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1.0 Introduction 

In 1998, the Yucca Mountain Site Characterization Project (YMP) is expected to continue 
construction of an East-West Cross Drift. The 5-meter diameter drift (shown as "ECECRB" on 
Figure 1.0-1) will extend from the North Ramp of the Exploratory Studies Facility (ESF), netv 
Station 19492, southwest through the repository block, and over to and through the Solitario 
Canyon Fault. This drift is part of apmgram designed to enhance characterization of Yucca 
Mountain and to complement existing surfaeebased and ESF testing studies. 

The objective of this milestone is to use the three-dimensional (3-D) unsaturated zone 
site-scale model to predict ambient conditions along the East-West Cross Drift. These 

provide scientists and engineers with apriori information that can support design and 
constnaction of the East-West Cross Drifi and associated testingprogram. The predictions also 
provide, when compared with data collected after drift comtruct~on, an opportunity to test and 
veri.@ the calibration of the 3-D UZ site-scale model. 

Ambient pneumatic, moisture, temperature and geochemical conditions along the drift 
were predicted using a series of model simulations. Flow modeling was performed using the 
TOUGH2 code developed by Pruess (198% 1991). Geochemical variations were predicted using 
the TOUGH2 radionuclide transport module "2WD (Wu et al., 1996). For all simulations, the 
3-D UZ site-scale model grid was locally refined to explicitly discretiZe the proposed location of 
the drift, based on the basis engineering drawings and geologic cross section provided in the 
East-West Cross Drift Geotechnid Report (Level 3 Deliverable SP39VlM3) (TRW, 1998). A 
more detailed discussion of the development of the computational pid and refinement process is 
included in Section 3.1 of this report. Modeling was conducted usmg the W3-D UZ site-scale 
model domain, a 3-D submodel, and a two-dimensional (2-D) cross section extracted from the 
W3-D model. 

. 

This report resents data developed during a previous milestone report entitled, 

model" (Rimy et al., 1998). The tracking number associated with this data is listed in Table 
2.0-1. 

2.0 QA Status of Work 

"Predictions of am t ient conditions along the East-West Cross Drift using the 3-D UZ site-scale 

The work performed in this study is documented in Yucca Mountain Project Scientific 

Throughout this study, Lawrence Berkeley National Laboratory has used data collected under 
approved Yh4P Quality Assurance Procedures (QAP) whenever possible. The software packages 
used as part of this milestone effort include standard spreadsheet and 

Yucca Mountain are charactenzed and simulated using the TOUGH2 code (Version -1.1 1) 
(Pruess, 1987; 1991), and the EOS3, EOS9,l2R3D, (Version 1.1 1) and the generalized 

NO~&OO~S YUP-LBNGYSW-1, W-LBNGGSB-1.3, and YMP-LBNGGSB-1.9. 

phks programs. Such 
programs are not subject to Quality Assurance (QA) uirements utl r er the QA Requirements 
and Description (QARD). Hydrologic and geochemi 3 conditions in the unsaturated zone at 
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effective continuum method (EdM) (Version 1.12) modules. This code and the associated 
modules have been qualified under an approved YMP QAP (Pruess et al., 1996; Wu et al., 1996). 
Any modifications made to this code and associated modules and used for this report, have also 
been qualified. 

a description of the data, the collecting organization, the Q status, the name of the principal 
investigator, and the data tracking and accession numbers (DTN and AN, respectively) used to 
identi@ the data for the YMP. 

A summary of the data used in this study is presented in Table 2.0-1. This table includes 

The computer software used in the model calibrations and simulations in this reprt are 
Q. All data used in the report are Q, except the borehole temperature data which used both 
qualified (Rowseau et al., 1996) and non-qualified data (Sass et al., 1988). Nevertheless, this 
n0n-Q temperature data is consistent with the Q borehole temperature data at higher elevations, 
so it can be considered as corroborating evidence. In addtion, ti comparison of Q and n0n-Q 
data at Borehole UZ-1 by Bodvarsson et al., 1997, found that a less than 0.5 OC existed between 
the observed t emptu re  rofiles. Based on the assumption that the n0n-Q data are 
corroborating evidence, dmodel results, predictions, and conclusions presented in this report 
are Q. 

3.0 Model Description 

LBNL's conceptual model of the UZ flow system at YuccaMountah (Bodvarsson and 
The simulations conducted for this analysis and the results generated are based on 
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Bandurraga, 1997). The 3-D UZ site-scale model grid is consistent with'the Geologic 
Framework Model ISM2.0 (Clayton et al., 1997). 

3.1 Model Domain and Grid 

The 3-D UZ site-scale model domain and grid used in this study are shown in plan view 
in Figure 1 .O-1. The model domain extends &om approximately one kilometer (km) north of 
Borehole G-2, south roughly to Borehole 0-3, and fiom the Bow Ridge Fault in the east to about 
one km west of the Solitario Canyon Fault. This grid is similar to the grid used in LBNL's 
N 9 7  Milestone Report (Haukwa and Wu, 1997); however, it was locally refined along the 
proposed location of the East-West Cross DriR In other words, individual elements were added 
to the existing 3-D UZ site-scale model grid to represent the driR These new elements were 
added at the Same elevation as the proposed drifi alignment. They were also oriented along the 
proposed drift alignment. The volume ofeach cylindrical element was calculated using the 
length of the element and assuming the diameter of each element is equivalent to the proposed 5 
meter drift diameter. Each drift element was connected to adjacent CErrft and n o n e  elements. 
Because this modification changed the UZ grid only in the vertical direction, it would be visible 
only along a cross section that sliced vertically across the 3-D UZ site-scale model grid dong the 
drift alignment. The drift shown on the plan view figure 1 .el shows the proposed alignment of 
the grid projected to the surface. 

Also shown on Figure 1 .O-1 is the a proximate location of a 3-D submodel domain 

temperature, pneumatic and geochemical predictions because it is less computationally intensive 
and allowed more simulations to be conducted than would have been feasible ifthe full 3-D UZ 
site-scale model was used. The full model and submodel boundaries ate all located SUffiGiently 
f&r fiorn the proposed East-West Cross Drift so that their effects at the drift are negligible. A 2-D 
cross section, which corresponds to the proposed drift location, was also extracted h m  the 3-0 
UZ site-scale model. This 2-D cross section was used for dual-permeability (dual-k) 
geochemical predictions. 

extracted from the 3-D UZ site-scale mode P domain. "his 3-D submodel was used for 

The layering and subdivision of geological units in the numerical grid are based on the 
geological model used in LBNL's 1997 milestone (Hinds et al., 1997). Grid layers have spatially 
variable thicknesses across the model. Lateral geologic variations, such as pinch-outs and 
zeoIitic alteration, are represented. The 3-D UZ site-scale model grid has zt maximum of twenty- 
eight grid layers that represent different hydrogeological units and alteration zones in the 
unsaturated zone of Yucca Momtain. The Tin Canyon unit (TCw) is vertically subdivided into 
three layers, although some of these layers are not resent in all locations due to erosion. The 

exist. The Toppah Spring unit (TSw) is divided into seven sublayers and an additional three 
layers are used for the r sitory area. The Calico HiUs unit (CHn) has a maximum of eight 

elements, and 136,200 comectiom between the blocks. The 3-D UZ model grid (dual-k) has 
78,214 elements and over 310,000 connections. The 3-D submodel grid (ECM) has about 18,OOQ 
elements and 60,000 connections. The 2-D cross section (dual-k) has approximately 2,000 
elements and 4,600 connectiom. 

All major f d t s  (offset greater than 20 m) h m  the Geologic Framework Model ISM2.0 
(Clayton et al., 1999, including the S0hr-h Canyon, h n  Ridge, Ghost Dance, Abandoned 
Wash, and Dune Wash faults, are incoporated cxplidy in the 3-D UZ site-sade model, and 
most are shown in Figure 1.0-1. Faults are represented in the model as vertical mnes with sharp 
stratigraphic ofhets and connections to adjacent grid layers. The Sundan~ Fault, d c h  is a 
northwest-striking fault zone with a maximum cumdatwe displacement of 11 m (potter et al., 
1995) is also shown on Figure 1.0-1. Because this fault is expected to be intersected by the East- 
West Cross Drift, but is not incorporated into the model grid, some uncertainty in model 

Paintbrush unit (PTn) is represented using five gri a layers where these hydrogeologic layers 

sublayers, but generally T ve layers in most locations. The 3-D UZ model grid ( E M )  has 40,577 
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predictions is expected in this area. This uncertainty codd occur because local features such as ' 

offset in cooling joints, brecciation or mnes of intense fracturing may exist that have not been 
considered by the model. Unaxtahty in model predictions is also expected where the East-West 
Cross DriA intersects the Solitario Canyon Fault. This fault, which has offset as large as 
h d r e d s  of meters (Kwicklis et al., 1996), is discretized in the model grid as a vertical zone with 
sharp stratigraphic offset and connections to adjacent grid layers. However, the grid in the &,Ut 
zone does not consider detailed local variations in the amount of o&et, mrficial units exposed, 
and rock properties that could decrease or increase the flow of water and air within these zones. 
In particular, mrficial outcrops of the Tsw hydrogedogic unit at the fhdt zone may allow water 
and air to be introduced directly into this unit, and offsets that place the highly fiactud TCw 
adjacent to the TSw also are expected to affect the movement and distribution of water and air in 
this region. Transient flow behavior may also be important in this fault zone because the PTn 
hydrogeologic unit is not present to act as a dampemg unit. Transient flow such as this is not 
captured by a steady-state model. 

The hydrogeologic units in the 3-D UZ site-scale model correspond to the mqjor 
hydrogeoIogic units and alteration zones as shown in Table 3.1-1. Development of model 
layering is described in Bandumga (1996) and Wu et al. (1997). 
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Table 3.1-1 Relationship between Model Hydrogeological Units and Geological 
Formations. 

cieological Unit Welding Intensity/ Formation Model Hydrogeologwal 

l’iva Canyon 

Name (Buesch et al., 1995) unit unit 
G K m  

I Beddedtuff 

I Car I f 0  Has 
I I N; unaltereci (‘1‘ a - Vitnc) 

Formation I N; altered (1 8 - mlltlc) 
N; may be altered (lhtbt) 

-.- - - 

generally lttred Units 2,l 
~eddeci tutt -- N, generally altered (Tqbtl) 

Lower Bullfrog Tug N,P; generally altered 

tcwl 1 I 

tsw3 -1 

chl (vc or Calico Hills 
=) 
ch2vc (CHn) 

Ch3ZC 
ch4 (vc or 
zc) 

Bedded tuti 
Upper Tram Tuff 

1 Welding Intensity N=Non-; P=Partially; M=Moderately; D=Denstly 

N, generally altcd (Tcbbt) 
NQ; generally altcd vet) .. 

b w  Crater Elat 
Undifferentiated 
(m) 

I 

3 Units per Moycr and Geslin (1995) 
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3.2 Boundaw Conditions 

The top model boundary represents the ground surface of the mountain or, where 
present, the bottom of the alluvium. The bottom boundary of the model represents the 
potentiometric &, which is a relatively flat, stable swfb  in the vichty of the East-West 
Cross Drift. Both top and bottom boundaries of the model are treated as Dirichlet boundaries 
(constant, but distributed gas pressures and temperatures, and constant liquid saturations), 

value of 0.92 bars at an elevation of 730 m (Alders et al., 1995a&b), using an equation that 
calculates atmospheric pressure 8s a function of altitude. 

The initial surface gas pressure conditions were determined by running TOUGH2 to 
steady-state using specified bottom gas pressure, specified top and bottom boundary 
temperatures, and applied surfbce net infiltration conditions. This is necessary to generate a 
stdy-state, equilibrated gas pressure boundary at the surface that will avoid artificial air flow 
or circulation, which may happen when nonequilibrated pressures are imposed on the ground 
suTf8ce boundaries. All lateral boundaries (shown in Figure 1.0-1) are treated as no flow 
boundaries. This treatment is reasonable for the eastern boundary, since high vertical 
permeability and lower capillary forces are expected along the Bow Ridge Fault. For the 
southern, western, and northern lateral boundaries, no flow boundaries should have little effect 
on moisture flow movement and distributions in the vicinity of the potential repository, since 
these boundaries are all located at a minimum of 750 m fkm the conceptual repository 

t in the EOS3 module simulations that allowed d a c e  as pressure to vary. Gas pressure 
:%ions at the bottom boundary of the model are calcul ate l  relative to an observed pressure . 

boundary. 

Bottom boundary temperatures were taken and interpolated from the borehole 
temperature data measured at the water table by Sass et al. (1988). These temperature data, 
which have an average d u e  of about 32"C, are also consistent with data determined by Fridrich 
et al., (1994). 

To account for differences in ground surface temperatures on the mountain at different 
elevations, we used both an observed borehole temperature data and the following theoretical 
equation that correlates temperature with elevation (Lu and Kwicklis, 1995): 

Eqn: 3.2-1 

where T, is the ground d a c e  temperature to be determined at elevation Z; Tdis the 
temperature at the reference elemon, Z, and X is the atmospheric lapse rate cam),  a 
constant to be determined. The surface temperatures are h a t e d  using observed temperahue 
data from Boreholes NRG-6 and NRG-7a, which include over a yep of continuous tern- 
monitoring (Rousseau et al., 1996). 

Using the suTf8ce elevation data and an mual ly  averaged temperature of 18.23"C at 
NFtG-6 and 17.78"C at NRa-7a (Rouseau et al., 1996), we c811 calculate the atmospheric lapse 
rate to be 0.01 "Urn at Yucca Mountah The s u r f h  temperatures were then detexmined 
using Equation 3.2-1 and the elevations of the uppermost grrd blocks of the model. The 
resulting surface temperature distribution has an average temperature of 19°C. Lower than 
average sdace  temperatures were calculated where elevations are higher, along the ridgetop 
and in the northern part of the mountain. 
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Thermophysical properties of liquid water and vapor are internally generated in the 
TOUGH2 code within experhental accuracy from steam table equations (International 
Formulation Committee, 1967). Air is treated as an id& gas, and the additivity of partial 
pressures is assumed for airhapor mixtures. 

The spatial distribution of net infiltration along the top ground surfhce boundary was 
taken fiom a recent USGS net infiltration ma (Flint et al., 1996). This infiltration map (Figure 

model domain. Higher infiltration rates are located at the northern part of the model domain, 
neat Borehole G-2, and along the north-south ridge of the mountain. Lower infiltration rates are 
located at and near the Bow Ridge Fault (the castem boundary) and in the southwest corner of 
the model. Two additional infiltration scenarios were simulated by increasing the infiltration 
rates applied as an initial upper boundary condition by a factor of five and also decreasing these 
infilmon rates ten-fold. These scenarios were used to help bound uncertainty in temperature 
predictions. Infiltration was increased and decraed three-fold for the dual-k model to bound 
saturation predictions. Infiltration scenarios were different for the temperature and saturation 
predictions because temperature is less sensitive to changes in infiltraQon than saturation. 

3.2-1) estimates an average infiltration rate o P 4.9 mm/y distributed over the 3-D UZ site-scale 

3.3 Model Parameters 

The simulations conducted for this analysis and the results generated are based on 
LBNL’s dual-k, base-case, parameter set “Qb” documented in LBNL Milestone SLXOlLBl 
provided for TSPA-VA (Wu et d., 1997) (see Appendix A, Tables A-la, A-lb, A-2a and A- 
2b). This spatidly varying property set was calibrated through an inverse modeling process that 
involved matching saturation and water 

temperature, pneumatic, geochemical, and perched water data (Bandurraga and Bodvarsson, 
1997; Bandurraga et al., 1997; Wu d al., 1997a). 

bound uncertainty in infiltration estimates. For the ECM model, which was used for steady- 
state pneumatic and 3-D geochemical simulations, infiltration rates applied as an u per 

simulations, infiltration was increased and decreased three-fold to bound saturations predicted 
along the drift. Properties that were added to the basecase, dual-k parameter set “Qb” (Wu et 
al., 1997), to calibrate the 3-D UZ site-scale model with perched water data, were removed for 
the 3-D submodel (ECM) and the 2-D cross-section (dual-k) simulations to increase 
computational efficiency. Because perched water occurrences at Yucca Mountain are located 
below the proposed elevations of the East-West Cross Drift, removal of these parameters should 
have no impact on predictions along the drift. For comparison, simulations conducted with the 
full 3-D UZ site-scale model domain retained these perched water properties. 

tential profiles in rndividual boreholes against 
measured data using ITOUGH2 (Finster p” e, 1993) as well as calibrated against available 

boundary condition were increased five-fold and decreased ten-fold. For the dual- K model 

As described in Section 3.2, Boundary Conditions, several scenarios were considered to 

The “Q” thermal properties used for the temperature predictions @Io and Francis, 1997) 
are listed in the Appendix A, Table A-3. Thermal conductiwty was calculated b TOUGH2 

saturation. 
using a linear interpolation formula that determined conductivity as a function o P liquid 

3.4 Numerical Formulation 

difference code developed by Pruess (1991), and the EOS3, EOS9, ECM, and T2R3D modules. 
A key criterion for selecting the numerical formulation appropriate for a highly frclctured, 
heterogeneous system such as Yucca Mountain is the manner in which fracture-matrix 
interaction is treated. This study uses both the ECM (Wu et al., 1996) and the dual-k 
approaches to treat fracture and mat& flow. In the dual-k approach, fracture and matrix 

Modeling for this study was conducted using TOUGH2, a multiphase, integrated finite 

. 
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systems are treated separately as two parallel, overlapping, and continuous media with 
interactions at each location. The ECM defines characteristic curves for hcture and matrix flow 
inde ndently, and reasonably approximates steady-state systems where the equilibrium 

1997). In this report, the dual-k proach was used for saturation and percolation flux 

Geochemical redictions were made using both the ECM and the d 
shown @ou & ty and Bodvarsson, 1996; Wu et al, 1996a) that the ECM formulation 8ccuLsLtely 
describes fracture/matrix flow for steady-state moisture, heat flow and gas flow for the UZ 
system at Yucca Mountain. The ECM 1s: also computationally simpler to use. The dual-k 
approach, which is more rigorous than the ECM approach for some applications (Doughty and 
Bodvarsson, 1996), is mom computationally intensive. 

ap roximation of Richard's 
equation assuming gas to be passive, was used for the saturation an c f ' r la t ion  flux 
predictions. This approximation is adequate for saturation and perco ation flux predictions 
whem liquid flux is the primary component of interest (Doughty and Bodvarsson, 1996). The 
more rigorous TOUGH2 EOS3 module, which treats air and water as separate components, was 
used for temperature and gas pressure predictions. 

con r 'tion is met (Doughty and Bodvarsson, 1996; Wu et al, 1996% Doughty and Bodvarsson, 

predictions and the ECM approac Yl was used for the temperature and as pressure predictions. 
-k approaches. It has been 

The TOUGH2 EOS9 module, which efficiently solves 

4.0 Predictions 

4.1 Saturation. Water Potential. and Percolation Flux Predictions 

Methodr 

Cross Drifi wing the full 3-D UZ site-scale model grid. The dual-k fornulation was used to 
treat flow between the fractures and the matrix. In addition to the base-case infiltration 
scenario, infiltration was increased and decreased three-fold to bound saturations predicted 
along the drift. Results were obtained using the TOUGH2 EOS9 module. 

Saturations, water potentids and percolation fluxes were predicted along the East-West 

Predictions and Uncertainties 
Figures 4.1-1 through 4.1-6 show saturations contoured along the East-West Cross Drift 

extracted from the 3-D UZ site-scale model. The gray scale used for bcture saturations is 
different from the scale used for the matrix saturations in order to improve figure visibility and 
reproduction uality. The results show higher saturations resulting h m  the higher infiltration 

also generally lower on the east end of the drift where infiltration rates applied as a surfkce 
boundary condition are lower. Fully saturated conditions are found in the CHn hydrogeologic 
unit below the East-West Cross DriR This predicted perched water zone is consistent with the 
current conceptual model of rched water locations in the North Ram region. Saturations are 

nearby zones. As discussed in Section 3.1, the spatial discretiZation of the 3-D UZ site-scale 
model grid along the Solitario Canyon Fault is not able to adeguafely capture the impact of local 
features such as variations in the amount of offset, surficial mts exposed, and rock pro 
that would be necessary to make more accurate predictions in this area. Excluding the f;""" olitario 
Canyon Fault zone, matrix saturations along the drift ranged fiom about 0.66 to 0.92, and 
hcture saturations along the dri€t ranged fiom about 0.04 to 0.12. These saturation values 
indicate that perched water is unlikely to be intersected during drift excavation. Increasing and 
decreasing infiltration changed matrix saturati~m by approximately 0.03 to 0.04, depend- on 
location. Figure 4.1-7 S ~ Q W S  simulated matrix water tentials along the drift for the base-case, 

range fiom ap r o h t e l y  -150 to -600 kPa for the base case, h m  approximately -100 to 4 5 0  
kPa for the &&ation multiplied by three scenario, and h m  approximately -300 to -700 Wa 

scenarios and 9 ower saturations resulting h m  the lower infiltration scenarios. Saturations are 

also much lower near the So p" itario Canyon Fault where hydraulic con B uctivities are larger than 

infiltration multiplied by three and infiltration divid f x r  by three  scenario^. Water potentials 
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for the infiltration divided by three scenario. In Figure 4.1-8, which again illustrates modeled 
saturations along the drift, “Qf”, “Qfd3” and “QM” re resent the fiwture saturations for the 

respectively. ”Qm”, “Qmd3” and “Qmx3” 

incorporate small-scale local heterogeneities, some uncertainty in saturation predictions is e tration decreased and increased three-fold scenarios. The fluxes predicted range for the 
basecase infiltration scenario ranged h m  approximately 0 to 17 d y r .  For the infiltration 
multiplied three-fold scenario, rcolation fluxes ranged fiom 0 b 50 mm&r. For the 

predictions do not consider the impact of drift excavation on percolation fluxes. Some 
uncertainty may also be expected where the Solitario Canyon Fault intersects the drift. 

basecase, the infiltration divided by three, and the infi P tration multiplied by three scenarios, 

Because the 3-D UZ site-scale model is bas 3 on a layer-averaged parameter set that may not 

infiltration decreased three-fol 8“ scenario, percolation fluxes ranged from 0 to 6 d y r .  The 

resent the matrix saturations for these three cases. 

Figure 4.1-9 shows percolation fluxes predicted along the drift for the base- and 

4.2 Gas Pressure Predictions 

Methods 
Steady-state gas pressures were predicted along the East-West Cross Drift using the 3-D 

submodel ‘d. The submodel domain IS shown in Figure 1 .O-1. Fracture/matrix interaction 

pressure was fixed at the lower model boundary (the potentiometric suTf8ce). The base-case 
infiltration scenario was a plied as a surface boundary condition and no additional infiltration 

Predictions QIlcl Uncertainties 

state gas pressures ranged from approximately 88.0 to $8.5 Ea. Field observations of gas 

and 4.2-2 represent the range of this Uncertainty. Excavation of the drift is also expected to 
impact observed gas pressures; however, these effects have not been considered in these 
predictions. Figure 4.2-2 shows a onedimensional (1-D) gas pressure profile along a single 
column extracted fiom the 3-D submodel results. The location of the column is shown in Figure 
1.0-1. Steady-state gas pressure increases with depth as a fimction of altitude. 

was treat e r  using the ECM. The TOUGH2 EOS3 module was used for the simulations, and gas 

scenarios were consid d 
Figure 4.2-1 shows gas pressures predicted along the &-West Cross Drift. Steady- 

ssures, which may be expected to vary based on daily and seasonal changes by as much as 2 
can only be predicted using a transient model. The shaded areas shown on Figures 4.2-1 

4.3 Thermal Predictions 

Methods 

submodel grid. The submodel domain is shown in Figure 1 .O-1. Fracturehmtrix interaction 
was treated using the ECM. The TOUGH2 EOS3 modde was used for the simulations, and 
spatially-varying top and bottom temperatures were 

fold, were modeled to consider the impact of Uncertainty in infiltration estimates on 
temperatures predictions. For temperature predictions, the ranpe in infiltration scenarios was 
larger to consider uncertainty in infiltration estimates and sensitivity to temperature. Before 
making any predictions the model w8s dibrated by adjusting top and bottom temperatures to 
match obsemed data at fifteen boreholes located wthh the submodel domain. Four boreholes 
where Q data were available (Boreholes UZ#4, UZ#S, NRG-6 and NRG-7a) (Roweau et al., 
1996) and eleven boreholes where non-Q data were available (HA, a# 1, B# 1, A#6, a#6, H-5, 
a#4, a#5, WTM, H-I, and G-I) (Sass et al., 1988) were used for the calibration. Figure 4.3-1, 
which shows a com &on between an observed and modeled temperature profile at Borehole 

Steady-state temperatures were predicted dong the East-West Cross Driff using the 3-D 

ified. Three infiltration scenarios, the 
basecase infiltration scenario, infiltration increased 2= vefold, and infiltration decreased ten- 

H-5, demonstrates P e results of the calibration process. 
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Predictions and Uncertainties 

from the 3-D submodel. The location of the East-West Cross Drift sketched on the figure is 
approximate. Temperatures ranged from about 22 to 25 degrees Celsius, with lower 
temperatures below the ridge top and near Solitario Canyon along the western portion of the 
cross section. Figure 4.3-3 shows the predicted temperatures along the East-West Cross Drift 
along the drift location. The shaded area on the figure represents the range ofpredicted 
temperatures at a given point. This range reflects uncertainty in temperatwe predictions due to 
variability in to and bottom temperatures, and q d s  the value of the modeled tem rature at 

boundary temperatures. Uncertainty in tem ture predictions also exists due to ucertainty in 
infiltration estimates, but is not shown on tgera e figure. Figures 4.3-4 and 4.3-5 show two 1-D 
temperature profiles extracted fiom 3-D submodel results. The location of the columns are 
shown in Figure 1 . e l .  The ranges of predicted temperatures are also shown on these figures. 
This range is also based on the range in calibrated bottom temperatures, and does not consider 
uncertainty in infiltration estixnates. Figure 4.3-6 shows the range in temperatures predicted for 
the base-, infiltration increased five-fold and infiltration decreased ten-fold scenarios. This 
figure shows the uncertainty in temperatures predictions due to uncertainty in net infiltration 
estimates and climate. 

4.4 Geochemical Predictions 

Figures 4.3-2 shows temperature contoured along an east-west cross section extracted 

each location p P us or minus two standard deviations based on the range in calibrat&ttom 

Methods 
The prediction of chloride concentrations was performed by the method outlined in Sonnenthal 
and Bodvarsson (1 997). The simulations were run using the "2R3D module, which solves the 
conservation equations for water, air, and a chemical component simultaneously (Wu et id., 
1996). The d i i o n  coefficient for C1 in water was set to le-10 m2/s' in the matrix and 
approximately le-10 m2/s in fractures (the actual value at a given node varies somewhat due to 
local fracture-matrix connection areas). Because of the m e n e s s  of the model, we assume 
dispersivity to be zero. All runs were perfomed under isothermal conditions (uniform 2 5 O  C in 
the 2-D simulations and a constant yet spatially variable temperature field determined from 
steady-state simulations in the 3-D model). Boundary condibons are no mass flux at the sides 
and base, for air, water and chemical components. Water and chemical components are set with 
a mass flux at the upper boundary, discussed below. Bounda~y conditions for flow are identical 
to those described previousIy, and all other parameters are identical to those used in the flow 
simulations described previously, with the steady state flow fields from the flow simulations. 

The chloride flux to the surface was calculated fiom the precipitation maps provided by the 
USGS (Flint et al., 1996) and the mod recent estimated mean effective C1 Concentration in 
precipitation (0.62 mglliter; Fabryka-Martin, 1998). The e f f d v e  concentration is 
concentration in rain plus the contribution fiom soluble airborne particulates (Fabxyka-Martin et 
al., 1996) and is assumed to be constant over time (Tyler et al., 1996). Four simulations were 
performed to model the C1 distribution under steady conditions for the present and glacial 
maximum climates and a transient simulation assuming that there was an abrupt change in 
climate 10,Ooo years ago, as follows: 

1.9-D ECM submodel of UZ SiteScale model using modern precipitation and 
infiltration rates (steady-me). 

2.2-D dual k model using modem precipitation and infiltration rates (steady-state). 

The true value may be greater than this (Oldenburg and Pruess, 1995) ; however, given the 
coarseness of the model grid and the resultant numerical dispersion, a higher value may give an 
unrealistic value of the total dispersivity. 
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3.2-D dual k model using glacial maximum precipitation and infiltration rates (steady- 
state). 

The steady-state transport simulations were nm for nearly 1 million years, and may 
differ a few percent at most fiom true steady state concentrations, because all 
simulations are run in a transient mode until the values change by less than a prescribed 
value, usually a small fraction of apercent. Given the small time 

differences of 8 few percent are very small compared to the two orders of magnitude 
range in concentrations. Time steps were limited to a maximum of 100 years to ensure 
that numerical oscillations are not present. This maximum time 

block dimension. 

needed for 
transport, the computer needed quires a slightly relaxed criteria. 7% e maximum 

consideration that the transport distance in a given time step shod "s not exceed the grid 
is obtained from the 

4.2-D dual permeability transient simulation using modem infiltration and preicipitation 
applied to the glacial maximum precipitation and infiltration concentration and flow 
distributions for a period of 10,000 years. This is meant to evaluate the effect of a 
c l i i t e  change on the chloride concentrations. 

One simulation was performed to predict the strontium concentrations in the cross drift. 
The Sr concentrations were predicted in a manner similar to the chloride concentrations, except 
that it is considered to be nonconsemathe in zeofitic units. Because all ofthe strongly 
zeolitized rocks are below the reposito 

to lm3/kg (Tnay et al., 1996). The effective concentration in precipitation was set to .0058 
mg/liter (Triay et al., 1996). One ECM 3-D simdation was performed using the modem 
precipitation and infiltration conditions, similar to the chloride simulations. 

exchange with z~olites has no effect on the model 
predictions for Sr in the planned cross z 'R The exchange coefficient for Sr in zeolites was set 

Background %/CI values were estimated &om the chloride concentrations, assuming a 
climate change at 10,000 Ka and an approximate shift in the %/Cl ratio h m  1 OOk-15 to 
500e-15. The assumption is that the change in the chloride concentration in the climate change 
simulation reflects the proportion of modem water added to the glacial maximum 
concentrations, as follows: 

where, 

W/Cl  (predicted) =x*500 + (1-~*1000 (4-4.1) 

(4-4.2) 

and Ccc is the concentration from the climate change simulation, CGMis the concentration at 
the the last glacial maximuxn (assumed to have persisted to 10,000 years ago), and C ~ i s  the 
modern concentration (steady-state value). The fi.aCti0m.l change in concentration between the 
simulations is given byX 

Predictions arad Uncertainties 
Chloride 

Figures 4.4-1 and 4.4-2 show the modeled chloride concentrations for the modem 
infiltration regime. Figure 4.4-1 is a 2-D cross section from the 3-D ECM model, and Figure 
4.42 shows the hcture chloride concentrations fiom the 2-D dual- meability simulation. 

surrounding gridblocks in the 2-D model as in the 3-D model. Fracture and matrix 
concentrations are also nearly identical for the dual permeability steady-state simulations. 
Figure 4.4-3 shows the transient simulation of modem infiltration and chloride fluxes applied to 

They are nearly identical, except at the model domain sides which 8" o not receive fluxes from 
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the steady-state glacial maximum chloride and liquid saturation distribution, assumed as the 
initial conditions. Regions of high infiltration (under Yucca Ridge) ~ v e  similar to the modem 
concentrations, because the modem fluxes are sufficient to displace and dilute the previous 
waters almost completely. Under regions of lower infiltration, on the west and on the east sides, 
the depths of modern water penetration are substantially less. 

Figure 4.4-4 shows the concentrations for all of the chloride simulations plotted as a 
hc t ion  of the Nevada State Plane East (NSP-E) coordinate at the a proximate level of the 

west bomdaries of the model, which only receive fluxes fiom down& elements and therefore 

these regions should give higher concentrations, they are not likely to be 8s p n o u n d  as the 
mode1 predicts. The profiles show that for the steady-state modem climate smulations, the 
ECM and dual permeability runs (matrix chloride (shown) and k t u r e  chloride (not shown)) 
give nearly identical results. This shows also that flow to the re sitory level is generally well- 

effects are more important (Sonnenthal and Bdva~sson, 1999, and thus large-scale 3-D models 
should be employed to model concentration variations. The clmak-change simulation shows an 
interesting break at about NSP-E 170850 m, where on the west side the matrix concentrations 
are almost the same as the modern concentrations, whereas on east side they are close to the 
glacial maximum concentrations. Fracture chloride values have equilibrated nearly everywhere 
with the modem chloride concentrations in fiac%res, yet still showing strong disequilibrium 
with some matrix blocks. The lack of chloride equilibration between pore waters in matrix and 
hcture bIocks displays well the effect of slow mixing and chemical diffusion in the matrix pore 
waters. 

planned cross drift (elevation abut  1100 m). Less emphis  should t e  placed on the east and 

are closer to values as obtained fiom a 1-D simulation. Although the P ower infiltration rates in 

predicted by a 2-D model. Below the repository, there is consi 8" erable lateral flow, mixing 

. 

. 

Based on the interpreted level of mixing of older glacial waters with younger waters 
seen in the perched water bodies and in the calico Hills units (Yang et al., 1996; Sonnenthal and 
Bodvarsson, 1997; Fabryka-h4artin et d., 1998), it should be e 
component of pore waters fiom the wetter climate prevailing be ore 10,000 years ago in the 
matrix blocks. Fracture waters should show near-modern concentrations. Therefore, samples of 
pore waters taken fiom matrix blocks may show a range of concentrations, between the modern 

. and climate change values. On the west side, the fracture and matrix chloride concentrations are 
nearly identical, but on the east side &ere is a large difference in matrix and fixture pore water 
concentrations and greater variations in the concentrations should be expected. This could be 
due to variable amouts of mixing and the sample location relative to &tctures that may have 
transmitted differing fluxes. 

uncertainty in the infiltration and precipitation rates. The effective mean concentration in 
modem recipitation could differ up to a maximum of about 30% (see bounds described in 
Somenth and Bodvarsson, 1999, resulting in concentrations 30% higher or lower. Local 
variations in chloride fluxes could also be different due to spatial variations in dust 
accumulation, although this has not been documented. 

that there is still some P 

Uncertainties in the predicted chloride concentkons are directly a function of the 

Strontium 

Strontium concentrations fiom the 3-D ECM model are plotted in Figute 4.45 for the 
cross-section along the planned cross-dsift. They show a similar pattern to the chloride 
concentrations, except where zeolites are encountered in the cafico Hills and the re water 
concentrations drop off precipitously, due to strong exchange. The exchange coe A? cient was set 
to zero along the western margin, in the Solitario Canyon Fault, and therefore there.is no . 
reduction in concentrations evident here. Because the p 

because the larger-scale effeGts of lateral flow obtained in the full 3-D site-scale model are not 

se ofthis model was to predict 
concentrations in the cross-drifr, the regions below shod T not be considered well-constrained, 
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present. A plot of Sr concentrations along the level of the drift is shown in Figure 4.4-6. Except 
.for the side boundaries, which are less reliable, the concentrations are in the range of about 0.05 
mg/Iiter to abou? 0.3 rnglliter. Given that the measured concentrations in Yucca Morn& pore 
and perched waters vary h m  about 0.003 mg/iiter to over 1.2 mg/liter (Sonnenthal et al., 1997), 
the m g e  predicted here is fairly m w .  

The eff've concentration of Sr in precipitation is less constrained than that for 
chloride, owing to the paucity of measurements. The presence of Ca-rich mlhs in the PTn 
could result in much lower concentrations than that predicted hem, owing to exchange. Slightly 
higher concentrations could occur due to water-rock interaction by dissolution of volcanic glass 
in the bedded tuffs, but this effect would not shift them more than about SO%, based on 
preliminary studies of the Sr and Sr isotope geochemistry (SonnenW et al., 1997). 

Backtyound %CVCl Ratios 

The background %CVCl ratio is considered to be that which has not been affected by the 
recent increase in the %/Cl  due to atmospheric testing of nuclear weapons. We can predict a 
general background value for the %CVCl ratio; however, the possibility for localized miXing of 
transient bomb-pulse "Cl/Cl -bearing waters with matrix pore waters could result in locally high 
values at a scale of less than a meter that a large-scale continuum model may not be able to 
capture. In addition, fast path flow of waters carrying a bomb-pulse signature may last over very 
short periods (certainly less than a few years) which cannot be addressed using steady-state 
Siltration boundary conditions. The chloride concentrations alone allow for a rough estimate as 
to the background ratios that may be observed, based on the UZ model flow fields. In the 
western section, under Yucca Ridge, the region along the driA is com~letely flushed by watm 
less than 10,000 years old, and therefore we should expect MCVCl rabos mund SO&-15. In the 
eastern part, there are large conceniration differences in matrix and hcture pore waters and we 
would expect a range of values between 5OOe-15 and 12OOe-15 (the approxkate LllEucimum 
value during the last glacial period). If unambiguous bomb-pulse ratios are discovered by 
sampling in the E-W cross drift, any elevated background values nearby cannot be considered as 
reliable estimates of the ssible ages of these waters. In these cases, other bombpulse isotopes 
(such as tritium) should c m d  so that the distinction between a bomb-pulse component 
and a pmprtion of higher ratio Pleistocene water can be made. Using the formulation described 
by Equations 4-4.1 and 44.2, the background '%VCI ratios have heen calculated for matrix and 
fi-actures along the cross-drifi (Figure 44.7), and illustrate the behavior descibed above. 

BombPuIse MCVCl Ratios 

occur at the Sudan= fault, a northwest-strikhg fault zone, and the surround= area, where 
bombpulse %/Cl  has &Iready been found at the level of the ESF (Levy et al., 1997). Using the 
same geologic idormation, bornb-pdse%CVCl might aho be encountered dong the eastem 
edge and to the east of the Solitario Canyon fault zone when the dl&d cover is thin, the TSw 
is exposed directly at the &, and the PTn unit is not present to act as a dampening unit. 
Based on the conceptual model of Fairley and Sonnenthal(1996), which states that fbst 
pathway flow is likely to be linked to through-going structural features such as fkults in areas of 
thin alluvial cover and high infiltration, bomb-pulse %CVCl is not likely be encountered along 
the main c h e l  of the Solitario Canyon where the alluvial cover is thrckest. However, the 
magnitude and juxta sition of oBet units dong the kult could allow some fast-flow to occur 

bomb-pulse *CVCI are more indicative of rapidly transient d t ra t ion  pulses than long-term 
steady-state infiltration. As a result, transient flow behavior may be hportmt because the PTn 
hydrogeologic unit is present to act as a dampening unit, and this transient flow is not captured 
by a steady state model. Bombpulse "CVCI could also be expted  at other locations along the 
East-West Cross Drift where alluvial cover is thin, infiltration IS high, and through-going 

~ a s e d  on the geology dong the East-West Cross Drift, bomb-pulse '6CI/~I is Iiiely to 

in this area. Accor r ing to Fairley and Somenthal(1996), vatidly localized occurrences of 
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12. Strontium concentrations should be in the range of about 0.05 to 0.3 mg/liter under 
the repository block, with higher concentrations (up to about 1 @iter) on the 
western and eastern boundaries. 

13. Background %VCI ratios are likely to be near modem values (5OOe-15) and more 
uniform under Yucca Ridge, and more variable to the east, whm lower infiltration 
and incomplete equilibration between modem water in hctures and mtrix pore 
waters is me$ 
around the fault, and near other structural discontinuities below regions of high 
infiltration and areas of runoff. 

14. Bombpulse CVCl values may be found along the Sundance Fault, near fkctms 

The computer software used in the model calibrations and simulations in this report ate 
Q. All data used in the report are Q, except the borehole temperature data which used qualified 
(Rousseau et al., 1996) and non-quaIified data (Sass et d., 1988). However, this n0n-Q 
temperature data agrees with the Q borehole temperature data at higher elevations, so it can be 
considered as corroborating evidence for the tern- simulations at Yucca Mountain. 
Based on this assumption, all model results, @ctions and conclusions presented in this report 
are Q. 
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Present Day Infiltration (4.9 mdyr: Flint et al., 1996) 
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Figure 3.2-1 Plm' view of the spatial distribution of net infiltration over Yucca Mountain in 
mmiyr (modified from Flint et al., 1996). 
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Figure 4.1-1 Modeled hcture saturations for the basecase infiltration scenario contoured dong 
a 2-D cross section extracted from 3-D model results. Cross section is aligned 
along the East-West Cross Drift. 
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Figure 4.1-2 Modeled matrix saturations for the base-case infiltration scenario contoured along a 
2-D cross section extracted h m  3-D model results. Cross section is aligned along 
the East-West Cross Drift. 
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Figure 4.1-3 Modeled hcture saturations for the infiltration multiplied by 3 scenario contoured 
along a 2-D cross section extracted from 3-D model results. Cross section is 
aligned along the East-West Cross Drift. 
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aligned along the East-West Cross Drift. 



E W East-West Cross Drift 
1 1 1 ( 1 1 1 ~  I 1  1 1  I I I I I " , I l l 1  1 1 1 1  1 1 ' 1  I I I I " ,  I I I l l  1 1 1 1  1 1 1 1 1 1 I j  

2000 - - 
fracture saturation - . - 

h 

U 

. 
E 

1500 - - 
.L . 
8 
Q, 
W 
0 

w - 
. -  
I . .  . 

1 t500m 2800 2600 24002200 2000 1800 1600 1400 1200 1000 80Q 600 400 200 0 
I 

Station (m) 

srrcl 
1 .oo 
0.93 
0.86 
0.79 
0.71 
0.64 
0.67 
0.60 
0.43 
0.36 
0.29 
0.21 
0.1 4 
0.07 
0.00 

Figure 4.1-5 Modeled fracture saturations for the infiltration divided by 3 scenario contoured 
along a 2-D cross section extracted fiom 3-D model results. Cross section is 
aligned along the East-West Cross Drift. 
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Figure 4.1-6 Modeled matrix saturations for the infiltration divided by 3 scenario contoured 
along a 2-D cross section extracted &om 3-D model results. Cross section is 
aligned along the East-W&t Cross Drift. 
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* Figure 4A-7 Simulated ma& water potentials along the EastWest Gross Drift. 
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Simulated Saturations along the East-West Cross Drift 
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Figure 4.1-9 Simulated percolation fluxes along the East-West Cross DrR 
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Figure 4.24 Simulated gas pressures along the East-West Cross Drift. 
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Figure 4.4-1. Cross section along the cross& through the 3-D ECM subrnodel grid. Chloride 
concentrations are steady-state distributions for the modem precipitation and 
infiltration rates. 
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&mendix A: Rock ProDerties 

This appendix lists the rock property set used for the modeling conducted in this report. These 
parameter sets were reviowly presented in Bodvarsson et al., eds., 1997 and Wu et al., 1997. 

1. Tables A-la and A-1 b list the matrix and fiacture rock properti- F l y ,  for the base- 
case, present day infiltration scenario (Qb) used for all simulations. ote that as discussed 
in Section 33, Model Parameters, the perched water properties were removed fhm the ECM 
sub-model and the dual-k 2-D cross section model parameter sets to increase computational 
efficiency. These properties were replaced with the noma!, non-perched water properties. 

2. Tables A-2a and A-2b list the matrix and fiacture rock properties, respectively, for the faults 
used for all shdations. 

The rock propexties F or the fhdt and perched water zones are also included. 

3. Table A-3 lists the t h d  propertks used for the non-isothermal simulations (fhm Ho and 
Francis, 1997). 

The following tables include additional layers and model bIocks that are used to calibrated the 
3-D model. The correspondence between layers and model blocks that are used in the 3-D and 
I-D models is summanzed below. 

The major fiidts in the UZ model (Ghost Dance, Dune Wash, Iron Ridge and Solitario Canyon) 
are incorpotaCed by assigning a 
unit ~ C W ,  PTn, TSw, and C € d G  is intersected by the fhult. The following d e  
sumumhs the relationship between the fault model properticS and the hydrogeologic units. 

up of matrix and Iti.acaue paramtters to each h drogeologic 
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