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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 “ECRB” on
Figure 1.0-1) will extend from the North Ramp of the Exploratory Studies Facility (ESF), near
Station 19+92, southwest through the repository block, and over to and through the Solitario
Canyon Fault. This drift is part of a program designed to enhance characterization of Yucca
Mountain and to complement existing surface-based and ESF testing studies.

The objective of this milestone is to use the three-dimensional (3-D) unsaturated zone
(UZ) site-scale model to predict ambient conditions along the East-West Cross Drift. These
ictions provide scientists and engineers with a priori information that can support design and
construction of the East-West Cross Drift and associated testing program. The predictions also
provide, when compared with data collected after drift construction, an opportunity to test and
verify 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 (1987; 1991). Geochemical variations were predicted using
the TOUGH2 radionuclide transport module T2R3D (Wu et al., 1996). For all simulations, the
3-D UZ site-scale mode! grid was locally refined to explicitly discretize the proposed location of
the drift, based on the basis eéngineering drawings and geologic cross section provided in the
East-West Cross Drift Geotechnical Report (Level 3 Deliverable SP39VIM3) (TRW, 1998). A
more detailed discussion of the development of the computational grid and refinement process is
included in Section 3.1 of this report. Modeling was conducted using the full 3-D UZ site-scale
;‘nl?ld;l Iglomam,(; : a 3-D submodel, and a two-dimensiona! (2-D) cross section extracted from the

-D model.

This report presents data developed during a previous milestone report entitled,
“Predictions of ambient conditions along the East-West Cross Drift using the 3-D UZ site-scale
Engdlel” (Ritcey et al., 1998). The tracking number associated with this data is listed in Table

2.0 QA Status of Work

The work performed in this study is documented in Yucca Mountain Project Scientific
Notebooks YMP-LBNL-YSW-1, YMP-LBNL-GSB-1.3, and YMP-LBNL-GSB-1.9.
Throughout this study, Lawrence Berkeley National Laboratory has used data collected under
approved YMP Quality Assurance Procedures (QAP) whenever possible. The software packages
used as part of this milestone effort include standard spreadsheet and graphics programs. Such
programs are not subject to Quality Assurance (QA) requirements under the QA Requirements
and Description (QARD). Hydrologic and geochemical conditions in the unsaturated zone at
Yucca Mountain are characterized and simulated using the TOUGH2 code (Version 1.11)

(Pruess, 1987; 1991), and the EOS3, EOS9, T2R3D, (Version 1.11) and the generalized
SP33ABM4 2




effective continuum method (ECM) (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).

l;Aeny mt?ai‘liitfii?aﬁons made to this code and associated modules and used for this report, have also
en q .

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

Table 2.0-1 Study Data Summary and Q dtatus
rehole/Data 1ype Q DTN/ACCN (it availabie)
Organization- Principal Investigator Status | .
USW SD-7/Pc, Por., S, Dp; USGS, L. Flint Y GSO5T108312231.005
~OSW SD-97Pc, Por., S, Dp; USGS, L. Flint Y G :
or., o, Up, S, L. Flint h'd ~G5950308312231.002
OSW SD-127In-situ Pc;, USGS, J. Rousseau Y ~G5960308312232.001
USW UZ-14/Pc, Por., S, Dp; USGS, L. Flint Y GS950308312231.005
"UE-25 UZFT&/ Por., S, DP;, USGS, L. Flint Y GS940508312231.006
Variable Intiloation Rate, USGS, A. Flint L'l GSU609083T12Z11.003
"NRG-72/Dp, Por.; USGS, L. Flint Y GSY3TI0831223T.010
[UZ-7a/Dp, Por, S.; USGS, L. Flint Y GS951108312231T.011
ermal k data; SNL, BrodsKy. Y SNLUIAV/019101.0U]
Borehole temperafure data from Sass et al. (1988) N GS950408318523.0017
NNA.1989.0123.0010
UZ#4, UZ#5, NRG-6, NKG-7a, SD-12, UZ-/g; /in s1tu Y GS960308312232.001
gas pressure and temperature data; USGS, J. Rousseau GS$950208312232.003
_g Ios.gbsh for SD-9, SD-12; USGS, Moyer, (seslin and Y Go941208314211.060
e
SD-9, SD-77in situ gas pressure data, USGS. G. Y GSY50808312261.003
Patterson ’
I ;abc_;ure Hydrogeologic parameters, LENL, Wu etal, b4 LBY70301233129.001
East-West Cross Drilt Excavation Layout Y EO%BEAFOOO-OW 17-2100-40501- -
-k Permeability Data, G. LeCain, USGS Y GS960908312232.013
1‘5391 1597 UZ Model Milestone, Bodvarsson et al.,eds., | Y LB970601233125.001
‘ Flmm Froperties of Hydrogeologic Units; USGS, L. Y GSY609083T2231.004
t ,
Strontium, LANL, Triay et al,, 1396 Y LAIT.831341AQ56.001
I"TOUGHZ OUTPUT, Kitcey et al., 1998 LBIsU011235125.001
oride, LANL UZ Milestone L NA
Por.=Porosity; S= daturation NA= Not Available; Y= qualined,
Pc=Water Potential; Dp=Rock Grain Density N= unqualified data

The computer software used in the model calibrations and simulations in this report are
Q. All data used in the report are Q, except the borchole temperature data which used both
qualified (Rousseau et al., 1996) and non-qualified data (Sass et al., 1988). Nevertheless, this
non-Q temperature data is consistent with the Q borehole temperature data at higher elevations,
so it can be considered as corroborating evidence. In addition, a comparison of Q and non-Q
data at Borehole UZ-1 by Bodvarsson et l., 1997, found that a less than 0.5 °C existed between
the observed temperature profiles. Based on the assumption that the non-Q data are
corraborating evidence, all model results, predictions, and conclusions presented in this report
are Q.

3.0 Model Description

The simulations conducted for this analysis and the results generated are based on
LBNL’s conceptual model of the UZ flow system at Yucca Mountain (Bodvarsson and
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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 1.0-1. The model domain extends from approximately one kilometer (km) north of
Borehole G-2, south roughly to Borehole G-3, and from 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
FY97 Milestone Report (Haukwa and Wu, 1997); however, it was locally refined along the
proposed location of the East-West Cross Drift. In other words, individual elements were added
to the existing 3-D UZ site-scale model grid to represent the drift. These new elements were
added at the same elevation as the proposed drift alignment. They were also oriented along the
proposed drift alignment. The volume of each 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 dnift and non-drift 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 along the
drift alignment. The drift shown on the plan view figure 1.0-1 shows the proposed alignment of
the grid projected to the surface.

Also shown on Figure 1.0-1 is the approximate location of a 3-D submodel domain
extracted from the 3-D UZ site-scale model domain. This 3-D submodel was used for
temperature, pneumatic and geochemical predictions because it is less computationally intensive
and allowed more simulations to be conducted than would have been feasible if the full 3-DUZ
site-scale mode] was used. The full model and submodel boundaries are all located sufficiently
far from 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 from the 3-D
UZ site-scale model. This 2-D cross section was used for dual-permeability (dual-k)
geochemical predictions.

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
zeolitic alteration, are represented. The 3-D UZ site-scale model grid has a maximum of twenty-
eight grid layers that represent different hydrogeological units and alteration zones in the
unsaturated zone of Yucca Mountain. The Tiva Canyon unit (TCw) is vertically subdivided into
three layers, although some of these layers are not cfrescnt in all locations due to erosion. The
Paintbrush unit (PTn) is represented using five grid layers where these hydrogeologic layers
exist. The Topopah Spring unit (TSw) is divided into seven sublayers and an additional three
layers are used for the repository area. The Calico Hills unit (CHn) has 8 maximum of eight
sublayers, but generally five layers in most locations. The 3-D UZ model grid (ECM) has 40,577
clements, and 136,200 connections between the blocks. The 3-D UZ model grid (dual-k) bas
78,214 elements and over 310,000 connections. The 3-D submodel grid (ECM) has about 18,000
elements and 60,000 connections. The 2-D cross section (dual-k) has approximately 2,000
elements and 4,600 connections.

All major faults (offset greater than 20 m) from the Geologic Framework Model ISM2.0
(Clayton et al., 1997), including the Solitario Canyon, Iron Ridge, Ghost Dance, Abandoned
Wash, and Dune Wash faults, are incorporated explicitly in the 3-D UZ site-scale model, and
most are shown in Figure 1.0-1. Faults are represented in the model as vertical zones with sharp
stratigraphic offsets and connections to adjacent grid layers. The Sundance Fault, whichis a
northwest-striking fault zone with a maximum cumulative 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
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predictions is expected in this area. This uncertainty could occur because local features such as -
offset in cooling joints, brecciation or zones of intense fracturing may exist that have not been
considered by the model. Uncertainty in model predictions is also expected where the East-West
Cross Drift intersects the Solitario Canyon Fault. This fault, which has offset as large as
hundreds 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 fault
zone does not consider detailed local variations in the amount of offset, surficial units exposed,
and rock properties that could decrease or increase the flow of water and air within these zones.
In particular, surficial outcrops of the TSw hydrogeologic unit at the fault zone may allow water
and air to be introduced directly into this unit, and offsets that place the highly fractured 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 dampening 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 major

hydrogeologic units and alteration zones as shown in Table 3.1-1. Development of model
layering is described in Bandurraga (1996) and Wu et al. (1997).
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Table 3.1-1 Relationship between Model Hydrogeological Units and Geological

Formations.
Togical Unit Welding Intensity/ Formation Moael Hydrogeological
Name (Buesch et al., 1995) Unit Unit
AINTBRUSH GROUY
iva Canyon M,D1 (Tpexxxx) tewll
tewl2
Tuff Basal Vitrophyre (1pcpv3) Tiva Canyon (TCw)
M (Tpcpv2) tewl3
b (1pcpvl) pnzl
edded tult N (Tpbt4)
T:&ca Mountain N,P.M (1py) ptn22
edded tult N ({Tpb3) pmn23 Paintbrush (PTn)
ah Canyon 1uil N,P,M (1pp) ptni4
edded tult N (Tpoe2)
opopah Spring N,P (Tptrv3) ptn25
ff (Tptrv2) w31
D -Upper vitrophyre (Tptrv1)
D (Tptm) tsw32 Topopah Spring
»L (1ptrl) (TSw)
M,D,L (Tptpul) tsw33
(Tptpmn) tswi4
L (1ptpll) tsw3d
D (1ptpln) tsw3bo
(Tptpv3) tswi/
P, M; may be altered (1ptpvl,
Tptpv2)
Bedded tuff N; may be altered (Tpbt1) ch)l (vcor | Calico Hills
zc
Calico Hills N; unaltered (T2 - Vitric) ch2ve (CHn)
Formation
; altered (1a - Zeolitic) ch3zc
; may be altered (1htot) ch; (vcor
zc
CRATERFLAT GROUY IR
“Prow Pass Tuii N; may be altered (Icp) Unit 4-
»M Unit 3 PP3VP
.F; generally altered Units 2,1 ppizp
edded tult N; generally altered (Tcpbtl)
pper Bullirog Tull | N,P; generally altered (Tcb)
gdﬁdle Bullfrog PM bi3vp
Lower Bullfrog Tuff [N,P; generally altered bi2zp Crater Flat
Undifferentiated
edded tuff N; generally altered (Tcbbt) (CFu)
pper Iram Lull N,P; generally altered (Tct) '

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

2 L =Lithophysal Zone

3 Units per Moyer and Geslin (1995)
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3.2 Boundary 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 surface, which is a relatively fiat, stable surface in the vicinity 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),
except in the EOS3 module simulations that allowed surface gas pressure to vary. Gas pressure
conditions at the bottom boundary of the model are calculated relative to an observed pressure
value of 0.92 bars at an elevation of 730 m (Ahlers et al., 1995a&b), using an equation that
calculates atmospheric pressure as 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 surface net infiltration conditions. This is necessary to generate a
steady-state, equilibrated gas pressure boundary at the surface that will avoid artificial air flow
or circulation, which may happen when non-equilibrated pressures are imposed on the ground
surface 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
:)h:sedl;g;mdaries are all located at a minimum of 750 m from the conceptual repository

undary. '

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,
wlflch have an average value 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):

T,= T+ M(Zee-Z) Eqn: 3.2-1

where T, is the ground surface temperature to be determined at elevation Z; T, is the
temperature at the reference elevation, Z , and 2 is the atmospheric lapse rate (°C/m), a
constant to be determined. The surface temperatures are estimated using observed temperature
data from Boreholes NRG-6 and NRG-7s, which include over a year of continuous temperature
monitoring (Rousseau et al., 1996). : :

Using the surface elevation data and an annually averaged temperature of 18.23°C at
NRG-6 and 17.78°C at NRG-7a (Rousseau et al., 1996), we can calculate the atmospheric lapse
rate to be = 0.01 °C/m at Yucca Mountain. The surface temperatures were then determined
using Equation 3.2-1 and the elevations of the uppermost grid blocks of the model. The
resulting surface temperature distribution has an average temperature of 19°C. Lower than
average surface temperatures were calculated where elevations are higher, along the ridgetop
and in the northern part of the mountain. ‘

SP33ABM4 7



Thermophysical properties of liquid water and vapor are internally generated in the
TOUGH?2 code within experimental accuracy from steam table equations (International
Formulation Committee, 1967). Air is treated as an ideal gas, and the additivity of partial
pressures is assumed for air/vapor mixtures. ' '

The spatial distribution of net infiltration along the top ground surface boundary was
taken from a recent USGS net infiltration map (Flint et al., 1996). This infiltration map (Figure
3.2-1) estimates an average infiltration rate of 4.9 mm/yr distributed over the 3-D UZ site-scale
model domain. Higher infiltration rates are located at the northern part of the model domain,
near 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 eastern 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
infiltration rates ten-fold. These scenarios were used to help bound uncertainty in temperature
predictions. Infiltration was increased and decreased 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 infiltration than saturation.

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 SLX01LB1
provided for TSPA-VA (Wu et al., 1997) (see Appendix A, Tables A-1a, A-1b, A-2a and A-
2b). This spatially varying property set was calibrated through an inverse modeling process that
involved matching saturation and water potential profiles in individual boreholes against
measured data using ITOUGH2 (Finsterle, 1993) as well as calibrated against available
temperature, pneumatic, geochemical, and perched water data (Bandurraga and Bodvarsson,
1997; Bandurraga et al., 1997; Wu et al., 19972).

As described in Section 3.2, Boundary Conditions, several scenarios were considered to
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 upper
boundary condition were increased five-fold and decreased ten-fold. For the dual-k model
simulations, infiltration was increased and decreased three-fold to bound saturations predicted
along the drift. Properties that were added to the base-case, 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.

The “Q” thermal properties used for the temperature predictions (Ho and Francis, 1997)
are listed in the Appendix A, Table A-3. Thermal conductivity was calculated by TOUGH2
using a linear interpolation formula that determined conductivity as a function of liquid
saturation.

3.4 Numerical Formulation ‘

Modeling for this study was conducted using TOUGH2, a multiphase, integrated finite
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 fractured,
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 matrix flow. In the dual-k approach, fracture and matrix
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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 fracture and matrix flow
independently, and reasonably approximates steady-state systems where the equilibrium
condition is met (Doughty and Bodvarsson, 1996; Wu et al, 1996a; Doughty and Bodvarsson,
1997). In this report, the dual-k agproach was used for saturation and percolation flux
predictions and the ECM approach was used for the temperature and gas pressure predictions.
Geochemical predictions were made using both the ECM and the dual-k approaches. It has been
shown (Douggty and Bodvarsson, 1996; Wu et al, 1996a) that the ECM formulation accurately
describes fracture/matrix flow for steady-state moisture, heat flow and gas flow for the UZ
system at Yucca Mountain. The ECM is also computationally simpler to use. The dual-k
approach, which is more rigorous than the ECM epproach for some applications (Doughty and
Bodvarsson, 1996), is more computationally intensive.

The TOUGH2 EOS9 module, which efficiently solves an approximation of Richard’s
equation assuming gas to be passive, was used for the saturation an lation flux
predictions. This approximation is adequate for saturation and percolation flux predictions
where 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.

4.0 Predictions
4.1 Saturation. Water Potential, and Percolation Flux Predictions

Methods

Saturations, water potentials and percolation fluxes were predicted along the East-West
Cross Drift using the full 3-D UZ site-scale model grid. The dual-k formulation 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.

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 fracture saturations is
different from the scale used for the matrix saturations in order to improve figure visibility and
reproduction quality. The results show higher saturations resulting from the higher infiltration
scenarios and lower saturations resulting from the lower infiltration scenarios. Saturations are
also generally lower on the east end of the drift where infiltration rates applied as a surface
boundary condition are lower. Fully saturated conditions are found in the CHn hydrogeologic
unit below the East-West Cross Drift. This predicted perched water zone is consistent with the
current conceptual model of Ferched water locations in the North Ramp region. Saturations are
also much lower near the Solitario Canyon Fault where hydraulic conductivities are larger than
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 adequately capture the impact of local
features such as variations in the amount of offset, surficial units exposed, and rock properties
that would be necessary to make more accurate predictions in this area. Excluding the Solitario
Canyon Fault zone, matrix saturations along the drift ranged from about 0.66 to 0.92, and
fracture saturations along the drift ranged from 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 saturations by approximately 0.03 to 0.04, depending on
location. Figure 4.1-7 shows simulated matrix water potentials along the drift for the base-case,
infiltration multiplied by three and infiltration divided by three scenarios. Water potentials
range from approximately -150 to -600 kPa for the base case, from approximately -100 to -450
kPa for the infiltration multiplied by three scenario, and from approximately -300 to -700 kPa
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for the infiltration divided by three scenario. In Figure 4.1-8, which agdin illustrates modeled
saturations along the drift, “Qf”, “Qfd3” and “Qfx3” represent the fracture saturations for the
base-case, the infiltration divided by three, and the infiltration multiplied by three scenarios,
respectively. “Qm”, “Qmd3” and “Qmx3” represent the matrix saturations for these three cases.
Because the 3-D UZ site-scale model is based on a layer-averaged parameter set that may not
incorporate small-scale local heterogeneities, some uncertainty in saturation predictions is

€x] Figure 4.1-9 shows percolation fluxes predicted along the drift for the base-case and
infiltration decreased and increased three-fold scenarios. The fluxes predicted range for the
base-case infiltration scenario ranged from approximately 0 to 17 mm/yr. For the infiltration
multiplied three-fold scenario, percolation fluxes ranged from 0 to 50 mm/yr. For the
infiltration decreased three-fold scenario, percolation fluxes ranged from 0 to 6 mm/yr. 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.

4.2 Gas Pressure Predictions

Methods

Steady-state gas pressures were predicted along the East-West Cross Drift using the 3-D
submodel grid. The submodel domain is shown in Figure 1.0-1. Fracture/matrix interaction
was treated using the ECM. The TOUGH2 EOS3 module was used for the simulations, and gas
pressure was fixed at the lower model boundary (the potentiometric surface). The base-case
infiltration scenario was applied as a surface boundary condition and no additional infiltration
scenarios were considerec{.

Predictions and Uncertainties .

Figure 4.2-1 shows gas pressures predicted along the East-West Cross Drift. Steady-
state gas pressures ranged from approximately 88.0 to 88.5 kPa. Field observations of gas -
‘péessures, which may be expected to vary based on daily and seasonal changes by as much as 2

a, can only be predicted using a transient model. The shaded areas shown on Figures 4.2-1
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 one-dimensional (1-D) gas pressure profile along a single
column extracted from 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 function of altitude.

4.3 Thermal Predictions

Methods

Steady-state temperatures were predicted along the East-West Cross Drift using the 3-D
submodel grid. The submodel domain 1s shown in Figure 1.0-1. Fracture/matrix interaction
was treated using the ECM. The TOUGH2 EOS3 module was used for the simulations, and
spatially-varying top and bottom temperatures were specified. Three infiltration scenarios, the
base-case infiltration scenario, infiltration increased ﬁve-fold, and infiltration decreased ten-
fold, were modeled to consider the impact of uncertainty in infiltration estimates on
temperatures predictions. For temperature predictions, the range in infiltration scenarios was
larger to consider uncertainty in infiltration estimates and sensitivity to temperature. Before
making any predictions the mode] was calibrated by adjusting top and bottom temperatures to
match observed data at fifteen boreholes located within the submodel domain. Four boreholes
where Q data were available (Boreholes UZ#4, UZ#5, NRG-6 and NRG-7a) (Rousseau et al.,
1996) and eleven boreholes where non-Q data were available (H-6, a¥#1, B#1, A#6, a#6, H-5,
a#4, a#5, WT#4, H-1, and G-1) (Sass et al., 1988) were used for the calibration. Figure 4.3-1,
which shows a comparison between an observed and modeled temperature profile at Borehole
H-5, demonstrates the results of the calibration process.
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Predictions and Uncertainties

Figures 4.3-2 shows temperature contoured along an east-west cross section extracted
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 of predicted
temperatures at a given point. This range reflects uncertainty in temperature predictions due to
variability in toF and bottom temperatures, and equals the value of the modeled temperature at
each location plus or minus two standard deviations based on the range in calibrated bottom
boundary temperatures. Uncertainty in temperature predictions also exists due to uncertainty in
infiltration estimates, but is not shown on the figure. Figures 4.3-4 and 4.3-5 show two 1-D
temperature profiles extracted from 3-D submodel results. The location of the columns are
shown in Figure 1.0-1. 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 estimates. Figure 4.3-6 shows the range in temperatures predicted for
the base-case, 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

Methods

The prediction of chloride concentrations was performed by the method outlined in Sonnenthal
and Bodvarsson (1997). The simulations were run using the T2R3D module, which solves the
conservation equations for water, air, and a chemical component simultaneously (Wu et al.,
1996). The diffusion coefficient for Cl in water was set to 1e-10 m?%/s' in the matrix and
approximately 1e-10 m?s in fractures (the actual value at a given node varies somewhat due to
local fracture-matrix connection areas). Because of the coarseness of the model, we assume
dispersivity to be zero. All runs were performed under isothermal conditions (uniform 25° 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 conditions 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. Boundary conditions for flow are identical
to those described previously, 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 from the precipitation maps provided by the
USGS (Flint et al., 1996) and the most recent estimated mean effective Cl concentration in
precipitation (0.62 mg/liter; Fabryka-Martin, 1998). The effective concentration is
concentration in rain plus the contribution from soluble airborne particulates (Fabryka-Martin et
al., 1996) and is assumed to be constant over time (Tyler et al., 1996). Four simulations were
performed to model the Cl distribution under steady conditions for the present and glacial
maximum climates and a transient simulation assuming that there was an abrupt change in
climate 10,000 years ago, as follows:

1. 3-D ECM submodel of UZ Site-Scale model using modern precipitation and
infiltration rates (steady-state). '

2. 2-D dual k model using modem precipitation and infiltration rates (steady-state).

' The true value may be greater than this (Oldehburg and Pruess, 1995) ; however, given the
coarseness of the model grid and the resultant numerical dispersion, & higher value may give an
unrealistic value of the total dispersivity. ,
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3. 2-? dual k model using glacial maximum precipitation and infiltration rates (steady-
state). |

The steady-state transport simulations were run for nearly 1 million years, and may
differ a few percent at most from 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 a percent. Given the small time s%; needed for
transport, the computer needed requires a slightly relaxed criteria. The maximum
differences of a few percent are very small compared to the two orders of magnitude
range in concentrations. Time steps were limited to & maximum of 100 years to ensure
that numerical oscillations are not present. This maximum time 51,? is obtained from the
g?nsli{dg;al;ltion.ﬂmt the transport distance in a given time step should not exceed the grid
oc ension.

4. 2-D dual permeability transient simulation using modemn infiltration and precipitation
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
climate 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 nonconservative in zeolitic units. Because all of the strongly
zeolitized rocks are below the repository, exchange with zeolites has no effect on the model
predictions for Sr in the planned cross drift. The exchange coefficient for Sr in zeolites was set
to 1m*kg (Triay et al., 1996). The effective concentration in precipitation was set to .0058
meg/liter (Triay et al., 1996). One ECM 3-D simulation was performed using the modern
precipitation and infiltration conditions, similar to the chloride simulations.

Background *CI/Cl values were estimated from the chloride concentrations, assuming a
climate change at 10,000 Ka and an approximate shift in the *CU/Cl ratio from 1000e-15 to
500e-15. The assumption is that the change in the chloride concentration in the climate change
simulation reflects the proportion of modern water added to the glacial maximum
concentrations, as follows:

%CU/CI (predicted) = X*500 + (1-X) *1000 (4-4.1)

where,
X=(Ccc-CeM/(CMm-CGM 4-4.2)

and Ccc is the concentration from the climate change simulation, CGaf is the concentration at
the the last glacial maximum (assumed to have persisted to 10,000 years ago), and Cjsis the
modern concentration (steady-state value). The fractional change in concentration between the
simulations is given by X. _

Predictions and Uncertainties
Chloride

Figures 4.4-1 and 4.4-2 show the modeled chloride concentrations for the modern
infiltration regime. Figure 4.4-1 is a 2-D cross section from the 3-D ECM model, and Figure
4.4-2 shows the fracture chloride concentrations from the 2-D dualapermeability simulation.
They are nearly identical, except at the model domain sides which do not receive fluxes from
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 moderm infiltration and chloride fluxes applied to
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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) are similar to the modern
concentrations, because the modern 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
function of the Nevada State Plane East (NSP-E) coordinate at the approximate level of the
planned cross drift (elevation about 1100 m). Less emphasis should placed on the east and
west boundaries of the model, which only receive fluxes from downdip elements and therefore
are closer to values as obtained from a 1-D simulation. Although the lower infiltration rates in
these regions should give higher concentrations, they are not likely to be as pronounced as the
model predicts. The profiles show that for the steady-state modern climate simulations, the
ECM and dual permeability runs (matrix chloride (shown) and fracture chloride (not shown))
give nearly identical results. This shows also that flow to the repository level is generally well-
predicted by a 2-D model. Below the repository, there is considerable lateral flow, mixing
effects are more important (Sonnenthal and Bodvarsson, 1997), and thus large-scale 3-D models
should be employed to model concentration variations. The climate-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 modern chloride concentrations in fractures, yet still showing strong disequilibrium
with some matrix blocks. The lack of chloride equilibration between pore waters in matrix and
fracture blocks displays well the effect of slow mixing and chemical diffusion in the matrix pore
waters.

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-Martin et al., 1998), it should be e that there is still some
component of pore waters from the wetter climate prevailing before 10,000 years ago in the
matrix blocks. Fracture waters should show near-modem concentrations. Therefore, samples of
pore waters taken from 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 there is a large difference in matrix and fracture pore water
concentrations and greater variations in the concentrations should be expected. This could be
due to variable amounts of mixing and the sample location relative to fractures that may have
transmitted differing fluxes.

Uncertainties in the predicted chloride concentrations are directly a function of the
uncertainty in the infiltration and precipitation rates. The effective mean concentration in
modern precipitation could differ up to & maximum of about 30% (see bounds described in
Sonnenthal and Bodvarsson, 1997), 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. - .

Strontium

Strontium concentrations from the 3-D ECM model are plotted in Figure 4.4-5 for the
cross-section along the planned cross-drift. They show a similar patiern to the chloride
concentrations, except where zeolites are encountered in the Calico Hills and the pore water
concentrations drop off precipitously, due to strong exchange. The exchange coefficient was set
to zero along the western margin, in the Solitario Canyon Fault, and therefore thereisno
reduction in concentrations evident here. Because the purpose of this model was to predict
concentrations in the cross-drift, the regions below should not be considered well-constrained,
because the larger-scale effects of lateral flow obtained in the full 3-D site-scale model are not
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present. A plot of St 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/liter to about 0.3 mg/liter. Given that the measured concentrations in Yucca Mountain pore
and perched waters vary from about 0.003 mg/liter to over 1.2 mg/liter (Sonnenthal et al., 1997),
the range predicted here is fairly narrow.

The effective concentration of Sr in precipitation is less constrained than that for
chloride, owing to the paucity of measurements. The presence of Ca-rich zeolites in the PTn
could result in much lower concentrations than that predicted here, 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 50%, based on
preliminary studies of the Sr and Sr isotope geochemistry (Sonnenthal et al., 1997).

Background *CV/CI Ratios

The background ¥*CV/Cl ratio is considered to be that which has not been affected by the
recent increase in the *Cl/Cl due to atmospheric testing of nuclear weapons. We can predict a
general background value for the 3$CL/CI 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
infiltration 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 drift is completely flushed by waters
less than 10,000 years old, and therefore we should expect %CI/Cl ratios around 500e-15. In the
eastern part, there are large concentration differences in matrix and fracture pore waters and we
would expect a range of values between 500e-15 and 1200e-15 (the approximate maximum
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 possible ages of these waters. In these cases, other bomb-pulse isotopes
(such as tritium) should be measured so that the distinction between a bomb-pulse component
and a proportion of higher ratio Pleistocene water can be made. Using the formulation described
by Equations 4-4.1 and 4-4.2, the background *Cl/Cl ratios have been calculated for matrix and
fractures along the cross-drift (Figure 4-4.7), and illustrate the behavior descibed above.

Bomb-Pulse *CV/CI Ratios

Based on the geology along the East-West Cross Drift, bomb-pulse ¥CI/Cl is likely to
occur at the Sundance fault, a northwest-striking fault zone, and the surrounding area, where
bomb-pulse *¥CL/Cl has already been found at the level of the ESF (Levy et al., 1997). Using the
same geologic information, bomb-pulse %CI/Cl might also be encountered along the eastern
edge and to the east of the Solitario Canyon fault zone where the alluvial cover is thin, the TSw
is exposed directly at the surface, 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 fast
pathway flow is likely to be linked to through-going structural features such as faults in areas of
thin alluvial cover and high infiltration, bomb-pulse *CU/Cl is not likely be encountered along
the main channel of the Solitario Canyon where the alluvial cover is thickest. However, the
magnitude and juxtaposition of offset units along the fault could allow some fast-flow to occur
in this area. According to Fairley and Sonnenthal (1996), spatially localized occurrences of
bomb-pulse *CL/CI are more indicative of rapidly transient infiltration pulses than long-term
steady-state infiltration. As a result, transient flow behavior may be important because the PTn
hydrogeologic unit is presentto actas & dampening unit, and this transient flow is not captured
by a steady state model. Bomb-pulse *CI/Cl could also be expected at other locations along the
East-West Cross Drift where alluvial cover is thin, infiltration 1s high, and through-going
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features exist. As in the region adjacent to the Sundance Fault, the presence of large
subhorizontal cooling joints in the TSw middle nonlithophysal unit could result in a spread of
bomb-pulse ratios around faults. ‘

5.0 Summary and Conclusions

Ambient conditions, including pneumatic, moisture, thermal, and geochemical
distributions and variations, were predicted along the East-West Cross Drift, Values of
spatially-distributed predictions are provided at 50 meter intervals along the drift beginning at
Station 0+00 in Appendix B. Predictions are summarized as follows:

1. Matrix saturations predicted along the drift with the dual-k model ranged from 0.66
to 0.92 and fracture saturations ranged from about 0.04 to 0.12. These saturation
values indicate that perched water is unlikely to be intersected during drift
excavation. Matrix water potentials ranged from -150 to -600 kPa for the base case
infiltration scenario, from approximately -100 to -450 kPa for the infiltration
multiplied by three scenario, and from approximately -300 to -700 kPa for the
infiltration divided by three scenario.

2. Increased and decreased infiltration (by a factor of three) resulted in a 0.03 to 0.04
change in matrix saturations. '

3. Predicted saturations were lower at the east end of the drift where infiltration rates
are expected to be lower.

4. Some uncertainty is expected in all predictions made near the Solitario Canyon Fault
zone. This uncertainty occurs because the spatial discretization of the UZ model grid
may not adequately capture local heterogencities along the fault zone that could
impact prediction results.

5. Some uncertainty in model predictions mag;also occur near the Sundance Fault.

This uncertainty could occur because this fault is e)tcgected to be intersected by the
East-West Cross Drift, but is not incorporated into the model g