
Values Assigcrd 

Unmrtainties are cct mnii3erej f:r 
piraxctcr. 

I!rcehintics are oct coEi3crcd far 
psrancter. 

Cncrrtnintp Factor for Ovrrcstimriinc h s c '  

Composite 
Andlais  

8 GEO? 

7.OE-01 

I.OEtCO 

6 @Ell1 

1.0t'tm 

1.OEtM 

5 OE-07 

Rationale for 
Values h s i p r d  

Factcr bxsd GKI n i t i s n ~ l  arcrrge cf 

requireffienb. 
hontgToun p r t k n  0fh.d 

L'nccrtaintiu arc nct cccsiderm! fcr 
p3 r a %e l e  r. 

Uncertainties arc cct curidtred fcr 
pirametcr. 



Table 4-6. Sources of unccrleinfy and nssocfatcd errors for the AI1 Pnthways - Perejito Canyon Scenario. 

CS-137 

e 
IIf-162 

1-129 

Pu -238 

PU-239 

Pu-240 

Unccrlalnlr Factor for Undcrcrtimatiag Dore' 

Rationale for 
Values Assiptd 

Iktmtico crrw cf 30 pcrcefit. 

Iktccticn error d Io0 percezt. 

Uncertainty Factor for Ortrtrtimstirg DO=' 

Hationdc fgr 
V d u t r  Assigned 

No smrcer are grccrrted in 0.e future; 
d k p a l  facility cks+r rRcr 40 jr; no 
detection crrcr. 



Source of Ucrertdnty 

h-211 

FLY 226 

Tc-99 

e 
0, 
01 Th-232 

u-235 

U-233 

Infiltraticn Rate 

Uncertainty Factor for Undcrest imati~g tlose' 

Performince Composite 
,%?$CSSmtal Analysis 

r - 1 @E+W 

S 1 GEtCO - 

c l.t'Et00 - 

2 5EtGo - 

Rsliooafc for 
\ ' d U t S  Ass ipEd 

Factcr reflects talince Celartn debdim 
errors and or-frr-.tim~:c cf prc-1971 
imcctoiy.  

1 OEtOil 

l.@Et(KI 
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Tahtc 4-6. Continued. 

U n c ~ r t a i n t ~  Factor f e r  Underestimating Dole' 

C - I OEiOO 

C - I CE4'JO 

1 l.OEt00 - 

1 I (IEtOO - 

Rrtionalt fcr 
Values hrrimed 

Traasit tim cf I )I. 

Uncertalntl; Fmctor for  Orereslimsting k r c '  

Performance 
Assessrnrot 

75EOl  

I OEt# 

l.OEi03 

1 OEtW 

I OEtm 

1 GEtM 

I ZE-OI 

1 OEiOO 

I GE+W 

Composite 
Annlrris 

I - 

C - 

1.OEi00 

I . G E t 0  

I GEtOO 

1 OEtClO 



Tnble 4-6. Conliniicd. 

Uaccrlninty Factor for IIndrrrstinating nose' 

Fedomanre 
Sjurre d Uoccriaiaty hwssment 

Aqiilcr D.!uthn I.OEt00 

Camposife 
Analysis 

C -- 

c - 

c - 

1 CE+O 

I .CEtOl  

UncertaiDt)- Factor  for Orcrcstimsting Dose' 

2 OE-01 

1 @Et00 

1 OEtOO 

1.CEtOO 

1 GEtM 

1.OE.02 

7.CE 01 

1.GEtlX) 

5 OE41 

Composite Rationak for 
Valucs A5sip;ntJ Analysis 

PImt uptake fxtcra may te srnnllcr, b i t  
the rrrgni tdc  cf tkc error u unhr&;rn. 



Table -4-6. Continued. 

Uncertainly Factor for Undcrrrtimrting nore. Uncertainty Factor tor (hcrcstirnating hs.2 

Performance Composite 
fiourct of Uncertainly Assessment Analrrir 

IcLhthn €late - I .4Et00 

r Tiice of E x p u r e  - 1.1EtGO 

Rationale for Performance C!mposi tc  
Valuer Asusigpwd hserrment h d y r i s  

R a i d  on rrascnit!? rarrtcaze 90EOi  9.CEO1 
irhlsticn rate- 

12Eol 2 EEUl 

Rationale for 
~'r!uts Assigned 

Reflect3 artrage annual inhditicn rate 
remnnerded by EPA fcr mfitinuous 
c x p m r c  sItuaticns in rhich aciii-ity 
patterns arc usknorn 

R r f l e d  avcrapc amxrr.t o f  1irr.c spent a i  
hoae M adult. 

F a d  m s u g g a t d  shielding factcr fcr 
t k  arcrage M i d u a l .  



Thc sourccs of uncertainty that  may sipificontly impact thc projcctcd scenario doses 

fbr the All Pathways - Groundwtltcr Sccnario gcncrally rcscmhlc thonc discussed curlicr for 
the Groundwater Rcsourcc Protection scenario, Scction 4 , l A . l  contains n brief discussion 
of the errors assigncd to common parameters and models. In terms of parnmctcrv unique to  
this: sccnurio, uncertainties in plant uptake factors and the amount of rudio;icti\$ty in 

ifiigation water that  is assimilated by crops may causc projcctcd doscs to be undcrcstimntcd. 

h error of 1.9 was assigncd to plnnt'uptnkc factors t o  rcflcct the impact a two-fold increase 
in thc plant uptake factors for C-14, Tc-99, and X-129 will have on projected food pathway 
doses. The error of 1.1 ussipcd to plant uptnkc from i h p t i o n  rcflccts LI five-fold incrcasc 

in thc translocation factor for non-lcoQ ~~cgctableu. 

Unique sources of unccrtninty thot may causc thc projcctcd doses for thc All Pathways 
- Groundwater Sccnnrio t o  be ovcrcstimnccd includc soil rndionuclidc conccntrations resulting 

from irrigation, thc rate of soil consumption, and thc proportion of tho resident's food 
requircmcnts that  is raiscd by thc individual, An crror of 0.2 is nssigned to  thc soil 

mdionuclidc conccntrations, which is consistcnt with n more rcasonablc buildup time of 1 yr 
for C-14, Tc-99, and I-129. Thc error of 0,Ol nssigncd to the soil consumption rate is bused 
on nvcragc soil consumption rates in ndulkq thnt havc n low tcndcncy to cat  soil. The 
proportion of food rcquircmcnts gmwn a t  thc  rcsidcnt's hornc is nunipcd an crror of 0.6 

based on the national averagcs for this paramctcr, 

T h e  propugatcd errors listcd in Table 4-5 indicntr! that  thc doscs for thc A1 Pathways 

. Groundwater Sccnario may bc undcrcscimatcd by II factor of 630 for thc pcrf'omunco 
asscsumcnt nnd 710 compositc nndysiu. The products of thcsr: errors and thc projcctcd pcnk 

doscs for thc pcrf'orrnnncc asscssmcnt and composjtc analysis Jicld worst-case doses of 
6.1~10'~ and 4.1~10'' m r c d y r ,  respcctivcly. Thcsc doscs arc small fractions of thc 

performance objcctivcs pcxtincnt to thew analyses, Tlic modcls nnd data used in the All 
Pathways - Grouxdwatcr Sccnario may also ovcrcstimatc thc nctual doscs by scvoraI orders 
of magnitude (Tnblc 4-5). The propagated errors listed in the tnblc translutc to  projected 
doscs of 8,0~10'~~ and 6.0~10''~ m r c d y r  for tho pcrfomancc asscssrncnt and composite 
analysis, rcupcctivcly. 

The sourccs of uncertainty tha t  may have significant impacts on t h e  projcctcd scenario 
doves for thc All Pathways - Parajito Canyon ScciirUio includc many of those discussed nbovc. 
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Additional sourccs of uncertainty include thc ratc of crosion, thc soil mixing depth in the 
canyon, and thc soil consumption ratc. An m o r  of 10 was ossigncd to thc first two 

p m m c t c r s  bnscd on thc  discussions in Section 4.1.3.3, Thc crror of 0.01 ussigned to thc soil 
consumption rntc tnkcs into account thc intakc of soil in odulw with n low tandcncy to ingcat 
soil. 

"he total errors cstimotcd for the All Puthw*ays - Groundwatcr Sccnnrio indicate that  
thc performancc asscssmcnt doscs may be undcrcstimntcd by o. factor of 27 and 
ovcrcstimatcd by S.3 timcs (Table 4-61, Thcsc propagated errors 9 a l d  annual doses of 

3,5x1W3 2nd 1,6x10" mrcm, rcspcetivcly. Compositc analysis doses for this sccnorio may be 
underestimated by 540 times, and ovcrcstimutcd by 3.6 times. Thc doscs corresponding to 
thcsu errors arc 3.9 and ~ . O S ~ O ' ~  m r ~ m / > ~ .  Tho worst-case doses arc all much less than the 

nppropriatc pcrformancc objectivcs, 

Exposures of the inadvertcnt intrudcr are projected t o  occur whcn thc individual 
contacts or uses contaminated cn\ironmcntd mcdia. Thcse mcdia include soils, crops and 
animal products, and air. "hc mngnitudc of thc projected intruder doscs depends upon the 

cxtcnt to which the intruder uses o r  is cxposed to soil, foodstuffs, and air: the radionuclides 
prcvcnt in thc eontnminatcd mcdin; and thc concentrations of thcuc radionuclides in the 
media. 

uncertainties in thc models and pnrarncters uscd in thc intruder annlysis contribute 
to unccrtaintics in the dose projections, Thc following discussion consider3 these 
unccrtuintics scmi-quantitatively, focusing on the cxposurc sccnllrios and parameter values 
uscd in thc analysis (DOE, 1996b). Assumptions and puamctcr valucs uscd in thc intruder 
analysis that  dcterminc resource utilization rates, exposure timcs, and radionuclide 
conccntrationo arc discussed relative to "red-world" conditions to provide insight into the 

levo1 of assurance with which tho Arcn G disposal facility can sdcly contain thc disposed 
WIIStC. 
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The intrudcr scnsitivity and uncertainty nnulysis is  discusscd in terms of thc basic 

modcling components that  comprise the dose awssmcn t ,  hu discusscd in Section 4.1, thcsc 

components include thc invcntory, sourcc-rclcasc machnnisms, e n n u p o r t  mechanisms, usugc 

fLlctors, and dose conversion factors, The nnturc of thc intruder-rrgriculturc sccnnrio is such 
that n clear distinction betwccn thc sourcc-rclcnsc and t rmsport  mcchnnisms is dificult to  
establish. Conscqucntlg, thcuc cornponcnts arc mcrgcd in thc following discussion. 

4.2.1 Rad ionucl idc Tnrcmtoticn 

The projcctcd doses for thc intrudcr cxposurc accnnrios arc directly proportional to the 

activicics of rndionctivc waste disposed of a t  Arcn CY. Thc unccrtnintics nusocintcd with the 
historic and futurc pcrfomnnce nsscssmcnt invcntonw arc divcusvcd in gcncral t c r m v  in  
Section 4.1.1, Thc unccrtaintics associatcd with invcntoriw of thc rndionuclidcs thnt  makc 
significant contributions to thc intrudcr doses will ultimntcly determine the potcntid cmors 
inhcrcnt in thc dose projcctionrr, Thc radionuclides that  contribute 1 pcrccnt or more of tho 

pcnk intrudcr doscs arc summurizcd in Table 4-7, 

?vlcosurcmcnt mors lrvsociatcd with a11 of the radionuclides listed in Table 4-7 cxccpt 
Ii-40, Nb.92, and Nb-94 arc discussed in Section 4.1. K-40 is rclativcly cnsy t o  detect bccausc 

it cmits relatively high-cncrgy gnmmn radiation. Mcasurcmcnt crrors for this isotope using 

non-destructivc analysis arc typically w i t h h  200 to 300 pcrccnt. >TI-92 nnd h3-94 nrc fission 
products nnd emit high-energy photons that  arc readily dctcctcd. Conscqucntly. reported 
activities for thcsc isotopes will tend to  nccurntcly reflect the uctunl invmtoricu in the waste. 

Cs.137 is projcctcd to makc significant contributions to  tlic projcctcd intrudcr doses 

for the historic and futurc disposal shnfts, While the unccrtaintics asaocintad with the 

projcctcd invcntoricu of this radionuclide arc nddrcsscd in  Section 4.1.3,5, thcy deserve 
additional discussion hcrc. As discussed carlicr, most of thc projcctcd histork inventory is 

rcprcscnted by two irradiation sources encnscd in stccl, While this wnstc was nssumcd to 

bc mixcd with cover soil and sprcad around the intruder's lot, i t  is morc likcly that  thc wostc 

will still bc containcd in thc sourcc jnckct a t  thc time of intrusion. Furthormoro, the discrete 
nnturc of rhc Y O U ~ C C S  rcduccv the likelihood that  thc wnsto will be contnctod during baocmcnt 
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Tuble 4-7. Summnry of radionuclide contributions to p e d  intrudcr dose 
projcctions. 

Rndionucl idc 

Ag-108m 

Am-241 

c-14 
CS-137 

K-40 
Nb-92 
Nb-94 

Pu-238 
Pu-239 
Pun240 

Pu-241 
Rn-226 
Th-232 
U-234 

u-235 
u-23s 

Pcrccnt Contribution to Pcnk Dose 

Historic Historic Future Future 
Pit Wnste Phnft Wnstc Pit Wnstr Shnf't U'nstcr 

a 2% 34% 1% - 
6% 10% 6% 145 
- 1% I - 
3% lS% - 3S% 

c - 3% I 

Y 7% u 10% 
3% 5% 3% u 

9% 2% 7% 3% 
36% 13% 3 1% 17% 

2% - 7% - 
u -I 1% Y 

4% 1- 5% Y 

7% 1% 3% 2% 

1% I- 5% - 
S% u 6% .I 

17% 10% 19% 14% 

a a n 

a 

a n a 

1 a 

a 

a 

a I I 

a I 

a a 

I a 

a,  Indicates thc rndionuclidc did not contribute 1 pcrccnt or mom to  tho projected peak 
dose. 
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excavation, Based on thcvc factors, thc actual doscs from CS-137 urc cxpcctcd to bc smnllcr 

than projcctcd, 

The Cs-137 sourccs also form thc basis for thc projcctcd disposal of large activities of 
Cs.137 in the future. Tho cxtrnpolntion proccss is cxpectcd to significantly ovcrcstimote 

future disposal bccnusa Cs-137 sourccs arc gcncmtcd infrequently u t  LANL, A review of the 

M L  disposnl records indicntca that only one athcr Cs-137 source with an activity in cxccs13 
of 1 Ci (41,7 Ci) was disposed of bctwccn 1971 and 1995. The future dose projections 
implicitly nssumc that  more than 13 C U ~ T  of Cs-13'; sources will bc disposcd of in the s h a h  

over the rcmaindcr of thc disposnl facility's lifctime. Conscqucntly, intrudcr doscs for the 
future shaft w;istc arc cxpcctcd t o  be much lcvs than cstimntcd. 

Projcctcd jntrudcr doscs urc directly proportional to thc rndionuclidc conccntrations 
in tho disposcd wnste, Thc higher thc concentration of waste in thc disposal unit, thc  greater 
rhc amount of waste that will be brought to the surface by the intruder and, thus, thc p c n t c r  

the potcntid doses. Conccntrntions of radioactivity in the waste are dctcrmincd by the 

radionuclide invcntorics and the wnstc cmplnccment cfficicncy, dcfincd as thc fraction of n 

disposal unit that  is fillcd with waste. 

Thc historic pit and shaft w w t c  cmplaccmcnt cfficicncics uscd in thc d o x  assessment 

arc 0 3 6  und 0.42. rc:~pcctivrly, bawd on avcragc cfficicncics in closed disposal units. Thcsc 
cfficicncics rnngc from Icss than 10 t o  almost 60 perccrit for pits, und from less than 10 to 

almost 100 percent for shafts. T i c  waste cmplnccmcnt cfficicncy for pit wnstc disposed of 
jn' thc fcturc is 0.5, a ~ a l u c  that accounts for chnngcs in w ~ t c  disposal operutions which 
shou!d d l o w  tighter packing of thc wastc in thc pita, T h o  wustc cmplaccmcnt efficiency 

ossumcd for future shaft waste is thc historic vduc  of 0,42 bccnusc no  chnngcs in disposal 

operations arc expcctcd that  would affect thcsc ucits. 

Thc historic and future waste cmplaccmcnt cfficicncies uscd in the dove nsscssmont 

indicate that onc-third to o n c h l f  of thc pits and shafts are fillcd with wnstc. Given this, 

the errors introduced by unccnninticv associated with thcso cfficicncicv arc limited. Evan 
with significant inmcnscs in cmplnccmcnt cfficicncy, the projcctcd dosca would incrcnsc by 
less than a factor of 2, Actual cficicncics lowcr than thoac modeled would yicld lower 
projcctcd doses, 

, 
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42.2 Sourcc R ~ l ~ n s ~ s  nnd Entironmcntnl Trnnsyart 

The nature of the intruder scenario is such that source rclenses arc difficult to define. 
In csscncc, the "rclcnse" of radioactivity from thc disposed waste occurs through thc actions 
of thc person constructing thc hausc. That is, thc cxcnvation of the basement "rclcnses" the 

radioactivity, bringing ic to thc soil surface. Givcn this dcfinition of rclcnse, the unccrttnties 
nvsociatcd u+th thc source-rcleasc modding pcrtnin to the dcgrcc of intrusion that is 
ossumcd to  occur, as moasurcd by the quantity of wnstc brought to eho surface. 

The cxtcnt to which intrusion into tho  ~ ~ 1 5 t c  was ossumcd to occur in the 
Intruder-Ag~iculturc Sccnario is cxpcctcd to  ovcrestimntc thc nctud amount of mdionctivity 

distributed across thc ground surfacc. Long-tcm DOE control of LANL in  general, and of 
&ea G in particular, will prcvcnt indh5duals Erom disrupting the disposed woste, Should 
thc DOE bccomc comploccnt in its custodial rcsponsibilities for a short pcriod (e.g., one to 
two yr), the lund occupied by the LANL would likely revert to uses consistent \ i t h  the 

current lifestyle of thc Nativc Amcncnn Inndowncrs living ndjnccnt to the Laboratory. Under 
thcsc conditions, it is unlikely that an individual would arrivc at the site and construct a 
housc. It is more likcIy that thc  site would be used for cercmonial purposcs or hunting, as 
it has been in tho past. If u pcrson wcrc to choovc to  rcsidc ovcr the site, it is not c l c u  that 

his or her construction activitics would include excuvating n 3-m (10-ft)decp basement, as 
many of the homca built in thc region arc convtructcd on slob foundations and lack 
bnscmcnts. 

Thc intruder dovcs projected for thc shaft wastc arc  based on tho conscrvotive 

ussumption that a11 shafts at  tkca G urc arrangcd in a shnft field, thc c h c n s i o n s  of which 
wcrc bnscd on the distanccs that typically scpnratc rrdjnccnt shafts, Using this oppronch, 
nppro.dmatr?ly 11 pcrccnt of the surfacc area of the intruder's boscmcnt was projected to 

quantities of wnstc contacted by tho individual because, in fact, the shaft& arc widcly 
scattcrcd ovcr k c a  G. 

. contact disposed wnstc. This dcgrcc of intrusion is expected to ovcrcstimatc the actual 

Tbc amount of radioactivity brought to the surf'ncc by the intmdcr  is i d u c n c e d  by the 

time at which intrusion occurs. Tho acti\5tias of short=livcd radionuclides in the wmtc udl 
bc smollcr at latcr timcs duc to radioactive decay, resulting in lowcr surfacc soil conc&nmf 
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conccntr3tions. Due to ingrowth, higher uctivitics of daughter radionuclidcs may bc 
cncountcrcd as tho tjrnc of intrusion is dclnycd. Thc timc u t  which intrusion wns postulotcd 
to occur differs bctwcen t,hc pits and shaftq. Intrusion into the pitv was assumed t o  bc 

feasible a t  thc end of the 100y nctivc institutional control pcriod. Intrusion into thc 

disposal shafts was assumed t o  bc prcvcntcd by thc concrctc caps placed over thc closed 

shafts for an  additionul 200 yr, 

The time of intrusion has LI significant cffcct on thc doscs projected for thc wnstc 
disposed of in thc historic and futurc shafts, In tcrms of thc historic shaft wnstc, tho 
projactcd intruder scenario doscs r i s e  from 18 mrcdyr  t o  320 m c d p  an thc timc of 
intrusion is rcduccd from 300 to 100 yr post-closurc, Annual doves incrcnsc more 

drarriatically for the futurc shaft waste u5th thc same change, from 12 to 4'70 n m m ,  Them 
doves are well in csccss of thc intruder analysis purformnncc objcctivc of 100 mrcdyr.  If 
intrusion were to occur nt 200 >T post-closure, the annual intruder dosc would bc about 50 
mrcm for both shaft invcntorics, 

Thc nssumption that intrusion into the disposal s h a h  is dolnycd far 300 yr aftcr 

facility closurc is bawd on thc fact that  concrete caps placed ovcr the units will prcvcnt 

individuals from cxcavating a bascrncnt. The pcriod ovcr which thc cop8 will actually bc 
cffectivc in prcvcnting intrusion will depend upon ratcs of concrctc dcgradntion at  thc 

disposal site. Dctnilcd analyses of ratcv of degradation w r c  not undcrtakcn as part  of the 
.ban G pcrformancc n w w m c n t .  Howcvcr, given thc importrinco of thc concrctr! cups' 

cffcctivcncsa, further invcstiption into this issue is recommcndcd. 

The ingestion of soil and food crops grown by the intruder is rcsponsiblc for significant 

fractions of thc projcctcd intrudcr dows. Tlicuc doscs arc proportional to the radionuclide 
concentrations in these rncdin and thc rates of intokc. Thc yurfacc soil and plnnt 
conccntrntions of radioactivity, in  turn, arc directly proportional to the dcgrce to which thc 

cxhumcd w:rstc is mixcd with clcnn soil prior to  bcing sprcnd over tho intrudcr's lot. The 
waste was nsvumcd to be complctcly mixcd with thc cover mntcrinl rcmovcd a t  the time of 

basement excavation, As LI result, contamination lcvols in soils wcrc 58 and 26 pcrccnt of the 
disposnl unit conccntrations over thc historic and futurc pits,  rospectivcly, Tho grcnter 

dilution notcd for thc future pits rcflccts tho csc of 2 m (6.6 ft) of cover rather than 1 m (3.3 
ft). Surfncc soil conccntrations ovcr thc historic and futurc shafts wcre 4.9 and 2.7 pcrccnt, 
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rcspectivcly, of thc disposd unit conccntrations. Thc shaft dilution factors arc about on ordcr 

of magnitude smaller than thc pit factors bccausc thcy account for the limited cross-scctional 

arcn of the disposal units. 

\Vhilc it is unlikdy that  thc mhumcd wastc wil! bc uniformly mixcd \\<th the clcan 

covcr soil, thc upproclch uscd to  model surfacc soil conccntrotions is cxpcctcd. on avcragc, to 
providc rcasonably conscrvotivc ingcsrion dose cstimntcs. For instnncc, whik n portion of 
thc individual's garden may have highcr-than-nvcmgc conccntrationv of radioactiltty, other 
portions may contain little or  no radioactivity. Whcn the disposal pit dilution factors were 

considcrcd in conjunction with the wtnste emplilccmcnt cfficicncics, the intruder's garden w w  

assumed to contain 13 to 21 pcrccnt waste on a volurnc basis. Based on the assumption that 
only r? small fraction of thc gurdcn soil could bc wastc if thc garden was t o  bc fcrtilc, this 
range appears rcnsonablc. Whcn thc cffcct of shaft spacing is ignored, the proportion of 
waste in the intrudcr's garden over thc shafts is 11 to 19 percent. Once again, this rongc 

appears rcasonablc. 

Factors influcncing tho conccntrntions of rdionctivity in the edible portions of the 

crops grown by thc intruder include radionuclidc conccntrations in thc soil; agrku1tura.l ,Viclds 

of leafy vcgctablcs, produce, and grain; thc plant weathering rcmoval cocffiucnt; the 
resuspcnsion factor duc to rainsplash; the atmosphcric deposition velocity; plant translocation 

factors; plant radionuclidc uptakc factors; dxytow'ct w i g h t  ratios for vegcmtion; and soil 
radionuclide conccntrations. Thc first Svc factors influcncc thc assimilation of radioactivity 
dcpositcd on thc plant from rainsplauh, while thc plunt uptake factors and the dry-to-wet 
wciglit ratios wcre used in rx~odding plant radionuclide conccntrations from root uptnkc, Tho 
unccrtaintics associated with projccting soil radionuclidc conccntrations arc discussed in 
cnrlicr portions of this chnptcr. 

Rninsplash may bc an  important mcchonism of plant contamination. Splash from the 

impact of raindrops cnnics dctnched soil parrjclcs rndially and upward to be interccpted by 
ncnrby plants (c.g,, Foster e t  al., 19951, If the soil is contaminntcd, this mechanism may 

deposit radionctivity on plant surfaccs. Whilc thc sipificnncc of rainsplash in terms of 
projccting ovcroli lcvcls of plant contamination is unclear, some investigators have concluded 
that surfilcc deposition is nn important process for radionuclides that arc strongly sorbcd to 
soil pnrticlcs. Hansun (1995bl concludcd that  rainsplash is an important process in terms 
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of plant conccntrcrtions of plutonium isotopes. 

concentration factors that  include the cffccts of root uptake and depositional proccsscs. 

Hc proposed the use of cffcctivc plant 

Thc dose asscssmcnt results indicatc that  rainsplash is secondary in irnpot-mncc t o  

root uptake in determining plant radionuclide concentrations. For cxaxnplc, contamination 

in plants due to rainsplash accounts for about 1 pcrccnt of the peak food ingastion dose 

projected for thc historic pits, the disposnl units for which this pathway yields thc highcst 

doses. Wowcvcr, with rcspcct t o  plutonium isotopcu, thcsc results urc contradicted if thc 

cffcctivc plant conccntration factors proposed by Hanscn (1995b) are used to project plant 
concentrations. For cxnmplc, thc projected ingestion doses for the historic pits incrcnsc 

almost four-fold when plutonium food-chain doses arc calculated using thcsc factors. The 
pcnk projected dose for thc intruder-npiculturc scenario mi n whole incrcaves approximately 

$5 pcrccnt as LL result of this modification. 

While the effects of rainsplash noted for thc plutoniua isatopcH arc obviously 
s igd icant ,  i t  is not nppnrcnt that  othcr tadionuclidcs will bc similarly nffcctcd. For 
example, Whitc c t  nl. (1981) estimntc that  thc component of Cs-137 contamination of squash 
and beans that is due to rainsplash ranges from 2 to 52 pcrccnt, dcpcnding upon the plant 

tissue under considcrotion. Thus, for Cs-137, rainsplash appears to bc less significant in 

terms of plant cont:uninant concentrations rclntivc to thc situation nowd nbovc for plutonium 

isotopes, wherc i t  may account for csscnthlly all of thc obscnpcd lcvcls of radioactivity. 
These rcsults indiccrtc a need for furthcr investigation into thc importance of rainsplash as 

a mochonism of plant contamination for other radionucliclcs includca in the Area G inventory, 

Bawd on thc rainsplash modeling results discusscd above, the unccr'tinties associated 

with crop agricultural liiclds, thc plnnr wcnthcring rcmoval coefficient, thc rainsplash 

resuspension factor, thc atmospheric deposition vclocity, and plant translocation factors will 
have little ovcrall impact on thc ingestion pathway dose. Conscqucntly, 3 detailed discussion 

of thcsc uncurtaintics is not warranted. Thc impact of the unccrtnintics nvsociatcd with 
thcsc pnramctars should, however, bc considcrcd as pnr t  of thc rc-evnluntion of tho entire 

rainsplash pnthtvny, 

The rndionuclidc uptnkc factors dctcrminc the extent to which mdionctivity in  the  oil 

is assimilated by plants via their roots. Civcn thc potcntial importancu of p l m t  uptake of 
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radionuclidcs from soil, it is important that thc rates nt  which uptake are projected are 

rcusonobly accurate. As discussed in Section 4,122,  thc plant uptake factors used to project 
ingestion doses arc based on an estcnsive literaturc review of tcrrestrinl transport and 
agricultural pararnctcrs by Bues et  d. (19841. While the usc of gencric plant uptake factors 
for thc dose nnnlysis ignores the offects that &XL-specific factors may hnvc upon the 
assimilation of rndionuclidcs from contaminated soils, a comprehensive se t  of factors for the 

radionuclidcs and crops included in  t hc  performnncc usscsvmcnt docs not exist. 

Lncking c.xhaustivc sitomspecific information, thc data cornpiled by Bnes ct al. (1964) 

arc cxpcctcd to provide u rcasonnblp consistcnt sct  of factors. Xevcrtheless, it should bc 

recognized that these data arc highly vnrinblc. Vptoke factors for a given element may mngc 
over several orders of magnitude. Ordcrsf-magnitude chnngcs in the uptake factors used for 
thc dominant radionuclidcs will have significant cffccts on thc projected intruder scenario 
doses. 

The plant uptake factors used in tho dose asscvsmcnt relate radionuclide 
conccntrations in plants to conccntrations in soils on D dry-wcight+bnsis, To dctcnninc tho 

concentration of rndioncthlty on n wet-weight basis, which is more reprcscntntivc of t h o  food 
catcn by the intruder, thc plant conccntrntions werc multiplied by tho dry-to-wct=weigfit 
fraction, For the dose asscssmcnt, this p a r m e t c r  w a y  assigned values of 0,l for leafy 
vcgctables (bascd on Pctcrsor,, 19S3) and 0,43 for all othcr vcgctntion (Bncs e t  al., 19S4). 
Thcsc values m e  cxpectcd to reasonably oatirnntc wct=wcight convcrsions for the food crops 
grown by thc intruder. Thc valuc for lcufy vegetables is the appro.simnte nvcragc of 
dry-to-wet wcight convcrsion factors for 12 spccicv of vegctablcs. The vnlue of 0.43 used for 

all other produce is the wcighted w m g c  of factors for various classes of vegctobles, It 
cxcccds the average dry-to=wat-wcight factors for cxposed pmducc (0.13) and protected 
producc (0.221, but is about half of tho vnluc for p a i n  CO.SS>, 

Airbornc conccntrntions of rodionctivc dust are  a function of the surf'aco soil 
conccntrations of the waste radionuclides and the dust loading factor. The factors upon 
which soil conccntrntions dcpcnd, and thc unccmintics nssociotcd with these factors, arc 
discussed in Section 422, A dust loading factor of 1x10'' kdm3 (6,2xW9 lb/ft3) was used 
to project p h c u l a t e  cocccntrations in air at the intruder's rcaidencc, and is expectcd to 
rcvult in a rcosonnblpconson,ate estimnte of actual airborne conccntrations of radioactivity. 
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I t  is 2,5 times larger than the background dust loading for nonurban arcn in thc United 
States, as rcportcd by h s p n u g h  ct  nl, (19’751. IWlr! thc intruder mny encounter higher 
concentrations during LI portion of the timc spcnt gardening, this period c ~ m p n s c s  less than 
2 pcrccnt of thc total timc spent by thc intruder a t  the site. Furthennorc, while it wn3 

assumed that all rcsuspcndcd dust is contaminated and respirable, somc of the rcsuspcndcd 

pnrticlcy will originotc outside of the zone of contamination and i d 3  bc too lurgc to be 
i nbnlcd. 

Direct radiation ocposurcs arc an important contributor t o  the projected intruder 
doses, Exposures t o  the intruder during thc time spent indoors w d l  bc attenuated by tho 
individunl’y house. As discusscd in Section 4-1.3.4, this shielding factor is expected t o  

overestimate actual csposures of the individual. 

The Icvcl of rcsourcc utilization by thc intruder and thc amount of timc thc individual 
wns cxpowd to  contnminatcd mcdin arc thc stlmc QY those nssumcd for the ofTsitc rcccptors. 
The unccrtainticv nssociotcd ii$th air inhalation rates, soil and food ingestion rates, and tho 

periods the intruder is exposed to contaminated air and soil arc discussed in cnrlicr sections 

of this chapter. 

4.2.4 Radian ucl idc nos(* Convrrsion Fnctorw 

I .  

. I  

. .  
.I . 

Internal and cstcrnd cxposurcs to radioactivity were convcrtcd to dovcs using 
inhalation, ingoation, and cxtcrnnl dosc convcrsion factors. As discusscd onrlicr, whilt? tharo 
arc unccrtointics nssociatrd n5th thcse factors,’thcy nrc difljcult t o  quantify nnd, for the most 
pun,  wcrc? not takcn into consideration in thc sensitivity and uncertainty analysis, Thc 
unccrtnintics nssocintcd with thc dosc convcrvion factors used to cstimntc direct radiation 
cxposurcs from contnminatcd Sod3 arc discussed in Section 4.1.3.5, 
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42.5 Summnw of Tntruder Smsitivitv nnd Uncertninw Annlvsis 

The sensitivities of thc intruder dosc projections to the modeling assumptions and 
input parameters used in thc dose nsscssmcnt nrc discussed in Sections 4.2.1 through 4.2.3. 

Based on thcsc results, the uncertaintics associatcd with thc radionuclide invcnsorics in the 

historic and future waste, thc dcpcc of intrusion into thc disposed wastc, the cffectivc plant 
uptnkc factors for food crops, and thc timc of intrusion into t he  disposol shafts are cxpcctcd 
to have thc gca tc s t  potential impact on the ability of thc Arca G disposal facility to comply 
with thc ~OO-mrcm/yr intruder dosc objective. The woste invcntorics arc subject to 

unccrtnintics nssociatcd with mensurcmcnt errors and the assumptions used to project futurc! 
rntcs of wastc gencmtion. Many of the radionuclidcs that make significant contributions to 
thc projcctcd doscs arc difficult to mcasurc. W d c  mcnsurcmcnt errors for thc  readily 

dctcctcd isotopes mny bc 100 to 200 percent or lcss, mensurcments of othcr radionuclides 
mny haw cnors of 900 pcrccnt or more associated with thcm. 

Thc pmjcctcd dovcs for thc agricultural intruder arc c.xpcctcd to ovcrcstimotc thc 
actual doscs rcccived by an intruder. This conclusion is b a s 4  on tho assumption of 
lonptcrm DOE control over the disposal site, current land=uue pattcms, thc limited surface 
XCLI of’ thc disposal shafts, and construction techriqucs prcvolunt in thc wca. In contrast. 
doses due to the  ingestion of contnminatcd crops may be underestimated because of the 
manner in which rainsplash was modcled. Further investigation into thc impomncc  of this 
mechanism ofplant uptake is wr ran tcd  to rcducc the uncertaintics in the projected intruder 
doscs. Thc projectcd intruder doscs for shaft waste incrcasc significantly as the time of 
intrusion is moved from 300 to 100 JT post-closurc, cscccding the intruder pcrfomancc 
objcctivc nt thc cnrlicvt timc. Thcsc rcsults undcrscorc thc importance of the long-tcm 
pcrformancc of thc concrete capy plnccd over thc closed shafts, 

The unccrtnintics associated with othcr modeling assumptions and p o r m c t c r  values 
used in thc dosc assessment nrc cxpcctcd to have a rclativdy limited impact on the projected 
doscu. In samc cnsos, this is due to thc fact that  thc assumption made or paramctcr uscd is 
quite conscrvntivc by all but  thc moat pcvsimivtic accounts. In othcr instances. the 
pornmctcra uscd in thc dose analysis hnvc limited ranges over which they may vory, thereby 
limiting thcir impacts on thc projected doscs. 
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e ATMOSPHERIC TRANSPORT IN COMPLIES TERRAIS 
AT LOS ALAMOS, .AREA G 

Erik L. Vold 

Abstract 

This rcpon documents the amosphcric dispcrsion madel used in the Lax Ara  G 
Pcrfomancc Asscssmcnt for off-site airborne dose calculations, Fotcnud airborne 
conuminbqt!i from thc mcm top disposd bcility dispcrsc in the complcx tcmin dominated 
by ~ X ~ O W  mcsas pivdlcl to narrow canyons. Thc dispcrsion is chmcttrizcd by site- 
spccific values of x/Q /(ci/nJ3)/(cih')] at cach of two designated receptor locations. a 
'masirnum off-site dosc' location and ;L ncarby population centm (White Rock, hW), The 
vduucs of x/Q in wch of thc sixtcen wind sectors are first estimatcd with the CAP-88 
computcr codc using 1992 annual meteorologic data from A m  G and ussuming an rum 
source for rclcase. The data capturcs thc dominant wind direction on thc mesa tops from 
thc SSW ~ Thcsc dispcrsion pmmctcn  arc assumed to apply to opcn, flat terrain and must 
be corrccted for channclins and vclocity effects due to thc complcx mcsa and wnyon tcrrih 
surrounding the Arca G site, Addibond mcteorologk data havc becn collected ovcr two 
v c m  from sis remote tcmponry mctcorolo~ical szitions opemtcd on the mesas and in the 
'cmvons immcdiatcly ;uound Arca G, Thcsc data indicatc that thc wind flow in the canyons 
is r%clusivcly bimodcl, flowing up canyon duringthc day and down canyon at night.  It is 
conservatively assumed that all ground lcvcl rclcrtscs from Arm G which blow out m o s s  
an adjaccnt Ginyon bccomc cnuaincd in the canyon flow. This cffectkly combincs the 
conuminant rclasc for scvcnl scctors into a single canyon flow which is upsucarn during 
thc day or downstream at night. This canyon channcling mechanism is implcmcntcd in the 
model by summing the wind scctor dispcrsion factors ovcr thosc scctors appropriate to thc 
gcomctry for a rclasc from Arca G toward cithcr ndjaccnt canyon, "he  result is that the 
Iz i l t ion ofthc ' rnmimum off-site' individual is found to bc up canyon to the north (in 
Cmada del Eucy, limitcd by dnytimc flow) whcrc the mtLvmum dispersion pamrnctcr is 
(pornax = 5.5x10-5s/rn3. The maximum dispcrsion pumctcr at a population crntcr, 
( x / @ ~ , ~ ,  is in  Whitc Rock to the ESE (limited by nightdmc down canyon flow), wherc 

e 

(Z'Dpp 
cffcct increzcs 
scctor. Unccmintics arc cxamincd i n  somc detail. 

1.3x/O-5s/r,13, At both locations thc analysis indicatcs the canyon chnnncling 
by about a factor of 2.4 ovcr that cxpccted in any sin& downwind 
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ATMOSPHERIC TRANSPORT Ih' COiWLEX TERRAIN 

AT LOS ALAMOS, AREA G 

Introduction 
D 

Atmosphcnc transport is evalualcd from 3 sourcc at thc Los Alamos National Laborxory 
LLRW disposal site, Arm G, to an off-sitc rcccptor 3t D lowtion of maximum contaminant 
conccnuation and to a receptor at il population ccntcr (Whitc Rock), Put of thc assessment 
is to dctcrrnine thc location of maximum airborne concenuadons, which is cornpli~atcd by 
thc l o a l  complex tcrnin. 

The Gr pathway asscssmcnt CM be written in tcnns of the factors including sourcc 

strength, S. source r c l c s ~ '  mtc, R, atmospheric dispersion, x/Q, and a pathway and 

scenario dcpendcnt dose conversion, Db rclrrted [LS 

Airbornc transpor, is characterized with a dispcrsion value, x/Q, equal to the reccptcr 
. .  

location conccntration, x /Ci/in3], pcr continuous source term rclcnsc, [Ci/s], assumed to 

bc valid for ;1 quasi-stcady sutc rclcase. This rcport dcmils thc sitespecific specification of 
the yQ vducs for die critical rcccptor locations ncar Area G uscd in the sitc Performance 

Assessment PA). 

Thc main rcpon on the sitc PA dtscn'bcs the airbornc sourcc nuclide men&, S, which has 
been soned from tht disposal inventory, A scparatc rcpon [Vold,96] dcscnbcs d d l e d  
numerical calculations to de tminc  the time dcpcndcnt rclcasc rate, R/'f], for three nuclide 
sources. These wcrc chosen to bound the range of rclcues and to compare to airborne 
relases calculated in the simplcr steady state andy6c solutions irnplcrnentcd within thc PA 
as n cross check on accurccy of the solutions, The output from the atmospheric transport 
and dispersion model combined with thc source and source rclcuc terms is the airborne 
conccntration at thc criticid rcccptor location which becomesinput to the dosc uscssment 
model for immersion; inhalation and deposition pathways. 
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Estimation of atmospheric dispcrsion of p01lut.m~ has M cstnblishcd history using II 

Gaussian plurnc solution with the plume sprcadins related to the Pasquill-Gifford 
classification system of atmospheric stability [Slade,6S]. This mehod of determining 
atmospheric pollutant conccntntion has bccn implcmcntcd in computcr codes [CAP-SS] as 
required for assessments by the U.S.EPA [ EPA - 40 CFR 611. The method and the 
subility clusifiwnon system was dcvclop~d for dispersion in rclativdy flat open tcrrain, 
The focus of the present study is to document t ! !e  CAP-SS :csults at ha G and the 
conccdon factors that ut used to apply thc results to the complex t c d n ,  a network of 
mcsas and canyons. 

An important issuc for the cornplcv terrain dispersion correction factor is what fraction of 
thc airborne materid rclascd from a ground level source on the mesa top becomes 
entrained in thc ndjncat canyon wind flow. Recent sirnulodons [Costigi,ct.d,96] 
sugcst this fncdon may be lcss than one, but these simulations do not complctcly and 
accuntely reproduce the distinct mesa top and cinyon flow fields, A tracer study 
conducted in the Id YM suggests only limited 'chnnneling' by the canyon M i n d  flows 
[Archule~etal.,7SJ, and thus thc canyon entrainment fraction would be lcss than one, To 
be conscrvativc, this srudy ssurncs the mwimum, n h a i o n  cqud to one. and this is 
incorporated as . .  I I  correction factor to the Gaussian plume dispersion factor lls d d l c d  in 
this sxdy. 

Data Revicw 

An acrid view in Fig.) of northern Ncw Mcsico from the ?WE sector shows thc "2 - 
SSW orientation of the Rio Grandc valley bcnvccn thc Jcmu Mountains to the wcst and the 
Songrc de Cristo mountains to thc c u t .  A computer gcncratcd SUI%CC of the Los Airnos 
tcmin near Arca G is seen in Fig2 (with c d m c d  wrdd sale) which shows the 
complex fingcr=likt mesas predominantly spanning from thc wcst or W to &e cast or SE, 
The disp0.d facilities YC on top of the narrow finger mesa, Mcsin del Bucy. The local 
canyons include Cluradn dcl Bucy to thc no& of A m  G and Pajarit0 Canyon to the south, 
which both channel II nighttime dmhagc wind. The mesa top (Area G) annual wind rose 
(for day and night nmc observations combined) is shown in Fig3 for use in this analysis. 
Thc dominant daytime winds observed at Los Amos from the south or southwest 
(channeled by the Rio Gtandc vdlcy) arc seen in the day time windrose in Fig.4. Thc mesa 
top night6mc windrose (Fig.5) shows that the mcu top flow is g c n d l y  consistent with 

- 
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thc canyon drainage although thcrc is a large variation in thc mesa top nightdmc wind  
direction. Mctcorologic data is summarizcd annually in thc Los Almos Environmental 
Survcillancc Rcpom (c.g., scc rcf.ESR'94) m d  was described in somc dcuil previously 
powen,90].  

8 

Thc computer gcncratcd view of thc topography surrounding k c a  G (Fig.2) shows six 
rcmotc mctcorolo@al towcrs which havc bccn collcdng 15 minute avcmjicd field dm 
since cnrly 1994. As pan of an asscssnlcnt to understand thc flow field and thus dispersion 
in thc local complcx tcrrain. thcsc six portable meteoroloEjcal towcrs (of a typc ongndly 
dcsigncd for monitoring at the Ncvada Test Site) wcrc sited, wo at mcsa top locations, one 
just c a t  of thc sitc whcrc thc mesas have dissipated to mild ndgcs, and thrcc in the canyons 
ndjiicent to thc disposal site mesa. Sincc then, the towers have collectcd horizonul wind 
vclocities, prcssurc, tcmpcmmre. rclativc humidity and a radiation gamma reading cvcry 
fiftccn minutcs. ln M on-going cffon, thc data basc is bcing annlyzcd for trends 
pc/old,ct.nl.,95] and to provide a basis for comparison to computational modeling cffarts to 

predict the flow ficlds [Costigan,ct,al,,96, and Cclada and Vold,96], 

The mcsa top flow is seen to be similar at diffcrcnt points, while thc mesa top and canyon 
flows arc obscntd to be quitc diffcrcnt from a c h  other, Thc dominant daytjmc mesa top 
wind f low is from thc S to Sur (with a lcsscr component in thc opposite direction), dircctcd 
by the Rio Grandc canyon bewccn thc Jemcz and thc Sange dc  Cnsto mountains. This 
flow has a large varimcc in dircctior,. Thc mcm and wrhnce cm be approximately 
infcrrcd from thc hisiograrn chan in Fig.6a. This plot shows the frcquency distribution of 
wind over the two variables of wind dircction (labclcd dqrcc,  thc angle wind is from, with 
zero degrccs bcing to thc north) and the hour of day, compilins all IS minute data from the 

month of Junc. 1935 (taken to be a 'rypical' or chiirncteristic month), 

* 

Similar plots of wind frcqucncy dismbution for wind direction and time of day u c  shown 
in  Fig,6b for one of the canyon locations. T ic  local canyon flows are scen to bc very 
'prccisely bi-modal', meaning flow is directly up canyon during thc day, down canyon at 
night, and with an abrupt change, within 1-2 15-min. samplc intervals, for cithct transition, 
The nighhrtjmc mesa top flow slowly ro'ates to follow the canyon drdinoge dirccdon on a 
vruiablc timc scalc, some nighu nevcr redly 'catching up' to the canyon drainage flow, 
More dctded analyses of the canyon vcrses mcsa top mctcorologial data is aviil&le 
[Vold, c t d .  951, 
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~n imuliwtion for aunosphcnc transpon is that to the mat yl nihornc rclcase from a . -  

mesa top site ( A m  G) crosses an adjacent canyon, it can become enmined in thc canyon 
flow ficld. and thus contaminant contributions from scvenl mesa top wind scctor directions 

1 

_ _  - 
potentially add to@w into a canyon flow. In this case, s c v c d  wind rose scctors may 
irnmct ;L single downwind canyon rcccptor location. It is assumed to be conscnativc for r - - -  ~ - .... 

this study, that canyon chnnnding of airborne c o n m i n u t  nbovc the canyon becomes 
cnrnincd within the canyon. 

A comtxrkon of thc mcso top wind roses, and the results from the canyons. was rnndc 
with  respect to thc amd gcornctry of the canyons, Daytime windrost sectors from the 

WSW to the ESE scctors transport airborne contvninvlts toward the Mesin del Buqv 
canyon to the north and some fraction of those contaminants will be enrincd in thc up- 
cmvon daytime flow, and thus end up at a singlc downwhd location in thc bonom of - r  

Mcsita del Bucy c;inyon, which is up-canyon from Arc3 C. Each canyon adjacent to the 
Arm G mesa top site will tlicn havc a significant contaminant concentration cnhmccrncnt 
duc to his canyon channeling effect. A simplc quantification of t h s e  effects from the 
complcx terrain is described in the following. Boscd o n  the appropriate weighting of the 
site wind roses, the point of miLvmum ofl=sitc conccnmtions of D disposal sitc source is 
dctcmincd to bc up Mcsita dcl Bucy canyon and to thc north of thc disposd sitc mesa. 

Complex Terrain Atmospheric Transport Model 

critical Offisitc Locution 

The aunosphcnc mnsporc in comples tcmin is ilssumcd to bc chanctcrizcd by n blspers3nn 

vduc, (xi&, npproprintc to a critical canyon loation estimated M 

8. 

where 

6) Gp4 is the Gaussian plumc dispcrsion into wind sector, 8, determined 

for the appropriate source scorn- and mesa-top meteorology data, and evaluated at the 
rcccptor location distance, 
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m, IO that in t h  

relcsc which becomes ttntruintd in tlic canyon flow, and thus is channdcd by the canyon 
towards the receptor lacation, c. 

T ~ I C  summation accounts for the incrasc in conccnvadon by canyon cftnnncling over long 
tcrm rclcascs, that i s ,  dispersion fram scvctal mesit top wind scctorS add together in the 
canyon stream flaw, The above cxprcssion docs not include cffccts of D 'roto? wind 

pattern which may result in dctpcr canyons and could furtflcr incrcnsc f i e  anyon site 
concentrations by incrcltsing the canyon residence timc for ;u) air parcel, 
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Appendix 3f 

(2) is the ratio of annual avcngcd wind  specd obsetvcd on the mcsa top, 

m, to that in thc canyon. c, 

yfo I is a sum ovcr wind  scctars, 8, of the fnction,fe, of the mesa top 

rcleasc which bccomcs cntrinrd in thc canyon flow, and thus is channeled by thc canyon 
towards the receptor location, c. 

0 

Thc summation accoun& for the incrcasc in concentration by canyon channeling over long 
tcrm rclcitses, that is. dispcrsion from scvcrd rncsa top wind sectors add together in thc 
cmyon SSeiim flow. Thc above csprcssion docs not includc cffccts of B 'rotor' wind 
pancrn which may result in dccpcr canyons and could furthcr incrtasc the canyon sitc 
conccntrations by incrcising thc canyon residcncc timc for an air parcel. 

tb i m p o m t  issue is thc number of scctors which thc summation should includc. In an 
c?;amination of thc wind rosc from thc mcsa top location with thc a m  map, thc m g c  of 
scctors likely to contribute to flow into cithcr adjaccnt canyon during thc day or thc night 
wcre dctcrmincd, Thc gratcst frcquency in the wind rosc data clcarly involvcs those 
sectors blowing towards Canada dcl Bucy to thc north (dominntcd by thc daytime flow) 

and the ycomctry shows sectors from thc WSW to thc ESE are likcly contributors. 

For ;L ground lcvcl relcase it i s  canscivativdy assurncd that fo - 1, that dl the teleasc 
bccomcs caught in thc 'downwash' Iccward of thc mesa and thcn movcs with the cnnyon 
flow, During thc day this Will  bc u p  canyon and during the night this will bc down 
canyon. At Area G, flow towards Canada dcl Bucy is morc frcqucnt in the daybrnc than in 
thc night so the critical rcccptor will bc upstrcam in Canada dcl Buey duc primarily to 

dal;time conditions in the canyon. Thc available data for dispcrsion. x/Q, is based on the 

annual rrvcragcd data (for day and night timc conditions combined) so then thc canyon 
dispcrsion must bc corrcctcd for the daytimc frequency in thc spccified sector nngc relative 
to that for thc total day and night d m c  data. * 

This allows us to rcwritc thc above cquiltion for practical cvnluntion at Area G as 
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whcrc ($) GP is the Gaussian plume dispersion for a given wind sector, 0, cvdumcd from 

the annual ovcragcd d m  base. and cdfdov is thc wind cumulative distribution frequency 
over thc scctors of concern cvduatcd for daytime hours only. and cdfm is thc mud 
cumulativc frequency distribution cvnluatcd over the 24 hr data base, Thus, 

whcrc df is thc distribution frequency or (wind rose sector pcrccntagdl00) for thc daytime 
hours (&J or for dl hours Examination of the data for the annual, dq6rnc and 

niphtdme Area G wind roses (Fig,;-5) shows that cdf,,(B-ESEWSW) - 0-29 and 

cdf&@=EsE, WSW) - 0.52(0.5), since S% of the dqdmc occurrences arc from this 

nnSc of wind sectors, It is assumed that half of thc total mcurrcnces a r t  recorded on the 
'daytime' windrosc, and that the a c ~ a l  bimodal behavior obscrvcd in the canyons is split in 
time similarly to the split which dc5ncs 'daytime' or nighttirnc' conditions in establishing 
the windrosc data. This givcs (cdfdo,kdf& - 0.68 or 66% of the southcrly winds which 
impact thc Canada del Bucy upstram cnticd receptor occur during the day. This 
simplification ignores the different distributions of stability class which csist in the d a y h e  
comparcd to a11 hours, 

Data from the thrcr: canyon locations at &a G and B fourth nearby canyon ("A 4 1 in Los 
Almos Canyon) wcrc pooled to gct II canyon nvcngc speed, uc, found to be I S 5  m/s. 
Dan from the four metcorolo&d towers identified as located on 'mcstt-top sites' 
(including two ncat White Rock where the mesas have dissipated to mild ridges) in the, 

immediate vicinity of h e n  C; wcrc pooled to get the mesa-top avenge wind specd of 2,62 
m/s. The ntio of spccds needed in thc above equation is 1.7. 

An ~nnosphQic tnnsport assessment for A m  G was recently complacld 
~owalcwsky,et.d.. 1995) in which the Gaussian plume dispersion from an m source at 
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A.ra G was dctcmincd using a vcrsion of CAP-88 [ref: CAP-SS] .  T h e  results include 9 

tablc of ('%/a valucs by sector (wind towards) and by downwind dismcc, shown in Tablc 

I. Thc sourcc ilrW uscd in thc calculation was 60 acres corrcsponding to the wholc Ara G 
site, For a dispcrscd m a  source this lilrgc, the codc docs not compute rcccptor locations 
any closcr than 50Om, Considering thc dimcnsions of tVca G and h a t  of thc mcsa and 
adjacent canyons (SCC Fig.2 for csamplc, noting that Arm G as indiwtcd in that tiigure is 
almost 2 km long) it is reasonable to take 500m as 3 minimum distance to il criticnl receptor 
location. Thc actual Scorncry is simplified by assuming this down wind distance applies to 

c;ich of thc wind scctclrs contributing to the canyon flow. 

Summing, thc ESE to WSW valuus of (x/# for the SOOm. location in the tsblc, multiplying 

by thc tvind spccd ntio of 1.7, and thc daydmc occurrcncc frcqucncy of 0.68 @vcs the 
final dispcrsion Viiluc for thc critical canyon rrccptor location corrected for thc complcx 

I t  is intcresdng to notc tha: thc Gaussian plume maximum dispersion in any single wind 

sector o w  this range is 1.3SxlO-5 m3/s (to thc EhZ). With the 1.7 wind spccd correction, 
this mcims that a,canyon channcling factor. 

e 
or thc canyons Gin channcl conurninants from Arc3 G to conccntntc long term avcrtlges to 

about two and onc hdf  times that expected from zl Gaussian plume prediction. This 
concrnrradon only tlpplics to long tcnn chronic rclcases, so that thc annual average wind 
rose applies. 

Dispersion values, xi', i n  3 singlc sector at,distanccs closcr than the 500m critical receptor 

location zrc not apcacd to b 7 d y  escecd the x/Q valucs af 500m duc to thc large arm 

source, Thus, for cxamplc the dosc to 3 rcccptor at lOOm will be limited by thc frcqucncy 
of wind i n  a sinslc sector which is lcss than 11% of the fmc-for any sector. This supports 
be critical off-site lobtion as being in the canyon, assumingthc validity of the canyon flow 
cntrninrnent of mcsa top rclcascs. 

1 .  

e.,. 

- .. 
r. 

I. 
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Population Center Location 

A similar onnlysis CM be applied to the nmcst populudon ccntcr assumed to be 2 km from 
Arcn G in the (E-ESE] direction @rcscnt boundary of White Rock), In this c u e ,  

dispersion from thc W scctor conmbutcs directly for dl hours. During the night time 
conditions, wind from the W V  through thc E scctors is assumed to drain into P3jwito 
Canyon which is then assumed toflow down canyon and to thc rcccptor lowtion at White 
Rock. 

Thc same analysis as nbovc for the Canada del Buey receptor location is applied to the WR 

location, summing Cnussim dispersion 8 2 km over 8 = W to E, correcting for the 

nighttime wind frequency Occurrence and for the canyon flow speed, and now adding the 
full time dispersion contribution from the W scctor. The nighttime occumncc for the 

scctor mngc, 8 - WbW to E, is evaluated from the wind roses :o be 0.57, Summing and 

correcting this rclnsc of Gaussian dispersion valucs from Table I pvts x/Q = 1.7 x IPS 

and 5.4 x IO.dsht3 rcspcdvely, at diswnces of 1500m and 3000m, Intcrpoladng to the 
population ccnter locadon at 2000m C;;vcs This is the vdue used 
in thc analysis of the population ccntcr dose assessment, 

- 1.3 x 10-5 s/m3. 

This dispcrsion v;lluc which accounts for complcv terrain can bc comparcd to thc miuGmum 

dispersion dong ;L single sector (to the SE) which is x/Q - 3. x Iod sim3 cdwtcd Y 

2000m. The complcx t c h n  incrcnscs the Gaussian dispersion at this location by 1.3 x 

10m5/;. x fP6 4.3, Since 1.7 is the correcdon fx tor  due to wind speed reduhon in the 
canyons, canyon channeling contribuics M i n c r u x  at this lacation of 4 3 / L  i = 2.5. This 
is n c d y  identical to the case for the critical tcceptor in Canada dcl Bucy and shows the 
canyon channeling a n  incrasc the Gaussian plume prcdicdons by about 2.5 for the 
daythe m;lGmum (upstrcam in Canada. dcl Buey) or for the nighttime maximum 
downstrcilm in Pajanto Canyon. 

Thc a n y o n  wind spccd reduction may not bc applicrrblc at thc White Rock receptor location 
because the canyons have csscntially dissipated to nearly Iml tcnain there. If we n@ect 
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h e  wnvon wind sped  rcduction correction thcn the Whitc Rock lw t ion  x/Q valuc would 

bc closcr to 1.7 Y f.3 x I(35sht3 = 2.2 x IO5s/rn3, 

T ~ c  ratio i n  x/Q values bctwcen the two sircs (Canada del Bucy and Whjtc Rock) is about 

53'1.3 = 4.2, This appears to bc small compared to a ratio of about 10 cspectcd bcnvecn 
TWO points 3t 500m and 2000m undcr the same mctcorologc conditions. This is atttibutcd 
to thc diffcrcncc in day md night dispersion, with lcss dispersion at night at the white 
Rock sitc, increasing thc conccnuaaon thcrc, and thus rcducjng thc ntio of conceiitrations 
at the Canada dcl Bucy to Whitc Rock locations. 

Uncert:l in tics 

The d m  base for both thc mesa top wind conditions and for the canyon conditions iirc 
rrlativcly good and h c  uncertaintics in thc annual averages arc probably negligibly small. 
The dominant uncertainty cntcrs from thc modcl itsclf, both in the Gaussian plumc 
dispcrsion and in the formulation of thc complex tcrrin corrccdon gvcn by thc secror 
summation cquation abovc. Predicting flow md pollutant dispcrsion in complcx rcrrain it; 

part an and pan scicnce. Major sources of unccnainty identified with this modcl follow. 

1. 

2. 

CI 

3 .  

4. 

5 .  

6. 

choice: of u c n  input as fic modcl sourcc is somewhat arbitrary ccrnparcd to V ~ ~ O U S  
conccivablc soutccs from Arw G in the long tcm future transport and u w t c  
cxposurc scenarios. The sensitivity t9 this panmctcr is not know but could be 
cxplorcd by scvcral C A P - S S  runs. 
The critical reccptot location is at 500m. Thc sensitivip hcrc is rclatcd to that in itcrn 1 
and thcsc could bc cvaluatcd togcthcr. 
Thc canyon-cntrained flow fraction. fo, may bc lcss thnn unity as was assurncd hcrc to 
bc conscmiltivc. This could be cvaluatcd from mcer ficld srudics or from 2D or 3D 
simulations, This may ovcrcstirnnrc the off-sitc conccntrations by a factor of 2 to 5 
(assuming at lcnst 20% of thc rclcasc is entrained in the canyon flow). 
Thc wind scctors to be includcd in thc flow conmbution to thc critical canyon rcccptor 
may be diffcrcnt or may bc fractional valucs of somc sectors. Similarly to 63 this could 
bc evaluated by simulations. 
Thc Gaussian plumc paramctcr values may bc diffcrcnt at Los Alamos thnn thc standard 
Pasquill-Gifford valucs uscd in CAP-SS, Some analysis in  this direction [Bowcn.90] 
indicates that thc dispcrsion is largcr at Los Alamos thnn the ddault Pasquill-Gifford 
values, thc result of incrcascd turbulencc from the enhanced surfact roughness in the 
mesa-n ddl cd tcrrai n, 
The complex terrain correction may include othe factors, or may nccd to include the 
factors in bcttcr ways. This is subject to future rcscmh. 
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7. Rcducdon of the canyon dispersion by the wind spccd factor of 1.7 at the White Rock 
location may be inappropriate since thc canyons essentially dissipate at this location, 
This bccomcs a 70% unccrt;linQ' term. 

$. The simplification used to evaluate C ~ ~ ~ / C U ' ' ~  ignores the diffcrcnt distribu~ons of 
stability class which mist in the daytime compxed to dl hours. An improvcmcnt in 
this arc3 would bc to generate the Gaussian plume dispersion parmctcrs separately for 
thc da.hmc and for the night dmc obscrvadons, This would allow n more accunte 
summation of the canyon channeling d'fccts, The scpandon of day or night hour 
obscrvations could be ddincd to coincidc with thc time observed for the rcvcrsd of the 
canyon flow direction to improvc the model, 

Qudit;ldvejudcmcnt regarding thcsc uncertainty sources and thc magnitude of uncertainty 
in Gaussian plumc approsirnations [Sladc,'6SJ sugest  the dispersion &mate is good to 

within a Pictor of about 2-2, I f a  log, nomnl dismbution is assumed to chmctcrizc the 
estimates of thc offsitc dispcrsion, then thc estimates gbcn can be considered os the 
gcomctric valucs with gcomctrk standard deviation of 2-5, 

Discussion 

Xlorc dctailcd asscssmcnts utilizing 2D modeling [Cclada and Vold] and 30 modeling 
[Costigan and Bosscrt 961 arc in process. Thc 2D studies arc cupcc:cd to shed light on thc 
canyon pardtion function,fe. Fig. 7 [from Bosscn, 19951 shows a 3D simulation for a 

potential pollutant dispersing during daytime from a Los Alamos mesa top site. It is sccn 
that the pollutant blows first to the NE in the dominant mesa top flow and is then channeled 
up a n y o n  before being dispersed from the canyon md clvried on to the north in thc mesa 
top flow again, Thc meteorological field data from around k c a  G suggests that the strong 
canyon driven flow will yield similar rcsults for an Aru G rclcwc. This simulation result 
is consistent with the cr idd  rcccptor location identified for the Arm G Performance 
Assessment. 

Simulndons have rcccntly been pcrformcd for the Arm G site [Cos t ip  and Bosscrt,P6], 
showing similar rcsults IO thc example in Fig, 7 in some instances, while showing lcss 
cffcct of the channeling by the canyons in othcr instances, Thcsc simulations suggcst hat  
thc assumption made in this study of canyon channeling. which decreases the atmospheric 
dilution in thc cridcal canyon locations, will be conscrvauvc comp,utd to atmosphcric 
dispersion in tlic real world, 
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Table I 

GROUND-LEVEL x / Q  VALUES WITR KO DEPOSITION 
xlQ (SECKUSlC METER) T O W A m  Ih'RICATED DIRECTION 

(for TA 54NR 1992 mctcorologie data) 

Distance (kilometers) 

11,s 25 1 0.5 1 ,S 3 .  6. Dir 

N 
XSW 
3%' 

Ct%V 
W 

wsw 
sw 
ssw 
S 

SSE 
SE 
ESE 
E 

ENE 
NE 

S N E  

5.593E-06 
3.338E-06 
2.5 89E-06 
2,965E-06 
j ,766E-06 
5.946E-06 
8.900E-06 
1.220E-05 
1.473E-05 
1.995E-05 
2 . j S 1  E-05 
2,372E-OS 
1.78GE-05 
1 . j  %E-05 
I .OSSE-05 
SI 802E-06 

6.825E-07 
3,461E-07 
3.229E-07 
3,292E-07 
4.8 S 5E-0 7 
6.161E-07 
1.276E-06 
1.640E-06 
2.0 19E-06 
2.3 16E-06 
3.887E-06 
3 23E-06 
2.475E-06 
I .4 99E-06 
I ,622E-06 
1.257E-06 

2.13E-07 
1.05SE-07 
9.S2 lE-08 
9.78 SE-08 
1,464E-07 
1 ,S67E-07 
3.997E-07 
5,22 6E-07 
6.4 74E-07 
7,44 ?E-07 
I 2 5  1 E-06 
I .  OcOE-06 
7.94 3 E-07 
4.799E-07 
5.17SE-07 
3,969E-07 

7,610E-OS 
3.661E-08 
3.422E-OS 
3,285E-08 
4,989E-08 
6,393E-08 
1.445.E-07 
1,946E-07 
2 .&IO€-07 

2.8 1 SE-07 
4 -7G2E-07 
3,951E-07 
3,017E-07 
1 .S 13E-07 
1.93 1E-07 
1.438E-07 

2.98 1E-08 
1.43 GE-OS 
I ,389E-OS 
1.324E-08 
2.027E-os 
2,525E-08 
5.781E-OS 
7,933E-08 
1.009E-07 
1,170E-07 
1.989E-07 
1.647E-07 
1.256E-07 
7.501E-OS 
7. S83E-08 
S .67 6E-OS 

1,079E-08 
5,3 1 OE-09 
5.4 5 6E-09 
5,l S7E-09 
8,021 E-09 
9,4 92E-09 
2.205E-OS 
3 a 109E-OS 
4.070E-08 
4,784E-08 
S.204E-OS 
6,766E-OS 
5 I 127E-08 
3,027E-OS 
3.099E-OS 
2.071 E-OS 
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Fig.1 Northern Yew Mexico from thc M E ,  Thc Rio Grande valley lies between the 
SanSrc de Cnsto's Range to the cast (left in thc figure) and the Jmcz and Vdlcs Caldera to 
the west ofLos Alunos, This chnnncls the wind to be predominantly from the SSW. 
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- Area G r 

1 

1 
m McteorologicaI tower locations (6) 

Fig2 Arm G complex terrain and remotc meteorological station Iocadons, 
Axis scalc: units 20 fi. The whole arc3 shown is about 4 km (E-W) by 2 km O'J-S). 
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Fig.3 Annual nvcragc windrosc - Area G 1992. 

. 
Fig. 4 Day time wind rose for Area G 1992 Fig3 Nght dmc wind rose, 
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Fig. 63 (top) shows thc frequency distribution for wind direction 3nd timc of day in Junc 
1995 at the mcsa top location at Area G (shown in Fig.2) 

Fig6b (bonom) shows the frcqucncy distribution for wind direction and timc of day in 
Junc 1995 at a canyon location (Canada del Bucy as shown in Fig,2), 
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Fig, 7 Atmospheric simulation in Los A m o s  complcu terrain shown on two different 
scales (ref: J. Bossen personal communication), Both views arc facing due west A 
normalized source is loctltcd at TA-21, Similar rcsults m expected from kea G, TA-54. 
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ABSTRACT 
Sumcrical simu!ations arc uscd to prcdict the migration of r~dionuclides from the disposal units 
at ,?laterial Disposal Arca G through thc vadosc zone and into the  main aquifer in support of ;1 
radiological pcrformance assessment and composite analysis for the site, The calculations arc 
pcrformcd with t he  finite clcment code, E M M .  The transport of nuclides through thc vadosc 
zone is compuicd using a thrcc-dimcnsional model which describcs thc complcx mesa top 
gcoiogy of the site. Thc model incorporatcs the position and inventory of thiny-some disposal 
pits and shafts Iocxcd at Area G as well as for proposed fururc pits and shafts. Only threc 
nuclides, C-14, Tc-39 and 1-129, provcd to bc of concern for the groundd~ater pathway over a 
10,000 ycar period. The sptl~inl and temponl flux of thcsc threc nuclidcs from thc vadosc zonc is 
applicd as a source term for thc thrce-dimensional saturated zonc model of the main aquifer 
w h i c h  undcrlics the sitc. T h c  movcmcnt of' thcsc nuclidcs in the aquifcr IO 3 downstrcam 
location i5 calculvtcd and aquifcr conccntrations arc converted to doscs. Doscs rclatcd to aquifcr 
conccnlrations ;ire six or morc orders of magnitudc lowcr than allowable DOE pcrformancc 
objcctivcs for low lcvcl radioxtivc wastc sires. 
Sumcrical studic!; wcrc used to bctlcr undcrmnd vadosc zonc flow through the dry mcsa-top 
cnvironrncnt at Area G. Thcsc studics hclpcd dcfinc the final modcl used to modcl flow and 
transport through rlic vadosc zone. Thc study of transicn! pcrcohtion indicates that a steady flow 
vadosc-zonc modcl is iidCqUfitL\ for computing contaminant flux to the aquifer. Thc fracture flow 
studjcs and thc invcstigation of' the effect of basult and pumice propenics helped us define 
appropr im hydrologic properties for rhc modeling. Finally, the cvapordlion study hclpcd to 
justify low infiltration rates, 
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Appendix 3F. 

1. 13TRODUCTION 
Transpon cdculations llre used to prcdict thc long-term rnigwtion WCS of water t;olublc 
radjonuclidcs at hlatcrid Disposal G at LOS Amos National Laboratop (LWI) to the main 
aquifer which undcrlics the site. T h c  cdculrrtions suppon a radiological ~crfo17n;mcc asscssmcnt 
(PA) and composite analvsis (CA) for this low-level rdioact.ivc solid \L"tc CLW) sitc (I-iollis ct 
a], ,  19971. Thc PA considcrs thosc wastes buried since Scptcmbcr, 19SS and projcctcd to bc buried 
through facility closure, which is projcctcd to bc in 2044, The CA considcrs dl rddioactive u';Lstcs 
buried at thc sitc since its inccption in 1957 through f x i l i t y  closurc. Thc distinction of' thcsc H Q S ~ C S  
is driven by regulatory considcrations LIS dcscribcd in thr: f o m d  A r ~ 3  G PAlCA (Hollis ct al , ,  
1997). The calculations span ;I 10,OOO-ycu time pcnod ,in ordcr to prcdict transpon to the aquifer 
for thhc rcquircd 1,OOO-~~cx complillncc pcriod dong with a 10,000-ycar uncert;Linty period, Wc 
cx;unine the flow behavior of L!C site in order to subscqucntly make predictions of mdionuclidc 
migration from thc sitc through the wdosc or unsaturatcd zonc and into the d n  aquifer which 
undcrlict; Arca G. All c~lcu1ations prcscnted in this rcport arc nin with thc finite clement code 
FEHM [Zyvoloskl, 1995) which simulatcs nuid flow, heat transport. and contminmr rranspon 
:hrouch porous and fractured media. 

. I  

&forc thc v;ldosc zone calculations are pcrformcd, wc study somc of thc factors Lhat coniplicatc the 
prediction of f low and transport in the vlrdosc-zone (Scction 2,O of this rcport). These fxtors 
lncllldc 1 I unccnctintics in hydrologic propertics for h e  dccpcr vadosc-zone units (Section 2.11, 2) 
thc cf'fccia oftr:msicnt pcrcolntion through thc mcsa top, including the disposal pits (Scction 2.2), 3) 
Ihc cffcct!, of' infiltration into fracturcs (Scc:ion 2.31, and 4) thc cffccts of cvaporation from thc nicsa 
sides, fracrurc> and surgc bcds (Scction 2J). These studics hclpcd to dctcrmhe 1 )  thc hydrologic 
propc.nics that  arc uscd for thc find vadose-zone f low and transport cdculauons, 2) h a t  3 slcady 
110~. modcl is 3dcqu;itc to pcrform the PNCA simulations, 3) that usnspon through fractures hL! ;1 

minimal cffccr on thc calcu1;ition of flux to thc satuntcd zone, ;md 4) that cvapomtivr cffccts CUI 
rc;p,on;jbl)j account for thc low moisturc contcnta obscrvcd in the mesa-top units Lt thc sitc mnd 
justif\* 3 sm:iII infiltr;l!ion v;iluc. Thcsc rcsults suppon thc subscqucnt assumptions used !'or 
'prcdiciions of !low and transport of radionuclides through t h t  vadosc zonc , 
Thc P N C A  calculntions arc perfornxd in two park.  In Scction 3, wc compute :he transpon of 
nuclidcs thruugh thc vadosc zonc using ;1 threc-dirncn.siona1 modcl which describcs thc complcs 
mcsa-top geology of thc sitc. Infillnrion is ;issumcd to bc stcady although the mcsa top rtnd two 
can:;ons that bordcr t k c a  G xccivc diffcrcnt infi1tr;ition r:itcs. Rcsults for a base C;W flow ficld arc 
cornparoc! to thosc for some varialions on ~ h c  fIow ficld as pm of an uncertainty ;inalysis. The 
modcl incorporates the position and invcnrorics of the thirty-somc disposd pits md shafts drcady 
locatcc! nt r2rc:i C along with rhosc of futurc pits and shafts. Two pa!hways arc considcrcd. Onc is 
downwird niiprion through thc wdosc zonc to the aquifer. The other is la tcd  migration to ttic 
mesa sidcs, deposition into thc ncarby canyon, and subsequent migration through thc vadosc zonc to 
thc aquifer. In  thcsc simul:rtions, only thrcc nuclidcs, C.13, 1-129 and Tc-99, rcich thc waicr ublc 
'm cithcr of thc two pathways during thc 10,000-ycar period considcrcd in this study, Thcsc 
nklides x c  nonsorbing, Thc rcmaindcr of the nuclidcs have distribution cocfficicntc which r c t d  
thcir mipt ion so that they remain within thc vadose zonc for a pcrivd gcatcr than 10,000 years, 
T ime and spatidly-dcpcndcnt rcsults for the flux of the thrce nuclidcs from the vadose zone fccd the 
saturated zonc model, 

. . 

u t  discuss 
conclusions 

uncinriintict; 
summuizcd 

usociatcd with 
in Section 6, 

In SecLion 4 ,  thc continucd migration of nuclidcs into thc main aquifer is calculated again using 3 
thrcc-dimcnsionrrl stcady-flow modcl. This model has a simplc configuration, but muintins the 
spatial and rcmponl distribution of nuclidc flux from the vadose zone. Prclirninq rcsults for thc 
PA llnd CA dose asscssmcnts x c  madc. Simulated doses related to aquifer conccntntions uc 
wvcral ordcrs of macnitudc smdlcr than DOE pcrformancc objectivcs for LLW sites. In  Section 5,  

thc 
, U C  

prcdictions 

1 

prcscnted in this report. Finally the 



2. STUDIES OF SPECIFIC FLOW PROCESSES 
2.1 ADDITIOX OF DEEPER VADOSE ZOXE USITS 
2.1.1 Introduction and Problem Description 
This introduction summarizes ;I prcvious work (Birdsell et al., 199s) in order to exp1a.h the need for 
adding detail to the model of thc deep, vadosc-zone hydrologic units. To choosc appropriate 
infiltration rates for Area G, simulated sarurauon profilcs for a numbcr of diffcrcnt infilmtion mtcs 
wcrc comparcd to site field data. The study used 3 two-dimensional cross section defined by f i c r  
(Iiricr ct ol,, 1996) xi shown in Figurc 2.1-1. We tussumcd uniform, steady infilmtion along the 
mesa top, Scvcrd infiltration rata wcrc applied uniformly over the top of the mesa as shown in 
Figure 2.1-1: 1 .O c d y ,  0.1 c d y r ,  0.01 crrdyr, 0.001 c d y r  and 0,O c d y t .  

Infiltration Region 
t ! l l ! ,  

6600 

65004 - CerFo Tolado Otowl Mbt, - 
I 

Guoje Pu';nlce (7) 
6400 

2' m 6300 

$ 6200 

c 

2 
CJ 
v)' 
a.l ' Cerros del Rio Basnlts 

% 
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- a > 

i900 
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5700 i i i i ~ l l I l ~ i l I l ~  I l l I l l L  

- 
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0 500 1000. 1500 2000 
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Figure. 2.1-1. Cross section of Wcstcrn MDA G ( 5 m d  on Kricr ct 
al., 1996) used for the two-dimensional simulations, 

Evaporation and runoff from the mesa top wcrc indirectly accounted for in the assumed low 
infrltntion mtcs which arc much lower than the nvcmgc prccipitcltion rate measured at MDA G, 3S.6 
c d y r  (Bowen, 1990). Mcan hydrologic propcnics (Kncr et. al, 1995) wcrc assigned from Units 2 
down through the Otowi Member, These propenics arc shown in Section 2.1.2. Originally, 
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Appendix 31: 

e 

a 

0 

hvdrologic propcnics for thc Otowi Mcmbcr w c x  &wiped to the Guajc Pumicc. thc Ccnos dcl Rio 
&salts, and thc Puyc Conglomcrrrtc 
Fipurc 2.1-2 shows cdcu1:itcd stcady-statc saturation profiles at thc ccntcr of the mesa for the 5 
tnfi lvation r;ltcs discussed abovc, Thc mcawrcd in-situ saturation data ;UT also shown, The 
simulation rcsults arc compwcd ro saturation data from Unit 2 down through thc Otowi M e m k r ,  
14crc we scc that thc shapc of thc CUNCS mimic thc shapc of thc dab (c+ satuntions dccrcuc from 
Unit  2 to Unit l v - u  and then incrcuc again in Unit lv-c, ctc.), Nowcvcr. no single infiltwtion ntc 
fits through thc cntirc ~ c t  of' saturation dala. Rcsults for the lowest infi!trdlion ratcs (0.001 and 0,O 
c d y r )  most closcly match thc sitc saturation dau in Units 2 and Iv-u, thc two rncsa-top units. 
Highcr infiltration rates (0.1 and 0.01 cm/yr) arc needed to match the satuntion data from Units 1 v-c 
and I F ,  and an cvcn highcr ralc ( -1 cm/yr) is nccdcd 10 match the data in thc C c r o  Toledo and 
Otowi Mcmbcr. 

no information w u  available for those uniw, 

-0 - . r O  ,001crnlyr  
cwvr 

0 0 . 0 5  0 . 1  0 . 1 5  0,: 0,:s 0 . 3  0,3s (1.4 
SH I u r ut ion 

Figure 2.1-2. Cornpuison of sitc data (gray boxcs) to calculakd stcady-state 
s;itur:ition profilcs for scvcral infiltration ratcs. Cadculatcd profilcs arc located a; thc 
ccntcr of thc cross scction. 

In  :he currcct study. wc build upon the prcvious study by ;issigning hydrologic propcnies to the 
thrcc dccpclrt vadasc-zonc units, the Guajc Pumice, thc Ccrros del Rio Basalt and the Puyc 
Conglorncrtltc, to tcst thc cflect of thc ilddition of these layers on flow (spccificdly its cffcct on the 
cdcuhred saturation in the Ofowj Mrmbcr) and on tr;mspon at thc si!c. This addition was suggcstcd 
by a DOE Pccr Rcvicw Committee (Hollis el al., 1997) aficr reviewing a prcvious draft of thc PA. 

2.3.2 Hydrologic Properties and Thcir Effects 
As mcntioncd above, the mcm hydrologic propcnics supplicd by Kricr et al. (1996) 31c used for 
Units 2 down through thc Otowi Mcrnbcr, Unsaturated hydrologic parameters for a single con of 
Guaje pumicc wcrc rncwred and addcd to thc modcl. Thcse propcrtics, ;IS Wcil as those used for 
thc dccpcr units, m givcn i n  Table 2.1-1, In  addition, estimates of in-situ saturation in the Guaje 
Pumicc bed uc now avrtilable, Gravimetric moisture mtasurcd for smplcs from the Gaujc Pumice 
bed in wells 54-1015 and 54-1016 (Kricr, pcsonal communication) r a n g  from 13.7% to 28,3%, 
Using  a bulk dcnsity and porosity mcaurcd on ;I different smplc (Springer, personal 
communication), this convcns to saturations ranging from 0.17 to 0.34. 
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L O  x 10.b, 0.0384, 1.474 

Punymun (1984). CCarscl and Parish (1966), 

Vcv littlc hydrologic &ita arc av;Lilablc for thc Ccrros dcl Ro B~sdts  or for the Puye Con~lomct3tc. 
Samples collected from the bwda display wide variability (Tunn, 199s) ranging from extrtmcly 
dense with no a p p m n t  porosity. to highly frxturcd. to so vesicular as to appear foamy. This 
v;ui&ility Icads to Ixge unccfi4nty in calculating flow and tnnspon through this unit because. 
ulithout further characterization. we cannot predict whether water flow in this unit is controlled by 
thc matrix or the frxturc hydrologic properties, 
Our method for modelin6 thc basalt has evolved L< our understanding of the system sensitivity to 
this unit's propcnics has increased. Originally, the basalt was rnodcled as an intact rnauis material 
with properties based on analysis of 3 vesicular b w l t  located bcncath Idaho National Engineering 
Laboratory (Bishop, 1991) (Table 2.2-1, rmmix unly), The air cntt?, pressure, l/u. for thc matrix 
bad; material is significantly greater than for the overlying pumice in our study. ius0 the sarurdtcd 
hydraulic conductivity is slightly lower. These two fictors Icnd to significant Ivcnl flow in tbc 
overlying pumice bcd which yields high pumice saturations and incrcascd saturation in h c  Otowi 
Mcmbcr as shown in Figure 2.1-3. The saturation in the Guajc Pumice bcd mchcs a value of 0,s 
which is significantly highcr th;m the data suggest. 
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Fi_curc 2.1-3, Comp;lrison of sire &U ( p y  boxes) to calculated stcady-st3tc 
saturation profiles at I Myr using vruious hydrologic proptnics for tht Cuaje 
P~Jmicc and the Ccrtos del Kio Bxidts. Calculated profiles arc located at the center of 
the cross section. 

I n  thc two-dimensional cross section (Figure 2.1-1) the water flows down dip through the pumice 
htd unti l  i1 encounics water entering from Pajyito Canyon where it is djvcncd vcnicdly. The 
7o5ition of this diversion is highly sensitivity to the infilmtion mtcs through the mesa top and in h e  
tu'o canyons. Figure 2 .14  shows results for pimiclc tncking cdculations pcrfomcd on the IWO- 
dtmcns~onal cross section. In Figure 2.14.a,  panicles released from the center of the mesa u;lvcl 
\~cnicsl lv to the Cuajc Pumice then downdip laterally in the pumice bed. Their IatcnI movcmcnt 
cc ; lm ,  h d  they move vcnicdly again when they encounter the effects of flow coming in from 
Ptllxi~o Canyon. This is dcmonsrntcd in Figure 2 . I 4 . b  where panicles ;vt released in Pajuito 
Cmyon xi wcll as from the mesa top using the same flow field. The pYrjclcs from the canyon travel 
vcnicallv 3nd latcnlly to thc location where the mesa top p;VLjcles stop tnvclinf Iaienlly, thus 
mdtcatn'g the divide for the water coming from the two source Iocatjons. All of the pmiclcs arc 
I'orccd downward 31 the lwation whcrc the mesa-cop and canyon flow fields merge. The no-flow 
side boundary plays an impanant role in this rcsult. Figure 2.1-4.c, to bc discussed later. shows the 
cffect5 on panicle transport when the fncturc pcrmeabilip of the basalts is incrtaed, I n  the t h e -  
dimcnaional model of the site. the pumjce bed dips toward the south-west. Simulated flow runs 
latcrdly toward the south-west cnd of the grid where it is divened downward dong the no-flow 
w s w n  b o u n d q .  This 1s demonstrated wi th  the plumc shown in Figure 2.1.-S.a. 
Becausc the lateral flow in both the two- and three-dimensional simulations is so strongly controlled 
ty the no-flow sidc boundary conditions. the behavior is considered to be unsatisfactory. Our 
uncenainty about the flow field in these two layers prompted the sensitivity study pdormcd by Soll 
:hat is ?resented in Appendix 1. Soll considcrcd-a thrce layered system consisting of the Otowi 
Member, the Guaje Pumice, and the Ccnos del Rio Basalt. Vyious system characteristics were 
varied such as the thickness. slope and hydraulic conductivity of the pumicc bed and the hydnulic 
conductiwty of the basah layer to determine which factors most strongly dfect la tcd flow in the 
pumice bed. The simulations show that the basalt conductivity has the strongest influence on Iatcnl 
flow. With thc rnwix  propenits shown in Table 2.2-1. the bas& acts as a b A c r  thus divcning 
flow laterally in the overlying pumice bed. By increasing the 

e 
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Figure 2.14, Simul;itcd solutc puthwnys for tlw two-dimcnsionnl cross section 
showti inFigurc 2.1-1, a) pmiclc rclcasc: only at mesa top, matrix-typc 
basalt proptnics. b) panicfc r c l c w  at i n w  rop and canyon floor, matrix- 
typc b d t  propcrtics. c) panicle rclcusc a1 n i w  top, ~ I Y J C ~ U I V - ~ ~ ~ C  trasali 
propcrtics. 
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Figurc 2.1-5. Contaminant plumc with and without Intcnl ilow along thc Guajc Pumicc Bed. 
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basalt conductivity or adding fncm chuacttristics, fluid can mort d y  enter thc basalr: thus 
minimizing the diversion. Sensitivities to the thickness, slope, and conductivity of the pumice byr 
were secondary. 

I. 
__ 

We cxptct that dcnsc, unfncturcd b d t  X ~ S  as 3 barria which P ~ O ~ O I C S  latcnl flow h the pumice 
bed in some places while fracnucd bnsalt acts as a conduit for fast v d c a l  flow in otbcrs, but the 
spatial distribution of bsalt  properties at this site is unknown. That is probably some I a t d  
msport  in thc Guiljc Pumicc bed with a comsponding incrcasc in tbc satuntion of the ovcrlying 
Otowi Member. However, this is a conceptualhadon and cannot bc quanrifitd with available data. 
Thenfore, wc have chosen to assign equivdent continuum propcrtics that 3ft dominated by frslcturc 
flow to the basalt. This modification lads to fast aavd times through the basalt and clbnhts 
latcnl flow in the punicc layer, thus resulting in conscrvativc transport results, Nowcvcr, as shown 
in Figure 2.1-3. thls also yields pumict satuntbns that low= than the m m m d  values and 
decreslscs thc calculated s;imtion in tbt Otowi Member, The matrix only and cquivdent continuum 
curves shown in Figure 2.1-3 represent the end rnembcrs for flow regimes in these deeper units: the 
basalt acting as a banicr to flow and the basalt acting as a conduit. Bcf;ruse the pumice sttuntion lies 
between these two cnd members, our hypothesis that the behavior of the basalt lies bctwccn these 
two cxmrnes is supported. 
In order to obtain the fast basalt mvd times, the basalw arc mtcd as an equivalent continuum 
mcdium (KlavcRer a d  Peters, 1986) made up of both fncnvW and matrix murhl Fable 2.2-1, 
cquiwdenr conrinuum) . With the equivalent continuum approximation. a sct of 
chmctcnstic curves ye combined into a single sct of chy;rctaistic CUNCS which repmcnt matrix 
flow at low sawrations and fracture: flow at higher saturntiom. The fractuns arc assigned 3 high 
pemcability and porosity which favor vertical flow from the pumice into &e basalts. This SCIYCS to 
minimize l a t d  flow within thc pumice as explained previously. With this set of panmeters in tbc 
modcl, a perrnability banitr to v d w l  flow and transport Y thc top of the b a t  is virtually 
impossiblc to model. Figures 2 . 1 4 , ~  and 2.1-5.b rcspcctivdy show the nsuhb~g two-dimensional 
particle mckingprofik and a thrtc-dimcnsional plume using them modifid basalt propenits. The 
flow and transport IVC cffcctivcly prescribed to occur only in the hcrurts of the basalt by specifying 
a fracture-like porosity of 1010 for the basalt cquivatcnt continuum Since port v d d y  increiscs as 
porosity d e c m c s  for the same Darcy flux, h s  yields npid groundwater uavcl times of bcrween 1 
and 5 years through the basdts. Figure 2.1-6 shows flux versus time cuwcs a! the water table for 
the [wo plumes in Figurc 2.1-5. This result shows that using the fmmdominated. equivalent 
continuurn b d t  pr0pert.i~~ yiclds conservative tr3nsporr nsults through the vadose zone. These 
b x i l t  propertics produce conservative m s p m  nsults in the wwtcd zone as well. The dose 
uscssmcnt considers saturated zone concentrations 3t a location 100 mctm down gradient from thc 
Arc3 G fence line, as is discusscd further in Scctcion 4.3.3. ?ki t  location is a t  of A m  G. As 
shown in Figure 2.14, the plume that mvcls downward lies closer to thc wtcm cnd of Arca G .  
This plume would k x h  the monitoring point more quickly and undcrgo less dilution and dispersion 
than thc plume that flows latcnlly toward thc west along the umtuntcd pumice bed. Using the 
equivalent continuum, basalt properties is therefore 3 good approach for hiindling the uncertainty 
associated with this unit's properties. 

and 

Adding odditiond conservatism to thc model, the porosity of lo4 my be up to two orders of 
rnagnjtudc lower thyl thc fncnve porosity of the Ccms dd Rio basalti (Rogers, personal 
communication) lading to simulated ground water tnvcl times up to 100 timcS faster than might 
acrudy occur in this unit. With bcrter charactahtion of thc Ccms del Rio basal&, less 
eonscrvativc mvcl times could be simulated in which solute retarding processes of mtrh flow md 
transport, diffusion from fractures . .  to matrix material, and l a t d  diversion 3c tbc pumicdbudt 
interface luz incorpontcd in the model. 

a 



Appendix 31: 

I 
5000 10000 

Time (yr) 

F i p e  Z d  1-6. Fhx  vs. timc curves at thc water ublc for the plumcs shown in 
Figurc 2.1-5. Thc cqujvdcnt conhuum basalt p ropdcs  give morc 
conscrvativc trllnSpoK rcsuks. 

Although hydrologic propcnics for thc Puyc Conglomcntc arc unknown, we cxpcct flow through 
this unit to bc similar to that through a coxsc sand, Thcrcforc. we estimate propcnies which Icad to 
3 conscnativc (PJster than cxpcctcd) trivcl time through thc Puyc Conglomcrctc that is not v h u d l y  
ins!antancous, as it is in thc baszrlts. Thc  layer is modclcd PS P c o m c  sand (Cruscl and Parish. 
19S8) with the porosity reduced by 60% (from 0.43 to 0.25) to account for cobbles ahd p v c l  that 
rcducc the available pore space, 
2.2 EFFECTS OF TRANSIENT PERCOLATION 
Thc near surfacc moisturc ballmcc in thc mcsa tops on thc Pajuito Plateau is controlled by altcrnating 
periods of cpisodic irifiltration lvld normal drying cyclcs (Rogers ct al., 1997, Turin et id., 1995). 
Rcsults ptcscntcd by Springcr (1996) indicate that such cpisodic events l a d  to m s i c n t  pcrcolation 
rxcs through the disposal pits at A m  G. I n  this scction the systcm response to transient flow is 
cstimalcd by applying trmsicnt pcrcolation rates to thc pits as wcll LS IO the undisturbed, upper 
surface of thc mcsa. The cffccts of thc transients on the saturation distribution throughout the m c u  
and on radjonuclidc wmspon to the base of thc Otowi Mcmbcr ut cxrunincd with these simulations. 
The valuc of such cdculations is to evduatc thc efficacy of the steady slate assumption against the 
transicnl conditions. S:irnely. thcse cdculxions scn'e to investigate whcthcr the steady flow 
approximation conscnlativcly prcdicts contaminant transport ratcs cvcn though moisture actudy 
cnrcrs the systcm episodically. 
An assumption of this study is that if fluctuatidns i n  flow arc damped at depth and if cumulative 
contaminant flux for thc transient runs is similar to that for the steady flow run, then the subsequent 
dose cdculatcd from thc transient flow and steady flow simul;ltions will be similar, The purpose is 
to dctrrminc whcthcr the transicnt and stcady rcsults arc cssentidly thc s m e .  If thc rcsults prove to 
be similar, then steady flow simulations can bc run to addrcss complimcc issues, Use of ;t steady 
ilow field for thesc simulations is desirable becausc the time step sizc for thc m s i c n t  flow runs is 
limited by [he yexly or possibly daily fluctuations in the flow field. This time step limitation makes 
the tnnsient flow runs far more cornputationdly intensive than the steady flow runs. As I I  result, it 
would prove difficult to complctc the cnti,?: suitc of simulations required for thc A m  G PA using 
transient flow field$. 

9 



Appendix 31: 

2.2.1 Modeling Appraach 
In order to study the cffcca of transient percolation on flow and vvlspofl 3t Aw G a number of 
transient flow simulations arc run, and the result!! rue compared to those for 3 steady f l o ~  simulation 
which uses the avenge percolation rate. Moisture profilcs at vilr'ious depths and solute ransport 
T;LtCs comp;lrtd. C-14 is one of' the futcst moving nuclides because it is nonsorbing. 
Cumulative brcakthraugh to the Guiijc Pumice for this nuclide under steady and transient flow 
conditions is calculated. The simulations xc performed for 5000 years which prowd to bc 9 long 
enough timc pcriod for saturJtions to dampen at depth and for the cumulative bEakthrough cun"cs to 
level out, 
Ihc computxiond grid for these studks is also b w d  on the north-south two-dimensional cross 
section of liricr (1996) shown in Figure 2,l-1. This study also uses the hydrologic propcnics 
shown in Table 2.1-1 with the "matrix only" properks for the Ccrros del Rio Baalts. The 
calculations wcrc perforttied prior to the choicc of thc cquivdcnt continuum bLdt  properties for the 
final vadosc-zone flow model, as described in Section 2.1.2. However, the basalt pmpcnics arc not 
of grcslt i m p m c c  hcre bccausc the analysis is based on brcakthrough at the top of thc Guaje 
Pumicc bed. The cxtcnsivc lateral flow in thc pudcc hycr which occurj for the given pumice and 
basalt propenies complicates the intcrprctation of breakthrough to the deeper layen or to the water 
table. If conunhurt  fluxes compare well at this horizon, they should compare wcU at deeper 
horizons, 
I n  thjs study, i t  is ;w;sumed that fracture flow is not induced, even during high flow b c c ~ ~ l :  
sustained high flow rms would be rcqukcd to incrcasc the very low satUntiOnS ;It i h C  Site tO near 
saturated conditions. Thcrcforc fracture propenies not considcxd. This issue has been further 
studied by Orr through some one-dimcnslond modeling and is presented in Appendix 2. The study 
looks at steady and trmsicnt flow through this same system using 8 dud pcrmcabilip approach 
(ZyvolosEti, 1995) which accounts for fractures in the two uppcr units (Unit 2 and Unit lv-u). With 
thcsc studies, we find that groundwater tnvel timcs to thc top of thc basalt layer through the 
frmturtd svstcm do not vnry by morc than 100 years from the unfncturcd system, even when 
applying knsjcnt infiltration rates. Thcrcforc, the two-dimensiond calcularions 3 s ~  performed with 
matrix only propcnics. , 

Although the matrix only properties may seem to misrcprcscnt the system and limit he studu, mmv 
studies performed for the Yucca Mountain Site Chmctcrimtion Project (Eilavcttcr and Pete&. 19g: 
M'ang and Narisirnhan, 1987; M o n W  and Wilson, 19S4) indicate th3t high threshold rnatkx 
saturations (often close to full saturation) arc rcquired bcfotc the induction of hc tun:  flow in 
volcanic tuffs. With in-situ saturations generally less than 10% in the u p p r  two units of the mesa, 
which arc the only highly frxtured tuff'  unit$, I! seems unlikcly that transient pulses would devatc 
matrix satuntions high cnough to reach thc threshold vducs, Also, Soll's (1995) simulation results 
for flow in a single fracture indicate that cxurmely high flow mtcs or ponded conditions arc requircd 
to sustain fracture flow in the Bandclier Tuff, This study also concluded that wwer flowing from 
unsaturated crushed tuff into fractured tuff, LS is the c ~ s e  of water flowing through the disposal 
units. is unlikcly to induce fracture flow. 
Thc systcm s m  with an initial saturation distribution that results from long-term stcady infilmtion 
at 1 mmlyr applicd uniformly over thc top of thc mesa. The simulation is thcn modified to include 
the fivc disposal pits shown in Figure 2.2-1. Tmsicnt percolation, with an avenge of 5.5 d y r  
into the disposal units and an avengc of I mm/ir over thc undisturbed mesa top, is applied to h e  
previous stcadv flow field. The steady runs use a flow field that has equilibrated with the 5.5 d y r  
pit infiltration b t c  and the 1.0 mmlyr infilmtion rate for the undisturbed mesa top. 
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Figurc 2.2-1. Two-dimensional cross section used for numerical 
simulations, modified to indicatc five WUIC disposal pits. 

The vrtnsicnt rcdiutions of percolation were dcterrnincd by the water bdancc algorithm from thc 
SPUR model (Wight md SMcs, 1987). Prccipjtntion input used a stochastic weather gcncntor with 
prccipitation p;lrmctcrs derivcd from the Los Almos gauge at TA-6 (just south of TA-59). The 
avenge annual prccipitation at TA-6 is approxjm;lrcly 457.2 mm (IS in.) a opposed to the 355,6 
mm (14 in.) avcragc annual precipit3tion at Arc3 G (Bowcn, 1990). Thc pit had 3 dcpth of 15.2 m 
(50 k). Thc uppcr 0,1 rn WILF topsoil, and thc rcmainjng depth w a  crushed Bandclier Tuff, A plant 
rooting dcpth of 0.457 m (18 in,) was assumed. The percolation response was estimated by 
pcr iodng  100 simulations that werc 10000 y c m  long using thc stochutk wcathcr gencmtor to 
provide input. Morc details on thc model and thc pllrmctcrs are available in Sphngcr (1996). 
Each realization of pit pcrcolation extcnds for 1O.OOO y m  and has an avcngc pcrcolation rate close 
to 5.5 mm/yr with most y e m  (approximately 725-7570) having no nct percolation. M;Luimurn 
annual pcrcolation ntcs arc ncx 100 rnm/yr. A ycllrly transient was applied to thc upper s u d x c s  of 
thc pits. A similw uansicnt pcrcolation cite but of dccrcwd magnitude to avcngc 1 mmlyr was 
applied to thc undisturbcd mcsa-top infillmiion regions. Only four of' the onc hundred rcalizsltions 
were actually run: C;wcs 1.2.6, and 17, Cases 6 and 17 were suggested by Springer. Cac 6 h u  
ten consccuiive y c m  of non-zcro flow, and Case 17 has the highest nurnbcr of ycm with non-zcro 
flow. Somc strrtjstics for thcsc four cases arc givcn in Table 2.2-1. The statistics apply for 5000 
y c m  rathcr than the fu l l  10,000 y c m  becausc that is the duration ovcr which thcsc trmsicnt studies 
wcrc pcrfomcd. 
Transpon pmmctcrs arc rcquircd for the calculations of C-14 nligntion. Rcccnt studies by Conca 
(1992) show that thc diffusion cocfficicnt dcc~c;lscs with dccrming saturation. The diffusion - 

cocfficicnt wu modeled in this fashion and dccre;lscs pstrabolicdly from 10-9 m% at full moisturc to 
10-15 m?/s at a moisturc content of 0.001, The dispcrsivity is 1 m in the vertical dircction and 0.1 m 
in the horizontal direction. 
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Table 2.2-1. 
for Transicnt Simu htions. 

sitatistics of Pit Percolation owr the First SOU0 years used 

Cusc 1 Cusc 2 Case 6 C ~ S C  1 i  

Average Pit Percolation 5.49 5.27 5.50 5.8 1 
Rate ( m d y r )  
Musimum Pit Pcrcolation 99.2 86.1 90,s 105.4 
Rutc (rndyr)  
Percentage of years with 26.4% 26: 1 % 26.4% 27.4% 
non-zero Pcrcolotion 
c 

2.2.2 Transient Flow Results 
Simulated saturations at four locxions arc e x h n c d  for 3000 y c m  in ordcr to undcrstmd the 
propagation of vtlnsicnt infilwation through the mesa. These locations represent (1) the top of Unit 
iv-u, (2) UIC top of Unit lv-c, (3) the top of Unit 18, and (4) the base of the Otowi Member. a! 
shown in Figurc 22-1, The timc dependent saturation plots u c  given in Figure 2.2-2. 
Recd that for L!C transient calculations thc initial flow field is the rcsult of a steady l-mmlvr 
infiltration nte. At cach horizon, wc can see thc saturation front (caused by thc higher pit infilmtion 
ratc) mjvc, Thcrc is scatter on thc ordcr of 200 yeus for the ;Urivd time of this front at e& 
horizon due to v3t.iations in the applied rusicnt  infrlmtion rate. Csc 1 has an avcrqc inftltntion 
ntc near 10 M y r  for the first 100 ycus, which is reflected in thc cvly mivd time of the saturntion 
front at the various depths for this cast. Distinct transient rcsponscs in saturation ;VE seen for the 
three more-shallow lwations with fluctuations less than 3%. Howcvcr, thcsc fluctuations arc 
damped ncar the base of thc Otowi Member, which is directly above our cont3minant flux 
monitoring horizon. Once thc initid front has arrived at cxh  lcvcl thc m a n  saturation for cxh 
tnnsicnt simulation is vcry closc to thc mcm for the steady simulation. The stcady simulation has 
equilibrated with the pit infiltration ratc of 5.5 mm/yr thcrcfon: the h v a l  of the satursltion front is 
absent in the steady solution, As shown in Table 2.2-1, C s e  17 has the highest avmge flow (5,Sl 
mm/yr) and Case 2 has the lowcst averqc flow (5.27 mm/yr>. This is rcflcctcd as slightly higher 
and lowcr avcngt saturations rcspcctively as sccn in Figurc 2.2-2. 
The pacolation estimates used in thcsc simulations arc intentionally conscrvativc (high). Actual 
pcrcolatjon m c s  rn cxpcctcd to lx lower bascd on lowcr prccipintion r a t s  and dccpEr rooting 
depths. Springer's (1996) base CLW pit pcrcolation cstimatc has cvolvcd as morc data have btcomc 
avai!;lblc, His cumnt estimate of thc mean pit pcrcolation rate is 0.99 d y r  b w d  on a 1-m 
rooting dcpth. In a prcvious study (Birdscll et nl., 199s) the effects of upplying various single 5- 
year pulscs to various stcady flow frclds wcrc cxamincd for this s m c  cross section. Th;lt study 
showed that with a lowcr background flow rate (0.01 mdyr ) ,  damping of an increased flow pulsc 
(10 W y r )  occurrcd at higher elcvations within the mesa top than for the same pulsc applied to a 1- 
mm/yr steady flow field. This implies that transient pulscs should d m p t n  at higher clcvations for 
lowcr (morc redistic) pcrco1;ltion cstirnatcs for thc sitc. 

a 
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Figure 2.2-2. '\'xiation in saturation with iimc for the stcady and four transient simulations at 
various depths. 
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2.2.3 Transient Trnnspurt Rcsults 
Figun 2.2-3 shows the source term for the flux of liquid-phxx C-14 from the waste packsgc to the 
disposal units. It assumes h a t  thc steady flow rate of 4 mm/y dcu la tcd  IO bc passing through the 
disposal unit (Springer, 1995) is also the percolation ntc through the waste package (Vold, 1995). 
We assume this is XI adequate representation of the source for these calculations since thc water 
velocity through indjvidud waste packages is unknown and cxpcctcd to be highly variable. Xt;L'1y 
the cntin GI4  inventory (99%) is rclc~scd over an SO-yeat period. If the source tcrm wcrc 
rccdculatcd to account for thc higher percolation me,  this mass would be rclcased over a shorter 
time frme of approximately 60 ycm, since the relca~e is proportional to the ntio of the flow rates. 
i n  either cue. most of the mass is rclcsed from the watc  packages ovcr a time f m c  that is short 
compucd to the simulation ume, The flux of C-14 from tbc disposal units (pits) is dependent on the 
water \lelcciry through the pits and is cdculatcd self-consistcntly with rcspcct to the msicnt  
infiltration in thc simuIations, Solubility limited spccics such ;is Urylium my havc significantly 
higher fluxes from the waste to the disposal unit when the water flow nte is high. but these spccics 
have long travel times (Birdsell et al.. 1995) compared to thc 10,000-yr unccn;Linty period. 

C-14 Sourcc Term 

Timc fyr) 

Fiprc  2.2-3. Sourcc tcrm for thc C-14 dccay ch in  based on pit infiltration rate of 4 mm/yr. 

Figure 2.24 shows the C-14 cumulativc breakthrough cuwcs for thc stcady-flow cue md the four 
tnnsicnt flow cxcs. These curves rcprcscn: the total number of molcs that have reached thc Guajc 
Pumice (see Figure 22-1). There is some scatter in thc yrival of mass to the Guiijc Pumicc but the 
curvcs converge. Tablc 2.2-2 shows values for time of first Yrival at the pumice h y r  (t&cn as 1% 
of the total molcs at 5000 yrs) and for the total molcs to reach the pumice at 5000 y c m .  Earliest 
breakthrough occurs for the steady flow simulation bccausc the flow field is in cquilibrium with the 
higher pit infiltration mtc. First breakthrough for Casc 1 proceeds tbe ohcr Wmlsicnt CLSCS because 
i t  h;ls a higher avenge flow rate for the first 100 ycm. The greatest cumulative flux at IO00 y c m  is 
for thc steady flow CUC bccausc the flow field has already equilibntcd with the higher pit 
percolation m e .  The cumulativc molcs rcrrching thc pumice layer at 5000 years for tfic tnnsicnt 
simulations ~ T C C  within 5% to that calculated for the steady flow c a c  with the steady flow C;LSC 
having thc highest ~ d u e .  Thc steady solution provides ;I consenathe estimate for both the h e  of 
first arrival and for the cumulative breakthrough. From a pcrformancc standpoint. all of the 
simulations behave similarly and h e  overall agreement is considercd to be very good, 
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Figure 2.24. Cumulativc breakthrough curve for C-14 to the Guajc Pumicc for four 
trmsicnt infiltration simu!ations and onc steady infiltrauon simulation. 

2.2.4 Summary of Transient Rtsults 
In  ordcr to study the cffccts of trasjcnt pcrcoi;irion on flow and transport at Art:! G four transient 
flow simu1;itions uc run,  and the rcsults arc comprvcd IO those for B stc;ldy flow simulation which 
uscs thc avcrqc pcrcolatian ratc, Prior to performing thcsc calculations on tbc two-djmcnsjonal 
cross scctions, a sct of preliminary one-dimension3 cdcularions were performed to cx;uninc 
whcthcr imcturcs nccdcd to bc explicitly accounted for. These preliminary cdculauons were 
pcrformcd using the dud permc;ibility rnodcl which p c h t s  diff'crcnt fluxes in the fracturcs and 
malrix. Thc dual prmcability formulation is also appropriate for thcsc scoping calculations rclakd 
to thc cffcct of transient pcrcola\ion bccausc it docs not forcc capilluy prcssure equilibrium bctwccn 
the matrix ;Lid fracture rnatcrial. The :csults o i  thcsc d u d  pcrmcability transient flow scoping 
calculations show for thc fracture chuactcristic curves dcrivcd from pwdlcl plate theory of fracture 
flow, flow and tnnsport in thc upper laycn of this system tend to rcmaiin in the mah-ix materid. 
Simulations of steady state and transient percolation with and without the dual permeability 
formulotion dl yielded approximately the s m c  travel times. 
The investigation of tmsjcnt percolation flux was cxtcnded to thc two-dimcnsional cross section. 
For thesc calculations, the matrix, hydrologic propcrtjcs were used, thereby neglecting npid 
rmnspon in fractures. Moisiurc profiles ;It various depths m compucd. The simulations show that 
fluctuations in infiluation producc distinct responses in saturntion (less than 3%) through Unit 16 
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that dmpcn at the basc of the Otowi Member. Damping would prcsurnably continue ;IS thc water 
pcrcolatcs through the deeper units towad the water table. 
frmspon of C-14 is modelcd dong with thc Wmsicnt flow in the two-dimensional system. The 
stcadv flow solution provides a conscntauve csUmte for both thc h e  of first arrival and for the 
cum&tivc breakthrough of the C-14 From a pcrformrrncc standpoint. all of the simulations 
bchavc similarly and thc overall agreement is considered to be very p o d .  The simulations arc for ;i 
conscrvativc radionucIidc and 312: based on an avcrJgc percolation rate which is thought to bc quite 
high for this site. Higher sorption coefficients delay the arrival h e  of the contmhmr but yield 
results having similar spread in d v d  time. Lower percolation rates arc cxpected to produce r c s u l ~  
with even better agrccmcnt. 
The one- and two-dimensional modeling of tmsicnt and stcady state pcrcolauon with or without the 
dual p n e a b i l i t y  formulation support the use of mtrk propcdcs and the steady ffow assumption 
when cdculating ndionuclidc transport at Howcvcr, the investigation of the role of 
fractures wrrs limited in scopc to a set of chmctcristic curves bawd on thc thco~ticd p;uallcl plate 
fracture modcl. We must point out that other than the deep b s d t  only the uppcr two geologic units, 
Unit 2 and Unit lv-u, arc considcrcd to be significantly fractured. The disposal pits arc u;ca\ated 
through Unit 2, thercforc waste can only redly Uavd in frtlcturcs through Unit Iv-u until it reaches 
the basalt, Thcsc studies have shown that thc matrix material damps m s i c n t  pulscs, Evcn if 
transient pulses propogatc through thc fncturcs in Unit lv-u, the tuft' units below will most Ucly 
attenuate them. Additional support for our conceptual model of very litde sustained fracture flow is 
furthcr supponcd with thc study of flow in a single fmcturc that is described in the following 
section. 
2.3 FRACTURE FLOW 
2.3.1 Sin& Frocturu Modeling 

G. 

We have pcrformed another study using FEHM to udyzc  thc influence of different chmctcristics 
of a fracturcd system on thc movcmcnt of fluids in the subsudacc. Thc study focuscs on conditions 
that are relevant to our local system, pyticulvly the influence of fnctun: coatings u d  fracture fills 
on infiltration of water, and on the extent of matrix-fncturr communication, This work is described 
jn ful l  by Sol1 (1995) but the results 3 s ~  summuized here as they penain to h e  devcloprncnt of the 
now model for MDA G. 
In an attempt to isolate behaviors. wc have chosen J system that is a single vertical fmcturc ccntcrcd 
in an otherwise uniform block of matrix (Figure 2.3-1). There arc four  put^ of the system: the 
mairix, the fracture, the fracture coating and the frmurc fill. The matrix chwxtcristics nprcscnt 
Bandelicr Tuff propertics fron, M e s h  Del Bucy, Unit Iv-u. The fnctun apcrtun and spacings ;vc 
avenge values from local measurement$ ( f ic r  et al., 1996). In this study the fmctun: is given the 
hydrologic properties of a hishly porous md highly permeable sand, This assumption allows us to 
study a hcturcd systcm using a porous media simulator, but the results must be interpreted in 
context with field obscrvations and rncuurcmencs, 
The system is discretized such that a thin coating layer cm be assigned along the walls of the 
fnlcturc. For simulations whcrc no coating is prcsent thcsc elements m assigned m a r k  propcnics, 
thus maintaining the 5-mm fracturc apemrc through all simulations. Fncturc fa cfin be cmplnccd by 
replacing the frmurc's hydrologic propcities with fill propcdes for some given length of tbc 
fracture. When prcscnt, fncture coatings and fncturc fills arc assigned clay parmcters. We USC clay 
parameters from the litcraturc because there m no values svaihblc for the local clays and caliches, 
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-1 Frocturo 

Fracturo Coating - Fracturo Fill 

Figurc 2.3-1, Systcin Configuration for Fracturc Flow Study. 

Two diffcrcnt inflow conditions YC uscd ;it thc top of the f;;icturc. Onc inflow condition assumcs a 
constant inf lux ,  at a rate of 5 c d d a y ,  which \vc considered to bc reprcscntativc of an cxvemc event 
for a single day, However. this inflow rate was applied for thc cntirc time period of thc simulations, 
oftcn up to 100 days, The other inflow condition uscd was a pondcd condition at the top of the 
fracture applicd for 0.5 days, followed by rcmovd of thc source, This was cffcctivcly an infinitc 
bourcc of u'atcr for 0.5 days with infilt:a[ion rates controllcd by the fracture-niatrix system, Both of 
thcsc inflow conditions rcsult in an amount of w t c r  cntcring thc system in 3 m3ttcr of days that far 
cxcceds thc mount of prccipitation sccn at Los N m a s  ovcr a pcriod of ycus, Thcsc cxmme 
conditions allow us to focus on absolute worst cases. 
Thc most dominant obscnation from thc simulations is that in dl but the most cxtreinc infiltntion 
cvcnts, frrrcturcs in thc Bandclicr Tuff of XZDA G do not appear to providc a 'fast f low path' for 
liquids. Evcn undcr cxtrcrnciy high infiltntion cvcnts, frtlcrurcs with no coatings or fills YC not able 
to c m  liquids v c ~  far, and the inv;iding s;ituration front looks v c p  similar to that o b s c n t d  in a 
non-fricturcd s y e m  with point injection. 
W c  found :hat the cffcct of 3 coating along thc walls of thc fracturc is dcpcndcnt on thc rclativc 
conductivitics of the coating and the rnarrix. A coating with only 2 ordcrs of magnjtude less 
conductivi:y than that of the mnuh docs sirtudly nothing to prcvcnt liquid i n  the frtlcturc from k i n g  
imbibed bv thc matrix. When thcrc is a I q c r  (4 ordcrs of magnitude) reduction in conductivity Y 
thc fractur'c-matrix intcrface, wiitcr is strongly channclcc! in thc fracturc. Any conductivity reduction 
acts to sprcad the infiltrating front funhcr down the matrix, allowing water to pcnetnte dcepcr 
during an infiltration cvcnt, Howcvrr, a discontinuity in the low conductivity coating intempts the 
fJst flow down the  fracture. This suggests h a t  the high cnpilluity of the Bandclicr tuff will rdpidly 
draw watcr into tlic matrix ncar any brcak in ;I fracture coating. Thc simulations also show that 
fracture flow driven by thc pondcd boundary condition ccascs once thc sourcc is rcmovcd, 
When we consider the rolc of fills in affecting water infiltration, we find that fractures h a t  m filled 
at thc cxposcd surface of the fracture YC cffcctivc bmicrs  u) inflow into the fracture, Thcsc 
observations arc in  agrccmcnt with Roscnbcrg et nl. (1993). Fills bclow the surface yt effective 
bmicrs to continuous flow down thc fracture, With no coating or only minimal conductivity 
rcduction above the fill. water cntcnng thc fmcturc is simply imbibed into the mamx and proceeds 
down as mau-ix flow. Whcn a continuous, Iow conductivity coating is prescnt, thc watcr does not 
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p:lss bcvond the fill. and simply ponds at the surfiice. A fmcturc that cnds within a unit of thc 
~ s k e g ;  Mcmbcr. or at the interfxc between two u n i ~  will behave like a frJcrurc that is filled at hat 
1~Vcl. path for h e  water in thc fncturc is eliminated, and the water must find an alternate route 
through the subsufitce. 
We have also run a simuhtion whcrc a 1 meter "cap" of rnauix matcrd is placed across h e  e n k  
fractue-matrix svstcm. This condition represents the current surface cap at MDA G and the 
conditions at thi floor of thc w;lste disposal pits both of which arc comprised of crushed 
(unfractund) tuff. The matrix cap w a s  thcn hcld at satuntions mging  from SO% to 90%. In nonc of 
the simulations did water break into the fracture, although it moved as ;i steady front through the 
remining matrix materid. These rcsults ;UT consistent with results obclincd by Roscnbcrg et d. 
(1993) using a different numcricd model. 
,9lthough most of these results indicate that fractures do not play cl significant rolc in moving water 
from the surface 10 the water table, there arc rcuonablc, possible 1 4  conditions that may bc 
sufficient to produce significant flow. Thcrc arc high influx conditions such as snow melt or luge 
mnoff events or ponding of runoff due to surface disturbances such ;IS buildings, roads, soil 
compaction and removal of vcgeution that could C ~ U S C  water to movc a significant distance in B 
fracrured svsicm, "here is some evidence for such flow at other LAhL locations (Turin, 199S), It 
must ailso 6c kept in mind that here is wide varjation kwccn the different fractures, and hat it is 
possible for onc or two fractures to be cllrrying water w M c  most others do not. 
W e  do not expect frxtures to be s fw path for contamintmb out of the bottom of the pit! because 
thcsc frnctures arc covcrcd with crushed tuff. Howcvcr. if wtcr  is sblc to pond within thc pit it my 
bc possible for that watcr to exit the pit through frxtures on the face of the pit, which arc not filled 
or covcrcd, Fractures that arc not directly kncath the pi& may play an indirect role the movement 
of water and contarninan& from the pits. Incrcscs in matrix saturation ;LS a result of water moving in 
thc frdcturcs arc a potcntid source of ~ 3 1 c r  kncath thc pits, As obscrvcd in the simulations, wacr 
that cntcrs thc matrix rapidly redistributes throughout the matrix block toward a uniform sawration, 
This can act to increase saturation bcncath the pit, thus raising the hydnulic  conductivity and 
allowing morc npid movemcnt through the matrix. 
2.3.2 Dud-Pcrmcability Fracture Modeling 
The fractured system can also bc modeled with FEW4 using a dual pmeability formuiauon 
(Zyvoloski et 31.. 1995>, For this formulation, an idcnticd numerical End is construetcd for the 
matrix and fncturc materials so that a one-to-onc conrspondcncc cxists bctween 3 fncturc node md 
the matrix node at that s m c  position, Fluid flow occurs within cach cohuurn ,  and B transfer icrm 
accounts for fluid flow and contaminant transport bcwcen the frxturc and matrix, On (1996) has 
run II numbcr of one-dimensional simulations with this model that arc prcscntcd in Appendix 2, 
Fracture properties are defined for Unit.. 2 and 1 v-u b m d  on parallel plate theory. Travel times to 
the tot) of b u d t  for both stcadv and trmsicnt simulations show no sirnificu; vyiation with the 
additibn of the fractures to thc iodcl. On shows intcrcsting wiations itsaturation and W~VEI timcs 
at different depths within the one-dimensional column for the transient simulations. The rccldcr is 
rcfcrrcd to Apbndjx 2 for more details, 
2.4 EVAPORATION 
2.4.1 From Mesa Sides nnd Fractures 
Very low nct infiltration rates arc rcquircd to match the field obscrvcd saturation in the two mesa-top 
units, Units 2 and Iv-u. Evaporation from the top and sides of the mesa and possibly from frxturcs 
is ;I likely player in keeping the mesa dry, Some data (Rogers ct a]., 1995, Rogers and Gallaher, 
1995) suggest that groundwatcr flow may be upward toward thc volcanic surgc beds located at h c  
bast of Unit  2. This flow could bc driven by evaporation occurring in thc surgc beds, Somc simple 
simulations arc used to study thcsc effects, 
Fist we consider evaporation from the mesa sides and from vertical hcturcs with both 10-m md 5- 
m fracture spacing. A two-dimensional rcctmguhr grid (25 m wide, 5 m tall) composed of a 
homogeneous material, cither Unit 2 or Unit 1v-u, is used. Figure 2.4-1 shows the pmblcm 
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configuration. Unjfom infillration of' 0.1 cm/y  occurs along thc uppcr boundary. Ttk, infiltration 
rate aCCry.mts far cvaporation from the mcsa top, but is highcr Ihan the flow rates iound previously 
to bcst m m h  thc in-situ saturations of Units 2 and lv-u ( 0 to 0,001 cmlyr). Wc compuc h c  
resulting vcnicd saturation profilcs for thc following C;ISCS: infilu3tion only, infilmtion with 
cvaporation occumng dong thc right bound* (mcsa cdgc), and infillration with cvaporation dong 
the right bound;ln, and from frmurcs of cithcr 1O.m or 5-rn spacing, For thc infiluation only case, 
thc right bound* is irnpcmcr~blc. Thc cvaporatjvc boundary IS modclcd by fixing h c  saturation 31 
that b o u n d q  io a low satuntion corrcsponding to 5070 rcltltivc humidity. For the frrrcturc tuns, thc 
fracrurcs arc dso held at ;I low saturntion corrcsponding to 50% rchtivc hunidiry which is close to 
thc ~ V C ~ B C C  annual rclativc humidiry for thc m a .  Thc corrcsponding saturation values rn 0.032 for 

Uniform Infiltration = 0.1 cmlyr 

J J 
Fractures with Fixcd Lou' 
Saturation 

Right B ou n d:uy, 
Ejthcr lmpcrmcablc 
or Fixcd Low Sawation 

Figurc 2.4- 1, Problcm sct-up for study of cvaporativc cffccts 
from mcsa Sides and from fracturcs. 

I'igures 2.4-2 2nd 2.4-3 show the simulatcd saturation profilcs for ;I horizontd slicc through Ihc 
ccntcr 0:' the grid for Units 2 md I t+-u  rcspcctivcly, For both units, it appcus h a t  cvapontion 
rlffccts thc s2tur;ition profi!c to ;I distmcc of about 7 rn from thc mesa cdgc: not much ior 3 mcsa that 
is over 300 m widc. I-lowcvcr. assuming  hat frxturcs with 5-m spacing act as conduits for air 
fiow, cvaporativc cffccts may dccrcasc saturations throughout both units in thc mesa top. With 
frncturcs spaccd 5 m nput. avcragc saturalion dccrcascs by -0,03. From Figure 2.1-2 w c  scc that 
this ordcr dccrcuc in saturaion corrcsponds to approxirnatcly un ordct of magnitudc dccrcusc in thc 
nct stcady inliltr~ion rate. Ac~ual fracturc spacing in  thcsc units is 1.0 to 1.3 m, but only a fraction 
of  thcsc may Ix: open to airflow, Some air flow wouId bc rcquircd to rcmovc watcr vapor from tuff. 
as thc rclatrvc humidity of thc air in B non-flowing frxturc would cquilibrate with that of thc 
surrounding m u r k  It is quitc possiblc that fluctuations in the buomcuic pressure (Nilson et al. ,  
1391), thcrmd gradicnts, and topographic cffccts (Wccks, 1387) could drive such air flow in 3 
frxturcd systcm locxcd on 3 mesa top. 
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Figure 2.4-2. Resulting Saturation Profilcs for Ev3pomtion along a Mesa Edgc 
(right side) and from fractures with S-m and 10-m spacing, Unit 2. 
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Figurc 3 - 3 ,  Resulting Saturation Profilcs for Evaporation dong II Mcsa Edgc 
(right side) and from fractures with S-m k d  10-m spacing, Unit lv-u. 

W c  note here that evaporation in thcsc simulations and the onc that follows is modeled as ll~l 
isothermal process with saturations fixed at low values corrcsponding IO P relstivc humidity of 50%. 
Thcsc results arc nearly identical to simulated results, also calculated with FEHNI, under non- 
isothermal conditions which account for vapor prcssurc lowering and binary diffusion of air and 
water vapor. For thcsc examples, evaporation rtsultc in ;1 simple capillary prcssurc driven wicking 
toward the drier, atmospheric boundary. Water vapor conuibutcs less than 1% of the mass in thc 
systcm for thcsc puticular cxmplcs which werc held ;It or very clast to 2OOC, even for the non- 
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isothcmd simulntjons. Ho\vcver, thc more complex processes may have n I:upcr cffcct undcr morc 
rcdjstic non-isothcmd conditions ( c . ~ , ,  gcuthcrmal gndicnts or S O ~ U  heating Or' thc mesa sides). 

2.4.2 From Surge Bods 
Thc next tcst cxrunincs :hc h!*?athesis that air flow through thc volcanic surgc beds locatcd at h c  
base of Unit 2 can cause upward moisturc flux from Unit Iv-u.  Thc surge bcds arc 3 thin intcnlal of 
fine sm&sizcd matcrid which arc attributed to deposition from the b;lsal surge associated with 
\*iolcnt cmp\ic\ns (fi;ricr CI a].. 1996). There is some cvidcncc that this intenVal is conductive to 
highcr air flow rdlcs thrln is the rcst of thc mesa interior. Two laycrs, Units 2 and Iv-u. arc modelcd 
with rhcir appropriate hydrologic proFrtics and thickncsscs. Uniform infiltration at a rate of 0.1 
c d y r  is :~ppltcd along the upper b o u n d q .  AgAn wc c o n p s c  thc results with infiltration alonc to 
rcsults which includc evaporation dong thc surgc bcd, Thc surgc bcd is modclcd simply 1s  3 SE: of 
low slrtirration nodes. corrcsponding again to a rclnuvc humidity of 50%. dong thc intcrf'acc of the 
two layers, Fiprcs  2.3-4 and 2.5-5 show thc stcady-state saturation and ~ i i p i I I q  prcssurc profiles 
for this cnsc. Saturation valucs throughout both units m significuntly lowcred by tbc lixcd low 
uturtltion at thc intcrfricc. I n  Figure 2,4-5, the calculatcd vducs ue compared to suction dau 
rcponcd bv Rogcrs ct a]. (19'35) for Borcholc G-5. which is locatcd at ,MDA G. The data arc 
tranSliItcd !$itiLI11y lo forcc thc surgc bcd to align with that from the simulation. Wc scc that thc 
calculatcd clcpillq prcssurc lics bctwccn thc two data scts rcponcd by Rogcrs. 
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Figurc 2 .34 ,  Rcsulting aaluration prolilc for cvaporation ;dong thc surgc bcds at thc 
Uni t  2/1 v - u  intcrfw compucd to that for infiltration alonc, 
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F i p r c  3 - 5 .  Resulting c a p i l l q  pressure profile for cvaporrtcion along the surge 
bcds at the Unit ?/lv-u inrcrf'ace compucd i n f i h t i o n  done and to data from Rogers 
ct 21. (1995) for Borehole G-5. 

Thcsc simulations show that cvapontion dong fractures and surge beds can contribute to significrrnt 
dning of the mcsa top units, possibly causing rhc very low saturations sccn in thcsc units, W e  feel 
th i t  thc mcsa may act as a natural dry barrier ivhich substantially blocks decper pcnctration of liquid 

flow 3s described in thc site conccptud model (Rogers et d,, 1997). Ths theory nccds to be 
substmtiatcd with more dat3 and modeling studies. 

e 
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3. THREE-DIMENSIONAL VADOSE ZONE MODEL 
3.1 VADOSE ZOSE MODEL DEFISITIOK 
Thc \ladose zone mpijc] based on a ;hrct-dimcnsiond rcprcscnution of thc sitc which dcscribcs 
the complex nicsa-top gcology. lnfiltri~tion is assumed to hc stcady although the mesa top and two 
cmyons that hordcr Arcs G rcccivc diffrrcnt infiltration rates, Rcsults for LI b a x  CLX flow ficld arc 
compscd to those for some variations on the flow ficld as PLY of an uncertainty analysis. The 
model incovor;itcs thc position and invcntorics of thc thiny-some disposd pits and shafts dready 
~ X L I ~ C ~  at Area G dong with those of f'uturc pits and shafts. Two pathways uc considcrcd: 
downurard migration through the vadose zone to the aquifer. and lateral migration 10 thc mesa sides. 
&position into thc ncuby c;inyon, and subscqucnt m i p i o n  through the vadosc zone to the aquifcr. 
Time- and spatially-dcpcndcnt rcsults for nuclide flux from thc vadosc zone feed thc saturated zonc 
model# Thc simulations arc r u n  for 10,000 ycus to covcr the 1OOO-yc;lr complimcc pcriod and the 
10.000-ycar unccnainty analysis, 
The ap,,umprionS used for thc vadose zonc modcl rcly hcavily on thc studies Of  Spccific flow 
proccsscs prcscntcd in Scction 2.0. ?\c cquivalcnt continuum parmctcrs chosen to rcprcscnt the 
basalts in  Scction 2.1 uc uscd. Thcsc propcnics produce fdst ~ n v c l  tirncs through the b;lS:dt in 
order 10 compnsatc for thc lack of hydrologic in foma~on  about the unit. ,411 flow is forced 
vcnica]]v through thc basal! thcrcby climinating latcrd diversion at thc bLsdt-pumicc interface. 
In sccrion 2.7,. we xtudicd thc cftccts of transicnr pcrcolation on vadosc-zonc transpvn at Arcs G and 
found thai,  :it thc flow r m  considcrcd. uansicnt pulses ;LTC damped with dcpth ;md cumulative 
contaminant l lux  rcsults at dcpth m sir nil;^ undcr transient and stcady flow ficlds. Stcady 
infiltration is :lis0 ; w m c d  in PA calculations uacd for orhcr sitcs ( B m u d  uid Dockcry, 1991, and 
Wood ct a],,  1394). By using a high, stcady infilvation mtc and othcr conscnl;ltivc assumptions 
concerning tloul ;it thc site, thc subscqucnt transpon c;dculations an: c x p t c d  to yicld conscn'ativc 
rcsults assuming that fracture flow is not induccd. 
Thc ir;lc:urc llow studics prcscntcd in Scction 2.3 indicatc that trtlnspo~z though f rx turcs  has a 
minimrd cffcct on contuninant flux at dcpth. Thcrcforc, fracturcs x c  not included i n  thc thrcc- 
dimcnsional \i;~dosc zonc nodcl. In  Scction 2.4 wc found that cwporativc effects can rcasonably 
;iccount for thc low moisture contcnts obsxvcd in thc mcsrt-top units :it the sitc md justify a small 
infiltration vduc. 
Prcvioux modcling studics for Arcs G assumcd that thc pit pcrcolation rate was likely to bc hiphcr 
than thc pc.rcola~ion ratc for thc undisturhcd mcsa top (Birdscll et al., 1995 and Scction 2.2 of this 
rcport). The pit dcnsity a! Arca G is hip.h cnough that thc m a  CM almost bc conxidcrcd "onc big 
pit" in tcrms of' infiltration (SCC Figure 3.1-2). Rcccnt studies by Ncwman (1996), Vold (1W6), and 
Springcr (1996) show cnough variability and ovcrlap in cstimntcs of pit and undisturbed mcsa top 
pcrcolation r;iIcs that :I single vduc for thc pit and mcsa top r a m  is justifiable and is thcrcforc uscd 
in  this stud)'. l-lowrvcr, wc do considcr thrcc diffcrcnt rims as dcscribcd in Scction 3.1.3. 
3.1 , I  Strat igruphy 
Thc stratigraphy was constructcd from various sourccs. Thc topognphy and thc bucs of the Otowi 
Illcmkr (Qbo) and thc Tshircgc M c m k r  (Qbt or Unit lgl wcrc oblxincd at 15.23 rn (50 ft) 
spacings (northing and c;lsting) from thc LAX sitc widc gcologic modcl (Vmimlul, ct d,, 1996). 
Wcll-log picks wcrc uscd io dcfinc Units 2, 1 v-c, thc Ccrro Toledo, and the Guajc Pumice, Data for 
W C ] ~ S  54-1 102, 54-1 105, 54-1 106, 54-1 107, 5:-1108, G-2, 54-1 I101G-3, 54-1 11 1IG-4, 54- 
1 112.54-1 114, 53-1 115.54-1 116,5~-1117, 54-1 120, 54-1 121, 54-1 123, 54-1 124, 54-1 125, 54- 
1126. 54-1 128, 5~-1001.  54-1002,5~-1003,54-100.3, 541-1005, 54-1006, 54-1008, 53.1009, 54- 
1015, and 54-1016 (Vaniman. ct 31,. 1996) wcrc uscd. Sorric of thcsc holes arc inclined, and the 
northing, casting and dcpth values rccluircd corrections. Surf;lcc observations for the contact 
between Units 2 and lv-u obtained from Broxton (unpublished data) wcrc uscd to fur.hcr constrain 
this contaci. A data point from Wcll TH-5 (Purtymun. 1995) was dso used to constrain the Guajc 
Pumjcc Iqw. Thc ovcrdl numbcr of data points that werc avAlablc in the vacinity of MDA G for 
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tach of the surf3ces w a s  76 for Unit  2, 30 for Unit lv-C, 25 for Unit  1g. 14 for the Cerro Toledo, 
and 3 for the Guajc Pumice. 

dam sct was interpolated at 4572 m (150 ft) intends with the S tnupphic  Gcoccllular 
Mdcling (SGM) Software (Version 3.10, Copyright 1994, Stntmodel, Inc.). The topographic 
surface Uyncates any sudacc that it crosscs, The Guaje Pumice u u  calculatcd by adding the hycr 
thjchcss to the Qbo unit rather thm by using is clewlion bccausc so few dam fyc m#ilablc to 
conswin this unit. Likcwisc the Cero Toledo Unit ws calcul3tcd a 3 tbickncss &low Unit 11. 

surfact for the b m  of Iv-u was poorly defined by the well-log elevation data rcsuhhg m 
unrcdistic undulations that caused overlapping of layers above and below. This surfrrcc uu 
ultjmatcly defined as a sudace pudlcl to Unit 1v-C ~ i t h  3 thickness of 7.62 m (2s ft) ;LS suggested 
by Gicr  who said that this interfacc is difficult to identify in core samples. Some other minor 
modifications werc made to the surfaces to avoid unphysicd crossing of surfaces. The Puye 
Conglomerate is defined as a jO,4S m (100 f t )  thick flat unit within thc vadose zonc at the base of 
the model, This layer is probably thkkcr than 30.46 m (100 ft) in tbc vadose zonc (Iiricr, 1096). 
but a g i n  too few data arc avdable to justify a more sophisticated rcprcscntation, The Ccrros del 
Rio Basdts occupy the rcgion bctwccn the Gutrjc Pumice and the Puyc Conglorncrrrtc. The water 
toblc is defined as a flat surhcc at an tlcvaGon of 1767.8 m (5800 ft) although it actudy dips 
downward at the eastern end of the mesa. 
Figure 3.1- 1 shows the resulting three-dimensional stratigraphic, vadosc-zone model. The smu 
from Unit 2 through thc Ccrro Toledo dip and gcncnlly thin toward the est .  The Otowi Mcmbcr 
and the Gaujc Pumice dip and thicken toward the west. 
3.12 Grid 

surfaces generated with SGM werc uscd to construct thc thm-dimensional grid. . The grid is 
gcncrated with the GcomcshK3D softwarc (Gable, et. tll, 1995). An initial grid b a e d  on the 
stratigraphy is constmctcd with 45,72 m (150 ft) grid spacing. This grid is thcn refined to include 
the 38 waste disposal pits and 10 bcttcr dcfinc the mesa sides. The find @d is made of 3 1,542 
nodes and 254,613 rctrahcdnl elements, The surface definition for thc pits W$ obtained from the 
Fociliry for Information Managcmcnr, Analysis, and Display m) at LPuhL. Each pit is 
Assumed ;O bc 10.7 m (35 fi) deep. Pit regions arc defined by a set of nodes which outline several 
adjacent pits both at the surfacc and at a 13.7 m (45 f t )  depth. A sct of intcrnd nodes is addcd 
down the ccnicrlinc of cach pit at 3 depth of 7.62 m (25 ft). The volume associated with thcsc nodes 
approxirnatcs tnrc pit volumes, Becausc thc volumc of finite clement nodes cxtcnds half-way to Lhc 
next node. the resulting pit depth is the dcsircd 10.7 m (35 ft), Thcsc intcmal pit nodes llfc wigncd 
hydrologic properties for crushed tuff and arc the nodes that rclcasc WSIC during the wmsport 
cdcufations. Figure 3.1-2 shows thc outline of the wx-!tc disposal pits, the internal pit nodcs, as 
well 8s thc nodes thar wen= added 10 outline the mesa. 
3.1.3 Boundary Conditions 
Thc mesdcanyon scning in which MDA G exists leads to a complicated set of b o u n d q  conditions, 
A veri  low net percolation m c  ( 1  to 10 M y r )  is thought to occur within the mesa, P;tjkto 
Cmvdn is quitc wet with an cstimntcd percolation rJte of I O  to lo0 m m l ~  while CaRada del Bucy is 
dr)l h t h  a percolation rate s i m b  to the mesa top. The mesa sides arc stccp enough that they should 
represent an cvapontive rcgion (water sink) rather than II source region. For thcsc reasons, the top 
surface nodes of the grid arc categorized by position so that various boundary conditions can be 
applied to the mcsa top, to Pajarit0 Canyon, to C;liiada del Bucy and to the mesa sides, Rgun 3.1-3 
shows 3 b o u n d q  condition map for the topographic surfacc. The lighter blue podon of  the grid 
rcccivcs the mcu-top pcrcolation rate and thc darker bluc portion receives canyon percolation rates. 
The outline of the mesa is clcarly dcftncd in this figure b.v the yellow-green cvapontivc boundary 
nodes. The evapontivc nodes arc held at II fixed saturation of 0.03 which is equivalent to an 
ambient rclativc humidity near 50%. Some nodes arc nor categorized 

, 

24 



Appcndix 3g 

Figurc 3.1-1, Thrce-dimcnsionnl stratigraphy for thc vadose zone model of Arca G. 

and 1111: nssigncd no-flow boundary conditions Thcsc nodes arc rcd in thc figurc and act u buffers 
bctwccn thc diffcrcnt boundary rcgions. 
Fivc diffcrcnt flow Ilclds arc considcrcd in order to study tlic sensitivity of the calculated 
saturation ficlds and thc uanspon rcsults to background flow ntcs. Thrcc mcsa-top flow r a m  arc 
used (1 mdyr .  5 mmJyr and 10 mndyr), two flow ntes for Caliadn dcl Bucy arc considered (1 
m d y r  and 5 m d y r ) ,  and thrcc flow rates for Pajiuito Canyon arc used (20 mm/yr. 50 m d y r  and 
100 mm/yr). Table 3.3-1 summarizes thc livc cascs. The buc CLSC, 5-1-50, is thought to bc 
conscwativc for thc sitc, Using chloride flux cstimatcs, Xcwman (1996) reports ncx-surfkc, 
mcsa-top flux ratcs of 3 to 6 m d y r ,  mid-mcsa flux mtcs ranging from 0.03 to 1.5 mmlyr, and s u b  
mesa flux rates ncu 5 m d y r .  Vold (1996) gets similar rcsults using moisturc profile andysis. 
Springcr (1996) cstimatcs a mcim pit percolation r a t  of 0.99 m d y r  using ;1 wntcr balance 
algorithm. Simulatcd moisturc profilcs (Figurc 2.1-2) show that the mngc 1 mm/yr to 10 mndyr 
conservativcly fi t  thc nvailablc moisturc data. Rogers ct al. (1996) cstimtltc rcclxrgc at 4.4 
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Figure 3.1-2. Pit Boundaries, Internal Pit Nodes, and Mesa Edge N&s for thc Three- 
Dimensional Vadosc Zone Calcuhtions. 



nvdy in Cwkida del Bucy and 20 to 100 m d y r  in ,Mon;ul&d Cmyon. which is considercd to bL. 
hydro1ogic;illy similar 10 Pajarirn Canyon. 

Figure 3.1-3, Boundary Condition Map of the Topographic SurPxc for rhc Vadolcl. 
k n c  Flow and Tnvrspfl Calculaiions (lighi hlue is  mcu top, dark blue is canyon, 

lighl grccn i h  cv3prativc houndap, red is no-flow buffer zonc). 

uhle 3.1-1. Infiltration Rutes ( m d y r )  used tis Uppcr 
ou ndiiry Conditions. 

2- I , i v  I 
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Figurc 3.14. Bottom boundary divided into 25 rcgions for which tcmpordly and spatially 
dcpcndcnt flux from thc vadose zone cdcularion is rcponcd. 

3.1.4 Hydrologic Properties 
Tht hydrologic properties for Ihc units arc given in Tablc 2.1-1. As dcscribcd in Section 2.12. 
constrvativc b x d t  propcrtics arc chosen which favor rapid vcrticd Vansport through the fractures of 
this u n i t  The basalts arc m t c d  as an cquivalcnt continuum medium (Klavcncr and Pctcrs, 19S6) 
mndc up of both fractures and matrix material. The fmctures arc assigned ;I high pcrmcability and 
porosity wl.lich favor vcrtical flow from thc pumice into the baala,  This serves to minimizC Iatcnl 
!low within the pumicc 3s explained previously. With this set of p m c t c r s  in the modcl, n 
pcnnabiliry b m c r  to vertical flow and transport at thc lop of the basalt is virtually impossible to 
model. Funher. the porosity of thc b x d t  continuum is sct cqud to lo*, thc e s h a t c d  volume 
fraction of fncturcs, since wc dcsirc that most flow occurs in thc fr;leturcs. This yiclds c x ~ c l y  
rapid groundwater tnvcl timcs of betwccn 1 and 5 y c m  through h e  budts, 11s would be cvpcctcd 
of fracture flow. 
Although hydrologic propcdes for thc Puyc Conglomcratc lm: dso unknown, wc expect that our 
intuition for flow through this unit is bcner. Thc layer is mcxlcled as P come sand (Carsel and 
Parrish, 19SS) with thc porosity rcduccd by 60% (from 0-43 to 0.25) LS dcscnbcd in Section 2.12, 
This should Icad to conscrvativc (h.!ter than cxpccted) tnvcl times through the Puyc Conglornentc . 
3.1.5 Trunsport Propcrtics 
Rcccnt studies by Conca (1992) show that the diffusion cocfficicnt dccmscs with dccmsing 
sntuntion. The diffusion co=fficicnc was modcIcd in this fashion and dccmscs pr~bl ical ly  from 
10-9 m?/s at siltuntion to 10.15 m% at 3 moisturc contcnt of 0.001. The dispersivity is 1 m in the 
vertical dircction and 0.1 m in the horizontal dircction. 
Tablc 3.1-2 gives thii distribution cwfficicnts (Kd) for the nuclidcs that apply for thc Budelicr Tuff 
in thc vadose zone. The valucs for Am. Np. Pu, Tc and U wcrc rncxsurcd at a pH of 9.8 on 
Bandclier Tuff samples, using a sodium-bicrttbonatc-c~~natc-rich synthetic solution rcprcscnting 
porc wntcr extnctcd from the tu€f (Longmire ct d,, 1996). Thc remaining valucs ;VE bucd Iqc ly  
on sorption mcwurcmcnts for Yucu Mountain tuffs (Kricr et d, 1996). Thcsc distribudon 
cocficient values apply from Unit 3, down duough the Gwjc Pumice Bed. NO distribution 

2s 



cmfficicnt is appljcd in  Lhc b k d [  layer in ordcr IO bc conhisknt with thc a.swnipiion of rapid 
transport through that uni t .  

oefficients for Xuclidcs on Intact Tuff in 

80 
130 
50 
0,4s 
328 
so 

k d -  148 50 

Mo-93 

t2.25 
IPa-231 Is0 I 

. . . . . . . . . . -  

lPb-2 10 E5 I 
PU-23S, Pu-239, Pu-230 4.13 
Pu-24 1, Pu-242 
Ra-226, Ra-228 FOO 
si-32 bs 
Sm-147. Sm-IS1 bo 
Sr-90 11 16 

bh-329. Th-230. Th-232 bo0 

ju-1-33, u-234, u-235 b.43 

b-236. U-238 I 
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Diffcrcnt values for thc distribution cocfficirnU of Am. Np, Pu. Tc, and U m applied in the ~ u t c  
disposal pits and xr shown in Tablc 3.1-3, Thcx  values wcrt measured on four smplcs of 
Bmdclicr Tuff Unit 2 from 3 depth intend of 3.3 to 2.7 m (10,s to 12 ft) and arc rcprescnuti\t of 
the crushed tuff that is used to fill thc disposal uniu (Longmin: ct al., 1996). For radionuclidcs that 
;L~C not specificdly idcntificd in Tablc 3.1-3, distribution cocfficicnts listed in Table j, 1-2 uc used in 
the pits. 

Table 3.1-3. Median Distribution 
CoefficicnU for Nuclides within thc Pits 
4 Rndionuclide 
Am-20 1. Am-233 2050 

u-23$, Pu-239, Pu-240 i l l  
sp-237 7.5 

u-24 1. Pu-242 I 
0 Tc-9Sm. Tc-99 I 

U-33, U-234, U-235 2.61 

Also, distribution coefficients have bccn mc3sured for Am. Np. Pu, Tc, and U that are 
rcprcsentative valucs for the saturated zone. Thcsc xc shown in Table 3,114. These values WCE 
rncuurcd on Blvldelicr Tuff samplcs at a pH of 7.3 using Water Canyon Gallcry groundwater 
(Longmirc ct d,, 1996) which is expcctcd to be closcr to the pM of the saturJtcd zonc waters. Thcsc 
values arc applied to the satunrcd zone and also to the deep vadose zone for the Puyc Conglomcr;lrc, 
which wc presume has  pore w t c r  rnorc similu to the saturated zonc than to the shallow vtldose 
zonc, Again for radionuclides that arc not spccific;llly idcntificd in Table 3.14, distribution 
cocfficients listed in Tablc 2.1-2 arc used in the saturated zone, 

hnblc. 3.1-4. Mediun D istri bu t io4 
oefficicnts for Nuclides in thc Saturate 

l o n e  and for the, Unsnturatcd '")'I 
Co nglomcra tc 
R;i d ion u c I id e Kd (mVd 

Tc-95m. Tc-99 0 
u-233, u-234, u-235 4 3 5  
113-236. .U-238 1 I 
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Appendix 31: 

3.1.6 Sourcc l'crrn 
~ 1 1 ~  SOUrCC tcm1 models 10 caIcu13tc timc dcpundcnt tot4 nuclidc rc1c;ac ratc, d, (moles/yr), from 
tach disposal uni t  (Volc! CI A,, 1996; Void 2nd Shumm, 1996) ue incorporated dircctly into E H M  
for the [hrcc-ditncnsiond sitnulirtions, Two source tcfm modcls ;~TC includcd: rapid ~ C I C U C  md 
so]ubjlitv ljmjtcd. The rapid rclu\e niodcl takcs thc form 0 = Q i .hc-k l ,  w h ~ c  Q is thc Io ld  
invcntoy (malcs) of'thc nuclidc in  thc disposai unit, and h is the rclcax constant (i = q/Oh) whcrc cl 
is the Dxcy flux through thc wastc packagc, 0 is thc avcngc moisture content of' thc disposal uni t  
(rakcn to bc 0,08), ;md h is thc rcprcscnrativc hcight of a u'astc pack:rgc (taken to bc 1 111). The r:lpid 
rc1ea.w sourcc tcrm is highly depcncfcnt on thc Dxcy flux through thc u'astc packagc (q) AS shown in 
Figurc 3,1-5. For thc 10 m d y r  flux most of tllc sourcc is rclcascd o w  a 60-year period, whilc for 
thc 1 mm/yr f lux a sirnilx quant i ty  is rclcxwd ovcr about 360 years. Thc solubiliry lirmtcd model 
t k c s  thc form 0 f,jVqC,l/h whcrc V is Ihc told injtid nuclidc u'astc volumc in thc disposal unit 
and C,l is thc nuclidc solubility limit. The frzction f, j  is B concction factor for the solubility 1st 
canuibutions from multiplc nuclides, i ,  of rhc w m c  clement and from multiplc wastc forms, j .  This 
wils dctcmiincd to 5c a significant corrcction factor only for uranium Wold and Shuman, 1996). 
Thc n i u i m u r n  porc water conccnuation of cnch nuclide is cornpucd to its solubiliry limit to 
dctcrminc thc appropriate soiircc rclcuc modcl fur cach nuclidc in cach disposal unit, Thc Ducy flux 
(9) is sct cqua! to thc fixed mcsa-top infiltration rate (1,5 or 10 W y r )  for thc flow field of intcrcst. 
Sourcc tcrtii inlbrmation describing the io td  inventory (Q), sourcc rclcLsc modcl, initid nuclidc 
w:rstc volurnc (VI, 2nd soluhilit-y limit (C,I ) w r c  obtained from Vold rcnd Shuman (1996) which in 
turn was dcriwd from thc coniplctc inwntory analysis (Shumu, 1996), 

Figurc 3.1-5. Vclocity dcpmdcnt ponion of' thc rapid rclcasc sourcc tcrm ( h k - k ) .  
The sourcc t e n  inform;ition dcscribcd :hove u'as supplicd for cach of thc 3 disposal unit 
c1assific;rtions and arc dcscribcd in Tablc 3,1-5, Shaft ficlds wcrc addcd ;is surfncc nodcs near thcir 
trus location: Oldcst shafts ;vc 2 nodcs locaicd wcst of pits 2 2nd 4 , 7  1 4 8  shafts uc 4 nodes loctltcd 
v.'cst of pit 16, historicd shafts arc 3 nodcs located W C S ~  of pit 22, and futurc shafts LT 2 nodcs 
1oc;ikd wcst of thc two c;isicrn-mosi futurc pits, 

l'ablc 3.1-5. LXsposol Unit Cl;issit?cation and Location 
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Exuapolatcd 1957 - 1970 OldN its I :hrough o and in shalts located to 
e west of Pits 2 and 4 

pit 16 

s h a h  located to the west of Pits ?2 

of Pits 37 and 3s 

Rccorded 19% - 1995 fistonc 

Projected 1396 - 2 W  Futun: 

Pits 30, 31 and 36 b o u g h  39 and m 

Four luge pitc and in shafts to the \vest 

b 

Thc invcntory information (Shuman, 1996) for the Oldest and Futurc wastes art csupolatcd or 
projcctcd ~ 3 1 ~ ~ s .  For each nuclide in thcsc invcntop cl;lsscs, 3 totd inventory ;md WJStC \$olumc is 
given for ;111 of thc pits combined and also for the shdk In this CUC, the pit invcntor?I is disuibuted 
bc[\blccn dl ofthe pit nodes for thc w;ls~c c lus  (Oldest or Futurc), and solubiliry limtcd WaStCS 
then considcrcd 10 be solubility iimitcd in d of the pit!!. hvcntoq and WLqtc L*OlUmC ;vE known h 
grcatcr dctai] for the 71 to 88 and for the historic wsstcs. For each nuclidc in thcsc inwnto? 
classes, ;I total inventory and watt volume is given for each individual pit and for the shafts. Thc 
indjieidud pit inwntov is distrhutcd between the pit nodes for thc appmpnatc ~ ' ~ 1 c  disposd pit. 
~ ~ ' ~ s t c s  mav bc solubility lirnhcd in some pits or shaft ficlds and npid rcle;Lx in othcrs depending on 
the invcnt6F and waste volume in thc particular pit or sh;lft ficld. 
3.d VADOSE ZOSE FLOW RESULTS 
Thc basc CLKC flow model uses a 5 mmlyr pcrcol~ion rJtc for thc mesa top, which includes the 
undisturbed mcss top as well 3s the pit arcu.  Percolation for the ad.iaccnt canyons is fiscd at I 
m d y r  for Cat'lada dcl Buey and 50 mm/yr for Pajarit0 Canyon. These flow f t c s  (vc \wkd  in ordcr 
to quantify thc effects of unccminp in flow rdtc on dose Lsscssmcnt results, Figurc 3.2-1 shows 
thc saturation ficld looking down on the mesa for the base case flow field. The outline of the mcsa 
top is cvidcnt from the low saturation ( d u k  bluc) boundary conditions applicd dong thc mcs3 edge, 
A higher saturation (grccn) is also cvidcnt in Pajxito Canyon whcrc the irlfilmtion n tc  is thc 
highcst, This f iprc  shows how wcll the grid cspturcs thc topopphy of the site and also the 
application of the boundq  conditions. 
Saturation profiles si a function of dcpth at thrcc locarions ;vc dcvclopcd for the various infiltntion 
boundq  conditions shown in Table 3,1-1, Thc thrcc locations arc shown with X'E on Figurc a. 1-2 
and arc ncar the c+stcrn end of thc proposcd future pits, at the cutcrn cnd of rhc historic pits bcncuth 
Pit 29, and at thc casttm cnd of Area G just wcst of Pit I ,  Thc purpose of looking at slrturdtion as a 
function of dcpth nt thcsc locations is to detcrminc whcthcr modcling thc threc-dimensional gcomcrq 
of thc topography and of tlic gcntly dipping beds couplcd with the combination of canyon and mcu 
infiftntion mtcs can predict the in-situ satuntion mcsurcd in the Cem Tolcdo and Otowi ,Ilcmber, 
The rclativcly high saturations in thcsc units proved difficult to match with the two-dimensional 
simulations prcscntcd in Section 2,l. 
Figurc 32-2 shows saturation profilcs at t h e  different mcsa infilmtion rates but the s m c  cimnyon 
inlilu3tion rates (1-1-20, S-1-20 and 10-1-20) for the location ncar Pit 1. This figurc indicmcs 
rcsults similar to those shown in Figure 2.1-2. An incrcuc in thc mesa-top infiltrauon rate Icads 10 
incnased saturations throughout the dcpth of thc vadose zonc. An increase in mesa infiltntion from 
I M y r  to 10 mm/yr results in an qproxirnate incrcue in saturation on the order of 0,03 to 
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Figure 3.2-1. Stcady-state vadose zone saturation field (top view) for the b u c  case flow field 
(dark blue - samation is -0,03, light bluc - saturation is -0.2, green - saturation is 
-0.5). 
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0.1. Figure 3.2-3 shows saturntion profiles at the thrtc locations of intemt for the bast case flow 

SaturJtjon, for thc same flow field, which is about half the variation seen for the chmge in flow m e  
from 1 d y r  to 10 d y r  at thc location ncx Pit 1, These nsults show that in-situ saturation is not 
only controkd by the infrltnuon ntc but bat thc 1 0 d  topognphic and scntignphic configunuon 
arc also controlling factors, l h i s  suggc~t~ that calculated saturation profiles Y wious locations 
might kttcr bc comparcd to saturation measurements madc at like locadons (k, individual bonholc 
mcasurcments) chm to cnscmblc avcmgc saturation vducs. 

rate (5-1-50). The thrcc mtuntion profiles differ from onc another, on the order of 0.0, ' to 0,OS in 

. . . 1 . '  

c I , . . . ]  

0.1 0.2 0.3  0.4 
17506 

Snturrrtlon 

Figure 3.2-2, Saturation Profiles neu  Pit 1 Figure 3.2-3, Saturation Profiles for the 
base c u e  flow rate (5-1,SO) ;It thc 
thrcc locations of interest 

for thrcc mcsa=top inG!tration rates, 

WC dso examined Lhc cffeet ofcanyon flow rates on the saturation profiles at the thrcc locations. A 
&:qe in infiltntion from 1 mm/yr to 5 M y r  in Cdada dcl Bucy shows no effect on sub-mesa 
saturations evcn in the units that lie bencath the canyon floor. However, a variation in infilmtion in 
Pa.i;vjLo Canyon does :dfcct saturations slightly for the units from the Otoupi Member down to the 
water table at thc location ncar the fu turc  pits. For cxmplc. saturations wlcu1;lttd for the Otowi 
Membcr at this location increase by about 0.02 with an increwst in thc Pajarit0 Canyon infiltration 
a t e  from 20 d v r  to 100 mm/vr, This increase in alrnosl indistinguishable the othcr two 
locations. Therc & some gcologic'al difrcrcnccs at thc location near thc historic pio that may explain 
why thc satuntion at depth responds more strongly 10 the boundary condition on Pajarit0 Canyon 
than at the othcr two locations. Thc mesa narrows. the canyon floor is quite steep, and the canyon 
cuts the strata diffcrcntly at the western end of Area G. All of these factors may contribute to a morc 
lateral dishbution of canyon flows beneath the mcsa top. The location near the futurc pit is also h e  
closest :o Paj&to Canyon of thc three shes, and proximity to the cmyon may also be P factor, 
In general, the cdculations indicate that variations in mesa-top flow rate and in monitoring location 
morc strongly affect saturation profiles beneath the mesa thm do canyon flow rates. This agrees 
with a previous two-dimcnsiond modcling study (Birdsell et d.. 1995) for the sitc which considered 
the effects of canyon flow on sub-mesa smnt ion  profiles. Hcrwcver, the results of this c m n t  
study and the two-dimcnsiond study do not include a component of l a t d  flow at the pumicebasalt 
intcrf'acc. The inclusion of lateral diversion of flow within the pumice bed not only lads to 
incrctlscd saturntion in the Otowi Member, as discussed in Section 2.1. but also Icads to calcdmd 
sub-mesa sntuntion profiles that do depend on canyon flow rates. Recent stable isotope studies 
(;\Jcwman, 1996) indicate that canyon waters may flow h t d y  bcncath h e  mesa.. A bcncr 

34 



Appcndix 35 

undcrstmding of the mcchuism$ and hydrologic proFrtics that control Row in thc dccp vadosc 
zone will help to chrify issues rcla~cd to thc intcrxtion of thc canyon and mesa flow ficlds, 
3.3 VADOSE ZONE TRASSPORT RESULTS 
Vadose-zonc transpon calculations wcrc mn for C-14, 1-13 ,  Np-237, Tc-99 and U-238 using the 
b:isc casc, stcady !low llcld (5  d y r  for thc nicsa top, 1 mm/yr in C a W 3  del Bucy, :ind 50 m d y r  
in P;ij;lrito Canyon), Tlicsc nuclides wcrc chosen bcc;iusc of thcir low distribution cocfficicnts, 
ranging from zcro to 2.43 in rnmT of thc v;idosc zonc, as shown in Tables 3.1-2 through 3.1-4. 
Downward flux IO thc water table and lotcrd flux to thc mcs3 sides wcrc cxrunincd. Intcrcstingly, 
only C-14,1-129 and Tc-99, thc nonsorbing nuclidcs (Kd=O), show my breakthrough to cithcr thc 
u'atcr nblc or to the mesa sidc over thc 1OCOO-yc;rr timc franc considcrcd. This result cnablcs us to 
climinatc the remaining nuclides (except for Co-60 and H-3) from'considention in thc dose 
assessment bccausc thcir distribution cocfficicnts u c  largcr than thosc of either Np-237 or U-238, 
which did not brcA through to cithcr thc water tablc or to thc mcsa sidcs. This scrccning technique 
includcs thc considcntion of all daughter products in thc radionuclide dccay chains, Calculations of 
$p-237 llnc! U-238 trmspon using thc maximum flow ficld ( I O  mmlyr for thc mesa top, 5 m d y r  in 
Cailadrr dcl Bucy, and 100 mm/yr in Pnj:trito Canyon) also showed no brcnkthrough, thus showing 
that thc scrccning technique applics 31 thc Iiighcr llow ratcs considcrcd in this study. Co-60 and H-3 
m climinntcd from thc analysis hccausc of thcir shon hdf-livcs of 5.26 ycars rrnd 12.3 y e a  
rcspcctivcly. 
Figures 3.3-1 show thc si~nulatcd 1-123 plumcs for ihc four sourcc rcgions (dcscribcd in Table 3.1- 
5 )  after loo0 y c w .  Thc infilvatioa ntc  ;It c x h  sourcc region is the s m c ,  5 mm/yr. Thcrcforc, thc 
differcncc in plumc conccntrauon (notc diffcrcnt scales on the color b u s )  and migntion dcpth is 
attributed only to gcologic wiations and diffcrcnt radionuclide flux rates out of h e  pits md shafts. 
Thc distribution of radionuclide inscntory in cach disposal unit varies substantidly lending to 
significantly diffcrcnt flux r : m  of rxlionuclidcs into thc subsurface. For cxamplc, the historic 
shafts located ncu  the southcrn cdgc of rhc mcsa (Icft sidc of thc figurc) conccnuatc nc;uly 80% of 
the 1-129 historic inventory into ;~vcl.y small sourcc location. This lcads to 3 high I-I29 flux out of 
thc shafts producing thc I;qc plumc volumc shown jn fhc southcrn cxtcnt of thc figurc, The plumcs 
usociatcd with thc historic pits ( u m c  figurc) do not pcncvxc as dccp due to lcss conccnmtcd 
invcntorics. For thc simulation of thc fulurc WNC, thc plume docs not migrate pruzicululy deep, 
pmly duc to thc uniformly distrihtcd. projccicd future tnvcntov. For the rhcc c;~'ics in whicli the 
simul:ircd plumc rcachcs the horimnul planc, locatcd ncu thc bottom of thc b;LFdt, i t  is clcar whcre 
rhc vcnjcd. fracture dominatcd flow stming at Lhc top of thc b w l t  govcms plumc migration, O n e  
thc plumes rcxh thc basalt, they migrarc quickly through thc b 4 t  duc to the hydrologic propcrtics 
discussed in Scction 2.1. I n  thc future sccnario, thc plumc has not rcxhcd rhc b u d t  p d y  duc to 
thc distributcd sourcc and p d y  doc  to thc thickcr tu f f  unit! Imatcd bcwecn thc land surface md thc 
top of the basal:. 
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(a) Oldest (b) 71 to SS 

(c) Historic (d) Future 

Figurc 3.3-1. 1-125, Plumes (conccntratian. molcdlitcr) in thc wdosc zonc at 1000 y c m  for 
thc four diffcrcnt sourcc rcgions, basc case flow iicld. 

3.3.1 Downward Tr:insport tow:wd the Water T;iblt. 

3.3.1.1 Rase Case Flow Field 
Figures 3.3-2 through 3 3 4  show thc total timc-dcpcndcnt flus of C-14.1-129 and Tc-99 from the 
vadosc zonc to thc snturutcd zone for the four sourcc chssiiications using the b m c  caw, stcndy 
flow ficld (5-1-50). Thc rclcasc of dl thrcc nuclidcs is controllcd by thc cxponcntid rJpid rclcasc 
modcl described i n  scction 3.1,s. This produces flux vs, timc cumcs which peak in less than 
10,OOO ycats. A solubility limitcd rcleasc would produce f lat flux cuwcs with no peak that cstcnd 
for the duration of the invcntory lifctimc. The trunsicnt flux information is supplied LS input IO the 
saturated zonc modcl, but is brokcn into 25 spatial footprints as shown in Figure 3.14. so that the 
spatid distribution produced by the various sourcc rcgions is mllintaincd. 
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Figurc 3.3-2, Toul Flux of C-14 from thc vadose zone to the saturated zone from 
the four sourcc rcgionh, bast case flow ficld (5-1-50). 
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Fiprc  3.3-3, Total Flus of 1-129 from the wdosc zonc to thc snturatcd zone from 
the four sourcc rcgions, b w  casc flow ficld (5-1-50). 
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Figure 3.34. Total R u x  of Tc.99 from the vsdosc zone to the satumtcd zone from 
thc four source rcgions, b w  CLSC flow ficld (5-1-50). 

For each nuclidc ,urd each w s t c  category, the flux is increasing at IO00 yetus causing the 1OOO-year 
pcak dose to occur nt IO00 ycm. During the l,OOO=ycu to 10,OOO-vcar unceruinp timc frame, the 
pc&s in the curvcs occur at v ~ o u s  timcs rnakhg the prediction of h e  of mximum dose over this 
timc period less straightforward. For c x h  of the thrcc nuclides. thc future inventory yrjvcs latex at 
the base of the vadose zone bccause of thc inceased vadose-zone thicbcss at thc wcstcrn cnd of 
Area G. 
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, I  3.3.1.2 Other Flow Ficlds 
In  order (0 ussess h c  unccn;liny in flow mtc at thc sitc on Lhc Utlnspon results, WC cxmincd the 
transport of 1-129 for thc hisiorical source for diffcrcnt flow mtcs and compucd thc flux from rhc 
\*;ldosc xonc, Figure 3.3-5 shows thc iota1 flux of 1-129 for five diffcrcnl flow rates as dcscnbed in 
Table 3 3 1 :  1,1-20. 5-1-20, 5-1-50, 10-1-20 and 10,5,100. By compxing the 1_1-20 case, 
[he s-1-20 case, and thc 10-1,7,0 c w ,  wc scc that an incrckscd pcrcolation rdtc through the mesa 
rcsulrs in fastcr transport through the vadosc zonc and incrcwd flux to thc saturated zone. Thjs 
flux dcpcndcncy is campoundcd by the sourcc rclcasc rate which is highly flux dcpcndcnt, as shown 
in Figure 3,l-1. Thc flux at 1000 y c u s  for thc lowest flow c ~ s c  (1-1-20) is some five to scven 
oj-dcrs of rnqni tude lcss than the othcr casts considcred. This cuc is invcstiptcd funhcr 10 cstimatc 
3 lowvcr bound dosc as part of thc unccnainty analysis, By comparing the 5-1-20 CBSC to thc 5-1-50 
cut, we SCC th:it additional water in  P3j;Uito Canyon results in fwrr transport through thc sadosc 
zonc and incrcascd flux to thc saturated zonc. Thc lO-S,lOO c u c  rcprcscnts thc flow field u5th thc 
niog \ w c r  addcd to thc systcm, This cuc yields the futcst trinspon through thc vadose zone, thc 
highcsr f lux  ::itc to the s;rturatcd zonc mnd conscqucntly will yicld the highcst dosc over thc first 
1000 ?car!,, For this rcason, w'c study this c u e  funhcr in the unccninty andysis to cstinutc an 
uppcr bound dosc 3s part of thc unccnainty analysis. 
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Figurc 3.3-5. Total flux of thc historical 1-129 invcntoiy from the v;idosc zone to 
rhc saturatcd zonc for twious flow cases. 
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Figures 3.3-6 show the total time-dependent flux of C-13,1-129 and To99 from the vadose zone to 
thc saturated zone for the four sourcc regions for the highest-flow CUC (l0,5,100). If these resulr~ 
; L T ~  compucd to those shown in Figures 55-2  through 2,% for Lht b;lsc c;tSc flow rate. we see that 
thc hjgh-flow casc vidds cun’cs that peak carlicr and have higher C o n h n m t  fluxes to the wdosr 
zonc. For the base&se calculations, the time of first &val was cstimstcd to be at about 600 y c m .  
For the high-flow case, this tinit ha., dccnscd  to about 300 y c m .  

- . t l  IO 88 

0 2000  4000 hUO0 HUOO LUOOO IV o :ooo 4000 cuoo n w o  iuaoo 

( c )  
Figure 3.3-6. Total flux of (a) C-14, (b) 1-129. and (c) Tc-99 from the vadose zone 
to the saturated zonc for the highest flow caw (lO-S,lOO) from thc four source 
regions, 

Figures 5.3-7 show the total timc=dependcnt flux of C-14,1-129 and Tc-99 from the vadose zone to 
the saiuntcd zonc for the four source regions for the lowest-flow c u e  (1-1-20). If thcsc results arc 
compared to thc basc case results (Figs, 3.3-2 to 3 - 3 4 ) ,  we sce that the peak flux values for the 
low-flow CLSC occur later than 10,OOO years. For the base case cnlculations, the time of first arrival 
was estimated to be at about 600 ycars. For the Iow-flow case, this time has inereacd to about. 
2OOO years, which is Inter than  the 1000-ycar complianec pxiod. 

40 



Appendix 3g 

c 

I ! 

. -  
o :ooo 4000 hnoo 8000 ~ ( i o o o  

. I  

. I  
c -. 
- 1  

.C 

. .  
*. 

1 

zouo dUO0 LOOO nnnu iuooo 

(c)  
Figure 3.3-7. Totd flux of (a) (2-14, (b) 1-129, and (c) Tc-99 from thc vadosc zonc 
to the saturatcd zonc for thc lowcsi flow c u c  (1-1-20) from thc four sourcc rcgjons. 

3.3.2 Latcrul Transport toward the Mesa Sides 
3.3.2.1 Base Case Flow Field 
Figurcs 3.3-8 through 3.3-10 show the s imul~tcd rcsults of lateral flux toward thc nonh (Caiada dcl 
B u q )  and south (Pajarito Canyon) mesa sidcs for C-14, 1-129 ;urd Tc-99, These calculated f lux 
wlucs YC cxpccrcd 10 bc cxtrcmcly conscndvc (high) compucd to thc true flux that cccurs ;It the 
sitc for two rcasons, First. the simulated Icltcrd umpon of the nuclides occurs ttccausc of thc 
cwporcltivc b o u n d q  condition imposed dons the mcw sidcs. The very low. fixed saturation along 
the mesa sides causes I! strong lateral prcssirrc gradicnt which pulls watcr and subscqucntly the 
nuclides from thc mcsn jiitcrior toward thc cdgcs. Our hypothesis of cvapontive proccsscs nt Are;l 
G is that evaporation occurs ubiquitously within thc frncturcs in thc mcsa-top u n i a  and also dong 
surgc beds as discusscd in Scction 2 4 .  This hypotfrcsis is supponcd by the extremely dry mcsa-top 
tuff units (Kricr, ct d, 1996), by recent chforidc and 6IMO profile analyscs (Ncwman, 1996) md by 
high suction measured along thc surge beds (Rogers ct al, 1995,-also see Figure 2.4-5 this report), 
If drying occurs throughout rhc mcsa (a$ wc hypothcsizc) instcad of only at the mesa cxtcrior, thc 
resulting Iaicnl prcssurc gradient is much wcakcr lcading to less contaminant tmisport toward thc 
mesa sidcs. 
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Figurc 3.3-10. Total Latcral Flux of Tc-99 toward thc Mesa Sides dong (a) C&da 
dcl Bucy and (b) Pajarito Canyon from thc four sourcc rcgions, bxqc CMC flow field 
(5-1-50). 

The ncxt stcp in this analysis is to considcr thc migalion of this lalcrdly trmsponcd waste 10 the 
water table from thc two canyon floors adjacent to thc site. For the simulations, wc conscrvativcly 
assume that thc radionuclidc flux out of the mesa sides is immediatcly avdablt for transport from 
thc canyon floors. This is pcrformcd for some gcncric casts and later scaled to cshnatc results for 
the specific cases, As seen in Figurcs 3.3-8 through 3.3-10, P flux of lomi3 molcds is 3 typical pc& 
latcrd flux valuc. This \~duc  is chosen to rcprcscnt the gcncric source term. These figures also 
indicate a peak flux occurring for a pcriod of about 500 yeus. Thcrcfore, a gcncric rapid rclcse 
source is modclcd a constant flux of 10.17 m o l d s  for P pcriod of 500 y e w ,  Thc sourcc relc;lsc 
bcgins jmrncdiatcly so that no lag timc for the nuclidcs to reach thc mcsa sides and then deposit in 
thc canyon floors is included in thc analysis. 
Scparatc ca1cul:itions arc run for the two canyons, Pajarito Canyon (south) with B pcrcolation rate of 
50 m d y r  and Caiiada dcl Bucy (nonh) with ;I percolation rate of 1 mmlyr, ??lc flux is applied over 
a r c u  in the two canyons that rcprcscnt thc areas irdjaccnt to the historic pits (Rccordcd 1958-1995 
uutcs) .  Fip rc  3.3-1 I shows thc resulting flux vs, timc cuwcs at the base of the vadose zone for 
this sct of calculations. T h e  contarninant that is placcd in Pajarit0 Canyon (south) rcxhcs thc water 
rrrblc more quickly thm that placcd in Caiada dcl Bucy (nonli) bccausc of the higher pcrcolation rate 
in Pajllrito Canyon. The pcslk flux occurs after 750 years. Thc simulatcd nucfidc flux from the 
vadose zonc for Wastc plnccd in Pajarito Canyon is uscd as input to thc saturated zone model so lhnt 
thc maximum possiblc dosc for this mechanism can be prcdicted. These rcsults m prcscntcd in 
Sections 4.32 and 4.3.3. Thc saturatcd zonc rcsults for the generic rapid rclcuc CJSC (flux ntc of 
1 .x 1 O*I> molcsk into Pajarito Canyon) arc sclllcd by the approximate pcak flux values for cach of 
thc hrcc nuclidcs and cach of the four waste cntcgoncs from Figurcs 3.3-8 through 33-10, These 
scnlc hctors, shown in Table 3.3-1, are uscd i n  the formal dosc assessment (Shuman, 1997). 
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Figurc 3.3-1 1. Generic Total Flux from the canyon floors through thc Vadose Zone 
IO the Saturated Zone for an Eweme CLSC of L a d  Transpon Pajarit0 Canyon 
(south) flow rate is 50 d y r .  C a a d a  dcl Buey (north) flow rate is 1 d y r ,  

, .  

Scale factors to correct generic concentration 
rcokthrough curve for cuch nuclide und waste category using 
he base case flow field (5-1-50). 

I I c-14 I 1-129 I Tc-99 I 
I I I 

' Oldest n 0.000 1 I 0.2 1 0.4 I 
0,s 71 to 83 1 .o O S  

His toric 0.04 0.02 0.1 
Futurc 0.09 0.005 3.5 

I 

3.3.2.2 Other Flow Ficlds 
For the high flow case (10,5,100), thc simulated latcnl transport toward the mesa side is quite 
similar to thc base c u e  predictions shown in Figures 3.54 through 3.3-10. Slightly higher pe& 
fluxes (1 to 4 times higher) of shoncr duration arc cdculated. At this higher flow mtc, thc mesa-top 
saturation is highcr. This produces I! larger saturation p d i c n t  bctwccn thc mesa-top units and the 
side cvapontivc (fixed low saturation) boundxy, causing ;I stronger capiIluy pull of contaminated 
wtc r  toward the mesa sidcs than for the base case, There is, howcw.  a competing advcctive force. 
The higher flow n t c  c h c s  thc c o n h n a t c d  water downward twice as fast as in the base cat, thus 
moving it beyond the strong capilluy forces exerted along the mesa edges. Thcsc factors help to 
explain the higher peal; fluxcs of shoncr duration. The gcncnc flux curve from Paj;Vito Canyon to 
thc water table for this case is shown in Figun 3.3-12. The high- and low-flow flux ntes shown in 
Figurc 3.3-12 arc cdculated similarly to that for the base case (I! constant source of IO.13 molcs/s for 
a pcriod of SO0 y c m  with no lag time) except for thc background flow field. Thcrc is faster 
brcakthrough to the watcr uble because of the hghct canyon flow rate of 100 W y r .  The peak flux 
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occurs after 580 ycus,  Scalc factors arc shown in Tablc 3.3-2 for h i s  highcr flow casc. T h s e  arc 
used in thc formd dosc asscssmcnt to scalc rcsults for the generic cxic of flow through Pajkto 
Canyon to cstimatc a worst CSC relcasc, 

Figurc 3,3-12, Grncric Totaf Flux from thc Floor of PajrUito Canyon through thc 
Vadose Zonc io thc Saturated Zonc for UI Exvcmc Casc of h t c r d  Transpon, 
Pajarito Caryon flow r a t a  uc 100 r n d y r ,  50 mmiyr and 20 mmlyr, 

Table 3.3-2. 
bre:ikthrough curvc Tor each nuclide and w 3 s t ~  category using 
thc highest flow rate (30-5,100). 

Scale factors to correct generic conccntration 

I 

Oldest 0.000 1 0.3 0.5 
71 to 88 ' 2.0 0.6 0,9 

I 

€1 is t o r i c 0.96 0.03 0.1 

Future I 0.2 0,007 6.0 

For thc low flow case (1-1-20), thc simulated laicrd tnnspon rowud thc mcsa sidc is also similar 
to thc basc casc prcdictions shown in Figures 3 . W  through 3,;-10. Slightly lower peak fluxes (2 
to 4 timcs lowcr) wirh dchycc! ;urival times and of longcr durations arc calculated , At this lowcr 
flow raic, thc cffccts of the c a p i l l q  m d  advcctive forccs rn the opposite of those cxplaincd in the 
previous paragraph for thc high flow cmc, Cornprvcd to the base case. the capillary pull toward thc 
mcsa cdge is w c d w  bccausc the internal mesa-top saturation is lowcr. Thc downward ;~dvcctivc 
transpon is five timcs slowcr than for thc basc case. The wcikcr capillary force hclps to explain thc 
dclaycd arrival time and h c  lowcr pcak values. With thc lower flow rate, the contamhatcd water 
remains within thc strong capillary gndjcnt for a~longcr time which causcs the longer duration of the 
flux curve, The generic flux curve from Pajllrito Canyon to the water hblc (Figurc 3.3-12) shows 
slower breakthrough to the water ublc bccausc of the lower canyon flow nte of' 20 m d y r ,  The 
pcak flux occurs af'tcr 1290 years, S c d c  hctors arc shown in Table 3,3-3 for this lower flow case, 
Thcsc x c  used in thc formal dosc assessment to scale results for the generic c w  of flow through 
Pajarito Canyon to cstimatc ;I lowcr bound rclcuc, 
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Table 3.3-3. 
brcakthrough curve for each nuclide and wnstc category using 
the lowest flow rate (1-1-20). 

Scalc factors to correct generic concentrution 

(2-14 1-129 Tc-99 
Oldest 6 x 10.5 0.04 0.09 

71 to 88 0.5 0.2 0.4 
Historic 0.0 1 0,005 0.05 
Future 0,03 0,002 3 ,o 

i 
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As in  thc base casc, thcsc calculatcd nux values are expected to bc cxtrcrncly conscmative (high) 
compared to the true lateral flux that occurs at the site for the two re%ons discussed in Section 
3.3.2. I I 
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3. TKREE-DIMENSIOXAL SATURATED ZONE MODEL 
1.1 SATGRATED ZOSE MODEL DEFINITION 
The grounddwatcr that prcolatcs through Area G is assumcd 10 flow predominantly downward 
through v;ldosc zone and then to cntcr thc main aquifer which undcrlics thC Pajruito PlatCU Ilt 
L~~ dnmos  Srtjona] L;ibora[oF, This vadosc-zone groundwatcr may lx a source of radionuclide 
conthnat ion to thc main aquifcr which in turn  may flow to the Rio Gnmdc, The ptcnt id  lcvcls of 
contruninrction in rhc main aquifcr must bc prcdictcd in ordcr to pcrfonn thc PA m d  CA dosc 
atrsessmcnts for thc hitc, Thcsc prcdicljons of potcntid contuninant lcvcls ue made by modcling the 
g:oundwa[cr flow0 and radionuclide transport with thc finite clcmcnt code E H M  (z)'VOiOSki C t  a!., 
1395). Thc calculations span a lO,OOO-~car time pcriod in ordcr to prcdict doscs in the aquifcr for 
the rcquircd 1,OOO-ycar compliance pcriod and the 10,000-yes unccninty pcriod. 
\?.liIc undcrstmding of thc geology and grou~dwatcr systcm under the Pajuito PlatcflU it; still 
bcing dcvclopcd, onc hypothcsis (Punymun, 1995) is that thc groundwater in the main aquifer 
bcncath &ca G flows in ;I southc~mrly dircction until i t  flows into thc Rio Grandc. Thc numerical 
nlvdcl of thc satur;itcd flow bcncath Arc3 G usumcs  that groundwtcr flow is southeutcrly and that 
the tlydrologic propcnics of thc aquifcr arc homogcncous and isotropic. Thc groundwater is 
assumed to disch;qc from thc aquifer to thc E o  Gnmdc. Thc radionuclides potcntidly cntcring the 
m i n  aquifer arc assumcd to have travclcd downward through thc vadose zone from h G. The 
f lux of r:ldionuclidcs from thc vadosc zonc is prcdictcd (Scction 3,3,1) and applied 2s an uppcr 
b o u n d q  condition to thc saturated zonc modcl, Although thc flow systcm is simple, wc hwc 
choscn to usc ;I three-dimcnsiond modcl in ordcr to maintain thc spatid distribution of the four 
disposal ucit classifications (Scciion 3.1.6h 
4.1.1 Geology and Hydrogeology 
This brici dtscription of thc gcology of thc Pajuito Platau is hcavily dcpcndcnt on Punylnun 
( 1995) Punymun ( 1984) s:atcs that thc Rio Grmdc dcprcssion contains over 4570 m (15.0OO f t )  of 
vulcanics and scdimcnts th;u ovcrlic thc Precambrian crystalline rock. Thc upper pm of thc Pijarito 
P1;itc;iu consists of thc Tshircgc Mcmbcr, thc Otowi Mcmbcr, the Guajc M c m k r ,  thc Fnnglomcratc 
rncmbcr of ~ h c  Puyc Conglomcratc, thc Totavi Lcnt i l ,  thc Chaquchui Form;ition. Ihc Chmjt;l 
Formation, and thc Tcsuquc Formations intcrbcddcd with basaltic rocks of thc Chino Mesa and 
othcr budts ,  The Tschicoma Formation is found to the west of thc Pajarit0 Plateau. 
Groundw:itcr undcr thc Prjxito Plateau can bc found in thc shallow alluvium near thc surfacc, in 
pcrchcd watcr found abovc thc main aquifcr, and in the main aquifcr, Thc main aquifer cxists within 
thc Puyc Conglomcratc (ccrmposcd of thc F;inglomcntc rncmbcr and thc Tomvi Lentil) and thc Smta 
Fc Group icomposcd of the Chaquchui Formation, thc Chmita Formation, md thc Tcsuquc 
Formation). I t  may be unconfincd toward thc west. but in  thc cast, it appears to bc confined and 
undcr artcsim 2nd scmimcsian conditions along thc Rio Grandc (Punymun, 198S), 
The main aquifer is thought to cxist to grc;it dcpth undcr the Pajarito Plateau but contains usablc 
mtc r  (TDS Icss than 1000 rn@> to ;1 dcpth of 1830-2 130 m (6000-7000 ft). Salinity of thc aquifer 
incrcascs with dcpth (Punymun, 1984), Thcrc is no cvidcncc of perchcd groundwater undcr Arca G 
or bctwccn Arca G and thc Rio Grandc (Dcvaurs, 1985; Dcvaurs and Punymun. 198S), 
\{'ask that entcrs the saturated zonc bcncath Area G will cntcr thc fmglomcratc mcmk: of the Puyc 
Conglomerate, I t  is cxpcctcd that thc waste will not cntcr mv of the dccpcr units and will remain 
contnincd within the fanglomerate mernbcr. This unit c o n h  of volcanic debris with pumice 
cobbles to boulders in a matrix of silts, clays, and sands, Clay, silt and pumice lenses ;ue common, 
Thc f;lnglomcratc is widesprcad bcncath the Pajuito P ln tcu ,  The bualts of the Chino Meso consist 
of 3 thick sequcncc of b;Ls;lltic to andesitic rock and intcrfjow brccc~as. They ;UT: intcrbcddcd with 
the Chaquchui Fornution and thc Frrnglomcratc mcmber. - 
WC~IS l ~ a t c d  dircctly to thc nonhwcst of Area G arc PM-2, PM-4, ;md PM-5 within the P;lj;uito 
well ficld. There is no ir.formlition from wclls or outcroppings in the m;t of intcrcst htwcen wells 
PM-2, P M 3 .  and PM-5 and near thc RIO Grandc whcrc ourcropping and watcr lcvcls found in the 
rivcr and ncarby springs give furthcr information. 
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Ln thc P ; l j ~ i t ~  well field, thc avenge satunted thickness of the main aquifer pcnctmtcd by the wclls 
is 552 m (1810 ft). Thc avcrqc specific capacity of the field is about 6.46~10*3 m%cc (51.2 
I;pm/ft) of drawdown, transmissivip is 1.35~10: m%ec (93.SOO Spdlft) and the ficld coefficicnt of 
permeability is 2.52xl0"5 d s c c  (53.4 gpdft:) (Puqmun,  1995). P u q r n u n  hLs cdculatcd the m c  
of movement of water in thc top of the m&n aquifer near h a  G as 9.2~10" dstc (95 ft./yr> based 
on hydrologic chmctcristics of the supply and test w l l s  in the Pajarito well field. 
Purtymun (1995) states that. bucd on pumping tcstc over the screened length of the PM-2 well. h e  
hydraulic conductivity is 1.3~10~5 d s c c  (28 gpd/ftz). Ovcr the scrccncd length of thc PM-J wcll the 
hychul ic  conductivity is 1.1x10*5 d s c c  (24 gpdftz). Over the screened length of thc PXI-5 well 
thc hydraulic conductivity is 2,5x10.6.mlscc (5.3 gpdft:). 
Springs cxist at the Rio Grandc in the Tol;lvi Lcntil, the Chaquehui, and the Tcsuque. Spring 4A 
outcrops in the Totwi Lcntil a: an clcvation of 169s m (5570 ft). Spring 4 outcrops in the Totavi 
Lentil at u elevation of 169s m (5570 ft). Spring 3A.A outcrops in the ToU\#i Lentil at 1664 m (5460 
ft). Spring 5 outcrops in the Totavi Lentil at 16% m(5570 ft). Spring 3B outcrops in the Tcsuque 
at 161 1 rn (5450 ft), Spring 5A outcrops in the Chaquchui at 1W m (5595 ft). (Punymun, 1995, 
p 2 8 7 ) .  
R O ~ C ~  et 4, (1996) estimate that canyon infiltration mtcs for the PajGto Plateau at 0.01-0.20 c d y r  
bcncath dry cmyons and 0.01-0.10 c d y r  beneath wct canyons, A rough water balance cstimate 
shows that the volume of vadose-zone watcr entering the aquifer near Arc3 G is ncgligiblc ccrmpmd 
to thc aquifer volume. Thus, watcr flux from the vadose zonc to the aquifer is not included in the 
model. 
4.12 Grid 
It is apparent from the prcccding discussion of the gcofogy and geohydmlog)' of thc P;Lj~to  Plateau 
that 1) due 10 interbedded bu3JtS and dc lhc  and strcmbcd deposition of sediments thcrc is a p t  
dcal of variation of thc lithology of the area, and 2) in the m a  bcrwecn A I  G and thc EO Grandc 
thcrc are no outcrops or wells to givc infomation about thc dctailcd g c o l o ~ ,  Thcrcforc. v c q  l inle 
geometric detail of the formations is known about this ma .  For the saturated model of flow beneath 
, h a  G. a complicated model is not justified by the current knowlcdgc of the g c ~ l o g > ~  and 
gcohvdrology. Nowcvcr. 3 threc-dimensional model is wmcntcd to capture the spatid disulbution 
of radionuclide flux from the ~adosc zone and to approximate dispersive effccti, 
A rcctangulru-shaped grid is used to model the saturated zone; 9773 m (32063 ft) long cstending 
from just west of A m  G to the Rio Grandc, 1280 m (4199 ft) wide, m d  100 m (52s ft) deep 
(Figurc 4.1-1). Thcsc dimensions in choscn to capture any potential contamination leaving k o  G 
and moving toward the Rio Grandc. The grid is made up of 19,580 nodes and 102,960 tcurhedrd 
clcmcnts. Only the upper 100 m of thc main aquifer is modeled which mainly encornpasacs thc 
bottom of the fuglomcratc member. Thc v c ~ c a l  elcmcnt ulidth dccrc;lses with clcvation to kttcr 
modcl contaminant plumes entering thc top of the saturated zone from the vadose zone, Under , h a  
G, thc grid is rcfincd in order to model the solute transpon of any radionuclides entering the nuin 
aquifcr from the unsaturmd zonc. These elcmcnts arc 20 rn in the groundwater flow dimtion and 
m perpendicular to it. This elcmcnt size was choscn to limit numerical dispcrsion in the solute 

tnnspon calcul3tions in thc m a  bcncath A m  G. Wc expect an accurate flow solution throughout 
thc grid with an accuntc tnnspon: solution in the m a  of i.*ltcrcst but somc numerical dispersion in 
thc less refined rcgion which extends toward h e  Rio Grandc. The model is oriented at -230 from 
the x-axis (Figurc 41-2) in order to be approximately perpendicular to thc groundwater 
tquipotentids as shown in Pupmun  (1995). 

. .  



Appendix 36 

Figure 41 -1 ,  Thrcc-dimensional finite clcmcnt grid uscd for the saturaicd zone tlow and 
transport calculations. 

3.1.3 Boundary Conditions 
Groundwater flow in the main aquifer is thought to be confincd near thc Rio Grandc and unconfined 
funhcr west, As an approximation, the main aquifer is modelcd 11s cntirdy confined, This has a 
small effect on thc total volume of flow through each cross section of thc model but the groundwater 
vclocitics. which control the movcmcnt of the contaminant plume, arc unchanged. The boundary 
conditions of the model arc no flow on top and bottom, no flow along the north an< south sides, and 
frxcd prcssurc along the cast and west sides of the model. The prcssurcs at thc e s t  and west sidcs 
of thc model incrcxc with depth to represent constant head conditions and can be rclatcd to the 
equipotcnhls of thc groundwater system by (Stnck. 1989): 
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Q = p/pg + clcvation 

where Q is the equipotential, p is thc water PKSSUK, p is the wxcr densit)', and g is the p;lviuuonal 
constant, The change in equipotential from c a t  to west is sct at 101 m which C O I T C S ~ O R ~ S  10 
Purrymun's (199s) cquipotcnrids. Time and position varimt contaminant flux from the unsatwcltcd 
zonc is added to thc upper boundq  as a boundu)' condition for thc m s p n  solution. 

KO Flow Boundaq 

Figure 41-2. Snturatcd zone mode1 configuration 

3.1.3 Hydrologic and Transport Properties 
Punynun (19$4) cstimatcs that ttic hydnul ic  conductiviv of the Puyc Conglorncntc is equal to 
3.6~10'3 d s c c .  This results in m intrinsic pcnncsbilify equal to 4.72 x lo']= m:, The matcnd is 
assumed to bc isotropic and homogoncous for thc.modeling with a pornsip of 0.25, tis dcscribcd in 
Scction 3.1.4. 
The diffusion coefficient for thc satuntcd zone is assumed. to bc 10-9 m% which is the S;UIIC ~ d u r  
used in the vadose zone a! full satuntion. Field studics have shown that thc disperslvity incrcscs 
with scalc (Ncuman, 1990: Gclhar ct a1, 1992). A dispcrsivity v d u t  of 20 m in thc direction of now 
and 2 m transvcrsc to the flow uscd for the simulations, Thcse values ;vc csumatcd using an 
cmpiricd fit io field d m  developed by Ncuman (1990) based on a length scale of interest of 
;~ppro.uim;ltclv 100.m which is thc distance from thc Arta G boundw to thc compliance point. Even 
Lugcr dispcdviy values arc justifiable and thc effect is discusscd further in the uncebnty analysis 
prescntcd in Section 5.0. Thc dispcrsivity limits the grid spacing to approximately 20 m (see Section 
41.2). Table 3,14 givcs thc distribution coefficients that apply in thc saturated zone, 
4.2 SATURATED ZONE FLOIV RESULTS 
A saturatcd-zone flow field is run to steady statc using the boundary conditions dcscrkd  in Scction 
4.1.3. This results in a Darcy velocity of 52 ft/yr and a l i n c v  pressure profile dong the dircction of 
flow. The vclociry is in thc range of those cdculatcd by P u q m u n  (1995). 
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4.3 SAl'UJtM"{D ZONE TRANSPOW RESULTS 
43.1 Downw;rrd Transport toward the Wuter Table 
As discussed in Scction 3.3,1, thc radionuclide w.mc icrm !'or the s;ilurarcd zonc niodcl is thc 
simul;ltcd, tinlc :ind posirion variant rlrdionuclidc flux which cxhs lhc ~ ; I S C  of lhc V : I ~ S C  zone 
model. Nodcs corrcsponding to thc 28 spatial foolprints shown in  Figure 3.14 u c  dctined for thc 
sarurarcd zonc iiiodcl~ This rctains thc sp;iri:tl diarribution of thc four tlispos;tl uni t  c1;issific:itions 
dcscribcd in Table 3.1-5. Figurc 3,3-1 shows thc simuhrcd aquifcr plun.rcs for the historic 1 - 1 3  
invcnlory usuming thc b;w case llow ficld in thc v;idosc zonc at 1000 ycus and 10,OOO ycm, 

Thc side vicw at IO00 y c m  shows that thc plumc disprscs rhroughout thc 100-m dcpth of the 
model soon a f w  cntcring thc saturrtlcd zonc, Concentralion profiles at the 100 m compliance 
point show a nearly uniform contaminan1 distribution wi th  thc highcst conccntration at thc wster 
table. This trcnd applics for thc othcr 1-129 sourcc classifications and for thc C-13 and To99 
simul;ltions. Thc top vicws show that thc inventory from thc historic shafts dominates thc aquifcr 
conccntrJtiun at 
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1000 ycars, whilc thc aquifer concentration is controlled by the various other pit inventories at 

Figurc 3.3-2 shows concentration profilcs at two locations in thc saturated zone s p i n  for thc hisioric 
1-129 inventory. Thc locations rcprcscnt the point of maximum dose for the PA w s t c  and the 100 
rn downstrcm complimcc point. This point is 100 m downstrcm from the A m  G fcncc linc, but 
;~pproxima~cly SO0 m from thc location of thc historic inventory. This information was subniittcd to 
bc uscd in thc formal dose uscssmcnt (Shuman, 1997; llollis ct al., 1997). Tbc two curvcs havc 
the smc shapc with dilution and mixing decrcsing the concentdon by a factor of about 3 at the 
100 m dismce, Thc CUNCS rcflect thc vadosc-zone contiuninllnt flux c u m  a shown in Figurc 3.3- 
3. Similar rcsula apply for the other nuclides and source terms. The dilution factor at thc I00 m 
location incrcascs u distllncc increzics (i.c. thc future inventory is more diluted at the 100 m 
compliancc point  than is thc oldest invcntoy.) Aquifer dilution of vadose zone conccnwtions is 
approximately a factor of 500 bctwccn the maximum vadose zone conccnmtion rrnd thc 
conccnmtion at the 100 m compliance point. 
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Conccntmtions in thc Saturated Zonc for thc 1-129 Historic Inventory 
of Maximum Conccnttlltion and at thc 100-rn Compliancc Point with the 

b s c  casc flow ficld in thc vadosc tonc. 

4.3.2 Lotcral Transport toward the Mesa Side 
As shown in Figurc 3.3-1 1, wastc that is wmsportcd latcrdly through the vxlose zone toward the 
nicsa side and thcn dcspositcd into Pajuito Canyon rcachcs the watcr table mom quickly and at ;1 
highcr flux over thc first 1000 y c m  than wastc that is mnsponed latwdy and deposited into 
Cafiadn dcl Buey, For this reason, this saturdted zone study focuses on the waste that mignta 
toward Pajarit0 Canyon to calculatc possible contamination from Itltcrd transpor~ at thc ivatcr nblc. 
Three conccnmtion breakthrough CUNCS arc shown in Figurc 4.3-3. Thcsc represent thc timC 
variant aquifer concentration at the location of muimum dose in the satuntcd zone for thc thnx: 
gcncric mpid release cucs  (flux nte of l.x10h13 moles4 into Pajarito Canyon): the base a! 
(5,1,50), the highest flow case (10~5,lOO) and thc lowcst flow c u e  (1-1-20). These results 321: 
scaled by the approximate pcdc flux values for c x h  of the thnc nuclides and each of the four w a t t  
categories as shown in Tablcs 3.3-1, 3.3-2 and 3.3-3. The base CLSC breakthrough cunt closely 
mimics that from the vadose zone (Figurc 3.3-1 1) with a lag time of appmxim~tcly 50 y c m .  the 
time for thc nuclides to mvcl through the vadose zonc at thc cuyon flow rate of 50 d y r .  For 
each ofthc three vadose zonc flow cucs, this pathway rtsult~ in higher aquifer concentrations than 
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Appendix 31: 

e 

0 

thc &wnu.;lrd pathway during thc first 1 OOO ywrs  becausc wc a w m c  an inslanlmcous rclc;ihc inlo 
the c;myon floor whcrc thc flow rntc is higher thm through thc mesa. The scdc fiiciors along with 
ihc conccnuarion brc;kthrough CUNCS arc uscd 3s pm of' thc fomal dosc ;Iwssmcnt. 
Thc gcncric conccniruion cunw rcprcscnt thc muimurn  conccnuntion in thc siturdtcd zone bciicath 
Pajarit0 C;inyn ;irlj;iccni IO [tic hisforical pits ;ind shafts. The scalc fiiciors (T:iblcs 33 -  I through 
5.3-3) ;tic applicd to this CUNC not only for Lhc historic w;istcs but also for L ~ C  olhcr rhrcc tvastc.~ 
caicprics. I n  thc fomd dosc ilsscssmcnt, thc disp1;lccment of thc diffcrcnt wasics is not tAcn inlo 
account ( i , c ,  dl of thc wastcs IVC assumcd to cnicr the saturatcd zonc 3t the s m c  location), which 
ag;m oscrcsf.im;ltcs thc dot;c for this pathway, Bec~usc  the conccnuation is rcportcd at a loation 
dircclly bcncalh the canyon source rrrthcr than at i! downsucm location, [hc plume is no1 cornplctcly 
mixcd. Thc conccntration :rt B dcpth of 100 mctcrs is approxirnitcly 10% lhal at the top of Ihc 
aquifer. 

Figurc 4 3 3 ,  ?'imc Dcpndcni Conccnvahn plots for thc gcncnc c3sc of htcrd 
trmspofi at :hc.loc:ition of rnrrximum concentration in  thc saturrrtcd zonc. 

4.3.3 Dosc Asscssmcnt 
Dosc f'dctors \vcrc applicd fo  thc thrcc-dimcnsiond C-14, 1-129 and Tc-99 sa:ur3tcdq,onc 
conccnmtion ficlds io obtain dosc ficlds. Thcsc dosc ficlds wcrc summcd io obiain thc toid ground 
w;iw dosc and thc all pathw3ys dosc (for thc w t c r  cornponcnt) for thc Entirc PA Inventory (historic 
p l u  fu turc  i v u t c )  :ind lhc Composiic Analysis lnvcnrory ICA or d1 wastcs), Thcsc c:dculations 
wcre pcrf'ormcd in support of thc formal doxc asscssmcnt in order to locntc thc positions of 
na,,imurn dosc for V:YIOU~ combin:itians ol' w s i c  invcnrorics. Thc conccntraiions of C- 14, 1-129 
;md Tc-9? at thc locations of thc maximum cntirc PA doscs bcncath A m  G. rnxtimurn CA doscs 
kncrrth Arcn G. and thc rn:lximum cntirc PA and CA doscs at a distnncc 100 m downsucam of Area 
G v.wc supplicd for thc formal dose asscssmcnt. Tablc 4.3-1 shows the pcrfomancc objcctivcs 
dong with thc c:ilculatcd muirnum dosc values for the b a x  cnse flow ficlc! and the 10-5-100 flow 
iicld ai 1000 !cars, It also shows thc pcak doscs during thc 10,000 ycar unceminty pcriod which 
occurs ai aboui AS00 y c u s  for the PA wastc and.3000 ycus  for the CA wwstc for the buc cue flow 
mtc. All d o m  culculiicd for nuclidcs trawling downward through thc vadosc zone m six or more 
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orders of m:ignitudc lowcr than the pcrformllncc objectives. For thc low flow cnxe. doses ;uc 
ncgligiblc because wcll over 99% of the invcntory rcmllins in h e  wdosc tone ;I$ shown in FiSurc 
3.3-7. 

r- 

I ( 1 - 1-20> I. 

The full  dosc mcssment for the site is prescntcd in Shuman (1997). Shuman calculated a ~ g h e r  
dose during the first 1000 ycars from the u w t c  that is transported latenlly to the mess sidc than 
from waste that follows thc continuous downward path to the water table. For cxmpk,  the peak 
aquifcr dosc for the base CLSC vadose zone flow field caused by lared migration toward the mesa 
sidc and subscqucnt desposition into P a j ~ t o  Canyon occurs after SO0 y c m .  The PA groundwater 
dose is 4.5 x 10.5 and the PA dl pathways dose is 1.3 x 10". These doses ;LIT higher *an those 
rcponcd in Table 4.3-1, but five to six orders of magnitude lower th;m the performance objcctivcs. 
As cxplllincd in section 4.3.2, the carlicr Ilnivd h c  and highcr aquifer conccnmtions for this 
pathway arc duc to the assumption of immediate source rc1ex-x into P;lj;Vito Canyon and thc 
corrcsponding fast canyon r c c h q e  rate. 
Rccdl from S t d o n  3.321.  that this pathway is thought to bc vat ly  overestimated. Even still 
doses from this route ~ T E  five to six orders of magnitude less than the performance objcctivcs. A 
mass bdsmce compukon of the downward and lateral pathways was pcrfomcd to cdcul;lte h e  
possiblc impact of ovcrcstimating the lawal pathway. Over 10.000 y c m ,  approximatcly 30% of 
the mass 1c;ivcs laterally compared to that which exits at the base of the vadose ZORC. If this mass 
were umsponcd downward instcad. wc would roughly predict 3 30% increase in the dose for the 
downward pathway. A. shown in Table 4.3-1, a 30% i n c r c x  in dose for this pathway is 
insignificant 10 thc dosc assessment, 
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5. USCERTAIKTY 
in my predictions of thc lonptcrm migration of solutes though the subsurfdcc, the rcsults of 

thchc trjnspor: simulations conr;iin intrinsic unccrtaintp. I-lcrc w e  will asscss what WE txlicvc 3n: 
more important unccmintics and discuss thcir impact on thc rcsults. The grcatcst unccnahics 

;Issoci;ltcd with predicting aquifcr rclatcd doscs from Arca G arc rclatcd to our undcrsianding of the 
mechanisms that control flow ;urd transpon within thc wdosc zonc and our abiliy 10 modcl thew 
mechanisms. At this point, we fwl that uncertainty associated with thc hydrologic proccsscs 
IhemsCjvCS ~ c o n c c ~ t u d  modcl unccruintyj dominates our ability to mAc predictions of trunspon ;It 
thc sitc morc so thui unccruintv asscciarcd with the hydrologic and gcochcmicd propcrtics (data 
unccnainry), Howcvcr. cvcn w'ith thcsc unccnaintics, prcdictcd doscs m SO codonably low that 
wc do no[ cxpcct that thc unccrtaintics discusscd bclow can clcvatc doscs IO Icvcls of conccm. 

In-situ SaturaLion data is difficult to match with ;my singlc infiltration rate using our currcnt wdosc 
zone mgdcl.r, 2s was shown in Scclions 2.1 and 3.2, Environmcntd u x c r  data (Ncwman, 1996) 
indicate distinct zones of varying flux with low mkl-mcsa N'atcf flux rules (0.03 to 0.8 mndyr) 
2nd incrcL+cd sub.mcsa f lux nrcs (02  IO 5 mmlyr), It is possible h a 1  thc mcsa and thc sub-mcs;r 
units arc not strongly conncctcd hydrologic systcms. Thc wcncr saturations bcncath thc mcsa may 
bc ~ h c  r c d t  of rcchrugc from 3 diffcrcnt sourcc region than from pcrcolation through the mcsrr top 
or could rcprcscnt a wcttcr climatic pcriod of higher rcchargc than thc prcscnt (c,&, during the 
Plcisloccnc), Ev;rporation is clculy :u1 important mcchmism controlling mid-mesa flux rates, yct i t  
is only indircctly incorporatcd into thc flow modcling through the application of low infiltration ntcs 
of onc to ten m d y .  ljndcr this steady, low infilvrrtion rate, the simulations predict a slow but 
smooth migxition of was~c through the vadosc zonc. Howcvcr, by dircctly including cvapontion in 
thc simulations, thc cdculatcd migration of 'wstc through thc incsa may khavc  similarly to that sccn 
wi:h thc cnvironnicntd tracers such as chloridc (Scwman, 1996) which accumulate within the m c u  
and h a w  cstimatcd wave1 timcs on thc nrdcr of 1,000 to 17,000 ycars through thc Bandclier Tuff, 
Thc mcs3 itsclf may act as a dry b h c r  io downward mjgration of wsstc which could lead to 
rlnh3nccd u'astc isolation. t f  this is thc casc, wc cspcct that the dnsc cstirnatcs made in this rcpon _ .  ~ ~~ 

would bc higher than if thcsc cffccts u c  includcd, 
Thc mcsa-tup infiltration mtc is thc suongcst control on the calcularcd downward migration of waste 
through the vadosc zonc. I t  controls the sourcc rclcasc of w s t c  from thc disposal units and thc 
sub3cqucnr downward mipation. We: quantified this unccnainty somcwhat by ccnsidcring not only 
a basc C ~ S C  flow ficld, but also high and low flow cascs. As shown in Tablc 4.3-1, ;I variation in 
mcsa-top infillration rate from I m d y r  to 10 nim/yr rcsults in  ;I diffcrcnccz in the I O - y c a r  
grounduirtcr rclatcd doscs of six ordcrs of magnitudc, Clcluly a good undcrstanding of this key 
p;rdmctcr is imponant to thc dosc asscssmcnl. Howcvcr, bccausc doscs uc SO much ~ C S S  thm thc 
pcrfonn:rncc objcctivcs, a cc)nscniati\~c ::ct rc;ilistic valuc sccms adequatc for this site. 
Othcr uncertaintics arc rclatcd to flow within the dccpcr vadosc zonc units for which v c p  little 
hydrologic d m  arc availablc. 1s thcre Iatcrd flow in :hc Guajc Punucc bed? Do frtlcturcs control 
wa~cr flow through thc bwdts? Thc simulation rcsuks tdx almost no crcdit for transpon timcs 
through thc CCKOS dcl KO R x d t s  bccausc U'L' have no knowlcdgc of thc flow rtgimc for this unit .  
Bccausc thc basalts make up morc than 50% of thc vadosc zonc, this assumplion is cxtrcmcly 
conscrvativc. Thc inclusion of morc rclllistic flow md irlmspon propertics for :his unit is likcly to 
add hundrcds if not thouwnds of y c m  to transpon tinics, and to result in  lower pcak conccntr;ltions 
in thc saturated zonc. Again, doscs rclrrtcd to ihc goundwatcr pathways at Arc3 G ;LTC orders of' 
magnitudc lcss than thc PA or CA pcrformancc objcctivcs (Shuman, 1997). An understanding of 
thc mcchanisnw that govcrn f low in the dccper vadosc zonc uni t s  would grcatly cnhancc our 
understanding of flow and transpon at Arca G. Howcvcr, bccausc the model llssumptions 
concerning flow through thcsc units add conscmatism to the vcry low prcdictcd doses, a more 
comprzhensivc modcl of thc dccp vadose zonc would probably rcsult in  funhcr reduction of 
prcdictcd doscs and is thcrcforc not ncccssq .  
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me PA md CA transport calculations arc based on the steady flow assumption and on thc U S ~  of 
matrjx hydmlogic propcdcs for all but thc basal& at the site. Our understanding of the rcsponsc of 
this fractund systcm to transient flow events is anolhcr unccrlainry in modcling of the site, The 
tr;msjent calculations (Scction 2.2) indicate that the steady flow assumption is adcqualc bccrtusc 
fluctuations in both sstunuon and contaminant flux ntes dampen with dcpth even when including 
fractures in the uppcr two units. The single fncturr hfdtntion study l a d  US to the conclusion that 
fnlctun: flow is difficult to initiate (c,g. requires ;1 Iugc source of wter)  md is shon liyed oncc the 
water sourec is rcmovcd. This conclusion helps justify the use of the matnx hydrologic propcnics 
for thc transport calcuhtions. Again, wc should ndtc that only thc uppcr two tuff unlts are 
considcrcd to haw significant fracturing ( b k r  et 31.. 1996). and that the u p p c ~ o s t  unit is 
cxcavatcd during disposal operations. The w s t c  travels through only one highly fractured unit 
(Unit 1v.u) above the budts and cvcn if fncturc flow dominates thcrc, the m a m  units below will 
hclp to attenuate any transient pulscs. 
Mew valucs wcrc c h o w  for the hydrologic propcdcs uscd in the modcling. Clexl>* hcrc is some 
vxiability in hydrologic PrOpCKks at the site. In Appcnddix 2, Or pcrformcd a sensitivity analysis 
using the minimum and maximum rcponed hydnulic conducthit)’ values for t5e units above the 
G U ~ J C  Pumice, In these onc-dimensional simulations, hc found hat  vadosc-zone f ~ ; ~ \ d  dmcs vm 
by appwsimcltcly 2 25% from that calculated using m e n  valucs. If mvcl times are shoncr d 
response to higher conducthit)’ vducs, prcdictcd doses would be higher k c m s c  h c  simulated flux 
from the vadose zone would bc further along thc flux vs. time curves (see for examplc Figurcs 3,52 
through 3.5-4). This could not clcvatc doscs by more than two orders of magnitude which is still 
Four ordcrs of magnitudc bclow the pcrfomvlcc objcctives. Howcucr. it is important to point this 
out IS an indicator of our assumptions being lcss than conservative in favor of our best estimate of 
the actual systcm bchavior. Hetcrogcncity in hydrologic propcnics could l a d  to prcfcxnhl flow 
yths  through the vadose zonc which could possibly product faqtcr tnvcl h c s  and regions with 
more concentrated flux at thc b s c  of thc vadose zonc, Howcwr, this waste would be dilutcd and 
dispcrscd in the aquifer, and it is a g i n  unlikcly that this affect could elevate doses by h c  six orders 
of magnitude rcquircd to surpass the pcrformancc criteria 
5.2 SATURATED ZOSE FLOW 
Thc saturated zonc is modclcd as 3 homogeneous and isotropic, singlc mcdium. Howcvcr. the ~ l l c  
svs1cm has intcrbcddcd bualts in the Puye Conglomerate. As dcscribcd above, hctcmgcncity can 
ifad to prcfcxntid flow paths which cafi yield higher aquifcr conecntrations, Aquifer conccntrcltions 
arc, hO\vcvCr, limited bv ttic flux of nuclidcs through rhc \ladose zonc ;md cvcn at the point Of 
mL\imum c~lculated do<e in thc aquifer. doscs m @n six ordcfi of mtlgnirudc less t h u  ~ c ~ p t ; l b l c  
limits, 
Thr aquifcr vclocity uscd in the simulations is 16 mlyr. Purtymun’s (1995) cstimatcd aquifer 
vc!ocit!l of 29 m/yr would advcct thc plumc more quickly toward the compliance point. However, 
thc plumc would be diluted by approsimatcly a factor of two from the currcnt calcula~ion. Agah this 
effect is small because of the vep  PSI vmcl timc through thc aquifer. Onc other uncertainty is 
rclatcd to thc modclcd aquifcr dcpth, Thc plumc disperses throughout thc cntirc modeled dcph of 
100 mctcrs. Had the depth k e n  incrcascd, the plume would have dispcned even further ubirh a 
corresponding dccreac in concentration. This aquifcr dcpth produces conscn*ativc (higher) 
concentrations. 
5.3 TRANSPORT PROPERTIES 
T h e  trclnspon simulations rn very sensitive to the value of the distribution coefficient, Kd. 
Uncertainty i n  this pwmetcr for w c A y  sorbing nuclides is a dam uncertainty hat can play an 
imponmt role in the rcsults of the WUIS~OK simulations and the subscqucnt human dose awssment 
calculations. According to our simulations, a nudidc with a Kd of appro.uirnatcly 2.5 or higher wiU 
nor reach the saturated zone within 10,000 ycm.  Previous simulations (Bkdscll et d,, 1995) 
indicatc that ;1 Kd value ;L‘I low at 0.3 will rctard nuclides sufficiently to pnvcnt breakthrough to thc 
aquifcr within IO00 ycars. Site specific salues for xvcrd nuclides (Longmix ct al., 1996) which 
have largc invcntorics or werc cxpcctcd to have low distribution coefficienfi wcrc mcuurcd in ordcr 
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to &crcasc the unccnainty in  thc transyon prcdictions h a t  rcsults from data unccnliny for this 
pusmete:, 
Longitudind and trmsvcrsc dispcrsivity valucs of 20 m and 2 m wcrc uscd for t l~c saturatcd zone 
modcling. Largcr dispcrsivity vducs ;LTC justifiable based on h c  distmcc of thc pits to thc 100-m 
compliance point. For c x m p l c ,  the oldcst pits arc locatcd approximately 180 m from the 
compliance point while thc future  pits arc on thc order of 1300 m from the complimce point. Tbcsc 
distances ] c ; ~ i  to longitudinal dispcrsivip vducs ranging from 24 m to 130 rn and vansvcrsc valucs 
ranging from 2,3 to 1 j m bascd on Ncuman's (1990) cmpiricd fir to field data, Source appropiarc 
dispcrsivity values for [tic four source regions could have h c n  applied. The cffcct of increasing thc 
dispersivity on thc simulated conccnvauons is that an incrcuc in longitudinal dispcrsivity would 
result in a fastcr arrival timc for h c  plumc's Iciiding edgc and ;I lowcr pcllk conccntration. An 
1ncrci.m in thc tr;lnsvcrsc dispcrsivity would also l a d  to a lowcr pcik concentration, ?"he 
dispcrsivity v;ilucs uscd for thc saturatcd zonc modcling yield conscrvstive rcsu1l.s for thc dose 
3 s Sc ss men L, 
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6 .  CONCLUSIONS 
Numcricd simu)ations m uscd to predict long-tcnn mipalion rdtcs of radionuclides for the Aresl G 
pcrform;mcc asscssmcnt and composite analysis. Results of the cdculations show that only the 
thee nonsorbing nuclides C-14.1-129 and Tc-99 rcach the aquifer during the 1OOO-ycar complimcc V-od or b e  10,000-yar unccninty period. Doses resulting from thhc aquifer conccnuations of 
these thee nuclides six Or mort orders of magnitude ICSS than the p c r f o ~ ~ c c  objcctivcs for thc 
site, in ;ulv prcdietions of thc long-term migration of solutts through the SUbSufflCC, the results 
of these t rus5on simulations conlain intrinsic uncc&nva H O W W ~ .  even with thcsc unccnainties, 
prcdictcd doses are so comfortably low that we do not expect that the unccnintics dcscnbcd abovc 
c ; ~ n  cicvatc doses to lcvcls of concern, 
Thcsc predictions rcquirc calculations of transport thou@ the vadose and satuntcd zones. The two 
domains arc simulated scpuatc1y with thc spatid svld temporal flux lcaving the wdosc zone spplicd 
as input to the saturated zone. Both domains use stcad)’ flow fields. A rmgc of vadose zone flow 
rates were simulatcd in order to addtcss the cffcct of uncchnty in the infikation ntc on aquifer 
coiiccntrations. All flow fields produced \TI?’ low aquifer conccntntions. 
Numerical studies wcre uscd to better understand vadose zone flow through the mesa-top 
cnvironrncnt ai G. Thcsc studies hclpcd dcfinc the final model used to model flow md 
trsnspon through the vadosc zone. The study of transient percolation indicates that ;1 steady flow 
udosc-zonc model is adcqustc for computing conminmt  f lus  to the nquif‘cr. The frwurc flow 
studies and the invcsrigstion of the cffcct of b u d t  and pumice propcdcs helped us dcfinc 
appropriate hydrologic pro;xnics for thc modcling. Finally, thc cvapontion study hclpcd to justify 
low infi l tution rates, 

ss 



Appendix 3g 

7. REFERENCES 
B;lrnard, R,W. :ind HA. Dockcry, "Tcchnical Suntmllry of thc Pcrfomancc Assessment 

Calculation Excrciscs for 1990 (PACE9O)," Sandirr Sationd Laboratorits Rcpon SAYD 
90-2726, 1991. 

Birdsell. K,H,, W,E, Soll, S.D, Roscnbcrg, and B.A. Robinson, "Numcrical Modcling of 
Unsaturatcd Groundwatcr Flow arid Radionuclide Trmspon at MDA G", LOS Alamos 
Nationd Labomtop' Rcpon LA-UR-95-2735, 1995. 

R ishop, C.W., "Hydrologic Propcrtjcs of Vesicular 3~salt". Mastcrs Thesis, Univcrsi ty of Arizona, 
Tucson. AZ 199 1. 

Bowen, B,M,, "Los Alamos Climatology," hs Alamos Xational Labomtory Manuscript LA- 

Carscl, R.F. 2nd R.S. Parish, 'I Dcvcloping Joint Probability Distributions of Soil Watcr Rctcntion 

Conca. J,L., and J. Wright, "Diffusion and Flow i n  Gravcl, Soil. and Wholc Rock", Applicd 

Dcvaurs, M., "Core analyscs and obscnation ~ ~ r l l  data from Mcsita dcl Bucy w~qstc disposal ucas 
and i n  adjacent canyons." Los Alu-~ios Kational Laboratory Kcpon LA-UR-854003, 1985, 

Demurs, M., and W. D. Purtymun, "Hydrologic chuactcristics of thc alluvial aquifers in 
Monandad, Caiiada del Bucy, and Pajarit0 Canyons,'' Los AImos Xitianal Laboratory 

Frcnzcl, P,F., Geohydrology nnd Simulation of Groundwtcr Flow n c u  Los Alamos, Nonh- 
Ccntrirl Sew Mcxico USGS, Waccr-Rcsourccs lnvcstigations Rcport 95-4091 , 1995. 

Gable, C.W.. T. C h c q .  H. Trc;isc, and G. A. Zyvoloski, "GEOMESH Grid Gcncration", Los 

MS-1 1735. 1990, 

Charactcristics," Wurcr Rcsourccs Rescarch 24:755-769. 1988. 

Hydro,qcohgp, Vol I ,  so,  I ,  pp, 5-24, 1992, 

R C P O ~  LA-UR-85-4002, 1985. 

Alamos X:ational Laboratory Rcpon LA-UR-95-4 143, 1995, 
Gclhar, L.W., C Wclty, K,T, Rchfcldt, "A Critical Revicw of Data on Ficld ScaIc Dispcrsion in 

Hollih. D,, E. Vold, R. Shuman. K. Birdscll. K. Bower, W. Hanscn, D. Kricr, P. Longmirc, B. 
Aquifers," Watcr Rcsourcc Rcseuch 28: 1955-1974, 1992. 

Ncwman, D. Rogcrs. E. Sprinser, "Pcrformancc Asscssrncnt and Compositc Analysis for 
tlic Los Almos National Laboratonl Disposal Arca G," JAS Almos National Laboratory 
Documcnt LA-UR-97-85, Report-5QG-013, 1937, 

Uilavcttcr, E.A. and R.R. Pctcrs, "Estimation of Hydrologic Propcnics of an Unsnturatcd Fractured 

Kicr. D., R. Longmirc, and 11.1, Turin, "Gcologic, Gcohydrologic and Gcochcmical Data 
Rock blass", Sandia Sational Laboratary Rcport SA"84-2642, 1986. 

Surnmaq of MDA G, TA-54, Los Alamos Sational L;lboratory", Los Alamos National 
Labor3tory Rcpon LA-UR-95-2696, 1996. 

Longmirc. P.. C.R. Cotter, 1,R. Triay, J . J ,  Kitten, C, Mall, J ,  Bcntlcy, D, Hollis, and A.I. Adams. 
"Batch Sorption Rcsults for Americium, Neptunium. Plutonium. Technetium, and Uranium 
Transpon through thc Bmdclicr Tuff, L x  A l m o s .  Ncw Mc.uico" Los A l m o s  Xationd 
Laboratory report LA-UR-96-47 16, 1996. 

Montazar, P., and Wilson, WE, "Conccptuul Hydrologic Modcl of Flow in  the Unsaturated Zone, 
Yucca Mountain, SV", Watcr Rcsourccs Investigations Rcpon 84-4355, US. Gcologicnl 
Survcy, 1984. 

Ncuman, S,P.. "Univcrsd Scaling of Hydrnulic Conductivities and Dispersivitics in Geological 
Mcdia", Watcr Rcsourccs Rcscarch 26: 1749- 1758, 1990, 

59 



Appendix 3g 

vewmm, Brent, "Vadosc Zone Water Movement at Arca G, Los Allunos National bbontory, TA- 
54: 1ntcrpXt;ltions Based on Chloride and Sublc Isotope Profiles," hS A l ; i m O S  Sationd 
Laboratory report LA-UR-SJW6S2,1996. 

Nilson, R.H., E.W. Peterson, K.H. Lie. K.R. Burhard, and J.R. Hemt. "Atmospheric Pumping: 
A McchDism Causing Vertical Trmspan of Contmhatcd GWCS Through Fractured 
P c m c ~ ~ b l c  Media", J. of Geophysical Research, Vol. 96, B 13, pp. 2 1933-2 1948, 199 1 

w c ] ] ~ ,  supply Wells, Springs, and Surface Watcr Stations in the LOS Almos hrca. 'I Los 
, ~ ] m o s  Sational Laborator)) manuscript LA-l268;-MS, 1995. 

Development of Groundwater Supplies," Los Almos ?huond L;lbomtoq m;muSCript LA- 
9957-MS, 1984. 

Pun\lmun, 1V.D.. "Gcologic and Hydrologic Rccords of Obscnration Wclls, Test Holes, Test * 

Pummun, W.D., "Hydrologic Chuactcristics of h e  Main Aquifer in the h S  AhOS h a :  - 

~ o p ,  D,B, and B.M. Gdlshcr, "The Unsaturated Hydraulic Chwactcristics of the Bmdelicr Tuff. 
Los ~ l m o s  X:ationd Laboratory Manuscript LA-l296S=MS, 1995. 

ROE", D,B., E.L. Vold, and B. M Gallher, "Bmdclicr Tuff Hydraulic Chuacteristics from Los 
Alamos Sational Laboratory Borehole G-5 at MDA G, TA-54", New Mexico Geologic 
Socictv Guidcbook, 07th Field Confercncc, The Jcmez Mountains Region, pp. Sl>420, 
1996.. 

Los Alamos Sationd Laboratory," Los Almos Sationd hbontory  report LA-UR-964S5, 
1996. 

"Conccptual Modcl for Subsurfxc T'ruspon at M D A  Go*, Los Almos National Lcrboratov 
report LA-UR-97-179, 1997, 

Tuff' at Arca G", Los Almos  Nationd Laboratory rcport LA-ufi-94-28. 1993. 

Composite Analysis", Rogers and Associates Engineering C o p  report, W . 9  lSS/S2-1, 
1996. 

Composi tc Analysis", Rogers and Associates Engineering Cop.  repon, RAE-9 14962-2, 
1997. 

SOU, WE,. "Influcncc of Fracture Fills and Fracture Coatings on Flow in Bandclicr Tuff". Los 
Ahmos National Laboratory rcport LA-UR-95-2695, 1995. 

Springer, E. P,, "Area G Pcrformancc Asscssmcnt: Surface Water and Erosion", Los Alamos 
National Laboratory repon LA-UR-95-2497,1995. 

Springer, E. P., "Surf'acc Water and Erosion Calculations to Support the MDA G Performance 
Assessment", Los Ahmos National hborato!y report LA-UR-96-4894, 1996. 

Strack, O.D.L., Grourzdwurer Mechanics. Prcntice Hall* Sew Jcrsey, 1989. 
Turin, H. I,, "Subsurfkt Transport Bcncath MDA G: A Conccptual Modcl", Los Alarnos Nationd 

Laboratory report LA-UR 95-1 663, 1995, 
Vaniman. D.. G. Cole, 3. Gardner, J ,  Conaway, D. Broxton. S. Renew. M. Rice, G. 

WoldeGabricl, J. Blossom, and F. Goff, "Development of a Site-wide Geologic Modcl for 
LOS A h O S  National Laboratory", Los Alamos National L;lbontory ~ p o n  U-IJR-g&? 
1996. 

Vold, E,L,, D, Hollis, P. Longmire, E. Springer, K. Birdsell, and R. Shumm, "Tbc Role of ;1 
Dcti l td Aqueous Phase Source Rclme M d d  in the UNL mi G Perfomancc 
Asscssmcnt". LOS AImos Yational Laboratory report LA-UR-96-368, 1996, 

Rogers, D.B., B.M, Gallaher, E.L, Vold. "Vadose Zone Infiltra~ion Beneath the P;ljuito Plateau at 

Rogcrs, D.B., P. Longnirc. B.D. Xcwman. K.H. Birdscll, W.E. Soll. and E.L. Vold.. 

Roscnbcrg, X.D., W.E. SOU, and N.J, Turin. "Potential Transport of PCBs Through Fncturcd 

Shurnm, Rob, "Radioactive \.V;lste Inventory for the TA-SA, Arc3 G Performance Assessment and 

Shurnan. Rob, "Radiological Dose Assessment for thc TA-54. Arca G Perform;mcc Asscssmcnt and 

60 



Appendix 3; Repon-54G-013, R.2 
3C8197 

Vo]d, Erik, "~nalysls of Liquid Phase Transport in thc Unsaturated &ne at LL Mesa Top Disposal 

void, E d  m d  Rob Shuman. "Ph;Lx Two of the sourcc Rcleuc Modeling or the Los ~ m o s  &cn 

Wmg, J.s., md TS, SL';uisimhan, "Hydrologic Modcling ofvenical lcnd Lateral Movement of 

Fdcility", Los Alamos National Laboratory r c p o ~  LA-UR-96-370, 1996. 

G Dispostd Vacjliv Pcrfommce Asscssmcnt", Los A m o s  Nationd bboratop' report LA- 

P;utidlv Saturated Fluid Flow in B Fault Zone at Yucca Mountain, W", Technical R c p f l  
Sa'D&7-7070 (Sandin National hbomtory) and LBL-235 10 (hwtencc Bcrkclcy National 
Laboratory), 1987. 

Wccks. E,P., "Effect of Topography on Gu Flow in Unssturatcd Fracturcd Rock", Flow and 
Trampon Through Unssturatcd Fracturcd Rock, AGU Geophysical Monograph W!, 

Wight, J ,R ,  hid J.W. S)tilcs, cds., "SPUR: Simulation of Production and Utili7~tion of 
Rangelands. Documcnrsrion and Uscr Guidc," U.S. Deplvtmcnt of Apiculture, Agricultural 
Rcscuch Scrvicc, ARS 63, 1987. 

Wood, !v lL  R, Ualccl ,  P.D. Rittmann. A.H. Lu, S.H. Finfrock, R.J. Scmc, K.J. Cmtrcll, T.H. 
Dcl~orcn~o,  "Pcr form~cc  Asscssmcnt for the Disposal of Low-Level Wutc in the 200 West 

1994, 
Zvvoloski, G. A., €3. A. Robinson, 2. V. Dash, and L. L. Trcasr, "Moclcls and Methods Summay * 

for the FEI0I.S Application", Los A m o s  National Laboratory rcpon LA-UR-94-3787, 
Rev. 1, 1995. 

Zyvoloski, G. A., B, A. Robinson, 2. V. Dash, and L. L. Trcue,  "User's Mmud for the E'EHMS 
Application", Los Almos  National Laboratory report LA-UR-94-3788, Rcv, 1, 1995. 

UR-964786, 1396 

pp. 
165- 170, 1987. 

Arco Burial Grounds," Wcstinghousc Hmford Company rcpon WC-EP-064,  



.. 



Appendix 3g 

APPENDIX 1: 

DISCUSSJOh' OF THE INFLUENCE OF BASALT AND GUASE PUMICE 
CBARACTERISTICS OK XNFILTWTIOS TO THE WATER TABLE 

by 
W.E, Sol1 

r: 
Within thc subsurfacc under MDA G, there arc a number of geologic and hydr~gcologic factors that m:iy 
influcncc infiltration of water from the sudacc to the water tablc. h some C;LCCS enough gcohydrologic 
information is wailablc to provide ;I basis for making rcmonablc assumptions as to how the system 
behaves. In othcr cacs, thcrc is vinually no informahon. The latter is the situarion concerning the Guajc 
pumice and Ccrros dcl Rio basalt ltlycrs undcrlying thc Otowi mcmbcr under MDA G, The lack of d m  on 
stratipraphic cor.ditions m d  hydrogeologic propcnics makes it difficult to pinpoint rcprcsenutivc p w m c t e n  
for a large scale flow and uanspon study of thc area, The computing rcquiremcnts for these luge scale 
sjmulations mdic ir u~casonablc to study the influence of 3 rang: of pvunctcr values for thesc layers, 

We hwc undcnikn a scnsitivity analysis on the Otowi, Guzljc. m d  basalt layers. In this analysis a number 
of unknown charac:cristics wcrc varicd to identie the innuencc of thc different conditions. Characteristics 
thar wcrc varied included: the thickness of the Guajc pumice layer. thc slope of the pumice layer 
(pumicehasalt intcrfrrcc), the saturated conductivity of the bualt, and the saturated conductivity of the Guajc 
pumjcc. The cffcct of a pinching out pumicc lsycr was also considered. There is reason to bclicvc that the 
Guaic D U ~ ~ C C  docs, in fact, pinch out towards thc Eastern end of M D A  G. Table 1 shows the different 

~ d 1  pararncters used in thc simuintions, Thc 3.7 meter thjckncss of the Guajc Pumice is the "rcponed" V ~ U C  
bascd on a v ~ l a b l c  data. The 1,O degrec slopc is thc reponed slope, bLscd on stratjgnphic measurements , 
Seminal, basc saturated hydraulic conductivity used for the pumice was thc rcponcd average of 1.33~10'6 
d s  1211 rcponed values based on Kricr ct al,, 1996) 

Table 1: System p w m c t e r  variations includcd in this study. Xs i n  boxes denote the simulations that 
were run, 

A basalt saturated conductivity of S . ~ X ~ O - ~  m/s was used in  the large scdc simulations, This value w;1s 
taken from reported. measured values from other basalts @ishop, 1991: DBS%A, 1994). At this time then: 
is basically no information on the hydrogeologic properties of the basalt that underlies thc Guajc pumice 
Iaycr ;It LANL, Thc only local information is a single rncacurcmcnt by Dan B. Stephens and Associntcs 
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(1994) on a Core that consisted cntirely of bassalt matrix (no fractures existed 

Both studies showed relatively low values for hydraulic conductivity. H o w w .  because cf the nature of 
the InboratorS, mesurtments it is ncccssul, to have a rchtivel)' ~ 1 1  consolidated Smplc. This  would tend 
to neglect thc role of fractures, vugs, and unconsolidated regions that occur natunlly and fnquentlv in 
local bsdb (bscd  on core obscwations), For the field scale simulations that w e n  run, the highcsi reponed 
\slue of hydraulic conductivity, S.7~10'~ d s ,  was uscd. During field scale simulations using 3. sloped 
pumice layer, significant lateral flow ws obswcd in the pumice layer. above the pumice basalt interface, 
~ n d i c a t i q  that thc basalt propcrtks did not allow significant infiltrauon into the basalt from the pumice,  his 
provided much of the motivation for this study. 

The simulations were run in  a rectangular system with dimensions lOOOrn x 2Wm (see Figurc 1). The 
olowi layer 
base of the Guaje (or Oto& in cues wherc Guaje thickness 0,O) to -200m. For cases where the Guajc 
laver sloped, the Otowi thickness i n m e d  from right to lcft. Thc Guajc Pumice thickness was constant for 

given simulation, and rmgcd from 0,Om to 12,Om as shown in Table 1. For the c u t  whtrc thc pumice 
layer had 3 2.0 degrtc slope it was not possible to run 3 1.Om thickness bcc;lusc 3 suitable grid could not be 
generated (due to grid aspect ratios). Also, no O,Om thick pum.ice laycr w a  mn for 2.0 degree slope 
because i t  was believed that the results from the other two slopes would be sufficient to c~mpolate the 
behavior. For simulations in which the Guajc layer pinched Out, the top of thc badt.  and thus the Otowi / 
basalt intcrfxc, sloped at 1.0 dcgrces, while the Otowi / Guaje inrerfacc sloped at -0.5 degrees, with the 
pinch point occumng at the centcr of the modd Infiltration occumd over the centnl lOOm of the SvStem st 
3 constant rate of l d y r .  Thc pinched Out Otowi / Guajc system w;1s XI exception in that infilmtiin 
occurred over the central 200m of the system, also 3t 3 constat  ntc of lrrdyr. The l q e r  infiltntion 
Xgion was uscd so that infiltration would occur over 3 less ccnvalizcd right at the pinchout point. n e  
remainder of the top bounduy condition W x  no flow. Thc sidc boundary conditions WCR no flow Over the 
Otowi and Budt materials, and fixed saturation Of 0.3 in tbc pumice (bascd on field dam), The EZoning 
behind thesc latcral boundary conditions is dcscribcd in Section 5. The bottom b o u n d q  condition 
water table condition - fixed saturation at 0.99. 

All simulations were run to steady State. The steady state saturations 3~ ;I function of depth ;uc Shown in 
f i g u ~ s  23. iiftcr stcadv state WLS rcachcd, a panicle tracking simulation was done to v~sulli&e the flow 
pattern. The panicle m&ment information w% critical to assessing thc influence of the dffennt 
paramctcrs. Relative dcgztt of lattnl flow, u described below. ws d r t c d n c d  by comp;uing saturation 
distributions at steady state. and time hbtov of panick disuibution and movcrncnt, 

The following sections describe the influence Of the panmeters on nsuIting infiltration khavjor, TheK is 
some overlap in discussions because of the natural o w l a p  in cause and cffect of pwmcter \*ariation, 
Following each of the individual descriptions. the ovcrall trends arc described. 

the COR), Bishop (1P91) did 
cxtensjvc andqsis of basalt propertics using s ~ ~ ~ p l t s  from a block of basalt from the Snakc River region 

. 

Svstern Conf inuration; 

nominallv 27.4m thick, ~tc reponed by Krkr et d. (1996). The bsdt extended from rhc 

3 
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was uscd for the 
Guajc Pumice 

Figure 1: System conf 
maiorirv of t!!e 

igurations used for the numerical simulations. The top configwatjon 
simulations, while the bottom figure shows the configmuon for the ~~ 

pi&ho<t simulations. 

p3le of s h e  of Gusie 1 B nsalt i m a c G  
Thc nominal rcportcd slopc of thc Guajc pumice layer is approximately 1 d c p c  (Ktitr et al., 1996). In this 
study h e  different slopes wcrc used: 0, 1. and 2 degrces, An addjtional sirnulaeon wxi run in which the 
y n i c e  layer pinched out into the Otowi layer. 

Thcre was an increase in the extent of lateral flow between slopcd and non-sloped Guajc / basalt intcrfacc 
for *he lower conductivity basalt, observed through M increase in the percent of p~xiclcs leaving the system 
through the latcd boundarks at B given h e .  Although the cxtcnt of Intcrd flow WLS much grcatcr for the 1 
degrcc slope than for the 0 d c p e  slope, then: was fittlc difference between 1 and 2 degec slopcs, For the 
3,1m thick pumicc,,the pcrccnuge of pmiclcs that left the system through 311 boundaries by t=1@ years 
was 35% for thc 0 slope, 868 for the 1 degree slopc, and 81% for the 2 d c p c  slope. A sirnihr vend held 
for ihe 12m thick pumice layer. Figurcs 5 and 7 show pidclc  movement for the low conductivity bssalt, 
3.7 m pumice layer, md 1 degcc and 0 dcscc slope, rcspectivcly. 

Then was almost complctc latcnl now, with l inle infiltration into the basalt. when using a low conductivity 
basalt layer. Figurc 5 shows the p d c l e  movement for the 1 d e p  s lop ,  3.7m thick pu~nicc layer. 
Infilmtion into the basalt occurred mostly after the l a u d  flow had m h c d  the l a tcd  boundaries of the 
svstcm. Not surprisingly. for h e  non-sloped system, d l  watcr movcment was uniform a b u t  the ccntcrlint 
bf thc system. while for the sloped systems, dl infilmtion in the pumice layer was downslope. For this 
case, increased slopc correlated with slightly decreased saturation, on the order of 0.05 for each dcgee 
increase, in the pumice layer. Thcrc was an exception to this trend only for the E r n  thick pumice layer. For - 
the thickest pumice, the sanrntion rose bctwcen the I d e g m  slope and the 2 d c p c  slope. The causc for ' 
this rise in saturation is unclcv at this time, but may be either 3 g i d  effect or a b u n d a y  effect caused by 
the somewhat cxmme slope. 
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T3t7jcb 1 ,  T ] I ~  I O W C S ~  b:lsalt conductivity used \soas S . 7 ~ 1  Om7 m/s. as that \due 
cnnlplcrc later31 divcrsion of the infiltrxing w m r .  A two ordcr of  magnitude increase in the 
collducii\*ii\. to 8 . 7 ~ 1 0 ~ 5  m/s. was sufficient IO allow for significant infiltration of wic: from the 
puiiiicc* I n t i  Ihc basal:. ~1:hough somc lateral flow in thc purnicc layer ~ 3 s  still obscmcd. all of the 
\\J(c; ~ ' 3 s  able to infiltntc prior to tlic fioua hining the Iatcral boundaries. Figures 5 and 6. and Figures R 
;l11d dclxonstratc thc particlc t rawl  for thc diffcrcnt basalt conductivity systems. Thc incrcase in basalt 
c , ~ t ~ d u c t ~ \ , l t \ -  rcscltcd in a decrease in saturation in thc pumicc layer of t l p p r o s h m l y  0.3. morc or less 
iiidcpcndcit ol'slopc or laye: thichcss, IVc mticipatr that any funhe: incrcasc in basalt conductivitv 
\\ ou tc provide complctc infiltration of water into thc. basalt from the pumicc, with insignificant ht&I 
J I i crsiun, 

, , \ t~ot] icr SCI of simulations w s  run for which thc basalt 15'3s cliarxtcrizcd as a fmcturcd mcdiuni. In  :his 
C';I\C tilt hasalt matrix propcrtics werc unchanged from the base case. but thcrc was potcntial for flow 
thI i1t t ; l :  f x t u r c s  in thc basalt, The fraciurcc! basalt propenics wcrc dctcrmincd by varying basalt 
71 iir)cnics in tiso-dimrnsioiid ficld scalr  simulrttions L I ~ X ~ I  html flow \vas elirninancc! but simulated 
ptiniicr saturation W;LS closr to thc ficld=obscripcd valur 0fO,20, The rcsults of simulations using a 
I ' r x ! w d  basalt dcscription w r c  indistinguislublc from the results from the highcr conducti\-ity. 
i i i i r "x iurcd  b3s31I ( K 4 7 s  10-5 m/s). 

Rnle of T h i c k n m  o f  Cu:ijc hycr: 
1 IX  m-crdl trcnd. wi th  Increasm! :hichess  of thc (3uajc pumice l a p .  was toward slightly dccrcasing 
: ia~~raiioiis  in  thc pumice l a y  with appro~iniaicl!~ similar moun t s  of Imxd flow. With :he lower 
conducti\-it!. basalt (S.7s I m/s) h c r r  \vas little obscn'ahlc: diffcrencc in lateral flow as ;I function of 
pttniicc thickness, The rate of latcral flow appeared smaller with increasing layer thickncss due to thc 
hrgcr  \ .olunx of pumice awilablc 10 handle Iatcnl flow. The slowcr lateral flow was panicul-ly 
spparcnt in  thc 12m thick lay:. This is brcausc thc latcral flow is caused bv the conductivinb b m i c r  at 
ttic pumice 1 basalt interface. and :hc time IO initiate Iatcrd flow in the pum'ice ws dciclycd by the trave! 
:imc of thc water through thc pumice laycr. For thc highcr conductivity basalt (8,7x10°5 m/s) thcrc \ v a  
3 slight ~ b s c n ~ a b l c  djffcrcncc in 13tcr31 flou'. The thinner pumice hycrs tended to produce slightly 
r "rcatcr Iatcr31 movcmrnt prioy to thc \ w c r  infiltrating into thc basalt. Diffcrcnccs in latcral extent of a 

h t ~  i t w e  slight. lcss than thc rcsolution of thc grid. These diffcrcnccs arc likely due to the rate of 
rnowmcnt uf\mtcr from the pumicc into thc basalt bcing sloulcr than thc tr3vcI time through the p m i c c  
for thc thinner Iqzrs. Ho\vevcr. for rhc highcr K basal:, rhr gentcst extent of latcrd flotv !vas only 

rrsultcd in almos~ 
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ne saturation of thc Oto\vi l q t r  \\'as basically unaffcctcd throughout the simulations, at approsima~cl\' 
0.1 8.0.20. basalt saturation \vas also basically unaffected by clxingcs in the pumice layer thicl;ncss. 
remaining at approsima~cly 022, ,Trends in saturation with layer thickness CU~ bc seen in each of the 
figures 2. j, md 4. a-c, where each of the lines in the figures arc for a diffcrcnt thickncss. with 311 other 
parmetcrs the smc.  The one exception \VU the c u e  where the pumicc l a y r  did not mist (O.Om thick), 
and thc basalt conductivip iv3s low (S .7~1 0*7 ds), In this cast the basalt saturation increased 
significant]>#. ranging from 0.5-0.3. For the cxxs whcrc the pumice layer did not exist the panicle 
movcmcnt shows tha: water was casSily able to infiltrarc from thc Otowi into tk basalt. Nrhcn the 
pumice ja!icr csistcd and the bsa l t  conducti\*ity W.S IOW, water did not tend to infilrnte into the basalt. 
but rather moved Iatcrdy within the piunice layer. 

None ofthe simulations ir! this system indicated my lateral f l o ~  from thc Otowi hycr inro the Guajc 
layer across the pinch out point (system center). In fact. the general behavior was tho1 of two diffcrcnt 
Systems placed side by side - onc with a pumice layer and one wi:hout. The half of h e  system whcrc 
Lhcrc no pumice allowed thc water to infiltrate down into the basalt in all cases. with thc raw of 
infiliration varying with b s d t  conductivity. Thc half of thc systcm whcrc pumice csistcd rcspondcd like 
any other simulation with 3 pumice layer, Thc particle distribution for the basalt I;=S.7~10'7 m/s is 
slia\\n in Figure S, while Figure 9 is for basalt K=S.'isl0-5. NO lateral flow along thc Otowi / pumice 
inrcrfacc \vas obscrvcd for eithcr of the pumice conductivities used. I t  is possible that such flow could 
Occur i f  the pumice conductivity was reduced, I t  is also possible, though lcss likely, that such Iatenl 
flow would Occur if the slopc ofthc Otowi / pumice inicrfxc was increased. This is lcss likclv because 
rherc is no apparent dcflcction of water for this slope. and thc infiltration docs not appear to b'c 
perceptibly delayed by the existing intcrface. Howcvcr. slight incrcascs in saturation at :he Otowi / 
pumice interfacc were obscnicd in some of the otlicr simulations, so thc potential for a minor b a r k  
cannot bc eliminated. 

Thcre was no flow from the pumicc towards thc Otowi contact point due to the slope of the pumice / 
basalt interfacc dnining in thc oppositc direction. Whcthcr w t c r  would flow into thc Otowi from the 
pumicc if thc pumice / basalt interface slope \vas rcvcrscd ims untested. 

Importance of boundlip conditions in simulations: 
Sclccring larcral boundary conditions (BCs) was a ditiicult part of this study, Initially thcrc was no 
infom;lrion avdablc about the in situ satuntion of the Guaje pumice to help dcfinc appropriate 
conditions. A numbcr of diffcrcnt lateral BCs wcrc tested. including no flow, constant saturation, 
ConStmt pressure. and vcnical dnins. (Vcrtical drains were high conductivity zones dcfincd along the 
Iatcral cdgcs that \i*ould a110w flow fo m o w  straight d o w  and cxh out of the bonorn of the bxjalu when 
it hit the lateral cdgc). Thcsc tests w r c  undcnaken bccausc the initidly chosen no-flow BC. also wed in 
thc field scale study. proved to dorninaic tiic system by allowing w t c r  to pile up against the Imcnl edge 
in thc pumice layer for the low conductivity basalt runs, and dominate thc systcm. Fiscd saturntian BCs 

, 
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u'cre also found to dominstc thc system sxuratjon, uith highcr b o u n d q  saturations resulting in higher 
intcrnnl s a u a t i o n s *  Thcsc obsmntions wcrc consistent r c g ~ d l c s s  of the system width, Lateral dram 
were tested to cmulatc an "open outflow" boundiq,  whrrc my water rcaching the I n t e d  edgc could 
djrcctlv flow out. Thcsc workcd prvticulvly wcll in thc widc S Y S ~ C ~  that \%';IS finally used. Howcvcr, 
durin$hr COUTSC of this study some d a u  on thc pumicc saturations b c c m e  nvailsble. Anothcr BC was 
then tested, for which the lateral boundaries in the Otowi md basalt layers wcrc made no-flow, and thc 
1atcra1 boundsics in thc pumicc wcre assigned constant saturations at $c reponcd values. This BC also 
gave rcLqonablc rcsults with rcsprct to knoum saturations in the  Otouj  and Gujc.  Both thc fixed 
sanL.3tion a d  vcrtical drain BCs gavc sirnjlx rcsults in thc central portion of  the system, over which 
infiltration was occurring. 

.4 rc13tivclv widc system, tsith rcspcct to thc length of thc infiltration rcgion. m d  dcpth of the system. 
V,'~S chosci to minimize boundary cffccts. 200m. SOOm, and 1 OOOm bide sptcms wcrc all tcstcd. 1: ws 
n c c e s s m  to go IO the widcst systcm, with infiltration over only thc ccntral 1 OOn, to climinnte the 
jnfluc& of  thc boundary. Whcn looking at saturation distributions only the central portion of the 
system should be considcrcd, because the outer regions primarily rcflcct boundary cffccts. 

Summa? of FindinCs: 
b\r 1.x :he strongcst inilucnce on thc flow ficld and saturation is thc (snturatcd) hydraulic conductivity of 
t h ;  basalt underlying thc Guajc pumice. Using 3 basalt conductivity that is 3: thc high cnd of reponed 
basalt rnatris valucs ( 8 . 7 ~ 1 0 ' ~  m/s) results in thc basalt largcly bcing a barrier to vertical flow. This 
results in almost csclusivcly lateral flow in thc Guajc pumicc layer, and saturations in the pumice layer 
as much as 0,3 grcatcr than for a conductivc b;Lsnlt. When the basalt conductivity is modified so that 
fluid c m  rcadilv pus  from thc pumicc into thc basalt, Intcral flow is minimal, and pumice saturati0.- 
rcmained relati;icly low. In the case of these simulations, thc pumicc saturation w x  slightly lower 
the few rcponcd rcxsurcments (0.22 instead of 0 3 ,  but that may rcflcct using only a simple three-layer 
model, \vith sicady SWIG infiltration. 

Th ichcss  of thc pumice h y c r  had P mild cffcct on saturation in the pumice, but no cffcct on stlruration 
of thc Otowi or thc basalt. H o w w .  pumicc saturation rcnded to vary by only approximstc]~ 0.05. 
Punicc th i chcss  also had only mild effect on latcrnl flow, with thjckcr layers producing slower l a t e 4  
!low. due to incrcascd f low uta. ficlsivc saturation as a function of  laycr thickness was more or less 
inscnsitivc to slopc or hydraulic conductivi:ics. Thc influcncc of pumice layer slopc on saturations \V= 
app:osimatcly as strong as thc influcncc of Isycr thickness [appos.  0,05 rangc), Hotsb2vcr, the cffcct of 
slope was strongly corrclatr.d to thc inability of the w t c r  to m o w  cither vcrticdly (low basalt 
cor,ductivity) or lmxd lya  

' 

-. 

;. 

Con cl osions: 
bwed an this stud!., thc flow ficld is obscn'cd to strongly dcpcnd on some of the ;IS yet unknown 
characteristics of the lowcr stratigraphic layers underlying MDA G. For exunplc, a rclatjvelv 
impcrmcabie basalt could result in signXcult Iatcral flow of c o n m i n a n t s .  This suggests pdssiblv 
needing 3 much larger scale model to considcr complimcc for contaninants reaching the water &le, .A 
rnorc pcrmcablc basalt produces flow ficlds that arc bcrtcr represented by the current ficld scdc mode] 
being used (rapid, vczicd flow). A distinc:ly slopcd pumicc layer could &so rcsult in the need to 
considcr D much lvger  arcal domain in the modeling cffort. I t  is possiblc that lateral flow could rcsult in 
longer groundwatcr uavcl times, through incrcascd travel timc in the pumice, but it could also result in 
shone: trawl timcs if thc fiow shoficuts the lvgc b a d t  and Puyc materials and drains into CL spring. 

Thc choice of a highcr basalt conductivity than thosc rcported in l a b o r a t o ~  analyses is justifiablc. 
Laboratory core rncuurcments rcquirc 3 c c m h  level of integrity of the marcrial to gct valid prcssm- 
s3turation-permcabiliv measurements. A basalt sample without sufficicnt integrity would not be testcd, 
but would be likely to have 3 highcr conductivity. Also, for similar rcuons, the role that fracmcs ;md 
vugs play in thc b m l t s  may be missed in standard l a b o r a t o ~  tests. In situ well tests o f  conductivity in 
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A ba t riict 

Xtini(:riciil goundw;itcr flow simulntions WCR conducted OD two 
an+dimensiond columnu, OW column rcprcscnts regions surrounding 
the uww! di,uposid pith ;it MDA G, whilc the othcr rc?prcwnts the 
disyo.rirl pits thcrnst:lvcs. Columns arc vertical crow wctions of thc 
rriesii undcrlying the disposd ~ X L .  

Iriji,id stmdy.stato simulations wcrc couductcd without fxicture 
propt:rtics to establish :L biLqt! for comp;uison of snturntiona ;md gound-  
wat.er tr:rvcl times tlirougb thc mriow mcmbcrn to.those of subncqucnt 
runs. SirnuliLtud wtur:itions iu the uppcr two hycrs of thc columnn 
wcrc significantly higher thrm thosc obscrvcd in thc ficld. Saturations 
in :ill other lnycrs for which fidd d;tta is a\dliLblc WiLq within or V C ~  

ncrt' rxngca of satumtions obncrvcd in thc field. 
r l  scnsicivity nn;Jysis WLS id.yo pcrformed with the mntrix-only 

colurnns in which hydraulic conductivities wcrc vxicd in c4wh lnycr to 
cstirbliah niinirnum u d  rnu imurn  potentid poundwatcr trnvcl times 
through thc units, Conductiviticn iisrd in this :mdyrcia wcrc thc min- 
imum :md mrueinium w l u w  t;rkcn froxu field d:rta 

Rircture properties w m  thcn  d d c d  to units whcrc such diLt:i IVM 

~ L V i t i l ~ h l ~ : ,  Simulations wcrc' concfuctcd to cnsurc the modcling method 
did not :ifT'ct groundw:ttcr tr:tvcl tinics in hycrs without frirctures. 
Stcirdy titltte rum with frirctuma simulntcd in thc uppm hryem of mch 
column showed no c b r q e  iu sirturfitions profiles or groundwatcr trnvcl 
titncv through thc columns. 

A prcliminlvy scnsitivity imdyais btwd on varying selected fmc- 
ture propcrtics W L ~  conducted with thc disposal pit colllmn. One 
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co1&in;ltion or c:Ln Gcnuchtcn n :md D for fil1cturc.r yicldcd sip& 
C:mt fificture flow in thc fixturd layw of this column. Saturation in 
the matrix miitcrid of the ,dTcctcd hycr wm rcduccd by iipproximntely 
tflrcy pcrcent, but M*W still significantly highcr thrln that o b s e n d  in 
thc field. Groundwntcr trawl times wcrp slightly rcduccd. 

Firinlly, trnnsicnt simulutions were conductcd with the fracturcd 
columns to dctcrminc? whcthcr or not friicturw would providc a fast 
flow path to lowcr Inycm during high infiltration cvcntu. Problcm 
wcrc cncountcrcd with the column rcprcsenting the ucs d j u c n t  
to thu disposal pits, and results obtdned wcrc iaaccurutc. Rcsults 
for the disposd pit columns indiwtcd that saturation profilw t a d  
groundwater t r u d  timet; do not chnngc apprccirrbly in thc modclcd 
sccnuio, 

1 Introduction 
Sc\vg;11 numcricnl simulations wcre performed using tw*o onc-dimensional 
Cross sections: rcprcscnting the lo\~-lcvel r;idio;lctive disposal nt >IDA G. 
Thp first column rcprcscnts the arms surrounding thc \cute  disposal pits, 
with thc top 1;qw corrcsponding to Vnit 2 of thc Tshircge Mcrnbcr of the 
Bnndclicr Tuff. Thc sccorrd column rcprcscnts the dispasd pits thcrnsclws, 
with thc top layer corrcsponding' to the crushcd tuff uscd t o  fill thc pits. The 
simulations w r c  pcrfornicd with the finitc clcmcnt code FEHM (Zyvoloski 

Initial simulations wcrc stcady-state and uscd n matrix-only rcprcscn- 
tntion to  dctcrntinc bascline saturation profilcs for the columns. Transport 
c;ilculations wrc '  also pcrformed using conscwutiw particle tracking to dctcr- 
mine groundwater travel timcs through the various units, Avcmge hydrologic 
parameters wcre assigned to each l a y r  for thcsc. simulations. 

A *sensitivity analysis was then conductcd on these columns in which 
minimum and mmimum hydraulic conductivities wcrc uisigned t o  each Iq*cr. 
Masimum and minimum groundwtcr t r a w l  times through each unit were 
cxlculntcd, as wcll as thc ovcrnll m u i r n u m  and minimum groundwtcr  trawl 
times to thc top of the lowcst (basalt) Inycr. Travel timcs wcre calculated to  
the basalt layer in licu of to the w t c r  table bccnusc little hydrologic da t a  is 
nvailnblc for thc b:calt Inycr, Travel timcs through this lqw would therefore 
bc inaccurate. Travel times t o  the top of the basalt layer may be uscd as a 
conscnative estimate of trnvcl times to the water tablc until more accurate 

et. id, 1995). 
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2 Modeling Studies 

2.1 Rcprescntation of Columns 
Two one-mcter widc, one-dimcnsional cross-scctiond columns t w c  uscd in 
thc riumcric:il g o u n d x i t c r  flow simulations (Figure 1). The first column 
rcprcstnts arc:Ls ndjnccnt to the w w t c  d i spo~i~l  pits, and has an iippcr lnycr 
consisting of intact tuff. This laycr w u  msigncd hydrologic propcrtics of 
Gnit 2 of the Tsliircgc ?rlcrnbcr of the Bandclicr Tuff. For thc stcrrdy-state 
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simulation, an infiltration rate of 1 mm per y c u  was applied to the top two 
nodes iI1 this column. For the trmsicnt sirnuhition, infiltration profile 
&vc]opcd by Springer (1995) was used (Figure 2). Thc rates in this profile 
rcprcscnt an awrngc infiltration rate of 5.5 mm per gcnr, so thcsc rates were 
scillcd to an avcragc rate of 1 rnm per J V ; ~  for this column. 

Thc upper laycr of the column corresponding to the disposd pits IVU 

assigned hydrologic properties of thc crushed tuff used to fill the  pix. .An 
infiltration rate of 5.5 mm per year v*s applied to the top of this column for 
the stc;td>*-statc simulation. Tlicrc is little vegetation o w  thc filled disposal 
pits, and thus there is much less cvapotrmspiration from the upper region 

' of thc pits. Thcrcfore ;L highcr net infiltration rate ws uscd for the crushed 
cuff columns, For the transient simulation, thc infiltration profile developed 
by Springcr \\*si ngnin used. The rates wcre not scaled in this c i w  as they 
corrcspotzd co an averagc infiltration rate of 5.: mm per year, 

2.2 Grid Parameters 
The computational grid used for both co!umns is idcnticd. For the stcadp 
state sirnulstions, thc grid consiscs of 210 nodes u r a n g d  in tw'o colunlns 
situated one meter apart. 1~'erticid node spacing in a11 loycr~  csccpt the 
b u d t  l a y  is approsirnatcly one mctcr. I .  \ycrticctl node spacing in the b u d t  
hycr is approsirnately 20 meters. 

Grid resolution w s  incrciwd for the fractured column studies in order 
to reduce crrors in the numerical solution. This grid consists of 664 nodes 
arranged in two columns situiitcd one mctcr apart, Vcrtical node spacing in 
the upper two fractured lilgcrs is approsimately 0.1 mctcrs. Sodc spacing in 
the nest  five loycrs is approximately one mctcr. \:crticnl node spacing in the 
basalt lnycr is approximatt.l>* 20 meters. 

2.3 Steady-State Matrix-Only Simulations and Sensi- 
tivity Analysis 

Initial stcndy-state models w r c  run using tl. matrix-only representation of 
tllc system in ordcr to  dcterrninc saturation profiles for cnch column for corn- 
piirison to later runs with fracture p u m c t m  included. These simulations 
iwrc run to 20,000 ym to ensure that cquilibriurn had bwn rcachcd. These 
runs also cstabhhed n stcody-state rcproscntation of the system from which 
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Figure 2: Transient infiltration profile, 5.5 mm per year average (74 pcrccnt 
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particle tr;lcking runs could be initintcd. Saturation profilcs wcre XISO com- 
p;Lrcd t o  those obscr\#cd in thc field in lagers for which such data is nvailnble. 
a ~ l l  field snturation da ta  w s  obt;iinc.d from Krier et .  (21. (1905). Ficld Sat- 
uration data  was riot aiajlablc for the crushcd tuff, Gunje pumice, or the 

Sc\yra] stcady-state flo\s simulations with conscrativc particle tracking 
\yere then run for both columns to determine the minimum, average and 
maximum groundwater trilvcl timcs through each gcdogic unit at A r m  G, 
Groundwater t rawl  times were dctcrmincd by observing the transport of 
100,000 particles injected into tlx top two nodcs of coch column during t h e  
first 30 days of the  simulation. Conscrvxtiw, non-sorbing liquid-phasc p;u- 
ticlcs wcrc sirnulntcd with rrdscction ~JS thc only transport mechanism to 
o k i i n  rl co~iscrv:rtiv~ cstirnntc of tritvcl times. Particle tracking sirnuliltions 
IVCW started with ,m initial saturation distribution dcrivcd from the 20,000 
\'car s tcadyXatc  simulations, using the appropriate stcndy-state infiltration 
rate for tlic column undcr considcration. 

Thc wcragc groundwater t rwel  times through cilch lagcr ,and to thc basalt 
Inycr were cornputcd by usigning :ivc:agc obscnd  hydraulic conductivities 
to  each Iiiycr in the column under invcstigiition. Minimum groundimter 
trn\*el times through a given hycr wcre calculated by assigning tlic rnic.xi- 
mum obscrwd saturated hydraulic conductivity t o  thc liiycr while w i p i n g  
rrican vnlucs of siittlratcd I i y d r i i ~ l i ~  conductivity t o  'all othcr Ia>*c~;.  Simi- 
larly, rnnxirrium groundmtcr  travel timcs wcrcf cnlculatcd by assigning thc 
rniriimtim obscnled snturirtcd 1iydr;iulic conductivity t o  the layer undcr study 
whilc holding d l  othcr I ~ ~ Y C E  at tlicir m a n  salucs. Ovcrdl maximum :md 
minimum goundwatcr  tr;ivcl timcs to thc top of thc bwillt layer wcrc also 
ca1cul:ttcd by w i p i n g  minimum m d  miL.irnum siituriltcd hydrnclic con- 
ductisities, rcspcctivcly, LO ;ill laycrs simultancously. 34c;~n,  minimum and 
milsitnum liydrologic properties for wch of the units arc givcn in Tilblc 1, 

hifiillt layer, 

2.4 Steady-State FYacture Simulations and Prcliminary 
Sensitivity Analysis 

After b;~sclinc saturations :md groundwater t rawl  timcs through the matrix- 
only columns were dctcrmincd. fracturc pitramcters wcrc nddcd to  Unit 2 
and Unit lv-u in the intact tuff colunin. Fracture paramctcrs wcrc addcd to 
Unit 1-u in the crushcd tuff column. Frricturcs wtrc modclcd using the d u d  

. . . . ... - 
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Unit 
Crushed Tup 
Unit 2’ 
Unit 1v - ut  
Vnit IV - ct 
Unit  1gt 
Cerro Toledot 
Otowi Mernbcrt 
Guajc Pumice: 
Bunlt’ 

K , , ~  m,w (mZ) 
9.40 s lo+  
4.01 s lo-’? 
1.01 x 
1-49 s lo-’= 
4.47 s lo-’= 
4.93 s lo-’? 
s.93 x lo-’= 
no data 
no da ta  

:Mcnn vnlucs from Iiricr et, d, 1995. 
$from Evcrctt (1995), 
‘from Bishop (1991), 
,411 niinimum and muimum valucs from R o g m  et. id, 1995. 

Table 1: Hydrologic propcrties of the Bnndclicr Tuff. 

porosity/duol pcrmcability macro (dpdp) of FEHM, 
Field data indicates that fractures in Unit 2 and Gnit Iv-u haw n spacing 

(a )  of 1.0 to 1.3 mctcrs, with a median spcrnture ( b )  of 3 mm (Eirier ct. d, 
1995), A n  meragc fracture spacing of 1.15 rncters \ v u  assumed. Puallel 
plate thcory was used t o  cdculacc fracturc porosit,v (dj,,,), permeability 
(ktraf), length scale (L), nnd van Gcnuchtcn alpha (cup,) from this data  for 
use in thc FEHM simulation, From parallel plntc thcoq*: 

djrclc = b/a 
k~,,, = b2/12 
L = a/2 

a j r a c  = bpg /% 
tvhcrc p is the density of wntcr (1000 kg/m3), y is gmvitationd nccelcrntion 
(0.S1 m/scc2), and y is 0,072 kg/scc2. Thus d/roc = 2.6 s krroc =t 

7.5 x 10’: m2, L = 0.575 m, ,znd ajpw 2r 230 me’, The van Gcnuchten n for 
the intact tuff column ivas sCt at 3, bascd on simiiu systems bcing modcled 
for the Yucca Mountain Projcct. The vLan Gcnuclten n for the crushed tuff 
column ~ 3 s  sct nt 1,6?, the rnasimum \*due that  could be used in conjunction 
with thc large crjrac while dlowing thc simulation to converge. 

. 
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3 
3 
2 
1.5 

- 
3 
3 
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. 3  
3 

tDifference is esprcssed as orders of magnitude more 
matris liquid f lus  than fracture liquid f l ~ u .  

Table 2: Fracture pr.ir;micter variations and resulting order of magnitude 
ratio of matris liquid flux t o  frncturc Iiquid flux for preliminary sensitiviF 
analysis of crushed tuff column. 

piir;lllel plate theory, a preliminay scnsitivity analysis ws conducted in 
which the values of ran Genuchten n,  ofrcrc and kpoc wcre sptemnticdly.  
varied in the crushed tuff column. The flxo macro \vas again uscd t o  corn- 
pare liquid fiux in the miitri?i material to liquid flus in the fractures, A 
s;tturntion prclfilc and groundwater trawl time to thc b u d t  I n y  wui ob- 
scn‘ed for one case in which significant fixture flow occurred. A summar?. 
of tlic fracture jxmmcter varintions‘ ius well as resulting flus diflervnccs is 
prcscntcd in Table 2. Furthcr sensitivity nn;J!*sis is being conducted on this 
column :LS WCII  :is the intact tuff column. 

2.5 Transient Racture Simulations 
Oncc steady-state saturation profiles and ground~vatcr travel times w r c  cs- 
t;\blishcd for thc fractured columns, trunsicnt infiltration simulations were 
conducted, An infiltration profile dwc1opt.d by Springer (1995) was uscd 
(Figure 2) for thcsc runs. The rates in this profile were d c ~ l o p e d  for m 
avcrnge infrltrntion raw of 5.5 mm pcr pnr, so thcsc rates wcrc scslcd t o  
an wcragc rate of 1 rnm per y c u  for the intact tu!€ column. Again, infil- 
tration was routed cntirely into the top fracture nodes of the columns. The  
simulations wcre started using the iaturation distributions obtained in the 
stcudp-stiitc fracture simulations for the appropriate column. 

Simulations were run to approsimatcly SOOQ, GOO0 tmd 7000 ycars, Sntu- 
rution profiles for both the rnatris matcrial and the fracturcs \wrc observed 
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3 Results 

3 1 Stead y - Stat e &!I at r i s- 0 n 1 y S i iiiula t, i o ns and S cm i- 
tivity Analysis 

Silt uration profiles were o b ~ i ~ i n i ~ d  for both tlic intnct t i i f f  and thc crushed 
t tiff columns, orid ;Ire prcscintud in Figures 3 ; ~ n d  1 dong with ranges of Satu- 
riltiotls obt;iiricd from ficld dntii for :i\*iiil:l\)Ic units. Simulatcd sntur:it,ions in 
th:  upper two urhs ;ire +yiific:i~itly higlicr t h n  thosc obscrvcd in the ficld. 
Siniulntvd saturations in lawcr units arc within or v c y  near thosc ranges 
obwrvi:d in the ficld. 

The mini niuni i~ nd 31 i rsimu in Grou ndwntcr t ril\*tJl timcs c:ilculnt cd through 
c ; ~ h  layer iwicd by approsimnlclg 25 pcrccnt from their rrvcrtrgc cnlculntcd 
v:iluos for both columns. Similar vnri;it,ions from the ;tvcragc ground~r*ntcr 
travd tinic to t l i c  top of thc b ; d t  layer wcrc olisurvcd whcn thc minimum 
mc! rnasimum hydrologic properties w r c  used for all lnycrs sirnultmcously. 
Becausc minimum and mas jmum srrturntcd hydraulic conductivity values 
w r ( :  onl!* avlrilablc for the upper six units, sensitivity nnnlgsis w:u performed 
onl!l on thcsc layers, Minimum, avcrage and m u i m u m  goundwatcr travel 
tinies through individual layers for tlic i n t i c t  tu f f  column are summarized in 

11 



3.2 Steady-State F’racture Simulations and Preliminary 
Sen sit iv i t y  An a1 y sis 

X n  iriitiid simulation WAS conducted to validate the mcthod used to simulate 
no~d’r;icturcd lnycrs with thc dpdp macro of FEHM, Fracture piunmcten 
in all Iaprs  wcrc set equal to miltris puornctcrs, with a small (1.0 s 
fr:icr.urc porosity. Groundwtcr trawl timcs were cdculated through cach 
1:iycr a n d  to thc top of thc b;fi:dt Iny r  nnd compared with those found in 
prc!\*ious matris-ody simulations, Trawl timet; in this c u e  wc‘rc the same 
;1s those found in the m;itris-only ~imulat,ions, and thus the method ws 
j us t i fied . 

Fracture propcrties wcrc then addcd to thc :ippropriutc h y c n  in c x h  
column. Groundwater trawl tirncs wcre obscncd through ciich layer and 
to thc b;wlt  Inyr  and compnrcd to the matris-only simulations. Layer-by- 
ln!.er,b.rouqd\\*atcr travcl tirncs for thc fractured intact tuff column are givcn 
in Tdblc 6, Layer-bi-lnyer groundwtcr trwel timcs for thc f rxturcd crushcd 
tuff column arc given in Table 7. 

,Arrival tirncs for 10 pcrccnt and 50 porccnt total particlc concentration are 
given, and in most C:LWS thc trawl timcs to cach l a p r  in the niatris-only c i ~ e  
fi l l1 within the  givcn arrival rmgc for the fractured r s e .  Trawl tirncs in thc 
uppcr 3 layers of thc intact tuff column arc approximately 100 years Faster 
(for 50 percent conccntration arri\*itl) than in the matrix-only c u e .  This 
diffcrcncc is most likely buc to di5crcnccs in t inx  stcp resolution bc twcn 
t h e  matrix-only and friicturc sirnulntions. The idcnticnl arrival times at the 
tops of the Cc:ro Toledo Ncmbcr and the Oto\vi Mcmbcr for both fractured 
columns is dso duc to time stcp rcsolution in the fracture simulations. 

Saturation profiles wcre d s o  calculated for the matrix material and for 
thc fractures in both columns. Thc profile for thc intact tuff column is given 
in Figure 5 .  The profile for thc crushed tuff column is given in Figure 6. 
Ranges of saturation values obsened in the ficld are presented as well for 
availablc units. Groundwt t r  t rawl  tirncs to the basalt layer are also graph- 
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Figure 3: Steady-state saturation profile (m:itris only), 1 rnm pcr ycnr infi1- 
triition into Unit. 2. 

Unit TIn,in (Years) TkvK (YCWS) T,, (Ycnrs) 
Unit ? GOO 700 900 
Cnit Iv  - ut 770 so0 900 
Unit I\* - c1 800 800 1000 
Cnit 1gt 1150 1200 1700 
Cerro Toledo: 100 150 190 
Otowi Llcmbcrf 2900 3300 4900 

t 100-gcar rcsol u tion, $1 0-ycu rcsolution. 

Table 3: Groundwntu travel timc sensitivity nnalysis, 1 mm pcr y c u  infil- 
tration into Unit 2. 

13 



25 ; 
90; 

Srlunnm 

Figure 4: Stci ldpstntc saturation profile (motris only), 5.5 mm pcr ycm 
infiltration into Crushed Tuff. 

Unit Tmin (YCUS) TwK (YCXS) T m a  (ye3I.S) 
Crushud Tuff 130 160 190 

Unit  lg 260 320 420 

Otowi hIcrnber 570 750 1160 

Uait lv-u 190 230 250 
1so 200 250 ?nit Iv-c 

Ccrro Toledo 40 40 50 

10-ycar rcsolution for all units: 

T;ibk 4:  Groundiwtcr triivel t ime sensitivity analysis, 5.5 mm per y c u  infil- 
tration into Crusticd TuK 
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Case Tmin (YCUS) ThvR (YCUS) T,, (Yc'vs) :, e. 

1 mni per p a r  into Vnit 2' 7500 9500 !2.500 
5.5 rrim pcr ycar into Crushcd Tuff: 1600 2130 2900 I 

, I  

t100-yc:rr resolution, :lO-ycar rr!solutian, 

Table 5: Grouridw:ttcr trm'cl times to bns;tlt layer, sirnultnncous conductivity 
vnrint ion, 

To Top of Unit  
Uni t  1 Y-u 
Vtiit lv-c 
L'nit Ig 
Ccrro Tolcdo 
Otowi hlcmbcr 
G u ; j c  Purrricc 
Basalt 

TIrsC 10% (YC;LPS) 
1350 
1000 
3 so0 
3300 
3300 
7000 
9000 

Tnafrae ( Y c ~ s )  
800 
1700 
2G00 
3900 
4100 
7500 
9500 

T;il)le G: Grouridwitcr trn\*cl t.irncs, 1 nirn pcr ycar infiltmtion into Un i t  2, 
Iiqw-b~+-l: ty~r comp:irison of miltris-only rind fractured cases, 

To Top of Unit Trrnc 10% (Ycms) Trrnc 50% (Ycars) 
U n i t  lv-u !GO, 170 
Uui t  lv-c 4 00 4 10 
Uni t  1g GOO 620 
Cmro Tolcdo 950 970 
Otowi Mcmber 950 970 
Guajtl Pumice 1750 1 so0 
Bilsalt 2100 2x50 

Tablc 7: Groundwnter trnvcl timcbs, 5.5 m m  pcr y n r  infiltration into c r u s h d  
tuf f ,  lilycr-b~-Ifi~t?r comparison of matrix-only and fractured c r ~ e s .  

icaII!* dcpictcd in thcsc figurcs. Tlic s;iturntion profiles for both cr~iumris arc 
;iltnost identical to those of their non-friscturcd counterparts. Additionnllp, 
saturations in the upper two layers rcmilincd significantly highcr than those 
rcportcd in field data. Groundw3t~'r t rawl  times to  the b u a l t  lnycr arc the 
same is those cnlculatcd in the matris-only simulations. 

A n  analysis of the c d u m n s  t w  conducted using the flxo macro of FEHM, 
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Figure 5 :  Stusdp-state situration profile (fracture simulation), 1 mm per 
~ 9 c u  infiltration into "nit 2, with goundwatcr trawl time to  basalt laycr. 
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Ivhich reports liquid flus raws bct\\*ccn adjacent specified nodcs. Flus \\*as 
obscrvcd bctwccn scvcrnl vertical pairs of nodt!! in the matrix material and 
bet\vccn the corresponding fracturc nodcs in the fractured laycrj, Liquid 
flus r;ltpS in the fractures were approsirnatcly f i ~  orders of magnitude lower 
than liquid flus rates in the corresponding matrix mntcrid for both columns. 
Thus, csscntially no fracture flow takes place in cither column with frac- 
ture p;mmictcrs cdculatcd using parallcl platc theoqv and stcad? infiltration 
profilcs. 

.A prcliminny sunsitivit>* analysis of selected frncturc parameters \VU con- 
ducted on the crushed tuff column. l'an Gcnuchtcn n, ojroc and k,,,, wcre 
\*n:ied in thc fractured Inycr, and the resulting ratio of matrix liquid f lus  to 
fracture liquid flu was obucrwd using the Ruo macro, Parlimetcr variations 
as wcll s flus differences arc presented in Table 2. 

One c u e  with both a low van Gcnuchtcn rc (1.5) and a low airoe (3 m") 
showcd significant fracture flow. A saturation profile was determined for this 
sccnuio, and the diffcrencc bctwccn this profile and the stcadpstatc profile 
obtained using fracture p u m e t c r s  cdcu1atc.d with p u d l c l  plate t h c o r p * s  
computed. Thcse profiles arc presented in Figures 7 and 8. A positkc d u e  
on the diffcrcncc plot indicates that region is Iess saturated in the scnsitivity 
analysis than in the bitse steady-state cue. This scenario rcsult.ed in an 
approsirnatcly threc pcrccnt l o w r  saturation in Unit lv-u, Howcwr. the 
rnatris siturntion in this hycr is still higher than that observed in the field. 

Groundwtcr  trii\d time to the basalt layer \vas dso computed for this 
sccnario, and is depicted graphically in Figure 9. Fracture flow in this c u c  
rcsultud in a 300-year reduction in the arrival time of the first particles in 
comparison to the b u c  steady-state cue .  The arrivd time for 50 percent 
particle conccntration was reduced by only 100 y c m ,  

3.3 Transient ]Fracture Simulations 
Results arc prcscntcd for only the crushed tuff column due to the problcm 
ericountcred with the intact tuff column, The transient infiltration profile 
prcscntcd in Figure 2 was npplicd to thc upper two fracture nodcs in the 
crushed tuff column. Saturation profilcs were obscnted at the cnd of 5014 
years, GOO0 y c m  nnd 7000 years and are prcsentcd in Figures 10, 12 and 14. 
The diffcrcnccs bctwccn the stcndpstnte fractured column saturation pro- 
files and the three transient saturation profilcs wcre also computed, and are 
prcscntcd in Figures 11, 13 and 15. In thcse figures, a positive m h e  indicates 
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Figure 8: Difference bc twcn saturation profiles of stcady-state base case and 
scnsitivity analysis caw (n = 1,5,  ajtac = 3 m-*, kj,,, = 7,s x IO-" mz in 
Unit lv-u) for fractured crushcd tuff column. 
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Figure 9: Groundwater trawl time to b ; d t  lttycr in crushed tuff column,, 
frncturcd steady-statc scnsitivitls annlysis (n = 1.5, airuc = 3 mml, ki,,, = 
r,a s _I  m2 in “nit IV-u). 

tllat arch js less saturated in thc,transicnt sinlulation than in the steady-state 
simulation. while a ncgativc value indicates that  x c a  is more saturated in the 
transient simulation. Groundwtcr  trnvcl time to the top of the b i d t  layer 
was cdcu1;itcd from thc start of thc first infiltration cvcnt in the transicnt 
profilc, and is prcscntcd gr-raphicnll>* in F i p r c  16. 

Saturation u a function of time from 5000 yeas to 7000 y c m  \ v u  ob- 
scrwd for three nodcs cach in thc crushed tuff, Unit lv -u ,  and b u d t  Inycrs. 
m d  is proscntcd in Figures 17, 1s and 19. Both fracture and mntris nodes 
n’crc obscrved in Vni t  11.-u (thc only frncturcd Inycr). Damping of the trm- 
sicnt input is c1e;vly obscnlcd in progcssivcly dccpcr nodes. 

Finally, wrtical liquid flus rates bctwcn thrcc pairs of adjacent nodcs in 
thc. crushed tuff,  Unit lv-u, irnd basalt lqws w r c  observed a d  arc prcscnted 
in Figures 20, 21 and 22. Again, damping of thc transient infiltriition is 
cvidcnt at progressively dccpcr nodes. In Unit lv-u (thc only frncturcd layer), 
liquid flus rntcs betwecn the obscmd fracture nodes w r c  five to six orders 
of magnitude lower than liquid f lus  rates betwen the corresponding matrix 
nodcs, Thus it was concluded that fracturc flow is not a significant transport 
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3.3 Column, MDA G, Transiunt lnliltrallon in!o Crushod Tuff, Fractured 1v.u 
Sarurnbon Prohb (5014 Y H O ~ ,  CaM 1) 

....,....,XI,...., ~ ..... ... ......,. ".. 

- Malrlx 
0- - -  Fraetursi 
,- FicM Data Ranoa 1 

i 

Figure 10: Stiturntion profilc for cruslicd t u f f  column, 5014 yxrs into trm- 
sjcnt simuliir.ion (5 .5  mrn pcr p:tr  i\\'cragc infiltration), 

m .  

Ro: 

S U I  

:-- 
I- 

Figurc 11: Diffcrcncc bctii*:l.cn saturation profilcs of stcady-statc and trm- 
sicnt h c t u r c  siniulations for crushcd tuff column at 5014 ynrs into transient 
simulation (2,s mm pcr year weragr! infiltration). 
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Figure 12: Sitturation profile for crushed tuff column, GOO0 y c m  into trnn- 
sicnt simulation (5.5 mm pcr year werngc infiltration). 
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Figure 13: Diffcrcncc bctwccn snturation profilcs of steadp-state and trm- 
sicnt kacture simulations for crushed tuff column at 6000 gcm into transient 
simulation (5.5 rnm pet ycar avcmgc infiltration). 
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1.D Column, MDA G, Transient In!iltraton into Crushed Tun, Fraclurod lv-u 
&lurolmn Pro~lbo (7000 Yssn, Cam 1) 
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Figurc 14: Snr.ur;ition profile for crushcd tuff column, 7000 years into tram- 
sicnt simulation ( 5 * 5  mm pcr p a r  ovcragc infiltrntion), 

Figure 15: Diflercncc bctwccn saturation profiles of stcady-statc and trnn- 
sicnt fracture simulations for crushcd tuff column at 7000 years into transient 
simulation (5.5 mm per year wcragc infiltration). 
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Figiirc 1G: Groundwtcr trow1 time to basalt lnycr in crushed tuff column, 
trimsient sinlulntion (2,s mm pcr ~ P U  nvcrsgc infiltration). 

~ncchanism in the transient scenario using the giscn infiltmtion profile with 
fracture, parameters calculated using puallcl plate thcov. 

Liquid flus \&itions in the basalt, l a y  arc much l o w r  than saturation 
vwktions in that, layer, Tllesc results ngrcc with obbcndons  made by Bird- 
sell et, a], (1996) in il prcyious study that, transient impulses are damped in 
the lowcst uni ts  at MD.4 G. 

4 Discussion and Conclusions 
llatris-only saturation profilcs as ~ w l l  as groundwter trawl times through 
the various 1;iyrs in tlic two simulated columns wcrc first dctcrmined to S C ~ T  
as o buclinc eompnrison to subscqucnt fractured column simulations. Matrix 
saturations in this cast were significantly higher thnn saturations obscwed 
in the ficld in t!ie upper two units in the columns. Sensitivity mdysh WBS 
also performcd on these columns to'dcterrninc the cffects of using bounding 
hydraulic conductivity \.;dues cn grounch-ater travel times through each of 
the indi\*idud units and to the top of the budt layer, Trawl times were 
found to vary b)* npprosirnately 25 percent from awragc when maximum or 
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Figure 17: Saturation vs. timc, crushed tuff layer, crushed t u f f  column, 
transient simulation ( 5 , s  mm pcr y c u  average infiltration). 
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simulation (5.5 mm per year average infiltration). 
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Figure 21: Liquid flux vs. t ime in matrix, Unit  1v-u, crushed tuff column, 
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Conccptual Model for Subsurface Transport at MX)A G 

David B. Rogcrs, Patrick Longmire, Brcnt D. Ycwmm. Ka>@ ET. Birdsell. Wendy E. Soll. 
and Erik L. Vold 

Introduction 

Thjs conceptual model discussion covek u p c t s  of hydrogeolog)' and gcoc hemjstry 
bearing on solute trqspon: beneath M D A  G and is an update of that provided by Turin 
(1995), !vlDA G occupies part of M e s h  del Bucy, a n m o w ,  southeast urnding mesa on 
;he Pajarit0 Platcau. The mesa is formed from [WO ignimbrite (ash flow) eruptions which 
comprise the Bondelicr Tuff, Canyons havc cut down 50 to 100 ft. into the tuff below the 
sides of the mesa. The tuff is underlain by the Ccrros del Ria budts .  the Puye 
Conglomcratc. and sedimcnts ofrhe Santa Ft Group. Water in the regjond aquifer 
bencnth the Pajarit0 Plucau occurs in the h y e  Conglomcratc 3nd the Santa Fe Group, at 

3 depth of about 1050 ft below thc wcstcrn end of Mcsita del Buey, and 850 i t  below the 
u w e m  cnd (Punymun and Kennedy, 197 1). 

Hydrogeologic Conccptual Model for thc Pajarito Plateau 

, .  

To Frovidc 3 contcxt for thc MDA G conceptud model. we briefly present the LAhZ 
facility-wide hydrologic conceptual model, taken from the L A i i  Hydrogeologic 
Workpllln (Wntcr Quality 6; Hydrology Group, 1996) The document was prepared in 
response to the New Mexico Environment Dcpmrncnt's (NMED) May 30, 1995 denial 
of LANL's groundwater monitoring waivers for L m ' s  regulated u i t s  (under SO CFR 
265 Subpm G) including M D A  G and MDA L at TA-54, and in rcsponsc to NMED's 
August 17. 19% tcqukement for a comprchcnsivc hydrogcologic workplan for LANL 
(under 30 CFR 265 Subpart F), 7 l c  Mydrogcologic Workplm was written by an 
interdiscipiinq L . W I  tern,  coordinated by L,tUIz's Water Qualiry 8: Hydrology 
Group (ESH-I 8). at DOE rcqucsr, The workplan's hydrogeologic characterization 
activities arc directed at developing an enhanced understanding of h e  Laboratory's 
h?drogeologic setting, with the intention of providing D basis for extending L N ' s  
c -roundwater monitoring system. 

For purposes of describing a conceptual model for Los Almos National Laboratory, the 
hydrogcolou of the Pajarito P1a:cau is broken into four components, Two of the 
componcnts relate to physiography: m e s s  and canyons, Mesa tops arc for the most pa? 
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d? (Figure 1). Canyons y e  divided into w t  and dc': the wet c q o n s  contain cphcmeral 
st:eams and contain groundwater in the canyon bottom alluvium (Figurc "1 I , Dry canyons 

have less stream flow and-may lack dlwid groundwater, A third component, 
intermediate perched groundwater, is found at depths ranging from 100 to 400 ft. and is 
controllcd by iithology, The fourth componcnt, the Regional Aquifer, is found at depths 
of about 600 io 1200 ft. Imporrant aspects of each component of thc hydrogeologic 
sysrern arc listed below. I 

. I  I 

In the context of the L A N  f3cility-widc conceptual model. M e s h  del Bucy (occupicd in 
pm by MDA G) is one of the drier of the m e s s  found on the Labor~to~. It is locatcd 
well cast of the Jrmez Mounrains at low elevation. in the pad03 of the LnbontoT when 
cvspotrmspiration rates YC highest and precipitation is lowest, Paj&to Cnyon, to the 
south of Mesita del Buey, is ;I canyon that heads in the Jemtz Mountains and is one of the 
wctter canyons (though not the w'cttcst) at the bbontory.  Cailach de2 Buey, nonh of 
Mesita dcl Buty, heads on the Pajarit0 Plateau and is one of the driest cmyons at LStvL, 
Intermcdiate perched groundwatct has not been obsemcd beneath MDA G (Dcvaurs and 
Punymun, 1985). Intermediate perched groundwater nay bc present within the 
Bandelicr Tuff beneath Pajarit0 Canyon. baed on rcsulw from drill$& wells SHB4 ' 

IGudncr et d,, 199:) and PM-2 (Coopcr et a]., 1965), The following sections summarize 
the four componcnts of the LAYL facility-wide hydrogeologic concepnrd model (Ur;Ltcr 

Quality 6: Hydrology Group, 1996). 

LAYL Faci/ipwi.de Conceptual Model: Mcsus 

Relatively small volumes of water move beneath mesa tops under natural conditions. due 
to low rainfall, high evaporation. and efficient water use by vegetation. Atmospheric 
evaporation may extend within mesas. funher inhibiting downward liquid flow, 

The m o u n t  of mesa top recharge dong the western portion of the LibonIoF 1s 
unccnain. Higher rainfall. increased vcgetauvc cover, and incrcascd welding and jointing 
of thc tuff might Itad to differcnr recharge rates than thosc observed in better srudied 
portions of the Labontov. 

Mesa top rcchargc can be lwdly significant under disturbcd surface conditions, Such 
change occurs when the soil is compacted when the vegeution is disnutxd. or when 
mort water is artificially added to the hydrologic system by fcaturcs such as blacktop. 

- 

lagoons, or efflucnt disposal. 
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Hydrogeologic Conceptual Model for Mesas 

Mesa top recharge: 
Small under natural conditions v Smaller recharge 
Significant under disturbed surface 
Fractures don’t enhance unless saturated 

v Larger recharge 

Air movement may dry mesa interior 

Vapor phase contaminant movement possible 

Figure 1. Hydrogeologic conceptual model for mesas 
(from Water Quality & Hydrology Group, 1996). - 



Hydrogeologic Conceptual Model for Canyons 

. . , ,  
, .. .. .. . . 

* . '  . . . . -  . .. 

* Dry canyons: 
Little recharge under natural conditions 
Significant under disturbed conditions 

Wet canyons: 
Source of recharge to intermediate groundwater 
and main aquifer 

Intermediate groundwater: 
Significant contaminant transport path 
Source of recharge to main aquifer 
Occurs ir: iarger canyon systems 
Exists beneath canyons, not mesas? 
Laterally extensive near Jemez Mountains? 
Controlled by subsurface lithology 

a Tuff 

Basalt 
Conglomerate 
0 Santa Fe Group 
V SGurated Zone 
v Larger recharge 
v Smaller recharge 

Figure 2. Hydrogeologic conceptual model for canyons 
(from Water Quality & Hydrology Group, 1996). 
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Fractures withln m e s a  do not cnhancc thc movcmrnl of diwdvcd contmunants unlcsh 

saturation dcvclops. 

Contilminuts in vapor i'om readily rnigratc through mcsu, Vapors dcnscr than air will 
sink. 

UrVL Focilifpwide Conccptiral Model: Alluvial Groundwater 

In drier canyon bottoms, groundwater may occur seasonally in the alluvium. depending 
on the volume of surface flow from snowmclt, thundcrstorm runoff, and Laboratory 
SPDES-permitted cfflucnxs. As water in thc alluvium moves down the canyon. it  is 
dcplckd by cvapouanspiration and infiltration into thc underlying rocks. 

In wcttcr canyon bottom, infiltration of SPDES-pcrmiticd cfflucnls and na:urd mnoff 
reaching thc strcam channel ma)7majnta.in a shallow body of groundwater in the 
dluvium. Wate: :vcls are highest in late spring from snowmelt runoff and in late 
sumrncr from thundershowers. Water levels decline during the winter and early summer 
when runoff is at a minimum. 

Alluvid groundwtltcr z o n a  uc 3 source of recharge to underlying intermediate perched 
toncs, usually by unsaturated flow. 

Dry canyon bottoms contribute r c l a t i k l y  little recharge under natud'conditions. LOR€- 
term addition of cfflucnt to narurally dry canyon bottoms may rcsult in rcchargc to 
intcmediate perched zoncs. 

In ;I few cases whcrc saturated flow might occur. faults that underlie dluvial saturated 
tones or intermediate perched zoncs could provide pathways for downward wakr  
movcmcnt. 

LL'L'L Facility-wide Conceptual Model: Intermediate Perched Gruundwatcr 

Intcrmcdiate perched zones occur beneath major canyon systems, p;uricululy those that 
head in the fcrnct Mountains. Intcrmcdiatc perched zoncs may receive recharge from 
watcrsheds west of the Laboratory, 

In addition to av;Lilability of rcchurgc from overlying alluvial groundwater. the location 01' 

intemcdiatc perched zones is conuollcd by hydrogeologic characteristics of subsurfxc 
units. mainly variations in lithology and pcrmcability. In some ca~cs,  such as with e 
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inierlayercd bllsalts and conglomerates, perched zoncs could occur at several depths 
beneath 3 canyon. 

The perched zones have not been obsctvcd to extend laicrally beneath mesas, Nowevtr, 
some lateral spreading of perched groundwater msy occur down gradient, if the canyon 
coursc 2nd the dip of the pcrchcd zone do not coincide. 

Some hydrologic evidence suggest3 thc cxistcnce of an intcrmcdiatc perched zone within 
the Bandelicr Tuff dong the wcstcrn portion of the Laboratory, but h i s  can not be 

continned without firthcr study. , 

Contaminant conccnuations in water entcring these perched ZOIICS uc diluted. Lateral. 
down-canyon flow within intermediate perched zones could contribute to significant 
transport of contaminants aw3y from - !heir surfacc source. 

LLVL Fuciliry-wide Conceptual Model: Regional Aquver 

The slope of the top of the Regional Aquifcr suggcsts that the flow of groundwatcr is 
.generally towar& the east or southest. and towards the SO Gmdc, 

Inremediate perched zone and alluvial groundwatcr bodies may be minor sourccs of 
recharge to the Regional Aquifer. The hydraulic connection between thc Regional 
Aquifer a d  the land surftlce% not strong. 

Regional Aquifer groundwater within the eastern ponion of the Pajarilo Plateau 
(gencrdly dong the Rio Grandc) appears to be of different rcchuge origin than under the 
central part of the Plateau. 

. 

Sources of recharge to thc Regional Aquifer arc unccnsin. Gcochcmical data show that 
the ValIes Caldera is not the source of major rccharge, contra?' to statements in  earlier 
LAVL rcpom, Major rcchargc may occur by southerly flow along the late Mioccne 
troush of P u q m u n  (1984). 

If present, Labontop-derived conta.minanLs in thc Regional Aquifer uc likely to vary in 
conccntration. The contaminant concenmtions arc probably bclow maximum 
contaminant lcvcls (MCLs) for drinking water bceausc (1) Regional Aquifer underflow 
dilutes contmhant concentrations in recharge. and (2) contamhmt conccntnuons in 
d l u v i d  and intcrmcdiatc Frchcd zone groundwater ye cxpccted to decmsc with depth 
due to dilution and geochemical attenuation along vertical migration pathways, 
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3lDA G Hydrologic Consideratiom 

The nost important a s p  c of hydrology rclatcd to subsurfacc trlvrspon at ?4DA G 
rcprds the magnitude of rechvge within the mesa (Vold et al., 1996). The downward 
flux of water providcs thc vehicle for carrying solutes 10 the water ublc beneath thc mesa. 
The rcchargc fuxcs found in u-id or scmiuid rcgions may bc small and arc difficult to 
qumtif>t using o r d i n q  hydrologic rccbniques. The measurcmcnt uncemhties in 
stmdard tcchniqucs ohscurc the small recharge wlues  in dry rcsions (AIlison et al,, 
1994). As a result, rcchargc must be estirnnlcd using a combination of geochemical 
mcthods and model analysis. 

Several aspects of thc lithology and structure underlying hfDA G posc significmt 
unccnllintics to modcling unsaturated flow. Figure 3 shows longirudind and transverse 
cross sections through the mesa ojcupicd by MDA G. Thc Tshircgc and Otowi Members 
of the Bandclicr Tuff form the mesa and underlie the canyon bottoms to thc nonh and 
sourh of :hc mesa. The base of the Budclicr Tuff dircctiy overlies rhc Ccrros del Rio 
Basdts and has a westerly dip bcncath the mesa (Broxton and Rcncau, 1996). Thc Guajc 
Pumicc bcd. which forms thc bottom of the Otowi Member, appears to pinch out to the 
east. The  characteristics of this inrerfacc may have significant conscqucnccs for lateral 
diversion of groundwater flow, and are addressed bclow, The hydrologic characteristics 
of thc Cmos del Rio Basalts. which m d x  up a substantial porrion of the vadose zone 
bcncath MDA G, YC an imponant unhown aspect of the flow system, and are also 
addrcsscd hcrc. 

Me3n annual precipitation at MDA G is about 13 in (35.6 cm), with 3 mean at nearby 
l 'hitc Rock of 13.2 in. (33.5 cm) (Bowen, 1990). A luge proportion of the prccipitation 
at MDA G is removed by evapoumspiration (ET). Xyhan ct Ell. (1990) determined for 
[wo control plots located about a mile nonhwcst of ,MDA G that over a three y c x  period, 
ET was about S7% to 89% of precipitation. Vold and Eklund (1996) determined that 
evapotranspitauon ratcs wcrc 69% to 7$% of prccipitation, but this was based on a set of 
&hour rncasuremcnts rather than ;L long-term wafer balance study. As a rcsult. little 
w t c r  is lcft over for recharge. Springcr (1995) provides i3. detailed znalysis of thc 
pmitioning of precipitation betwccn runoff. cvspoumspiration, and percolarion (or 
recharge). 
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Grnclral nenr-surfuce moisrurc trends 

,Moisture contcnt mcnsurements do not give a measure of watcr !lux, m d  flux mav still 
occur undcr steady statc moisture conditions. Howcver, moisture conrent rncasuremcnts 
do provide a suggestion of the overall water balance. from which recharge might be 
infcrrcd. Profiles collcctcd by Kcarl ct al. (1986) show that volumetric moisturc content 
decrrtrscs from 3% to 16% n c u  the surface of Mcsita dcl Bucy to about OS% to 2% by 3 
depth of4 IO 5 m. There arc \*;lri%ons from this gcncral trcnd: i t  appcvs that in  ; L T C ~ S  of 
surt'acc disturbance such as roads or pits, near-surface moisture contents arc htgher rend 
these highcr moisturc contents cxtcnd d c c p  than in undisturbed m a s  of the mesa (Vold. 
19?63), Tlic extent of such disturbanccs and thcir cffccts on moisture profiles is not 
d w y s  cvidcnr. Scxonal changcs in cwporranspirxion and prccipitxion ;It MDA G 
appear to influcncc measurable moisture contcnt 
icw mcters of thc mesa top. 

within only the shdlowcst 
- 

Abccle c1 31, ( 1981) collcctcd pcriodic ncutron probe moisrurc content measurements 
from scvcral holes at MDA G. D m  from one hole within the fill overlying a disposal pit 
indicatcd "significmt s c u o n d  fluctuations in moisture contcnt to a depth of about 4 m. 
with a downward moisture flux below that depth." For holes drilled in undisturbed tuff 

{vithin the shaft disposal field. Abcclc ct ala f 1992) found "scasona! fluctuations in 
moisturc content in the uppct 4 rn, with no significant changes below that depth" and 
concluded [hat thc'"rcgions of csscnrially constant moisture content" below 4 rn implied 
"csscntidly steady state conditJons". The low moisturc contcnt valucs below 0 or S m. 
when considcrcd along with moisture rctenuon relationships (Ro_ccrs and Gailaher, 1995: 
Royrs  ct al., 1995; Rogcrs et d., 1996), indicate that very low liquid water fluxes (of 
magnitude 10-I I c d s c c )  occur in this region. 

Efftct of disposal pits on near'-.wl;rocc moisture 

The w s t c  disposal pits at MDA G arc gencrdly cxcwa!cd IO near the base of Tshircgc 
Unit  2. Moisrurc content dam collcctcd within pit fill ha< gcnec'dly shown moisture 
Icvcls highcr than  for surrounding undisturbed tuff (Abcelc et al., 1981; Rogers, 1977; 
Loaiza and Vold. 1995). In 1976 corcs were collcctcd from horizontal boreholes drilled 
to pus  through Tshircgc Unit 2 about I m beneath ;L pit that had k e n  closed in 1966 
(Punymun et d., 1978; Punymun et d.. 1980). Analys is  of these corcs indicated that 
concentr:itions of %r, 137Cs, :?RPu. 2 9 9  ?40Pu, and 241Am were below the minimum 
dctec:ion limits. The authors concluded that no traces o f  radionuclides had mignted 
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from the pits. In I992 the boreholes were reentered and moisrure mc3suremcnts made 
with a neutron probe (McLin, 1994). Volumcttic moisturt content ualues beneath the pits 
were in the range of 1% to 37c, and wcrc gcnetdly 1 %  to X c  higher beneath the pit than 
moisture Icvcls away from the pit. These mcwrtmcnts suggest that pit excavation might 
have 3, smd1 effect on moistuE contents bcncath the pits. 

HFdrologic processes within the mcq. 

Approximatel>* the uppermost 300 f t  of the subsurfacc beneath the top of Mcsita del Buq* 
consists of the Bandclicr Tuff 3*?d the C C ~ O  Toledo intend. Rogers (1995) s u m ~ t e d  
u n s a t u r d  characteristics of thc tuff beneath M e s h  del Buey based on hboratov core 
mcasurcmcnts. The results show that for cach unit of the Tshircgc Member and for the 
Otowi Mcmbcr, the hydraulic propenics (moisturc chuacterinic curves and unsaturated 
hvdraulic conductiviry rclationsh$s) are relatively uniform, with k g c r  differcnccs 
bcrwcen units. For this reason, cach smtigraphic unit is rcprrscntcd in the transpofi 
model xj having uniform hydraulic chwxteristics, The exception to rhis u n i f o h p  is 
the Ccrro Tolcdo internal, probably due to its fluvial u d  volcanjclW.ic ohgin, w h k h  
\ b m l d  1 c d  to large textural variations. Soncthclcss. the Ceno Toledo i n t e r h  is also 
rcprcscn1cd as having uniform hydnulic characteristics. 

plost moisture profiles on the mesa n c u  MDA G (Abecle et al.. 1981; K e d  et a]., 19S6: 
Rogcrj and Gdldict. 1994: Loaka and Vold. 1995) show 3 dccr t sc  in volumetric 
moisrurc content with depth from STc to 16% near the surface to about 03% to 2% by a 

dcpth o f 4  to 5 m, as described 3bovc. This dccrcuc  occur^ within Tshiingc Lhit 2. 
\yhich houses most of thc w s t e  disposal pits, Wc hypothesize that thc low moisturc 
contcnt zone obsewed near the b u c  of Unit 2 and in the uppcr pru: of Tshircge Unit l u  is 
caused bu cvapordon related to air movement within the mesa. This air movement 
apparently occurs along surge kds at the base of Unit 2 and along cooling joints withm 
Unit  2 and the upper part of Unit Iv. From the bottom of Unit 2 and downwvd through 
un i t  l v ,  volumetric moiswun: conlent gradually incttascs to about 5% to 20% ;It the L'nit 

I v- Unit 1g contact (the vapor phase notch)., 

Fractures and mesa drying 

At MDA G, cooling joinw ("fractures") within some units of the Tshiregc M c m k r  of the 
Bandclicr Tuff may play an important role in the water balvlcc within the mesa 
Fncturcs could act as J pathway aiding deeper infilmtion of prccipiution. At the s m c  
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time, by permitting cnhanccd air mot'cment and cvaporation, fracturcs might dry out the 
mcsa interior. 

In their summary of lithology at ,MDA G, Krier et a]. (1995) listcd observed fracture 
dcnsitirs for Tshirrgc Unit 2 and the upper p m  of Unit 1 v. For the lowcr pan of Unit 1 v 
and Unit l g  thcy natcd that there were no data nailabIc, but mcntioned that few fractures 
were obscnrd  in outcrop. 

The driest zone within the mesa generally occurs wirhin the lowcr pm of Tshiregc Unit 2 

and the uppcr part of Unit Iv ,  coincident with the observed frxture occurtencc, 
Estirntltcs of mrrtric suction based on laboratory cvdu3tion of moisture retention curves 
(Roger!; and Crtllahc:. 1995: Rogers ct 31.. 199s) and chllcd mirror psychrometer 
mt3suremcnts on corc smples (Rogers and Gallaher, 1994: Rogers et a],, 199s) $hob{ 

that h i s  dry region also is gcnerflly ;I zone of high m a k c  suction and a hydraulic head 
minimum, Thc inwprctation is that moisture is being d u w n  t o w u b  this dcpth from 
above and below, The driving force for this movemcnt may be evapontion aidcd by air 
movemcnt along the fractures Nlithin thcse units or d o n g  thc more permcablc surgc beds 
found at the b;Lx of Unit 2. Vold (1996b) concluded that in  this dry region, water 
transport in the vapor phasc was grctltcr than liquid p h u e  transport. 

Birdsell et d. (1995) carried out two sets of simulations to evaluate the possibility that the 
hypothcsizcd evaporation mechanisms of air movement along fractures or surge beds 
might contribute to thc obscrvcd low moisture contents in the uppcr mesa intcrior. They 
concluded that cvaporarion dong thcsc pathways could contribute to significmr d v i n g  of 
rhc mesa interior LS obscrvcd. 

Fracrures and mesa infiltfotion 

Hydrologists believe that fractures in dry rock do not act as effective conduits for 
infiltration, because water is imbibed into the surrounding dry rock matrix (Montuc r  and 
Wilson. 1984; Peters and Klavcttcr, 1988). Low-permeability fracture coatings c m  

reduce the rate of imbibition into ;he surrouading rock matrix ;md increase the dcpth of 
infiltration, however (Thoma et ala, 1992). 

Sol1 (1995) performed ;I madeling study to cvduatc whcther fractures might act as a 

conduit for episodic deep infiltration at MDA G. The study focuscd on the possible 
effects of fncturc coatings and fracture fills, whjch h w c  bccn observed within fractures 
in the u p p r  pan of the mesa (Davenport, 1993; Xcwrnw. 1996a). The study modclcd 
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fractures with hydraulic properties c q u i u k n t  to a loose sand. and some of the resulrs 
may be sensitive to this choice. Sol1 (1995) found that thc presence of low pcmeabiliT 
fracture fills inhibited movement of infiltration from the surfacc into a fractunr. In  the 
case of fractures uniformly coated with a material having pemcabiliry'two orders of 
magnitude lower than the matrix (sundud clay values). the pcnctntion depth of 
infiltntion with a pondcd upper bound? condition was about 10 m, Howcver. the 
amount of water required to a c ~ c w  this dcpth'of infiltration w;ls four times the unud . 
precipitation at MDA G. For fracturcs-unifonnly mated with a material having 
permeability four orders of magnitude lower than the matrix, the water was confined to 
the fracture. Fractures with discontinuous coatings wcrc no: effective at channeling water 
deep into thc mesa. Sol1 (1995) concluded that except in thc c s c  of continuous. wry low 
permeability fracture coatings, dcep chmncling of hfiltrstion ;It MDA G was unlikely. 

High moisture content at the vapor phase notch 

High moisture contcnt values (10 to 20% v ~ l u r n c ~ c )  arc obscrvcd at the vapor p h a x  
notch throughout the L;lboratory, rcgardlcss of clcvation or relationship to other 

- 
geographic features such as canyon bottom clcvauon (Turh, 1995). This b o u n d q  is 3 
D h w  b o u n d q  between vapor phase dtcrcd (dcviuificdl a d  unaltered Bandclicr Tuff, 

- 

rathcr than B rime-stratigraphic or flow boundary. At such a boundary. significant 
changes in mincrdogy, mineral surfacc properties. and porosity relatcd to f i n e d  
alteration would be expcctcd to excfr a significant effect on propertics such as moisture 
retention and hydraulic conductivity. Thc zone is sufficiently narrow that its hydraulic 
propcrtics hwc not been characterized in detail from cores. 

Another possible cxplanauon for the high moisture contents is that the vapor phase nolch 
is conducting moisrurc laterally beneath the mesa, One possible argument aginst  this 
idea is that wells drilled along the base of thc mesa in P a j ~ t o  Canyon found no 
saturarion near the mesa walls (Dcvaurs and Punyrnun, 1985). Based on the gcologic 
map of Purtymun md Kennedy (1971), the vapor phase notch lies withina few tens of 
feet below the canyon floor dong much of the southcrn edge of h e  mesa. These 
boreholes were installed following P spring'(Mmh to May) which hod over three times _ _  ~ 

the thirty-yeu avenge precipitation for that period. However, the authors did not 
determine moisture contents for cores from the boreholes. Thc authors concluded 
(Dc~aurs  and Purryrnun, 1985. p. 12) that groundwater in Pajaito Canyon "is confined to 

thc alluvium in the s t r c m  channel, and does not extend to the flank of thc canyon", 
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Bentcq ct al. (19%) found by frcld measurements wi:h 3 tension infiltrometer that the 
unsaruratcd hydraulic conductivity of the Bandclicr Tuff w3s lower just above the vapor 
phuc notch. and suggcsrcd that thc highcr moisture conrents obsemcd might occur abovc 

this low prrmeabilit~* zone. Geddis ( 1992) modcled unsaturated flow bencath Monandad 
Canyon, 
perrncablc Ccrro Tolcdo jntepd at the basc of rhc Tshircgc Mcmbcr bcncnth D mesa 
might be expcctcd. Bascd on his tcsults. Gcddis suggested that vcnicd flow 
dominant, and that lateral diversion of flow dong thc Ccrro Toledo intend did not occur, 
Gcddis (1992) did note that this conclusion might change in the CUC of dipping stram, 

although ponding or watcr contents n c u  saturation (a prerequisite to h e r d  flow 
diversion) did not occur at hycr boundaries. 

andogous situatior, whcrc later31 moisture migration along the highly 

As the hiph moisture content values uc obscntd at the vapor phasc notch throughout the 
Ldmrsloq.*, rcg;lrdlcss of its rclationship to orhcr geographic features, these moisture 
ccrltcnt p c l k s  there arc probably due to c h q e s  in hydraulic properties rchtcd to vapor 
phasc alteration. Duc to the prcscnt lack of sufficient data however, thc hypothesis of 
lacrill movemcnl of moisture 31 this intcrfxc.  which would havc major consequences for 
moisture bdame and cont;unnnllnt transport, cannot be cntircly n k d  out. Ncwn;ul 

( 1996b) suggcsts that stable isotope comparisons bctwecn pore waters in rhe vapor phase 
notch and alluvial groundwater in Pajmro Canyon might indicate whcthcr the latter is 3 
source for !he former. 

Gcochcrnicol profilcs within the mesa 

Sewrnun (1996b) dctcrmincd chloridc and stsblc isotopc (dcutcrium and 180) profiles 
asins corcs from four borcholcs 31 MDA G. Thcre sppcm to be lateral hetcrogcncity 
brlscd on differing chloridc q c s  and appucnt flux rates betwccn the four wells examined. 
Thcre is cvidently a mesa-wide incrcasc in pore w m r  chloride conccntrations 31 the 
bottom of Tshirege Unit  2 through the upper pm of Unit l v ,  and these chloridc bulges 
w g p t  vcp  low flux rates through this zone. This zonc of high chloride concentrations 
is consistent with thc zone of low moisture contcntS discussed earlier. and supports the 
hypothesis that the mesa is being dried out' by air movemerlt at this depth. Evaluation of 
chloridc concentrations down to about thc vapor p h a e  notch suggest that it  took betwccn 
2000 and 17000 ycvs  to accurnul;rtc the quantity of chloride present in the mesa. Thcrc 
is some unccrtinry regarding rhcsc ages due to unceniiny about chloride input rate and 
cvaporativr loss of watcr in thc intcmcdiatc (low moisrurc content) zone, However. any 
correction for these two factors would increase the q c s .  These accumulation agcs arc 



thus minimum vducs a d  indicate that Water rnowmcnt through the mesa has been quite 
slow for several thousand yeus. 

Stable isotope results alscsuppon thc dccp evaporation hypothesis. Isotopically heavy 
water is present in thc same depth rmgc as the high chloridc concentrations. which is 
bclow thc depths where surf'acc-related evaporation occurs. At depths near the vapor 
phase notch, isotope values become much lighter and do not appear to bc affected by 
deep evaporation. Chloride concfitrations become quite dilute at the n p o r  phase notch 
a.5 well. One possible conclusion is ;hat the water at and below the vapor phase notch 
was recharged during past periods of higher precipi:ation such as during the Plcistoccne 
or cxly-mid Holoccnc, On the other hand. the light waters may haw corne from lateral 
flow along a pathway which was not subject to dctp cvapontion. 

Implicanbns of mesa hydrology for modeling 

At MDA G there are scverd lines of evidence to suggest that recharge beneath the mesa 

is not occuning at prcscnt, and may not hwc occurrcd for thousands of yeus. Most 
moisture profiles observed beneath LMDA G and nearby M D A  L on Mesic3 del Bucy 

I 

show three moisture content zoncs. The fact that different apparent recharge m c s  an 
required to explain moisturc content v.wiations within the mcs3 suggests that thcrr arc 
significvlt sourccs or sinks of moisture at different depths. However, these sources and 
sinks YC not fully undcrstood. The dping within the middle depths of the mesa interior 
is likrly the result of cvapontion connected with air movement along fncrurcs and the 
surse beds near the base of Tshircgc Unit 2, 

The strongest evidencc in suppon of this dryins hypothesis comes from evaluation of 
chloride and stable isotope profiles within the mesa. The results suppon a pictun: where 
liquid phase water movement from the top of thc mesa has k e n  stopped at about the base 
of Unit  2 for the 1st 2OOO to 17.OOO years. Thus there is 3 documented hydrologic 
disconnect within the mesh which is a significant bvrier to recharge passing through the 
mcsa under natural condirions. 

The moisture source inferred from incnased'rnoisturc at thc vapor-phase notch could be 
ltltcral moisture movement coming from the cvlyon bottom. However, the moisturc 
variations arc most likcly the result of vyiations in capilluy mention propcrcies at 

lithologic transitions, Similar high moisnrn content at the Tsdawi /Ccm Tolcdo 
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interval and thc Guaje Pumicc bed Aght Bc rclatcd to latcrd flow of moisturc along a 

dipping intcrhcc w h e x  hydraulic propenics change. 

Bcci~use the source and sink mechanisms y e  not yct sufficiently understood. i t  is not 
possibtc to prescribe rcchsrsc r3rc sariations with depth in t n n s p o n  modclin; of the 
unsaturated zone bcncath MDA G. I n  addition, most of thc waste disposal pits ;ire 
e x c a t ~ ~ t c d  to nerv the top of the hypothesized evaporative zone, and the relationship of 
flow within the pits to this dry zone is'unclcu 3t present, Therefore, 3 vcnical rcchary 
a t e  which is constml with dcpth has been assumed, and this rate prescribes thc surt'xc 
moisture flux boundaT conditions in thc transport modeling. 

Hydrologic proccsscs beneath canyon bottoms 

Two canyons border :hc Mcsira dcl Bucy. To the north, C;Liiada del Buey contains an 
intcmittcnt strcam. The alluvium is th in  and conlsns no pcrcnnial saturation (Punymun 
and Kcnncdy, 1971: Devaurs and Punymun, 1985), Pajarito Canyon, to the south. also 
contains an intcrmittent strcam. but the Iugcr flow in this canyon supports a perennial 
groundwater body in thc alluvium ( D o u r s  and Punymun. 1985). 

The rate of infiltration bcncath the canyons to thc north and south of MIDA G is an 
imponant bound,xy condition for hydrologic modcling. For Caiada del Bucy. this 
infiltration rate was cstimated using in situ moisture contents and hydrologic propcnics 
dctermincd from corm in a boreholc (Rogers ct 31.. 1996). The inflltntion rates 
dctermincd in ihis repor: w u m c d  that the rquimlcnt vcdca l  unsaturated hydraulic 
conductivity was equd 10 thc h m o n i c  mean of the core vducs. Subscqucnt discussion 
with othcr hydrologists (Jim Smith. University of Arizona personal communication. 
1996) led to the conclusion that the gcomctric mcan unsaturated hydraulic conductivity 
was 3 bcrter cstimatc. The gcomctric mean conductivity is npproximatuly one ordcr of 
magnitude lugcr than the h m o n i c  mean, Icading to recharge rates that x c  onc ordcr o f  
magnitude greater thm listed in Rogers et d. (1996). 

The corresponding recharge raic dctcrrnincd for borchole CDBM-I in Cariada del Buey 
is 0,W cndyr. This value agrces well with estimates derived from chloride profilcs in the 
s m e  borehole (Bruce Cdlahe:, Los Almos  National Laboratory, personat 
cornminication, 19961, A similar mcms of estimating fluxes beneath Pajarit0 Canyon i3 

not available due to lack of data. For this canyon. wc used an malogy with a similar 
canyon. Monandac! Canyon, Estimates of recharge r a t e s h n  borcholt MCM-4.9A 
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(similarly adjusrcd from Rogers et  d. (1996) using gcomcuic mean unsa:urateb hj*dnulic 
conductivities) range from 2 to IO crdyr, 0 
Hydrologic proccsscs beneath thc Bandclier Tuf" 

Choosing unsaturatcd hydrologic propcnies for the Cerros dcl Rio Basalts prcscnts a 

problem in our modeling. There . arc numerous studies awilable which provide luge (Ian1 

scale estimates of saturated h~draulic conductivity for busrtlts. Lrugc scale unsatumed 

propcrties are another matter. Bualts arc highly iiariable in texture 31 thc mctcr scale. 
containing joints and vesiclcs. At 3 slightly larger scale, basalt flows include inrcrflow 
deposits and sections of scoria. In many cases, these features may be tined with deposits 
of secondary minerals. These large spatial variations in texture can bc cxpectcd to Icad to 
luge spatial variability in unsaturated hydrologic characteristics. Whcrc there are 
laborato~ '  mcuurcmcnts-of unsaturated hydrologic properties for basdu, the 
measuremcnts have often been done on samples of intact basalt matrix, and do not 
account for thc effects of the larger i.?cgulxities described hen. 

For our modeling, bad1 propenies arc described using an cquiwknt  continuum 
approximation (Iilavetter and Peters. 1936) for the characteristic curves ( cap i l lq  
pressure vs. saturation and rclativc penneabiliy VS. saturation). With the cquh~alent 
continuum approximation, P set of matrix and fracture chmcteristic curves UT combined 
into a singlc set of ch~sctcristic curvcs which rtprescnts matrix flow ailow saturation 
and frxturc flow at higher s;lruration. MaUix propcnies arc based on a wsicular basalt 
located beneath the Idaho National Enginccring Laboratory (Bishop, 199 1). In order to 
induce npid flow and transport through the basalt laycr, the fractures ;LPC assigned a high 
permeability and porosity (Birdsell et al,. 1996). Thcsc propenits Result in travel times 
through the basalt laycr of less than f ive ycm. Bcc3usc of the high uncccainty 
associated with flow through the basalt we chose propches that lead to 3 near!)* 
instantmcous travel time, which results in I conservstivc transport result (Birdsell et d,, 
19961, 

, 

Bcncath the Cerros del No Basalts iies the Puyc Conglornentt, For unsaturated 
properties, this fomt ion  tvas presumed to have chmctcristics of 3 sand, with reduced 
porosity due to a mixture of p i n  sizes. 
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Flow diversion at the Guuje Pumice bed 

L m x d  diversion of flow h u  been shown to be potcntislly significant in unsaturatcd 
fractured rock scttings (Montuer llnd Wilson, 1984). L3tcra.l divcrsion of unsaturated 

flow might occur at dipping lithologic inlerfaccs wherc thcrc are large contrasts in 
prrmcaibiliry and moisturc rctcntion propenics. Thcrc ru t  scvcrd lithologic intcrfaccs 
beneath MDA G where 1atcnI flow might occur. including the vapor phase norch. the 
Cerro Toledo internal, the Guaje Pumice bcd, and thc base of the Ceros del Rio Badt~, 
Such 1atcr;il diversion of flow might sjgnj!icantly alter groundwater flow pathways and 
thus ch:in_ru the location of resultant doses. 

The modeling problem is made more difficult by lack of howledgc of subsurface 
p:opcr,ict;, for cxanple, thc pemcability of :he Cenos dcl Rio Basdts, and of the prccisc 
lithology of the intcdace bctwccn thc b u d t  and the Guajc Pumice bed. For example. 
th in  claycy soils are obscwed to Iic bctwccn thcsc two u n h  ir. oulcrop, The cxtcnt and 

properties of such soil units could CXCR 3 major influrxc on water tlow at this contact. 

In order to invcstigatc the potential for 1arera.l flow along the Cwje Pumice bcd, Birdscll 
c: 31. (1996) did a sensitivity srudy of what combinations of smcrurc and pcmrability 
rni,nht lcad to lateral now. They found that thc strongcst influcncc on thc flow field and 
moisture content is the (saturated) hydraulic conductiviry of the basalt underlying the 
Guajc Pumice bed. Under an assumption of intact basalt (that is. no fncrurcs). using 3 
basalt canductivip at thc high end of reponed basalt matrix valucs ( 8 . 7 ~ 1 0 - ~  m l s )  results 
in [he basalt largely being a bmier to v c n k a l  flow. This rcsults in almost complete 
13tc:al flow diversion in thc ovcrlying Guajc Pumkc bed. When the bam.lt conductiviry 
is either increased two orders of magnitude or modified to include fractures. fhid can 
readily pass from the pumice into the bssalt. and lstcral flow is minimal. 

The :hichess of the Gwje  Pumice bed had a mild cffcct on moisture contcnt in thc 
pumice. but no effect on moisture contcnt of thc Otowi Member or the basalt. The 
influence of Guajc Pumicc bcd slope on moisture contcnt was approximately as strong as 
thc influcncc of laycr thickness. 

Saturated zone model 

Waicr in the regional aquifcr bcncath MDA G flows in an est-southeasterly direction 
towards the Rio Grandc (Punymun. 1984), Thc top of the rcgiond aquifer lies within thc 
intcrlaycrcd b w h s  and fanglomerate rnembcr of the Puye Conglomente (Pupmun.  
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1995). Birdsell, et al, (1996) consuuctcd a simple model of thc regional aquifer beneath 
MDA G for the purposc of evaluating thc combined cffccts of modeled radionuclide 
transport from the ovcrlying w u [ e  pits. In this srrruratcd zonc model. thc aquifcr is 
assumed 10 be homogcncous and isotropic. B o u n d q  conditions utilize heads 
dctcrmincd by Purtymun (19Sd). and overall flow is based on tnvel times for the aquifer 
that Purrymun ( 1953) dctcrmincd . from pump test rcsults. 

Radionuclide adsorption 

An imponmt aspcct'of modcling thc migration of ndionuclidcs concerns quurtif>hg the 
geochemical interactions between the rrrdionuclidcs and the Bandclicr Tuff. The sorption 
of radionuclides on Bandtlicr Tuff is controlled by (1) the suff;lct urd rnincralogy of 
the tuff and (2) by thc water chcmisq  of the solution in conwct with the tuff. Longmire 
et a.1. ( 1996) inferred that the dominant adsorbates within the Bandclier Tuff 
hematite, smectitc, amorphous FdOH)?, kaolini:c, and possibly cdcitc. 

Distribution coefficients werc cxpcrimcntdly determined using two model port w t c n .  
Watcr Cmvon Gallcry (WCG) groundwatcr. dischuging from the Bmdelier Tuff at a pH 
of 7.3, is rclatively oxidizins and is charsctcrizcd by a calcium=sodium=bicarbonate ionic 
composition with a TDS content less than 130 m a ,  Vadose-zone pore water was 
cstrxtcd from Byldclicr Tuff cores collected from beneath Mesh del Bucy using an 
UnsatuntcdlSatuntcd Flow Appw~tus. This pore water is chanctetizcd by il sodium- 
cxbonatc-bicubonatc solution with ;I TDS content of greater than lX0 m&. Thc pH 
values of thcse port water samples range from 9.2 to 9.8 and the solutions m 

@us, 

ovcrsaruntcd with rcspcct to calcite. 

The distribution cocfficicnts for radionuclides measured on the Byldclier Tuff, at a pH 
vduc of 7.3, decrease in thc following order: Am(IlI) >> h(V)  > U(vr> >> Sp(v) > 
Tc(VlI) (Longmire ct al.. 1996). Thc distribution cocfiicicnts for radionuclides measured 
on the tuff samples using thc synthetic port u'atcr. at a pN value of 9.8, dec r t sc  in the 
following order. Am(m) >> h ( V )  > U(V1) > Sp(V) >Tc(Va). The distribution 
cocffcients for Tc(vTI) arc all negative and therefore. they m assumed to bc zero. The 
distribution coefficients for Arn(m) and Np(V) using synthcuc pon wtc r  ;uc higher than 
the distribution cocffhents for these two radionuclides using WCG gmundwatcr. WC 

postulate that calcite was precipitated from the synthcuc pore water, which tnhmccd the 
sorptive capacity of thc Byldclier Tuff for Am(w and Xp(V). Calcite occus within the 
matrix of the Bandclicr Tuff (Broxton et al., 1995). 
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Bascd on results of computer simulations using the geochemical computer program 
MSTEQA2. the dominanr aqueous cornplcxcs of Am(III) and rZp(V) arc prcdicrcd to 
include Ami CO&- and HpO:(CO3)p, rcspectivcly (Longmire et al., 1996). The 
svnthetic pore water is prcdictcd to be undcrsaruratcd with respect to Am(OM)g(s), 
A m ( O H ) z ( m ) ,  AmOHC03. KpOZOHlam), NpO:OH(agcd), NaiipO3.3.5H20. and 
SnXpCO?. Enhanced sorption of Am(lII) and Np(V) cubonate complexes on calcite is 
possiblc through surface cxchangiwi th carbonate and bicarbonate functional groups 
?resent on the calcite surfacc. 

The pore water chemistry of corc hole I 107 at MDA G suggests that evaporation is an 
imponant process for concentrating dissolvcd species within the vadosc zone of thc 
Bsndclict Tuff, Obscmarions from other pluts of the Laboratory support the concept that 
evaporation is an imponant process - within m e s ; ~ ~ .  Vonirnan m d  Chipcn (1995) rcpon 
the occurrcnce of evaporite minerals such as gypsum (CSO4*2HzO) and hditc (XaCI) 
within fractures at TA-69. 

Undcr the low moisrurc conditions in the Bandclicr Tuff, precipitation of sorptivc phases 
such as calcite and amorphous Fe(OH)3. with high surface arcss.  is enhanced. This 
means that conditions for dcvclopmcnt of the dominant adsorbates arc fworable bcncnth 
M D A  G.  These phascs h a w  brcn abscntd in fracture fill rnstcrial across the Laboratop 
( h V C n p O R ,  1993; Longmirc ct al., 1995). Iron, in the forms of amorphous Fc(OH)? and 
hcmalitc. and aluminum, concentratcd within smectitc, kaolinite, and possibly amorphous 
A(OH)3.  x c  also clevatcd wit!Gn the fracture fill marerid rclauvc to the Bmdelirr Tuff 
;It TA46 (Longmire ct d,, 1993, Longmire et d. (1995) showed that nnturdly occurrins 
tract clcmcnts (As, Be. Mn, and U) art conccntmtcd within fracture fill material at TA- 
26. which  is consistcnt with adsorption or possibly coprccipitxion being an effcctivc 
process ior removing tnce mcrals from solurion. 

Summap of Conceptual Model 

Most of the watcr that falls on the mesa at MDA G is lost to cvapovulspirrrtion or runoff. 
Seasons1 wctting and drying maintain slighlly higher rnoistun: contents in the top fcw 
meters of the mcsa than are found dccper. While recharge through fractures near the 
mesa surfxc may occasionally occur, modcf studies suggest this does not account for 
large quantitjcs or great depths of rcchugc. 

Extremely low moisture contents found 4 to 5 m below thc mesa surface appcu to be the 
result of cvaporation causcd by air flow through L!X mesa. Air flow is cnhanccd by the 
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prcscncc of fractures and surge beds. This hypothesis is supported by moisture conlent. 
mavic Suction, stable isotopc. md chloride profile dam. Dcspitc the cvidcnce for 
cvoporativc cffccts within the mesa. wc have not incorponted it in our hydrological 
model, s we have insufficient physical infomation to accomplish this 3t present. Instcad 
we have assumed a uniform. though low, rate of infilmtion through thc mesa. This may 
be 3 rcxjonablc choice because the bottom of the waste disposal pits is ne* the top of the 
dry zone, and the effect of pits on hderlying moisturc contcnu is nor we11 understood. 

The movement of liquid water downward through the mess is by unsaturated flow, 
although at somc depths vapor tnnsport my be of equd m3gnirudc. Liquid flow appears 
to be prcdominmtly vertical and one-dimcnsiond, although l a t cd  diversion of ff ow at 
scvenl lithologic interfaces such as the Gwjc Pumice bed might bc impomt  
Groundwater flow in the regional - aquifer beneath MDA G appcm to bc towuds the Rio 

Diffcrcnt hydrologic propcnics arc uscd for c x h  unit of thc Tshircge Member md for the 
Otowi Mcmbct of the Bandclicr Tuff. Lateral variability of hydrologic propcnics uithin , .  

each litholoEic unit is ignored. we conceptudbc the hydrologic propcnks of each 
lithologic unit within both the vadose zone and thc saturated zone as k i n g  homogeneous 

. .  

and isotropic. 

Rcferenccs 

Abcelc. W. V.. M, L. Wheclcr. and B. W. Bunon, Geohydrology of Bandeiier Tuff, 50 
pp., Los A l m o s  Scientific Laboratop Rcpon LAmS96- '-MS. 3ctobcr ! 9 s  1, 

Allison. G, B., G, W. Gcc, and S. W. Tyler, Vadosc-zone techniques for estimating 
groundwater recharge in arid and semiarid regions. Soil Science Socicv of America 
Journal. 5% 6-14.1994. 

Bcnton. L. D.. H. 3, Turin. B. P. b*iIcox. and N. L. Corti, Ficld mcaurtments of saturated 
and unsaturated conducuviv, Gcological Society of America Abstr., 26(7), p. 4 4  (Los 
Alamos Xationd Laboratory Rcpon LA-LX-9&2311), Prtscntcd at GSA Sationd 
Mccting, Scattlt. Octobcr 1994, 

Birdscll, K. H., W. E. Soll, S. D. Roscnbcrg. and B. A. Robinson, Nurncdcd modcling of 
unsaturated groundwater flow and radionuclide tr~lspon zt . W A  G, 19 pp.. LOS Ala11105 

National Laboratory Report LA-m-95-2735, Scptcmkr 199s. 

a .  

17 

e 

*.. .. 



Bitdscll. K. H., Bower, K.. Wolfsberg, A.. Soll, W., On, T., Chcriy. T., Simulations of 
c nroUndua[er flow and radionuclide transpon i n  the vadose and saturated z o n a  beneath 
Area G, l o s  Alamos Sational Laboraory Rcport ( i n  progress). 1996 

Bishop, C.W., h’ydrologic Propcnics of Vesicular B&~dt, Masters Thesis. L‘niversiry of 
Arizona. Tucson. Az. 199 1. 

Bowen. E. M., Los Alamos c1jm;ltalo~y. 254 pp,, Los Alamos Sation4 Laboratory 
Rtpon LA-1 1735-MS. May 1990. 

Broxton. D. E. and S. L. Rcncau. Buricd early Plcistocenc landscapes beneath the Pajarit0 
Plateau. Sonhem ?kw Mexico. Scw Mcxjco Geological Society Guidebook, 47th Field 
Confercncc. The Jcrncz Mounrajns R q i o n ,  pp. 325.334 1396. 

BroxIon. D. E,. G. Hcikcn. S, J. ?hipern. and F. M. Bycn Jr.. Suatigraphy, petropphy,  
2nd mineralogy of Bandclicr Tuff and CCITO Tolcdo dcposits: in EYth Scicncc 
Invcstiptions !‘or Environmental Restoration- Los Alamos Sational Laboratory. 
Tcchnicd A m - ?  1, Los Aimos Sationd LaboratoT Repon LA-12934-MS. pp. 13-63. 
1995. 

Conca, J .  and J. Wright. Find Transport Data Fastcr, Soil and Groundwatcr C!eanup, p, 
14-26, Dccembcr 1995. 

e 
Cooper. J .  B.. W, D:Punymun, and E, C. John, Records of water-supply wclls Guaje 
Canyon 6, Pajarito ,Mesa 1, and Pajuito Mesa 2. LOS Alamos, Sew Mexico, U. S. 
Gcologicd Survey Open-File Rcpon, July 1965* 

Davenport, D. W., Micromorphology, mineralogy, and gcncsis of soils and fracture fills 
on the Pajarit0 P13tcw Scw Mcxico. Ph.D. Disscnation. Tcxu Tech University, 
Lubbock, 1993. 

Drv;lurs. M.. and W. 0. Punyrnun, Hydrologic charactcrktics of the alluvial aquifers in 
>lonudad. Caiiada del Bucy, and Pajarit0 Canyons, Los Alamos National Lrrborsrory 
Report LA-L’R-85-3002, 1985 

Gardncr. J.  X., T. Kolk. and S, Chang. Geology, drilling, and some hydrologic upccts 
of seismic hazuds prognm core holes, Los Almos Xationd Laboratory, Kcw Mcxjco, 
19 pp., Los Almos Kationd Laborarory Report LA-12460-MS. January 1993, 

18 



Gcddis. A. M.. Prcliminruy modeling of moisture movement in the tuff beneath 
Monandad Canyon, Los A m o s  Sational Laboratoy. Los Almos Sational LsboratoT 
Repon LA-UR- 12360. August 1992, 

Kcad, P. M., f .  J. Dexter, and M. Kautsky. Vadose zone chmctcrization of Technical 
&ea 5.1. waste disposal m u  G and L, Los Atmos Sational Labonto?, Sew Mcxico. 
Repon 4: Pre l iminq  sscssment of . the hydrologic system through Fiscal Ycar 19S6, 
Repon GJ-53, UNC Technicd Services, Inc.. December 19S6. 

Wavcttcr, E. A, and R. R. Peters, Estimation of Hydrologic Properties of 
Fractured Rock Mass. Sudia National Laboratories Rcpon SAVD64-2612, 19S6. 

IiTicr, D. J,, P. Longmire, R. Gilkcson. md H. J. Turin. Geologic. geohydrologic, and 
E (yochemical data summary of Material Disposal k e a  G. TA-54, Los Alamos Xational 
Laboratory, Los Alnmos X a t i o d  LaboratoQ# R e p o ~  LA-UR-95-2696, July 1995 

Loaiza. D, and E. Vold, Moisture profile measurements in subsurface nonitor holes at the 
Los Alrunos LLRW disposal site. LOS Alamas Xttiond hboratov Repon LA-UR-95- 
1922: June 1995. 

Unsaturated 

Longmire, P., C. R. Cotter, I. R, T h y ,  J. J. Kitten, C. HdI. J, Bentley, D, Hotlis, and A, 
I. ?,darns, Batch sorption results for americium, neptunium. plutonium technetium. and 
urmium transport through the Bandciicr Tuff. Los Almos, Ycw Mexico, Los A h n o s  

Xationd Labontoy Report LA-????-MS. 1996. 

Longmire, P., S. Rcncau; P. Watt, L. McFaddcn, J. Gudncr. C. Dufb, and R. Ryti, 
Saturd background geochemistry, gcornorpholoa, and pedogenesis of selected soil 
profiles and Bandclier Tuff, Los Alamos, Ncw Mexico, LOS Almos A ’I’ ationd Laboratory 

Report LA-12912-MS. 1995. 

McLin, S. G., Horizontal borehole Cat3 gathered with SIXMIST. Los Almos  Ssl’tltional 
Labontory Mcmo ESM-SIWQ&H-94-S7 1 to Erk Vold. November ” -, 1994. 

Montazcr. P,, and W. E, Wilson, Conceptual hydrologic model of flow in the unsaturated 
zone. Yucca Mountain. Nevada: U. S, Geological S w c y ,  Water-Rcsourccs 
Investigations Report 844345.55 p, 1984. 

Xcwmm, B. D., Geochcmicd investigations of calcite frxrure fiUs and mesa-top water 
dynamics on the Pajarit0 Plateau. New Mexico, Los Almos  National Laboratov R C ~ K  

19 



LA-UR-96- 1431,  Ph. D, DiSSCRatiOn. ? k w  Mexico Institute of Mining and Technology. 
Socono, I996a. 

?.i\;Ewman. B.. Vadose zone water movcmcnt at Los Almos  National Laboratory, TA-54. 

Area G: Interpretations based on chloride and stable isotopc profiles, Los Almos  
Sation31 Laboratory Report LA-UR-96-3682, 1996b. 

Syhan.  J.  W., T. E. Hakonson. and B. J .  Drcnnon, A watcr balmce study of two landfill 
cover designs for semiarid regions. Journal of Environmental Quality, 19. p. 2s 1-38 ,  
1990. 

Pctcrs. R. R.. and E, A. Klavettcr. A continuum model for watcr movement in an 
unsatunted fractured rock mass. Water Rcsourccs Rcscuch, 24, p. 416430. 1988. 

- 
Purwmun, W. D,, Hydrologic chxactcnsrics of thc main aquifer in the Los Alamos uca: 
drvclopmcnt of ground watcr supplies. 44 pp.. Los Almos National Laboratory Rcpon 
Ltb9957-MS. J a n u q  1984. 

Punymun. W. D., Geologic and hylrologic rccords of observation wells. test holcs. test 

wells. supply wells, springs. and surface water stations in the Los A m o s  m a ,  339 pp. 
Los Almos Sational Laboratory Rcpon LA-128S3-MS. Januvy 1995, 

Punymun. W. D.. and W. R. Kennedy, Geology and hydrology of M e s h  del Bucy, 12 
pp.. Los Alamos Sationd Laboratory Report LA-4660, May 1971. 

Punymun. W. D., M. L. Whccler, and M, A. Rogers, Geologic description of cores from 
holes P-3 MM-I through P-3 MH-S, Area G. Technical Arca 54. Los A m o s  Sc ien t ik  
Labontory Report LA-7308-MS. May 1978. 

Punymun, W. D.. M. A. Rogers, and M. L. Wheeler, Radiochemical analyses of samples 
from beneath a solid rndioactivc waste disposal pit 3t Los Alunos, Sew Mexico, Los 
Alamos Scientific Labontory Rcpon LA-8422-MS June 1980. 

Rogers. D. B., Unsaturated hydraulic characteristics of the Bandclicr Tuff at TA-5438 
pp.. Los Almos National Laboratory Report LA-UR-95-1777, May 1995, 

Rogers. D. B,. and B. M. Gallaher. Moistun and Matric Suction Pmfdcs for 1994 MDA 
G Wells, 7 pp. and 3 figures, Los N m o s  Sationd Labontory Memo ESH- 1 S/wQ&H- 
94-632, Dccembcr 19, 1994 

20 



Rogers. D. B.. and B, M. Gaflilhtr, The Unsaturated Hydraulic Chuactcristics of the 
Bmndclier Tuff. Los AILTOS Xationd Laboratory Repon LA- 12968-MS. Scptemkr 
1995. 

Rogers. D, B,, E. L. Vold, and B. M. Gdlahcr, Bandclicr Tuff Hydraulic Chmeterisrics 
from Los Alamos Xational Labomtop' Borehole G-S at G. TA-54.23 pp., Los 
Almos National Laboratory Report LA-UR-95-3 129, August 1995. 

R o ~ c ~ s ,  D. B;. B, M, Gallaher, and E. L, Vold Vadose zone infiltration beneath the 
Pajxito Pla~eau at LOS Almos Xational hbontory,  Sew Mexico Gcologicd Sock? 
Guidcbook. 47th Field Conference, The Jemcz Moun t ins  Region, pp. 413420. 1996. 

Rogers. M. A,, History and environncntal sctung of LASL neu-surface land disposal 
facilities for radioactive wastes (&e;ls A. B. C, Do E. F, G, and T). LOS A l m o s  Scientific 
Laboratory Report LA-6548-MS, 1577. 

Soll. I&', E.. Influcncc of fncturc fills and fracture coatings on flow in Bandelier Tuff. 
Los Alamos %dona1 Laboratory Report LA-LR-95-269S. August 1995 

Springer. E. P., &ea G Performrvlcc Assessment: surface water and erosion. 40 pp.. Los 
Alamos National Labontoy R C ~ O R  LA-UR-95-249i. 1995. 

Thoma. S,  G.. D. P. Gallegos. and D, M. Smith, lmpact of fracture coatings on 
f:3cturc/matrix flow interactions in unsatumted, porous media, Water Resourccs 
RCSCUC~. 25, p. 1357-1367, 1992. 

Turin. H. J.. Subsurface vvlspon beneath MDA G: A conceptual model, 2s pp.. LOS 
Alamos National Laboratory R C ~ O R  LA-UR-95- 1663, May 1995. 

Vanirnan, D. and S. Chipen Mesa-penetrating fractures, fracture minerdog'. and 
projccred fault mces at Pajarit0 MCSL in Geological Site Chmctcrkation for the 
Proposed Mixed WWC Disposal Facility, Los Almos National kbora top ,  Los Alamos 
Xationd Labomtory Report LA- 130SP-MS p. 7 145, 1995. 

Vold. E.. Analysis of liquid phase transport in the unsaruntcd zone at a mesa top disposd 
facility, Los Alsmos National Laboratory Report LA-LX-96-370. 1996a 

21 
.. .. 






	063131.pdf
	I mTRODUCTION
	1.1 APPROACH
	1 I 1 Sourcc Tcrms md Rclatcd Proccsscs
	1 I 2 Exposurc Pathways and Relatcd Proccsscs
	1 3 Exposurc Sccnclrios
	I 2 1 Geographic Siting
	1 2.2 Ccologic Siting
	1.2.3 WLTtC MJ1;1113&ClTILllt

	1.3 SCHEDULES

	1 4 REIATED DOCUMENTS
	I 4. 1 Sitc=widc Environmental lmpact Statcment
	I 4.2 BivironrncntaI Rcstoration Projcct Documcnts
	I 4.3 hd USC Plan
	1.4.4 Srtc-widc Groundwatcr Protcction Plan
	1 4.5 Wastc Xlanagcmcnt Documcnts


	1.S I Public Protcction Pcrhtnmcc Objcctivcs
	1.52 Intruder-Protection Pcrformmcc Objcctivc
	1 3.2 Grcrund\5.3tc r-Protccuon Pcrfonnmcc ObjcCtjvc

	2 D IS POSA 1 FACILITY CE\FUCTE RISTICS --
	2 I SJTE CHNUCTERISTICS
	2 f 1 Gcography and Drmographg
	2 I 2 Mctcorolop and CIimatolone
	2 I 4 Gcolob Scismolo and Volcanology
	2.1.5 Hydrogcology :
	2 I -7 Natunl Rcsourccs

	2 I H Natural Background Radiation
	22.1 Water lnfiltntion
	2.22 Disposal Unit Cover lntcgrity
	2.2.3 StmCtuf;ll Sttrbilip
	5.2.1 lntnldrr Analysis Results for Historic wstc
	5.2.2 lntrudcr Analysis Rcsults for Futurr Waste
	5.2 7 Sununan' of lntnidcr Annlysis Rcsul t

	S I Inventory Unccmintics
	5 2 Disposal-Unit Covcr Unckmintics

	6 PERFOIt%lANCE EVALUATION
	6 1 I Evaluation of Pcrformuicc Asscssrncnt Rcsults

	G.2 USE 01: RESULTS
	6.2 1 USC of Pcrformmcc Assossnicnt Rcsults
	62.2 Usc of Compasitc Analysis Rcsults
	6 1 Maintonam of the Pcrformnncc Assessmciit
	6 2 Cl ;tin:cnancs ofthc Cornpositc iiiialyis


	7 QUALITY ASSURANCE
	CI
	FIELD DATA
	7.2 LADORATOHY DATA
	7.3 1KVESTOHI' DATA
	7.5 I Atmosplicric Transport Modcling
	7.5 ? Subsurticc Tr.uspor Modcling
	7.5.4 Dosc Asscssrncnt


	3 REFERESCES
	Conccptual hlodcl of hlDA G
	Acrid Photograph of MDA G and Its Surroundings
	and CA I.II
	Location oftlic Los Alamos Sational Ltrbontov
	Land-use Boundaries
	3) Windroscs from hlcsiti dcl But!': da!.timc (top) nigllttimc (boaom)

	Windrose from Pajarit0 Cmyon: daytime (top) nighttime (bottom)
	Gcncr;rlizcd Stratigraphic Rclationships of the Pajarito Platmu

	Borcliolcs Coniplctcd in 19% around MDA G
	Cross Scctions of' Stratigraphic Scning of MDA G
	Unit 2 in Outcrop Along South Wall of Mcsita Dcl Bun' I..I.............I.,I,,.....I.I
	Subunits of Baridclicr Tuff
	54-1 117 I..I,...........,,.....II.I.I..I
	I d

	Xcutron-probu Moisture Profitc of BorchoIc LGM-85-Oti Ncar Pit
	Vcnical Flus and Sourcc Term for BorcholcLGM-8506
	Conccptualizcd Watcr Balsncc Componcnts
	Scutron Moisturc Profilcs Through Pit 37 I,,,,,,.,.,I.III.,,.,.,,.,,,,,,,.,,..,,t,,.,,.,
	Rccordcd Annual TRU Storage Volumes and bdioactivitics
	Disposal Units Contributing to thc PA md CA lnvcntorics
	Scprcmbcr 26 I ?8W through
	Scptcmbcr 26 1988 through 199s I.III.I......I,,,,.,.,,.,.....,,,,,,....,.,,,,,........,

	Cornpli;mcc Pcriod for the PA
	Period for tlic PA
	Rcsidcnt During thc 1,000-yw Cornpliucc Pcnod for thc CA
	Corrcction Factors for Unccmintks in Air-path\w,y Dosc Asscssmcnt
	Collcctivc Population Doscs for thc Conpositc thalysk AWIW hal!*sis
	Objcctivc During thc I,OOO=yw Compliucc Period
	thc Flus Limit
	Objcctivc
	Inventory Limits for Pit Waste Using Intruder Analysis Limits
	Total Inventory Limits for LrWL LL\V
	10 IGnphutt Solids
	I 1 I Gnphte Powder
	14 Combwblc Decon Wmc
	IS Cellulosics piper, wood cte.1
	16 PlrnCS
	18 lCornbusublc Lib Tmh ppcr. plvoc rubarl
	18 I [?Jon- Cornbumble Ub Tnsh glnss. mcd)
	2 1 ISllrcon Dascd 011 ﬁAbsorbed -No Fm Liqud
	Oh - Absorbed - No Frce Liquud
	1Silicon B,zscd Oil - Absarbcd -No Fm Liqurd
	X! Petroleum Conmmrcd Soil
	23 Aqueous Soluuon - Absorbcd - No Fm tiqurd
	25 hchcd Process Residues S
	26 Evaporator BonomslSdlu
	3 ChIondcSdts S
	PNEquprnent
	Ix
	46 SkullmdOx.ide s
	47 Slag and Porcelain
	49 ISmimp Sludpc

	SO 1Mcd crucibles Scnp Dia
	5 I [Precious Mcds
	53 /Lud
	55 fFiltcrMedi3
	56 /Filter Mcdja Rcsiduc
	60 !Other Combustibles
	1 Ilr('THODLICTI0N
	3.1 AIR-PATHWAY SCENARIO FOR MDA G CA
	3.3 ALL-PATHWAYS ANALYSIS FOR TtIE MDA G PA

	3 SOURCE! TO RE CONSIDERED
	4 CRITERIA FOR SOURCE EXCLUSION
	4.t DATA QUALITY OBJECTIVES
	4.2 POI'E,,TIAL AIR-PATHWAY SouRCEs
	4.4 POTENTIAL ALL-PATHWAYS SOURCES


	5 CONCLUSIONS
	6 REFERENCES


	TABLE 1 FUTUXES OPTHEMDA G GROUNDWATER nurJSpORTANhLYSlS
	1.0 INTRODUCTION
	GEOLOGY OF THE MDA G AREA
	2.1 Introduction
	2.2 Stratigraphy and Stratigraphic Nomcnclaturo
	2.3 Description of Stratigraphic Units at Mesita dol Buoy
	2.3,l Bandolier Tutf
	2.3.1 I Tshircgc Member Unit 2b
	2.3.1.2 Tshiroge Member Unit 2a
	2.3,1,3 Tshircgo Member Unlt 1 b
	2,3 G Tshirego Member Unit la
	2.3,1.5 Tsnnkawi Pumice Bed and Corro Tolodo lntonral
	2.3.1.6 Otowi Member

	2,3.1.7 Guaje Pumice Bed

	2,3.2 Prc-Bandoliar Tutf Units
	2,3.3 Alluvium and Canyon Bottoms
	2.3,4 Structure Sections Through tho MOA G Area
	SUBSURFACE CONTAMINANT TRANSPORT
	3.1 Introduction


	3.2 Material Properties
	3.2,1 Dcnsity and Porosity
	3,2.2 Characteristic Curves
	3.2.2.1 Tuft
	3.2,2.2 Alluvium
	Pic-Bandolier Units
	3.2.3 Saturntcd Conductivity and Unsaturatod Conductivity Curvos

	Table
	3.2.3.1 Tuff
	3.2,3.1.1 Intact Tuft
	3,2.3.1.2 Crushou Tutt

	3,2.3.2 Alluvium
	3.23.3 Prc-Bnndolior Tuff Units
	3.2.4 Hystcrosis
	3.2.5 Geohydrologic Proponics of Rock Units bcnoath MDA G

	3.3 Hydrologic Conditions Below MDA G
	3.37 In Situ Moisture Conmnr


	3,3.2 Perched AqUifQS
	3.3.3 In Situ Matric Tonsion

	3,C Arons foe F unher lnvostigation

	4.0 GEOCHEMICAL BASELlNE INFORMATION AND DATA
	4.2 Source-Tom Inventory and Goochcmistry
	4.3 Goacharnic31 Tnnsporl Parameters
	4.3.1 Elcrnent=Radionuclide Adsorption Behavior
	4.32 Elemont=Rodionuclide Rocwater Interactions
	4.3.3 Elernent=Radionudide Solublllty Limits

	4.4 Uncertainties and Furthor Investigations
	ACKNOWLEDGMENTS
	Neutron moisture profile for background holo 54G=NPH-2
	Anemomotry and pornoability results boraholo54-1
	Ancmomotry and pornoability results borcholc54-1
	stratigraphy trWn sclccied
	Prcssurc hcad vs moisture data from listed sourccs
	Summary of geohydrologic properties beneath MDA G Mesita del Bucy
	Saturated conductivity values for pro=Bandolicr Tuff units
	Summary of radionuelidc half-livos and total nctivlty in Pit 37 at MDA G
	Analytiwl results of Wator Canyon gallory groundwator Los Alamos
	Sorption and dosorption ratios KO or RD (mVg) for volcanic rock Yucca
	Avcrage soriSion ratio K or R (mVg) tor ccmen! Ca(OH)2], oxidizing
	Rangcs of sorption ratios por cudoco area of fmcturod rock 6 (M) for
	Rangcs of retardation factors tor fracturod volcanic rock KA (em) for
	Results of spaciation invcstigotions (mcasurod and calculntad) for
	Preliminary measured and calculatad solubili:iQs for selected elemcnts in
	Preliminary mcasurod and calculated solubilltios for soloCed clcmonts at
	Gnvimotric moisture contcnt tor boreholes 54-1 007 to54-1009
	In situ gravirnatric moitturc contont in boroholos lowted In natural tomln
	Dry bulk density and calculated volumotric moisture content in tam trwn
	0,l
	34
	41
	4875
	5792

	69
	71
	13,24

	Curiuma
	E u ro p iu md
	Gadollnlumd
	Loadd
	M olyda nu md
	Nick&
	Palladiumd
	1 Halnlum (IV) is cncmtwlly slmilnr IO Zr
	Tr\O D u CT] ON
	ANALYSIS
	Application to Area G

	Head and Unsaturated Conductivity r\csults
	Bounding Case Results

	UNCERTAINTY
	Accuracy
	Error Analysi r
	Minimum Detuctablc Flux

	DISCUSSION
	Sourcc Term at Vapor Phase Notch
	Uncertainty Implications
	F1 ux Imp I i ca t ions
	Disposal Opcrjtions
	N umerictll Modeling Implications

	ACKh™OWLEDGMENTS
	REFERENCES
	Tables
	Figure
	U-233
	stds ctrls m ola ri tv
	2.39Et00E-
	E*E-

	Fe 2,1 3E+00
	rich 1 SSE+OO 9.70_E-06
	9.iOE-06


	79,f ' -7 R 7' 1.93E+00 9,70•-06
	2.82Et00 9.70E-06
	79.1 i9.7' __- 2.0GE4.00
	79.1 i9.7' __-
	9,7 0 E202


	9 TOE-O6
	10.8'-12.0 2.7.8.E 2.65 E+OO
	10.8'.12,0 2.22 E+00 9.70E-06
	9 i'OE-06

	R1'0 3.GOE+OO 3.4 G •100 9.70E-06
	2.1 Historic waste
	2.2 Futurc Waste
	2.2.1 Operational LLW
	2.2.2 ER find D&D LLW
	2.2.3 MLLW Residues
	2.2.4 Total Futurc Inventory

	G DWE.WORY PROJECTIONS
	3.1 •%toric Wnstc




	1971 to Scptcmbcr 25 1988 Inventory
	3.2 hojccted LLW Inventory
	3,2.1 Opcrntionnl LLW Invcntory Projections
	3.2.2 ERnnd D&D LLW
	3.2.3 MLLW Residues

	3,2.4 Total Futurc Inventory
	Summary of the ken G Radionctive Wusta Inventory
	Performance Assessment
	Composite Analysis

	REFERENCES
	LIFE CONSIDEFWITONS
	Frxtionol abundnnccs of MFP radionuclides

	Historic LLW valumcs in pit ond shaft waste
	Historic LLW activities in pit and shnft waste
	and standard dcvintion of LLW pit and shnft actidtics
	Mcan and standard dcvintion of historic TRU wnste volumes

	Mcan ind standard dcviiption of historic TRU wmtc nctivitics
	Axen G
	Information used to nllocntc MFP acthity
	Xnfonnntion used to nllocntc MAP activity
	Mntcrinl type nllocations for the Area G inventory
	D&D activities
	MLLW strcams trcntment options and invcntorics

	Totnl prc-1971 inventory volumc and activity projections
	pits
	that w*as non-rctricvably disposed of in Pit6
	cxtrapolation process

	projections for thc prc-1971 period
	from 1971 to Scptcmbcr


	rctricvablp disposed of bctwccn 1971 und Scptcmbcr
	through1995
	through1995
	Major gcncmtors of UW based on total volume
	Mojor gencrcrtors of LLW bad on total activity
	activity
	LLW

	Major generators of UYV between 1990 nnd1995
	and shafts
	disposed of in pita

	Projcctcd shaft radionuclide invcnt4rics for Area G
	for Arcn G
	wasto
	waste
	Projected inventories of urnnjum chip wnvtc
	Total futurc inventory volumc and ac?jvity projections
	Total futurc rndjonuclidc jnvcntorics for Axco G pits
	Total futurc radionuclide invcntories for Arcn G sh&
	G performance assessment inventory
	nsscssnent
	avsevsmcnt


	TA-18 Pnrqjito Laboratory
	TA-39.4ncho Canyon Site
	X x x S
	X S

	TA.54 Waste Disposal Site
	TA.55 Plutonium Facility
	Laboratory to R Shumnn Rogers 6: Assodotes Engineering Corporation July
	Laboratory to R Shumm Rogcrs 6: Associntcs Enginccring Corporation July
	Laborntory and R Shumnn Rogers 6: hsociatcs Engineering Corporation Junc
	I,,,,,,.I
	AndyUc solution
	Analysis and Clllibrition Against Titiurn Field Data
	Subsurfm Gas and Vapor Phw Diffusion
	Tritium at 3 1-D Disposal Unit
	Tritium Migration to the Decp Aquifer
	Clubon-14 Relcrrsc

	Solutions md Comparison to Numcric Results
	Conclusions
	AcknowlcdEmcnts
	Rcfcrcnccs
	Figu rcs
	Tl??NSLOCATION MODEL
	Introduction
	G Parameters
	C Base Case (most likely biointrusion) Results
	Area C Biointrusion Model Combined with Erosion
	G PA Implcmcntntion
	Discussjon
	Su mmnry
	Rcfcrcnces
	Tables I - JV
	Figures 1 -
	5 OD24

	G pit number
	DOSE ASSESSMEhT iMETHODOLOGY
	Iiumnn Exposurc Pathways and Sccnurios
	2.12 1ndu.utrinl UYC Period

	2.2 hlodcls and Data
	2.2.1 Radionuclide Inventory Projections
	2.2.2 Environmcntnl Transport Pntliways


	DOSE ASSESSMJWXﬂ RESULTS
	Performon cc hscsam en t
	3.1.1 Offsitc Dose hscssmcnt Results
	Inndvcncnt Intruder Dose Asacsemcnt Rcsuks

	Composite Annlysi,q
	Iu1 Pathways - Groundwntcr Sccnorio
	3.2.2 Atrnosphcric Sccnnrio
	Pathways -- Pclrnjito Canyon Sccnnrio

	AqscssmcnL
	Complinncc Evnluntion
	Complinncc Evaluation


	SENSITMTY AND UKCERTAE"Y
	4.1 Offsite Exposure Sccnaios
	4.1.1 Groundwater Rcsourccs Protection Scenario
	4.1.2 Amosphcric Sccnario
	4.1.3 All Pnthwnys Exposurc Sccnarios

	4.2 Inadvcrzcnt Intruder Eqosurc Sccnarios
	4.2.1 Radionuclide Inventories

	Source Rclcascs and Environxncntal Transport
	4.2.3 Rcsourcc Utilization
	4.2.4 Radicnuclidc Dose Conversion Factors

	Uncertainty Analysis



	RErnRENCES
	G dispovnl units
	Rcsourcc Protcction Sccnario in Parojito Canyon
	Grounclwntcr Sccnorio
	Sccnirio
	dove for thc Atmosphcric Scenario
	was tC
	Parnjito Canyon Scenario
	for thc Intruder-Agriculture Scenario
	perfomnncc wcssmcnt intruder dove
	wnstc for the Intruder-Agriculture Sccnnrio
	pcrformnncc osscssrncnt intruder dose
	for the Tntrudcr-Agriculture Sccnnrio
	pcrformnncc nsses.smcnt intruder dose
	institutional contro1 pcriods
	Offsitc cxposurc scenarios for tho industrial usc periods
	2-2
	pcrformancc nuncssmcnt
	Pathway input pnrnmctcrv for food-chain axposurc modcling

	2-4
	modcling
	Food chain parnmctcrv used in thc tritium models
	factors


	the public
	nvtlcsvmcnt dosc for thc All Pnthwnys - Groundwater Sccnario
	asscssmcnt
	Scenario
	the historic pits
	gnscs
	tho historic nhnfk

	future pits
	avscvsmcnt intruder dose for thc future shntts
	Sccnario
	dovc for the All Pathways - Parqjito Canyon Sccnprio
	for the kcn G pcrf'ormnncc asscssmcnt
	objcctivcv for the Area G pcrfomnncc assessment
	for the Area G composite analysis
	Pnthwnys - Pmjito Canyon sccnnrios

	Atmovphcnc Sccnario
	flux projections
	Pnthwnys - Groundwntcr Sccnario
	Pathwnys - Parqjito Canyon Scenario
	projcctions
	IST/<OD
	I 2 1-1 yd rologi c Propc n j cs and The i r Effkc t
	Ef'fccrh of Transient Pcrcohtion
	2.2.4 Summary of Trnnsicnt Results

	2.7 Fracture F]ow
	2.4 EVipor;ition
	Fr0n.l Su:gc Beds


	I V;Iciosc Zonc Model Dcfinition
	3 I 2 Grid
	3,IS Transport Propcnics
	3 I 6 Source Term
	5.3 I Downward Trampon rou'arcl thc Wawr Tablc
	3,3,1,t Orhcr Flow Fields

	3,22 La:cr;Il Trampon toward the Mesa Sidcs
	3.32.1 Bast Cast Flow Ficld
	3.3 2.2 Oi her Flow Fic Id3


	EXS I ON AL SATU RATED ZOSE 30 DEL
	4 I S:iIuf:itcd %om Modcl Dclinirion
	4 I I Gcology and H!'drogcology
	Boundary Conditions

	3.2 Saturated Zonc Flow Rcsults
	4.3 Sa[urntcd Zone Tran3pon Rcsultl*
	4.3.1 Doww;ird Transport toward thc Wmr Table
	4.32 Lrctcral Trar,hport lowclrd thc Mcsn Sidc

	5 I Vadose Zonc Flow
	5.2 Saturxcd Zone Flow
	5.3 Trlrnspon Propcrtie

	6 coscLusloss
	I REERESCES
	triition into Unit
	tration into Unit


	Ccrro Toledo
	G: Grouridwitcr trn\*cl t.irncs 1 nirn pcr ycar infiltmtion into Unit
	Uuit lv-c






