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DETERMINATION OFAN IN~STTUVADOSEZO~EVAPOR PHASE 
DIFFUSION COEFFICIENT AT A MESA TOP WASTE DISPOSAL FAClLm.' 

Erik VoJdl and B.-trt Eklund: 
1. Lo~ Alamo::. NJtion~l L.:~bor~tory, Lo::; Alamos, i\!M 

2. R.A.DJAi\' Corp., Austin, TX 

ABSTRACT 

The Lo!.' Alamos National L.1borntory Low Level Wnstc Disposal 
Facility, Areu G. is locJted in :.'1 s~mi-llrid region on the top of :1 n~rrow mcsu 
compo~cd of fractured lilycrs of volcanic deposition known as B<mdclicr Tuff. 
Tritium, disposed in vertical ~h.'lfts to depths of 60', hils diffusl!d by \'.-lpor 
trnnsport through the ml.!sn interior nnd from the mesa surface. Surface 
dflux mc.-JSt.lrcmcnts hJ\'C ChJr4lctcrizcd the scapi.! Ot the tritium plume llt the 
ground surt;tCe which gh'Cl' il direct l!Stim:ltC or the ii'\•Situ diffusiOl'l SCJlc 
length. Numericill <md JnJlytic diffusion solutions are compared to the field 
mcasurcmcrlts to find .1n effective in-situ diffusion coefficient, Ddf· for 
tritium of D~H = 15mZ/yr. The diffusion coefficient \:!StimJh~~ \'Ire consl~tcnt 
\'\'ith J cy!indricnl source from thu dispos4!l sh<:~fts, implying tritium diffuses 
rJpidly within the dit'posul sh<1ft ilnd then slower through the surroundins 
porous tuff. The tritium tr<~vels by combin~d vJpor ~nd liquid phase pilths, 
domin<~ted by \'Ltpor phnsc flow in the dry regime il t Arc\1 G. In this ~itu<:~tion, 
Jn"'ly~is indic;1tes the obscrvl!d effective diffusion coefficient corresponds to 
an in-situ vilpor philsc diffu~ion coefficient, Dill~· of D;n~- 10·3 m~/.o; \Vithin 
the mes;~. This is ubout 40 times lnrgcr th:tn thilt ~xpcctcd for Vilpor diftusion 
within the pore spacf.! of the 13;mdclicr Tuff mesa. Thc dJta suggest the highly 
frncturcd volc.:mic tuff t.mh::mccs the in-situ ilir ocrmeilbilitv ilt'ld convective 
flows clrivcn by rluCtUJtions in pressure or tempcr;ttUrl:! 1\.trthei ~!nhill"'CC the 
in·situ vilpor diffusion or dispersion. 

The relatively dry region obscrvl!d in the immcdi:lte vicinity of the 
tritium plum~ SLtggcsts the \'~per diffusion coefficient dcri,•ed here will 
likely be conscrviltivc JS ., m~ximum \'.:'lluc .1t Area G. Unccrt<:~intics suggest 
the result from this studv is within J f<lctor of two of thl.! mc<"~n vudose zone 
vilpor diffusion ncnr the. smface of the site. An~Jyscs also suggest thilt the 
diffusiot"t coefficient decreases bdO\'\' 60', Jnd is smilllcr bv ilbout J tJctor of 4, 
thilti the \';~.luc derived in this studv. The in-~itu dit"tusion ~nhnnc:ed bv 
convl!ctivc fluctuotions implies th.1t <til .l;ilScous species diffuse similnrly, .:md 
thus the derh·ed in-situ diffuson coctrident is a rcnsot,ilblt! first estim~te to 
npply it"t the assessment of transport of gaseous or vJpor species oth~r th01n 
tritium. The derived in-situ diffusion coefficient c.:~n <lbo be used to quantify 
the water vilpor f1ux ~md its si~nificnncc rclntive to liquid pha~c l'rnnsport ;,, 
undcrstilnding the hydrology of the site. 
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Introduction 

The ob~crvcd distribution of tritium rlux irom the J,:raund :-;u:"ti:ICI! c.w~r 
iln Jrt!o where J..r\O\''n qu;mtitic~ of trit1um ~rc dbpo!'cd provide:-; ,,n 
opportunity to dctl!rminc .1n dtl.!cti\'1! in-situ vapClr diff1.1~ion col'fficitmt 
nppropri:ltc to the \'ndosc C'lr lll"'~JturJtcd zone bcncnth the mc:-oi:l top low­
level rJdioJctivc waste dispo~nl fuc:ility nt Lt,~ AIJmo~ ~Jtic:m<tl L<tboratory. 
ArcJ G. This inform•1tiOt'l i!oi 11L'cd for th~ rerformancc Asl'C!'Sment of the 
Arcil G dispo~il1 fildlitll.!t' [1} ill' rcquircd by USDOE ordcr5, The result!' t)t this 
study ~rc used to Cillibriltc c:omputJtionJl mod<.'b Jnd thu~ to JccurJtt.!ly 
predict di~persion ot \'Jpor or ~ns~ous phnsc contilmin.)nts from the disposJl 
f:u:Hity. The infor:nL~tion ;ll!'>o provide~ criticill undcrstnndin~ oi the bnsic 
hydrolo~;y <~t the ~itt: nnd CL~n bt.:' usC'd in quo.ntifyin~ the (':"\tent th<tt \':lpC'Ir 
ph~se flow domin>~te~ within thC' mc~il volume [~J. 

Th~ dispo~\ll facilitil.!~ :It ArL';'I G .trc sh(lwn in Fig. 1 lmpo!-tcd em :1 

contour map \vhich shm-.·~ the ~l~1p1! or' th~ tt.:•rr:'lin. Thb hi~hH~hts the cd~c 
of the irrcgu!Jr fin~;~.?r m~sL1 with !:-ide:-- which f011l abruptly .1bO\.lt 100' (--30m) 
to tht! Jdjoc:cnt CJnyon floor~. The saturatl.!d zm"lc i~ cstimil~cd t<..) be ~lOQ' 

(·2i0m) below the m~sa surt~cc, so that tran~port within tht.! mcs;'l <1nd 
directly below occurs within the un!"iltur\ltl.!d or v.:tdo~<! zon<.?. Th~ upper 
lllyer~ of the mesa <trc highly fr.-tcturcd striltJ ot vok01nic dcpo~ition. 

Tritium h.:t~ been di~po!-cd il'l \'crtk<tl shafts to 60' (:!Om) depth .'lt the 
dispo$ol focility for ~!:\'Crill dcc::~dcs. 1-li~h·lc\'cl tritium dispos\ll occurs in the 
sh<lft field locilted in tht.! central :~rc~ within the hi~;hli~htcd box in Fig. l, with 
th~ saml~ nrN ~hown in dt.:>tilil in Fi~. :!. Tritium efflux from the ground 
::.urf~cc i11 th\! vicinitv of thl' ~hJfts hJ~ bcL•n .1ccurLlt~lv n"\c.1surcd Jt the 
snmplc locr~tions !'hO\~·n in Fig.:. This w.-ts prc\·iously reported in dt.!t~lil l3] 
.:1nd relev.:mt t1cld rc~ults will bL• :--ummnrizcd in thi:-. r~port. 

The goill~ C't thi~ ~tudy .:u~ thrccfoid: l'l'le, to Cl.,mpnrc til!ld dJtLI with 
numeric~\ :::~nd comput:::~tiot"\Jl solution~ to determine the best e~rim.Hc of Jn 
'dfcctive diffusiol'l cociiicicnt' for the field obscrv:~tions llt tritium, Lwo, to 
liSe the <tnalytic solution:- for multiph:1:o;c tr~nsp~o,rt to derive .'II'' in-~itu v<~por 
diffusion coefficient from the cftcctivl! tritil1m diffu~iot"\ ~oct'ficicnt, Jnd 
three, to cx\lminc rele\'<lnt field dJtil to dctl!rminc hnw the diffu!\ion cstimnte 
from the fieid mcil~urcmcnts ~hou!d be rd.:ttf..!d to •m J\'l..'rJgt~ Al'l'•, C vJluc 
for l;ilS or v.:~por dittu!-tirm within the n·H .. '!'J. 

Field D;~t;~ 

The :\VJiloblc field d:\tn of r;rcJtcst import"'r,cc in dcterminin~ •m 
dicctivc ::-;calc len~th tor the tritium diifu~ion from the dis?O~ill sh~rtg .uc 
tritium ~round surt'!CC efflux mci.l~Urcml.!nt~. Thc!-c J!luw one to ·m~p out' 
the ~urf:Jcc nrea ot the tritium plume .:~nd tht.:n to bnci-;. Cillcul.:~tc dfccti\'c 
diffusion ~c~lc lcngth~ tor comparison to Jl,nlytk :\nd l'lllmcri,nl solutic.ms. 
These d:1t~ ~re surnmJrizcd ;tt the e11d l1f thb !'iectior:. !11 o:'dcr to better 
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interpret tho~c ~urt~cc flux m~.:~sul'emcnts it". term~ oi <~J'l dtcctivc diffu~im-. 
cocficient. .:1 11umbcr t'lf relevwnt pice~:; of fidd dnti:l .:1rc prcscnt!.!d fir!'t in this 
~cction. These dJt~ pieces will contribute to the discLtssion ~nd intcrprct~tion 
of the rl!sults. ln rt.>twining the 1.tnits Jssodntccl with the orig-inJI field dJti'l, 
~orne length scJ!es <W.! prese11tcd i11 units of fed, while some of the d.Hn ;:11'\d 
c:tlculations nre considered in metric units. 

Moisture cont~nt :~.nd tritium conccntr:~tions in borehole s:t.mplcs 

Moi~tt.lrt! content nnd tritium conccntrntions in moisture from core 
swmplcs recovered from two monitor holes drilled nc~r the trithtm dispo.snl 
shJtts <1rc shown in Fig. 3 Jnd .;, The loci:ltions of thc~c mom tor holes, ~PH·S 
Jnd NPH-9, ilre shown in Fit;. 1, with i':Pl-1-8- 50' ensr ot J high level disposwl 
shnft, #154, nnd NPI-l-9 d ircctly bctweer'l two high le\'el shafts, tt 150 nnd ~151., 
~COilr&~ted from ~<~c:h oth~r bv les~ thJt'l i5'. 

· The mobturc content (Fi~. ~). determined by ., cJiibrntl:'d neutron 
moistur(! Frobe [J], i~ c:-pt.!cinlly low. Jbout 1% volumetric:. Jt dcpths ni nbout 
10 • 20m (30 - 60') in borehole NPH-~ nnd 5 • 22m (15 • 68'} it'l 0JI'H·9. This 
IO\\' moisture content rt.!gion h;~~ b~en .:m.Jlyzed previously •md found to be 
Jssociilted with neglibiblc liquid phn~c flux Hl Jnd .:1 ~mJil \'Jpor ilux, typicnlly 
- 0.1 cm/~·r liquid cquivnlcnt flux [2]. Thi! monitor hole, NPH-9, is the driest 
~e~n Jt AreJ G .md the implied \',1por flux there i!" the greatest Sl!t.m :a ..\rcl'l G. 
Thb v.:1por flux is locJlly - 1 cm/yr in m<~>;nitudc (1i~.1uid equivnl~.~nt flux) 
with no nt:t flow dircctior1 .1ppilrt.mt throu,~.;hollt thl:' borehole l'r the drv 
region. The detected flux levels Jrc comp~u&~blc to the flux rcsoh.ttion, limited 
bv the ur1ccrt<:1intv of tht.! ;mill\'!'b [2]. 

· The tritium CClnccntr~;tion~ it'l moi!'turc from recnvcrL'd corl\ samples 
;~rc .sc(•n in Fig. 4. In both hole~ the tritium maximJ ::~rc :"t.!l!n <It .1bout :o m or 
.1bout 60', thl! JpproximJtc rno.ximum dcpth of thc tritium dbpo~Jl ~hJit!" . 

. Both holes show 11n cxponct'ltiJl ducr~n.sl.! with hre~tcr depths, bl!in~ \'cry clt.!nr 
in thl.! deeper hole, NPH-~1 • where the mJximl.tm tritium cuncentrJtior.!' J.re 
t'ound. At depth~ less thJn :om or t,o·, the tritium concl.!ntr<~tiol,s dL'crcJ~L' 
towards the .su'rr::~c~ in both hole~. but thl!rc is J le:-.:' dbtinct trend. 

Pcrmc~bility, in-situ vs. rccovcr~d core sJmplcs 

Pcrmc:lbilitv mensurem~.mt.s were: mudc in ., l'll'Jrb\' bNcholc (!\!PJ--1-~ 01' 

G·5) !oc;:ltcd Js shown i11 Fis.1. Thi~ proximity is expecwd to ~ivc a reJsOJ"lJbly 
good rcprcsent~tion ot protilt.>!" ir1 the tritium shnft field rc~ion. ln·!"itu air 
pcrml!Jbility W<lS mcJ~urcd by J borehole p::~ckcr i~o!Jtion method usin;; <tn 
nir injection test mcthod l:;]. lndcpcnder'ltly, Jir permc:.1bi1ity on cNe sJmpll!s 
rcco\'ercd from tlw !'\;"~mi.! bnrl!hC'Ilc \\';'IS meJsLired in thl.! l.tb a::o .1 function <Jf 
moi~turc content [6]. Thl! uir pcrmcJbility v.:tluc~ ml!Jsured it'\ the !.1bor.:ltory 
Jt the dry mobture CCll1tt.!l'l: limit Jre shown in Fi~. 3 and ~ompllrt.!d with the 
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in-!-itu pcrm!.!;"~bility results vers~~ depth in thl! borchok. Th~ bottom figur~ 
show!~ the moisture profil~ for rdcr~omCI.!, ;md th~ ~tr"ti);r:~phic unit intcrt:\Cl! 
locations. The thrt.?c intert:~cc~ it'\ this profile. usin~ Dne of the !.'tnndJrd 
nomcncl~t1.1res (e.g .. sec Fi:-;.3 in Ret.{7]), St.!p~r<~tc Units :b. 2.1. 1 b, and 1n. 

Both permeJbility vnlu!J~ d~crcn!'l.! with depth throug-hout the tnp unit 
(~b) to nbout 15m or 61bout 50', with thl? ir'l·sit1.r \'nlue being JbO\.rt nn order of 
m~t;nitude l"lrgcr Jt eJch locntion. It'\ the ~cCOl'ld urlit (:!.;~) to depth ~1m. the 
p~rrnenbilidcs 41pproach n cornmon \·:llul.! t·o within " t<~ctor of two. B.:!low 
thi~ there r~rc !ocnl incnJi.'lse~ ir'l both perml!nbility \'nlul..!s ncilr th~ dL>pth 
Jssod;;~ted with J r·noisturc spikl! :tt the 'vnpor phnsc r'lotch', - ~3m. This 
clt.!pth is coincidcnt with the intcrrncc.: between the dcvitrifil;!d :n'ld the vitrified 
turf. and nlso neor the devotion of ~m ~djoccnt (J'loj~rito) c~myon floor, which 
i~ soturatcd in portion~ of th~ cn1,yon flo01' .:11lu\'ium. 

The inMsitu pcrmc"bility of 2-00 D~rcics (300.xlQ·l~m~) reported nt :!im 
(- 90') b Ll maximurn lin"'it of tht;! measurcmt.!nt ~ystem {5J. It ~hows thJt thl.:' 
~ir il'ljcction test could not dfccti\'dy isoliltc.~ this il'ltt.!rvo! l.!ithcr due to po<..,r 
inte~rity <.'lt' the bot'cholc wnlls l)l' thl! presence i:'lt thi~ dl.!pth or ;1 ~lgnificnnt 
froct:Ure traversing the inten•Jl. An interestit'l~ point ot'ld pc.1s!'ibl~· ~i~nific.:mt 
corrclotion. is thLit the core ~ample ft.!CO\'t..!red at 9:· W<~s nbo reported to hove 
.1 fr<lCtl.m! through the sample (61. \vbich moy hi.WC ir'lcr~~~l.!d th1~ p!!rmeability 
mc~surcd on the cor~ sJmpl~ J::; \\'ell. In dth~r set of measurcn"'cnts then. the 
mJximum pcrml'Jbi1ity seen throughoLlt the hol~ .1?pcnr~ to coincide with 
the depth oi the 'v<Jpor ph:tsl! notch'. 

It is ~ll~o noted th:~t the horizon ncar the intl!rt<lcc of U:,its 2b and :!.J 
(-15m) does I'IOt exhibit uniq~1c \'Jlues of perml.!nbility ~vcn though the 
moisture content decrcJ~I.!S dr:tm.:Jtic~lly rherc. This ~upports the notio:'\ 
previously clbcus!"ed [4) th.:~t this horizon is not lmiquc i11 trn:1sport 
propertil.!s, but ::'Lither the d~pth~ obovc thi!' <1rc moister thJn usu<1l due 1'~, 
proximity to moistmc ~ourcc:.-;, l!ithl..!r disposal ut"'its l)t' fr:rcturcs which 
conduct surtJcc tl'Jnsit!t'\ts. Bela\\' 15m, the u.suc1l '"01por phi!~c dominJtecl 
flow' 0xists (21 Jt1d is suificiL•nt to crc>~tc drying conditiom; which dominate 
the .:~pparent moistllrc so1.m:t.!s in the upper !Jycr. 

Air pcrmcilbility diticrcncl.'!s bl.!t\'\'een in-~·oitu \'<!h.tcs <l!'ld carL' sJmple:-; 
similar to tho~e ob~erved herl! \•:ere first wportcd i11 dcr.Jiled hydrolo~ic 
~tudics [Sl Jt Arcn G •md Area L (JdjaC!.!!'H to ArcLJ G) i1s summnrizcd in [9). 
They found the r.:rl"io ot in-~itu pcrrne::\bility, mcnsurf.!d by the •dr·injt.:ction 
test mdhod, to the l<~bor;~tory JI'IJlysis of core pcrmc"'bility t11 be r<~ctor~ o( 16 
to 2~ in Units ~b <~nd 2-l, r~spcctively, ~md (Jctors of *.6 Jnd 3.3 in Unit!'i 1 b Llnd 
L;'l, l'cspccti\'cly. Th~:~t..: \'~luc~ tor the r~tio l')i il"'-~i~l.t to 'ore ~.1mplc 
permenbility, nnd the trend oi i:l grci:lt~r permei:lbility r~tio il'l Unit~ 2 thnn in 
Units 1. is simibr to th:tt ~cl!l'l in Fi~.5. 

Th~: lwr~cr perme.-rbilit~· ci'iffcrcncl! in Cnit!'i ::! is col'\~1~tc1'\t with 
'-"~b!'crvJtions ot rr<1cturcs on the wulls of open dispos;"~l 'Lll'\itl' which sho\'·.' <~ 
dri:lm;ttic dccre:tS\: in continuous frJcturl.:'s below the Unit 2b·2J. it'ltcrtJcc. 
Previous ob!lcrvntiO!i!" throughO'Ltt the locul arcu hJ\'c .-rbo ~howl'\ ;"~ dr<1m:~tic 
dccrc.:t.s<.: in frocturc~ continuin!; bdow the 'vopor ph~!'\1.! I'IOt~h· Jt the Units 
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1b·lil il"'tert~Ce [lOj. ,-\tmo~phcriC pr~!-:o;Urt,,• nuctUJtlun:-; t"l'H!J~Urt..•d Jil.."ln~ the 
depth of t~ol.:tted borehole !-c~mcnts h;wc been nbscr\'L?c! tC'l JttenuJte ~loo.•:ly 
to depth!-> of ubout 100' Jnd ther. more ri.1pidly with ,:rcllter depths f11]. This 
findin).: is consbtent with ,, i:-:~cture network down tn Jbnut 100' .1lthou~h 
then~ mi.'ly b~ other cxpl~notiol'l.~. Thi~ i::.!-UC need~ to be ~·xplMcd t1i iutur~ 
\\'ork. 

Tcmpor~l v01ri<1tion of tritum flux Jnd conccntr<~tion in :~ir 

The ~!!mporol \'urii.'ltinn in tri~ium flux is n~.,t expected to l"i.~niticJntly 
dfcct the obsl.'r\'cd :-co:llc h:n~ths ior the plume ot tritium surti.1cc flux, .:md 
thcrdorc it b not cri~icJl to the dctcrmin•nion of the in-!-itu vndo~e zonL• 
diffusion coefficient. J-lowc\'er, tt"' better undl!r!'ti.'lnd the tritum !:'tllrfJcc dtlux, 
.1nd to present n more complc>te sd of fic.?ld ob~cr\'i.ltion:o;, ~cvcrJl piece~ of dJtJ 
on the tt.!mpor~l ,·~ri~bility in tritium flttx nr ~irbornt• cnncentrntion~ in 
"'tmo~pht.:!ric v:~por 01re pw~cnted here. 

A monthlv O:l\'er~~cd tritium ~urti.1Ce tlux w.:1~ meL'l~ured nt i1 loci.'ltion i11 

the CJ!'It end Ot :<\rCi1 G\.J\'er '-11'\ C'llder dbpO!-JJ Ul'\it in thl' cnrl~· eighties [l~J. 
Tritium flux dJtJ ~mm th:1t ~tudy \'cr!-L'S month of the ye.lr 1s plotted m Fig. 
6A, ~howi115 the Sl!il!:'Onnl \'.:1 ri.:Hion m·~·r !'hn t pa rticu Ill r i !'\tcrv:d Jt'\d locJ tion. 
Monthly mean tcmper.,ture dntJ nrc .:~J:..o plotted in the ti~urc .:md ~how ., 
~imilur Sl:!J~On<~l trend. 

In the bottom fi~ure (68), the tritium tlux is shown plotted i.1:0::4:1in!'t the 
mc~n monthly tt.!mper~ture ,·,:!lut!s, Jnd i1 lineL~r r~:gression is :Jpplil.!d. With 
ull the flux dJtil point~. tht.! tritium flux, fw [B~-1/m:J, is found ~o be linl!:lrly 
corrclutcd to the ambient tcmpt•rJturc, T,1 /C], .1s 

li-r.1 [ Bq/m:: { = 0.336 ... 0. r;: T11 (C! ( 1) 

with :~ rc~rc~~ion cocfl'cient. 1'::, !.!quill to 0.59 indic.:ttir,~ i.1 modt.:-~t correlJtion. 
By rcmo,;in,; ont.! point which ;)ppe.:~rs in l:iJ;.tlB to b~ Lin nutlil.!r, tht.! lin~ar 
r~J~1tionship it' chJt1);t::d sli~htly. tl) 

r,1.1{Bq/111:.} = 0.345-0.1.;0T,,!Cl (~) 

whill! th0 correl;)tion ClJetticient impro\'es to ,.~ = U.S1, indic.Hit"'g •1 t;ood 
correl.:~tion 1-81':;, L)f the \'JriJnCl:! in illlx i~ .lltributt:d Lo the temperJtLlrt.:­
v.:~ri•Hion l. 

Tritium conccntri.'ltion in Jttnnspheric mobtLtt·...: .:~t two continltous .:~ir 
~.:un?lers loclltC"d Jt Arc~ G b shO\\'n in F:~. i ior month!\' J\'f..!rJ~~.:d dLlti'l 
coll~ctcd ov~r tbc period from 1984 to '1992. There is ilt'\ .:~pp:1rcnt d~wnw.:1rd 
trend O\'cr th~ \'\'hall! time, whilt: tht: !'ieJsonJI , .. 1t'ii.1tion i!'i .:tlso nott:d in most 
Vl:!ars. A l .. ugc \'ariJbilit\' b!.!tWl!t..!n the two stations .:1nd b~~v\'een diffe:-t:nt \'L'Jrs 
is .:1lso .:~pp:t.rent. These i.lirbornl! tritium conct:!I'\tr~ltiot'\s i1rc wdl Jbov~ the 
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rcgion~d b.:~ckground \~Vt!b, typic~ lly h.:~~ th;tn :. pCi I m:'r ll3 J, .:md thl!rct<..1rl! Jrl.! 
expected to corrcl.,tc directly with the ~urf~ce efflux from Arl.!a G. 

As parr of the dctailt.:d tritium surface flux ~tudy [~}, ~urfL'!cc flux 
measurement~ J.t om.• lncntion \Vert.: made over n 30 huur pt!riod to .,ss~ss the 
diumal cycle of tritium flux. The mns~ 1:\ux or moi~t\.trc evnpornted from th~ 
ground surf~cc W<t~ measured Jt thi~ ll)c:~tion with l'l.!!-il.llts :-;hown vcr~es time 
of dJ.y in Fig.8. Al~o shown is ~cvcr.,l of the tcmpcr.:tture~ monitored ns pnrt 
of the flux !'>tudy, the ambient ;~ir (T-nmbJ, the .1ir tcmper.-~ture inside the 
tritium flux mcnsur~ment ch;~mbl!r rT-cltnmbt'r) dc:o;crib~.;•d in the ne.'>\t ~cction. 
Jnd the ~oil tcmpcrntur~: rT-. .;oi/) men~ured "dj:u:cnt to the tlux cbJmber 
location durin£ the samplin~. 

The mos~ flux, as set!n in tht.! figure, v:~ries bv Jbout a f<tctor of four 
over the diumJl cycle, while thl• tiJ'lnl .. :'~J~Ult~ ior tri.t1.1m flux 131 \'Llri~d in J 

~imil<tr p<tttcm by ~ tLICtor l,t :..:; to 3. The tritium C011C~ntr~niotil' ;1rc 11ot 
cxpcctcc:i to chL~ngc r;1pidly l.'nou~h to ~ec ~ diurt1.-tl v:tri;"~tl~'ln, :-on the t(.'ltal 
moisture mn~~ flu:x Jnd the tritum flux !-hould h.:tvc similJr v:tluc~. The 
unccrtnintv in the moisturl.! mns!'- flux i~ sm~ller thL~n the finn! ul'lccrtnintv in 
the tritium ilux number~ .-md S(.) the l11ilS!" flux it1 Fi~.~ l11i.l\' rl!t'lcct ., rnl'lt'c 

.1ccur.:1t0 portrnyJ! oi the diurnill v;~riJtion ot !'-Urtilcc ilux 'th<m the trttium 
numb~rs. Corrclntion~ to t~mper:lt'Jrc~ of tht.:' mJ:'S "nd tritum flux over this 
diurnill p~riod were cxnmincd. The corri!!Jtiot1 with Jmbient temperature 
~..wcr thi~ diurn.:1! period rc!"ultcd in L~ !'imi!J:" tcmpcrnturc dcpcnd.~ncc tl., thilt 
found nbov~ ior the scu~on.-tl tritium tlux v.:triotion. 

Tritium cfflu~ from the ground surface 

Tritium flux tram the ~round ~urt'Jcc \\'Js mc:tsurcd .:tt over 300 points 
~t Arc., G by RADIAi\: Corpor::~ticm in .1n ini~iJl c<lm?:'li~n duri11~ the 
~ummcr ot 1993 ilnd in .1 tollowup ~tL1dy in 19Y·L with the compl~te r!.!!:'ults 
reported prc\'iou!'lly [:i]. Th1.·~~ ilux n'lc.:J~urcm~.·nt!O "'rc m~dc by .:111 EPA 
Jppro\'ed sJmplin~ technique with cxtcn:-.1\'C .. ,uJlity olS~ur.:~ncc. Each 
mca':"urcmcnt s.:tmplc~ J ~r<.,und ~u:-tac:~ >~rcn of 0.13 m:! :1nd ;:.ct1cr>~tly rcqui:-c~ 
intl.!~ration or SUI'tJCC fluX 0\'l.'r <lbout J 4 hour p~riod durin~ the ~ummcr 
d.:~ytimc conditions in l,rder to collect .:~n .:~dcqu.Hc moisture ~:~mplc under the 
scmi•l\rid condition::> ~t the Arc~ G :-.ite. The Arc::~ G ilux ~tud\· included 
111LW•uremcnts JCn"~s~ L1ll L'f :\rc.:t G. Fnr th1.• ?rcset1t study, w~.· will cnm·idcr 
on\\' the result:-; from the i.1rt,i:l ~urroundin~ the hi~h level tri:ium sh.:~it~ .:~t thl.! 
~.:miple loc:iltior1s th~t were identified in 1\~· :. 

Followin~ the first yci:lr of flux mCJsur~:TIImts, the tritium flux rc!'ults 
wcm contoured on i'l f::~cility m<Jp, .1!' sct.!n in Fi~. 9, :-;howm~ thc it.,,\ ~~.~· tilt.• 
! l'itillm .nux in order to C.lpturc the it.t\1 rnn~c or tht! rt!sl.llt::-. Thb ii~ure 
~how~ the sJmolc loc<'~tion~ (rom thl.' r'ir!'-t \'f.!Jr (., ~ub!"et l'~t thl' <:L'm':llew 
loc<Hio11~ !oohow'n in Fig. :L Thl' Cl'~11tour::. Me gct,~.•rJtL'd by ,, ~1mplc 
interpo!Jtion ~c!wm~ nr1d :-how thl! MCJ wh-.!rl.' the tritum Flllmc t.1\ls to 
b"ckground level~. ·n,c re~ult~ from J!l the ~;,mph~ pnints Jtter thl! t.:mnpletl! 
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two ycJr .s<tmpling pro~rnrn did not ch:~nsl.! the contour~ ~rl!<~tly <1::- \'.'ill be 
discuss~d in the Results Section. 

A.naJvscs . 

Tr~nsport Equ>ttionl'i 

Comp<~rison of the lit:ld t'C:'u Its t0 m~'~d~Jl prl!cl ictiot"l~ require~ .1n 
<tnJlytic frnmcwork for rL•lnt!n~ the tr<~nsport oi tritium vin the v:~pnr :md 
liquid phil~cs. The simple I.!Ot'\ceptuJ I modl!l for subsurfJce tritium mi~rJtion 
is JS follo\'v~. Trihum in the dbpos:tl :....h:ttts is <lssumed l'o L'lxicliz~: rJpidly iti 
the ncnr s;.Hurntion conditions withir~ thl' subsurti:lce pore spilcl.!~ and so it 
moves .-,s tr\ti~ted Willer both it'\ the \'npor phn~~.: .:tnd in thl! liquid phase. 
Further rcfercnct..• ~o 'tritium' :tctuilllv refers to tritiiltl.!d wJtl!r, indicntcd with 
the subscript, l·t)· Tritit.tm mi~r:~tion is ns~umcd to be blHropic .1nd nt the 
:;round SUrtilCt!, it i!-\ h1st JS cVJ?L'll'iltinn. 

!n the \':lpor phJse, tritium 1110\'Cml.!nt :s driven by ~t.:'\'~~r<1l 
mech:.lr!i!:im~ includin~o; prc!"sur~ drivcti com·t.:'ctivc mution nf the nir through 
the pore ~J'ilCC~, diffusive v~por movement driven by );r"'dicnts i!'l moisturl:! 
content and in tempcr<:~turc, .-tt,cl dWusive mo\·emcnt driven by the gr<JdiL'nts 
in tritium vapor conct.:mtr.-ttion. In the liquid phnsc, tritium move!:- \Vith the 
subsurrJcc w.:1tcr flO\'\' (Ltt'1~ .. 1tur:~tl.!d flow t'\l~.-tr :\r!.:!i.1 G) ~md bv diffu~ion in the 
liquid ph.:1~c. The locnl tritium content will be domin~tl.!d by. the liquid phn~l.!. 
while the flux c~n h.-t\'C ~ip;nific"'-nt contribution~ from the \'\\par or the liquid 
phnscs dependirq; Ltpon the loc.:~l conditions. Fluc~u.1tion driven v:-~por 
trunsport tf.!rm~ due to bnrometric or temp!.!rnturl! nscill~tio11s r1iilY be 
importntit. They nt·e included here in .1n cmpiricnl n'l:11ilicr ;Jnd will be 
dJborntcd in w scp.:~r.:~tc forthcoming report. The followiti~ Lln.:d~·sis whic.:h 
providt.!~ thc irnmework for comp;~rin~ model .1nd fidd results i~ b.1scd on th~ 
work of Smiles et.JI !14j. 

A singl!:! fluid continuity equ"t1on c:m be writtl.!n . 

. 
rJp -·- r--. r = o, lit 

(3) 

for mOl~!' dt.m~ity. p, nnd the flt.lX, r = p11. \\'hich rt~prc~~l'\t~ thl! bulk tll"l\V Jt 
.:rverJ~C flow velocity, II. A mu\tiph<l~l:! ;!F'?r0.1Ch i~ .:~ppropn;;ltl.! ror trJn~port 
vi<~ the p<~rnllcl pnth!- of vnpor or liquid phil!'tl! tnl'l\'l.!tilt.mt. :vlultiph::t:'~ 
tr<~n~port .'lllt.'~W~ c.:tcb spL'cics, i, to diffuse \\'ith re~;:H.!Ct to the bulk flow. 
de~cribcd by the volumetric flux t:~prcssion~ ~ive11 i11 tht.:' tolh'lwin~ 
discus!:>ion. This }(.!<Ids to .1 tnl.dtiphJ:-.e contiuity l.!'JUJtion t:M specil!S, i. i11 

phnse, j, or the gcn~r.:tl form 

j 
0 
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(4) 

whl.!rc tl"!! ph.:~~e \'CIIum'~ frac~1C1n, t:J, , b t'oklL•d inw the dft.•cm·c d iiiu~ion 
codtkicnt, D~,. 

rhil!'oC ·volume trilCtinn~ tphJ~I.! Wl!UI'!"'I.!/tOtJI \'nlumcj .He mdicJtCd 
hcrl.! .1~ &11 (for .:~ir includin~ \':~porl .md 8 (lkluici pbJt'l.!). In mcdi~ with 
porosity. ry, then the rl!iL~tton. &,, .... tl:: n. c:~n be used to determine tl,, whet'\ 17 

b known by mcLt~urcments 01nC tl i~ nWJ!oUrcd or CC'lmputL•d. Tht.• \'.'lpor .-tnd 
liquid ph~s~ mils~ conccntrJ~ion~ [mJ~s/(phJ~(' volumc)j fl1r specie::-, i . .1rc 
denoted Pi Jnd Ci, respectively. Diffu~iOI'\ l)Ccurs tor the mns~ dcnsi ty, p1, in 
the ~Js or \'ilpor phJ!'ol! ond occur~ tc.lr J Cnt"'ClmtrJtiol'\, C,, in the liquid ph.:~:o;c, 
i:ICCording toil diifusive flux, 

fnr the air, 0JS, or \'npnr phn~l' ~md 

{6) 

t'or the li .. 1uid ph.1~c. where the diffusion t.:ucfficil'l11 .subscript~ denote thu 
~pcc:ics, i. diffttSil"'h thrC'luhh the ml.!diJ, i'lir. 11. or \\'liter, i't'). 

Th~ (lux throllgh ,, port"~U!\ mcdiJ i!-> e\'<'lluJ tt.•d in tL•rms uf th~,.• 

cmpiriclllly determined coetriciet"'ts nf pcrmc~bility. kp. hydrJulic 
conductivity, K. (or unsltur:Jted h!·drJulic conductivity liS J !:unction of \\'Jt~r 
content, K/9)), ~nd the lni'ltric potenti<ll. 1:,.1 (l'll!re cxpre~~ed ns n head h"l tmits 
of icn~th). In the present ~tudy. the difit.t!->it:'ln coefficient~. D11r .md Dm· Me 
.1lso L!1Tl piricL~I. 

Vapor ph.1sc tr~m~port 

The volumetric con\'ecti\'e flux tor the nir ph.:tsc, q,1, is >;ivcr"l i:IS 

(i) 

when! it is assumed th;1t rhc pcrmcL~bilitv, k.,, hJ~ bcl!l"' l'\'illu:~tcd tol' .:~ir it'\ 
' I 

extreme dry conditions Jnd therefore correspond~ to tr:tnsport throu~h the 
full d:'cc:tivc parosity, f7, ~t ;.'lir vbco~ity, ,u11 • 

ln the Ci:lSC oi WJtcr Vilp!..)r JS the spl•cics t"lt Cl1t"lcern, thl.! vr~por phJsc 
:nJ~s conccntrJtion depends ~trOI'I~Iy Ol"' tcmpcrJtLtrc throLt)!.h the s<ttur::~tcd 
\'npor prc~sure llt"'d Ol"' the !iqutd ph.1:;e mol~turt.: cont~nt i.'IS d~tnill!d 
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elscwherl! !Rci::-.2,15,161. In [:].it is ~hown th;1t the Vilpm· diffusiot'\ fhrx in <lir, 

fr,,1, CJn be rewritten i!pproximJtcly JS 

(!;) 

wher~ i's b the tcmpcri.'lturc dt..!pcndtmt s<l:ur:ltion vupor prcs~url.!, •md Ire b 
the s~L~tic: equilibrium con~tJnt', RT/t/vt:.:). t.'\':llu:Hcd ior thl! tcmp~!r::\turc ;:md 
mol\lr m.1~~ of thL' \-\'Jtcr \',1por. ·rht.' diHu~ion cocffici~nt. Dr·11 , is J net 
citt.!Ctivc or in-!'itu d iffl.1~iot'\ codiicicnt in the pore !-pilei! :tir. A Wt!:tk 
dependence on Jbsolutc tcmp~r~turc is i~norcd in thb .-lpprCiximJtiati. 
Combinin~ Eqn.i with Eqn.l:), tht.• tot.,! \'JPM flux, rr•• ir1clude~ tho.! 
contribution from the t.:onvcctivc .1ir mm·emcnt, !ftl• cJrrymh \'Jpor dcn~ity, 
Pt•• nnd the v.:1por diffusi0:1 contribution, 0r 

T:· = -Pr· en ~r Fp · D:·o0~ ( ~T". \7f 
l:j.t,, Pu \ 11 

(9) 

For the c:Jsc ~'It tri ti., ted wJ tcr movcmcn t, il'\ Jd d i tinn to th i:-\ \':l por 
);rJdient driven difiu~ive flux. thl'rt.' i~ ~bo J diffusion flux driven by the 
l;r~dicnr in triti.Hcd \\'Jter vJpt.)r, Pw.r" Th..: net flu;\; of tritii.'lt~d W\lter in the 

\'Jpor phJ!:-C, [j-1.1.:•• then become:--, 

(10) 

where IJ:• = Tt·IP:· Jnd r:· b ~i\'l•n Jbl'l\'1! in Egt'\.1:1. The t'\et et'ic~tt\'~ 
diffusion coctficicnt, Dr·a· ob~erved !or ,.,,par or tritium trl'lnSpMt in thl' field 
c.:m r<.?~ult from sevcrJl pos~iblc mcchJt'\isms J!il dbicu~scd iti tht.! iollowin).!. 

The ;:m~ssure ,~;rJdient ;:md tempcrJturc br:ldicnt terms in Eq:-~.':1 Me 
c•!"cillJtory in the ~ub!-urt:~cc envirt.'lnml.!t'\t \'lnd Jrc cxpc..:tcd to dcc.ly with 
depth from the ::;urt:~cc where periodic iorccs CJUsc the b;uomctric pressure 
~nd the rcmt~crJturc to \'Jr\' v.:\th dailv Jnd ~cJ~on.:d fluctuJtions. Thc:o~ 
terms drive oscill:~torv C011\;Ccti\'c moti.on which C<1t'l enh.mce the dfe<::ti\'C 
in-situ diffu~ion coc'tficicnt. o~.,,. lti t.'lct, the prcssllre oscil1~1til'm~ c;:m 
enh.1ncc thL' rcmpcNt\.trc ~rJdicnt diftll~ion 'odficicnt which will then 
it'\Crcn~e the tcmpcrJtun.• ~r:ldict'\t flux. Thi~ c.:1n in ~urn enh.1nce the dfecti\'l' 
ditfu~ion cocfticicnt it1 the mur~turc grndic1H ,11,d i1'\ ~he tritilln''l 
conccntr:1tion ~rodicnt terms. Thl! t'l.llllrL• rtf thi!~L' o:-dli.Hl'lry fot·c:cs Jnd the 
rt:!~ultin~ t:-:~n~port b pl.:mn~..·d to be i'lt1Jiyzed in J subsl.!qucnt .:1nd :-ol!pJro.tc 

report. 
Fl:lr our purp1:.1::.c~ here, it b ::.uit1dct,t to ,,otc th::Jt there i'lre ~cv~rill 

possible driving terms which Cl'lt'\ enhat'\Cl' the obscn·cd diffu~ion ~odfidcnt 
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JbO\'e thut exp~.:ctcd for Sti:lt!C diffusion into the Jir. rhilips \\11d dcVrics (15j 
rcviC\\'cd sevcrL~l eXt:lt.!rimcnrnl !'tudies \\'here it W4!~ sel.:!n thnt the dtccti\'~ 
diffusion wus 4 to 20 timt:s ~rt!o:~tcr th\'in the simple theory (dnssicL'll diffusion 
into still i:!ir in ,, ?O!'ous medi.:~) .1nd the~· in\'esti~Jtecl the t..:omperL~turc 
dcpct'ldcnt term ns the possible CLlUSt.!. 

Bnrometric pumping; hJS beeti suggested Js J si).;nific"nt mcchi:!nism b'l 
the Los Abmos mcsJ sttbsurtL'lcc en\'irot'\ment by sever~! itwcsti~L'ltors. In J 

recent prclimin.:\ry cstimJtc, the contribution to the dfc~ti\'e diffusion ilt 
Areu G due to n<~turi:llly occurin:.:; b<~l'C'ml!tric pLimp\n:.; WLlS qLt<lt'\tHicd :md 
found to be n possible cnusc of the obser\'ed dfccti\'1.! diffusiot'l [li]. Thot 
estimJtc \·\'ill be considcrcd further iti the Discus:;ion section. In-situ Jir 
pcrmenbility was seen in the previous ~ect!on to be Jn order Clt t'ni.lf;nitude 
lJrger than the carl! !'umple .:tir pcrmc:llbilit:· ul mi:lny horizot'\s undl.!r Arc~ G. 
Surface cont'\l!Cted frJcturc!', 0r ~ubsurfncc 'IJ'CJS disturbed by di!'pos:1l 
exc:~vations i."lre n~suml'd to col1t'riblltc to the ir,cri.!J!-l'd ir"l·situ pt.!rtni.!Libility. 
This i~ likdv to cnhJt'\Ce dfccti\'1.! d iHu~to11 nnd l1'\i1\' h.:tve <1 combined dfect 
with the m~chL~nisms which c~m dri,·c oscill<~tot·y flow throu~h the re~iom~ of 
incrc•1scd pcrmcability. 

Rduming tu o~1r pre::;ent purposl.!, there is likely to be .u\ L'f(ecti\'C 
diffu~ion coefficient nt plily' in the i11-~itu l.!twironmcnt which is enhanced 
abov~ thilt exp(!ctcd by the sil'l'lpl~ thc1.1ry of i!'otherm.:tl d ifit.t~ion it1to :'tJtic Jir 
in J porous mecliJ. It is the totlll cffc:ctivl' diftusio11 coefficient, Dv. we Jt'e to 
determine in comp\lring modd results to field st1.1dit.:~ of tritium diffLision. 

The vapor flux w:~s found to be small ~t Area G i11 the borehole!' in tbc 
vicinity of the tritium dispos«l shilfts i:n ThJt result :1ssumed n lur~c effective 
diffu.:.icm codfident bll~ed 1..1n prdiminury I.!Stimat~~ trom this present study, 
.md i:- likdy to be .1 moxim\.lm t.:~tim;ltt.! of the "~tl.!-:~1 \':~por flux. 13L'c~u~c the 
gr>ldicnt!'i will be domin~ted by the hrOJdient i1, tritium COJ'\<:1-!t'\trntiot'\, thl.!t'\ it 
is ~<1fc to ;,ssumc thl' follo\\'ing conditior'\S "pply. The tritium vupnr flux in 
the rcl;ion t"lcar the tritium disposJl sh<1tts i~ dominuted by th~ tritium 
grndicnt driv~n diftu~il'.m term. which is chJrocter!7.cd with .-111 dtcctivc m in· 
~itu diffusion codiicit.mt. Tht! b~u:k~~ottnd flu;-.; of v;,p1..w due t1.."'1 gt·udicnts in 
prcs~urc, kmpcri.'lturc, M mobturl! C01'ltt!nt will be mtiCI"\ ~muller undcr thl! 
conditions Jt Arc;;~ C. 

Liquid ph<~sc tr<~nsport 

TI1c v0lumctric ilux il"~r t·hc liquid ph:1~e or D.1r~y ilux. q. ~~H\ be \\'rittcn 
tor the Ltn!'JturJtcd ?.onl.! in the form 

'I :;:: & 11 = · 1\ VIr = · K \70:,1 ... : .'. (11) 

it"l term::; or the crnpirlcJily determined ?:lr:1mt:tt.·r~. uns.1tm~H!.!d bydr~ulk 

conductivity. KJ&J &H'ld the mobtun: m~tric potcnti:ll M tcn~ior'l, !t 11;[8J. 
cxprcs:-ocd J~ .1 hcLld in unit!' 1.1t hm~th. 
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The liquid phnse flu~ of tritiJted WJtcr. rH3 :1' il1 the un~Jturntcd 
subsurf;1cc come~ from combinit'l~ Eqn~.11 tim~~ the triti1.1m li~o1uid 
conccntrntion, CHJ.:r·· with Eqn.o to obtnin 

(12) 

The un~atur<ltcd lwdrnulic conducti\'it\', Kl 8/, which drive~ com·cctivc 
liquid phase rlow, q. JS In Eqn.ll, dccrCliSC~ expOl'\cntially llS moi~turc content 
dccrcJscs. In the very dry conditions prevaili11~ nt th~o: tritium di~pos.:ll site (Js 
seen in Fig.3), it Wl\S determined that the D01rcy flux in the borehole~. :o-.!PI-1·8 
and ~1'1-1·9 was n.c~li;;iblc throu~;hout much of the protilt.! [..j.J, It i~ ~afc to 
.1ssume th::1t the D.:1rcy flux. 1]. is ncgli);iblc compnrcd to the li~o1uid phJsc 
diffusive flux term i:'l the rcgtol'l nc;u the t1·irium dbpo.;al .,t Ar•:J G. 

Combined phase trJnsport 

The v.:1.por phase continuity cquJtion tor trit1.1m with dl!C:'IY constant. 

i.1;3, in J source frl!e region become~ 

rJ(8aPHlt•J 
rJt 

r. fPH.i.:l fr,l ::: \7. rD,.n \7 Pt·/3.1') • ;,,.,,iu,,p,,3.r•. 
(13) 

The liquid ph~s..: con.tit'luity equntion for triturn b~comes 

(')((j CHlu•J 
at 

(14) 

Th~ tritiLtm vnpor ~md liquid conc~ntri.'ltions .:\l'C pi.1rtitioned in th!.! 
sam~:! W<lY "~ ~re the \\'Jt~r \'.:lpor .1nd liqLlid w<ncr nt th~ !"Jmc tcmpcr~turc. 
~nci nrc thLIS rel:ltcci i.'IS th~ ri.'ltio of their dt.m!-ities Jnd in h!rms of pressures Js 

;; /2;;. = p~,P~& .. 
Pw P~P,rPw 

P:·P~Po_ 

P~PuP:t• 

e.::.JlL :;; 11. ('lS) 
PaPH• 

using the sJturJtion. (subscript:-;) values for dcn.~ity .md prcssmc, ,1nd tic.ltit'lt; 
that P~·- P•· This cxprcs~ion ddincs the rntio. 1-1, (th~ ~~rt,c 1-l .:~s Ltscd by 
Smilcs,ct.nl.[141). lt i~ evnlui.'lt~d at i.'l seJsonill J\'crn~e tcmper<ttur·e ofT= 10° 
C, using pJp

11 
- 13mbnr/1000mbnr [Rd.~] Jnd P11/p,,.- 1.2 x 1Q·.3, so th;)t J-i = 

1.56 .'\: 10·5. Expressing the \'Jpor conccntri.'ltion i.'ls Pli3.:• = I-f C11:..a•• from 
Eqn.l5, the totJI triti\.1m is thl;'!rctorc i.1ppl'oximJtcly ~qu\11 to thJt ir1 the liquid 

phJSC, 
e,, Pli3.:• ... (:) cli3.w = ,. 1 • I en/(;)) [-{) f) CHJ.a· - f) Cu.;,,.. (16) 
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Tht: \';Jpor phJSI.:' ~nd liqu1d phJS•! continuity ~~ .. 1\.IJtitm~ for tritum .:m.t n~xt 
:~dded together to yield J c:e>mbincd phJ~c or totJI tl'itium conttnuity t:l.lUJtion 
which cJn be \\'rittcn, 

d((j C~o~.trl') 
ilt 

... 

(li) 

As described Jbt'l\'C, in thl! condition' thJt prcv~lil Jt Arcn G. it is n :.;ood 
L'ISsumption tO neglect th~o: con\'l'Ctt\'C flux for the \'JpOr, r~,, Jnd for the 
liguid, q, rchnivr ~:; ~he tr1 tium ~r~d ient d riv~n d i ffusivc flux. AI thou1;h 
these convective flwxcs <'lrL' nc~lihiblc. thl.! fluctu.:~tion convectiv~ 
mechunisms m.:~y ~rill Jet to cnh.Jnce the effective tritium vupor diffu~ion 
coefficient, D:·· This ~implifit?s the tritium continuity equLlticm, effective Lit 
Arc;J G .:end i tions, to 

()(8 c/·f.l !II) 
. dt 

Under thl' JS!-umptions, on~. thJt moisturc is J sllH,·Iy vnryinJ,: function of 
time (dcmonstr.:~tcd t('l be vnlid for \'Jpor &md ior liquid ph.Jsc tr.,nsport, 
r~spcctively in Refs.[:.] ~nd [4)), .1nd two, thilt the diffusion coefficient b 
ilpproximiltcly const~mt in space, (or ii" sp.:tti.Jlly Ol\'C'r.Jgcd vnluc i:::- J~sumed) 
then thb becomes 

:: 

(19) 

\-.·here thb defines Jt'\ 'dtcctivc diffusion codficil..'nt' with rc~pcct to Hqujd 
ph.:~sc concl!n~riltion of tritium, which is mi);rOJting i11 the field by \'t'lpor :~nd 
liquid philse diffusion. Thc Vilpor diffusion is in tum possibly cnhJnccd due 
to o~cill.Hion ..:.·ffcct::;, du~l perml!~bilitY intcri.'lctions. or other tmknown dtccts. 

Under the scmi·Mid. conditions· Jssumcd by ~miles et.:-d. [141, the liquid 
philse diffusion will be sl'n.Jil C(lmp;.lr~~d to the vJpor ph:~sl! diffusion ;H 

moisture contl!nts below i1bout ::!0%, Jnd it will decrc<~!'lc with moisture i'lS 

(JJ/3. TI'\c Are:~ C tritium study arcn is \\'ell bt!low the 20'~:, •• wcr"'~in~ Jbout 
1% volumL:tric throu~hout the region ncar thl..' tritium waste ~ourc:cs. It is il 
);OOd <1ssumption in thcs~ conditions to simplify the nbov~ expression further 
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by 11cgl~cting liquid phJ~c diffu~ion and rcdt!iini11g the dtccl'iVl: d iffusiot'l 
coefficient \It Are<~ G, JS 

D,.1y <Ar·,·n GJ -
H D,." 

e (~0) 

As used here, the tritiL:m v;~por difht~iOJ'I cot!ffic~nt, Dr·n· it'lcorpor:.tes 
corrections to Jccount for the porous mcdi<:~ :1nd for unknowns it"\ the rc~!istic 
field conditions. It i~ convenient to account for thesl.! dfects i11 two ~~p<trntc 
f~ctor~, e,,( 811 ) ilt1cl A o. such th~ t 

(:1) 

\Vher~ D~tda is the bin:try diffusi011 coefficient for w;Hcr vJpor diffusi11g in Jir. 
The fuctor, r.n(G11 ) is II.!~~ th;~n 1.,1nc, unci Jc:count:; for poro~ity, tortuousity ;md 
thl! "ctuJl Ltir volume fr~ction. :Vlillington [lSI ori~111JIIy su~gl.!stcd th~ 

dependence used by Smile~ !2t.iii.I14J, thJt Cil(fi,r)- e,,·u:;. The combinJtion, 
r c,1( (;},,) Dbrfl1), is the diffusion within the pore spacl.! t:!X?Cctcd by 'dnssical 
theory in~ porous media' ns dcscribt!d by Philips Jl'ld deVries [15]. 

The fJctor, Ao, is cor1sidered a 'diffusion amplicJtlon f.1ctor' e~o1u.:~l to 
the in-situ diffusion rcliltivc to the classic~! diffusion. The 'in-situ \'Jpor 
diffu~ion' is JctuJlly .:1 \'.:tpor displ!rsion which JCCC'unts tor .:my ~mpiricJI 
fn::tor!' thnt .1ct to cnhJncc the in-~itu diffusion, i:'lcluding- barometric or 
tcmpcrJturc oscili.:ttion drivC'n flux, couplmg to ;1 ~econd mcdiJ with 
different pcrmc.:tbility (e.g., n fr.-tcturc network), or other unspecified effects. 
An in-situ diffusion coefficient. Dins. is defined <~~ 

(:Z) 

Thb nssumcs thJt the poroLts medii! correction is mJdc in r,,( e,,) .'lnd then 
D 1 11 ~ represents the in-situ diffusion within the pore !"puce d uc to 
~nh~t'lccmct,ts ov~r d01ssic<~l diffusion. \'\'ith this in-situ \'Jluc, J comp.-~rison 
to the cl.:l~t"oicill bin<~ry diffusion coefficient pro\•idc~ a dirl!ct c~timatc of the in­
situ cnhilnccmcnt, or diffusion amplification f.:tctor, Ao. 

Thl.! equ.:~tions developed in thb sl!ction will be used in the 
intcrprctution of the :csults. 

~umcricoal 3-D model 

For numcrico:d modeling, it is convenient to write ~ !;encral l.!qu<~tion 
~overnii'I~ the production. decny .1nd diiiu~i\'~ tr;mspt~rt nt " t1uclidl!'s 
cot,ccntrl'.tion. C.. (simil.:tr to Eqn.19) J!'i 

13 

.. 
7 
0 
:I. 
5 
6 

.1 
5 



,. 

.._ .... 
(J\.., 

... i.,C, - \ir - 0,,,.,~: \7C,.J = S, 
()t 

when: i., ls the r~diolog.ic d•.!C:IY Cl'l1'\st~nt for 11udidc, I, D,.m· b th~ dfcctivt! 
diffusion codficicnt tor r~udidl.! i throu!;h the C1..1mbit'\l.!d trnnsFurt pilths in 
the matrix .:tnd S, is .:1 :.-omcc of 1'\UClidc i. In 0ur cnsc, the !'Ourcc r~presen~ 
diffttsion from the Wl\Stl! pJckJ~~. Jnd is n continuous ~ource. Thi::; cnn be 
~pccified using n volumetric ~c,urcc tl!r'!il Js in Eqn.:!3 .:md JS dc!'cribl!d bl.!lC'lw 
for the :'lumcric•\l implcmcntntion. The cot'\tinuo\.ts ~l'lllrcc c:~n nlso be 
sp~cified ns n ilux boundJ.ry cot,,iition in Jttcmpting to dl.!rivc nn .:mJ!ytic 
solution to thl! l·D problem. 

A point source of nc~li~iblc volume Jnd .m initi;-ll COJ'\centriltion of 
tritium, C

11
, \\';:'1::' trc<ltcd b\' Smilcs, ct.nl.ll-11 where the <tt1Jlvtic soh.ttim, is 

foun .. i to be ot n gcncrJI form, · 

( .., . ) . -·t 

The ~c:dl! lcn);th, L11 , ior the cxponcnti:tl Jttl?l'\U"tion cxpcctl.'d i11 the fidd due 

to diff\.tsion is seen from the expon~nti.-1! Jrbut!ment tn be La= \I .f. D~.(~fl. In 
thb c:-,~e. the part of the solution due to the dec:.1y of tritium, cxp( - i.tJ. b 
scp~t':.lblt! bccJust:: Jl! tritium i!' introduced at n single time, I = 0. Howev~t·. in 
the c<~sc of a cot1stnnt ~ourcc nct.!ded to r!!pres~.:nt the conti:'\uous loss of 
tritium from '' \\'J~tc p;tck.:l>;c. th~.:n the dl.!cJy c0rrcctiot'\ is les~ 
strnightforwurd, ;:md tht;! Jt'\nlytic solution must be ir'ltCS!'~td it'\ time .-,nd it'\ 
the npproprinte geometry. 

Annivtil: solution:.- for the cJ~c L'f the COI'ltinttOLIS ~ourcc of .1 

cot'\servativc (non·dccnying) species in spheric.:~! geometry Jrc expressed ir'l 
terms of the complimcnt~ry error function, \''hilc the solution in cylit"'drical 
gcom~try b expressed il'\ tl.!rms of th~ L!Xponenti\d it1tl.!~;ral (see for cxilmplc. 
St'Ctions lO.Z-10.3 in Rd.[19J). The snlution to thl.! cot'ltimtotts source it'\ plnn~H 
;.;eomdry combint:s Jn cxponcntinl tl!rm. J~ it~ Eqn.:!4 <1bove, V·.'ith J term 
involvit'lg the complinwnt~ry -:rror function. ln ~.:Jch of thc~c c.1~1.!~. th!.! 
d'li:l rnctcristic scille lcn);th in the "r:.:w::rncn t of th~;: i t'l tc!;r.1l fltnction i~ the 
snml.?, 

L,, = '\!.f. 0 i.d( I . (~5) 

This will provc u~eful for ~cillin~ n~sults Jt " g-iv~.:n time, lt'ldep~nd~r.t nt thc 
g~omctry, using diffusion codficicnts, D. and scul~ lcn);ths, L, i:IS 

(~6) 

Thl.! complexity 0f th~ JnJ.Iytic solutint'\s it'\ thc ;\ctuul Ci:l~~ of i.1 

continuous source with ~pL!cics decily Jr,d iri ~phcricJl l11' cyli11drical 
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~com~tnc~. l~d us to the Jppro~ch whl!re the ):;Overnin.~: diffLt~ivc ~.~qu~tion 
{Z3] is solved numcric~l!y. This \\'.-Js don._. for two c.-Jscs. In one, n 3-D 
rcc:tilincn:- grid is 1.1~cd with :-ourccs loc01tcd Jt cstimJtcd depths. bJsed on 
nctunl inventory. nnci J ltniform diffu~ion coefficient is u~cd. In the sl!cond 
cJsc, the dcc<~ycd diffusivt: trnnsport cquJtion b sol\'cd numcricJIIy in J l·D 
curvilincJr geometry which cnn be modifit..'d to rcprc~cnt either c:ylindrtc:Jl or 
~ph~ric~l geometry. 

The diffusion cquntion (23] io:- :l con~t:~nt diffusion coefficient, D. in J·D 
rcctilineilr coord inntcs is 

iC 
- i.C 

dt = 
C,b:.tJ 

... . c:i) 

A comput<ttionJI model implcm•mts this form with cmpiricJl coefficient~ 
cho~cr. to m:Hch tritium ~urt.-tce dflux mc.J~urmcnts. These Cl)cttlctcnt~ 
i ncl udc J constJnt d itfusion co~tticicnt, D. ;J shJit-spcci fie rclcJSt~ timt! 
constnm, -:-. ~md .:1 sh.:~it·~p~ciiic source conccntr~tio11, C11 .(:c.tJ. This IJttcr f~ctor 
is C\':JiuJtcd Js .:~ dcltJ function. non·zcro only ~t the ll.>CJtion~ of thc \\'Jstc 
disposed within the high lc\·cl sh1:1fts. 

The mngnitudc of the tritium plum!:! dept.!nds upon the source 
conccntrJtion Jnd n:.•lcJ:;c rJte while the ch;'lrilcteristic dimension::;, or spi'ltiJl 
;~ttenu;!tion length, oi the plume will depend ~nly upon the drcctivc 
diffusion cocrric:icnt (J~ ir' Eqn.2.5) in th4.? subsurf.:~ce medi-1 for .:1 );ivcn source 
geometry ~nd known dl!Ci.'IY con::;ti.'lnt, i.. Therefore, Jn JttenuJ.tion h:n£th 
observed for the tritium plume in thl! fidd CJn be used to Js~css the effective 
diffusion coefficient. lf de!\ired, the tritium conccntriltion~ in core moisturt! 
c:m be used to cstim.:~tc the rt:lc.:~sc rnte, -:-. whl!n th1..• source quJntitic!'l, Cud."':,t), 

.-trc known. :\ det.:~ilcd C\'JluJtion l'lt the \'<11l.H.! for :- is beyond the !'~cope of 
this studv, but .:1 Prclimin;uv cstim~Hc b givc11 in the Discussiot'l scctkm. 

The computJtionJI ~·olumc WL'I~ spccifi~d with tht.! number ot ~rid 
points per nxis .:~s. IIX = 30. ll!f ·= ..;.o, 11: = 10 nt'\d with grid spJdng dimen~ion~ 
us dx = 20ft. d!' = 20ft. d: -= i.Sft i!"' the initiJl ru1'\s. SL'Imc finnl rut1::1 used n 
finer resolution, d....:= d}t = 10 f:, to resol\'C lhl! Jttcnu~tion ll!n~th nround the 
shafts. Thl! numcrienl code intcgr:~tes the tr;.m~port l!pCr;"ttors explicitly in 
time Jnd treilts the r~diolo~ic dcc.-ty t~rm implicitly using st;"tndJrd difference 
.:~pproximotion~ [c.):! .• s~c Re£.101. The top compt.HJtionnl ~urt;'lcc corresponds 
to the ground level. Tritium flux to this bound;Jry is as~umcd lo~t to the 
.:JtmO~j!)hcre. The oth,~r boundJrics arc fur enough from the ~ource thut ~he 
bound:~r;.· conditions therl.! hJ\'<! n sm.:lll impJct 01, the ~oh.ttio:'\. 

The source di.'ll'<l it'\put to the 3-D model is summnrizcd in T.:d.:de L The 
source con<:Ct'\tri.'ltions ot tritium, Crp(."t,IJ. arc sp~.:cificd bv \'cJr ;md bv .3-D 
location for the model il'lput ~s · · · 
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Cw(.t,t) = Crt•ol.-..y.:.: > t;) cxp t-i.(t-1 1)) (~S) 

for eLich of the 10 mLiximum .1nnuol t'h.1tt di~pos.:~b l.!litcrcd in the Are.:~ G 
inventory dJtOl bose. ·Nhcrc ti is the time of disposJ! or tritium l..lUJtitity, An. 
utid the ~ourcc conccntrJtiot1, C:t•o. i:.-. ~impl~· t<~h:cn <~!' thl..' Llnt1UJI dispos;,l 
«.lUJntity . .4 1,, divided by the locJl grid cdl volum\.!. The:!i~ 10 di!.po~.1ls cover 
more thJn 95% of the tritium di!'post.?d \It Are.:~ G. :~nd h<1ppcn to occur in l·mly 
three shJtts with the ~ri.!Jtl.!st ilwl.!ntory, t:150, :n31 .:md #154. The opcrJtin); 
Jiic times for euch of the di:,..po~L\1 shJtt!'i Me used to <~pproximotc the dl..!pth, :, 
tor tritium di~po~JI i11 eJch ycJr, J!'i:-;ummg J lincJr filling of the dil'pos;~l shaft 

over its lifetime. The , . .,l~ll'S for shJft rclensc time con!'tnnts, :-, were c:ho~cn 
to best ntJ.tch the iicid re:,..ldts. The \'Jiue tor -:- ilt the newer ~tee! linl.!d ~hJtt 
1n54 wJs initillll\' t<1kcn to be 5 time~ !Jrger thJn the v.:~lut:! Jt the older 
unlined ~h~ft~~ t:l50 ;,ncl 11151. Thi!\ :o.cemed to niJtch the pr!!liminl1ry fidd 
di.lti.l best in " quJlit:tti\'c mnt·mcr. howev~r. in thl! t'in<1l .:m.1ly~b. it w.1:,.. ~ecn 

thLit th~ ~h<lfts 1:11\ hJd ~irniliH rd1.:.:~~c ri:ltl.!~ and the ~"ml! '.'Jlul.! uf -:- \'>'.:\:,.. ll~cd 
to chilrLicter!zc the rdc.:~~e f:-om c.1~h of the shJfts. 

The 3-D modd ~imul.ltion b rur. ..:xplidtl~• from the time L'f the oldc~t 
tritium dbposi.ll to the dJte ni the iil!ld !"tudy ior compJrbon to iicld d<ttJ. 
The rc~ults Jrc dbcussl!d in <~ iollowin); section. 

Numeric~! 1-D cur\'iline:lr model 

The gL•omctry or the tritium ~ourCl' f~cc l:i~.lO) Jnd ~ub:o.CLlUCnt 
diffmoion problem t:Jn bL' charJCtl!rized in ~pheric01l ~t.:omctry M in <:ylindricJI 
geometry depend in:.:; ll pon the d i Hu~ivc ch.1r::~ctcristic~ of the ~oil mi.'l trix 
rclJtivc to lhJ~ of the dispo~Jl ~hJt: it~df. Bl1th ).!l!ornetrics Jre C011!\idcrcd 
here ;~nd the results Jnd implici.'ltion:. compJrcd i11 the l)~~~u~~ion ~ection. 
First, ~ph~!ricu! ~comctry i~ Jssumt.:"d \\'lth i~otropic diffw.;ipn trc'm .1 pL,int 
sou rcL' J t the tTl ti um WJ~te pJckJJ;e ll)CJtion. This tk·~lec:~ th~.· d i tfcrence~ in 
difiu~ion d"'&Hi.'ICtcri:-otic:-o throu~h the tutf m~trix i.'lnd thrl,U):!.h the dispo~~l 
~hJit volume. Scc~.:md .• 1 t:\'lindric&ll ~comctrv i:.-. .i:,..sumed. 'otbt~tct1t with J 

tritittm ~ourcc diifusin).: ·rJpidl:·: tl~rou~hout the disposi.'ll ~h01tt volume 
rdJtivl! to it~ !-tlowcr difru:-.ion in the tuft rnL\trix. 

·rhc w.:t:-.tc source~ contninin~ tritium were !'l't:n in T.1ble 1 to be 
domiti:~ted by :1 ft.!\\' w;,ste p::~ckJ).!;c~ disposed Ll.t ~pecitk time~ ~'nci therdorc 
rl'l.:tted to specific depth:. withi11 the di::;~"'('Sal :-;l,.ltt:-.. Thi~ cnuld be 111l'dded in 
~phcricnl geometry lor e;1ch trttium source >1t l'Jch di~posJI dt.>pth. Tl, ~implity 
this cJ~e further, the tritium W\1:.-ote i!- .:tpproximillt..:d J:o. b~.:in~ locJted in J sin~lc 
wo:~!'tl! ?JCkJgc it"l v.1ch sh.:~ft :~t J sin~lc 't.!ttcctivL'· di~po~>1l dt.!pth. This 
'dfcctivc depth' for c:~ch ~h.:~ft is listed in TJble II. IJbcl~d .:1~ d,!tf .ft., where 
thb vJiuc i~ cstimnted from thl."! J(tUJI dbpos.1l quJntitit.!S .1t'ld depth~ 
indicntcd in TJbk• 1. Tht.> di~posJl :,..h;'ltt ;.:com~try u~~d iM the ~ph~ricJI 
;;comctry .:1pproxim:~tiC'n i~ ~kctchcd in Fi~. 10. 
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In thb Fi):.ut·~ lO, tht.: tritium plumL' ob~L'rVl'd <1l" thL' ~Llrt:JCL' h<1:-; .11"1 

t..!XponentiJI CI.!CJY ll'ngth on the ~r0ut1d ~Ltriace ni Lg. This plum!.! ~urincc 
dimcn~ion is d..;otcrmirwd from th~ conrours of thl;! fidd di.ltn t'csults bv 
mc.1surin~ the L'·tL1ldir"'g dist<~nce JroLmd L'JCh :-ohi'ltt in L'Jch of th0 tou·r 
c<1rdin.:tl directions. Tl1L' ;wer::~gl! .111d dt.?\'iLition l'f the~~ tom l!.!n~ths •H~ 
sho,Nn in T:~blc 11, l.1bclcd JS Ls lor eitCh L'lt thl! :-halts, with thL' i:l\'cr:~ge acro~s 
the three ~hJtts oiLs= 2i.~(! with Jl1 IS'~:. \':triatkm b~.?tWl!Cl"' sh.:lits. rt bill"' 
<~pproximiltion thJt the e·lolding IL'n~th is t:tk~r'l JS the;\ .:tppropri\ltC 
.1ttenui:ltion lL'r1gth, it"'dcpt.mdL'I'Il' 1.11 the ~t:nmctr:-·· 

For i~otropic diffLtSiL''In from i:l point ~ource wht.!rc the ~t?omctry <~nd 
cross-scctio:'\ of the dbpos<d shJft itself nre neg!t..!ctcd, then the tritium 
concl't"'trntion Jt point A (f.ig.lO) i!\ the !'iJm0 ns nt the poit"'t, D, L'quidistJt'\t 
from the :t~~umed sin~le-poit'\t s()urcc Jt ptJint, C. Thus, the .lttenuJtion 
length uf Lg obscrvl'd alan~ the ~ut'f;"JCL' corresponds to the ilttcnuatton h.m~th 
0f L~1,, projected Jlong the sphcrtc~l Jxis L''f symmetry c~.:ntcr~d Jt the w:~stc 
so\.trce, C. It is evidcnt trom the ii~urc thJt the lcn:;~h, L~, is ):!.ivcn ;"Js 

- .. 
L .... , == ~dr't!h • L.~~- - tit'('· (29) 

1l1i!' \':Jlue, L..,. is 1:lt..'tcrmined ft·om thl..! !->Urfa~l.! ~ttt.!nuJtion lengths obsL'rved 
for the iidd d<ltJ, L0 , Jt'\d f:-on'l the assLtmcd dicctive depth. ddt· tl' the ~"~oint 
source for each shi:lft in T;1ble I I. The J\'crJ~t.! \'i:lluc over the thrL'e sh.1fts is 
L,

11 
= 10.6 ft. This .:tttl.!t1Ltation len~th corresponds tt' the observL'd field 

co:'!ditions it the.;.> source b ditiusin>; with spheric;'!! !'ymmetr:·· 

If triti1.1m mihr;~tes ri:!pidly \\'ithin the voluml.:! of the dispo~<1l shJft 
relati\'C to its migrJtion throu~h the tuff m.nrix :--Lit'rout'lding the ~hJtt, tht.?n 
tht.? dfccti\'l~ ~l:ometry for the tritium !'OUrCL' for diffu~inn into the tuft would 
be cylindric~ll. A~ the ~lJurce gl.!oml!try Jppm.:~chc~ .1 cyli11der, tht.m d,.,.:- il'l 
Fib.10 £01.!~ to 7.t.?ro ~111d S('l the projecwd scJie lt.!n~th, L,,, upproJch~::. the sc~lt..! 
h::n~th oi;;;erved Jt thl.! ~urr;'ICI.!, L..;. Thls point will bl: llscd tt.) show thL' rcs1.tlt~ 
.:~rc more con:sistcnt with ;~ c\·lindricnl ~omce geomctr\' th.-tn with th~ 
sphl.!ric\ll s<>urce geometry J!'i~LimcJ initiJ!ly in the mtmcricjl 111L1dclin,r;. 

To comp~w: results in both i;eomctrlt·:', thl.! tritium diffL1~ion prob!l.!m 
was t!X.:tn'\ll1cd in thl.! spheric<~ I ;JI'Id in the cylindric~! CJSL'. As disc1.1~st.?d .1bove, 
.m <m<~lvtic :;olution w;~~ not determined tc.."'~r thl..! llctu.:tl ticld condi~ions which 
incorpo.riltcs o flux bOLmd,,ry wndition ,·,ppropri~tc to thl' lon~ term rcll'J~e 
from tht.? dis?OSJl \\'JStc p<~ck.:~gl'. ThNctore, thl.! 1-D tritium diffusion 
equ;~tior: w.:~~ !->OIVt~c! nLtmericJlly it'\ tlw two ~~.:ometril..:::-. 

The m.tmeric.:~l probk·m Wil~ tr~;~ted by finite differcndn~ tht~ diffusion 

1.1PcriltOr, \"(0 FC! from Et.ln.Z3. r'N l·D ~\!nmetr·v u~i11~ J const.:mt grid size, .j1•, 
\\;ith index. i, .1lon); the 1-b .1xi~, ,,~ · · 
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v(D vC) = x 
.1rfiP· c:cti) 

(30) 

The geometry f01ctor, cc(i). C:Jn be moditi~d to nccomodJtc the desired 
:;comctry, ccli) = r(iJ: fnr sphcricnl gcl"lmctry, .:c(j) = r·(i) for cylindric::~.! 
geometry, nnd cdU = Z ior piJn:~r geometry. This l!Xprcst:Oion cnn (1h;o 
Jccomodntc a sp«ti•llly v.:~rying diffu~ion coefficient. D(i). but this opt10n w:~~ 
not c:<crcbed in the present study. Rcs1.llts in the :.ophcricJI .:~nd cylindric\ll 
geometric$ Me prcscntl!d in thl! iollov-.•it"')';. 

Results 

Tritium results, 3·D comput;~tion~ vs. field d.1t01 

fn prelimin.:~ry CJ!cu]Jtions of the tritium diffusio11 in the 3·0 modi!! .:1 

diffusion coefficient at 100ft:!./yr (-lom:/yr} WJs found to be qu.:~lit.-ativcly in 
good agreement '''ith the enrly ficld results shown in Fig.9 [Rcf.1i]. The 
tritium results from tht' 3·D model nrc shown it"' Fig.11 for compilrison. 
Computntion::~.I results show in-situ conccntr.:Hions (log of conc~ntr<ttion 
dJt<l), which ;~rc din~ctly comp~r<1blc to the ~urf::~ce flux tnl!:!~urcd in the field 
dntn, provided th::~t the 1.!\'uporJtion r<ltc is rca~on.:~bly con~tJnt throuhhout 
tht.! surfnce oren. This is i:l rcilsorutblc assumption for the fidd conditions 
where VQ);~tnti\•c cover i~ consistently ~p;1rsc it~ thl! \'icini~y of the tritium 
disposJI shJtts. 

The top of th~: compllt>ltional volume in Fi~.11 corresponds to the 
ground surface. Jl'll.i it c.:~n be seen th<~t the ::;ourcl!s il'ltroducl.!d i11to thl! ~hrc~ 
high level shafts provides :t qu:tlitntively good m.:~tch to thl.! fit.!ld diltJ it'\ Fig.9. 
Figmc 11 Jlso ~how~ some isomeric suriJCl!~ ot cor1ccntr<ll'iOI''l lc-vcb which 
rcvc.-tl the higher tritiLlm concl!ntfntions in the subsurfncc vicinity of the 
dbpos;~l sh<tfts. It show~ th.-tt Jt tht: highest CCHicentr<ltion levels depicted, 
onlv two shnfts (#150, o:tnd l1151) contribute in this simuiJtion. 

· rn Fi~.l2, the computed tritium results (lo~ co:'lccntrJtion!'i) fM the 
surfnce piJnl:! .:1rc extrllct0d from rhc 3-D :-;elution "Jnd shown, compat·it1!; 3 
\',:llu~s of the diffusion codticil!nt, D =50 ft';.!ttr. D = 700 (1~/ttr, ;,t'\d D ;.: :!50 
.ft':!Jyr. Considcrin).:; the ~c;~lc l~t these iigur~s i-t >1ppcJrs q~tJlit"tively thilt the 
best <~grccmcnt with the iield do:ltil is ft..)r the results iti the r"n~L', D =50· '100 

ft=!yr. 
The reslllts in Figs. 9, 1l :llicl ·11 d~pict thl..! lo~ of the tritium 

cot'lc~omtr~tiot'\ (or fluxl Villues, whcrl! the \~)~ tt·;msform i::. import~nt to 
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vi:ouJlizc the r~mgc ob~~rvcd iii the trltum dJtJ. HnWC\'l.'f, th~ ~:ontnur plot or 
the lo~ Ot thl! dJ.tJ b t"~Cn!'iti\'C tCI thc b;,ckgrol.l!1d level i11"1d W the mJ~l,ltl..ldC 
of the :-ourcc Jbovc the b:~ck~round. Bt.!CJu!'c the diftu~iLm ~ol1.1tion is 
cxponcntiJI. the lob of the ~olutror'l will dccJy linc•1rly with di:-t~mcc trom the 
source Jnd cmly lcvt.!b out at thL' b<~ck~;rol.tnd concl!ntrJtion. Thu~, the lo~ 
contour plots Jl'C S('n~itive to tl,e source strength and to L,Jckgwuncl lt.!\'ds 
Jnd Me not convct,il..'nt to qu•1t,tity Jn L'·fnldin~ l.'r o.tt~r.uJtinn lcn!;th. 
R~thcr, they provide J good c~timJtl! l,f thl! ~cull! 11 . .!11!-;lh \Wer which the 
~oh.:tion f:1lls to thc lc\'L>l of thL' b:~ck~round ccmcet1trntion. 

TL., Jvoid thb pr0biL•m. the ~0lu:ions tor the field nb~ervJtions •tnd 
!rom the 3-D model were replotted in lincM :,cJle~ to more .1ccurJtdy 
determine .:m c·t'oldin~ Jttenuo.tion l~n~th to represent the ch"ractcristic 
difiusion ~calc length. ··The contour rc~ults ("lt the (lit1f.;'Jr) tritium field flux 
d•H.l J.rL' sho\\'11 in Fi);.13 with .m in~c.·t th<lt comp.1rc~ CCintour~ from the 3-1) 
~olu tic.m u~ing J con!'-ttlnt ditiu:-;ion CL'L'tticilmt ot Dr = 150 ft;:./~tr. :\!ott! thi.'lt the 
iJ'Isct :~rcn (for computed result~) is .1pproximJtcly cqui\'Jicnt to the d<1!'hcd 
<~rcn for the field results, but the ~ontour levels ;-~re :,ot qu~ntit~tivety 
~omp<lrJblc bctwccn the field Jt'ld computea rL•sults. The cc•mputl'd result~ 
were plotted with ~evcrJ! diifercnt contourm~ kvcls to best r~solvc the 
.1ttcnuJtio1, around co.ch of the ~hJfts. From these plots, the !:-Urt.:~cc 
Jttcnu;,tion (1 /c) sc.:~lc let'l)::th for the 3-D clllcu!Jtion, Lgt:. wns determined 
from four diifcrent plume trJnsccts, .:md round to bl.! L_.:,·- 20':: 5'. 

This Cilt"' be como.:m:d to the \'<l!Ut.' for th~ ~ro1.md surf•1cc ~c.1lc length 
determined from the ob~~r.·Jtkms. L.. = 2i.7'- 2S' in T<lbk• II, .:~n Jvcr:Jgc fr~m 

·' around the three ~hJit~ of concern. Usin~ thes~ l'I.!!'Ult!- \·\'ith the ~CJiint: l.:m•, 
Eqn.:!6, the diffu~ion coefficient in the 3·D model (\'llcu!Jtion th:~t would 
reproduce the !'>C.'Ile k•n);th ~,.,b~cT\'I.'d in thl.! iicld do.tJ b D.>o f Lgc = L:.;!. where 

D 3D ( Lsc == L..:) 
., ... - ., 

.~ ,_,,,,~ = 150 ft .. /ltr 1 - .. - l . . ·, :o ) 
(J1) 

This i!-0 " t'irst c~timute oi the dfc.:ctin.• diifusiot'l ..:odficicnt from the 3-D 
:node! comp.:ul'd to thl.! field dJtJ. 

Tritium results, 1·0 cun:ilinco.r com~'~UtJtions \'S, field d.1tJ 

Rc:-oult!' from the 1-D m~1dcl tN ;'I point ~\'Urcc in ~phertcJI ~com~try 
.He comoarcd tor two diffusion coefficient \';'!Illes. D = 100 ft::/ttr Jnd D = :oo 
ft~/yr in ·Fig. H. f-rom the ii~urc. the .Ht~.:nuJtion !l!n~th is ::..ecn. to be c<m!'itJnt 
in the intcrml'di.:t te rJt'lgc oi distJnccs, where th~ ~rid rc~olution I'ICJ!' the 
~ourcl' Jnd the tJr bcl\.mdJr\' cl'mdition do t~nt it,tluct'lce tlw dtffttsi~..."ln. From 
th~ fi~ure, the obsl.!rved .:Ht•~nuiltion icn):::hs over thc!'!e it,termcdi.'ltc dbt;mccs 
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for the two c~sc~ Jrc L.{0:::/00(t;:i!tr)- 1i" ;'111d L-,(0-::.ZOqft::/yrJ- 2.f.'. Their 

r:~tio, L.JD=20qft~/yr)/LJD=7Uqf:Z;)tr)::: 2.f./1i- 1.4 = '\j'I, as ~xpected trom th~ 
.1n~llytic: ~olution scJiinh. !Jw, Eqn . .:!6, tor D1;D: ::: 200/100. 

Aguin. the scJling l<~w i:; llSI.!d to l..'~timntc t-hl..' diffusion COl.!iiicier~t 
needed in the numcricol computnti011 to match ~he ob~erved fiL'ld result~. 
The ::;c.llt.: lcn~;th for J point source in ~phcric41l ):;t.!Oml.!try projl'ctcd fl'om 
SllrtLice Jttcnuatior. len);th nbs·~rvntions, Ln. w.1~ dt2notcd, L,l'. This WJS 

cietermilicd usin):; Fi~.10 1md Eqn.:!9, resultin~ in L,/' ;:: 10.6/t - 12ft n~ 
~ummnrized in Table ll. U!-iin:.; thl;! :-;c.11ing Eqn . .:!6, the diffusicm codflcicnt i1i 
the l·D ~phcric~l numcricol solutior, v-.·hich will match thb fi~ld ob~ervl.:!d 
vulue i~ o'w.~ (L~v = L..J, 1..'\'<:~iuJtt..?d a~ 

:: 
. , r'n, : 
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This t:!Stimate wi!l be compJrt:d iii the Discu~sion tt' the previoLJ~ \'.Jlu~ !rom 
thl' 3-D model results of :im:/yr. 

[:1 Figure 13. the diffusion solution is ev.:tluated for .:1 diffu!'iiOI'l 
cocfficil..'nt of D=150ft2f!tr, .1nd compnrcd inr the c.1sc::. Cit ~phcl·ic;~l (point 
source) .1nd cylindric~! (iit"l! sourcl!) :.:;coml.!try. The ob~c·rved .:~tt.mu<ttio11 
lt.!ngth~ from th.:1t fi~;urc rc:-;pectivt!ly for the ~phcric:1l.1t1d cylindric.,l c:~~c. Jt'C 
L .. (D=ZSqf:~/!tr) - 21' .:111d Lc fD=15pt!2(1tr) - 15'. Thb :o-phcricol Cll~C rc~ult is 
consistl'nt with the cJscs :-ohowr1 in the prl..'''iou:- figL1re ~me with the scl\ling 
Ia\'\', Eqr1.~6. 

Jf the whole \'Crticul disposJJ shJft LIC~-' i!S the tritium !'>I)Ltrcc tL•rm. ~md 
if Olic c~n ncgl~ct \•nd dtects' I~Ci.lr the )!',·ound surti:lce. then rdc.1se or tritium 
cun b~ .:~pproxim<:~tl!d in cylindl'icnl ~e~)mctry. In thi::- c:Jsc, the cylindric~d 
~0lution in Fi,;.15 c<~n be corrected to the obscr\'ed iicld .utcmtJtion lt..•ngths. to 
provid~ Jl'l estimJtc of thl! d iftu~ion co·~iiidcnt it' th!.! !'L"'~ur..:c i~ .::-·lindrkJl. 
ll1c field ~cillc len!;th to usc in this CJSl! b L,:= 2i.7 jt from T.1bll.! 11. :~nd so th~ 
corrcct~d diffu~ion co~ft:icicnt 0srim.:\tt.! for~ ~yli11d1'ic"l S<.lur..:(! gcom~.:try, Dw.:. 
bc~omcs 

,-- ..., 

150/t~lttr (:.~:~·\* = lS-1-_{t~l.tlr - ·~; m2/_tfl'. 
. . I ,.:J I 

(33) 

Discussion 

Best c~timiltc of Dt>ff from compJrisons of field .Jnd model results 

Th~;: di~po~Jl shJtt i~ b:lckfilb:i with 1:m~hcd tLiti. Cl'u~h!.!d .1nd int~ct 
tul:i hll\'1.! 'imllur tr~nsport propcrtil'~. ~o it i~ not ob\·iolts which geometry. 
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~phcricJI or cy!rncric.1l. :-hould be the more JCC\.Iri.'lte CJ~c. If the ~h.1tt~ ilre 
tightly pilck~d Jftcr being b~ckt'illed, J spheric~! ~ource ~eon'lctry m11y cxi::ot. 
while if the dispo~~l shLitt!' Me less tightly pi.1ckcd. thct'l n cylind'!'icJl source is 
likely, JS the tritium diffu~c~ ri!pidly thmu~hout thl.! ~h."lft before dlifu:-;in~; 
~it:niticLlntl~· into the ~urrounding tuff. 

CompJrisot1.S oi numericJl CillcuiJtions i:~ 'sphcricnl gl!omctry' with 
field results provided dispL~ri.'lte l'stimJtcs of the effective diffusion cocffid~rtt, 
:!im:./yr usirtg the 3-D model nnd 4- m:/yr using the sphcric::~l ~_;eomctt;.• 1-D 
modl!l. (The 3-D model i:-o cttecttvcly in !oiphcricL~I geometry bec~U!'e it 
:::.pccifics n set of point sourCl'S which hJ\'C been locJtcd lit J tl.!\\' discrct.!t point 
lociltion~ within ~he dispo~JI shJfts ;'lt1d the diffusion is isotropic.) A simple 
JvcrJgc of these c~tim:~tcs i:- 15.sm:/yr. A gcumctric mt.!Jn of th~ tv~o·o 
estimJtcs b 10 m:/yr with ~I..·Oml!tric ~t:md.:~rd dc\'iJtion 0f J!mo~t 4, 
indicilting n lMge discrc?cncy. 

Thl! first tw0 numl..'ricJI model:-; (3·D .:tnci l·D spht.!ric<Jl) differ in thc 
wny sphericnl geometry is incorpol'ntcd. l11 l'Jch c.:~sc, if the !"ourcc term were 
in cylindric:ll ~comc:ry. the diffusion Cll~fficit.mt ~.~~timnte needed to m<~tch 
fil:dd d;.ltJ W\)Uld tl.!tid to cotwcrgc towi.1rd~ ~l'1me intermt.!dii.1tc VLllltl;' oi the 
estimL:Jte::; in spheric::~! ~cot,ctry. li1is \\'ilS ~h~1wn directly in Eqn.33 for the 1· 
0 cyli11dricJl gcoml!t:y c:~~t.: where the diffusion coet'tkicr'\t b~COITH!S li m:/yr. 

ln the 3·D numl.!ric.:~l CJSe. the sources were input :It discreet depths 
(T.:tble I) :md tht.• uniform diffusion cocfficit.mt <1s~umptiL'ln doc~ not 
dbtinquish >~ny different prl'lpcrties 1..1t the dbposJl shJft it-self. Thus, the 
dtectivc depth b Jppro:dmJtt.!ly the JCtltLil dispos.1l depth. lr difflt~ion were 
r~pid within the dispo~<~l ~h~ft rdati\'l' t('\ thJt through th~ tuff m.:ttrix 
surrollndirt!; the dbpo~JI ~h.:~ft, then th~.: source would be dfcctively 
cylind!'ic~l nnd th~ 'effective depth' to the sourcl.! would be le~~ thJ!i the depth 
to the JctuJl tritium w~tste pJcki:lgc~. Rcfer1ng to Fi!;. 1.0, Lin dfcctivc depth 
c~m be cL:JlculJtcd which :~lll,ws the l:omputed ~c:Jll! il.!n);th~ tn !11;'ltch the 
ob~crvcd ~CJIC lcl'l~ths. ror the CJSC With 0=7 Sq(t':./.1(1', thi!' tK'CUI'S tor depth, -
30tt. Thi!' is u rt!a~onablc c:;tim<ttl' tor the cfiectl\'t~ depth in cylindricJl 
bt.'ometry. This b ~li,;htly lt..'ss than the \\'il!'te depths ilSsumcd (T.:~blc l) ••t'ld 
show~ thl! strong sensiti\'ity of the ~esuit.s to th~ Jssumcd dl~.:cti\'1.! depth. 

These comidcri.HlOt'ls support lin t!Stim<ltl! of tht.! diffusion codficit•nt 
t'\c:~r the \'~!ue used in the simu!ntions shown il't Fig.ll of 0=1501:~/ln· 

. - . 
(1-+m;;:l!tr). Thl.! unccrtni:Hy in thl' ~OLlrce term geometry, cspcci<11ly in thl! 3-D 
simtliJtions, ll'od~ to ~ lar)::C uncertainty in the finJl estimatl.! uf the diffusiol'1 
co~ificicnt in this mdhod .1s disCLtsscd li1t1..•r. 

AdditionJI 3·D ~imuiJ tion~ w~re run with lhc somcc modelt..'d ;'IS ., 

cvlinder which did ::;how hood ~q~rcemcnr between tht: 3-D model ;·md field 
rcst.r!t~ when the top of the cyli11der Wi'IS located below thl! depth of 20' (3 grid 
cdb from the surf;:~ct..'). The implicJtiot'ls of the field dJtu Jnd compLttotiono.11 
comp.:~risons .:~re cle.H thJt the ::-ourcc term is cifccti\'dy cylindriciJI. The 3·D 
code would nt!cd to b~ modiril!d to :~~low differer,t' diffusion ch.:trJCtl!risrics 
inside the disposJI shJit comp.:~rcd t'J oLtt~idc thl' sh:~tt~, in o1·dcr tt"l mot·c 
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rc.:~li~ticJlly m.w:h the field dJti.l. Thl.! 3·0 code rc~ults I.':Jnl'IL't provide .:m 
JCC1.triltc match to field rc~ult~ with the con~t;Jnt diffusicm c<'dficient u~cd in 
the prc~ent St'..tdy. 

Triturn flux \'Lllue~ mc.1~Ltrcd directly tl\'cr thl! Jbposu! ~hJrt c.1ps 
were high JS di~cu::-scd in detail pr"\'iou:o;ly [3], .md werL' not included i11 the 
contour result~ for the field diltJ in Fi,;.'.? nr in Fig.13. I~ WJ!'o c:llcll!Jted l3l thi\t 
Jbout 90'~·:, of th~ tritium flux w:t~ emitted from the shiltt c>~p circumference. 
Onlv 10':~. ot the tot<~l tntium i!' depicted it, Fi~.9. diffu~ing through the sod o:­
tuf{ miltrix. Thi!.-1 sup?orts the tindinf,'; th.:~t th~: ~ourcc ~eomctry i~ dfccti\'t.!ly 
cylindric~l, coincidit'l~ with the di~po~JI shutt ;;cnmctry. :tnd confirms the 
impliciltion th<~t th~ trittum rl·lcn::-cd from the \\'il!'tc> p~1ckJ~c~ Jiffu~c!' 
rcl:ttivcly rJpidly throu~hQut the di:-po~.-.1 :-hJtt ;md then ~lower from th~ 
~hntt t~rough the ~urroundin~ tuft. 

Summ41ri7.ing the model .:~nd field dJtJ compMbnn:', the .wl'rJ~c of the 
ir'litiJI cstimJtc~ from th~ two numcric~1l mt•thod~ ir'l compJrisot"\ to flcld 
obscrv<1tion~ .md JS~umins ~phcri.:Jl gcometry w:~s lfl m:/yr. :~nd u:-oin~ the 1· 
D cylindric:~l geometry. J dit'tu~inr'l CN.•t'ficicnt nt 17 m:/yr WJS e:'tim:acd. tn 
the 3-D code, D = 1.; ,:::lrtr w..,~ 1.1~cd in ~imulJtion~ which rn:~tcht•d the field 
results ii the 'effective 1:lt.:pth' nt ,, cylindricJI ~ourcc Wl!rc reduced tL) about 30' 
L"lr lc~~. Thc combin.ltion ot these t:!"ttmiltc!' ~u~~csts thJt tlw dfcc:ti\'c 
diffu!.-lion codficicnt i~ i!bout 15m::/yr. The foliC'\\'in~ 41n.:~lysi~ <'lssurncs this 
\':!luc :tpplic:-o to thi~ rc;.:ior, oi '\rea G, .md :-o the dti!Cti\'c in·ticld tritium 
d i tfusion co~.•ifich:m l i~ tJ kct'l ~ .. , bt~ 

Dctermin.ltion of the in·situ vJpor diffusion coefficient from Dl·fi 

CL1mbining Eqn!'.:0 "nd :.1. the eticctiVL· ditt\rsil'n cndficiL•nt tor 
tritinted water, Dd··· ~~ re!Jtl'd to an insitu gu.s ur \',l~"~Clr ph;t~c ditt\.1:-ion 
coctticil!nt, 0;,,~. ddincd i:, Eqn.::., .1~ 

D,.tf' fArea GJ -
/-1 D~··r 

& 

1-1 c,,w,,~ o,,~_ 

H 

W~ .:t~sume the form tor r,,((:J,,) used by Smill!:- ct..:tl.[l4], bJsL•d tm work 

b\' ~·1illin~ton [1Sl. thJt c,,fU,,J- 11,,~/-~. From the verticJI o:-otih::-o ot moisture 
n~"r th~ tritium ::oh<~its (Fi);.3l the J\'crJ~t.? moi~ture ..:tmrcnt it'l the \'icinity i~ 
•1boLtt I)- 0.01. The JVL'r;.'I)::L' porosity tnr units Zb ;~nd :J which ~mrOLmd th~ 
tritil.tm disposnl shaft~ Jre vcry neJrly cqu.:~l to 0.4i [Rct.Zl]. Thus. i:t thl' 
\'icinity of thb study. e,, i~ ;;tpproximiltcly l.!i.lUlll to 0.-ti. 0.01 = O..;.b, TI'lb gi\'~~ 
tht.! porosity corrcctio:"\ Jt the dbpos.1l ~hllft~ vidnit:· nt 
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:'he in·situ diffu!'ion codficient ior vJpor phi.1~c tr~:~n~port in thi:; V1c1n1ty 
within Arc<l G thet'\ is d~tcrmined from the best t"~tim<lte of the dfcctive 
diffusion codficicnt. Deff- 15 m:./yr, t..t~ing Eqn.35. i.1S 

e D~'~·,. 
H c,,(e,,) 0;,15 (Area GJ -

lmpl ic:ttions 

0.01 X 15 

1.56e-5 x 0.36 
(3i) 

The bini.1ry diffusio11 codfici,.mt for \\'i.1tcr Vi.1por in Jir i.1t this 
tcmper;~turc is 2.5 x 1.0·5 m:/s. The diective diffusion \'l.'ithin the pore spuc:e 
observed ~t Arcil C i!.-0 ~nhanccd ilbovc the classic01l diffusion by J ti.1ctor of 1 x 
1Q·3f2.5 X zo·S = 40 tim~~. Thi~ is rhc \'illuc .:It Arcn G Ol the diffusion 
.1mplWcation f;'lctor, A.,,, introduced in Eqn.~l. This f~:~ctor is t.!Xpcct~d to be 
clos!!ly related to the ri.1tio of in-situ <~ir perme<tbilit)' to the .1ir permci.1bility in 
unfr:Jctured core Si.1mplcs. As db.cussed previously, ~his t'Jtio w.:~s found Jt 
Arcu G to v"rv f:-om <1 fnctor of 4 in the lov.-cr u11it~ to n fnctor of~:.::. in Unit 2.:t 
.:tnd n f.:tctor of 16 in Unit :::.b [9]. In the profiles at borehole G5 il~ show11 in 
Fig.S, the rJtio in the upper units (:!b 01nd 2i.1) is S12cn to be typicnlly 10 or more 
~md somewh41t k•!-is, 3·4, below 60' depth. These ob:serviltiOt1s nrc in 
ngrccment with the diffusion nmplificntion found <~bove <~nd supports the 
notion that a fracture network ~:~t lca::;t thro1.tghout the upper l~ycrs cnhnt"C:I.!S 
the in-situ diffu~ion Jnd the Jir p!!rn1t!Jbility. 

B"rometric or templ!rnture fluctuntians may Jbo contribute townrds 
the cnhilnc:cd ln·~·iitu diffusion. They m~y contribute independently or 
synergistically tow~:~rds cnhnncing the ditfusio11 coefficient, depending upon 
the fluctu~tian mode number!', periods, ond dfcctivc tr~:~nsport dist.:~ncc over 
J ~inglc oscillation. 

Bilromctric: fluctuations with J diurnnl or scasonJI period pcnctr~ltc 
deeply into the mesJ (10s to lOOs of meters). A simple.• modl!! of diffusion 
resulting from b.lromctric pumpin~ Jt Arcn G w.:~s mndc Frcviou~ly [1 i], 
'.'·:hich led to the m<1ximum (11e~1r surt~ce) diffusio11 col!t'ficicnt. D11l'• ot 

I j '\ 1\ ,, •. :111.; ~ 
D!•r = ,":-- =p- (38) 

j.JII (I 

where l',, is the Jmbicnt ?rcssurc, Jnd Jp~ b the prc:;surc mode .1mplitudc ilt 
the.• ground ~uri<~cc. Thi~ maximum (ncilr ~urtJCC) diffusion col'fticit.!nt w<~s 
shown to be independent of modi.! number, :md ~o the p:-c~surc mod~ 
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.1mplitud1.!, .:lp~ Ciln be t~kct'\ J:-; il ~um over il'ldividu~ll mode~. U~in~ t::picill 
Arcn G pilromctt!r v:~luc::o. kr- O.S:dQ·I::,n=. :Jp, - 10m/Jnr = 703Pa. /J1t - 2x1Q·5 
i'h/m::. P(, - SOOnrbar = O.Sx1U5Pn (Arc~ G, Lo~ A!Jmos is .'lt o500' clcv;'ltion), 
thb re~ults in nn t.'StimJtc fur thl! diiftt:-ticm \:oeificient due tl' b~rc)metric 
pumpin~ Jt AreJ G of 

(39) 

This b the silmc mJ).;nrtude J~ the best L'Stim>~tc derived t:rom thl! fi,~ld ~tudv, 

15m:/yr. It Jgre~.s within " tilctor ot two, po~~ibly rdiltl.!d to Jn lWt.m~stimoi:c 
of the prc~surc fluctuation nmplitudl!, Jp~. but is in rclntivdy good agreement 
considering the uncertninties JS discussed below. Note th:tt thl! mech::u'lism 
imptied in the derivJtiot'\ of this diffusion codricient, D!•r· is b.Jromctric 
pumpin~o; throtq;h the pore m:~trix. Frilcturcs <~re 11ot included i11 obtninir"lg 
the codficicnt of this m.:~~mtudc, althouJ.;h Lh~ pcrmcubilit~' dut~ ~u~gcst:.-o thJt 
the tr.:~cturc: n~nvork doc~ pl.:~y !i~1t'!'le 'ontributin~ role to the in·:-;ttu diftu~ion. 
Thcrctore, it i~ likely th.:tt the bJrornctric pumplt'\g in the pore :-pace b 
;,ctuJilv ~mJIJcr th::m the t.!~timJte i11 Eqn.39. 

T~!mpcraturc fluctttations arc r1ot expected to p~r1ctr:ttc more thJ11 
~cverJl meter~ into the mesa .:me should therefore have a minimul effect on 
the i11-:..;itu diffu~ion deep within the mcs.:t. Thcrc mi~ht be n ~rc~ tcr t:.>ffect in 
the presence oi .:1 ~i~nitk;:lt'lt ~LtrtJCc-conni..'Cted :'rJcturc ndwork, fl)f which 
there i~ ~orne c\'idcnce Jt .. \rc.:t G. The i~sucs 011 both tcmpcrL"tture Jnd 
barometric pLl!Tiping will be cxnmincci in grc~ter detnil in a subsequent 
followuo ~tudv. 

:\nnlyscs in the prc~cnt study (c.~ .• .:ts in Fi~.l3), fotmd thJt the relc;1sc 
time from the disposal shiltts, -:-. bc::;t fit the fidd dat:1 when the slime vJIUI.! for 
: Wil!' us12d nt all the ~hJfts. The nC.'wer shnft, ~15+ is lin~d with corre~~tcd 
steel, whi1c th~ older ~hoit~. #150 und 151, <~rc Ltnlincd. In initi;:d run;, th~ 
lined ~h~ft wns .:ts~it:ned ::1 ll;n~cr rele.:tse time cot1:-ot<111t (~lower rclc.1sl:!) .. md 
mod~st Jgrcemcnt with the fidd dilt~ w"s obtJinl!d. This is t'l!fkctcd in Fi~. ll 
~hov•:ing the log t·e~ults. 111 the cotnpJrisot1s of the d:1t;.1 nn li111.!Jr :-;~:dt.!s: ior 
l.!x;~mplc <~s depicted in Fig. 13. the ch;,rocteristic tritium plumf.! dimensions 
<He (stsier to estim;~tc. Here, the n:lntivc dimcn::;iot1s .:md rn.:t~nitudc ot the 
tritium plumes .:1round l::tch sh:1ft ~uggcst thJt the better match to the (icld 
dJt::t (l=i~.13) occurr~d for n ~~· .. ,it rclc.:tsc Vi:tlue, ':'.which wns the Silme for c.:tch 
nt the three ~hJtts it1 the 3-D rnodcl. This sttgge~ts thnt thc lined ~h;'ltts Jnd 
the unlit,ed ~h:.1tts h<WC simil.:tr relc.:l~C !\'ltes. ut'h.i th!.:! lin\.!d shJtts do t"lot 
provide Jddition;1l bilrricrs to the tritium diffusion i11to the ~urrnunding tuff. 

Th~ nb::oolute mn~nitudt.! or the shJft rdeil!"t.: ~onst;,nt, :, ~;m be 
determined from field- d.:ttJ ~Llch JS the sllbs\.lrt:~cc tritium moi~ture 
conccntr~'ltions seen in Fi~.·t. Tht! m<~xirnum \'iliLt~ ~ct.m i1'\ the core silmplc 
moi~ture is ilbout 107 ~CiJm3 or 10 Ci/m3. This i~ ,, moisture concentr:~tiot1 
where the snmplc vol~lm~ is thnt of the liqt.tid ph\1sc, Jboltt t% L)f the tot~ I 
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:olumc, .md thll!' corr~~pond~ to ;~bout 0.1 Ci/m.3 tritium per totJl \'olumc. 
The comput<ltion.:ll rc~ults irom bL'tlvccn the ~hntts 150 .:~t~d }51 correspond to 
the locntion 1.'lf the field prntill.! in Fi).:..i (top}. The rnnximum computed 
tritium conccntr:ttion~ Jt this h.,cntil"n ,,·crt.! lound to b~ 2 Ci/m:; (Cillcul:ltcd ns 

"' tot.:1l volume conccntr"'tion) whet, settin~ J \'Jiu~J ot ~ ::: 50 )'Cal':;, The 
~t'llution il'i lineJ:' wtth 1/:, so to com.'ct the comput.Jtion tn the iidd result l")t 

0.1 Ci/m~, then \'Jlu~ oi: requm~d in the comput<~tion to mJtch the field d."lt:l 

i!' -: = 50ur~ x f2/0.1J - 1000 wnr:'. This is the ciiccti\'c rclcasc time const:~nt 
from the. tritium W<\Ste pJck.:1~'-'~· 

The tritium mobturc profiles in !=i~..t •ll~o provide J direct cstim:ttc ot 
the n ttcn un lion lt • .'l1!;th "long ..1 Vl..'rtic~ I Jxb d. uc to the 1.drccti vc d ifiu~ion. Tht.! 
'dc<tncst region' to c!~tc!"minc lin JttcnuL'Iti\_,n len~th in the protilcs in Fig.4 b 
downwnrd from the ~haft bottom (<H 60' - ~Om). Over thi~ rc);ion in both 
plots the c·fold in~ lcnl;th, L, b clearly in the r~1n,.:c t't L - S' to 10 ·. Thi~ i~ 
<:oincident.:tllv !'imilar to the ;'lttenuation lct1gth ll~l..'d it~ l:cm.3~ ::;howit'\~ th;'lt 
for the 1-D· !-oj:"ht.!nc;~l !'ymmctry c.:~~c. thcn the corrc~pondin:.:: t..•rtcctive 
diffusion codticicnt \\'J!'- ..;. m:/yr. Sphcric;ll ~c.!omctry is probnbly "' ).!ood 
npproximntion to the ~;comctrr when k'(lking downwJrci from th1.• sourcl' .H 
the clbpo:.;JI ~hJft bottom. Thrctl"~rc, the cft•!ctivt:> dittu!'-iOt'\ coefficient in the 
region below the ~hL1tt bottom <H .. 60' is ilbout 4 m:./yr. 

This b nbout 4 ~imcs ~m:1llcr th:1n the best c~tim.:1tc nt the dfcctivc 
diffusion coefficient tlt Arl'a G in Eqn.34, dcri\'cd from diffu:;it..m in the Ltp?cr 
most 60' or the ttltf. The d iffcrcncc m"y be attribut>lblt.! to the lar>;c 
unccrtnit'\ties (ll~ in the tollowin):!: s~ction), but ~U~);e~ts .:1 rcill difference in the 
in·~itu diffu~ion cocificient ll\'cr:tgcd O\'er the depth from the ~urtJcc to 60' 
compJrcd to thilt for the depths below bO'. The obser\'cd dccrcil~e it1 frilcturc 
density ilt ~bout 60' ('It the unit :b·::J intt.!rtJ<:~) wt:,uld :oupport the findin:; th.:lt 
the diffusion codiicicnt b greJtcr in the upper l.1ycr~ which .1:-c more 
fractured. The cii..'Ctcilsc in effective ditflt~iLm coefficient Jt dcoth!' > 60', is i11 
line with the dccn•il!->e in pcrmcilbilities rrom Ut'llt::i : to Unit; 1. Jl'ld :\~ st:cn 
in Fig.S. 

The vuri<1tion of tritium flux in tifl'lL' exh:bits !"ig11ific•mt diurn;1l ,11'\d 
.:.mnuill \'Jri.:~tions JS :'~.'en it~ the Fidd Dillil scctit'm. Good corrclJtion!' with 
tcmpcr.:~ture were found. Tritium t'lux mcJsurcmcnt::; Ll~ed ~o chJri.1ctcrizc 
thl.! tritium ground ?lumli! were mJde durin~ the wwrmcr p.:~rt ot the d.:~y :~nd 
durit'\); the \Vilrmc~t ~cJSC.)J'\ ot tht..• yc~r. b{lth :cl'\dir'\); to bb:-. the :o-.:1m~"!cd d.Hil 

.:1bov1.' th'! &~nnuo:Jl mL'.:\11 \'Jlllcs. When the l.jU&.mtit.:ltive t'l'\ill.!nitudc of thl.! 
flux d.:lta is importJt'\t, il~ in l.!::.timatin).: the .:1~tu:~l 1.!111iS~Il"~l1 rl!h!,1:::.1.!S of tritium 
from the di!'p0~.1l f.1cilitie.s, tht..'n the rc~ulrs :-:hould be ~orrt..'Cted for thc:-.c 
tr(!nds, for exnmph:.• by usi111; the I:!StJblishcd tempcroture cMr~l:~tions. For the 
purpo~t.:s L'lt thb ~tudy, thl:! ditnl!nsion~ ot the tritium plume will nL"'t \'Jr;.· 
grcn tl~· in time .1nd ~o .1 timc dependent correction is 11ot nl:!cdcd in the 
l'rt.:se:1t study. 

The i11~~itu diffusio11 or dispcr~ion cocitici~tH is t.>nh.1nced b'.' :~bout :1 

t:~ctor of ~0 ovcr thJt l!Xpectecl by cl.:~s~kul diffusion il'l J porou~ m.edi~ with 
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the properties of tht.! BundL"Iier Tuff. Tbb ~:nh~nccd tr~nsport i!' likd:.' due to 
convective dri\'en tr~nsport dlll~ t'o some combination of bnromctric .11"\d 
tcmper;:}turc fluctLt:Itions, .1 long with pos~tble CC'Iupling- to tr\ln~port in the 
frilcturc network ir. the upper !Jy~rs ot the ml!sil. l t is J::>!'Ltlncd th<H the 
l.'nh~t"lccd dift'u::;ion is due to oscillwtory convective movl.!mcnt~ which a~t 
simiJ;~rly on lllli;LI!'c::o .111d v.:tpors. Rt.:!lcring b:tck to E~o1ns.~-10. thb mwy 110t be 
tru~ for gJ~cs with diffcrl.!nt tcmpl.!ruturc dcpcndenccs if tcmpcrJtt.tre 
grildicnts ilrc im?ortJt1t. It is more likely thnt the bnromctric pumping of the 
totul pore Jir volume i:- importJnt Jt depth, which implies simi!Jr tr:~nsport 
for ~my entrJincd sp~cics iii the ~J~ Ol' vilpor phLise. The t.dfcctive ditfusi1.m 
movement is then not ciepetidcnt upon the molccu!Jr rnass or the ).;ii!'Cous or 
v.:tpor species. Therefore, the diffusion coefl:icicnt dctcrmit'lcd in this study is 
cot1sidcrcci Jpplic01blc to other ~ns or \'i1por species (lf imcrcst 01t Arcu G. 

Unccrt;)intics 

The net error in thc in-situ diitusion ~octttc:cnt 1:'1 Eqti.3;; '.:11"1 be 
cv\lluJted rigorou~ly trom the propi.i);.:llion l'lt errors [~:]. Thl' t.'rror ir' l-1 is 
.1ssumcd sm.1ll. ~rror terms .ue J!\~umcd to be indcpcm-Jl.!nr, .1nd ~o the total 
error in 0;,1 ~ i~ O'o111 ~ • .1ppro:-.:imlllely h.ivcn ~~ 

( ~ \ ~ 
t VDiu.• j" 
l Din~ ) 

(40) 

l.JntortunJtcJy, the errors in e:u:h of l'hL' ~OI'Itributing fJCtor~ MC t\lirly !.H,I:;C 
;,nd difficult tL~ qu::~11tify. 

The ti\'(' dctcrmin.:~rion methods which ussumed i~otrooic diffusion 
from point source~ r~phcricJl ~ymml.!tryl loc.:tted .:n the depths t)t the tritium 
W\1!-tc p.1ckJ>!C~ produced two estimutL·~ llf thc dil!Cttvc diffusion Cl1ettidcnt, 
o, .... ·. \'.'ilh i.1n Jrithn"'t:tic 11'11!·11, Jl1d dc\'iJtilm l.)t .. 16m~/lll' = 9m:/lll' or 

J/ • .. 

gc~metric mc<m and dcviutiot1s l)f 10nr~/!ll': ~. indic~tin~ ,, wide disp;,rity in 
the ~stim:ltcs. The e~tim;He~ trom the t\\'(.1 mc~hod~ co:'lvcrgc tow<1rds .1n 
ilitcrmediiltc v~lue 1f the ~ource~ .:lrc i'I!"SUm~:d to be cylit,dricJI. :\1, ~·xJct 
"~~cssment of th~· unccrt>1int!' wo1.1ld rt:quirc " more compk•tc \tnnlyst~ but h-i 
CStimJtcd here from J qualitJti\'l~ rcViL'W l'li thi.!SC .·m;:liy~cS, ,1!id .)~~\.ll'nln~ thJt 
the effective ~comctry of thl.! source is cylindricJl. The expected \'Jiut• fur the 
dtcctivc diffusion cocriicicnt b 15m:/rr, ~md the JCtuJI \'Jiuc i~ most likd\' 
betw~('n lom:/yr J:1d :!om:./yr. QLtn.litilttvdy th:n. th~: dfcctiv~.: diffu~ion 
coefficient is D,·~~·= 15:5 m::./!tr, or \\'ith Jn ~·rror ..:>~timJtL' of nbout .:;o·:;,, 

The moi~ture content '·'Jrics con~idcr.:~bl\' thwughout thl! vcrtic.:tl 
prolll~ il~ !'cen in Fi~J. l:i .1 dctJi!cd 111L'd'!lin).: L'~tl'rt, the :tctual ~~wi~tmc 
profile could be inJ:~u~ to the mL'del, hoWL'VL'l', in the ;:':'L'scnt Jl'\Jiy~i~. WL' .uc 
it'ltcrested in an .:~vcrJgc \'Jluc which 1s \','Ci).':ht~..·d in ::.nmc mi.111nl'r for the 
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d~!pths n~nr~st th~ trltll.tm ~ourcc. To th~! ~xt~t'lt th1~ ~our~~ i::- liCtU.:1l1y 
cylindric~L then w~i£hting th~ verticnl profile m;1y in t1.1ct not be nccc~s<~t:'· 
Th~ ~stim"'t~ for the .:1v~r"';:;c moisture hlls bl!ct'l tJkct'l J:-> 8- 0.01. A dctJilcd 
t.!rror cstimJtC could bl.? mnd~.? from thl.! dJtJ it'\ Fi~.3 or from Fi~A (showing 
tritium, H3, concentration~ .:~nd li3/(:Jo/% wnta) ). Aguin. for the present 
Jn,1lysb, .:1 ql.lnlitntivc jt.tdg~mcnt is m~de that th~ error i11 th~ mc1.1n moisture 
content is about 50%. 

The error it'l the poro~ity correction, ci,/Bal b Jlso not known Jnd 
~stimJted here to bt,;! Jbout 30'!~ •. Rdering bJck to Eqn.40, the totill error tor the 
in-situ diffusion co~fficicnt is cvJiuJtcd npproximntdy us 

( ' 'I I VO!II,\ \- = 
\Din!' ) 

'I ., .. .. 
(0.3) ... (0.5) - (0.3) - 0.43. (40) 

This i.s .:m cstim.:lt1~ oi tlw ~mcert·n in tv of the il'l·!'ii tu d iHusio11 ~octtJCJCI1t 
derived trom this pJrticul~r ~tudy Jt this p~rticul.:tr loc~tion, i.md corrc~ponds 

to., rcllltivc error, ((J[I,,,,!Di,l.·;,), ot Jbout 66%. 
Added to this, th~re is ildditional uncertJinty introduced if one wppli~s 

this number to the diffusion of other~~~ or v::~por ~pedes ::tt other loc.,tiot,s ::tt 
Arc~ G. An implic.:ltion e1f the !Jrge diffusion <~mplificJtion tllctor, AD - -+0. is 
thJt the diriu::-ion cociiicicnt docs .:tpply cqu~lly well t() oth~r :-pccil.!!':i, so this 
extr<~pol::ttion should introduce smJll errors. An implic::ttion of the moi:-;ture 
content ne::~r the tritium sh:tfts bcit'lg Jmong the lowest v;:t[u~~s observ~d ::tt 
Arc::~ G is that v::tpor flux is ~rcJtest ~t this loc::ttion <md therefore the inMsitu 
diffusion here is likely to be J m.:~ximum compJrcd to other loc::~tiot,s 
throushout Arc<t G. On the uthcr h<tnd, .:til loc<1tions •1t Ar·e., G Jrl.! ~imilJrly 
domin<~tcd by \'.lpor flux throughout Lin int~rmcdiJtl.! r::m~c in depth v.:ithin 
the mcsJ [21 ::~nd ~hould not exhibit widely disp::~r::ttc \'<lllles of thl.! it,·situ 
diffusion coefficient. Thi~ v~ri~tion is t,ot quJI1tifi:~ble. but th~ tn-situ 
diffusion cstimJte b likelv to be within J fJctor ot two of the correct villuc Jt 
other Arc.:\ G lociltiOt'l::>, ~tid J:-> indic~tcd, this cstimJtc i~ prob.:~b!y on thl.! high 
side ot th~ actuill v.:~lu!.! L\t oth~.:r locntions. 

AdditionJI fuctors contribute to tht.! unccrt.:~int\' in wJvs which .ue 
mor\! difficult to quJntify. Cornpttt:ltional conccntr:~tiO·I,S Jrl: ~.mly 
comp<trable to the field surf~ce flux meJsurcmct"ts if thl.! ev.:~por.:xti<.m rotl.! is· 
con~;tnnt on the ;,wcrn~c throuhhout the rc~ion. Thb i:-; n t'l~,,~on.:~blc 
Jssumption in the spJrSl'ly \'Cgct~1ted .1re.:1 of this study, but rl~m.:1ir1s to be 
dcmonstr;)ted. This could be dcmonstrJtl!d with th~ J\'ni!Jbl~ dJta from the 
tritium flux stud:· [3]. 

Char:tcterbtic JttcnuJtion lengths llrc cvalLtJtcd from the fi!.!ld results 
.:111d from the :1umericnl solutions Js~umin>; t.'·toldir1,~ l~n~ths. which b 
rigorottslv true onlv tor the I.?XPoncntiJl solLttion valid fnr the inst.:tnt~t,cous 
point so~rcc. Th~ chJrncteristic lengths m:~y vnry :-;lightly in the ::~ctu.-tl 
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guomctril!~ with thl! it'\tc)::rJI it.mctions which chJr~ctcrizl! the cx<~ct Jt'\JI\•tic 
~olutions tor the co:'\tin1.1ciu~ ~e1urcc <md in th~: ditf~o:n.mt ~~o:ot,.h.·trie~. · 

.. 

Conclusions 
.. 

Fidd tneasurL·munt~ l)l trttium ~urt.:~ce flux indicJtl..! thL· spJtiJI extent 3 
of .:t tri~ium plume ncar the dbpo~;d ~h;dt~ Jt Arc., G. Thc obst.•r\'ud () 
chnrnctcri~tic :-;cnh: 14..!n~ths Me '("'mp::~ red to mndcl prediction~ il"' d itfurunt 
geometric~ to dctcrminc ., \'Jlw: for ~hi.' diectivc tritium diffu~ion CLu .. •fiicient, 

Dt·:/· for the combinl•d tr:mt-pnrt Futh~ t't t:-itintl•d wntcr. O, .. r = 15::5 n::/}lr, 
lnitJlly nssumin); ~phc:-ic~ll ~cometril:~. thl! difiu~ion e~timJt~s were dbp<HJtc 
but in ll!'~uming cylindricJI ~et'>metry th!! csrim;Hes from diffcrerH 
comp.:~risons converge nnci the t'in~ll unc~rtninty in 0,•,•/ is I.!Stimntc.:d tn be 
Jbout 30%. .. 

Transport anulysis i~ used to rdJtC' thb t.'licctivc ditfusion CL..,dticil!t'\t to 
the in-!'itu Vl'lp<."'r phJsc difh.t::;il'm c0dt1dct1t of D111~- JxJO·.l 111~/ .... Thi~ \'JIU4.: 
i~ .:~bout .tO times ~rent~.·r :h.m cxpec:cd by :-impll;' thL•ory for powu~ mL•di.1 
diffu:-;ion. 13Jroml~tric pumpin~ :md the incrc;1scd pcrmc:~bility e1:' the frJcture 
rtctwork in the ltpper l;~yer~ of the tuff mOltt:riul ~urroun~in~ the dispL)~JI 
shait~ both .1ppcJr to b~: wntributin~ tn thl..' t..'nh.:mced ir.·!ooittt diift.t~ior.. TherL' 
are ~~:vcrol unccrt;:,in f.:1ctor~ it'\ the dcrivJtion of the it'lsttu diftusi0n 
codt'icient, which leJd~ tll t.11'\ e~titnilt~:d t.mccrtOiinty of .1bout ;o·~:. or more it'\ 
thi~ \'Jiut.:". 

!11 thl' iin~ll .lnJlys~:s, the time !'cJie iM rell.'J~c from th1.• di1-ipo~JI shJft, 

~. W;'ls seen to prO\:idc J ~ood mJtch to thL• field dJtJ when the ~Jme v;:,lu~ 
Wi:IS used for .:11! the ~hLltt~. lit'lcd or unlined. Thi~ implies thJt the t'H!\v~r 
lined shilfts do not contJir. tritum si~ntticJntly bcttl!r th'ln the L'ldcr unlit'lcd 
shi:ltts. Thb poit'\t !.-lhould be l'XJtT\inL'd it'\ ~ri.!Jtcr dctJii if it becom~::: .1n 
importnnt b~ue for dispo~JI LlperJtion!'. CampJrisot, or moJel rL'!'Uit~ tC.l 

mea~urements ot borehole core '''mple mtium rnt1bture wntL'l1t ittdic>1t~~ 
thtJ effective time ~cJ!c tor tritium rcle<t~e t'rom the w<~~te ~"~ucbt:c b .1bout 
1000 \'CJfS. 

· The cornp.uison~ ot field d;HJ \\'i~h Jl'\<tly·tic Jt'\d t'\ttmcric:.l ~L)Iutior.~ 
it'ldic<~tl' th.1t the ~ource tL'rrn geometry 1s not detf..'!:-mined by the k1CJlized 
point somcl~~ ~orrc~pondin~ to the tugl.!~t inventory d ispo~ill pnck:~~cs but 
r;,thL•r corre~ponds to J cylindricJ! ~eom•~try ~ourcc of thc dbpo~.:~l sh.-ttt. Thb 
implies thJt u:'ter rcl~:~~L' !rom the \\'J~tc p\lckilgc, thc tritium \'Jpor dWu~c~ 
within tht.! sh~ft rel;nively fJ~t compurL•d tt'l its ~lower diffusiL"~n from the sh.:lit 
.1nd through the !'urrounding- ~L:bsurf.1Cl! t1.1tt. DMJ ~uggl'::;ts thJt the \'i!por 
diffusion Codficiclit dc;:ri\'L'd Jt t'hb :-tUd\' IOCJtiOt'\ is likt.:i\1 tO bl! " IT\;'IXili\Un'\ 
\'.:lluc, but within J twctor or' two. of J mcJn '.'JIL!e JCro!'; At'CJ G. AnJIVSl!S 
nlso ::il.l,l.';t;est thi:lt the diffusion coefficient below 60' is smnllcr by nbout n f;~tor 
of.+, th~n the \'Jluc from thi~ ~tud\', D,·if = Z5:: 5 m~/tn·. .. .. . 
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Bcc;:tusc the in-~itu difft.tsion is si~nificJntly cnh.:mcl?d nbm·c th~ 
cln~sicJJ vnpor diffusion, the diffusion codficicnt d~rivcd in this studv is 
considered to be .:1pplic;."'blt.! to lHhcr ~Lis nr \':~por species of intl!r~st in· thl;! 
Jssessmcnt or th~ pcrform:~ncc of the dispos.:~l unit::; i:tt Arc\l G. The diffusion 
voluc d!.!rivcd Lit this pJrtic~dJr locnti011 b likely to bl! cot1scr\'<'ltivc Jnd over 
~stimJtc the JverJgt! .:lt AreJ G, but is likely to b\;! withit1 o fnctor of two. 

Nomencl~ture 

o(.rt· effective ditfusion co~tfidct1t (\'ii1 i1ll diffusion mcchnnisms) it1 the 
,JJ 

trilnsport cqu::~tion for the liquid phase ~oncentrntion of tritium, CH.>· 

t1omcncl.:'1ture tnble pendin~ referee r~.?quiremcnts 
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TJ.blc l. Tritium inventory J.nd disposal dJ.t.l ·input for 3-D numcrict1l model 7 

shMt ID H3 source I ycJr disposed j depth (cst,ttl ~t tyrs) l 
(105 Cil 

I I I I 
sh;,.ft 154 l.::! 1'~5 t'U y 

U.i I ·so 13~ :..; 

1.3 l'~i !13 li 
I I I 

ShJft 150 U.3 , .... -
I I I6U 117 

U.4 1'7~ l·l5 16 
U.b 1'-1.1 I, 3ti , ~ 

I:' 

0.3 !'SO 
.,~ 

-" 14 

I 
shaH 151 1 o.3 I·:-;:. I t"IO I 1~ 

' ·- I~ 

: 17 

1. ~t b year~ from di~pos;,l to 1994 (thl.! yl'<:~r nl the tield flux ml'ilsurem~nt~) 

T:~blc 11. Point sourcc otpproxim;,.tions for spheric:~ I gcomctry. 

parJ.mctcr I sh•ltt 1S-t I .;hJtt 151 sh.:ttt 150 

I I I 
r..~ .ft. l I .. ., <- ...... (1, ) , .:J- - ,..-..;) 1U "" 119 (= 5i':t..) :'\ I :: (;: 11':;,) :l 

Qt'ff ·l't- 135 I ., --=' 35 

~t.," -vr· I.~ I~ 15 

L ... ft·: 11:..4 j13.: I ~.3 

1. Ll! •tt- u\'L'ra~e L)t :'iL"Ic! nbsl'rV<~tions J~ dbcus~ed in tl'Xt. 
1. L.-ft· computed tram L~ Jnd ddt•ls di~cussed i1'\ tl.!xt 

I Jvcra~cs 
I 
I "'-- ( 1 Sll') ' .,., ·' = "' '" .. 
I 

10.6 <= 36'~:.) 3 

3. All errors 11rc t!xpresscd ;:}:-,:(the sJmplt.! ~t<:~ndJrd d~\'i.,tion divided b:· the 
:-~mplL' me;,n) 
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Fi~;. 6A (Top) Tritium :.-;urfnce efflux (d.:~t~ from Rd. i') ,md monthly menn 
tempcrJturc shown vcr~cs month oi the year. 

Fig. 6B (Bottom) Linenr corrc!Jtion of monthly t·ritum flux with tcmpcrnturc 
for nil points ilnd for poi1,ts with on~.: 'out-lier' omitted. 
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Fig. 7 Tritium in monthly il-..tcbr:~l <"~ir ~ilmplcs .:ollcctl'd <lt two Jdj~ccnt 
loc.:~tions within Arcn G from lntc 19S4 to 199Z. 
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Fig. 11 Volut:'\e rende:ing of the c:ompu:~tional results fo:: :n~u:n 
concenttatio:-.. The top figu:e show=- :esults or. the surface of the ~nti:e 
co::nput~tional volume while the lowe:: fisurr:s show only contours or 
progressively greate: concentr4'rions, i."''dicating the geo::neer:· of th~ dlspos.:~l 
shaft ~nd. w~ste packase sou!'ces. 
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Fig. 12 Cump.uisun uf tritium ftllllllllrS Ctiiii!Jilll'J ·'' lht• gromrtl surr.t(l~ fur tlm·c \',liiii.'S ur till' tliUusiun 
wdfi.:it·ut, IJc]J == .'ill ftlfyr, IIHI Jtlfyr anti Z.'ill Jtlf..IJr. Tht• nmluurs show tusW of 1/rt• tritium nmcmlmli,,u ,UJtl 
imlit-.th.· the .trt.',l where the plume falls lu b.rd:gmurulle\'1'15. The st>luliun an·.1 ~lunvn is(,()()' (x) b)' 800' (y). 
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Fig. 13 Contour results of tritium flux in the \'icinity or the high level tritium 
dispos<tl shnits. l=iel~ results i:lre showt'\ on the site mnp, intct•polilt~d from 
sample dJtJ Jt the locntions shown it'l t=ig.2. The inset (left center) show$ the 
comput<~.tionJl results for th~: swmc nrcc1 from the 3-D model. The in~~t 
window i:lrea b (X,y) = 600' X 800', <~pproximatl!\y tht.! ::t<~.me urea ilS the d.:tshed 
re~ion on the mJp. The contour levels in each pll.1t arc rdt:~ti\·c und not 
qu~ntitiltivcly compJ!'nblc between the field .:tnd the ..:amputation~! plots. 
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Fi~. 14 Numcric~tl !--Oiutimb to ~he 1·D difh.t~ion problem in ~phcric<tl 
gcoml.'try compJrcs .sph~ricJI ~olutions ior two \'~lues or the d iffu~ion 
cotdficit.mt, D :.: 100 f:~/:tr, <tnd D == 200 ft2fyr, expected to bound th~ field 
results. 
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Fi);. 15 ~urneric"l ~olution:' to th~..· 1-D diffu!'ion probll~m in sph~ric.1l .1nd in 
cylindric~l geometry compare~ the ~phcr1c<tl .:md the cylindrical ~L'C'mctry 
cast:~ for the diffu~ion codficicnt, D = 150 ft2l}tr, expected to closely mi:ltch the 
field re:ou l t!'i. 
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