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SL\IULATIONS OF GROtn\"D\VATER FLO\V A..'\'rf> 
RADIONUCLIDE TRA.~.~SPORT IN THE VADOSE.~'\'D 

SATURATED ZOI\~ BENEATH AREA G .. 
LOS~~~OSNATIONALL~~ORATORY 

by 

Kay H. BirdselL Kathleen 1\-L Bower .. 
Andre'v V. \Volfsberg .. \Vendy E.. Son .. 

TeiTY A. Cherry. and Tade \V. Orr 

ABSTRACT 

Xumerical simulations are used to predict the migr:1tion of ractionuclicic:s from the 
dis~ unit.~ at Material Disposal Are:l G through the vadose zone and into the 
main ~uifer in support of :t radiologic:U perfonnance :\..<tsessment and composite 
analysis for the site. The calculations are performed with the finite element code. 
F'EfL\1. The rr.msport of nuclides through the vadose zone is comptned ~ing a 
three-dimensional model that describes the complex mesa top geology of the site. 
The model incorporates the positions and inventories of thirty-four disposal pits 
and four sh:1ft fields loe:1ted 01t Area G as well as those of proposed furun: pit.<> and 
shafts. Only three nuclides. C-14. Te-99. and 1-1~. proved to be of concern for the 
groundwater pathway over a 10.000-year period. The spatial and tempor.U t1ux of 
these three nuclides from the vadose zone is !ipplied a.<; a source term for the 
thro:-dimensional saturated zone model of the O'l!lin aquifer that underlies the site. 
The movement of these nuclides in the :~qui fer to a.downstrc:Un location isc:Uculatecl 
and aquifer concentr:ltions are converted to doses. Doses related to aquifer 
concentr.ttions are six or more orders of magnitude lower than allowable Department 
of Energy performance objectives for low-level T:ldioactive waste sites. 

Numerical studies were used to better understand vadose-zone flow through the dry 
mesa-top environment at Area G. These studies helped define the final model used 
to model flow and tr.msport through the vadose zone. The study of tt:msient 
percolation indicates that a steady flow vadose-zone model is adequate for computing 
conuminant flu:~ to the aquifer. The fr:lcturc t1ow studies and the investigation of 
the effect of ba.'\alt and pumice properties helped us define appropri:ne hydrologic 
propenies for the modeling. Finally. the evaporation study helped to justify low 
infiltr.ltion rates. 
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1 INTRODUCfiON 

TrJnsport calculanons :m: used to predict the long-tenn migration rates of w~ter-soluble r:ldionuclide; 
and nonrndiological constituents at Materi:ll Disposal .Area G (MDA G) at Los Alamos ~:stion=U 
l..;tbol':ltory (LA.\. 'L) to the main :~qui fer that under! ies the site. The calcul:ltions support a l"::diologic.al 
performa~ce a..'isessment (PA) :tnd composite analysis (CA) for thi!' low-level radioactive solid 
wa.'\te (LLW) site (Hollis et al.. 1997) a.~ well a.'> a site assessment of metals migration. The PA 
considers tho~ wa:;tes buried since September 1988. and those projected co be buried through 
facility closure. which is projected to be in :!044. TheCA considers all r.tdioactive \lla ... •tes buried at 
the site since it..; inception in 1957 through faci !icy closure. The: distinction of th~ w:tstes is driven 
by regulatory considerJtions as describc:d in the fonncl Are:.t G PAJCA (Hollis et al.. 1997). The 
calculations span a lO,OOO·ycar time period in order to prcd.lct transport to the .aquifer for the 
required 1,000-year compliance period along v.ith a 10,000-ye.ar unccr..ainty period. \Vc ~ne 
the flow behavtor of the site in order to predict radionuclidc: migration from the site: through the 
vadoseorunsarurated zone .:md into the main :Jquiferth::tt undcrlies:\.rc;t G. All C:llcu.lations presented 
in this report arc run with the tinitc element code ~1 (Z=:-'Voloski. 1995). which simulates fluid 
flow. hc:<~.t transport. and conummant transport through porous and fractured media. 

Before th~ vadose-zone c~lculations are performed, we study some of the factors that complicate 
the prediction of flow and tr.msport in the vado~ zone (Seetion .:!..0 of this report). These factors 
include ( 1) uncert:.Unties in hydrologic propenies for the deeper vadose·zone Ul'lit.'> (Section 2.1). 
(~) the effect~ of transient percolation through the m~ top. including the disposal pit-; (Section 
1.:!). (3) the effecL" of intiltr.ttion into fractur~ (Section ~3). and (~) the effect.; of ev:tporation 
from the mes;t side~. fr.Jcturcs and surge: bc:cl-. (Section :!A). These studies helped to determine 
(1) the hydrologic properties that are used for the final vadose-zone tlow and t:r:ln!--portcalculations. 
(:!)that a steady-flow model is adequate to perform the PNCAsimulations. (3) that tr.lnsport through 
fr.~ctures ha.o;;a minimal effect on the calculation of flux to the satur.tredzone. and (4) th:ttevapomtive 
effect<; ~n rea..;;onJbly account for the low moisture content observed in the mes:s-top unit.;; at the 
site andjusnfy ;1 small infiltration value. These results support the subsequent a..·•;sumptions u..-.ed for 
predictions of flow and t::r.msport of l':ldionuchdes through the \"3dose zone. 

The transport calculations are performed in two part<;. Tn Section 3. we compute the transport of 
nuclides and nonr.tdiological metals through the vadose zone using a three-dimensional model that 
describes the: complex mes:Hop geology of the site. Infiltr:ltion is assumed to be ste:ldy. although 
the mesa top and two canyons that border Arc:!. G receive different infiltr.stion r.lies. R(:S.Ults. for a 
ba.~-c.ase flow tield are compared to those for some variations on tht flow tield as pan of :m 
uncertainty analysis. The model incorpor.lto the position and inventories of nuclides from the 
thirty-four disposal pits :utd four shaft field..<; already located at Are:l G along with those of four 
future pit" and another shaft field. Two pathways are considered. One is downward migr.uion through 
the vadose zone to the aquifer. The other is loltC'T:Il mi£r.ltion to the me:;.a sides.. deposttion in~ the 
nearby canyon. and subsequent migrn.uon throu~ the vadose zone to the aquiier. In these simulation.' 
only three nuclides. C-I 4. I-119. and Tc. l'e:'1Ch the water table by either of the two pathways during 
the 10.000-yc;.rr period considered in this study. These nuclides are nonsorbing. The remainder of 
the nuclides have distribution coefficients that retard thcir mig;r':ltion ~that they n:m:Un within the 
vadose zone for a period grc<ltcr than 10.000 years. Time and spati=Uly dependent result.;; for the 
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tlux of the three nuchdes from the v:1dose zone feed the saturated-zone model. The transport of 
non~oactive metals is calculated through a series of generic sirnul:uions that are used to determine 
the th~hold sorption coefficients that result in breakthrough to the water table. 

In Sc:ction 4. the continued migration of nuclides into the main aquifer is calculatc:d again using a 
threeoodimc:nsiona.l .. steady-flow model. This model has a simple contiguration but mainuins the 
spatial :md. tempor:U distribution of nuclide t1u.<t from the vadose zone. Preliminary results for the 
PA:md CAdose assessments :1re made. Simulated doses rel:Jtc:d to 3quiferconcentrations are several 
orders of magnitude smaller than DOE perfonn:mce objectives for LLW siteS. In Section 5, we 
discuss the uncertainties :lSsociatc:d with the predictions presented in this repon. Finally. tl1e 
conclusions are surnm:ltized in Section 6. 

2 STUDIES OF SPECIFIC FLOW PROCESSES 

:..t ADDmON OF DEEPER VADOSE·ZOJ.\'E UNITS 

2.1.1 Introduction and Problem Description 

This introd.uction sumJTlOlrizcs a previous work (Birdsell et al.. 1995) in order to explain the need 
for adding detail to the model or the deep. vadose-zone hydrologic uruts. To choose appropriate 
infiltration rates for ArCl G .. simulated satut:ltion profiles for a number of different infiltrJ.tion rates 
were comp~d to site ticld d.at3. The study used a two-dimensional cross section defined by Krier 
(Krier c:t aL. 1996) as. shown in Figure ~ 1-1. We assumed steady infiltration along the mesa top. 
~ver:U infiitration rates were 3pplicd uniformly over the top of the mesa as shown in 
Fi~ 1.1-1: 1.0 cmlyr. 0.1 cmi-:T. 0.01 em/yr. 0.001 em/yr. and 0.0 ern/yr. 
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ssoo- Cerro Toledo Otowi Mbr. . j c 

Figure. 2.1-1. Cross section of western MDA 0 (based on Krier et 
al .• 1996) used for the two-dimensional simul:ttions. 

Evapor.~.tion :tnd runoff from the mesa top were indirectly :tccountcd for in the assumed low 
infiltr'!ltion r:ltes th:lt are much lower than the average prccipimtion mte me3.Sured at MDA G. 
35.6 cmlyr (Bowen. 1990). Mean hydrologic properties (Krier et. al. 199S) were OlSSigned from 
Units 2 down through the Otowi Member. These properties are shown in Section 2.1.2. Originally .. 
hydrologic properties for the Otowi Member were a.~signed totheGuaje Pumice. theCerrosdel Rio 
ba.~lts. and the Puye C~>nglomer:lte becOJuse no infol'lll:ltion W:lS av:Ulable for those units. 

Figure 2.1-2 shows COJ!culated steady-state saturation profiles at the center of the mesa for the tive 
infiltration r:1tes discussed above. The measured in .~itu saturation ebb ;m: also shown. The simulation 
results are compared to saturation data from Unit~ down through the Otowi Member. Here we see 
that the shape of the curves mimic the shape of the data (e.g.. saturations decrease from Unit:! to 
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Unit 1 v-u and then incrc:lSC again in Unit 1 v-c. etc.). However. no single infiltration r:1.te fits through 
the entire set of s.atur:ltion datl. Results. for the lowest infiltration r:1.tes (0.00 1 and 0.0 cmlyr) most 
closely match lhesite s:1tur:ltion data in Units 2 and 1 v-u. the two mesa-top units. Higher infiltration 
r:l.tes (0.1 and 0.01 cmlyr) are needed to match the s:lturation data from Units lv-c and I g. and an 
even higher r:~.te ( -1 cm/yr) is needed to match the data in the Cerro Toledo and Otowi Member. 

. . 
• . U11112 

0111111 

0 1),0$ 0.1 0.15 o.: o.:s 0.3 0.35 0.4 

Salunatlon 

•• .... , Crn/yt 

-0.1cm1yr 

---o cmJyr 

Figure 2.1-2. Comparison of site data (gr.1y boxes) to calculated steady-state 
saturotion profiles for several infiltration rates. Calculated profiles 
are located at the center of the cross section. 

In the current study. we build upon the previous study by assigning hydrologic properties to the 
three deepest vadose-zone units. the Guaje Pumice. the Cerros del Rio Basalt. and the Puye 
Conglomer:ue. to test the effect of the add:tion of th~ layers on flow (specific!llly. its effect on the 
calculated saturation in the Otowi Member) and on transport at the site. This addition was suggested 
by a Department of Energy (DOE) Peer Review Committee (Hollis et al •• 1997) :llter reviewing a 
previous dr:Ut or the PA. 

2.1..2 Hydrologic Properties and Their Effect..; 

As mentioned :1bove. the me:m hydrologic properties supplied by Krier et al. (1996) are used for 
Units Z down through the Otowi Member. Unsarurated hydrologic parameters for a single core of 
Guaje pumice were mcasurc:d and added to the model. These properties. as well as those used for 
the deeper uni~ arc givCl in T.able 2.1·1. In addition. estimates. of in. situ saturation in the Guaje 
Pumice bed are now av:libble. Gravimetric moisture measured for samples from the Gauje Pumice 
bed in wdls 54-lOtS and 54-1016 (Krier. personal communication. 1996) ronge from 13.7% to 
28..3%. Using ·a bulk density and porosity measured on a different sample (Sprin~cr. personal 
comm:.mication .. l996). this converts to satur:l.tions ranging from 0.17 to 0.34. 
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Tabl~ 2.1-1. Hydrol01:ic properties 

Unit K.~t{an/Oii) porMity van Gcnuc:hten 

8,.. Cl (c:m•1). D 

Unit 1 01 4.17x 1~ 0.481 0.013. 0.0060. 1.890 

Unit 1v-u3 1.48 X 1 0-' 0.517 0.001. 0.0030. i .93~ 

Unit 1v~ 1.67x JC>-l 0.509 0.009 0.0033.1.~7 

Unit 1~ l.SS X J{)-4 0.480 0.006. 0.0053. 1.745 

Cerro Toledo3 8.65 X ]()'4 0.4i3 o.oos. 0.0152. 1.506 

Otowi M em be'J"l 1.49 X 104 0.435 0.01SS.O.OOS9.1.713 

Cruaje Pwn!ceb l.Sx lo-' 0.667 0.0. 0.00081.4.02~ 

Puye Fomutio:sd.~ 4.6 X ]1)-3 0.:!5 o.o..;s. o. t.:s. 268 

Cerros del Rio basaltsc 9.7xJQ-5 0.::28 0.015. 0.0384. 1.474 

(matrix only) --...... ---
Cerros dc:l Rio ba.~t.~ 9.ix 10'~ lx 104 6.6x 1~. 0.03S4. 1.47~ 

(fracture: properties) 9.7 X~~ 1 X 104 3.0x lQ-6,0.0384.1.474 

( equiv:tlent continuum) 

3~1e:m values from Krier et. :11. 1996. bE. Springer (personal communic:ltion. 1996). 
!:Bishop (1991 ), d?unymun (19~). c:carse1 and Pmish (1988). 

Very linle hydrologic data areava.ilablefortheCerrosdel Rio Basaltsorforthe Puye Conglomerate. 
Samples collected from the ba.~ts display wide v!lriability (Turin. 1995) r:mging from extremely 
dense with no apparent porosity. to hiS}1\y fr.lCtUred. to vesicular so a.~ to appe:1rfo:uny. This \13ri3bility 
leads to large uncertainty in calculating flow and tr.msport through this unit bec:lu.sc. without further 
char.tctcriz:ttion. we cannot predict whether the hydrologic properties of the ma.aix orofthe ft':)ctun:s 
control water flow in this unit. 

Our method for modeling the b:s..~lt h:ts evolved :15 our understanding of the system sensitivity to 
this unit's properties has inaea.~d. Originally. the ba.omlt W:lS modeled as an int:u:t matrix material 
with properties based on analysis of a vesicular basalt located beneath Icbho National Engineering 
Laboratory (Bishop. 1991) (Table ~~-1. marrix only). The air entry pres.'\utc. 1/a. for the matrix 
basalt material is significantly gr~ter than for the overlying pumice in our study. Also, the satur:lted 
hydraulic conductivity is slightly lower. These two factors le:td to significant later:tl flow in the 
overlying pumice bed that yields high pumice saturations and in~~d s;1tur:ttion in the Otowi 
Member as shown in Figure :.1·3. The saturation in the Guaje Pumice bed re:1ches a value of 0.8, 
which is significantly higher th:m the claw suggest. 
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Figu.,ooe 2.1-3. Comparison of site data (gr.1y box.es) to calculated steady-state 
saturation profiles at 1 mm/yr using various hydrologic properties 
for the Guaje Pumice and the Cerros del Rio Basalts. Calculated 
profiles are located at the .:enter of the cross section. 

In the two-dimensional cross section (Fisure 2.1-1). the water flows downdip through the pumice 
bed until i.t encounters water entering from Pajarito Canyon where it is diverted vertically. The 
position of this. diversion is highly sensitive to the infiltration rates through the mesa top and in the 
two canyons. Figure ~l-4 shows results for pnrticle tr:lcking calculations pcrfonned on the 
two-dimension::ll cross section. In Figure 2.l-4(a). particles rele:JSed from the center of the mesa 
tr.1vel vertic:llly to the Gu:1je Pumice. then downdip l:uerally in the pumice bed. Their later:ll 
movement ceases.. and they move vertically again when they encounter the effects of flow coming 
in from Pajarito Omyon. This- is dcmonstr:ltcd in Figure 2.1-4(b) where particles are released in 
Pajarito C:lnyon as well as from the mesa top using the same tlow field. The particles from the 
canyon tr.lvel vc:rtic:ally and laterally to the loc:ltion where the mcs:t top particles stop traveling 
later:Uly. thus indicating the divide for the water coming from the two source locations. All of the 
particlc:s are forced downward at the location where the mesa top and canyon flow fields merge. 
The no-tlow side bound:lry pl:1ys an important role in this result. Figure 2.l-4(c). to be discussed 
later. shows the effects on pOlrtic:le transport when the fracture penneability of the b3S3lts is incn::tSed. 
In the three-dimension:U model of the site. the pumice bed dips toward the southwest. Simulated 
flow nms laterally tow:trd the southwest end of the: grid where it is divened downward along the 
no-flow western bound;uy. This is demonstrated with the plume shown in Figure ::!~1.-S(a). 
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Because the lareral tlow in b1.1rh the:: two· ~nJ rhrc::e·drmensional simul~tions is so strongly conrrolh:d 
by the no-tlow side boundary conditions. the behavior is considered to be unsatisfa-=tory. Our 
uncertainty about the tlow ticld in these two layers prompted a sensitivity study performed by Soli 
(Bird,ell et al., l99i. Appendix :\.J. The srudy consrderc:d a three-layered ~ystem con.'isting of the 
Otowi Member. the Guaje Pumice. and the Cerros del Rio Basalt Variou..-. system char:lctc:ristics 
were varied. such as the thickness. slope. and hydr:tulic conducti"ity of the pumice bc:d and the 
hydraulic conductivity of the: ba..-;alt layer to detennine which factors mo~t strongly affect lateral 
tlow in the: pumice bed. The simul:stions show that the basalt.::onductivity ha-' the strongest int1uence 
on later.tl t1ow. With the matrix properties shown in Table:!.:!· t. the ba.~lt act..; :1.' a barrier. thus 
diverting tlow laterally in the overlying pumice bed. By incrca.,ing the ba...;;1lt conductwity or adding 
fracture characteristics. t1uid can more readily enrer the bas::tlt. thus rr..inimizing the diversion. 
Sensitivities to the thickness. slope. and conductivity of the pumice layer v.ere secondary. 

\Ve expec: :h:.tr dense. uniracrured ba.~alt ~ct.' as a bamer that promotes laterJ.I tlow in the putruce 
bed in some pbcc:s. although ir::~ctured basalt act' a.' a condutt for fast vertical t1ow in othe:'$, but 
the spati:.tl distribution of b:J...-.alt propertte.. at this sire 1s unJ .. :nown. There is probably some: later:l.l 
tr . .msport in the Gua.Je Pumice bed with a corr~ponding incre.:tsc: in the ~tur:ttion of the overl~ing 
Otowi ~!ember. However. this is a conceptualization and cannot be quantified '"'ith available data. 
Therefore. \lie have chosen to ::l~sign equiva.l~t continuum properties th:lt are dominated by fr:~crure 
tlow ro the basalt. This mod.ifiC.Jtion lead' ro fast trJ.vel times through the basalt J...,d eliminates 
la:eral t1ow in the pumice ta:er, thus resultmg in conservative transport results. Howe-.·er. as sho\1o11 
in Figure :.l-3. this also yields pumtce saturations that are lower than the meas.ured value;. and 
decre:l.Se~ the calculated ~tur:ttion in the Otowi ~lembc:r. The matrix only ;:md equivalent .::ontinuum 
curves shown in Figure ~.l-3 represent the end members for t1ow regimes in these deeper unit-.: the 
ba..~o.lt acting a..~ a barrit:r to tlow and the ba.~lt acting a..; J. conduit Bec::mse the pumice s.atuT:l.tion 
lic:s bet\veen :hese t\vo end members. our hypothesi~ thJ.t the bc:hJ.vror of the ba.>\.alt lies bcnr,.·een 
these two extremes is supported. 
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Figure ~.1-t Simulated solute pathways for tht: two-dimensional cross section 
shown in Figure!. I -1. (a} particle release only at mesa top. matrix
type: ba..-;a.It propc=rtit:s. (b) particle release at mesa top and canyon 
t1oor. matrix-type ba..-;alt properties, (c) particle release at mesa top, 
fracture-type basalt properties. 
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Figure :!.1-S. Conurrunant plume (a) with and {b) without later:U flew alor.g the Guaje Pumice 
Bed. 

ll 

..... 

-.. . 



In order to obtain the fuse basalt travel ttmes. we conservatively treat the basalts as a system dominated 
by vertic;tl frncture t1ow. This is done: by modeling the basalt as an equivalent..continuum medium. 
(Table :!.2~1. ~quival~nt continuum) made up of both frnctures and matrix material (Klavetter and 
Peters~ 19S6). ~l'atrix properties are derived from the: analogue basalts in [daho (Bishop. 1991). 
Fr:lcture properties are chosen so that no lateml diversion occurs at the: top of the .basalts, even if the 
t1ow exceeds the matri.'<. sawrated hycir'Julic conductivity. Then. because it is not known under 
which conditions fracture tlow actually initiates. matrix and fracture porosity are set equ:tl to the 
frncrure volume frnction. LO""'. to ensure rnpid tr:tnsport of one co tive years through this unit. henl!e 
forgoing any retardation due to matrix !low or sorption. This treatment of cronsport through the 
b:lS;llt yields a conservative PA result (e.g .• faster groundwater trJ.vel times and higher peak doses 
than actually expected). The b:l!lalts are also assumed to be nonsorbing, consistent with the assumption 
of l.lpid transport through thi:; unit. Figures 2.l-4.(c) and 2.l-S.(b) respectively show the resulting 
two--dimensional particle tracking pro tile and a three-dimensional plume using these modified basalt 
properties. Figure :. L-6 shows tlux-versus-rime curves ar the W:lter table for the two plumes in 
Figure 2.l-5. The dose assessment considers saturated-zone concentrations at a location lOO meters 
down graC.:cnt from the Are:a G fence: line, as is discussed further in Section 4.3.3. That location is 
c::lSt of Area G. As shown in Figure 2.L-5~ the plume that trJ.vels downward lies closer to the eastern 
end of Area G. This plume would reach the monitoring point more quickly and undergo less dilution 
:md dispersion than the plume that flows laterally toward the west along the unsaturnted pumice 
bed. The use of the cqui valenc-contin uum basalt properties is therefore a good approach for handling 
the uncertainty associated with this unit':) properties. 

Adding additional conserv:1tism to the mo..lel, the porosity of 104 may be up to two orders of 
magnitude lower than the fracture porosity of the Cerros del Rio basalts (Rogers. personal 
communication. 1996). leading to simulated ground water travel times up to 100 times faster than 
might ac~lly occur in this unit With better cha.rJCterization of the Cerros del Rio basalts, less
conservative travel times could be simulated in which solute retarding processes of matrix flow and 
transport. diffusion from fr:~.crures to matrix material. and lateral diversion at the pumice/basalt 
interface :trC incorporntcd in the model. 
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Figure ~.1·6. Flux-versu.10-time curves at the warertt~ble forthe plumes shown 
in Figure~ 1-5. The equivalent continuum ba.o;alt properties yield 
more conservative tr.msport resuJtc;. 

Although hydrologic properties for the Puye Conglomer.ue are unJ...-nown. we e.:~pcct flow throu~ 
this unit t() be similar to that through coarse sand. Therefore. we estimate properties thatle;sd to a 
conservative (faster than expected) travel time through the Puye Conglomerate that is not virtuclly 
instantaneous. as it is in the basalts. The layer is modeled a.'\ a coarse sand (Carse! and Parrish. 
19SS) wit, the porosity reduced by 60% (from 0..+3 to 0.~) to account for cobbles and £J.!Vel that 
reduce the: available pore space. 

2.2 EFFECTS OF TRANSIE\T PERCOLATION 

The near-:~urface moisture balance in the mesa tops on the Pajarito Plateau is controlled by alternating 
periods of episodic intiltr:ttion and normal drying cycles (Rogers et al .• 1997, Turin et al •• 1995). 
Results presented by Springer (1996) indicate that such episodic events I~d to tr:tl'lSient percolation 
r.1tes through the disposal pits at Area G. In this section. the system response to transient flow is 
estimated by applying tr.lnsicnt percolation rates to the pit-; as well J.<\ to the undisturbed. upper 
surface of the mesa. The effects of the transic:nto;; on the saturation distribution throughout the mesa 
and on rJdionucJide transport to the ba.~ of the Otowi Member are e:~amined with these simul~ons. 
The value of such calculations is ro evalua:e the efficacy of the steady-state assumption ag:Unst the 
tr.msient conditions. Namely. these c:1lculations serve to investigate: whether the steady-flow 
approximation conservatively predicts conUJ.minant tr.J.nsport rates even though moisture actually 
enters the system episodically. 
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An .assumption of this study is that if tluctu:ttions in flow arc damped at depth and if cumulative 
contaminant flu.'t for thetr:lnsient runs is similar to that for the steady-tlow run. then the subsequent 
dose calc:ulatcd from the tr.msic:nt tlow .and steady-flow simulations will be similar. The purpose is 
toderenrune whether the tr:msient and steady results .are essentially the same. If the results prove to 
be similar. then stcldy-tlow simulations can be run :o address compliance issues. Use of a steady 
flow field for these simulations i.o;. dcsit:1ble bec:1use the time step size for the tr:J.nsient-flow runs is 
limi:ed by the yearly or possibly daily tluctuations in the flow field. This time step limitation makes 
the tr.Ulsient tlow runs far more computationally intensive than the steady-flow runs. As a result. it 
would prove difficult to complete the entire suite of simulations required for the Area G PAusing 
tr:msient flow fields. 

Z.Z..l Modclin'-tApproach 

In order tO study the effects of tr:msient percolation on flow and tr:mspoat at Are:. G. a number of 
tr.msic:nt-tlow s:imulations:m: run. and the results are compared to those for a st~dy-flow simulation 
th:lt uses the avcr.1ge percolation r.ue. Moisture profiles at various depths and solute transport r.s.tes 
:1te compared. c .. 14 is one of the l~test moving nuclides because it is nonsorbing. Cumulative 
breakthrough to the Ou:1je Pumice for this nuclide under steady- and tr::msient-flow conditions is 
c:llcularcd. The simulations are performed for 5000 years. which proved to be a long enough time 
period for saturations to dampen at depth and for the cumulative breakthrough curves to level out. 

The compumtional grid for these studies is also based on the north-south. two-dimensional cross 
section ofKrieret al. (1996) sho'""-n in Figure 2.1·1. This study also uses the hydrologic propenies 
shown in Table 2.1·1 with the ""m:laix only .. properties for the Cerros dcl.Rjo Basalts. The c:tlculations 
were performed before the dtoice of the equivalent continuum basalt properties for the final vadose
zone flow model .. as described in Section :!.1.2. However. the basalt properties :u-e not of great 
import!mce hen: bec:luse the an:tlysis is based on breakthrough at the top of the Guaje Pumice bed. 
The extensive lateral flow in the pumice layer that occurs for the gi vcn pumice :md basalt properties. 
compli<:?tes the interpretation ofbreak'through to the deeper layers or to the watcruble. If cont:Uninant 
t1uxcs compare well at this horizon. they should compare well at deeper horizons~ 

In this study. it is assumed that fr.u:rure flow is not induced. even during high flow years. bec:.tuse 
sustained high flow rates would' be required to increase the very low sarut:1tions at the site to near
s:nurntec1 conditions.. Therefore.. fr.lCtUrc properties are not considered. Orr bas further studied this 
issue through some one-dimensional modeling (Birdsell et al., 1997. Appendix B). The study looks 
at ste:ldy and t.r:~ru~ient flow through this S!lmC system using ad~ permeability approach (Zyvoloski. 
1995) that accounts for fractures in the two upper units (Unit 2 and Unit 1 v-u). With these studies. 
we find :h:lt groundwater travel timi!:S to the top of the basalt layer· through the ft:K:turcd system do 
not vary by more than 100 years from the unfractured system. even when applying transient 
infiltt:ltion r.1tes. Therefore. the two-dimensional calculations are performed with matrix-only 
properties. 
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Although the m:ttrix-only properties m~y sc:em to misrepresent the system and limit the study. 
many studies performed for the Yucca Moun rain Sire Char.tcteriz:ltion Project (Klavetter and P~ 
1984~ Wang and r\arisimhan, 1987~ Mont!I7..;Jr and \Vi ll'On, 1984) indicate that high threshold matrix 
saturation:• (often close to full s.atur:ttion) are required before the induCtton of fr.teture flow in 
volcanic tuffs. With in situ ~tur:ttions gene:~lly Jess than lQt;O in the upper two units of the mesa. 
which are the only highly fr:lctured tuff units. it seem.~ unlikely that tr.m~ient pulses would elevate 
matrix saturattons high enough to reach the threshold values. Also. simulation result.~ for flow in a 
single fr.tcture ind.ic:1te that extremely high tlow rates or ponded condition.-; arc required to sustain 
fr.tcture fl4:1W in the Bandelier Tuff (Soli and B1rd~ll. 1998). This study also concluded that water 
tlowi ng fmm unsatur.tted crushed tuff into f:.sctured tuff. as. is the o..-.e of water tlov.ing through the 
disposal Ul'lit'\, is unlikely tO induce fractu.rt: flow. 
The system sQ.rts with an ininal s;tturation d·.stribution that :-esults from long-term steady mfiltrat:ion 
at 1 mrn/yr applied uniformly over the top of the mesa. The simulation is then modified to include 
the tive di:;posal pit.~ shown in Figure ~-1. Tran.-.ient pcrcol:..tion. with an a"'erase of 5.5 rnrn/yr 
into thr: dispos.:tl unit.-;. :md an aver:1ge of 1 mmlyr O\'er the undlsturbcd mesa top. is applied to the 
previow; steady flow field. The ste::tdy runs use a flow field that has equilibrated with the 
S.S.mm/~T pit infiltration r.tte and the l.O..mmlyr infiltr:.ttion rate for the undisturbed mesa top. 

s-sw Pajarrto 
Canyon 
at 0.9 

s.aturatton 

lnfiltratton Region I average 5.5 mmtyr 

~ ~ y I I . average N·NE "' ,y.,.t 1mmtyr 

• .. 

"' 
canaca oor 

-· Suey. 
lntir..r.atJon 
@ ,Ommtyr 

Brea~o.1t~rou9h 
monttonng 
nori2on 

Figure ~ . .:!-1. Two-dimensional cross section U!'.ed fornumeriocalsimulations.. modified to 
indic:J.te five waste disposal pit.<;.. 
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The tr.lnSient realizations of percolation were determined by the water balance algorithm from the 
SPUR model (Wight and Skiles. 19Si). Precipitltion input used a stochastic we:at..,er generator 
with precipiction par:1meters derived from the Los .-\lamos gauge atTA-6 (just soL&til ofTA·S9). 
The average annU3l precipitltion at TA-6 is :lppro;otimately 457.1 mm (18 in.) as opposed to the 
355.6 mm (14 in.) average annual pn:cipit:ltion at Area G (Bowen. 1990). The: pit hud a depth of 
15.1 m (50 ft.). The upper 0.1 m was topsoil, and the remaining depth was crushed Bandelier Tuff. 
A plant rooting depth of 0.457 m ( lS in.) was assumed. The percolation response was estimated by 
p:rforming 100 simui:1tions that were 10.000 ye:trS long using the stochastic weather generator to 
pro'ide input.. More dd:tils on t.'le model and the par.uneters are available in Springer (1996). 

Exh realiz:ltion of pit percolation e:<:tends for 10.000 years and has an avcr:tge percolation r:~.te 
dose to S.S mm/yrwith most yc:u"S (:appro:timoarely 72% to 75~) having no net percolation. Maximum 
annu:ll percolation rat~ are ncar I 00 mmlyr. A yearly transient was applied to the upper surfaces of 
the pits. A similar tr:msient percolation r.ue. but of decreased magnitude to aver:1ge 1 mmlyr. was 
applied to the undisturbed mes:l-tOp intiltr.ltion regions. Only four of the one hundred realizations 
wercxtu:lllyrun: Cases l.Z.6. a."ld 17. Springersusgesl'.CdCasc:s 6 and 17. ~6 fuls ten consecutive 
years of nonzero flow. :1nd Clse 17 h:JS. the highest number of years with nonzero flow. Some 
statistics for these foW"c::lSeS are given in Table 2.2·1. The statistics apply for 5.000 years r"'.1thc:r 
than the full 10.000 ye:ll'S because that is the duration over which these transient studies were 
performed. 

Tr:msport p:ll"'.unc:tC'S. are required tor the calculations of C·l'* migt:~tion. Recent studies by Conca 
(1992) shO\Io· that the diffusion coefficient decre:lSCS with decreasing saturation. The diffusion 
coefficient wa.."i modeled in this fashion and decrc:1ses parabolically from 10'9 m'Z.fs at full moisture 
to to-IS m~/s at a moisture content of 0.00 1. The dispersivity is l m in the vc:rtiC!ll direction and 
0.1 m in the horizontal din:ction. 

::.22 Transiect Flow Result.-. 

Simu1~c:d saturations at four locations are e.umined for 3000 years in o:-dcr to understand the 
propag:1tion of t:ansicnt infiltr.ltion through the mesa. These locations represent (1) the top of 
Ur.it lv-u. (2) the top ofUnit 1 v~ (3) thetopofUnit lg. and (4) the base of the Otowi Member. as 
shO\\"n in Figure :!.1-L The time dependent saturation plots are given in Figure :!.2-2. 

Rcc:tll that for the transient calculations. t..,c: initial flow field is the result of a steady 1-mm/yr 
infiltr.Uion rate. At each hori2on. we can sec the SOlturation front (caused by the higher pit infiltr:ltion 
rate) arrive. Then: is sc:mer on the order of 200 years for the arrival time of this front :lt e:1ch 
horizon due to variations in the applied transient infilt:r:ltion r:~.te. Case 1 has :m aver:1ge infilt:r:ltion 
r:~.te ncar 10 mmlyr for-the first I 00 years. which is retlccted in the early arrival time of the satur:~.tion 
front at the various depths for this case:. Distinct tr.msient responses in saturation are seen for the 
thn:e more-shallow locations with fluctuations of less than 3%. However. these fluctuations are 
damped nc:arthe base of the Otowi Member. which is directly above our contunin:mt flux monitoring 
horizon. Once the initial front has arrived at each level. the mean satur-.ttion for each transient 
simul.3tion is very close to the mean for the steady simulation. The stC!ldy simulation has equilibrated 
with the pit infilt:r:ltion r:ttl: of S.S mm/yr. therefore. the arrival of the saturation from: is absent in 
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the: ste:tdy solution. A" shown in Tabh: 1.:!-1. Ca.~ 17 ha." the: highest average tlow (5.S 1 mmlyr). 
and C:tse :! has the lowest average 1low (5.:!7 mmlyr). This is ret1ected a." slightly higher and lower 
aver..age s:.tur..ations. respectively, as seen in Figure :!.:!-~. 

The percolation estimates used in these simulations are intentionally conservative (high). Actual 
pcrcolatiCin rJte~ are expected to be lower based on lower precipitation rntes and deeper rooting 
depths. Springer's ( 1996) b:L'\t::..ca.<;e pit percolation C:St1ma1e has evolved ;s..'\ more <fum have become: 
available. His current estimate of the mean pit percolation r<~te is 0.99 mmlyr b;s.sed on a 
1-m rooting depth.ln a previous study (Birdsell et al.. 19iJ5) the effectS of applying various single 
5-year pulses to various steady tlow fields were: examined for this same cross section. 1i1at study 
showed that wsth a lower background tlow rate (0.0 l mmJyr). damping of an increa..;ed tlow pulse 
( 10 rnrnlyr) occurred at higher elevmions w1thin the mes;t top than for the same pulse applied to a 
1-mm/yr steady t1ow field. This implies that tr..ansient pulses should dampen o.~t higher elevations 
for lower (more realistic) percolatton estim;~tes for the site. 

Tahlc U-1. St:Jti:o.tics of pit pcrcol:.tion o'\·cr the first $.0UU years u~d for 
transient simulat4an\o 

C:1wl Ca~e::!. Ca.'ie6 Case 17 

AVCI":If,!C pit 5A9 5.17 5.50 5.Sl 
percolation r.nc 
(mm/yr) 

Maximum pit 9Q,::!, x:u 90.8 105..+ 
percolation r:nc 
(:nm/yr) 

Percenta:,!e ofyt.•:u .. :!6 . .!~·~ 16.1"/o :!6.4% ., ... •O-' _, ..... /o 

with nonzero 
percolation 
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Figure 1.2-:::!... Variation in satur:~.:ion with time for the steady and four trJnsicnt simulations at 
various depths. 

lS 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

1 ... 3 Tr.msient Tr.msport Result' 

Figure ~.~-3 shows the source term for the t1ux of liqutd-phase C-14 from the ...,.-aste package to the 
disposal units. lr a-.sumes th:Jt the ste;tdy flow 1.1te of 4 mm/yr calcul~ted to be pa.~.;ing through the 
disposal unit (Springer. 1995) is also the percolation r.ste through the v.·aste p;~cbge (Void et :s.l.~ 

1996). \Vc: assume this is an adequate representation of the source for these c:llculations becau.~ the 
water veloxity through individual wa.'\te p3Cka£~ is unJ...-nown and expected to be highly variable. 
i'early th·: entire C-1~ inventory (99%) is relea.'i.Cd over an SO.yearperiod. If the: source tc:rm were 
recalculated to account for the higher percolation rate. this ma.'\s would be relea.~d over a shorter 
time fr.tme of approximately 60 years because the release is proportional to the r:ttio of the flow 
rates. In either c~se. most of the mass is rel~o;ed from the waste pacbges over:: time fr.une that is 
short compared to the simulation time. The 11ux of C- I-+ from the dispo~l unit.'\ (ptt") is dependent 
on the water velocity through the pits and i~ calculated self~onsistently with respect to the tr.msient 
infiltration in the simu!:.Hions. Solubility-limited species such as uranium may have signifiQntly 
higher fluxes from the wa.~tc: to the dispoS!ll unit when the water tlow rate is high. but these species 
have Jon£ tr.lve: t1mes (BJrd.;eJI et al.. 1995) compared to the 10,000-yr uncertainty period. 

-'-;..... 
~ 

1 oot•; c.. -- 1 o· H ~ • • --- 10·10~ -- 1 o·1:: ~ -... 1 o·l4 ~ c.. 
::""" 1 o·lfl ~ 

c-.. 1 o·l x ~ c... ... 1 o·!ll r --0 0.01 
::n 

C·14 Source Term 
... -........... · ...... .. 

0.1 1 1 0 10 0 
Time (yr) 

, , 
.... 

""' .., 
-. , . .., . .. ............... , 
"" ... 
.... 

• ..,J • • .; J 
1000 10000 

Figure :!..:!-3. Source term forthe C-14 dec;Iy chain based on a pit infilt:r..ttion r..tte of 
4 mmlyr. 

Figure 1.:!4 shows the C-14 cumulative breakthrough cuNes for the steady-tlow ca.~ and the four 
tr.tnsient·tlow ca.,.cs. These curv~ represent the total number of moles that have reached the Guaje 
Pumice (~oee Figure ~.~-1 ). There is some sc;mer in the arrival of mass ro the Guaje Pumice. but the 
curves convCTgc:. Table~.~-~ shows valuC"S for time of first arrival at the pumice layer (taken ;1..; 1 ~ 
of the toul moles at 5.000 years) and for the total moles to reach the pumice at 5.000 years. The 
earliest breakthrough occurs for the steady-flow simul::ttion because the flow field is in equilibrium 
with the higher pit intiltr.ttion t:lte. The first brea!..."through for Ca.o;e 1 precedes the other transient 
c~ses because it has a higher aver.tge flow rate forthe tirst 100 years. Tne greatest cumulative flu.x 
at 1.000 y~ is for the steady-flow case beQuse the tlow field has alre::~dy equilibrated with the 
higher pit percola6on rate. The cumul:ttive moles reaching L1e pumice layer at 5.000 years for the 
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I 
rr:msient simulations :gree within 3% ro that Qlculated for the steady-flow C:lSC, with the I 
steady-flow c::sse having the highest value. The ste.ady solution provides a conservative estimate for 
both the time of first arrival and for the: c:umulati ve bn:-Jkthrough. From a pe..-form:mce standpoint, 
all of the simulations behave similarly. and the over:lll agreement is considered to be very sood. I 

10~ g ' I ::::::' : ... : 
~ 

.; 

co 

J 
·= ..c 
'"" ~ 

·····Stoady .. 0 
::l::.~ !0~ -Cilse1 :CE 
:s~ -- ·C3SP2 j .cu -CiJ!;~~e 
II.)";;' -··C:lSO 17 
;...::~ :.I I ·=c 

..!:! lo' • t "'I 
::! . . ~ 

E • :I :: 
• ~ c • /1 • .. e 1 . • • I to• •· . I . . 

0 1000 ~000 3000 .:000 sooo 
Time (yr) 

Fisure 2.2--+. Cumulative bn:aJ...'through curve for C-14 to the Guaje Pumice for four t:ransient 
intiltration simulations and one steady intiltrJ.tion simulation. 

Table::..:..:. Comparhon of C·l-' arrival dmesand pe:ak 
concentnrions for the steadv and four tr:ulSJent flow simul:ltions. 

Cas~ First Arrival (Yr) Cumulative Moles to Pumice at 
s.oooyr 

Steadv liOO !W:$c:6 

Ca .. 'lel 9.;0 7.Sle6 
C3Se2 10~0 7.55c6 
Dse6 1000 i.R8e6 
C:~..o;e ti qso i.QQe6 
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SummaJ1' or Transient Result.;. 

In order to study the effect.-. of tr.ms1ent percolation on tlow and tr.1nsport at Area G. four tr:msient 
flow simulations :.re run. ~md the result' arc compared to those for a steady·tlow simul:ltion that 
uses the aver.tge percolation rate. Before performing these calculations on the two-<bmensional 
cross sections. a set of preliminary onc-ctimc:nsional calculations were performed toe.x:urunewhc:ther 
fr.Jcrures needed to be e.xplicitly accounted for. These preliminary calculations were performed 
using the dual permeability model that pennitc;different tluxes in the fracturesandtn!ltri:t. The dual 
permeability formulation is. also appropriate for these scoping C!llculations related to the effect of 
transient percoiation becau.'C it does not force capillary pressure equilibrium ~tween the matnx 
and fmcture materi:tl. The result'> of the$C dll:ll·permeabi lity. tro.nsient-flow scoping calculations 
show that flow and tr.mspor: in the upper lay~ of this system tend to rem:Un in the matrix material. 
These result.-. are. of course. strongly related to the choice of the fr:u:tu:re char.tetenstics. which are 
derived from the p:u-.1llel pl~te theory of fracture flow. Simulations of steady-state and tr..U'Isient 
percol~tion with and without the dual-perme.lbility. formulation all yielded osppro:Om!ltely the same 
tr.tvel times. 

The investigation oftransic:nt percolation tlu~ w01."' c:xtendc:d to the twcrdlm~ional eros:.; ~on. 
For these c:.~lculations. the matrix.. hydrologic properties were used. thereby neglecting rapid tr:l."lsport 
in fr.~crures. Moisture prori les at variou." depths are compared. The simulations show that tluctuations 
in infiltr'Jtion produce distinct responses in sarur.stion (Ieo-s than 3'ic) through Unit lg that dampen 
at the base of the Otowi :\lfember. Damping would presumably continue a." the water percolates 
through the deeper unitot. toward the water ~ble. 

Tr.1nsport of C-14 is modeled along with the transit:nt flow in the two-dimensional system. The 
ste:tdy·flow solution provides a conservative estimate for both the time of first arrival and for the 
cumulative brea.l.."through of the C-l·t From a performance standpoint. all of the simulations beh~ve 
similarly. and the overall agreement is considered ro be very good. The simulations are for a 
conscf\lative r.~dionuclide and are based on an osver-1ge perco!:1tion rote that is thought to be qu1te 
high for this site. Higher sorption coeftiCJents delay the arrival time of the contamin!lnt but yield 
results havingsimilarspre:ld in arrival time. Lower percolation r:nes are expected to produce result.~ 
with even bener agreement 

The one- :md two-dimensional modeling of tr..a.nsient :md steady state percolation with or without 
the dua.l permeability formulation support the U!;e of matnx properties and the steady· flow as.-.umption 
when calculating r.ld.ionuclide transpon at Area G. Howev~. the investigation of the role of fr.iCtures. 
was limited in scope ro a set of char.scteristic curves ba..;cd on the theoretical parallel plate fr:lcture 
model. We must point out that other than the deep ba.o;alt. only the upper two geologic umt--. Unit~ 
and Unit 1 v-u, are considered to be signitic:tntly fr.~ctured. The disposal pit.c; are e:~ovared through 
Unit 2~ therefore. w:tste can onlv re:tllv travel in fractures throuc.h Unit lv-u until it reaches the . . ... 
ba.-.alt. These studies have shown that the matrix material damps transient pulses. Even if transient 
pulses prop:.tgate through the fi.lctures in Unit l v-u. the tuff unit' below will most likely attenuate 
them. Additional support tor our conceptual model of very little sustained fracture tlow is further 
supported with the study of flow in a single fi.lcture that is described in the following section. 
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.2.3 FRACTURE FLO\V 

1.3.1 Sin~e Fracture Modclin~ 

\Ve have performed :mother .study using FEHM to :malyzc: the influence of different chr.~cteristics 
o! a fr.lctun:d svstem on the movement of fluids in the subsurface:. The srudv focuses on conditions 

# • 

that :m: relevant to our locl system. par-Jcularly tllc: influence of fr:lcture coatings and fl':)cture fi Us 
on infiltr:l.tion of water. ;md on the e.<ttent of matrix-fr.lcture communication. Soli and Birdsell 
(1998) ;md SoH (1995) describe this work in full. but the results are summarized here as they 
pcr:ain to the development of the t1ow model for MDA G. 

In :m attempt to isolate behaviors. we have chosen a system that is a single vertical fracture centered 
in an otherwise uniform block of matrix (Figure ::!.3-1). There are four p3ttS of the system: the 
matrix. :he fr:u:ture. the fracwn: coatins. and the ir:lcrure fill. The matrix ch!lr.lCteristics represent 
Bandelier Tuff properties from Mc:sita Del Buey. Unit 1 v-u. The futcturc aperture and spacings are 
aver:lge values from local measurements (Krier et a.l •• 1996). In this study. the fr:lCtun: is given the 
hydrotog]c: properties. of a highly porous and highly permeable sand. This assumption allows us to 
study a fr.lctun:d system using a porous media simulator. but the results must be interpreted in 
contc:.""tt with field observ:llions and measurements. 

The system is disc:retizc:d so that a thin coating layer can be assigned along the walls of the fracture. 
For simulations that have no coating pn:sen~ these elements are assigned matrix properties. thus 
m:tint:Uning the S.mrn fracture aperture through all simulations. Fr:1cture fill can be emplaced by 
repl.:Jcing the fuu:rure ·s. hydrologic properties with fill properties for some given length of the fracture. 
When present. frxture coatings :md fracture fills are assigned clay par.unctcrs. We use clay 
par.uneters from the literature because there arc no v:tlues available forthe local clays andcaliches. 
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.----, Matrix 

.----, Fracture 

1$~ Fracture Coating 

I Fracture Fill 

Figure 2.3-1. System configuration forfr.lcrureflow study. 

Two different int1ow conditions :m: used at the top of the fracture. One intlow condition 3SSUmes a 
constant influx. at a rate of 5 cmlcby. which we considered to be representative of ;m e:ttreme C\>'ent 

fora sir..glecby. However, this inflowt:ltewa..~applied fortheentiretime periodofthesimulations.. 
often up to 100 d3ys. The other inflow condition used wa.~ a ponded condition at the top of the 
fr.lCtW'C. appiied for 0.5 days. followed by removal of the source. This wa..~ effectively :m ir.finite 
source ,,f water for 0.5 days v.ith inftltration rates controlled by the fr::tCtUre-matri.'t system. Both of 
these ir:flow conditions result in an amount ofwaterenteringthesystem in a T113tterof days that: far 
exceed; the amount of precipitation seen at Los Alamos over a period of ye:us. These c:arcme 
conditi :ms allow us to focus on absolute worst cases. 

The mc)St dominant obser'v:ttion from the simul:ttions is th:tt in all but the most ext:rctne infiltr.Uion 
events. fr:1ctures in the BandeljerTuff of ~IDA G do not appear to provide a "fast flow path' for 
liquids. Even under exucmcly high infiltration event.~ fr:l.ctures. "';th no coatings or fills :m: not 
:tble to c:u"l"y liquids very f:u-. and the inv:1ding saturation front looks very simil.arto th3t observed in 
!111 unft:1crured system with point injection. 

We found t!-.:tt the effect of a co!l.ting !llong the walls of the fr:lcture is dependent on the relati\fe 
conductivities of the coating and the matrix.. A co:tting "With only ::! orders of magnitude les." 
conductivity th3n that of the matrix does \irtu:Jlly nothins to pte\'ent liquid in the fr:lcture from 
being imbibed by the ~..x. When there is a larger ( 4 orders of m:1gnirude) reduction in conductivity 
at the fracture-matrix interfxe. water is strongly ch3nneled in the fr:lc:rure.. Any conductivity reduction 
acts to spread the infiltr:lting front further down the m:u:ri.x. allowing \V~ter to penetr.Ue deeper 
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during ;!n ~nfiltt:uion event. However. a discontinuity in the low conductivity coating interrupLo; the 
fast flow down the fr:1eture. This suggests that the high capill:lrity of the Bandelier tuff will rapidly 
dr:lw water into the manix ncar any break in a fracture coating. The simulations also show that 
fr:lcture flow driven by the ponded bound:u'y condition ce:1ses once the source is removed. 

When we consider the role of tills in :Ufecting water infiltr:ltion. we find that fr..tctures. that are filled 
at the ~posed surface of the fracture :m: effective bmiers to inflow into. the fr:lcrure. These 
observations. are in :1greement with Rosenberg et al. (1993). Fills below the surface·are effective 
b:miers to continuous flow down the ft:lCt:Ute. With no coating oronJy minimal conductivity reduction 
above the fill. w:u:er entering the fracture is simply imbibed into the matrix :md. proceeds down as 
matri.'t flow. When a continuous .. low-conductivity coating is present. t!lc: warerdoes not pass beyond 
the fill. and simply ponds at the surface. A fr:tcturc that ends within a unit of tbe Tshirege Member 
or :1r the interface between two units will behave like a fr.lcture that is filled at that level. The path 
for the water in the fracture is eliminated. and the water must find an alternate route through the 
subsurface. 

We have~ nm a simulation with :t 1-m .. cap .. of matrix m:uerial placed across the entire 
frxture·m:mi'tsystem. This condition n:presents the current surface cap at MDA G and the: conditions 
at the floor of tbe waste disposal pits .. both of which are nmde up of CJUShed (unfractured) ruff. The 
tT1!l.trix C3p ~then held at satur.ltions. ranging from SO% to 90%. In none of the simulations did 
w:tter b:cak into the fr:lcrun:.. although it moved as a steady front through the remaining m.a:rix 
material. These results are consistent with results obt:Uned by Rosenberg ct al. (1993) using a 
different numerical model. 

Although most of these results indicate that fr.lctures do not play a significant role in moving water 
from the surf~ to the water table. there are reasonable. possible local conditions that may be 
sutlicicnt to produce significant tlow. There :sre high influx. conditions such as snow melt or large 
runoff events orpor:c!ing cf runoff resulting from surface disturb:mces such as buildings. roads. soil 
comp:lCtion .. :1r1d rcmov:ll of vegetation that could C3use water to move a signific:mt disunce in a 
fr:lCtllred system. There is some evidence for such flow at other LM"L loc.ations (Turin. !995). It 
must ::Jso be kept in mind that there is Y.ide variation between the different fr:lcturcs and that it is 
possible for one or two fractures to be c:mying w:1ter although most others do not. 

\'\e do not expect fr:lctures. to be a fast p:lth for contaminants out of the bottom of the pits because 
these frxturcs :ue covered with aushed tuff. However. if water is :1ble :o pond within the pit. it 
may be possible for th:lt w:ll..-r to c:."tit the pit through fractures on the face of the pit that arc not 
filled or covered. Fr:lctures th.at are not directly bcnc::lth the pits may play :m indirect role in the 
movement of w:tter' :md contlminants from the pits. Increases in matrix ~turation :lS a result of 
w:w:r moving in the fr:lCtures an: a potential source of water beneath the: pies. As observed in the: 
simubtions. w:uerth:lt enters the Dl4ltl'ix cpidly redistributes throughout the matrix block toward :1 
uniform saturation. This can :let co inc:rc:.ase satur.ltion beneath the pit. thus r:lising the hydr:lulic 
conductivity and :illowing mon: r:1pid movement through the matrix. 
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:.3.2 Dual-Permeability Fr.scture :\lodelinJ: 

The fr:.tcturc:d system can also be modeled with F'EHM" using a dual permeability formulation 
(Zyvoloski c:t al .• 1995). For this formulation. an identical numerical grid is constructed for the 
matrix and fr.tcture materi:tls so that a one-to.one correspondence exists between a fr:1ctun: node 
and the matrix node at that same position. Fluid t1ow occurs within each continuum~ and a transfer 
tenn account'\ for fluid flow and contaminant transport between the frncture and matrix. Orr ha.."' run 
a number of one-dimensional simulations with this model. Frncture properties are detined for 
Unit~~ and 1 v-u ba..<:ed on pa.~llel plate theory. T1.1vel times to the top of ba.....-tlt for both steady and 
tr:.tnsit:nt simulations show no significant variation with the addition of the fr.lctures to the model. 
Orr shows interesting variations in saturation and travel times at different depths within the 
one-dimensional column for the tr.msient simulations. The re;tder is referred to Appendix B for 
more dc:llil Is. 

EVAPORATION 

2.~.1 From Mesa Sides and Fr..actur...-s 

Very low net mfiltration rates are required to match the field-observed ~turation in the: two 
me~· top unit,. Unit'~ ancil v-u. Evapor.1tion from the top and sides of the: mesa and possibly from 
fr.1ctures is a likely player in keeping the mesa dry. Some data (Rogers et al.. 1995. Rogers and 
Gallaher. 1995) suggest that groundwater tlow may be upward toward the volcanic surge beds 
located at the base: of Unit:!.. This tlow could be driven by evapor.ttion occurring in the surge bed~. 
Some: simple simulations are used to study these effects. 

First we considr.:r evaporation from the me~ sides and from vertical fractures with both 10-m and 
5-m fr.Jcture spacing. A two-dimensional rectangular grid (:!.5 m wide. 5 m tall) composed of a 
homogeneous material. either Unit 2 or Unit 1 v-u. is used. Figure ~4-1 shows the problem 
configuration. Uniform infiltr.1tion of 0.1 cm/yr occurs along the: upper boun<iu"y. This infiltrotion 
r.tte account~ for evaporation from the me~ top. but is higher than the t1ow rates found prcviou.o;ly 
to best match the in situ s:Hur.ltions of Unit~ ~and 1 v-u (0 to 0.00 1 r:m/yr). We: compare the: resulting 
vertical satur.1tion profiles for the: following cases: infiltr.ttion only. intiltr:ltlon with evaporation 
occurring along the right boundary (mcs.t edge). and infiltration with evaporation along the right 
boundary and from fractures of either 1 O·m or 5-m spacin~. For the infiltration-only ca. .:;c. the: nght 
boundary is impermeable. The evapor..ttive boundary is modeled by tixing the ~tt!r.ltion at that 
boundary to a low satur..ttion corresponding to 50% relative: humidity. For the fr.tcture runs. the 
fructures are also held at ~t low saturation corresponding :o 50% relative humidity. which is close to 
the aver.1ge annual relative humidity forthc: area. The: corresponding s.atur.1tion values arc 0.031 for 
Unit:!. and 0.0089~ for Unit 1 v-u. 
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Unifonn Infiltration= 0.1 cmlvr 

*l* * * 
Fractures with Fi.xed Low 
Satur:ltion 

Ri~t Boundary. 
Ei:her Impermeable 
or Fixed Low Satur.J.tion 

Figure :!.4.1. Problem setup for study of evaporative effects from mesa sides and from 
fr.lctures. 

Figures 2.4-2 and ~4-3 show the simulated saturation profiles for a horizontal slice through the 
center of the grid for Units :! and 1 v-~ respectively. For both units, it appears that evaporation 
affects the s:.mrmt:ion profile to a dist:lnce of about 7 m from the mesa edge-not much for a mesa 
that is over 300 m wide. However. assuming that fractures with S-m spacing act as conduits for air 
flow. evapor:1tive effects may decre:l:ie saturations throughout both units in the mesa top. With 
ft:lcturcs spaced 5 m ap:ut. aver:1ge saturJtion decreases by -0.03. From Figure ~ 1-2 we see that 
this order of decrease in satur.ltion correspond.-; to approximately an order of magnitude decrease in 
the net ste:ldy infiltration r.lte. Actual fracture spacing in these units is 1.0 to 1.3 m. but only a 
fraction of these may be open to airflow. Some air flow would be required to remove water vapor 
from ruff because the relative humidity of the air in a nontlowing fr:1cture would cquilibr:tte with 
th:lt of the surrounding matrix. It is quite possible that lluctuations in the barometric pressure (Nilson 
et :1.1 .. 1991). thennaJ gradients. and topogr.lphic effects (Weeks. 19Si) could drive:: such air flow in 
a fr:lcnm:d system located on a mesa top. 

26 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I-
I ,-~ 

0.08 t I \ -LI 
_ r . 4-·-·.. 1-.• \ ;-·,_ 
- ~· . . ~ 006 ( ' i . ( ~ .... . . \ .. 
E ~ \f 11

1 \! = J :: . :, 
J3 o.04 I y y V 

o.oz ~ 
f 

10 
.. 

15 
x (m) 

I I I 

20 

Unit~ 

• .. ,.... .. • Infiltration 

• MesaEdge-

- - - 1Om fracture spacing 
- Sm fracture spaong 

Figure 1..4-1. Resulting saturation profiles for evapor:1tion along a mesa edge (right side) 
and from fractures with 5-m and 10-m spacing. Unit 1.. 
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We no~ here th:lt ev:1por:ltion in these simulations and the one that follows is modeled a..o;; an 
isothc:nn:11 process w1th sarur::1tions fixed at low values corresponding to a relative humidity of 
SO%. These results are nearly identiol to simulated results. also c:alculated with FEHM. under 
oonisothc:rmat conditions th:lt account for v:1por pressure lowering :md binary diffusion or air and 
watervapot:. For-thcsec:;umples. evapootion results in a simple. eotpillary-pressurcoodrivcn wicking 
tow:u'd the drier. :mnospheric bound:lty. W.:m:r vapor contributes less than 1% of the mass in the 
system for- thcs.: particul!lr e."t:lJ%lples th:lt were held at 01"' very close to 2o·c. even for the 
nonisothenml simulations. However. the more complex processes may have a l31'gcr dfect under 
more rcilistic nonisotherm:ll conditions (e.g •• geothermal gQdients or solar heating of the mesa 
sides). 

~ From S~e Bed..; 

The next test cx.amines. the hypothesis that air flow through the volcanic surge beds located at the 
b:ISe of Unit Z c::m c:Juse upw:mi moisture tlux. from Unit 1 v-u. The surge beds. a thin interval of 
fine.. s:md·sizcd material. :ue artributcd to deposition from the b3Sal SW'be associated with violent 
eruptions (Krier et at. .. 1996). There is some evidence that this interval is conductive to higher air 
flow r:w:s thm is the rest of the mesa interior. Two layers. Units :! and l v-u. are modeled with their 
appropri3te hydrologic properties :md thicknesses. Uniform infiltration at a rate of 0.1 cm/yr is 
applied :llong the upper boundary. Again. we compare lhe results with infiltr!ltion alone to results 
that include evapor:ltion :llong the surge bed. The surge bed is modeled· simply :lS a set of low 
s:uur:ttion nodes. corresponding ag:lin to 01 relative humidity of SO% along the interface of the two 
layers. Figures Z.44 and 2..4--S show the stcady-stltc saturation and c:Jpill:llj' pressure profiles for 
thisc:lSC. S:ltur.ltion values throughout both units .are significantly lowered by the fixed low saturotion 
at the intc'face. In Figure 2.4,.5. the calculated values are compared to suction data reported by 
Roge:s.etal. (1995) for borehole G-5. which is located at MDAG. The dam are tr.msl:ued spatially 
t<> force the surge bed to align with that from the simulation. We see that the calculated capillary 
pressu..re lies between the two d:lt:l sets reported by Rogers. 

These simulations show th:ttevapot':ltion along fr:tctures :md surge beds can contribute to significant 
dr)ing of the mesa top units. possibly causinl; the very Jow saturations seen in these units. We feel 
that the mesa m:1y act as a n:uural dry barrier that substantially blocks deeper penetration of liquid 
flow as described in the site conceptual model (Rogers et a.l •• 1997). This theory needs to be 
substantiated with more data and modeling studies. 
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Figure :!.4-4. Resulting saturation profile for ev:1poration along the SW"BC bed~ ar the Unit 
:Ul V·u interface compared to that for infiltration alone. 
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3 THREE-DIMENSIONAL VADOSE-ZO~"E MODEL 

3..1 VADOSE-ZOt\'E MODEL D.EFll'lmON 

The v:1dosc-zone model is based on a three..<fimcnsional representation of the site that describes the 
compta mc:s:l-top geology. Infiltration is assumed to be steady. although the mesa top and two· 
c:myons that border Area G receive di ffe:enr infiltration r:1tcs. Results fora basc-c:JSe flow field .are 
comp:ll'Cd to those for some v:lriations on the flow field as part of an uncertainty analysis. The 
model incorpor:ues the position :md inventories of~ thirty-four dispos.:1l pits :md four shaft fields 
alre3dy Joc:ued at Are:L G along with those of future pits and sh~ Two pathways are considered: 
downw:ud mic;:::ttion throu:;.'l the vadose zone to the aquifer. and later:al' migration to the mesa 
sides. deposition into the nc:ll'by e:1..,yon. and subsequent migr:ation through the vadose zone to the 
:u:;uifcr. Time and spatially dependent results for nuclide flux from the vadose zone feed the 
sat:n':lted-zonc modet The simubtions arc run for l 0,000 years to :over the l.QOO..ycar compliance 
period:md the IO.OOO-yearuncert:linty analysis. 

The:!SSUmptionsuscd forthev:Jdose-zone model rely heavily on the srudicsof specific flow proec:ssc:s 
pn:scnted in Section 2.0. 'The cquiv:1Jent continuum par:unetcrs chosen to represent the basalts in 
Section Z.l :u-e used. These properties produce f3St tr.lvel times through the basalt in order to 
compens:w: for the l:!ck of hydrologic information about the uniL All flow is forced vertically 
through the bas:llt. then:by eliminatins btcr:ll diversion a: the b:lSalr-pumice interf:.ce. 

In Section 2.!. we stUdied the effects of tr:msient percolation on vadose-zone tr:UlSpon at Are:l 0 
and found th.1t 3t the t1ow r:ue considered. tr.uJSient pulses an: damped with depth and cumulative 
contaminant t1u.~ n:sults ~ deplh are similar under transient and steady flow fields. Slc:ady infiltration 
is !llso assumed in PA c:llcul:ltions used tor-other sites (&mard and Dockery. 1991. and Wood et 
al_ 1994-). By using a high. st=dy infil1r.1tion r:ue :md other conservative assumptions concemins 
flow .1t the site. the subsequent tr.mSpott calcubtions are expected to yield conservative results. 
:assuming that tiaaure flow is not induced. 

The ft:~CtUre flow stUdies. presented in Section 1.3 indic:uc that tmn~-pott through fractures has a 
minim:ll effect on c:ont:Uninant flux :u: depth. Therefore. fr:1ctures are not included in the 
threc-<iimension:U v:ldose-zone model. In Section ;:.4 we found that evaporative effects c:m 
n:asonabiy account for the low moisture contents observed in the mesa-top units at the.site and 
justify a sm:ill infiltt:Uion value. 

Previous modeling srudic:s for Area G :.ssumed that the pit percolation rate was likely tO be higher 
th:ln the percolation r:ue for the undisturbc:cl mesa top (Birdsell ct al ... l99S and Section 2.2 of this 
report). The pir density at Area G is high enough that the area can almost be considered .. one big 
pit ... in terms of infiltt:ltion (see Figure 3.1-2). Recent srudies by Newman (1996). Void (1996) .. and 
Springer (1996) show enough variability and overlap in estimates of' pit and undisturbed. mesa top 
percolation r:ltcs. that a single v:llue for the pit and mesa top r:1tc:s is justifiable and is therefore used 
in this study. However. we do consider three diffcrentt:ltC:S as described in Section 3.1.3. 
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3. I .1 Stratit!raphy 

The: str~tigraphy w::~s constructed from vanous sour~t:s. The topogr..1phy and the ba..;;es of the Otov.:i 
Member (Qbo) and thc:Tshirege :\kmbcr iQbt or Cnil I g) were obtained at 15.::-+ m (50ft) sp:tcings 
(northing and casting) from the LA..''L site-wide geologic model (\'animan. c:t al.. 1996). \Veil-log 
ptck...;; were used to dc!tine Unit;; ~. 1 v-c. thc: Cc:rro Toledo. and the Gu:1je Pumice. Data wae u.~d 
for wells S~-11 0::. 54--L 105. 54-L 106,54-1107. 5-!-liOS. G-::. 54-1 I 10/G-3. 5+1111/G-l. 5-l-1111. 
54-1 I 1-+. 54-1 I 15. 5-l--1116. 5-+-lll7. 54--11::0. 5-+- I I~ I, 54-1113. 54-11~4-. 54·11 :5. 54-11~6. 
54-111S. 54-1001. 5-l--1001. 54-1003, 54-1004-, 54--1005. 54-1006, 54-lOOS, 54-100~. 54-1015. 
and 54-1016 (\'animan. ct .11.. 1996). Some of these holes are incltned. :tnd the northing. casting and 
depth values required corrections. Surface observ:nions for the con met ~t\l.'een Unit-.~ and l v-u 
obtai ned from Broxton (personal commumc~ttion, 1996) were used ro further constr.lin chis conuct. 
A dat:t point from Well TH-5 (Purtymun, L 995) ,~,a,_, also used to constr:lin the Guare Pumice layer. 
The overall number of data poinl" that were avail<tble in the vicinity of ~IDA G for each of the 
surt'olces w~s 76 for L:nit :. 30 for Unit l v-c, :s for Unit lg, 14 for the Cerro Toledo, and 4- for the 
Guaje Pumice. 

The dat~1 set was interpolated at 45. 71-m (150-tt) intervals '" 1th the Str.tttgr.tphi.: Ge&Xellular 
:vlodeling (SG~I) Softw.:lre (Version 3.10. Copynght 1994, Str.1tamodd, Inc.). The topographic 
surface truncates any surface that it crosses. The Guaje Pumice wa..' calculated b)· ::~dding the layer 
thickness to the Qbo untt r.tther than by using ito.; elevation becau."! so few data are available to 
constrain this unit. Likewise. the Cerro Toledo t:nir wa.' calculated as a thickness below Unit Lg. 
The surfa.:e for the base of 1 v-u was poorly ddincd by the well·log elevation d.:.lo !'eSulting in 
unrealistic undulations that caused overlapping of layers above and below. This surface wa..;; ultinkltely 
defined as a surface parallel to Unit L v-c with a thickness of i.61 m 1:5 ft) as suggested by Krier 
who s~tid that :his interface is difficult to identify in core samples. Some other minC'r moditications 
were made to the surf;tces tc avoid unphysical ~ro~sing of surfaces. The Puye Conglomer:J.te is 
defined as a 30.4-S m ( 100 ft) thick tlat unit within the v:.tdose zone at the b~e of the model. Thi:i 
layer is probably thicker th;.tn 30.4-S m ( 100 t't) m the v:1dose zone (Krier, 1996), but ;l£":lln too few 
data arc avaibb1e to justify a more sophisticated reprcsenotion. The Cerros. del Rio Ba....;alts occupy 
the region between the Guajc Pumice and the Puye Conglomer:tte. The \Vater table ts defined a." a 
tlat surf;tcc: at an elevation of I i67.S m (5800 ft) although it actually dips downward ;lt th.: eo.stern 
end of the mesa. 

Figure 3. L·l shows the resulting three-dimensional strattgraphic. vadose-zone model. The Bandelier 
Tuff unil'\ generally dip and thin reward theea..o;t. However. the Guaje Pumice ctips toward the west. 
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Figure 3.1-l. Three-dimensional ~trati;;raphy for the vadose-zone model of Area 0. 

3.l.Z Grid 

The surt::tces gener.tted wit."l SGM were used to construct the thrce--dimc:nsional grid. The grid is 
gener:J.ted with the Geomesh/X30 soft\vare (Gable. et al. 1995). An initial grid based on the 
str:uigraphy is constructed with 45.71-m ( l50-ft) grid spa.cing. This ;;rid is then retined to include 
the 38 wa...;te disposal pits and to better detine the mc:sa sides. The final grid is made ot' 4l.54~ 
nodes :md 154.614 tetrahedral elements. The surface detinition for the pits was obtained from the 
F:lcility tor Intormarion t\II.anagement. Analysis. :md Display (FI.\1AD) at LA.. "JL. Each pit is assumed 
to be 10.7 m (35 ft) deep. Pit regions :ll'e detined by a. set of nodes that outline several adjacent pits 
both at t.'1e surface and at a. 13. i-m (..:.5-ft) depth. A set of internal nodes is added down the centerline 
of each pit at a depth of7.62 m (:S ft). The volume as~iatcd with these nodes approximates true 
pit volumes. Bcc:luse the volume of finite element r.odc:s extend..~ halfway to the next node. the 
rcsultin~ pit depth is the desired lO.i m (35ft). These internal pit nodes are assigned hydrologic 
prop:rtie; for crushc:d ruff and arc: the: nodes that release waste during the transport calculations. 
Figure 3. t-~ shows the oucline of the wast~ disposal pit-;. the: internal pic nodes. a.-; well as the 
outline of t.."t\! mesa. 
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Figure 3.1-Z. Pit boundaries. internal pit node$. and m~ edge for the thn:e-dimension:ll 
v~dose-zone calculations. 

3.1.3 Boundary Condition." 

The mesa/canyon ~tting in which MDA G e.:tist~ leads to a complicated set of boundary conditions. 
A very low net percolation rate (1 tolO mmlyr) is thought to occur within the mesa. P:lj:uito Canyon 
is qwte wet with an estimated percolation rate of 10 to 100 mmlyr. but Canada del Buey is dry with 
a I>ercolation rate similar to the mesa top. The mesa sides :ll'C: steep enough that they should represent 
an evaporative region (water sink) rather th:m a source region. For these reasons. the top surf~ce 
nodes of the grid are c01tegolized by position so that various bouncbry conditions can be applied to 
the mes:1 top. to Pajarito C:tnyon. to Canada del Suey. and to the mesa sides. Figure 3.1-3 shows 01 
boundary condition m:~p for the topographic surface. The center J)l:mion of the grid receives the 
mesa· top percolation rate. and the outer portions receive c:J.nyon percolation rates. The outline of 
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them~ is.clc::uiy defined in this figure by theevapor.ltive boundary nodes. The ev3porative nodes 
:lil: held at a rixed sarur::1tion of 0.03. which is equiva.lent to an ambient relative humidity ncar 50%. 
Some nodes. are not c:ltCgoriud and are assigned no-tlow boundary conditions. These nodes are 
adj:lO:nt to the evapor:1tive nodes. and act :LS buffers between the different bouncbry regions. 

Five different flow fields are considered in order to study the sensitivity of the calculated saturation 
fields :md the tr:lnsporr results. to background flow rates. Three mesa-top flow rates are used 
(l mmlyr. S mmlyr. :md 10 mm/yr). two tlow ratQ; for Canada del Buey are considc::'Cd (1 mmlyr 
and 5 mmlyr). and three flow rates for Pajarito Ca..,yon are used (20 mrnlyr. SO mm/yr. and 
100 mm/yr). Table 3.1·1 summarizes the five QSCS. The base C!l.Se, 5_1_50, is thought to be 
COOSCl'\':l.tive for the site. Using chloride flu.~ estimates.. Newman (1996) reports ne:lt·surface, 
mesa-top t1ux r:1tes of 3 to 6 mm/yr, midrnes.'l flux r:ues r:mging from 0.03 to 1.5 mm/yr. and 
subme5;1 flu.<t rates ne:lt S mmlyr. Void (1996) gets similar results using moisture profile analysis. 
Springer(l996)estimatesa me.:m pit percolation rnteof0.99 mm/yrusinga w:lterbalance algorithm. 
Simulated moisture profiles (Figure 1.1-Z) show that the range 1 mm/yr to 10 mmlyr conservatively 
fits the available moisture data. Rogers et al. ( 1996) estim:u.c recharge at 4.4 mm/yr in Canada del 
Buey and 20 to 100 mmlyr in Mortandad ~yon. which is considered to be· hydrologically similar 
to Pajarito Canyon. 

Figure 3.1-3. Boundolrycondition map of the topographic surface for the vadose-zone flow 
and transport calcul:ltions. Parenthesized values indicate tlow rates in 
mrnlyr. 
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Table 3.1·1. lnfiltr:Hion r:1t~ (mm/yr) u~ :l~ upper bound:l~· 
condition" 

Can01da del P:lj:arito C:myon 
;\1~ Top Bu~· 

I _1_:o t I :!0 
ll..OWN Flow Ca\C\ 

5_1_:!0 5 1 ~0 

5_1_~11 5 I so 
(Ba .. e Ca"e~ 

10_1_:u to I :!0 
Hl_5_100 Ill 5 100 

(Hi!:hcst Flflw Cao,e) 

~o-now bounililry conditions :tre applied to the sides of th~ grid. The bottom boundar:· n:prescnt..,. 
the water table: with a fixed s.:tturation of 0.99. Both water and radionuclides can extt thi~ boundary. 
Time dependent r:tdtonuclide t1u.x through the bottom of the vado~~zone gnd ts recorded :st e::Jeh 
time: step to be: used a.." input to the satur.1ted-zone mCidel. In order to supply :m adeqll!ltc spatial t1u.x 
distribution, the: bottom boundary is divided imo :s rc:~ons for which tlu.xes of r.1dionuclides ::m: 
reported a.<> shown in Fi:;urc 3.1 ~. 

Figure 3.1-4. Bottom boundary divided into ~S regions for which tcmpor.Uly and spatially 
dependent tlux from the vadose-zone calculation is reported. 
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3..1A Hydrolo::ic: Propertjes 

The hydrologic properties for the units are given in Table 2.1-1. A<i described in Section 2.1.2. 
b:lS:llt properties :m: chosen th!lt produce rapid vertic:tl transport through the fractures of this unit. 
The bas:llr:s ;m: treated as :m equivalent continuum medium (Kl:l.veuc:r and Peters. 1986) made up 
of both fr.1ctures .utd matrix m:1tcrial. The fr.lCtUres :m: assigned a high permeability and porosity 
that promote vertiC:ll flow from the pwruce into the b350ll~ thus minimizing laternl tlow within :he 
pumice. The porosity of the basalt continuum is set equal to 10""'. the estimated volume fr.1ction of 
fr:1ctures.. c:1using most flow to occur in the fractures :md resulting in extremely r:1pid groundwater 
travel times of between l and S ye=srs through the b~ts. 

Although hydrologic proper"..ies for the Puye Conglomc:ratc are also unknown. we expect that our 
intuition for tlow through this unit is bcttc:r. The layer is modeled as coarse s:md {Carse! and Parrish. 
1988) with the porosity reduced by 6(}4;, (from 0.43 to 0.25) as dcsc:lbcd in Section 2.1.2. This 
should lc::ld to conservative (faster than expc~d) t:r.lvel times through the Puye Conglomerate. 

Recent studies by ConC:l (1992) show that the diffusion coefficient decreases with decreasing 
satm:lrion. The diffusion coefficient: was modeled in this fashion :md decreases paraboliC:llly from 
I()-9 m'Zfs at satut:1tion to to-IS m'Zfs at a moisture content of 0.001. The dispcrsivity is 1 m in the 
vertic:ll direction :md 0.1 min the horizontal direction. 

T.lble 3.1-2 shows. the distribution coefficients (Kd) for each nuclide in the simulations. The column 
.. Int:let Tdr applies for the vadose-zone Ba.,ddicrTuff units. The values for Am. Np. Pu. Tc-99. 
and U were measured at a pH of 9.8 on Bandelier Tuff s:mtplcs. using a sodium-bicarbonate
orbonate-rich synthetic solution representing pore w:ner e.-<tr.le:ted from the tuff (Longmire et a! .. 
1996). The remaining values :m: based l;u-gely on sorption measurements for Yucc:t Mount:Un tuffs 
(Kricrcr a!. 1996). These distribution coefficient values apply from Unit 2 down through the Guaje 
Pumice Bed. No distribution coefficient is applic:d in the basalt layer in order to be consistent with 
the asswnption or cpid tr:lnsport through that unit. 
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Table 3.1-2. Median disniburion coefficients (Kd (mil::) for nuclides on int:lct 
and crushed. unsatur.ttcd Bandelier Tuff and on saturated samples.. 

Intact Tuff Crushed Tuff Aquiter 

~onsorbins: ~uc:lide\ ' 

'-~c. ·~·'I. ~Tc 0 0 0 
--·-- -·-·..--· '---t-· . ---~ -----·----------

Wl.>ak!y Sorb in~ ~uclid~ ' 

::3~p ~.~ 7.5 0.151 

:J:u. ~. :J~u. ;:\~. :=~"u ~.43 ~.61 4.85 

'~ 3Mo 4 * • .... 

::JII?u. ;:3"J>u. ::-'<'Pu. :"'Pu. 4.13 711 13.95 
:o~:pu 

Stron::ly Sorbin:: ~uelides 
I 

' 
-~~K. IS 15 IS 

Zll>pb :s ~ ~ 

l:Si 3S .. , ,_ 35 

:o~o~cm. 1 ~:~ '~u. 1411Gd. so 50 50 
::up~ t41sm. tslsm I 

11 'Cd-m ~ 80 so 80 

tot~Ag-m 90 90 90 

.. ~m.~'b 100 100 tOO 

'IOSr 116 116 116 

~Ac. :"~cr. ~:cr 130 130 130 

"'""Ra .... ~ -- - ~00 ~00 :!00 . 
--· ·---- - -···· ·---·-- -----------

I~':'Cl\ 4!8 4:!8 4~ 

IICHf. :_'Jn. ~on. :J:Th. ""Ti 500 500 soo 
ll~ 

' 946 946 946 

:
41Am. :"3Am 1359 ~oso 141 
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Different values for the distribution coefficients of Am. Np. Pu. Tc-99. and U arc applied in the 
~tc: dispos:ll pits as shown in the column .. Crushed Tun- in Table 3.1-Z. These values were 
mc:asured on four samples of RandelierTuff Unit 2 from a depth intcrv:ll of 3.3 to 3.7 m (10.8 to 
12ft) :md are representative of the crushed tuff that is used to fill the disposal units (Longmire et al.. 
1996). The Kd values for the remaining radionuclides are assumed to be the s:une as for intact tuff. 

Kd v:Uues that :u-c representative values for the saru.··:ued zone have also been measured for Am. 
Np. Pu. Tc:-99. and U. These are shown in the .. Aquifer" column ofTable 3.1-2. These values were 
rne;lSUI'Cd on Bandelier Tuff samples at a pH of 7.3 using Water Canyon Gallery groundwater 
(Longmire et at.. 1996) .. which is expected to be closer to the pH of the S.:lturntc:d-zonc waters. 
These values are applied to the s:1turatcd zone :md also to the deep vadose zone for the Puye 
Conglomer.1te, which we presume has pore water more similar to the s;ltur:lted zone than to the 
&'ullow V:Jdose zone.. Again. for the remaining radionuclides. distribution coefficients measured on 
Yucca Mountain tuft's are used. 

3.1.6 Source Tenn 

The source-term models to calculate time dependent tot:ll nuclide release r:ue. ~ (moleslyr). from 
each disposal unit (Voldet al .. 1996: Void and Shuman, 1997a) are incorpor:ued din:ctly into f'EHl\11 
for the three-dimensional simulations. Two source-term models are inc:ludc:d: rJpid release and 
solubility limitA:d. The rapid·n:le.ase model ttkcs the fonn 4> = Q A:te-l.t. where Q is the total inventory 
(moles) of the nuclide in the disposal unit. and A. is the release constant (A. = q/eh) whc:rc q is the 
0~ flu.~ throush the w:lStC pacbge. e is the average moisture content of the disposal unir (taken 
to be 0.08). and h is the representative height of a waste package (taken to be 1 m). The 
r:lpid-release sourcetenn is highly dependent on the Darcy flux through the waste pack.1gc (q) as 
shown in Figure 3.1-3. For the 10-mm/yr flux. most of the source is released over a 60-year period. 
but for the 1-mm/yr flu.'t. a similar quantity is released over about 360 yem"S. The solubility-limited 
mo<!el takes the form o= f;1Vq~lh. where Vis the tot:ll initial nuclide W:lSte volume in the disposal 
unit. :md Cst is the nuclide solubility limit. The fraction fij is a com:ction factor for the: solubility 
Iimi: contributions from multiple nuclides. i. of the s:unc element and from multiple waste forms.j. 
"I his w-.15 determined to be a significa.'lt correction factor only for ur:mium (Void :md Shuman, 
1 996). The ma;timwn pore water concentr:ltion of ~ch nuclide is comp:t..'"Cd to its solubility limit to 

determine t'le appropriate source rele:lSe model for och nuclide in e:tch dispoS!ll unit. The D:u-c:y 
flu."t (q) is set equal to the fixed mes:Hop infiltration rare (1. S. or 10 mmlyr) for the flow tic:Jd of 
interest.. Source-term information describing the tobl inventory (Q). source-release mode[, initial 
nuclide W:b1e volume (V). and solubility limit (CsJ) were obtained from Void and Shuman (1996). 
which in tum wasdcived from the complete inventory analysis (Shuman.1997a). 
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Figure 3.1-5. Veloc1ty.(!ependent portion of the rnpid-rele~se source tenn (i.~re-i.t). 

The source-term inform~tion described :1bove was supplied for each of the four disposal unit 
cl!lssitic:~tions ~nd are described in T:1ble 3. l -3. Shaft fields were added as .surf:1ce nodes near their 
true location. The oldest shaft-; are 1 nodes loaned west of pits 1 and 4, 71 toSS shafts are 4 nodes 
located west of pit 16, historical shaft<> :Jre 3 nodes )OC;ltcd west of pit ~ and future sh!lft.<> are 
1 nodes loc:tted west of the two easternmost future pit~. 

The inventory cbta (Shuman. 1997:1) for the Oldest and Future wastes are c:xtrnpolared or pr~jected 
values. For each nuclide in these: inventory cl:tsscs. a total inventory and w:1ste volume is given for 
all of the pit~ combined and also for rhe shaft<;. In this ca.~. the pit inventory is distributed between 
all of the pit nodes for the waste class (Oldest or Future). ~nd solubility-limited wastes :rre then 

Tabie 3.1•3. Disposal unit cla."isification :and location. 

Disposal Unit Referred to Locations 
Cl assific:ations in Ta-t by 

Extrnpolated 1957 Oldest Pits I through 6 and in shaft.-; loc:1ted to 

to 1970 the west of Pits 2 and 4 

Recorded 1971 to 71 to 88 Pits 7 through 36, except for pit<> 30 and 
1988 31. :md in shafts l0<::11ed to the west of Pit 

16 

Recorded 1988 to Historic Pit<; 30. 31. and 36 t brousJl 39 and i n 
19QS sh:Uts loc:1ted to the we!tt of Pits::!::! 

Projected 1996 to Future Four large p;ts 3lld in sh:.tfts to the west of 
~044 Pit<; 37 and 38 

39 
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considcrcc! to be solubility Iimjted in .3.11 of the pits. Invcnlory and waste· volume arc known in 
gre:ner det:til for the 71 to SS :md for the historic: W:lStes. For e:1ch nuclide in these inventory 
classes. a. total inventory and waste volume is given for each individual pit and for the shafts. The 
individual pit inventory is distributed between the pit nodeS for the appropri:1te waste disposal pit 
W:JStc:S m:1y be solubility limited in some pits or shaft fields and r:1pid release in others depending 
on the inventory 3nd waste volume in the particular pit or shaft tield. 

3.2 VADOSE-ZOl\"E FLOW RESULTS 

The base-QSC flow model uses a 5-mm/yr percolation 1'3te for the mesa top. which includes the 
undisturbed mesa top as well as the pit areas. Percolation for the adjacent canyons is fJ.Xed 01t 
1 mm/yr for Cnlad:t del Bucy and SO mm/yr for Pajarito Canyon. These tlow r:1tes are v:uied in 
order to quantify the dfec:ts of uncertainty in flow rnte on dose :tSsessment results. Figure 3.2·1 
shows the S3tur.ltion field looking down on the mesa for the base-case flow field. The outline of the 
mesa top is evident from the lowSOJtur:&tion (dark blue) boundary conclitionsapplicdalongthe mesa 
edge.. A highers:1tur:1tion (green) is also evident in P.ajarito Canyon where the infiltration rate is the 
highest. This figure shows how well the grid captures the topogrnphy of the site. and :llso the 
:~pplication of the boundary conditions. 

Satumtion profiles 3S :t function of depth at three loc:ations are developed for the various infiltration 
boundary condition.~ shown in T:Jble 3.1-1. The three locations :Jie near the e:l.Stem end of the 
proposed furu:-e pi~. at the eastern end of the historic pits beneath Pit 39. and at the eastern end of 
A.."Cl G just west of Pit 1. The purpose of looking at saturation :tS a function of depth at these 
loc:1tions is to determine whether modeling the three-dimensional geometry of the topog:rophy and 
of the gently dipping. beds coupled with the combination of canyon and mesa infiltration rotcs can 
predict the in situ s:1tut:1tion me3Surcd in the Cerro Toledo :md Otowi Member. The relatively high 
san:rations in these units proved difficult to match with the two-dimensional simulations presented 
in Section :2.1. 

Figure 3.2-2 shows s:ttur"'..tion profiles at three different mesa infiltration rates but the s:une canyon 
inftltr:ltion rates (1_1_20. 5_1_20. and 10_1_20) for the loc:1tion nc:u- Pit 1. This figure indiates 
results.simil:1rto those shown in Figure2.1-2. An increase in the mesa-top infiltration r.atc leads to 
inc:tclSCd saturations throughout the depth of the vadose zone. An increase in mes:l. infiltration 
from 1 mm/yr to 10 mm/yr results in .an approximate inc:re&lSe in satw':ltion on the order of 0.03 to 
0.1 .. Figure 3.2-3 shows satu."":ltion proftles at the three locations of interest for the base-case flow 
rate (5_1_50). The three saturation profiles differ from one :mother. on the orderofO.OZ to 0.05 in 
s:ltUr.ltion. for the same· flow field. which is about h.3.lf the variation seen for the ch:mgc in Oow rate 
from 1 mmljTtO 10 mmJyr:1t t."te location nc::u- Pit 1. These results show that in situ satur.1tion is not 
only controlled by the infiltr:ltion r:ue but that the local topographic:. and stt:ltigr:sphic configuration 
:~Ie also controlling factors. This suggestS. th:1t calculated sarurntion profiles at v:uious locations 
might better be comp:ll"Cd to sarur.uion measurements tn:~de :lt like loc:ltions (i.e.. individual borehole 
mc:1SW'CIIlents) than to ensemble average sarurotion values. 
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\\'e ~tlso c:x.:unincd th= eifc:ct of c:1nyon tll)W r~ll~ em :he: ~tur.ltion protiles :lt the: three locatwn~. :\ 
ch:mge in infiltr..ttion from 1 m.m/yr to 5 mrnlyr m Caiiad;) del Buey shows no effect on suhm~ 
satur:ttions even in the unit' that lie ~nc:ath the .;;:snyon tloor. However, a variation in infiltr::~rion in 
PaJarito Canyon docs affect ~tumtions slightly. for the untt-. from the Oto\~o·i :'totembc:r do\~on to the 
water table. at the loc::tion near the: furure pit ... For example. satur:uions at this location dculated 
for the Otowi :'-Iember increa.'e by about 0.0~ with an increase in the Pajanto Canyon mfiltr.ltion 
r:lte from :o mmi:T to 100 m.m/yr. This i ncre=tse at the other t\vo locations is almost indistinguishable. 
There are some geological d:ffc:rences at :he loc:.ttton ne.u- the historic pit.; that may e:o.:pbin wh) the 
satur..ttion at depth respond." more strong!~ to the boundary condit1on on P:ljarito Can~"" than at 
the other two locations. Them~ narrows. the canyon tloor is quite steep. and the canyon cut.; the 
strata differently at the western end of :\.re~ G. All of the;;e fa.:rors may contnbutc: to a more lateral 
distnbution of canyon !lows beneath the mesJ top. The: location near the future pit IS also the 
closest to Pajarito Canyon of the: three sires. and pro.ximity to the canyon may .::tlso be .:1 f:~ctor. 

In general. the calculations indicate that vanations in mesa-top tlow rate and in momrormg loc:1non 
more strongly affect satui.ltion profiles beneath the mes:I than do canyon tlow l':ltes. This agrees 
, ... ;rh a previous two--dimensional modeling study (B1rdsell et :11.. 1995) for the site th:J.t considered 
the effect<> of canyon tlow on subm~t ~rur.1tion proti les. However. the result..;. of this current study 
and the two--dimensional study do not include a component of lateral tlow at the pumtcc:lba. .. ~alt 
inrert·ace. The inclusion of lateral diversion of tlow Within the pumice bed not only lead..-;. to mcrosed 
satur..ltion in the Otowi Member. as d1scu~sed 1n &crJon :.I. but also lead.' to calcul~lCcd subm~ 
s<.tturation protiles that do depend on canyon tlow rates. Recent stable isotope studies (Xe-. .. 1Tl.1n. 
1996) indicate that canyon warc:rs may tlow btemlly beneath the mesa. A b¢ner understanding of 
the mechanisms and hydrologic properttes. that control flow in the deep vadose zone \\ill help to 
clarify issues related to the inter.lction of the canyon and mesa tlow tield.'\. 

3.3 VADOSE·ZO~'E TR\."'SPORT RESULTS 

Vadose-zonr.: transport calcubtion~ were run for C-1-+. 1-1:.9. l'p·137. T.:-99, and t:-Z3S us:ng the 
base-case. steady !low field (5 mm/yr for the mesa top. 1 mmlyr in C:u1:1~ dd Buey. and 
SO mmJyr in P!.Ljarito Canyon). These nuclides were chosen because of their ]O\'-' distributiOn 
coefficient<;, ranging from zero to :!.-+3 in most of the vadose zone. ::ts shown in Tables 3.1-~ through 
3.1-:.. Downward tlux to the water table and lateral tlux. to the mesa sides were examinc:d.. 
Interestingly. only C-1-+. I-129, and Tc-99. the nonsorbing nuclides CKd =0). show o.ny bre:.:t.J...'1hrough 
to either the WJter :able or to the mesa side over the 1 0,000-year rime fr..tme considered. This resulr 
enables us to eliminate the remaining nuclides (except for Co-60 and H-3) from consider.uion m 
the dose a.<;sessmcnt because their distribution coefficients ::tre larger than those of either ~p.:Ji or 
li-~S. which did not break through to eitht:r the water ~bte or to the me~ sides. Th1s screentng 
technique includes the consider~tion of all d;tughter product' in the rJdionuclide decay chains. 
Calculations of ~p-:!3i and t.J-:!38 transport using the maximum t1ow tield (10 mmlyr for the mesa 
rop. 5 mm/yr in Canada del Bucy, and 100 mm/yr 1n Pajarito Canyon) also showed no breakthrough. 
thus showing rh;,.t the screening technique Jpplic:s ~t the higha:r !low r.~res considered tn this studv. 
Co-60 and H-3 arc eliminated from the ~nalysts because of their short half-lives of 5.:!6 years and 
r:.3 years, respectively. 

4.1 
,:{J 



Figure 3.2·L Steady-state vadose-zone: saturation tic:ld (top view) for the base~asc t1ow 
tield (dark blue-~aturation is -0.03. light bluc-sacur:ltion is -0.2. 
green-saturation is -o.S). 
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Figure 3.:.3. Saturntion profiles for the 
bas.:-c:l.Se t1ow i.lte (5_1_50) 
:lt the three locations of mterest. 

Figures 3.3-1 show the simulated I-1:!9 plumes for the four source regions (described in Table 
3.1-3) after 1.000 years. Although the infiltration rate at each source region is the s:une (5 mm/yr). 
the plumes are quite different because of both inventory variation~• and differences in the thickness 
of the str.ltigraphic units. The inventory distribution in the d.ispos=tl unit.' is heterogeneou....;;..le:1ding 
to large variations m contamin:mt rele!Lo;e r:~.tes from the disposal units to L"le unsatur:lted zone. For 
example. the 7l toSS inventory [Fig. 3.3.l(b)] domin~tes the total site relea..~ of I~l19 to the 
aquifer at i .000 years. Also, the historic sh~fts. located near the southern edge of the mesa (left ~ide 
of Fig. 3.3.l(c)). concentr:lte nearly SOt:O of the f·t19 historic inventory into a small area. thus 
producing the predominant plume shown :tt the south side of the ITtes:l. The htstoric pits to the north 
and west produce the less concentrated plumes. The location of t!-.e basalt unit and the effect of the 
vertical. fr..1ctun:·dominared flow through this unit (see Section :!.1) on plume migr:nil.)n is. t'Cldi!y 
vtsible in these tigurcs. We see that once solutes reach the ba..'\.clt. they migrate c;Utckly through the 
units. In the future waste scenario (Fig. 3.3.l(d)). only the plume·s leading edge reaches the b:l..~t 
after 1.000 years because the tuff unit;; !lre much thicker benea:h this proposed expansion area. 
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(a} Oldest 

Ex;unpleof 
J.atc:r:ll transport 
co mesa edge 

(c) Historic 

Top of Basalt 

(b) 7l to 88 

(d) Future 

Ftgure3.3-l. r-1'!9 plumes (log scale concentr:ktion. molesllitc:r) in the vadose zone at 
1.000 yc::li'S f¢r the four different source regions. base-case flow tield. 
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3.3.1 Downward Tran.,-port toward the WaterT!)ble 

3.3.1.1 Ba.o;e-Ca.w Flow Field 

Figures 3.3-:! through 3.3-4 show the toul time dependent flux ofC-14. I-129. and Tc-99 from the 
v:1dosc zone to the saturated .zone for the four sourer: cl:l.o;.o;itiC!lticns using r.he b:l...e-c.:~.-.c.. st=dy 
flow field (5_1_50). The exponential rapid-relea.~ model described in Section 3.1.5 control~ the 
release of al1 three nuclides. This produces flu."<-versus-timc curves that peak in less than 10.000 
years. A solubility-limited relea..;e would produce flat flux curves with 0(1 peak th:1t e:<tend for the 
duration of the inventory lifetime. The transient flux informatic)n is supplied !1.." input to the 
s:ttur.1ted-zone model. but is broken into 28 spatial footprint.; as shc)wn in Figure 3.1-4. so that the 
spatial distribution produced by the various source regions is ma.in:.ained. 
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For each nuclide :md och w:~Ste c:1tegory. the flux i~ iDCJ'C:L.,ing at 1.000 yearsc:1u.~g the 1.000-ye:lr' 
peak dose to occur .:u 1.000 years. During the 1.000-year to 1 0.000-yearuncertainty time fr:une.. the 
peaks in the curves occur at vmou.~ times. making the prediction of time of ma."'cimum dose over 
thi~ time period less str:lightforward. For each of the three nuclides. the future inventory arrives 
latest at the base of the V3dose zone becau.~ of the inCI'e:l..-.ed .. ':ldose·zone thicknes..-. at the western 
end of Are:t G. 

3.3.1.2 Otllu Flow Fields 

In order to :l..'~s the uncen:Unty in flow r.:u:e at the site on the tr:m.-.-port ~-wt.-.. we e:c:lillined the 
tr.l.n~-pon ofl·l29 for the hlStorical sowce for different flow r.ues and compared the flu.'"< from the 
v:~dose zone. Figure 3.3-5 shows. the totzll flux ofT-129 for five different flow l":ltes. a. .. described in 
Table 3.3-1; 1_1_20. 5_1_20. 5_1_50. 10_1_20. :md 10_5_100. By comparing the 1_1_20 QSC. 

the 5 _1_20 case. and the 1 0_1_20 c:a.~e. we see that rut increa.~d percolation rate through the mesa 
results in f:l..'\ter transpon through the vadose zone :u'ld increased flux to the satur.lted zone. Thi<; 
flux dependency is compounded by the source rele:l..."-<: r.ue. wruch i." highly flux dependent a.~ 
shown in Figure 3J .. ]. The flux at 1.000 years for the lowest flow ca.~ (1_1_20) is some five to 
seven orders of magnitude less than the other cases cor.sidered. This ca..;e is investigated further to 
estimate a lower bound dose as p.:ut of the uncertainty analysb. By compwg the 5_1_20 ca...e to 
the 5_1_50 ca.~. we see that additional water in Pajarito Canyon resull~ in fa.qer tr:m.•q)(m through 
the vadose zone and increa."-Cd flux to the satllr.lted zone. The 10_5_100 ca.~ represent~ the flow 
field with the most water added to the ~)'stem. Trus ca."-<: yields the fa.'\test tr:m. .. -pon through the 
vadose zone. the highest flux rate to the saturated zone. m1d con.~qucntly will yield the highest 
dose over the fi~'t 1.000 years. For this reason. we study this ca.-.e further in the unccnainty an:Uysis. 
to estimate an upper bound dose a." pan of the uncertainty analysis. 
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Figure 3.3-5. Total flux of the historical I-129 inventory from the vadose zone to 
the satur.lted zone for vmou.' flow ca.~ 
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Figures3.3-6(a) .. (b).and (c) show the total time dependent flux ofC·I4. T-l29. and Tc-99 from the 
v:lC!ose zone to the sacur:ucd zone for the four source regions for the hishest-tlow CL'te (10_5_100). 
I! tllcse results. arc comp:m:d to those shown in Figures 3.3-2 through 3.3-4 for the base-case flow 
r:tte. we see th3t the high-flow case yields curves that pe:lk. earlier omd b:lve higher contunin:mt 
tlw:c:s ro the v:ldose :zone.. For the base<:~Se c::tlcul.ations. the time of first :mival was estimated tO 

be :tt ~ut 600 ye:u'S. Fot"the hi;b-flow QSC:. this time b01S dec:rc.lSCd to :.bout 300 yeOU"S. 
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Figure 3.3-6. ToCll flux of (a) C-14. (b) I-1:!9 :md (e) Tc-99 from the v:ldose zone 
to the s:ltU1':l!ed zone for the highest-flow C!lSC (10_5_100) from the 
four source regions. 
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Figures3.3-7 (a). (b).and (c) show the total time dependent flu:'tofC-14. I-129.and Tc-99 from the 
v:tdose zone to the saturated zone for the four source regions for the lowest-flow o..~ (1_1_20). If 
these result~ are compared to the b:t~-ca.~ result.~ (Figures 3.3-~ to 3.3-4 ). we see that the pc:1k flux 
v:llues for the low· flow ca.~ occ:ur mter th;m 10,000 years. For the ba.~-c3..'\e c.:tlcul:ltion.~ the time 
of first arrival wa.~ estimated to be m abour 600 years. For the low-flow ca.~ this time has inc:re:1..~ 
to about ~000 years. which L~ later than the 1,000-year compliance period. 
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Figure 3.3-7. Total iluxof(a) C-14. (b) I-1~9. and (c) Tc-99 from the vadose zone 
to the satur.tted zone for the lowest-flow ca.;c (1_1_20) from the four 
source ~gion.,. 
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3.3.2 l..:lta'al Transport toward the Mesa Sides 

Figures 3.3-S through 3.3-10 show the simul:ncd n:sul~ of l!liCr:ll flux toward the north {Caiiada 
del Buey) :md south (P:lj:uito Cmyon) mes:s. sides for C-14. I-129. and Tc-99. These ealc:ubted flux 
v:llces. are cxpcacd to be c=aremdy conservative (high) comp:m::d to the true tlux that occurs at the 
site for two n::lSOOS.. Fust. the simulated lalcral tr:msport of the nuclides occurs bcc:ausc of the 
cv:1p0Cltive bound:lry c:ocdition imposed along tbe mesa sides. The very low. fixed saturation along 
themesasidcscwscsasttocg btc:r:ll pressure gradient that pulls warer:mdsubsequently the nuclides 
from the mesa interior tow:srd the edges. Our hypothesis of evaporative processes at 
Arc:l G is that cv:1poration occurs ubiquitously within the fr.lCtUreS in the mesa·top units :md also 
along surge beds. :JS. discussed in Section 2.4. This hypothesis is supported by the extremely dry 
mesa-cop tuff unitS (Krier .. et ai... 1996)~ by recent chloride ;.md ~zso profile analyses (Newman. 
1996) :md by hi~ suction measured along the surge beds (Rogers et al •• 1995;· also see 
Figure 2.4-5 in this report). If drying occurs throughout the mes:t (as we hypothesize) instead of 
only at the mesa exterior.. the resulting lateral p~"llre gradient is much weaker. leading to less 
contaminant r::msport toward the mc::s:L sides.. 
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Figure 3.3-8. Tot:ll btcr.llflux of C-14 tow:ml the Clesa sides :llong (a) Caii~ del 
Buey and {b) Pajarito Canyon from the four source regions. 
base-<::lSC tlow field (5_1_50). 
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Figure 3.3-9. Totallatc:r.tl flux ofl-129 toward them~ sides along (a) Canada del Buey 
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Second. the flux .is.c:llcul:tred as though the nuclides exit the system as they reach the mesa edge. In 
this c::se. the nuclides would beav:Ubble for surface tr:msport. perb.:lps by surface nmoff. It is more· 
likely that nuclides would 3CCUmulate along the mes:1. edge r:u.her than moving beyond. Pore water 
ev:1por;ues. but the heavy. nonvobtile nuclides will tend to c:oncentr.lte. This same process happens 
.along other ev:1por:ltion sites (e.g .. fr:lctures) again resulting in less flux at the exterior of the mesa 
th:m shown in the c:llculations. Longmire ct al. (1996) ~vc observed elevated c:hloride, sulfate. and 
sodium c:onccntr.ltions in pore w:uers extr:lCted from unsaturated-zone Bandelier tuff samples. They 
suggest that ev:1por:u:ion..lclds to the conccntrntion of dissolved species. Newman's (1996) data on 
chloride :md stable isotope concc:ntt:ltions also support this discussion. 

The next step in this :m:Uysis is to c:onsida the migi"Jtion of chis larer:illy tr:msponed w:tste to the 
w:u.er table from the two canyon flooiS adj:tc:ent to the site. For the simulations, we conservatively 
assume tb;tt the .rodionuc:lide flux out oithe mesa sides is immediately av.illable for ~-pon from 
the c:myon floors.. This is pcrl'ormed for some generic C~SCS :md later SC:l.led to estimate results for 
thespec:ificQSCS.As seen in Figures3.3-8 through 3.3-10, aflwc.ofl()-lJ molests is a typical peak 
later:l! flux value. This v:Uuc is chosen to represent the generic source tenn. These figures also 
indic::ue a peak tlu."< OCC'1.llr'il2g for a period of about SOO years. Therefore.. a generic: rapid-release 
source is modeled as a c:o~""t:Ult flux of 10"13 moles/s for a period ofSOO ye:liS. The source release 
begins. immedi:ttely so th:lt no l:tg time for the nuclides to re:tc:h the mesa sides and then deposit in 
the cmyon floors is. included in the :1nalysis. 

5cp.:lr:lte c:llc:u.Latioas are run for the two canyons. Paj::uito Canyon (south) with a percolation rate 
o( SO mm/yr :md Ctiiada del Buey (north) with a percobtion rate of 1 mm/yr. The flux is applied 
over 3I'ClS in the two c:myons th:1t rep~c the areas adj:u:cnt to the historic pits (Recorded 1988 to 
1995 w:lStc:S). Figure 3.3-11 shows the resulting flux-versus-time curves at lhe base of the vadose 
zone for this set o! clc:ulatiocs. The cocCJ.minant that is pbced in Pajarito Canyon (south) reaches 
the w:tter t:lble more quickly th:tn th:tt pl.1c:ed in C:ui:lda del Bucy (north)· because of the higher 
percol:ltion rate in P:aj:ulto C:myoo. The peak tlu."<. occws after 750 years. The simulated nuclide 
flux from the V41dose zoneforwaste placed in P:tjarito Canyon is used as inputto the satur:lted·zone 
model so that the m:lX.irnum possible dose for this mec:h:mism Cl1l be predicted. These results are 
pn:scntcd in Sections. 43.2 and 4.3.3. The satur:1Ied zone results for the generic rnpid·n:lease case 
(tluxr.ue of 1 • .:t 1 o-IJ moJcsls into P:ljarito Canyon) are SC!led by the approxim:lte pe:lk flux v:llues 
for c:lCh of tbe three nud.ldes and exh of the four w:tSte categories from Figures 3.3..S rhrough 
3.3-10. Tbc:se scale facto~ shown in T;1ble 3.3-1. arc used in the: fo:mal dose assessment (Shuman. 
1997b). 
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Figure 3.3-11. Generic tom! t1u.x from the canyon floors through the vadose zone to 
the satur.Lted 7..one for an extreme ca.~ of later:al tr.tnsport. Pajarito 
Canyon (south) tlowrate is 50 mmlyr. Ouiad.a del Buc:y (north) flow 
rate is 1 mmJyr. 

Table 3.3-1. Scale factors to correCt f::cnerk concentration breal'thr(Ju~h 
curve for each nuclide and wa~1e c:ate,:ory usins: the base-o.-;e flow field 
(S_l_SO). 

C·14 J-129 Tc:-99 

Oldest 0.0001 0.1 0.4 

71 to AA 1.0 o.s o.s 
Historic: 0.04 0.0~ 0.1 

Futur·e 0.09 o.oos 3.5 
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3.3 """""" Otltu Flbw Fulds 

For the high-flow <::l.."ie (10_5_100). the simulated l:ltcr:ll transport tow:mi the mesa side is quite 
simili1r ro the base-e:lSC predictions shown in Fisurcs 3.3-8 through 3.3-10. Slightly higher peak 
fluxes (1 to 4 times higher) of shorter dur.1tion are calculated. At this higbc:r flow rate. the mesa-top 
satur:Uion i.~ higher. This produces a brgc:r s:~tur:ltion gradient between the mesa-top units and the 
side cvapor:ltive (fi.'ted..Iow-sarur:uion) bound:lty. causing a. stronger capillary pull of contamin:1ted 
w:uer toward the mesa. sides tb:ln for the base ca.o;e. There is, however. a competing :ldvective force. 
The highc::r flow rare ca.."Tics the contaminated water downw3ld twice a.~ fast as in tbe base c:lSC, 

thus moving it beyond the strong capillary forces exerted along the mesa edges. These factors help 
to expl.lin the higher J)Qk fluxes of shorter duration. The generic flux curve from Paj:lrito Canyon 
to the w:uer table for this c:lSe is shown in Figure 3.3·12. The high· and low-flow flux rates shown 
in Figure 3.3-12 :1te calcula.tcd similarly to that for the base case (a constant source of 
to-O molesls for a period of 500 years with no lag time) except for the background flow field. 
There i~ faster breal"througb to the water table because of the higher canyon flow rate of 
100 mm1yr. The pc::lk flux occurs. after 580 years. Scale factors are shown in Table 3.3-2 for this 
higher-flow case. These :ue used in the fo:m:ll dose assessment to scale results for the generic ca.se 
of flow through Pajmito Qmyon to estimate a worst-case release. 
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Figure 3.3--11. Generic total flux from the floor of Pajarito c3nyon through the vadose zone 
to the saturated zone for an extreme case ofl:ucr.ll tr.111sport. Pajarito Canyon 
flow rates 31'C 100 mm/yr. SO mmlyr. and 20 mmlyt 
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For the low~ flow case (1_1_:!0). the simulated lateral tran.."port tow3f'd the: m~ side i.~ a.Lo;o similar 
to the base-Q...;e predictions sha\\.'n in Figures 3.3·8 through 3.3-10. Slightly lower pe:lk fluxQO 
(:! to~ times lower) with del:tyed :s.rrival times :tnd oflonger dur:ttion...; are Qlcul:.t.ted. At thi~ lower 
flow rate. the effects of the capillary and advective forces are r.he opposite of t.hose explained in the: 
previous paragra{:'h for the high-flow c:t....;e. Compared to the base ca...;e, the capil~ pull to\\':U"d the 
mesa edge is we01ker bec:1u.-.e the internal m~~top s.:ltur:t.tion is lower. The downw:u-d a.dvec:tive 
t:"".mspo:t is five times slower th;m for the ba.o;e <::l.~. The weaker capillary force helps to e.~plain the 
delayed arrival time: and the lower peak value.-.. With the lower flow rate. t.he contam.ill3tcd w:uer 
remains within the strong cap ill~ gt:!dient for :.t.lonser time. which causes the longer duration of 
the flux c:urvc:. The generic t1u.x curve from P:ljarito C3nyon to the w::uer table (Figure 3_.3.1:!) 
~bows slower bre3k.'through tl) the w:tter uble bec::luse of the lower c:myon tlow r:ue of 10 mm/yr. 
The peak flux occurs after 1290 years. Scale factors J.re shown in T3ble 3..3-3 for thi.;;. lower· flow 
case. Th~ 3f'e used in the formal do~ asses.c;.ment to de result.; for the generic ca..-.e of tlow 
through Pajarito Canyon to estimate a lower bound relea.~. 

A~ in the ba...;e CJ.-.e, these calculated t1u.-x v:Uue:s :tre expected to be extremely con~ative (high) 
t:omp:.t.red to the true later.U nux that occurs at the site for the two rea."'n..' di~'--.ed in Section 
3.3~.1. 

T~blc 3 ... '-::0 Scnle factors to correct :::enc:ric concc:ntr:ltion brC":lkthrou:::h 
curve for e:ach nucli~ and wa~e att;:ory usin::: the hi:::hest flow r.lte 
(10_~_100). 

C-14 1-119 T~99 

Oldest 0.0001 0.3 0.5 

71 to AA ~.0 0.6 0.9 

Historic 0.06 0.03 0.1 

Future 0.~ 0.007 6.0 
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3.3.3 Galeric: 1'r:lm-port Calculations for Nonr:~diol~cd Conbminants 

The miga.tion of nont:ldiologic:ll concuni:mnts from .'\rca G through the unsaturated zone \lltas 
modeled throush a series of ocneric simubtions. The: result.') of these simulations arc used ro estimate 
minimum adsorption coefficients (Kd) that will result in acc:cptablc: contaminant brc::lktbrough from 
the site to the aquifer. These re..~ults en be used to predict which nollt:ldiological met:Jls in the 
inventory I:l:lY be h:Jz::lrd..; to the aquifer over the :lC:.Xt 10.000 yQI'S and which arc expected to be 
iess tb.--e:u:enir.g. 

Four sets o! predictions or ClSCS were run with FEHM using unsaturated-zone input :md 
three-dimensional grid files bOISC:d on those developed for the PAand CA tt':lnSport modeling. These 
fourc:lSC:S include (l} release t:ooom the historic pits and shafrs :1.."-~uming the: b:1se-c3sc !low field. (2) 
release from :be historic pits :md shafts assuminb the highest flow field. (3) rele:lSC from the oldest 
pits. :md sbms assummg the base<:lSe flow field. and (4) tclc:lSC from the oldest pits and shafts 
~go the highest .flow field. In each ase. liquid-pha.o;e contuninant c:oocenu-J.tions in the pits 
41Dd shoUts wc:re hdd constant at 1.0 mole/1 for 1 O.OOO.yc:ar simulations. The adsorption coefficient 
of the ruff unit..; :md the Puye Conglomerate wa..; modified over a. r:mge of values from 
0.0 to 1.0 mllg to predict tlwt from the uns:lttltatcd zone to the aquifer. To ensure that the same m:JSS 
of conr:uninant enters a given set of simulatioc.~ we: assumed that no .ad.wrption occu.m:d on the 
crushed tuff that fills the pits. The basalt t:.'lit wa.~ al.~o assumed to be nonsorbing. Only downward 
tr:lDSpOrt toward the aquiter is considered. 

3.3.3.1 

Figures 3.3-13· through 3.3-16 show contuninant brealahrough curves (flux versus time) from the 
unsarur:ued zone to the: satur:lted zone for the: tour sees of generic predi.::tions discussed above and 
a v:lriety of Kd v:lluc:s.. The results demonstrate that a. Kd as small as 0.1 ml/g can slow the arrival 
of a cootlmin:mt to the aquifer by over 1,000 years. For e.xample. rele:lSes of 1(}6 molesls from the 
historic: pits and shafts. at the basc:...:a.o;e flow rate (Figure 3.3-13) occur at about 1.000 years for 
Kd- o. at about 4.000 years for Kd = 0.1 • .and at about 6.800 years for Kd = 0.2. In Table 3.34. we 
summarize the minimum Kd required in each of the four cases to result in contaminant fluxes after 
1.000 ye:u:s that are three orders of m:1gnitudc: .and si."'t orders of magnitude lower than the ~flux. 

Table 3.3-3. Sole !:actors to corrc.'Ct ~cncric concentration breakthrou:;:b 
curve fore~ch nuclide :and wa:o;tc c:atc::ory u:sin~ t!sc lowest fJow nte (l_t_:O). 

C·l-' I 1·1:9 Tc-99 

Oldest 6 X 10'5 I 
0.04 0.09 I 

I 

71 to88 o.s I 0..2 0.4 I 

Hlsroric 0.01 
I o.oos o.os I 

Future 0.03 I 0.002 1.0 
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Figure 3.3-13. Total flux from the uns.arur:ned zone as a function of Kd-the plot shows. 
t1ux as 3 function of Kd for simulation.~ with a generic source. from the 
historic pits. and at the b:L.~-<::l~ flow rate. 
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Figure 3.,3.14. Total flux from the uns;uuratcd zone a.~ 3 function of Kd-tbe plot sho\lors. 
tlux a.~ a function of Kd for simulations with a generic source. from the 
historic pits.. and at the ba.-;e-ca.-;e flow rate. 
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Figure 3.3-15. Tobl flux from the unsaturnted zone as a function of Kd--thc: plot shows 
flux :1S a function of Kd for simul:ltions with a generic :;o~c. from the 
historic pits. and at the base-esc flow t:lle. 
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Figure 3.3-16. TOCll flux from the unsaturated zone as a function of Kd-the plot shews 
flux :IS a function of Kd for sirnul.:1tions with a generic sourc~ from the 
historic pits.. and at the ~ flow rate. 
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Table J ... 'l-4. Minimum 1\:d value required to r~uJt in 3 cont:unin:utt flux or 
10-J times the!' peak nux value :after 1.000 yc:ars ormh:ntion. 

Case Kd to remit i.n JO'' x .k:d to result in 10•x 
peak flux peak flu 

Histori~ Base Case Flow 0.0 0.03 

Histori~ Hi::hcsr F1ow 0.03 0.1 

Oldest Ba.~ Ca.;e Flow 0.0 O.Ql 

Oldest. H~hest Flow .o~ D.OS 

The :uri val time for the midpoint of a cont:uninant brea.J..·t!'trough curve is often expressed as :1.line:lr 
function of Kd. 

(3.3-1) 

where t• is the arrival time for a retarded cont:urunant. t., i,_ the arrival time for a nonretarded 
contaminant. pb is the bulk density. and e is the soil moisrure content. The arrival time is nonlinc::u
for concentrations (or fluxes) other than the midpoint becau.~ of dio;pcrsive effect..;. Howev~ we 
provide two linear functions th:lt can be u.~ for rough predictions ofbrcaJ..."througb times of sorbing 
component<;. These functions :u'C based on the resull~ for the historic source are:L :l.Dd the high~t 
flow field shown in Figure 2 becau..;e this simulation yield.~ the most r.1pid transport through the 
unsatur.tted zone. For break.1hrough that is 1 ~ times the ma.ximum flux.. the e:stimmed :utiva.l time 
in ye;uos is 

t• = 240 (I + 27•Kd ). (3.3-2) 

but for breai"through that is 10·3 times the maximum flux. the estimated a.rriv:tl time in ye:LrS i~ 

t'• = 540 (1 + 25*Kd ). (3.3-3) 
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Equ:ltiocs 3..3-2:md3..3-3 arc conservative (tc... they produce travel times that are less th:m expected) 
for-Kd v:llucs.lcss tbam or equal to 1.0. ForbigberKd v:dues.. the coefficients thru:precc:dc Kd drop. 
and the c:.-tirnatc:s om: no longer conservative. 

3.3.3.2 Discussion of Generic Cases 

Because the bre:tkthrough results~ b:~-"ied on a const:mt source concentr:ltion. they can be directly 
SQ.Jed for solubility-limited species. as.~wning that release of the species is solubility limited in all · 
of the pits :md sb.:lfts. If the species is. present only in a fr:lction of the pits. scaling the results by that 
fr:lctioc. c:m also provide a good.cstim:ne. For species controlled by a ropid·rclc:JSC source mechanism. 
an upper bound concunin:mr flux em be obt:lined by estim:tting a mmtimum source concentration 
and scaling the breakthrough curves by tlut concentr.Uion. This !lpproach should be used with 
caution for rapid-release components because the calculated upper bound m:1y be· scver.ll orders of 
.rmgnitude higher th:Ul the expected value. 

The concentr:ltion l~vins the UDS!ltur.lted zone ~:m also be estimated by dividing the flux by the 
pore velocity 3Dd by the footprint :u-ca of the source region.. In these cxmnples. the pore velocities 
are the mesa· top infila:uion r:ues of 5 mmljT for the base case and 10 mm/yr for the highest flow 
ase. and the footprint :li'C3S :tre approxinutely 23.000 m= for the historic pits :md 33,000 m= for the 
oldest pits. These :u'ClS should again be: SClled if only a fr:lction of the pil'i contain the conumirumt. 

, The results or this study show the effect <'f adsorption coefficient on migration rates through the 
uns:uur:ned zone at Area G from both the historic :md oldest disposal units at the base-e:lSC and 
highest flow fields. It is difficult to suggest a minimum Kd value that will result in acceptable 
rcl~ without knowing the specific compliance period or the regulatory limits on ·contuninants. 
However .. we can drnw the following conclusions. for a 1.000-year and 10.000-ye:u' compliance 
period. We define .. negligible .. in the following conclusion :lS 10"6 times the maximum flux values 
shown in Figures 1 through 4. We Nume that these same results hold for the other two source 
regions Ioc:ued 3t Area G. 

• For a nonsorbillg species .. negligible breakthrough should occur for at least 240 years. 

• For a c:ompli:mce period of 1.000 years or Jess .. we believe that the v:llue.-. given in the second 
column ofTable 3.3-4 will sufficiently retlrd contaminants so that :my releases to the 3quifcr 
will be nenoligible. Bec:::wse a Kd of 0.1 mllg is the highest value in this table. we propose that 
value as tht= minimum Kd v:due for a 1.000-ycar compliance period. 

• For a compliance period of up to 10.000 years. it appears that a minimum Kd of 1.0 ml/g is 
sufficient. This value meets our definition of negligible for all but the historic source at the 
highest flow r.ue (Fismc 3.3-14). In this case. the flux is reduced to almost 10"5 times the maximum 
flu."C.. " 

• For other c:ompliance peri~ Equation (3.3--2) can be used to predict a rough esti.mme of the 
minimum Kd requirt:d to result in negligible reiQSCS. 
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4. THREE-DIME~SIONAL SATURATEJ)..ZO~~ l\10DEL 

4.1 SATURATED-ZO!'"E MODEL DEF'L'.TIIOS 

The groundw\.lter th~t percolates through Area G is a..;.,,..umed to flow predominantly do\\rtt\\':U'd 
through the vadose zone and then to enter the main aquifer t.ha.t underlies the Pajarito Pl.lteau at Los 
Alamos ~ational Labor:uory. This vadosc·lOne groundw:uer m:1y be a source of r:1dionuclide 
contamination to the main aquifer. which in rum may flow to the Rio Gr.mde. The potential le\'els 
of contamination in the: main aquifer must be predicted in order to perform the PA and CA dose 
assessments for the site. These predictions of potential contam.in:mt level-. are nmde by modeling 
the groundwater flow and radionuclide tr.t.nspon with the tinite-clement code fER.\. I <ZY''oloski ct 
al .• 199Sa). The calculations !;pan a 1 0.000-year time period in order to predict doses in the aquifer 
for the required l.OOO·ye!U' compliance period :md the 10,000-yc:ar uncertainty period. 

Although an understanding of the geology and ~oundwarer S")'!\tem under the P3j:lrito P~re:1u .i..' 
still being developed. one hypothesis (Purtymun. 1995) is that the groundwater in the main aquifer 
beneath Area G flows in a !'>Outhca...;terly direction until it t10\\o'S into the Rio Grande. The numerie:ll 
model of the satur..tted flow beneath Area G assumes that groundwater Oow i.-. southea.'\terly and 
thac the hydrologic properties of the :.qui fer are homogeneous and i..;otropic. The ,f:I'oundwarcr i..; 
:L~sumed to discharge from the ;~qui fer to the Rio Gr.mde. The radionuclides potentially entering the 
main aquifer are a.'\sumed to h;~ve tr:tveled downward throu£:h the vadose zone from Area G. The 
flu.x of radionuclides from the v;~dose zone is predicted (Section 3.3.1) and applied :1...; ;tn upper 
boundary conctition to the s:ttur.lted-zone model. Although the tlow system is simple. we have 
chosen to use a three-dimensional model in order to m!tint:l.in the spati::U distribution of the tour 
disposal unit cla...,.sification...; (Section 3. I .6). 

4.1.1 Grolo,zy and Hydro~eoiQ1::.V 

This brief description of the geology of the Pajarito Plateau i." heavily dependent on Punymun 
(1995). Purtymun (1984) sures that the Rio Gr.t.ndc: depression contains over 4570 m ( 15.000 ft) of 
volcanics :utd sediment"' th:tt overlie the Precambri:tn crystalline rock. The upper part of the Paj:uito 
Plateau consist~ of the T...;hirege Member. the Otowi Member. the Guaje Member. the Fa.nslomc:rate 
member of the Puye Conglomerate. the Totavi Lentil. the Chaquehui Forr'rultion. the Chamita 
Fonnation. and the Tesuque Formations interbedded \\.ith ba...:;altic rock." of the Chino Mesa and 
other ba..~t~. The Tschicoma Formation is found to the west of the Pajarito Plateau. 

Groundwater under the: Pajarito Pl<:1teau can be found in the: shallow alluvium near the surface:.. in 
perched water found above the main aquifer. and in the ma.in aquifer. The main aquifer exi.;t." 
within the Puye Conglomer..tte (composed of the Fanglomcrote member and the Tota"i Lentil) and 
the Santa Fe Group (composed of the Chaquc:hui Fo~tion. the Chamita Fonn3tion • .:u1d the Tesuque 
Formation). It may be unconfined toward the west. but in the ea.~ it appc:lfS to be confined and 
under :trtesian and semiartesian condition.' along the Rio Gl':l.nde (Pucymun. 1984). 
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The nuin aquifer is thought to exist to gre:u depth under the Pajarito Plate:i.u but contains usable 
warer(.TOS Jes.~ than 1.000 mglt) to a. depth of L.S30 to 2.130 m (6.000 to 7.000 ft). S:ilinity of the 
:.quifer incrc3SeS with depth (Purtymun. 1984 ). There is no evidence of perched groundwater under 
An::t G or between Area G and the Rio Gr:mde (Devaurs. 1985: Dev:wrs and Purtymun. 1985). 

Waste th3t enterS the satur.ued :one beneath Area G will enter the fansJomenuc member of the 
Puye Conglomerate. It is expc:c:tcd ~ the waste will not enter 3Jly of the dec:pcr units and will 
remain contlined within the fmglomer:ue member. This unit consists of volcanic debris with pumice 
cobb I~ to boulders. in a matri."t of silts. clays. and sands. Clay. silt. and pumice lenses are common. 
The f:mglomc:t:lte is widespread beneath the Paja:ito Plateau. The basalts of the Chino Meso consist 
of a. thick sequence ofb:lSOlltic to anccsitic rock .md intcrtlow breccias. They arc interbedded with 
the Chaquchui Fonna.tion and the fanglomc:r.ue member. 

Wdls looted directly to the northwest of Area 0 are PM-2. PM-4. :md PM-S within the Pajarito 
wcll field. There is no infonn:ttion from wells or outc:roppi.-tgs in the :u-ea of interest between wells 
PM-2. PM-4-. :md PM·5 :md near the Rio Grande where outcropping and w:uer levels found in the 
river and nearby springs give further information. 

In the P:sja.rito well field. the average saturated thickness of the r:ruUn aquifer penetrated by the 
wells i.~ 552 m (1810 ft). The avernge specific opacity of the field is about 6.46 x 10"3 m'!fs 
(31.2 gpmlft) of drawdown. tr:lli~-missiviry is 1.35 x ro-: mZ.Js (93.800 gpd/ft) and the field coefficient 
of permc:a.bility is 2.52 x ro-s m/s {53.4 gpd/ft~ (Purtymun. 1995). Purtymun bas calculated the 
r:tte of movement of water in tbe top of the main aquifer near Area. Gas 9.2 x 10·7 m/s (95 ftiyr) 
b:tscd on hydrologic ch:lr.lctc:ristics of the supply and test wells in the Pajarito well field. 

Purtymun ( 1995) st:ltCS that. ba:;ed on pumping tests over the scn:ened leng--..h of the· PM-2 well. the 
hydraulic conductivity is 1.3 x I o-s m!s (~ gpd/ftZ}. Over the screened length of the PM-4 well. the 
hydr:lulic conductivity is 1.1 x ro-s :nls ~ gpd/ftZ). Over the screened length of the PM-S well. the 
hydr.wlic conductivity is 2.S x 10"6 mls (5.3 gpdlftZ). 

Springs exist at the Rio Gr.mdc in the Totavi Lentil. the Cbaquehui • .:md the Tesuque. Spring 4A 
outcrops in the Totavi Lentil at an elevation of 1.698 m (5.570 ft). Spring 4 outcrOps in the Totavi 
Lentil at :1!1 elevation of 1.698 tn (5.570 ft). Spring 3AA outcrops in the Totavi Lentil at 1.664 m 
(5.460 ft). SpringS outcrops in the Totavi Lentil at 1.69S m (5$10 ft). Spring 3B outcrops in the 
Tesuque :u: 1.611 m (5.450 ft}. Spring SA outcrops in the Ch:lquehui at 1.644 m (5.395 ft). (Purtymun. 
1995. p. 287). 

Rogers et al. ( 1996) estimate o.nyon infllu-.ltion r:uc:s for the Pajarito Platc:».u at 0.01 to 0.20 cm/yr 
beneath dry canyons and O.Ot-<:1.10 cm/yr beneath wet canyons. A rough water balance estimate 
shows that the volume of vadose--zone w~ entering the .aquifc:r near Are:l G is negligible compared 
to tbe a.quitC:r volume. Thus. w:tter flux from the vadose zone to the :1quifer is not included in the 
model. 
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4.1..2 Grid 

It is :tpp~ent from the preceding discussion of the geology and geohydrology of the P:tjariro Pl.lte:tu 
that (1) due to interbedded ba.~to,; and deltaic and stre:unbcd deposition of sediment.•.;. there i..,. a 
gtC!I.t deal of v~.:~tion of the lithology of the :tre:.L. :md (:!) in the area between .. \re:t G .3Ild the Rio 
Gr.mde. there are no outcrops or wells to give information about the detailed geology. Therefore. 
very little geometric detail of the fonn:ttion..-. L;; known .:~bout this .u-e:.L For the s.:ltu:r:lted model of 
flow bene.:1th Area G. a complicated model is not justified by the current knowledge of the geo10l;Y 
.31ld geohydrology. However. a threc..dimen..;ional model i..; w:ur.mted to c.1prurc the sp:tti:ll 
distribution of radionucl ide flu.'C. from the vadose zone a."ld to approx.im:tte dispersive effect"-

A rectangul:~I-shaped grid is used to model the saturated zone; 9.m m (32.063 ft) long extending 
from just west of Area G to the Rio Grande. 1.180 m (4.199 ft) wide. and 100m (3~ ft) deep 
(Figure 4.1-1 ). These dimensions are chosen to capture any potential cont.:unination lcavin:;Are:l G 
;md moving tow3I'd the Rio Grande. The grid is made up of 19.580 nodes and 1 0~60 tctr:lhed.ral 
element'\. Only the upper 100m of the main aquifer is modeled. which mainly encompa.~.;es the 
bottom of the fanglomerate member. The vertical element width dccrea..-;es with clev:ltion to better 
model contaminant plumes entering the top of the saturated zone from the vad~ zone. Under 
Area G. the grid is refined in orda to model the solute tr.!.nsport of any r.u:tionuclidcs entering the 
main aquifer from the uns.arurared zone. These element.;; are ::!0 m in the groundwater flow ctirection 
and 44 m perpendicular to it. This element size wa.' chosen to limit numerical di~-pcrsion in the 
solute tr.msport calculations in the 3I'ea beneat!l Area G. We C.'C.}'Cct an accur:ue flow solution 
throughout the grid v:ith an accurate tr:J.ns?Ort solution in the area of interest but some numerical 
di:.-persion in the less refined region that extend' toward the Rio Grande. The model i. ... oriented :tt • 
23· from the x-~s (Fisure 4. l -:!) in order to be approx.im.atc::ly perpendicular to the ground\\.':ltc:r 
cquipotentials a.-. shown in Punymun ( 1995). 

4.1.3 Boundary Condition." 

Groundwater flow in the main 3Cjuifer is thought to be coruined near the Rio Gr-.mde :lnd unconfined 
funber w~L.. Ar.. an approximation. the main aquifer is modeled a.' entirely confmed. Thi ... b;s.~ a 
small effect on the total volume of flow through e:1ch eros..; section of the model. but the groundw:ner 
velocities. which control the movement of the contaminant piwne. are unchanged. The boundary 
condition.' of the model are no flow on top and bottom. no flow along the north and south sides. and 
flXed pressure :llong the ~"t and w~t sides of the model. The pres.~ures at the ea."t :md wo"t sides of 
the model incrca.-.e with depth to represent constant head condition.~ and C.3D be related to the 
equipotentials of the groundwater system by (St:rack. 1989): 

¢ = p/pg +elevation, (~.1.3-1) 

where¢ is the equipotential. pi~ the water pressure. p is the water den..;;ity. and g i.~ the gravitational 
con.<:tant. The change in equipotential from e:~.st to west i.' set :tt 101 m. which correspond..<; to 
Punymun ·s ( 1995) equipotentials. Time :u1d position v:ui:u1r contunin:mt flu.'t from the un.~ed 
zone is added to the upper boundary a.' a boundary condition for the transport solution. 
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Figure 4.1-1. Three-dimensional fmite element grid used for the satur.lted-zonc flow and 
~-port c:alculations. 
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Figure 4.1-~. Sarur.lted-zonc: model contigurntion. 

4.1.4 Hydrolo~ic and Transport Propertit.-s 

ruo 
Gr:1nde 

Purtymun ( 19SJ.) estimates that the hydraulic conductivity of the Puye Conglomerate i.~ equal to 
4.6 x lQ·S mls. Thi' resul~ in an intrinsic permeability eqtml to 4.7~ x lQ·l::: m:::. The material i.~ 
~~sumed to be isotropic and homogeneous for the modeling with a. porosity of0.2S. a...; desaibed in 
Section 3.1.4. 

The diffusion coefficient for the ~tur:lted zone is assumed to be IQ·9 mZts, which is the same value 
used in the vadose zone at full saturntion. Field studies have shown tlut the d.ispersivity incre:lSeS
with scale (Neuman, 19~0: Gel baret al., 199~). A dispersivity value of20 min the direction of t1ow 
and 2 m transverse to the flow are used for the simul!ltion..;. These values :l.re estim:lted u..;ing an 
empirical tit to field data developed by ~euman (1990) based on a. length sc.;tle of interest of 
appro:cimately 100 m, which is the distance from the Ar~ G boundary to the compliance point. 
Even larger dispcrsiviry values :ue justitiable, and the effect is discussed further in the uncert:Unty 
analysL' presented in Section 5. The dispersivity limits the grid spacing to approximately 20m (see 
Section 4.1.2). Table 3.1--4 gives the distribution coefficient~ tlmt apply in the s:1tur:t.ted zone. 

4.2 SATURATED·ZO:.\'E FLO\V RESULTS 

A saturated-zone flow ticld is run to st~dy state u.'iing the boundary conditions di!SCribed in Section 
4.1.3. Thi~ result.; in a Darcy velocity of 52 ftlyr and a linear pres...,ure profile along the direction of 
t1ow. The velocity is in the range of those calculated by Punymun (1995). 
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4.3 SATURATED-ZOl\'E TRA.~SPORT RESULTS 

~.1 Downward Tr-.m...,port toward the Water Table 

As discu..~o;ed in Section 3.3.1. the rodioouc:lidc: source tenn for the satumted-zone model is the 
simulated. time and position V.lri:~nt mdioouclidr: flux that e..~its the base of the vadose-zone model. 
Nodcs corresponding. to the 28 spati:ll footprint..; shown in Figure 3.1-4 are defined for the 
S:lttlr:lted-zone model. This n:t.a.ins the spatial distribution of che four disposal unit classifications 
described in Table 3.1-5. Figure 4.3-1 shows the sirr.ulated aquifer plumes for the historic [·129 
inventory :J.S..o;um.ing the base-case t1ow tic:ld in the vadose zone at 1,000 yc:m"S and 10,000 years. 

.. 'I 
.". '1 
. . '1 . , 

·.• . ·: . '. 
··,' . "·, . 

, .... ,. 
·~ .... . 

· .... ·.: •"·.,; ... ,. :··· 
o ,.o • I •' ~ I 

.. • ' ~· ( ... ~ l . : •. . ·. 

Figure 4.3-1. Historic: £-129 plume (concentration, molesllicer) in the aquifer for the 
base-Q.SC. vadose-zone flow tield: (t9p) side view at 1,000 yem. (midc!.le) · 
top view :J.t 1.000 years. (bottom) cop view at 10.000 years. 
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The side view at 1.000 years shows that the plume disperses throughout the 100-m depth of the 
model soon after entering the satur.lted zone. Concentration profiles at the 100-m compli~ce point 
show a nearly uniform contaminant di~tribution with the highest cc•ncentration at the water table. 
This trend ~pplies for the other 1·129 ~urcc: cla.,sitiotion.' and for the C-14. :md Tc-99 simulations .• 
The top views show that the inventory from the historic shaft., dominates the ~qui fer concentration 
at 1.000 years. but the aquifer concentration i."' controlled by the variou.' other pit inventories at 
1 0,000 years. 
Figure 4.3-~ shows concentr.ltion pro tiles at two location.' in the saiUI'atcd zone as:Un for the hi.;toric 
I-129 inventory. The locations represent the point of ou.ximum dose for the PA wa.~e and the 
100-m downstre:tm compliance point. This point is 100m down.'\tre:Un from the Area. G fence line. 
but approximately soo m from the loattion of the historic inventory. nus information wa. ... submitted 
to be used in the formal dose "-'~sment (Shuman. 1997b: Hollis et al •• 199i). The two curves have 
the same shape in which dilution and rnixi.."'!g decrea..~ the concentr.ltion by a factor of about 3 :u the 
100-m distance. The curves reflect the vadose·zone contaminant flux curve as shown in 
Figure 3.3·3. Similar result"' apply for the other nuclides and source tenns. The dilution factor :tt the 
100-m Joc:ttion increa..;o; 3S distance increa.\CS (i.e •• the future inventory i."' more diluted at the 
1 OQ..m compliance point than is the oldest inventory.) Aquifer dilution of vadose-zone concentr.ltions 
is approximately a factor of 500 between the maximum vadose-zone concentration and the 
concentration at the 100-m compliance point 
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Figure 4.3-~. Concentrations in the saturated zone for the I-1~9 historic inventory 
at the point of ma.ximum concentration and at the 1 OO..m compliance 
point with the ba."'C-ca.'C flow field in the vadose zone. 
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4..3.2 Later.ll Transport toward the Mesa Side 

As shown in Figure 3.3-! 1. W3Ste that is tr.msponcd laterally through the vadose zone toward the 
mesa side ~d then deposited into Paj.arito C:lnyon reaches the water tlble more quickly and at a 
higher flux over the fxrst 1.000 yean; than wa."ite that i~ transported laterolly and deposited into 
C:tiiada del Buey. For this reason. this san.:r.ued-zone study focuses on the waste th!lt migrateS 

toward P:lj:lrito Cmyon. to calculate possible cont.:lmination from JaterJl tr:lDSport at the w:uer mble. 
Three conccntr:ltion bre:lkthrouoJl curves are shown in Figure 4.3-3. These represent the time vari:mt 
:1quifer concentr:ltion :lt the location of maxi:nu.."D dose in the sarur:ued zone for the three generic 
rapid-release ases (tlux. rate of l. x 10"13 moles/$ into Pajarito Qmyon); the base case (5_1_SO). 
the highest flow ose (10_5_100). and the lowest flow c:lSC (1_1_20). These resuJt"i are sc:Ued by 
the approxim::ue peak flu."t values for each of the three nuclides and each of the four w;sste categorie..~ 
;ss shown in Tables 3.3-1. 3.3-1. ~d 3.3-3. The ba.se-ca."ie breakthrou,gh curve closely mimics that 
from the vadose zone (Figure 3.3-11) with a lag time of approx.imately SO years. the time for the 
nuclides to tr.wel through the vadose zone at the canyon flow rntc of SO mmlyr. For each of the 
:bro: v:ldose-zoce flow~ this pathway results in higher aquifer concentr:ltions trum the downward 
pathway during the first 1.000 years bc:cau."ie we: assume ~ inst:llltmeous rele:lSC into the canyon 
floor when: the flow r:ue is higher th:m through the mesa. The sQ.Je factors along with the 
eoncentr:ltion b~"througb curves Ol1'C used ;1:; part of the formal dose assessment. 
The generic coacentr.ltion curves represent the ~umconcentr.ttion in the saturated zone beneath 
Pajarito Ca.1yon adjacent r.o the historic:ll pits and shafts. The scale factors (Tables 3.3-1 through 
3.3-3) arc .a~plic:d to this curve not only for the historic wastes. but also for the other three waste 
categories. In the formal dose assessment. the displacement of the different wastes is not taken into 
:tCCOunt (i.e .• :ill of the wastes .are assumed to enter the saturated zone ac the S3me location). which 
again ovc:restimates the do~ for this p:tthway. Becau."ie the concentration is reported at a location 
directly beneath the c:myon source r:u.be:- th:m at a downstream location. the plume is not completely 
mixed. The concentr.lrion at a depth of 100 meters is approx.imately 10% that at the top of the 
~uifer.. 

Dose factors were applied to the three-dimensional C-14. I-129. :md Tc-99 saturated-zone 
concentration field.-; to obtain dose fields. These dose field..~ were summed to obtain the tot:l.l ground 
water dose and the all-pathways dose (for the water component) for the Entire PAinventoty (historic 
plus furore waste) and the Composite Analysis Inventory (CA or all w;sstcs). These calculations 
wc:n: performed in supportofthe formal dose ~ment in order to IOQ!e the positions of maximum 
dose for various combinations of waste inventories. The concentrations of C·14. 1·129, and Tc-99 
at the locations of the m:lXimum entire PAdoscs b.:neath Area G. maximum CA doses beneath Area 
G. and the auximum entire PA and CA doses at a dist:mce 100 m downstream of Area G were 
supplied for the formal dose a.o;sc:ssment. Table 4.3·1 shows the performance objectives along with 
the calculated maximum dose values for the ba."ie-ca.se flow field and the 10_5_100 flow field at 
1.000 years. 
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Figure 4.3-3. Time dependent concentr:lrion plots for the generic: ca.~ of l.lter:ll 
tr:lnsport at the location of maximum concentration in the ~d 
zone. 

It also shows the peak doses during the 1 O,OQO..year uncertainty period. wruch occurs. at :Woot 
4.500 years for the PA waste ;md 3.000 years for the CAwaste for the ba.."C-<:a.~ flow r.lte. All doses 
calculated for nuclides tt:lveling downward through the vadose zone are six or more orders of 
magnitude lower than the performance objectives. For :be low-flow case. doses are negligible bo::luse 
well over 99% of the inventory ~n.~ in the vadose zone 3S· shown in Fisurc 3.3--7. 

The full dose a..~sessmcnt for the site is presented in Shuman (1997b). Shuman calc:ul31ed a higher 
dose during the first 1.000 years from the wa..~e tlut is tr.:msported Llter.illy to the mesa side thom 
from wa.~e that follows the continuou.co downw~d path to the water table. For example. the pclk 
aquifer dose for the base-case. v:tdose-zonc flow ficld caused by U:ateral migrntion tow:1rd the mc:s:1 
side and subsequent deposition into Paj:uito Canyon occur5 :Utcr 800 yc::u"S. The PA groundwater 
dose is 4.5 x 1o-s .. and the PA all· pathways dose is 1.3 x IQ-4. These doses :ue higher than th05e 
reported in Table 4.3-1. but five tO ~ix orders of masrurude )ower tlun the perfot"'l1mlce objectives.. 
A.'> explained in Section 4.3..:!. the earlier arriv:U time .and higher aquifer concentr:ltion..~ for this 
pathway Me due to the a."Sumptioc of immedlate source release into Pajarito Canyon :md the 
coZTCSponding f:L'\t Cll1yon reclhlrge r.1tc. 

Rec:Ul from Section 3.3.2.1 that this p:lthway i." thousht to be v:L.~y overest:imated. Even still.. 
doses from this route are five to six ord~ of m:~gnitude Ies.-. than the performance objectives.. A 
m:JS.~ balance comparison of the downward and later:U pathways W".1..'\ performed to c:llc:ul:lte the 
possible impact of overc:stimati.ng the lateral pathway. Over 10.000 years. approx.i.matcly 30% of 
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Table 43-1. M.:Wmum ,-ound water and ali"'Pathways doses !or the PA and 
CA w:uus. bas~ flow fidd (mremlyr). 

PA-Cround PA-AD CA-Ail 
W.:ater Pathways Pathways 

Pcrform:mct Objective ~ ~ 100 .. 
LOOO yr (Base C:lse) 2.4x 10·1 6Sx 10.1 3.7x to-s 

Pc:lk Dose (Base C:ase) 3 X l()o$ 1 X 10""' . 2xlOoJ 
<Ql-4500 vrs (a\ -4500 Yl'S (ti).-3000 Yl'S 

LOOOyr(lO_S_lOO) 8.0 X lQ-6 2.2 X 1()-S 1.4x 10·3 

1.000 yr (1_1_20) 9 X. to-t: z X IO·Il 1 X lQ-IO 

the tn:lSS lc:Lvcs later:illy compan:d to the mass th:lt exits ott the b:lSe of the vadose zone. If thi.~ mass 
were tt:msported downward instc:ad. we would roughly predict a 30% incre:lSe in the dose for the 
downw:ll'd p:lthw:ly.Assbown in T~le 4.3--1. a 30% inc:rQSe in dose for this p:uhway is insignificant 
to the dose :lSSCS:I.'mcnt. 

5 UNCER'IA~"IY 

As in ;my predictions of the: long-term migr:Won of solutes through the subsurface. the n:sults of 
these tr:mSpOrt simulations contlin intrinsic unccrt:tinty. Here we will ~ what we believe are 
the more import:mt unccrt:linties and discuss their impact on the results. The SJ"Cll~St uncertainties 
~with pn:d.icting :lCluifer-rclateddoses fromA.""ea G are related to ourundcrsumding of the 
mecb:mism~ dt1t control flow 3Jld tr:U1Sport within the v:ldose zone and our ability to model these 
mech:misms.. At this point.. we feel that unc:ert:Unty associated with the hydrologic processes 
thc:msdvcs (conceptual model uncert:linty) dominates our ability to make pn:dic:tions.oftr.mspOrt 
at the site more so ~ uno:rtlinty :lSSOciated with the hydrologic and geochemical propenies 
( d:t.Q. uncen:Uncy). However.. even with these un~..:Untic:s. predicted doses .:ue so comfortably low 
that we do not expect that the unccrt:Unties discussed below c:m elevate doses to levels of concc:rn. 

5.1 VADOSE-ZO~"E FLO\V 

In situ satur:ltion dac:t 31"C difficult to m3tch with any single infiltr:ltion rate using our~nt vadose
zone modc:ls. as w:lS shown in Sections 2.1 and 3.2. Environmentll tracer cl:lu (Newman. 1996) 
indic::.te distinct zones of v:uying flux with very low m.idmc:s:1 water flux rates (0.03 to O.S mm/yr) 
and inae:lSCd submesa. t1ux. etc;. (0.2 to S· mmlyr). It is possible that the mesa and the subme.-.a 
units an: not strongly eonnec:tcd hydrologic systems. The wetter satur:llions bene:lth the mesa may 
be the result of n:cbarge from a different source region ~ from pen::olation through the mesa top 
or could represent 3. weac:r climatic period of hisher recharge than the present (e.g .• during the 
Pleistocene). Ev:1por:ltion is clearly an impor".ant mechanism controlling midmesa flux rates. yet it 
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is only indirectly incorporated into the t1ow modeling through the ~pplic:1tion of low inliltration 
rates of 1 to 10 mmlyr. Under this steady. low infiltration rate. the simulations predict a slow but 
smooth migration of waste through the vadose zone. However. by directly including e".':lporation in 
the simulation. ... the calculated migration of wa..;te through the me:-a may behave similarly to that 
seen with the environmentOll tracers such a."' chloride (Newman. 1996) that accumulate within the 
mesa and have estimated travel times on the order of 1.000 to 17,000 ye:u-s through the B3ndc:lier 
Tuff. The mesa itself may act a."' a dry barrier to downward migration of waste. which could lead to 
enhanced wa.'>te isolation. If this is the ca. '>C. we expect that the dosl! estimates ~rutde in this report 
would be higher th3n if these effect"' were included. 

The mesa-top infilt:ration rate i:; the stronge.o;t control on the calculated do~:nward m.igr:~.tion of 
wa.'\te through the vadose zone. It controls the source rc:lea.~ of wa..~te from the disposal unit.~ and 
the subsequent downward migr.ttion. We quantified this uncertainty somewhat by con..;idering not 
only a ba...,.e-c...;e flow field. but also high- and low-t1ow ca.'>CS. A.;. shown in Table 4.3-1. a \':lli.1tion 
in mesa-top infiltration r.ltc: from 1 mmlyr to 10 mrnJyr result.;, in a difference in the 1.000-year 
groundwater-related doses of six orders of magnitude. Cle:trly. a good understanding of this k'*· 
parameter i."> important to the dose a.-..,essment However. because doses are so much less than the 
performance objectives, a com•ervative yet realistic value seem'> adc:qtUte for thi-. site. 

Other uncertainties are related to flow within the deeper vadose-zone unit-. for which \'et')' little 
hydrologic data are available. 1' there lateral flow in the Guaje Pumice bed? Do fractures control 
wa:er flow through the basalt"? The simulation result' mke almo~t no credit for transport times 
through the Cerros del Rio Ba.~t"' becau..;e we have no knowledge of the flow regime forthi' unit. 
Becau..;e the ba..~t' make up more than SO% of the \':tdose zone. thi-; a,'\sumption i..-. exnemely 
con..~ative. The inclu.-.ion of more realistic t1ow :md tran..'\port properties for thi' unit is likely ro 
add hundreds if not thou.-.ands of years to tran.-;port times and to result in lower peak concentration..,. 
in the s:tturated zone. Again. doses rel:tted to the groundwater pathways at Are:1 G are ord~ of 
magnitude Ies."' than the PA orCA performance objectives (Sbutmn. 1997b ). An understanding of 
the mechanism..; th:u govern flow in the deeper v:.~do~-zone unit.; would ~eatly ~ce our 
understanding of flow and tran..;port at Area G. However. because the modela.-..~ption.o; concerning 
flow through these unit~ add con.o;;ervatism to the very low predicted doses. a more compreben..,.ive 
model of the deep vadose zone would probably result in funber reduction of predicted doses :md is 
therefore not nc:ces..;ary. 

The: PA and CA tr:lnsport c:llcul:::.tions are ba.-.ed on the st~dy-flow a.~sumption and on the u.-..e of 
matrix hydrololtic propen.ies for :til but the ba.-.alt.; at the site. Our understanding of the response of 
this fractured system to tran-;ient flow event.; i.o; another uncc:rta.inty in modeling of the: site. The 
tr.msient calculations (Section~) indicate that the ~leady-flow :t.\sumption i..-. adequate bec:lu.~ 
fl11ctuation.o; in both s:.tturat.ion and contaminant flux rates dampen with depth e\'en when including 
fractures in the upper two unito;.. The single fracture infiltration study led u." to the conclusion th:lt 
fracture flow i..; difficult to initiate (e.g .. requires a lar'};e source of water) and i.'i.shott Ii'ved once the 
water source is removed. This cone! u.-;ion helps justify the U.'\C of the matri.~ hydrolO".;ic properties 
for the ~-port calculations.Ag:rin. we should note that only the upper two tuffunits:ll'Ccon. .. idcred 
to have significnr fracturing (Krier et al •• 1996) and Wt the uppermost unit i.o;. c:<Cl'-':lted cluri:ng 
disposal operations. The wa...,te travels through only one highly fr:tetured unit (Urut 1 v-u) above the 
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OOsalts :llld even iffr:lcture fiow dominates there. the matrix. units below will help to attenuate ~y 
tr:msicnt pulses. 

Mean values were chosen for the hydrologic properties. used in the modeling. Cle:~tly there is some 
v:uUbility in hydrologic properties at the site. In Appendix 2. Orr performed a sensitivity analysis 
using the minimum and maximum reported hydraulic conductivity values for the units above the 
Guaje Pumice. In these one-dimensional simulations. he found that v:ldose-zone tr:lvel times vary 
by approx.i:m:ltely ±25% from that c:alcul.:ued using mean ~ues. If travel times .are shorter in response 
to bisher conductivity values. p~d!cted doses would be higher because the simulatc:d flux from the 
vadose zone would be fu..~cr mons the flux-versu....;-time curves (for e.'Umplc:, see Figures 3.3-2 
through 3.3-4). This could cot elevate doses by more than two orders of magnitude. which is still 
four orders of m:tgnitude below the perform:mcc: objectives. However. it is important to point this 
out as an indic:1tor of our :lSSumptions being less than conservative in favor of our best estimate of 
the :u::tu.:ll ~:rstcm behavior. Heterogc:ccity in hydrologic properties could lead to preferential flow 
path..; throusfl rhe v:ldose zone that could pos.c;ibly produce faster travel times and regions with 
more concectr.Ucd flux at the base of the vadose zone. However. this waste: would be diluted and 
d.isp:rscd in the aquifer. and it is a:;:Un unlikely that this effect could elevate doses by the six orders 
of magnitude required to surpass the pc:rfonn:mc:e criteria. 

-.... ~- SATURATED-ZOt'."E FLOW 

The satUrated zone is modc:led as a homogeneous and isotropic. single medium. However. the true 
system h:l." interbedded b~rs in the Puye: Conglomerate. As described above. heterogeneity can 
lead to preferential Oow paths tim c:m yield higher aquifer concentrations. Aquifer concentr:ltions 
!lre. however. limited by the flux of nuclides through the v:1dose zone and even at the point of 
~um alculatc:d dose in the aquifer. doses :tre a:;ain .six. orders of m:1t;nitude less than acceptable 
limits. 

The aquifer velocity used in the simulations is 16 mlyr. Pur:ymun ·s ( 1995) estimated aquifc:rvelocicy 
of"29 mJyr would advect the plu:nc: more quickly toward the compliance poinL However. the plume 
would be diluted by approximately a t3ctor of cwo from the current calculation. As:Un. this effect is 
small because of the very fast travel rime through the: aquifer.. One other uncertainty is related to the 
modeled :1quifer depth.. The plume disperses throughout the entire modeled depth of 100 meters. 
~ the depth been inc:t'COlSed. the plume would have dispersed even further with a cotTesponding 
do::n::1sc in coacentr:ltion. This aquifer depth produces conservative (higher) concentrations. 

5.3 TRANSPORI' PROPERTIES 

The tl":l%b-pcrt simul:ltions are very sensitive to the value of the distribution coefficient. Kd. 
Uncert:linty in this p~eter for' weakly sorbing nuclides is a data uncertainty that can play an 
i.mpor:mt role in the rc:sults of the ~-portsimui:1tions and the subsequent hum:m dose :lSSCSSmc:nt 
c:llcuLatioos.. Ac:c:ording to our simulations. a nuclide with a Kd of' approxim.uely 2.S or highc:rwill 
not l'C01dl the s;uuraredzone within 10.000 years. Previous simulations (Birdsell et al.. 1995) indicate 
that a Kd v:tluc ~low at 0.3 will retard nuclides sufficiently to prevent bi'COlktbrough to the aquifer 
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within 1.000 years. Site-specific values for several nuclide.-. (Longmire eta.! .. 1996) th=lt have large 
inventories or were o:pected to have low distribution coefficient.,. were mea-ru.red in order to decrea..;e 
the uncertainty in the tr.tnspon prediction~ th;1t result-. from ~ta uncc:rt:linry for thi.-. par.uneter. 

Longitudinal and rransven;e dispersiviry values of ~0 m and:!. m were u$ed for the s:uur:ued-zone 
modeling. Larger dispersiviry values Oli'e ju!\litiable ba.'ied on the di~t:mce of the pit' to the 100-m 
compliance point. For example, the oldest pit'> are located approx.im:ttely 180m from the compli:mcc: 
point. but the future pit.,. arc on the order of l .300 m from the compHance point. These distances 
lead to longitudinal d.ispcrsivity values rnnging from ~4 m to 130m and trnnwcrse values ranging 
from 2.4 to 13m ba'>Crl on Neum:m 's ( l 990) empiriQJ fit ro field ci:lu. Sourcc·:lppropriate clispersivity 
values for the four source regions could have been applied. The effect of increasing the dispersivity 
on the simul:lted concenlr.ltions is th:lt an increa.-.c in the longirudin:ll dispersivity would result in a 
faster arrival time for the plume's le:~ding edge. Increa"CS in both the longitudinal and tran$vc:t"Se 
dispersivities would lead to ~ lower peak concentration. The dispersivity v:Uues used for the 
saturated-zone modeling yield conservative result' for the dose a_.;~.essment 

6 CONCLUSIONS 

Numerical simulations =rrc: •.tsed to predict long-term migration rntes of mdionucl ides for the Are:l G 
performance assessment and composite analjsis. Result-. of the calculations show th4lt only the 
three nonsorbing nuclides C·l4, 1·129, and Tc-99 re:1ch the :~qmfer during the l.()()()..yc;:s.r compliance 
period or the 1 0.000-yea.r uncertainty period. Doses resulting from the aquifer concentration.'\ of 
thC$e three nuclides arc six or more orders oi ma!;Ilirude less than the performance objectives for 
the site. A-. in any predictions of the long~tcnn migration of solutes through the: subsurface. the 
result.-. of these tr.tnsport simulations contain intrinsic uncertainty. However. even with these 
uncertainties, predicted doses are so comfortably low th:tt we do not expect that the uncertainties 
de.<oeribed above can elevate: doses to levels of concern. 

These predictions require ca.Jcul!ltions of tr.m:;port through the vadose and saturated zones. The two 
domains are simulated separately with the spatial and tempor:ll11ux leavinb the vadose zone applied 
a." input to the saturated zone. Both domains u..;e steady flow fields. A r:mge of '\.':ldose-zone flow 
rates were simulated in order to address the effect of uncenainty in the infiltration rate on aquifer 
concc:ntr.ttions. All flow fields produced very low aquifer concentration.,, 

Numerical studies were used to better understand vadose·zone flow through the: dry mesa-top 
environment at Are;! G. These srudies helped define the final model used to model flow and trrub-port 
through the \'adose zone. The study of transient percolation indicates that a steady-flow 
vadose-zone model is adequate for computing conuminant Ou.x to the :tquifer: The fr:tcture flow 
studies and the inve.-.tigation of the effect ofba'\alt and pumice propc:."'ties helped us defmc: appropriate 
hydrologic properties for the modeling. Finally. the evapor.ttion study helped to ju. .. tify low iotiltration 
r.ttes. 
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