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NOTE: The termination of flow paths implies that flow paths could not be traced from geochemical information
downgradient from these areas because of mixing or dilution by more actively flowing groundwater; flow
path terminations do not imply that groundwater stopped flowing.

Figure D-9. Geochemical Groundwater Types and Regional Flow Paths Inferred from Hydrochemical
and Isotopic Data
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A comparison of the predicted and observed geochemical flow paths indicates that the predicted
flow paths generally correspond well with those identified through geochemical analysis. The
generally good agreement between the two sets of flow paths qualitatively supports validation of
the SSFM, particularly in demonstrating the capability of the SSFM to accurately simulate flow
paths from the repository to the 5, 18, and 30-km boundaries.

Thermal Modeling—Measurements of temperature in the saturated zone constitute an
independent data set that was not used in the calibration of the SSFM, but which can be used in
validating the model. The transport of heat in the geosphere occurs generally upward toward the
land surface, leading to lower temperatures near the surface. Heat is transported with
groundwater in the saturated zone and can be used as a tracer for the movement of groundwater.
To evaluate heat transport, modeling of heat transport through conduction only and through
conduction with convective transport was undertaken. Heat distributions predicted by the
conduction-only model and the coupled conduction with convective transport model were
compared to evaluate the SSFM.

Data from temperature profiles measured in boreholes were used. Temperatures were extracted
at 200-m intervals from the temperature profiles, and 94 observations from 35 boreholes were
obtained (BSC 2003a, Section 7.4.2).

The SSFM was used as the basis for the conduction-only thermal model. The model domain and
definitions of the hydrogeologic units are retained from the SSFM. Values of thermal
conductivity were designated for each hydrogeologic unit. Values of thermal conductivity for
the hydrogeologic units in the conduction-only thermal model were taken from a variety of
literature sources (e.g., Sass et al. 1984; Brodsky et al. 1997; and Wollensber et al. 1983). The
lateral boundaries of the conduction-only thermal model are set to no thermal flow, representing
the essentially vertical transport of heat in the subsurface. The upper boundary condition was
specified as a temperature-dependent heat flux in which the heat flux to the land surface was
calculated as a function of the simulated temperature at the water table and the specified
temperature at the land surface. The average annual temperature was based on the land surface
elevation and varied by as much as 22°C over the model domain. A thermal conductance
parameter was established to account for the thickness of the unsaturated zone. The bottom
boundary was specified to represent upward heat transport from the deeper crust. The heat flux
was assumed to be uniform because insufficient information was available to justify establishing
a spatially variable heat flux at the bottom of the model.

The conduction-only thermal model was calibrated by adjusting the upper and lower thermal
boundary conditions using a trial-and-error method. The conduction-only thermal model was
run to steady-state thermal conditions. Observed and predicted temperatures were compared in a
cross plot, and the calibration process sought to minimize the coefficient of determination (R)
for this cross plot.

The best calibration of the conduction-only thermal model was obtained with a uniform heat flux
of 35 mW/m? at the lower boundary and an equivalent thermal conductivity of 0.3 W/mK for the
unsaturated zone at the upper boundary. The calibrated heat flux value at the lower boundary
(35 mW/m?) was lower than previously estimated by Sass et al. (1988), but it was within the
estimated range of error (40 + 9 mW/m®) from that study. The calibrated thermal conductivity

No. 11: Saturated Zone D-22 September 2003



Revision 2

value for the unsaturated zone was low relative to units in the saturated zone (0.3 W/mK versus
about 1.4 to 1.7 W/mK for the volcanic formation of the Crater Flat tuff). However, this low
thermal conductivity value also accounts for the effects of unsaturated conditions, stratification
and variations in rock type, and percolation of groundwater.

Simulated temperatures at the water table for the calibrated conduction-only thermal model are
shown in Figure D-10. There was considerable variation in the simulated temperature at the
water table, primarily as a function of the unsaturated zone thickness. Higher simulated
temperatures corresponded to the relatively thick unsaturated zone under Yucca Mountain and
the Calico Hills (northeast corner of the model domain). Lower simulated temperatures occured
in areas where the water table is closer to the land surface (southern part of the model domain
and under Fortymile Canyon in the north). The pattern of simulated temperatures is influenced
to a lesser extent by refraction of heat flow in the lower carbonate aquifer with its higher thermal
conductivity.

Temperature (C)

00346DCa_014.ai

Source: BSC 2003a, Figure 7.4-3.

NOTE: Simulated temperature values are projected onto the water-table surface; the topographic surface (based on
satellite imagery; color does not imply temperature) also is shown. The dark blue lines on the land surface
are highways.

Figure D-10. Simulated Temperatures at the Water Table for the Conduction-Only Thermal Model

Residuals (Figure D-11) were determined for the 94 temperature data points, which generally
were small (R* = 0.80). However, there was a tendency for the calibrated conduction-only
thermal model to underestimate temperatures between 20°C and 35°C, to overestimate
temperatures between 35°C and 50°C, and to underestimate temperatures over 50°C.

c\O
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The spatial distribution of residuals at the water table indicated a systematic pattern
(Figure D-11). Positive residuals tended to occur near and to the east of Yucca Mountain,
whereas negative residuals tended to occur to the north and south of Yucca Mountain. Positive
residuals indicate that simulated temperatures at the water table were too high.
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Figure D-11.  Residuals of Simulated Temperature at the Water Table for the Conduction-Only Thermal
Model
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Thermal modeling of groundwater flow and heat transport (coupled thermal modeling) provides
a more complete representation of thermal transport processes in the saturated zone than does
conduction-only modeling because groundwater flow redistributes heat laterally and vertically.
In addition, variations in the density and viscosity of groundwater (a function of temperature)
influence the groundwater flow field.

The SSFM and the conduction-only thermal model were used as the basis for the coupled
thermal model. The calibrated upper and lower thermal boundary conditions from the
conduction-only thermal model were used in the coupled thermal model. The temperature of
groundwater flowing into the coupled thermal model at the lateral boundaries was specified to be
equal to the simulated temperatures at those nodes in the conduction-only thermal model.
Similarly, the specified groundwater flux from recharge on the upper boundary of the coupled
thermal model was specified to be the simulated temperatures from the conduction-only thermal
model.

The coupled thermal model was run to steady-state thermal and flow conditions for comparison
with observed borehole temperatures. Joint calibration of the coupled thermal model to
water-level and temperature measurements was not possible given the long computer run-times
necessary to achieve a steady-state solution. Ideally, joint calibration of the SSFM using
measured temperature and water-level data would provide explicit constraints on the
groundwater flow field. Nonetheless, the uncalibrated, coupled thermal model can provide
independent validation of the SSFM and subjective indications for improving it. The coupled
thermal model constitutes an independent validation of the SSFM because it uses a data set that
was not used in the calibration of the SSFM (i.e., temperatures in wells), adds the process of heat
transport associated with temperature to the flow model, and adequately matches the temperature
observations without altering the simulated flow conditions.

The resulting steady-state, simulated temperatures at the water table for coupled thermal model
are shown in Figure D-12. Simulated temperatures at the water table for the coupled thermal
model differ from the conduction-only thermal model in the area east of Yucca Mountain and in
a small area in Crater Flat. The simulated temperatures generally were higher in the area
between Yucca Mountain and Fortymile Wash in the coupled thermal model, indicating upward
vertical advective heat transfer in this area. The small area of higher simulated temperatures in
Crater Flat indicates another area of simulated upward groundwater flow.
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Source: BSC 2003a, Figure 7.4-7.
Figure D-12. Simulated Temperatures at the Water Table for the Coupled Thermal Model

Combining the calibrated SSFM and the calibrated coupled thermal model reduced the R*
between observed and simulated temperatures from 0.80 to 0.62. However, the simulated
temperatures for the deeper, higher-temperature measurement locations had positive and
negative residuals from the coupled thermal model, whereas, the conduction-only thermal model
consistently underestimated temperatures at these locations. The range of the statistical
distribution of residuals for the coupled thermal model was more than the conduction-only
thermal model, with an average of -0.13°C.

The spatial distribution of residuals in simulated temperature at the water table for the coupled
thermal model is shown in Figure D-13. The largest positive residuals generally occur east and
southeast of Yucca Mountain and in a relatively small area in Crater Flat. The largest negative
residuals occur north of Yucca Mountain.
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Figure D-13. Residuals in Simulated Temperature at the Water Table for the Coupled Thermal Model

Although a discernable spatial pattern in residuals was noted, the results of the coupled thermal
model indicate that more than 90 percent of the simulated temperatures are within 10°C of the

measured temperatures. Thus, the results of the coupled thermal model suggest an independent
validation of the SSFM.
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Comparison of Predicted Groundwater Velocity with Estimates from ATC Single-Borehole
Tracer Tests-Three single-borehole injection-withdrawal tracer tests were conducted in
borehole NC-EWDP-19D1 using nonsorbing solute tracers (BSC 2003b, Sections 6.3 and 6.5).
The results of these tests were compared to determine the ambient groundwater velocity in the
saturated alluvium south of Yucca Mountain. The primary difference between the three tests
was that the tracers were allowed to “drift” for different periods of time (0, 2, and 30 days)
before being pumped back out of the borehole. Four methods were used to estimate groundwater
velocities. The first three methods involved between-test comparisons of the peak, mean, and
late tracer arrival times, with the underlying assumption that differences in arrival times were
due to the different times allowed for the movement of tracer plumes. The three methods
assumed a confined aquifer, with the tracer mass corresponding to the arrival times assumed to
be injected directly upgradient or downgradient from the borehole. The resulting groundwater
velocity estimates depended on the assumed flow porosity. The fourth estimation method
assumed a homogeneous, isotropic, confined aquifer. Although these assumptions are difficult
to support, they allowed for estimating longitudinal dispersion and flow porosity from the
single-borehole tracer tests, in addition to groundwater velocity. Assuming that the true flow
porosity in the alluvium is between 0.05 and 0.30, groundwater velocity estimates from the first
three methods ranged from 10 to 77 m/yr. The lower value was for the peak arrival analysis and
an assumed flow porosity of 0.30, and the higher value was for the late arrival analysis and a
flow porosity of 0.05. The fourth method yielded a groundwater velocity estimate of 15 m/yr,
with a flow porosity of 0.10 and a longitudinal tracer dispersivity of 5 m. The specific discharge
estimates from all four methods ranged from 1.2 to 9.4 m/yr. Additional groundwater velocity
estimates, based on '*C analyses, are presented in Appendix F.

Using the SSFM, specific discharge was estimated for a nominal fluid path leaving the proposed
repository area and traveling 0 to 5 km, 5 to 20 km, and 20 to 30 km (BSC 2003a,
Section 6.6.2.3). Specific discharge was determined for each segment of the flow path using the
median travel time for a group of particles released beneath the repository. Specific discharge
values of 0.67, 2.3, and 2.5 m/yr were obtained for the three segments, respectively. An expert
elicitation panel (CRWMS M&O 1998, Figure 3-2¢) estimated a median specific discharge of
0.71 m/yr for the 0 to 5-km segment (the panel did not consider other distances). The range of
specific discharge estimates used in Yucca .Mountain performance assessments is between
0.25 to 25 m/yr, with a most probable value being 2.5 m/yr. Thus, the range of specific
discharge estimates from all four single borehole test methods is within the range used for the
total system performance assessment.

D.4.3 Solitario Canyon Fault Alternate Conceptual Model (USFIC 5.11 AIN-1)

In the SSFM, the Solitario Canyon fault (Figure D-14) is represented as a fault with east and
west branches at the southern end, each of which is considered to be a distinct feature with
distinct hydrological properties. The Solitario Canyon fault consists of generally north-south
trending features just west of Yucca Mountain. The two branches consist of generally
north-northeast-trending linear features, also just west of Yucca Mountain. In the SSFM, the
hydrological characteristics of these features enhance permeability in the vertical and
fault-parallel directions, and they reduce permeability perpendicular to the faults.
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The parameterization of the Solitario Canyon fault is an important part of the SSFM because it
can potentially control flow from Crater Flat to Fortymile Wash. The effect of these features on
the SSFM is to generate a higher head gradient west of Yucca Mountain and to impede flow
from Crater Flat to Yucca Mountain. This is important in determining the amount of alluvial
material that groundwater flowing from beneath the repository passes through en route to the
accessible environment. For the total system performance assessment for the site
recommendation (CRWMS M&O 2000b), this fault was considered to extend from the bottom of
the model domain to the top of the water table. However, conceptual uncertainty remains as to
the depth of this fault. This uncertainty translates into uncertainty regarding the likely hydraulic
behavior of this feature at depth.

To investigate the importance of the depth of the Solitario Canyon fault, an alternative
conceptualization (shallow fault alternative model) was simulated in which the fault extended
only from the water table to the top of the carbonate aquifer (BSC 2003a). The shallow fault
alternative model was identical to the SSFM in all respects except for properties of the Solitario
Canyon fault, and the only changes to the computation grid were those necessary to implement
the alternate formulation of the fault. The shallow fault alternative model was calibrated in a
manner identical to the SSFM.

The shallow fault alternative model was used to calculate head values for the 32 boreholes in the
low-gradient region south and east of Yucca Mountain. These values were compared with
measured values and values from the SSFM (BSC 2003a, Table 6.7-3). The shallow fault
alternative model produced essentially the same results as the SSFM (i.e., with a deep Solitario
Canyon fault). However, for the shallow fault alternative model, the calibrated permeability
values were approximately 25 percent lower than the permeability values for the SSFM.

Groundwater flow paths from the SSFM and the shallow fault alternative model were evaluated
using particle tracking. Two starting positions were considered: beneath Yucca Mountain and to
the west of Yucca Mountain (west of the Solitario Canyon fault). Using the SSFM (deep
Solitario Canyon fault), particle paths from beneath the repository generally were restricted to
the upper few hundred meters of the saturated zone with some spreading to deeper paths in the
alluvium south of Yucca Mountain (Figure D-15). Particle paths also were calculated from a
source area near the water table to the west of the Solitario Canyon fault, and these generally
were to the south and parallel to the Solitario Canyon fault for 5 and 10 km south of the
repository, where flow paths crossed the southern branches of the Solitario Canyon fault from
west to east (Figure D-16). Some flow paths crossed the branches of the Solitario Canyon fault
at depths up to 1,500 m below the water table between 5 and 10 km south of the repository.

Using the shallow fault alternative model, particle paths from beneath the repository were similar
to those from the SSFM (Figure D-17). Particle paths also were calculated from the source area
west of the Solitario Canyon fault (Figure D-18). In map view, the flow paths are similar to
those in the SSFM flow model; however, in cross-section, the flow paths that cross the southern
branches of the Solitario Canyon fault did not extend to depths as great as those from the SSFM.
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Figure D-15. Simulated Groundwater Flow Paths Starting Beneath the Repository (SSFM using a Deep
Solitario Canyon Fault)
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Figure D-16. Simulated Groundwater Flow Paths Starting West of Solitario Canyon (SSFM using a Deep
Solitario Canyon Fault)
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Figure D-17.
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NOTE: Blue Lines—simulated flow paths; red line-repository outline; orange hatching-SSFM representation of the
Solitario Canyon fault (Figure D-14). Particle paths start west of the Solitario Canyon fault, outside of the
repository footprint, and do not represent the paths of radionuclides that may be released from the

repository.

Figure D-18. Simulated Groundwater Flow Paths Starting West of Solitario Canyon (Shallow Fault
Alternative Model)

Results of the Solitario Canyon fault simulations indicate that both conceptualizations produce
essentially the same results. The simulated water levels, hydraulic gradients, and transport
pathways were not greatly affected by the alternative conceptualization. The small differences in
permeabilities and flow paths indicate that the depth of the Solitario Canyon fault did not affect
travel times. Both conceptualizations yielded the same flow paths from the water table beneath
the repository to the accessible environment, therefore travel times for the shallow-fault and
deep-fault cases would be similar. The influence of reducing the depth of the Solitario Canyon
fault on total system performance is expected to be minor. The alternative conceptualization of
the Solitario Canyon fault, extending only from the water table to the top of the carbonate
aquifer, resulted in slight changes to the flow system that were of no consequence for transport.
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