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EXECUTIVE SUMMARY

This report was prepared by Multimedia Environmental Technology, Inc. for the Nye County Nuclear Waste Repository Project Office as part of the Independent Scientific Investigations Program.  The main objective of the Independent Scientific Investigations Program is to evaluate U.S. Department of Energy (DOE) Yucca Mountain Project repository design and performance issues that could impact the health, safety, and environment of Nye County residents.  One of these issues is the potential for groundwater flow and contaminant transport from beneath Yucca Mountain to populated areas in Amargosa Valley.  This area of interest to Nye County is included in the Amargosa Valley/Yucca Mountain (AVYM) area in this report.

In this report, “Amargosa Valley” in most cases refers to the community located at and to the south and west of the junction of Nevada Highways 95 and 373.  This community is located in the southern portion of the Amargosa Desert, which is a large northwest-trending basin that extends from Beatty in the north to Tecopa Springs in the south.  The only exception to these naming conventions in this report is the term “Amargosa Valley/Yucca Mountain area,” in which “Amargosa Valley” refers to the larger Amargosa Desert area.

The main purpose of this report is to present an evaluation of the steady-state boundary condition assumption and the conceptualization of the alluvial aquifer made in preliminary DOE regional-scale groundwater flow modeling that encompasses the AVYM area.  This model, termed the Death Valley regional groundwater flow system (DVRFS) model, was developed by the U.S. Geological Survey (D’Agnese et al., 1997) with funding from the DOE.  Transient flow conditions were not considered in this preliminary model; neither were relatively high permeability alluvial channel deposits included in the upper layer of this model.

To support the evaluation of this DOE model, Nye County developed an AVYM model by simply extracting that portion of the original DVRFS model pertaining to the AVYM area.  Therefore, the AVYM model is a subset of the larger DVRFS model.  The MODFLOWP numerical code (Hill, 1992) was used in both the DVRFS and AVYM simulations.

The appropriateness of assuming a steady-state boundary condition in preliminary DOE DVRFS modeling was evaluated by averaging and interpolating groundwater level observations in the AVYM area over four 10-year periods and one 7-year period between 1950 and 1997.

A comparison of the average water levels over these five time periods suggests a general trend in increasing water levels between 1950 and 1997.  This trend suggests that the AVYM saturated zone has been under transient conditions, rather than steady-state conditions, during this relatively short time interval.

Following the extraction of the AVYM model from the larger DVRFS model, the following steps were taken to verify and modify the AVYM model to support the model evaluation purpose stated previously.

· The AVYM and DVRFS models were both run under steady-state conditions and the outputs compared to verify the accuracy of the AVYM model.  The hydraulic head outputs for the two models were found to be identical.

· Boundary conditions of the AVYM model were modified to general head conditions to facilitate running the model in both the steady-state and transient modes.  The general head boundary condition permits simulating transient flow conditions with MODFLOWP runs.

· The AVYM model was then run in the steady-state mode with the general head boundary conditions; the hydraulic head results were identical to the constant head boundary case.  

AVYM transient and steady-state modeling was then conducted to evaluate the sensitivity of simulated hydraulic head outputs to both the contrast in the hydraulic conductivity between alluvial channels and surrounding sediments and to the width of alluvial channels.  Modeling results included:

· The hydraulic heads simulated by the AVYM model containing 3,000-m-wide alluvial channels for general head boundary conditions in the transient-state mode were compared to those simulated for constant head boundary conditions in the steady-state mode.  The simulated contours differed significantly.  Moreover, they differed significantly from measured water levels.

· Transient simulations of the AVYM model containing 15,000-m-wide alluvial channels produced hydraulic head contours in better agreement with contoured measured water levels than a model with 3,000-m-wide alluvial channels.

Conclusions and recommendations based on the above analyses and modeling results include the following:

· Since an analysis of AVYM area groundwater level data suggests that transient flow conditions may have occurred over the past 50 years, it may be more appropriate to calibrate the AVYM model to these transient flow conditions than to assumed steady-state conditions.

· Differences between transient simulation results and average water levels may in part be due to possible errors in average water level data and/or to errors in calibrated apparent transmissivity values assigned to major aquifer layers.

· The more favorable model results obtained by incorporating 15,000-m-wide alluvial channels into the AVYM saturated zone model demonstrates the need to modify the conceptual model of the alluvial deposits in future versions of the regional DVRFS model.

Finally, prior to any future groundwater modeling efforts, additional work is recommended to develop a more comprehensive geologic conceptual model of the area, refine the flow system boundary between the Amargosa Desert area and the Death Valley, determine the impacts of warmer water moving up through fault zones on the shallow flow system, and incorporate additional known recharge and discharge areas into the observed data set to improve the results of future calibration efforts.
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1.0
INTRODUCTION

This report presents an evaluation of the steady-state boundary condition assumption and the conceptualization of the alluvial aquifer made in a preliminary regional-scale groundwater flow model that encompasses the Amargosa Valley/Yucca Mountain (AVYM) area.  This model, termed the Death Valley regional groundwater flow system (DVRFS) model, was developed and implemented by the U.S. Geological Survey (D’Agnese et al., 1997) and funded by the U.S. Department of Energy (DOE).  Nye County’s evaluation was performed as part of its Independent Scientific Investigations Program at the DOE Yucca Mountain site.  The Independent Scientific Investigations Program is managed by the Nye County Nuclear Waste Repository Project Office, which is responsible for protecting the health and safety of Nye County residents. 

Amargosa Valley is located downgradient from the Yucca Mountain site, and groundwater potentially flows from the vicinity of Yucca Mountain beneath Amargosa Valley to points of surface discharge at Devils Hole and Tecopa Springs.  Amargosa Valley is one of the fastest growing areas in the vicinity of the Yucca Mountain site.  Locating a high-level radioactive waste disposal facility at the Yucca Mountain site may have major impacts on the quality and availability of the water supplies in the valley.

A thorough understanding of the groundwater conditions at the Yucca Mountain site is necessary to predict the long-term performance and impacts of siting a high-level radioactive waste repository there.  Nye County is particularly interested in the potentially adverse impact that siting a high-level radioactive waste repository at Yucca Mountain could have on water resources and the environment.  A major effort has been undertaken by Nye County to understand the saturated zone hydrogeologic system in the vicinity of the Yucca Mountain site.  The Early Warning Drilling Program (EWDP) is designed to improve this understanding and to provide a monitoring system downgradient of the Yucca Mountain site.  Because of the large scale of the area, depth of necessary investigation, and complexity of the hydrogeologic setting, it is not economically feasible to drill and test the large number of boreholes that would be required to fully understand the hydrogeologic system.  A numerical model of the system facilitates testing various alternative interpretations of the data obtained from a limited number of boreholes.  

The results of the study presented here are not meant to duplicate the efforts of the DOE Yucca Mountain Project.  Rather, the analyses and modeling efforts described herein are intended to evaluate the impact of some of the modeling assumptions used in the DOE DVRFS model and, where appropriate, to propose alternatives. 

1.1
PURPOSE 

The purposes of the study described in this report were to:

· Evaluate the potential for the existence of short-term transient flow conditions in the AVYM area

· Verify that the AVYM model can reproduce the results of the DVRFS model, given the same assumptions

· Analyze the sensitivity of the AVYM model to the hydraulic properties of the alluvial aquifers

· Demonstrate the difference in the results of the AVYM modeling, using transient versus steady-state assumptions.

1.2
BACKGROUND

Preliminary Nye County evaluations of the U.S. Geological Survey DVRFS model noted that the model, calibrated for generalized steady-state conditions, might not be appropriate for predicting transient conditions that may be occurring in the Death Valley region, including Yucca Mountain and Amargosa Valley.  Evidence for present-day transient conditions is found in Nye County’s comprehensive groundwater database, which indicates that groundwater levels in the region have varied noticeably in the past 50 years.  Predicting the future effects of the Yucca Mountain site on Nye County requires an understanding of the long-term response of the hydrogeologic system to short-term pluvial disturbances.  Accordingly, Nye County is developing the AVYM model for transient simulations.  Some of the initial AVYM model development, calibration efforts, and simulations to evaluate different boundary conditions and conceptualizations of alluvial deposits are described in the following sections.

1.3
ORGANIZATION OF THE REPORT

This report consists of eight sections.  Section 1 contains general background information and justification for the AVYM modeling activity.  Section 2 describes a preliminary conceptual hydrogeologic model incorporating 50 years of water level data and recent EWDP findings of the AVYM region.  Section 3 describes the development and verification of the AVYM saturated zone model.  Sections 4 and 5 discuss steady-state and transient modeling results, respectively.  Section 6 presents a further discussion of modeling results, data gaps, and uncertainties.  Section 7 provides a summary of conclusions and recommendations.  Section 8 lists references.

2.0
CONCEPTUAL HYDROGEOLOGIC MODEL OF THE AMARGOSA VALLEY/YUCCA MOUNTAIN AREA 
A brief description of a preliminary conceptual hydrogeologic model of the AVYM area is provided in this section.  

2.1 PHYSIOGRAPHY

The area of study (Figure 1) is situated in the Death Valley region of the Great Basin hydrographic province, which occupies western Nye County, Nevada, and eastern Inyo County, California.  The area is part of the Death Valley drainage basin (Walker and Eakin, 1963; Rush, 1970; Winograd and Thordarson, 1975).  A prominent topographic feature of the basin is the Funeral Mountains to the southwest.  To the northeast, the basin is bounded by topographically less prominent features, such as Yucca Mountain, Bare Mountain, and Bullfrog Hill.  The Amargosa River, dry most of the year, runs through the middle of the Amargosa Desert and joins Fortymile Wash, also dry throughout most of the year, near Lathrop Wells.  The inlet to the Amargosa Basin is near Beatty at an elevation of about 1,524 m (5,000 ft), and the outlet is near Alkali Flat-Furnace Creek Ranch at an elevation of about 609.6 m (2,000 ft).  

The physiographic boundaries and features of the area’s hydrologic system are mostly based on surface topography and the drainage systems.  Hydrogeologic systems have also been defined in terms of capture basins.  Unfortunately, in the Basin and Range physiographic province, capture basins do not necessarily coincide with hydrographic basins.  Because of the depth to the water table and the thickness of the aquifer systems, the hydrogeologic basins need to be defined based on the presence and continuity of the aquifers.  However, this definition task cannot be accomplished at this time with an acceptable level of certainty due to the lack of geologic and hydrologic information about many of the deep aquifers.

2.2
MAJOR AQUIFERS

In this report, three major aquifer systems are used to define the hydrogeologic framework for the AVYM area.  These aquifer systems are similar to those described by Winograd and Thordarson (1975); however, more recent EWDP data will be used here to refine their aquifer categorization in the Amargosa Valley area.  The three major aquifer systems are the deep carbonate aquifers, the volcanic aquifers, and the shallow alluvial aquifers.  Winograd and Thordarson (1975) also identified two major aquitards:  the Paleozoic Clastic aquitards and the tuff aquitards (and further subdivisions thereof).  Although these authors described and noted the presence of large bodies of crystalline rocks, they did not formally use them in their categorization of the system.  The crystalline rocks in the area of present study consist of Precambrian metamorphic rocks, which are not very permeable except along faults and fracture zones.  Metamorphic rocks form the northern Funeral Mountains.  Precambrian and Cambrian quartzite and clastic rocks form Bare Mountain and are also present in the northern Funeral Mountains.  Except for fault and fractured zones, the quartzite and clastic rocks form aquitards in the area.  Carbonate rocks are probably primarily present in the southeastern portion of the Amargosa Desert and on the eastern side of Fortymile Wash.  

The presence and extent of each of the three major aquifer systems are used to subdivide the hydrographic regions or basins.  Superimposed on this system are the surface water capture basins, which need to be considered in relation to the shallow alluvial aquifers.  

A detailed description of the hydrogeologic features of the Amargosa Valley area and vicinity is beyond the scope of this report and has been described in numerous reports and maps (e.g., see Winograd and Thordarson [1975]).

2.3
AMARGOSA VALLEY/YUCCA MOUNTAIN HYDROLOGIC SETTING

Figure 2 shows the AVYM area in relation to the Death Valley region considered in the DVRFS model.  The AVYM area was selected to incorporate two important hydrologic basins: the upper Amargosa Desert and the Fortymile Wash subbasins.  Yucca Mountain forms the western ridge of the Fortymile Wash hydrologic basin, which feeds the Amargosa Desert hydrologic basin.  The approximate topographic boundaries of these basins form the boundaries of the AVYM model.  These watershed or hydrologic basin boundaries are surficial features and do not reflect boundaries of the subsurface hydrogeologic system.  The topographic boundaries used for the basin boundaries only apply to surface-water flow and the near-surface and short-term recharge to the groundwater flow system.  The groundwater flows through the thick volcanic section and crosses these boundaries.  The flow system boundaries of the deep Paleozoic aquifers are entirely different from either of the two shallower systems.

2.4
WATER LEVEL MAPS

Figure 3 shows the projection of wells in the vicinity of the AVYM model area onto a north-south cross section.  The line of the cross section intersects Yucca Mountain.  These wells were completed between 1947 and 1997.  The water levels shown represent the static water level at the time of completion.  Figure 4 illustrates water level data averaged for the period 1947 to 1997.  Water level data averaged over six time intervals are presented in Appendix A (prior to 1950, 1950 to 1959, 1960 to 1969, 1970 to 1979, 1980 to 1989, and 1990 to 1997).  The purpose of these maps is to show data availability and the variation in water levels in the AVYM area from decade to decade.  It should be noted that these water level data have yet to be checked against original citations and therefore are not considered quality assurance qualified.  Moreover, exact coordinates are not available for many wells and the accuracy of their location is limited to a 40-acre area.  However, for the purposes of demonstrating the relative variation of water levels in wells from decade to decade, it is believed that these data are adequate.

An examination of water levels in Appendix A indicates a slight trend toward increasing water levels over the 50-year period of observation.  For example, the 2,400 and 2,300 ft (731.5 and 701.0 m) contours shifted toward the south between the decades 1970 to 1979 (Figure A4) and 1980 to 1989  (Figure A5).  It should be emphasized that this apparent trend may be an artifact resulting from different data sets used in the different decades.  Moreover, groundwater level maps presented in Figure 4 and Appendix A are based on measurements made in a heterogeneous series of aquifers and at various depths in each aquifer system.  Furthermore, the data in some cases are from independent groundwater basins, and interpolation between these basins is not appropriate.  Therefore, the water level contours should not be interpreted as hydraulic head surfaces.  The contours are purely a visual representation of the water level values in each cluster of wells.  Regardless of the true water levels, the Appendix A figures show changes in water table elevations over time and are assumed to be indicative of transient conditions for the purposes of this study.  These data are used to illustrate the effect of transient conditions on hydraulic head modeling results compared to hydraulic head results obtained assuming steady-state conditions.  Data from the four decades between 1950 and 1990 are used in this report to establish initial and boundary conditions for the transient modeling discussed in Section 5.  

Figure 3 shows that the completion depths of wells vary significantly.  Most of the deep wells are located at Yucca Mountain or Pahute Mesa.  Water levels shown in Figure 4 represent averages of water level measurements in wells that penetrate heterogeneous aquifer materials.  These data have not yet been sorted by aquifer and basin boundaries.  In the future, the separation of these boundaries is expected to improve the interpretive significance of these water level maps.  

It should also be noted that contouring routines attempt to close the contours around isolated clusters of data points that are significantly different from their nearest neighbors forming apparent groundwater mounds such as observed in the northern portion of Figure 4.  In most cases, these mounds represent different hydrologic systems, and are not in direct communication.  An example of this occurs in Pahute Mesa, where at least three distinct systems appear as mounds.  These water level measurements are made in fractured and faulted aquifers and aquitards.  Most of the wells intersect a producing zone in a relatively low-permeability aquitard of non-welded tuff.  The fault zones are connected to the fractured volcanic aquifers below.  However, each fault zone may intersect the fractured aquifer at a different level.  There are vertical gradients in the system, and the fractured aquifers are heterogeneous and vary in thickness and transmissivity significantly over short distances.  Therefore, water levels measured in wells that are in communication with these fault zones are a three-dimensional representation of the fractured aquifer system and cannot be interpreted as an areal interpolation of any regional hydraulic head surface.  These portions of the water level maps should only be used for evaluation of the temporal variation of water levels.  

In the Death Valley area, a low spot (with 152.4-m [500-ft] contour) appears.  The configuration of the water table in the Death Valley area is well known and is not represented by this closed contour.  Presently, the database contains data from 1950 to 1990 for two wells at this location.  Other wells in the Inyo County database have not been incorporated in these maps.  

Finally, it should be noted that the presence of a large gradient in the water level elevations between Amargosa Desert to Death Valley does not imply that there is substantial flow.  Within most of the southwestern boundary of the modeled area, the Funeral Mountains consist of Paleozoic-Precambrian clastic aquitards (Winograd and Thordarson, 1975) and Precambrian metamorphic rocks.  These rocks, aside from any faulting and fracturing, have extremely low permeability.  Paleozoic carbonate rocks are only present in the southern parts of the Amargosa River.  Based on the findings of previous investigators (Winograd and Thordarson, 1975; Claassen, 1985), it may be concluded that any substantial groundwater flow contribution to Death Valley is via Alkali Flat to the Furnace Creek area (Figure 1).  Inyo County is conducting hydrologic investigations to evaluate such concepts and the findings will be incorporated into future Nye County modeling efforts.

2.5
AMARGOSA VALLEY/YUCCA MOUNTAIN FLOW SYSTEM BOUNDARIES

In this study, no special restrictions on the flow boundaries were imposed other than an attempt to be concurrent with the DVRFS model.  However, future modeling efforts can take advantage of several physical boundary characteristics.  The low permeability of the Precambrian metamorphic rocks and the Lower Clastic aquitards forming the northern portion of the Funeral Mountains can be considered a no-flow boundary.  Although there may be minor leakage along this boundary through faults and fracture zones, the amounts are so small that they are not expected to cause significant errors.  Geochemical evidence (Winograd and Thordarson, 1975; Claassen, 1985) support this concept.  

In the northwestern part of the Amargosa Desert, narrow sections of flux boundaries can be readily isolated.  The flux values will need to be calculated based on field data and numerical simulations.  The quantity of inflow into Fortymile Wash is not known and is mostly runoff from Timber Mountain, Yucca Mountain, Calico Hills, and other potential recharge areas.  Future EWDP data in Fortymile Wash will provide additional alluvial thickness and hydraulic head data from which fluxes may be estimated for modeling purposes.  The flux from and to the Tertiary volcanic aquifers in Fortymile Wash are unknown at this time.

The eastern and southeastern boundaries of Amargosa Desert are a complex combination of no-flow and recharge boundaries.  Carbonate aquifers are at a relatively shallow depth in this area and may provide flux boundaries to the Las Vegas Valley hydrographic basin.  

The model boundaries in this study were set to incorporate Amargosa Desert and Fortymile Wash basins and are assumed to coincide with surface water basin boundaries.  Flow is allowed to occur through all sides of the model.  The bottom of the model is a no-flow boundary.  Pumping wells and other sources and sinks were the same as those used in the DVRFS model.

3.0
DEVELOPMENT AND VERIFICATION OF THE AMARGOSA VALLEY/YUCCA MOUNTAIN MODEL

In the DOE’s evaluations of the groundwater conditions in the AVYM region, an emphasis has been placed on the use of numerical models to simulate the hydrologic processes at work and, hence, to predict groundwater flowpaths and contaminant (solute) travel times.  In parallel with the DOE’s efforts, Nye County has been developing a saturated zone model to evaluate some of the issues that are of concern to Nye County.  The area of the Nye County model is limited to the southwestern portion of the DVRFS. 

The steps taken to develop and set up the AVYM model follow:  

· The AVYM model was extracted from the larger DVRFS model. 

· Boundary conditions were modified to facilitate running the model in both steady-state and transient modes.

· The output of the AVYM model under steady-state conditions was compared to the output from the DVRFS model also under steady-state conditions to verify the AVYM model’s accuracy.

The following section briefly describes the parent DVRFS code and the steps taken to set up and verify the AVYM model.

3.1
DEATH VALLEY REGIONAL GROUNDWATER FLOW SYSTEM MODEL

The DVRFS model was set up using MODFLOWP (Hill, 1992; D’Agnese et al., 1997), with a three-dimensional grid consisting of 3 layers, 163 rows, and 153 columns.  Layers 1, 2, and 3 are 500, 750, and 1,500 m thick, respectively.  Figure 2 shows the model plan.  Every 10th nodal line is shown for clarity; each cell is 1,500 m by 1,500 m.  Figure 5 shows the well and drain locations considered in the DVRFS model.  In addition, this figure shows the AVYM region and the EWDP well locations.  Figure 6 shows the distribution of apparent transmissivity values for the three layers.  Layer 1 corresponds to basin-fill sediments, Layer 2 corresponds to the volcanic aquifer, and Layer 3 corresponds to the deep carbonate aquifer.

The grid, hydraulic parameters, and conditions of the DVRFS model were provided by the U.S. Geological Survey in digital format.  This digital format facilitated extraction of the AVYM model from the DVRFS model and the verification of the AVYM model, as described in the following section.

3.2
VERIFICATION SIMULATION WITH THE DEATH VALLEY REGIONAL GROUNDWATER FLOW SYSTEM MODEL

Nye County’s first task was to verify the compatibility of the MODFLOWP version used and the input/output files acquired from the U.S. Geological Survey.  MODFLOWP was run to read the acquired input files and to generate new output files.  The acquired and new output files were found to be identical.

3.3
MODIFICATION OF THE DEATH VALLEY REGIONAL GROUNDWATER FLOW SYSTEM TO THE AMARGOSA VALLEY/YUCCA MOUNTAIN MODEL

The area of the DVRFS model containing the AVYM region was delineated, as shown in Figure 2.  The same nodal configurations and input parameters from the DVRFS model were  used in the AVYM model, except all nodes outside the delineation line were made inactive.  This modification procedure minimized data transfer errors.  The hydraulic heads calculated from the DVRFS model along the delineation line were then assumed to be constant head boundary conditions for AVYM model verification tests.

3.4
AMARGOSA VALLEY/YUCCA MOUNTAIN MODEL VERIFICATION WITH CONSTANT HEAD CONDITIONS

The AVYM model was then run with the same input conditions as for the DVRFS model, except for imposed constant heads along the delineation line shown in Figure 2.  The steady-state  simulation results were exactly the same as the DVRFS simulation results  (Figure 7).  These results verified that decreasing the model domain of AVYM did not affect its computational accuracy. 

3.5
AMARGOSA VALLEY/YUCCA MOUNTAIN MODEL VERIFICATION WITH GENERAL HEAD BOUNDARY CONDITIONS

General head boundary conditions can be used to simulate transient flow conditions with a code like MODFLOWP (Hill, 1992).  A general head boundary is a node with a specified head linked to a hydraulic conductivity value outside the domain.  The hydraulic conductivity is adjusted (calibrated) to produce the desired specified head.

The heads along the AVYM delineation line were converted to general boundary heads and the AVYM was rerun with all other input parameters the same as for the DVRFS.  Again, steady-state DVRFS and AVYM results (hydraulic heads) were identical.  

These results showed that either constant head or general head boundary conditions are acceptable for the model.  The latter condition was selected for all AVYM transient simulations, because of its greater applicability for transient modeling using MODFLOWP.

4.0
STEADY-STATE SIMULATIONs 

Two alluvial channels along the Amargosa River and Fortymile Wash are contained in the AVYM model.  Recent EWDP data have shown that these valleys are filled with heterogeneous material and that the alluvial channels form only a portion of these valleys.  The sensitivity of the simulated groundwater levels to variations in the hydraulic conductivity of the alluvial material was evaluated using two different channel configurations.  In one case, the two alluvial channels were assumed to be two cells wide (3,000 m) throughout their reaches.  In the other case, the alluvial channels were assumed to be 10 cells wide (15,000 m) along portions of their reaches.  The former configuration was evaluated for steady-state flow conditions and both configurations were evaluated for transient flow conditions.

The three layers of the model were assumed to be confined similar to the DVRFS model (Figure 6).  Although this assumption is not valid in many areas of the Death Valley region, it was maintained in this study so that the AVYM and DVRFS results could be directly compared.  

4.1
Methods 

Figure 8 shows placement of the Amargosa River and Fortymile Wash in discretized form in the AVYM, and Figure 9 shows them in relation to the DVRFS model.  The two alluvial channels are two nodes wide.  With each node having 1,500-m sides, the alluvial deposits are 3,000-m wide and 500-m thick.  This river modeling is referred to as M1 (two cell wide) morphology.

A parametric study was conducted to understand the sensitivity of the AVYM model to the contrast in conductivity between alluvial deposits and surrounding deposits.  Apparent hydraulic conductivity values (Ka) outside the alluvial deposits were designated as Ku, and the values for the alluvial deposits were designated as Kriver.  The sensitivity of the model to upper bound values on Ku was then analyzed.

A series of simulations was performed using different Ku values.  In setting up the simulations, a Ku value was first assumed, and a Ka less than or equal to Ku condition was imposed in the part of the region excluding the two river reaches.  Ka values in this region (provided by the DVRFS model) were checked cell by cell.  If Ka > Ku was encountered at a cell, the Ka value was changed to the Ku value; otherwise, the Ka value was left unchanged.  A Kriver  value of 21.2 m/day was assumed in all simulations corresponding to the highest hydraulic conductivity value (K), designated as K5, in D’Agnese et al. (1997).

The analysis was performed in two phases.  In the first phase, the upper limit for transmissivity (Ku multiplied by thickness) outside the river reaches was applied to all three layers of the AVYM model.  In the second phase, the upper limit for transmissivity was applied to the first layer only.  The simulated hydraulic head results for both phases for all three layers are presented in Appendix B.  The following section presents the results from both phases for the upper layer (Layer 1) only.  Layer 1 was the main focus of Phase I of the EWDP characterization program.

4.2
SUMMARY OF RESULTS

Initially, the case with a two-cell-wide alluvial channel with a Ku value of 100 m/day was simulated.  Because this hydraulic conductivity value is larger than the largest value of all the three layers, the hydraulic conductivity of the layers remained unchanged and only the hydraulic conductivity along the alluvial deposits was affected (Kriver = 21.2 m/day).  Figure 10 shows the distribution of the apparent transmissivity values for this case.  Figure 11 compares the hydraulic heads calculated by the AVYM model for this case (solid lines indicate “with alluvium”) with the base steady-state case (dashed lines indicate “without alluvium”) that was verified with the DVRFS model results.  The base case will be repeated in the following presentation of the simulated head distribution figures for comparison purposes.  

Subsequently, the value of Ku was gradually reduced to change the contrast in hydraulic conductivity between the alluvium-filled channels and the underlying and adjacent material (all three layers).  The results are presented in Figures 12, 13, and 14.  Values of  1.0, 0.01, and 0.0001 m/day were used for Ku in these figures, respectively.  

In the second phase, the upper limit of the apparent hydraulic conductivity value (Ku) was restricted for the first layer only. Ku* is used to denote this restriction in figures and appendices. Ka values for the other two layers were kept the same as the original values used by the DVRFS model.  Figure 15 shows the results of the AVYM model for a Ku* value of 0.01 m/day.  

4.3
DISCUSSION OF RESULTS

The results presented in Figures 13 and 15 are similar.  Thus, the contrast in hydraulic conductivity in the first layer appears to primarily control the change in hydraulic head contours in the first layer.  This is because the majority of the cells in Layers 2 and 3 were already assigned low hydraulic conductivity values (less than 1 m/day) in the original DVRFS model.

The results of these simulations show that the hydraulic conductivity is a very important factor in determining the configuration of the water-table contour maps.  The relatively gentle gradient east of Yucca Mountain has been attributed to the presence of high-permeability fractured tuff aquifers.  Although this is true to some extent, the presence of Fortymile Wash with its substantial thickness of high permeability alluvium can have similar effects on the hydraulic head distribution.  Of particular interest is the upgradient bend in the simulated hydraulic head contour lines in Fortymile Wash.  The larger the contrast in hydraulic conductivity, the sharper the bend.

The results of these simulations also show a relatively steep hydraulic gradient on the southwest side of the Amargosa Desert.  This gradient is not believed to exist in reality, based on the available data.  Accordingly, this gradient is considered an artifact of the general head boundary conductivity values assigned to this side of the model in the steady-state case.  This problem was reduced in size and extent in the transient simulation runs discussed in Section 5.

5.0
TRANSIENT SIMULATIONs 

Evidence presented in Section 2.4 suggests that groundwater flow conditions may not be at steady state, as assumed for simulations described in Section 4.  Significant errors in calibrating formation hydraulic conductivities to observed groundwater levels can occur if a system is assumed to be in steady state when, in fact, transient conditions apply.

If a system with transient conditions is assumed to be at steady state, parameter estimation will be erroneous.  This concept can best be shown by an example.  Figure 16 shows a simple column filled with homogeneous sand.  An initial pressure difference is imposed on this column.  The column is allowed to equilibrate over time.  The pressure distribution along the column at 16 equally-spaced points (P-1 through P-16) is plotted in Figure 17.  The pressure gradient between the two end points from each time was then used to calculate hydraulic conductivity assuming steady-state conditions.  The calculated hydraulic conductivity values are shown in Figure 18.  It is evident that hydraulic conductivity values vary significantly if steady flow is assumed instead of transient flow.  

5.1
INITIAL AND BOUNDARY CONDITIONS AND MODELING APPROACH

Transient simulations require initial conditions as well as time-varying boundary conditions.

The following steps were used to incorporate the water level observation data into the boundary condition for the AVYM transient model:

· Twenty-three points (designated as P1 through P23) on the AVYM model boundary were selected (Figure 19).  

· Using these 23 boundary data points, contours for initial groundwater levels (initial conditions) were developed by interpolating the water level data from 1950 to 1959 using a “nearest neighbors” routine (Figure 19).

· The general head boundary nodes were set at values estimated using water level data for the 1960 to 1969, 1970 to 1979, and 1980 to 1989 periods (i.e., time-varying boundary conditions).

Considering the above three decades as successive stress periods, transient simulations were then performed.  The result from the last stress period (1980 to 1989) is considered the end result from the 30-year transient simulation.  The methods and results for evaluating the effects of varying hydraulic conductivity and alluvium channel width are described below.

5.2
Methods and Results for 3,000-METER-WIDE CHANNEL 

The geometry of the 3,000-m-wide alluvial channel is shown in Figure 9.  

As with the simulations described in Section 4.1, the Ka values outside and inside the two alluvium channels (Amargosa Desert and Fortymile Wash) were treated differently.  The outside values were designated as Ku, and the inside values were designated as Kriver.  A Kriver value of 21.2 m/day was assumed in all the simulations.

Also similar to the steady-state simulations described in Section 4.1, the sensitivity of the model to upper limits on Ku was conducted in two phases.  In the first phase, the upper limit for transmissivity (Ku multiplied by thickness) outside the river reaches was applied to all three layers of the AVYM model.  In the second phase, the upper limit for transmissivity was applied to the first layer only, while the remaining two layers were left unchanged at Ka values provided by the DVRFS model.  Finally, as in steady-state simulations, Ku* is used to denote (in figures and appendices) that the upper limit for transmissivity was applied to the first layer only.

Appendix C contains the results of all transient simulations for both phases and for all layers.  The results of the second phase of the 30-year transient simulation in Layer 1 compared to the steady-state simulation without alluvium are presented in Figures 20 to 22.

Significant differences in hydraulic heads are observed when comparing 30-year transient simulation results with alluvium (Figure 20) with steady-state simulation results with alluvium (Figure 11).  In both these simulations, Kriver = 21.2 m/day and Ka values outside the alluvium channels are equal to the original DVRFS values (i.e., Ku = 100 m/day).  These simulations serve to illustrate potential errors that may result when steady-state conditions are assumed in cases where transient changes in hydraulic heads are occurring over time.

Moreover, the two simulations differed significantly from the observed average water level conditions presented in Figure 23.  In addition, the simulation results differed from the average water levels for different decades (compare Figures 11, 20, 21, and 22 with Figures A3, A4, A5, and A6).  This general lack of agreement may be due to a number of factors, including the possible problems with the average water levels presented in Appendix A (discussed in Section 2.4) and/or the possibility that the Ka values of the original DVRFS model were in error.  

Figure 21 compares the simulation results for the steady-state DVRFS model with the AVYM transient model for a Ku value of 1 m/day.  Figure 22 shows a similar comparison with a Ku value of 0.01 m/day.  Note the upgradient bend (northward shift) in contour lines in the Fortymile Wash and Amargosa River areas in response to the increasing contrast between the Ka of the alluvium and the valley-fill material.  This effect can be most easily seen by comparing the 800 m contour in Figure 21 with the 850 m contour in Figure 22 in the upper part of the Amargosa Desert (northwest corner of figures), and the 900 m contour in Figure 21 with the 850 m contour in Figure 22 in the Fortymile Wash region (northeast corner of figures).

5.3
Results for the 15,000-Meter-Wide Channel

Figure 24 shows the configuration of the 15,000-m-wide alluvial channel.  This configuration is referred to as M2 in Appendix D, which summarizes simulations where the upper limit for transmissivity was applied to the first layer only.  Simulations where the upper limit for transmissivity was applied to all three layers were not conducted for this channel configuration.  

Figure 25 shows the distribution of the apparent transmissivity values in all three layers for this modeling case.  In this case, the alluvium channel is extended to include a major portion of Layer 1 of the model.  This conceptual model is based purely on aerial photograph distribution of the alluvial valley.  However, recent results from the EWDP have shown that, with a few exceptions, the alluvial channels are filled with high permeability material.  Toward the sides of these valleys, the heterogeneities and layering appear to increase.  The reason for this is that the rivers and washes have been more active around the center of the valleys and have carved into a deeper section of older deposits.  Along the sides of the valleys, remnants of fine-grained lake deposits and even some older ash-flow and ash-fall tuff layers are intermingled with the thin layers of alluvial and colluvial deposits.  Therefore, both thickness and hydraulic conductivity of the alluvium decreases near the sides of the valleys.  It is also noted that the thickness of the alluvium may be less than 500 m in most places.  However, in the present study, the thickness and hydraulic conductivity of the alluvium is assumed to be uniform.  This assumption will be removed in future simulations, once the alluvium thickness is better defined from EWDP data.

It should be noted that because of the low sensitivity of the model to the set conditions of the lower layers, the discussion with regard to distribution of the hydraulic head only applies to the near-surface and should not be extrapolated to depths beyond 500 m.

Figure 26 compares the AVYM model’s 30-year transient hydraulic head results for a Ku value of 0.01 m/day with alluvium and steady-state hydraulic head results without alluvium.  Figure 27 compares 30-year transient hydraulic head results with the average water level conditions in Amargosa Desert between 1947 and 1997.  Although these results are preliminary and should be considered as numerical experimentation, the simulated water levels with alluvium in Figure 27 are more acceptable when compared with the observed water levels than previous simulations (e.g., Figure 23).  Future simulations will lead to a better understanding of the hydraulic behavior of the system with the aid of the new information obtained from the EWDP wells.  

6.0
FURTHER DISCUSSION OF RESULTS

6.1
DATA GAPS

The model results are only reasonable for areas with sufficient observation points.  There are very few observation points deeper than 304.8 m (1,000 ft).  Therefore, the confidence in the predicted results for Layers 2 and 3 is low.  However, it is questionable that detailed characterization of the deeper aquifers will be practical or required for repository siting and licensing.  Nye County has been performing large-scale pump tests to provide estimates of the horizontal aquifer properties in the AVYM area.  Characterizing the horizontal hydraulic parameters will aid in estimating the local vertical hydraulic parameters with more certainty during calibration processes.  In addition, the EWDP data will help fill a significant data gap downgradient of Yucca Mountain and may significantly change the hydrogeologic conceptual model of the AVYM area.

6.2
COMPLEXITY OF ALLUVIAL DEPOSITS

One of the significant differences between the pre- and post-EWDP conceptual models is the areal extent and hydraulic characteristics of the alluvial valleys.  The alluvial valleys were originally thought to be filled with relatively uniform material, mostly of alluvial and colluvial origin.  Through drilling and modeling efforts, it became clear that some of the alluvial-filled channels are carved into much less permeable material consisting of ash-fall and ash-flow tuffs, marsh and lacustrine deposits, and occasional extrusive volcanic deposits.  The sequence of deposition has been complex.  At times the valleys may have been covered by relatively thick deposits of lacustrine and marsh deposits.  These deposits were then eroded away by river-flow activities leaving behind substantial shelf areas with fine-grained material with low permeability.  Alluvial deposits have been laid down in the middle of these valleys, and they are thickest in the center.  Cenozoic tectonic activities have further complicated the depositional sequence.  Faults have cut through some of these low permeability materials, and they appear to have provided vertical conduits from deep-seated carbonate aquifers for upward groundwater flow.

It is suspected that the high permeability of alluvium in these valleys has a substantial influence on the shape of the hydraulic head surface.  This concept needs to be investigated in more detail by evaluating further data from the EWDP.

6.3
STEADY-STATE VERSUS TRANSIENT CONDITIONS

At the Devils Hole Workshops in 1998 and 1999, the issue of steady-state versus transient conditions was brought up by Nye County.  Some of the early groundwater flow models for the area assumed steady-state conditions over the model domain.  This assumption may be in error in periods when climatic conditions or groundwater developments significantly changed the hydrologic flow regime.  Such periods represent transient rather than steady-state conditions.

6.4
MODEL CALIBRATION

Neither the DVRFS nor the AVYM models meet the calibration requirements of ASTM D 5490-93, Standard Guide for Comparing Ground-Water Flow Model Simulations to Site-Specific Information.  Model calibration requires an accurate set of varying field hydraulic head data in response to aquifer stresses.  Nye County suggests that a stepwise calibration effort be conducted to meet these requirements.  For example, as EWDP data (e.g., pump test or long-term monitoring records) for a sub-area within the AVYM model become available, it is recommended that the sub-area be modeled separately using a much finer mesh to reproduce these field data.  Once a sub-area is calibrated satisfactorily, its equivalent hydraulic properties (i.e., hydraulic conductivity, storativity, etc.) should be assigned to the appropriate nodes of the larger AVYM model.

6.5
TEMPERATURE EFFECTS

EWDP boreholes have, in some cases, intercepted water with elevated temperatures at relatively shallow depths near faults.  This has been interpreted as indicating that some fault zones may intersect deeper aquifers with higher temperature waters, and buoyancy may create local flow within the shallower system.  Additional characterization work is required to better understand the areal extent of these effects and their impact on the shallow flow system.

7.0
CONCLUSIONS AND RECOMMENDATIONS

Conclusions and recommendations from analyses and modeling described in this report indicate the following:

· A validated and qualified groundwater database is required for the AVYM area.  Although 50 years of groundwater level data for the AVYM area covering the period from 1947 to 1997 was reviewed and entered into a database, the data have yet to be validated and qualified with respect to representation and accuracy.

· An analysis of these groundwater level data suggests that transient flow conditions have occurred over the past 50 years.  Therefore, it may be more appropriate to calibrate the AVYM model to these transient flow conditions rather than to assumed steady-state conditions.

· Steady-state simulations and transient simulations (assuming 3,000-m-wide alluvial channels) of hydraulic heads differ significantly from each other and from observed average water level contours from 1947 to 1997, as well as average water wells for individual decades.

· Differences between simulation results and average water levels may in part be due to possible problems with the average water levels presented in Appendix A and/or to errors in calibrated Ka values assigned to major aquifer layers.

· Transient simulations of hydraulic heads assuming 15,000-m-wide alluvial channels provided better agreement with observed water level contours than simulations assuming 3,000-m-wide alluvial channels.

· The more favorable model results obtained by incorporating 15,000-m-wide alluvial channels into the AVYM saturated zone model demonstrates the need to modify the conceptual model of the alluvial deposits in future versions of the regional DVRFS model.  Alluvial channel deposits to a large extent control the hydraulic characteristics of the flow system.  In particular, their thickness and conductivity distributions make them an important component of the system.

Finally, prior to any future modeling efforts, the following steps are recommended:

· Develop a more comprehensive and detailed geologic conceptual model of the area.  Nye County is developing such a conceptual model.

· Refine the boundary between Amargosa Desert and Death Valley to better understand the relations between these two hydrologic basins.  Moreover, expansion of boundaries to the north and east may be helpful.

· Conduct additional characterization to determine the impacts of warmer water moving up through fault zones on the shallow flow system.

· Incorporate known recharge and discharge areas into the observed data set to improve the results of future calibration efforts.
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