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ABSTRACT 
 
This paper presents several different conceptual models of the Large Hydraulic Gradient region 
north of Yucca Mountain and describes the impact of those models on groundwater flow near the 
potential high-level repository site.  The results are based on a numerical model of site-scale 
saturated zone beneath Yucca Mountain.  This model is used for performance assessment 
predictions of radionuclide transport and to guide future data collection and modeling activities. 
The numerical model is calibrated by matching available water level measurements using 
parameter estimation techniques, along with more informal comparisons of the model to 
hydrologic and geochemical information.  The model software (hydrologic simulation code 
FEHM and parameter estimation software PEST) and model setup allows for efficient calibration 
of multiple conceptual models.  Until now, the Large Hydraulic Gradient has been simulated 
using a low-permeability, east-west oriented feature, even though direct evidence for this feature 
is lacking.  In addition to this model, we investigate and calibrate three additional conceptual 
models of the large hydraulic gradient, all of which are based on a presumed zone of 
hydrothermal chemical alteration north of Yucca Mountain.  After examining the heads and 
permeabilities obtained from the calibrated models, we present particle pathways from the 
potential repository that record differences in the predicted groundwater flow regime.  The 
results show that Large Hydraulic Gradient can be represented with the alternate conceptual 
models that include the hydrothermally altered zone.  The predicted pathways are mildly 
sensitive to the choice of the conceptual model and more sensitive to the quality of calibration in 
the vicinity on the repository.  These differences are most likely due to different degrees of fit of 
model to data, and do not represent important differences in hydrologic conditions for the 
different conceptual models. 
 

INTRODUCTION 
 
Yucca Mountain is located in the Great Basin about 150 km northwest of Las Vegas, Nevada. 
The groundwater in the area has been the subject of several investigations at the regional scale 
and the scale of interest for radionuclides that might enter the groundwater beneath the potential 
repository at Yucca Mountain. Eddebbarh et al. (this issue) summarizes the groundwater 
investigations for the Yucca Mountain Project within the context of the overall groundwater flow 
regime.  The Death Valley Regional Flow System (DVRFS) model (D’Agnese et. al., 1997, 
shown in Figure 1) has been a useful tool that provides, among its other uses, a basis for the 
development of more detailed models at smaller scales. 
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To assess the performance of Yucca Mountain as a potential repository site, a site-scale 
saturated-zone model is needed to understand the groundwater flow regime and to provide a 
basis for performance assessment calculations evaluating the potential risks to groundwater users 
down-gradient from the site.  Performance assessment results are likely to depend strongly on the 
specific discharge of groundwater leaving the potential repository area, as well as on the flow 
paths and the distribution of flow among the various hydrogeologic units.  Thus, it is important 
to understand how the various means for representing the dominant features of the flow system 
affect estimates of groundwater specific discharge and fluid flow paths.  Because there is a lack 
of data to uniquely characterize the Large Hydraulic Gradient (LHG), the purpose of this study is 
to develop plausible alternate site-scale saturated-zone models consistent with the available data 
as a means of investigating the impact on flow paths of alternate conceptual models for the LHG.  
 
In this paper, we present results of calibration exercises carried out to provide a detailed 
saturated zone groundwater flow and transport model in the vicinity of Yucca Mountain, which 
we call the site-scale flow and transport model.  The DVRFS model, which adopted a flow 
domain large enough to incorporate directly a water budget constrained to measurable spring 
data, provides boundary-condition constraints for the site-scale model.   However, due to the size 
of the flow domain, details of the flow system near Yucca Mountain cannot be treated as 
effectively as in the site-scale model, which encompasses a domain that is 30km x 45km (see 
Figure 1).  The hydrogeologic setting of the SZ flow system in the vicinity of Yucca Mountain 
was summarized by Luckey et al. (1996) and Eddebbarh et al., this issue.  Water inputs to the site 
model domain include groundwater inflow along the northern and eastern boundaries of the site 
model domain, recharge from precipitation in high-elevation areas of the site model domain, and 
recharge from surface runoff in Fortymile Canyon and Fortymile Wash.  North and northeast of 
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Hydrogeologic Framework 
 
Nineteen hydrogeologic units consisting of fractured and unfractured volcanic tuffs, alluvial 
aquifers, clastic rocks, and a regional carbonate aquifer are represented in the model. These units 
result from the synthesis of geologic characterization activities and form a basis of the 3-D 
representation of the hydrogeology known as the Hydrogeologic Framework Model (HFM). This 
model is summarized in USGS (2000).  In addition to the hydrogeologic layers, several of the 
major faults in the area (Figure 2a), thought to be important to the flow system, were 
incorporated in the numerical grid by representing the offsets in the hydrogeologic units, as 
represented in the numerical grid, or by explicitly including them as distinct features with 
different gridblock properties in the numerical model.  The most important of these are the 
Solitario Canyon Fault, the Crater Flat Fault, and the Fortymile Wash Fault.  Regions of highly 
fractured rock, thrust zones, and other zones with known permeability characteristics different 
than the host rock were given individual calibration parameters.  These zones include the Spotted 
Range-Mine Mountain zone (zone 10 in Figure 2b), the Imbricate Fault zone (zone 3), and the 
Alluvial Uncertainty zone (zone 8).  The Alluvial Uncertainty zone is included because of the 
lack of hydrogeologic data in the region from roughly 10 to 20km south of the potential 
repository.  By explicitly defining this zone, the dimensions of the zone can be varied in flow 
and radionuclide transport simulations to investigate the importance of uncertainty in the extent 
of the alluvium on SZ performance. 
 
Numerical Grid 
 
This data set depicted in the HFM consists of surfaces that described the upper and lower 
contacts of the hydrogeologic units.  The HFM was input to the Los Alamos Grid Toolkit 
(LaGrit) to generate a sequence of orthogonal grids at different resolutions that represent the 
hydrogeology.  Different resolution grids were used to obtain an optimal grid that not only 
represented the subsurface geometry and flow accurately but also was efficient enough for 
repeated performance assessment simulations.  After grid resolution studies, a regular spacing of 
500m in the E-W and N-S directions was chosen.  The vertical discretization is variable, ranging 
from 500m (bottom) to 10m (near the water table).  The numerical model is truncated at the 
current USGS representation of the water table.  The approximation used here effectively makes 
the flow model confined at the water table, and the numerical model remains single phase during 
the run, thereby improving the convergence of the numerical model.  Alternatively, at greater 
computational expense, the model domain could extend to the ground surface, and the location of 
the water table could be resolved as a matter of course during the simulation.  The computational 
grid used for the model runs reported in this paper is shown in Figure 3. It contains 38 vertical 
grid layers and a total of 148,000 grid blocks. 
 
Numerical Codes 
 
The numerical model system needed to calibrate the model to available data consists of two 
components: 1) a code to perform the forward simulation, a flow model run to steady state for a 
given set of hydrologic properties and boundary conditions, and 2) a parameter optimization 
code to repeatedly compare the model to the data, adjusting the parameters until a fit is achieved.  
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The FEHM computer code (Zyvoloski, 1983, Zyvoloski et. al., 1997) was used for the forward 
simulations.  The FEHM code is a general-purpose unsaturated-saturated zone non-isothermal 
code built around state-of the-art unstructured control volume finite element numerical 
procedures.  In this modeling study, a one-phase, isothermal flow model option and the particle 
tracking module are used. 
 
The computer code PEST (Doherty et. al., 1994) is used for parameter optimization.   PEST is a 
Levenberg-Marquardt (LM)-based optimization algorithm.  This well-established, robust 
algorithm searches for the minima of a multidimensional function.  In this case, the “function” is 
the sum-of-squares difference (SSD) between a set of observations (the heads in the 100+ wells 
in the Yucca Mountain region plus side-boundary fluxes from the regional flow model) and a 
model prediction that is the solution to the partial differential equation that describes SZ flow at 
Yucca Mountain.   PEST computes the derivatives of the SSD function with respect to the 
various parameters.  In the case of the SZ flow model, the unknown parameters are the intrinsic 
permeability of each of the various hydrogeologic units, zones, and discrete features.  
 
Boundary Conditions 
 
Boundary conditions for the steady-state flow model consist of fixed heads on the lateral 
boundaries, specified recharge along the upper surface, and no-flow on the deep bottom 
boundary. Heads are set using a representation of the water table in USGS (2000), whereas the 
recharge functions are presented in CRWMS M&O (2000a).  In addition, fluxes derived at 
coincident boundary locations with the DVRFS model (D’Agnese et. al., 1997) were also 
employed as calibration targets.  Thus, the inlet and outlet fluxes are a combination of flux 
inputs, fixed heads, and flux calibration targets.  This approach is preferable to a reliance on 
fixed heads at all model boundaries, which can result in identical fits to head data at interior 
locations by simply scaling all permeabilities by a fixed factor.  That situation will lead to a wide 
range of total fluxes through the model because the absolute values of flux are not constrained by 
any inputs or calibration targets. 
 
Conceptual Models for the LHG 
 
In this study, the sensitivity of the estimated groundwater flow paths and specific discharge to 
various conceptual models of the LHG are investigated by recalibrating the numerical model to 
fit conditions appropriate to each conceptual model and noting the resulting changes in the 
groundwater flow regime.  As discussed above, the traditional approach in numerical models for 
handling the LHG is to include an east-west barrier north of Yucca Mountain (feature 2 of Figure 
2b).  This includes the model used for the majority of the transport simulations in the Total 
System Performance Assessment (TSPA) simulations (CRWMS M&O, 2000b).  For this reason 
we refer to the model that assumes a linear east-west barrier as the “base case” model. 
 
The alternate conceptualizations as presented here of the large hydraulic gradient do not make 
use of the extensive feature set north of Yucca Mountain, and these have been removed from the 
recalibrated model (Figure 2c), thereby simplifying it.  Instead, noting the area of extensive 
hydrothermal alteration in the Claim Canyon Caldera north of Yucca Mountain, the 
hydrogeologic units have been divided into northern and southern zones at the Caldera boundary, 
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and the alternate models allow different permeabilities to be assigned in the north versus the 
south within the same hydrogeologic unit.  The principle underlying this approach is that the 
northern zones should have lower permeability due to the hydrothermal alteration associated 
with the Claim Canyon Caldera.  Permeability changes in these environments have been studied 
by economic geologists; see for instance Norton and Knapp (1970).   For the alternate conceptual 
models reported in this paper, this distributed region of lower permeability gives rise to the LHG. 
Two variants of this approach are considered: one uses only the alteration zone, whereas the 
other includes the alteration zone and a zone to represent the northwest-southeast trending fault 
zone just north of Yucca Mountain (feature 2 in Figure 2c).  We call these models the “altered, 
no fault” (ANF) and “altered, with fault” (AWF) models, respectively. Although there are fewer 
discrete features in the altered models than in the base case model, there are actually a greater 
number of calibration parameters.  This increase is a result of breaking the hydrogeologic units 
into independent northern and southern zones.  Finally, for reasons to be explained later, the 
AWF model was also tested with additional features added within the Ghost Dance Fault (GDF) 
and the Dune Wash Fault to improve the calibration.  We refer to this model as the AWF/GDF 
model. 
 

RESULTS 
 
This section summarizes the calibration modeling for the base case model and the alternate 
conceptual models. Additional details on the model setup, calibration procedure, and numerical 
results can be found in CRWMS M&O (2000a).  Many additional interpretations and analyses 
are presented that are beyond the scope of the present study, including detailed pathway analyses 
for fluids originating at different locations in the model, the compilation of hydrologic data, and 
examination of parameter sensitivity statistics. 
 
Base Case Model Results 
 
We first present the results of the base case model.  The primary calibration targets for the model 
are the water levels measured in over 100 wells in the vicinity of the model domain (a figure 
showing the locations of these wells is presented in Eddebbarh et al., this issue).  Table 1 lists 
some representative well data and residuals (model head minus measured head) for the model. In 
the locations along the flowpath from the potential repository (labeled “low gradient”), the base 
case model captures most the heads to within about 3-5m.  More importantly, the gradient in 
head along the flowpath is very similar to the measured data, meaning that even though modeling 
heads are elevated, the flow direction and fluid driving force is adequately simulated. An 
important calibration target is the head measured in the carbonate aquifer in UE-25 p#1.  The 
model underpredicts slightly the head in this well, but still captures the upward gradient from the 
carbonate aquifer.  This feature of the model ensures that the flowpaths for fluid and 
radionuclides entering the aquifer at the water table will remain shallow, rather than plunging 
into the carbonate aquifer.  The model also captures this element of the behavior of the system. 
 
In the development of the model, we have found that in addition to a strict, objective fitting of 
the data to calibration targets, some information, such as the measured upward gradient 
discussed above, take on significance that goes beyond the formal calibration procedure or are 
difficult to include directly in the calibration.  Other factors include the permeability values 
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(compared to field results), the total flux through the system (compared to corresponding fluxes 
predicted by the DVRFS model at the boundaries of the site-scale model; see Figure 1), and the 
flowpaths predicted by geochemical analyses and interpretations (Kwicklis, this issue).  The 
permeabilities of the geologic units, though not used as calibration targets, were monitored 
closely to ensure that they remained in ranges derived from field tests.  Best-fit values for the 
base case and other conceptual models are given in Table 2.  Sometimes the data ranges were 
fairly tight (1 to 2 orders of magnitude) but sometimes had a range of 2 to 4 orders of magnitude.  
Figure 4 shows a comparison of calibrated permeabilities for the base case model with those 
derived from field tests.  The values for the Crater Flat-Bullfrog tuff are the most important ones 
because these units carry most of the fluid leaving the potential repository area.  The simulated 
permeability of the Bullfrog tuff agrees with values obtained from cross-hole hydrologic tests, 
but is about two orders of magnitude greater than those obtained from single-well tests.  This 
version of the numerical model will therefore provide an accurate prediction of the specific 
discharge beneath the potential repository only if the cross-hole measurements are more 
representative of the bulk permeability of the medium than the single-well tests.  While it is 
generally accepted that cross-hole measurements are more indicative of bulk permeability, the 
tests described above sampled primarily the Midway Valley Fault near the C-wells complex and 
therefore may be more local in nature than many of the single-well tests.  Despite these caveats, 
the cross-hole data was identified as an important data point to compare the different models. 
Using the cross-hole data is probably conservative than single-hole data because it yields shorter 
travel times.  If future studies suggest that the single-well hydrologic measurements are more 
representative, the models presented here will be recalibrated, possibly with a different set of 
parameters.  The likely result of accepting the single hole data as more accurate would be smaller 
specific discharge and longer travel times through the near-repository part of the model. 
 
A detailed comparison of the fluxes predicted from the DVRFS model and those resulting from 
the base case model calibration may be found in CRWMS M&O (2000a).  An exact 
correspondence between the two models cannot be expected due to different hydrogeologic 
assumptions and framework models.  Nevertheless, one appropriate measure is the total flux 
exiting the southern boundary of the site scale model.  The comparison yields a roughly 21% 
difference in the values (918 kg/s for the DVRFS model versus 724 kg/s for the base case site-
scale model, from Table 14 in CRWMS M&O, 2000).  We consider this agreement to be 
acceptable, given the uncertainties inherent in such a comparison. 
 
Results of Calibration for the Other Conceptual Models 
 
The fitted permeability values for the other conceptual models tested (ANF, AWF, and 
AWF/GDF) are shown in Table 2, and Table 1 lists the representative comparisons of model and 
measured heads for each.  All models did a good job of reproducing the gradient in the flow path 
downstream of the repository (Table 1), and each model has similar sum-of-the-squared residuals 
on an overall basis.  However, the simulations of the conceptual models that include the altered 
zone in the north do a better job of matching water level observations in the low-gradient region 
than the simulation with the base case site-scale model. In addition, all models capture the 
upward gradient from the Carbonate aquifer. The close agreement of the calibrated 
permeabilities of the Bullfrog tuff from each model also suggests that there are no significant 
differences in the specific discharge beneath the potential repository for the various 
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conceptualizations. Finally, the comparison of boundary fluxes with those estimated from the 
DVRFS model indicates that the fluxes are also adequately reproduced.  Therefore, we consider 
that the numerical criteria used to evaluate the models are all met by the different conceptual 
models, and that there is no objective basis for favoring one over the other.  This means that the 
various models can be used to analyze the predicted transport behavior from the potential 
repository to investigate whether the different conceptualization has any impact on the behavior. 
 
Analysis of Predicted Flowpaths 
 
To further examine possible important differences in the model predictions due to conceptual 
model uncertainty, we now present particle flowpath analyses for particles released from beneath 
the potential repository. The flow paths resulting from the simulations with the various 
conceptual models are shown in Figures 5 (base case), 6 (ANF), 7 (AWF), and 8 (AWF/GDF).  
Although the flow paths predicted by the ANF and AWF conceptual models are similar to one 
another, they are noticeably different than the flow paths predicted by the simulations of the base 
case model. The base case model produces flow paths that trend in a southeasterly direction from 
the potential repository site. Further analysis of the flowpaths indicates that the fluid particles 
travel in the same units, predominantly the Bullfrog tuff and the alluvial units, regardless of the 
model and do not reach the carbonate aquifer. 
 
As described in Kwicklis (this issue) and CRWMS M&O (2000a), the flow paths predicted by 
the base case model are consistent with the inferred geochemical flowpaths shown Figure 9 
(reproduced from CRWMS M&O, 2001). The ANF and AWF models produce flowpaths of 
particles leaving the potential repository that are more southerly in direction than those of the 
base case model, and arguably significantly different than the interpreted flowpaths from the 
geochemistry.  The more southeasterly direction predicted by the base case model is due to the 
east-west barrier feature that is not present in the other models.  This feature acts as a dam to 
keep the head elevated in the north, but in the process also blocks water flow from the north. 
Because the models are forced to honor the available head data, the calibration process adjusts 
for this blockage by determining permeability distributions that allow water from Crater Flat 
(west of Yucca Mountain) to enter the repository area.  Because the alternate conceptual models 
lack this feature, water flows more directly south.  The reason for this is that although the 
alternate conceptual models produced a level of calibration equal to or better than the original 
model, in those few moderate water level wells (750-780m) just to the west of Yucca Mountain, 
the alternate conceptual models did not achieve as good a match as the base-case model. 
 
To correct these deficiencies in the ANF and AWF models, an additional model, called the 
AWF/GDF model, was developed in which the structures present in the AWF model were 
augmented by two permeability features, the Ghost Dance Fault and the Dune Wash Fault, and 
an additional four parameters associated with the moderate gradient region. The Ghost Dance 
Fault runs parallel and to the east of the Solitario Canyon Fault.  The Dune Wash Fault is a 
northwest-southeast trending fault splay of the Ghost Dance Fault.  Both features are shown in 
Figure 2a.  Calibration with the additional parameters noticeably improved the model in the 
moderate gradient region, with little deterioration of the overall fit.  The more accurate match to 
the heads in the moderate gradient region resulted in particle flowpaths (Figure 8) that more 
closely resembled those inferred from geochemistry.  Therefore, we consider this model to be a 
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plausible alternative model to the base case model, and an improvement over the other two 
models that assume altered rock of lower permeability north of Yucca Mountain.  Given the 
similarities between the predicted flowpaths and overall flux through base case and AWF/GDF 
models, we believe that understanding the cause of the LHG is relatively unimportant to flow 
leaving the repository area, as long as a good match to the data is achieved. 
 

DISCUSSION AND CONCLUSIONS 
 
In this study, four conceptual models representing a variety of approaches for interpreting the 
cause of the Large Hydraulic Gradient north of Yucca Mountain were investigated using a 
technique of calibration to hard and soft data, followed by a comparison of predicted flow paths 
from the potential repository.  The models are based on compilations of data from many sources, 
including geology, hydrologic testing, water level measurements, and geochemistry.  The 
numerical model setup consisted of a numerical grid, a flow and particle transport code (FEHM), 
and a parameter estimation code (PEST).  The grid, which used 500m spacing in the horizontal 
directions and variable spacing in the vertical, was developed from hydrogeologic framework 
model studies, with steps taken to assure accurate representation of the hydrostratigraphy and 
accuracy of the numerical solutions to the flow problem.  The efficiency of the numerical 
solution and parameter estimation codes proved to be important due to the large number of trial 
solutions required to obtain the fits. 
 
Though none of the calibrations are unique, several important data sets were matched by all of 
the conceptual models.  The low hydraulic gradient in the area to the south-southeast of Yucca 
Mountain was modeled accurately in all models, with the alternate conceptual models producing 
better head matches.  Obtaining the correct gradient in this region is important because the model 
is being used to predict the transport of radionuclides from the potential repository, and these 
flowpaths are within the low-gradient region.  The models also qualitatively agree with field 
measurements of permeability of the various hydrogeologic units.  The fluxes derived from the 
DVRFS model were used as soft calibration targets because the regional model was based on a 
relatively complete water balance of the Death Valley Regional Flow System studies, with fluxes 
constrained by spring data and other sources.  All site-scale models presented reasonably 
matched the flux data from the regional model.  In addition, the hydrochemical data and 
interpretations were used as a quality check for path-line direction.  The base case model 
produces path lines from the potential repository area that agree with those inferred from 
interpretations of the geochemical data (CRWMS M&O 2001). 
 
It is in the area of the flow paths of the base case and alternate conceptual models that we find 
the largest potential differences. The analysis of the base case, ANF, and AWF models showed 
that the flow path could be sensitive to the conceptual model of the large hydraulic gradient.  
Because of the difficulty encountered by all three of these models in matching heads near the 
Solitario Canyon Fault, it was decided to test an additional model, the AWF/GDF model, that 
contained additional parameters designed to capture the moderate gradient more accurately.  
With additional parameterization, this model did produce flowpaths similar to the base case 
model. 
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Because the modeling process includes both “objective” and “subjective” criteria for assessing 
model quality, the task of deciding which model is to be preferred is difficult and depends on the 
goals of the model.  In the present study, the goal is to predict transport from the potential 
repository using a model that matches as much of the available data as possible.  Therefore, 
models that match the data and yield similar predictions for transport pathways from Yucca 
Mountain are equally valid for the purpose of predicting saturated zone performance.  On this 
basis, the similarity of the base case and AWF/GDF models suggests that the conceptualization 
of the Large Hydraulic Gradient has little effect on the model results, and that either can be used 
performance assessment studies.  Apparent differences in flowpaths in the ANF and AWF 
models are most likely due to not representing accurately the moderate gradient head 
observations, and do not represent important differences in hydrologic conditions for the 
different conceptual models. 
 
A significant area of continued uncertainty in all of the flow models is in the specific discharge 
beneath the potential repository in the Crater Flat tuff units. All calibrated models presented 
yield specific discharge values on the order of 1 m/y. As discussed above, these models all treat 
the higher permeabilities determined from the cross-hole testing as more important to match than 
the single-hole tests. Geldon (1996) proposes that the reason for the difference is the presence of 
faults in the vicinity of the C-Wells, the site at which the cross-hole tests were performed. 
Assuming this is the correct explanation, the question remains whether the permeability 
measurements affected by the presence of faults provide a better overall value for model 
calibration purposes, or if permeabilities in unfaulted regions are more representative. Further 
characterization and modeling, including the development of models that explicitly include 
faults, are required to address this uncertainty. At present, we point out that the selection of the 
higher permeabilities yields models that are more conservative from the standpoint of potential 
repository performance and our present parameterization of the units that contain the fluid 
leaving the repository region. We note also that if more parameters were introduced, then both 
low permeability rock and more high permeability faults could be accommodated.  We believe 
that the present approach is the prudent course for developing models to be used in performance 
assessment studies, and that future characterization and model development should result in 
analyses that are bounded by the predictions of the current models. 
 

ACKNOWLEDGEMENTS 
 
This work was supported by the Yucca Mountain Site Characterization Office as part of the 
Civilian Radioactive Waste Management Program, which is managed by the U.S. Department of 
Energy, Yucca Mountain Site Characterization Project. 
 

REFERENCES 
 
CRWMS M&O 2000a.  Calibration of the Site-Scale Saturated Zone Flow Model. MDL-NBS-

HS-000011 REV 00.  Las Vegas, Nevada:  CRWMS M&O. 
CRWMS M&O, 2000b. “Total System Performance Assessment For The Site 

Recommendation,” TDR-WIS-PA-000001 Rev 00 ICN 01, December 2000. 

Water Security in the 21st Century 9



CRWMS M&O 2001.  Geochemical and Isotopic Constraints on Groundwater Flow Directions, 
Mixing, and Recharge at Yucca Mountain, Nevada. ANL-NBS-HS-000021 REV 00.  Las 
Vegas, Nevada:  CRWMS M&O.   

D’Agnese, F.A.; Faunt, C.C.; Turner, A.K.; and Hill, M.C.  1997.  Hydrogeologic Evaluation 
and Numerical Simulation of the Death Valley Regional Ground-Water Flow System, Nevada 
and California.  Water-Resources Investigations Report 96-4300.  Denver, Colorado:  U.S. 
Geological Survey. 

Doherty, J., Brebber, L., Whyte, P., 1994, PEST: Model Independent Parameter Estimation, 
Watermark Computing, 145 p. 

Eddebbarh, A.A., G.A. Zyvoloski, B.A. Robinson, E.M. Kwicklis, B. Arnold, T. Corbet, S. 
Kuzio, and C. Faunt, this issue. The saturated zone at Yucca Mountain: An overview of the 
characterization and assessment of the saturated zone as a barrier to potential radionuclide 
migration. 

Geldon, A.L., 1996. Results and Interpretation of Preliminary Aquifer Tests in Boreholes UE-
25c #1, UE-25c #2, and UE-25c #3, Yucca Mountain, Nye County, Nevada. Water-Resources 
Investigations Report 94-4177. Denver, Colorado: US Geological Survey. 

Kwicklis, this issue. Geochemical and Isotopic Constraints on Groundwater Flow Directions, 
Mixing, and Recharge at Yucca Mountain, Nevada. 

Luckey, R.R.; Tucci, P.; Faunt, C.C.; Ervin, E.M.; Steinkampf, W.C.; D’Agnese, F.A.; and 
Patterson, G.L.  1996.  Status of Understanding of the Saturated-Zone Ground-Water Flow 
System at Yucca Mountain, Nevada, as of 1995.  Water-Resources Investigations Report 96-
4077.  Denver, Colorado:  U.S. Geological Survey. 

Norton, D., and R. Knapp, 1970. Transport phenomena in hydrothermal systems: nature of 
porosity, Am. J. Sci., 277, 913-936. 

Robinson, B.A., H.S. Viswanathan, and A.J. Valocchi, 2000. Efficient numerical techniques for 
modeling multicomponent ground-water transport based upon simultaneous solution of 
strongly coupled subsets of chemical components, Adv. in Water Resour., 23, 307-324. 

Tseng, P.H. and G.A. Zyvoloski, 2000. A reduced degree of freedom method for simulating non-
isothermal multi-phase flow in a porous medium, Advan. in Water Resour., 23, 731-745. 

USGS  2000.  Hydrogeologic Framework Model for the Saturated-Zone Site-Scale Flow and 
Transport Model. ANL-NBS-HS-000033 REV 00.  Denver, Colorado:  US Geological 
Survey. 

Viswanathan, H.S., B.A. Robinson, A.J. Valocchi, and I. Triay, Nov. 1998, A reactive transport 
model of neptunium migration from the potential repository at Yucca Mountain, J. Hydrol., 
209, 251-280. 

Zyvoloski, G., 1983. Finite-element methods for geothermal reservoir simulation, Int. J. Numer. 
and Analyt. Meth. in Geomech., 7, 75-86. 

Zyvoloski, G.A.; Robinson, B.A.; Dash, Z.V.; and Trease, L.L.  1997.  User’s Manual for the 
FEHM Application—A Finite-Element Heat- and Mass-Transfer Code.  LA-13306-M.  Los 
Alamos, New Mexico:  Los Alamos National Laboratory. 

 
LIST OF FIGURES 

 
1. Location of The Death Valley Regional Flow System (DVRFS), the boundary of the DVRFS 

model of D’Agnese et al. (1997), and the site-scale saturated-zone flow model of the present 
study. 
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2. Faults and features in the site-scale model domain. a) observed features; b) zones and 
features in the base-case model; c) zones and features in the alternate conceptual models 
studied. 

3. Numerical grid used for the site-scale flow and transport model simulations. Different colors 
denote the various hydrogeologic units represented in the model. Horizontal grid spacing: 
500m. 

4. Comparison of calibrated permeability values to the ranges determined from field 
measurements for the various hydrogeologic units. Base-case model values are used for this 
comparison. 

5. Predicted flowpaths from the water table beneath the potential repository for the base-case 
model (red lines indicate flowpaths). 

6. Predicted flowpaths from the water table beneath the potential repository for the ANF model 
(red lines indicate flowpaths). 

7. Predicted flowpaths from the water table beneath the potential repository for the AWF model 
(red lines indicate flowpaths). 

8. Predicted flowpaths from the water table beneath the potential repository for the AWF/GDF 
model (blue lines indicate flowpaths). 

9. Chloride ion data from saturated-zone samples, with fluid paths (light blue and red lines) 
inferred from these and other geochemical data.  From Kwicklis, this issue and CRWMS 
M&O (2001).  Red path indicates inferred pathlines originating in potential repository area. 
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Table 1. Selected Residuals From Models 
  

Residuals (Model - Measured), m 
 

 
 
 
Well ID 

 
 
Measured 
head, masl 

 
Base  
Case  
Model 

 
 
AWF  
Model 

 
 
ANF 
Model 

 
 
AWF/GDF 
Model 

 
Characteristic 
of Head Measurement 

UE-25WT18 730.8 3.83 1.58 6.2 2.75 Low gradient 
UE-25WT4 730.8 3.63 0.41 0.23 2.65 Low gradient 
UE-25WT15 729.2 4.65 1.62 1.57 4.15 Low gradient 
USWG-4 730.1 4.38 0.78 0.65 3.36 Low gradient 
USWSD-6 731.2 3.61 -0.28 -0.37 2.24 Low gradient 
USWSD-7 727.6 6.5 3.16 3.05 5.68 Low gradient 
USWSD-9 731.1 3.51 -0.17 -0.29 2.41 Low gradient 
J-11WW 732.2 -0.63 -0.63 -0.63 -0.57 Low gradient 
USWUZ-14 779.0 -44.1 -48.2 -47.6 -45.4 Moderate gradient 
USWG-1 754.2 -19.2 -23.3 -23.0 -18.6 Moderate gradient 
USWWT-7 775.8 -7.7 -17.8 -17.5 -7.8 Moderate gradient 
USWWT-10 776.0 5.5   -2.91 -3.01 -39.8 Moderate gradient 
USWH-5  775.5 -40.9 -45.3 -45.2 -42.0 Moderate gradient 
USWH-6 775.9 -12.0 -10.3 -10.2 13.5 Moderate gradient 
UE-25WT6 1034.6 -89.34 -289.47 -211.76 -297.2 Possibly perched 
USWG-2 1020.2 -86.41 -283.92 -209.63 -286.4 Possibly perched 
UE-25p1 752.4 -12.73 -14.89 -13.9 -17.6 Upward gradient 
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Table 2.  Comparison of Selected Parameter Values for Different Conceptual Models 
 

Hydrogeologic Unit or Feature Permeability (m2) or Permeability Multiplication 
Factor(*) 

 ANF AWF Base Case AWF/GDF 
Lower Carbonate Aquifer 3.29 x 10-14 3.30 x 10-14 5.00 x 10-14 1.96 x 10-14

Older Volcanic Confining Unit 1.03 x 10-16 1.00 x 10-16 2.00 x 10-16 5.70 x 10-16

Older Volcanic Aquifer 1.00 x 10-15 1.00 x 10-15 5.00 x 10-16 1.52 x 10-14

Lower Volcanic Confining Unit 1.28 x 10-16 1.54 x 10-16 2.00 x 10-15 1.79 x 10-13

Crater Flat-Tram 2.23 x 10-13 1.73 x 10-13 2.36 x 10-13 3.38 x 10-14

Crater Flat-Bullfrog 2.00 x 10-11 2.00 x 10-11 1.54 x 10-11 2.02 x 10-11

Crater Flat-Prow Pass 1.01 x 10-13 1.00 x 10-13 8.00 x 10-12 7.19 x 10-14

Upper Volcanic Confining Unit 1.52 x 10-15 1.87 x 10-15 5.00 x 10-14 1.55 x 10-14

Upper Volcanic Aquifer 1.00 x 10-14 1.00 x 10-14 8.00 x 10-14 8.25 x 10-15

Lava Flow Aquifer 4.85 x 10-12 4.89 x 10-12 1.00 x 10-12 7.81 x 10-12

Limestone Aquifer 1.87 x 10-11 1.94 x 10-11 1.00 x 10-12 8.26 x 10-11

Valley Fill Aquifer 5.00 x 10-14 5.01 x 10-14 5.00 x 10-12 4.93 x 10-14

Lower Carbonate Aquifer (North) 3.30 x 10-16 2.18 x 10-16  5.00 x 10-16

Older Volcanic Confining Unit (North) 9.59 x 10-16 1.27 x 10-15  5.64 x 10-19

Older Volcanic Aquifer (North) 3.28 x 10-16 3.32 x 10-16  2.20 x 10-16

Lower Volcanic Confining Unit (North) 1.00 x 10-16 1.00 x 10-16  1.08 x 10-15

Crater Flat-Tram (North) 1.00 x 10-16 1.00 x 10-16  2.14 x 10-15

Crater Flat-Bullfrog (North) 2.55 x 10-13 1.00 x 10-13  1.34 x 10-14

Crater Flat-Prow Pass (North) 6.12 x 10-15 5.00 x 10-15  2.83 x 10-14

Upper Volcanic Confining Unit (North) 8.04 x 10-16 8.00 x 10-16  9.83 x 10-16

Upper Volcanic Aquifer (North) 3.00 x 10-15 3.00 x 10-15  2.52 x 10-14

Lava Flow Aquifer (North) 2.96 x 10-12 2.99 x 10-12  1.06 x 10-11

Limestone Aquifer (North) 4.31 x 10-13 4.42 x 10-13  5.87 x 10-12

Fortymile Wash Fault* 5.58575 5.61164 10  
Spotted Range-Mine Mountain Zone*  18.2576 18.2191 11.7789  
Imbricate Fault Zone* 5 5 1  
Crater Flat Fault 3.19 x 10-14 3.47 x 10-14 5.00 x 10-14 4.57 x 10-13

Crater Flat Fault (North) 3.56 x 10-14 4.52 x 10-14  1.21 x 10-12

Highway 95 Fault 9.36 x 10-15 9.60 x 10-15  1.21 x 10-14

Alluvial Uncertainty Zone 3.00 x 10-12 3.00 x 10-12 3.20 x 10-12 3.13 x 10-11

Lower Fortymile Wash Zone 5.95 x 10-12 5.39 x 10-12 5.00 x 10-12 6.81 x 10-12

Northwest Trending Fault Zone  3.87 x 10-13  1.55 x 10-11

 
 

Water Security in the 21st Century 13


