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EXECUTIVE SUMMARY

This Executive Summary is a synopsis of the report entitled Phase II Groundwater Flow Model of 

Corrective Action Unit 98: Frenchman Flat, Nye County, Nevada, prepared for the U.S. Department 

of Energy (DOE).  Steady-state groundwater flow models of the Frenchman Flat Corrective Action 

Unit (CAU) have been constructed using a range of hydrostratigraphic framework, recharge 

distribution, boundary head, and hydraulic parameter assignment conceptualizations.  Model 

calibration, uncertainty, and sensitivity analyses, as well as geochemical verification were conducted 

and documented.

ES-1 INTRODUCTION

The DOE, National Nuclear Security Administration Nevada Site Office (NNSA/NSO) initiated the 

Underground Test Area (UGTA) Project to assess and evaluate the effects of underground nuclear 

weapons tests on groundwater at the Nevada Test Site (NTS) and vicinity through the Federal 

Facility Agreement and Consent Order (FFACO, 1996). The processes that will be used to complete 

UGTA corrective actions are described in the Corrective Action Strategy in the FFACO Appendix VI, 

Rev. 1 (December 7, 2000). The objective of the strategy is to analyze and evaluate each UGTA CAU 

through a combination of data and information collection and evaluation, and modeling groundwater 

flow and contaminant transport. For the UGTA Project, the corrective action strategy includes two 

major parts: a regional evaluation addressing all CAUs and a corrective action investigation (CAI) 

process for each of the individual CAUs. The first major part was completed with the development of 

the model and report entitled Regional Groundwater Flow and Tritium Transport Modeling and Risk 

Assessment of the Underground Test Area, Nevada Test Site, Nevada (DOE/NV, 1997). The second 

part of the process focuses on acquisition and analysis of CAU-specific data and development of 

CAU-scale flow and transport models. The CAU-specific objectives are to estimate the movement of 

contaminants utilizing CAU-specific hydrogeologic and transport parameter data and to define 

contaminant boundaries. 

The CAI process may be iterative, resulting in several phases of data collection, analysis, and 

modeling with assessment of confidence in the results at the completion of each phase.  The Phase I 

Frenchman Flat CAI was completed in 1999.  Based on external and internal review, the need for 
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additional work was identified, and an addendum to the corrective action investigation plan (CAIP) 

was developed entitled Addendum to Revision 1 of the Corrective Action Investigation Plan for 

Corrective Action Unit 98: Frenchman Flat, Nevada Test Site, Nevada (NNSA/NV, 2001).  The 

Frenchman Flat CAIP addendum detailed the new data collection and modeling activities to address 

the documented deficiencies in the Phase I Frenchman Flat CAI.  The new data collection activities 

have been completed with results incorporated into the Phase II Frenchman Flat CAU groundwater 

flow model, which is the subject of this report. 

The CAIP identifies a three-step model development process to evaluate the impact of underground 

nuclear weapons testing on groundwater.  The first step is the compilation and evaluation of existing 

and new data for use in the model, and is documented in a series of data compilation and analysis 

reports, including Phase II Hydrologic Data for the Groundwater Flow and Contaminant Transport 

Model of Corrective Action Unit 98: Frenchman Flat, Nye County, Nevada (SNJV, 2004d).  The 

second step, the development of the Phase II groundwater flow model, is completed and documented 

in this report.  The third and future step will be the development of the transport model to assess the 

migration of radionuclides away from underground nuclear test cavities in Frenchman Flat. 

The Phase II data collection activities included well drilling, geophysical investigations, and 

hydrogeologic and geochemical investigations. The Phase II data significantly improved the 

understanding of local thicknesses for alluvial and volcanic hydrostratigraphic units (HSUs) in the 

vicinity of the underground tests, assisted in the identification of alternative hydrostratigraphic 

framework models for the Frenchman Flat basin, increased the hydrogeologic parameter database for 

Frenchman Flat, and provided geochemical data for use in testing alternative conceptual models for 

flow in the basin.

The underground nuclear tests conducted at Frenchman Flat were detonated in vertical shafts or drill 

holes in alluvium or volcanic rock within the saturated zone or 100 meters (m) or less above the water 

table.  A total of 10 such underground nuclear tests were conducted in Frenchman Flat.  Transport in 

groundwater is the primary mechanism for migration of the subsurface contamination away from 

Frenchman Flat underground nuclear tests. 

The Frenchman Flat flow system is part of the Death Valley regional flow system. Frenchman Flat is 

a closed-drainage intermontane basin located in the southeastern portion of the NTS. It is bounded on 
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the north by Massachusetts Mountain and the Halfpint Range, on the east by the Ranger Mountains 

and Buried Hills, on the south by the Spotted Range, and on the west by the Wahmonie Hills. The 

valley floor of the basin slopes gently from the surrounding highlands to the lowest-lying playa area. 

Ground elevations range from over 1,463 m above mean sea level (amsl) in the surrounding 

mountains to approximately 938 m amsl at Frenchman Lake playa. The conceptual model of 

groundwater flow through Frenchman Flat is that the bulk of the flow occurs in the lower carbonate 

aquifer (LCA), and that the LCA is the only subsurface pathway by which groundwater enters and 

exits Frenchman Flat. The LCA forms a nearly continuous aquifer across the region except where 

interrupted by calderas, truncated by structural controls, or penetrated by intrusive rocks. A minor 

amount of water leaks from the alluvial aquifer (AA) through the tuff confining units (TCUs), which 

overlie the LCA over much of Frenchman Flat, and into the LCA. 

Specific objectives of the Phase II Frenchman Flat CAU groundwater flow model are to: 

• Incorporate pertinent information and lessons learned from the Phase I Frenchman Flat CAU 
models. 

• Develop a three-dimensional (3-D), numerical flow model that incorporates the important 
physical features of the flow system and honors CAU-specific data and information. 

• Simulate the steady-state groundwater flow system to determine the direction and magnitude 
of groundwater fluxes based on calibration to Frenchman Flat hydrogeologic data. 

• Quantify the uncertainty in the direction and magnitude of groundwater flow due to 
uncertainty in component conceptual models (e.g., geology, boundary flux, and recharge).

ES-2 PREVIOUS WORK

The data and conceptual models used to develop the Frenchman Flat CAU flow model represent a 

large body of work and are described in SNJV (2004d).  The regional and site-specific elements that 

are integrated into the Frenchman Flat flow model include:

• Regional data and models that provide the broad hydrogeologic context for the CAU-specific 
flow model.

• CAU-specific geologic data and models that establish the local hydrostratigraphic framework 
within which groundwater flows.
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• Component models (e.g., geologic models, recharge models) that integrate the regional 
hydrogeology into CAU-specific hydrogeology.

• Alternative CAU-specific component models to address uncertainty in hydrostratigraphy, 
lateral boundary flux and heads, and recharge.

• CAU-specific hydrologic parameters (including their uncertainty).

An overview of the regional flow models, recharge models, and hydrostratigraphic framework 

models (HFMs) is presented below. 

Regional Models

Two regional groundwater flow models are relevant to supporting the development of the Phase II 

Frenchman Flat CAU flow model. A conceptual and steady-state numerical model of the regional 

groundwater flow system (termed the UGTA regional model) was developed during the regional 

evaluation, with the description of the regional hydrogeologic framework and groundwater 

occurrence and movement presented in DOE/NV (1997). The Death Valley Regional Ground-Water 

Flow System model (DVRFS) (Belcher et al., 2004) was developed as an integrated regional 

modeling analysis tool to support NNSA/NSO investigations at the NTS and Yucca Mountain. 

Because the DVRFS was not finished at the time CAU-model supporting analyses were conducted, 

its results could not be as comprehensively considered as the DOE/NV (1997) model. Both regional 

models were used to provide supporting information (e.g., Frenchman Flat CAU boundary fluxes) for 

the Phase II Frenchman Flat CAU flow model.

Recharge Models

Three basic approaches have been used to develop alternative recharge models for the NTS area. 

These include: a net-infiltration recharge model from watershed distributed parameter modeling by 

the U.S. Geological Survey (USGS), chloride mass-balance modeling by the Desert Research 

Institute (DRI), and the modified Maxey-Eakin (MME) empirical approach.  Three subsets of the 

USGS and two subsets of the DRI recharge maps were considered.  The USGS recharge models  

included a recharge model with runoff or run on (redistribution) (denoted USGSD),  a recharge model 

without redistribution (denoted USGSND), and recharge distribution from the DVRFS model (a 

calibrated version of the USGSD recharge distribution).  Two DRI recharge models included no 

recharge in the alluvial areas (DRI alluvial mask alternative, denoted DRIA) and no recharge in the 
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alluvial area and no recharge below an elevation of 1,237 m (DRI alluvial and elevation mask 

alternative, denoted DRIAE case). 

Phase II Base and Alternative Hydrostratigraphic Framework Models

All rocks of the NTS and vicinity can be classified as one of eight hydrogeologic units (HGUs), 

which include the AA, four volcanic HGUs, an intrusive HGU, and two HGUs that represent the 

pre-Tertiary sedimentary and metasedimentary rocks.  Hydrostratigraphic units are groupings of 

contiguous stratigraphic units that have a particular hydrogeologic character, such as an aquifer or a 

confining unit.  An HSU may contain several HGUs but is defined so that a single general type of 

HGU dominates (for example, mostly welded-tuff and vitric-tuff aquifers, or mostly tuff confining 

units).

Four types of data collection activities were completed as part of the Phase II investigation.  These 

activities included: the drilling and completion of five new wells in the vicinity of the two testing 

areas (central and northern) in Frenchman Flat; aquifer testing; geophysical investigations including 

gravity, ground and aeromagnetic, seismic, and magnetotelluric; and groundwater isotopic and 

geochemical investigations.  The well drilling and geophysical investigations contributed new data 

and information for use in the development of the Phase II HFMs. 

The Phase II Frenchman Flat area HFMs were constructed using EarthVision®, a 3-D geologic model 

building and visualization software package.  The Phase II Frenchman Flat HFM area encompasses 

more than 570 square kilometers (km2) in the southeastern portion of the NTS.  The model area has a 

north-south length of 30 kilometers (km) and an east-west length of 19 km, and includes geologic 

units as deep as -5 km amsl. 

An HFM that represents the consensus of the currently most viable model (called BASE) and four 

alternative HFMs (different geologic interpretations that are equally consistent with the available 

data) were developed. The BASE HFM model includes more than 70 faults and 17 HSUs (9 aquifers 

and 8 confining units). The structural elements are typically normal faults (basin- and range-style 

faults) but also include several strike-slip and older thrust faults. Only faults considered to be 

hydrologically significant, larger faults and the faults that seem to form significant structural 

boundaries, were included in the model. 
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Following the completion of the BASE HFM, four alternative HFMs were developed.  The main 

criterion for selecting alternative HFMs was the potential impact of the alternative interpretation on 

groundwater flow and the transport of contaminants in groundwater.  The characteristics of the 

alternative HFMs and their potential impacts on the flow model are summarized in Table ES-1: 

ES-3 DATA AND CONCEPTUAL MODELS

Geologic Setting

Mapping studies and subsurface borehole and geophysical data indicate that the central part of the 

Frenchman Flat basin is an eastward-tilted half-graben with significant vertical displacement along 

splays of the Rock Valley fault system that bound it along its southern, eastern, and northern margins. 

Table ES.1-1
Summary of Alternative Hydrostratigraphic Framework Models Considered in the 

Frenchman Flat Flow Model

Alternative HFM Key Difference(s) 
Compared to BASE HFM

Potential Impacts 
on Flow Model 

Basalt Lava Flow Aquifer (BLFA)
The BLFA HSU is modeled as a 
single continuous basalt flow, rather 
than three separate zones.

Located at or near the water table, 
which may affect flow and transport 
of radionuclides away from 
underground nuclear tests in the 
northern testing area. 

Detachment fault (DETA)
This alternative has no detachment 
fault present in the northern portion 
of Frenchman Flat. 

In this alternative, removing the fault 
eliminates potential hydrologic 
consequences.  Volcanic rocks were 
modeled as dipping moderately 
southward from Area 11.

Displacement fault  
(Aquifer Juxtaposition) (DISP) 

This alternative is concerned with the 
locations and displacement of 
basin-forming faults and yields 
juxtaposed shallow volcanic aquifer 
HSUs with the LCA along a major 
basin-forming fault.

This alternative juxtaposes shallow 
aquifers against deeper aquifers, 
allowing a hydraulic connection 
between volcanic aquifers underlying 
the AA in Frenchman Flat to 
carbonate aquifers east and south 
from the Rock Valley fault system. 

CP thrust fault (CPBA)

The CP basin alternative extends the 
upper clastic confining unit (UCCU) 
beneath all of CP basin, resulting in a 
continuous sheet of UCCU beneath 
the basin.

Some uncertainty exists in the 
distribution of pre-Tertiary HSUs, 
particularly the distribution of UCCU 
beneath CP basin.  This alternative 
results in a continuous sheet of 
UCCU beneath the basin. 
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Sedimentary and volcaniclastic rocks, followed by ash-fall and ash-flow tuffs and finally alluvial and 

playa deposits, filled the basin as it developed, along with lavas emanating from the Wahmonie 

volcanic center to the west of the basin.  Stratigraphic relationships between alluvium and tuffs within 

the basin indicate that formation of the main part of the basin was initiated after eruption of the 

Ammonia Tanks Tuff (11.45 million years ago [Ma]) and before the eruption of the Thirsty Canyon 

group had been completed at 9.14 Ma.  Basin development continued after deposition of the tuffs, as 

demonstrated by the faulted nature of the tuffs and the accumulation of more than 1,400 m of 

alluvium in the center of the basin.  The alluvium thins toward and beyond the structural margins of 

the basin where it directly overlies the LCA.  Along the northern, eastern, and southern margins, the 

tuff confining units that line the basin have been thinned by faulting and erosion, increasing the 

potential for hydraulic connections between the shallower material in the basin and the LCA in these 

areas.

Precipitation and Recharge

Precipitation in the vicinity of the NTS is strongly dependent upon elevation.  In the vicinity of 

Frenchman Flat, precipitation gauges with records spanning up to 50 years show that precipitation for 

Frenchman Flat and CP basin areas is about 5 to 6 inches per year (13 to 15 millimeters per year).  

The low rates of precipitation lead to estimates of recharge rates that are close to zero on the basin 

floor to as much as several millimeters per year in the hills bordering the basin.  Although the various 

recharge models that have been developed for Frenchman Flat differ in the details of how that 

recharge is distributed throughout the basin, they each produce net amounts of recharge that are, at 

most, 1 percent of the total amount of groundwater flow through the basin.  This suggests that 

groundwater flow velocities will be small in parts of the basin where groundwater is derived 

predominantly from the recharge of precipitation.

Groundwater Discharge

Within the Frenchman Flat area and vicinity, the only mechanism of groundwater discharge to the 

surface is withdrawal from the flow system by wells.  Transient well-related effects are very localized 

and likely not representative of conditions over a majority of the model area.  Thus, discharge from 

pumping wells is not included in the model.
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Inflow and Outflow (Lateral Boundary Flows and Boundary Heads)

A set of alternate boundary flows and associated boundary heads to be used with the Frenchman Flat 

CAU flow model were obtained from the UGTA regional model by calibrating 30 regional-scale flow 

models implemented with MODFLOW-2000.  The 30 models represent different flow system 

representations derived from combinations of various hydrostratigraphic and recharge models.  The 

different HFMs reflect the effect of uncertainty in the geology.  The recharge models represent 

different methods of approximating recharge for the NTS area.  The alternate boundary flows and 

heads were used to help evaluate the uncertainty in the CAU flow model associated with the choice of 

flow system conceptual HFM, recharge model, and boundary conditions.  The approach used to 

calculate these fluxes does not specify the location or locations on the boundary where the flux occurs 

in each of the 30 models, just bounds on the total amount of net inflow or net outflow through each 

boundary.  

In general, groundwater is simulated in the UGTA regional model as flowing from the north and east 

toward the south and west through the Frenchman Flat CAU-flow model domain. This is generally 

true regardless of the recharge model or HFM. The lateral boundary fluxes were found to be 

insensitive to changes in the HFM, whereas the choice of recharge model had a significant impact on 

the lateral boundary flows and heads, primarily by changing the heads and gradients along the 

boundaries of the models. 

Lateral boundary flows and recharge flux estimates for the Frenchman Flat model domain were also 

obtained from the DVRFS model.  This model is implemented using MODFLOW-2000.  Flows are 

generally similar in magnitude and direction as compared to the boundary flows estimated from the 

UGTA regional model.  However, differences in the simulated flows across the southern and eastern 

boundaries are observed between these two regional flow models.  While both models simulate net 

inflows from the north and east into the Frenchman Flat CAU model domain, the UGTA regional 

model inflows from the east exceed those from the north; the DVRFS model simulates more flow into 

the northern boundary.  In the DVRFS model, as well in the UGTA regional models, recharge 

constituted less than 1 percent of the total outflow from the CAU model domain. 
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Hydraulic Heads

Pre-pumping hydraulic heads were estimated for use in development of the steady-state Phase II 

Frenchman Flat CAU flow model.  Water supply wells have been intermittently pumped since the 

early 1950s, and water withdrawals may have affected water levels in the vicinity of the pumping 

wells.  To minimize the effects caused by water withdrawals, pre-pumping water levels at the 

pumping wells were estimated from measurements made during periods preceded by little or no 

pumping.  Adjustments were made to water levels to account for borehole deviation, barometric 

effects, and water density differences associated with groundwater temperature variations. 

Differences in heads in individual HSUs throughout the basin area are small, which leads to a 

generally low horizontal gradient.  Hydraulic heads are very similar in the AA in Frenchman Flat, 

both horizontally and vertically.  The direction of horizontal gradients in the AA is to the east and 

south in the northern testing area.  In the central testing area, AA gradients are to the east and possibly 

south.  Hydraulic heads are higher in the alluvium than the LCA, reflecting a separation of the local 

flow system in the AA from the regional system in the LCA caused by the lower tuff confining unit 

(LTCU).  In the LCA, horizontal gradients are generally from east to west/southwest.  Also, it appears 

that the LTCU is overpressurized in the central testing area and that high heads in this HSU 

effectively prevent groundwater movement from the alluvium downward to the LCA. 

Hydraulic Properties

A compilation of permeability data from analogous HGUs in the NTS investigation area was 

completed and compared to more limited data from comparable HGUs in the Frenchman Flat area.  

Data were grouped by HGUs - such as the AA, LCA, TCU, and volcanic aquifer (VA) HGUs -  so that 

data from similar rock types could be considered collectively and compared to the permeability of 

individual HSUs in the model.  The permeability distribution in Frenchman Flat is conceptualized as 

resulting from the superposition of effects controlled by the HGU type, anisotropy, the decay of 

permeability with depth, and faulting.

Intrinsic permeability values determined from pumping-scale hydraulic conductivity analyses were 

assigned to each of the Frenchman Flat HSUs. An average temperature of 30 degrees Celsius is 

assumed. Both Frenchman Flat-specific permeability distributions and permeability distributions for 

regional equivalent HSUs were available (mean, standard deviation, minimum, and maximum). 
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Very little is known about the anisotropy of most of the HSUs in Frenchman Flat except for the 

alluvium.  A number of methods were applied to estimate the anisotropy of the alluvium in 

Frenchman Flat.  These include somewhat indirect approaches that analyze hydraulic conductivity 

variations from borehole flow logs and core sample data, and more direct field methods such as 

cross-hole hydraulic tests.  Additional anisotropy values are estimated from site-specific models for 

Frenchman Flat that were developed either to interpret multiple-well aquifer test data from 

Frenchman Flat or that are calibrated based on these data, as well as regional models for the NTS and 

elsewhere that have estimated the anisotropy of alluvium in similar basins from steady-state and 

transient head data.

The fact that some of the scatter in the Frenchman Flat permeability data for the AA is attributable to 

uncertainty surrounding assumptions in the analysis methods, rather than to heterogeneity, combined 

with strong evidence from the re-analysis of the NTS data and the ER-5-4 flow log, demonstrates that 

depth decay should be considered for the AA (and other HSUs) in Frenchman Flat.  For these reasons, 

the conceptual model for the flow system in Frenchman Flat continues to regard depth decay as a 

likely conceptual model.

Conceptual Model Summary

Groundwater flow through the Frenchman Flat basin is driven by recharge within the basin and 

groundwater flow from areas of higher head to the west of the basin.  Hydraulic head data do not 

indicate large lateral or vertical gradients, and suggest that groundwater flow is slow within the basin, 

a conclusion that is consistent with low rates of recharge and limited inflow to the basin across the 

Cane Spring fault inferred from the large water level differences between the Frenchman Flat and CP 

basins.  Rates of present-day recharge in the model area are 1 percent or less of the total fluxes 

estimated to pass through the model area, mostly through the LCA.  The rate and direction of 

groundwater flow within the Frenchman Flat basin depend on the magnitude, spatial variability, and 

directional dependence of permeability within the basin, as well as on the vertical and lateral 

hydraulic gradients in the basin.  The anisotropy and the variation of permeability with depth in the 

alluvium, in particular, will play an important role in determining whether shallow groundwater flow 

near the nuclear test locations moves predominantly horizontally or has a strong vertical component.  

The absence of significant vertical hydraulic gradients in the AA, combined with effects of depth 
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decay in permeability and the possibility kh/kz ratios potentially much greater than unity indicate that 

groundwater flow in the AA will be predominantly lateral to the basin margins. 

Key aspects of the Phase II conceptual groundwater flow model in the Frenchman Flat CAU are 

summarized below: 

• Regionally, groundwater flow occurring in the LCA is conducted into the northern edge of the 
Frenchman Flat CAU model from southern Yucca Flat and areas east, eventually discharging 
at Ash Meadows and possibly Alkali Flat and Death Valley.  This regional conceptual model 
remains unchanged from Phase I. 

• Recharge from sources within the basin provides only minor amounts of water to the flow 
system.  Even when three different models of recharge (MME, USGS distributed parameter 
watershed, and DRI chloride mass-balance) are considered in conjunction with Frenchman 
Flat precipitation, the recharge contribution to the Frenchman Flat water balance is on the 
order of 1 percent or less.  This element of the conceptual model remains unchanged from 
Phase I, and low local recharge is ubiquitous in Phase II. 

• Flow through the LCA is largely controlled by faults and fractures, with the Rock Valley fault 
system as a major regional system.  Whether or not the Rock Valley fault system is 
ubiquitously and intensely fractured enough to form megachannels, as previously suggested, 
remains unknown. 

• Volcaniclastic, bedded, and welded tuff units with locally interbedded lava flows and breccia 
overlie the LCA over most of Frenchman Flat.  These units are thickest on the northwest and 
west margins of the basin near their volcanic source areas, and thin progressively toward the 
east and south margins of the basin.  The conceptual model, a thick section of Paleozoic 
carbonate rocks overlain by volcanic and alluvial units in the basin, is unchanged from the 
Phase I conceptual models and remains as a core component of all alternative HFMs. 
Confining units were encountered in the central testing area in ER-5-4 #2 and in the northern 
testing area in ER-5-3 #2.  The alluvial and volcanic sections determined during Phase II 
drilling at these two locations were thicker than expected. 

• Hydraulic heads are higher in the alluvium than the LCA, reflecting a separation of the local 
flow system in the AA from the regional system in the LCA.  This interpretation remains 
unchanged from Phase I. 

• Hydraulic heads are very similar in the AA in Frenchman Flat, both horizontally and 
vertically.  Thus, there is very little driving force for groundwater flow in any direction. 

• The heads in the LTCU, which is one of the volcanic units that separates the AA and LCA 
flow systems, appear to be higher than either the AA or LCA.  This presents an additional 
barrier to regional-scale migration from the underground nuclear tests. 
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• Faults through the alluvium are likely to be barriers rather than conduits for flow. 

• Faults in consolidated rocks may display considerable anisotropy and vary in their properties 
depending on their porosity and mechanical properties. 

ES-4 GROUNDWATER FLOW MODEL CONSTRUCTION

Approach

The objective for construction of the Phase II Frenchman Flat CAU flow model is the transformation 

of the conceptual model into a mathematical model for simulating groundwater flow. The 

construction process includes spatial discretization, definition of boundary conditions, and initial 

assignment of model parameters. The modeling approach enhances and extends the Frenchman Flat 

CAU flow model approach presented in the Frenchman Flat CAIP addendum (NNSA/NV, 2001).

The construction of the CAU flow model involves the following step:

• Define the CAU numerical model boundaries
• Mesh generation
• Establish boundary conditions

Model Boundaries

Model boundaries are extended to include the most relevant features that could be controlling the 

flow directions and gradients in the AA and to take advantage of the detailed information available in 

the HFMs.  The HFM boundaries were chosen such that they encompass perceived geologic and 

hydrologic domains and, to the extent possible, contain the contaminant source areas with some 

buffer within practical computational constraints.

The CAU numerical model lies within the HFM domain and has lower-left plan coordinates of 

584,500 and 4,061,000 m (Universal Transverse Mercator [UTM] Zone 11, North American Datum 

[NAD] 27 m) and upper-right plan coordinates of 603,500 and 4,091,000 m.  The model is aligned 

north-south, with no rotation.  The numerical model extends from the estimated water table to the 

bottom of the LCA at an elevation of about -3,500 to -4,500 m above mean sea level.  The hydrologic 

model area encompasses 570 km2 of the southeastern portion of the NTS. The area has a north-south 

length of 30 km and an east-west length of 19 km. 
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Mesh Generation

A set of criteria were developed to produce a mesh that is suitable for both flow and transport 

calculations for the Frenchman Flat CAU using the Finite Element Heat-Mass Transfer Code 

(FEHM). The resultant mesh has sufficient resolution to represent features such as hydrostratigraphy, 

faults, contaminant source zones, wells, and the water table, yet not too refined to make computations 

impractical. Further, the mesh has enough resolution at the areas of structure and fault change 

between the different HFMs such that the same mesh is used to reasonably simulate all alternative 

HFMs.  In general, the criteria for grid generation are as follows: 

• The external boundary of the CAU model will correspond to appropriate cell boundaries 
within the regional groundwater flow model.

• Nodes will be placed as close as practical to each underground test location as well as at 
specific well locations and along the wells’ open intervals. 

• Nodes will be placed along faults that are identified as being important to the distribution of 
HSUs and the flow regime. 

• The node density will be greatest in the vicinity of the underground nuclear tests and at other 
points of interest, such as faults, and will decrease toward the CAU-model boundaries. 

• Nodes will be preferentially placed along HSU contacts to more precisely incorporate the 
geologic model structure in the simulations.  The nodes form a pattern representative of the 
CAU-scale geology. 

• The node spacing will vary from small in the vicinity of test cavities and wells to nearly as 
large as in the regional groundwater flow model grid at the CAU boundary. 

The resulting grid contains 1,250,721 nodes and 7,144,765 tetrahedral elements.  The grid was 

designed to accommodate the BASE and four alternative HFMs.

Water-Table Definition

The FEHM simulations utilize a confined aquifer approximation in which the water table defines the 

top of the model domain. An estimate of the water table is developed using observed heads in wells 

relatively shallow in the flow system and regional model results. The confined aquifer approach does 

not include an unsaturated zone or moving water table and, therefore, solves a simplified and 

computationally more efficient numerical model. 
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Boundary Conditions

The solution of the groundwater flow equations requires specification of head and/or flow at the 

edges and at internal discharge points of the numerical model. The only mechanism for discharge of 

groundwater to the surface in the Frenchman Flat area and vicinity is withdrawal through wells, 

which are not considered. Surface discharge due to pumping of wells in the Frenchman Flat area and 

vicinity is not incorporated into the CAU model.  

Recharge is implemented in the CAU model as a specified flux condition, where a given volume 

(mass) of water is applied based on the recharge models. Recharge flux is considered to be constant 

over time but varies over the domain. 

Boundary heads interpolated from the UGTA and DVRFS regional model analyses were assigned to 

the edge nodes of the FEHM CAU model as boundary conditions. These heads represent a mass 

conservative calibrated solution to the groundwater flow equation from the regional models. During 

the calibration process, these heads were reviewed, and in spots, revised based on further examination 

of measured heads and heads determined from the regional models. Different boundary head 

configurations were considered during the model calibration and uncertainty analyses depending on 

the alternative HFM and recharge distribution used in the model. 

ES-5 FLOW MODEL CALIBRATION

The purpose of the Frenchman Flat flow model calibration is to transform the conceptual models into 

site-specific mathematical models for representing the groundwater flow system in the Frenchman 

Flat CAU area. This is accomplished through the guided adjustment of boundary heads and hydraulic 

properties for HSUs and faults within different HFMs in order to match specified targets.  Targets 

included weighted observed water-level data with the model boundary, and boundary head and flow 

estimates from calibrated regional models.  Recharge estimates are not used as calibration targets, but 

are fixed as model input values during calibration and uncertainty analyses.

A steady-state groundwater flow model was created for the Frenchman Flat CAU using the BASE 

HFM in conjunction with lateral boundary heads and fluxes and water-table recharge based on a 

USGS water-balance model of infiltration and recharge (the USGSD recharge model). The boundary 
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conditions for the resulting Frenchman Flat flow model (designated the BASE-USGSD flow model) 

were taken from the UGTA regional model by interpolating hydraulic heads produced with the 

regional model onto the lateral boundaries of the BASE-USGSD model. The net groundwater fluxes 

calculated by the UGTA regional model along the planes coinciding with the lateral boundaries of the 

BASE-USGSD flow model were calculated and used along with 30 hydraulic head measurements at 

target well locations to calibrate the CAU flow model.  Measurement uncertainty and calibration 

weights were determined for the hydraulic head measurements by considering uncertainty in different 

aspects of the head measurements such as groundwater surface elevation, depth to groundwater, and 

borehole deviations from vertical.  Permeability within the model varied among the HSUs, and as a 

function both of depth and of the permeability modification factors that were applied to the faults 

during calibration. 

Calibration of the BASE-USGSD flow model was accomplished though a combination of automated 

parameter estimation and manual adjustments to the model parameters that were guided by sensitivity 

analyses. Automated parameter estimation was successful in matching boundary fluxes but was less 

successful in matching hydraulic heads within the flow model area.  Typically, manual adjustments to 

the model parameters were required to obtain a set of simulated heads within the uncertainty of the 

measured hydraulic heads. Simulated heads generally matched the measured heads to within the 

uncertainty limits estimated for the measurements except at wells in the LCA near the northern 

boundary of the model. 

The simulated heads in the AA matched the field-measured head data with a high degree of accuracy 

and correctly simulated the near-absence of a vertical gradient within the AA indicated in the data.  A 

comparison of measured heads at the ER-5-3 well complex in the northern testing area with a vertical 

profile of simulated heads produced with the BASE-USGSD flow model indicated that both 

measured and modeled vertical head gradients are virtually non-existent between the alluvium and 

the underlying volcanic aquifers near the ER-5-3 well complex. Therefore, there seems to be very 

little potential for downward flow in the alluvium, despite the overall drop in heads between the 

alluvium and the LCA. The data and the model results indicated that most of the head loss between 

the alluvium and the LCA occurs across the thick confining units, like the LTCU, that are present 

beneath the testing areas. A similar comparison between measured and simulated heads at the ER-5-4 

well complex indicates that simulated heads in the BASE-USGSD model again accurately depict the 
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near-constant heads in the alluvium between the water table at 734 m amsl.  Again, this would suggest 

that there is very little downward gradient through the alluvium that would create downward flow.  

Simulated heads show an almost 1-m increase between the lower alluvium and the Timber Mountain 

welded tuff aquifer (TM-WTA), creating a pressure barrier that would also prevent groundwater 

movement from the alluvium to the LCA.  Although data do not exist to evaluate the presence of a 

pressure barrier in the TM-WTA, measured hydraulic heads of more than 755 m in the LTCU at Well 

ER-5-4 #2 indicate that the concept of a pressure barrier in the central part of Frenchman Flat is 

feasible.  The results of the BASE-USGSD flow model indicate that this pressure barrier could arise 

when high-permeability units like the TM-WTA (or similar lithologies embedded within the thick 

LTCU) act as confined aquifers and connect the deep parts of the Frenchman Flat basin with areas of 

higher head to the west. 

The permeabilities estimated during calibration of the BASE-USGSD flow model were compared to 

the data from the general NTS area and from Frenchman Flat.  The match between the estimated and 

measured permeabilities is good in most cases.  For some HSUs, such as the AA and the LTCU, the 

estimated permeabilities were toward the lower end of the observed data range.  The final 

permeability field associated with the calibrated model reflects differences among the permeabilities 

estimated for the different HSUs, the effect of the decay in permeability with increasing depth, and 

the effects of permeability changes associated with faults.  The permeability fields that result from the 

superposition of these effects can be very complex in some areas - particularly in the northern testing 

area, where groundwater bifurcates, with flow north of a detachment fault flowing east or northeast, 

and groundwater to the south of the detachment fault flowing predominantly southward. In the central 

testing area, particle trajectories are toward the southeast.  Eventually, all particles initially located 

beneath the testing areas are simulated to eventually exit the model through the Rock Valley fault 

system in the southwest corner of the model.

ES-6 CONCEPTUAL MODEL UNCERTAINTY ANALYSIS

Uncertainty analyses are evaluated in the context of the use of flow models to achieve the UGTA 

corrective action strategy specific to the Frenchman Flat CAU. The overall flow and transport 

modeling strategy is to establish the horizontal and vertical extent and the uncertainty in contaminant 

migration for each CAU. A primary goal of the flow model phase is to examine a range of permissible 
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fits to the calibration data recognizing the non-unique nature of the multiple conceptual models and 

parameter sets. The conceptual model uncertainty includes alternative HFMs, boundary condition 

uncertainty, and model results that have a constant permeability with depth below ground surface. 

These analyses are referred to as analyses of conceptual model uncertainty and the results are 

presented separate from parameter sensitivity analysis.

The primary goal of the assessment of the conceptual model uncertainty is to define the uncertainty of 

the flow model responses associated with alternative HFM uncertainty, boundary condition 

uncertainty, and HSU fault parameter uncertainty, and to provide guidance on how to include or 

represent that uncertainty in the transport simulation.

HFM Uncertainty Analysis

Steady-state groundwater flow models to assess conceptual model uncertainty were calibrated using 

different HFMs that interpreted aspects of the Frenchman Flat hydrostratigraphy somewhat 

differently. Each of the HFMs included 17 HSUs, of which 8 were considered as aquifers and 9 as 

confining units, and more than 70 faults that were included based on their potential hydrologic 

significance.  Each of these HFMs was used in conjunction with a map of recharge for the Frenchman 

Flat area that was taken from a water-balance model of infiltration and recharge (designated the 

USGSD model) originally developed for the regional model area. 

Independently calibrated models for the BASE and CPBA HFMs provide generally similar fits for 

boundary fluxes and simulated heads, with the exception of measured heads at Wells WW-C, 

WW-C1, WW-4, and WW-4A, where the heads are better simulated by the BASE-USGSD model. 

Calibration fits are generally superior for the BASE-USGSD model compared to the CPBA-USGSD 

alternative for multiple statistical parameters that characterize goodness of fit. Particle tracks are 

generally similar for the northern testing area for both models with the exception of particle tracks 

starting in the vicinity of the PIN STRIPE test location. The DISP-USGSD model calibration 

indicated that a completely open connection between the alluvium and the LCA is unrealistic, but that 

modest adjustments to fault parameters allow for a good simulation of water-level observations. The 

BLFA-USGSD and DETA-USGSD alternatives were calibrated using the unchanged parameters 

estimated during calibration of the BASE-USGSD model. Both models show similar patterns of 

particle tracks for the central testing area compared to the BASE-USGSD model and show some 
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variability in particle tracks compared to the BASE model for the northern testing area. The primary 

differences are in the direction of the particle trajectories and in HSUs traversed along the pathways. 

The significance of model differences will be further evaluated during transport modeling studies. 

Discrete Uncertainty Analysis

Discrete uncertainty analyses were conducted to evaluate likely scenarios that would lead to 

longer-range contaminant transport for particles starting at the northern or central testing areas.  

Discrete uncertainty analyses were used to examine the effects of several model parameters on the 

model calibration and groundwater flow paths calculated by the BASE-USGSD and BLFA-USGSD 

models in the northern or central testing areas of the Frenchman Flat basin. The permeability of two 

faults (35 and 38) in the alluvial and volcanic sections and one HSU (BLFA) were increased to the 

point where the model calibration was significantly impacted.  These parameters were selected 

because of their great uncertainty and conceptual possibility to affect flow from underground nuclear 

tests.  Changes to parameters in the northern testing area suggest that flow trajectories may be 

modified through adjustment to the selected model parameters, but the ability of other model 

parameters to compensate for the model misfit was not determined.  In this sense, the effects of these 

changes may be exaggerated.  Changes to tested model parameters in the central testing area have 

little influence on the resulting flow field.  The impact of these flow fields to contaminant transport 

for the time frame of interest will be investigated during the contaminant migration analysis that will 

be documented in a later report. 

Boundary Conditions Uncertainty Analysis

Results from seven flow models investigating boundary condition uncertainty were evaluated. The 

two alternative HFMs that are most distinctly different based on calibration with the USGSD 

boundary conditions (BASE and CPBA HFM alternatives) were combined with the DRIA-, MME-, 

and DVRFS-boundary conditions.  These models were used to bound the uncertainty in the CAU 

flow system resulting from variations in boundary conditions that were determined through the use of 

several regional groundwater flow models.  Because areal recharge provides limited water flux into 

the top of the Frenchman Flat CAU flow model domain, differences among the boundary heads and 

boundary fluxes dominated this component in the flow field of the uncertainty analyses. An 
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additional analysis documenting an alternative approach to boundary head adjustments was used to 

evaluate additional uncertainty in the calibrated flow field.  

There is an almost unbounded range of combinations of alternative HFM, recharge, boundary 

condition, and discrete feature assessments that could be proposed and evaluated through flow 

calibration and sensitivity analysis. The combination of the calibration results and the uncertainty 

evaluations that were conducted likely bound the range of expected model responses and particle 

track results. These flow model results form a foundation that will be carried forward into transport 

modeling to evaluate the significance of model conceptualization and pathway variation on the 

location of the contaminant boundary.

Results from the MME boundary conditions using the BASE HFM and CPBA HFM are most similar 

to the BASE-USGSD model and provided the best overall match to the hydraulic head calibration 

data. The simulated head in both models at Well ER-5-3 #2 is lower than heads measured in the 

overlying alluvium and tuffs at nearby Wells ER-5-3 and ER-5-3 #3.  This signifies that the observed 

downward head gradient between the alluvium and LCA in northern Frenchman Flat is captured in 

these models. Groundwater flow paths near the NEW POINT, DIAGONAL LINE, DIANA MOON, 

and MINUTE STEAK test locations indicate primarily southward flow.  The groundwater flow path 

at the northern edge of the Frenchman Flat basin appeared to be dominated by eastward advection. 

Simulated hydraulic heads in the central part of Frenchman Flat decline gently toward the southeast 

in both models, as was observed in the BASE-USGSD model, indicating that shallow groundwater 

flow out of central Frenchman Flat will also be in this direction. 

Results from the DVRFS boundary conditions using the BASE HFM and CPBA HFM are the most 

dissimilar to the BASE-USGSD model. These models provided as good a fit as other models to both 

the shallow hydraulic head at the observations and boundary flows. However, the simulated head in 

the LCA for both models was higher than heads measured in the overlying alluvium and tuffs at the 

ER-5-3 well cluster. This indicates an upward head gradient between the alluvium and LCA, contrary 

to the both hydraulic head data and the conceptual understanding of the Frenchman Flat CAU flow 

system. Lateral groundwater flow paths in the volcanic HSUs and basin-fill units did not appear to be 

impacted by the upward gradient as evidenced by the good match of the model to the hydraulic head 

data, and the randomly positive and negative residuals throughout the Frenchman Flat basin. 
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Groundwater flow paths in the central testing area are similar to models with the USGSD- and 

MME-boundary conditions. The groundwater flow path at the northern edge of Frenchman Flat basin 

appeared to be dominated by eastward advection, as observed for the USGSD- and MME-model 

calibrations, but flow paths simulated using the DVRFS-boundary conditions indicated water 

conductance was from the LVTA into the TM-WTA rather than into the LTCU. 

Given the consistency in groundwater flow paths generated by both the DVRFS- and MME-boundary 

conditions in the BASE HFM and CPBA HFM, the variation between these HFMs when they are 

calibrated using the DRIA boundary conditions is striking.  For the CPBA-DRIA alternative, the 

simulated head in LCA was higher than hydraulic head measured in the overlying alluvium and tuffs 

at the ER-5-3 well cluster.  This indicates an upward head gradient between the alluvium and LCA, 

contrary to the local data and the conceptual understanding of the Frenchman Flat CAU flow system. 

For the BASE-DRIA calibration, there is a slight downward gradient in the vicinity of the ER-5-3 

well cluster between the alluvium and LCA. Groundwater flow paths simulated by the BASE-DRIA 

model in the northern testing area are similar to those observed in the BASE-DVRFS alternative.  

Groundwater flow paths in the central testing area for both the BASE-DRIA and CPBA-DRIA 

alternatives indicate lateral flow in the alluvium to the southeast. 

The alternative approach to boundary head modifications further confirmed the model sensitivity to 

the assigned boundary conditions. To improve the model simulation of observed heads in the LCA, a 

hydraulic connection in the volcanic units of the CP and Frenchman Flat basins was established to 

route the water from areas of higher head (CP basin) into the basin-fill material of the Frenchman Flat 

basin. Heads on the boundary adjacent to CP basin were modified to greater than 1,000 m to establish 

and maintain hydraulic heads in the Frenchman Flat basin. Although the calibrated HSU 

permeabilities and hydraulic head simulations match the data very well, this large change in boundary 

heads suggests that this connection may not be plausible.  Advective particle tracks show a strong 

eastern component of flow in the northern testing area. Particle trajectories in the central testing area 

were very similar to those observed in other calibrated flow models. The general orientation of flow 

paths appears to be within the range of the other calibrated flow models that were used to evaluate 

either boundary condition, HFM, or discrete uncertainty.  Further consideration will be given to this 

flow model during transport calculations to determine whether the flow field yields different transport 

behavior within the time of interest given reasonable transport parameters. 
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Overall, the boundary condition uncertainty analyses indicate that groundwater flow paths in the 

central testing area are similar among the calibrated flow models, but that the flow paths in the 

northern testing area are more sensitive to changes in boundary conditions than changes in HFM. 

Constant Permeability with Depth Uncertainty Analysis

Reduction in permeability with depth has a sound technical basis.  However, uncertainty exists in the 

implementation of permeability decay with depth and the impact of the permeability changes on the 

steady-state modeled flow fields for the Frenchman Flat CAU.  This uncertainty was addressed by 

applying a constant, non-depth decayed, permeability to the AA and older alluvial aquifer (OAA)  

while leaving depth decay in the rest of the model. 

The BASE-USGSD model with constant permeability in the AA and OAA has similar flow paths to 

other models used to bound conceptual model uncertainty of the Frenchman Flat flow system. In the 

areas near the underground nuclear testing, the model tends to overpredict heads in the LTCU and the 

LCA, while underpredicting heads at the edges of the basin-fill units. Assessment of radionuclide 

transport using realistic transport parameters will consider variability in the conceptual model of the 

flow system provided by this model calibration. 

ES-7 PARAMETER SENSITIVITY ANALYSIS

Two approaches to local parameter sensitivity analysis were implemented for the Frenchman Flat 

flow model. In the first approach, parameter correlations and parameter sensitivity were evaluated 

using the PEST parameter estimation software. The PEST code calculates a sensitivity coefficient for 

each parameter with respect to all weighted observations. The second approach involves perturbing 

each of the parameters over a range, one at a time, from a reference value and computing the 

corresponding change in the model output. 

Parameter Sensitivity Analyses

To describe the degree to which parameters are correlated to one another, PEST computes the 

correlation coefficient matrix. Because the Frenchman Flat flow model has more than 100 adjustable 

parameters and fewer than 35 observations, it is not feasible to calculate the full correlations among 

these parameters. However, some useful information from parameter correlations was calculated for a 
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limited number of parameters. The selection of parameters is subjective and is mainly guided by the 

experience gained throughout the model calibration process. Based on this experience, 13 parameters 

were selected for analysis with PEST. 

Parameter Perturbation Analysis

A common metric of model calibration is the goodness-of-fit parameter called the objective function 

PHI. For the Frenchman Flat flow model, PHI can be divided into two components representing 

different types of calibration target data. Head measurements at wells are described by the WELL 

component. The FLUX component represents lateral boundary flow estimates from the regional 

model(s). In the perturbation analysis, input parameters were systematically increased and decreased 

while changes in the objective function, heads, and various fluxes were recorded. Parameter 

perturbation results are presented for five calibrated models: 

• BASE HFM with USGSD recharge and boundary conditions (BASE-USGSD) 

• BASE HFM with Death Valley Regional Ground-Water Flow System model recharge and 
boundary conditions (BASE-DVRFS)

• BLFA HFM with USGSD recharge and boundary conditions (BLFA-USGSD) 

• DETA HFM with USGSD recharge and boundary conditions (DETA-USGSD) 

• CPBA HFM with USGSD recharge and boundary conditions (CPBA-USGSD) 

While sensitivity analyses are formally presented for the final calibrated models, such analyses were 

also carried out as an integral part of the calibration process.

Parameter Sensitivity and Perturbation Results

Three techniques are used to examine the model parameters sensitivity and correlations. The first 

approach calculated the correlation between a selected set of model parameters. Results show the 

expected inverse correlation between the LCA permeability and the fault permeability multiplier for 

the Rock Valley fault system, as these two control the boundary fluxes into and out of the model 

domain. The correlation analysis also shows the permeability values for the AA and volcaniclastic 

confining unit (VCU) are positively correlated, while those for the LTCU and Wahmonie confining 

unit (WCU) are negatively correlated. These results reflect the dependence of model-calculated AA 
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heads on the difference between the permeability values for the AA and the confining units 

underlying the AA in the Frenchman Flat basin.  The LTCU and WCU are both responsible for 

maintaining the heads in the AA at the observed levels. These heads are higher than those in the LCA 

under the basin. 

The second approach used for sensitivity analyses provides composite sensitivity results for the 

model parameters. It also provides target sensitivity values for the available calibration data, which 

could be thought of as importance measures relative to the flow model calibration. These results show 

that the most sensitive target is WW-5A. This target well is particularly sensitive to the permeability 

of the VCU and AA, which reflects the strong positive correlation calculated between these two 

permeability values. Also shown is the lack of sensitivity of water levels at target wells in the AA to 

the permeability of the LCA. This illustrates the two semi-independent flow regimes in the AA and 

the deep LCA as reflected by the model insensitivity to lateral boundary flows. 

The third approach used is a perturbation analysis, which is used to examine the sensitivity of model 

calculations (as measured using a variety of metrics) to the different parameters, which are either 

varied or fixed during the model calibration. It is important to note the sensitivity of AA and OAA 

water levels to model parameters. Not surprisingly, these water levels showed considerable sensitivity 

to the AA permeability for all calibrated models. Other important aquifer permeability values are 

those for the TM-WTA and Timber Mountain lower vitric tuff aquifer (TM-LVTA). Sensitive 

aquitard reference permeability is observed for the VCU, WCU, and LTCU. 

ES-8 EVALUATION OF GROUNDWATER FLOW PATHS AND 
TRAVEL TIMES USING 14C AND OTHER GEOCHEMICAL 
INDICATORS

As a means to independently verify the flow paths generated by the steady-state Frenchman Flat flow 

model, groundwater carbon-14 (14C) data from water samples from the tuffs and alluvium in 

Frenchman Flat were used to calculate ages (residence times).  The analysis of 14C associated with 

dissolved inorganic 14C (DI14C) considered the effects of calcite dissolution and isotope exchange on 

the groundwater DI14C through two simple correction methods that estimated the dilution of 14C 

originally in the groundwater recharge.  The two correction methods yielded estimates of 
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groundwater ages that were in good agreement for all but one of the wells (ER-5-4 #2).  The corrected 

DI14C ages of Frenchman Flat groundwater ranged from ~ 8,500 years to ~ 29,000 years.  These age 

dates are consistent with the model flow paths that indicate water is moving from the northern and 

northwestern parts of the basin and flowing toward the basin center and out of the basin center to the 

southeast.  In general, younger groundwater is found near the low hills bordering the northern and 

northwestern parts of the basin, and older groundwater is found toward the basin center, reflecting the 

near absence of recharge through the alluvium in the basin even during the relatively wet conditions 

that existed in the late Pleistocene and early Holocene.  The absence of groundwater DI14C ages 

younger than the early Holocene, even along the basin margins, is consistent with paleo-climate 

reconstructions based on vegetation preserved in pack-rat middens and on the ages of paleo-discharge 

deposits that indicate modern-day arid conditions were established in the NTS area by about 9,000 

years ago. 

The corrected groundwater DI14C ages were compared with groundwater ages calculated from 14C 

associated with dissolved organic 14C (DO14C), which theoretically do not require adjustments to 

account for water/rock interactions.  The ages of Frenchman Flat groundwater based on DO14C were 

generally less than half of the corrected ages based on DI14C. Both sets of groundwater ages were 

evaluated by comparing temporal variations in atmospheric 36Cl/Cl deposition, as recorded in the 

groundwater 36Cl/Cl and the estimated DI14C- and DO14C-based groundwater ages, with terrestrial 

records of 36Cl/Cl deposition preserved in pack-rat middens that extend back almost 40,000 years. 

The temporal variations in groundwater 36Cl/Cl ratios using the DI14C-based ages were in good 

agreement with variations in atmospheric 36Cl/Cl deposition recorded in the pack-rat midden data, 

whereas similar comparisons showed that the DO14C ages were too young for at least half of the wells 

for which DO14C data were available.  

Past studies of the geochemical evolution of groundwater at the NTS have established that 

groundwater in contact with tuffs and tuffaceous sediments tends to become enriched in sodium (Na) 

and depleted in calcium (Ca) and other divalent cations because the tuffs themselves are high in Na 

and because of cation exchange. These evolutionary trends, as represented in correlations developed 

between Na and Ca concentrations and corrected DI14C ages, were used to estimate a groundwater 

age at Well ER-5-4 #2 of 33,000 years and to establish a basis for identifying pairs of wells that were 

likely to lie along a flow path. 
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Relative groundwater ages and geochemical evolutionary trends were used to identify pairs of 

groundwaters that are likely to lie along a common flow path. Inverse geochemical models were 

created with the geochemical modeling code PHREEQC to confirm that plausible water/rock 

interactions could be found that would explain the observed chemical differences and thus, that the 

groundwaters could indeed lie on a specific flow path. These models confirmed that groundwater at 

Well UE-5 PW-1 could originate by the southerly flow of groundwater from Well UE-5 PW-2, 

coupled with plausible water/rock interactions. Similar models developed for Well ER-5-4 in the 

central part of the basin indicate this groundwater could originate from either the southerly flow of 

groundwater from Well UE-5 PW-1 or the southeastward flow of groundwater from UE-5c WW.  

Geochemical inverse models for Well ER-5-4 #2 could only explain the composition of this 

groundwater using both mixing and water/rock interactions.  This groundwater appears to originate 

from a mixture of groundwater from the CP basin and groundwater from northwestern Frenchman 

Flat, suggesting that this groundwater may have been recharged in the low hills separating these two 

basins. This result agrees with evidence from hydraulic heads that the groundwater near Well 

ER-5-4 #2 has a strong hydraulic connection with groundwater in the vicinity of the CP basin. 

Groundwater velocities were calculated at pairs of wells in the alluvium that were likely to lie along a 

flow path based on their relative chemical evolution.  Groundwater velocities in the alluvium between 

well pairs with 14C-based ages ranged between 0.12 meters per year (m/yr) and 0.85 m/yr.  A higher 

groundwater velocity of 1.1 m/yr was estimated for a UE-5 PW-1 to WW-1 flow path, but this 

velocity is subject to greater uncertainty because it is based on an age for WW-1 groundwater 

estimated indirectly from its dissolved cation concentrations.  An analysis of groundwater travel time 

for a mixture of groundwaters involving components from the CP basin (Well WW-4) and from Well 

UE-5c WW indicated a groundwater velocity in the volcanic rocks along the flow path of 0.60 m/yr. 

The low rates of groundwater movement estimated for Frenchman Flat basin are consistent with the 

near absence of recharge to the basin over the last 8,500 years and with the nearly flat water table 

within the alluvial deposits of the basin.  The estimated groundwater velocities in the alluvium 

calculated from the 14C ages indicate that lateral transport distance of between about 120 to 1,100 m 

can be expected near the testing areas over the next 1,000 years. 
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ES-9 SUMMARY AND CONCLUSIONS

The steady-state groundwater flow model described in this report was undertaken to satisfy the 

groundwater flow model requirement of the Addendum to Revision 1 of the Corrective Action 

Investigation Plan for Corrective Action Unit 98: Frenchman Flat, Nevada Test Site, Nevada 

(NNSA/NV, 2001).  

A 3-D finite-element steady-state groundwater flow model was constructed for the Frenchman Flat 

CAU. The emphasis of this flow model analysis is not on identification of a unique model and 

associated parameters. Instead, the approach was to consider conceptual model uncertainties by using 

different combinations of the hydrostratigraphic framework models, recharge models, hydrologic 

boundary conditions, and the application of depth decay were considered to propagate the high-level 

uncertainty associated with each of these model elements into the resulting flow fields. This suite of 

flow fields provides a spectrum of flow paths from individual underground nuclear tests that will be 

examined through transport modeling analyses.

The FFACO requires that the contaminant transport model predict the contaminant boundary at 1,000 

years and “at a 95% level of confidence” (FFACO, 1996).  The Frenchman Flat Phase II flow model 

described in this report provides, through the flow fields derived from alternative HFMs and 

boundary conditions, one of the tools required to compute the contaminant boundary.  Other 

components include the simplified source model, which incorporates uncertainty and variability in 

the factors that control radionuclide release from an underground nuclear test, and the transport model 

with the associated parameter uncertainty.  The synthesis of all this information contributes to the 

calculation of the final contaminant boundary.

The salient points of the Frenchman Flat setting and hydrostratigraphic framework model are as 

follows:

• Frenchman Flat is a closed-drainage intermontane basin.  The valley floor of the basin slopes 
gently from the surrounding highlands to a playa at the lowest point in the basin. 

• Frenchman Flat was filled with sedimentary and volcaniclastic rocks, followed by ash-fall and 
ash-flow tuffs and finally alluvial and playa deposits, as it developed.  More than 1,400 m of 
alluvium exists in the center of the basin.  The alluvium thins towards and beyond the 
structural margin of the basin where it directly overlies the LCA.  Along the northern, eastern, 
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and southern margins the tuff confining units that line the basin have been thinned by faulting 
and erosion, increasing the potential for hydraulic connection between the shallower material 
and the LCA.

• The geology near Frenchman Flat is structurally complex and diverse and includes: CP basin, 
the Cane Spring fault, the CP thrust fault, the Wahmonie volcanic center, and an 
accommodation zone near Massachusetts Mountain separating southern Yucca Flat from 
Frenchman Flat.

• The present-day water table is deep such that the alluvium and tuffs are unsaturated beyond 
the faulted margins of the basin, and the alluvial and tuff aquifers in Frenchman Flat are 
isolated by the LCA from other such aquifers except toward the west. 

• Based on geochemical differences and hydraulic head gradients the LCA does not appear to 
be the source of water in the alluvium (Hershey et al., 2005).  Thus, the only possible source 
of the groundwater in the Frenchman Flat alluvium and tuffs is local recharge and inflow from 
CP basin or the Wahmonie Hills to the west.  Although the Cane Spring fault appears to 
impede groundwater flow from CP basin to Frenchman Flat (Winograd and Thordarson, 
1975), the absence of major basin-bounding faults along the western margin of Frenchman 
Flat and the monoclinal structure and lateral continuity of the HSUs in the area probably 
permit some flow into the western part of the Frenchman Flat basin from areas to the west.

• Three conceptual models have been proposed for groundwater flow in Frenchman Flat.  These 
conceptual models are not mutually exclusive. The first conceptual model was proposed by 
Winograd and Thordarson (1975) and updated by Laczniak et al. (1996). This conceptual 
model was based on an assumption that water in the AA is semiperched and is characterized 
by a vertical flow system from the AA to the LCA through an internal outlet in the vicinity of 
the Frenchman Lake playa or through another local sink. In addition, this conceptual model 
allowed for the possibility that water moves from the AA to the LCA through slow lateral 
flow to the basin edge. The second conceptual model suggests flow in the AA is consistent 
with LCA flow direction going from north to south. This conceptualization is based on 
regional flow model results, which indicated this flow direction (DOE/NV, 1997), rather than 
by site-specific data. The third conceptual model suggested that water in CP basin to the 
west/northwest of Frenchman Flat leaks through the Cane Spring fault into the Frenchman 
Flat basin (IT, 1999a) and the general flow in the Frenchman Flat basin is from north to 
south/southeast. This conceptual model is supported by three observations: 1) observed water 
levels in CP basin are much higher than those in the Frenchman Flat basin, 2) observed water 
levels in the AA are lower to the south and east of the Frenchman Lake playa, and 3) water 
levels observed in Well UE-5c WW in the northwest alluvium are greater than those observed 
in the central or east basin. This conceptual model was chosen as the basis for the Frenchman 
Flat CAU Phase I flow model (IT, 1999a). The Phase II Frenchman Flat flow model does not 
make any presumptions regarding which of these three conceptual models is correct, but is 
designed in a way that allows aspects of all of these conceptual models to be investigated and 
flow directions to be determined as a result of model calibration.
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• Water-level observations and aquifer tests indicate nearly absent vertical hydraulic gradients 
in the AA, which when combined with effects of depth decay in permeability and the 
possibility of kh/kv ratios much greater than unity indicate that groundwater flow in the AA 
will be predominantly lateral to the basin margins. Furthermore, the low recharge rates 
estimated for the basin, and the limited inflow across the Cane Spring fault, suggest that 
lateral groundwater movement within the basin will be slow.

The hydrostratigraphy of the Frenchman Flat CAU model area was translated into a computational 

grid using a grid refinement approach that was conditioned to captured the complex geometry of 

HSUs, structural faults, open intervals of wells, and underground nuclear test cavities. To improve 

model consistency and efficiency during calibration, a single finite element mesh was created that 

was flexible enough to allow each HFM to be easily substituted into the flow model. Mesh nodes 

were spaced with five levels of refinement. Nodes closer to the HSU interfaces and near fault planes 

had smaller spacing, with node spacing increasing where less detail was necessary to capture HFM 

and underground nuclear test features.

Calibration of the BASE HFM and USGSD recharge model was undertaken first, and the following 

observations are made:

• Based on the very good agreement between observed and simulated heads at the ER-5-3 and 
ER-5-4 well clusters, and the agreement of the observed and model permeabilities that 
produced the results, there appears to be little potential for downward flow in the alluvium.  
The field data and model results clearly show that most of the head loss between the alluvial 
and carbonate aquifer occurs across the thick tuff confining units that line the basin.

• Well ER-5-4 #2, completed in the LTCU, has head of more than 754 m, more than either the 
alluvial or carbonate aquifers. Thus, the concept of a pressure barrier under the central testing 
area is feasible. Conceptually this could occur when there are high-permeability units (locally 
observed in ER-5-4 #2) embedded within the LTCU that are extensive and act as confined 
aquifers and connect the deep parts of the Frenchman Flat basin with areas of higher head to 
the west.

• Flow patterns in the northern testing area north of the detachment fault tend to go east or 
northeast, and south of the detachment fault tend to go south. The complex hydrostratigraphy 
at the water table in the northern testing area is responsible for this behavior.

• Flow patterns in the southern testing area, where the hydrostratigraphy is considerably simpler 
than in the north, tend to the southeast.
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• Model flow path analysis shows that most of the groundwater in the alluvial and tuff aquifers 
beneath the testing areas eventually exits the area to the southwest through the Rock Valley 
fault system in the LCA.

• The Rock Valley fault system is the dominant feature in the LCA, and exerts significant 
control on the direction of the regional groundwater movement.

• The CP basin fault has little control on lateral fluxes, but pronounced influence on the 
simulated hydraulic heads.  Some small flow from CP basin is necessary to maintain water 
levels in Frenchman Flat alluvium.

• Embedded HSUs are insensitive in controlling water levels, including the BLFA, PCU1U, 
PCU1L, and PCU.

• The LCA permeability strongly affect the magnitude and direction of boundary flow, which is 
expected given the great extent and thickness of the LCA in the area.  Water levels in the 
alluvial and volcanic HSUs were slightly influenced by changes in LCA properties that 
caused changes in hydraulic gradients.  However, the AA is relatively isolated from the LCA.

The foundation of the flow model analysis is the Phase II hydrostratigraphic framework model 

(HFM) prepared and documented by BN (2005a).  To investigate the uncertainty in the BASE HFM, 

four alternative models were developed to assess the potential impact of alternative geologic 

interpretations on groundwater flow and the transport of contaminants in groundwater.  The 

alternatives and their observed consequences on the groundwater flow model when calibrated with 

the USGSD recharge model are as follows:

• The basalt lava flow aquifer (BLFA) alternative increases the lateral continuity of the basalt 
lava flow aquifer. No changes from the calibrated BASE parameter set were required to 
calibrate this model; it had very little impact on simulated heads. Flow paths trajectories were 
very similar to the BASE model in the central testing area, and in the northern testing area.

• The detachment fault (DETA) alternative removes a fault and increases the continuity of 
several volcanic aquifers. No changes from the calibrated BASE parameter set were required 
to calibrate this model; it had very little impact on simulated heads. Flow paths trajectories 
were very similar to the BASE model in the central testing area, and somewhat different in the 
northern testing area.

• The displacement fault (DISP) alternative juxtaposes shallow AA and volcanic aquifers 
against the LCA to evaluate the effects of increased hydraulic connections among these units. 
Modest reduction in fault permeability parameters were required to calibrate this alternative. 
The calibration demonstrated that a completely open connection between the alluvium and 
LCA is unrealistic. 
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• The CP thrust (CPBA) alternative includes an adjustment of the stratigraphy in the northwest 
corner of the model.  This alternative agreed with the calibration data similar to the BASE 
model, although the BASE model was still superior.  Flow path trajectories were generally 
similar as well, with the exception of that leaving the PIN STRIPE test location in the northern 
testing area.

Over the area of the Frenchman Flat CAU flow model the head distribution and recharge flows are 

not extensively known. An additional uncertainty component in the recharge model and associated 

regional model boundary conditions (see SNJV, 2005b) was also considered for the BASE and CPBA 

HFM alternatives (the most different HFMs calibrated with the USGSD recharge model). The BASE 

and CPBA HFMs were calibrated with the DRIA-, MME-, and DVRFS- boundary conditions and 

recharge models. It was observed that:

• Regardless of recharge model this water-balance component is very small and dominated by 
lateral regional flow.

• The MME recharge model and boundary conditions produced the most similar results to the 
BASE-USGSD and CPBA-USGSD. The downward head gradient was matched, with flow 
directions in the northern testing area to the east, and in the central testing area to the 
southeast.

• The DVRFS recharge model and boundary conditions were most different from the BASE and 
CPBA HFMs with the USGSD model.  Good overall agreement was obtained, but the LCA 
head was simulated higher than that in the AA, contrary to the Frenchman Flat field data and 
conceptual model.  Flow paths from the northern and central testing area were still similar to 
those from the MME recharge model and boundary conditions indicating that the upward 
gradient had little impact on flow paths.

• When the DRIA recharge model and boundary conditions were applied to the BASE and 
CPBA alternatives the differences in behavior between the HFMs was striking. For the CPBA 
HFM the simulated head in LCA was higher than hydraulic head measured in the overlying 
alluvium and tuffs, contrary to the local data at ER-5-3 #2 and the conceptual understanding 
of the Frenchman Flat flow system. For the BASE HFM calibration, there is a slight 
downward gradient in the northern testing area between the alluvium and LCA. Groundwater 
flow paths simulated by the BASE-DRIA model in the northern testing area are similar to 
those observed in the BASE-DVRFS model. Groundwater flow paths in the central testing 
area for both the BASE-DRIA and CPBA-DRIA models indicate lateral flow in the alluvium 
to the southeast.

• For the BASE-USGSD flow model, an alternative approach to boundary head modifications 
was investigated in which heads were adjusted on a HSU basis. In the LCA, heads were 
lowered on all faces of the model to improve the match of modeled heads to measured water 
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levels at the LCA calibration targets. In the CP basin area, heads were increased only in the 
tuffs to improve the match of the model to measured water levels at WW-4 and WW-4A. To 
calibrate both of these boundary condition changes, a hydraulic connection in the volcanic 
units of CP basin and Frenchman Flat basin was established to route the water from areas of 
higher head (CP basin) into the basin-fill material of Frenchman Flat basin. This hydraulic 
connection was implemented by further subdividing the Cane Spring fault and locally 
increasing the fault permeability. Heads on the boundary adjacent to CP basin were increased 
to greater than 1,000 m amsl, which is significantly higher than the observed head in these 
units within CP basin, to establish and maintain hydraulic heads in Frenchman Flat basin. 
Although the calibrated HSU permeabilities and hydraulic head simulations match the data 
very well, the required large change in boundary heads suggests that this connection may not 
be plausible with this HFM configuration. Advective particle tracks show a strong eastern 
component of flow in the northern testing area. Particle trajectories in the central testing area 
were very similar to those observed in other calibrated flow models. The general orientation 
of flow paths appears to be within the range of the other calibrated flow models that were used 
to evaluate either boundary condition, HFM, or discrete uncertainty. 

• Overall, the boundary condition uncertainty analyses indicate that groundwater flow paths in 
the central testing area are similar among the calibrated flow models, but that the flow paths in 
the northern testing area are more sensitive to changes in boundary conditions than changes in 
HFM.

In addition to model uncertainty, there is parametric uncertainty in the model permeabilities.  A 

review of the hydrogeologic literature demonstrates that depth decay in permeability or hydraulic 

conductivity has been recognized for decades by investigators in many geologic environments and 

has also been routinely adopted in groundwater modeling studies.  For the Frenchman Flat CAU flow 

model, depth decay was applied to all alluvial, volcanic, and carbonate units. Sufficient data to 

evaluate depth decay in permeability do not exist for HSUs other than the AA and OAA, and these 

site-specific data do not clearly support the use of depth decay in the alluvium of Frenchman Flat. 

Consequently, depth decay in permeability in the alluvium is considered as a conceptual model 

uncertainty that was investigated by considering an alternative model in which the permeability of the 

AA and OAA are constant with depth.  The results were as follows:

• The model was generally successful in matching the available head data within the constraints 
of the field-scale permeability data. 

• Calibration did require higher values of anisotropy than those used with depth decay in the 
OAA and AA and similar values for horizontal permeability, nearly eliminating any vertical 
flow in the shallowest portion of the AA and OAA.
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• The BASE-USGSD model with constant permeability in the AA and OAA has similar flow 
paths to other models used to bound conceptual model uncertainty of the Frenchman Flat flow 
system. Thus, while there is uncertainty in the applicability of depth decay in the AA and 
OAA (the HSUs into which most of the underground nuclear test radionuclide source will be 
applied) as well as the value of the depth decay coefficients, the parameters required to 
calibrate the flow model in the absence of such effects do not greatly change the direction of 
groundwater movement. 

The steady-state groundwater flow models that were used to assess conceptual model uncertainty of 

the Frenchman Flat groundwater flow system demonstrated that:

• Groundwater flow near the testing areas is similar in these models despite considerably 
different hydrostratigraphy, approaches to defining boundary conditions, discrete HSU and 
fault permeability changes, and methods of model parameterization. 

• All of the models evaluated demonstrated that the shallow flow system had lateral migration 
with only modest vertical flow until particles reached the edges of the basin. 

• Upon reaching the edge of the basin, particles moved from the VCU or LTCU into the LCA 
and exited the flow system through the regional, Rock Valley fault system. 

• To maintain higher heads in the basin-fill HSUs, compared to the lower heads present in the 
LCA, the calibrated head fields showed regions of higher head occurring in the volcanic 
HSUs. The presence of these high head zones in the volcanic HSUs effectively separates the 
shallow flow system from the regional flow system. 

• Attempts to increase the vertical flow through the center of the basin by both decreasing and 
eliminating depth decay of permeability demonstrated that vertical flow is unlikely based on 
the need to increase anisotropy and decrease HSU permeability. 

• Additionally, attempts to create a connection between the alluvial and volcanic aquifers and 
the LCA across a basin-bounding fault in the DISP alternative indicated that this hydrologic 
connection could not be maintained without a reduction in fault permeability. In the this 
alternative a good match to heads in the area adjacent to Frenchman Lake playa was achieved 
through a reduction in fault permeability in the basin-fill materials. 

• The flow models demonstrated that the AA and OAA of Frenchman Flat basin are fed by 
water originating in CP basin and the Wahmonie Hills. The proportion of flow from either of 
these areas is highly uncertain, but through the application of two regional models and several 
sets of boundary conditions the relative magnitude of water entering the basin from these two 
areas was varied. 

• Overall, conceptual model uncertainty analyses indicate that groundwater flow in Frenchman 
Flat basin near the northern testing area tends to be north to south or northwest to southeast for 



Executive Summary

Phase II Groundwater Flow Model of CAU 98: Frenchman Flat, Nye County, Nevada

ES-33

flow paths near NEW POINT, DERRINGER, DIANA MOON, and MINUTE STEAK test 
locations. Water flows through the OAA and BLFA into the AA and TM-WTA and moves to 
the southeast until reaching the basin edge. The groundwater flow paths seem to be dominated 
by the influx of water moving across the Cane Spring fault in the volcanic HSUs and into the 
basin-fill units along the northwest edge of the Frenchman Flat basin.

• Along the northern edge of the basin, water flows eastward within the TSA and LVTA. These 
units form an arcuate band of higher permeability where they intersect the water table along 
the northern flank of the Frenchman Flat basin. This band of higher permeability creates a 
strong hydraulic connection in the model between the higher hydraulic heads in the CP basin 
to the west and locations beneath the PIN STRIPE test. 

• In the central testing area of Frenchman Flat, groundwater flow is substantially less complex 
than in the northern testing area. The movement of particles initially located near the water 
table near the CAMBRIC test cavity and beneath the DILUTED WATERS and WISHBONE 
test locations indicate that groundwater flow out of the central testing area will be through the 
alluvium toward the southeast.    

As a means to independently verify the flow paths generated by the Phase II Frenchman Flat CAU 

flow model, groundwater 14C data from the tuffs and alluvium in Frenchman Flat were used to 

calculate ages (residence times) for these groundwaters.  The calculated DI14C ages of Frenchman 

Flat groundwater ranged from ~ 8,500 years to ~ 29,000 years.  In general, younger groundwater is 

found near the low hills bordering the northern and northwestern parts of the basin, and older 

groundwater is found toward the basin center, reflecting the near absence of recharge through the 

alluvium in the basin even during the relatively wet conditions that existed in the late Pleistocene and 

early Holocene.  The absence of groundwater DI14C ages younger than the early Holocene, even 

along the basin margins, is consistent with paleo-climate reconstructions based on vegetation 

preserved in pack-rat middens and on the ages of paleo-discharge deposits in nearby basins that 

indicate modern-day arid conditions were established in the NTS area by about 9,000 years ago. 

These age dates are consistent with the model flow paths that indicate water is moving from the 

northern and northwestern parts of the basin and flowing toward the basin center and out of the basin 

center to the southeast.

Inverse geochemical models were done with the geochemical modeling code PHREEQC to 

investigate the origin of groundwater at selected wells within the basin. These models confirmed that 

groundwater at Well PW-1 could originate by the southerly flow of groundwater from Well PW-2, 

coupled with plausible water/rock interactions. Similar models done for Well ER-5-4 in the central 
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part of the basin indicate this groundwater could originate from either the southerly flow of 

groundwater from Well PW-1 or from a mixture of PW-1 groundwater and groundwater flowing 

southeast from UE-5c WW. Geochemical inverse models for Well ER-5-4 #2 could only explain the 

composition of this groundwater using both mixing and water/rock interactions. This groundwater 

appears to originate from a mixture of groundwater from the CP basin and groundwater from 

northwestern Frenchman Flat, suggesting that this groundwater may have been recharge in the low 

hills separating these two basins. This result agrees with evidence from hydraulic heads that the 

groundwater near Well ER-5-4 #2 has a strong hydraulic connection with groundwater in the vicinity 

of the CP basin. 

Groundwater velocities were calculated at pairs of wells in the alluvium that were likely to lie along a 

flow path based on their relative chemical evolution. Groundwater velocities were calculated between 

well pairs with 14C-based ages. Overall, groundwater flow paths between UE-5c WW and ER-5-4 had 

the largest uncertainty (0.12 to 0.85 m/yr). North-to-south flow paths in the alluvium were between 

0.19 to 0.25 m/yr (the PW-1 to ER-5-4 flow path) to 0.43 m/yr (the PW-2 to PW-1 flow path). A 

higher groundwater velocity of 1.1 m/yr was estimated for a PW-1 to WW-1 flow path, but this 

velocity is subject to greater uncertainty because it is based on an age for WW-1 groundwater 

estimated indirectly from its dissolved cation concentrations. An analysis of groundwater travel time 

for a mixture of groundwaters involving components from the CP basin (Wells WW-4 and WW-4A) 

and from UE-5c WW indicated that groundwater velocities in the volcanic rocks along the flow path 

was about 0.6 m/yr.

In summary, groundwater flow paths from the geochemical analysis generally support an overall 

northwest to southeast flow direction for shallow groundwater in the Frenchman Flat basin. The low 

rates of groundwater movement estimated for Frenchman Flat basin are consistent with the near 

absence of recharge to the basin over the last 8,500 years and with the nearly flat water table. The 
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estimated groundwater velocities in the alluvium indicate that transport distance of between about 

100 to 1,000 m can be expected over the next 1,000 years. 
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1.0 INTRODUCTION

The U.S. Department of Energy (DOE), National Nuclear Security Administration Nevada Site 

Office (NNSA/NSO) initiated the Underground Test Area (UGTA) Project to assess and evaluate the 

effects of the underground nuclear weapons tests on groundwater at the Nevada Test Site (NTS) and 

vicinity.  The framework for this evaluation is provided in Appendix VI, Rev. 1 (December 7, 2000) 

of the Federal Facility Agreement and Consent Order (FFACO) (1996).  Appendix VI of the FFACO, 

“Corrective Action Strategy,” describes the processes that will be used to complete corrective actions 

including those in the UGTA Project.  The objective of the strategy is to analyze and evaluate each 

UGTA corrective action unit (CAU) through a combination of data collection and evaluation, and 

modeling groundwater flow and contaminant transport.  Section 1.3 of this report provides a 

summary of the FFACO corrective action process and the UGTA corrective action strategy.

The Draft Phase I CAU models (flow and transport) for Frenchman Flat were completed and 

subjected to a DOE review (see Section 1.5).  As a result of this review, additional corrective action 

investigation (CAI) work including new data acquisition and modeling was identified.  These new 

work elements are documented in the Addendum to Revision 1 of the Corrective Action Investigation 

Plan for Corrective Action Unit 98: Frenchman Flat, Nevada Test Site, Nevada (NNSA/NV, 2001).  

Based on the evaluation of the new data and information collected and analyzed as a result of this 

Corrective Action Investigation Plan (CAIP) addendum, the decision was made to archive the Phase I 

Frenchman Flat CAU flow and transport models, and develop new Phase II CAU models.  This report 

documents the development and implementation of the Phase II Frenchman Flat steady-state 

groundwater flow model.  The development of the Phase II Frenchman Flat contaminant transport 

model will be documented in a future report.

1.1 Purpose and Scope

The Phase II Frenchman Flat groundwater flow model is a key element in the FFACO (1996) 

corrective action strategy for the UGTA Frenchman Flat CAU.  The objective of this integrated 
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process is to provide an estimate of the vertical and horizontal extent of contaminant migration for 

each CAU to predict contaminant boundaries.  A contaminant boundary is the model-predicted 

perimeter that defines the extent of radionuclide-contaminated groundwater from underground testing 

above background conditions exceeding the Safe Drinking Water Act (SDWA) standards.  The 

contaminant boundary will be composed of both a perimeter boundary and a lower hydrostratigraphic 

unit (HSU) boundary.  The computer model will predict the location of this boundary within 

1,000 years and must do so at a 95 percent level of confidence.  Additional results showing 

contaminant concentrations and the location of the contaminant boundary at selected times will also 

be presented.  These times may include the verification period, the end of the five-year 

proof-of-concept period, as well as other times that are of specific interest.

This report documents the development and implementation of the groundwater flow model for the 

Frenchman Flat CAU.  Specific objectives of the Phase II Frenchman Flat flow model are to:

• Incorporate pertinent information and lessons learned from the Phase I Frenchman Flat CAU 
models.

• Develop a three-dimensional (3-D), mathematical flow model that incorporates the important 
physical features of the flow system and honors CAU-specific data and information.

• Simulate the steady-state groundwater flow system to determine the direction and magnitude 
of groundwater fluxes based on calibration to Frenchman Flat hydrogeologic data.

• Quantify the uncertainty in the direction and magnitude of groundwater flow due to 
uncertainty in parameter values and alternative component conceptual models (e.g., geology, 
boundary flux, and recharge).    

Figure 1-1 is an area map of the NTS showing the location of the Frenchman Flat CAU and the 

hydrologic model area.  This area was selected to define the regional groundwater flow system of the 

Lower Carbonate Aquifer (LCA) in the vicinity of Frenchman Flat.  The Frenchman Flat model area 

has a north-south dimension of 30 kilometers (km) and an east-west dimension of 19 km, and it 

encompasses more than 570 square kilometers (km2) in the southeastern portion of the NTS 

(BN, 2005a).   
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Figure 1-1
Location of the Frenchman Flat Model Area
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1.2 Project Participants

The UGTA Project is a component of the NNSA/NSO Environmental Restoration Program.  UGTA 

technical work is completed by project participants from Bechtel Nevada (BN), the Desert Research 

Institute (DRI), Lawrence Livermore National Laboratory (LLNL), Los Alamos National Laboratory 

(LANL), the Stoller-Navarro Joint Venture (SNJV), and the U.S. Geological Survey (USGS).  The 

NNSA/NSO established a Technical Working Group (TWG) to provide expert technical support to 

plan, guide, and monitor UGTA technical work, and serve as internal peer reviewers of UGTA 

products.  The TWG consists of technical experts from the participating organizations.

1.3 Summary of the Federal Facility Agreement and Consent Order

Since 1996, the Nevada Division of Environmental Protection (NDEP) has regulated the NNSA/NSO 

NTS corrective action program through the FFACO (1996).  The processes that will be used to 

complete corrective actions are described in the FFACO Appendix VI, Rev. 1 (December 7, 2000), 

“Corrective Action Strategy”; the UGTA corrective action strategy is described in FFACO 

Appendix VI, Section 3.0.  The FFACO revision provides the current regulatory guidance on the 

UGTA corrective action strategy, which is incorporated into this document.  All references to the 

FFACO or its appendices in this document will refer to the FFACO as a whole (i.e., FFACO, 1996).

For the UGTA Project, the corrective action strategy includes two major phases:  a regional evaluation 

addressing all CAUs and a CAI process for each of the individual CAUs.  The first major phase was 

completed with the development of the Regional Groundwater Flow and Tritium Transport Modeling 

and Risk Assessment of the Underground Test Area, Nevada Test Site, Nevada (DOE/NV, 1997).  The 

flow and transport model provided the initial basis for determining the magnitude of risk from the 

source areas on the NTS to potential receptors and a regional context for future individual CAU 

investigations.  The second phase of the CAI process focuses on refining the results of the 

regional-scale modeling through acquisition and analysis of CAU-specific data, and development of 

CAU-scale flow and transport models.  The CAU-specific objectives are to estimate movement of 

contaminants utilizing CAU-specific hydrogeologic and transport parameter data and to define 

boundaries that encompass the extent of contamination.
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Figure 1-2 shows the process flow diagram for implementing the corrective action strategy for the 

UGTA CAUs.  The shaded black portion of the diagram illustrates the portion of the process that has 

been completed as part of the Frenchman Flat CAI.    

The CAI process may be iterative, resulting in several phases of data collection, analysis, and 

modeling with assessment of confidence in the results at the completion of each phase.  If further data 

collection, analysis, and modeling are required, a CAIP addendum will be issued to direct the new 

phase of activities.

1.4 Frenchman Flat Background

Frenchman Flat is a closed-drainage intermontane basin located in the southeastern portion of the 

NTS.  It is bounded on the north by Massachusetts Mountain and the Halfpint Range, on the east by 

the Ranger Mountains and Buried Hills, on the south by the Spotted Range, and on the west by the 

Wahmonie Hills (Figure 1-3).  The valley floor of the basin slopes gently from the surrounding 

highlands to a low-lying playa area.  Ground elevations range from over 1,463 meters (m) in the 

surrounding mountains to approximately 938 m at Frenchman Lake Playa (BN, 2005a). 

The climate of Frenchman Flat is typical of southern Nevada, characterized by limited precipitation 

and large diurnal changes in temperature.  In the higher elevations surrounding the basin, annual 

precipitation is approximately 25 centimeters (cm), which includes winter snow accumulation 

(French, 1986).  The lower elevations that make up the major portion of the CAU receive 

approximately 10 cm of precipitation annually, including occasional snow accumulations lasting only 

a few days (BN, 2005a).  Daily temperatures range from a minimum of minus 5 degrees Celsius (oC) 

in winter to a maximum of 45oC in summer.

The conceptual model of groundwater flow through Frenchman Flat is that the bulk of the flow 

occurs in the LCA, and that the LCA is the only subsurface pathway by which groundwater enters and 

exits Frenchman Flat beneath the volcanic and basin-fill materials (Laczniak et al., 1996).  A map 

showing the features of the UGTA regional groundwater flow system is present in (Figure 1-4).  A 

minor amount of water may leak from the alluvial aquifer (AA) through the volcanic confining units, 

which overlie the LCA over much of Frenchman Flat (Laczniak et al., 1996).  Thus, the AA flow 

system, in which testing was conducted, is semi-independent from the regional LCA system.      
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Figure 1-2
Process Flow Diagram for the Underground Test Area Corrective Action Units
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Figure 1-3
Frenchman Flat Model Area Showing Wells Used in Calibration of the Flow Model and Test Locations
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Figure 1-4
Features of the UGTA Regional Groundwater Flow System
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The DOE and the U.S. Department of Defense used Frenchman Flat for underground nuclear testing 

for seven years.  Underground nuclear testing on Frenchman Flat began with Operation Whetstone 

and ended with Operation Grommet (DOE/NV, 2000).  The underground nuclear tests conducted in 

Frenchman Flat were detonated in vertical shafts or drill holes in alluvial and volcanic rock.  

Table 1-1 presents information relative to these 10 underground nuclear tests.  Five of the tests were 

detonated in Area 5, and five were detonated in Area 11 (Figure 1-5).  All but two underground 

nuclear tests conducted in Frenchman Flat had yield ranges specified as less than 20 kilotons (kt) 

(DOE/NV, 2000).  Media contaminated by the underground nuclear tests on Frenchman Flat are 

geologic formations in the saturated zone.  For this model, tests are considered to have been 

conducted in the saturated zone if they were located deeper than 100 m above the water table.  

Transport in groundwater is the primary mechanism of migration for the subsurface contamination 

away from the Frenchman Flat underground nuclear tests.    

1.5 Summary of Phase I Frenchman Flat CAI Documentation 

The Phase I Frenchman Flat CAI, completed in 1999, included hydrologic and transport data 

compilation, analysis, and model development.  Following the Phase I CAI, comprehensive internal 

and external peer reviews were conducted. These reviews were evaluated to identify additional work 

scope (including new data collection and modeling activities), and an addendum to the Frenchman 

Flat CAIP (DOE/NV, 1999) was developed.  The Addendum to Revision 1 of the Corrective Action 

Investigation Plan for Corrective Action Unit 98:  Frenchman Flat, Nevada Test Site, Nevada 

(NNSA/NV, 2001) details the new data collection and modeling activities to address the documented 

deficiencies in the Phase I Frenchman Flat CAI.  The new data collection activities identified in the 

Frenchman Flat Addendum have been completed.  The data and analyses from the Phase I CAI and 

from the additional work are integrated into the Phase II Frenchman Flat flow model, which is the 

subject of this document.

The external peer review is documented in External Peer Review Group Report on Frenchman Flat 

Data Analysis and Modeling Task, Underground Test Area Project (IT, 1999a).  The peer review 

document identified key issues of concern and made recommendations for addressing the key 

concerns.  Recommendations included identifying general and specific data enhancement and data 

acquisition needs; incorporating alternative conceptual models to evaluate potential contaminant 
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Figure 1-5
Location of Underground Nuclear Tests in Frenchman Flat
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Table 1-1
Corrective Action Sites in the Frenchman Flat Corrective Action Unit

Test Name CAS
Number Date Hole

 Name

UTM Zone 11, 
NAD 27

(m)

Yield 
Range

(kt)

Hole
Depth

(m)

Working 
Point
Depth

(m)

Working
Point
HSU

Modela

HSU

Surface
Elevation

(m)

Bottom of
Hole

Elevation
(m amsl)

CAMBRIC 05-57-003 05/14/1965 U5e E 592142.7
N 4075575.4 0.75 305 295 AA AA 956 651

DERRINGER 05-57-004 09/12/1966 U5i E 593518.3
N 4081415.4 7.8 648 255 OAA OAA 1,040 392

DIAGONAL LINE 11-57-005 11/24/1971 U11g E 594939.1
N 4081801.6 <20 277 264 OAA OAA 1,038 761

DIANA MOON 11-57-003 08/27/1968 U11e E 595265.3
N 4081581.8 <20 255 242 OAA OAA 1,032 777

DILUTED 
WATERS 05-57-002 06/16/1965 U5b E 593110.1

N 4074993.9 <20 206 193 AA OAA 943 737

MILK SHAKE 05-57-005 03/25/1968 U5k E 595267.2
N 4080972.3 <20 276 265 OAA BLFA 1,021 745

NEW POINT 11-57-002 12/13/1966 U11c E 594655.9
N 4081579.7 <20 255 239 OAA OAA 1,030 775

MINUTE STEAK 11-57-004 09/12/1969 U11f E 595494.8
N 4081584.4 <20 277 265 OAA OAA 1,034 757

WISHBONE 05-57-001 02/18/1965 U5a E 593719.6
N 4074996.1 <20 191 175 AA AA 941 750

PIN STRIPE 11-57-001 04/25/1966 U11b E 594386.2
N 4082708.0 <20 299 296 TM-LVTA TM-LVTA 1,093 794

Source:  Modified from SNJV, 2004d

aModel HSU is the HSU immediately below the test at the water table if the test was conducted above the water table or the working point HSU if detonated below the water table.

AA = Alluvial Aquifer
amsl = Above mean sea level
BLFA = Basalt Lava Flow Aquifer
CAS = Corrective Action Site
NAD = North American Datum
OAA = Older Altered Alluvial Aquifer

TM-LVTA = Timber Mountain Lower Vitric Tuff Aquifer
UTM = Universal Transverse Mercator
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migration scenarios; changing the modeling approach to one that uses a finite-element code to better 

address discrete geologic features (e.g., faults and fracture zones); and developing and applying 

local-scale uncertainty analysis techniques.

The internal peer review is documented in Lessons Learned from the Frenchman Flat Corrective 

Action Groundwater Flow and Radionuclide Transport Model (IT, 2000), which concluded that the 

Phase I Frenchman Flat CAU model was a good first model of groundwater flow and radionuclide 

transport at the CAU scale.  The modeling successfully represented the flow system as defined in the 

conceptual model and predicted limited radionuclide travel distances.  However, the work was not 

complete and, as recommended by the external and internal peer reviews, needed refinement.  

Identified deficiencies included lack of alternative models, insufficient grid resolution near 

underground nuclear tests, inadequate testing of model assumptions, and insufficient documentation 

of parameter uncertainty.  Recommendations to address these issues were provided.

1.6 Major Documents Supporting the Phase II Frenchman Flat Flow Model

The Phase II Frenchman Flat groundwater flow model is supported by a number of major reports that 

describe a series of data analysis and modeling tasks.  Table 1-2 summarizes the groundwater flow 

model supporting reports and identifies their contribution to the development of the Frenchman Flat 

flow model.

Phase II data collection activities included well drilling, geophysical investigations, and 

hydrogeologic and geochemical investigations.  The Phase II exploration data significantly improved 

the understanding of local thicknesses for alluvial and volcanic HSUs in the vicinity of the 

underground tests, assisted in the identification of alternative geologic framework models for the 

Frenchman Flat basin, increased the hydrogeologic parameter database for Frenchman Flat, and 

provided geochemical data for use in testing alternative conceptual models for flow in the basin.   
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Table 1-2 
Major Supporting Documents

 (Page 1 of 4)

Report Report Synopsis Contribution to Flow Model

Regional Groundwater Flow and Tritium 
Transport Modeling and Risk Assessment of 
the Underground Test Area, Nevada Test 
Site, Nevada (DOE/NV, 1997)

This report provides an initial estimate of the magnitude of risk from 
various underground nuclear tests on the NTS to potential 
downgradient receptors such as the public and the environment from 
possible groundwater contamination.  The regional evaluation 
consists of data analysis, model development, and model 
predictions.  Results of the regional evaluation of groundwater flow, 
tritium migration, and risk assessment performed for the 
underground test areas are presented in this report.  The regional 
evaluation was used during the planning of the Frenchman Flat CAI 
and is the basis for the development of the CAU conceptual model.

• Conceptual model 
• Regional model framework
• Boundary fluxes

Value of Information Analysis for Corrective 
Action Unit No. 98: Frenchman Flat 
(IT, 1997b)

This report compares the cost of acquiring new information during 
the Phase I CAI for Frenchman Flat with the benefit of the 
information acquisition.  This analysis evaluates the value of selected 
data collection activities and analysis options in reducing uncertainty 
in the predicted size and location of the contaminant boundary.

• Identify major data needs

Corrective Action Investigation Plan for 
Corrective Action Unit 98: Frenchman Flat, 
Nevada Test Site, Nevada (DOE/NV, 1999)

This report documents the Phase I Frenchman Flat investigation 
plan, which included a compilation and evaluation of existing 
pertinent geologic and hydrogeologic information and data to refine 
the conceptual model of groundwater flow and contaminant transport 
underlying the Frenchman Flat CAU.  In addition, it specified the 
development and use of a 3-D, numerical, CAU-scale groundwater 
flow and transport model to predict the location of the contaminant 
boundary.

• Phase I data collection plan

Evaluation of the Hydrologic Source Term 
from Underground Nuclear Tests in 
Frenchman Flat at the Nevada Test Site: The 
CAMBRIC Test (Tompson et al., 1999)

This report presents the Phase I hydrologic source term model for 
use in the transport model for Frenchman Flat.

• Detailed information about the 
CAMBRIC test

Addendum to Revision 1 of the Corrective 
Action Investigation Plan for Corrective 
Action Unit 98:  Frenchman Flat, Nevada Test 
Site, Nevada  (NNSA/NV, 2001)

This report proposes additional work scope including new data 
collection and modeling for the Frenchman Flat CAU in response to 
comments resulting from the DOE review of the draft Frenchman Flat 
model of groundwater flow and contaminant transport completed in 
April 1999. 

• New data collection plan
• Local groundwater flow model plan
• Transport model supported by a 

source-term model plan
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Addendum to the Frenchman Flat 
Hydrogeologic Investigation Wells Drilling 
and Completion Criteria (IT, 2001a)

This addendum contains two appendices.  Appendix B presents the 
change from one well to two wells at the central Frenchman Flat 
location.  Appendix D documents additional work performed at Well 
Cluster ER-5-3.

• New data collection plan

Analysis of Water Levels in the Frenchman 
Flat Area, Nevada Test Site 
(Bright et al., 2001)

This report provides information on the accuracy of hydraulic-head 
calculations, temporal water-level trends, and potential causes of 
water level fluctuations.  Moreover, it points out the importance of 
accurate hydraulic heads in Frenchman Flat where the hydraulic 
gradients are relatively flat (less than 1 foot per mile) in the AA.

• Supplement water-level targets for 
flow model calibration

Geochemically Calibrated Discrete-State Cell 
Model of the Frenchman Flat Hydrographic 
Area (Hershey et al., 2001)

This report discusses a geochemically calibrated discrete-state cell 
(DSC) model using groundwater chemistry, isotopes, and hydraulic 
head data to test three different flow scenarios in Frenchman Flat.

• Flow paths derived from 
geochemical and isotopic data

• Geochemically calibrated DSC 
model

• Hydraulic head data for calibration

Modeling Approach for Corrective Unit 98, 
Frenchman Flat (IT, 2001b)

This report summarizes the data and information that are the 
technical basis for the groundwater flow model.  Two approaches are 
described that propose developing the models to forecast how the 
hydrogeologic system, which includes the underground test cavities, 
will behave over time.  One approach is the development of 
numerical process models to represent the processes that influence 
flow and transport.  The other approach shows how simplified 
representations of the process models are utilized to assess the 
interactions between model predictions and parameter uncertainty.

• Code selection
• Overall approach

Alluvial Layering and Distribution of Reactive 
Phases within Drill Holes ER-5-4 and UE-5n 
of Frenchman Flat (Warren et al., 2002)

This report presents an analysis of the geologic history of the alluvial 
deposition into the Frenchman Flat basin. 

• Hydrostratigraphic framework model 
(HFM)

Table 1-2 
Major Supporting Documents

 (Page 2 of 4)

Report Report Synopsis Contribution to Flow Model
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Death Valley Regional Ground-Water Flow 
System, Nevada and California– 
Hydrogeologic Framework and Transient 
Ground-Water Flow Model 
(Belcher et al., 2004)

This report discusses the development of a 3-D transient 
groundwater flow model of the Death Valley region.  This 3-D digital 
HFM was developed from digital elevation models, geologic maps, 
borehole information, geologic and hydrogeologic cross sections, 
and other 3-D models to represent the geometry of the hydrogeologic 
units (HGUs).  Faults and fractures that affect groundwater flow are 
also included. 

• New regional model framework
• Death Valley groundwater flow 

system

Integrated Analysis Report for Single- and 
Multiple-Well Aquifer Testing at Frenchman 
Flat Well Cluster RNM-2s, Nevada Test Site, 
Nevada (SNJV, 2004b)

This report presents the analysis and interpretation of hydraulic data 
from the Well ER-5-4 single-well test, the Well ER-5-4 #2 single-well 
test,  and the Well Cluster RNM-2S multiple-well aquifer test, which 
included the ER-5-4 well and others.

• Hydraulic head data for calibration
• Hydraulic properties data

Interpretation of Hydraulic Test and 
Multiple-Well Aquifer Test Data at Frenchman 
Flat Well Cluster ER-5-3 (SNJV, 2004c)

This report documents the analysis of the hydraulic data collected for 
Wells ER-5-3, ER-5-3 #2, and ER-5-3 #3.

• Hydraulic head data for calibration
• Hydraulic properties data

Phase II Hydrologic Data for the 
Groundwater Flow and Contaminant 
Transport Model of Corrective Action Unit 98:  
Frenchman Flat, Nye County, Nevada   
(SNJV, 2004d)

This Phase II report describes an assessment of hydrologic data and 
information in support of the CAU groundwater flow model.  Relevant 
information, existing data, and newly acquired data were analyzed 
for the hydrologic components of the groundwater flow system of 
Frenchman Flat and vicinity.

• Hydraulic head data for calibration
• Hydraulic properties data
• Discharge due to pumping 
• Boundary fluxes
• Recharge models
• Flow paths derived from 

geochemical analysis

Transferability of Data Related to the 
Underground Test Area Project, Nevada Test 
Site, Nye County, Nevada (SNJV, 2004e)

This report describes the overall data transfer process, and a 
procedure for determining whether data from other locations can be 
used by the UGTA Project to predict the transport of radionuclides.

• Parameter descriptions
• Data transfer protocols

A Hydrostratigraphic Framework Model and 
Alternatives for the Groundwater Flow and 
Contaminant Transport Model of Corrective 
Action Unit 98:  Frenchman Flat, Clark, 
Lincoln and Nye Counties, Nevada 
(BN, 2005a)

This Phase II report presents the evaluation of geologic data and the 
resulting 3-D HFM.  The framework was built utilizing a collection of 
stratigraphic, lithologic, and alteration data; a structural model; and 
results of geophysical, geological, and hydrological studies to 
formulate the hydrostratigraphic system. 

• HFM
• Alternative HFMs
• HSU definition and description
• Faults definition and geometry

Table 1-2 
Major Supporting Documents

 (Page 3 of 4)

Report Report Synopsis Contribution to Flow Model
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A Preliminary Investigation of the Structure of 
Southern Yucca Flat, Massachusetts 
Mountain, and CP Basin, Nevada Test Site, 
Nevada, Based on Geophysical Modeling 
(Phelps et al., 2005)

Additional gravity data were collected in the northwest Frenchman 
Flat area.  These data better defined CP basin and the Cane Spring 
fault.

• HFM
• Alternative HFM
• Fault definition and geometry

Evaluation of Groundwater Movement in the 
Frenchman Flat CAU Using Geochemical 
and Isotopic Analysis (Hershey et al., 2005)

This report presents an evaluation of geochemical and environmental 
isotopic data to test two potential pathways for radionuclide transport 
via groundwater flow paths and out of Frenchman Flat.

• Conceptual flow path model
• Flow paths derived from 

geochemical analysis

Phase II Contaminant Transport Parameters 
for the Groundwater Flow and Contaminant 
Transport Model of Corrective Action Unit 98:  
Frenchman Flat, Nye County, Nevada 
(SNJV, 2005a)

This Phase II report documents pertinent transport data and data 
analyses to provide the primary reference to support 
parameterization of the Phase II Frenchman Flat CAU transport 
model.

• Effective porosity

Table 1-2 
Major Supporting Documents

 (Page 4 of 4)

Report Report Synopsis Contribution to Flow Model
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1.7 Report Organization

This report is organized as follows:

Section 1.0 provides a description of the purpose and scope of this report, a summary of the FFACO 

corrective action strategy, a short background summary of the physical characteristics and test history 

of the Frenchman Flat area, and a description of the documentation supporting this report. 

Section 2.0 reviews the previous models of the Frenchman Flat area.

Section 3.0 is the conceptual model of groundwater flow that describes the underlying data and 

controls on the flow system.  The numerical models of groundwater flow were constructed to 

replicate this conceptual model.

Section 4.0 explains the groundwater flow model construction and demonstrates how the model was 

converted into its numerical representation.

Section 5.0 describes the purpose of calibration and the calibration protocol, the use of parameter 

estimation software (PEST), and how parameter sensitivities and constraint of flow paths were 

utilized.

Section 6.0 is the flow model uncertainty analysis. 

Section 7.0 is the flow model parameter sensitivity analysis.

Section 8.0 evaluates groundwater flow paths and travel times in Frenchman Flat using carbon-14 

(14C) and other geochemical indicators.

Section 9.0 is the summary and conclusions.

Section 10.0 contains the reference list.

Appendix A provides the Analysis of New Water-Level and Ground-Surface Elevation 

Measurements for Frenchman Flat Relative to the Phase II Frenchman Flat Hydrologic Data 

Document.
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Appendix B provides a literature review of other groundwater modeling efforts that have included a 

decay in hydraulic conductivity with depth in the flow system.

Appendix C presents the perturbation sensitivity analysis plots.

Appendix D presents fault locations.

Appendix E presents values for hydraulic properties for the saturated media in the NTS area. 
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2.0 PREVIOUS WORK

The development of a CAU-scale groundwater flow model for Frenchman Flat is a key element of the 

FFACO (1996) corrective action strategy.  The CAU model, in its entirety, is a group of 

interdependent models (NNSA/NV, 2001).  The flow model incorporates data related to multiple 

component models (e.g., geologic, recharge, groundwater flow) of the Frenchman Flat hydrogeologic 

system.  This section presents the component models and other supporting analyses that contribute to 

the CAU-scale groundwater flow model.

Figure 2-1 summarizes the regional and site-specific elements that are integrated into the Frenchman 

Flat flow model.  These elements include:

• Regional data and models that provide the broad hydrogeologic context for the CAU-specific 
flow model

• CAU-specific geologic data and models that establish the local hydrostratigraphic framework 
within which groundwater flows

• Alternative CAU-specific models that address uncertainty in hydrostratigraphy, lateral 
boundary flux and heads, and recharge

• CAU-specific hydrologic parameters (including their uncertainty)

The models presented in this overview represent a large body of work (Table 1-2) and are described 

in more detail in the integrating report Phase II Hydrologic Data for the Groundwater Flow and 

Contaminant Transport Model of Corrective Action Unit 98: Frenchman Flat, Nye County, Nevada 

(SNJV, 2004d). 
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Figure 2-1
Information Flow into the Frenchman Flat Groundwater Flow Model
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2.1 Regional Models

2.1.1 Underground Test Area Regional Groundwater Flow Model

The Frenchman Flat flow system is part of the Death Valley flow system (Figure 1-4).  A conceptual 

steady-state numerical model of the regional groundwater flow system was developed during the 

regional evaluation (DOE/NV, 1997).  Summary descriptions of the UGTA regional hydrogeologic 

framework, and groundwater occurrence and movement (as conceptualized in the UGTA regional 

flow model [DOE/NV, 1997]), are presented in this section.  This information has been updated, 

where appropriate, with information from the Frenchman Flat Phase II data collection and analysis 

activities. 

2.1.1.1 Regional Hydrogeologic Framework

The hydrogeologic framework used in the UGTA regional flow model (DOE/NV, 1997) was based on 

the conceptual hydrologic system established for the NTS area by Winograd and Thordarson (1975) 

and Blankennagel and Weir (1973).  This early work was summarized and updated by Laczniak et al. 

(1996), and was further developed and refined (IT, 1996d and 1998).

For this model, the rocks of the NTS were classified using a two-level classification scheme in which 

HGUs are grouped to form HSUs (IT, 1996d).  The HGUs were used to categorize rocks according to 

their ability to transmit groundwater, which is mainly a function of the primary lithologic properties 

of the formations, degree of fracturing, and secondary mineral alteration.  The complex hydrologic 

properties of the volcanic rocks of the NTS and vicinity are best addressed in terms of HGUs 

(Blankennagel and Weir, 1973; Winograd and Thordarson, 1975).  Hydrostratigraphic units are 

groupings of contiguous stratigraphic units that have a particular hydrogeologic character, such as an 

aquifer (unit through which water moves readily) or a confining unit (unit that generally impedes 

water movement).  An HSU may contain several HGUs but is defined so that a single type of HGU 

dominates (for example, mostly welded tuff and vitric tuff aquifers, or mostly tuff confining units 

[TCUs]).  The HSUs are developed into a 3-D, solid-body model that serves to define hydrogeologic 

model properties in the UGTA regional and CAU-scale HFMs.  The methodology used to group the 

stratigraphic units into HSUs is documented in the Regional Geologic Model Documentation 

Package (IT, 1996d).
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Geologic formations of hydrologic significance in the subsurface of the NTS region have been 

grouped into 10 main HGUs by Winograd and Thordarson (1975).  The HGUs in the UGTA regional 

model that occur in the Frenchman Flat model area are summarized in Table 2-1.  

Table 2-1 
Hydrogeologic Units of the UGTA Regional Model That Occur in the 

Frenchman Flat Model Area

Hydrogeologic 
Unit Typical Lithologies Hydrologic Significance

Alluvial Aquifer (AA) 
(AA is also an HSU in 
hydrogeologic models)

Unconsolidated to partially 
consolidated gravelly sand, 
aeolian sand, and colluvium; 
thin, basalt flows of limited 
extent

Has characteristics of a highly conductive aquifer, but 
less so where lenses of clay-rich paleocolluvium or 
playa deposits are present.

Welded Tuff Aquifer 
(WTA)

Welded ash-flow tuff, vitric to 
devitrified

Degree of welding greatly affects interstitial porosity 
(less porosity as degree of welding increases) and 
permeability (greater fracture permeability as degree of 
welding increases).

Vitric Tuff Aquifer 
(VTA)

Bedded tuff, ash-fall and 
reworked tuff; vitric

Constitutes a volumetrically minor HGU; generally 
does not extend far below the static water level due to 
the tendency of tuffs to become zeolitic (which 
drastically reduces permeability) under saturated 
conditions; significant interstitial porosity (20 to 
40 percent);  generally insignificant fracture 
permeability.

Lava Flow Aquifer 
(LFA)

Rhyolite and basalt lava flows; 
includes flow breccias 
(commonly at base) and 
pumiceous zones (commonly at 
top)

Generally a caldera-filling unit and/or of local extent; 
hydrologically complex; wide range of transmissivities; 
fracture density and interstitial porosity differ with 
lithologic variations.

Tuff Confining Unit 
(TCU)

Zeolitic bedded tuff with 
interbedded, but less significant, 
zeolitic, nonwelded to partially 
welded ash-flow tuff

May be saturated but measured transmissivities are 
very low; may cause accumulation of perched and/or 
semi-perched water in overlying units.

Clastic Confining Unit 
(CCU) Argillite, siltstone, quartzite

Clay-rich rocks are relatively impermeable; more 
siliceous rocks are fractured, but with fracture porosity 
generally sealed due to secondary mineralization.

Carbonate Aquifer 
(CA) Dolomite, limestone Transmissivity values vary greatly and are directly 

dependent on fracture frequency.

Source:  Adapted from IT, 1996d, and BN, 2005a
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During the regional evaluation (DOE/NV, 1997), the HFM of the UGTA regional groundwater flow 

system was subdivided into nine HSUs in the Frenchman Flat area.  Table 2-2 summarizes the HSUs 

in the UGTA regional model that occur in the Frenchman Flat model area (IT, 1996d).    

2.1.1.2 Groundwater Occurrence and Movement

Within the NTS region, groundwater occurs in alluvial, volcanic, and carbonate materials.  Saturated 

alluvial materials are present in central and southern Yucca Flat, Frenchman Flat, and Jackass Flats on 

the NTS and in the basins located throughout the flow system.  Saturated Tertiary volcanics are 

present in the western section of the region.  The distribution and thickness of alluvial and volcanic 

aquifers are highly variable throughout the region and are not interpreted to be continuous.  In most 

instances, an AA is confined to a basin by surrounding mountain ranges.  In some basins, AAs are 

discontinuous aquifers due to structural controls elevating the bottom of the alluvium above the water 

table.  In general, alluvial and volcanic aquifers are considered to be depositional elements overlying 

the regional flow system and only influence regional flow in localized areas.  The underlying LCA is 

the principal aquifer of the Death Valley regional flow system.  The LCA forms a nearly continuous 

aquifer across the region except where interrupted by calderas, truncated by structural controls, or 

penetrated by intrusive rocks.  

An interesting feature of the hydraulic conductivity compiled for the region was that a linear trend 

was found showing a decrease in hydraulic conductivity (on a log scale) with increased depth below 

land surface.  The data, however, displayed a significant level of scatter.  

Based on the water-level dataset compiled during the regional evaluation (IT, 1996c; 

DOE/NV, 1997), depths to groundwater beneath the NTS and surrounding region vary greatly.  

Groundwater depths in the southern NTS range from about 23 m beneath upper Fortymile Wash to 

more than 213 m beneath Frenchman Flat, compared to more than 610 m beneath Pahute Mesa in the 

northern NTS (IT, 1996c; DOE/NV, 1997).  Perched groundwater is found locally throughout the 

NTS and occurs within the TCUs and, to some extent, overlying units.  In the highlands, springs 

emerge from perched groundwater lenses.  Spring discharge rates are low, and this water is used only 

by wildlife.
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Table 2-2
Hydrostratigraphic Units of the Frenchman Flat Area Included 

in the UGTA Regional Hydrostratigraphic Framework Model

Hydrostratigraphic 
Unit

(Symbol)

Dominant 
Hydrogeologic Unit(s)a General Description

Alluvial Aquifer (AA)
(this term is also used 

to designate a 
hydrogeologic unit)

AA

Consists mainly of alluvium that fills 
extensional basins such as Gold Flat, 
Crater Flat, Kawich Valley, and Sarcobatus 
Flat.  Also includes generally older Tertiary 
gravels, tuffaceous sediments, and 
nonwelded tuffs (where thin) that partially 
fill other basins such as Oasis Valley and 
the moat of the Timber Mountain caldera 
complex.

Timber Mountain 
Aquifer (TMA)

Mostly WTA, minor VTA; 
TCU within the Timber 

Mountain caldera complex

The uppermost welded tuffs in the 
Frenchman Flat model area consists 
mainly of extra-caldera welded ash-flow 
tuffs (aquifer-like lithologies).  However, the 
altered intra-caldera equivalent rocks within 
the Timber Mountain caldera are modeled 
as confining units.

Tuff Confining Unit 
(TCU) TCU Mostly zeolitized nonwelded tuffs.

Volcanic Aquifer (VA) WTA, VTA, LFA

Imprecisely known grouping of volcanic 
rocks; generally with aquifer-like qualities.  
Also used as a lumping unit away from the 
more data-rich NTS.

Volcaniclastic 
Confining Unit (VCU) TCU, minor AA, lesser CA

Complex 3-D distribution of zeolitic 
nonwelded tuff, gravels, mudstones, and 
limestones.  Present in the southern portion 
of the Frenchman Flat model area.

Volcanics 
undifferentiated (VU) WTA,TCU, lesser LFA

All Quaternary and Tertiary volcanics 
outside the NTS proper and the proximal 
NTS caldera complex.

Upper Clastic 
Confining Unit 

(UCCU)
CCU

Late Devonian through Mississippian 
siliciclastic rocks.  Present in the 
northeastern corner (CP basin) of the 
Frenchman Flat model area.

Lower Carbonate 
Aquifer (LCA) CA

Cambrian through Devonian mostly 
limestone and dolomite.  Widespread 
throughout the Frenchman Flat model 
area.

Lower Clastic 
Confining Unit (LCCU) CCU

Late Proterozoic through Early Cambrian 
siliciclastic rocks.  Widespread throughout 
the Frenchman Flat model area.

aSee Table 2-1 for definitions of HGUs
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The general direction of groundwater flow in the UGTA regional flow system is from north to south 

and east to southwest (Figure 1-4).  The direction of groundwater flow is locally influenced in areas 

where structural and geologic conditions have controlled the distribution and thickness of the LCA.  

In some areas of the UGTA regional flow system, groundwater encounters structural and geologic 

conditions, such as structural highs of the LCCU, that promote an upward flow component.  The 

upward flow component brings water to discharge at the surface in the form of a wet playa or spring 

(not observed at Frenchman Lake).  Groundwater flow between basins occurs in the form of 

subsurface inflow and outflow.

Horizontal hydraulic gradients are very low to the east and south of the NTS.  In other areas, the 

prevailing flow direction and hydraulic gradients may locally be influenced by the structural position 

of geologic units with significantly lower transmissivity than that of the LCA.  If the low-transmissive 

units are structurally oriented so that they are perpendicular to flow, flow might be significantly 

altered, causing large hydraulic gradients.  If their structural orientation is parallel to the prevailing 

flow direction, their effect may be insignificant.  Structural uplifts of the LCCU and the distribution 

of the UCCU have caused several of the observed steep gradients within the flow system.  

Low-permeability sediments along the Funeral Mountains, such as the Tertiary Death Valley Section 

sediments, also cause a steep hydraulic gradient between Amargosa Desert and Death Valley.

Groundwater recharge results from precipitation at higher elevations and infiltration along stream 

courses and in some playas.  Recharge rates and distribution are estimated, and are therefore 

uncertain.  The recharge model used in the UGTA regional flow model (DOE/NV, 1997) was based on 

a modification of the Maxey-Eakin method (Maxey and Eakin, 1949).  

Groundwater discharges to the surface in the form of springs, seeps, and evapotranspiration in several 

areas.  Major areas of natural groundwater discharge include Oasis Valley, Ash Meadows, Alkali Flat, 

Death Valley, and Penoyer Valley (Figure 1-4).  Estimates of evapotranspiration have recently been 

updated by the USGS for the first four areas listed above (Laczniak et al., 2001).  Within the NTS 

region and vicinity, artificial discharge occurs as groundwater pumpage from drinking water supply 

wells (public and domestic), agricultural wells, and industrial wells.  Water supply wells for the NTS 

produce water from the carbonate, volcanic, and valley-fill aquifers.  South of the NTS, private and 

public water supply wells are completed in the valley-fill aquifer.  An estimate of the UGTA regional 

steady-state groundwater budget is provided in Table 2-3.          
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2.1.2 U.S. Geological Survey Death Valley Regional Ground-Water Flow System 
Model

The Death Valley Regional Ground-Water Flow System (DVRFS) model (Belcher et al., 2004) was 

developed as an integrated regional modeling analysis tool supporting NNSA/NSO investigations at 

the NTS and Yucca Mountain.  The DVRFS was completed after the Phase II Hydrologic Data for 

the Groundwater Flow and Contaminant Transport Model of Corrective Action Unit 98: Frenchman 

Flat, Nye County, Nevada (SNJV, 2004d), where Phase II CAU model boundary fluxes from the 

UGTA regional model were presented.  The DVRFS was used during the CAU flow model analysis to 

compute boundary fluxes, which are presented in subsequent sections.  The DVRFS model 

incorporates newly available data and modeling tools, and combines data and insights from two 

previous regional-scale models to provide the most current regional-scale groundwater flow model 

for the Death Valley region.  The two previous models were the UGTA regional flow model 

(DOE/NV, 1997), which was developed to evaluate radionuclide transport from underground nuclear 

weapons test sites on the NTS, and the Yucca Mountain Project (YMP)/Hydrologic Resource 

Management Program model (D’Agnese et al., 1997), which was developed to characterize the 

regional groundwater flow system relative to the potential radionuclide releases from the proposed 

geologic, high-level radioactive waste repository at Yucca Mountain.

The DVRFS integrates a 3-D hydrogeologic framework model and a 3-D groundwater flow model 

(Belcher et al., 2004).  The hydrogeologic framework model incorporates regional geologic data and 

information (stratigraphy and structure) that capture the spatial geologic complexities within the 

Table 2-3
Estimated Steady-State Groundwater Budget

for the UGTA Regional Groundwater Flow System

Recharge

    Recharge from precipitation
    Subsurface inflow
    Total Natural Recharge

(1.77 x 108 - 2.89 x 108 kg/d)
(5.4 x 106 - 7.01 x 107 kg/d)
(1.83 x 108 - 3.59 x 108 kg/d)

Discharge

     Surface discharge (evapotranspiration)
     Subsurface outflow
     Total Natural Discharge

(1.35 x 108 - 3.00 x 108 kg/d)
(8.5 x 105 - 5.1 x 106 kg/d)
(1.36 x 108 - 3.06 x 108 kg/d)

Source: Modified from DOE/NV, 1997 (Table 6-4)
kg/d = Kilograms per day
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model boundary.  There are 27 HGUs defined and incorporated into this model as summarized in 

Table 2-4 (Belcher et al., 2004).  The DVRFS model uses MODFLOW-2000 (Harbaugh et al., 2000), 

a 3-D, finite-difference modular modeling code that incorporates a nonlinear, least-squares regression 

technique to estimate model parameters.  The DVRFS groundwater flow model has 16 layers of 

defined thickness, a finite-difference grid with 194 rows and 160 columns, and uniform cells 1,500 m 

on each side (Belcher et al., 2004).   

Table 2-4 
HGUs for the Death Valley Regional Ground-Water 

Flow System Hydrogeologic Framework Model
 (Page 1 of 2)

HGU
Abbreviation

HGU
Name Description

YAA Younger Alluvial Aquifer Pliocene to Holocene coarse-grained basin-fill deposits 

YACU Younger Alluvial Confining 
Unit Pliocene to Holocene playa and fine-grained basin-fill deposits 

OAA Older Alluvial Aquifer Pliocene to Holocene coarse-grained basin-fill deposits 

OACU Older Alluvial Confining Unit Pliocene to Holocene playa and fine-grained basin-fill deposits 

LA Limestone Aquifer Cenozoic limestone, undivided 

LFU Lava Flow Unit Cenozoic basalt cones and flows and surface outcrops of 
rhyolite-lava flows 

YVU Younger Volcanic Unit Cenozoic volcanic rocks that overlie the Thirsty Canyon Group 

Upper VSU Volcanic and 
Sedimentary Unit

Cenozoic volcanic and sedimentary rocks, undivided, that 
overlie volcanic rocks of Southwestern Nevada Volcanic Field 
(SWNVF)

TMVA Thirsty Canyon-Timber 
Mountain Volcanic Aquifer

Miocene Thirsty Canyon and Timber Mountain Groups, plus 
Stonewall Mountain tuff, undivided 

PVA Paintbrush Volcanic Aquifer Miocene Paintbrush Group 

CHVU Calico Hills Volcanic Unit Miocene Calico Hills Formation 

WVU Wahmonie Volcanic Unit Miocene Wahmonie and Salyer Formations 

CFPPA Crater Flat-Prow Pass 
Aquifer Miocene Crater Flat Group, Prow Pass Tuff 

CFBCU Crater Flat-Bullfrog 
Confining Unit Miocene Crater Flat Group, Bullfrog Tuff 

CFTA Crater Flat-Tram Aquifer Miocene Crater Flat Group, Tram Tuff 

BRU Belted Range Unit Miocene Belted Range Group 

OVU Older Volcanic Unit
Oligocene to Miocene; near the NTS consists of all volcanic 
rocks older than the Belted Range Group.  Elsewhere, consists 
of all tuffs that originated outside of the SWNVF 
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2.2 Recharge Models

2.2.1 U.S. Geological Survey Recharge Model

Two alternative recharge models, used to address recharge uncertainty, are taken from the USGS net 

infiltration/recharge model (Hevesi et al., 2003).  The USGS net infiltration/recharge model is a 

distributed parameter watershed model used to estimate temporal and spatial distribution of net 

infiltration for the Death Valley region.  The major components of this model include infiltration of 

rain, snowmelt, or surface water into the soil or bedrock, with subsequent bare-soil evaporation and 

transpiration from the root zone.  All water percolating past the root zone is considered net 

infiltration, or recharge to the saturated zone, as unsaturated zone processes below the root zone were 

not considered.  The two alternative USGS recharge models include the recharge model that includes 

a runoff/run-on component (USGSD) and the recharge model that does not include the runoff/run-on 

Lower VSU Volcanic and 
Sedimentary Unit

Cenozoic volcanic and sedimentary rocks, undivided; where 
named Cenozoic volcanic rocks exist, lower VSU 
underlies them 

SCU Sedimentary Confining Unit Paleozoic and Mesozoic sedimentary and volcanic rocks 

UCA Upper Carbonate Aquifer Paleozoic carbonate rocks (UCA only used where UCCU exists, 
otherwise UCA is lumped with LCA) 

UCCU Upper Clastic 
Confining Unit

Upper Devonian to Mississippian Eleana Formation and 
Chainman Shale 

LCA_T1 Lower Carbonate Aquifer 
(thrusted)

Cambrian through Devonian predominantly carbonate rocks, 
thrusted 

LCCU_T1
Lower Clastic 
Confining Unit 

(thrusted)

Late Proterozoic through Lower Cambrian primarily siliciclastic 
rocks (including the Pahrump Group and Noonday dolomite), 
thrusted 

LCA Lower Carbonate Aquifer Cambrian through Devonian predominantly carbonate rocks 

LCCU Lower Clastic
 Confining Unit

Late Proterozoic through Lower Cambrian primarily siliciclastic 
rocks (including the Pahrump Group and Noonday dolomite) 

XCU Crystalline Confining Unit Middle Proterozoic metamorphic and igneous rocks 

ICU Intrusive Confining Unit All intrusive rocks, regardless of age 

Source: Belcher et al., 2004

Table 2-4 
HGUs for the Death Valley Regional Ground-Water 

Flow System Hydrogeologic Framework Model
 (Page 2 of 2)

HGU
Abbreviation

HGU
Name Description
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component (USGSND).  Figures 2-2 and 2-3 show the recharge distribution for these two alternative 

models.  As shown in the figures, the recharge datasets provide almost identical recharge values over 

the Frenchman Flat CAU model domain.

The recently released DVRFS model (Faunt et al., 2004) started with the USGSD recharge data.  

Recharge values were first resampled to the 1,500-m regional model grid.  Then a recharge zone 

multiplication array was applied to the net infiltration values to match available discharge 

observations.  Further, high recharge rates were moved from model areas where rocks near the water 

table had lower permeability values to downgradient areas where rocks near the water table were 

relatively permeable.  Figure 2-4 shows the recharge distribution from the DVRFS model (Faunt et 

al., 2004) for the Frenchman Flat Phase II CAU model domain.

2.2.2   Desert Research Institute Chloride Mass Balance Model

The DRI developed two recharge models for the NTS area using an elevation-dependent chloride 

mass balance approach (Russell and Minor, 2002; Russell, 2004).  These models will be used to 

assess recharge uncertainty.  The DRI chloride mass balance approach estimates recharge by 

analyzing the chloride concentrations of precipitation and groundwater.  Higher chloride 

concentrations in groundwater discharged from springs result from evapotranspiration of 

precipitation that contains low amounts of conservative atmospheric chloride ion, thus providing a 

relative gauge of recharge.  This information, in conjunction with soil chloride profiles in differing 

recharge locales (wash versus non-wash), allowed DRI to estimate recharge and associated 

confidence intervals of the recharge estimates.  Two conceptual approaches to distributing the 

chloride mass balance were no recharge in the alluvial areas (DRI alluvial mask alternative, denoted 

DRIA) and one model for no recharge in the alluvial areas and no recharge below an elevation of 

1,237 m (DRI alluvial and elevation mask alternative, denoted DRIAE).  The data for each model 

were compiled in a geographic information system and used in a Monte Carlo analysis to determine 

recharge in the study area.  Results of the analysis yielded estimates of the mean and standard 

deviation of recharge.  The resultant recharge distributions for the Frenchman Flat CAU model 

domain for the DRIA 50th percentile is shown in Figure 2-5.  The recharge distribution for the 

DRIAE 50th percentile distribution is shown in Figure 2-6 (SNJV, 2004d).  The scale used to show 

the different recharge rates for all other recharge models does not show the variability in recharge 
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rates for the DRIA and DRIAE datasets.  Figures 2-7 and 2-8 show the data with a scale that reveals 

the spatial variability recharge rate.                         

2.2.3 Underground Test Area Modified Maxey-Eakin Recharge Models

The recharge distribution used in the UGTA regional groundwater flow model (DOE/NV, 1997) was 

constructed using a modification of the Maxey-Eakin method (Maxey and Eakin, 1949).  Maxey and 

Eakin first described a method of estimating recharge to groundwater from precipitation in a report on 

groundwater in White River Valley, Nevada.  In this method, recharge is estimated from precipitation 

by assuming that a set percentage of precipitation recharge occurs for specific ranges of precipitation.  

This modification incorporated: 

• An updated precipitation map using more recent data

• The calculation of recharge using Maxey-Eakin coefficients

• The calculation of total recharge volumes for individual hydrographic areas

• The redistribution of a percentage of the total recharge within selected subareas to low-lying 
areas

Figure 2-9 shows the modified Maxey-Eakin recharge distribution (denoted MME) for the 

Frenchman Flat CAU model area.  

Subsequent to the development of the UGTA regional flow model (DOE/NV, 1997), a revised 

recharge distribution was generated for the NTS area by updating the original UGTA recharge model.  

The update included the redigitization and recontouring of the precipitation map, and the 

redigitization of the hydrographic areas using larger-scale maps.  Following the update, a comparison 

to other recharge models was conducted.  This updated recharge distribution model is designated as 

the UGTA Revised Maxey-Eakin recharge alternative.  Figure 2-10 shows the UGTA revised 

Maxey-Eakin recharge distribution for the Frenchman Flat CAU model area.    
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Figure 2-2
USGS Recharge Distribution with Overland Flow (USGSD)
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Figure 2-3
USGS Recharge Distribution without Overland Flow (USGSND) 
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Figure 2-4
DVRFS Model Recharge Distribution 
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Figure 2-5
DRI Recharge Distribution with Alluvial Mask (DRIA)
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Figure 2-6
DRI Recharge Distribution with Alluvial and Elevation Mask (DRIAE)
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Figure 2-7
DRI Recharge Distribution with Alluvial Mask (DRIA) - Revised Scale
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Figure 2-8
DRI Recharge Distribution with Alluvial and Elevation Mask (DRIAE) - Revised Scale
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Figure 2-9
Original UGTA Modified Maxey-Eakin (MME) Recharge Model
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Figure 2-10
Revised UGTA Modified Maxey-Eakin (MME-revised) Recharge Model
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2.3 CAU Models

2.3.1 Phase I Frenchman Flat CAU Model

Following the completion of the NTS regional model, work was initiated to develop the Phase I 

Frenchman Flat CAU-specific HFM, steady-state groundwater flow, and groundwater transport 

models.   

Based on the Value of Information Analysis (IT, 1997b), the Frenchman Flat CAIP (DOE/NV, 1999) 

concluded that existing data were sufficient to develop CAU-scale hydrostratigraphic, groundwater 

flow, and transport models.  These models would then be used to evaluate the impacts of various 

sources of uncertainty and provide a basis for a determination whether additional data were needed to 

adequately simulate the location of contaminant boundaries.

At the conclusion of the Frenchman Flat Phase I modeling, all draft documentation and modeling 

results were reviewed by an external peer group.  The results of this review were documented in the 

External Peer Review Group Report on Frenchman Flat Data Analysis and Modeling Task, 

Underground Test Area Project (IT, 1999a) and Lessons Learned from the Frenchman Flat Corrective 

Action Groundwater Flow and Radionuclide Transport Model (IT, 2000).  Based on the external peer 

review results and the evaluation of lessons learned from the Phase I work, deficiencies were 

identified and recommendations for work to address these deficiencies were made.  These 

recommendations led to the development of a Phase II investigation plan that was documented in the 

Addendum to Revision 1 of the Corrective Action Investigation Plan for Corrective Action Unit 98:  

Frenchman Flat, Nevada Test Site, Nevada (NNSA/NV, 2001).

2.3.1.1 Phase I Frenchman Flat Hydrostratigraphic Framework Model

The Phase I HFM for the Frenchman Flat area represented a CAU-specific refinement of the UGTA 

regional model.  The mechanics of integrating the geologic data into the 3-D hydrostratigraphic 

model included constructing geologic cross sections; constructing contour maps for the elevation of 

the top of each HSU; and converting the contour maps to gridded elevations for input into visual 

display software and groundwater flow and transport models.
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As the basis for geologic interpretation, the alluvial, volcanic, and pre-Tertiary rocks in the 

Frenchman Flat Phase I model area were classified as either aquifer or confining unit HGUs.  The 

alluvial rocks included a playa confining unit (PCU) and a valley-fill aquifer unit.  In general, altered 

(typically zeolitized) volcanic rocks were defined as confining units, and the unaltered volcanic rocks 

were defined as aquifer units.  Finally, the pre-Tertiary siliceous clastic rocks were generally defined 

as confining units, while pre-Tertiary carbonate rocks were defined as aquifer units.

The conceptual model of Grauch and Hudson (1995) was used as the basis for the Phase I HFM.  This 

conceptual model took into account gravity and aeromagnetic data from Frenchman Flat as well as 

theories of basin formation, and drill-hole and outcrop data.  The bottom of the flow system was the 

Paleozoic LCA.  The LCA has the largest transmissivity of the HSUs in Frenchman Flat and transmits 

the majority of the water from recharge areas east of the NTS to the discharge areas to the south.  Tuff 

and volcaniclastic confining units (termed LTCU and VCU in the Phase II HFM, respectively) lie 

above the LCA over most of the basin except in the southeast corner, where they have been eroded.  

These are generally finer-grained, often zeolitized units of low permeability.  The Timber Mountain 

Aquifer (TMA) overlies the TCU to the north, while the Wahmonie Confining Unit (WCU) overlies 

the TCU and VCU to the west.  Both the TMA and WCU are quite heterogeneous and contain 

stringers of fractured aquifer material.  Therefore, these units were considered more permeable than 

the underlying confining units.  One additional unit, the UCCU, is not present in the Frenchman Flat 

basin but was believed to be present in CP basin, west of Cane Spring fault.  The UCCU was expected 

to act as a barrier to downward flow in CP basin and may help keep water levels higher in CP basin 

than in Frenchman Flat.  Finally, the shallowest unit in the center of the Frenchman Flat basin was the 

AA.

Drill-hole data did not exist to unambiguously define all aspects of the Grauch and Hudson (1995) 

conceptual model (for instance, the thickness of the alluvium under the testing areas).  However, an 

effort was made during construction and evaluation of this model to determine whether any other 

models of Frenchman Flat geology could be defended.  Through this analysis it was found that, 

although certain components of the model were subject to alternative interpretations, the basic 

concept of a very thick section of Paleozoic sedimentary rocks and a relatively thin sequence of 

overlying Tertiary volcanic rocks that has been deeply depressed, broken by faults, and buried 

beneath moderately thick alluvium remained intact.  
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The Phase I HFM is very similar to the one used in the Phase II flow model evaluation, supplemented 

by additional geophysical and drill-hole data as described in Section 2.3.3.  

2.3.1.2 Conceptual Models of Groundwater Flow for the Phase I CAU Flow Model 

There is little disagreement that the direction of flow in the underlying LCA is from north-northeast 

to south-southwest.  However, groundwater flow in the alluvium is more ambiguous.  Three general 

models of groundwater flow in the AA were developed for Phase I as follows (IT, 1999a; Hershey 

et al., 2005): 

• North-to-south flow.  In this model, local groundwater flow parallels the presumed regional 
flow directions.  With the flat potentiometric surface in the center of Frenchman Flat basin 
and the 5- to 10-m lower heads to the south and southeast (although affected by pumping), it is 
easy to visualize southerly flow.  Under this conceptual model, water levels north of 
Frenchman Flat are higher than 734 m, thus serving as the source of water to the alluvium.  
The CP basin region west of Frenchman Flat is assumed to be isolated from Frenchman Flat 
and would be part of a separate flow system isolated by the Cane Spring fault.  The water in 
the Frenchman Flat basin is assumed to drain to the south in the LCA.

• Bathtub, or horizontally stagnant, flow conditions.  Under this model, the vertical gradients 
are much stronger than the horizontal hydraulic gradients, and the dominant direction of flow 
will be vertical in the testing areas.  The water levels in the southern area are lower because of 
a decrease in confining unit thickness underlying the alluvium.  In this conceptual model, the 
hydraulic head in the underlying LCA will be lower than the head in the alluvium.  The CP 
basin area is assumed to be hydraulically separated from the Frenchman Flat basin by the 
Cane Spring fault.  The bathtub model also assumes that an effective confining unit always 
underlies the alluvium.

• West-to-east flow.  In this model, the CP basin and Mount Salyer regions are the source of 
most of the water in the Frenchman Flat alluvium, with a small component from recharge.  
After entering the alluvium from the west, the groundwater will travel laterally toward the 
lower hydraulic head in the LCA, on the perimeter of the basin.  In this model, groundwater 
flow will be northerly in the northern part of the basin, easterly in the eastern part of the basin, 
and southerly in the southern part of the basin.  This model also assumes that west-central 
Frenchman Flat should have the highest water levels.  Aspects of this scenario have been 
proposed by Winograd and Thordarson (1975) and Laczniak et al. (1996), particularly with 
respect to discharge to the LCA. 

Winograd and Thordarson (1975) also propose the Cane Spring fault as a barrier, but they do not 

speculate that it may be leaky and allow water to enter the Frenchman Flat alluvium.  They also 

speculate a possible fault influence in the vicinity of the western side of Frenchman Lake playa.  
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However, they believed that the fault might have created a vertical conduit to the LCA that helps to 

explain the lower water levels in Wells WW-5A and WW-5C.  To the east, a major north-south splay 

of the Rock Valley fault system also may act as the major basin-bounding fault.  The postulated large 

displacement on this fault places LCA in contact with volcanic rocks in contact with alluvium; this 

could serve as a drain to the east.

2.3.1.3 Phase I CAU Flow and Transport Model Results

The Phase I CAU steady-state numerical flow model was calibrated to the data, with a bias to 

underpredict water levels in the southern part of the basin.  Model modifications that might improve 

agreement with the data in the southern area were suggested but not implemented.  The peer review 

observed that, given the data and complexity of the hydrogeologic setting, the single calibrated model 

presented was not unique.  The peer review also stated that other models based on different geologic 

conceptualizations still might be able to equally reproduce the available head measurements, and that 

only parameter uncertainty, and not geologic and structural uncertainty, was considered.  

The Phase I transport model showed very limited radionuclide transport.  However, the peer review 

found that the model grid block volume could be up to 10 times larger than one cavity volume, 

resulting in significant dilution of the initial radionuclide mass associated with an underground 

nuclear test and potential underestimation of radionuclide concentrations (IT, 1999a).  

2.3.2 Desert Research Institute Geochemistry Model

The Phase I peer review suggested an integrated isotope and geochemistry analysis in order to better 

define flow paths in and around Frenchman Flat, and differentiate the appropriate conceptual model 

of basin hydraulics.  Hershey et al. (2005) performed an isotope and geochemistry modeling analysis 

to assess the viable flow paths and groundwater mixing models in and around Frenchman Flat.  More 

discussion of the available groundwater geochemistry data for the Frenchman Flat CAU is also 

provided in SNJV (2004d; Section 10.0).  The approach used for these evaluations was consistent 

with that described in the Geochemistry Technical Basis Document (Benedict et al., 2003).  Viable 

flow paths were first identified using conservative tracers and evaluated further using strontium (Sr) 

data and NETPATH (Plummer et al., 1994) and PHREEQC (Parkhurst and Appelo, 1999) software 

packages.  These programs are used to interpret net geochemical mass balance between initial and 
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final water compositions along a flow path, and to calculate groundwater mixing ratios and apparent 

groundwater travel times (Hershey et al., 2005).  Plausible flow paths that are consistently described 

using conservative tracers, Sr, and reactive transport (NETPATH/PHREEQC) modeling are 

considered to have a high probability of representing realistic groundwater pathways.

The focus of the recent geochemical data analysis of Hershey et al. (2005) was on testing the 

conceptual flow models developed from the Phase I groundwater modeling effort in an effort to 

resolve the most appropriate model (see Section 2.3.1.2).  These pathways included:  

(1) north-to-south flow, (2) west-to-east flow, and (3) vertical transport from the alluvial/volcanic 

aquifers to the LCA (bathtub model).  In general, the analysis of conceptual groundwater flow paths 

was limited by an uneven spatial distribution of wells within the study area and by a paucity of wells 

completed in the LCA.  The general conclusions drawn from the geochemical data assessment of 

Hershey et al. (2005) are as follows:

North-to-South Flow Path

Alluvium.  The presence of a major north-to-south flow path within the AA was not supported using 

conservative tracer data, nor was a north-to-south flow path from the AA to the downgradient LCA at 

Army-1 WW.  Although conservative tracer data yielded one successful model that suggested the 

possibility of a relatively deep lateral pathway through the volcanic aquifers beneath Frenchman Flat 

to the LCA, the model was not supported by subsequent reactive transport geochemical models.  

Therefore, it was concluded that southward lateral transport of groundwater out of the alluvial or 

volcanic units to the LCA at Army-1 WW was improbable.

Lower Carbonate Aquifer.  Water-level data in the southeastern portion of the NTS are generally 

consistent with a north-to-south flow path within the LCA.  Geochemical data tend to support this 

conclusion, although the fractional amount of Frenchman Flat LCA groundwater that contributes to 

the downgradient flux remains uncertain.  At Army-1 WW, conservative tracer models predicted a 

minimum of approximately 35 percent Frenchman Flat LCA water, whereas reactive transport models 

predict a maximum of approximately 14 percent.  The truth is thought to lie somewhere between.  

Dissolved inorganic carbon-14 (DI14C) travel times calculated for the Frenchman Flat to Army-1 WW 

LCA flow path ranged from 4,300 to 6,800 years.  
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West-to-East Flow Path

Alluvium.  West-to-east flow in the AA to the LCA in eastern Frenchman Flat could not be 

substantiated using any of the geochemical modeling approaches (conservative tracers, Sr data, 

NETPATH/PHREEQC).  Mixing models using groundwater from the CP basin were unsuccessful 

because this water is chemically distinct from other Frenchman Flat groundwater.  It was noted, 

however, that this flow path could not be adequately tested due to a paucity of appropriate well 

locations.

Vertical Transport (Bathtub Model)

The possibility that groundwater is moving from the alluvial and volcanic aquifers into the LCA 

could only be tested at one location within the Frenchman Flat basin: Well ER-5-3 #2.  A 

conservative tracer model was developed that required 76 to 87 percent of an undiluted LCA 

groundwater with approximately 13 to 24 percent alluvial groundwater.  However, these models were 

not supported by other lines of geochemical evidence. 

Conceptually similar mixing models were successfully developed involving the mixing of 70 percent 

of an undiluted LCA groundwater and approximately 30 percent of a volcanic groundwater to derive 

the composition of WW C-1, in southernmost Yucca Flat.  The conservative tracer and chemical 

models were in good agreement in this case.  Although the Sr isotope data did not support this 

conceptual flow path, the development of a consistent set of conservative tracer and geochemical 

transport models for WW C-1 suggests that vertical flow is a potential viable process in southern 

Yucca Flat, although it must be remembered that Yucca Fault is thought to drain the volcanic rocks 

overlying the LCA, a feature not observed in Frenchman Flat.

In general, Hershey et al. (2005) concluded that migration of radionuclides out of the alluvium and 

volcanic aquifers into the LCA is unlikely, but that there is a viable LCA flow path from Frenchman 

Flat to the southern boundary of the NTS, in general agreement with postulated regional flow 

directions.

Further analyses of groundwater flow paths and travel times in the alluvium and tuffaceous units in 

Frenchman Flat are presented in Section 8.0.  These analyses are intended to complement the 

analyses of Hershey et al. (2005).
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2.3.3 Phase II Hydrostratigraphic Framework Model

Following the Frenchman Flat CAIP Addendum (NNSA/NV, 2001) additional characterization work 

was undertaken.  Relevant to the HFM, these activities included the drilling and completion of five 

new wells in the vicinity of the two testing areas in Frenchman Flat, and geophysical investigations 

including gravity, ground and aeromagnetic, seismic, and magnetotelluric data.  The integrated use of 

geophysics was suggested by the peer review (IT, 1999a).  The well drilling and geophysical 

investigations contributed new data and information for use in the development of the Phase II HFMs.

The Phase II Frenchman Flat CAU-specific HFM was constructed using EarthVision® (Dynamic 

Graphics, 2002), a 3-D geologic model building and visualization software package.  Input data 

included drill-hole data, DEM data, and outcrop and fault data from surface geologic maps.  Where 

deemed necessary, the data were supplemented with interpretations in the form of cross sections and 

structure-contour maps.  

The Phase II Frenchman Flat BASE HFM was constructed based on drill-hole and geophysical data 

collected in the Frenchman Flat model area.  The conceptual model is still broadly consistent with the 

NTS hydrologic system described by Winograd and Thordarson (1975) and Phase I HFM, and 

consists of a thick, fractured LCA overlain by volcanic rocks that have been depressed and buried by 

alluvium.  

Data collected during the Phase II acquisition clearly show that the basin is deeper than originally 

depicted in the Phase I HFM.  In the vicinity of the underground nuclear test locations in the central 

portion of Frenchman Flat, the LCA is 1,000 m deeper than estimated in Phase I.  In northern 

Frenchman Flat, near Well Cluster ER-5-3, the LCA is about 380 m deeper in the Phase II HFM 

(BN, 2005a).  

The greater depth to pre-Tertiary rocks (e.g., LCA, UCCU, LCCU) in the Phase II model results in 

greater thicknesses of the overlying alluvial and volcanic deposits.  The alluvium is more than 100 m 

thicker in the northern portion of the basin, and more than 800 m thicker beneath the central testing 

area.  Likewise, Tertiary-age volcanic rocks are 300 m thicker beneath northern Frenchman Flat and 

600 m thicker beneath the central portion of the basin (BN, 2005a).  
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The Phase II Frenchman Flat HFM area encompasses more than 570 km2 in the southeastern portion 

of the NTS.  The model area has a north-south length of 30 km and an east-west length of 19 km, and 

includes geologic units as deep as -5 km amsl (BN, 2005a).  Figure 2-11 is an HSU surface map of the 

Frenchman Flat CAU model domain showing the locations of Well Clusters ER-5-3 and ER-5-4.  The 

wells at both of these locations penetrated Quaternary and Tertiary alluvium to depths of 622.4 m and 

1,120.4 m, respectively.  

A BASE HFM and four alternative HFMs (different geologic interpretations that are equally 

consistent with the available data) were developed.  The BASE HFM represents the consensus view 

of the currently most viable model based on existing data.  The inherent uncertainty in such a model is 

recognized and addressed via a suite of models that are equally permissive within the constraints of 

available data.  The primary purpose for establishing a base model is to have a reference point for 

describing alternative HFMs.  Details on the development of the BASE and alternative HFM 

development, and selection criteria for the alternative HFMs, are documented in A 

Hydrostratigraphic Framework Model and Alternatives for the Groundwater Flow and Contaminant 

Transport Model of Corrective Action Unit 98:  Frenchman Flat, Clark, Lincoln and Nye Counties, 

Nevada (BN, 2005a). 

2.3.3.1 BASE Hydrostratigraphic Framework Model

This section summarizes the structural features, HGUs, and HSUs of the BASE HFM (the HFM 

considered most likely based on geologist expert judgement developed for the Frenchman Flat area 

and vicinity.  Figure 2-11 shows the HSUs at the surface for the Frenchman Flat BASE HFM.  A 3-D 

view of this model is shown in Figure 2-12.  Plate 1 shows cross sections through the BASE HFM.

The BASE HFM model includes a total of 71 faults and 17 HSUs (9 aquifers and 8 confining units).  

The structural elements are typically normal faults (basin and range-style faults) but also includes 

several strike-slip and older thrust faults.  Only faults that were considered to be hydrologically 

significant were included in the model, which includes the larger faults (those with offsets typically 

greater than 61 m) and the faults that seem to form significant structural boundaries (Figure 2-13) 

(BN, 2005a). 
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Figure 2-11
Hydrostratigraphic Unit Surface Map of the Frenchman Flat Model Area
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Figure 2-12
Three-Dimensional View of the BASE Hydrostratigraphic Model

of the Frenchman Flat Area (BN, 2005a)
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Figure 2-13
Three-Dimensional Image of Major Fault Structures

(Alluvial sequence not displayed)
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Frenchman Flat is an east-tilted half-graben basin, the formation of which is directly related to the 

northeastern termination of the Rock Valley fault zone within an extensional imbricate fan 

(Figure 2-13).  The main basin is bounded on the south, north, and east by a series of oblique-slip 

faults that extend out of the northeast-striking, left-lateral strike-slip Rock Valley fault zone and curve 

north and northwest, forming an imbricate fan structure.  These faults are the main basin-forming 

faults, dropping the central portion of the basin down on the south, north, and east, and resulting in an 

east tilt to rocks beneath the basin, and a general eastward thickening wedge of volcanic and alluvial 

deposits.

Another significant structural feature is the Cane Spring fault (Figure 2-13), located in the 

northwestern part of the Frenchman Flat model area.  The Cane Spring fault separates the Frenchman 

Flat basin from CP basin, which has hydraulic head values in shallow volcanic units significantly 

higher than those observed in Frenchman Flat basin (SNJV, 2004d). 

As described in Section 2.1.1.1, the rocks of the NTS have been classified for hydrologic modeling 

using a two-level classification scheme in which HGUs are grouped to form HSUs (IT, 1996d).  New 

units and additional detail have been added to the basic framework definition.  Table 2-5 summarizes 

the Phase II Frenchman Flat HSUs (BN, 2005a).  They are listed in approximate order from surface to 

basement, although some are laterally rather than vertically contiguous and not all units are present in 

all parts of the model area.  Plate 1 shows eight cross-sectional views of the hydrostratigraphic 

framework within the Frenchman Flat model area.  

The Phase II Frenchman Flat HFM (BN, 2005a) includes considerable structural detail and 

stratigraphic enhancement over the UGTA regional HFM (IT, 1996d).  The total number of HSUs 

increased from 9 to 17.  Most of the detail was added to the Quaternary-Tertiary alluvial section and 

the Tertiary volcanic section.  The single AA in the regional model has been subdivided into five 

HSUs.  The two Tertiary volcanic HSUs in the UGTA regional HSU model were subdivided into eight 

HSUs for the Phase II Frenchman Flat model.  Except for the LCA thrust plate, the three pre-Tertiary 

HSUs remain as initially defined.
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Table 2-5
Hydrostratigraphic Units for the Phase II Frenchman Flat Hydrostratigraphic Framework Model

 (Page 1 of 2)

Hydrostratigraphic Unit (Symbol) General Description

Alluvial Aquifer
(AA, AA3, AA2, AA1)a

(this term is also used to designate an HGU)

Consists mainly of alluvium that fills extensional basins.  Also includes generally older Tertiary gravels, and 
very thin air-fall tuffs.  The AA, AA1, AA2, and AA3 are equivalent hydrogeologically except for position 
relative to other HSUs embedded within the alluvial section.

Playa Confining Unit (PCU2T) Clayey silt and sandy silt.  Forms the Frenchman Flat playa.

Basalt Lava Flow Aquifer (BLFA) Several (possibly dissected) basalt flows are recognized in the middle of the alluvial section of the 
northeastern Frenchman Flat.  Related to other basalt flows in Nye Canyon.

Older Altered Alluvial Aquifer
(OAA and OAA1)

Older, denser, zeolitized alluvium recognized only in northern Frenchman Flat.  The OAA and OAA1 are 
equivalent except for position:  the OAA is above the BLFA, and the OAA1 is stratigraphically beneath the 
BLFA. 

Older Playa Confining Unit
(PCU1U and PCU1L)

Deep, subsurface playa deposits in the deepest portion of Frenchman Flat.  Recognized in Well ER-5-4 #2 
and with 3-D seismic data.  The PCU1U and PCU1L are similar except for position.

Timber Mountain Welded Tuff Aquifer
(TM-WTA)

Consists mainly of welded ash-flow tuffs of Ammonia Tanks Tuff and Rainier Mesa Tuff.  Unit occurs mostly 
in north and central Frenchman Flat.  Prolific aquifer when saturated. 

Timber Mountain Lower Vitric Tuff Aquifer
(TM-LVTA)

Defined to include all unaltered (nonzeolitic) nonwelded and bedded tuffs below the welded Rainier Mesa 
Tuff (Tmr) and above the level of pervasive zeolitization.  The presence of the welded Topopah Spring Tuff 
(Tpt) (see TSA) complicates this general description.

Upper Tuff Confining Unit (UTCU) Relatively thin TCU above the TSA.  Grouped with the LTCU where the TSA is not present.

Topopah Spring Aquifer
(TSA)

The welded ash-flow lithofacies of the Tpt in the Massachusetts Mountain/French Peak area and 
north-central Frenchman Flat.

Lower Vitric Tuff Aquifer (LVTA) Relatively thin VTA unit below the TSA.  Grouped with the TM-LVTA where TSA is not present.

Lower Tuff Confining Unit
(LTCU and LTCU1)

Generally includes all the zeolitic nonwelded and bedded tuffs in southeastern NTS.  May include all units 
from the base of Tmr to the top of Paleozoic-age rocks.  The Wahmonie Formation stratigraphic interval 
grades or interfingers laterally westward into the WCU.  Zeolitic bedded tuffs stratigraphically below the 
WCU are classified as the LTCU1.

Wahmonie Confining Unit
(WCU)

Mixture of lava flows, debris flows, lahars, ash flows, and air-falls.  Typically zeolitic, argillic, or 
hydrothermally altered.  Grades or interfingers laterally with the LTCU.

Volcaniclastic Confining Unit
(VCU)

Older Tertiary sedimentary rocks of variable lithologies including silt, clay, limestone, gravel, and tuffaceous 
units.  Present in southeastern half of Frenchman Flat.  
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Lower Carbonate Aquifer-Thrust Plate
(LCA3)

Cambrian through Devonian, mostly limestone and dolomite, rocks that occur in the hanging wall of the 
Belted Range thrust fault.  Present only in the northwest corner (CP basin) of the model area.

Upper Clastic Confining Unit
(UCCU)

Late Devonian through Mississippian siliciclastic rocks.  Present only in the northwest corner (CP basin) of 
the model area, northwest of Cane Spring fault and southwest of Topgallant fault.

Lower Carbonate Aquifer
(LCA) 

Cambrian through Devonian mostly limestone and dolomite.  Regional carbonate aquifer present 
throughout the model area.

Lower Clastic Confining Unit 
(LCCU)

Late Proterozoic through Early Cambrian siliciclastic rocks.  Hydrologic basement present at great depth in 
the model area.

Source:  Modified from BN, 2005a

aThese subdivisions are equivalent hydrogeologically but are necessary to satisfy operational requirements of the hydrostratigraphic modeling software.

Table 2-5
Hydrostratigraphic Units for the Phase II Frenchman Flat Hydrostratigraphic Framework Model

 (Page 2 of 2)

Hydrostratigraphic Unit (Symbol) General Description
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Following the completion of the BASE HFM, four alternative HFMs were developed.  The main 

criterion for selecting alternative HFMs was the potential impact of the alternative interpretation on 

groundwater flow and the transport of contaminants in groundwater.  Table 2-6 summarizes the 

alternative HFMs.  The following discussion is taken from BN (2005a) and provides a more detailed 

overview of these alternative HFMs.   

2.3.3.2 Basalt Lava Flow Aquifer (BLFA) HFM Alternative - Alternative Model #1

The Phase II Frenchman Flat BASE HFM depicts the BLFA HSU as three separate and discontinuous 

bodies embedded within the alluvial section.  This geometry is based on drill-hole and ground 

magnetic data.  However, there is some uncertainty associated with this interpretation.  It is not 

known whether these are three separate flows or erosional remnants of a single larger flow.  Also, 

aeromagnetic and ground magnetic data do not extend far enough east to show definitively the eastern 

limit of the BLFA.  Coincidently, the BLFA HSU is located at or near the water table.  The presence 

Table 2-6
Summary of Alternative Hydrostratigraphic Framework Models Considered 

in the Frenchman Flat Flow Model

Alternative HFM Key Difference(s) 
Compared to BASE HFM  Potential Impacts on Flow Model

Basalt Lava Flow Aquifer 
(BLFA)

The BLFA HSU is modeled as a single 
continuous flow, rather than three separate 
zones.  

Located at or near the water table, which 
may affect flow and transport of 
radionuclides away from underground 
nuclear tests in the northern testing area.

Detachment fault
(DETA)

This alternative is a no detachment fault 
model.

In this alternative, removing the fault 
eliminates potential hydrologic 
consequences of volcanic unit offsets 
across the fault.  Volcanic rocks were 
modeled as dipping moderately southward 
from Area 11. 

Displacement fault 
(Aquifer Juxtaposition)

(DISP)

This alternative is concerned with the 
locations and displacement of basin-forming 
faults.

This alternative juxtaposes shallow 
aquifers against deeper aquifers, allowing 
a hydraulic connection between volcanic 
aquifers underlying the AA in Frenchman 
Flat to carbonate aquifers east and south 
from the Rock Valley fault system.

CP thrust fault
(CPBA) 

The CP basin alternative extends the UCCU 
beneath all of CP basin.

Some uncertainty exists in the distribution 
of pre-Tertiary HSUs, particularly the 
distribution of UCCU beneath CP basin. 
This alternative results in a continuous 
sheet of UCCU beneath the basin.

Source:  BN, 2005a; SNJV, 2004d
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and geometry of such an aquifer near the water table may affect flow and transport of radionuclides 

away from underground nuclear tests in the vicinity.

Basaltic volcanism in the Frenchman Flat basin includes buried basalt encountered in the alluvial 

section in multiple drill-holes in the north-northeastern part of the basin, including drill-hole ER 5-3 

(Carr, 1974).  The age of these buried basalt lavas is about 8.5 million years ago (Ma) 

(Shott et al., 1998).  Local vents for the buried basalt are present in Scarp Canyon immediately north 

of Frenchman Flat (Crowe, 1990; Perry et al., 1998).  Several of the basalt flows and dikes to the 

north in the Half Pint Range are associated with generally north-south trending faults (Hinrichs and 

McKay 1965; Byers and Miller, 1966).  It is conceivable that one of the basin-forming faults in the 

Frenchman Flat model is the source for the Frenchman Flat basalt.  If so, the BLFA could possibly 

provide a lateral conduit for contaminants from underground nuclear tests in northern Frenchman Flat 

eastward to the fault and ultimately to the LCA.  This alternative will allow flow and transport 

modeling to explore the consequences of a continuous BLFA near the water table in the vicinity of the 

underground nuclear tests in northern Frenchman Flat.  A comparison of the BLFA HSU in the BASE 

HFM to this alternative is shown on Plate 2.

2.3.3.3 Detachment Fault (DETA) HFM Alternative - Alternative Model #2

Drill-hole and 3-D seismic data suggest that a detachment fault is present beneath the northern 

portion of Frenchman Flat, and this interpretation was included in the BASE HFM.  However, 

because of the uncertainty of this interpretation and the potential hydrologic consequences associated 

with such an interpretation, an alternative HFM was developed that did not include the detachment 

fault.  In the alternative HFM, the detachment fault is removed, and volcanic rocks are modeled as 

dipping moderately southward from borehole UE-11b and nearby surface exposures to the deeper 

intercepts in drill-holes located to the south.  A comparison of the BASE HFM to this alternative is 

shown on Plate 2.

2.3.3.4 Displacement Fault (DISP) HFM Alternative - Alternative Model #3

Because basin-forming faults typically have large vertical displacements, the juxtaposition of shallow 

aquifers against deeper aquifers could occur and be significant with regard to flow-and-transport 

modeling in the Frenchman Flat area.  In the BASE HFM, no aquifers are juxtaposed due to faulting 
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along the main basin-forming faults.  However, the locations, orientations, and amounts of 

displacements associated with these faults are poorly constrained.  Therefore, an alternative HFM 

was developed that juxtaposed shallow volcanic aquifer HSUs with the LCA along a major 

basin-forming fault.  A comparison of the BASE HFM to this alternative is shown on Plate 2.

2.3.3.5  CP Basin (CPBA) HFM Alternative - Alternative Model #4

Considerable uncertainty exists with regard to the pre-Tertiary structural geology beneath CP basin.  

Consequently, the distribution of pre-Tertiary HSUs beneath the basin is poorly known, particularly 

the distribution of the UCCU.  The UCCU is exposed in the footwall of the CP thrust fault just 

northwest of the model area, and magnetotelluric (MT) recordings seem to indicate that the UCCU is 

present beneath the northeastern portion of CP basin.  The BASE HFM incorporates the MT data, and 

thus places the UCCU beneath CP basin as part of the footwall of the CP thrust and limits its extent to 

the northeastern portion of the basin.  Overlying the footwall rocks is a continuous sheet of carbonate 

rocks that composes the hanging wall of the CP thrust.  

Because of the uncertainties associated with the distribution of the UCCU beneath CP basin, and the 

potential hydrologic influence of this major confining unit, particularly with regards to groundwater 

flux out of southern Yucca Flat and into the northwest portions of the model area, an alternative HFM 

was developed for CP basin.  A comparison of the BASE HFM to this alternative is shown on Plate 2.  

The alternative model extends the UCCU beneath all of CP basin, resulting in a continuous sheet of 

UCCU beneath the basin.  As in the BASE HFM, a continuous sheet of carbonate rock comprising the 

hanging wall of the CP thrust fault overlies the UCCU beneath the basin.  Further, to the north of CP 

basin, faults 11 and 16 in the BASE HFM are combined into a single, more extensive fault (fault 74) 

in this alternative (not shown on Plate 2). 

2.4 Summary

Several studies have investigated or described various aspects of the Frenchman Flat groundwater 

flow system, including two regional flow models, three recharge models developed from different 

principles, two HFMs, and a geochemical analysis.  The UGTA regional model, Phase I CAU model, 

and Maxey-Eakin recharge estimates were developed as part of the first phase in the UGTA 

compliance strategy described in Appendix VI, Revision No. 1 (December 7, 2000) of the FFACO 
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(1996).  The results of a peer review (IT, 1999a) at the third major decision point in the strategy, 

Phase I CAU flow and transport model acceptability, resulted in revision to the Frenchman Flat CAIP 

(DOE/NV, 1999) to undertake additional data collection and analysis activities as part of Frenchman 

Flat Phase II.  

Of the work summarized in this section, the USGS and DRI recharge models, geochemical analysis, 

and Phase II HFM were performed as part of the Phase II analysis.  These will be analyzed and 

discussed in subsequent sections as they related to the development and understanding of the Phase II 

CAU flow model.
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3.0 DATA AND CONCEPTUAL MODELS

This section summarizes hydraulic data and interpretations that form the basis for conceptual and 

numerical models of the Frenchman Flat flow system.  Hydraulic data for Frenchman Flat have been 

collected intermittently for more than 50 years, and various investigations (e.g., Winograd and 

Thordarson, 1975; Winograd and Pearson, 1976; IT, 1998 and 1999b; SNJV, 2004d) have interpreted 

the available data.  The data presented in this section include the older datasets along with new data 

that confirm many of the basic elements of the Frenchman Flat flow system that were first recognized 

as early as the 1970s.

Winograd and Thordarson (1975) first described the basic features of the Frenchman Flat flow system 

as it is known today. They noted that hydraulic heads in the CP basin to the northwest of Frenchman 

Flat were approximately 113 m higher than hydraulic heads in Frenchman Flat basin, and they 

attributed this hydraulic discontinuity to the presence of the Cane Spring fault, which separates these 

basins. Water levels in both the alluvium and the welded tuffs within Frenchman Flat were 

determined to be several meters higher than water levels in the LCA that underlies and surrounds the 

basin, leading them to the conclusion that groundwater in the alluvium and tuff was semiperched and 

could only leave the basin by draining downward to the LCA or by flowing laterally into the LCA 

across the basin margins. Slightly lower water levels at several wells near Frenchman Lake Playa led 

them to conclude that a stronger hydraulic connection between the alluvium and the LCA existed near 

the playa, perhaps as a result of the thinning or faulting of the tuff aquitards that line the basin, and 

that drainage from the alluvium to the LCA was concentrated near the playa. 

The flat hydraulic gradients within Frenchman Flat, combined with data from other areas of the NTS 

that indicated the permeability of alluvium is low to moderate, suggested to Winograd and 

Thordarson (1975) that the groundwater flux through the basin-filling alluvium and tuffs was 

relatively small. In the northern part of the basin, several wells drilled to different depths in the 

alluvium had very similar composite heads. This observation, combined with a hydraulic head 

measurement from the underlying tuff aquitard that was 5 to 6 m lower than the heads in the alluvium, 
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suggested that vertical head gradients within the alluvium were small or nonexistent, and that most of 

the head loss between the alluvium and LCA takes place across the deep tuff aquitards that line the 

basin. Thus, there was little gradient to drive downward flow in the alluvium, at least away from the 

vicinity of the playa. Laczniak et al. (1996) revisited the basic conceptual model first described by 

Winograd and Thordarson (1975), emphasizing the possibility that lateral flow from the basin through 

the tuff confining units could also recharge the LCA. 

A later conceptual model proposed by IT (1999a) suggested that semiperched groundwater in the 

alluvial and volcanic aquifers of Frenchman Flat was sustained by groundwater inflow from the CP 

basin that leaks across the Cane Spring fault (IT, 1999a). Leakage of groundwater from the CP basin 

into Frenchman Flat results in groundwater flow directions in Frenchman Flat that are generally 

northwest to southeast. This conceptual model was supported by three observations: 1) observed 

water levels in CP basin are much higher than those in the Frenchman Flat basin, 2) observed water 

levels in the AA are lower to the south and east of the Frenchman Flat playa, and 3) water levels 

observed in Well UE-5c WW in the northwest alluvium are greater than those observed in the central 

or east basin.

Winograd and Pearson (1976) discussed groundwater flow in the carbonate rocks beneath southern 

Frenchman Flat and concluded from 14C measurements and limited hydraulic head data that 

groundwater flow was relatively rapid within a hydraulic trough extending roughly 30 km between 

eastern Frenchman Flat at Well TW-3 and springs at the Ash Meadows discharge area. Based on the 

small volumes of groundwater inflow to Frenchman Flat from Yucca Flat estimated by Winograd and 

Thordarson (1975), Laczniak et al. (1996) concluded that most (> 95 percent) of the groundwater in 

the LCA beneath Frenchman Flat that ultimately discharges at Ash Meadows originates from areas 

east or southeast of the NTS. 

As the data presented in this section demonstrate, many of the essential features of the Frenchman 

Flat flow system identified on the basis of relatively sparse data are confirmed with new data 

collected as part of the Frenchman Flat Phase II study.
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3.1 Geologic Setting

Details of HFMs for the Frenchman Flat CAU and surrounding areas are provided in BN (2005a). 

Important differences in the conceptualization of the hydrostratigraphic framework that were 

permitted by the data and potentially important to the flow and transport models of the Frenchman 

Flat CAU are summarized in Section 2.3.3.  Although they differ in some of their details, the various 

HFMs have many similarities that rely on common conceptual models for the origin and structure of 

the basin.

Mapping studies and subsurface borehole and geophysical data indicate that the central part of the 

Frenchman Flat basin is an eastward-tilted half-graben with significant vertical displacement along 

splays of the Rock Valley fault system that bound it along its southern, eastern, and northern margins 

(BN, 2005a). Sedimentary and volcaniclastic rocks, followed by ash-fall and ash-flow tuffs and 

finally alluvial and playa deposits, filled the basin as it developed, along with lavas emanating from 

the Wahmonie volcanic center to the west of the basin. Stratigraphic relationships between alluvium 

and tuffs within the basin indicate that formation of the main part of the basin was initiated after 

eruption of the Ammonia Tanks Tuff (11.45 Ma) and before the eruption of the Thirsty Canyon group 

had been completed at 9.14 Ma (BN, 2005b, p. 3-4).  Basin development continued after deposition of 

the tuffs, as demonstrated by the faulted nature of the tuffs and the accumulation of more than 

1,400 m of alluvium in the center of the basin.  The alluvium thins toward and beyond the structural 

margins of the basin where it directly overlies the LCA (BN, 2005a, Figure 3-3). Along the northern, 

eastern, and southern margins, the tuff confining units that line the basin have been thinned by 

faulting and erosion, increasing the potential for hydraulic connections between the shallower 

material in the basin and the LCA in these areas.

The geology northwest of Frenchman Flat is structurally complex and diverse. This area includes the 

CP basin, whose geology at depth is relatively uncertain; the strike-slip Cane Spring fault, which 

separates CP basin from Frenchman Flat basin; the Wahmonie volcanic center; and the CP thrust fault 

(BN, 2005a). Numerous faults that underlie CP Hogback separate the CP basin from Yucca Flat. A 

zone of faults near Massachusetts Mountain accommodates changes in the structural styles south of 

Yucca Flat and further complicates the interpretation of the geologic structure in this area. Thus, the 

hydrologic relation between the CP basin and both Yucca Flat and Frenchman Flat is highly 

complicated and uncertain. In other parts of the Frenchman Flat model area, more than 70 faults with 
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significant displacement (>61 m) have been recognized and are included in the hydrologic model 

(BN, 2005a). However, faults with small displacement are not always recognized by geophysics, and 

even when faults are recognized, their internal structure and the juxtaposition of HSUs across them 

are not well understood. 

The present-day water table is deep enough that the alluvium and tuffs are unsaturated beyond the 

faulted margins of the Frenchman Flat basin, and the alluvial and tuff aquifers in Frenchman Flat are 

isolated by the LCA from volcanic or alluvial aquifers outside the basin except toward the west.  

Based on hydrochemical differences, as well as hydraulic head gradients, the LCA does not appear to 

be the source of groundwater in the tuffs and alluvium of Frenchman Flat (Hershey et al., 2005). 

Thus, the only possible source of the groundwater in tuffs and alluvium of Frenchman Flat is local 

recharge and groundwater flow from the CP basin or the Wahmonie Hills to the west. Although the 

Cane Spring fault appears to impede groundwater inflow from CP basin into Frenchman Flat 

(Winograd and Thordarson, 1975), the absence of major basin-bounding faults along the western 

margin of Frenchman Flat and the monoclinal structure and lateral continuity of the HSUs here 

probably permit some flow into the western part of the Frenchman Flat basin from areas to the west. 

3.2 Precipitation and Recharge

As discussed in SNJV (2004d, Section 6.0), precipitation in the vicinity of the NTS is strongly 

elevation dependent. In the vicinity of Frenchman Flat, precipitation gages with records spanning up 

to 50 years show that precipitation for Frenchman Flat and CP basin areas is about 5 to 6 inches per 

year (13 to 15 mm/yr). The low rates of precipitation lead to estimates of recharge rates that are close 

to zero on the basin floor to as much as several mm/yr in the hills bordering the basin (Section 2.2). 

Although the various recharge models that have been developed for Frenchman Flat differ in the 

details of how that recharge is distributed throughout the basin, they each produce net amounts of 

recharge that are, at most, 1 percent of the total amount of groundwater flow through the basin. This 

suggests that groundwater flow velocities will be small in parts of the basin where groundwater is 

derived predominantly from the local recharge of precipitation. 



Section 3.0

Phase II Groundwater Flow Model of CAU 98: Frenchman Flat, Nye County, Nevada

3-5

3.3 Groundwater Discharge

Within the vicinity of Frenchman Flat, the major source of groundwater discharge to the surface is 

pumping from wells. Pumping wells of interest are those that were pumped for more than one year. 

Discharge data collected during short-term pumping, such as during well testing, are considered 

insignificant. The locations of pumping wells located within the Frenchman Flat modeling area and 

vicinity are shown in Figure 3-1.  The pumping wells include 10 NTS water-supply wells and Well 

RNM-2s, which was pumped for 16 years as part of the CAMBRIC radionuclide migration 

experiment (RNM).  

The total yearly water withdrawals for wells located within the boundaries of the Frenchman Flat area 

and vicinity are shown in Figure 3-2.  The difference between the data from all wells metered or 

reported (solid blue line in Figure 3-2) and the water-supply wells (red line in Figure 3-2) represents 

withdrawal from Well RNM-2s between 1976 and 1991.  The average discharge rates (based on 

monthly withdrawals for wells located within the boundaries of the Frenchman Flat, southern Yucca 

Flat, and CP basin area) are summarized in Table 3-1.  The NTS water supply wells that contributed 

to the total pumpage from 1951 to 2003 are included in this table.  Total withdrawal from 1975 to 

1991 for the CAMBRIC migration experiment at Well RNM-2s is also included.  However, between 

1967 and 2003, there are no data available for Well UE-5c WW.  The total monthly volumes are based 

on available data only and are, therefore, an underestimation of the actual volumes pumped.  Large 

gaps exist in the pumping records for Wells WW-5A, WW-5B, and WW-5C from the start of pumping 

in the wells through August 1958, and from July 1967 through December 1982.  Data for the latter 

time period are also unavailable for Wells Army-1 WW, WW-C, and WW-C1 (SNJV, 2004d).     

Based on production from the water-supply wells only, groundwater withdrawal peaked during the 

mid-1960s and then decreased.  A larger peak in withdrawal occurred in the late 1980s and early 

1990s.  Water withdrawal via pumping declined between the early 1990s and about 2000, and has 

slightly increased since that time.  Groundwater was discharged from the AA by six wells, from the 

TM-WTA by two wells, and from the LCA by three wells.  All of these wells, except RNM-2s, are 

NTS water-supply wells.
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Figure 3-1
Location of Groundwater Pumping Wells in the Frenchman Flat Area and Vicinity
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3.4 Inflow and Outflow (Lateral Boundary Flows and Boundary Heads)

A set of boundary flows and associated boundary heads to be used with the Frenchman Flat CAU 

model were obtained from the UGTA regional groundwater flow model (DOE/NV, 1997) by 

calibrating 30 regional-scale flow models implemented with MODFLOW-2000 (Harbaugh et al., 

2000).  The 30 models considered different combinations of the HFMs for Frenchman Flat (BN, 

2005a) and regional recharge models such as the USGS, DRIA and Maxey-Eakin recharge models.  

Hydrostratigraphic framework models reflecting the different conceptual models were chosen from a 

larger set of conceptual models to evaluate the effect of uncertainty in the geologic models 

(Section 2.3.3).  The recharge models represent different methods of approximating recharge for the 

NTS area (Section 2.2).  The alternate boundary flows and heads can be used to help evaluate the 

uncertainty in the CAU flow model associated with the choice of flow system conceptual HFM, 

recharge model, and boundary conditions.  The approach used to calculate these fluxes does not 

specify the location or locations on the boundary where the flux occurs in each of the 30 models, just 

bounds on the total amount of net inflow or net outflow through each boundary.  A more detailed 

discussion of the development of boundary fluxes is provided in SNJV (2004d, Section 9.0).

Figure 3-2
Total Water Withdrawal from Wells in the Frenchman Flat Area and Vicinity
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Based on the larger set of HFM/recharge model combinations presented in SNJV (2004d, 

Section 9.0), a subset of models that span the range local recharge rates and boundary fluxes was 

selected. The boundary inflow and outflow rates across each of the CAU model boundaries is 

summarized in Table 3-2.  It is clear from this table that groundwater is simulated as flowing from the 

north and east toward the south and west through the Frenchman Flat CAU-flow model domain.  This 

is generally true for the UGTA regional groundwater flow model regardless of the recharge or HFM 

model.  The lateral boundary fluxes were found to be insensitive to changes to the hydrostratigraphic 

model (SNJV, 2004d, Section 9.3).  The choice of recharge model, in contrast, had a significant 

impact on the lateral boundary flows and heads, primarily by changing the heads and gradients along 

the boundaries of the models.  

Lateral boundary flows and recharge flux estimates for the Frenchman Flat model domain were also 

obtained from the DVRFS model (Faunt et al., 2004).  This model is implemented using 

MODFLOW-2000 (Harbaugh et al., 2000).  Flux estimates for the DVRFS model summarized in 

Table 3-1
Summary of Pumping Data for Wells in Frenchman Flat 

and Selected Wells in CP Basin and Southern Yucca Flat

Well Name Period of Record

Average Discharge 
Rate 

(million gallons per 
month)

Average Discharge 
Rate 

(m3/d)

Army-1 WW 07/1962 to 12/2003 4.9 620

RNM-2s 10/1975 to 08/1991 23.4 2,950

UE-5c WW 02/1967 to 12/2003 Unknowna Unknowna

WW-1 02/1964 to 03/1967 2.9 370

WW-4 01/1983 to 12/2003 3.6 450

WW-4A 12/1993 to 12/2003 4.2 530

WW-5A 03/1951 to 12/1970 1.1 140

WW-5B 05/1951 to 12/2003 2.4 300

WW-5C 03/1954 to 12/2003 3.3 420

WW-C 09/1961 to 07/1995 3.4 430

WW-C1 06/1962 to 12/2003 2.1 270

Source:  USGS, 2004, and SNJV, 2004d

aInsufficient or no data to calculate monthly total from 07/1967 through 12/1982.
m3/d = Cubic meters per day
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Table 3-2 are based on pre-pumping steady-state conditions.  Flows are generally similar in 

magnitude and direction as compared to the boundary flows estimated from the UGTA regional 

model.  However, differences in the simulated flows across the southern and eastern boundaries are 

observed between these two regional flow models.  While both models simulate net inflows from the 

north and east into the Frenchman Flat CAU model domain, the UGTA inflows from the east exceed 

those from the north; the DVRFS model simulates more flow into the northern boundary. In the 

DVRFS model, as well in the UGTA models, recharge constituted less than 1 percent of the total 

outflow from the model domain.    

The UGTA regional model boundary flow analysis is summarized in Appendix E of the Frenchman 

Flat hydrologic data document (SNJV, 2004d).  The calculated fluxes from the UGTA regional model 

and the DVRFS model (Faunt et al., 2004) were based on the bottom elevations in both models in the 

Frenchman Flat area (approximately -4,000 m).  However, the Frenchman Flat CAU Phase II model 

has a spatially variable bottom elevation for the LCA, which ranges between -3,800 and -4,600 m.  To 

compare the Phase II model fluxes along the eastern model boundary with the UGTA regional and 

DVRFS model fluxes, only nodes above -4,000 m of elevation are included in the boundary flux 

calculation.  This is still an approximation because parts of both the regional and local model domains 

Table 3-2
Regional Model Boundary Fluxes

Model North 
(kg/s)

West 
(kg/s)

South 
(kg/s)

East
(kg/s) HFM Recharge 

Model

UGTA -367a 1,020b 113 -752 BASEc USGSDd

UGTA -479 1,500 -6 -972 BASE MMEe

UGTA -553 1,500 69.4 -961 BASE DRIAf

UGTA -367 1,020 113 -752 CPBAg USGSD

DVRFSh -450 341 209 -97 -- --

aNegative flux indicates flow into the model domain. 
bPositive flux is out of the model domain.
cBASE is the BASE HFM as defined by BN (2005a).
dUSGSD is the USGS recharge model with redistribution (SNJV, 2004d).
eMME is the Modified Maxey-Eakin recharge data (SNJV, 2004d).
fDRIA is the chloride mass balance recharge model with alluvial mask (SNJV, 2004d).
gCPBA is the alternative CP basin configuration as defined by BN (2005a).
hDVRFS is the Death Valley Regional Ground-Water Flow System model (Faunt et al., 2004).

kg/s = Kilograms per second
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locally have a bottom elevation above -4,000 m.  However, this is not expected to introduce 

significant errors because most of the flux in the model occurs at higher elevations, given that 

intrinsic permeability is assumed to decay with depth in the LCA in all the regional models 

(Section 4.4.1).  Further, these fluxes are used principally to guide the development of the Frenchman 

Flat CAU flow model to ensure it is reasonably consistent with the regional groundwater system.  It is 

noteworthy that the relative magnitude of the target boundary fluxes in Table 3-2 are consistent with 

the conceptual model that holds that inflow into the LCA in Frenchman Flat occurs predominantly on 

the east, rather than from the north from Yucca Flat (Laczniak et al., 1996). 

3.5 Hydraulic Heads

This section describes the estimated pre-pumping hydraulic heads used in the steady-state Phase II 

Frenchman Flat flow model.  The pre-pumping heads are assumed to represent long-term steady-state 

conditions and thus reflect the long-term behavior of the groundwater flow system before activities at 

the NTS began. As described in Section 3.3 water supply wells have been intermittently pumped 

since the early 1950s, and water withdrawals may have affected water levels in the vicinity of the 

pumping wells. To minimize the effects caused by water withdrawals, pre-pumping water levels at the 

pumping wells were estimated from measurements made during periods preceded by little or no 

pumping. An initial compilation and evaluation of the Phase II hydraulic head data was documented 

in SNJV (2004d, Chapter 8). This evaluation included a description of adjustments made to water 

levels to account for borehole deviation, barometric effects, and water density differences associated 

with groundwater temperature variations. 

Subsequent to the data compilation and analysis reported in SNJV (2004d), an additional round of 

Global Positioning System (GPS)-based ground-elevation surveys was completed in November 2004 

that resulted in refined water-level estimates. The new estimates of pre-pumping water levels that 

resulted from this effort and differences with the previously reported values are given in Table A.1-1 

in Appendix A.  The new pre-pumping water levels and the associated uncertainties are listed in 

Table 3-3. The well locations are shown by HSU in Figure 3-3.  The updated steady-state head data 

listed in Table 3-3 supersede the data presented in SNJV (2004d) and are considered to reflect the 

long-term steady-state flow conditions in Frenchman Flat.        
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Table 3-3
Summary of Hydraulic Heads at Target Wells Within the Frenchman Flat CAU Model Domain

 (Page 1 of 2)

Well Reporting Name
Target Steady-State 

Water-Level Elevation
(m amsl)

Minimum Steady-State 
Water-Level Elevation

(m amsl)

Maximum Steady-State 
Water-Level Elevation

(m amsl)

Total Uncertaintya

(m)

AA

ER 5-3 (3-in. shallow) 733.9 733.78 734.03 1.06

ER 5-3 #3 733.9 733.84 734.01 1.05

ER 5-4 (piezometer) 733.53 733.39 733.58 0.43

ER 5-4 (main/composite) 733.38 733.31 733.70 0.43

RNM-1b 731.37 730.97 732.00 4.4

RNM-2 733.55 733.55 733.55 0.88

RNM-2s 733.68 733.53 733.81 0.46

UE-5 PW-1 733.79 733.65 734.01 0.71

UE-5 PW-2 733.74 733.63 733.98 0.75

UE-5c WW (composite) 734.56 734.41 734.90 0.62

UE-5f 734.9 734.90 734.90 1.43

UE-5n 733.8 733.74 734.08 0.47

WW-1 727.25 727.25 727.25 4.4

WW-5A 730.6 725.02 730.6 1.14

WW-5B 734.68 733.20 735.14 1.15

WW-5C 729.23 720.15 729.23 1.29

TM-WTA and TM-LVTA

UE-11a 733.86 733.86 733.86 1.21

UE-11bc 734.63 734.63 734.63 1.16

ER 5-3 (3-in. deep) 733.41 733.09 733.88 1.19
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ER 5-3 (main/composite) 733.88 733.74 734.01 1.07

WW-4 845.51 845.51 845.52 2.02

WW-4A 844.10 843.93 844.24 1.21

UE-5 PW-3 733.75 733.62 733.88 0.71

LCA

ER 5-3 #2 727.14 Could not be determined

TW-3 725.52 725.10 726.13 1.21

WW-C 726.00 725.25 727.83 1.45

WW-C-1 727.69 727.47 728.13 1.02

a Total uncertainty is calculated as the square root of the total variance.  The total variance included: land surface elevation, measurement method, and borehole deviation 
uncertainty.
b Uncertainty for water-level measurement at Well RNM-1 is higher due to uncertainty about well inclination angle.
c Water level assigned to Well UE-11b assumes that two numbers have been transposed by mistake from “34” to “43.” This is more consistent with historical data at the well, 
surrounding water-level measurements, and model results.
Note:  Water-level data at Well ER-5-4#2 are not included in the target head dataset because no steady-state level could be determined for this well.

Table 3-3
Summary of Hydraulic Heads at Target Wells Within the Frenchman Flat CAU Model Domain

 (Page 2 of 2)

Well Reporting Name
Target Steady-State 

Water-Level Elevation
(m amsl)

Minimum Steady-State 
Water-Level Elevation

(m amsl)

Maximum Steady-State 
Water-Level Elevation

(m amsl)

Total Uncertaintya

(m)
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Figure 3-3
Location of Wells (with Completion Interval HSUs Identified)

 in the Frenchman Flat Area and Vicinity



Section 3.0

Phase II Groundwater Flow Model of CAU 98: Frenchman Flat, Nye County, Nevada

3-14

Table 3-4 lists the mean, standard deviation (SD), and range of the water levels for different HSUs in 

the Frenchman Flat basin. The summary does not include data for the Timber Mountain HSUs from 

WW-4 and WW-4a in the CP basin, which are approximately 110 m higher than in Frenchman Flat, 

or the water-level measurement from the LTCU at Well ER-5-4 #2, which was approximately 755 m 

and rising at the time this report was being written. The summary statistics in Table 3-4 confirm the 

conclusions from earlier studies that hydraulic heads in Frenchman Flat have little variability either 

within the alluvium or between the alluvium and tuff aquifers, and that heads within the alluvial and 

tuff aquifers are generally about 7 m higher than in the LCA.  

3.5.1 Horizontal Head Gradients

3.5.1.1 Alluvial Aquifer and Older Alluvial Aquifer

Water-level data from the OAA and AA show that differences in water levels in these units are small 

(less than 5 m) throughout the Frenchman Flat basin (Figure 3-4).  The data show an overall 

Table 3-4
Summary of Water-Level Measurements

HSU

Number of 
Static 

Water-Level 
Measurements

(m amsl)

Minimum 
Static 

Water-Level
(m amsl)

Average Static 
Water-Level

(m amsl)

Maximum 
Static 

Water-Level
(m amsl)

Standard 
Deviation

(m)a

AA 15 720.2 732.9 735.1 1.4

OAA 1 733.8 733.9 734.1 N/A

TM-WTAb 4 733.1 733.7 734.0 0.2

TM-LVTA 1 734.6 734.6 734.6 N/A

LTCUc 1 N/A 755 N/A N/A

LCAd 4 725.1 726.6 728.1 1.0

aStandard deviation reported by SNJV, 2004d.
bWater-level measurements at CP basin for WW-4 and WW-4A are not included in the above data because they are physically 
separate from the Frenchman Flat basin.  These measurements (844 and 845 m) are much higher than those observed within 
the Frenchman Flat basin.
cThis anomalous water-level measurement was measured at Well ER-5-4 #2 and is probably not representative of the LTCU in 
other parts of the Frenchman Flat basin (see text for discussion). 
dThree water-level measurements outside the Frenchman Flat basin are included in these data because they are consistent with     
the regional LCA data and with the only LCA water-level measurements (727.1 m) available for the Frenchman Flat basin at Well 
ER-5-3 #2.

N/A = Not applicable
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north-to-south gradient between the northernmost wells and the wells along the southern edge of the 

playa, but as noted by Winograd and Thordarson (1975), there is almost no difference in heads in the 

northern and central portions of the basin, and most of the head loss occurs in the vicinity of 

Frenchman Lake Playa; this characteristic was speculated to result from the presence of a 

northeast-trending barrier of unknown origin along the northwest part of the playa.  As discussed 

earlier, the lower water levels at WW-5C, WW-5A, and WW-1 were interpreted by Winograd and 

Thordarson (1975) to reflect drainage from the AA to the LCA in these areas.   

Because most of the wells tapping the AA (or OAA) in Frenchman Flat are aligned along a 

north-south trend, there is very little control on the east-west component of the hydraulic gradient. 

The lower water level reported for WW-1 east of the Frenchman Flat playa imparts an overall 

west-to-east component to the horizontal gradient. However, water levels do not change significantly 

in the alluvium between the western part of the basin at Well UE-5c WW and the cluster of wells in 

the central part of the basin near Well RNM-2s. The much lower water level at RNM-1 compared to 

the surrounding wells in this cluster reflects the difficulty in accurately determining the vertical depth 

to water in this well, which was drilled at an angle into a nuclear test cavity.

3.5.1.2 Volcanic Aquifers

Water-level data for the volcanic aquifers in Frenchman Flat are available only from Wells UE-11a, 

UE-5 PW-3, UE-5c WW (lower), and ER-5-3 (Figure 3-5). These data from the TM-WTA do not 

show meaningful differences when uncertainty is accounted for, making flow directions within this 

aquifer uncertain. The water levels in these wells are approximately 110 m lower than water levels 

measured in the same HSUs in the CP basin at Wells WW-4 and WW-4a.  

3.5.1.3  Lower Carbonate Aquifer 

Water-level data from the LCA in the vicinity of Frenchman Flat also show relatively little variability 

within and adjacent to the flow model area (Figure 3-6).  Locally, hydraulic gradients are small and 

do not clearly indicate flow directions into or out of Frenchman Flat.  However, based on these data, 

as well as other more regional water-level data, Winograd and Pearson (1976) proposed the presence 

of a groundwater trough extending between TW-3 and the regional discharge area at Ash Meadows 

along which groundwater flow in the LCA was channeled.  
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Figure 3-4
Alluvial Aquifer Well Locations and Steady-State Heads
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Figure 3-5
Volcanic Aquifer and Confining Unit Well Locations and Steady-State Heads
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Figure 3-6
Lower Carbonate Aquifer Well Locations and Steady-State Heads



Section 3.0

Phase II Groundwater Flow Model of CAU 98: Frenchman Flat, Nye County, Nevada

3-19

3.5.2  Vertical Gradients

Although the data summarized in Table 3-4 demonstrate the existence of an overall drop in water 

levels between the AA and the LCA in Frenchman Flat, recent water-level measurements made for 

multiple completion intervals at the ER-5-3 and ER-5-4 well clusters provide evidence that vertical 

hydraulic gradients within the OAA or AA are very small.  Thus, there is evidence that argues against 

the occurrence of significant vertical groundwater flow in the northern and central testing areas. 

3.5.2.1 ER-5-3 Well Cluster 

Hydraulic heads were measured in multiple HSUs between the AA and LCA in each of the three 

wells (ER-5-3, ER-5-3 #2 and ER-5-3 #3) in the ER-5-3 cluster (Figure 3-7). These long-term 

water-level measurements show that vertical gradients within the OAA, or between the OAA and the 

TM-WTA, are small.  Heads from the LTCU were not measured at the ER-5-3 well cluster. However, 

it is apparent that most or all of the measured head drop of 7 m between the TM-WTA and the LCA 

must take place across the roughly 500-m-thick LTCU that separates the LCA from the shallow tuff 

aquifers. This observation is particularly significant because it indicates that near the northern testing 

area, the LTCU provides a large degree of hydraulic separation between the shallow aquifers and the 

LCA even though it is relatively thin and faulted near the basin margins (Plate 1).    

3.5.2.2 ER-5-4 Well Cluster

In the central testing area, hydraulic head measurements at two depths in the AA from Well ER-5-4, 

along with heads from nearby Wells RNM-2s and RNM-2, show very little variability with depth in 

the AA (Figure 3-8). During the ER-5-4 well cluster multiple-well aquifer test (MWAT) in which a 

bridge plug was set between the upper and lower completion intervals of ER-5-4, the difference in the 

head measurement was 1.22 m, indicating an overall downward gradient between the midpoints of 

these intervals of 0.0031 (SNJV 2004b, p. 2-3).  Although this vertical hydraulic gradient is small, it 

is comparable to or exceeds lateral hydraulic gradients in the area, so small amounts of vertical flow 

could exist in the AA.

However, deeper head measurements in the LTCU at ER-5-4 #2 show that downward drainage from 

the AA to the LCA is not only unlikely, but actually prohibited. Hydraulic heads measured in the 

LTCU at ER-5-4 #2 had risen to about 754 m as of March 2004 and appeared to be stabilizing at a 
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Figure 3-7
Profile of Hydraulic Heads at the ER-5-3 Well Cluster
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Figure 3-8
Profile of Hydraulic Heads at the ER-5-4 Well Cluster
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value of approximately 755 m (SNJV, 2004d).  Well ER-5-4 #2 did not penetrate the LCA, but head 

measurements within and adjacent to the flow model area suggest that heads in the LCA near the 

ER-5-4 well complex would not exceed 730 m (Figure 3-8).  Therefore, the heads in the LTCU at 

ER-5-4 #2 are higher than the heads in both the AA and the LCA by at least 20 m. 

Because the only known areas near Frenchman Flat with heads of 755 m or higher are to the west in 

CP basin or the Wahmonie Hills, the high heads in the LTCU at ER-5-4 #2 must be maintained by a 

strong hydraulic connection between ER-5-4 #2 and one of these areas.  This conceptual model is 

supported by hydrogeologic cross sections through the ER-5-4 well cluster that show the LTCU rising 

up along the western flanks of the basin in the Wahmonie Hills area (Plate 1). Moreover, to prevent 

the heads in the LTCU from being dissipated by leakage to the overlying AA or the underlying LCA, 

groundwater must be moving through the LTCU under relatively confined conditions. This suggests 

the presence of a fractured welded interval or lava flow within the thick LTCU that is bounded by less 

permeable zeolitic rock. It also implies the absence of transmissive faults cross-cutting the LTCU 

over a several kilometer distance between the Wahmonie Hills and ER-5-4 #2. In conclusion, it 

appears that the LTCU is overpressurized in the central testing area and that high heads in this HSU 

effectively prevent groundwater movement from the alluvium downward to the LCA.  

3.6 Hydraulic Properties

The rate and direction of groundwater flow depends on both the vertical and lateral hydraulic 

gradients, and on the magnitude, spatial variability, and directional dependence of permeability 

within the basin. To help develop the conceptual model of how permeability varies within the 

Frenchman Flat basin, an initial compilation of permeability data from analogous HGUs in the NTS 

investigation area was completed and compared to more limited data from comparable HGUs in the 

Frenchman Flat area (SNJV, 2004d).  Data were grouped by HGUs — such as the AA, VA, TCU, 

CCU, and CA — so that data from similar rock types could be considered collectively and compared 

to the permeability of individual HSUs in the model.  Subsequent to that analysis, additional 

screening, binning, and analysis of hydraulic test data from the NTS area were done for the purpose 

of estimating likely ranges of permeability for the different rock types present in Frenchman Flat 

(Appendix E). These data, along with the more limited data from Frenchman Flat, are used to provide 
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initial guidance on the permeability values assumed in the Frenchman Flat flow model and, later, to 

help evaluate alternative flow models by comparing the measured and calibrated permeabilities. 

Although permeabilities are initially assigned in the model by HSU, other factors influence and 

modify these permeabilities, including the anisotropy assigned to the HSU, the rate of decrease in the 

permeability of the HSU with depth, and the permeability modifications induced by faulting.  When 

horizontal permeabilities (kh) are higher than the vertical permeabilities (kv), HSUs with higher 

anisotropy ratios (kh/kv) tend to promote lateral flow at the expense of vertical flow under a given 

hydraulic gradient. Where permeability decreases with depth because of compaction under increasing 

lithologic loads, there is also an effective anisotropy introduced by this phenomenon that can exert a 

similar effect on flow directions (Haneberg et al., 1998). Faults provide potential conduits for flow, or 

can compartmentalize portions of the flow system depending on whether they channelize or block 

flow, or some combination of the two, depending on the relative anisotropy associated with fault zone 

structures like gouge zones.

In summary, the permeability distribution in Frenchman Flat is conceptualized as resulting from the 

superposition of effects controlled by the HGU type, anisotropy, the decay of permeability with 

depth, and faulting.  Therefore, in addition to summarizing HSU permeability data, the following 

sections provide site-specific data from Frenchman Flat on anisotropy, depth decay in permeability, 

and fault hydraulic properties. These data are supplemented with discussions of field data or model 

results from other sites that might serve as appropriate analogs when sufficient site-specific data from 

Frenchman Flat are not available, or the site-specific data are ambiguous or contradictory.    

3.6.1 HSU Permeability Data

Analysis of hydraulic conductivity data considered three distinct datasets based on the scale of the 

tests.  Evaluations consisted of measurement scale (laboratory-scale, slug- and packer-test-scale, and 

pumping-test-scale), scaling and spatial distribution, vertical anisotropy, and variation due to 

temperature.  Hydraulic conductivity parameters for each HSU are presented at the end of this 

section.  Figure 3-9 shows the locations where the hydraulic property data were obtained in the 

Frenchman Flat area and vicinity.  For the purposes of the Frenchman Flat CAU flow model, the 

pumping-scale data are the most appropriate (SNJV, 2004d).  Slug tests involve the movement of 

smaller volumes of water through the formation than would be typical for a pumping test.  Therefore, 
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hydraulic conductivity from a pumping test is representative of a larger volume of the formation that 

is closer to the scale of a grid cell in the CAU model.         

Table 3-5 summarizes the permeabilities from Frenchman Flat, by scale of the test, for each HSU for 

which there were available data.  As shown in Table 3-5, a total of 28, 5, and 70 data points were 

obtained from pumping-scale tests, slug tests, and laboratory-scale tests, respectively.  The table 

shows that there are only small differences in the mean or variance of the permeability in the AA with 

changes in the scale of measurement. In contrast, for HSUs in which permeability is controlled by the 

degree of fracturing (such as the LCA and TM-WTA), there is a pronounced scale effect, with mean 

permeability becoming much smaller with decreasing scale.  

The pumping-scale permeabilities estimated for the NTS investigation area and the Frenchman Flat 

model area are shown for the AA, VA, TCU, CCU, and CA HGUs in Figures 3-10 through 3-14, 

respectively. These figures show that the relatively sparse data from the Frenchman Flat area have a 

relatively consistent relation with the much larger HGU dataset from the NTS area. Hence, statistics 

and trends in permeability with depth inferred from the larger NTS dataset could be used with some 

confidence to constrain or evaluate permeabilities used in calibrating the Frenchman Flat flow model.

Unfortunately, comparable datasets from the NTS investigation area do not exist to evaluate the 

properties of some small volume HSUs in Frenchman Flat embedded within the alluvium. These 

HSUs include the BLFA and the recent and older playa sediments (PCU2T, PCU1U, and PCU1L). 

With regard to the BLFA, analogous small-volume basalt eruptions (1 to 3 cubic kilometers [km3]) 

that have been studied throughout the NTS region (Perry et al., 1998) suggest that these eruptions are 

characterized by scoria cones and lavas consisting of thin accumulations of flow breccia and 

discontinuous lava lobes. Zones of enhanced fracture conductivity associated with columnar jointing 

are expected to occur only locally where lavas thicken in pre-eruption topographic lows.        

3.6.2 Vertical Permeability Anisotropy for Alluvium and other Units

Very little is known about the anisotropy of most of the HSUs in Frenchman Flat except for the 

alluvium. The tuff aquifers and confining units in Frenchman Flat typically are defined on the basis of 

the predominant stratigraphic units and rock types within the unit, but in actuality are often a mixture 

of welded, vitric, and zeolitic tuffs (BN, 2005a). The variability in permeability associated with these 
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Figure 3-9
 Frenchman Flat Hydraulic Property Data Locations
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lithologic variations is likely to cause permeability parallel to bedding to be higher than the 

permeability across the beds. However, this expected relationship becomes complicated by the 

variable dip of the units across the basin, and by steeply dipping faults that would be expected to   

enhance the permeability parallel to the fault (see Section 3.6.4.2). Because of the conceptual and 

data uncertainty surrounding the anisotropy of the tuffs, their anisotropy is relatively unconstrained 

and left as a calibration parameter. The UCCU and LCA have been subjected to multiple orogenic 

events that have left these HSUs with a variety of orientations and dips (BN, 2005a). Consequently, 

because there is no simple basis for assessing the dip of these beds or in assigning anisotropy values, 

no anisotropy values are assumed for these HSUs. To the extent that anisotropy exists in the LCA, it 

is probably associated with the structural fabric of the rock, which is implemented in the model 

through the inclusion of major faults like the Rock Valley fault system.

Table 3-5
Summary of Permeability for HSUs within the Frenchman Flat CAU Model Domain

HSU
Mean Standard 

Deviation Count
Minimum Maximum

95% Confidence 
Interval Bounds

Lower Upper

log10k (m2) log10k (m2) log10k (m2)

Pumping-Scale Data

AA -12.24 0.80 17 -13.24 -10.36 -13.81 -10.68

LCA -12.15 1.43 5 -10.51 -9.92 -14.95 -9.36

TM-WTA
TM-LVTA -10.73 0.22 5 -11.07 -10.45 -11.17 -10.32

LTCU -13.10 N/A 1 N/A N/A N/A N/A

Slug-Test-Scale Data
AA -12.27 N/A 2 -12.55 -11.99 N/A N/A

BLFA -12.40 N/A 1 N/A N/A N/A N/A

TM-WTA 11.94 N/A 2 -11.94 -11.93 N/A N/A

Laboratory-Scale Data
AA -12.36 0.73 50 -14.94 -11.32 -13.80 -10.93

TM-WTA -12.49 0.76 11 -13.91 -11.57 -13.98 -10.99

LCA -15.70 1.38 9 -18.02 -13.72 -18.40 -13.00

Source:  Modified from SNJV, 2004d, Table 5-1

m2 = Square meter
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Figure 3-10
Permeability Data for the AA HGU from the NTS and Frenchman Flat Areas

Figure 3-11
Permeability Data for the VA HGU from the NTS and Frenchman Flat Areas
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Figure 3-12
Permeability Data for the TCU HGU from the NTS and Frenchman Flat Areas

Figure 3-13
Permeability Data for the CCU HGUs from the NTS Areas
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In an alluvial system with variable hydraulic conductivity with depth at a specific location, the 

effective anisotropy will be a function of the variation of hydraulic conductivity with depth, the 

thickness of each identified layer, and the continuity of the layer.  If layers have limited continuity 

laterally, the effective anisotropy would tend to be lower compared to a geologic environment that 

had larger continuity or lateral extent to the layers.  The layering and its continuity, or lack thereof, 

results from the depositional environment that existed as the basin-fill materials were deposited.  At a 

specific borehole location, one can calculate the anisotropy of the geologic system as the ratio of 

horizontal-to-vertical hydraulic conductivity.  In heterogeneous geologic systems, the geometric 

average of individual permeabilities or hydraulic conductivities provides the best average 

representation (Warren and Price, 1961).  The equivalent horizontal hydraulic conductivity (assumed 

parallel to the layering) can be estimated as the geometric average expressed:

Kh = exp[Σ(bi lnKi) / Σbi ] (3-1)

Figure 3-14
Permeability Data for the CA HGU from the NTS and Frenchman Flat Areas
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and the equivalent vertical hydraulic conductivity can be estimated as the harmonic average 

expressed:

Kv = Σbi  / Σ(bi /Ki ) (3-2)

where Kh and Kv are horizontal and vertical hydraulic conductivities, respectively, and Ki are the 

hydraulic conductivities of the individual layers bi.  It can be seen from these equations that inclusion 

of a few very low hydraulic conductivity layers has a relatively small effect on Kh but has a large 

effect on Kv and thus the magnitude of anisotropy.

Vertical anisotropy, here expressed as the ratio of horizontal-to-vertical hydraulic conductivity, can be 

considered to be scale dependent.  At the small scale of an individual clay layer, Freeze and Cherry 

(1979) indicate that it is seldom greater than 10:1 and usually less than 3:1.  In a layered system, they 

report that it is not uncommon for layered heterogeneity to lead to regional anisotropies on the order 

of 100:1 or even larger.

Over vertical distances of tens or hundreds of meters, anisotropy can be determined from data at a 

single well by evaluating the variability in hydraulic conductivity with depth from flow logs or from 

core-scale measurements. Over a similar range of vertical depths, anisotropy can be calculated over 

horizontal distances of tens or even hundreds of meters from cross-hole tests when the hydraulic 

responses are monitored at different elevations than the pumping interval. This type of testing was 

done at the ER-5-3 well cluster in northern Frenchman Flat (SNJV, 2004c) and during the MWAT 

conducted in the central testing area with RNM-2s as the pumping well (SNJV, 2004b).  

Determination of regional-scale anisotropy from field testing is generally impractical because of the 

very large time scales for monitoring that generally may be required. Hence, regional-scale 

anisotropy is typically determined through the calibration of regional-scale groundwater flow models.  

In this case, the degree of vertical discretization in a numerical model can have an effect on the model 

calibration to determine anisotropy.  If the vertical heterogeneity is known and is included at the 

discretization level, then smaller values of regional anisotropy are appropriate.  In any case, model 

discretization must be considered when comparing different flow models or flow model results with 

field-derived anisotropy values. 
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A number of methods were applied to estimate the anisotropy of the alluvium in Frenchman Flat. 

These include somewhat indirect approaches that analyze hydraulic conductivity variations from 

borehole flow logs and core sample data, and more direct field methods such as cross-hole hydraulic 

tests. Additional anisotropy values are estimated from (1) site-specific models for Frenchman Flat 

that were developed either to interpret MWAT data from Frenchman Flat or that are calibrated based 

on these data, and (2) from regional models for the NTS and elsewhere that have estimated the 

anisotropy of alluvium in similar basins from steady-state and transient head data. Each of these 

approaches and the resulting estimates are described below.

3.6.2.1 Evidence from Borehole Flow Logs and Core Samples

This section evaluates evidence for anisotropy in the alluvium of Frenchman Flat provided by 

borehole flow logs and core-scale permeability data. The flow logs were measured at the ER-5-3 and 

ER-5-4 well clusters as part of the Frenchman Flat characterization studies (SNJV, 2004b and c). The 

core-scale permeabilities were measured on samples from the unsaturated zone in northern 

Frenchman Flat that were collected to characterize processes related to shallow waste disposal and 

containment. 

3.6.2.1.1 Flow Logs

Borehole flow logging results for Wells ER-5-3 and ER-5-4 were examined to determine vertical 

variations in the hydraulic conductivity of the alluvium.  Data from Well ER-5-3, which was screened 

individually within the OAA (441 to 543 m bgs) and the TM-WTA (723 to 794 m bgs), did not 

provide much information about anisotropy in the OAA because of the relatively minor amounts of 

flow (< 3 percent) contributed by the OAA (SNJV, 2004b and c). Although the flow logs did not 

provide data that could be used to calculate anisotropy ratios in the OAA, the relative amounts of flow 

contributed by the OAA and the TM-WTA (> 97 percent) and the relative lengths of the screened 

intervals in these HSUs indicated that the TM-WTA was about 50 to 150 times more permeable than 

the OAA near the ER-5-3 well cluster. 

Well ER-5-4 is completed and fully cased through the AA to a total depth of 1,138 m bgs 

(SNJV, 2004d).  The casing is screened over two intervals: the upper between 539 and 644 m bgs, and 

the lower between 956 and 1,021 m bgs.  Stressed flow logging was performed at three rates and 
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across both screened intervals, measuring interval flow at 6-cm resolution.  These data were used to 

calculate interval hydraulic conductivity profiles, averaged over larger 0.6-m intervals, for grouped 

flow rate profiles at each of the three pumping rates (Oberlander, 2001).  Horizontal and vertical 

hydraulic conductivity, calculated as the harmonic and arithmetic interval-conductivity means, 

respectively, yielded calculated anisotropies close to unity for each of the screened intervals.  This is 

not surprising, because the tested borehole intervals appear to have been located in the more 

permeable (and perhaps homogeneous) sections of the alluvial deposits.

3.6.2.1.2 Core Samples

Alluvium anisotropy was also examined using 7.6-cm borehole core-scale data sampled at Wells 

UE-5 PW-1 (34 samples) and UE-5 PW-2 (16 samples) (SNJV, 2005a).  Cores were sampled at about 

1- to 10-m intervals.  Hydraulic conductivity was measured using a constant-head permeameter.  

Although the sample support is small, each core-scale datum is assumed to represent that of the 

complete interval between measurement points.  The horizontal-to-vertical conductivity ratios (kh/kv) 

determined for UE-5 PW-1 and UE-5 PW-2 are 13 and 4, respectively.  Considering the limitation of 

having only a small number of core samples, it is unlikely that the full possible range in hydraulic 

conductivities was sampled at these boreholes.  Thus, the calculated anisotropies may be lower-end 

estimates.

3.6.2.2 Interpretations from Frenchman Flat Multiple-Well Aquifer Tests

Two MWATs were conducted in Frenchman Flat in which hydraulic responses were recorded at 

elevations different from that of the pumping interval. Because hydraulic stresses were transmitted 

across as well as along layers, directional permeabilities and anisotropy ratios could be determined 

from these tests. 

The first MWAT was conducted in the ER-5-3 well cluster in the northern testing area and involved 

three wells (ER-5-3, ER-5-3 #2, and ER-5-3 #3) and two piezometers located within 36 m of each 

other (SNJV, 2004c). The 60-day MWAT was conducted by pumping the upper interval of ER-5-3 

located in the OAA.  Interpretations of the pressure response at Well ER-5-3 #3 and the shallow 

piezometer at ER-5-3 yielded a horizontal-to-vertical permeability ratio of 7.7 (SNJV, 2004c, 

Table 3-13). 
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A 75-day MWAT was conducted in the central testing area with RNM-2s as the pumping well and 

nine wells used as observation wells (SNJV, 2004b). Four of these wells (RNM-2s, RNM-2, RNM-1, 

and ER-5-4 [upper zone]) produced hydraulic responses that could be attributed to pumping at Well 

RNM-2s.  Interpretations of the hydraulic responses observed at RNM-2, RNM-1, and ER-5-4 (upper 

zone) produced estimates of horizontal and vertical hydraulic conductivity (SNJV, 2004c, Table 4-1) 

that can be used to calculate anisotropy ratios of 42, 3.2 and 360, respectively. The value of 3.2 

estimated from the RNM-1 response may be less reliable than the other estimates because RNM-1 

monitored water levels in the CAMBRIC nuclear cavity, where sedimentary structure and 

permeability was undoubtedly affected by the CAMBRIC nuclear test. 

The MWAT centered around RNM-2s in the central testing area was interpreted in an alternative way 

by the USGS, as reported in SNJV (2004c). Assuming the alluvium was homogeneous and 

anisotropic, numerical modeling with MODFLOW and through type-curve analysis yielded 

horizontal-to-vertical anisotropy ratios of 1.1 to 2.5 for the range of assumptions and methods 

employed in the USGS analysis, which simultaneously optimized the fit to the hydraulic response at 

all the observation wells (SNJV, 2004c, Table 4-3). 

3.6.2.3 Evidence for Alluvial Anisotropy from Groundwater Models

3.6.2.3.1 Frenchman Flat Models

Numerical models of groundwater flow and radionuclide transport have been developed to calculate 

the radionuclide source term from the CAMBRIC test cavity (Tompson et al., 1999 and 2005). The 

recent modeling efforts were used to match radionuclide breakthrough from the CAMBRIC cavity to 

the pumping Well RNM-2s during the CAMBRIC migration experiment conducted between 1975 

and 1991, and estimate the effects of re-infiltration of the RNM-2s discharge water through a nearby 

drainage ditch on water levels and radionuclide breakthrough at nearby wells. To provide a basis for 

property variations within the model, 10 model layers were defined based on mineralogic studies of 

the alluvium at nearby Wells ER-5-4 and UE-5n (Warren et al., 2002; Carle et al., 2002). Hydrologic 

properties of the model were identified by trial-and-error calibration to the cross-hole hydraulic 

responses to the MWAT conducted by pumping Well RNM-2s (SNJV, 2004c). These properties 

assume that each of the individual 10 model layers has an intralayer anisotropy ratio (kh/kv) of 2.0 

(Tompson et al., 2005, Table A-2). When the thickness-weighted arithmetic and harmonic means of 
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the eight layers between the water table and the bottom of the model are calculated to estimate kh and 

kv of the saturated alluvium, and the resulting interlayer anisotropy ratio (kh/kv) of 17 is multiplied by 

2 to account for the intralayer anisotropy, a total anisotropy ratio for the alluvium of 34 is obtained. 

3.6.2.3.2 Regional NTS Models

Regional-scale groundwater model calibration studies at the NTS and other analog sites can be useful 

to determine an expected range for anisotropy.  Regional groundwater modeling studies for the NTS 

and vicinity use depth decay in hydraulic conductivity and also vertical anisotropy during model 

calibration. As described in Section 3.6.3.2, it is expected that both of these approaches would have 

somewhat similar impacts during model calibration because they both tend to reduce downward flux 

to achieve a similar vertical gradient (i.e., by fitting targeted head values at wells in the AA and 

LCA).  The UGTA regional model report (DOE/NV, 1997, Table 7-7) lists anisotropies from 4.5 to 

6.3 and a depth-decay parameter of 0.0037 for the zones of alluvial aquifer material.  The calibrated 

Pahute Mesa CAU groundwater flow model used an anisotropy value of 10 in the base model and 50 

in the SCCC HFM model for both the selected and all HSU calibration approaches.  Faunt et al. 

(2004, Tables F-12 and F-13) give a calibrated anisotropy ratio of 5,000 and a depth-decay parameter 

of 0.0123 for basin-fill aquifers for the transient DVRFS model.  Faunt et al. (2004) discussed that the 

basin-fill units are the most likely to exhibit stratification that would tend to decrease the vertical 

relative to the horizontal hydraulic conductivity.   The anisotropy range (4.5 to 5,000) for basin-fill 

deposits from regional groundwater flow models for the NTS region is large and indicates anisotropy 

is a highly uncertain parameter in those studies. 

3.6.2.3.3 Other Basin-Scale Regional Models

McAda and Barroll (2002) described a 3-D groundwater flow model of the Santa Fe Group aquifer 

system within the Middle Rio Grande basin between Cochito and San Acacia, New Mexico.  This 

basin is one of a series of generally south-trending structural basins composing the Rio Grande Rift.  

The sedimentary fill of the basin is composed of valley and basin-fill deposits of up to 4,300-m 

thickness.  They reported that previous calibrated groundwater models of the basin have used 

horizontal-to-vertical anisotropy ratios of 450:1 to 3,500:1 (Tiedeman et al., 1998) and 200:1 

(Kernodle et al., 1995).  The basin model was calibrated by McAda and Barroll (2002) with an 

anisotropy ratio of 150 applied uniformly throughout the model.
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Regional-scale transient calibrated groundwater flow models have been reported for the 

Carrizo-Wilcox aquifer in Texas.  The aquifer consists of fluvial-deltaic sediments with the Carrizo 

being more of a fluvial origin.  In the downdip portions of the aquifer, thicknesses are typically 

thousands of meters and extend from central Texas to under the Gulf of Mexico.  Fryar et al. (2003) 

found that while their initial calibrated pre-development steady-state model could meet the 

calibration criteria, the subsequent transient calibration indicated that the vertical hydraulic 

conductivities must be decreased by orders of magnitude.  The transient calibrated value for 

anisotropy was 100 in the Carrizo and 10,000 in the Wilcox model layers.  Ryder and Ardis (1991) 

developed a transient calibrated groundwater model for the U.S. Gulf Coast aquifer system.  For the 

equivalent Carrizo and Wilcox geologic layers in their groundwater flow model, the ratio of their 

mean horizontal-to-vertical hydraulic conductivity was from 4,000 to 15,000.

Because of the fluvial-deltaic nature of deposition, it would be expected that the larger anisotropies 

(10,000 and greater) determined from the Texas Gulf Coast groundwater models are much larger than 

those that would be considered reasonable for Frenchman Flat.  The nature of the deposits in the 

Middle Rio Grande basin in New Mexico, which yielded an anisotropy value of 150, may be more 

similar to those in Frenchman Flat. 

3.6.2.3.4 Anisotropy Summary

Anisotropy at the field scale is often dominated by the effects of sedimentary layering rather than 

grain texture or orientation. As such, field estimates of anisotropy are affected by the lateral and 

vertical extent of the layering, the permeability contrasts between the layers, and the scale of the tests. 

Tests that affect enough of the aquifer to integrate the effects of discontinuous layers probably 

provide the most representative values to use in numerical models. In tests analyzed with numerical 

models, the calibrated anisotropy ratio may also depend on the whether layers are explicitly 

represented in the model or are lumped together in an equivalent unit. To the extent that layering is 

explicitly represented in the model, the need for large values of anisotropy for individual layers 

within model may be reduced. Numerical models also appear to require larger values of anisotropy 

when transient conditions exist compared to steady state, perhaps because vertical gradients under 

steady-state conditions are either small or poorly characterized in many modeling studies. 
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In Frenchman Flat, MWATs or numerical models calibrated to the cross-well responses provide the 

best estimates of field-scale anisotropy.  Multiple-well aquifer tests at the ER-5-3 cluster indicate the 

OAA has a horizontal-to-vertical anisotropy ratio of 7.7. The MWAT at RNM-2s produced a range of 

anisotropy estimates for the AA that included values of 1.1 to 2.5 for numerical and analytical models 

done by the USGS (SNJV, 2004c) to provide the best overall fit to the hydraulic response, values 

estimated by UGTA personnel of 42 to 360 based on the responses at wells RNM-2 and ER-5-4 

(upper zone) (SNJV, 2004c), and a value of 34 estimated from the permeabilities of a multilayer 

model used to calibrate the flow model used to estimate the CAMBRIC source term 

(Tompson et al., 2005).

3.6.3 Permeability Depth Decay

A review of the literature demonstrates that depth decay in permeability or hydraulic conductivity has 

been recognized for decades by investigators in many geologic environments and has also been 

routinely adopted in groundwater modeling studies.  This reduction in permeability with depth has a 

sound technical basis.  It is generally presented in the context of porosity reduction (and correlated 

permeability reduction with porosity reduction) with depth as a consequence of compaction and/or 

geochemical processes for unfractured formations, and as a consequence of fewer fractures present 

and fracture closure at higher in situ stresses for fractured formations.  The plots of measured 

hydraulic conductivities versus depth that are reported in the literature show a relatively large amount 

of scatter, and thus a large amount of spread about any best-fit line representing the functional 

relationship of decreasing permeability or hydraulic conductivity versus increasing depth.  The 

degree of data scatter shown for plots of hydraulic conductivity versus depth for Frenchman Flat and 

NTS data is consistent with the degree of scatter in other published studies in the literature (e.g., 

Rasmuson and Neretnieks, 1986; Loucks et al., 1986; Prudic, 1991; Kuiper, 1994; Mace and Dutton, 

1994; Stober, 1996; Mace, 1998; Williamson and Grubb, 2001; and Budd, 2001).  However, utilizing 

these depth-dependent relationships has been demonstrated as a useful approach to assist in 

parameterizing groundwater flow models because often there are limited data available to 

characterize the full depth and lateral extent of all HSUs in large regional groundwater flow models.  

Initial depth-decay relationships based on site-specific data are valuable starting points for model 

parameterization that can then be modified during model calibration.  An in-depth literature review 

and discussion of the technical basis for permeability depth decay is presented in Appendix B.
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Previous analyses of hydraulic conductivity data used in conjunction with the development of the 

UGTA regional flow model (DOE/NV, 1997; IT, 1996d) indicated that measured hydraulic 

conductivities across the NTS region decrease with depth below ground surface in alluvial, volcanic, 

and carbonate aquifers.  A linear relationship between the logarithm of hydraulic conductivity and 

depth was fit that represents hydraulic conductivity exponentially decaying with depth (IT, 1996d).  

The relationship between hydraulic conductivity and depth for HSUs in the NTS area was described 

by the following equation:

Kdepth=  Kh 10-λd (3-3)

where: 
Kdepth = horizontal hydraulic conductivity at specified depth (L/T)
Kh = horizontal hydraulic conductivity at land surface (L/T)
λ = hydraulic conductivity decay coefficient (1/L)
d = depth from land surface (L)

Depth decay of hydraulic conductivity has been used in groundwater flow models in the proximity of, 

or encompassing, the Frenchman Flat CAU model area.  These models include the UGTA regional 

model (IT, 1996d) and the DVRFS model (Faunt et al., 2004); however, the implementation of depth 

decay varies by model.  The UGTA regional flow model used depth decay of hydraulic conductivity 

for all HSUs.  In the DVRFS model, depth decay of hydraulic conductivity was primarily applied to 

all volcanic-rock units and basin-fill units (Faunt et al., 2004) using the decay coefficients calculated 

by IT (1996d).  Depth decay was also applied to portions of the LCA to improve the DVRFS model 

calibration.

For the Frenchman Flat CAU flow model, depth decay was applied to all alluvial, volcanic, and 

carbonate units.  Mean depth-decay coefficients reported by IT (1996d) for alluvial, carbonate, and 

volcanic aquifers were selected for use in the Frenchman Flat flow model (Table 3-6). The larger the 

depth-decay coefficient, the more rapidly hydraulic conductivity (or intrinsic permeability in the case 

of the finite element heat-mass transfer code [FEHM]-based CAU-scale models) decreases with 

depth.  Thus, based on the depth-decay coefficients in Table 3-6, the permeability of the alluvium 

decreases more rapidly with depth than that of either the volcanic or carbonate rocks.  

Sufficient data to evaluate depth decay in permeability do not exist for HSUs other than the AA and 

OAA, and these data do not clearly support the use of depth decay in the alluvium of Frenchman Flat 
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(Figure 3-10). Although the permeability data from Frenchman Flat alone do not clearly support the 

use of depth decay in permeability, SNJV (2004d) reported that some of the apparent scatter in 

hydraulic conductivity measurements was due to differences in the interpretation of the mean depths 

of the test intervals, and to differences in the assumptions and methods used to interpret the test 

response. Thus, at least some of the scatter in the AA data from Frenchman Flat represents 

uncertainty associated with the test interpretations and not heterogeneity associated with depositional 

processes.  As discussed in Section 3.6.3.1, the continued use of depth decay for the permeability of 

the AA in Frenchman Flat is supported by an analysis of borehole flow log data from Well ER-5-4 

which demonstrate that depth decay is required to explain the vertical variations in flow rates 

measured at that well. 

A re-analysis of permeability data from the NTS investigation area (Appendix E) following 

completion of the modeling done in this report also supports the use of depth decay in the AA, VA, 

TCU, and LCA HSUs (Table E.1-2). The depth-decay coefficients estimated from the NTS dataset 

when these were rebinned according to the predominant HGU (Table E.1-2) indicate that the 

depth-decay coefficients listed in Table 3-6 are reasonable estimates. The mean values listed in 

Table 3-6 fall within the two SD uncertainty of the revised mean depth-decay coefficients except for 

the VA HGU. For this HGU, the newly estimated decay coefficient had an upper bound that was 

slightly lower (0.0023) than the mean value estimated for volcanic aquifers and confining units in 

Table 3-6. 

The fact that some of the scatter in the Frenchman Flat permeability data for the AA is attributable to 

uncertainty surrounding assumptions in the analysis methods (rather than to heterogeneity), combined 

Table 3-6
Hydraulic Conductivity Depth-Decay Coefficients for NTS Area Aquifers

Aquifer
Decay Coefficient (m-1)

Lower 95% 
Confidence Interval Mean Upper 95% 

Confidence Interval

Alluvial 0.00724 0.00563 0.00402

Carbonate 0.00160 0.00102 0.00044

Volcanic 0.00306 0.00256 0.00205

Source: IT, 1996d
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with strong evidence from the re-analysis of the NTS data and the ER-5-4 flow log demonstrates that 

depth decay should be considered for the AA (and other HSUs) in Frenchman Flat.  For these reasons, 

the conceptual model for the flow system in Frenchman Flat continues to regard depth decay (with 

the decay coefficients listed in Table 3-6) as a likely conceptual model, although alternative 

assumptions regarding the existence of depth decay in the AA are made for certain alternative models 

(see Section 6.0). 

3.6.3.1 Evidence for Depth Decay in Alluvial Permeability from Well ER-5-4 Flow Logs

Flow logging was conducted in the alluvium at Well ER-5-4 at flow rates ranging from 70 to 176 

gallons per minute.  The flow logs were normalized by dividing the measured cumulative flow at any 

depth by the total pumping rate. When normalized to show the fraction of the total flow entering the 

borehole beneath the measurement depth, the flow logs nearly coincide, indicating that the relative 

amounts of flow entering the well are relatively insensitive to the pumping rate (Figure 3-15). 

Figure 3-15
Normalized Flow Log Data from ER-5-4
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Several features of the normalized flow logs provide insight about hydraulic conductivity variations 

in the alluvium near Well ER-5-4. First, the overall absence of abrupt increases in flow rate indicates 

that large variations in hydraulic conductivity associated with alluvial layering are absent within the 

logged depth interval.  Secondly, the relatively smooth, exponentially increasing flow rates with 

decreasing depth indicate that flow rates increase nonlinearly with saturated thickness, and hence that 

hydraulic conductivity is increasing with elevation (decreasing depth) in the well. This second 

observation suggests that the flow log data from Well ER-5-4 could be used to estimate a depth-decay 

coefficient for the hydraulic conductivity of the alluvium in Frenchman Flat.

It can be shown that in a medium in which hydraulic conductivity decreases with depth according to 

the model used in this study equation (3-1), a corresponding expression for the transmissivity of the 

medium between any two depths z2 and z1 (z2 > z1) can be derived:

Tz2-z1 = K0/(-2.303λ)2  [(-2.303λz2 – 1)·e-2.303λz2 - (-2.303λz1 – 1)·e-2.303λz1]                 (3-4)

The fractional cumulative inflow to a well beneath a given depth depends on the hydraulic gradient 

toward the well and on the depth-integrated transmissivity between the effective bottom of the 

transmissive interval (z2) and the depth at which the cumulative flow was measured (z1) is:

Qz2-z1 =  Tz2-z1 (dH/dr) (3-5)

Under the assumption that the hydraulic gradient toward the well is the same at all depths, the change 

in cumulative flow with elevation at a well is directly proportional to the increase in depth integrated 

transmissivity with elevation.  Based on this approximation, a value for the depth-decay coefficient λ 

of the AA was estimated with equation (3-2) by visually optimizing the fit of the equation to the 

normalized flow log data.  For this analysis, the bottom of the transmissive interval of the alluvium 

(z2) was taken as the contact between the alluvium and the older playa sediments at a depth of about 

2,300 ft and the value of z1 was taken to coincide with specific depths at which the normalized 

cumulative flow was measured. The results of this optimization show that a value for λ of 0.01 m-1 

provides a good fit to the normalized flow log data from Well ER-5-4 (Figure 3-16). The value for λ 

of 0.00563 m-1 estimated from the regional NTS data provides a less satisfactory (although possibly 

acceptable) fit, but the fit with no depth decay (λ = 0.0 m-1) clearly does not agree with the flow log 

data. Thus, flow log data from Well ER-5-4 appear to support the use of a conceptual and numerical 



Section 3.0

Phase II Groundwater Flow Model of CAU 98: Frenchman Flat, Nye County, Nevada

3-41

model for the alluvium in Frenchman Flat in which hydraulic conductivity decreases exponentially 

with depth.        

3.6.3.2  The Relation Between Anisotropy and Depth Decay

Using thickness-weighted arithmetic and harmonic permeabilities in directions parallel and 

perpendicular to bedding (Freeze and Cherry, 1979), it can be shown that for aquifers in which 

permeability decreases exponentially with depth as in equation (3-1), the effective anisotropy 

associated with the depth decay of permeability is

kz/kx = 5.304 λ2 (z2-z1)2/(e2.303λ(z2-z1) + e-2.303λ(z2-z1) – 2) (3-6)

or

kz/kx = 2.652 λ2 (z2-z1)2/(cosh [2.303λ(z2-z1)] - 1) (3-7)

Figure 3-16
Match of Depth-Integrated Transmissivity Model to

 Normalized Flow Log Data from Well ER-5-4.
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where: 
kz/kx = vertical to horizontal permeability ratio
z2 and z1 = the depths (m) over which the anisotropy ratio is calculated (z2 > z1)
cosh = hyperbolic cosine

To illustrate the relation between depth decay and anisotropy described by equations (3-4) and (3-5), 

an example was considered in which the water table is at a 200-m depth and λ = 0.005 m-1 

(approximately the value of λ used for the AA).  For these parameters, the effective anisotropy of the 

alluvium between the water table (z1 = 200 m) and total depth of the alluvium (z2) is shown to be a 

function of total alluvial thickness (Figure 3-17).  Alluvial thickness increases from less than 100 m 

along the margins of the basin to more than 1,400 m toward the center of the basin (BN, 2005a).  

Thus, toward the deepest part of the basin, the anisotropy induced by the depth decay is about 

kz/kx = 0.0002 (or, using the previous convention for reporting anisotropy, kh/kv = 5000).  In contrast, 

where the alluvium is less than about 700 m (the saturated thickness is less than 5000 m), the overall 

anisotropy induced by depth decay is approximately 0.1 (or kh/kv = 10). 

However, a second way of interpreting Figure 3-17 is that anisotropy induced by depth decay of 

permeability between any two depths depends only on the difference in their depths and not on the 

absolute values of their depths. For instance, anisotropy induced by depth decay between the water 

table depth of 200-m and a 700-m depth (roughly 0.1) is the same as the anisotropy induced by depth 

decay between a 700-m depth and a 1,200-m depth. This interpretation was verified by computing the 

anisotropy over successive 100-m depths between the water table and 1,500 m (Figure 3-18). Over 

each 100-m interval, kz/kx is approximately 0.9 (or kh/kv = 1.1) regardless of the absolute depth of the 

interval. This shows that on a local scale (say, the upper 100 m of the saturated zone or even the upper 

500 m of the saturated zone), only a relatively modest degree of anisotropy is introduced as a result of 

depth decay. 

In contrast, anisotropy caused by fine-scale layering could significantly affect flow directions over a 

much narrower range of depths (say, the upper 100 m) compared with effects introduced by depth 

decay, which become significant only over depth ranges of many hundreds of meters.  The effects of 

layering and depth decay on anisotropy thus operate at different spatial scales and should be treated 

separately in the flow model.   In summary, despite the fact the depth decay can introduce an overall 

anisotropy to the AA that can be very strong in the deepest parts of the basin, it is reasonable to 
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include an additional anisotropy term to capture the effects of smaller scale layering that would affect 

the trajectory of groundwater locally, such as in the upper 100 m of the saturated zone.     

3.6.4 Fault Properties

3.6.4.1 Basin-Fill Faults

Although most of the approximately 70 faults that are included in the Frenchman Flat flow model are 

located in consolidated tuffaceous and carbonate rock, a smaller number (10 to 15) have been 

modeled as propagating through the alluvium to the water table.  Despite their relatively small length 

and offset, the hydrologic properties of these faults are of interest because they are close to, and in 

some cases within, the areas where underground nuclear weapons tests have been conducted and are 

thus potential pathways for radionuclides leaving the test areas. 

Figure 3-17
Effective Anisotropy as a Function of Alluvial Thickness
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Unfortunately, no direct observations of fault structures or measurements of hydraulic properties are 

available for faults in the alluvium in Frenchman Flat.  However, based on studies of faults that 

cross-cut alluvium in other tectonically controlled basins, it seems that faults in alluvium and other 

poorly consolidated sediments are usually low-permeability features because of fault-induced 

changes to the sediment structure and the absence of open fractures (e.g., Heynekamp et al., 1999; 

Sigda et al., 1999;  Rawling et al., 2001; Cashman and Cashman, 2000).  Faults in poorly 

consolidated sediments consist of: (1) an outer damage zone that contains fault-related structures such 

as gentle folds, deformation bands, and minor slip surfaces (across which displacement is less than 

bed thickness); (2) a mixing zone in which displacement is greater than bed thickness and in which 

originally bedding structures are overprinted by a deformational fabric or completely destroyed 

through tectonic mixing; and (3) a central core zone that accommodates most of the slip within the 

fault zone and that is often characterized by multiple slip surfaces along strongly foliated clays.  The 

mixing and damage zones are present in both the footwall and the hanging wall.  

Figure 3-18
Anisotropy Induced by Depth Decay for 100-m Intervals between the water table 

(200 m) and a Total Alluvial Thickness of 1,500 m



Section 3.0

Phase II Groundwater Flow Model of CAU 98: Frenchman Flat, Nye County, Nevada

3-45

Heynekamp et al. (1999) indicate that strain in sandy layers in the damage and outer mixing zones is 

accommodated primarily by the formation of deformation bands, within which grain size and porosity 

are reduced by cataclasis (selectively affecting weaker grains like feldspar phenocrysts and lithic 

fragments), and by grain reorganization.  These processes result in strain hardening and greater 

induration within the deformation band, so that additional strain is accommodated by the initiation of 

a nearby deformation band, eventually culminating in a swarm of such bands.  Strain within clay-rich 

beds is accommodated primarily by bed-parallel slip and eventual reorientation of the beds as the 

fault core is approached.  Indeed, Heynekamp et al. (1999) suggest that clay-rich fault cores develop, 

at least in part, from the thinning, reorientation, and smearing of clay beds.  The mixing zones and 

clay-rich core are absent in fault zones where displacement is less than bed thickness.  However, even 

for these small displacement faults, the deformation bands within the fault zone have lower porosity 

and contain significantly more clay-sized particles compared with the adjacent undisturbed sediments 

(Sigda et al., 1999, Table 2).  In addition to these features, coarse-grained sediments within the fault 

zone can be preferentially cemented with calcite relative to adjacent sediments.  In the Albuquerque 

basin of New Mexico, calcite was preferentially deposited in coarse-grained sediments of the hanging 

wall mixed zone of a major basin-forming fault, and its presence was used to infer the influence of the 

fault on paleo-flow directions (Mozley and Goodwin, 1995; Heynekamp et al., 1999). 

Small-scale measurements of permeability made in the different elements of fault zones in poorly 

consolidated sediments indicate that (1) the permeability across deformation bands is about two to 

three orders of magnitude less than the sands that contain them; (2) the permeability of mixed zones is 

intermediate between the coarse- and fine-grained beds of the adjacent undisturbed sediments and 

depends strongly on the measurement location within the mixed zone; and (3) the permeability of the 

clay core is similar to that in adjacent undisturbed clay layers and can be about seven orders of 

magnitude less than that of nearby undisturbed sand layers (Sigda et al., 1999, Figure 3; Rawling et 

al., 2001).  The net effect of faults in the alluvium is to reduce the cross-fault permeability by two or 

more orders of magnitude while leaving the fault-parallel permeability largely unchanged (a small 

increase in the calculated fault-parallel permeability may occur if the mixed zone permeability is 

higher than the harmonically-averaged permeability of the clay and sand layers) (Rawling et al., 

2001; Figure 4).
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As a result of the orders-of-magnitude reduction in the cross-fault permeability and the resulting 

large-scale horizontal anisotropy induced by the faults, groundwater flow in basins containing faulted 

sediments is expected to be preferentially aligned with the strike of the faults (Heynekamp et al., 

1999; Rawling et al., 2001;  McAda and Barroll, 2002).  These studies, among others, have also 

proposed that faults in poorly consolidated sediments can compartmentalize an aquifer or petroleum 

reservoir, leading to higher-than-expected drawdowns when the aquifer or reservoir is pumped. 

In summary, the alluvium in Frenchman Flat appears to have been deposited at least partly 

contemporaneously with basin development, based on the presence of through-going faults in the 

alluvium (BN, 2005a).  The inference from mineralogic studies is that source areas for the alluvium 

shifted through time as structural blocks adjacent to the basin rose or fell relative to each other 

(Warren et al., 2002).  Conceptually, the presence of growth faults within the basin is also indicated 

by geologic cross sections that show faulting and erosion of uplifted parts of deep volcanic and 

sedimentary layers in the central part of the basin (BN, 2005a, cross section B-B’) and significant 

late-stage faulting that post-dates the deposition of the BLFA and OAA HSUs in northern Yucca Flat 

(BN, 2005a, cross section C-C’) (Figure 3-19).  Nonetheless, based on analog studies of faults in 

other alluvial basins, these faults are likely to be barriers rather than conduits for groundwater flow.  

Also, given the diverse orientations of the alluvial faults, particularly in the vicinity of the testing area 

in northern Frenchman Flat, the overall effect of these faults will probably be to reduce groundwater 

fluxes through these areas and perhaps compartmentalize the alluvial aquifer, rather than to simply 

reorient flow by imparting a large-scale anisotropy to the alluvium.  Given the ambiguity, the 

uncertainty analysis sections of this report document investigations that considered potential 

variations in fault permeability values both in the horizontal as well as vertical directions.

The Frenchman Flat flow model domain includes more than 70 faults, most of which cross-cut 

volcanic rocks, carbonate rocks, and siliciclastic rocks.  Descriptions of fault characteristics from 

outcrop studies or measurements from hydraulic tests were not available for faults in Frenchman Flat.  

Observations of fault properties in the vicinity of the NTS and studies reported in the literature of 

faults in analogous rock types are used to get a sense of the possible range of fault behaviors in 

Frenchman Flat.
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Figure 3-19
West-to-East and Northeast-to-Southwest Hydrostratigraphic Cross Sections Through the Frenchman Flat Area



Section 3.0

Phase II Groundwater Flow Model of CAU 98: Frenchman Flat, Nye County, Nevada

3-48

3.6.4.2 Faults in Consolidated Rocks

Recently published studies of fault-zone architecture in consolidated rocks have made distinctions 

between deformation behavior in low-porosity sedimentary and crystalline rocks, and in more porous 

sedimentary and volcanic rocks (Forster and Evans, 1991; Caine et al., 1996; Antonellini and Aydin, 

1994; Wilson et al., 2003).  Faults in low-porosity rocks generally have two primary architectural 

elements that can be developed to varying degrees depending on protolith material, location within 

the fault, and extent of displacement and cementation.  The first element, the core zone, 

accommodates most of the displacement and is characterized by low-permeability gouge or 

cataclasite.  The second element, the damage zone, contains minor faults, fractures, and folds that 

enhance its permeability relative to the undamaged protolith.  Together, the two fault elements tend to 

inhibit cross-fault flow and enhance fault-parallel flow, imparting an overall hydraulic anisotropy to 

the fault.  In contrast, porous sedimentary and volcanic rocks tend to accommodate small amounts of 

strain by cataclasis and shear-induced compaction along deformation bands rather than by fracturing 

(Antonellini and Aydin, 1994 and 1995; Wilson et al., 2003).  In sandstones, these deformation bands 

contain finely ground particles that have substantially lower permeability (one to four orders of 

magnitude) and higher capillary pressures than adjacent undeformed rock, factors that allow 

deformation band faults to trap oil and sometimes compartmentalize oil reservoirs (Antonellini et al., 

1999).  Deformation bands in nonwelded tuffs are also expected to have low absolute permeabilities 

compared to adjacent undeformed tuff based on the fine-grained texture of the material within the 

band (Wilson et al., 2003). 

Despite the tendency of non-welded tuffs to accommodate small amounts of strain through the 

development of deformation bands, other field data suggest that fault zones in non-welded tuffs, like 

faults in welded tuffs, are zones of enhanced fault-parallel permeability when displacements are large.  

Indirect evidence for this comes from (1) the association of fast groundwater flow paths in the 

unsaturated zone at Yucca Mountain, identified from the distribution of bomb-pulse chlorine-36 (36Cl) 

in an underground tunnel, with major fault breaks in an overlying non-welded tuff (Levy et al., 1999; 

Wolfsberg et al., 2000); (2) enhanced propagation of atmospheric barometric pressure changes 

through non-welded rocks in the unsaturated zone where these are cross-cut by faults (Rousseau et 

al., 1999); (3) the rapid drainage of perched water from small faults in nonwelded tuff confining units 

when these were first intersected by tunnels at Rainier Mesa (Thordarson, 1965); and (4) hydraulic 
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test data from the NTS that indicate a four-order-of-magnitude variation in the hydraulic conductivity 

values of nonwelded tuff confining units that are best explained by the presence of open fractures and 

faults in at least some of the tested intervals (Geldon, 2004; SNJV, 2004d, Figure 5-12).  Although 

these data do not rule out the possibility that cross-fault permeability in nonwelded tuffs is low, they 

are incompatible with the idea that permeable fracture paths do not develop parallel to faults in 

nonwelded tuffs, at least at shallow depths. 

An important factor potentially affecting the migration of radionuclides to the LCA in Frenchman 

Flat is the hydraulic properties of faults at depth in the volcanic confining units that separate the 

alluvium and tuff aquifers from the LCA.  Based on drilling experience at Pahute Mesa, Blankennagel 

and Weir (1973) suggested that fractures and faults in relatively weak nonwelded tuffs close more 

readily with increasing overburden pressure than fractures or faults in more competent welded tuffs 

and lavas.  A series of permeability tests conducted on naturally fractured cores of welded and 

nonwelded tuffs from Yucca Mountain provide partial confirmation of Blankennagel and Weir’s 

(1973) hypothesis.  These tests showed that fracture conductivity decreases by between 80 and 90 

percent in nonwelded tuffs when effective confining stresses were increased from 10 to 120 bars, 

whereas fracture conductivity decreased by only about 50 to 60 percent over the same pressure range 

in welded tuffs (Peters et al., 1984).  Although the total number of fractures tested was small (five) 

and other factors such as the alignment of fracture surfaces probably influenced the results of these 

tests, the data suggest that fractures in nonwelded tuffs at depth close more rapidly and completely 

than those in welded tuffs. (Note that an effective confining stress of 120 bars would be obtained at a 

depth of 700 to 800 m beneath Frenchman Flat, assuming overburden consisted of alluvium with a 

bulk density of 1,650 kilograms per cubic meter [kg/m3]).

Another indirect indicator of the permeability of faults in the volcanic confining units separating the 

LCA from shallower tuff and alluvium is provided by groundwater geochemistry data.  Groundwater 

from the LCA generally has much higher concentrations of most major constituents (except silicon 

dioxide [SiO2]) than groundwater from the volcanic tuffs and tuff-derived alluvium.  These 

characteristics make it easy to identify small components of LCA groundwater where upward leakage 

from the LCA has occurred, but somewhat more difficult to identify the presence of small amounts of 

dilute groundwater from volcanic or alluvial aquifers in the LCA.  In central Yucca Mountain, where 

hydraulic heads in the LCA are approximately 25 m higher than in the overlying tuffs, no significant 
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amounts of LCA groundwater are present in the shallow volcanic aquifers, despite the presence of 

many major faults through the thick confining units (BSC, 2004).  This observation appears to 

support the idea that faults in deep confining units at Yucca Mountain have been sealed through a 

combination of overburden pressure and mineralization.  In northern Frenchman Flat at the ER-5-3 

well complex, where hydraulic heads in the shallow volcanic and alluvial aquifers are about 7 m 

higher than in the underlying LCA, some geochemical data allow for the presence of a component of 

AA water in the LCA (Hershey et al., 2005).  However, this interpretation could not be confirmed 

with other geochemical evidence, and alternative interpretations of the groundwater composition at 

Well ER-5-3 involving only upgradient LCA sources were identified that were considered more 

probable (Hershey et al., 2005; SNJV, 2006). 

It has long been accepted that faults and fractures in the regional carbonate aquifer (LCA) are 

responsible for the generally high productivity of this aquifer (Winograd and Thordarson, 1975).  

Near Frenchman Flat, the existence of a so-called “mega channel” in the LCA was suggested along 

the Spotted Range-Mine Mountain shear zone between Frenchman Flat and Ash Meadows based on 

the presence of a potentiometric trough in this area and relatively young 14C ages for the groundwater 

discharging from springs in Ash Meadows at the downgradient end of the trough (Winograd and 

Pearson, 1976).  The variability in the discharge of springs at Ash Meadows is also consistent with 

the channelization of groundwater along specific structural features, rather than diffuse, porous 

media-like flow in the LCA (Winograd and Thordarson, 1975, Figure 35).  Likewise, a groundwater 

trough coinciding with the Yucca Flat fault suggests that groundwater in Yucca Flat drains 

preferentially through this fault toward Frenchman Flat (Winograd and Thordarson, 1975; Laczniak 

et al., 1996).  More recently, hydraulic test data from an MWAT in the LCA in Yucca Flat have 

demonstrated a rapid hydraulic response at a monitoring well connected by a fault to the pumping 

well approximately 10 km away (SNJV, 2005b).  These examples of highly channelized groundwater 

flow directly to the north and southwest of Frenchman Flat strongly suggest the possibility that 

channelization of groundwater flow along faults in the LCA may be also taking place in Frenchman 

Flat, where hydraulic head data are too sparse to allow the conclusive identification of similar 

behavior.  Southeast of Frenchman Flat in Indian Springs Valley, a fault in the LCA perpendicular to 

the regional hydraulic head gradient forms a hydraulic barrier with an associated drop in head of 

several hundred feet between the northern Spring Mountains and the central part of the valley 

(Winograd and Thordarson, 1975, Figure 33).  Collectively, these observations are consistent with the 
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model of fault behavior in low-porosity rocks described by Caine et al. (1996) in which fault-parallel 

flow is enhanced by the presence of fractures and minor faults in the damage zone, whereas the 

development of gouge and cataclasite in the fault core limit cross-fault flow.

3.7 Conceptual Flow Model Summary

A number of studies investigated the Frenchman Flat groundwater flow system.  Overall, three 

conceptual models have been proposed.  These conceptual models are not mutually exclusive.  The 

first conceptual model was proposed by Winograd and Thordarson (1975) and updated by 

Laczniak et al. (1996).  This conceptual model was based on an assumption that water in the AA is 

semiperched and is characterized by a vertical flow system from the AA to the LCA through an 

internal outlet in the vicinity of the Frenchman Lake Playa or through another local sink.  In addition, 

this conceptual model allowed for the possibility that water moves from the AA to the LCA through 

slow lateral flow to the basin edge.  The second conceptual model suggests flow in the AA is 

consistent with LCA flow direction going from north to south. This conceptualization is based on 

regional flow model results, which indicated this flow direction (DOE/NV, 1997), rather than by 

site-specific data.  The third conceptual model suggested that water in CP basin to the west/northwest 

of Frenchman Flat leaks through the Cane Spring fault into the Frenchman Flat basin (IT, 1999a) and 

the general flow in the Frenchman Flat basin is from north to south/southeast.  This conceptual model 

is supported by three observations: 1) observed water levels in CP basin are much higher than those in 

the Frenchman Flat basin, 2) observed water levels in the AA are lower to the south and east of the 

Frenchman Lake Playa, and 3) water levels observed in Well UE-5c WW in the northwest alluvium 

are greater than those observed in the central or east basin.  This conceptual model was chosen as the 

basis for the Frenchman Flat CAU Phase I flow model (IT, 1999a).  The Phase II Frenchman Flat 

flow model does not make any preconceptions regarding which of these three conceptual models is 

correct, but is designed in a way that allows aspects of all of these conceptual models to be 

investigated and flow directions to be determined as a result of model calibration. 

Groundwater flow through the Frenchman Flat basin is driven by recharge within the basin and 

groundwater flow from areas of higher head to the west of the basin.  Hydraulic head data do not 

indicate large lateral or vertical gradients and suggest that groundwater flow is slow within the basin, 

a conclusion that is consistent with low rates of recharge and limited inflow to the basin across the 
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Cane Spring fault inferred from the large water-level differences between the Frenchman Flat and CP 

basins.  Rates of present-day recharge in the model area are 1 percent or less of the total fluxes 

estimated to pass through the model area, mostly through the LCA.

The rate and direction of groundwater flow within the Frenchman Flat basin depend on the 

magnitude, spatial variability, and directional dependence of permeability within the basin, as well as 

on the vertical and lateral hydraulic gradients in the basin. The anisotropy and the variation of 

permeability with depth in the alluvium, in particular, will play an important role in determining 

whether shallow groundwater flow near the nuclear test locations moves predominantly horizontally 

or has a strong vertical component.  Anisotropy ratios (kh/kv) of 7.7 estimated from MWAT at the 

ER-5-3 well cluster in the OAA and ratios of 1.1 to 360 estimated from the RNM-2s MWAT in the 

central testing area suggest that anisotropy in the alluvium will promote lateral groundwater flow in 

preference to vertical flow.  Lateral flow in the alluvium will also be promoted by the decrease in 

permeability with depth in the AA that occurs as a result of sediment compaction. Evidence for the 

decrease in permeability with depth in Frenchman Flat is provided by analysis of flow log data from 

ER-5-4 and by an analysis of regional data from the AA in the NTS investigation area. Permeability 

data from Frenchman Flat itself show considerable scatter and do not clearly indicate a decrease in 

the permeability of the AA with depth, but at least some of the scatter is attributable to uncertainty 

associated with the interpretations and not to heterogeneity. Although depth decay in permeability 

introduces anisotropy to the flow system over many hundreds of meters, anisotropy introduced by 

depth decay is minor over scales of tens to a hundred meters, and local anisotropy associated with 

layering should be considered separately in the model calibration.

The absence of significant vertical hydraulic gradients in the AA, combined with effects of depth 

decay in permeability and the possibility of kh/kv ratios much greater than unity indicate that 

groundwater flow in the AA will be predominantly lateral to the basin margins.  Furthermore, the low 

recharge rates estimated for the basin, and the limited inflow across the Cane Spring fault, indicate 

that lateral groundwater movement within the basin will be slow.

These and other aspects of the Phase II conceptual groundwater flow model in the Frenchman Flat 

CAU are summarized below:
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• Regionally, groundwater flow occurring in the LCA is conducted into the northern edge of the 
Frenchman Flat CAU model from southern Yucca Flat and areas east, eventually discharging 
at Ash Meadows and possibly Alkali Flat and Death Valley.  This regional conceptual model 
remains unchanged from Phase I as that of Winograd and Thordarson (1975), modified by 
Laczniak et al. (1996).

• Recharge from sources within the basin provides only minor amounts of water to the flow 
system.  Even when three different models of recharge (modified Maxey-Eakin, USGS 
distributed parameter watershed, and DRI chloride mass balance) are considered in 
conjunction with Frenchman Flat precipitation, the recharge contribution to the Frenchman 
Flat water balance is on the order of 1 percent or less (SNJV, 2004d).  This element of the 
conceptual model remains unchanged from Phase I, and low local recharge is ubiquitous in 
Phase II.

• Flow through the LCA is largely controlled by faults and fractures, with the Rock Valley fault 
system as a major regional system.  Whether or not the Rock Valley fault system is 
ubiquitously and intensely fractured enough to form mega channels as suggested as Winograd 
and Pearson (1976) remains unknown.

• Volcaniclastic, bedded, and welded tuff units with locally interbedded lava flows and breccia 
overlie the LCA over most of Frenchman Flat. These units are thickest on the northwest and 
west margins of the basin near their volcanic source areas, and thin progressively towards the 
east and south margins of the basin. The conceptual model, that a thick section of Paleozoic 
carbonate rocks overlain by volcanic and alluvial units in the basin, is unchanged from the 
Phase I conceptual models and remains as a core component of all alternative HFMs.  
Confining units were encountered in the central testing area in ER-5-4#2 and in the northern 
testing area in ER-5-3#2.  The alluvial and volcanic sections were thicker than expected.

• Hydraulic heads are higher in the AA than the LCA, reflecting a separation of the local flow 
system in the AA from the regional system in the LCA.  This interpretation remains 
unchanged from Phase I.

• Hydraulic heads are very similar in the AA in Frenchman Flat, both horizontally and 
vertically.  Thus, there is very little driving force for groundwater flow in any direction.

• The heads in the LTCU, which is one of the volcanic units that separates the AA and LCA 
flow systems, appear to be higher than either the AA or LCA.  This presents an additional 
barrier to regional-scale contaminant migration from the underground nuclear tests. 

• Faults through the alluvium are likely to be barriers rather than conduits for flow. 

• Faults in consolidated rocks may display considerable anisotropy and vary in their properties 
depending on porosity and mechanical properties.
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4.0 GROUNDWATER FLOW MODEL CONSTRUCTION

This section describes the methods used to construct the numerical groundwater flow model for 

Frenchman Flat.  The objective is to transform the conceptual models described in Section 3.0 into 

mathematical models that can simulate the groundwater flow system in the area surrounding the 

Frenchman Flat CAU.  The construction process includes spatial discretization, definition of 

boundary conditions, and initial assignment of model parameters.  The process follows that described 

in the American Society for Testing and Materials (ASTM) Standard Guides D 5447-93 (ASTM, 

1993a) and D 5610-94 (ASTM, 1994b). 

4.1 General Approach

The modeling approach followed in this document enhances and extends the Frenchman Flat CAU 

flow model approach presented in the Frenchman Flat CAIP addendum (NNSA/NV, 2001).  Specific 

steps followed to develop the CAU groundwater flow model are also detailed in the Frenchman Flat 

hydrologic data document (SNJV, 2004d), described by ASTM (1993a), and are summarized below:

• Identify simulation objectives.
• Define the CAU geologic model.
• Define parameter distributions for model inputs.
• Define CAU flow model boundaries.
• Select a computer code.
• Generate the CAU model grid.
• Calibrate the CAU flow model.
• Perform parameter sensitivity analyses.
• Prepare the model document.

The first three steps are detailed in SNJV (2004d) and BN (2005a), and computer code selection is 

detailed in the Frenchman Flat CAIP (DOE/NV, 1999).  The HFMs are described in Section 2.2 of 

this report.  More detail is provided below on model boundaries, grid generation, and implementation 

of the multiple HFMs.  Section 5.0 of this document describes the model calibration, Section 6.0 

describes the model uncertainty analysis, and Section 7.0 details the parameter sensitivity analysis.
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4.2 Model Area

The model area was determined to define, at a minimum, the saturated flow regime in and underneath 

the AA where underground nuclear testing was conducted (Figure 1-5).  As described in the 

Frenchman Flat hydrologic data document (SNJV, 2004d), the natural physical boundaries for the 

Frenchman Flat CAU area are too distant to be used for the lateral boundaries of the CAU flow and 

transport models.  Therefore, model boundaries are selected to incorporate underground nuclear tests, 

important hydrologic features, and wells providing hydrologic and geologic information for 

Frenchman Flat.

Model boundaries are extended to include the most relevant features that could be controlling the 

flow directions and gradients in the AA and to take advantage of the detailed information available in 

the HFM models.  The HFM model boundaries as defined in BN (2005a) were chosen such that they 

encompass perceived geologic and hydrologic domains and, to the extent possible, contain the 

contaminant source areas with some buffer within practical computational constraints.  

To the west, the model boundary traverses the eastern part of CP basin, and encompasses Wells 

WW-4 and WW-4A.  To the east, the model is extended slightly east from Well TW-3 to provide 

some edge control and to ensure that the model boundary heads are consistent with a measured water 

level.  To the north, the model boundary extends into southern Yucca Flat and includes Wells WW-C 

and WW-C1.  To the south, the model boundary extends well below the southern edge of the AA to 

include the Ranger Mountains and parts of the Spotted Range.  The southern model area encompasses 

an area where the Rock Valley fault system appears to control the flow regime in the LCA (Winograd 

and Thordarson, 1975).  Because of the great extent of the flow system, the boundaries of the CAU 

flow model do not coincide with natural hydrologic and geologic boundaries.  Thus, the boundaries 

must be estimated using well data and other regional information. 

The CAU numerical model lies within the geologic model domain and has lower-left plan coordinates 

of 584,500 and 4,061,000 m (UTM Zone 11, NAD 27 m) and upper-right plan coordinates of 603,500 

and 4,091,000 m.  The model is aligned north-south.  The numerical model extends from the 

estimated water table to the estimated bottom of the LCA at an elevation of about -3,500 to -4,500 m 

below sea level.  The hydrologic model area encompasses 570 km2 of the southeastern portion of the 

NTS (Figure 1-1).  The area has a north-south length of 30 km and an east-west length of 19 km. 
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4.3 Mesh Generation

To carry out numerical modeling of flow and transport, a computational grid must be constructed.  

The approach to grid generation is driven by numerous factors, such as the algorithm one is using to 

solve the flow and transport equations (e.g., finite difference, finite element, finite volume); the level 

of detail available regarding the geometry of the hydrostratigraphy; the need for accuracy in resolving 

gradients; and the goals of the modeling analysis.  The Frenchman Flat flow model uses FEHM 

(Zyvoloski et al., 1997a) and a computational grid generation approach based on a balanced octree 

refinement of an orthogonal grid.

Octree refinement is based on recursive refinement of hexahedral blocks into eight octants by planes 

perpendicular to each coordinate axis.  The splitting of blocks is continued, creating progressively 

smaller cells, until refinement criteria are met (Figure 4-1).  The Voronoi polygons shown in 

Figure 4-1 are the FEHM control volumes associated with mesh nodes.  

4.3.1 Mesh Refinement Criteria

A set of criteria, outlined below, was developed to produce a mesh that is suitable for flow and 

transport calculations for the Frenchman Flat CAU.  The resultant mesh has sufficient resolution to 

represent features such as hydrostratigraphy, faults, contaminant source zones, wells, and the water 

table, yet not too large to make computations impractical.  Further, the mesh should have enough 

resolution at the areas of change between the different HFMs such that the same mesh is used to 

reasonably simulate all alternative HFMs.  In general, the criteria for grid generation are as follows 

(DOE/NV, 1999; SNJV, 2004a):

• The external boundary of the CAU model will correspond to appropriate cell boundaries 
within the regional groundwater flow model.  However, the regional model is rotated with 
respect to the coordinate system and the CAU model is not; thus, the correspondence will not 
be exact.

• Nodes will be placed as close as practical to each underground test location as well as at 
specific well locations and along the wells’ open intervals.

• Nodes will be placed along faults that are identified as being important to the distribution of 
HSUs and the flow regime.
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Figure 4-1
Relationship Between Grid Refinement Levels, the Resulting Finite 

Element Mesh, and Computational Control Volumes
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• The node density will be greatest in the vicinity of the underground tests and at other points of 
interest, such as discharge wells, and will decrease toward the CAU-model boundaries.

• Nodes will be preferentially placed along HSU contacts to more precisely incorporate the 
geologic model structure in the simulations.  The nodes will not be layered in a 
finite-difference sense, but rather will form a pattern representative of the CAU-scale geology.

• The node spacing will vary from small in the vicinity of test cavities and wells to nearly as 
large as in the regional groundwater flow model grid at the CAU boundary.

In general, it is easy to define criteria that lead to increased refinement in certain volumes of the 

mesh.  The more difficult process is to define design criteria that limit the refined volume so that the 

mesh size (number of nodes and elements) does not grow beyond practical limits.  The process of 

developing these criteria is iterative.  Control files for the Los Alamos Grid Toolbox (LaGriT) 

(George, 1997) mesh-generation package are written to implement the criteria, and then 

mesh-generation calculations are performed and checked to ensure the implementation is correct.  

The resulting mesh is analyzed to determine whether the goals have been met.  Details of this process 

are presented in the following sections.

4.3.2 Mesh Requirements for FEHM Streamline Particle Tracking 
The streamline particle tracking (SPTR) macro within the FEHM code, which is used during transport 

calculations, has the capability to move particles within the simulated flow field, but this capability is 

only implemented for grids that meet specific criteria.  The SPTR capability will work for orthogonal 

finite-difference grids; orthogonal finite-difference grids refined using the balanced octree mesh 

refinement (OMR) algorithm if the aspect ratio of grid blocks is not greater than square root of two; 

and orthogonal finite-difference grids that are refined using the balanced OMR algorithm if all 

elements in a row or column of the grid are refined.  A standard finite-difference grid would be too 

large (e.g., too many nodes) if it were made fine enough to resolve geometric details of the HFM.  

The geometric details of the HFM also do not lend themselves to a method that refines entire rows or 

columns.  Therefore, the balanced OMR method that allows targeted local refinement was used.

A practical consideration is that the computational resources (e.g., processor time, computer memory) 

necessary to complete a FEHM calculation is proportional to the number of nodes in the 

computational grid.  Based on experience from previous modeling efforts, a reasonable node count 

target was 1 to 1.5 million nodes.
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The HFM for Frenchman Flat represents a preferred model interpretation of the hydrostratigraphy 

(BASE) and four alternative HFMs.  To simplify the flow and transport modeling, the grid design 

incorporates the BASE and four alternatives into a single grid.  This is done by applying the grid 

refinement criteria to all five models separately and then creating a single grid that is the 

superposition of the finest cells from all five alternative HFM grids.  This approach is practical for 

these HFMs because the volume where the models differ is limited to a small fraction of the total grid 

volume.

Underground nuclear test cavities where source terms will be imposed require a fine resolution grid.  

To avoid dilution in an initial source concentration, it is important that elements with small volumes 

are used near underground test cavities.  For the Frenchman Flat basin area, this does not add a 

substantial number of nodes to the overall grid because the total volume associated with 10 

underground nuclear test cavities is small compared to the total volume of the grid.

Wells in the model volume provide data on water levels and may be sources or sinks of water.  The 

measured water levels are used as calibration targets.  Therefore, it is also important to have high 

resolution near the open intervals of wells.

It is important to maintain continuity of material interfaces especially where there are strong contrasts 

in properties (e.g., permeability) across material interfaces.  A thin unit (such as the BLFA) may act as 

a flow pathway if it has high permeability, so the grid must be refined enough to ensure lateral 

continuity of the unit.  The same can be said for low permeability units.  They may act as barriers to 

flow, so the grid must be refined enough to maintain lateral and vertical continuity of these units.  An 

idealized example is shown in Figure 4-2.  In this figure, a thinning and thickening strip of material is 

shown repeated along with four progressively coarser (by a factor of two) discretization levels and the 

associated quadrilaterals and nodes.  The areas above and below the strip are shown with dark and 

light shading, respectively.  The material in the strip is shown as intermediate shading to qualitatively 

illustrate the effect of mesh refinement.  In the leftmost panel, the very finest discretization level 

maintains continuity at all material thicknesses with the representation becoming progressively worse 

to the rightmost, coarsest discretization panel.  

The model region is intersected by many faults.  The faults offset HSUs, which can impact flow and 

transport.  In addition, faults may act as barriers or conduits to flow and transport.  It is important that 
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the grid be constructed so that material properties associated with faults are continuous.  It is less 

important that the grid actually resolve the length scales associated with the zones of alteration 

perpendicular to the fault surfaces.   

The grid can be adapted to physical features but cannot exactly conform to features without an 

impractically large number of nodes for an area the size of the Frenchman Flat CAU model.  There 

are a number of reasons for this.  One is that the code being used, FEHM, uses Voronoi control 

volumes (Okabe and Boots, 1992) around each node as the computational volume to which material 

properties are assigned (Figure 4-1).  It is possible to create Voronoi polygons that conform to simple 

geometries; however, for the general case, no algorithm exists that creates a conforming Voronoi 

tessellation of a general 3-D planar straight-line graph.  The other reason is related to a requirement of 

the FEHM SPTR algorithm, which is implemented on orthogonal octree-refined grids.  Further, the 

relationship between the octree grid, the associated Delaunay tetrahedral mesh, and the node-based 

control volumes is not one to one.  As can be seen in Figure 4-1, the Voronoi volumes (areas, in this 

two-dimensional [2-D] example) are offset from the quadrilateral cells.  Also, material properties are 

assigned to nodes and control volumes in FEHM, not the quadrilateral or triangular elements.  

However, use of local mesh refinement allows creation of high-density node distributions near 

features requiring detailed resolution and assignment of node properties based on the spatial 

Figure 4-2
Effect of Grid Refinement on Material Continuity
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relationship between the features (HSUs, faults, well intervals, test cavities) and the grid nodes.  The 

result is a grid that adapts to the features and places additional resolution near features of interest, 

allowing improvement in representing the complex geometric features within the CAU model.  This 

is illustrated in Figure 4-2, in which different levels of refinement allows one to represent the 

geometry at greater and greater resolution, but in the end it is only the node distribution, and the 

properties assigned to the nodes, that are input into the computational flow and transport model. 

4.3.3 Input for Grid Generation

The inputs for grid generation are a collection of points (zero-dimensional [0-D]), lines 

(one-dimensional [1-D]), surfaces (2-D), and volume definitions (3-D).  These are used in various 

ways to constrain the octree grid refinement and material property definitions.

The BASE HFM and four alternatives are constructed using the EarthVision® software tools 

(Dynamic Graphics, 2002).  Various components of the HFM are exported as text files.  These 

components define:

• Twenty-two surfaces, which represent the top of each HSU 
• Seventy-three surfaces, which represent faults
• Seventy-two non-planar, 3-D polygons defining the boundary of each fault
• A surface that represents topography 
• A surface that represents the water table

The first two items are repeated for each HFM for a total of five sets of surfaces.  All surfaces are 

represented by a structured array of elevations, z(i,j), where z is the elevation in meters, i is an index 

for the x coordinate (west-east direction) and j is an index for the y coordinate (south-north direction).  

Each surface, generated by EarthVision® for input into LaGriT, is approximated by 761 points in the x 

direction and 1,201 points in the y direction, for a total of 913,961 points.  The horizontal separation 

between points, dx, dy, is uniform with dx=dy=25 m.  The surface defined by the z(i,j) array is 

composed of 912,000 quadrilateral cells making a surface that extends 19 km in the x direction 

(west-east) and 30 km in the y direction (south-north) (Table 4-1).

To build the grid, two additional HSU surface files had to be created.  The first was a surface 

representing the bottom of the model because the existing surfaces represented the top surface of each 

HSU in the model but did not account for the model base.  A surface with a constant elevation            
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of -5,500 m was used to define a volume between the top of the LCCU and bottom of the model.  The 

second surface was created at the top of the model.  The top surface provided by EarthVision® 

represents the top of PCU2T; however, there is volume between this surface and the water table.  That 

volume is associated with the alluvial unit, AA3.

The information in the EarthVision® surface files, z(i,j), requires some preprocessing before it can be 

input into the LaGriT grid generation software.  The EarthVision® files contain NULL values if the 

HSU has zero thickness.  Some HSUs only exist over a small part of the model domain, which leads 

to the majority of the entries being NULL.  However, LaGriT expects surfaces to be defined with a 

z coordinate at every array entry, z(i,j).  The HSU surfaces are processed by reading in all surfaces 

into a data structure, z(i,j,k), where k is the surface number.  If a model has N HSUs, there will be N+1 

surfaces.  Then each (i,j) index is inspected starting at the bottom surface, k=1, up to the top surface, 

k=22.  If an entry, z(i,j,k), has a NULL value, it is assigned the z coordinate of the next lower entry, 

z(i,j,k-1).  Because the bottom of the model z(i,j,0) = -5,500 m and does not contain any NULL 

values, this approach ensures that every entry in the array has a valid z coordinate.  If an HSU does 

not exist at a particular (i,j) location, it is represented by a top and bottom surface with the same z 

coordinate, signifying an HSU with zero thickness. 

Table 4-1
Quadrilateral Grids Define Surfaces z(i,j)

Number of Nodes
NX 761
NY 1,201

Total 913,961

Number of Cells
NX 760
NY 1,200

Total 912,000

Extents

XMIN 584,500 m
XMAX 603,500 m
YMIN 4,061,000 m
YMAX 4,091,000 m

Increment dx 25 m
dy 25 m
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Adjacent pairs of surfaces are used to compute isopachs, or lines of equal stratigraphic thickness, in 

each HSU.  This is required because HSU thickness is used as a criterion for deciding how many 

levels of recursive refinements the grid blocks of a particular volume receive.

Faults are represented by 73 surfaces, z(i,j), with a data structure identical to that used for the HSU 

surfaces.  The faults can be close to vertical; however, because they are represented on a grid with 

uniform horizontal increments, dx=dy=25 m, the surface cannot be exactly vertical.  For example, 

with a constant horizontal spacing of 25 m, a vertical offset between neighboring nodes of 1,000 m 

produces a dip angle of about 88.6 degrees; a vertical offset between neighboring nodes of 2,000 m 

produces a dip angle of about 89.3 degrees; and a vertical offset of 3,000 m produces a dip angle of 

about 89.5 degrees.  To determine which part of the surface represents a fault and which part does not, 

additional information is required to determine where the z(i,j) surface representation terminates.  As 

with the HSU surfaces, a NULL value is assigned to array entries where the fault does not exist.  A 

simple example (Figure 4-3a and Figure 4-3b) illustrates this stair-stepping effect.  In this example 

the surface z(i,j)=x*y dip is less than 45 degrees (Figure 4-3a).  If all quadrilateral elements with any 

z coordinates above z=4.5 are removed, the surface has a jagged boundary that varies between z=3.5 

and z=4.5 (Figure 4-3b).  The figure shows the same effect when the NULL cells are removed from 

the fault surface (Figure 4-3c and Figure 4-3d).  Viewed from above, the boundary is a jagged 

stairstep at the 25-m resolution of the surface (Figure 4-3c).  In perspective, it is apparent that the top 

of the fault is jagged with over 100-m excursions (Figure 4-3d).  The color represents the elevation 

z(i,j), and the stair-stepped truncation results in a jagged termination of the fault.   

Fault representation is further refined by using additional information from EarthVision®:  the tiploop 

data file contains a set of non-planar polygons that define the outline, in three dimensions, of the 

perimeter of each fault.  A new representation of each fault is developed by the following steps.  The 

non-planar polygon is projected onto the xy plane (all z coordinates are set to zero).  The polygon is 

triangulated using an algorithm that clips convex corners from the polygon.  The result is a 

triangulation that exactly conforms to the planar polygon without any interior points.  A recursive 

refine and smooth algorithm is then used to create a triangulation with interior points and isotropic 

triangles with edge lengths of approximately 75 m.  The triangulations are then projected vertically 

onto the original z(i,j) fault surfaces, and a z coordinate is assigned to each node of the triangulation 
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based on the intersection of the node from the triangulation with the z(i,j) surface.  The resulting 

triangulations are shown in Figure 4-4. 

A representation of the topographic surface, or digital elevation model (DEM), is required for 

model-specific reasons.  For example, when permeability is modeled as decreasing with overburden 

pressure, each node depth from ground surface is required.  An EarthVision® z(i,j) surface file with 

the same characteristics (e.g., grid spacing, number of nodes, extents) as the elevation is required.  A 

z(i,j) surface file similar to the one used for water-table elevation is used to represent ground surface 

elevation.  The topographic map was generated using three data sources: (1) the majority of the area, 

all within NTS boundaries, was represented by the NTS project 1999 10 m DEM in UTM Zone 11 

Figure 4-3
Examples of What Occurs When a Regular Grid, (1,j), Is Truncated

and Cells Above a Particular Elevation Are Removed

An example of what occurs when a regular grid z(i,j), is truncated and cells above a particular elevation are removed. 
  a) A simple surface grid z(i,j) viewed from above and colored by z coordinate. 
  b) The same grid viewed from the side after cells above z=0.5 are removed. The truncated edge does not have a constant elevation.
  c) One of the fault surface grids truncated at the elevation of the top and bottom of the model. 
  d) The same grid viewed from the side and magnified showing the jagged edge along the truncated edge of the grid.
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NAD 27 m, (2) topography in the northeast corner of the model was based on the USGS 7.5-minute 

quadrangle topographic maps that the project has on file as contours in digitized form, and 

(3) topographic data for the eastern strip were taken from the USGS 30 m DEM data available for 

download (USGS, 2005).  

4.3.3.1 Water-Table Definition

The FEHM simulations utilize a confined aquifer approximation in which the water table defines the 

top of the model domain.  An estimate of the water table is developed using observed heads in wells 

relatively shallow in the flow system and regional model results.  This process is explained below.  

The confined aquifer approach does not include an unsaturated zone or moving water table and, 

therefore, solves a simplified and computationally more efficient numerical model.  

Figure 4-4
Expanded Views of 73 Fault Surfaces Converted to a Triangulation
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The water table for the Frenchman Flat CAU model is generated from several sources and is a 

complex derivative involving base data, additional data, and adjustment data.  The base data are from 

the UGTA regional model output for run G0R2 (a model run using the base geologic model and the 

largest amount of recharge across all considered recharge datasets [SNJV, 2004d]), and have been 

modified with contemporary water-level measurements.  Although the simulated water levels at the 

water table do not need to correspond to the top of the mesh in a fully confined model, this process of 

using a simulated water table modified to honor field measurements was completed to provide the 

best possible estimate of the top of the model domain.     

The CP basin area was given the water-table elevations derived from the regional model target head 

dataset (DOE/NV, 1997).  Control points are also added along the Cane Spring fault on its east side to 

bring the water-table elevation near the fault to a value that is close to the average water-table 

elevation within the Frenchman Flat basin (about 735 m). 

The base and additional data were then gridded with an EarthVision® function called adjustment 

gridding.  This function adjusts (warps) the entire grid to honor the contemporary data at the provided 

measurement locations.  

An EarthVision® z(i,j) surface file with the same characteristics as the HSUs and faults represents 

water-table elevation (Figure 4-5).  The water table as defined by the composite of regional model 

results and available water-level measurements as described above is shown in Figure 4-5a.  A 

stair-stepped representation, with steps at 880, 830, 780, and 730 m, was used to define the top of the 

model (Figure 4-5b).  Figure 4-5c shows a view of the resulting mesh top.  

4.3.3.2 Breakthrough Planes, Test Cavities, and Well Intervals 

A small part of the model domain near the CAMBRIC test and Wells RNM-1 and RNM-2s has been 

studied in detail (Tompson et al., 2005).  In that study, a number of breakthrough (BT) planes were 

defined to analyze radionuclide breakthrough results for transport from the CAMBRIC test.  To 

maintain some consistency between Frenchman Flat CAU flow and transport models and the 

CAMBRIC models, the same planes are defined using high-resolution elements in the volumes 

surrounding these planes.  The data used to define the planes have map coordinates (x,y) with no 

depth information provided.  The coordinates of the planes are listed in Table 4-2. 
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Figure 4-5
Representation of the Water Table Used 

To Truncate the Top of the Model

Table 4-2
Breakthrough Planes Coordinates

Name Type x Coordinate
(UTM m)

y Coordinate 
(UTM m)

BT_P1 Line
592,015.04 4,075,718.58
593,667.82 4,074,281.77

BT_P2 Line
592,060.31 4,075,770.65
593,713.09 4,074,333.85

BT_P3 Line
592,175.78 4,075,903.48
593,828.56 4,074,466.67

BT_P4 Polygon

591,988.79 4,075,688.39
593,641.57 4,074,251.58
593,602.21 4,074,206.30
591,949.43 4,075,643.11
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There are 10 underground nuclear test cavities within the volume of the flow and transport model.  

These are defined by point data.  The location of each test cavity is defined by an easting (x), 

northing (y), and working point elevation (z) coordinate.  These are tabulated in Table 1-1. 

Thirty-seven zones are used to represent screened intervals of wells within the model area.  Each of 

these is represented by a line defined by an easting (x), northing (y), and two elevation (z) coordinates.  

The z coordinates define the lower and upper extents of the screened interval.  These data are obtained 

from the Frenchman Flat hydrologic data document (SNJV, 2004d).

4.3.4 Selective Grid Refinement

The grid generation strategy is to selectively change the grid resolution to accommodate features in 

the model because building a grid with high resolution throughout is impractical.  In the planning 

stage of the process, features that need to be resolved by the grid are identified, but it is difficult to 

predict the node count of the refined grid accurately.  Therefore, the approach is to increase the model 

resolution and check the size of the resulting mesh until the mesh size grows beyond a target value.  

The goal for the resulting mesh was about 1 million nodes.  This number is based on the analyst’s 

experience with similar flow and transport models and available computer hardware.

The OMR is based on recursive refinement of hexahedral blocks in eight octants by planes 

perpendicular to each coordinate axis, and the splitting of blocks is continued until refinement criteria 

are met (Figure 4-1).  The starting point for this procedure is a uniform, orthogonal finite-difference 

grid referred to as the level 0 grid.  A single refinement of a cell creates eight level 1 cells, refinement 

of a level 1 cell produces eight level 2 cells, and so on.  For the Frenchman Flat CAU model, the 

maximum refinement is level 4.  The dimensions of the various grid levels is listed in Table 4-3, and 

the parameters defining the level 0 grid are given in Table 4-4.   

Table 4-3
Size of Octree Grid Cells

Volume (m3) dx (m) dy (m) dz (m)
Level 0 1.0 x 108 500 500 400
Level 1 1.25 x 107 250 250 200
Level 2 1.5625 x 106 125 125 100
Level 3 1.953125 x 105 62.5 62.5 50
Level 4 2.44140625 x 104 31.25 31.25 25
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The exterior of the final computational mesh was not a parallelepiped.  After the octree grid was built, 

some cells were removed from the bottom and top.  The shape of the bottom was determined by 

removing cells belonging to the LCCU.  The top surface was created by removing cells above the 

water table.  Because the octree grid has discrete vertical steps at the top and the water table is 

relatively flat over much of the model area near an elevation of 730 m, the level 0 grid is designed to 

have a layer of nodes at 730 m, making it easy to truncate the top surface and have the majority of the 

grid top at exactly 730 m.

An additional grid construction constraint is that a balanced octree be created.  In each pass of grid 

refinement, a set of elements are refined.  After this is done, the entire grid is examined and additional 

cells are refined to ensure that neighboring cells differ by at most one refinement level.  That is, a 

level 3 cell may have neighbors of level 2, 3, 4, but if a neighbor is level 1, it is refined to level 2.  

This step causes refinement to propagate outward from a feature (e.g., underground test cavity).  

However, it has the desirable property of ensuring that the grid cell size only changes by a factor of 

two going from one cell to another, which results in better conditioning of the coefficient matrix that 

is eventually solved.  It is also necessary for implementation of the SPTR algorithm in FEHM.

Table 4-4
Parameters Defining the Level 0 Grid

Number of 
Nodes

NX 39
NY 61
NZ 16

Total 38,064

Number of Cells

NX 38
NY 60
NZ 15

Total 34,200

Extents

XMIN --
XMAX --
YMIN --
YMAX 1,130
ZMIN -4,870
ZMAX --

Increment
dx 500
dy 500
dz 400
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A property of a balanced octree is that the superposition of two or more balanced octree grids is itself 

a balanced octree.  This can be used to advantage in the grid-building process.  A level 0 grid can be 

refined based on a set of criteria for one feature, such as faults.  Independently, another level 0 grid 

can be refined based on criteria for a different feature, such as well screen intervals, and then these 

two grids can be superimposed. 

The general strategy for building the grid is to use all the inputs outlined above as indicators to 

determine where to refine the grid.  The process is iterative in that a set of logical steps are built into 

the LaGriT control files.  One will have a good idea of what the result will be, but the exact details, 

such as number of nodes, can only be roughly predicted.  Automated procedures are developed so that 

as the grid refinement process is carried out, each iterative result is analyzed, decisions are made 

regarding volumes that require more or less refinement, adjustments are made to LaGriT control files, 

and the process is repeated.  The details of the refinement criteria used in the final iteration are 

documented in this report.

4.3.5 Feature of Interest Refinement Criteria

Rules for mesh refinement were developed for the breakthrough planes, test cavities, wells, faults, 

and HSUs.  Each is described in this section.

The data used to describe a breakthrough plane do not have an associated vertical coordinate.  To 

convert these data into an object that can be intersected with the grid, each line or polygon is assigned 

an elevation of 5,000 m and then projected downward 15,000 m to z = -10,000 m.  The lines 

associated with BT_P1, BT_P2, and BT_P3 then become vertical quadrilaterals.  When the four 

points defining BT_P4 are projected, it becomes a hexahedron.

The criteria for refining the breakthrough planes are:

• Refine to level 2 if an element is intersected by BT_P1, BT_P2, BT_P3, or BT_P4.

• Refine to level 3 if an element is intersected by BT_P1, BT_P2, BT_P3, or BT_P4 and the 
element centroid is above the top of PCU1U.

• Refine to level 4 if an element is intersected by BT_P1, BT_P2, BT_P3, or BT_P4; the 
element centroid is above the top of PCU1U; and the element centroid is above 450 m 
elevation.
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The criteria for refining underground tests and screen intervals for wells are:

• Refine to level 4 if an element is intersected by any underground test working point.
• Refine to level 4 if an element is intersected by an open well interval or screen interval.
• Refine to level 4 if an element is within 50 m of a test or screen interval.

The refinement criteria based on HSU thickness are applied to all five (BASE and four alternative) of 

the HFMs.

• Refine to level 3 if an element is intersected by LTCU1, WCU, TM-LVTA or TM-WTA, 
where these units have thickness between 58 and 120 m.

• Refine to level 4 if an element is intersected by any HSU with a thickness between 0 and 
60 m.

The criteria for refining faults are:

• Refine to level 1 if an element is intersected by a fault surface and the element is above the top 
of LCCU.

• Refine to level 2 if an element is intersected by a fault surface, and the element is above the 
top of LCA and below the top of TM-WTA.

• Refine to level 3 if an element is intersected by a fault surface; the element is above the top of 
LCA and below the top of TM-WTA; the element is in the southern 25 km of the model area; 
and the element is not in the rectangle defined by XMIN=584,500, XMAX=587,050, 
YMAX=4,070,285, YMAX=4,079,679.

The criteria for refining the water table are as follows.  The starting point for all refinement is the 

level 0 grid.  It is designed so that a layer of level 0 nodes is at an elevation of 730 m.  This will ensure 

that the top surface can be truncated and the low gradient part of the water table will be represented 

by a flat surface at z = 730 m.  To ensure that discrete steps in the grid surface elevation can be taken, 

all elements that intersect the water table where 730 m < water-table elevation < 780 m are refined to 

level 3, allowing the model to have a constant top elevation of 780 m where the water table is between 

730 m and 780 m.  Elements that intersect the water table where 780 m < water-table elevation 

< 830 m are refined to level 2.  Elements that intersect the water table where 830 m < water-table 

elevation < 880 m are refined to level 3.  This allows the grid to be truncated and result in a top 

surface elevation as shown in Figure 4-5.
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The top surface of the mesh is designed to approximately represent the elevation of the water table.  

The criteria used to decide which OMR hexahedral elements are kept are as follows:  

• If an element centroid is above the discrete water-table surface (Figure 4-5), it is removed.  A 
similar procedure is used to remove elements from the lower part of the model. 

• If an element centroid is below the top of the LCCU, it is removed. 

These procedures leave some nodes in the grid that are above the water table or below the LCCU 

HSU.  The amount these nodes can extend above or below the surface used to control the truncation is 

one-half the vertical dimension of the associated OMR level cell size (Table 4-3).

The resulting point distribution is connected to form a Delaunay tetrahedral mesh (Okabe and Boots, 

1992).  However, this mesh forms the convex hull of the point distribution developed using the OMR 

method.  In order to remove unwanted elements and form a non-convex tetrahedral grid that conforms 

exactly to the exterior of the OMR grid, the grid-to-grid interpolation algorithm is applied to detect 

tetrahedral elements that are outside the OMR hexahedral grid.  Any tetrahedral element that is 

outside is removed, resulting in a grid with 1,250,721 nodes and 7,144,765 tetrahedral elements.  This 

constitutes the Frenchman Flat Flow and Transport Model Grid (FFG) (Figures 4-6 and 4-7).    

4.3.6 Grid Output

Finite Element Node Coordinates and Tetrahedral Connectivity

The FFG is defined in a single file (in a format specified by and compatible with FEHM) that contains 

the x,y,z coordinate of each node and its tetrahedral connectivity.  The file contains the coordinates of 

1,250,721 nodes and the connectivity for 7,144,765 elements. 

Hydrostratigraphic Unit Identification for All Hydrostratigraphic Framework Models

Each node is associated with a particular HSU and is thus assigned a number between 1 and 22, 

depending upon the HSU.  This is done for the BASE model and each of the four alternative models.  

The HSU identification information for each of the five models is contained in a single file in a 

format specified by and compatible with FEHM.  The file associates each node with a particular 

HSU.  Figure 4-8 shows an example of how materials are changed in nodes for alternate HFMs. 
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Figure 4-6
Map View of the Model Area at an Elevation of 725 m Showing Multiple Levels of Refinement
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Figure 4-7
Tetrahedral Grid at 3X Vertical Exaggeration Showing Only Faults
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Fault Identification 

To ensure continuity of faults in a computational model that assigns material properties based on node 

control volumes, faults are first identified based on OMR hexahedral elements.  Any hexahedral 

element intersected by a fault surface is identified as being part of that fault.  Then all nodes that make 

up those OMR elements are identified as belonging to the fault.  The result is faults that are one OMR 

cell thick, where the thickness is dependent on the level of refinement, and the faults are two nodes 

thick.  There are many places where faults intersect, resulting in some nodes being identified as 

belonging to more than one fault (Figure 4-7).  In this case, the last fault material encountering the 

node is assigned; some analyst inspection is usually required to make sure this is a reasonable 

assignment.   

Identification of Exterior Nodes

Exterior nodes are identified and associated with one of six possible boundary types:  top, bottom, 

west, east, south, or north.  This is done based on the direction of the vector normal to the triangular 

exterior faces of the grid.  The triangular faces are all orthogonal to the coordinate axis directions 

because of the methods used to construct the grid.  Some nodes may belong to more than one 

boundary type.  Along a 90-degree edge, a node will belong to two boundaries; for example, south 

and top.  At a 90-degree corner, a node will belong to three boundaries; for example, south, top, and 

west.  These exterior node boundary types are used in assigning boundary conditions to the flow and 

transport models.

In addition to a list of nodes, an area vector is computed for each exterior node i.  This area vector 

provides the area associated with each exterior node and the normal vector associated with nodes.  

This allows one to convert a recharge map that provides information, for example, in units of meters 

per square meter per year into a per-node rate of kilograms per second (kg/s).

This method does not always provide the information desired for setting boundary conditions.  The 

top of the model changes elevation via discrete stairsteps.  As a result, nodes associated with any 

vertical face of the model facing south will be identified as part of the south boundary.
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Figure 4-8
West-East Cross Section 12 km North of the South Boundary of the Model Showing Two HFMs
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A second method is used to identify different boundary types.  This method uses knowledge of the 

grid coordinates.  Because the minimum and maximum extents of the model are known, the 

boundaries are defined as:

• South: set of all nodes such that YMIN - e < y < YMIN + e
• North: set of all nodes such that YMAX - e < y < YMAX + e
• West: set of all nodes such that XMIN - e < x < XMIN + e
• East: set of all nodes such that XMAX - e < x < XMAX + e

where e is less than the smallest grid spacing.

The top and bottom can then be computed using logic defined by:

• Top: all exterior nodes not members of the sets (south, north, west, east) and z > 0
• Bottom: all exterior nodes not members of the sets (south, north, west, east) and z < 0

Identification of Nodes Associated with Breakthrough Planes

Breakthrough planes are identified in an analogous manner to the way faults are identified.  Octree 

mesh refinement hexahedral elements that intersect the breakthrough planes are identified and any 

node associated with a breakthrough plane OMR cell is identified as belonging to a node list that 

defines the breakthrough plane.

Identify Underground Test Cavity

Underground nuclear test nodes are defined using the same procedure described below for the open 

(or screened) intervals of wells.  These test cavities are associated with level 4 refinement nodes in the 

computational mesh.  The eight nodes that surround each test point are identified as being associated 

with this test (Figure 4-9).  

Compute Distance Between Each Grid Node and Nearest Point on the DEM

The flow and transport calculations require the definition of the depth under land surface of each node 

of the grid.  This quantity is used to assign permeabilities with a dependence on overburden or 

lithostatic pressure.  The procedure used to do this is to use the grid-to-grid interpolation feature of 

LaGriT.  The DEM surface is used as the source grid, and the model mesh is the sink grid.  The DEM 

is first modified by assigning a new floating point node attribute, elev, which is equal to the elevation 

of the DEM.  The z coordinates are then all set to a constant value.  Grid-to-grid Voronoi 
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Figure 4-9
Example of Mesh Refinement Around Underground Nuclear Test Locations, Northern Testing Area 
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interpolation, which will assign the elevation attribute from the DEM grid to the nearest node in the 

FFG grid, is used to interpolate the elev attribute from the DEM source grid onto a floating point node 

attribute, elev, of the sink grid.  The depth below land surface for each node is then calculated as the 

difference:

depth_below_topography(n) = elev(n) - z_coordinate(n) (4-1)

Compute Bounding Box of Voronoi Polyhedra for Each Grid Node  

The vertical extent of each computational control volume is also used for computing the depth-decay 

permeability, because depth decay is computed in the manner described by DOE/NV (1997).  The 

control volume for each node is computed from the Voronoi polyhedra associated with each node.  

This information is provided by computing six parameters — XMIN, XMAX, YMIN, YMAX, 

ZMIN, ZMAX — that define the bounding box for each Voronoi polyhedron.  As the control volumes 

for a node are not necessarily cubes or rectangles, this approach gives only approximate geometric 

factors for computing depth decay.  This is considered a reasonable approximation in light of the 

overall uncertainty surrounding the depth-decay process.

Compute Well Interval Information 

Open or screened interval information for each well is provided so that it can be translated to the 

computational mesh.  Each of the open intervals of 37 wells has map coordinates x,y and an open 

interval z1 to z2.  The open intervals are associated with a set of nearby, level 4 refinement nodes in 

the computational mesh.  The well interval is discretized into a set of 1-m subintervals, each of which 

is associated with a computational node.  All 1-m subintervals associated with a unique 

computational node are added and a table is constructed listing:

• Well interval number
• Computational grid node number associated with subinterval
• Number of meters of subintervals associated with a well interval 
• A flag indicating whether the subinterval intersects a fault and, if yes, the fault number

This information is utilized in model calibration.
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Compute Sparse Matrix Coefficients for FEHM 

The sparse matrix coefficients associated with the grid geometry and used by the FEHM flow and 

transport model are computed and written in a file format specific to FEHM.  The information in that 

file is:

• Volume of the Voronoi cell associated with each node
• Area of each face of each Voronoi cell
• Edge graph of the tetrahedral mesh defining the connectivity between nodes

4.4 Material Properties

Each node in the FEHM mesh has an associated material property index that is used to assign 

hydraulic properties.  The following sections describe the approach used for HSU and fault hydraulic 

parameter assignment.  

4.4.1 Hydrostratigraphic Unit Permeability

Values used for the hydraulic properties of HSUs in the simulation of groundwater flow and transport 

should be consistent with available information to provide confidence in the reasonableness of the 

simulations.  Specifically, intrinsic permeability is a basic parameter for groundwater flow modeling.  

Representative intrinsic permeability for the formations to be modeled, at the scale over which the 

model is discretized, is integral to producing defensible model predictions.  Intrinsic permeability is 

treated as a calibration parameter in the Frenchman Flat CAU steady-state flow model.  An 

explanation of the calibration approach and results are provided in Section 5.0 of this report.  There 

are uncertainties in the determination of representative parameter values as detailed in Section 3.0.  In 

Sections 6.0 and 7.0 of this report, sensitivity and uncertainty analysis results will try to address some 

of these issues.

The reduction of permeability with depth of burial (depth decay) has been postulated as an important 

feature of the NTS flow system (see Section 3.0).  When depth decay is used in the model the material 

assignment remains the same, but an additional external calculation is made.  Using a unit intrinsic 

permeability, the control volume integrated permeability, which represents the change that occurs 

from depth decay, is computed and saved as FEHM permeability factors, or fperm.                           
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This input is used to modify the reference intrinsic permeability, k0, initially input and assigned to 

each node of the HSU.

Depth decay via fperm adjustment was computed in a modification of the depth integration described 

in the UGTA regional model (DOE/NV, 1997) using the following formula, which gives the 

permeability reduction over a vertical interval defined by z1 and z2 with depth-decay coefficient λ:

    (4-2)

Because FEHM determines its control volumes from node locations (unlike the block-centered code 

used in the UGTA regional model), which also may not necessarily be rectangles or squares, the 

bounding control volume coordinates were used in the depth-decay calculation. In the case of 

non-rectangular control volumes, the computed depth decay is approximate because the height of the 

control volume may not be constant. This was deemed a reasonable approximation in light of the 

overall uncertainty surrounding the depth-decay process.

4.4.2 Fault Permeability

Faults are also specified by material zones and are specified after the HSUs are defined.  However, 

the material properties associated with the HSU nodes remain assigned to the fault nodes pending 

another property assignment.  The approach to parameterizing the faults is to multiply existing fault 

node properties (still derived from an HSU) by a permeability factor.  Thus, the difficulty that could 

be encountered by directly assigning a fault permeability that is reconciled with each HSU that it 

crosses is avoided.  For instance, if a fault crosses both aquifers and confining units (which most do) 

and a fault permeability of 10-16 m2 is assigned to a node with a permeability of 10-12 m2, the aquifer 

would see the fault as a barrier, but a confining unit with a permeability of 10-16 m2 would see the fault 

as neutral.  This approach tacitly assumes that a fault acts the same in each HSU that it encounters.  

Some faults (mainly within the Rock Valley fault system) are defined differently within the LCA.  In 

the displacement fault HFM, fault zones are defined separately for the AA than for the rest of the 

HSUs. 

fperm 1
2.303 λ–( )
-------------------------10 λz–

z1

z2
=
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4.5 Boundary Conditions

The solution of the groundwater flow equations requires specification of head and/or flow at the 

edges and at internal discharge points of the numerical model.  This is particularly important for the 

Frenchman Flat CAU model because the model boundaries do not coincide with natural hydrologic 

boundaries.  The Frenchman Flat CAU model must account for regional inflow and outflow across all 

four lateral edges and internal flow from precipitation recharge.  There are no internal discharge 

locations within the Frenchman Flat CAU flow model domain.  The following sections describe the 

implementation of these conditions in the Frenchman Flat CAU flow model.

4.5.1 Recharge

Recharge is implemented in the CAU model as a specified flux condition, where a given volume 

(mass) of water is applied based on the above recharge models.  Recharge flux is considered to be 

constant over time, but it varies over the domain as a function of altitude and soil and vegetation 

types.  To obtain the required model input in mass per time for each top node, recharge flows were 

calculated as the total mass for each node.  Total mass was calculated at each Thiessen polygon 

defining the contributing area of each node at the top of the FEHM model via geographic information 

system operations.  When two or more nodes are located exactly above each other (a staircase 

formation), the recharge flux was allocated between these nodes according to their physical location.  

Figure 2-2 through Figure 2-10 show the resulting recharge distributions for the USGSD, MME, 

DRIA, and DVRFS datasets, respectively, as implemented for FEHM input.  Table 4-5 summarizes 

the total mass flows over the Frenchman Flat model domain area for each recharge model considered.  

It must be noted that the amount of recharge over the Frenchman Flat model domain is very small and 

does not vary significantly from one recharge dataset to another.  Differences among the recharge 

distributions are primarily manifested in the boundary heads and lateral boundary fluxes that are 

derived from the corresponding calibrated regional model.
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4.5.2 Boundary Heads

Initially, boundary heads from the UGTA regional model analysis described in SNJV (2004d) were 

interpolated onto the edge nodes of the FEHM CAU model.  These heads represent a mass- 

conservative calibrated solution to the equation that governs flow in the UGTA regional flow model 

(DOE/NV, 1997).  During the calibration process, these heads were reviewed, and, in spots, revised 

based on further examination of measured heads and interpolated heads determined from the UGTA 

regional model.  Different boundary head configurations were considered during the model 

calibration and uncertainty analyses depending on the alternative HFM and recharge distribution used 

in the model. 

Table 4-5
Total Recharge over the Frenchman Flat Model Area

Recharge Model
Total Recharge

kg/s mm/yr

DRI - Chloride Mass Balance with Alluvial and Elevation Masks (DRIAE) 4.45 0.246

DRI - Chloride Mass Balance with Alluvial Mask (DRIA) 4.54 0.251

Original Maxey-Eakin from UGTA Regional Model (OME) 22.79 1.261

Modified Maxey-Eakin from UGTA Regional Model (MME) 8.63 0.478

USGS - Rainfall-Infiltration with Redistribution (USGSD) 5.94 0.328

USGS - Rainfall-Infiltration without Redistribution (USGSND) 5.26 0.291

USGS - Death Valley Regional Ground-Water Flow System (DVRFS) 5.88 0.325

kg/s = Kilograms per second
mm/yr = Millimeters per year
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5.0  FLOW MODEL CALIBRATION 

The Frenchman Flat CAIP (DOE/NV, 1999) and modeling approach/strategy (IT, 2001b) indicate that 

model calibration will be conducted after flow model construction.  These documents describe 

calibration as “the process of matching historical data” and state that “calibration consists of 

determining model parameter values such that simulated heads and fluxes are consistent with 

observed or target values.”  The ASTM Standard Guide D 5490-93 (ASTM, 1993b) defines 

calibration as, “… the process of refining the model representation of the hydrogeologic framework, 

hydraulic properties, and boundary conditions to achieve a desired degree of correspondence between 

the model simulations and observations of the groundwater flow system.”  The purpose of the 

Frenchman Flat groundwater flow model calibration is to transform the conceptual model described 

in Section 3.0 into mathematical models for representing the groundwater flow system in the 

Frenchman Flat CAU area.  This is accomplished through the guided adjustment of boundary heads 

and hydraulic properties for HSUs and faults within a hydrostratratigraphic framework in order to 

match specified targets.  Targets included weighted observed water-level data within the model 

boundary and boundary head and flow estimates from calibrated regional models.  Recharge 

estimates are not used as calibration targets.  Instead, they are fixed as model input values during 

calibration and uncertainty analyses.

This section describes the flow model calibration approach and the calibration results for the BASE 

HFM.  The BASE HFM (see Section 2.3.3.1) is the most viable model based on existing data of the 

subsurface geology of the Frenchman Flat CAU model area and is developed and described in detail 

by BN (2005a).  The model calibration described in this section is based on the net 

infiltration/recharge dataset from the USGSD model, which is summarized in Section 2.2.1; other 

recharge models and their associated boundary conditions are investigated during the conceptual 

model uncertainty analysis documented in Section 6.0 of this report.  Flow model parameter 

sensitivity analyses are presented in Section 7.0.
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The Frenchman Flat CAU flow model conceptual model uncertainty analysis documented in 

Section 6.0 considered five HFMs and six recharge models.  A shorthand notation is used to identify 

HFMs and water-balance conditions such that each model is referred to by HFM-water balance.  For 

example, the BASE-USGSD model uses the BASE HFM (as defined in BN, 2005a) with the USGSD 

recharge model and boundary flows (as defined in SNJV, 2004d) as described in this section.

Similarly: 

• BASE-DRIA consists of the BASE HFM with the DRI alluvial mask recharge model and 
boundary heads and flows.

• BASE-MME consists of the BASE HFM with the MME redistribution recharge model and 
boundary heads and flows.

• BASE-USGSND consists of the BASE HFM with the USGS no redistribution recharge model 
and boundary heads and flows.

• BASE-DVRFS consists of the BASE HFM with the DVRFS model recharge and boundary 
heads and flows.

Other possible HFMs (see Section 2.3.3) are:

• BLFA - Extended continuous BLFA HSU alternative
• CPBA - Extended UCCU beneath all of CP basin alternative
• DETA - No detachment fault alternative 
• DISP - Displacement (aquifer juxtaposition) alternative

5.1  Calibration Approach for the Frenchman Flat CAU Groundwater Flow Model

The goal of model calibration (also called “parameter estimation,” “solving the inverse problem,” and 

“inversion”) is to produce a model whose results agree with available data.  This process typically 

involves the guided adjustment of model parameters within their ranges of variation.  How this is 

approached can be critical.  For example, Freyberg (1988) presented a study in which students were 

given a model to calibrate and subsequently use to make a prediction.  The best-calibrated model 

actually made the worst predictions, primarily because the best-calibrated model was developed by 

adjusting hydraulic conductivity on a block-by-block basis.  This example demonstrates that 

producing the best goodness-of-fit statistics is not the sole objective of model calibration.
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The ASTM Standard Guide D 5981-96 (ASTM, 1996) and Anderson and Woessner (1992) describe a 

general protocol for model calibration.  In this protocol, each cycle of parameter adjustment should 

begin with sensitivity and error analysis.  The sensitive parameters to be adjusted should be 

considered in light of the data certainty.  Conceptually, the process is not much different than if an 

automated parameter estimation technique is used (Poeter and Hill, 1997).  The general protocol used 

for the Frenchman Flat flow model is shown in Figure 5-1.  

Hill (1998) also presents a general model calibration procedure that has several components, the most 

relevant of which were used to calibrate the Frenchman Flat flow model.  The manner in which they 

were addressed in the Frenchman Flat flow model is shown in Table 5-1.  In the trial-and-error 

approach, the model is run, errors analyzed, adjustments made, and the cycle repeated.  This approach 

is typically tedious because it requires preparation of model datasets and evaluation of model results 

for each model adjustment.  Discrete sensitivity simulations to test model behavior are also often 

performed in a manual fashion.  The trial-and-error approach is also easily abused where changes are 

made in an ad hoc manner without insight into the root cause of the model misfit.  However, with 

careful iterations of sensitivity analyses and with a proper protocol (Figure 5-1), a trial-and-error 

calibration can yield reasonable and reliable results.  Local optimality of calibrated parameters can be 

checked using sensitivity and perturbation analyses.   

An alternative to trial-and-error calibration is to use an automated approach where the model 

response to parameter changes is systematically evaluated and the more important parameters that 

improve calibration are identified.  The PEST code (Watermark Numerical Computing, 2004) can be 

used for this purpose.  The PEST code begins by perturbing each parameter to be considered a certain 

amount and recording how the model calibration changes.  The Levenberg-Marquardt procedure is 

used to compute parameter updates that improve the model agreement with the target data.  The basic 

algorithm used by PEST has a long history of successful use in solving groundwater problems, and is 

also available in such codes as MODFLOW-2000 and UCODE.  For more detail, the reader is 

referred to the PEST documentation (Watermark Numerical Computing, 2004).  Use of a parameter 

estimation code has several benefits, including using analyst time more effectively because less 

manual preparation and manipulation of datasets are required.  In addition, a parameter estimation 

tool provides a framework that helps focus attention on analyzing model errors and their cause.
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Figure 5-1
General Modeling Protocol
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The PEST code also includes a variety of statistical analyses that help develop understanding of the 

model.  These features include sensitivity and correlation coefficients, parameter confidence limits, 

and eigenvalue and eigenvector analysis.  The sensitivity and correlation coefficients describe how 

much the model calibration changes relative to a parameter’s change, and how parameters may 

influence one another.  This is useful in testing the conceptual model as to what parameters are 

believed to control model behavior, and what parameters may act similarly on model results.  In 

addition, parameters that may be important to model calibration can be quantitatively identified and 

considered in more detail.  The confidence limits and eigenvalue and eigenvector analysis are useful 

in understanding how well the measured data support the model parameters, and how many 

parameters should be considered for calibration.

The ASTM Standard Guide D 5490-93 (ASTM, 1993b) describes several approaches for evaluating 

the agreement between a flow model and modeled system.  These procedures were used in calibrating 

the Frenchman Flat flow model, and include qualitative and quantitative comparisons between model 

results and the following:

• Measured heads at wells
• Boundary fluxes from regional models reflecting different recharge models
• Estimated ranges of HSU hydraulic parameters from pumping-scale hydraulic test data

Table 5-1
Calibration Components and Implementation

Calibration Componenta Implementation in the Frenchman Flat 
CAU Flow Model

Apply the principle of parsimony.
Hydrostratigraphic units or other geologic properties are not 
subdivided.  Faults are only divided when geologic rationale 
justified the division.

Include many kinds of data as observations. Well head and regional model estimated fluxes at the model 
edges are considered.

Assign weights that reflect measurement errors. Weights are developed from uncertainty estimates published in 
the Frenchman Flat hydrologic data document (SNJV, 2004d).

Evaluate model fit. Model fit is continually evaluated with residual post plots and 
other tools and statistics.

Evaluate optimized parameter values. The reasonableness of calibrated model parameters is 
compared to available measured values.

Evaluate the potential for additional estimated 
parameters.

Sensitivity analysis and post plots are used to identify locations 
where additional parameter adjustments are necessary.

a Hill, 1998
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A variety of numerical and graphical tools are used to investigate flow model calibration.  These 

include summary statistical measures such as the mean error (ME), largest and smallest errors, 

standard deviation (SD) of error, and sum of weighted squared error.  Error, or residual head (rh,i), is 

defined as follows:

rh,i = Hi - hi (5-1)

where hi is the computed head at the location where observed head Hi is measured.  A similar 

definition is used for boundary flux residuals (rf,i): 

rf,i = Fi - fi (5-2)

where fi is the computed flux at a location where the flux from the regional model (Fi) is determined.

Mean error is defined as follows for head residuals:

ME = Σ wh,i rh,i / n  (5-3)

where wh,i is the weight assigned to the head measurement Hi.  Standard deviation of error is defined 

as follows (ASTM, 1993b):

SD = [Σ wh,i (rh,i - ME)2 /  (n-1)] 1/2 (5-4)

where n is the number of computed and measured heads being compared. 

The sum of the weighted errors squared (also called phi, after the Greek alphabet symbol used to 

denote it, as well as “goodness of fit” or the “objective function”) is defined as (Watermark 

Numerical Computing, 2004):

Φ = Σ (wh,i rh,i)2  + Σ (wf,i rf,i)2 (5-5)

where wh and wf are the observation weights assigned to head and flux targets, respectively; and rh and 

rf are defined in equations (5-1) and (5-2).  

If the weights assigned to calibration data change, all these measures will change even if the model 

results are the same.  Thus, as discussed in Section 7.2, it is important to compare results using a 

consistent weighting scheme.
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During calibration, attempts should be made to reduce the mean error to zero; that is, there should be 

no bias in the mean error.  This results in a model that has no systematic bias (in the univariate 

statistical sense).  Errors of -1 m and +1 m produce the same mean error as -50 m and +50 m, but it is 

obvious that a model with 50 m of error is not in as good agreement as one with an error of 1 m.  

Consequently, the standard deviation, which describes the spread of the errors, is also used in the 

calibration process.  Although the mean error may be low, a large spread in the errors signifies that the 

model may be inadequate.

Statistical measures are useful for summarizing model behavior but do not readily give a sense for the 

spatial distribution of errors.  To address this issue, the following graphical analyses are also 

sometimes used to calibrate the Frenchman Flat flow model:

• The scattergram, or cross plot, of observed data versus computed results is useful for 
identifying overall goodness of fit and bias.

• Plots of posted head residuals in plan view show the spatial distribution of errors in the model.  
This type of plot is useful for examining whether the model errors are randomly distributed in 
space or, less desirably, whether errors are clustered, with positive errors in some parts of the 
model and negative errors in others. For the Frenchman Flat model, errors may be clustered 
because the observations themselves are clustered.

• Flow residuals are also examined using bar charts.

• Histograms of weighted-head residuals can be examined for normality to identify bias in the 
calibration and identify residual outliers.

The reader is referred to ASTM Standard Guide D 5490-93 (ASTM, 1993b) for more information 

regarding these types of analyses for understanding model errors, some of which are also presented in 

later sections of this section.  The reasonableness of the flow directions is also assessed qualitatively 

during the calibration phase via streamline advective particle tracking.  Finally, it is important to 

recognize that, regardless of the fitting procedure, the goal of model calibration is to find a set of 

model parameters that best (or at least reasonably) represent the hydrogeologic system and the 

available data. 

The alternative models for Frenchman Flat were calibrated using a combination of automated 

parameter estimation with PEST and manual trial-and-error approaches.  Initial attempts to optimize 

more than a few parameters at a time with PEST proved unsuccessful, so PEST was ultimately 
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applied by focusing it on specific aspects of the Frenchman Flat groundwater system.  This was done 

by increasing the weights on specific observations of either flux (wf,i ) or hydraulic head (wh,i ) in the 

objective function calculations, and optimizing only model parameters that were likely to affect the 

model’s ability to match specific observations (e.g., fluxes) based on sensitivity analyses for the 

BASE-USGSD model.  In cases where weights were adjusted to focus the calibration on different 

aspects of the model, these weights were restored to the original values before calibration statistics 

such as the objective function value were calculated.

The calibration strategy developed for the Frenchman Flat flow model was to: (1) optimize 

groundwater fluxes through the sides of the model by adjusting the permeability of the LCA and 

major faults that intersect the model boundaries; (2) match hydraulic heads in the CP basin and other 

model boundaries by selectively adjusting heads along the model boundary adjacent to the basin 

(Section 5.3), and, when applicable, by optimizing fault permeabilities within and adjacent to the 

CP basin; and (3) match hydraulic heads in the alluvium and tuffs within the Frenchman Flat basin by 

manually adjusting the permeabilities of the alluvium, tuffs, and minor faults that sensitivity studies 

for the BASE-USGSD case showed were likely to have an impact on these heads.  

For some recharge models and boundary conditions, it was necessary to perform these steps 

iteratively because nonlinear parameter interaction in later parameter adjustments could sometimes 

adversely impact model results achieved in earlier stages of the calibration.  While only small 

deviations from targets were allowed when matching the groundwater head data, less strict criteria 

were used when matching boundary fluxes because the target values were obtained from regional 

groundwater models used to bracket lateral flux uncertainty.  The regional model boundary flux 

analysis was used to ensure that the Frenchman Flat flow model was reasonably consistent with the 

overall flow directions and water balance in the regional groundwater system (Section 5.2).  

However, these regional models do not have enough hydrogeologic detail at the scale of the 

Frenchman Flat CAU flow model to provide information about flow in specific faults or hydrologic 

units, so larger deviations from the target boundary fluxes were tolerated during calibration.
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5.2 Calibration Data

As previously discussed, two types of information, or targets, were used for calibration of the 

Frenchman Flat flow model:

• Hydraulic head from wells (SNJV, 2004d; Table 3-3, and Appendix A of this document)

• Boundary flows estimated from regional model analysis using the UGTA regional model as 
presented in the Frenchman Flat hydrologic data document (SNJV, 2004d) and in Section 3.4.

Because an automated procedure was used to aid calibration, multiplicative weight factors were 

developed and assigned to data with different levels of accuracy and measurement units.  The PEST 

manual suggests that the weights be the inverse of the measurement standard deviation (Watermark 

Numerical Computing, 2004); measurements with a larger standard deviation receive a smaller 

weight.  The weights, which have reciprocal units of the target data, also transform the objective 

function contribution from different data types into dimensionless values that can be compared 

regardless of measurement units.

Although the weights used in calibration of the Frenchman Flat flow model are based on 

measurement uncertainty (SD), as described above, other considerations often motivate the use of 

weights other than the inverse of SD during flow model calibration (e.g., Wolfsberg et al., 2002; 

DOE/ORD, 2004).  For instance, it may be more important to accurately depict water-level gradients 

in some areas of the model compared to other areas, in which case weights are assigned by 

considering the required accuracy of the model in specific areas.  Alternatively, when data are 

irregularly distributed in space, higher weight could be placed on targets in data sparse areas.  

For the Frenchman Flat flow model, the assignment of weights to the hydraulic head data was 

accomplished by considering the individual factors that contribute to uncertainty in the head 

measurements.  The total uncertainty in the head measurement included uncertainties associated with: 

• Ground-surface elevation: derived using different measurements of ground-surface elevation.

• Water-level elevation: derived from the standard deviation of available water-level 
measurements at each well.

• Depth-to-water measurement: derived from the method used to measure the water level.  
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• Barometric effects: derived from the amplitude of water-level fluctuations in wells throughout 
the year (This was not considered for heads in Frenchman Flat due to the absence of reliable 
barometric pressure data at the time of the measurements).

• Borehole deviation correction: derived from the accuracy of the equipment used to determine 
the true vertical depth.

• Data frequency: derived from the temporal distribution of water-level measurements.

The derivation of these uncertainties is described in detail in the Frenchman Flat hydrologic data 

document (SNJV, 2004d).  

Table 5-2 lists the weights used for the target heads during model calibration, and Figure 5.2 shows a 

histogram of the weights.  The weights range between 0.05 and 2.88.  The highest weights (above 2) 

are associated with three wells in the ER-5-4 well cluster in central Frenchman Flat and Well UE-5n, 

which is located in the central testing area.  The weight of 0.05 applied to the measured head at Well 

ER-5-3 #2 is a result of a failure of heads in that well to completely stabilize to allow for a 

determination of a steady-state head value (SNJV, 2004d, p. 8-28).       

The UGTA regional model boundary flow analysis for the Frenchman Flat CAU model is 

summarized in Appendix E of the Frenchman Flat hydrologic data document (SNJV, 2004d). The 

boundary flows for each face of the model were used as calibration targets to ensure that the 

Frenchman Flat CAU model is in general agreement with the regional hydrologic system.  A 

summary of the boundary flow targets is provided in Table 3-2.      

Weights used for flux targets in the calibration objective function (equation [5-5]) were determined by 

testing parameter sensitivity and considering the conceptual model.  The west face of the model 

serves to both supply water to the volcanic and basin-fill HSUs and is the primary flux out of the 

model domain for the LCA.  As a result, this face was assigned a slightly higher weight for the 

calibration objective function (0.04).  The flux on the east face of the model was controlled by the 

permeability of the LCA, which is the only HSU on this model face.  Therefore, a slightly lower 

weight was assigned to this face of the model (0.014) to account for the relative simplicity of 

matching the flux on this face of the model.  To ensure that the direction of the balance of incoming 

flux was correct, the north face was assigned an equivalent weight as the west face of the model 

(0.04).  The final face, the south, was well matched when the north, east, and west faces were correct, 
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Table 5-2
Head Calibration Weights

Well Reporting Name Weight for Calibration 
Objective

ER 5-3 (3-in. deep) 0.84

ER 5-3 (3-in. shallow) 0.94

ER 5-3 upper (main) 0.93

ER 5-3 lower (main) 0.93

ER 5-3 #2 0.05

ER 5-3 #3 0.95

ER 5-4 upper (main) 2.33

ER 5-4 lower (main) 2.33

ER 5-4 (piezometer) 2.33

RNM-1 0.63

RNM-2 1.11

RNM-2s 0.86

TW-3 0.83

UE-11a 0.83

UE-11b 0.09

UE-5 PW-1 1.41

UE-5 PW-2 1.33

UE-5 PW-3 1.41

UE-5c WW upper 1.61

UE-5c WW lower 1.10

UE-5n 2.13

WW-1 0.23

WW-4 0.50

WW-4A 0.83

WW-5A 2.88

WW-5B 1.00

WW-5C 0.78

WW-C 0.69

WW-C1 0.98
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and was therefore assigned an equivalent weight to the east face (0.014).  The values were selected in 

order to make the flux contribution to the objective function a small, but nonetheless significant, 

fraction of the head contribution to the objective function using the initial parameter estimates at the 

start of the model calibration.

5.3 Boundary Head Adjustments

As described in Section 4.5.2, model boundary heads are based on heads interpolated from calibrated 

regional models onto nodes of the computational mesh along the lateral boundaries of the model 

domain.  The starting points for the CAU model specified-head boundary conditions are the results 

from the UGTA regional model (SNJV, 2004d) and the DVRFS model (Faunt et al., 2004), as 

interpolated onto the Frenchman Flat flow model boundaries.  During calibration, boundary heads 

adjustments were considered at three locations:

• CP basin:  The UGTA regional model and the recent DVRFS model had a persistent 85-m 
deviation from the measured heads at Wells WW-4 and WW-4A just inside the western edge 

Figure 5-2
Histogram of Calibration Weights
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of the CAU model domain.  Simulated heads in the area were close to 760 m amsl and head 
measurements in local wells were near 845 m amsl.  Thus, if boundary heads in this part of the 
model had been based on the results from the UGTA regional model or DVRFS model, a 
consistent error of about 85 m would have resulted that was entirely a consequence of an 
inaccurate boundary condition assignment.

• Southern Yucca Flat:  Head measurements at Wells WW-C and WW-C1 showed that water 
levels in this area are about 8 m lower than simulated heads from either regional model.  
However, the adjustments necessary to bring the measured heads and heads calculated by the 
regional models into agreement were not made along the boundaries of the Frenchman Flat 
flow models because these adjustments caused groundwater to flow northward from 
Frenchman Flat into Yucca Flat within the LCA in the model, counter to the direction 
indicated by heads in the LCA.

• Well TW-3:  This well is close to the eastern edge of the model boundary and has a water-level 
measurement that is about 2.5 m lower than the model-calculated heads.  A reduction of water 
levels in the central-eastern edge of the model boundary was necessary to match the available 
water-level measurements at this well.

Boundary heads computed using the two regional models did not indicate significant vertical 

gradients in the vicinity of the model boundaries.  Therefore, all boundary head corrections were 

made by adding or subtracting a constant head correction uniformly across the vertical dimension.  

The correction was made within a window centered on each well, and the correction linearly decayed 

to zero toward the edges of the window.  Figure 5-3 shows the adjusted boundary heads from the 

UGTA regional model (with USGSD recharge data).  Other boundary heads used for boundary 

condition uncertainty analysis will be discussed in the conceptual model uncertainty analysis reported 

in Section 6.0.       
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Figure 5-3
Boundary Heads Used with the Calibrated BASE-USGSD Flow Model
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5.4 Parameter Assignment

Each node in the FEHM mesh has an associated material property index that is used to assign 

hydraulic properties.  Faults are also specified by material zones and are specified after the HSUs are 

defined.  However, the material properties associated with the HSU nodes remain assigned to the fault 

nodes pending another property assignment or change.  In the Frenchman Flat flow model, HSU 

permeabilities within faults were modified, as necessary to calibrate the model, by applying a fault 

permeability multiplier (fperm) that increased or decreased HSU permeabilities by a constant factor.  

This approach recognizes that fault properties depend on the hydrologic and mechanical properties of 

the rocks through which they pass, and thus, that fault properties are likely to change along a fault. 

This approach also avoids a conceptual problem that would arise if faults were assigned a constant 

permeability rather than a permeability multiplier.  If a constant value of permeability were assigned 

to a fault, the fault would act as both a barrier and a conduit, depending on the permeability of the 

HSU adjacent to the fault.  For instance, if a fault crosses both aquifers and confining units (which 

most do) and a fault permeability of 10-16 m2 is assigned, the fault would function as a barrier with 

respect to flow through an adjacent aquifer with a permeability of 10-12 m2, but the fault would have 

no effect on flow through a confining unit with a permeability of 10-16 m2.  This approach makes it 

somewhat more difficult to specify a fault that behaves as a barrier or a conduit in each HSU that it 

cross-cuts.

Depth decay of permeability in the Frenchman Flat CAU model was computed in the same manner 

that was applied to the UGTA regional model (DOE/NV, 1997).  In this approach, the permeability 

assigned to a node is the integrated permeability over the range of depths spanned by the volume 

associated with the node (Section 4.4.1).  Because FEHM determines its control volumes on the basis 

of node locations (unlike the block-centered code used in the regional model), and the edges of the 

control volumes may not necessarily comprise rectangles or squares, the coordinates defining the 

bounds of the control volumes were used in the depth-decay calculation.  In the case of 

non-rectangular control volumes, this method of computing depth decay is approximate because the 

height of the control volume may not be constant.  This was deemed a reasonable approximation in 

light of the overall uncertainty surrounding the depth-decay process.
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5.5  Calibration of the BASE-USGSD Flow Model

This section describes the calibration of the Frenchman Flat groundwater model that uses recharge 

rates and boundary conditions associated with the USGS recharge map based on rainfall/runoff with 

re-distribution (USGSD) (Section 2.2.1).  The results obtained using other recharge maps and 

boundary conditions are presented as part of the uncertainty analysis discussed in Section 6.5

Hydraulic conductivity data summarized by SNJV (2004d) were analyzed to obtain initial estimates 

of the mean HSU hydraulic conductivities and the uncertainties in order to constrain the parameter 

estimation process using PEST.  This analysis focused on pumping-scale data specific to the 

Frenchman Flat CAU area when such data were available.  Mean and standard deviations of hydraulic 

conductivity for each HSU were calculated using the arithmetic average of all interpretations of 

conductivity for a particular test interval (SNJV, 2004d; Section 5.5.1).

Ultimately, the approach used during both automated parameter estimation and during manual 

calibration of the BASE-USGSD and alternative models was to hold the value of the depth-decay 

coefficient constant (Table 3-6) and allow the reference permeability (that at land surface, k0) to vary 

during the calibration.  This reference permeability was used with a permeability reduction factor 

calculated based on the depth of each node to compute the depth-decayed permeability at each node 

in the model (Equation [4-2]).  To estimate the values of reference permeability for each HSU, an 

approach was adopted in which permeabilities estimated with different assumptions and methods 

were given equal weight and allowed to contribute to parameter variability.  First, test estimated 

hydraulic conductivity was extrapolated to land surface using the depth-decay relationship 

(Equation [3-3]) and the 95-percent confidence interval of the depth-decay coefficient (Table 3-6).  

Then, initial bounds on permissible reference permeability parameter ranges to be explored during 

automated parameter estimation were estimated using three to four standard deviations from the mean 

value, or two to three orders of magnitude from the mean when a standard deviation could not be 

calculated.

Table 5-3 summarizes the resulting reference permeability values that were used initially for each of 

the Frenchman Flat HSUs.  These initial bounds on the parameter ranges were intended to be large in 

order to allow PEST to be free to explore the parameter space without any subjective biases.     
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Faunt et al. (2004) observed that using conductivity depth decay in the DVRFS model produced some 

hydraulic conductivity values outside the range of expected values and suggested that this may 

indicate that hydraulic conductivity does not decrease below a certain threshold.  To mitigate this 

potential problem, the implementation of depth decay in the Frenchman Flat model included setting a 

minimum possible intrinsic permeability of 10-25 m2 in each HSU.

5.5.1 Initial Parameter Adjustments

Different sets of parameters were considered as adjustable or fixed during the early and late phases of 

the calibration.  In general, the most of the calibration effort focused on optimizing HSU 

permeabilities, but fault permeability factors were also adjusted, as necessary, to match the target 

boundary fluxes or hydraulic heads.  Other types of parameters were evaluated only during initial 

Table 5-3
Initial Intrinsic Permeability (m2) Reference Values at Land Surface Used

 in CAU Flow Model Calibration

Frenchman Flat
 Phase II HSU Symbol Number of 

Observations

Data Analysis Results

Mean Standard 
Deviation

Log k0 (m2)

Alluvial Aquifer AA 17 -8.76 1.67

Older Altered Alluvial Aquifer OAA AA (17) a -8.76 1.67

Timber Mountain Welded Tuff 
Aquifer TM-WTA 5 -6.86 0.52

Timber Mountain Lower Vitric 
Tuff Aquifer TM-LVTA TM-WTA (5) a -6.86 0.52

Topopah Spring Aquifer TSA (VA, 38) b -7.99 1.23

Lower Vitric Tuff Aquifer LVTA (VA, 38) b -7.99 1.23

Upper Tuff Confining Unit UTCU LTCU (1) a -11.49 N/A

Lower Tuff Confining Unit LTCU 1 -11.49 N/A

Playa Confining Unit PCU (VCU, 110) b -10.63 2.12

Wahmonie Confining Unit WCU (VCU, 110) b -10.63 2.12

Volcaniclastic Confining Unit VCU (VCU, 110) b -10.63 2.12

Lower Carbonate Aquifer LCA 5 -8.45 1.28

Upper Clastic Confining Unit UCCU (UCCU, 2) b -10.02 1.07

a Data mean and range from similar Frenchman Flat HSU listed here.
b Data mean and range from NTS-wide pumping-scale conductivity data for the HSU listed here.
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phase of the calibration, after which they remained fixed.  Parameters included in this latter category 

were:

• Permeability depth-decay coefficients for model HSUs (Table 3-6)
• Vertical-to-horizontal anisotropy of HSU permeabilities
• Boundary impedance for aquitard HSUs along the model boundaries.

The depth-decay coefficients for the model were set to the values listed in Table 3-6 in recognition 

that simultaneously estimating both the reference permeabilities and the depth-decay coefficients 

would induce correlations that would leave the problem of calibrating the flow model intractable. 

This is because (1) there is not enough range in the depths of the head measurements in any HSU to 

constrain the estimate of depth decay the Frenchman Flat basin, and the (2) the permeability at a 

given depth could be adjusted by mutual changes to either depth decay coefficient or the reference 

permeability, thus giving rise to an unavoidable correlation in the model parameters. 

The vertical-to-horizontal anisotropy ratios were set to unity in the BLFA and LCA, to 0.015 in the 

LTCU, and 0.5 to all other HSUs. The relatively small value of 0.5 (kh/kv = 2.0) for most of the HSUs 

was driven by a recognition that depth decay in permeability also contributed an effective anisotropy 

to the system, and that stipulating larger values for kh/kv would unduly restrict the potential of the 

model to explore the possibility of vertical leakage between the AA and underlying HSUs. The value 

of 0.015 (corresponding to a kh/kv = 6.667) was chosen based on the bedded nature of the tuffs that 

comprise the LTCU and the need to match the simulated heads in the AA to their measured values.

 The last of these parameter types, boundary impedance, is assigned to model boundary nodes in 

order to maintain heads interpolated from the regional model onto the BASE-USGSD flow model 

boundary (Zyvoloski et al., 1997a and b).  Normally, a large value (106 or 107) is recommended to 

achieve this goal.  However, in early phases of calibration, anomalously large groundwater fluxes 

were observed to enter the model along the four lateral boundaries adjacent to various confining units 

that had been assigned low permeability values.  This behavior was in conflict with the expectation 

that confining units would transmit only small fluxes, and indicated that adjustments to the assigned 

boundary impedance were necessary.  The problem was resolved by assigning a low value of 

impedance to nodes in confining HSUs when these were present along the lateral boundaries of the 

model.  After initial testing with other values, a value of 10-5 was ultimately applied at boundary 

nodes in the confining units, but several other values were investigated during early phases of the 
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calibration.  Section 7.0 documents the sensitivities of different model results to this boundary 

impedance value.  It should be noted that aquifer nodes along the boundaries were assigned a large 

impedance value (107), as recommended in the FEHM manual, in order to keep the assigned 

boundary heads constant during the flow simulations.  

5.5.2 Simulated Hydraulic Heads for the BASE-USGSD Model

The simulated hydraulic heads produced by the calibrated model are shown in Figure 5-4 for the 

water table.  Figures 5-5 and 5-6 show cross sections through the simulated head fields.  Horizontal 

hydraulic gradients within the northern and central testing areas of Frenchman Flat are fairly flat.  

Although hydraulic heads in the CP basin are approximately 100 m higher than those in Frenchman 

Flat, hydraulic gradients within each of these two areas are relatively flat, and most of the head loss 

between the CP basin and Frenchman Flat is predicted to coincide with the Cane Spring fault (fault 3 

in Figure 5-5).  Simulated hydraulic heads in the central part of Frenchman Flat decline gently toward 

the southeast (Figure 5-4), indicating that shallow groundwater flow out of central Frenchman Flat 

will also be in this direction.

A vertical profile of simulated head is plotted and compared against calibration target heads from the 

northern testing area at the ER-5-3 well complex (Figure 5-7).  The calibration target heads in this 

figure are plotted as a function of the midpoint of the open intervals in which they were measured.  

The figure illustrates that vertical head gradients are virtually non-existent between the alluvium and 

the underlying volcanic aquifers near the ER-5-3 well complex, indicating that there is very little 

potential for downward flow in the alluvium, despite the overall drop in heads between the alluvium 

and the carbonate aquifer.  Most of the head loss between the alluvium and the carbonate aquifer 

occurs across the thick confining units like the LTCU that are present beneath the northern testing 

area.  Although the model overpredicts the target head in the LCA at Well ER-5-3 #2, the model 

accurately depicts the relatively uniform target heads within the AA and TM-WTA and the location of 

loss of head between the TM-WTA and the LCA across the LTCU. 

The vertical profile of calibration target and simulated heads at the ER-5-4 well complex (Figure 5-8) 

indicates that simulated heads in the BASE-USGSD model accurately depict the near-constant heads 

between the water table and sea level.  Simulated heads show an almost 1-m increase between the 

lower alluvium and the TM-WTA, which is a consequence of the higher permeability in the TM-WTA 
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relative to the overlying alluvium and the underlying confining units (see Section 5.5.4).  The 

TM-WTA functions as a confined aquifer in this part of the model and connects areas of higher head 

adjacent to the Wahmonie Hills and CP basin to the deepest part of the Frenchman Flat basin.  The 

higher heads in the TM-WTA, if present, would create a pressure barrier that would prevent the 

downward movement of groundwater from the AA into the LCA.  In the BASE-USGSD model, a 

head loss occurs between the alluvium and the lower carbonate aquifer, but that this loss occurs 

entirely across the LTCU.  

As described in Section 3.5.2.2, the latest measurements of head in the LTCU at Well ER-5-4 #2 

indicated that heads in the LTCU were in excess of 754 m and rising (SNJV, 2004d, Fig. 8-12), which 

is higher than any other measurement in Frenchman Flat basin.  Although these measurements were 

not used directly in the calibration of the BASE-USGSD model because heads had failed to stabilize, 

they nonetheless support the concept that high-permeability intervals (in this case, within the LTCU) 

function as confined aquifers and connect the deep part of the Frenchman Flat basin with areas of 

higher head to the west.  Thus, the data show a pressure barrier probably does exist in the vicinity of 

the central testing area, although the pressure barrier appears to be associated with high-permeability 

intervals within the LTCU rather than the TM-WTA.  Hydraulic tests in the LTCU (SNJV, 2004b) 

indicated the presence of a high-permeability zone (k = 10-13 m2) within the LTCU that was probably 

associated a fractured welded interval within this largely zeolitized, nonwelded HSU.                  
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Figure 5-4
Water-Table Contours for the Calibrated BASE-USGSD Model
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Figure 5-5
West-East Cross Section of Simulated Heads at the Northern Testing Area for the BASE-USGSD Model
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Figure 5-6
West-East Cross Section of Simulated Heads at the Central Testing Area for the BASE-USGSD Model
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Figure 5-7
Comparison Between Hydraulic Heads Simulated with BASE-USGSD Flow Model 

and the Calibration Target Heads at the ER-5-3 Well Complex
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Figure 5-8
Comparison Between Hydraulic Heads Simulated with BASE-USGSD Flow Model 

and the Calibration Target Heads at the ER-5-4 Well Complex
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5.5.3 Hydraulic Head and Flux Residuals

The groundwater fluxes calculated along the perimeter of the Frenchman Flat model domain with the 

UGTA regional model are compared to the fluxes calculated with the BASE-USGSD flow model in 

Figure 5-9.  The net fluxes calculated by the Frenchman Flat model are in good agreement with the 

net fluxes calculated with the UGTA model along each of the boundaries (Figure 5-9). 

Simulated hydraulic heads are compared to the measured hydraulic heads that were used as 

calibration targets in Figure 5-10 and plots of posted weighted residuals are shown in Figure 5-11. 

Figure 5-10 shows that the simulated heads within Frenchman Flat generally agree with the measured 

heads to within the estimated uncertainties, but somewhat larger residuals exist at Wells ER-5-3 #2, 

RNM-1, WW-1, WW-5B and WW-5C, and WW-C and WW-C1.

• The simulated head at Well ER-5-3 #2, completed in the LCA, is higher than the heads 
measured in the LCA at this well, but lower than heads measured at nearby Wells ER-5-3 
(alluvium and tuff) and ER-5-3 #3 (alluvium).  This signifies that the observed downward 
head gradient between the alluvium and LCA in northern Frenchman Flat is captured in the 
model, but that its magnitude is only one-third to one-half that of the observed vertical 
gradient.

• The simulated heads at Well RNM-1, completed in the alluvium, are about 2.2 m higher than 
the heads reported for this well (731.31+/- 1.60) (SNJV, 2004d, Table 8-3); however, because 
the reported heads at Well RNM-1 are approximately 2.2 m lower than the measured heads at 
nearby Wells RNM-2, RNM-2s and ER-5-4, it is possible that difficulties in estimating depths 
in Well RNM-1, which was drilled at an angle into the CAMBRIC test cavity, are primarily 
responsible for the head residuals at this well.  Although the simulated head at RNM-1 is 
higher than the observed head, the simulated head falls within the error bounds associated 
with the measurement that reflect the difficulties in obtaining an accurate measurement at 
RNM-1. 

• The simulated head at Well WW-1, completed in the alluvium, is about 1.2 m higher than the 
head reported for this well (725.25 +/- 4.4 m), but within the error bounds that result from 
uncertainty in nearby land surface elevation. 

• The simulated hydraulic heads at Wells WW-5B and WW-5C, completed in the alluvium, are 
about 2 m too low and too high, respectively, compared to the measured heads (734.68 +/- 
1.15 m and 729.68 +/- 1.29 m) at these wells.  The low hydraulic head reported for Well 
WW-5C compared to heads measured at Well WW-5B to the north and Well WW-5A to the 
south (730.91 +/- 1.14 m)  suggests that there may be a stronger hydraulic connection or 
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hydraulic barrier between the tuffs and the LCA in the vicinity of Well WW-5C, as originally 
proposed by Winograd and Thordarson (1975).

• Simulated heads in the LCA at Well WW-C and WW-C1 (both completed in the LCA) in the 
northwest corner of the Frenchman Flat model (southern Yucca Flat) exceed the measured 
heads at these wells by about 15 m.  These residuals are the result of inaccuracies in the heads 
taken from the UGTA regional model that were used to assigned heads along the northern 
boundary of the Frenchman Flat CAU model (Section 5.3).  These comparatively large 
residuals are not expected to significantly impact simulated groundwater movement through 
the alluvium and tuffs in the Frenchman Flat basin given the small residuals at Wells UE-5 
PW-3, UE-5c WW, UE-5f, and UE-11b located on the perimeter of Frenchman Flat basin.

The plot of posted weighted residuals associated with the calibrated BASE-USGSD flow model is 

shown in Figure 5-13.  The plot is useful because it provides an indication of how errors in the 

simulated water levels are distributed throughout the flow model when the weights are also 

considered.  The use of weighted residuals (rather than unweighted residuals) in the figures is 

appropriate because the weights are calculated from the inverse of the measurement error and 

therefore reflect the importance that should be place on calculated differences between the measured 

and simulated heads.  Ideally, the distribution of weighted residuals should be randomly distributed 

and free of trends that would indicate a systematic spatial bias in the model results.  Figure 5-11 

shows that positive and negative weighted residuals are contained in each region of the flow model, 

indicating that there is no spatial biases in the simulated heads relative to the measured heads.

Histograms of weighted residuals are sometimes used to determine whether there is a systematic bias 

in the calibration.  Ideally, if the calibration lacks bias towards either overestimating or 

underestimating the heads, the weighted residuals will be normally distributed around zero.  The 

histogram of weighted residuals from the tuffs and alluvium in Frenchman Flat shows that these 

residuals are approximately normally distributed around zero (Figure 5-12).  The inclusion of 

residuals from the LCA introduces a negative bias in the residuals because of the relatively large 

negative residuals at Wells WW-C and WW-C1. 

Table 5-4 shows the metrics that characterize the goodness of fit associated with the calibration of the 

BASE-USGSD flow model.  The table lists the mean-weighted error, maximum and minimum 

weighted residuals, the error variances and standard deviations, and the contributions to the objective 

function associated with water-level and flux target data in each of the models.  The negative   
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mean-weighted residual calculated for the water levels in the BASE-USGSD flow model (-0.659 m) 

reflects the relatively large negative residuals associated with Wells WW-C and WW-C1.  As 

indicated by Figure 5-12, when only weighted residuals from the non-LCA wells are considered, the  

weighted residuals are approximately normally distributed around zero.      
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Figure 5-9
Groundwater Fluxes Simulated by the UGTA Regional Model and 

the BASE-USGSD Flow Model

Note: Flow into the model is negative; flow out of the model is positive
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Figure 5-10
Observed Versus Simulated Well Head - BASE-USGSD Flow Model
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Figure 5-11
Spatial Distribution of Weighted Residuals for the BASE-USGSD Model
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5.5.4 Estimated Hydraulic Parameters

The estimated hydraulic parameters in the model calibration include both the permeabilities of the 

HSUs in the model, as well as the permeability modification (fperm) factors associated with the faults 

in the model.  Table 5-5 lists the reference permeabilities and fperm factors estimated from the 

calibration of the BASE-USGSD flow model.  The permeabilities of the HSUs estimated from 

calibration of the BASE-USGSD flow model are shown as a function of depth and compared against 

permeability data from the Frenchman Flat and the NTS investigation area in Figures 5-13 through 

5-17. 

The estimated permeabilities of the AA and OAA HSUs in the BASE-USGSD flow model are 

compared to permeability measured in Frenchman Flat and in the general vicinity of the NTS in 

Figure 5-13.  The data for the NTS area include stream channel, floodplain, alluvial fan, and playa 

deposits from Yucca Mountain, the Amargosa Desert, and basins north of the NTS, as well as from 

Yucca Flat.  The data from Frenchman Flat include data from the alluvium at Well ER-5-3 #3 near the 

northern testing area; Wells RNM-1, RNM-2, RNM-2s and ER-5-4 near the central testing area; and 

Figure 5-12 
Residual Histogram BASE-USGSD Flow Model

Weighted Residual

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

F
re

q
u

e
n

c
y

0

2

4

6

8

10

12



Section 5.0

Phase II Groundwater Flow Model of CAU 98: Frenchman Flat, Nye County, Nevada

5-33

Well WW-5A, WW-5B and WW-5C slightly to the south of the central testing area.  The estimated 

permeabilities are at the low end of the range measured within NTS and Frenchman Flat Areas.  The 

lower permeability estimated for the OAA compared to the AA is reasonable given the greater 

density and more pervasive zeolitization of the OAA (BN, 2005a). The permeabilities of the playa 

deposits (PCU1L, PCU1U, and PCU2T) embedded in the alluvium are assumed to be comparable to 

the permeability of the alluvium as a whole (Table 5-5).  This result may be due to the very low 

sensitivity of the model calibration to the permeability of these units (see Section 7.0).  The 

fine-grained nature of the playa deposits suggests that the permeability of these units could be much 

lower than the alluvium. However,  there are no appropriate datasets against which to compare the 

estimated permeabilities of these deeply buried playa sediments in Frenchman Flat, because most of 

the known playa sediments that could serve as analogs are at land surface and act as groundwater 

discharge areas.  

Volcanic rocks that are generally considered to be aquifers in Frenchman Flat include welded tuffs 

(TSA and TM-WTA), vitric nonwelded tuffs (TM-LVTA and LVTA), and basaltic lava flows (BLFA).  

Flow through the welded tuffs and basalts is probably through fractures, whereas flow through the 

vitric, nonwelded tuffs is probably through the matrix pores.  The model permeabilities of these HSUs 

are compared to NTS data for welded tuffs, nonwelded tuffs, and lavas taken primarily from Yucca 

Mountain and Pahute Mesa, and to data measured in the Frenchman Flat area at Wells WW-4, WW-4a 

and ER-5-3 (Figure 5-16).  A comparison with the data indicates that the model permeability values 

for the Timber Mountain tuffs (TM-WTA and TM-LVTA) are in good agreement with the data from 

these HSUs in Frenchman Flat. The permeability values for the BLFA and the TSA are at the low end 

of the observed range.  The model permeability for the LVTA is near the middle of the data.  The 

scatter in the data could be related to the diverse rock types, test configurations, interpretation, and 

structural settings associated with the data. As stated in Section 3.6.1, similar basalt flows in the NTS 

region tends to have little connected fracturing, suggesting that the permeability for these units will be 

low.

The calibrated permeability of HSUs that are considered to be confining units in Frenchman Flat are 

compared to the permeability measured on tuffs from the Yucca Mountain area, other older tuffs at 

federal facilities north of the NTS (Figure 5-15), and to data from the LTCU at Well ER-5-4 #2.  The 

test at ER-5-4 #2 straddled a fracture zone in the LTCU and was more permeable than the LTCU as a 



Section 5.0

Phase II Groundwater Flow Model of CAU 98: Frenchman Flat, Nye County, Nevada

5-34

whole. The model permeability of the LTCU, UTCU, and VCU are at, or lower than, the low end of 

the data range.  The calibration targets were insensitive to the permeability of the UTCU (see 

Section 7.0 for a complete description of parameter sensitivity), so this unit was poorly constrained 

during parameter optimization.  The model permeability of the WCU is higher than the estimates of 

the other confining units and falls in the middle the observed range.  The higher permeability used in 

the model for the WCU compared to other confining units may be due to the presence of numerous 

lava and breccia flows in this HSU in the western part of the model, which could make the WCU 

more conductive than other HSUs that are also classified as confining units (BN, 2005a, p. 4-19).  In 

view of its diverse assemblage of rock types, it may be reasonable that the permeability of the WCU 

is intermediate between that of aquifers and true confining units. 

The LCCU at the bottom of the model was removed to reduce the model size and because it is 

generally considered to form the hydraulic “basement.” Consequently, the UCCU is the only clastic 

confining unit in the model.  Its model permeability is compared to permeability data for the UCCU 

from the Eleana Range and data for the LCCU from northwest Yucca Flat in Figure 5-17.  The model 

permeability used for the UCCU is in good agreement with the data.

The estimated permeabilities of the LCA and LCA3 HSUs are compared to permeability data for the 

carbonate aquifer in Figure 5-14.  The data include measurements both on and adjacent to the NTS 

and data from the vicinity of Frenchman Flat at Wells WW-C, WW-C1, TW-3, and ER-5-3 #2.   The 

estimated permeabilities for both the LCA and LCA3 are in good agreement with the data.  The 

relation between the LCA and LCA3 is counter to the relation suggested by Winograd and 

Thordarson (1975), who considered the upper plates of thrust faults in the LCA (that is, the LCA3) to 

be generally more broken (and, hence, more permeable), than the LCA as a whole.  However, recent 

LCA hydraulic testing in southern Yucca Flat did not confirm Winograd and Thordarson’s postulated 

relationship between LCA and LCA3, as Wells ER-6-1 and ER-6-2 (open to the LCA and LCA3, 

respectively) both have high permeabilities (SNJV, 2005b and c). 
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Finally, estimated fperm factors for each of the faults in the model are given in Table 5-5.  An fperm 

factor greater than 1 means that permeability within the fault is increased relative to the rocks through 

which it passes, whereas an fperm factor less than 1 means that permeability within the fault is 

reduced.  An fperm factor of 1 means that permeability within the fault is unchanged relative to the 

host rock.  

As Table 5-5 shows, the estimated fperm factors in the BASE-USGSD flow model span more than 

seven orders of magnitude and included values both considerably greater than and considerably less 

than 1.  The lowest fperm factors were estimated for faults associated with the CP Hogback in the 

northwest part of the model (faults 11, 12, and 14-16) and for the Cane Spring fault (fault 3), which 

separates the CP basin from Frenchman Flat basin.  Conversely, faults associated with the Rock 

Valley fault system (faults 21, 33, 34, 57, and 58) and faults 17 and 39 had estimated fperm factors 

that indicated these faults were significant conduits for groundwater (Table 5-5).  Unlike the faults 

associated with the Rock Valley fault system, the southern terminations of faults in Yucca Flat in the 

northern part of the model domain (faults 2, 22-25, and 27-29) were not estimated to be conductive 

relative to the surrounding host rock.  The short faults near the central testing area (faults 35-37, 

40-45, and 48-56) were estimated to have fperm factors of about 1, indicating they will not serve as 

preferential pathways for radionuclide transport in this model.  Of the faults in this group, only fault 

38 had an fperm value (5.0) that indicated it could preferentially transmit groundwater. 

Except for fault 60 (fperm = 1.45) and fault 72 (fperm = 1.39), the southwest-trending faults in LCA 

in the southernmost part of the model (faults 59 to 73) had fperm values equal to or less than 1, 

suggesting these faults would not be significant pathway for groundwater leaving Frenchman Flat.  

The relative sensitivity of the model calibration to individual fperm factors is discussed in 

Section 7.0. 

The final permeabilities in the BASE-USGSD flow model depend on the values estimated for the 

reference permeability of the individual HSUs; the assumed depth-decay coefficients applied to the 

HSUs (Table 3-6); and the permeability changes imposed by the presence of the faults, as 

implemented through the fperm factors (Table 5-5).  Figure 5-18 shows the calibrated permeability 

distribution at the water-table surface, and Figures 5-19 and 5-20 show west-east cross sections of 

calibrated permeability values at the central and northern testing areas, respectively.  The combined 
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effects of the spatial distribution of HSUs, the depth decay in permeability, and the overprint of 

permeability changes associated with faults serve to create a complex distribution of permeability 

within the BASE-USGSD flow model.  The distribution of permeability in plan view, Figure 5-18, 

shows that the central part of the Frenchman Flat basin is surrounded on the north, east, and south by 

a zone of low permeability that corresponds to the confining units that line the deepest parts of the 

basin and rise up along the flanks of the basin to intersect the water table (Figures 5-19 and 5-20).  

This zone of lower-permeability rock separates the basin hydraulically from the much more 

permeable LCA that lies outside of and beneath the Frenchman Flat basin.  The higher permeability 

estimated for the WCU compared to the other confining units (Figure 5-15) allows a significantly 

stronger hydraulic connection between the central part of Frenchman Flat and the CP basin and 

Wahmonie Hills to the west (Figure 5-19).

An interval of high permeability lies between the base of the alluvium and the deep tuff confining 

units that line the Frenchman Flat basin (Figures 5-19 and 5-20).  This high-permeability interval is 

comprised of volcanic aquifers (primarily the TM-WTA, TM-LVTA, and TSA) that have both higher 

reference permeabilities than the tuff confining units (Table 5-5) and lower rates of depth decay than 

the surrounding alluvium (Table 3-6).  Near the central testing area (Figure 5-19) this 

high-permeability zone rises on the flanks of the basin toward the Wahmonie Hills before pinching 

out.  Near the northern testing area (Figure 5-20), this high-permeability interval lies below the older 

alluvium (OAA).  In plan view (Figure 5-18),  this interval of high permeability manifests itself as an 

arcuate band of higher permeability (k = 10-11 m2) that wraps around the northern part of the basin and 

connects areas of higher hydraulic head in the CP basin to parts of the northern testing area in 

Frenchman Flat. 
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Table 5-5
Summary of Calibrated Reference Permeability Values 

and Fault Permeability Multipliers for the BASE-USGSD Model
 (Page 1 of 3)

HSU Permeability at Ground Surface - log k0  (m2)
AA -11.30

PCU -14.50
BLFA -12.00
OAA -12.00

PCU1L -11.00
PCU1U -11.00
TM-WTA -9.15
TM-LVTA -9.20

UTCU -14.00
TSA -11.00
LVTA -10.50
LTCU -13.50
WCU -11.88
VCU -13.60
LCA3 -11.00
UCCU -13.50
LCA -10.40

Fault Permeability Multiplier

1 0.3
2 0.5
3 1.8E-04
4 1.0
5 0.5
6 1.0
7 1.0
8 1.1
9 1.0
10 0.3
11 1.0E-05
12 1.0E-05
13 1.0
14 1.0E-05
15 1.0E-05
16 5.0E-04
17 18.0
18 15.0
19 1.0
20 1.0
21a 67.8
22 1.0
23 1.0
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Fault Permeability Multiplier

24 1.0
25 1.0
26 1.0
27 1.0
28 1.0
29 1.0
30 1.0
31 1.0
32 1.0
33a 150.9
34a 155.2
35 1.0
36 1.0
37 1.0
38 5.0
39 34.0
40 1.0
41 1.0
42 1.0
43 1.0
44 1.0
45 1.0
46 10.0
47 10.0
48 1.0
49 1.0
50 1.0
51 1.0
52 1.0
53 1.0
54 1.0
55 1.0
56 1.0
57a 31.05
58a 108.39
59 1.0
60 1.45
61 0.45
62 0.82
63 0.84
64 0.74
65 0.93

Table 5-5
Summary of Calibrated Reference Permeability Values 

and Fault Permeability Multipliers for the BASE-USGSD Model
 (Page 2 of 3)
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Fault Permeability Multiplier

66 0.88
67 0.92
68 0.98
69 0.35
70 1.0
71 1.0
72 1.39
73 1.0
74 1.0
75b 1.8E+04
76 1.0
78 1.0

Note:  Model used the USGSD recharge data and the associated 
boundary heads and flows from the UGTA regional model.

a The Rock Valley fault system (faults 21, 33, 34, 57, and 58) have different 
properties only through the LCA.  These faults are neutral throughout 
all other HSUs.

b Fault 75 is the northern part of the Cane Spring fault (fault 3).

Table 5-5
Summary of Calibrated Reference Permeability Values 

and Fault Permeability Multipliers for the BASE-USGSD Model
 (Page 3 of 3)
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Figure 5-13
Calibrated Permeability in the BASE-USGSD Model Versus Measured Permeability of AA 
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Figure 5-14
Calibrated Permeability in the BASE-USGSD Alternative Versus Measured Permeability of the LCA



Phase II G
roundw

ater Flow
 M

odel of C
A

U
 98: Frenchm

an Flat, N
ye

C
ounty,N

evada

Section 5.0
5-42

Figure 5-15
Calibrated Permeability in the BASE-USGSD Model Versus Measured Permeability of Confining HSUs
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Figure 5-16
Calibrated Permeability in the BASE-USGSD Alternative Versus Measured Permeability of Volcanic Aquifers
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Figure 5-17
Calibrated Permeability in the BASE-USGSD Model Versus Measured Permeability of the CCU
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Figure 5-18
Calibrated Intrinsic Permeability at the Water Table for the BASE-USGSD Model
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Figure 5-19
West-East Cross Section of Calibrated Intrinsic Permeability at the Central Testing Area for the BASE-USGSD Model
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Figure 5-20
West-East Cross Section of Calibrated Intrinsic Permeability at the Northern Testing Area for the BASE-USGSD Model
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5.5.5   Estimated Groundwater Flow Paths

To investigate the flow paths that radionuclides introduced by underground nuclear tests might 

follow, particles were placed either at the location of the CAMBRIC test or near the water table 

beneath the sites of each of the nine remaining underground nuclear tests in Frenchman Flat that were 

conducted in the vadose zone (see Table 1-1).  Figure 5-21 shows the trajectory of particles initially 

located near test locations in the northern and central testing areas. The particle tracks are colored by 

the location of the particle in the flow system as a function of HSU. Because these calculations are not 

intended to portray rates of potential radionuclide movement, an issue that will be addressed in detail 

in the transport modeling phase of the Frenchman Flat CAU study, some simplifying assumptions 

concerning transport behavior were made.  For instance, effective transport porosity was set to a 

uniform value (0.01) in each of the HSUs rather than allow it to vary among the HSUs, and no 

diffusion or dispersion was allowed.  In spite of these simplifications, the calculated particle tracks 

are useful for illustrating the directions of groundwater movement away from the testing areas. 

Near the northern testing area, particle movement reflects the complex distribution of permeabilities 

in northern Frenchman Flat illustrated in Figure 5-18 through 5-20.  South of the detachment fault 

(fault 36),  groundwater movement is southward out of the northern testing area through the OAA and 

BLFA.  Eventually, groundwater moving beneath the northern testing area moves into the AA and 

travels toward the southeast, where it moves laterally through the VCU and enters the LCA along the 

Rock Valley fault system.

The trajectory of particles starting near the water table beneath the PIN STRIPE test is eastward 

within the TSA and LVTA (Figure 5-21).  As shown in Figure 5-18, the TSA and LVTA create an 

arcuate band of higher permeability where they intersect the water table along the northern flank of 

the Frenchman Flat basin.  This continuous band of higher permeability creates a strong hydraulic 

connection in the model between the higher hydraulic heads in the CP basin to the west and locations 

beneath the PIN STRIPE test in the northern testing area.  The higher hydraulic heads adjacent to the 

western part of the CP basin (Figures 5-4 and 5-5) cause groundwater to flow eastward through the 

LTCU toward a major fault in the Rock Valley fault system (fault 33) and enter the LCA.  This 

trajectory, although unanticipated, is nonetheless consistent with the distribution of HSU and 

permeabilities within the BASE-USGSD flow model.   
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Figure 5-21
Particle Tracks Starting Near the Underground Nuclear Tests - 

BASE-USGSD Model 
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In the central testing area of Frenchman Flat, groundwater flow is substantially less complex than in 

the northern testing area.  The movement of particles near the CAMBRIC test cavity and beneath the 

DILUTED WATERS and WISHBONE test locations indicate that groundwater flow out of the central 

testing area will be through the alluvium toward the southeast.  Eventually, these particles will 

encounter the Rock Valley fault system and exit the flow system along the southern part of the 

western boundary of the model.

5.6 Model Limitations

The Frenchman Flat CAU flow model covers an area of 570 km2 and has a saturated thickness of 

nearly 5 km, for a total volume of about 2,850 km3.  A total of 34 calibration targets of head and flux 

were used in the calibration.  Thus, the overall density of the data versus the size of the model 

suggests that the calibration data are sparse.  Additionally, wells within the Frenchman Flat basin are 

generally aligned along a north-south trend, so that head gradients are not as well constrained in the 

lateral direction, which some conceptual models hold is the predominant flow direction within the 

alluvium (Section 2.3.1.2).  Hydraulic head data are also clustered in certain parts of the model 

domain, such as the ER-5-3 and ER-5-4 well clusters, with other parts having little or no data to allow 

rigorous evaluation of calibrated model parameters and results in those areas. 

In addition to the uncertainty in heads and gradients throughout the Frenchman Flat basin, 

considerable uncertainty exists concerning heads and fluxes along the boundaries of the model due to 

inaccuracies and uncertainties in the regional models from which these boundary conditions were 

established.  However, although these uncertainties influence flow directions and rates in the LCA 

within the model area, they are not expected to significantly influence flow directions or rates in the 

alluvium and tuffs because of the relative hydraulic isolation of the Frenchman Flat basin from the 

surrounding LCA due to thick tuff confining units that separate the basin-fill HSUs from the regional 

groundwater system.

The number of adjustable parameters in the model is relatively large (more than 100) compared to the 

number of target observations available to calibrate the model due to the hydrogeologic detail in the 

model.  The large number of faults and HSUs in the model make it difficult to evaluate the values of 

individual parameters from the data alone without some subjective judgment as to which parameters 

can be appropriately grouped, or which parameters should be optimized and which should be held 
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fixed during calibration.  However, although the large number of parameters poses challenges, it also 

means that the model has the flexibility to explore the effects of these geologic features on 

groundwater flow patterns through sensitivity analysis.  This flexibility would not exist if the model 

had not included these features during its construction.  

The model assumes that depth below land surface and the geometry of the HSUs and faults determine 

the distribution of permeability within the models.  This deterministic approach thus ignores 

finer-scale heterogeneity that arises from random or stochastic processes during deposition of the 

alluvium and tuff and their subsequent alteration or faulting, or the effects of lumping an assemblage 

of volcanic units with different degrees of welding and fracturing into a single HSU. This last 

limitation makes it impossible to replicate features of the flow system (like the high hydraulic heads 

in the LTCU at ER-5-4 #2) with the current model without introducing additional complexity to an 

already geometrically complex model. 

The CAU flow model was calibrated to estimated steady-state conditions and does not attempt to 

consider the transient conditions associated with either long-term climate change in the NTS area, or 

the effects of water withdrawals from the Frenchman Flat basin associated with either water-supply 

wells at the NTS or with the CAMBRIC RNM experiment.  The higher heads in the alluvium in 

Frenchman Flat relative to the LCA could reflect the slow drainage of the alluvium through the tuff 

confining units and the relatively more rapid equilibration of water levels in the regional LCA 

following the transition from pluvial to arid conditions approximately 10,000 years ago.  However, it 

was decided not to pursue this conceptual model through numerical modeling because the necessary 

data are qualitative at best, and it was evident that these models would require the presence of an 

extremely low-permeability confining unit separating the alluvium from the LCA for this conceptual 

model to be valid.  The use of a steady-state flow model allowed consideration of more direct 

hydraulic connections between the alluvium and the LCA and thus was deemed more suitable for 

examining the extent of contaminant transport from underground nuclear tests.

In contrast, the use of a transient flow model to incorporate data on water withdrawals for water 

supply and the CAMBRIC RNM experiment into the calibration would have been highly desirable 

because the hydraulic stresses induced during pumping can be much better characterized than the 

natural stresses imposed by the regional fluxes.  However, incomplete pumping histories at the water 
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supply wells and the absence of measurements of hydraulic head at suitable locations during the 

radionuclide migration experiment (SNJV, 2004d) made consideration of transient conditions 

impractical.  The model was able to consider some of the information provided by MWATs done in 

Frenchman Flat by using the hydraulic conductivities provided by these tests to guide the adjustment 

of model parameters during calibration. This partially compensated for the inability of the model to 

use the water pumping data in the calibration. 

Significant uncertainty exists in many aspects of the flow models described in this report, and this 

uncertainty affects the trajectories of particles leaving the testing areas over tens of thousands of 

years.  However, because particle travel times were not considered in this analysis, it is expected that 

some of the differences exhibited in the long-term trajectories due to parameter and boundary 

conditions uncertainty may not be important over shorter time scales important to contaminant 

transport.  Although it is not possible to demonstrate this in the absence of time-dependent particle 

tracking calculations, this possibility will be explored in the Frenchman Flat Phase II Transport 

Model that builds upon the results of the present study. 

Although uncertain, the model calibration described in this section is subject to extensive sensitivity 

and uncertainty analyses.  Figure 6.0 examines the effects of parameter changes and conceptual 

model uncertainty on the model calibration and on groundwater flow directions near the testing areas.  

The calibrated BASE-USGSD model fits the data well, and as discussed in Section 5.5.3, which 

compared calibrated permeabilities to the data, the model does so with parameters that are reasonable 

for their respective HSU type.  Additionally, simulated heads in the AA matched the data with a high 

degree of accuracy and reflect the horizontal gradient and vertical gradient within the AA very well. 

5.7 Summary

A steady-state groundwater flow model was created for Frenchman Flat CAU using the BASE HFM 

in conjunction with lateral boundary heads and fluxes and water-table recharge based on a 

water-balance model of infiltration and recharge model (designated the USGSD model) originally 

developed for the regional model area. The boundary conditions for the resulting Frenchman Flat 

flow model (designated the BASE-USGSD flow model) were taken from the regional model by 

interpolating hydraulic heads produced with the regional model onto the lateral boundaries of the 

BASE-USGSD model.  The net groundwater fluxes calculated by the regional model along the planes 
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coinciding with the lateral boundaries of the BASE-USGSD flow model were calculated and used 

along with 30 hydraulic head measurements to calibrate the model.  Measurement uncertainty and 

calibration weights were determined for the hydraulic head measurements by considering uncertainty 

in different aspects of the head measurements such as groundwater surface elevation, depth to 

groundwater, and borehole deviations from vertical.  Permeability within the model varied among the 

HSUs and as a function both of depth and of the permeability modification factors that were applied 

to the faults during calibration. 

Calibration of the BASE-USGSD flow model was accomplished though a combination of automated 

parameter estimation and manual adjustments to the model parameters that were guided by sensitivity 

analyses.  Automated parameter estimation was successful in matching boundary fluxes but was less 

successful in matching hydraulic heads within the flow model area.  Typically, manual adjustments to 

the model parameters were required to obtain a set of simulated heads within the uncertainty of the 

measured hydraulic heads.  Simulated heads generally matched the measured heads to within the 

uncertainty limits estimated for the measurements except at wells in the LCA near the northern 

boundary of the model. 

The simulated heads in the AA matched the head data with a high degree of accuracy and correctly 

simulated the near-absence of both lateral and vertical gradients within the AA indicated by the data.  

A comparison of measured heads at the ER-5-3 well complex with a vertical profile of simulated 

heads produced with the BASE-USGSD flow model indicated that both measured and modeled 

vertical head gradients are virtually non-existent between the alluvium and the underlying volcanic 

aquifers near the ER-5-3 well complex.  Therefore, there seems to be very little potential for 

downward flow in the alluvium, despite the overall drop in heads between the alluvium and the 

carbonate aquifer.  The data and the model results indicated that most of the head loss between the 

alluvium and the carbonate aquifer occurs across the thick confining units, like the LTCU, that are 

present beneath the northern testing area.  A similar comparison between measured and simulated 

heads at the ER-5-4 well complex indicates that simulated heads in the BASE-USGSD model again 

accurately depict the near-constant heads in the alluvium between the water table at 734 m and sea 

level.  Again, this would suggest that there is very little downward gradient through the alluvium that 

would create downward flow.  Simulated heads show an almost 1-m increase between the lower 

alluvium and the TM-WTA, creating a pressure barrier that would also prevent groundwater 
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movement into the LCA.  Although data do not exist to evaluate the presence of a pressure barrier in 

the TM-WTA, measured hydraulic heads of more than 754 m in the LTCU at Well ER-5-4 #2 indicate 

that the concept of a pressure barrier in the central part of Frenchman Flat is feasible.  The results of 

the BASE-USGSD flow model indicate the this pressure barrier could arise when high-permeability 

units like the TM-WTA (or similar lithologies embedded within the thick LTCU) act as confined 

aquifers and connect the deep parts of the Frenchman Flat basin with areas of higher head to the west. 

The permeabilities estimated during calibration of the BASE-USGSD flow model were compared to 

the data from the general NTS area and from Frenchman Flat.  The match between the estimated and 

measured permeabilities is good in most cases.  For some HSUs, such as the AA and the LTCU, the 

estimated permeabilities were toward the lower end of the observed data range.  The effects of 

increasing the permeability in the AA to bring it into better agreement with the data would be to 

increase the rate of groundwater movement in the model if the horizontal head gradient were to 

remain the same.  Alternative calibrations with improved matches to AA data are presented in the 

conceptual model uncertainty analysis (see Section 6.0).  

The final permeability field associated with the calibrated models reflects differences among the 

permeabilities estimated for the different HSUs, the effect of the decay in permeability with 

increasing depth, and the effects of permeability changes associated with faults.  The permeability 

fields that result from the superposition of these effects can be very complex in some areas, 

particularly in the northern testing area, where groundwater flow bifurcates, with flow north of a 

detachment fault flowing east or northeast, and groundwater to the south of the detachment fault 

flowing predominantly southward.  In the central testing area, particle trajectories are toward the 

southeast.  Eventually,  all particles initially located beneath the testing areas eventually exit the 

model through the Rock Valley fault system in the southwest corner of the model. 
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6.0 CONCEPTUAL MODEL UNCERTAINTY ANALYSES

The CAIP addendum to the CAIP (NNSA/NV, 2001) states that the uncertainty analysis for the 

Frenchman Flat CAU will include “… alternative hydrostatigraphic models, boundary flux 

uncertainty, and parameter uncertainty for both flow and transport parameters … Groundwater flow 

and transport model simulations with the range of parameter values will yield an assessment of the 

prediction uncertainty due to parameter uncertainty.”  The conceptual model uncertainty includes the 

types of uncertainty specified in the CAIP addendum and a model calibrated with constant 

permeability with depth below ground surface in some of the basin-fill aquifers.  For convenience, 

these analyses are referred to as analyses of conceptual model uncertainty and the results are 

presented separate from parameter sensitivity analysis (Section 7.0).  For additional perspective on 

the interpretation and applicability of these analyses, brief background information is provided on the 

definitions of uncertainty used in this section and the role of these analyses in the overall modeling 

strategy. 

6.1 Background

Recent applications of flow and transport modeling associated with complex environmental systems 

have recognized the importance of quantifying uncertainty with respect to input parameters, and 

model responses specific to the context of individual decision problems.  The different types of 

uncertainty are variability (irreducible uncertainty) and the multiple components of knowledge 

uncertainty (parameter, model, structural and/or scenario uncertainty) (Morgan and Henrion, 1990;  

EPA, 1997; Cullen and Frey, 1999; Vose, 2000).  The Nuclear Regulatory Commission has since 1997 

sponsored a series of studies and workshops specifically to assess the application of groundwater 

modeling to support predictions required for programmatic applications.  The results of these 

workshops and studies are an increasing recognition of the importance of alternative conceptual 

models in assessments of model uncertainty (Neuman and Wierenga, 2003).  Iterative cycles of model 

development are proposed that include data gathering, development of alternative conceptual models, 

implementation of the conceptual model(s) as numerical models, and model simulations.  The results 
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of the simulations are reviewed quantitatively using sensitivity and uncertainty analysis to identify 

critical modeling parameters/assumptions and assess the need for continued iteration.  This section on 

uncertainty is intended to fulfill part of a critical and continuing role of model evaluation.

The approaches and techniques used for uncertainty and sensitivity analysis and parameter estimation 

continue to evolve rapidly (see, for example, ISCMEM, 2003) as do the definitions of what 

constitutes sensitivity and uncertainty analysis.  Helton and Davis (2000) describe sample-based 

uncertainty and sensitivity analysis as an evaluation of a mapping from uncertain analysis inputs to 

analysis (model) results where the model results are represented by a vector function (Helton and 

Davis 2000; p. 101):

y = [y1, y2, …, yny] (6-1)

and input is represented by a vector

x = [x1, x2, . . ., xnx] (6-2)

where nx and ny are the dimensions of x and y, and each value of x produces a corresponding value of 

y(x).  They define uncertainty as the uncertainty in y(x) given the uncertainty in x, and sensitivity as 

the relative importance of individual elements of x with respect to the uncertainty in y(x).  Saltelli 

(2000) in contrast uses a much broader definition of sensitivity analysis as the relationships between 

information flowing in and out of a model, a definition that overlaps with most definitions of 

uncertainty. 

Uncertainty analyses in this section are evaluated in the context of the use of flow models to achieve  

the UGTA corrective action strategy specific to Frenchman Flat CAU.  The overall flow and transport 

modeling strategy is to establish the horizontal and vertical extent and the uncertainty in contaminant 

migration for each CAU.  The strategy is implemented through modeling phases described in the 

FFACO (1996), and in the CAIP (DOE/NV, 1999) and addendum to the CAIP (NNSA/NV, 2001), 

and includes completion, for Frenchman Flat, of a groundwater flow model, a contaminant transport 

model, and a total-system model.  A primary goal of the flow model phase is to examine a range of 

permissible fits to the calibration data recognizing the non-unique nature of the multiple conceptual 

model and parameter sets (the equifinality problem of Beven and Freer, 2001). 
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The primary goal of the assessment of the conceptual model uncertainty is to define the uncertainty of 

the flow model responses associated with alternative HFM uncertainty, boundary condition 

uncertainty, and HSU or fault parameter uncertainty, and to provide guidance on how to include or 

represent that uncertainty in the transport simulation.  The mechanisms to express model response 

uncertainty, are identified in the CAIP and include variability in simulating the groundwater flow 

paths and fluxes (DOE/NV, 1999).  The approach followed is not to attempt to define all potential 

variations in flow paths and fluxes, but instead to establish the range of variation using multiple 

realistic combinations of alternative conceptual models and parameter sets.  This assessment of model 

response uncertainty is described as conceptual model uncertainty following the usage of Neuman 

and Wierenga (2003).  It could also be classified under the broad category of sensitivity analysis 

using the definition of Saltelli (2000).  

6.2 Introduction  

For the Frenchman Flat CAU flow model, four areas of uncertainty are considered:

• HFM uncertainty: A Hydrostratigraphic Framework Model and Alternatives for the 
Groundwater Flow and Contaminant Transport Model of Corrective Action Unit 98: 
Frenchman Flat, Clark, Lincoln and Nye Counties, Nevada (BN, 2005a) documents four 
alternative HFMs along with the BASE HFM.  These alternative HFMs were each calibrated 
with the USGSD boundary conditions to address HFM uncertainty.  

• HSU and fault parameter uncertainty: Analysis of HSU and fault parameter uncertainty 
was performed using discrete uncertainty analysis.  This approach, which relies on the 
analysts’ experience with the flow model, is used to evaluate likely scenarios that would lead 
to longer-range contaminant transport.  The discrete uncertainty analysis allows for the 
evaluation of the extreme values of select flow model parameters.

• Boundary conditions uncertainty: Boundary heads, boundary flows, and recharge 
distributions used for flow model calibration are derived from regional-scale models 
(see Section 3.4 for overview).  Over the entire NTS area, total recharge is significantly 
different among the recharge models (see Section 2.2), leading to considerably different 
modeled boundary heads and boundary flows in the Frenchman Flat area.  While the total 
volume of recharge on the Frenchman Flat area is small, leading to limited impact on 
calibrated parameters, boundary conditions uncertainty for the Frenchman Flat CAU flow 
model is dominated by boundary heads derived from the various regional model calibrations.  
Alternative recharge distributions, boundary heads, and boundary flows were used to calibrate 
two HFMs to examine changes in flow paths near underground nuclear test locations.  Both 
the UGTA regional model and the DVRFS model were used for this evaluation.  Two sets of 
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recharge, boundary heads, and boundary flows are used from the UGTA regional model 
recalibrations, and one set of recharge and boundary heads and boundary flows are used from 
the DVRFS model.  Additional uncertainty analysis was also completed to understand the 
impact of boundary head adjustment methodology on the flow paths of the BASE-USGSD 
model.

• Implementation of Permeability Depth Decay:  Rates of permeability depth decay in the 
Frenchman Flat CAU model area are poorly constrained by site-specific data; therefore, an 
alternative model calibration was completed to examine the effect of removing depth decay 
from two of the basin-fill HSUs (AA and OAA) on the modeled flow fields.

6.3 HFM Uncertainty Analysis

The HFM report (BN, 2005a) lists alternatives, which are prioritized into A, B, C, and D groups.  The 

priority A alternatives are those that are included in the BASE HFM.  The BASE model calibration 

results are presented in Section 5.0.  The priority B alternatives represent permissive alternative 

interpretations of the structural and stratigraphic data for Frenchman Flat where these alternatives 

were judged to have a sufficiently significant impact on groundwater flow to merit development of a 

separate HFM.  The priority B alternative HFMs are summarized in Section 2.3.3, and model 

calibration results are described here.  Table 6-1 lists the priority C alternatives and a brief comment 

on how each was addressed.  The priority D alternatives are judged to have either an insignificant 

effect on groundwater flow or are insufficiently supported by geologic and structural data to warrant 

evaluation as alternative models (BN, 2005a).  

6.3.1 Alternative HFM Calibration Approach

The configuration of HSUs is somewhat different among the alternative HFMs, but the same set of 

HSUs exist in all HFMs.  Thus, the approach used to calibrate the alternative HFMs was to first use 

the calibrated parameter set from the BASE-USGSD model.  The model-calculated water levels and 

fluxes were then compared with their target values, and parameter changes were carried out or the 

model was accepted in its existing form.  Sensitivity analysis results were utilized in developing 

revised parameters sets, if deemed necessary. 

The use of the parameters estimated for the calibrated BASE-USGSD flow model in the BLFA and 

DETA alternative HFMs produced boundary fluxes and hydraulic heads in these models that were 

almost identical to the values already presented for the BASE-USGSD model at the target locations.  
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As a consequence, these two alternative HFMs did not require further calibration.  The similar heads 

and fluxes produced with the BLFA-USGSD and DETA-USGSD alternatives and the BASE-USGSD 

models at the target locations do not necessarily mean that the models are identical, but rather that 

there were no data from locations that could reveal the differences in hydrologic behavior among the 

models.   Pertinent results from the BLFA-USGSD and DETA-USGSD alternatives, and a description 

of the calibration process and results for the DISP-USGSD and CPBA-USGSD alternatives, are 

Table 6-1
List of Priority C Alternative Scenarios for the Frenchman Flat 

3-D Hydrostratigraphic Model

Alternative 
(as described by BN, 

2005a)
Comment/Discussion

Subdivide the 
volcaniclastic confining 

unit (VCU) in the southern 
portion of the model

The VCU is dominated by fine-grained clastic rocks and zeolitic tuff.  However, 
lenses of gravel and freshwater carbonate beds have been observed in southern 
Frenchman Flat where the VCU outcrops.  Observation of the outcrop exposures 
of the VCU and assessments of basin-fill carbonate and gravel deposits show that 
these deposits are generally of limited thickness and lateral extent, and probably 
are not a significant component of the VCU.  Little is known about the VCU 
beneath the Frenchman Flat basin, where the VCU is overlain by a thick LTCU.  
Because the VCU in overlain by a thick LTCU, it is not likely that even large 
variations of the VCU properties under the Frenchman Flat basin will be of any 
significance to the resulting flow fields.  However, the southern part of the VCU 
could be examined in further detail by varying model parameters to approximate 
the occurrence of aquifer-like rocks within the VCU.  This was not necessary for 
calibration of the flow model, suggesting that changes to the VCU flow parameters 
are unnecessary for representing the flow field within the data constraints. 

Add width to faults

The faults are represented in the model using the set of nodes around them.  The 
node spacing depends on the level of discretization and the fault location.  In 
general, these fault nodes are discretized using a finer mesh near the top, and the 
node spacing increases towards the bottom of the model.  This fault 
representation is conceptual and does not reflect any attempt to model the fault 
widths.  This representation is not likely to have any effect on the flow model 
results but could have significant effects on the transport model results in terms of 
travel times required to go through (or across) some of the faults.  This could be 
dealt with during the transport model evaluation by assigning appropriate effective 
porosity values to the fault nodes that will reflect different fault width values.  For 
example, if a narrow fault width is evaluated, a small effective porosity value can 
be assigned to the fault nodes.

Represent faults in model 
as multiple planes This is similar to the previous alternative.

Vary fault dips for basin 
and range faults (from the 

75 degrees used)

This alternative cannot be reasonably handled by the flow model because the 
fault locations have a significant effect on the node locations and spacing in the 
model mesh.  However, it can be evaluated in a simplified total system 
model-context where the flow velocities and directions are obtained from the flow 
model, and different fault dip angle can be investigated using different fault 
lengths or distance to fault interception within different HSUs.
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provided in the following four sections.  Table 6-2 summarizes the model parameters used for the 

final calibration of each alternative HFM.   

Table 6-2
Summary of Calibrated Reference Permeability Values 

and Fault Permeability Multipliers
 (Page 1 of 3)

Hydrostratigraphic Framework Model

BASE BLFA DETA CPBA DISP

HSU Permeability at Ground Surface - log (k0 in m2)

AA -11.30 -11.30 -11.30 -11.15 -10.90
PCU -14.50 -14.50 -14.50 -14.04 -14.50
BLFA -12.00 -12.00 -12.00 -12.20 -12.00
OAA -12.00 -12.00 -12.00 -12.16 -11.40

PCU1L -11.00 -11.00 -11.00 -14.19 -10.00
PCU1U -11.00 -11.00 -11.00 -14.19 -11.00
TM-WTA -9.15 -9.15 -9.15 -10.10 -9.79
TM-LVTA -9.20 -9.20 -9.20 -9.29 -9.30

UTCU -14.00 -14.00 -14.00 -14.04 -14.00
TSA -11.00 -11.00 -11.00 -9.00 -9.75
LVTA -10.50 -10.50 -10.50 -9.29 -10.50
LTCU -13.50 -13.50 -13.50 -15.50 -13.20
WCU -11.88 -11.88 -11.88 -11.50 -11.88
VCU -13.60 -13.60 -13.60 -13.25 -13.80
LCA3 -11.00 -11.00 -11.00 -11.12 -11.00
UCCU -13.50 -13.50 -13.50 -14.26 -13.50
LCA -10.40 -10.40 -10.40 -10.15 -10.35

Fault Permeability Multiplier

1 0.3 0.3 0.3 1.0 0.2
2 0.5 0.5 0.5 5.0 0.5
3 1.8E-04 1.8E-04 1.8E-04 1.0E-05 4.0E-02
4 1.0 1.0 1.0 0.2 1.0
5 0.5 0.5 0.5 0.2 0.5
6 1.0 1.0 1.0 0.2 1.0
7 1.0 1.0 1.0 5.0 1.0
8 1.1 1.1 1.1 0.2 1.06
9 1.0 1.0 1.0 0.2 1.0
10 0.3 0.3 0.3 0.2 0.29
11 1.0E-05 1.0E-05 1.0E-05 1.0 1.0E-05
12 1.0E-05 1.0E-05 1.0E-05 2.0E-05 1.0E-05
13 1.0 1.0 1.0 0.2 1.0
14 1.0E-05 1.0E-05 1.0E-05 2.0E-05 1.0E-05
15 1.0E-05 1.0E-05 1.0E-05 2.0E-05 1.0E-05
16 5.0E-04 5.0E-04 5.0E-04 1.0 5.0E-04
17 18.0 18.0 18.0 75.0 21.0
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18 15.0 15.0 15.0 1.0 15.0
19 1.0 1.0 1.0 1.0 1.0
20 1.0 1.0 1.0 1.0 1.0

Fault Permeability Multiplier

21a 67.8 67.8 67.8 75.0 67.833
22 1.0 1.0 1.0 5.0 1.0
23 1.0 1.0 1.0 5.0 1.0
24 1.0 1.0 1.0 5.0 1.0
25 1.0 1.0 1.0 5.0 1.0
26 1.0 1.0 1.0 1.0 1.0
27 1.0 1.0 1.0 5.0 1.0
28 1.0 1.0 1.0 5.0 1.01
29 1.0 1.0 1.0 5.0 1.0
30 1.0 1.0 1.0 1.0 1.0
31 1.0 1.0 1.0 1.0 1.0
32 1.0 1.0 1.0 1.0 1.0
33a 150.9 150.9 150.9 75.0 150.9
34a 155.2 155.2 155.2 75.0 1.96E-03
35 1.0 1.0 1.0 0.1 1.0
36 1.0 1.0 1.0 0.1 1.0
37 1.0 1.0 1.0 0.1 0.99
38 5.0 5.0 5.0 0.1 5.0
39 34.0 34.0 34.0 75.0 94.11
40 1.0 1.0 1.0 0.1 0.1
41 1.0 1.0 1.0 0.1 0.1
42 1.0 1.0 1.0 0.1 0.1
43 1.0 1.0 1.0 0.1 0.1
44 1.0 1.0 1.0 0.1 0.1
45 1.0 1.0 1.0 0.1 0.1
46 10.0 10.0 10.0 1.0 70.0
47 10.0 10.0 10.0 1.0 50.0
48 1.0 1.0 1.0 0.1 0.1
49 1.0 1.0 1.0 0.1 0.1
50 1.0 1.0 1.0 0.1 0.1
51 1.0 1.0 1.0 0.1 0.1
52 1.0 1.0 1.0 0.1 0.1
53 1.0 1.0 1.0 0.1 0.1
54 1.0 1.0 1.0 0.1 0.1
55 1.0 1.0 1.0 0.1 0.1
56 1.0 1.0 1.0 0.1 0.1

Table 6-2
Summary of Calibrated Reference Permeability Values 

and Fault Permeability Multipliers
 (Page 2 of 3)

Hydrostratigraphic Framework Model

BASE BLFA DETA CPBA DISP
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57a 31.05 31.05 31.05 75.00 15.50
58a 108.39 108.39 108.39 75.00 108.39
59 1.0 1.0 1.0 0.9 1.5

Fault Permeability Multiplier

60 1.45 1.45 1.45 0.90 1.5
61 0.45 0.45 0.45 0.90 0.45
62 0.82 0.82 0.82 0.90 1.5
63 0.84 0.84 0.84 0.90 0.84
64 0.74 0.74 0.74 0.90 0.74
65 0.93 0.93 0.93 0.90 0.93
66 0.88 0.88 0.88 0.90 1.5
67 0.92 0.92 0.92 0.90 0.92
68 0.98 1.0 1.0 0.9 1.5
69 0.35 0.35 0.35 0.90 0.35
70 1.0 1.0 1.0 0.9 1.0
71 1.0 1.0 1.0 0.9 1.0
72 1.39 1.39 1.39 0.90 1.39
73 1.0 1.0 1.0 0.9 1.5
74 1.0 1.0 1.0 1.0 1.0
75b 1.8E+04 1.8E+04 1.8E+04 0.32 1.8E+04
76 1.0 1.0 1.0 1.0 1.0
78 1.0 1.0 1.0 1.0 1.0
79c -- -- -- -- 114.11
80d -- -- -- -- 6.47E-2

Notes:  All listed models used the USGSD recharge data and the associated boundary heads and flows from the UGTA 
regional model.

aThe Rock Valley fault system (faults 21, 33, 34, 57, and 58) have different properties only through the LCA.  These faults 
are neutral throughout all other HSUs.

bFault 75 is the northern part of the Cane Spring fault (fault 3).
cFault 79 is only defined for the DISP HFM.  It is the part of fault 34 that crosses volcanic HSUs.
dFault 80 is also defined only for the DISP HFM.  It is the part of fault 34 within the AA HSU. 

Table 6-2
Summary of Calibrated Reference Permeability Values 

and Fault Permeability Multipliers
 (Page 3 of 3)

Hydrostratigraphic Framework Model

BASE BLFA DETA CPBA DISP
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6.3.2 Basalt Lava Flow Aquifer (BLFA) Flow Model Calibration

The BLFA HFM is very similar to the BASE HFM except that the basalt lava flow aquifer in northern 

Frenchman Flat is reinterpreted in the BLFA HFM as a single, more extensive flow rather than three 

smaller, isolated basalt flows as in the BASE HFM (Plate 2; BN, 2005a, Fig. 5-1).  As stated 

previously, hydraulic heads and boundary fluxes at the target locations simulated with the 

BLFA-USGSD alternative were nearly identical to those from the BASE-USGSD model when the 

calibrated BASE-USGSD parameters were used.  Figure 6-1 compares the heads produced with the 

BLFA-USGSD alternative with the measured heads and the modeled heads from the calibrated 

USGSD-BASE model. 

Despite the nearly identical heads at the target locations in the BLFA-USGSD and BASE-USGSD 

flow models, it is possible that the changes in the configuration of the BLFA could affect local flow 

directions near the northern and central testing areas without producing significant changes in the 

simulated heads.  To examine this possibility, groundwater flow directions in the testing areas were 

determined by placing particles beneath the test locations (or at the test location, in the case of the 

CAMBRIC test).  In the northern testing area, particles trajectories in the BLFA-USGSD alternative 

(Figure 6-2) appear to be similar to those in the BASE-USGSD model (Figure 5-21), except that 

particles travel through the more extensive BLFA HSU rather than the OAA.  In the central testing 

area, no discernible differences are evident in the particle trajectories associated with the 

BLFA-USGSD (Figure 6-2) and BASE-USGSD (Figure 5-21) flow models.         
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Figure 6-1
Observed Versus Simulated Well Head - BLFA-USGSD Alternative
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Figure 6-2
Particle Tracks Starting Near the Underground Nuclear Tests 

for the BLFA-USGSD Alternative



Section 6.0

Phase II Groundwater Flow Model of CAU 98: Frenchman Flat, Nye County, Nevada

6-12

6.3.3 Detachment Fault (DETA) Alternative Flow Model Calibration

The DETA HFM is similar to the BASE HFM except that the detachment fault (fault 36 in 

Figure D.1-1) that offsets volcanic aquifers such as the TM-WTA near the northern edge of the 

Frenchman Flat basin is absent.  To accommodate this change, the volcanic aquifers have been 

reinterpreted as having greater continuity and dipping more steeply into the basin (Plate 2; BN, 

2005a, Fig. 5-2).  As with the BLFA-USGSD alternative, calibration of the DETA-USGSD 

alternative was achieved using the parameters estimated during calibration of the BASE-USGSD 

flow model.  Figure 6-3 shows that simulated heads at the target locations produced with the 

DETA-USGSD and BASE-USGSD flow models are essentially identical.

To determine whether groundwater flow directions near the testing areas were affected by the 

removal of the detachment fault, particles were placed near the test locations in the northern and 

central testing areas.  In the northern testing area, a comparison of particle trajectories calculated with 

the DETA-USGSD flow model (Figure 6-4) and trajectories calculated with the BASE-USGSD flow 

model (Figure 5-21) shows that particle trajectories appear to be similar except that particles placed 

near the PIN STRIPE test initially follow more northerly trajectory.  In the central testing area, no 

discernible differences exist between particle trajectories in the DETA-USGSD (Figure 6-4) and 

BASE-USGSD (Figure 5-21) flow models.       



Phase II G
roundw

ater Flow
 M

odel of C
A

U
 98: Frenchm

an Flat, N
ye

C
ounty,N

evada

S
ection 6.0

6-13 Figure 6-3
Observed Versus Simulated Well Head - DETA-USGSD Alternative
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Figure 6-4
Particle Tracks Starting Near the Underground Nuclear Tests 

for the DETA-USGSD Alternative
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6.3.4 Aquifer Displacement (DISP) Alternative Flow Model Calibration

As described in Section 2.3.3.4, the displacement fault (aquifer juxtaposition or DISP) alternative 

HFM model is identical to the BASE HFM except that shallow volcanic aquifer HSUs (TM-WTA and 

TM-LVTA) are juxtaposed against the LCA across a major basin-forming fault (fault 34 of 

Figure D.1-1 and Plate 2) to the southeast of the central testing area (Plate 2; BN, 2005a, Fig. 5-3).  

This alternative HFM allows for the flow of groundwater directly from the volcanic aquifers into the 

regional LCA beneath Frenchman Flat.

When the parameters from the calibrated BASE-USGSD flow model were used in the DISP-USGSD 

alternative, water levels in the AA dropped by about 6 to 7 m (Figure 6-5).  The drop in AA water 

levels was the result of the drainage of groundwater from the AA downward into and through the 

TM-WTA and other volcanic units to the LCA.  Model calibrations attempting to maintain the 

connection between the AA and LCA by adjusting upgradient boundary heads in CP basin to supply 

water to the alluvial basin were unsuccessful in generating appropriate hydraulic heads in the 

basin-fill HSUs with reasonable permeability values for the HSUs.

To keep the simulated heads in the AA near their observed levels, some reduction of the fault 

permeability along the interface between the volcanic aquifers and the LCA was necessary.  An initial 

attempt to reduce the hydraulic connection between the volcanic aquifers and the LCA by applying a 

permeability reduction factor of approximately 10-3 at their interface failed to improve the model fit 

sufficiently.  In subsequent attempts to maintain higher water levels in the AA, two approaches were 

followed.  First, the intrinsic permeability of the different HSUs in lateral contact with the LCA 

across faults was increased or decreased, as guided by the results of parameter sensitivity analyses.  

Changes of this nature alone again failed to reduce the residuals between measured and simulated 

water levels in the AA.  Second, additional decreases were made in the permeability of the fault 

through the basin-fill units.  This combination of approaches ultimately resulted in an acceptable 

calibration of the DISP-USGSD flow model. 

As reviewed in Section 3.6.4, faults through poorly consolidated sediments are usually 

low-permeability features.  Reduction of permeability across faulted zones in poorly consolidated 

material may be two or more orders of magnitude less permeable than the surrounding material.  The 

decrease in permeability of the displacement fault required to calibrate the DISP-USGSD alternative 
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is closer to three orders of magnitude (Table 5-1).  The permeability distribution used to calibrate the 

DISP-USGSD alternative is shown for the area where the volcanic and carbonate aquifers are 

juxtaposed across the fault in Figure 6-6.  The permeability reduction across the displacement fault 

where the LCA is placed in contact with the volcanic aquifers is a reasonable calibration approach 

given the observations of cross-fault flow in nonwelded tuffs, where deformation bands in units 

similar to these have low absolute permeabilities (Wilson et al., 2003). 

Figure 6-7 shows a comparison between the heads produced by the calibrated DISP-USGSD 

alternative with the measured heads and the heads produced with the BASE-USGSD flow model.  

Overall, the model agreement with observations is improved in the DISP-USGSD alternative.  

Multiple facets of the model calibration show improvement; these include: LCA heads (WW-4, 

WW-4A, and ER-5-3 #2), head contrast between LTCU and AA (UE-5C Water Well Upper and 

Lower completions), and AA head agreement in the southern portion of the basin (WW-5B, WW-5C, 

and WW-5A).  

A plot of posted weighted residuals associated with the calibrated DISP-USGSD alternative is shown 

in Figure 6-8.  The inserts to Figure 6-8 indicate that wells in the northern testing area near the 

ER-5-3 well complex and near the central testing area have both small positive and negative 

residuals, suggesting that there no spatial bias in the simulated heads relative to the measured heads in 

the DISP-USGSD alternative.   

A histogram of weighted residuals in the alluvium and tuffs produced by the DISP-USGSD 

alternative (Figure 6-9) shows that the distribution is negatively skewed, reflecting the tendency of 

the DISP-USGSD alternative to overpredict the measured heads within the LCA. 

Table 6-3 shows the metrics that characterize the goodness of fit associated with the DISP-USGSD 

alternative compared to the BASE-USGSD flow model and with other alternative models presented 

in Section 6.0.  The mean-weighted error calculated for the water levels in the DISP-USGSD flow 

model (-0.52 m) reflects the small tendency of this model to overestimate heads in the LCA.  Despite 

this tendency, the contribution of the head observations to the objective function is comparable to 

many of the other models listed in Table 6-3.
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To determine whether groundwater flow directions near the testing areas were affected by the 

juxtaposition of the AA and volcanic aquifers with the LCA at the displacement fault, particles were 

placed near the test locations in the northern and central testing areas.  In the northern testing area, a 

comparison of particle trajectories calculated with the DISP-USGSD alternative (Figure 6-10) and 

trajectories calculated with the BASE-USGSD flow model (Figure 5-21) shows that particle 

trajectories are considerably more easterly.  With more flow to the east, the particle pathlines appear 

to enter the TM-WTA from several of the test locations, rather than moving south through the AA.  In 

the central testing area, the particle trajectories in the DISP-USGSD (Figure 6-10) and 

BASE-USGSD (Figure 5-21) flow models are similar.

The application of a permeability reduction factor of approximately 10-3 along the faults interfaces 

adjacent to the juxtaposed volcanic aquifers and LCA ultimately produced a calibrated model.  

However, the need to limit the hydraulic connection between the volcanic and carbonate aquifers 

before a successful calibration could be achieved demonstrates that the hypothesized connection 

between shallow volcanic aquifer HSUs and the LCA is unlikely to be a primary route of water 

movement out of the alluvial basin into the regional flow system.  Indeed, none of the particle shown 

in Figure 6-10 enter the LCA along fault 34.
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Figure 6-5
Observed Versus Simulated Well Head - DISP-USGSD Alternative with 

Calibrated Parameters from the BASE-USGSD Model
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Figure 6-6
Cross Section of Calibrated Intrinsic Permeability for the DISP-USGSD 

Alternative at the Aquifer Juxtaposition Interface
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Figure 6-7
Observed Versus Simulated Well Head - Calibrated DISP-USGSD Alternative
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Figure 6-8
Spatial Distribution of Weighted Residuals for the DISP-USGSD Alternative
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Figure 6-9 
Residual Histogram DISP-USGSD Alternative

Table 6-3
Summary Calibration Statistics for All HFMs Used with USGSD Recharge Model
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BASE-USGSD
Well 30 -0.66 1.85 -8.24 4.50 2.12 134.8

Flux 4 0.89 14.1 -9.57 74.4 8.63 297.7

CPBA-USGSD
Well 30 0.58 26.84 -13.90 44.75 6.69 1,342.0

Flux 4 0.18 9.12 -6.77 40.24 6.34 161.0

DISP-USGSD
Well 30 -0.52 1.23 -7.88 3.86 1.97 115.9

Flux 4 -0.59 7.42 -11.21 45.48 6.74 181.9

BLFA-USGSD
Well 30 -0.68 1.84 -8.25 4.51 2.12 135.4

Flux 4 0.89 14.1 -9.59 74.81 8.65 299.2

DETA-USGSD
Well 30 -0.66 1.85 -8.24 4.50 2.12 134.9

Flux 4 -0.89 14.1 -9.57 74.4 8.63 297.7
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Figure 6-10
Particle Tracks Starting Near the Underground Nuclear Tests 

for the DISP-USGSD Alternative
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6.3.5 CP Basin Alternative Calibration

As described in Section 2.3.3.5, the CP basin alternative geologic model is identical to the BASE 

HFM except that (1) the wedge of UCCU adjacent to the Cane Spring fault has been reinterpreted as 

a thinner unit extending beneath all of the CP basin (Plate 2; BN, 2005a), and (2) faults 11 and 16 in 

the Base HFM have been combined into a single, more extensive fault (fault 74) in the CP basin 

alternative model.  Although these changes to the Base HFM do not directly affect aquifer properties 

along expected flow paths from the testing areas or provide groundwater pathways between the 

alluvium and LCA, they may indirectly affect the calculation of groundwater flow rates and 

directions by changing the hydrologic relationship between Frenchman Flat basin and the CP basin.  

Groundwater flow from areas of higher hydraulic head in the CP basin into the alluvium and tuffs in 

Frenchman Flat has been invoked as a means by which to sustain the downward hydraulic gradient 

between the alluvium and underlying LCA in Frenchman Flat.  

6.3.5.1 Calibration Strategy

The calibration of the CPBA-USGSD alternative was done in parallel with that of the BASE-USGSD 

model and evolved somewhat differently, as described below.  Differences in the approach to 

calibrating the CPBA and BASE HFMs were a consequence of having several teams of analysts, and 

were considered desirable in that multiple approaches minimized the dependence of model results on 

the subjective decisions made during the calibration.

Similar to the BASE-USGSD model calibration, the CP basin alternative (CPBA) was calibrated 

using a combination of automated parameter estimation with PEST and manual trial-and-error 

approaches.  Initial attempts to optimize more than a few parameters at a time with PEST proved 

unsuccessful, so PEST was ultimately used to estimate subsets of parameters that affected different 

aspects of the Frenchman Flat groundwater system.  This was done by increasing the weights on 

specific observations of either flux or hydraulic head in the calibration objective function, and 

optimizing only those model parameters that were likely to affect the model’s ability to match those 

observations, as determined by sensitivity studies with the BASE-USGSD model (Section 7.2).  
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Because of the large number of potentially adjustable parameters and the size of the numerical grid, 

the approach used to calibrate the CPBA-USGSD alternative was to group parameters in order to 

limit the amount of computational work.  This approach acknowledged that the limited data available 

for the Frenchman Flat basin do not easily allow the estimation of many independent parameters.  

Grouping parameters for similar rock or sediment types provided a way of reducing the total number 

of adjustable parameters while retaining some flexibility to adjust the value of the parameter when it 

was absolutely necessary to do so.  A drawback of this approach was that it relied on the somewhat 

subjective judgment of the modeler as to which parameters could appropriately be grouped.  The 

grouping employed in the CPBA-USGSD calibration mostly involved grouping certain HSU 

permeabilities and fault permeability factors during initial calibration runs using PEST; these 

groupings were retained during later stages of the modeling when manual parameter adjustments 

were used to finalize the model calibration.

The following three sections describe calibration results for the CPBA HFM that is based on recharge 

rates and boundary conditions associated with the USGS infiltration with re-distribution (USGSD) 

map (Section 2.2.1). 

6.3.5.2 CPBA-USGSD Simulated Hydraulic Heads

Simulated water-table elevations produced by the calibrated CPBA-USGSD alternative are shown in 

Figure 6-11 for the water table, and Figures 6-12 and 6-13 show two west-east cross sections of 

computed heads.  Figure 6-14 shows the calibrated boundary heads for the CPBA-USGSD model.  

These figures indicate that the horizontal hydraulic gradients produced with the CPBA-USGSD flow 

model are relatively low within the northern and central testing areas of Frenchman Flat.  Simulated 

hydraulic heads in the central part of Frenchman Flat decline gently toward the southeast, indicating 

that shallow groundwater flow out of central Frenchman Flat will also be in this direction 

(Figure 6-11).  As with similar figures for the BASE-USGSD flow model calibration, simulated 

hydraulic heads in the CP basin are approximately 100 m higher than those in Frenchman Flat.  

Hydraulic gradients within each of these two areas are relatively flat, and most of the head loss 

between the CP basin and Frenchman Flat is predicted to occur across the Cane Spring fault (fault 3).  

The simulated heads in CP basin are also more than 100 m higher than heads in southwest Yucca Flat, 

indicating the potential for groundwater flow from the CP basin into southwest Yucca Flat.             
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Figure 6-11
Water-Table Contours for the Calibrated CPBA-USGSD Alternative
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Figure 6-12
West-East Cross Section of Simulated Heads at the Northern Testing Area for the CPBA-USGSD Alternative
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Figure 6-13
West-East Cross Section of Simulated Heads at the Northern Testing Area for the CPBA-USGSD Alternative
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Figure 6-14
Calibrated Boundary Heads for the CPBA-USGSD Alternative
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6.3.5.3 CPBA-USGSD Hydraulic Head and Flux Residuals

Figure 6-15 shows the groundwater fluxes calculated by the calibrated CPBA-USGSD alternative 

along the boundaries of the Frenchman Flat model domain as compared with the fluxes produced by 

the UGTA regional model.  As the latter figure indicates, the net fluxes calculated by the 

CPBA-USGSD flow model are in good agreement with the net fluxes calculated with the UGTA 

model along each of the boundaries.   

Figure 6-16 compares the heads simulated with the calibrated CPBA-USGSD alternative to the 

measured heads and to the heads produced with the BASE-USGSD model.  The heads simulated with 

the CPBA-USGSD alternative are generally very similar to the heads simulated with the 

BASE-USGSD model and fall within the estimated uncertainty of the measured heads.  However, the 

heads simulated with the CPBA-USGSD alternative do not match the measured heads at WW-C and 

WW-C1 or at WW-4 and WW-4A nearly as well as heads simulated with the BASE-USGSD model.  

The heads simulated with the CPBA model are about 34 m lower than the measured heads at WW-4 

and WW-4A and about 20 m higher than the measured heads at WW-C and WW-C1.  Additionally, 

the heads estimated with the CPBA-USGSD alternative in the LCA at Well ER-5-3 #2 are higher than 

either the measured heads or the heads simulated with the BASE-USGSD model.  Thus, the 

CPBA-USGSD alternative underestimates the downward vertical gradient across the tuff confining 

units in the northern testing area near Well ER-5-3 #2. 

A plot of posted weighted residuals associated with the calibrated CPBA-USGSD alternative is 

shown in Figure 6-17.  Figure 6-17 shows that positive and negative weighted residuals are contained 

in each region of the flow model, indicating that there is no spatial bias in the simulated heads relative 

to the measured heads.

A histogram of weighted residuals produced by the CPBA-USGSD alternative shows that 24 of the 

28 residuals calculated for observations in the tuff or alluvium are smaller than 1 m in magnitude 

(Figure 6-18).  However, the two large positive residuals associated with Wells WW-4 and WW-4A 

introduce an overall positive bias to the histogram of residuals. 
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Table 6-3 shows the metrics that characterize the goodness of fit associated with the calibration of the 

CPBA-USGSD alternative compared with the BASE-USGSD flow model and with other alternative 

models presented in Section 6.0.  The relatively large mean-weighted residual calculated for the water 

levels in the CPBA-USGSD alternative (0.58 m) reflects the large positive residuals associated with 

Wells WW-4 and WW-4A.  Consequently, the contribution of the head residuals to the objective 

function in the CPBA-USGSD alternative is large compared to the other models and large compared 

to the contribution to the objective function from the flux residuals. 
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Groundwater Fluxes Simulated by the UGTA Regional Model and 

the Frenchman Flat CPBA-USGSD Alternative

Note: Flow into the model is negative; flow out of the model is positive
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Observed Versus Simulated Well Head - CPBA-USGSD Alternative
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Figure 6-17
Spatial Distribution of Weighted Residuals for the CPBA-USGSD Alternative
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6.3.5.4 CPBA-USGSD Estimated Hydraulic Parameters

The estimated hydraulic parameters in the model calibration include both the reference permeability 

of the HSUs in the model, as well as the permeability factors (fperms) associated with the faults in the 

model.  The permeabilities of the HSUs estimated from calibration of the CPBA-USGSD alternative 

are shown as a function of depth and compared against permeability data from the Frenchman Flat 

and the general NTS area in Figures 6-19 through 6-23.  The values of reference permeability and the 

estimated fperm factors estimated during calibration of the CPBA-USGSD flow model are listed in 

Table 6-2.  Figure 6-24 shows the calibrated intrinsic permeability at the water-table surface, and 

Figures 6-25 and 6-26 show west-east cross sections of calibrated intrinsic permeability values at the 

northern and central testing areas, respectively. 

The model permeability of the AA and OAA HSUs in the CPBA-USGSD alternative are compared to 

permeability measured in Frenchman Flat and in the general vicinity of the NTS in Figure 6-19, and 

to data from just Frenchman Flat are highlighted in Figure 6-19 for comparison to site-specific data.  

The model permeabilities are at the low end of the range of permeability measured in the vicinity of 

Figure 6-18 
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the NTS and in Frenchman Flat.  Further adjustments that could be made to the permeability to bring 

it into better agreement with the data include increases in the reference permeability, increases in 

anisotropy, or decreases in the depth-decay coefficient for the AA given in Table 3-6.  The latter 

adjustment would decrease the rate at which permeability decreases with depth.  The overall lower 

permeability estimated for the OAA compared to the AA is reasonable given the greater density and 

more pervasive zeolitization of the OAA (BN, 2005a). 

The model permeability of the LCA and LCA3 HSUs are compared to permeability data for the 

carbonate aquifer in Figure 6-20.  The data include measurements both on and adjacent to the NTS, 

and data from the vicinity of Frenchman Flat at Wells WW-C, WW-C1, TW-3 and ER-5-3 #2.  The 

data suggest a more rapid reduction in permeability with depth than was assumed in the model is   

possible, but some of this apparent reduction could be due to heterogeneity associated with the 

diverse structural settings in which the data were measured.  The model permeabilities for both the 

LCA and LCA3 are in reasonably good agreement with the data. 

The permeabilities of HSUs that are considered to be confining units in Frenchman Flat are compared 

to those measured on tuffs from Yucca Mountain and other older tuffs at federal facilities north of the 

NTS (Figure 6-21).  The single data point from Frenchman Flat is from hydraulic testing of the LTCU 

in Well ER-5-4 #2.  As in the BASE-USGSD model, the model permeabilities of the LTCU, UTCU 

and VCU are at the low end of the range of permeabilities.  The model permeability of the WCU is 

higher than the estimates of the other confining units and falls in the middle the observed range.  As 

mentioned in Section 6.5.7.4, the higher permeability estimated for the WCU compared to the other 

confining units may be due to the presence of numerous lava and breccia flows in this HSU in the 

western part of the model, which could make the WCU more conductive than other confining units 

(BN, 2005a, p. 4-19).  

Volcanic rocks that are generally considered to be aquifers in Frenchman Flat include welded tuffs 

(TSA and TM-WTA), vitric nonwelded tuffs (TM-LVTA and LVTA), and basaltic lava flows (BLFA).  

The model permeabilities of these HSUs are compared to NTS data for welded tuffs, nonwelded tuffs, 

and lavas taken primarily from Yucca Mountain and Pahute Mesa, and to data measured in the 

Frenchman Flat area at Wells WW-4, WW-4A, and ER-5-3 (Figure 6-22).  The model permeability 

estimates for the TSA, TM-LVTA, and LVTA are toward the high end of the observed range, and the 
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permeability estimates for the BLFA are at the low end of the observed range.  The permeabilities 

estimated for the TM-WTA obtained with the CPBA-USGSD alternative are in good agreement with 

the data with the site-specific data.   

The model permeabilities of the playa deposits (PCU1L, PCU1U, and PCU2T) in the flow model are 

generally lower than the permeabilities for the AA or OAA.  

As with the BASE-USGSD model and other alternative HFMs, the LCCU at the base of the model 

was removed in the CPBA-USGSD flow model to reduce the model size and because it is generally 

considered to form the hydraulic “basement.” Consequently, the UCCU is the only clastic confining 

unit in the model.  Its estimated permeability is compared to permeability data for the UCCU from the 

Eleana Range and data for the LCCU from northwest Yucca Flat in Figure 6-23.  The estimated 

permeability for the UCCU is within the range indicated by these data.

Finally, estimated fperm factors for each of the faults in the model are given in Table 6-2.  An fperm 

factor greater than 1 indicates that permeability within the fault is increased relative to the rocks 

through which it passes, whereas an fperm factor less than 1 indicates that permeability within the 

fault is reduced.  An fperm factor of 1 indicates that permeability within the fault is unchanged 

relative to the host rock.

As in the BASE-USGSD flow model, estimated fperm factors for the CPBA-USGSD alternative 

spanned almost seven orders of magnitude and included values both considerably greater than and 

considerably less than 1.  The identical values estimated for many faults in the model indicates that 

these fperm factors were estimated for these faults as a group.  The lowest fperm factors were 

estimated for fault 3 (the Cane Spring fault), which separates the CP basin from Frenchman Flat 

basin, and for other faults associated with the CP Hogback in the northwest part of the model 

(faults 12, 14, and 15).  As for the CPBA-USGSD and other alternative flow models, faults associated 

with the Rock Valley fault system (faults 21, 33, 34, 57, and 58) and faults 17 and 39 (Figure D.1-1) 

had estimated fperm factors that indicated these faults were significant conduits for groundwater.  The 

southern terminations of faults in Yucca Flat in the northern part of the CPBA-USGSD model domain 

(faults 2, 7, 22-25, and 27-29) were also estimated to be relatively conductive, although much less so 

than the faults associated with the Rock Valley system.  The short faults near the central testing area 

(faults 35-38, 40-45, and 48-56) were estimated to have an fperm factor of 0.1, indicating they would 
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not be expected to be preferential pathways for radionuclide transport in this model.  Likewise, 

faults 59-73 in the southeast corner of the model had fperm factors less than 1 (0.9).  The relative 

sensitivity of the model calibration to individual fperm factors is discussed in Section 7.2.5.

As in other HFMs, the final permeabilities in the CPBA-USGSD alternative depend on the values 

estimated for the reference permeabilities of the individual HSUs, the assumed depth-decay 

coefficients applied to the HSUs (Table 3-6), and the permeability changes imposed by the presence 

of the faults, as implemented through the fperm factors (Table 6-2).  The calibrated permeabilities 

associated with the CPBA-USGSD flow model are shown at the water table in Figure 6-24 and in 

west-east cross sections in the northern and central testing areas in Figures 6-25 and 6-26, 

respectively.  As with the BASE-USGSD flow model, the combined effects of the spatial distribution 

of HSUs, the depth decay in permeability, and the overprint of permeability changes associated with 

faults serve to create a complex distribution of permeability within the CPBA-USGSD flow model.  

The distribution of permeability in at the water table (Figure 6-24) shows that the central part of the 

Frenchman Flat basin is surrounded on the north, east, and south by a zone of low permeability that 

corresponds to the confining units that line the deepest parts of the basin and which rise up along the 

flanks of the basin to intersect the water table (Figures 6-25 and 6-26).  This zone of lower 

permeability rock separates the basin hydraulically from the much more permeable LCA that lies 

outside of and beneath the Frenchman Flat basin.  As in the BASE-USGSD flow model, an arcuate 

band of higher permeability of about 10-12 m2 associated with the TSA and LVTA HSUs wraps around 

the northern part of the basin in the CPBA flow model and connects areas of higher hydraulic head in 

the CP basin to parts of the northern testing areas in Frenchman Flat.  As discussed in Section 5.5.4, 

this high-permeability band plays an important role in the simulated movement of particles leaving 

the northern testing area of Frenchman Flat. 

Like similar figures shown for the BASE-USGSD flow model, the distributions of permeability 

shown in cross section for the CPBA-USGSD alternative (Figures 6-25 and 6-26) indicate a 

high-permeability zone between the base of the alluvium and the tuff confining units that corresponds 

to the TM-WTA.  The TM-WTA has a relatively high permeability at depth both because its has a 

higher reference permeability than the tuff confining units (Table 6-2) and because its permeability 

decays with depth at a slower rate than the alluvium (Table 6-2).  As in the BASE-USGSD flow 

model, the high-permeability interval associated with the TM-WTA plays an important role in 
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diverting groundwater flow in the northern testing area, and in enhancing the hydraulic connection 

between the deep part of the Frenchman Flat basin near the central testing area and the areas of higher 

head to the west of Frenchman Flat basin to the west.  
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Calibrated Permeability in the CPBA-USGSD Alternative Versus Measured Permeability of AA 
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Figure 6-20
Calibrated Permeability in the CPBA-USGSD Alternative 

Versus Measured Permeability of the LCA
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Figure 6-21
Calibrated Permeability in the CPBA-USGSD Alternative 

Versus Measured Permeability of Confining HSUs
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Figure 6-22
Calibrated Permeability in the CPBA-USGSD Alternative 

Versus Measured Permeability of Volcanic Aquifers



Phase II G
roundw

ater Flow
 M

odel of C
A

U
 98: Frenchm

an Flat, N
ye

C
ounty,N

evada

Section 6.0
6-44

Figure 6-23
Calibrated Permeability in the CPBA-USGSD Alternative 

Versus Measured Permeability of the UCCU
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Figure 6-24
Calibrated Intrinsic Permeability at the Water Table in 

the CPBA-USGSD Alternative
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Figure 6-25
West-East Cross Section of Calibrated Intrinsic Permeability in the CPBA-USGSD Alternative through the Northern Testing Area
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Figure 6-26
West-East Cross Section of Calibrated Intrinsic Permeability in the CPBA-USGSD Alternative at the Central Testing Area
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6.3.5.5 Calculated Groundwater Flow Paths for the CPBA-USGSD Flow Model

Similar to the BASE-USGSD flow model, groundwater flow paths in the CPBA-USGSD alternative 

near the northern and central testing areas were determined by placing particles either at or near the 

test locations.  Figure 6-27 shows the trajectory of particles initially located near test locations in the 

northern and central testing areas.  The particle locations are colored by the HSUs through which the 

particles pass. 

Particles associated with each of tests south of the detachment fault (fault 36 in Figure D.1-1) in the 

northern testing area move southward in the CPBA-USGSD alternative (Figure 6-27).  North of the 

detachment fault, groundwater movement near the PIN STRIPE test appears to be very similar in the 

BASE-USGSD and CPBA-USGSD flow models (Figures 5-21 and 6-27) initially, but as the flow 

moves through the basin in the CPBA-USGSD model, the particle track stays more shallow in the 

flow system rather than moving down to the LCA.  In both models, particles originating near the test 

move eastward from the test location and eventually through the LTCU and into the LCA. Eventually, 

the particles move through the Rock Valley fault system and exit the models in the Rock Valley area 

in the southwest part of the model.    

In the central testing area (Figure 6-27), particles originally located near the water table at the 

CAMBRIC test cavity and beneath the DILUTED WATERS and WISHBONE test locations indicate 

that groundwater flow out of the central testing area in the CPBA-USGSD alternative will be through 

the alluvium toward the southeast.  Particle tracking results from analyses allowing all mobile 

particles to exit the flow system indicate that these particles will encounter the Rock Valley fault 

system and exit the flow system along the southern part of the western boundary of the model.  
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Figure 6-27
Particle Tracks Starting Near the Underground Nuclear Tests 

for the CPBA-USGSD Alternative
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6.3.6  Summary of Hydrostratigraphic Framework Model Conceptual Model 
Uncertainty Analysis

Steady-state groundwater flow models were used to assess conceptual model uncertainty use different 

HFMs that interpreted aspects of the Frenchman Flat hydrostratigraphy somewhat differently.  Each 

of the HFMs included 17 HSUs, of which 8 were considered as aquifers and 9 as confining units, and 

more than 70 faults that were included based on their potential hydrologic significance.  Each of these 

HFMs was used in conjunction with a map of recharge for the Frenchman Flat area that was taken 

from a water-balance model of infiltration and recharge model (designated the USGSD model) 

originally developed for the regional model area.  Each alternative HFM model calibration above 

documents the final fit along with comparison plots for calibrated and measured permeability.  

Particle tracks from test locations are also shown.

Independently calibrated models for the BASE-USGSD and CPBA-USGSD models provide 

generally similar fits for boundary fluxes and simulated heads, with the exception of measured heads 

at WW-C, WW-C1, WW-4, and WW-4A, where the heads are better simulated by the BASE-USGSD 

model.  Calibration fits are generally superior for the BASE-USGSD model compared to the 

CPBA-USGSD alternative for multiple statistical parameters that characterize goodness of fit.  

Particle tracks are generally similar for the northern test area for both models with the exception of 

particle tracks starting in the vicinity of PIN STRIPE.  The DISP-USGSD model calibration indicated 

that a completely open connection between the alluvium and the LCA is unrealistic, but that modest 

adjustments to fault parameters allow for a good simulation of water-level observations.  The 

BLFA-USGSD and DETA-USGSD model alternatives were calibrated using the parameters 

estimated during calibration of the BASE-USGSD model.  Both models show similar patterns of 

particle tracks for the southern testing area compared to the BASE-USGSD model and show some 

variability in particles tracks compared to the BASE-USGSD model for the northern testing area.  

The primary differences are in the direction of the particle trajectories and in HSUs traversed along 

the pathways.  
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6.4 Discrete Uncertainty Analysis

As with most models covering large areas, considerable parameter uncertainty exists that may have 

significant effects on the resulting calculations made by the model, but cannot be identified based on 

model calibration data alone.  In the context of the Frenchman Flat CAU flow model, the most 

relevant results involve the direction and velocity of travel for particles starting near the northern and 

central underground nuclear tests. 

Discrete uncertainty analyses are used to evaluate the effect of these uncertainties on the likely travel 

paths for particles starting at the northern or central testing areas.  As with all particle tracking 

calculations presented in this report, the calculations are completed assuming that particles do not 

diffuse and that the medium porosity is uniformly 0.01.  This value is arbitrary and does not reflect 

the effective porosity that will be used to evaluate radionuclide transport.  To map the groundwater 

flow paths, particle tracking is run for 100,000 years, until all reasonably mobile particles have left 

the flow model domain.

The approach is to define a possible pathway of enhanced or adjusted particle movement resulting 

from a change in the model parameters.  Model parameters are adjusted until the calibration is 

significantly affected.  For example, if a tested scenario involves vertical migration down a specific 

fault, the vertical permeability multiplier of the fault is increased to the point where the model is 

unable to simulate water levels around this fault reasonably.  Ideally, parameters are adjusted up to the 

limit of either available data or until plausible limits for the value of the parameter are violated.  

However, available data for most of the calibrated parameters do not provide reliable upper or lower 

bounds for most of the parameter values.  Therefore, parameter adjustments were made without 

imposing any bounds until the model-calculated water levels changed by about 1 m or, based on the 

analysts’ judgment that the parameter adjustment was outside the range of observed values for other 

similar features in the Frenchman Flat flow model.  At this point, vertical migration down the selected 

fault is evaluated. 

This approach also addresses other questions related to calibrated model parameter uncertainty.  For 

example, it is not clear whether local vertical or horizontal anisotropy of hydraulic conductivity exists 

at a critical location that would result in particles (starting near underground nuclear test locations) 
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migrating along these preferential pathways.  Using the faults as physical features, the discrete 

uncertainty analysis approach can simulate the effects that such preferential pathways would have if 

they were present.

6.4.1 Northern Testing Area Travel Pathways

Two major sources of uncertainty exist in the northern testing area that could result in different 

trajectories of particle migration than those observed in the BASE-USGSD model.  The first source is 

the fault multiplier value assigned to fault 35 (Figure D.1-1).  This fault is situated very close to five 

of the underground nuclear tests (DERRINGER, NEW POINT, DIAGONAL LINE, MINUTE 

STEAK, and DIANA MOON).  The other source is the potential pathway through the poorly 

characterized BLFA for which there are no reliable permeability data within Frenchman Flat or the 

NTS.  The following sections describe the analyses made to address these uncertainties.

Fault 35 Uncertainty

Fault 35 runs west to east and is shown on Figure D.1-1.  Fault 35 is inferred from the large depth 

disparity of the top of volcanic rocks between UE-11b and UE-11g, and the shallow dip of the 

volcanic rocks observed on the seismic data in the area.  The fault is not exposed at the surface, and 

offset of seismic reflections within the volcanic section is also not observed, probably due to the 

location of the fault near the edge of the seismic data where resolution is low.  It is modeled as a 

detachment fault that flattens rapidly at depth within the basal portion of the volcanic section because 

seismic data do not show offset of the top of pre-Tertiary rocks, which image well in the seismic data 

in the area.  Based on the depth disparity in drill holes and seismic data, offset along the central 

portion of fault 35 between UE-11b and UE-11g is approximately 548.6 m.  This fault intersects the 

AA, OAA, BLFA, TM-WTA, TSA, UTCU, and LTCU HSUs.  Three of the underground nuclear tests 

(DERRINGER, DIAGONAL LINE, and DIANA MOON) are located near this fault.  Two other 

underground nuclear tests (NEW POINT and MINUTE STEAK) are also situated close to fault 35.  

As shown in Table 6-2, this fault has a neutral permeability value for all but one of the HFM 

uncertainty analyses.  That is, the permeability values for the nodes associated with this fault are set 

equal to the nodes surrounding them within each HSU.  Changing the permeability around this fault 

could result in faster or further travel from the surrounding underground nuclear test locations.  To 

evaluate this scenario, larger permeability multipliers in all three dimensions are used for this fault to 
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simulate a preferential flow path along and down the fault.  Figure 6-28 shows the impact on 

simulated head from increasing the permeability multiplier for fault nodes by a factor of 109, and 

Figure 6-29 shows the resulting particle tracks.  Particle tracks are colored by the HSU through which 

the particles pass.  Simulated heads at target well locations dropped slightly with an average drop of 

about 1 cm.  Results show that using an extremely large factor for the fault permeability multiplier 

results in slightly enhanced advection to the east for particles starting near DERRINGER, 

DIAGONAL LINE, DIANA MOON, NEW POINT, and MINUTE STEAK.  Groundwater flow paths 

in the TM-WTA appear to be the most influenced by the increased permeability of fault 35.  Particle 

tracks originating near the underground nuclear tests adjacent to fault 35 have little vertical migration 

along this fault.  The significance of this parameter change to transport calculations is unclear given 

the long duration and limited processes used for these flow path simulations.  

BLFA Uncertainty

As explained in Section 2.3.3.2, the BLFA HFM alternative contains a continuous BLFA near the 

water table and extends this HSU to the Rock Valley faults along the eastern edge of the Frenchman 

Flat basin.  This could provide a lateral conduit for transport of radionuclides eastward to the faults 

and, ultimately, to the LCA.  However, no data exist to constrain the reference permeability value 

associated with this HSU.  To complicate the problem, no water-level data are sufficiently sensitive to 

the BLFA permeability, making the calibration of this permeability value unconstrained by available 

measurements.

To analyze the potential for lateral groundwater flow through the BLFA to intersect Rock Valley 

faults along the eastern edge of Frenchman Flat basin, the calibrated BLFA-USGSD model 

(Section 6.3.2) is used.  The reference permeability value assigned to the BLFA HSU is increased 

until the water levels at nearby wells are significantly impacted.  Figure 6-30 shows the impact on 

simulated water levels when the BLFA reference permeability is increased by four orders of 

magnitude, and Figure 6-31 shows the associated particle tracks for this model in the northern testing 

area.  The largest change in simulated water levels is at Well UE-5f where the simulated water level 

decreased by about 0.6 m as a result of increasing the BLFA permeability by a factor of 104 compared 

to the BASE-USGSD calibration.  A similar drop in simulated water levels also occurs at most of the 

wells in the northern testing area.  Particle tracks originating near the underground nuclear tests in 

close proximity to the BLFA (DERRINGER, NEW POINT, and MILK SHAKE) converge and move 
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southward into the AA, compared to the BASE-USGSD flow field.  Particle tracks originating near 

DERRINGER and NEW POINT have a strong easterly component and shift to the south before 

encountering fault 38.  Particle tracts originating near MILK SHAKE travel west and shift to the 

south after crossing fault 38.  These particle track results indicate that the potential flow path across a 

continuous BLFA unit to the Rock Valley faults on the eastern edge of the alluvial basin is unlikely in 

the northern testing area.  
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Figure 6-28
Observed Versus Simulated Well Head - BASE-USGSD Model 

with Fault 35 Permeability Multiplier at 109



Section 6.0

Phase II Groundwater Flow Model of CAU 98: Frenchman Flat, Nye County, Nevada

6-56

Figure 6-29
Particle Tracks Starting Near the Underground Nuclear Tests - BASE-USGSD 

Model with Fault 35 Permeability Multiplier at 109
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Observed Versus Simulated Well Head - BLFA-USGSD Model 
with BLFA Permeability Increased by 104
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Figure 6-31
Particle Tracks Starting Near the Underground Nuclear Tests - BLFA-USGSD 

with BLFA HSU Reference Permeability Increased by 104
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6.4.2 Central Testing Area Travel Pathways

Particles starting near the three tests located in central Frenchman Flat generally travel toward the 

south-southeast.  If any of these particles reached fault 38 (Figure D.1-1), eventual transport to the 

Rock Valley fault system could be enhanced.  As described before, the Rock Valley fault system 

provides the major drainage feature for the LCA under Frenchman Flat.  Fault 38 runs north to south 

and truncates at fault 34.  As shown in Table 6-2, this fault has a neutral or close to neutral 

permeability value for all of the HFM uncertainty calibrations (fault permeability multipliers range 

between 0.1 and 5.0). 

Two assessments are conducted to evaluate the potential impact of this fault upon the 

model-calculated flow pathways.  The first evaluation involves changing the permeability along the 

fault to simulate a preferential pathway from the AA to the underlying volcanic HSUs.  The second 

evaluation involves changing the vertical permeability along this fault to examine the potential 

downward migration from the AA along this fault and into the LCA.

Increasing the permeability in all directions for fault 38 by a factor of 20,000 results in lower 

hydraulic head throughout the AA.  Hydraulic head decreased approximately 0.8 m with the largest 

drop in water level at Well ER-5-4 (lower).  This result is expected because fault 38 extends from the 

southern edge of the AA to the northern testing area in the Frenchman Flat basin.  Figure 6-32 shows 

the impact on simulated water levels when the permeability for fault 38 nodes is increased by a factor 

of 20,000, and Figure 6-33 shows the associated particle tracks for this model. 

Increasing only the vertical permeability for fault 38 by a factor of 105 results in lower water levels  

throughout the AA.  The hydraulic head decreased approximately 0.3 m with the largest drop in water 

level at WW-5C.  Figure 6-34 shows the impact on simulated water levels when the vertical 

permeability for fault 38 nodes is increased by a factor of 105, and Figure 6-35 shows the associated 

particle tracks for this model.  Similar to the effect of increasing the permeability of fault 38 nodes, 

increasing the vertical permeability has limited effect on these particle tracks; however, it appears that 

an open vertical zone in the OAA serves to reduce the lateral particle advection to the edges of the 

basin-fill HSUs for some of the particle tracks.  Particles moving vertically in fault 38 never leave the 

OAA during the 100,000-year particle tracking simulation.             
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Observed Versus Simulated Well Head - BASE-USGSD Model with Fault 38 Permeability Multiplier at 20,000
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Figure 6-33
Particle Tracks Starting Near the Underground Nuclear Tests - BASE-USGSD Model 

with Fault 38 Permeability Multiplier at 20,000



Phase II G
roundw

ater Flow
 M

odel of C
A

U
 98: Frenchm

an Flat, N
ye

C
ounty,N

evada

Section 6.0
6-62

Figure 6-34
Observed Versus Simulated Well Head - BASE-USGSD Model with Fault 38 

Vertical Fault Permeability Multiplier at 105
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Figure 6-35
Particle Tracks Starting Near the Underground Nuclear Tests - BASE-USGSD Model 

with Fault 38 Vertical Fault Permeability Multiplier at 105
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6.4.3 Summary of Discrete Model Uncertainty Analysis

Discrete uncertainty analyses were conducted to evaluate likely scenarios that would lead to 

longer-range contaminant transport.  Discrete uncertainty analyses were used to examine the effects 

of several model parameters on the model calibration and groundwater flow paths calculated by the 

BASE-USGSD and BLFA-USGSD models in the northern or central testing areas of the Frenchman 

Flat basin.  The permeability of two faults (35 and 38) in the alluvial and volcanic sections and one 

HSU (BLFA) were increased to the point where the model calibration was significantly impacted.  

These parameters were selected because of their great uncertainty and conceptual possibility to affect 

flow from underground nuclear tests.  Changes to parameters in the northern testing area suggest that 

flow trajectories may be modified through adjustment to the selected model parameters, but the 

ability of other model parameters to compensate for the model misfit was not determined.  In this 

sense, the effects of these changes may be exaggerated.  Changes to tested model parameters in the 

central testing area have little influence on the resulting flow field.  The impact of these flow fields to  

contaminant transport for the time frame interest will be investigated during the contaminant 

migration analysis that will be documented in a later report.

6.5 Boundary Conditions Uncertainty Analyses

The Frenchman Flat CAIP (DOE/NV, 1999) states that boundary condition uncertainty must be 

considered in the flow model analysis, and that the two sources of boundary condition uncertainty are 

the recharge distribution and the model boundary flow derived from a regional model.  These two 

factors control the water balance of the CAU-scale model, which in turn has a direct bearing on the 

overall flow rate, and hence groundwater velocity, through the model domain.  By combining 

boundary condition uncertainty with HFMs, a variety of discrete models are produced that cover a 

reasonable range of uncertainty associated with each model component.  This section briefly 

describes the approach used to address boundary conditions uncertainty and presents results for the 

BASE and CPBA HFM alternatives.  Additional boundary condition uncertainty analysis to 

understand the impact of boundary head adjustments to heads provided by regional models is also 

documented in Section 6.5.7. 
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In arid systems with deep groundwater, it is generally acknowledged that accurate estimation of 

recharge is difficult.  There are some water-balance constraints for the entire Death Valley Regional 

Flow System (e.g., discharge at Ash Meadows, Oasis Valley, Death Valley), but there is no perennial 

surface water flow or spring discharge in the Frenchman Flat basin area that could be used to 

constrain local inflow and outflow.  In order to bound the possible recharge volumes, three 

regional-scale recharge model approaches were used as described in Section 2.2.  They are the 

chloride mass-balance approach, DRIA and DRIAE (Russell and Minor, 2002); the modified 

Maxey-Eakin empirical method (Maxey and Eakin, 1949; DOE/NV, 1997; IT, 1996a through f; IT, 

1997a and b; and SNJV, 2004d), MME and MME-revised; and the distributed parameter watershed 

model (Hevesi et al., 2003), USGSD, USGSND, and DVRFS.  The areal distribution of these 

recharge models for the Frenchman Flat model domain are shown in Section 2.2. 

Each of the recharge models was incorporated into either the UGTA regional model or the DVRFS 

model to obtain boundary flows and heads for the Frenchman Flat CAU flow model (see 

Section 4.5.2 and SNJV, 2004d, for procedure and results).  The magnitude of total recharge over the 

Frenchman Flat flow model domain is very small.  The most significant difference among these 

models is the resulting boundary heads and boundary flows.  Therefore, only one version of each 

recharge model incorporated into the UGTA model is used for calibration and uncertainty analyses.  

The calibration of the BASE and CPBA HFMs with the USGSD boundary conditions is described in 

Section 5.5 and Section 6.3.5.  The BASE and CPBA HFMs are combined with the MME-, DRIA-, 

and DVRFS-boundary conditions in this section to address additional uncertainty in model 

parameters.

As described in Sections 3.4 and 4.5.2, model boundary heads are based on heads interpolated from 

calibrated regional models onto nodes of the computational mesh along the lateral boundaries of the 

model domain.  The starting points for the CAU model specified-head boundary conditions are the 

results from the UGTA regional model (SNJV, 2004d) and the DVRFS model (Faunt et al., 2004), as 

interpolated onto the Frenchman Flat flow model boundaries.  As explained in Section 5.3, boundary 

heads adjustments were considered at three locations:

• CP basin:  The UGTA regional model and the recent DVRFS model had a persistent 80-m 
deviation from the measured heads at the Wells WW-4 and WW-4A just inside the western 
edge of the CAU model domain.  Simulated heads in the area were close to 760 m amsl, and 
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head measurements in local wells were near 845 m amsl.  Thus, if boundary heads in this part 
of the model had been used based on the results from the UGTA regional model or DVRFS 
model, a consistent error of about 80 m would have resulted that was entirely a consequence 
of an inaccurate boundary condition assignment.

• Southern Yucca Flat:  Head measurements at Wells WW-C and WW-C1 showed that water 
levels in this area are about 8 m lower than comparable head results from either regional 
model.  However, the adjustments necessary to bring the measured heads and heads calculated 
by the regional models into agreement were not made along the boundaries of the Frenchman 
Flat flow models because these adjustments caused groundwater to flow northward from 
Frenchman Flat into Yucca Flat within the LCA in the model, counter to the direction 
indicated by heads in the LCA.

• Well TW-3:  This well is close to the eastern edge of the model boundary and has a water-level 
measurement that is about 2.5 m lower than the model-calculated heads.  A reduction of head 
in the central-eastern edge of the model boundary was necessary to match the available 
water-level measurements at this well.

Boundary heads computed using the two regional models did not indicate significant vertical 

gradients in the vicinity of the model boundaries.  Therefore, all boundary head corrections were 

made by adding or subtracting a constant head correction uniformly across the vertical dimension.  

The correction was made within a window centered around each well, and the correction linearly 

decayed to zero toward the edges of the window.

This approach to boundary head corrections results in higher heads than the surrounding heads taken 

from the regional calibrated models for some of the deep units in the BASE-USGSD model.  

Therefore, to assess the uncertainty in the calibrated flow field as a result of these boundary head 

adjustments, an alternative adjustment methodology was employed where boundary heads were 

lower in some HSUs while boundary heads were raised in other HSUs.  The details of this approach 

will be presented in Section 6.5.7.

Combining two of the HFMs with the three additional sets of boundary conditions from two 

regional-scale models generates six additional, calibrated Frenchman Flat CAU flow models.  

Table 6-4 lists the boundary flow targets, and Table 6-5 summarizes the calibrated permeability 

values and permeability multipliers for non-neutral faults for all calibrated models.  The summary 

statistics for each of the models are listed in Table 6-6.  The model calibration results are discussed in 

the following section.             
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Table 6-4
Boundary Flows (kg/s) Considered for the Different Calibrated Models

UGTA Regional Model DVRFS Model
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East -752 -961 -972 -97

North -367 -553 -479 -450

West 1,020 1,500 1,500 341

South 113 69.4 -6 209

Total Outflow 1,133 1,569 1,500 550

Total Inflow -1,119 -1,514 -1,457 -547
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Table 6-5
Summary of Calibrated Reference Permeability Values and Permeability Multiplier for Non-Neutral Faults for 

Calibrated Models with Varying Boundary Conditions
 (Page 1 of 4)

Hydrostratigraphic Framework Model and Boundary Conditions

BASE-USGSD BASE-MME BASE-DRIA BASE-DVRFS CPBA-USGSD CPBA-MME CPBA-DRIA CPBA-DVRFS

            HSU Permeability at Ground Surface - (log k0 in m2)
AA -11.30 -11.30 -11.20 -11.00 -11.15 -11.15 -10.55 -10.60

PCU -14.50 -14.50 -14.50 -14.50 -14.04 -14.50 -14.00 -13.50
BLFA -12.00 -12.00 -12.00 -12.00 -12.20 -12.70 -10.00 -12.00
OAA -12.00 -11.80 -12.00 -11.80 -12.16 -12.50 -10.98 -11.50

PCU1L -11.00 -11.00 -14.00 -11.00 -14.19 -11.00 -14.00 -11.00
PCU1U -11.00 -11.00 -14.00 -11.00 -14.19 -11.00 -14.00 -11.00
TM-WTA -9.15 -9.15 -9.15 -9.00 -10.10 -7.90 -10.85 -9.00
TM-LVTA -9.20 -9.25 -9.30 -9.00 -9.29 -7.90 -10.80 -9.00

UTCU -14.00 -14.00 -14.00 -14.00 -14.04 -14.00 -11.00 -13.00
TSA -11.00 -11.00 -12.00 -11.00 -9.00 -10.20 -10.20 -11.00
LVTA -10.50 -10.50 -12.50 -10.50 -9.29 -10.50 -12.50 -10.50
LTCU -13.50 -13.17 -13.50 -13.50 -15.50 -13.17 -13.00 -13.50
WCU -11.88 -11.88 -11.88 -11.88 -11.50 -12.66 -11.88 -11.88
VCU -13.60 -13.10 -13.10 -13.30 -13.25 -13.33 -12.45 -13.06
LCA3 -11.00 -11.00 -11.00 -10.50 -11.12 -11.00 -11.00 -10.50
UCCU -13.50 -13.50 -14.50 -13.50 -14.26 -13.50 -13.50 -13.50
LCA -10.40 -9.70 -9.99 -10.74 -10.15 -9.76 -10.00 -10.60

Permeability Multiplier for Faultsa

1 0.30 0.30 0.25 0.30 1.03 0.30 0.25 150.00
2 0.50 0.506 0.50 0.52 5.00 0.51 6.00 10.18
3 1.8E-04 1.8E-04 1.8E-04 1.4E-04 1.0E-05 1.8E-04 1.8E-04 1.4E-04
5 0.50 0.50 0.50 0.50 0.20 0.50 0.50 0.50
6 1.00 1.00 1.00 1.00 0.20 1.00 1.00 1.00
7 1.00 1.00 1.00 1.00 5.00 1.00 1.00 1.00
8 1.10 1.06 1.06 1.06 0.20 1.06 1.06 1.06
9 1.00 1.00 1.00 1.00 0.20 1.00 1.00 1.00
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Permeability Multiplier for Faults
10 0.29 0.29 0.29 0.29 0.20 0.29 0.29 0.29
11 1.0E-05 1.0E-05 1.0E-05 1.0E-05 1.00 1.0E-05 1.00 1.00
12 1.0E-05 1.0E-05 1.0E-05 1.0E-05 2.0E-05 1.0E-05 1.0E-05 1.0E-05
14 1.0E-05 1.0E-05 1.0E-05 1.0E-05 2.0E-05 1.0E-05 1.0E-05 1.0E-05
15 1.0E-05 1.0E-05 1.0E-05 1.0E-05 2.0E-05 1.0E-05 1.0E-05 1.0E-05
16 5.0E-04 5.0E-04 5.0E-04 5.0E-04 1.00 5.0E-04 1.00 1.00
17 18.00 18.00 18.00 2.00 75.00 40.00 52.00 15.00
18 15.00 15.00 100.00 2.00 1.00 50.00 500.00 50.00
19 1.00 1.00 1.00 1.00 1.00 10.00 1.00 1.00
20 1.00 1.00 1.00 1.00 1.00 10.00 1.00 1.00
21 67.80 27.80 17.70 100.18 75.00 26.80 75.70 180.18
26 1.00 1.00 10.00 1.00 1.00 1.00 100.00 1.00
27 1.00 0.85 1.00 10.00 5.00 0.85 1.00 10.00
28 1.01 1.01 1.01 10.01 5.00 1.01 1.01 10.01
29 1.00 0.42 1.00 1.00 5.00 0.42 1.00 1.00
30 1.00 1.00 10.00 10.00 1.00 1.00 10.00 10.00
31 1.00 1.00 1.00 1.00 1.00 1.00 150.00 50.00
33 150.85 262.07 242.99 150.85 75.00 280.07 242.99 150.85
34 155.25 523.97 191.23 100.99 75.00 523.97 191.23 100.99
35 1.00 1.00 1.00 1.00 0.10 0.10 1.00 100.00
36 1.00 1.00 1.00 1.00 0.10 1.00 1.00 1.00
37 1.00 0.99 0.99 0.99 0.10 0.99 0.99 0.99
38 5.00 1.00 5.00 1.00 0.10 1.00 5.00 1.00
39 34.00 17.29 36.00 2.00 75.00 40.29 52.00 18.00
40 1.00 1.00 1.00 1.00 0.10 1.00 1.00 1.00
41 1.00 1.00 1.00 1.00 0.10 1.00 1.00 1.00
42 1.00 1.00 1.00 1.00 0.10 1.00 1.00 1.00

Table 6-5
Summary of Calibrated Reference Permeability Values and Permeability Multiplier for Non-Neutral Faults for 

Calibrated Models with Varying Boundary Conditions
 (Page 2 of 4)

Hydrostratigraphic Framework Model and Boundary Conditions

BASE-USGSD BASE-MME BASE-DRIA BASE-DVRFS CPBA-USGSD CPBA-MME CPBA-DRIA CPBA-DVRFS
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Permeability Multiplier for Faults
43 1.00 1.00 1.00 1.00 0.10 1.00 1.00 1.00
44 1.00 1.00 1.00 1.00 0.10 1.00 1.00 1.00
45 1.00 1.00 1.00 1.00 0.10 1.00 1.00 10.00
46 10.00 10.00 12.00 4.35 1.03 50.00 24.00 14.35
47 10.00 10.00 12.00 10.00 1.03 1.00 24.00 10.00
48 1.00 1.00 1.00 1.00 0.10 1.00 1.00 1.00
49 1.00 1.00 1.00 1.00 0.10 1.00 1.00 1.00
50 1.00 1.00 1.00 1.00 0.10 0.10 1.00 10.00
51 1.00 1.00 1.00 0.50 0.10 0.05 1.00 0.25
52 1.00 1.00 1.00 1.00 0.10 1.00 1.00 1.00
53 1.00 1.00 1.00 1.00 0.10 1.00 1.00 1.00
54 1.00 1.00 1.00 1.00 0.10 1.00 1.00 1.00
55 1.01 1.01 1.01 1.01 0.10 0.05 1.01 10.01
56 1.00 1.00 1.00 1.00 0.10 1.00 1.00 1.00
57 31.05 31.05 31.05 31.05 75.00 25.05 31.05 31.05
58 108.39 108.39 112.79 108.39 75.00 50.39 112.79 108.39
59 1.00 2.09 1.00 1.00 0.90 0.19 1.00 1.00
60 1.45 1.45 1.45 1.45 0.90 0.11 1.45 1.45
61 0.45 0.65 0.45 25.00 0.90 1.00 0.45 25.00
62 0.82 0.82 0.82 0.82 0.90 1.00 0.82 0.82
63 0.84 2.00 0.84 100.84 0.90 1.00 0.84 100.84
64 0.74 0.74 0.74 0.74 0.90 1.01 0.74 0.74
65 0.93 0.93 0.93 0.93 0.90 1.01 0.93 0.93
66 0.88 0.88 0.88 0.88 0.90 1.00 0.88 0.88
67 0.92 0.92 0.92 0.92 0.90 1.01 0.92 0.92
68 0.98 0.98 0.98 0.98 0.90 1.01 0.98 0.98

Table 6-5
Summary of Calibrated Reference Permeability Values and Permeability Multiplier for Non-Neutral Faults for 

Calibrated Models with Varying Boundary Conditions
 (Page 3 of 4)

Hydrostratigraphic Framework Model and Boundary Conditions

BASE-USGSD BASE-MME BASE-DRIA BASE-DVRFS CPBA-USGSD CPBA-MME CPBA-DRIA CPBA-DVRFS
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Permeability Multiplier for Faults
69 0.35 0.39 0.35 25.00 0.90 1.00 0.35 25.00
71 1.00 1.00 1.00 25.00 0.90 1.00 1.00 25.00
72 1.39 1.40 1.39 1.39 0.90 1.40 1.39 1.39
73 1.00 0.66 1.00 1.00 0.90 1.06 1.00 1.00
75 1.8E+04 1.8E+04 1.8E+04 1.4E+04 3.2E-01 1.8E+04 1.8E+04 1.4E+04
76 1.00 10.00 1.00 1.00 1.00 10.00 1.00 1.00

aFaults not shown have a permeability multiplier close to 1 (0.90 to 1.05).

Table 6-5
Summary of Calibrated Reference Permeability Values and Permeability Multiplier for Non-Neutral Faults for 

Calibrated Models with Varying Boundary Conditions
 (Page 4 of 4)

Hydrostratigraphic Framework Model and Boundary Conditions

BASE-USGSD BASE-MME BASE-DRIA BASE-DVRFS CPBA-USGSD CPBA-MME CPBA-DRIA CPBA-DVRFS
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Table 6-6
Model Summary Statistics for Frenchman Flat Steady-State Flow Model Calibrations 

with Varying Boundary Conditions

MODEL Calibration 
Data

Number of 
Observations

Mean-
Weighted 

Error

Maximum 
Weighted 
Residual

Minimum 
Weighted 
Residual

Variance 
(m2 or kg2/s2)

Error Standard 
Deviation 

(m or kg/s)

Objective 
Function

BASE-USGSD
Well 30 -0.659 1.85 -8.24 4.50 2.12 134.8

Flux 4 0.889 14.1 -9.57 74.4 8.63 297.7

CPBA-USGSD
Well 30 0.58 26.84 -13.90 44.75 6.69 1,342

Flux 4 0.18 9.12 -6.77 40.24 6.34 161.0

BASE-MME
Well 30 -0.656 1.55 -5.94 2.78 1.67 83.5

Flux 4 0.123 0.800 -0.680 0.297 0.545 1.19

BASE-DRIA
Well 30 -0.605 2.08 -8.51 4.80 2.19 144.0

Flux 4 1.90 8.75 -5.26 46.7 6.84 186.9

BASE-DVRFS
Well 30 -0.875 2.21 -14.4 11.8 3.43 353.4

Flux 4 -4.58E-02 3.55 -2.49 4.91 2.22 19.7

CPBA-MME
Well 30 -0.959 1.78 -6.02 4.18 2.04 125.3

Flux 4 1.23 25.8 -10.6 210.3 14.5 841.2

CPBA-DRIA
Well 30 -0.657 5.96 -15.5 16.3 4.04 488.7

Flux 4 1.89 11.8 -7.11 53.5 7.32 214.1

CPBA-DVRFS
Well 30 -1.25 2.11 -18.2 18.4 4.29 552.5

Flux 4 -4.60E-02 5.79 -2.35 11.5 3.40 46.1
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6.5.1 BASE HFM with Chloride Mass-Balance (DRIA) Boundary Conditions 
(BASE-DRIA)

The BASE HFM is calibrated with the DRIA recharge, boundary heads, and boundary flows.  

Figure 6-36 shows the target and simulated fluxes across the four model boundaries, and Figure 6-37 

shows the observed and simulated water levels calculated by the calibrated BASE-DRIA model.  The 

model agreement to the measured hydraulic heads is generally good (within approximately 1 m); 

however, model results at ER-5-3 #2 and WW-C and WW-C1 have slightly higher residuals than the 

BASE-USGSD model (Figure 6-37).  The increased error at WW-C and WW-C1 most likely reflects 

higher heads on the north edge of the model boundary compared to the BASE-USGSD model 

(Figures 6-38 and 5-3).  It is likely that these higher heads are ubiquitous in the northern portion of 

the model and propagate to ER-5-3 #2.  The comparatively large residuals are not expected to 

significantly impact simulated lateral groundwater movement through the alluvium and tuffs in the 

Frenchman Flat basin given the small residuals at Wells UE-5 PW-3, UE-5c WW, UE-5f, UE-11a, 

and UE-11b located on the perimeter of Frenchman Flat (Figure 6-39).   

The DRIA boundary conditions yield a total regional flux in and out of the Frenchman Flat CAU 

model domain that is about 40 percent larger than for the USGSD model (Table 6-4).  Therefore, the 

BASE-DRIA alternative has a larger value for the calibrated LCA reference permeability in order to 

the transmit the additional water.  Compared to the BASE-USGSD LCA reference permeability, the 

LCA reference permeability used for the BASE-DRIA calibration is larger by a factor of about 2.6 

(Table 6-5).  The other large change in calibrated reference permeability is for the VCU, which is also 

more permeable for this alternative (by a factor of about 3.2).  The AA also has a slightly higher 

reference permeability value, which is about 1.3 times larger than that for the BASE-USGSD model.

Particle tracks in the vicinity of the northern and central testing areas are shown in Figure 6-40.  The 

particle tracks are colored by the HSU in which the particle is located.  Particle tracks originating near 

PIN STRIPE indicate a more easterly component of flow with advection into the shallow Timber 

Mountain aquifer (TM-WTA) compared to the BASE-USGSD particle tracks (Figure 5-21).  Particle 

tracks originating near DERRINGER, DIANA MOON, MINUTE STEAK, MILK SHAKE, and 

NEW POINT indicate similar groundwater flow paths to the BASE-USGSD results.  Particle tracks 

in the central testing area are also similar to the BASE-USGSD model, but have a slightly more 

southern component, possibly resulting from the enhanced outflow at the southern edge of the model 
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as a result of lower boundary heads on the south edge of the model (Figures 4-3 and 6-38).  Changes 

in particle track directions indicate adjustments to local groundwater flow paths and are typically due 

to the subtle variations in boundary heads between the different calibrated regional models and from 

changes in the reference permeabilities for the HSUs or in the fault permeability multipliers.  Because 

the gradients at both the central and northern testing areas are very flat, only a small change in head is 

required to generate significantly different particle trajectories.
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Figure 6-36
Groundwater Fluxes Simulated by the UGTA Regional Model and the 

Frenchman Flat Model - BASE-DRIA Alternative

Note: Flow into the model is negative; flow out of the model is positive

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

1200

1400

1600

East North West South

G
ro

u
n

d
w

a
te

r 
fl

u
x
 (

k
g

/s
)

Target (UGTA Regional Model)

BASE-DRIA Flow Model



Phase II G
roundw

ater Flow
 M

odel of C
A

U
 98: Frenchm

an Flat, N
ye

C
ounty,N

evada

Section 6.0
6-76

Figure 6-37
Observed Versus Simulated Well Head - BASE-DRIA Alternative
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Figure 6-38
Boundary Heads from Calibrated BASE-DRIA Alternative
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Figure 6-39
Spatial Distribution of Weighted Residuals for the BASE-DRIA Alternative
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Figure 6-40
Particle Tracks Starting Near the Underground Nuclear Tests

 for the BASE-DRIA Alternative
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6.5.2 BASE HFM with Modified Maxey-Eakin (MME) Boundary Conditions 
(BASE-MME)

The BASE HFM was calibrated with the modified Maxey-Eakin (MME) recharge, boundary heads, 

and boundary flows.  A comparison of simulated and target boundary flows is shown in Figure 6-41.  

Figure 6-42 shows the target and simulated water levels calculated by the calibrated BASE-MME 

alternative.  The model agreement to the measured hydraulic heads is generally good (within 

approximately 1 m); however, model results in the central testing area have slightly greater residuals 

than the BASE-USGSD model and smaller residuals at WW-C and WW-C1 (Figure 6-42).  

Calibrated boundary heads for the BASE-MME model are very similar to the boundary heads for the 

BASE-USGSD model (Figures 5-3 and 6-43), thus providing similar results for the calculated LCA 

hydraulic heads. 

The spatial distribution of weighted residuals at the target wells is shown in Figure 6-44.  Throughout 

the alluvium and volcanic units, there is no apparent spatial bias in the residual distribution as is 

indicated by Figure 6-44, suggesting that there is no systematic bias in the lateral gradients within the 

basin in the BASE-MME model.

Similar to the BASE-DRIA model, the MME regional flux is about 30 percent larger than the USGSD 

model flux (Table 6-4).  This results in a larger value for the calibrated LCA reference permeability.  

Compared to the BASE-USGSD calibrated LCA reference permeability, the LCA reference 

permeability for this model is larger by a factor of about 5 (Table 6-5).  The other large change in 

calibrated reference permeability values is for the VCU, LTCU, and OAA, which are also more 

permeable for this alternative than for the BASE-USGSD model (by a factor of about 3).  The AA has 

an identical calibrated reference permeability to the value used for the BASE-USGSD model. 

Figure 6-45 show the particle tracks in the vicinity of the underground nuclear tests in the northern 

and central testing areas.  For MINUTE STEAK, DIANA MOON, and DIAGONAL LINE, particle 

advection is toward the northeast for some of the particle tracks, unlike the observed flow paths from 

the BASE-USGSD model where the particle tracks were predominantly toward the south for these 

test locations.  A particle track originating near DIANGONAL LINE moves through the TM-WTA to 

the southeast until intersecting the edge of the basin where it travels through the LTCU to enter the 

LCA.  For the BASE-MME alternative, advective particle tracks in the vicinity of the PIN STRIPE 
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test show a more abrupt shift to the north with more movement through the LTCU compared to the 

BASE-USGSD particle tracks (Figure 6-45 compared to Figure 5-21).  Particle tracks in the central 

testing area are similar to the BASE-USGSD model with a slight change in trajectory to the east.  

Particles from the central testing area, for the BASE-MME calibration, also appear to be more 

shallow in the flow system (Figure 6-45 compared to Figure 5-21).  These changes to the particle 

tracks in the central testing area seem to result from modest changes in reference permeabilities and 

boundary heads. 

           



Phase II G
roundw

ater Flow
 M

odel of C
A

U
 98: Frenchm

an Flat, N
ye

C
ounty,N

evada

S
ection 6.0

6-82

Figure 6-41
Groundwater Fluxes Simulated by the UGTA Regional Model and the BASE-MME Alternative

Note: Flow into the model is negative; flow out of the model is positive
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Figure 6-42
Observed Versus Simulated Well Head - BASE-MME Alternative
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Figure 6-43
Boundary Heads from Calibrated BASE-MME Alternative
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Figure 6-44
Spatial Distribution of Weighted Residuals for the BASE-MME Alternative
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Figure 6-45
Particle Tracks Starting Near the Underground Nuclear Tests 

for the BASE-MME Alternative
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6.5.3 BASE HFM with Death Valley Regional Flow System (DVRFS) Model Boundary 
Conditions (BASE-DVRFS)

The BASE HFM is calibrated with the recharge distribution, boundary heads, and boundary flows 

from the DVRFS model (Faunt et al., 2004).  Figure 6-46 shows the target and simulated flows across 

the four model boundaries, and Figure 6-47 shows the measured and simulated hydraulic heads at the 

observation wells.  The model agreement to the measured hydraulic heads is generally good (within 

approximately 1 m); however, model results at ER-5-3 #2 and WW-C and WW-C1 have considerably 

greater residuals than the BASE-USGSD model (Figure 6-47).  The increased error at these LCA 

wells reflect higher heads on the north edge of the model boundary compared to the BASE-USGSD 

model (Figures 6-48 and 5-3).  The calculated LCA water levels throughout the northern section of 

the BASE-DVRFS model are greater than the observed hydraulic head in the OAA and volcanic 

aquifers, thus indicating that the gradient between the basin-fill units and the LCA is upward rather 

than downward.  The large residuals in the BASE-DVRFS model do not seem to impact lateral 

groundwater movement through the shallow alluvium and tuffs in the Frenchman Flat basin given the 

small residuals at Wells UE-5 PW-3, UE-5c WW, UE-5f, UE-11a, and UE-11b located on the 

perimeter of Frenchman Flat and the good match to the overall gradient in the alluvial basin 

(Figure 6-49). 

The regional flux through the Frenchman Flat CAU flow model domain in the DVRFS model is less 

(by about 50 percent) than the flux observed in the UGTA regional model with the USGSD recharge 

model (Table 6-4).  In addition to a considerable change in the magnitude of the flux, the orientation 

of the flux is also different (Table 6-4).  The dominant flux into the model domain from the DVRFS 

model is along the eastern boundary, consistent with the UGTA regional model and the overall 

regional conceptual model of the LCA flow; however, the flux into the domain in the DVRFS model 

is more balanced on the east and north faces of the model than observed in the UGTA regional model 

(Table 6-4).  The primary flux out of the model domain in the DVRFS model is westward, similar to 

the UGTA regional model.  To accommodate the changes to the magnitude of the boundary flows, the 

reference permeability of the LCA was decreased and the permeability multipliers for the Rock 

Valley fault system were increased (Table 6-5).  The fault permeability multipliers for LCA faults 

along the southern edge of the model domain (61, 63, 69, and 71) were increased to enhance flow to 

the southern model boundary (Table 6-5). 
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Changes to the reference permeability of the alluvium and volcanic HSUs were necessary during 

model calibration.  These changes included increasing the reference permeability of the AA, OAA, 

TM-WTA, TM-LVTA, and the VCU compared to the calibrated reference permeability for the 

BASE-USGSD model (Table 6-5).  The change in reference permeability for all of the HSUs was less 

than one-half of an order of magnitude (Table 6-5). 

Particle tracks in the vicinity of the northern and central testing areas are shown in Figure 6-50.  

Particle tracks originating near PIN STRIPE indicate a more easterly component of flow with 

advection into the shallow TM-WTA compared to the BASE-USGSD particle tracks (Figure 5-21).  

Particle tracks from DERRINGER, DIANA MOON, MINUTE STEAK, and MILK SHAKE are 

similar to the BASE-USGSD particle results.  Particle tracks in the central testing area are similar to 

the BASE-USGSD model, but have a slightly more southern component, possibly resulting from the 

influence of boundary heads consistent with the more north-to-south direction of flow observed in the 

DVRFS model.  The reversed gradient between the AA and LCA also seems to result in the particles 

being advected in the more shallow portion of the AA compared to the BASE-USGSD model.
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Figure 6-46
Groundwater Fluxes Simulated by the DVRFS Regional Model and BASE-DVRFS Alternative

Note: Flow into the model is negative; flow out of the model is positive
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Figure 6-47
Observed Versus Simulated Well Head - BASE-DVRFS Alternative
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Figure 6-48
Boundary Heads from Calibrated BASE-DVRFS Alternative
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Figure 6-49
Spatial Distribution of Weighted Residuals for the BASE-DVRFS Alternative
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Figure 6-50
Particle Tracks Starting Near the Underground Nuclear Tests 

for the BASE-DVRFS Alternative
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6.5.4 CPBA Hydrostratigraphic Framework Model with Chloride Mass-Balance 
(DRIA) Boundary Conditions (CPBA-DRIA)

The CPBA HFM is calibrated with the DRIA recharge, boundary heads, and boundary flows.  

Figure 6-51 shows the target and simulated fluxes across the four model boundaries, and Figure 6-52 

shows the observed and simulated water levels calculated by the CPBA-DRIA model.  The model 

agreement to the measured hydraulic heads is generally within the estimated error at the target 

locations; however, model results at ER-5-3#2, WW-C and WW-C1, TW-3, and UE-5 PW-3 have 

considerably greater residuals than the BASE-USGSD model (Figure 6-52).  The calculated 

hydraulic head in the LCA in the northern portion of the model is greater than the observed hydraulic 

head in the OAA and volcanic aquifers, thus indicating that the gradient between the basin-fill units 

and the LCA is upward rather than downward.  Further, the calculated hydraulic head at UE-5 PW-3 

is greater than the observed head, indicating that the hydraulic head in the LTCU is too high.  

Residuals for WW-4 and WW-4A in CP basin are also greater than in many of the Frenchman Flat 

CAU flow model alternatives as a result of smaller boundary head adjustments (Figure 6-53). 

 The spatial distribution of weighted residuals at the target wells is shown in Figure 6-54.  The large 

error at NN-4 and WW-4A does not seem to impact lateral groundwater movement through the 

shallow alluvium in the Frenchman Flat basin given the small residuals at Wells UE-5c WW Upper, 

UE-5f, and UE-11b located on the perimeter of Frenchman Flat and the good match to the overall 

gradient in the alluvial basin.

Similar to the BASE-DRIA model, the CPBA-DRIA boundary conditions have a total regional flux 

that is about 40 percent larger than that for the CPBA-USGSD model (Table 6-4).  This results in a 

higher calibrated value for the LCA reference permeability.  Compared to the CPBA-USGSD 

calibration, the LCA reference permeability for this model is larger by a factor of about 1.4 

(Table 6-5).  The other large change in calibrated reference permeability values is for the VCU, 

LTCU, and OAA, which are also more permeable for this alternative than for the CPBA-USGSD 

alternative.  

Figure 6-55 shows the particle tracks in the vicinity of the underground nuclear tests in the northern 

and central testing areas.  Particle tracks in the northern testing area are significantly different than 

those from the CPBA-USGSD model (Figure 6-27).  Particle tracks for DERRINGER, NEW POINT, 
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MILK SHAKE, DIANA MOON, and MINUTE STEAK travel to the east rather than to the south 

(Figure 6-55).  This result seems to be driven by the higher hydraulic heads at UE-11a and UE-5 

PW-3 compared to the lower calculated hydraulic head in the ER-5-3 well cluster (Figure 6-52).  

Particle tracks originating beneath the PIN STRIPE test indicate a more easterly water flow and that 

the particles stay in the more shallow TM-WTA, OAA, and AA HSUs rather than moving into the 

LCA (Figure 6-55).  Particle tracks originating at the central testing area appear to travel further to the 

south (Figure 6-55).  The enhanced advection to the east and depth of the particle migration in the 

flow system is indicative of the HSU permeability changes and possibly the increased fault 

permeability multiplier for fault 38, which runs north to south within the basin (see Appendix D for 

fault traces at ground surface). 
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Figure 6-51
Groundwater Fluxes Simulated by the UGTA Regional Model and the 

Frenchman Flat Model - CPBA-DRIA Alternative

Note: Flow into the model is negative; flow out of the model is positive
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Observed Versus Simulated Well Head - CPBA-DRIA Alternative
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Figure 6-53
Boundary Heads from Calibrated CPBA-DRIA Alternative
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Figure 6-54
Spatial Distribution of Weighted Residuals for the CPBA-DRIA Alternative
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Figure 6-55
Particle Tracks Starting Near the Underground Nuclear Tests 

for the CPBA-DRIA Alternative
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6.5.5 CPBA HFM with Modified Maxey-Eakin (MME) Boundary Conditions 
(CPBA-MME)

The CPBA HFM is calibrated with the MME recharge, boundary heads, and boundary flows.  

Figure 6-56 shows the target and simulated fluxes across the four model boundaries, and Figure 6-57 

shows the observed and simulated water levels calculated by the calibrated CPBA-MME alternative.  

The model agreement to the measured hydraulic heads is generally good (within approximately 1 m); 

however, model results in the central testing area have slightly greater residuals than the 

BASE-USGSD model and smaller residuals at WW-C and WW-C1 (Figure 6-57).  These results are 

very similar to the hydraulic heads calculated by the BASE-MME alternative (Figure 6-42).  

Calibrated boundary heads for the CPBA-MME alternative (Figure 6-58) are similar to the boundary 

heads for the CPBA-USGSD, BASE-USGSD, and BASE-MME models (Figures 6-14, 5-3, and 

6-43), thus providing similar results for the calculated LCA hydraulic heads. 

The spatial distribution of weighted residuals at the target wells is shown in Figure 6-59.  Although 

heads tend to be slightly higher than the calibration targets, the overall gradient in the basin-fill 

aquifers and volcanic units is well matched by the CPBA-MME alternative.

As discussed for the BASE-MME alternative, the CPBA-MME boundary conditions result in a larger 

magnitude of regional flux through the Frenchman Flat CAU model domain (Table 6-4).  This results 

in a larger value for the calibrated LCA reference permeability.  Compared to the CPBA-USGSD 

calibration the LCA reference permeability is larger by a factor of about 2.5 for this alternative 

(Table 6-5).  The BLFA is less permeable in the CPBA-MME calibration than CPBA-USGSD 

calibration, but this has no effect on the model goodness of fit because the calibration targets tend to 

be insensitive to the reference permeability of the BLFA.  The PCU, OAA, TSA, and VCU HSUs 

have reference permeability values lower than those for the CPBA-USGSD alternative, while the 

LCA3 and LTCU have higher reference permeability values. 

Figure 6-60 shows the particle tracks in the vicinity of the underground nuclear tests in the northern 

and central testing areas.  As previously discussed, changes in particle track directions are typically 

due to the interplay among variations in boundary heads, differences in calibrated regional models 

from changes in recharge distributions, changes in calibrated reference permeability of HSUs, and 

changes in fault multiplier values.  Small changes in the flow field heads can generate considerably 
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different flow paths.  This is evident in the particle tracking results from the northern and central 

testing areas.  In the northern testing area, particles starting at the PIN STRIPE test travel further to 

the north than observed in the CPBA-USGSD alternative (Figure 6-27).  Compared to the same 

model, particles starting below DIAGONAL LINE travel north and east in the TM-WTA.  Because 

the TM-WTA has a higher permeability compared to the OAA in the CPBA-MME calibration 

(Table 6-5), groundwater in northern Frenchman Flat tends to flow toward and through the TM-WTA 

as shown in Figure 6-27.  Particle advection from the central testing area shows a more eastward 

direction of flow compared to the CPBA-USGSD model results (Figure 6-52).  More eastward flow 

may be the result of decreasing the reference permeability of the VCU in the CPBA-MME model 

compared to the value used in the CPBA-USGSD model.
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Figure 6-56
Groundwater Fluxes Simulated by the UGTA Regional Model and the 

Frenchman Flat Model - CPBA-MME Alternative

Note: Flow into the model is negative; flow out of the model is positive
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Figure 6-57
Observed Versus Simulated Well Head - CPBA-MME Alternative
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Figure 6-58
Boundary Heads from Calibrated CPBA-MME Alternative
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Figure 6-59
Spatial Distribution of Weighted Residuals for the CPBA-MME Alternative
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Figure 6-60
Particle Tracks Starting Near the Underground Nuclear Tests 

for the CPBA-MME Alternative
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6.5.6 CPBA HFM with Death Valley Regional Flow System (DVRFS) Model Boundary 
Conditions (CPBA-DVRFS)

The CPBA HFM is calibrated with the calibrated recharge distribution, boundary heads, and 

boundary flows from the DVRFS model (Faunt et al., 2004).  Figure 6-61 shows the target and 

simulated fluxes across the four model boundaries, and Figure 6-62 shows the observed and 

simulated water levels calculated by the calibrated BASE-USGSD and CPBA-DVRFS model.  The 

model agreement to the measured hydraulic heads is generally good (within approximately 1 m); 

however, model results at ER-5-3#2 and WW-C and WW-C1 have considerably greater residuals than 

the BASE-USGSD model (Figure 6-62).  The increased error in these LCA wells reflect considerably 

higher heads on the north edge of the model boundary (Figure 6-63) compared to both the 

BASE-USGSD and CPBA-USGSD models (Figures 5-3 and 6-14).  The modeled LCA hydraulic 

heads throughout the northern portion of the CPBA-DVRFS model are greater than the observed 

hydraulic heads in the OAA and volcanic aquifers, thus indicating that the gradient between the 

basin-fill units and the LCA is upward rather than downward.  These comparatively large residuals do 

not seem to impact lateral groundwater movement through the shallow alluvium and tuffs in the 

Frenchman Flat basin given the small residuals at Wells UE-5 PW-3, UE-5c WW, UE-5f, UE-11a, 

and UE-11b located on the perimeter of Frenchman Flat and the good match to the overall gradient in 

the alluvial basin (Figure 6-64).  This model has a particularly good match to the vertical gradient 

through the OAA in the ER-5-3 well cluster (as evidenced by the residuals for ER-5-3 #3 and ER-5-3 

shallow, Figure 6-64).   

As discussed in Section 6.5.3, the regional flux through the Frenchman Flat CAU flow model domain 

in the DVRFS model is less (by about 50 percent) than the flux observed in the USGSD model 

(Table 6-4).  The smaller total flux through the CPBA-DVRFS models results in a lower value for the 

LCA reference permeability (an adjustment of 0.20 m2 log k0).  The log of the reference permeability 

for the BASE-DVRFS and CPBA-DVRFS alternatives differs by only 0.14 m2.  Most of the shallow 

volcanic and basin-fill HSUs are also more permeable for this alternative than for the CPBA-USGSD 

alternative. 

Figure 6-65 shows the particle tracks in the vicinity of the underground nuclear tests in the northern 

and central testing areas.  In the northern testing area, particles starting beneath the PIN STRIPE test 

travel south then further to the east for this calibrated model (compared with the CPBA-USGSD 
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alternative, Figure 6-27).  For the other tests in the northern testing area particle travel southward 

through the OAA, BLFA, and AA in a similar trajectory to those observed for the CPBA-USGSD 

alternative.  Particle advection from the central testing area shows a very slight eastward direction of 

flow compared to the CPBA-USGSD alternative.  
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Figure 6-61
Groundwater Fluxes Simulated by the DVRFS Regional Model and the 

Frenchman Flat Model - CPBA-DVRFS Alternative

Note: Flow into the model is negative; flow out of the model is positive
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Figure 6-62
Observed Versus Simulated Well Head - CPBA-DVRFS Alternative
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Figure 6-63
Boundary Heads from Calibrated CPBA-DVRFS Alternative
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Figure 6-64
Spatial Distribution of Weighted Residuals for the CPBA-DVRFS Alternative
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Figure 6-65
Particle Tracks Starting Near the Underground Nuclear Tests 

for the CPBA-DVRFS Alternative
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6.5.7 Alternative Approach To Boundary Head Adjustments

The starting points for the CAU model specified-head boundary conditions are the results from the 

UGTA regional model (SNJV, 2004d) and the DVRFS model (Faunt et al., 2004), as interpolated onto 

the Frenchman Flat flow model boundaries.  Considerable uncertainty exists in translating 

regional-scale model heads to CAU-specific model boundaries because of the scale differences 

between the models and differences in grid resolution.  The boundary condition uncertainty analysis 

presented in Section 6.5 evaluates this uncertainty by incorporating many conceptual models of 

recharge and two different regional models.  During the course of the CAU model calibrations, it was 

deemed necessary to adjust the boundary heads supplied by these regional models because of 

consistent errors in the regional model matches to observed heads.  Boundary heads computed using 

the two regional models did not indicate significant vertical gradients in the vicinity of the model 

boundaries.  Therefore, all boundary head corrections were made by adding or subtracting a constant 

head correction uniformly in the vertical dimension.  The correction was made within a narrow band, 

and the correction linearly decayed to zero away from the correction area.  However, when boundary 

heads were adjusted with this method, the adjusted heads were not consistent with head observations 

in the unadjusted portion of the same HSU.  To assess the uncertainty in the flow fields generated 

using this boundary head modification approach, an alternative approach was used.  This section 

details the approach and results from a calibration of the BASE-USGSD model using the alternative 

approach to the boundary head corrections.  

6.5.7.1  Boundary Head Adjustments

Boundary heads adjustments were made at the three locations:

• CP basin:  The UGTA regional model had a persistent 85-m deviation from the measured 
heads at Wells WW-4 and WW-4A just inside the western edge of the CAU model domain.  
Simulated heads in the area were close to 760 m amsl and head measurements in local wells 
were near 845 m amsl.  Thus, if boundary heads in this part of the model had been used had 
been based on the results from the UGTA regional model, a consistent error of about 85 m 
would have resulted that was entirely a consequence of an inaccurate boundary condition 
assignment.

• Southern Yucca Flat:  Head measurements at Wells WW-C and WW-C1 showed that water 
levels in this area are about 8 m lower than simulated heads from either regional model.  
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• Well TW-3:  This well is close to the eastern edge of the model boundary and has a water-level 
measurement that is about 2.5 m lower than the model-calculated heads.  A reduction of water 
levels in the central-eastern edge of the model boundary was necessary to match the available 
water-level measurements at this well.

Results from the BASE-USGSD and alternative models showed that while matching the LCA water 

levels observed at the eastern boundary at Well TW-3, the model simulated higher LCA water levels 

elsewhere in the model.  This was most notable at Well ER-5-3 #2, underneath the Frenchman Flat 

basin, where the simulated water level was 3 to 11 m higher than the observed water level.  

Additionally, the inability to match the observed water levels in southern Yucca Flat at WW-C and 

WW-C1 suggested that the boundary heads in this area may be introducing model errors. 

To improve the calibration of the model to the heads in the LCA, the boundary heads in the LCA in 

this model are dropped uniformly on all faces of the model by the value needed to match the observed 

water level at well TW-3.  For the BASE-USGSD model, this adjustment was found to be 2.6 m. 

Another LCA adjustment was then made at the northwestern model boundary to match the observed 

water level at WW-C1 (within the measurements’ range of uncertainty).  Boundary heads in the LCA 

were decreased at the west end of the north face of the model.  The boundary head correction was 

linearly decayed to zero to the east (along the north face of the model) and south (along the west face 

of the model) from WW-C1.  For the BASE-USGSD model, this boundary head adjustment 

introduced a drop for the LCA boundary heads by as much as 1.6 m along the north edge of the model 

domain.  Finally, an adjustment was made for the boundary heads on the western model boundary 

only for the volcanic HSUs (above the LCA) in order to match the observed water levels in CP basin 

at WW-4 and WW-4A (TM-WTA completions).  The adjustment was also decayed linearly to zero 

north and south from the WW-4 and WW-4A wells.  The value of this adjustment was used as a 

calibration parameter.  Figure 6-66 shows the final calibrated boundary heads obtained using this 

boundary head modification approach for the BASE-USGSD model.  
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Figure 6-66
Boundary Heads Used with the Alternative Calibrated BASE-USGSD Flow Model
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6.5.7.2 Simulated Hydraulic Heads for the Alternative BASE-USGSD Flow Model

The simulated hydraulic heads produced by the calibrated model are shown in Figure 6-67 for the 

water table.  Figures 6-68 and 6-69 show cross sections through the calibrated head fields.  Horizontal 

hydraulic gradients within the northern and central testing areas of Frenchman Flat are fairly flat.  

Although hydraulic heads in the CP basin are approximately 100 m higher than those in Frenchman 

Flat, hydraulic gradients within each of these two areas are relatively flat, and most of the head loss 

between the CP basin and Frenchman Flat is predicted to coincide with the Cane Spring fault.  The 

movement of water in the volcanic aquifers and confining units across the Cane Spring fault is one of 

the main sources of water for the OAA in northern Frenchman Flat.  Hydraulic heads are slightly 

higher in the volcanic HSUs on the west side of the basin and decrease to east.  The majority of head 

loss between the OAA and the LCA occurs over the thick LTCU.    

Simulated hydraulic heads in the central part of Frenchman Flat decline gently toward the southeast 

(Figure 6-67) indicating that shallow groundwater flow out of central Frenchman Flat will also be in 

this direction.  This decrease of the hydraulic heads in the AA toward the southeast occurs as the 

LTCU and VCU thin toward the edges of the basin.  In the central portion of Frenchman Flat basin 

water is originating from CP basin and flowing south through the OAA into the AA, which comprises 

the central portion of the basin.  Heads in the AA are higher along the western flank of the basin and 

decrease to the east (Figure 6-69).  Compared to the BASE-USGSD flow model, this model has 

considerably less water entering the basin-fill units from the Wahmonie Hills. 

The latest measurements of head in the LTCU at Well ER-5-4 #2 indicated that heads in the LTCU 
were in excess of 750 m and rising.  Although these measurements were not used directly in the 
calibration of the model because the head had failed to stabilize, they indicate that high-permeability 
intervals (in this case, within the LTCU) may function as confined aquifers and connect the deep part 
of the Frenchman Flat basin with areas of higher head to the west.  Thus, a pressure barrier between 
the basin-fill HSUs and the regional aquifer (LCA) probably exists in the vicinity of the central 
testing area.  In the alternative calibration of the BASE-USGSD model, this pressure barrier 
corresponds to the interface of the WCU and LTCU; however, hydraulic tests in the LTCU indicated 
the presence of a high-permeability zone of approximately 10-13 m2 within the LTCU that was 
probably associated with a fractured welded interval within this largely zeolitized, nonwelded HSU.  
This zone in the LTCU is the actual location of the measured high heads and may be a more likely 
source of this zone of high pressure.          
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Figure 6-67
Water-Table Contours for the Alternative Calibration of the BASE-USGSD Model



Phase II Groundwater Flow Model of CAU 98:  Frenchman Flat, Nye County, Nevada

Section 6.0
6-120

-

Figure 6-68
West-East Cross Section of Simulated Heads at the Northern Testing Area for the Alternative Calibration of the BASE-USGSD Model
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Figure 6-69
West-East Cross Section of Simulated Heads at the Central Testing Area for the Alternative Calibration of the BASE-USGSD Model
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6.5.7.3 Hydraulic Head and Flux Residuals

The groundwater fluxes calculated along the perimeter of the Frenchman Flat model domain with the 

UGTA regional model are compared to the fluxes calculated with the flow model in Figure 6-70.  The 

net fluxes calculated by the Frenchman Flat model are in reasonable agreement with the net fluxes 

calculated with the UGTA model along each of the boundaries considering the boundary head 

adjustments (Figure 6-70). 

Simulated hydraulic heads are compared to the measured hydraulic heads that were used as 

calibration targets in Figure 6-71, and plots of posted weighted residuals are shown in Figure 6-72. 

Figure 6-71 shows that the simulated heads within Frenchman Flat generally agree with the measured 

heads to within the estimated uncertainties, but somewhat larger residuals exist at Wells ER-5-3 #2,  

WW-1, WW-5B and WW-5C, WW-C, and WW-C1.

• The simulated head at Well ER-5-3 #2 is higher than the heads measured in the LCA at this 
well.  The hydraulic head at this location is very uncertain because water levels have not 
stabilized to allow determination of a static water level (see Appendix A).  The simulated head 
at Well ER-5-3 #2 is considerably lower than heads measured in the overlying alluvium and 
tuffs at nearby Wells ER-5-3 and ER-5-3 #3. 

• The simulated head at Well WW-1 is about 3 m higher than the head reported for this well 
(725.25 +/- 4.4 m), but within the error bounds that result from uncertainty in nearby land 
surface elevation and long pumping history at this location.  

• The simulated hydraulic heads at Wells WW-5B and WW-5C are about 1 m too low and too 
high, respectively, compared to the measured heads (734.68 +/- 1.15 m and 729.68 
+/- 1.29 m) at these wells.  The relatively low hydraulic head reported for Well WW-5C 
relative to heads measured at Well WW-5B to the north and Well WW-5A to the south 
(730.91 +/- 1.14 m) indicates that there may be a local change in permeability or basin 
morphology that is not captured by the model.  The excellent match of the model to measured 
head at WW-5A indicates that any gradient along the edge of the alluvial basin in this area is 
well fit by the model.

• Simulated heads in the LCA at Well WW-C and WW-C1 in the northwest corner of the 
Frenchman Flat model exceed the measured heads at these wells by about 2 m.  Considering 
the additional changes to the boundary heads in this area of the model, it suggests that 
uncertainty in this portion of the HFM may be controlling the match to the observed head 
(see Section 3.1 for additional description).  The misfit at these wells is not expected to 
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significantly impact simulated groundwater movement through the alluvium and tuffs in the 
Frenchman Flat basin given the small residuals at Wells UE-5 PW-3, UE-5c WW, UE-5f, and 
UE-11b located on the perimeter of Frenchman Flat basin.

The plot of posted weighted residuals associated with the alternative calibration of the  

BASE-USGSD flow model is shown in Figure 6-72.  Figure 6-72 shows that positive and negative 

weighted residuals are contained in each region of the flow model, indicating that there is little spatial 

bias in the simulated heads relative to the measured heads in the testing areas.

Table 6-7 shows the metrics that characterize the goodness of fit associated with the alternative 

calibration of the BASE-USGSD flow model.  The table lists the mean-weighted error, maximum and 

minimum weighted residuals, the error variances and standard deviations, and the contributions to the 

objective function associated with water-level and flux target data in each of the models.  The 

negative mean-weighted residual calculated for the water levels in the alternative calibration of the 

BASE-USGSD flow model (-0.26 m) reflects that there is a slight bias in the model calibration from 

overestimating WW-C, WW-C1, ER-5-3 #2 and WW-1.  As indicated by Figure 6-73, the weighted 

residuals are approximately normally distributed around zero.
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Figure 6-70
Groundwater Fluxes Simulated by the UGTA Regional Model and the 

Alternative Calibration of the BASE-USGSD Flow Model

Note: Flow into the model is negative; flow out of the model is positive
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Figure 6-71
Observed Versus Simulated Well Head - Alternative Calibration of BASE-USGSD Flow Model
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Figure 6-72
Spatial Distribution of Weighted Residuals for the Alternative BASE-USGSD Model Calibration
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Table 6-7
Summary Calibration Statistics for Alternative Calibration 

of the BASE-USGSD Model
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6.5.7.4 Estimated Hydraulic Parameters

The estimated hydraulic parameters from the model calibration include the permeabilities of the 

HSUs in the model, the calibrated values of anisotropy, as well as the permeability modification 

factors (fperm) associated with the faults in the model.  Table 6-8 lists the reference permeabilities, 

fperm factors, and anisotropy ratios estimated from the alternative calibration of the BASE-USGSD 

model.  The permeability of the HSUs estimated from the calibration are shown as a function of depth 

and compared against permeability data from the Frenchman Flat and the general NTS area in 

Figures 6-74 through 6-77.  The vertical extent of each line on these figures indicates the extent of 

this HSU in the flow model. 

The estimated permeabilities of the AA and OAA HSUs in the alternative calibration of the 

BASE-USGSD flow model are compared to permeability measured in Frenchman Flat and in the 

general vicinity of the NTS in Figure 6-74.  The data for the NTS area include stream channel, 

floodplain, alluvial fan and playa deposits from Yucca Mountain, the Amargosa Desert, and basins 

north of the NTS, as well as from Yucca Flat.  The data from Frenchman Flat include data from the 

alluvium at Well ER-5-3 #3 near the northern testing area; Wells RNM-1, RNM-2, RNM-2s, and 

ER-5-4 near the central testing area; and Wells WW-5A, WW-5B, and WW-5C slightly to the south of 

the central testing area.  The estimated permeabilities are in the center of the data range.  This model 

calibration was achieved by adjusting both the depth-decay coefficient for the basin-fill HSUs and the 

anisotropy of the units.

The depth-decay coefficient used for the BASE-USGSD model calibration (Section 5.5) was set at 

the mean (0.0056 m-1) reported by IT (1996d) (Table 3-6), subsequent to this model calibration 

re-analysis of the NTS area alluvium permeability data indicated that the decay coefficient may be 

somewhat smaller (0.0021 m-1) (Appendix E), indicating less permeability decrease with depth than 

reported by IT (1996d).  To improve the model fit to the observed data, the depth-decay coefficient 

used for the calibration documented here was decreased to 0.0014 m-1, which is within the 95 percent 

confidence interval of the analysis reported in Appendix E; however, it is considerably smaller than 

expected based on analysis of ER-5-4 #2 flow logs (0.01 m-1) (Section 3.6.3.1).  Thus, the calibration 

of the alternative boundary head correction approach for the BASE-USGSD model has less 

permeability decrease with depth than in the BASE-USGSD model presented in Section 5.5. 
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As discussed in Section 3.6.3.2, decrease of permeability with depth imparts a modest anisotropy on 

the HSU permeability.  To compensate for the higher horizontal hydraulic conductivity and less 

decrease in permeability with depth in the AA, OAA, and playa confining units, the anisotropy of 

these basin-fill HSUs was increased from 2 in the BASE-USGSD model (Section 5.5) to a calibrated 

value of 69.4 (kh/kv).  This value of 69.4 is within the range of anisotropy ratios reported for the 

MWAT at RNM-2s (see Section 3.6.2.3.4 for a complete discussion of anisotropy). 

The estimated hydraulic conductivity of the LCA and LCA3 HSUs are compared to the permeability 

data for the carbonate aquifer in Figure 6-75.  The data include measurements both on and adjacent to 

the NTS, and data from the vicinity of Frenchman Flat at Wells WW-C, WW-C1, TW-3, and 

ER-5-3 #2.  The data suggest a more rapid reduction in intrinsic permeability with depth than was 

assumed in the model, but some of this apparent reduction could be due to heterogeneity associated 

with the diverse structural settings in which the data were measured.  The estimated permeability for 

both the LCA and LCA3 are in good agreement with the data. 

The estimated permeability of HSUs that are considered to be confining units in Frenchman Flat are 

compared to the permeability measured on tuffs from Yucca Mountain and other older tuffs at federal 

facilities north of the NTS (Figure 6-76).  The estimated permeability of the LTCU, UTCU, and VCU 

are near the low end of the measured permeability, but within the field measurements.  The estimated 

permeability of the WCU is in the center of the observed range based on field measurements.  The 

calibrated anisotropy for these units is between 3.6 and 10 (kh/kv), with the WCU having the greatest 

anisotropy ratio and the LTCU having the smallest.  The permeability estimated for the WCU may 

reflect the presence of numerous lava and breccia flows in this HSU in the western part of the model, 

which could make the WCU more conductive than other HSUs that are also classified as confining 

units (BN, 2005a, p. 4-19).  In view of its diverse assemblage of rock types, it may be reasonable that 

the permeability of the WCU is intermediate between that of aquifers and true confining units.  It is 

not surprising that the calibrated permeability values are at the lower end of the hydraulic test data for 

most of the confining units given that most hydraulic testing programs focus on the most transmissive 

intervals for pumping-scale aquifer tests. 
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Volcanic rocks that are generally considered to be aquifers in Frenchman Flat include welded tuffs 

(TSA and TM-WTA), vitric nonwelded tuffs (TM-LVTA and LVTA), and basaltic lava flows (BLFA).  

Flow through the welded tuffs and basalts is probably through fractures, whereas flow through the 

vitric, nonwelded tuffs, is probably through the matrix pores.  The estimated permeability of these 

HSUs are compared to NTS data for welded tuffs, nonwelded tuffs, and lavas taken primarily from 

Yucca Mountain and Pahute Mesa and to data measured in the Frenchman Flat area at ER-5-3 

(Figure 6-77).  Permeability measurements within the Frenchman Flat CAU model area were also 

measured at Wells WW-4 and WW-4A in CP basin.  A comparison with the data indicates that the 

model permeability estimates for the Timber Mountain tuffs (TM-WTA and TM-LVTA), TSA, and 

LVTA are in good agreement with the NTS area data.  The intrinsic permeability estimates for the 

BLFA are difficult to evaluate given that there are no site-specific data; however, basalt flows like the 

ones in northern Frenchman Flat should have little connected permeability (see Section 3.6.1).   

Table 6-8 indicates that the estimated fperm factors in the alternative calibration of the 

BASE-USGSD model spanned several orders of magnitude and included values both considerably 

greater than and considerably less than 1.  The lowest fperm factors were estimated for faults 

associated with the CP Hogback in the northwest part of the model (faults 11, 12, and 14-16) and for 

the Cane Spring fault (fault 3), which separates the CP basin from Frenchman Flat basin.  Conversely, 

faults in the LCA associated with the Rock Valley fault system (faults 21, 33, 34, 57, and 58) and 

faults 17 and 39 had estimated fperm factors that indicated these faults were significant conduits for 

groundwater (Table 6-8).  

In this model calibration, the Cane Spring fault has been further subdivided to allow the high heads at 

the flow model boundary and in CP basin to propagate through the region beneath CP Hogback to 

supply water to the Frenchman Flat basin.  The subdivision allows for the volcanic portion of fault 3 

to be opened in a narrow window north of fault 17 and south of fault 12.  The permeability multiplier 

for this portion of the fault is 62.1, thus allowing the water to move from CP basin to Frenchman Flat 

basin.  

The definition of faults 17 and 39 was modified to separate the fault nodes in the LCA from the fault 

nodes in the tuffs to differentiate the fault properties as a function of HGU.  The LCA nodes in these 

faults were then assigned a relatively high-permeability multiplier to enhance drainage in this portion 
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of the LCA, thus maintaining the simulated heads low enough to lower modeled heads in southern 

Yucca Flat at WW-C1 to improve the model agreement to the observations.  Further, fault 39 is 

defined as two separate faults north and south from where it is intersected by fault 17 (see 

Appendix D).  In the volcanic aquifers, the northern portion of this fault is assigned a 

higher-permeability multiplier (447), while the southern portion is assigned a lower multiplier 

(0.004).  This was necessary to maintain the hydraulic heads in the OAA of the northern testing area.

The final permeabilities in the alternative calibration of the BASE-USGSD flow model depend on the 

values estimated for the reference permeability of the individual HSUs, the assumed depth-decay 

coefficients applied to the HSUs, and the permeability changes imposed by the presence of the faults, 

as implemented through the fperm factors (Table 6-8).  Figure 6-78 shows the calibrated permeability 

at the water-table surface, and Figures 6-79 and 6-80 show west-east cross sections of calibrated 

permeability values at the central and northern testing areas, respectively.  The combined effects of 

the spatial distribution of HSUs, the depth decay in permeability, and the overprint of permeability 

changes associated with faults serve to create a complex distribution of permeability within the flow 

model.  The distribution of permeability in plan view (Figure 6-78) shows that the central part of the 

Frenchman Flat basin is surrounded on the north, east, and south by a zone of low permeability that 

corresponds to the confining units that line the deepest parts of the basin and rise up along the flanks 

of the basin to intersect the water table (Figures 6-79 and 6-80).  This zone of lower permeability rock 

separates the basin from the regional flow system that is dominated by much more permeable LCA 

that lies outside of and beneath the Frenchman Flat basin.  The higher permeability estimated for the 

WCU compared to the other confining units (Figure 6-76) allows a significantly stronger hydraulic 

connection between the central part of Frenchman Flat and the CP basin and Wahmonie Hills to the 

west (Figure 6-79). 
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Table 6-8
Summary of Reference Permeability Values 

and Fault Permeability Multipliers for the Alternative Calibration 
of the BASE-USGSD Flow Model

 (Page 1 of 3)

HSU Permeability at Ground 
Surface - log k0 (m2)

Calibrated Anisotropy Ratios 
(kh/kv)

AA -11.41 22.90
PCU -14.50 22.90
BLFA -12.00 1
OAA -11.96 22.90

PCU1L -11.00 22.90
PCU1U -11.00 22.90
TM-WTA -9.10 13.32
TM-LVTA -9.25 13.32

UTCU -12.00 13.32
TSA -10.09 13.32
LVTA -10.50 13.32
LTCU -13.10 3.60
WCU -11.37 10.00
VCU -12.81 5.34
LCA3 -11.00 1
UCCU -13.50 13.32
LCA -10.93 1

Fault Number Fault Permeability Multipliers

1 0.3
2 345.30
3 5.51E-07
4 500.0
5 500.0
6 10.0
7 1.0
8 100.0
9 10.0
10 100.0
11 1.0E-05
12 1.0E-05
13 10.0
14 1.0E-05
15 1.0E-05
16 5.0E-04
17 1.32
18 122.78
19 150.0
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Fault Number Fault Permeability Multipliers

20 150.0
21a 400.0
22 1.0
23 1.0
24 1.0
25 1.0
26 10.0
27 10.0
28 10.0
29 10.0
30 200.0
31 10.0
32 10.0
33a 6.24
34a 1.56
35 1.0
36 1.0
37 1.0
38 5.0

39sb 4.44E-03
40 0.1
41 0.1
42 0.1
43 0.1
44 0.1
45 0.1
46 14.93
47 98.15
48 0.1
49 0.1
50 0.1
51 4.66E-02
52 0.1
53 0.1
54 0.1
55 0.1
56 0.1
57a 31.1

Table 6-8
Summary of Reference Permeability Values 

and Fault Permeability Multipliers for the Alternative Calibration 
of the BASE-USGSD Flow Model

 (Page 2 of 3)
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Fault Number Fault Permeability Multipliers

58a 112.8
59 3.6
60 3.6
61 2.45
62 3.65
63 10.0
64 3.6
65 3.6
66 3.6
67 3.6
68 3.6
69 3.0
70 3.6
71 3.6
72 2.37
73 3.6
74 1.0
75c 1.02
76 1.0
78 1.0
17ld 100.38
39nb 446.96
39le 339.08
34lf 16.60
33lf 18.67
3tg 62.15

Notes:  Faults not shown have a permeability multiplier value that is close to 1 (0.95 to 1.05).

aThe Rock Valley fault system (faults 21, 33, 34, 57, and 58) have different properties only through the LCA.  These faults 
are neutral throughout all other HSUs.
bFaults 39n and 39s are, respectively, the northern and southern parts of fault 39 defined above the LCA in the volcanic
   HSUs.
c Fault 75 is the northern part of the Cane Spring fault (fault 3).
d Fault 17l is the part of fault 17 in the LCA.  It has a relatively high-permeability multiplier to enhance drainage in that part of
   the LCA, thus maintaining the simulated heads low enough to match the observed LCA water levels in southern Yucca
   Flat at WW-C1.
e Fault 39l includes all the nodes in fault 39 in the LCA only.
f Faults 33l and 34l are  the nodes in faults 33 and 34 in the LCA only.
g Faults 3t is the top part of fault 3 (above the LCA).

Table 6-8
Summary of Reference Permeability Values 

and Fault Permeability Multipliers for the Alternative Calibration 
of the BASE-USGSD Flow Model

 (Page 3 of 3)
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Figure 6-74
Estimated Versus Measured Intrinsic Permeability of AA for the 

Alternative Calibration of the BASE-USGSD Model
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Estimated Versus Measured Intrinsic Permeability of the LCA 
for the Alternative Calibration of the BASE-USGSD Model
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Estimated Versus Measured Intrinsic Permeability of Aquitard HSUs  
for the Alternative Calibration of the BASE-USGSD Model
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Estimated Versus Measured Intrinsic Permeability of VAs 
for the Alternative Calibration of the BASE-USGSD Model



Section 6.0

Phase II Groundwater Flow Model of CAU 98: Frenchman Flat, Nye County, Nevada

6-139

Figure 6-78
Calibrated Permeability at the Water Table for the 
Alternative Calibration of the BASE-USGSD Model
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Figure 6-79
West-East Section of Calibrated Permeability at the Central Testing Area for the Alternative Calibration of the BASE-USGSD Model
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Figure 6-80
West-East Section of Calibrated Permeability at the NorthernTesting Area for the Alternative Calibration of the BASE-USGSD Model
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6.5.7.5 Estimated Groundwater Flow Paths

Figure 6-81 shows the trajectory of particles initially located near test locations in the northern and 

central testing areas.  The particle tracks are colored based on HSU and reflect the advective water 

movement through the CAU model.

Near the northern test area, particle movement reflected the complex distribution of permeabilities in 

northern Frenchman Flat.  Particles starting beneath the NEW POINT, DERRINGER, DIANA 

MOON, and MINUTE STEAK test locations indicate movement to the northeast through the OAA 

and tuffs and to the southeast through the OAA into the AA (Figure 6-81).  The flow conditions in the 

vicinity of these tests are not enhanced due the properties of nearby faults (see faults 35, 36, 45, 50, 

51, 54 and 55), all of which have fperm factors of 1 or 0.1 (Table 6-8).  The groundwater flow paths 

seem to be dominated by the influx of water along the northwestern edge of the Frenchman Flat 

basin-fill units from water moving from CP basin across the Cane Spring fault in the volcanic HSUs.

The trajectory of particles starting near the PIN STRIPE test is eastward within the TSA and LVTA 

(Figure 6-81).  As shown in Figure 6-78, the TSA and LVTA create an arcuate band of higher 

permeability where they intersect the water table along the northern flank of the Frenchman Flat 

basin.  This band of higher permeability creates a strong hydraulic connection in the model between 

the higher hydraulic heads in the CP basin to the west and locations beneath the PIN STRIPE test in 

the northern testing area.  The higher hydraulic heads adjacent to the western part of the CP basin 

(Figures 6-67 and 6-68) cause groundwater to flow eastward through the LTCU toward a major fault 

in the Rock Valley fault system (fault 33) and enter the LCA.  

In the central testing area of Frenchman Flat, groundwater flow is substantially less complex than in 

the northern testing area.  The movement of particles initially located near the water table near the 

CAMBRIC test cavity and beneath the DILUTED WATERS and WISHBONE test locations indicate 

that groundwater flow out of the central testing area will be through the alluvium toward the 

southeast.  Eventually, these particles will encounter the Rock Valley fault system and exit the flow 

system along the southern part of the western boundary of the model.   
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Figure 6-81
Particle Tracks Starting Near the Underground Nuclear Tests for the 

Alternative Calibration of the BASE-USGSD Model
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6.5.8 Summary of Model Boundary Condition Uncertainty Analysis

This section presents results from seven flow models where boundary condition uncertainty was 

evaluated.  The two alternative HFMs that are most distinctly different based on calibration with the 

USGSD boundary conditions (BASE and CPBA HFM alternatives) were combined with the DRIA-, 

MME-, and DVRFS-boundary conditions.  These alternatives were used to bound the uncertainty in 

the CAU flow system resulting from variations in boundary conditions that were determined through 

the use of two regional groundwater flow models.  Because areal recharge provides limited water flux 

into the top of the Frenchman Flat CAU flow model domain, differences among the boundary heads 

and boundary fluxes dominated the effects of boundary condition uncertainty on the flow field.  An 

additional analysis documenting an alternative approach to boundary head adjustments was used to 

evaluate additional uncertainty in the calibrated flow field arising from the calibration approach.  

There is an almost unbounded range of combinations of alternative boundary conditions that could be 

proposed and evaluated through flow calibration and sensitivity analysis.  The combination of the 

calibration results of Section 5.0and the uncertainty evaluation of Section 6.0 likely bound the range 

of expected model responses and particle track results.  These flow model results form a foundation 

that will be carried forward into transport modeling to evaluate the significance of model 

conceptualization and pathway variation on the location of the contaminant boundary.

Results from the MME boundary conditions using the BASE HFM and CPBA HFM are most similar 

to the BASE-USGSD model and provided the best overall match to the hydraulic head calibration 

data (Table 6-6).  The simulated head in both models at Well ER-5-3 #2 is lower than heads measured 

in the overlying alluvium and tuffs at nearby Wells ER-5-3 and ER-5-3 #3.  This signifies that the 

observed downward head gradient between the alluvium and LCA in northern Frenchman Flat is 

captured in these models.  Groundwater flow paths near NEW POINT, DIAGONAL LINE, DIANA 

MOON, and MINUTE STEAK test locations indicate primarily southward flow.  The groundwater 

flow path at the northern edge of Frenchman Flat basin appeared to be dominated by eastward 

advection.  Simulated hydraulic heads in the central part of Frenchman Flat decline gently toward the 

southeast in both models, as was observed in the BASE-USGSD model, indicating that shallow 

groundwater flow out of central Frenchman Flat will also be in this direction. 
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Results using the DVRFS regional model-derived boundary conditions using the BASE HFM and 

CPBA HFM are the most dissimilar to the BASE-USGSD model.  These models provided as good a 

fit as other models to both the hydraulic head at the observations and boundary flows (Table 6-6).  

However, the simulated head in LCA for both models was higher than heads measured in the 

overlying alluvium and tuffs at the ER-5-3 well cluster.  This indicates an upward head gradient 

between the alluvium and LCA, contrary to the both hydraulic head data and the conceptual 

understanding of the Frenchman Flat CAU flow system (Section 3.0).  Lateral groundwater flow 

paths in the volcanic HSUs and basin-fill units did not appear to be impacted by the upward gradient 

as evidenced by the good match of the model to the hydraulic head data, and the randomly positive 

and negative residuals throughout the Frenchman Flat basin.  Groundwater flow paths in the central 

testing area are similar to models with the USGSD- and MME-boundary conditions.  The 

groundwater flow path at the northern edge of Frenchman Flat basin appeared to be dominated by 

eastward advection, as observed for the USGSD- and MME-model calibrations, but flow paths 

simulated using the DVRFS-boundary conditions indicated water conductance was from the LVTA 

into the TM-WTA rather than into the LTCU.  

Given the consistency in groundwater flow paths generated by both the DVRFS- and MME-boundary 

conditions in the BASE HFM and CPBA HFM, the variation between these HFMs when they are 

calibrated using the DRIA boundary conditions is striking.  For the CPBA-DRIA, the simulated head 

in LCA was higher than hydraulic head measured in the overlying alluvium and tuffs at the ER-5-3 

well cluster.  This indicates an upward head gradient between the alluvium and LCA, contrary to the 

local data and the conceptual understanding of the Frenchman Flat CAU flow system (Section 3.0).  

For the BASE-DRIA calibration, there is a slight downward gradient in the vicinity of the ER-5-3 

well cluster between the alluvium and LCA.  Groundwater flow paths simulated by the BASE-DRIA 

model in the northern testing area are similar to those observed in the BASE-DVRFS model.  

Groundwater flow paths in the central testing area for both the BASE-DRIA and CPBA-DRIA 

models indicate lateral flow in the alluvium to the southeast.

An alternative approach to boundary head modifications used to evaluate the BASE-USGSD model 

demonstrates that flow paths are similar to those generated during the boundary condition uncertainty 

analysis using alternative recharge distributions, boundary heads, and boundary flows.  To improve 

the model simulation of observed heads in the LCA, a hydraulic connection in the volcanic units of 
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CP basin and Frenchman Flat basin was established to route the water from areas of higher head 

(CP basin) into the basin-fill material of Frenchman Flat basin.  Heads on the boundary adjacent to 

CP basin were modified to greater than 1,000 m amsl, which is significantly higher than the observed 

head in these units within CP basin, to establish and maintain hydraulic heads in Frenchman Flat 

basin.  Although the calibrated HSU permeabilities and hydraulic head simulations match the data 

very well, this large change in boundary heads suggests that this connection may not be plausible.  

Advective particle tracks show a strong eastern component of flow in the northern testing area.  

Particle trajectories in the central testing area were very similar to those observed in other calibrated 

flow models.  The general orientation of flow paths appears to be within the range of the other 

calibrated flow models that were used to evaluate either boundary condition, HFM, or discrete 

uncertainty.  Further consideration will be given to this flow model during transport calculations to 

determine whether the flow field demonstrates different transport behavior within the time of interest 

given reasonable transport parameters.  

Overall, the boundary condition uncertainty analyses indicate that groundwater flow paths in the 

central testing area are similar among the calibrated flow models, but that the flow paths in the 

northern testing area are more sensitive to changes in boundary conditions than changes in HFM.

6.6  Constant Permeability with Depth Uncertainty Analysis

A review of the literature demonstrates that depth decay in permeability or hydraulic conductivity has 

been recognized for decades by investigators in many geologic environments and has also been 

routinely adopted in groundwater modeling studies.  This reduction in permeability with depth has a 

sound technical basis.  Initial depth-decay relationships based on site-specific data are valuable 

starting points for model parameterization that can then be modified during model calibration.  An 

in-depth literature review and discussion of the technical basis for permeability depth decay is 

presented in Appendix B.

For the Frenchman Flat CAU flow model, depth decay was applied to all alluvial, volcanic, and 

carbonate units.  Mean depth-decay coefficients reported by IT (1996d) for alluvial, carbonate, and 

volcanic aquifers were selected for use in the Frenchman Flat flow model (Table 3-6).  The larger the 

depth-decay coefficient, the more rapidly hydraulic conductivity (or intrinsic permeability in the case 

of the FEHM-based CAU-scale models) decreases with depth.  Thus, based on the depth-decay 



Section 6.0

Phase II Groundwater Flow Model of CAU 98: Frenchman Flat, Nye County, Nevada

6-147

coefficients in Table 3-6, the permeability of the alluvium decreases more rapidly with depth than that 

of either the volcanic or carbonate rocks.

Sufficient site-specific data to evaluate depth decay in permeability do not exist for HSUs other than 

the AA and OAA, and these data do not clearly support the use of depth decay in the alluvium of 

Frenchman Flat (Figure 3-10).  Although the permeability data from Frenchman Flat alone do not 

clearly support the use of depth decay in permeability, SNJV (2004d) reported that some of the 

apparent scatter in hydraulic conductivity measurements was due to differences in the interpretation 

of the mean depths of the test intervals, and to differences in the assumptions and methods used to 

interpret the test response.  Thus, at least some of the scatter in the AA data from Frenchman Flat 

represents uncertainty associated with the test interpretations and not heterogeneity associated with 

depositional processes.  As discussed in Section 3.6.3.1, the continued use of depth decay for the 

permeability of the AA in Frenchman Flat is supported by an analysis of borehole flow log data from 

Well ER-5-4, which demonstrates that depth decay is required to explain the vertical variations in 

flow rates measured at that well. 

The fact that some of the scatter in the Frenchman Flat permeability data for the AA is attributable to 

uncertainty surrounding assumptions in the analysis methods, rather than to heterogeneity, combined 

with strong evidence from the re-analysis of the NTS data and the ER-5-4 flow log, demonstrates that 

depth decay should be considered for the AA (and other HSUs) in Frenchman Flat.  For these reasons, 

the conceptual model for the flow system in Frenchman Flat continues to regard depth decay (with 

the decay coefficients listed in Table 3-6) as a likely conceptual model; however, this section 

documents a Frenchman Flat CAU model calibration that eliminates depth decay in the AA and OAA 

HSUs in order to understand the impact of the depth-decay model parameterization on the calculated 

flow paths in the Frenchman Flat CAU model.  

6.6.1 Calibration Approach

The BASE-USGSD flow model documented in Section 5.5 was selected as the starting point for a 

calibration with constant permeability assigned to the AA and OAA HSUs.  These HSUs were 

selected because of the scatter in the site-specific data and because these units will be important in the 

transport analysis for the Frenchman Flat CAU.  The calibrated parameters for the BASE-USGSD 

model were assigned to all HSUs in this model, but the depth-decay coefficients for the AA and OAA 
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were set to zero, thus eliminating any change in permeability with depth in the model.  The model 

calibration proceeded using the same approach described in Section 5.0.  While maintaining the 

calibrated values from the BASE-USGSD model for the volcanic units and carbonate aquifers, model 

calibration was initially focused on only adjusting the permeability of the AA and OAA HSUs.  

However, attempts to maintain the permeability of these units within the range of the observed data 

while matching observed heads proved to be unsuccessful.  For these model analyses, hydraulic heads 

in the AA were consistently below the observed head by approximately 4 m.  Additional calibration 

attempts were focused on assigning a reasonable value of anisotropy to the AA and OAA; however, 

these model calibrations also failed to maintain high-enough heads in the basin-fill units 

(approximate error was 2 m).  After both of these approaches proved unsuccessful, a full calibration 

was initiated where the permeability of all HSUs and all faults were carefully examined and adjusted 

manually or by using PEST in a piecemeal fashion.  The sections below document the calibration of 

the BASE HFM with the USGSD boundary conditions with no depth decay in the AA and OAA, but 

using depth decay in the other HSUs within the flow model domain.  

6.6.1.1 Simulated Hydraulic Heads for the BASE-USGSD with No Depth Decay in the 
AA and OAA Flow Model

The simulated hydraulic heads produced by the calibrated model are shown in Figure 6-82 for the 

water table.  Figures 6-83 and 6-84 show cross sections through the calibrated head fields.  Horizontal 

hydraulic gradients within the northern and central testing areas of Frenchman Flat are fairly flat.  

Although hydraulic heads in the CP basin are approximately 100 m higher than those in Frenchman 

Flat, hydraulic gradients within each of these two areas are relatively flat, and most of the head loss 

between the CP basin and Frenchman Flat coincides with the Cane Spring fault.  The movement of 

water in the volcanic aquifers and confining units across the Cane Spring fault is one of the main 

sources of water for the OAA in northern Frenchman Flat.  Hydraulic heads are slightly higher in the 

volcanic HSUs on the west side of the basin and decrease to east.  The majority of head loss between 

the OAA and the LCA occurs over the thick LTCU.  The observations are consistent with the 

BASE-USGSD flow model documented in Section 5.5.

Simulated hydraulic heads in the central part of Frenchman Flat decline gently toward the southeast 

(Figure 6-82), indicating that shallow groundwater flow out of central Frenchman Flat will also be in 

this direction.  This decrease of the hydraulic heads in the AA toward the southeast occurs as the 
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LTCU and VCU thin toward the edges of the basin.  In the central portion of Frenchman Flat, the 

heads are higher in the WCU on the western edge of the model, likely indicating throughflow from 

the Wahmonie Hills (Figure 6-84).  These higher heads decrease along the west flank of the basin-fill 

units as a result of a fault and the pinching out of the WCU into LTCU (Figure 6-84). 
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Figure 6-82
Water-Table Contours for the BASE-USGSD Model with No 

Permeability Depth Decay in the AA and OAA
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Figure 6-83
West-East Cross Section of Simulated Heads at the Northern Testing Area for the BASE-USGSD Model with No Permeability Depth Decay in the AA and OAA
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Figure 6-84
West-East Cross Section of Simulated Heads at the Central Testing Area for the BASE-USGSD Model with No Permeability Depth Decay in the AA and OAA
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6.6.1.2 Hydraulic Head and Flux Residuals

The groundwater fluxes calculated along the perimeter of the Frenchman Flat model domain with the 

UGTA regional model are compared to the fluxes calculated with the CAU flow model in 

Figure 6-85.  The net fluxes are in good agreement along each of the boundaries (Figure 6-85). 

Simulated hydraulic heads are compared to the measured hydraulic heads that were used as 

calibration targets in Figure 6-86, and plots of posted weighted residuals are shown in Figure 6-87. 

Figure 6-86 shows that the simulated heads within Frenchman Flat generally agree with the measured 

heads to within the estimated uncertainties, but somewhat larger residuals exist at Wells ER-5-3 #2, 

WW-5A, WW-5B, WW-5C, WW-C, WW-C1, and UE-5c Water Well (Upper and Lower).

• The simulated head at Well ER-5-3 #2 is higher than the heads measured in the LCA at this 
well.  The hydraulic head at this location is very uncertain because water levels have not 
stabilized to allow determination of a static water level (see Appendix A).  The simulated head 
at Well ER-5-3 #2 is, however, lower than heads measured in the overlying alluvium and tuffs 
at nearby Wells ER-5-3 and ER-5-3 #3.  This signifies that the observed downward head 
gradient between the alluvium and LCA in northern Frenchman Flat is captured in the model, 
but that its magnitude maybe less than the observed vertical gradient.

• The simulated hydraulic heads at Wells WW-5A, WW-5B, and WW-5C are about 1 m too low 
or too high compared to the measured heads at these wells.  The relatively low hydraulic head 
reported for Well WW-5C relative to heads measured at Well WW-5B to the north and Well 
WW-5A to the south suggests that local changes in permeability may be important in this area 
of the model.  The low simulated head at WW-5A indicates that any gradient along the edge of 
the alluvial basin into the LCA may be overpredicted in this model.

• Simulated heads in the LCA at Well WW-C and WW-C1 in the northwest corner of the 
Frenchman Flat model exceed the measured heads at these wells by several meters.  This 
portion of the model is structurally complex and is not well represented by the flow model.    
Model boundary heads have not been modified in the area adjacent to WW-C and WW-C1 in 
this calibration and may contribute to the error in this portion of the model.   

• The residuals at Well UE-5c WW in the Upper and Lower completion suggest that the heads 
along the western flank of the alluvial basin are being overpredicted.  The Lower completion 
of Well UE-5c WW is in the LTCU and this high residual may be indicative of the need to 
pressurize the LTCU to maintain the heads in the AA and OAA higher than the LCA, which 
lies beneath the LTCU.  
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The plot of posted weighted residuals associated the BASE-USGSD flow model with no permeability 

depth decay in the AA and OAA is shown in Figure 6-87.  Figure 6-87 shows that weighted residuals 

along the western edge of the alluvial basin tend to be high and that residuals at the north edge of the 

alluvial basin are low (UE-11a and UE-11b).  This suggests that there may be a spatial bias in the 

simulated heads relative to the measured heads.

Table 6-9 shows the metrics that characterize the goodness of fit associated with the calibration of the 

BASE-USGSD flow model with no permeability depth decay in the AA or OAA.  The table lists the 

mean-weighted error, maximum and minimum weighted residuals, the error variances and standard 

deviations, and the contributions to the objective function associated with water-level and flux target 

data for the model.  The negative mean-weighted residual calculated for the water levels (-0.54 m) 

reflects that there is a slight bias in the model calibration from overestimating WW-C, WW-C1, 

ER-5-3 #2 and UE-5c WW.  As indicated by Figure 6-88, the weighted residuals are approximately 

normally distributed around zero.
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Figure 6-85
Groundwater Fluxes Simulated by the UGTA Regional Model and the 

Calibration of the BASE-USGSD Flow Model with No Permeability Depth Decay in the AA and OAA

Note: Flow into the model is negative; flow out of the model is positive
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Figure 6-86
Observed Versus Simulated Well Head - Calibration of the BASE-USGSD Flow Model 

with No Permeability Depth Decay in the AA and OAA
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Figure 6-87
Spatial Distribution of Weighted Residuals for the BASE-USGSD Model Calibration 

with No Permeability Depth Decay in the AA and OAA
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Table 6-9
Summary Calibration Statistics for the Calibration of the BASE-USGSD Flow Model 

with No Permeability Depth Decay in the AA and OAA
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6.6.1.3 Estimated Hydraulic Parameters

The estimated hydraulic parameters in the model calibration include the reference and constant 

permeabilities of the HSUs in the model, the calibrated values of anisotropy, as well as the 

permeability modification factors (fperm) associated with the faults in the model.  Table 6-10 lists the 

reference permeabilities and fperm factors estimated from the BASE-USGSD with no permeability 

depth decay in the AA and OAA.  The permeability of the HSUs estimated from the parameter 

calibration are shown as a function of depth and compared against intrinsic permeability data from 

Frenchman Flat and the general NTS area in Figures 6-89 through 6-92.  The vertical extent of each 

line on these figures indicates the range of depth for this HSU in the flow model. 

The estimated permeabilities of the AA and OAA with no permeability decay with depth in the 

calibration of the BASE-USGSD flow model are compared to permeability measured in Frenchman 

Flat and in the general vicinity of the NTS in Figure 6-89.  The data from Frenchman Flat include 

data from the alluvium at Well ER-5-3 #3 near the northern testing area; Wells RNM-1, RNM-2, 

RNM-2s, and ER-5-4 near the central testing area; and Wells WW-5A, WW-5B, and WW-5C slightly 

to the south of the central testing area.  The estimated permeabilities are at the low end of the data 

range.  The calibrated permeability value for the OAA matches the one data point measured in this 

unit at ER-5-3 #3.  The calibrated permeability for the AA falls in the center of the MWAT data from 

the ER-5-4 well cluster.  This model calibration was achieved, in part, by adjusting the anisotropy of 

the basin-fill HSUs.

Model simulations without changes to the anisotropy of the AA and OAA were unable to match 

observed hydraulic heads in these HSUs.  The anisotropy of these basin-fill HSUs was increased 

during model calibration from 2 in the BASE-USGSD model to 125 (kh/kv).  This value is within the 

range of anisotropy ratios reported for the MWAT at RNM-2s (see Section 3.6.2.3.4 for a complete 

discussion of anisotropy). 

The estimated hydraulic conductivity of the LCA and LCA3 HSUs are compared to the permeability 

data for the carbonate aquifer in Figure 6-90.  The data include measurements both on and adjacent to 

the NTS, and data from the vicinity of Frenchman Flat at Wells WW-C, WW-C1, TW-3, and 

ER-5-3 #2.  The data suggest a more rapid reduction in intrinsic permeability with depth than was 

assumed in the model, but some of this apparent reduction could be due to heterogeneity associated 
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with the diverse structural settings in which the data were measured.  The estimated permeability for 

both the LCA and LCA3 are in good agreement with the data. 

The estimated permeability of HSUs that are considered to be confining units in Frenchman Flat are 

compared to the permeability measured on pre-Crater Flat tuffs from the Yucca Mountain and other 

older tuffs at federal facilities north of the NTS (Figure 6-91).  The estimated intrinsic permeability of 

the LTCU and VCU are near the low end of the range of intrinsic permeability.  The estimated 

permeability of the WCU is in the center of the observed range based on field measurements.  It is not 

surprising that the calibrated permeability values are at the lower end of the hydraulic test data for 

most of the confining units given that most hydraulic testing programs focus on the most transmissive 

intervals for pumping-scale aquifer tests. 

Volcanic rocks that are generally considered to be aquifers in Frenchman Flat include welded tuffs 

(TSA and TM-WTA), vitric nonwelded tuffs (TM-LVTA and LVTA), and basaltic lava flows (BLFA).  

Flow through the welded tuffs and basalts is probably through fractures, whereas flow through the 

vitric, nonwelded tuffs is probably through the matrix pores.  The estimated permeability of these 

HSUs are compared to NTS data for welded tuffs, nonwelded tuffs, and lavas taken primarily from 

Yucca Mountain and Pahute Mesa and to data measured in the Frenchman Flat area at ER-5-3 

(Figure 6-92).  Intrinsic permeability measurements within the Frenchman Flat CAU model area were 

also measured at Wells WW-4 and WW-4A in CP basin.  A comparison with the data indicates that 

the model permeability estimates for the Timber Mountain tuffs (TM-WTA and TM-LVTA), TSA, 

and LVTA are in good agreement with the Frenchman Flat and NTS area data.  The permeability 

estimates for the BLFA are difficult to evaluate given that there are no site-specific data; however, 

basalt flows like these should have little connected permeability, which is consistent with the low 

permeability, of this unit in the model (see Section 3.6.1).   

Table 6-10 reports the estimated fperm factors in the calibration of the BASE-USGSD model without 

permeability depth decay in the AA or OAA.  These fperm factors spanned several orders of 

magnitude and included values both considerably greater than and considerably less than 1.  The 

lowest fperm factors were estimated for faults associated with the CP Hogback in the northwest part 

of the model (faults 11, 12, and 14-16).  The Cane Spring fault (fault 3), which separates the CP basin 

from Frenchman Flat basin is considerably more permeable in this model than in any other model of 
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the Frenchman Flat CAU.  Faults in the LCA associated with the Rock Valley fault system (faults 21, 

33, 34, 57, and 58) and faults 17 and 39 had estimated fperm factors that indicated these faults were 

significant conduits for groundwater (Table 6-10).  

The final permeabilities in the BASE-USGSD flow model with no permeability depth decay in the 

AA and OAA depend on the values estimated for the reference permeability of the individual HSUs, 

the assumed depth-decay coefficients applied to the HSUs, and the permeability changes imposed by 

the presence of the faults, as implemented through the fperm factors (Table 6-10).  Figure 6-93 shows 

the calibrated permeability at the water-table surface, and Figures 6-94 and 6-95 show west-east cross 

sections of calibrated permeability values at the central and northern testing areas, respectively.  The 

combined effects of the spatial distribution of HSUs, the depth decay in permeability, and the 

overprint of permeability changes associated with faults serve to create a complex distribution of 

permeability within the flow model.  The distribution of permeability in plan view (Figure 6-93) 

shows that the central part of the Frenchman Flat basin is surrounded on the north, east, and south by 

a zone of low permeability that corresponds to the confining units that line the deepest parts of the 

basin and rise up along the flanks of the basin to intersect the water table (Figures 6-94 and 6-95).  

This zone of lower permeability rock separates the basin hydraulically from the much more 

permeable LCA that lies outside of and beneath the Frenchman Flat basin.  The higher permeability 

estimated for the WCU compared to the other confining units (Figure 6-95) allows a significantly 

stronger hydraulic connection between the central part of Frenchman Flat and the CP basin and 

Wahmonie Hills to the west (Figure 6-95).                          
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Table 6-10
Summary of Reference Permeability Values and Fault Permeability Multipliers

for the BASE-USGSD Model with No Permeability Depth Decay in the AA and OAA
 (Page 1 of 3)

HSU Permeability - log k or k0  
(m2)

Calibrated Anisotropy Ratios 
(kh/kv)

AA -13.00 125
PCU -14.50 125
BLFA -12.00 1

OAA -13.50 125

PCU1L -11.00 2

PCU1U -11.00 2

TM-WTA -8.50 2

TM-LVTA -9.20 2

UTCU -12.00 2

TSA -11.00 2

LVTA -10.50 2

LTCU -13.50 66.67

WCU -11.88 2

VCU -13.00 2

LCA3 -11.00 1

UCCU -13.50 2

LCA -10.40 1

Fault Number Fault Permeability Multipliers

1 0.3

2 0.5

3 1.20E-01

4 1.0

5 1.0

6 1.0

7 1.0

8 1.06

9 1.0

10 0.88

11 1.0E-05

12 1.0E-05

13 1.0

14 1.0E-05

15 1.0E-05

16 5.0E-04

17 20.0
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Fault Number Fault Permeability Multipliers

18 15.0

19 1.0

20 1.0

21a 88.83

22 1.0

23 1.0

24 1.0

25 1.0

26 1.0

27 1.0

28 1.0

29 1.0

30 1.0

31 1.0

32 1.0

33a 150.85

34a 155.25

35 1.0

36 1.0

37 0.99

38 5.0

39 30.0

40 0.1

41 0.1

42 0.1

43 0.1

44 0.1

45 1.0

46 22.0

47 22.0

48 0.1

49 0.1

50 1.0

51 1.0

52 0.1

53 0.1

Table 6-10
Summary of Reference Permeability Values and Fault Permeability Multipliers

for the BASE-USGSD Model with No Permeability Depth Decay in the AA and OAA
 (Page 2 of 3)
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Fault Number Fault Permeability Multipliers

54 1.0

55 1.01

56 1.0

57a 31.05

58a 108.39

59 1.0

60 3.0

61 0.45

62 3.0

63 0.84

64 0.74

65 0.93

66 0.88

67 0.92

68 0.98

69 0.35

70 1.0

71 1.0

72 1.39

73 3.0

74 1.0

75b 1.0

76 1.0

78 1.0

aThe Rock Valley fault system (faults 21, 33, 34, 57, and 58) have different properties only through the LCA.  These 
faults are neutral throughout all other HSUs.

bFault 75 is the northern part of the Cane Spring fault (fault 3). 

Table 6-10
Summary of Reference Permeability Values and Fault Permeability Multipliers

for the BASE-USGSD Model with No Permeability Depth Decay in the AA and OAA
 (Page 3 of 3)
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6-165 Figure 6-89

Estimated Versus Measured Intrinsic Permeability of AA for the 
BASE-USGSD Model with No Permeability Depth Decay in the AA and OAA
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6-166 Figure 6-90

Estimated Versus Measured Intrinsic Permeability of the LCA 
 for the BASE-USGSD Model with No Permeability Depth Decay in the AA and OAA
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6-167 Figure 6-91

Estimated Versus Measured Intrinsic Permeability of Aquitard HSUs  
 for the BASE-USGSD Model with No Permeability Depth Decay in the AA and OAA
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Estimated Versus Measured Intrinsic Permeability of VAs 
 for the BASE-USGSD Model with No Permeability Depth Decay in the AA and OAA
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Figure 6-93
Calibrated Permeability at the Water Table for the BASE-USGSD Model with 

No Permeability Depth Decay in the AA and OAA
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Figure 6-94
West-East Section of Calibrated Permeability at the Central Testing Area for the BASE-USGSD Model with No Permeability Depth Decay in the AA and OAA
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Figure 6-95
West-East Cross Section of Calibrated Permeability at the Northern Testing Area for the BASE-USGSD Model with No Permeability Depth Decay in the AA and OAA
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6.6.1.4 Estimated Groundwater Flow Paths

Figure 6-96 shows the trajectory of particles initially located near test locations in the northern and 

central testing areas.  The particle tracks are colored based on HSU and reflect the orientation of 

advective water movement through the CAU model.

Particle movement in both the northern and central testing areas are very similar to the 

BASE-USGSD model.  Near the northern test area, particles originating in the OAA generally move 

from north to south until they reach the AA.  Once the particles starting beneath the NEW POINT, 

DERRINGER, DIANA MOON, and MINUTE STEAK test locations move into the AA, they move 

to the southeast until they reach the basin edge (Figure 6-96).  The groundwater flow paths seem to be 

dominated by the influx of water along the northwestern edge of the basin-fill units from water 

moving across the Cane Spring fault in the volcanic HSUs.

The trajectory of particles starting near the PIN STRIPE test is eastward within the TSA and LVTA 

(Figure 6-96).  As shown in Figure 6-93, the TSA and LVTA create an arcuate band of higher 

permeability where they intersect the water table along the northern flank of the Frenchman Flat 

basin.  This band of higher permeability creates a strong hydraulic connection in the model between 

the higher hydraulic heads in the CP basin to the west and locations beneath the PIN STRIPE test in 

the northern testing area.  This is similar to the particle movement in the BASE-USGSD model, 

however, the particles move through the volcanic aquifers into the LTCU in this model, rather than 

directly from the volcanic aquifers to the LCA, as was seen in the BASE-USGSD model.  In the 

BASE-USGSD model with no depth decay in the AA and OAA the higher hydraulic heads adjacent 

to the western part of the CP basin (Figures 6-83 and 6-84) cause groundwater to flow eastward 

through the LTCU toward a major fault in the Rock Valley fault system (fault 33) and enter the LCA. 

In the central testing area of Frenchman Flat, groundwater flow is substantially less complex than in 

the northern testing area.  The movement of particles initially located near the water table near the 

CAMBRIC test cavity and beneath the DILUTED WATERS and WISHBONE test locations indicate 

that groundwater flow out of the central testing area will be through the alluvium toward the 

southeast.  The observed particle pathways are very similar to the particle movement in the 

BASE-USGSD model.  Eventually, all of the particles will encounter the Rock Valley fault system 

and exit the flow system along the southern part of the western boundary of the model.   
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Figure 6-96
Particle Tracks Starting Near the Underground Nuclear Tests for the BASE-USGSD 

Model with no Permeability Depth Decay in the AA and OAA
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6.6.2 Summary of Constant Permeability with Depth Uncertainty Analysis

The reduction in permeability with depth has a sound technical basis.  However, uncertainty exists in 

permeability decay coefficients, and the potential impact of permeability changes on the steady-state 

modeled flow fields for the Frenchman Flat CAU.  Model calibration with permeability depth decay 

applied to volcanic and carbonate units, but not to the alluvium, was generally successful in matching 

the available head data within the constraints of the field-scale permeability data.  However, model 

calibration did require higher values of anisotropy in the OAA and AA than used in previous models.

The BASE-USGSD model with constant permeability in the AA and OAA has similar flow paths to 

other models used to bound conceptual model uncertainty of the Frenchman Flat flow system.  Thus, 

while there is uncertainty in the applicability of depth decay in the AA and OAA (the HSUs into 

which most of the underground nuclear test radionuclide source will be applied) as well as the value 

of the depth decay coefficients, the parameters required to calibrate the flow model in the absence of 

such effects do not greatly change the movement of groundwater.  In the areas near the underground 

nuclear testing, the model tends to overpredict heads in the tuff confining units and the LCA while 

underpredicting heads at the edges of the basin-fill units.  Assessment of radionuclide transport using 

realistic transport parameters will consider variability in the conceptual model of the flow system 

provided by this model calibration.



Section 7.0

Phase II Groundwater Flow Model of CAU 98: Frenchman Flat, Nye County, Nevada

7-1

7.0 PARAMETER SENSITIVITY ANALYSIS

The Frenchman Flat CAIP Addendum (NNSA/NSO, 2001) and general modeling protocol (ASTM 

D5611-94 Standard Guide for Conducting a Sensitivity Analysis for a Ground-Water Flow Model 

Application [ASTM, 1994a]) require analysis of flow model parameter sensitivity.  This section 

presents the sensitivity analyses. 

Two approaches to local parameter sensitivity analysis were implemented for the Frenchman Flat 

flow model.  In the first approach, parameter sensitivity and correlations were evaluated using PEST 

(Watermark Numerical Computing, 2004).  The PEST code calculates a sensitivity coefficient for 

each parameter with respect to all weighted observations.  This analysis is termed “local” because 

parameter values near the base calibrated value are investigated using only slight changes to 

parameter values.  The second approach involves perturbing each of the parameters over a range, one 

at a time, from a reference value and computing the corresponding change in the model output 

(Anderson and Woessner, 1992).  Parameter perturbation results are presented for five models:

• BASE HFM with USGSD recharge and boundary conditions (BASE-USGSD)

• BASE HFM with Death Valley Regional Ground-Water Flow System model recharge and 
boundary conditions (BASE-DVRFS)

• BLFA HFM with USGSD recharge and boundary conditions (BLFA-USGSD)

• DETA HFM with USGSD recharge and boundary conditions (DETA-USGSD)

• CPBA HFM with USGSD recharge and boundary conditions (CPBA-USGSD)

While sensitivity analyses are formally presented for the final calibrated models, such analyses were 

also carried out as an integral part of the calibration process.
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7.1 Parameter Sensitivity Analysis

Sensitivity coefficients, computed as the change in output divided by the change in input, reflect the 

slope of the input-output relationship at a reference point.  In the case of the sensitivity analysis 

presented here, the reference point refers to the parameter values at calibration.  These sensitivity 

coefficients are, therefore, indicative of the parameter sensitivity in the vicinity of the calibration 

point and apply only to the parameter range over which the input-output relationship is linear.  These 

sensitivities can be obtained quantitatively from the outputs of PEST (Watermark Numerical 

Computing, 2004), a non-linear parameter estimation code.  In the process of optimizing a nonlinear 

model, PEST calculates the Jacobian matrix.  The Jacobian matrix relates the model-calculated 

observations to the model input parameters where any element of the Jacobian matrix, Jij, describes 

the derivative of the i’th observation with respect to the j’th parameter.  Based on the Jacobian matrix, 

PEST calculates the composite sensitivity of each parameter with respect to all weighted 

observations.  The composite sensitivity of parameter i (si) is defined as:

(7-1)

where J is the Jacobian matrix; Jt is the transpose of the Jacobian matrix; Q is the cofactor matrix, an 

m-dimensional, square, diagonal matrix comprised of the squared observation weights; and m is the 

number of observations of non-zero weight (Watermark Numerical Computing, 2004).  In other 

words, the sensitivity coefficient for a given parameter is the weighted average of the derivatives of 

all the observations with respect to that parameter.

The Jacobian matrix is also manipulated to derive the covariance matrix, which in turn can be used to 

estimate parameter correlations and confidence limits.  The correlations and confidence limits are, 

themselves, subject to the same linearity constraint as sensitivity coefficients but still provide a useful 

semi-quantitative tool for understanding how model parameters interact and how the data support the 

model (Poeter and Hill, 1997). 

si
JtQJ jj

m
------------------------=
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To provide some estimate of the sensitivity of observations to all the adjustable parameters, PEST 

also calculates composite observation sensitivity.  The composite observation sensitivity of 

observation j (sj) is defined as:

(7-2)

where J and Q are the Jacobian and cofactor matrices, respectively, and n is the number of adjustable 

parameters (Watermark Numerical Computing, 2004).  While the observation sensitivities do not 

generally provide as much useful information in guiding model calibration as the parameter 

sensitivities, they may provide some insight into which observations are sensitive to many 

parameters. 

To describe the degree to which parameters are correlated to one another, PEST computes the 

correlation coefficient matrix.  The correlation coefficient matrix is a symmetric, n-dimensional, 

square matrix, ρij, where n is the number of adjustable parameters.  Each element of the matrix ρij 

represents the correlation between parameter i and parameter j.  The diagonal elements of the 

correlation coefficient matrix are always equal to 1 because a parameter is perfectly correlated with 

itself.  The off-diagonal elements range between -1 and 1 and, the closer the absolute value is to 1, the 

more highly (either directly or inversely) correlated the parameters are.  Again, these values are 

subject to the assumption of linear model input-output response near the reference point.

7.1.1 Results

Because the Frenchman Flat flow model has more than 100 adjustable parameters and fewer than 40 

observations, it is not feasible to calculate the full correlations among these parameters (the Hessian 

matrix is not invertible).  However, some useful information from parameter correlations can be 

calculated for a limited number of parameters.  The selection of parameters is subjective and is 

mainly guided by the experience gained throughout the model calibration process.  Based on this 

experience, 13 parameters were selected for analysis with PEST (Table 7-1).     

sj
Q JJ t
( ) jj

n
----------------------------=
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Of the parameters that were tested, the BASE-USGSD model was most sensitive to the depth-decay 

coefficient for the VCU (Table 7-1).  The permeability in the model is an exponential function of the 

depth-decay coefficient (λ) and reference permeability value (k0).  The correlation coefficient 

between these two parameters is 0.999 for the VCU (Figure 7-1), where a correlation coefficient 

of 1.0 indicates perfect correlation.  The depth-decay coefficients for the AA and TM-LVTA were 

also very sensitive, but the correlation between the AA decay coefficient and reference permeability 

was noticeably smaller at 0.163.  The reason for the lack of correlation between the decay coefficient 

and reference permeability for the AA is unknown.  Nonlinear and slight precision effects can make 

correlation coefficients unreliable (Hill, 1998).  The perturbation results indicate that the response of 

the model to the AA reference permeability is very nonlinear; thus, the results are to be considered 

approximate and limited by the conceptual model to understand the cause and effect reflected in the 

statistical analyses.  The lack of correlation may be the combined result of almost no response of the 

flux portion of the objective function to the reference permeability of the AA and the small decay 

coefficients resulting in very little change in permeability with depth for the alluvium.   The most 

sensitive reference permeability in the model is the LCA k0 (Table 7-1).  The reference permeability 

of the LCA is inversely correlated with fault 33 permeability multiplier (-0.91), one of the main Rock 

Valley faults.  Fault 33 acts as a major water conduit in the LCA along the eastern edge for the 

Frenchman Flat basin and directs water to the western boundary of the model.  The inverse 

Table 7-1
PEST Composite Sensitivity Coefficients for Select 

BASE-USGSD Model Calibration Parameters

HSU/Fault Parameter Adjusted Composite Sensitivity 
Coefficient

VCU λ 608.3

AA λ 127.3

TM-LVTA λ 73.9
LCA k0 8.3

Fault 21 (Rock Valley fault) Permeability multiplier 7.2
Fault 33 (Rock Valley fault) Permeability multiplier 1.8

VCU k0 1.1
WCU k0 0.9

Fault 39 (Basin fault) Permeability multiplier 0.8
AA k0 0.4

Fault 3 (Cane Spring fault) Permeability multiplier 0.3
LTCU k0 0.2

TM-LVTA k0 0.2
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correlation between these two parameters reflects their control on the water balance of the model.  

When permeability of the LCA increases, the conductivity of fault 33 must decrease to limit the 

routing of water to the western boundary of the model, where the majority of lateral outflow occurs.  

These faults were only adjusted in the LCA and had no expression in the volcanic or alluvium units 

and, therefore, limited correlation with permeability of these units (<0.3).  Within the group of 

parameters tested, the LCA wells and Rock Valley faults as reflected by the model boundaries did not 

have high composite sensitivity values.  It is likely that the low composite sensitivity values reflect 

the limited number of target observations in the LCA. 

Among the 13 parameters tested, the most correlated HSUs were the AA and VCU as well as the 

LTCU and WCU.  The AA and VCU are positively correlated, indicating that increasing or 

decreasing the permeability of these units results in similar model response.  The majority of target 

well observations in the flow model domain are located in the AA in the central portion of the 

Frenchman Flat basin.  The head at these targets is largely controlled by the permeability contrast 

between the AA and the VCU underlying the aquifers.  The LTCU and WCU reference permeability 

values are also highly correlated, but in this case, it is an inverse correlation.  This indicates that each 

Figure 7-1
PEST Parameter Correlations Greater than 0.9 for the 13 
Frenchman Flat CAU BASE-USGSD Model Parameters 
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of these units serves to offset the behavior of the other unit.  In all HFMs, the WCU is underlain by 

LTCU throughout the model domain.  In the BASE-USGSD model, the LTCU acts as a very tight 

confining unit, while the WCU has a more intermediate permeability, tighter than an aquifer but not 

quite as tight as a confining unit.  These units both introduced or maintained higher pressure in the 

AA compared to the LCA.  Attempts to decrease the difference in calibrated reference permeabilities 

during calibration caused water levels in the AA to be too low.  This result suggests that the gradient 

resulting from the low permeability of the LTCU was required to maintain pressure in the AA and 

OAA HSUs, thus greatly reducing the leakage of water from the basin-fill HSUs to the deep LCA 

regional flow system.   

The calibration target sensitivity values calculated by PEST are presented in Figure 7-2. The results 

indicate that the most sensitive of the targets is WW-5A, which is the southernmost head observation 

in the model domain.  During calibration, this target was particularly sensitive to the VCU 

permeability, which underlies the alluvium in this portion of the basin.  The next group of sensitive 

targets includes the ER-5-4 well cluster and Well UE-5n.  These wells are also located in the southern 

portion of the Frenchman Flat alluvial basin and are completed in the AA and LTCU.  During 

calibration, these wells were sensitive to the permeability difference of the WCU, and the 

permeability of the AA.  It is important to note that the targets in the LCA (including wells and 

boundary flows) are relatively insensitive to the parameters tested. This result is also consistent with 

the observation that heads at target locations in the AA and OAA have little sensitivity to the LCA 

because they are separated from the LCA by low permeability units (e.g., LTCU, VCU). 
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7.2 Parameter Perturbation Analysis 

A common metric of model calibration is the goodness-of-fit parameter called the objective function.  

The objective function, or PHI, is the sum of the squares of the weighted residuals:

(7-3)

where Φ is the objective function, w is the observation weight, r is the residual or difference between 

the simulated and measured values, and m is the number of observations of non-zero weight.  For the 

Frenchman Flat flow model, PHI can be divided into two components representing different types of 

calibration target data.  Head measurements at wells are described by the WELL component.  The 

FLUX component represents lateral boundary flow estimates from the UGTA and DVRFS regional 

models. 

In the perturbation analysis, input parameters were systematically increased and decreased while 

changes in the objective function, heads, and various fluxes were recorded.  Estimated standard 

deviations in HSU permeability (Section 5.5, Table 5-3) and depth-decay coefficient were available 

(Table 3-6).  It was assumed that these standard deviations were applicable in describing the 

uncertainty in the calibrated values of these parameters.  For each HSU permeability and depth-decay 

coefficient, six simulations were completed where the input value was perturbed up and down 

one-half, one, and two standard deviations from the calibrated value.  Because no reliable information 

is available for vertical anisotropies, fault permeability multipliers and the conductance of confining 

units at the lateral boundaries, they are perturbed over two orders of magnitude during the 

perturbation analysis. 

For the BASE-USGSD model, 17 k0 parameters, 16 depth-decay coefficients, 4 vertical anisotropies, 

more than 70 fault permeability multipliers, and 1 boundary conductance were varied.  This resulted 

in 115 parameters being evaluated.  Generating results for each perturbation case required 691 model 

runs.  In addition to the BASE-USGSD model, identical perturbation analyses were conducted for 5 

calibrated alternate models (BLFA-USGSD, DETA-USGSD, CPBA-USGSD, BASE-DVRFS, and 

CPBA-DVRFS), requiring an additional 3,455 simulations. 
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To investigate the sensitivity of the vertical component of the fault permeability multipliers, a 

perturbation analysis in which 75 vertical and 75 horizontal fault permeability multipliers were varied 

individually was also conducted for the BASE model.  This required 901 simulations.

Several different metrics of the model output were calculated.  For the objective function and the 

individual portions contributing to it, a simple difference (D) was used:

       D = Φsens  -Φcal (7-4)

where Φsens is the sensitivity simulation objective function and Φcal is the calibrated simulation 

objective function.  Similarly, a simple difference was applied to the simulated flux output.

For the output heads, an additional metric was also computed; the mean difference (MD) between the 

sensitivity simulated output and the calibrated simulated output heads at each of the target wells was 

calculated as:

(7-5)

where hsens,i is the perturbation simulation head at well i, hcal,i is the calibrated simulation head at well 

i, and n is the number of wells.  This metric describes more than the objective function components; 

the direction of the head change can also be assessed.  A positive value indicates that the sensitivity 

simulation has overall higher heads and a negative value has overall lower heads.  Similarly, the mean 

difference in the water-table elevation within the AA, the OAA, and the BLFA was calculated for the 

perturbation analysis by comparing the head at the topmost nodes for each of these HSUs.  A total of 

11 model-output metrics were investigated for each model run.  All data from these analyses are 

included in Appendix C.

Direct data on fault permeability in the flow model area are unavailable.  As a result, the majority of 

the calibration effort was focused on HSU permeability, and fault permeability was only adjusted to 

maintain the primary directions of boundary flows or to balance water levels at target locations in the 

Frenchman Flat and CP basins.  These changes to fault permeability were treated as calibration 

parameters.  The analysis of the perturbation results will, therefore, focus on the sensitivity of HSUs 

and a select group of faults that strategically controlled either boundary flows or hydraulic head in the 

central Frenchman Flat basin.
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7.2.1 BASE Hydrostratigraphic Framework Model and USGS with Redistribution 
Recharge (BASE-USGSD) Model

Sensitivity to HSU Reference Permeability (k0)

The objective function is most sensitive (within two standard deviations of calibration) to the 

permeability of the LCA.  The sensitivity is dominated by the effect of the LCA on boundary fluxes 

(or overall flow direction) (Figure 7-3), but the LCA k0 is also very important to the well portion of 

the objective function (Figure 7-4) by serving to maintain hydraulic heads in the deep portion of the 

model.  The flow model domain is dominated on all edges by the LCA.          

The well portion of the objective function is particularly sensitive to five other HSUs: the WCU, 

LTCU, VCU, LCA3 and AAs (Figure 7-4).  The LTCU and VCU effectively separate the Frenchman 

Flat alluvial basin from the deep carbonate rock aquifer system; therefore, these units serve a pivotal 

role in the flow model calibration by maintaining hydraulic heads in the shallower portions of the 

basin.  The AA sensitivity is dominated by the water-level observations at the target locations.  The 

separation of the AA flow system from the regional LCA is apparent in the limited influence of the 

AA on the boundary flux portion of the objective function (Figure 7-3). 

Because almost all of the underground nuclear testing in the Frenchman Flat basin was conducted at 

or near the water table, understanding the important hydrologic controls on the AA and OAA 

water-table elevations is paramount.  Sensitivity results focused on the AA water-table elevation 

demonstrate that increasing the AA k0 results in decreasing the elevation of the water table 

(Figure 7-5).  Also, increasing the Timber Mountain aquifers (TM-LVTA and TM-WTA) k0 results in 

an increase in AA water-table elevation, while increasing the reference permeability of the TSA 

results in a modest increase in the AA water-table elevation (Figure 7-5).  The water-table elevation 

of the AA is insensitive to all of the HSUs interfingered with the AA, including the BLFA, PCU1U, 

PCU1L, and PCU.  The water-table elevation is also insensitive to the OAA k0 (Figure 7-5).  Unlike 

the other volcanic aquitard units, which increase the AA water-table elevation as their permeability 

decreases, decreasing the permeability of the WCU results in a lower water-table elevation.  This may 

suggest that the water movement from the western edge of the model near the Wahmonie Hills and 

volcanic center is an important source of water to the alluvial basin, thus supporting one of the 

alternative conceptual models of alluvium flow: west-to-east flow.
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Figure 7-3
 FLUX Perturbation Plot for BASE-USGSD Model HSU Reference Permeability
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Figure 7-4
WELL Perturbation Plot for BASE-USGSD HSU Reference Permeability
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Figure 7-5
 Mean Head Difference for AA Water Table from HSU Reference Permeability Perturbation of BASE-USGSD Model 
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Sensitivity to Depth-Decay Coefficients (λ)

The depth-decay coefficients were not used as adjustable parameters during model calibration.  

However, it is still important to understand the model sensitivity to these parameters.  Boundary 

fluxes are only sensitive to the decay coefficient of the LCA.  This is consistent with the observations 

of boundary flux sensitivity to the permeability of the LCA, but not to other HSUs.  The overall effect 

of the depth-decay coefficient is not as strong as reference permeability; this simply reflects a smaller 

range of values over which the decay coefficient was perturbed.  The head portion of the objective 

function is most sensitive to the LCA decay coefficient, which is expected given its role in 

maintaining the water balance of the model (Figure 7-6).  For the volcanic units, the most sensitive 

decay coefficient is the VCU.  Almost no model sensitivity is observed for the other decay 

coefficients.  The model is generally insensitive to the decay coefficients of the shallow HSUs 

embedded in the AA and OAA because they are not sufficiently thick to have much permeability 

change with depth; however, increases or decreases in the decay coefficient for the AA result in a 

substantial increase in the well objective function (Figure 7-6).  The sensitivity of the model to the 

AA decay coefficient may reflect the significant depth and extent of this unit in the model area 

compared to the other HSUs and the presence of calibration data throughout the unit.     

Despite the lack of sensitivity of the objective function to the depth-decay coefficients used in the 

CAU model, the water-table elevation of the AA is sensitive to some of the decay coefficients within 

the error tolerance of the calibration (~0.5 m) (Figure 7-7).  The water-table elevation is sensitive to 

decay coefficients of units relatively deep in the flow system (especially the VCU and LCA), and not 

the decay coefficients used for the shallow AAs and VAs.  In the case of the VCU decay coefficient, 

the decrease in permeability with depth helps to maintain the pressure differential observed between 

the alluvial and volcanic units and the LCA.  The decay coefficient of the LCA is important to the 

overall behavior of the flow system because of the ubiquity and depth of the LCA.  Changes in 

hydraulic head due to increases or decreases in permeability directly impact the water balance of the 

model.  This, in turn, affects the heads in the alluvium. 
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Figure 7-6
 WELL Perturbation Plot for Depth-Decay Coefficients for BASE-USGSD Model
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Sensitivity of Fault Permeability - BASE-USGSD Model

Rock Valley faults - The Rock Valley fault group is a dominant feature in the LCA underlying 

Frenchman Flat.  These faults exert significant control on the regional direction of groundwater 

movement.  The flow model calibration is particularly sensitive to the easternmost faults 21 and 33 

(Figure 7-8 and Appendix C). The boundary flux portion of the objective function is highly sensitive 

to increases in fault 21 permeability multiplier.  Increases in fault 21 permeability multiplier cause 

increased flux through both the northern and western boundaries of the CAU flow model.  The 

sensitivity of the boundary flux decreases as the fault is tightened from its calibrated value, but is still 

greater than an 8,500 increase in the flux portion of the objective function with a decrease in fault 

permeability of half an order of magnitude.  Fault 33 does not intersect the northern boundary of the 

model, so fault 21 dominates the northern boundary flux.  Faults 60, 62, and 73 exhibit a threshold 

behavior where only increases in fault permeability greater than half an order of magnitude impact 

the objective function.  Decreasing the permeability of these faults results in little change. The effect 

Figure 7-7
 Mean Head Difference for AA from 

Depth-Decay Coefficient Perturbation of BASE-USGSD Model
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of the Rock Valley fault group on the well portion of the objective function is very different than 

observed for the boundary flux portion.  The magnitude of change to the WELL PHI is a much 

smaller than observed for the FLUX PHI (Figure 7-9).  Fault 33 has the greatest influence on the 

calibrated head targets (Figure 7-9); this fault tends to decrease the hydraulic head at the target 

locations with increases in the fault permeability multiplier, and increase the hydraulic head with 

decreases in the fault permeability multiplier.  Interestingly, not all faults have the same influence on 

water-table elevation.  Faults in the more central portion of the basin appear to decrease the 

water-table elevation when they are made more open, but faults along the southern edge of the model 

increase the water-table elevation in the AA.  This effect of the faults along the southern edge of the 

model suggests that reducing the permeability multiplier of these faults decreases the flux out of the 

model and therefore increases the pressure head throughout the model domain (Figure 7-9). 

Cane Spring fault - The Cane Spring fault separates the CP basin area in the northwestern portion of 

the model domain from the Frenchman Flat basin.  This fault has little bearing on the boundary fluxes 

computed in the CAU model, but it showed a pronounced effect on the hydraulic head portion of the 

objective function.  During calibration, the fault was separated into two sections: one south and west 

Figure 7-8
 FLUX Perturbation Plot for Rock Valley Fault 

Permeability Multipliers of BASE-USGSD Model 
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of the CP Hogback, and one north and east of the CP Hogback (Table D.1-1 and Figure D.1-1).  In the 

calibrated model, the southern section of the fault has much lower permeability than the surrounding 

rocks, while the northern portion of the fault was assigned a permeability greater than that of the 

surrounding rock.  Overall, the well portion of the objective function was observed to be very 

sensitive to changes in the fault permeability multiplier of the southern portion of the fault and 

showed almost no sensitivity to the permeability of the northern portion (Figure 7-10 and

Appendix D).  The lack of sensitivity to the northern portion near the calibrated value suggests that 

there is a threshold behavior of this portion of the fault.  During calibration, it was observed that if the 

entire fault were given a much lower permeability than the surrounding rocks, the modeled 

water-level elevation in the central portion of Frenchman Flat basin was lower than the observations.  

This indicated that a small flux from CP basin contributes to the water balance of the Frenchman 

Flat AA.       

Figure 7-9
 WELL Perturbation Plot for Rock Valley Fault Permeability 

Multipliers for BASE-USGSD Model
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Basin-bounding faults - The fault generally trending north to south along the western edge of the 

Frenchman Flat basin (fault 39) is important to the well portion of the objective function (Figure 7-11 

and Appendix D). During calibration, fault 39 seemed to be directing water that entered the model 

domain from the Wahmonie Hills along the western edge of the Frenchman Flat basin.  In addition, 

the well portion of the objective function was found to be sensitive to the permeability of fault 17 

(Figure 7-11), although it is considerably less sensitive than the permeability of fault 39, thus making 

Figure 7-11 somewhat deceiving.  This fault seemed to serve a similar role to that of fault 39, by 

directing water from southern Yucca Flat to the western edge of Frenchman Flat basin.

Anisotropy Sensitivity

The boundary flux portion of the objective function is most sensitive to the value of anisotropy 

selected for the lumped parameter used for the LCA, LCA3, and BLFA (Figure 7-12).  These HSUs 

were combined during the perturbation analysis because during calibration, the anisotropy ratio for 

these units was equal to 1.  Given the magnitude of change to the boundary flux portion of the 

objective function, it would seem that the sensitivity to anisotropy in this group is dominated by the 

Figure 7-10
 WELL Perturbation Plot for Cane Spring Fault Permeability Multipliers for 

BASE-USGSD Model
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LCA.  The anisotropy parameters for the volcanic and basin-fill materials have little influence on the 

boundary fluxes in the Frenchman Flat CAU model.      

The well portion of the objective function is most sensitive to the anisotropy of the VCU and the 

LTCU (Figure 7-12).  This observation is consistent with the observed sensitivity of the model to the 

permeability of these units (see Section 7.1.1).  Unlike the results for HSU reference permeability, 

however, the sensitivity of the LTCU anisotropy is a threshold response where decreasing the 

anisotropy value (increasing the difference in the vertical to horizontal conductivity) results in little 

change to the well portion of the objective function (Figure 7-12).  The hydraulic head at the target 

locations shows moderate sensitivity to the AA anisotropy.  Given the layered deposition pattern of 

the AA and OAA HSUs, the anisotropy of the AA is an essential component to appropriately model 

the flow in the basin-fill units.

Figure 7-11
 WELL Perturbation Plot for Other Basin-Forming Fault Permeability Multipliers for 

BASE-USGSD Model
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Figure 7-12
 WELL and FLUX Perturbation Plots for Grouped Anisotropy Values 

for BASE-USGSD Model
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BASE-USGSD Model Fault Vertical Anisotropy

The permeability multipliers of faults in the Frenchman Flat model area were calibrated using one 

multiplier for the x, y, and z directions.  The perturbation of the BASE-USGSD model was completed 

using this parameterization for the fault multipliers.  The model calibration may, however, exhibit 

different sensitivity to the calibrated permeability if the vertical permeability (z) is varied relative to 

the horizontal permeability (x and y).  The total objective function is most sensitive to the z-direction 

permeability of faults 39 and 21 (Appendix D).  The BASE-USGSD model is, however, more 

sensitive to changes in both of these faults when they were adjusted in all directions simultaneously.

Perhaps more important than model sensitivity is the insensitivity of the CAU model calibration to 

fault permeability multiplier values in the vertical direction.  When the model demonstrates no 

sensitivity to changes in z-direction permeability multiplier within two orders of magnitude, this may 

indicate an area of the model where vertical water migration down a fault is unconstrained by 

calibration data.  These areas of the model are particularly important to identify, so that any vertical 

pathways that may accelerate the migration of contaminants from underground nuclear tests can be 

properly evaluated.  Determining whether the model is truly insensitive to the vertical fault 

permeability is dependent not only on changes to the objective function, but also to changes to the 

modeled water table in the AA, OAA, and the hydraulic head at the targets.  Table 7-2 indicates which 

of the faults take one or more of the calibration metrics out of calibration tolerance.  Notice that many 

of the vertical fault permeability multiplier values have no effect on the calibration of the model.  

Many of the insensitive faults are located along the model edges where there are few target locations 

and where contaminant migration is unlikely (see Figures 2-13 and D.1-1 for fault locations).

7.2.2 BASE Hydrostratigraphic Framework Model and Death Valley Regional 
Ground-Water Flow System Recharge and Boundary Heads (BASE-DVRFS)

Despite the significant changes in the calibrated parameter values between the BASE-USGSD and 

the BASE-DVRFS models, the model response to parameter perturbations from the calibrated value 

were very similar.  The most significant change during calibration is the reference permeability (k0) of 

the LCA.  The boundary flux portion of the objective function for the BASE-DVRFS is considerably 

less sensitive to changes in the HSU reference permeability values than is observed for the 

BASE-USGSD model (Figure 7-13 compared to Figure 7-3).  The sensitivity is still dominated by the 
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effect of the LCA on boundary flux (or overall flow direction) (Figure 7-13), but the LCA k0 is also 

very important in the well portion of the objective function (Figure 7-14).  The model at both WELL 

and FLUX targets exhibits a threshold behavior with respect to changes in the LCA k0.  With 

decreases in the LCA k0 the flow model has a progressively poorer fit to measured data.  However, 

with increases in LCA reference permeability, the flow model response stabilizes to a consistent error 

at the wells (Figure 7-14).  The opposite is true with respect to the model fit to the observed lateral 

fluxes (Figure 7-13).  Changes to the LCA k0 result in a classic, somewhat nonlinear, response by the 

elevation of the AA water table (Figure 7-15).  In all cases, the general trend in model response to 

changes in the LCA k0 is identical to the BASE-USGSD model.             

Table 7-2
Portions of Model Performance Metric Taken Out of

Calibration with Changes in Vertical Fault Permeability for the BASE-USGSD Model

Fault ID AA Water-Table 
Elevation

OAA Water-Table 
Elevation

Total Objective 
Function

Average Hydraulic 
Head at Target

1 X X X
3 X X X

10 X
14 X
17 X X X
19 X
20 X
21 X X X
26 X X X
33 X
34 X
39 X X X X
46 X X X X
47 X X X
51 X X
54 X
58 X

CP thrust (NE 72) X X X

Note:  Faults that displayed no sensitivity are not listed in this table.
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Figure 7-13
 FLUX Perturbation Plot for BASE-DVRFS HSU Reference Permeability

.

Figure 7-14
WELL Perturbation Plot for BASE HFM Model HSU Reference Permeability 

with DVRFS Boundary Heads and Fluxes 
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7.2.3 BLFA Hydrostratigraphic Framework Model and USGS with Redistribution 
Recharge (BLFA-USGSD) Model

Calibration of the BLFA-USGSD alternative model required no changes to calibrated reference 

permeability values or fault multipliers from the BASE-USGSD model, as discussed in Section 5.6.  

Despite the identical HSU k0s, depth-decay coefficients and fault multipliers, the sensitivity of the 

well portion of the objective function and AA water-table elevation to the model is enhanced for 

changes to the BLFA and decreased for the AA HSUs.  The model had small changes in sensitivity to 

several other HSUs in the central portion of the Frenchman Flat basin, but the overall trends are 

identical.  Figure 7-16 shows the model sensitivity results (well objective function and AA water 

table) for both the BASE-USGSD and BLFA-USGSD models.  Overall, the increase in model 

sensitivity to changes in the BLFA HSU in this alternative HFM is significant for the well portion of 

the objective function, but still modest with respect to the elevation of the AA water table 

(Figure 7-16).      

Figure 7-15
 Mean Head Difference for AA Water Table from LCA Reference Permeability 

Perturbation of BASE-DVRFS
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Figure 7-16
 Mean Head Difference for AA Water Table from HSU Reference Permeability 

of BASE-USGSD and BLFA-USGSD Models
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7.2.4 DETA Hydrostratigraphic Framework Model and USGS with Redistribution 
Recharge (DETA-USGSD) Model

Similar to the BLFA alternative HFM, the DETA alternative HFM required no changes to the 

calibrated reference permeability values or fault multipliers from the BASE-USGSD, as discussed in 

Section 5.6.  Changes to the HFM included more continuous and thicker Timber Mountain aquifers 

(TM-WTA and TM-LVTA), removal of the detachment fault (fault 36), and greater continuity of the 

TSA.  Unlike the enhanced sensitivity seen of the BLFA HSU in the BLFA-USGSD perturbation 

analysis, no comparable changes in model sensitivity occurred in the DETA analysis for the changed 

HSUs. 

7.2.5 CPBA Hydrostratigraphic Framework Model and USGS with Redistribution 
Recharge (CPBA-USGSD) Model

Although differences between the BASE and CPBA HFMs were isolated to the CP basin area, the 

calibration approach for the CPBA flow model was different and produced a different set of reference 

permeability and anisotropy values and fault multipliers (see Section 6.3.5) for more information).  

As a result, the flow field is slightly different and the sensitivity analysis reveals a somewhat different 

model response to parameter adjustments. 

Sensitivity to HSU Reference Permeability (k0)

The objective function is most sensitive within two standard deviations of calibration to the LCA k0 

(see Appendix C, which contains perturbation plots for all model metrics).  The sensitivity is 

dominated by the effect of the LCA on boundary flux (or overall flow direction) (Figure 7-17).  The 

flow model domain is dominated on all edges by the LCA, and the perturbation analysis of the 

CPBA-USGSD HFM indicates that this flow model is more sensitive to the LCA than for the 

BASE-USGSD model (Figure 7-3).  The boundary flux portion of the objective function, however, is 

noticeably less sensitive to the TSA k0 while exhibiting enhanced sensitivity to the AA k0 

(Figures 7-17 and 7-3).  

The well portion of the objective function is most sensitive to the LCA k0 as observed in the 

BASE-USGSD perturbation analysis (Figure 7-4), but increases to the LCA k0 in the CPBA-USGSD 

model result in greater model sensitivity than is observed for the BASE-USGSD model (Figure 7-18).  

Among the aquitard units, there are three units to which the well portion of the objective function is 
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sensitive: the VCU, LTCU, and WCU (Figure 7-18).  The model sensitivity to the AA is dominated 

by many of the target wells being in the AA.  The model demonstrates no sensitivity to the calibrated 

OAA k0 within the four orders of magnitude tested (Figure 7-18).  The largest change in model 

response to HSU k0 is observed in the volcanic aquifer group (Figure 7-18).  In the BASE-USGSD 

model, changes to the TM-LVTA k0 have the largest impact to the well portion of the objective 

function (Figure 7-4); however, in the CPBA-USGSD calibration, the model is most sensitive to the 

TM-WTA k0 (Figure 7-18).  Additionally, decreasing the reference permeability of the TSA or 

TM-WTA would have resulted in reducing the well portion of the objective function in the 

CPBA-USGSD calibration (Figure 7-18).  Whereas the BASE-USGSD model is most sensitive to the 

TM-LVTA, the CPBA-USGSD model exhibited very little sensitivity.  The BASE-USGSD model 

also indicates that increasing the TM-LVTA k0 results in a larger objective function, but in the 

CPBA-USGSD model, increasing the TM-LVTA k0 results in decreasing the objective function.  

In general, the sensitivity of the water-table elevation of the AA in the CPBA-USGSD model 

(Figure 7-19) has similar trends as those observed in the BASE-USGSD model analysis (Figure 7-7).  

Increasing the AA k0 results in a decrease in the elevation of the water table (Figure 7-19). 

Conversely, increasing the Timber Mountain aquifers (TM-LVTA and TM-WTA) and TSA k0s results 

in an increase in the AA water-table elevation (Figure 7-19).  The water-table elevation of the AA is 

insensitive to all HSUs interfingered with the AA, including the BLFA, PCU1U, PCU1L, and PCU.  

Unlike the other volcanic aquitard units, which increase the AA water-table elevation as their 

reference permeability decreases, decreasing the permeability of the WCU results in a lower 

water-table elevation.  This result is consistent with the observed parameter sensitivity in the 

BASE-USGSD model.        
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Figure 7-17
 FLUX Perturbation Plot for HSU Reference Permeability for CPBA-USGSD Model
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Figure 7-18
 WELL Perturbation Plot for HSU Reference Permeability for CPBA-USGSD Model
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Figure 7-19
 Mean Head Difference for AA Water Table from HSU Reference Permeability Perturbation of CPBA-USGSD Model
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Sensitivity to Depth-Decay Coefficients (λ)

Boundary fluxes are most sensitive to the decay coefficient of the LCA (Appendix C).  This is 

consistent with the observations of boundary flux sensitivity to the permeability of the LCA 

(Figure 7-17).  The overall effect of the depth-decay coefficient is not as strong as permeability; this 

simply reflects a smaller range of values over which the decay coefficient was perturbed.

The head portion of the objective function is also very sensitive to the LCA, which is expected given 

its role in maintaining the water balance of the model (Figure 7-20).  With the change in the CP basin 

configuration, the LCA3 decay coefficient is the most sensitive of the decay coefficients in the model 

(Figure 7-20).  Given that the LCA3 has a limited lateral extent in the HFM compared to many of the 

HSUs, this is an unexpected outcome.  This result probably reflects the role of the LCA3 in 

maintaining heads at WW-4 and WW-4A in the CP basin.  Of the volcanic units, the most sensitive 

decay coefficients are for the VCU and TSA, but many of the other units demonstrate model 

sensitivity.  The model is generally insensitive to the decay coefficients of the shallow basin units; 

however, both increases or decreases in the decay coefficient for the AA result in a substantial 

increase in the well objective function (Figure 7-20).  The sensitivity of the model to the AA 

depth-decay coefficient may reflect the significant depth and extent of this unit in the model area.    
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Figure 7-20
 WELL Perturbation Plot for Depth-Decay Coefficients for CPBA-USGSD Model
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Sensitivity of Fault Permeability - CPBA-USGSD Model

Rock Valley faults - The Rock Valley fault group is a dominant feature of the LCA underlying 

Frenchman Flat.  These faults provide significant control to the regional direction of groundwater 

movement.  The flow model calibration is particularly sensitive to the easternmost faults 21 and 33, 

consistent with the observations from the BASE-USGSD model.  The boundary flux portion of the 

objective function is highly sensitive to increases in fault 21 permeability.  Increases in fault 21 

permeability cause increased flux through both the northern and western boundaries of the CAU flow 

model.  The sensitivity of the boundary flux decreases as the fault is tightened from its calibrated 

value.  Fault 33 does not intersect the northern boundary of the model, so fault 21 dwarfs the total 

influence of this fault on the boundary flux.  Faults 60, 62, and 73 exhibit a threshold behavior where 

only increases in fault permeability greater than half an order of magnitude impact the objective 

function, whereas decreasing the permeability of these faults results in little change (see Appendix B 

for perturbation figures).  The effect of the Rock Valley fault group on the well portion of the 

objective function is very different than observed for the boundary flux portion.  Of the Rock Valley 

faults, fault 33 has the greatest influence on the calibrated head targets (Figure 7-21). 

Faults in the southern portion of the model domain (59, 60, 62, 68, and 73) exhibit a threshold 

behavior where decreasing the permeability of the faults results in no change to the well portion of the 

objective function, while increases in fault permeability result in a minor increase in the objective 

function.  

Cane Spring fault - The Cane Spring fault separates the CP basin area in the northwestern portion of 

the model domain from the Frenchman Flat basin.  This fault has little bearing on the boundary fluxes 

in the CAU model, but has a pronounced effect on the head portion of the objective function.  During 

calibration, the fault was separated into two sections: one south and west of the CP Hogback, and one 

north and east of the CP Hogback (Table D.1-1 and Figure D.1-1).  The southern section of the fault is 

parameterized with much lower permeability than the surrounding rocks, while the northern portion 

of the fault has enhanced permeability compared to the surrounding rock.  The well portion of the 

objective function is very sensitive to the southern portion of the fault and has almost no sensitivity to 

the northern portion (Figure 7-22).  
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Basin-bounding faults - The fault generally trending north to south along the western edge of the 

Frenchman Flat basin (fault 39) is important to the well portion of the objective function 

(Figure 7-23).  Fault 39 seemed important in directing water that entered the model domain from the 

Wahmonie Hills.  The permeability of faults in the southern portion of Yucca Flat are also sensitive in 

the CPBA model (Figure 7-23).  These faults seemed to move water from areas of higher head along 

the northern model boundary to the northwest corner of the Frenchman Flat alluvial basin.   
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Figure 7-21
 WELL Perturbation Plot for Rock Valley Fault Permeability Multipliers 

for CPBA-USGSD Model

Figure 7-22
 WELL Perturbation Plot for Cane Spring Fault 

Permeability Multipliers for CPBA-USGSD Model
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Figure 7-23
 WELL Perturbation Plot for Other Fault Permeability Multipliers 

for CPBA-USGSD Model
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7.2.6 Summary of Parameter Sensitivity Analysis 

Three techniques are used to examine the model parameter sensitivity and correlations.  The first 

approach calculated the correlation between a selected set of model parameters.  Results show the 

expected inverse correlation between the LCA permeability and the fault permeability multiplier for 

the Rock Valley fault system, as these two parameters control the boundary fluxes into and out of the 

model domain.  The correlation analysis also shows that the permeability values for the AA and VCU 

are positively correlated, while those for the LTCU and WCU are negatively correlated.  These 

results reflect the dependence of model-calculated AA heads on the difference between the 

permeability values for the AA and the confining units underlying the AA in the Frenchman Flat 

basin.  The LTCU and WCU are both responsible for maintaining the heads in the AA at the observed 

levels.  These heads are higher than those in the LCA under the basin.

The second approach used for sensitivity analyses provides composite sensitivity of the calibration 

targets. This can be thought of as an importance measure, relative to the flow model calibration, of 

each of the observations.  These results indicated that the most sensitive target is WW-5A.  This 

target well is particularly sensitive to the permeability of the VCU and AA, which reflects the strong 

positive correlation calculated between these two permeability values.  Also shown is the relative lack 

of sensitivity of the model to the model targets most associated with the LCA (boundary fluxes and 

WW-C, WW-C1, TW-3, WW-4, and WW-4A).  

The final approach used is a perturbation analysis, which is used to examine the sensitivity of model 

calculations (as measured using a variety of metrics) to the different parameters, which are either 

varied or fixed during the model calibration.  It is important to note the sensitivity of AA and OAA 

water levels to model parameters.  Not surprisingly, these water levels showed considerable 

sensitivity to the AA permeability for all calibrated models.  Other important aquifer permeability 

values are those for the TM-WTA and TM-LVTA.  Sensitive aquitard reference permeability is 

observed for the VCU, WCU, and LTCU. 

Faults in the Rock Valley fault system are the dominant features in the LCA underlying Frenchman 

Flat and exert significant control on the direction of regional groundwater movement.  The faults in 

the Rock Valley fault system are assumed not to propagate upward into the alluvial or volcanic units 

in the BASE-USGSD flow model.  The effect of the Rock Valley fault system on the water levels at 
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target well locations was modest.  Faults located in the central portion of the basin appear to decrease 

the water-table elevation when their permeability increases, but faults in the LCA along the southern 

edge of the model domain increase the water-table elevation in the AA as their permeability 

decreases.

The Cane Spring fault separates the CP basin in the northwestern portion of the model domain from 

the Frenchman Flat basin.  This fault has little bearing on the boundary fluxes in the CAU model, but 

it has a pronounced effect on the simulated hydraulic heads.  During calibration of the BASE-USGSD 

model, the fault was separated into two sections: one south and west of the CP Hogback, and the other 

north and east of the CP Hogback.  In the BASE-USGSD model, the southern section of the fault has 

much lower permeability than the surrounding rocks.  Overall, water levels in the AA within the 

Frenchman Flat basin are very sensitive to changes in the permeability of the southern portion of the 

fault and show almost no sensitivity to the northern portion.  If the entire fault were much tighter than 

the surrounding rocks, the modeled water-level elevation in the central portion of Frenchman Flat 

basin was lower than observed.  This indicates that a small flux from CP basin is necessary to 

maintain water levels in the Frenchman Flat OAA and AA.

The permeability of certain HSUs play a very important role in maintaining hydraulic heads and 

routing groundwater fluxes into and out of the Frenchman Flat AA.  Sensitivity analyses demonstrate 

how hydraulic heads are affected by changes in HSU permeabilities.  It was evident from these 

analyses that contrasts in the permeabilities of key HSUs were as important as the absolute 

magnitudes of the permeabilities in affecting water levels within the AA and underlying HSUs. 

Just as simulated water levels in northern Frenchman Flat were significantly affected by 

permeabilities assigned to different parts of the Cane Spring fault, the AA permeability itself was 

found to be an important factor in determining these water levels.  Sensitivity analyses that focused 

on the factors affecting water levels in the AA demonstrated that increasing the permeability of the 

AA decreased water levels in the AA.  Conversely, increasing the permeability of the Timber 

Mountain aquifers (TM-LVTA and TM-WTA) and the TSA resulted in a modest increase in the AA 

water levels by increasing groundwater flux into the OAA and AA in northern Frenchman Flat from 
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CP basin.  Water levels in the OAA and AA appeared to be insensitive to all of the HSUs embedded 

within these units, including the BLFA, PCU1U, PCU1L, and PCU.   

Water levels in central Frenchman Flat are maintained through a balance of AA and VCU 

permeabilities at the southern end and by permeability values assigned to the WCU and LTCU in the 

northern end.  The permeability values for the AA and VCU are positively correlated, indicating that 

changes to the calibrated values of these units results in similar model responses at the calibration 

targets.  Because many of the water-level observations in the AA are located in the central portion of 

the Frenchman Flat basin, the ability for the model to match hydraulic head data is most strongly 

influenced by the permeability contrast between the AA and the VCU. 

Unlike the other volcanic confining units, which tend to increase water levels in the AA as their 

permeability is decreased, a decrease in the permeability of the WCU produces lower water levels in 

the AA.  This effect suggests that simulated water levels in the central part of Frenchman Flat are 

sustained by groundwater flow from the Wahmonie Hills near the western edge of the model in the 

BASE-USGSD model.

Changes in the permeability of the LCA strongly affect the magnitude and direction of the lateral 

boundary fluxes.  This is not surprising given the thickness and extent of the LCA along the model 

boundaries. Water levels throughout the Frenchman Flat basin alluvial and volcanic HSUs also 

showed some sensitivity to small changes in the permeability of the LCA.  The LCA permeability 

appeared to influence shallow water levels in the alluvium by changing the heads in the LCA and thus 

affecting hydraulic gradients across the confining units that separate the AA from the LCA.  

However, the relative hydrologic isolation of the AA from the regional LCA was apparent in the 

limited influence that changes to the AA permeabilities had on boundary fluxes.  
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8.0 EVALUATION OF GROUNDWATER FLOW PATHS AND 
TRAVEL TIMES IN FRENCHMAN FLAT USING 14C AND 
OTHER GEOCHEMICAL INDICATORS

In this section, groundwater geochemical and isotopic data are examined in the context of the overall 

hydrologic setting and paleoclimatic history of Frenchman Flat to estimate groundwater flow 

directions and velocities in the alluvium and tuff aquifers, thereby providing an independent basis for 

evaluating flow models presented in earlier sections of this report. To accomplish this goal, 

groundwater 14C data are used to calculate groundwater ages and define evolutionary trends in other 

groundwater components (such as cation compositions) that help to identify groundwaters that lie 

along a flow path.  The evolutionary trends in cation compositions are, in turn, used to provide 

estimates of groundwater age at locations where 14C data are lacking. Selected flow paths identified 

from relative groundwater ages and cation compositions are also tested with geochemical inverse 

models to determine whether downgradient changes in other geochemical components could be 

explained through water/rock interactions. The accuracy of the estimated groundwater 14C ages and 

the mobility of groundwater 14C in the presence of potentially 14C-sorbing mineral phases were 

evaluated by comparing the temporal variability in groundwater 36Cl/Cl ratios based on these 14C ages 

against theoretical reconstructions of past atmospheric 36Cl production and against 40,000-year-long 

archives of past meteoric 36Cl/Cl deposition preserved in regional packrat middens.  The calculated 

groundwater ages are subsequently used to calculate transit times and flow velocities between well 

pairs that may be useful for evaluating the results of future transport models that will be developed 

from the flow models presented in this report.  

The analysis presented in this section is intended to complement another recent groundwater 

geochemical study by Hershey et al. (2005) that focused primarily on groundwater flow and mixing 

in the LCA near Frenchman Flat. That study noted that large differences in the composition of 

groundwater in the alluvium and tuffs that fill the basin and the composition of LCA groundwater on 

the perimeter of the basin preclude the possibility of significant inflow from the LCA into the basin 
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fill. That conclusion is consistent with the observation that hydraulic heads in the tuff and alluvium 

within the basin are higher than in the LCA along the basin perimeter, a condition that eliminates the 

possibility of flow from the LCA into the tuffs and alluvium (Section 3.0). For this reason, 

groundwater hydrochemical and isotopic data from the LCA are not considered in this section. 

8.1 Hydrogeologic Setting

Groundwater flow directions in the alluvium and tuffs of Frenchman Flat are difficult to identify from 

hydraulic data alone because of the small differences in hydraulic head across the basin, the 

sparseness and uncertainty of the water-level data, and possible water-level changes associated with 

poorly documented withdrawals from local water-supply wells in the 1950s (Winograd and 

Thordarson, 1975, p. C57-C62; SNJV, 2004d).  To estimate groundwater flow velocities from 

groundwater 14C data, however, it is first necessary to establish groundwater flow directions.  In the 

absence of diagnostic hydraulic head data, this study relies on indirect evidence for groundwater flow 

directions provided by the hydrologic setting, as well as on expected evolutionary trends in the 

geochemical data themselves.

Hydrologic studies of the unsaturated alluvium in both Frenchman Flat and nearby Yucca Flat have 

clearly established that net infiltration below the root zone in the alluvium is nonexistent under the 

present climate (Tyler et al., 1996; Walvoord et al., 2002a and b).  Using pore-water ages estimated 

from Cl deposition rates, data from the unsaturated zone at boreholes UE-5 PW-1 and UE-5 PW-3 in 

northern Frenchman Flat have been further interpreted to show that no significant recharge occurred 

through the thick alluvium filling the basin even under the relatively wet conditions that existed in the 

late Pleistocene. This was a time in which precipitation was 30 to 50 percent higher than today, based 

on paleoclimatic conditions reconstructed from fossilized vegetation preserved in packrat middens 

(Tyler et al., 1996; Forester et al., 1999, p. 32).  The periodic infiltration pulses that did penetrate the 

root zone at boreholes UE-5 PW-1 and UE-5 PW-3 in the last 100,000 years were of insufficient 

magnitude or duration to reach the water table, which is at depths greater than 200 m at these 

boreholes (Tyler et al., 1996, Figure 3).  At borehole UE-5 PW-2, also in northern Frenchman Flat, an 

infiltration event with a flux of approximately 4 mm/yr but of unknown duration occurred between 

25,000 to 35,000 years ago that flushed Cl from the unsaturated zone; however, Cl has been 

accumulating near the root zone since that infiltration event occurred, indicating no deep infiltration 

since that time (Tyler et al., 1996). 
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The central part of the Frenchman Flat basin contains a dry playa that floods periodically, but it is 

likely that the floodwater remains on the playa surface until it evaporates without producing 

significant infiltration.  Although no unsaturated zone studies have been done on Frenchman Flat 

playa to directly confirm this conclusion, indirect evidence is provided by a study of a playa in central 

Nevada where groundwater levels are shallow enough that groundwater is discharged from the playa 

(Thomas et al., 1996).  This study shows that the upward hydraulic head gradients that produce 

groundwater discharge are relatively constant in time and that downward hydraulic gradients are not 

induced beneath the playa even when the playa is periodically flooded (Thomas et al., 1996, p. C10).  

The absence of significant recharge following flooding was attributed by the authors of the study to 

the fact that the playa sediments swell quickly when wet, closing cracks that initially allow some 

moisture to infiltrate. 

From these observations, it appears that groundwater recharge in Frenchman Flat results primarily 

from infiltration on the low bedrock hills bordering the basin, such as Massachusetts Mountain in the 

northwest or the Wahmonie Hills to the west, or from runoff from these hills into the alluvium along 

the basin margins. In both cases, groundwater will be likely to move away from the basin margins 

toward the interior of the basin where recharge has been negligible for at least the last 25,000 years. 

Besides providing general indications of flow directions within the basin, this analysis also suggests 

that interpretations of travel times and flow velocities based on groundwater 14C data from the basin 

interior will not be adversely affected by significant additions of groundwater recharge between the 

groundwater sampling locations.  Infiltration on the low carbonate hills to the east of Frenchman Flat 

recharges the LCA which, as mentioned previously, is unlikely to contribute groundwater to the 

alluvium and volcanic rocks in Frenchman Flat due to its lower hydraulic head (Figure 2-2). 

The conceptual model of net infiltration and recharge presented in this section is consistent with the 

recharge models developed by the USGS that predict modern recharge is present only beneath and 

adjacent to the bedrock hills bordering the basin (Section 3.0).  Based on the analysis of the 

hydrogeologic setting presented here, it seems reasonable to assume as a working hypothesis that 

groundwater in the alluvium and tuffs flows southward or southeastward from the low hills on the 

northern and western perimeter of the basin toward the basin center. 
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8.2 Groundwater Carbon-Isotope Data

Naturally occurring isotopes of carbon of interest to this study include 13C and 14C.  Carbon-13 is used 

to help interpret the mineral sources and water/rock interactions that have affected the dissolved 

inorganic carbon (DIC) in groundwater, whereas 14C decreases along a flow path due to radioactive 

decay can be used to estimate groundwater transit times and velocities between locations in an aquifer 

(Clark and Fritz, 1997).  Carbon-14 has been used for almost 40 years in hydrologic studies to 

interpret the age of groundwater and estimate its rate of movement (see Glynn and Plummer, 2005, 

for an overview of these applications). 

The primary means used to date Frenchman Flat groundwater in this study is the 14C associated with 

the DIC of the groundwater.  The δ13C and 14C associated with the DIC, and also alkalinity data from 

the groundwater of the alluvium and tuff in Frenchman Flat, are presented in Table 8-1.  These data 

are plotted in Figures 8-1 and 8-2.  In addition, uncorrected and corrected groundwater ages are 

presented in Table 8-1.  The methods by which these ages are calculated are described later within 

this section.   

Radiocarbon (14C) is produced naturally in the upper atmosphere from the bombardment of nitrogen 

by neutrons generated from cosmic radiation and, more recently, from atmospheric nuclear testing 

(Clark and Fritz, 1997).  The 14C is then oxidized to carbon-14 dioxide (14CO2) which is dissolved in 

the ocean or incorporated into plants during photosynthesis and returned to the atmosphere during 

root respiration and by the decay of vegetation.  Before atmospheric nuclear tests, the rate of 14C 

production and its removal from the atmosphere by dissolution in the oceans, terrestrial burial, and 

radioactive decay were in approximate equilibrium, so atmospheric levels of 14C have varied only 

slightly over most of the past 10,000 years.  The relative constancy of atmospheric 14C concentrations, 

combined with the relatively high solubility of CO2 in groundwater and the long half-life of 14C 

(5,730 years), have made 14C a useful tool for dating groundwaters that are old enough for the 14C to 

have undergone significant radioactive decay.  The 14C activity is reported as percent modern carbon 

(pmc), where modern carbon activity is defined as the approximate 14C activity of wood grown in 

1890 (13.56 disintegrations per minute per gram of carbon), before the dilution of 14C in the 

atmosphere by the burning of fossil fuels.  However, with the possible exception of groundwater from 

a few perched springs and groundwater that might have been affected by the CAMBRIC radionuclide 
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migration experiment (e.g., groundwater at Wells RNM-2s and UE-5n), most of the groundwater in 

the Frenchman Flat area is old enough that its 14C is unaffected by either industrial activities or 

atmospheric nuclear testing.           

Between 12,000 and 30,000 years ago, atmospheric 14C concentrations have been as much as 50 

“modern” levels because of changes in 14C production associated with the strength of the earth’s 

geomagnetic field and changes in the earth’s carbon cycle (see, for example, Stuiver et al., 1998; Bard 

et al., 1998; Kitagawa and van der Plicht, 1998; Beck et al., 2001).  Although accounting for these 

variations atmospheric 14C activities is considered critical in disciplines such as anthropology, these 

variations are almost always ignored in hydrologic studies because they generally introduce errors 

that have little practical importance. For example, if 14C ages are calculated assuming that original 

Table 8-1
Groundwater Carbon Isotope Data, 14C Dilution Factors, and Dissolved 

Inorganic Carbon Groundwater Ages (Uncorrected and Corrected)

Well
Alkalinity, 

as HCO3
a  

(mg/L)

 δ13Ca 
(‰)

14Ca 
(pmc)

DIC 
Uncorrected 

Age
(years)

qDIC

DIC
Corrected 

Age
(years)

qδ13C

δ13C
Corrected 

Agea

(years)

Average
Corrected

Age
(years)

Cane Spring 189 -9.6 86 1,246 0.79 Modern 0.87 121 50

ER-5-3 191 -7.9 8.5 20,373 0.79 18,376 0.72 17,637 18,006

ER-5-4 319 -4.6 1.5 34,708 0.54 29,680 0.42 27,592 28,636

ER-5-4 #2 404 -0.1 1 38,059 0.43 31,079 0.01 modern ----

UE-5 PW-1 159 -8.0 20 13,301 0.94 12,820 0.73 10,669 11,744

UE-5 PW-2 169 -8.6 30 9,950 0.89 8,965 0.78 7,916 8,440

UE-5 PW-3 156 -7.6 18 14,172 0.96 13,848 0.69 11,116 12,482

UE-5c WW 184 -7.5 6.6 22,464 0.82 20,775 0.68 19,298 20,037

UE-5n 182 -8.0 18.8 13,813 0.82 12,214 0.73 11,181 11,698

WW-4 166 -10.9 19 13,725 0.90 12,887 0.99 13,650 13,269

WW-4a 154 -8.8 18.3 14,035 0.97 13,818 0.80 12,191 13,004

WW-5a 376 -4.6 2.6 30,162 0.46 23,775 0.42 22,957 23,366

WW-5b 186 -10.4 13.1 16,798 0.81 15,020 0.95 16,334 15,677

WW-5c 321 -6.0 3.3 28,192 0.54 23,112 0.55 23,183 23,147

Note: All groundwater ages are calculated assuming that 14Crech = 100 pmc.
a Source: SNJV, 2006, Appendix A

mg/L =  Milligrams per liter
pmc  =  Percent modern carbon
qDIC     =  Dilution factor reflecting the fraction of groundwater dissolved inorganic carbon acquired during recharge
qδ13C   =  Dilution factor reflecting the change in the δ13C of groundwater since recharge
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Figure 8-1
Carbon-14 (14C) Versus Delta Carbon-13 (δ13C) for Volcanic and Alluvial Groundwaters

Figure 8-2
Delta Carbon-13 (δ13C) Versus Inverse Alkalinity for Non-LCA Wells and Springs
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atmospheric concentrations were 100 pmc when in fact they were 150 pmc, the calculated ages would 

underestimate the true age by about one 14C half-life, or 5,730 years. Thus, a groundwater estimated 

to be 25,000 years old might actually be almost 31,000 years old. In most practical hydrologic 

applications, this is considered an acceptable approximation because in either case, the groundwater 

is extremely old. Like many other hydrologic studies (see, for example, Plummer et al., 2004), the 

present study ignores the complicating effects of atmospheric 14C activities variations in the late 

Pleistocene on the calculated groundwater ages. Although this simplification introduces some 

imprecision to the calculated 14C ages presented in this report,  it does not change the overall 

conclusion of this report derived in the following sections that the groundwater in Frenchman Flat is 

very old and groundwater velocities are very slow. 

Carbon-13 abundances are commonly expressed in delta (δ) notation as a function of the 13C/12C ratio 

in the sample relative to the 13C/12C ratio in a standard: 

δ13C = [(13C/12C)sample/(13C/12C)PDB – 1.0] · 1000 (8-1)

where (13C/12C)PDB is the isotopic ratio of the Pee Dee Belemnite, a marine invertebrate fossil from the 

Pee Dee Formation that forms the standard for δ13C abundances.  Groundwater δ13C data are reported 

as differences in per mil (‰) relative to the standard. 

Because most of the carbon initially in groundwater is derived by dissolving CO2(g) respired by 

plants in the soil zone, groundwaters (as well as pedogenic carbonates) initially have δ13C values that 

reflect soil-gas compositions.  In the Great Basin, soil zone CO2 has δ13C values that decrease from 

about -12 ‰ at a 900 m elevation to about -20 ‰ at 2,700 m elevation for reasons related to plant 

type and density and moisture availability (Quade et al., 1989).  Soil water and pedogenic carbonates 

precipitated from infiltrating water have equilibrium δ13C values that are about 8 and 9 ‰ heavier, 

respectively, than the soil zone CO2 because of isotopic fractionation of carbon between the gas, 

liquid, and solid phases (Clark and Fritz, 1997).  For instance, at the average elevation of Rainier 

Mesa (~ 2,300 m), the expected δ13C of soil zone CO2, soil water and pedogenic carbonate would be 

about -18, -10, and -9 ‰ based on these relationships.  Less than complete equilibrium fractionation 

between soil gas and water, as might occur when rapid infiltration and recharge to the water table 

takes place, would result in slightly lighter δ13C values for the recharge water than those estimated 

from assumed isotopic equilibrium.  Once groundwater is isolated from soil zone CO2, its δ13C is 
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unmodified unless it interacts with carbon-bearing minerals.  

The DIC of groundwater can be modified through the dissolution of calcite (CaCO3): 

CaCO3 + CO2(aq) + H2O -> Ca2+ + 2HCO3
- (8-2)

In this case, the isotopically light carbon associated with the dissolved CO2 is mixed with the 

(usually) heavier carbon associated with calcite, so that the δ13C of the DIC in the groundwater 

evolves to a value that is intermediate between the CO2 and the calcite.  Note that the DIC of 

groundwater includes the contributions from CO2(aq), bicarbonate (HCO3
-), and carbonate (CO3

2-), 

whose relative importance shifts as a function of pH.

When dolomite [CaMg(CO3)2] is present in the alluvium, as would be expected toward the southern 

and southeastern parts of Frenchman Flat where the alluvium was shed from mountains formed partly 

by dolomitic carbonate rock (Warren et al., 2002), the dissolution of dolomite by calcite-saturated 

groundwater can occur, with calcite being precipitated as the dolomite dissolves:

CaMg(CO3)2  + H2O -> Mg2+ + HCO3
- + CaCO3 + OH- (8-3)

In this case, the precipitation of calcite leaves the δ13C of the groundwater relatively unchanged, 

whereas the dissolution of dolomite adds carbon with a δ13C of ~ 0 ‰ (Thomas et al., 1996).  

During calcite precipitation, the heavier carbon isotopes (14C and 13C) become preferentially 

incorporated into the calcite by isotope fractionation, so that the 14C and 13C concentrations of the 

groundwater are lower than before precipitation occurred.  However, these effects on 14C and δ13C are 

secondary compared to the other uncertainties that affect the interpretation of groundwater 14C data.  

For example, based on fractionation factors listed in Clark and Fritz (1997), if groundwater with a 14C 

activity of 10 pmc and a δ13C of -5.0 ‰ lost 20 percent of its DIC during calcite precipitation, the DIC 

remaining in the groundwater would have a 14C of 9.95 pmc and a δ13C of -5.2 ‰.  Although 

somewhat more significant than for 14C, isotope fractionation of 13C during calcite precipitation 

introduces relatively little error when interpreting 14C ages when compared to the uncertainty in the 

δ13C values of the dissolving carbonate phases.  For this reason, the effects of isotope fractionation 

during calcite precipitation are not considered further in this study.



Section 8.0

Phase II Groundwater Flow Model of CAU 98: Frenchman Flat, Nye County, Nevada

8-9

8.3 Approach to Correcting Groundwater 14C Ages 

As in other study areas, the primary factor complicating the interpretation of groundwater 14C data 

from Frenchman Flat is the possible interaction between groundwater and the trace amounts of calcite 

disseminated throughout the deeper layers of the alluvium (Warren et al., 2002) or present as fracture 

coatings in the tuff aquifers.  These potential interactions include (1) the dissolution of 14C-free calcite 

in groundwater, (2) loss of 14C in groundwater through isotope exchange with calcite (sometimes 

interpreted as groundwater 14C loss during calcite recrystallization [Glynn and Plummer, 2005]), and 

(3) sorption of 14C (as H14CO3
-) onto calcite surfaces (Maloszewski and Zuber, 1991; Sheppard et al., 

1998).  Each of these processes tends to either lower the 14C activity in the groundwater and/or retard 

its movement relative to the groundwater, thus resulting in estimates of groundwater age that are 

erroneously high or estimates of groundwater velocity that are erroneously low if they are not 

accounted for in the interpretation. 

To correct for the first two types of interactions, two commonly utilized analytical correction methods 

are applied to the 14C data from Frenchman Flat (Clark and Fritz, 1997).  The first method uses the 

downgradient increase in DIC relative to recharge water to estimate the total fraction of the 

groundwater DIC that was acquired during recharge.  This fraction (qDIC) is calculated as: 

qDIC = DICrech/DICsample (8-4)

where rech indicates recharge and sample indicates the groundwater sample at the well under 

consideration.  Groundwater DIC includes dissolved CO2(aq), HCO3
-, and CO3

2- and is essentially 

equivalent to alkalinity (the sum of milliequivalents per liter [meq/L] HCO3
- and meq/L CO3

2-) at the 

pH values typical of groundwater in the Frenchman Flat basin.  Thus, alkalinity increases can be used 

to approximate the DIC increases between the recharge and downgradient groundwaters.

Under the assumption that the dissolved calcite was old enough that it essentially has no 14C, the 

factor qDIC represents the dilution of the 14C originally in the sample at the time of recharge by 

dissolution of non-radiogenic carbon (mostly 12C).  This factor is then used to adjust the initial 14C 

activity in the decay equation so that the calculated age reflects only the 14C decrease associated with 

radioactive decay and not decreases in 14C caused by water/rock interaction: 
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tyears = (1/λ) · ln(14Crech · qDIC/14Csample) (8-5)

where tyears is the 14C age in years and λ is the decay constant for 14C (1.21 x 10-4 years-1).  

The second correction method uses the differences in the δ13C of recharge and of calcite in the aquifer 

to estimate an analogous dilution factor:

qδ13C = (δ13Csample - δ13Ccalcite)/(δ13Crech - δ13Ccalcite) (8-6)

Changes in the δ13C of the groundwater since it was recharged, as expressed in the dilution factor 

qδ13C, reflect the effects of both calcite dissolution and isotope exchange during calcite 

recrystallization on the 14C originally in the recharge water.  The dilution factor qδ13C is used in an 

identical manner to qDIC in equation (8-5). 

Equation (8-5) with the appropriate dilution factor (either qDIC or qδ13C) can be applied and interpreted 

in several ways. If the recharge composition is defined by sampling shallow groundwater from 

beneath the recharge area, the measured 14C activity of the shallow groundwater can be less than 

atmospheric (or soil-gas) activity because of finite travel times through the unsaturated zone or 

interaction with calcite in the unsaturated zone. When 14Crech is defined by shallow groundwater 

compositions, the application of equation (8-5) produces ages that are, in fact, groundwater travel 

times from the recharge area to the downgradient sampling location. Alternatively, the age of the 

groundwater can be calculated with equation (8-5) if the atmospheric 14C activity is used in the 

numerator, provided the dilution factors (either qDIC or qδ13C) also incorporate the effects of 

unsaturated zone processes like the dissolution of pedogenic calcite as well as water/rock interactions 

in the saturated zone. The latter approach is used in this report by postulating the characteristics of 

recharge before any water/rock interaction. These values are estimated graphically in the following 

section along with the isotopic composition of the carbonate mineral phase.

8.4 Corrections to Groundwater 14C Ages in Frenchman Flat

To calculate the 14C dilution factors qDIC or qδ13C necessary to correct the groundwater 14C ages in 

Frenchman Flat, the compositions of the recharge and mineral end-members were estimated 

graphically by plotting the groundwater δ13C data against the inverse of the groundwater alkalinity 

data (Figure 8-2).  When plotted this way, groundwaters less affected by water/rock interaction 
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should have lighter δ13C values and lower alkalinity (higher inverse alkalinity) and fall in the lower 

right corner of the plot, whereas groundwaters more affected by water/rock interaction should have 

heavier δ13C values and higher alkalinities (lower inverse alkalinity) and fall in the upper left part of 

the plot.  If the recharge and calcite end-member compositions are relatively uniform, the 

groundwater data should plot along a roughly linear trend between the recharge and calcite 

end-members. A visual best-fit trend line was fit to the data shown in Figure 8-2 (ignoring data from 

Well ER-5-4 #2) that defines the expected evolution of groundwater δ13C values and alkalinity as the 

groundwater moves from the recharge area and undergoes progressive water/rock interaction with 

calcite or dolomite. 

Several interpretations of the cluster of data that plot in the lower right corner of Figure 8-2 are 

possible.  One possible interpretation is that the scatter in these data represent the natural variability in 

δ13C and alkalinity that arises because of differences in vegetation cover, plant types, and climate, and 

that none of these groundwaters have experience significant interaction with carbonate rocks or 

minerals. In this case, average groundwater recharge is estimated to have a  δ13C of -8.7 +/- 1.2 ‰ and 

an alkalinity of 174 +/- 14 mg HCO3
-/L.  In support of the notion that these groundwaters did not 

interact with carbonate minerals, it can be noted that the average δ13C of -8.7 +/- 1.2 ‰ is as light as 

or lighter than the δ13C value expected for groundwater in isotopic equilibrium with modern soil zone 

CO2 in the hills surrounding Frenchman Flat.  As noted earlier, the δ13C of soil zone CO2 in the 

southern Great Basin is strongly related to elevation because of elevation-dependent changes in plant 

types and precipitation (Quade et al., 1989).  At elevations typical of the hills surrounding Frenchman 

Flat (1,200 to 1,400 m), present-day soil zone CO2 would have a δ13C of approximately -14 ‰, and 

the δ13C of soil water in isotopic equilibrium with the CO2 would be approximately 9 ‰ heavier at 

15°C (δ13C ~ -5 ‰) because of isotope fractionation (Clark and Fritz, 1997, p. 121).

An alternative explanation of the data that plot in the lower right corner of Figure 8-2 is that all of 

these groundwaters have experienced at least some water/rock interaction with carbonate rocks or 

minerals, and that the relatively light δ13C values for this cluster of groundwaters reflect the 

compensating effects of the lighter δ13C of soil-gas CO2 that existed during the late Pleistocene, when 

vegetation and moisture conditions near Frenchman Flat were similar to those that exist today only at 

elevations of 2,000 m or higher (Quade et al., 1989).  In support of this interpretation, similar 

arguments have been made to infer a Pleistocene origin for pedogenic calcite at Yucca Mountain 
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because its δ13C is too light to be in isotopic equilibrium with modern CO2 in the soil zone at the same 

elevation (Quade and Cerling, 1990).

The second alternative (all groundwaters have experienced some water/rock interaction with 

carbonate rocks or minerals) is adopted for the purpose of this study in order to calculate the youngest 

reasonable 14C ages. The recharge end-member is estimated graphically to have an alkalinity of 150 

mg HCO3
-/L (an inverse alkalinity of 0.0067) and a δ13C of -11 ‰ so that it is both slightly more 

dilute and slightly lighter in δ13C than all of the groundwater samples (each of which is thus assumed 

to have undergone at least some interaction with calcite after recharge). The assumed values for 

alkalinity and δ13C of recharge are reasonable given the alkalinity of tunnel seepage at Rainier Mesa 

(~ 140 mg HCO3
-/L) and the δ13C of perched springs in the NTS area (-9.0 +/- 2.0 ‰), according to 

data compiled for a study of groundwater in nearby Yucca Flat (SNJV, 2006).  Further support for this 

choice of recharge end-member compositions is provided by the observation that tritium-free perched 

groundwater discharging from Cane Spring has a 14C activity of 86 pmc (Table 8-1). The absence of 

tritium from Cane Spring discharge indicates its age is at least 50 years old and thus that its 14C 

activity was not affected by atmospheric nuclear tests. If larger corrections to its age were made by 

postulating recharge characteristics either more dilute or isotopically lighter than the assumed values, 

the age of Cane Spring groundwater becomes negative, indicating that the maximum reasonable 

corrections have been made with the assumed recharge end-member characteristics.

The carbonate end-member isotope composition necessary for use with the qδ13C factor was estimated 

by extending the groundwater evolution line from the estimated recharge through the cluster of three 

more concentrated and isotopically heavier groundwater samples (WW-5a, WW-5c, and ER-5-4) to 

its intersection with the y-axis (Figure 8-2).  Because solid calcite has an essentially infinite 

concentration (its inverse alkalinity is zero), the y-intercept of δ13C ~ 0 ‰ is interpreted to be the 

representative composition of the carbonate end-member.  A δ13C of ~ 0 ‰ is typical of Paleozoic 

marine carbonate rocks in the NTS area and may thus be a reasonable estimate for carbonate lithic 

fragments contained in the alluvium. Based on unsaturated-zone data from Yucca Flat, however, the 

δ13C of calcite coatings in the alluvium of Frenchman Flat could be somewhat lighter (-3.1 +/- 1.7 ‰) 

(Rose et al., 2000; Hershey et al., 2005). 
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The corrected groundwater ages calculated using the 14C dilution factors qDIC and qδ13C are listed in 

Table 8-1 and compared in Figure 8-3.  The corrected ages using these two correction methods are 

generally in good agreement with each other, as indicated by the proximity of the results to the 

one-to-one line.  This indicates that, in general, calcite dissolution rather than isotope exchange has 

been the process dominating the evolution of alkalinity and δ13C in the tuff and alluvial aquifers of 

Frenchman Flat.  Only the corrected ages for groundwater at Well ER-5-4 #2 are in significant 

disagreement with each other.  The DIC-based correction method gives a 14C age for this groundwater 

of nearly 31,000 years, whereas the δ13C-based correction method indicates that this groundwater is 

essentially modern.  The extremely heavy δ13C of the Well ER-5-4 #2 groundwater (-0.1 ‰) and the 

fact that it plots far above the dissolution trend of Figure 8-2 indicates that this groundwater has 

probably undergone significant isotope exchange as a result of prolonged contact with calcite.  This 

observation tends to favor the age based on the δ13C-based correction method because this method 

theoretically accounts for isotope exchange.  However, based on the great depth of the sample (1,023 

to 1,075 m below sea level, its origin in a tuff confining unit (the LTCU), and the presence of old 

(~ 28,000 years) groundwater in the overlying alluvium at nearby Well ER-5-4, it is unlikely that this 

groundwater has a recent origin.  Alternative methods of estimating the groundwater age at Well 

ER-5-4 #2 are presented in later sections of this report that indicate an age for this groundwater in 

excess of 30,000 years. 

The corrected ages indicate that groundwater younger than about 8,500 years is absent from both 

Frenchman Flat and nearby CP basin (represented by the WW-4 and WW-4a data).  Only water at a 

perched spring (Cane Spring) appears to have any significant amount of post-Pleistocene recharge.  

The apparent absence of significant post-Pleistocene recharge in Frenchman Flat is consistent with 

paleo-climate interpretations from pack-rat midden data (Forester et al., 1999; Spaulding and 

Graumlich, 1986) and from regional spring-discharge deposits (Forester et al., 1999; Quade et al., 

1995) which indicate that increasing aridity had caused plant communities to change and springs to 

cease flowing in nearby basins by 9,000 to 10,000 years before present. 

8.5 Comparison of DI14C and DO14C Groundwater Ages

Groundwater samples from a limited number of wells in the Frenchman Flat area were also analyzed 

for the 14C of the dissolved organic carbon (DOC).  Theoretically, this 14C (subsequently referred to as 
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DO14C) is not affected by the water/rock interactions that complicate the interpretation of the 14C of 

the DIC component (i.e., the DI14C) so that the ages can be calculated from the DO14C without any 

corrections.  A comparison of the ages calculated from the DO14C data and the average corrected age 

calculated from the DI14C data is shown in Figure 8-4.  

Except for groundwater at WW-4a in CP basin, the DO14C and corrected DI14C ages are in significant 

disagreement with each other.  The DO14C data indicate that groundwaters at the majority of the wells 

shown in Figure 8-4 are Holocene (less than 10,000 years) in age, with ages calculated from the 

groundwater DO14C data being half or less of most of the corresponding corrected DI14C ages.  The 

DO14C data also indicate that groundwater in the center of the basin at Well ER-5-4 is as young as 

groundwater on the perimeter of the basin at Wells PW-3 or UE-5c WW, an age relationship that 

seems unlikely based on the unsaturated zone studies described earlier which concluded that recharge 

through the alluvium has not occurred over the past 25,000 years (Tyler et al., 1996). 

Figure 8-3
Comparison of Groundwater 14C Ages Calculated with the DIC-Based 

and δ13C-Based Correction Methods

Note:  The solid line is the one-to-one line. 
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Ages calculated with both the DO14C and DI14C data assumed that 14Crech is 100 pmc.  For ages 

calculated using the DI14C data, 14Crech was modified by a dilution factor (either qDIC or qδ13C) between 

0.4 and 1.0 to account for 14C dilution by carbon introduced through water/rock interactions 

(Table 8-1).  These corrections had the effect of decreasing the DI14C ages compared to their 

uncorrected values, so the discrepancy between the DI14C and DO14C ages was decreased and not 

increased as a result of these corrections.  Likewise, the value of 14Crech used with the DO14C data in 

this study is 100 pmc, whereas previous studies of Frenchman Flat groundwater (Hershey et al., 2005) 

used a value for 14Crech of 66 pmc based on the DO14C of tritium-bearing groundwater in Fortymile 

Canyon.  The use of 66 pmc rather than 100 pmc would have made the groundwater DO14C ages in 

Frenchman Flat younger still (Hershey et al., 2005, Table 9). 

Other possible causes of the discrepancy between the DO14C- and DI14C-based ages are 

(1) interaction between the DO14C and young organic matter in the alluvium (2) contamination of the 

DO14C by oil or other organic material introduced into the aquifer during drilling or sampling, or 

(3) sorption and retardation of DI14C on calcite, iron oxide or other minerals.  Explanation (1) is 

Figure 8-4
Comparison of DO14C Ages with Average Corrected DI14C Ages of 

Groundwater in Tuff and Alluvium in Frenchman Flat
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unlikely because the alluvium in Frenchman Flat is old enough (BN, 2005a) that any organic matter 

deposited within it would have a very low (< 1 pmc) 14C activity.  Also, groundwater from Well PW-3 

is produced from a volcanic aquifer that has little or no organic carbon.  Explanation (2) is also 

unlikely because oil introduced during drilling or pumping would be millions of years old and, 

therefore, also 14C free.  Explanation (3) is evaluated in the following section by comparing the 

temporal variations in atmospheric deposition of 36Cl preserved in terrestrial records with 

groundwater 36Cl data and their corresponding DI14C and DO14C ages.  The groundwater record of 
36Cl variations should mimic the record of atmospheric 36Cl deposition preserved in the terrestrial 

records if the groundwater ages are correct and the 14C in the groundwater is moving at same rate as 

non-sorbing ions such as Cl.  

8.5.1 Evaluation of Groundwater DO14C and DI14C Ages Using 36Cl Data

Chlorine-36 is a radioactive isotope with a half-life of 301,000 that is produced naturally by 

(1) the cosmic-ray spallation of 40Ar, and neutron activation of 36Ar and 35Cl in the atmosphere; 

(2) cosmic-ray spallation of K and Ca at or near ground surface; and (3) activation of 35Cl by neutrons 

generated by U/Th decay in the subsurface (Moran and Rose, 2003).  Measured 36Cl is usually 

reported relative to the total Cl as the 36Cl/Cl ratio.  In situ subsurface production of 36Cl from 

non-atmospheric sources is generally negligible compared to atmospheric sources, except in U-rich 

areas where radioactive decay creates relatively high neutron fluxes (Andrews et al., 1986).

The 36Cl/Cl ratio of precipitation depends significantly on the distance from the oceans, which is a 

major source of stable Cl originating from dried sea spray (Moysey et al., 2003; Davis et al., 2003).  

Modern 36Cl/Cl ratios in the vicinity of the NTS before nuclear weapons tests in the South Pacific in 

the late 1950s and early 1960s are estimated to be about 400 to 500 x 10-15 (Fabryka-Martin et al., 

1993), but this ratio increased by more than two orders of magnitude as a result of the activation of 
35Cl in the ocean by the large neutron fluxes produced during those tests.  However, even before 

atmospheric nuclear testing, the 36Cl/Cl ratio in precipitation varied naturally, although in a much 

more subdued fashion, as a result of variations in 36Cl production caused by changes in the strength of 

the earth’s geomagnetic field and, possibly, by changes in atmospheric circulation patterns that 

affected the position of the jet stream during major climatic oscillations (Plummer et al., 1997).  



Section 8.0

Phase II Groundwater Flow Model of CAU 98: Frenchman Flat, Nye County, Nevada

8-17

Theoretical reconstructions of atmospheric 36Cl production can be calculated from known variations 

in the strength of the earth’s geomagnetic field (Tyler et al., 1996, Figure 6). 

The variability in 36Cl deposition within the Great Basin has also been estimated from pack-rat 

midden data (Plummer et al., 1997).  Some pack-rat middens in the American Southwest have been 

continuously inhabited by pack-rats for tens of thousands of years and have been preserved from 

erosion by wind or dissolution by water at their location beneath rock ledges or shallow caves.  The 

middens (or nests) are built in layers by successive generations of pack-rats using plant material from 

nearby areas that is cemented with rat urine that dries and hardens to consolidate the midden.  The 

plant assemblages preserved in the middens have been carbon-dated, and the environmental 

conditions existing at different times in the southern Great Basin have been estimated based on the 

precipitation amounts, seasonality, and temperature ranges required by (or tolerated by) their modern 

plant equivalents (Spaulding, 1985; Forester et al., 1999).  In addition to providing an archive of 

paleoclimatic conditions, pack-rat middens have also been used to estimate the variability in 36Cl 

deposition within the Great Basin (Plummer et al., 1997).  Pack-rats gain nearly all their moisture 

from the plant material they consume, and the 36Cl/Cl ratio of the plant material reflects the ratio of 

the soil moisture and, ultimately, of the precipitation that sustained the plants.  Evaporation of shallow 

infiltration in the root zone, or the further evaporation of the rat urine as it dries and crystallizes, do 

not alter the 36Cl/Cl ratio of the precipitation from which soil moisture and urine were derived 

(Plummer et al., 1997). 

Frenchman Flat groundwater 36Cl/Cl ratios (Table 8-2) were plotted as a function of the DO14C and 

DI14C ages (Figure 8-5) and compared to the two estimates of 36Cl deposition:  (1) reconstructions of 
36Cl production estimated from known variations in the earth’s geomagnetic field (Tyler et al., 1996, 

Figure 6), and (2) records of 36Cl/Cl deposition in southern Nevada preserved in pack-rat middens 

(Plummer et al., 1997, Figures 2 and 3).  As stated earlier, temporal variations in the groundwater 
36Cl/Cl record based on the corrected DI14C ages should resemble the temporal variations of 36Cl/Cl 

deposition recorded in the pack-rat midden data and estimated from the reconstructions of 36Cl 

production, if the DI14C travels without sorbing to calcite.  Alternatively, it may be possible to 

eliminate either the groundwater DO14C or DI14C ages from further consideration if the temporal 

variations of 36Cl/Cl deposition based on these ages are incompatible with the other records. 



Section 8.0

Phase II Groundwater Flow Model of CAU 98: Frenchman Flat, Nye County, Nevada

8-18

First, it is worth noting that although they do not agree in their details, the estimated 36Cl/Cl 

deposition ratios based theoretical reconstructions of 36Cl production and the record of actual 36Cl/Cl 

deposition preserved in the pack-rat midden data both indicate that 36Cl/Cl ratios in precipitation prior 

to 10,000 years ago were, in general, a factor of 1.6 to 2 higher than they are at present in the NTS 

area (36Cl/Cl ~500 x 10-15).  Both records indicate a steep decline in 36Cl/Cl ratios occurred 10,000 and 

12,000 years ago, with 36Cl/Cl ratios during the last 10,000 years slightly lower than they are at 

present.  This indicates that unless there are other reasons (such as high tritium concentrations) to 

suspect that it was affected by nuclear weapons testing (as at Well UE-5n), groundwater with a 36Cl/Cl 

ratio higher than about 600 x 10-15 must be late Pleistocene or very early Holocene in age.

Second, although the timing of the peaks and troughs in 36Cl/Cl are not in complete accord, several 

large oscillations in deposition rates between 10,000 and 25,000 years ago are suggested by both the 

theory and the data.  Some differences in these records are to be expected because actual 36Cl/Cl 

deposition is a function not only of 36Cl production rates, but also of stable Cl inputs from the oceans 

and nearby playas, as well as the degree of atmospheric mixing between the troposphere and the 

stratosphere where natural 36Cl is produced (Plummer et al., 1997).  According to Plummer et al., the 

peaks in 36Cl/Cl deposition rates recorded in the pack-rat midden data between 10,000 to 12,000 

Table 8-2
Selected Groundwater Chemistry Data for Frenchman Flat

Well Cl 
(mg/L)

36Cl/Cl
(x 1015)

Na
 (mg/L)

Ca
 (mg/L)

δD
(‰)

δ18O
(‰)

Cane Spring 22 N/A 42 36 -90 -11.0
ER-5-3 14 842 64 12 -108 -14.0
ER-5-4 27 394 161 2.0 -108 -13.7

ER-5-4 #2 52 176 319 0.6 -102 -13.3
UE-11a 25 N/A 106 9.1 -111 -14.3

UE-5 PW-1 10 842 56 14 -107 -13.7
UE-5 PW-2 9 527 50 17 -106 -13.8
UE-5 PW-3 9 678 54 16 -104 -13.5
UE-5c WW 12 613 86 8.1 -106 -13.8

UE-5n 14 596,000 81 7.1 -106 -13.3
WW-1 6 N/A 73 5.5 N/A N/A
WW-4 12 616 50 23 -94 -12.6
WW-4a 11 647 52 24 -99 -12.8
WW-5a 11 843 158 2.2 -108 -13.6
WW-5b 23 783 98 6.8 -107 -13.5
WW-5c 10 696 138 2 -108 -13.9

Data source: SNJV, 2006, Appendix A

N/A = Not available
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years, between 21,000 to 23,000 years, and at approximately 33,000 years may correspond with 

periods when the jet stream crossed into southern Nevada and brought with it periods of higher 
36Cl/Cl deposition associated with increased mixing across the tropopause.

In addition to the data shown in Figure 8-5, other 36Cl/Cl data from the unsaturated zone at boreholes 

UE-5 PW-1, UE-5 PW-2, and UE-5 PW-3 in Frenchman Flat also had 36Cl/Cl ratios of 600 x 10-15 to 

900 x 10-15 between 20,000 and 40,000 years ago (Tyler et al., 1996, Figure 6).  However, these 

pore-water data showed substantially smoother variations with time than the pack-rat midden data, 

possibly because of the effects of molecular diffusion within the pore water, and lack of information 

about 36Cl/Cl variations during the last 20,000 years.  These aspects of the pore-water data make them 

less suitable for evaluating the estimated groundwater ages than the more complete and detailed 

record provided by the pack-rat midden data.  However, the elevated 36Cl/Cl ratios in the pore water 

Figure 8-5
Groundwater 36Cl/Cl Ratios, DO14C and DI14C Ages, Theoretical Reconstructions of 

36Cl Production, and 36Cl/Cl Deposition Preserved in Pack-Rat Middens

The reconstruction of 36Cl production is modified from Tyler et al. (1996, Figure 6) by assuming that past relative production rates 
scale directly with 36Cl/Cl ratios in precipitation (presently estimated to be ~ 500 x 10-15).  The pack-rat midden data are modified 
using scaling methods applied to data in Figures 2 and 3 of Plummer et al. (1997).
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indicate that the phenomena affecting 36Cl/Cl ratios regionally in southern Nevada were also 

operative locally in Frenchman Flat at this time.  

The comparison of the temporal variations in groundwater 36Cl/Cl ratios using the DI14C-based ages 

and the 36Cl/Cl variations predicted by theory and measured from the pack-rat midden data indicate 

reasonably good consistency except at Well ER-5-4 (Figure 8-5).  The highest groundwater 36Cl/Cl 

ratios (~800 x 10-15 or higher) are associated with peaks in the midden data at ~12,000 years (Well 

UE-5 PW-1) and at ~23,000 years (WW-5a), or in relatively data sparse periods between 15,000 and 

20,000 years, with the theoretical reconstruction (WW-5b and Well ER-5-3).  Likewise, the lower 
36Cl/Cl ratio and estimated DI14C age of ~ 8,500 years of groundwater at Well UE-5 PW-2 are 

consistent with the pack-rat midden data and theoretical reconstruction in the early Holocene.  In 

short, these general consistencies support the use of the corrected DI14C ages and indicate that the 

DI14C is moving together with conservative ions like Cl in the tuffaceous rocks and alluvium in 

Frenchman Flat. 

Conversely, the DO14C-based groundwater ages appear to be too young for at least four wells 

(WW-5c, UE-5 PW-3, UE-5c WW, and WW-5b) based on the comparison between the groundwater 
36Cl/Cl ratios at these wells with the pack-rat midden data and theoretical 36Cl production curve.  The 
36Cl/Cl data suggest that the groundwater DO14C ages at these wells are at least several thousand years 

too young, although the earlier comparison with the DI14C-based ages (Figure 8-4) suggests even 

larger errors in the DO14C ages, including DO14C ages at several other wells that cannot be refuted 

with the 36Cl/Cl data (e.g., WW-5a and Well ER-5-4).   

8.5.2 Estimation of the Original Groundwater 36Cl/Cl Ratio at Wells Affected by Halite 
Dissolution 

The low groundwater 36Cl/Cl ratios at Well ER-5-4 appear to support the use of the DO14C-based age 

of ~ 6,000 years rather than the DI14C-based age of ~ 29,000 years (Figure 8-5).  However, it is likely 

that the incorporation of Cl through water/rock interaction has lowered the 36Cl/Cl ratios at Well 

ER-5-4 and at the nearby Well ER-5-4 #2, based on the higher Cl concentrations at these wells 

relative to other groundwaters in the Frenchman Flat basin (Table 8-2 and Figure 8-6).  It may be less 

obvious that Cl dissolution has lowered the 36Cl/Cl ratio in groundwater at Well ER-5-4 because its 
36Cl/Cl ratio, unlike the 36Cl/Cl ratio at Well ER-5-4 #2, is not clearly below any plausible meteoric 
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ratio; however, the proximity of Well ER-5-4 to Well ER-5-4 #2, the higher groundwater Cl 

concentrations at both wells, and their location near older playa sediments in the basin (BN, 2005a), 

suggest that the groundwater 36Cl/Cl ratios at both wells have been affected by Cl dissolution.  The 

effect of halite dissolution on 36Cl/Cl ratios in groundwater at the NTS has previously been noted by 

Moran and Rose (2003) and Hershey et al. (2005). 

To account for halite dissolution on the groundwater 36Cl/Cl ratios at Wells ER-5-4 and ER-5-4 #2, it 

is assumed that halite in the sediments is completely free of 36Cl.  Given the 36Cl half-life of 301,000 

years, this condition will be approximately met after 2 to 3 million years, well within the range of 

possible ages of the basin fill in Frenchman Flat (BN, 2005a).  In this case, the original 36Cl/Cl ratio 

(36Cl/Cl)o can be calculated as:

(36Cl/Cl)o = (36Cl/Cl) · (Cl/Clo) (8-7)

Figure 8-6
Evaluation of the Contribution of Dissolved Sodium (Na)

 from Halite (NaCl) Dissolution in Frenchman Flat Groundwater
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where Clo is the original Cl concentration before halite dissolution and 36Cl/Cl and Cl are the 

measured values.  Using the average Cl concentration of the other Frenchman Flat groundwater 

(12.3 mg/L) as an estimate for Clo, the original 36Cl/Cl ratios at Wells ER-5-4 and ER-5-4 #2 are 

calculated to be 852 x 10-15 and 743 x 10-15, respectively.  Thus, the estimate of the undiluted 

groundwater 36Cl/Cl ratio at Well ER-5-4 suggests that this groundwater was also recharged during 

the Pleistocene, when higher 36Cl/Cl ratios prevailed (Figure 8-5).  Therefore, like the DO14C ages at 

Wells WW-5b, WW-5c, UE-5 PW-3, and UE-5c WW, the DO14C age of ~ 6,000 years at Well ER-5-4 

is probably too young for this age to be plausible given that its original 36Cl/Cl ratio is as high as 

estimated.  The DO14C age of ~ 13,500 years at Well ER-5-4 #2 cannot be rejected because its 

adjusted 36Cl/Cl ratio of 743 x 10-15 is similar to the values measured in the pack-rat middens at about 

this time.  However, as presented in the following section, the age of Well ER-5-4 #2 groundwater 

estimated from its chemical evolution relative to other datable Frenchman Flat groundwaters is 

considerably older than 13,500 years.

8.5.3 Estimation of Groundwater Age Based on Groundwater Evolutionary Trends

It has long been recognized that groundwater in contact with rhyolitic tuffs at the NTS evolves toward 

a Na-HCO3 type of water because the tuffs themselves are Na rich and because divalent cations like 

Ca, Mg, and Sr are removed from groundwater by cation exchange with Na on clays and zeolites 

(Schoff and Moore, 1964; Winograd and Thordarson, 1975; White et al., 1980).  In this section, 

evolutionary trends involving Na and Ca concentrations are used qualitatively to establish which 

groundwaters are likely to have evolved from one another, and quantitatively, to calculate 

groundwater ages at Frenchman Flat wells where no carbon isotope data have been collected or 

where, as in the case of Well ER-5-4 #2, groundwater 14C ages are ambiguous.  Groundwater 

evolutionary trends have recently been used in 14C studies at other sites to estimate groundwater ages 

beyond the effective limits of 14C dating (~30,000 years) (Burton et al., 2002; Edmunds and Smedley, 

2000).

The concentrations of Na (and Ca) versus Cl are presented in Figure 8-6.  In addition, a halite (NaCl) 

dissolution line is represented in Figure 8-6 as the molar equivalents of Na (22.99 grams per mole 

[g/mole]) relative to chloride (35.45 g/mole).  To account for Na that was incorporated into 

groundwater through evaporative concentration of salts dissolved in precipitation or dissolution of 
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halite within the basin, the original Na concentrations were then adjusted by subtracting the Na molar 

equivalent of the dissolved Cl in the groundwater sample (Figure 8-6).  Although the potential 

contributions from halite dissolution to the dissolved Na concentrations are relatively small, these 

contributions were removed so that the adjusted Na concentrations reflect only the effects of glass and 

silicate weathering reactions and cation exchange processes, and not variable evaporative process or 

different amounts of halite dissolution.  The adjusted Na concentrations as well as unadjusted Ca 

concentrations were then plotted as a function of the corrected DI14C ages (Figure 8-7).  The 

relatively strong correlations that exist between the corrected DI14C ages and the Na (R2 = 0.81) and 

Ca (R2 = 0.75) concentrations suggest that these correlations can be used in a semi-quantitative way 

to date groundwaters where 14C data are lacking or whose age is ambiguous based on 14C dating 

techniques.

The relationships shown in Figure 8-7 were inverted in Figure 8-8 to show groundwater age as a 

function of cation concentrations along with the regression equations relating age (y) to cation 

concentration (x).  Although data from Well ER-5-4 #2 were not used in developing the regression, 

the regression curves in Figure 8-8 are extrapolated to the adjusted Na and Ca concentrations at Well 

ER-5-4 #2 (285 and 0.6 mg/L, respectively).  Using the regression equations shown in Figure 8-8, the 

age of groundwater at Well ER-5-4 #2 is calculated as 34,000 years based on its adjusted Na 

concentration (285 mg/L) and 33,200 years based on its Ca concentration (0.6 mg/L).  This somewhat 

remarkable convergence of age estimates suggests that the age of groundwater at Well ER-5-4 #2 is 

~ 33,600 years.     

The relations between groundwater age and cation concentrations shown in Figure 8-8 were also used 

to estimate groundwater ages at Wells UE-11a and WW-1.  At Well UE-11a, the Ca and adjusted Na 

concentrations yielded groundwater ages of 15,400 and 19,400 years, respectively, for an average age 

of ~17,400 years.  At WW-1, the groundwater age based on the adjusted Na concentration is 

16,100 years and the age based on Ca concentration is 18,700 years, for an average age of 

~ 17,400 years.

The groundwater 36Cl/Cl ratios versus corrected DI14C ages previously shown in Figure 8-5 were 

replotted using the estimates for (36Cl/Cl)o at Wells ER-5-4 and ER-5-4 #2 calculated in the previous 

section and the estimated groundwater age of 33,600 years determined for Well ER-5-4 #2 from 
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Figure 8-7
Corrected Groundwater DI14C Ages Versus Cation Concentrations

Figure 8-8
Cation Concentrations Versus Corrected Groundwater DI14C Ages
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cation concentrations (Figure 8-9).  The adjustments to the 36Cl/Cl ratios and the estimated 

groundwater age of 33,600 years result in 36Cl/Cl ratio-to-age relationships at Wells ER-5-4 and Well 

ER-5-4 #2 that are broadly consistent with the 36Cl/Cl ratios recorded in the pack-rat midden data 

between 29,000 and 33,000 years (Figure 8-9).  

8.6 Evaluation of Groundwater Ages Using Deuterium and Oxygen-18

The heavy isotopes of hydrogen (2H or D) and oxygen (18O) become part of the water molecule as 

HDO and H2
18O.  The abundances of these isotopes relative to the lighter isotopes (1H or 16O) in 

groundwater vary within an aquifer because of differences in the environmental conditions that 

existed in the recharge area at the time of recharge.  The relative abundances of the heavy isotopes to 

the lighter isotopes are typically expressed in delta (δ) notation as:

δ isotope = ((Rsample/Rstandard)-1) · 1000 (8-8)

Figure 8-9
Groundwater 36Cl/Cl Ratios, DO14C and DI14C Ages, Theoretical Reconstructions of 

36Cl Production, and 36Cl/Cl Deposition Preserved in Pack-Rat Middens 

*The groundwater 36Cl/Cl ratios at Wells ER-5-4 and ER-5-4 #2 were adjusted to compensate for dissolution of NaCl and the age of 
groundwater at Well ER-5-4 #2 was estimated from groundwater cation concentrations.
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where isotope is either D or 18O, R is the ratio of the heavy isotope to the lighter isotope (18O/16O or 
2H/1H), and the subscripts sample and standard indicate the ratios in the groundwater sample and the 

standard (Vienna Standard Mean Ocean Water or VSMOW).  Delta deuterium (δD) and delta 

oxygen-18 (δ18O) have units of parts per thousand or per mil (‰) (Figure 8-10). 

In general, δD and δ18O characteristics of groundwater in an area can vary both as a function of space 

and of time.  This is because the δD and δ18O characteristics of precipitation that produces the 

groundwater recharge depend on the temperature and isotopic characteristics of the moisture source 

area, the distance and topographic variations along the storm track path, and the condensation 

temperature (which is a function of elevation, season, and long-term climate variability).  These 

factors, as well as other factors influencing the δD and δ18O characteristics of precipitation, change 

with both location and with time (e.g., Benson and Klieforth, 1989; Friedman et al., 2002a and b; 

Smith et al., 2002).  However, in some situations, either spatial or temporal factors are likely to 

dominate, and in these instances useful interpretations of groundwater δD and δ18O characteristics are 

Figure 8-10
Delta Deuterium (δD) Versus Delta Oxygen-18 (δ18O) of Groundwater

 From the Tuffs and Alluvium in Frenchman Flat
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possible.  For instance, when groundwaters are of roughly comparable age, and the study area is large 

and includes regions with different elevation and topography, the differences in the δD and δ18O 

characteristics of the groundwaters are likely to reflect differences in contemporaneous 

environmental conditions at the recharge locations.  In this case, the δD and δ18O characteristics of the 

groundwaters can be used to trace flow paths and identify mixing relationships (e.g., Rose et al., 

2002).  Conversely, when the study area is relatively small and the groundwaters were recharged over 

long time periods, the effect of long-term temporal variations in the isotopic composition of recharge 

probably controls the variability in the groundwater δD and δ18O characteristics.  In this latter case, 

the groundwater δD and δ18O provide an archive of past climatic conditions in the study area.  

Obviously, many groundwater systems can include aspects of both of these conceptual end-members, 

particularly in the arid Southwest where, the groundwater system includes mountains and interlying 

basins, and where groundwater residence times can be large because of low recharge rates.

In Frenchman Flat, most of the groundwater in the alluvium and tuffs was probably recharged locally 

within a relatively small area (30 by 19 km).  Because topography within this area is relatively 

subdued and because the estimated groundwater ages span almost 25,000 years (not including 

modern water from Cane Spring), it is likely that much of the variability in the Frenchman Flat 

groundwater δD and δ18O data (Figure 8-10) is due to climatic fluctuations in the late Pleistocene.  As 

mentioned earlier, these climate fluctuations are recognized at the NTS from (14C) datable fossilized 

plant remnants preserved in pack-rat middens.  These plant remnants have enabled 

paleo-environmental reconstructions based on the moisture and temperature requirements of their 

modern analogs (e.g., Spaulding and Graumlich, 1986; Forester et al., 1999).     

To help evaluate the possible temporal influences on the groundwater δD and δ18O data from the 

alluvium and tuff in Frenchman Flat, these data were plotted in against the corresponding corrected 

DI14C ages (and in the case of Wells UE-11a and ER-5-4 #2, against the average age estimated from 

the Na and Ca concentrations) (Figures 8-11 and 8-12).  Many of the data from Frenchman Flat have 

δ18O values of between -14.0 to -13.5 ‰ and δD values of between -110 to -105 ‰, whereas 

groundwaters from Well ER-5-4 #2 and UE-11a have slightly higher and lower δ18O and δD values, 

respectively.  The groundwater data from Wells WW-4 and WW-4a in the CP basin have higher δ18O 

and δD values than groundwater from Frenchman Flat proper.  The isotopic differences in the 

groundwaters from CP basin and Frenchman Flat were interpreted by Hershey et al. (2005) as 
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Figure 8-11
Groundwater δ18O Values as a Function of Corrected DI14C Age

Figure 8-12
Groundwater δD Values as a Function of Corrected DI14C Age 
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evidence that there was little communication between the groundwaters in these basins.  The much 

higher δ18O and δD values of the perched water at Cane Spring were interpreted by Hershey et al. 

(2005) to reflect the shift to modern climatic conditions sometime in the early Holocene.

Sorting out the relative importance of temporal and spatial controls in these data is difficult.  The 

perched water at Cane Spring appears to be slightly more evaporated than the other groundwaters 

shown in Figure 8-10, possibly because of evaporation in the collection pool from which it was 

sampled (Ingraham et al., 1991).  If the δ18O and δD values at Cane Spring before evaporation are 

estimated by projecting the measured values back to the global meteoric water line (GMWL) along a 

theoretical evaporation line with a slope of 4 (Clark and Fritz, 1997; Davisson et al., 1999), the 

estimated δ18O and δD values of -13.2 and -96 ‰ are similar to the values measured elsewhere in the 

CP basin at Wells WW-4 and WW-4a (Table 8-2).  This implies that there has been no significant shift 

in the isotopic values of recharge in the CP basin during the past 13,000 years and that, for reasons 

that are not yet clear, recharge in CP basin is isotopically enriched relative to the bulk of the 

Frenchman Flat groundwater.  Only the groundwaters from Well UE-5 PW-3, which is physically 

closest to Wells WW-4 and WW-4a in the CP basin, and Well ER-5-4 #2 display any isotopic 

similarity to the groundwaters from the CP basin.  The isotopic similarity of groundwater at Well 

UE-5 PW-3 to groundwater at Wells WW-4 and WW4a may result from these groundwaters having a 

common recharge area in the hills that separate the CP basin and northwest Frenchman Flat.  The 

similarity of groundwater δ18O and δD values at Well ER-5-4 #2 to groundwater in the CP basin is 

investigated in Section 8.7, which describes the mixing models for this well developed using 

PHREEQC.

Another interesting feature of Figures 8-10 through 8-12 is associated with the groundwater δ18O and 

δD data from Well UE-11a.  These δ18O and δD values are the isotopically lightest values in the 

Frenchman Flat basin.  The occurrence of these light δ18O and δD values at approximately 

17,000 years ago is consistent with the interpretation from pack-rat midden data that the glacial 

maximum which occurred between 16,000 and 21,000 years ago brought relatively cold, dry arctic air 

to the region at this time (Forester et al., 1999).  Arctic air would have significantly lighter δ18O and 

δD values than moisture arriving along other storm tracks, based on studies of the isotopic 

composition of modern precipitation in the Great Basin (Benson and Kleiforth, 1989; Friedman et al., 

2002a).  Thus, the groundwater age of 17,200 years estimated for Well UE-11a from the cation 
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concentration/age relationship (Figures 8-7 and 8-8) appears to be a reasonable estimate for the age of 

this groundwater.

8.7 Estimation of Groundwater Flow Paths and Travel Times with PHREEQC

This section describes geochemical models created with PHREEQC (Parkhurst and Appelo, 1999) 

that test the hypothesized groundwater relationships developed based on the hydrogeologic setting 

and the relative ages and evolutionary state of the Frenchman Flat groundwaters.  These models 

investigate whether the selected groundwaters are truly evolutionary by attempting to determine 

whether a set of water/rock reactions can be identified that explain changes in the chemistry of the 

groundwater as it moves through the aquifer.  For some geochemical models, groundwater mixing as 

well as water/rock interaction is investigated as a way to explain the evolution of the groundwater.  

The modeling presented here follows a similar strategy to that previously described by Hershey et al. 

(2005) in their investigation of other aspects of the Frenchman Flat groundwater system.  In 

particular, it is assumed from the preceding analysis that the δ18O and δD of groundwater in the CP 

basin has been relative invariant over time and can be used as a conservative tracer to identify how 

much of the groundwater from the CP basin could be present in the Frenchman Flat basin.  However, 

one important difference between Hershey et al. (2005) and the present study is that, to obtain 

reaction models for certain wells, this study allows for the possible addition of Cl into groundwater 

through halite dissolution.  Evidence that this process has affected the groundwater Cl and 36Cl data at 

some wells in the alluvium and tuff in Frenchman Flat is based on data in Hershey et al. (2005, 

Figure 20) which show that the low 36Cl/Cl at Wells ER-5-4 and ER-5-4 #2 is correlated with 

increases in the Cl concentrations at these wells relative to other Frenchman Flat groundwaters. 

The mineralogy of the alluvium in Frenchman Flat was described by Warren et al. (2002). Minerals 

are partitioned among lithic fragments derived from the surrounding upland areas, authigenic and 

detrital crystals and pyroclasts. Lithic fragments of welded tuff or lava indicate that the Timber 

Mountain Group, Tiva Canyon and Topopah Springs Tuffs, and the Wahmonie Formation all 

contributed detritus to the basin. Lithic fragments also include ubiquitous glass throughout the depth 

of the basin, indicating only mild post-depositional alteration.  Zeolites (mostly clinoptilolite) are 

primarily detrital but with lesser amounts of authigenic clinoptilolite occurring as small euhedral 

crystals throughout the alluvial sequence. Plagioclase, K-spar, and quartz form the majority of the 
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detrital crystals, with mafic minerals and magnetite present in minor amounts (Warren et al., 2002, 

Table 2).  Based on textural evidence and mineral associations, clays (primarily smectite, kaolinite, 

illite, and mica) are both detrital and authigenic and coat many of the other minerals in the alluvium. 

Calcite is present in minor amounts (< 5 percent) throughout the alluvium, except in the deepest 

layers encountered in well ER-5-4, where it is abundant and accompanied by dolomite. Other 

authigenic phases include iron-oxides, silica polymorphs and possibly gypsum.

The mineral compositions and textural relations of the Frenchman Flat alluvium described in Warren 

et al. (2002) provided the basis for the mineral assemblages and phase dissolution/precipitation 

constraints used in the PHREEQC models (Table 8-3). The mineral compositions listed for the 

Timber Mountain (TM) mineral phases (TMglass, TMfeldspar, TMclay and TMzeolite) measured on 

samples from Timber Mountain tuff at Pahute Mesa were assumed to represent the mineral 

compositions of glass, feldspar, smectite, and clinoptilolite in Frenchman Flat. The other mineral 

phases use the mineral compositions provided in the PHREEQC database.

The following subsections present the results of the modeling done to investigate the evolution and 

mixing of groundwater in the Frenchman Flat basin.

8.7.1 Groundwater Flow from Well UE-5 PW-2 to Well UE-5 PW-1

The first set of models was developed to investigate whether groundwater from Well UE-5 PW-2 

could flow southward and evolve into the groundwater at Well UE-5 PW-1.  Ten sets of possible 

reactions were found that account for the evolution of groundwater along this flow path 

(Figure 8-13).  Various combinations of feldspar or glass dissolution reactions along with clay or 

clinoptilolite precipitation, cation exchange, and a small amount of calcite precipitation can explain 

the evolution of groundwater as it flows from Well UE-5 PW-2 to Well UE-5 PW-1.  These results 

indicate that groundwater flow from Well UE-5 PW-2 to Well UE-5 PW-1 is geochemically 

permissible and that these groundwaters could be considered to lie along a common flow path.   

8.7.2 Groundwater Flow from Wells UE-5c WW and UE-5 PW-1 to Well ER-5-4

The possibility of groundwater flow from the northwest and north to the center of the basin was 

investigated by creating geochemical models that investigate the possible origin of groundwater at 
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Well ER-5-4 from Wells UE-5c WW and UE-5 PW-1.  All of these wells are completed in the 

alluvium.    

The results of the PHREEQC models indicate that groundwater at Well ER-5-4 could originate either 

from a roughly equal mixture of groundwater near Well UE-5c WW to the northwest and 

groundwater near Well UE-5 PW-1 to the north (Figure 8-14), or from UE-5 PW-1 groundwater 

alone.  Reactions that explain the evolution of groundwater from these wells to Well ER-5-4 are 

similar to those described for the Well UE-5 PW-2 to UE-5 PW-1 models except that dolomite is 

Table 8-3 
Mineral Compositions and Constraints Used for PHREEQC Models 

Mineral Formula Constraint Isotope
Calcite1 CaCO3 precipitate δ13C

Dolomite2 CaMg(CO3)2 dissolve δ13C

Halite3 NaCl dissolve 36Cl/Cl

TM-Feldspar4 K0.565Na0.428Ca0.021Fe0.006Al1.007Si2.980O7.992 dissolve ----

TM-Glass4 K0.368Na0.383Ca0.024Mg0.005Fe0.026Al0.789Si4.173O9.973 dissolve ----

K-feldspar KAlSi3O8 dissolve ----

Ca-exchange CaX2 sorption ----

Mg-exchange MgX2 sorption ----

K-exchange KX sorption ----

Na-exchange NaX desorption ----

TM-Clay4 K0.017Na0.161Ca0.141Mg0.138Fe0.050Al2.438Si3.462O11.024 precipitate ----

TM-Clinoptilolite4 K0.295Na0.217Ca0.083Al0.735Si4.278O9.998 precipitate ----

Flourite CaF2 none ----

Gypsum CaSO4·2H2O dissolve ----

Alunite5 KAl3(SO4)2(OH)6 none ----

Illite5 K0.6Mg0.25Al2.3Si3.5O10(OH)2 none ----

Pyrite6 FeS2 dissolution ----

Calcite1 CaCO3 precipitate δ13C

Dolomite2 CaMg(CO3)2 dissolve δ13C

Halite3 NaCl dissolve 36Cl/Cl

1Calcite precipitated in inverse models for UE-5 PW-1, ER-5-4 and ER-5-4 #2. In these models, calcite was allowed to precipitate with 
δ13C values of -4 ± 4 ‰, approximately the δ13C of groundwater at these wells.
2Dolomite dissolved in inverse models for ER-5-4 and ER-5-4 #2. In these models, dolomite was assigned a δ13C value of -4 ± 4 ‰. 
3The 36Cl/Cl ratio in halite was assumed to be zero.
4Mineral phase composition representative of the Timber Mountain Tuff near Pahute Mesa.
5Alunite and illite were included only in the models for ER-5-4 and ER-5-4 #2.
6Pyrite was included as a potential mineral phase only in the models for UE-5 PW-1.

---- = Not applicable
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dissolved as calcite is precipitated, and alunite dissolution (with illite precipitation) is required to 

explain the large increase in SO4
2- between the potential upgradient wells and Well ER-5-4.  Gypsum, 

although included as a possible reactive phase, was not a possible source of SO4
2- because the model 

could not balance the Ca2+ that would also enter solution. Alunite was not specifically listed as a 

mineral phase in Warren et al. (2002). However, approximately 12 percent of the lithic fragments at 

Well ER-5-4 had been hydrothermally altered before deposition, pointing to a source area in the     

Wahmonie Hills area about 17 km to the west of E-5-4 (Warren et al., 2002, p. 16). Although the 

mineralogy of these altered lithic fragments was not determined, alunite is probably present as an 

alteration phase in these lithic fragments. The models were successfully able to explain the decrease 

in the 36Cl/Cl ratio of groundwater from either Well UE-5c WW or UE-5 PW-1 as it flowed to Well 

ER-5-4 as a result of halite dissolution. The models shown in Figures 8-14 and 8-15 thus support the 

concept outlined in Section 9.1 that groundwater flows from the perimeter of the basin toward the 

basin center.  

Figure 8-13
Geochemical Reactions Accounting for the Evolution of 

Groundwater from UE-5 PW-2 to UE-5 PW-1 

Note that positive values indicate the mineral phase or element is entering into solution by dissolution or exchange, whereas 
negative values indicate the phase is leaving the solution by precipitation or exchange.
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Figure 8-14
Mixing Fractions of Groundwater from Wells UE-5c WW or UE-5 PW-1 in ER-5-4 

Figure 8-15
Geochemical Reactions for ER-5-4 Inverse Models

Note that positive values indicate the mineral phase or element is entering into solution by dissolution or exchange, whereas 
negative values indicate the phase is leaving the solution by precipitation or exchange.
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8.7.3 Groundwater Flow to Well ER-5-4#2

The PHREEQC models developed to explain the composition of groundwater in the LTCU at Well 

ER-5-4 #2 consider the possible mixing of groundwater from the CP basin at Wells WW-4 and 

WW-4a, and groundwater from UE-5c WW.  The inclusion of wells from the CP basin in these 

models was motivated by the higher δ18O and δD values at these wells and indications from the 

scatterplot in Figure 8-10 that groundwater at Well ER-5-4 #2 could be a mixture of groundwater 

from either well WW-4 or WW-4a and Well UE-5c WW.  As discussed in Section 3.5, groundwater at 

ER-5-4 #2 has a hydraulic head in excess of 755 m.  This also points to the CP basin area as a 

probable source of the groundwater at Well ER-5-4 #2.  

The results of the PHREEQC models for this set of wells indicate that groundwater Well UE-5c WW 

could combine with lesser amounts of groundwater from the CP basin at Well WW-4 to produce the 

groundwater at Well ER-5-4 #2 (Figure 8-16).  The reactions for these inverse models are shown in 

Figure 8-17.  The reaction amounts for this set of models is much higher than was calculated for the 

previous PHREEQC models shown in this section because the concentrations of some constituents 

such as Na are substantially higher at Well ER-5-4 #2 than in the other wells considered.  Like the 

models described for Well ER-5-4, the models for Well ER-5-4 #2 require alunite dissolution and 

illite precipitate to explain the high SO4
2- concentrations at the well.  The models successfully match 

the low 36Cl/Cl ratio at Well ER-5-4 #2 by dissolving halite that is assumed to be largely free of 36Cl.  

The very heavy δ13C of the ER-5-4 #2 groundwater was obtained by allowing the simultaneous     

dissolution of isotopically heavy dolomite and the precipitation of calcite, thereby mimicking the 

process of isotope exchange that may have resulted in the heavy δ13C of the groundwater at the well.  

The hydraulic head of 735 m at Well UE-5c WW is too low for groundwater to flow directly from this 

well to Well ER-5-4 #2.  However, if the chemical and isotopic composition at this well is assumed to 

represent the composition of groundwater closer to the CP basin where higher heads exist, then both 

the geochemical and hydraulic constraints regarding the source of ER-5-4 #2 groundwater are 

satisfied.  This assumption is plausible given the location of UE-5c WW in the northwest corner of 

the Frenchman Flat Basin.

In summary, inverse geochemical models for groundwater from Wells UE-5 PW-1 and ER-5-4 can be 

found with PHREEQC that support the concept that groundwater moves from areas on the northern 
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Figure 8-16
Mixing Model Results for the ER-5-4 #2 Inverse Models 

Figure 8-17
Reactions for the ER-5-4 #2 Inverse Models

Note that positive values indicate the mineral phase or element is entering into solution by dissolution or exchange, whereas 
negative values indicate the phase is leaving the solution by precipitation or exchange.
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and northwestern margins of the Frenchman Flat Basin toward the basin center.  The inverse model 

results for Well ER-5-4 #2 indicate that the groundwater from this well is partly derived by 

groundwater flow from the vicinity of the CP basin, in agreement with the interpretation from 

hydraulic data that areas with high hydraulic heads to the west of Frenchman Flat must be 

hydrologically connected to Well ER-5-4 #2 in order to maintain the high heads (755 m) measured in 

the LTCU at this well. 

8.8 Groundwater Velocities

Based on the analyses presented in the preceding sections, the corrected DI14C ages together with the 

estimate of groundwater age at Well ER-5-4 #2 calculated from the Na and Ca concentrations seem to 

provide the best estimate of groundwater age in the Frenchman Flat area.  These ages are shown in 

map view in Figure 8-18 along with an indication of the type of HSU from which the samples were 

taken (AA, VA, or TCU).  As discussed in Section 8.1, it is likely that groundwater in the tuffs and 

alluvium flows south or southeastward from recharge areas in the hills along the northern and 

northwestern perimeter of the basin toward the basin center.  Using this general constraint on 

groundwater flow paths, groundwater velocities were calculated between pairs of wells that were 

selected based on their common HSU and on their relative corrected DI14C ages and chemical 

evolution (Figures 8-19 and 8-20).  Although the relatively small number of wells with DI14C data in 

any HSU and the predominantly north-south well coverage in Frenchman Flat severely limit the 

possible combinations of wells that could be considered to lie along a flow path, several pairs of 

closely spaced wells were identified that give an indication of flow velocities within the basin.        

The first pair of wells to be considered is Wells UE-5 PW-2 and UE-5 PW-1 in northern Frenchman 

Flat (Figure 8-19).  These wells were selected because (1) they are both in the AA, (2) they are 

separated by only 1,430 m along a north-south line in an area where groundwater flow is probably 

southward, and (3) their relative ages and chemical evolution suggest groundwater flow from Wells 

UE-5 PW-2 to UE-5 PW-1 is possible (Figure 8-7 and Section 8.7.1).  Based on the difference in the 

(average) corrected DI14C ages of these wells (11,740 years – 8,440 years = 3,300 years) and their 

distance from each other, the groundwater velocity in the alluvium between these wells is 0.43 meters 

per year (m/yr) (Table 8-4).  Thus, over 1,000 years, groundwater in the alluvium near the northern 

testing area would travel about 430 m.  The groundwater flux (q) between Wells UE-5 PW-2 and 
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Figure 8-18
Estimated Groundwater Ages Calculated for Alluvial and Tuffaceous Aquifers in Frenchman Flat 
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Figure 8-19
Groundwater Velocities Calculated for Different Well Pairs in the Alluvium in Frenchman Flat 
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Figure 8-20
Groundwater Velocities Calculated Between the CP Basin and Well ER-5-4 #2
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UE-5 PW-1 can be calculated from the groundwater velocity (v) and the average porosity (φ = 0.36) 

using the relationship (q = vφ) to obtain q = 0.16 m/yr. 

The second pair of wells to be considered is WW-5b and WW-5c in southern Frenchman Flat 

(Figure 8-19).  These wells were selected for analysis because (1) they are both in the AA, (2) they 

are separated by only 1,458 m along a southeasterly trajectory in an area where groundwater flow is 

likely to be southeastward because of an increasing component of flow from the Wahmonie Hills or 

CP basin, and (3) their relative ages and chemical evolution suggest that groundwater flow from 

WW-5b to WW-5c is possible (Figure 8-7).  Based on the difference in the corrected DI14C ages of 

groundwater at WW-5c and WW-5b (23,147 years – 15,677 years = 7,470 years) and their distance  

between the wells, the average groundwater velocity is 0.20 m/yr (Table 8-4).  Thus, groundwater in 

the alluvium near the central testing area would travel approximately 210 m in the next 1,000 years.  

By a similar calculation as outlined in the previous paragraph, the groundwater flux in the alluvium is 

estimated to be 0.072 m/yr. The PHREEQC models described in Section 8.7.2 indicated that 

groundwater at Well ER-5-4 could evolve either by the evolution of groundwater flowing south from  

Well PW-1, or by the evolution of groundwater flowing southeast from UE-5c WW.  The distances 

and age differences between these combinations of wells lead to estimates of groundwater velocity 

between Well PW-1 and ER-5-4 of 0.19 to 0.25 m/yr and a groundwater velocity between Wells 

UE-5c WW and ER-5-4 of 0.12 to 0.85 m/yr.  

Groundwater velocities were calculated between Wells UE-5 PW-1 and WW-1.  These wells were 

selected because of the southeastward trajectory of particles leaving the central testing area in many 

of the flow models described in Section 4.0 and this combination of wells best approximated that 

trajectory.  An average age of 17,200 years was used for the groundwater at WW-1 based on the ages 

estimated from the Ca and Na concentrations in Section 8.5.3.  The groundwater velocity of 1.06 m/yr 

estimated for this combination of wells (Figure 8-19 and Table 8-4) is higher than the velocities 

estimated for the other well combinations.  This velocity estimate is subject to greater uncertainty 

than velocities estimated for other flow paths because the age of groundwater at WW-1 was estimated 

indirectly. 

The PHREEQC models presented in Section 8.7.3 interpreted the composition of groundwater at 

Well ER-5-4 #2 to result through the evolution of a groundwater mixture that included groundwater 
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from Wells WW-4 and UE-5c WW.  Using the mixing fractions estimated in the inverse models for 

Well ER-5-4 #2 (Figure 8-17) and the DIC and 14C activities at each well in the mixture, a 14C activity 

for the mixture was calculated (11.1 pmc).  Using the decay equation (8-5) with these values (adjusted 

using a qDIC factor to account for dolomite dissolved in the inverse models) yielded travel times of 

8,340 to 8,380 years.  When combined with average upgradient location of the mixture calculated 

from the coordinates of the mixing end-members and their fractions of the mixture, these travel time 

estimates yielded a groundwater velocitiy of 0.60 m/yr.  The groundwater velocity estimated from 

this analysis is shown in Figure 8-20.

An interesting result associated with this analysis is that when the travel times of 8,340 to 8,380 years 

to Well ER-5-4 #2 are added to the age calculated for the upgradient mixture using the average DI14C 

ages listed in Table 8-1, an average age of 26,000 years is obtained for the ER-5-4 #2 groundwater.  

This age is similar to the age of 33,000 years calculated from the cation concentrations in the 

groundwater at Well ER-5-4 #2, and supports the concept that groundwater at ER-5-4 #2 is quite old.

8.9 Summary and Conclusions

Groundwater 14C data from the tuffs and alluvium in Frenchman Flat were used to calculate ages 

(residence times) for these groundwaters.  The analysis of 14C associated with the DIC (DI14C) 

considered the effects of calcite dissolution and isotope exchange on the groundwater DI14C through 

two simple correction methods that estimated the dilution of 14C originally in the groundwater 

recharge.  The two correction methods yielded estimates of groundwater ages that were in good 

Table 8-4
Estimated Groundwater Travel Times and Velocities

Well #1 Well #2 Distance
(m)

Travel time 
(years)

Velocity
 (m/yr)

UE-5 PW-2 UE-5 PW-1 1,430 3,304 0.43
WW-5b WW-5c 1,458 7,470 0.20

UE-5c WW ER-5-4 1,909 2,321 to 15,712 0.12 to 0.85
UE-5 PW-1 ER-5-4 3,250 13,109 to 17,207 0.19 to 0.25
UE-5 PW-1 WW-1 5,972 5,631 1.1

WW-4 and UE-5c WW ER-5-4 #2 5,010a 8,340 to 8,380 0.60

aThe distance between ER-5-4 #2 and the upgradient wells in the mixture was estimated using mixing-fraction-weighted 
coordinates of the upgradient wells.

m = Meter
m/yr  = Meters per year
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agreement for all but one of the wells (ER-5-4 #2).  The corrected DI14C ages of Frenchman Flat 

groundwater ranged from ~ 8,500 years to ~ 29,000 years.  In general, younger groundwater is found 

near the low hills bordering the northern and northwestern parts of the basin, and older groundwater is 

found toward the basin center, reflecting the near absence of recharge through the alluvium in the 

basin even during the relatively wet conditions that existed in the late Pleistocene and early Holocene.  

The absence of groundwater DI14C ages younger than the early Holocene, even along the basin 

margins, is consistent with paleo-climate reconstructions based on vegetation preserved in pack-rat 

middens and on the ages of paleo-discharge deposits that indicate modern-day arid conditions were 

established in the NTS area by about 9,000 years ago.

The corrected groundwater DI14C ages were compared with groundwater ages calculated from 14C 

associated with the dissolved organic carbon (DO14C), which theoretically do not require adjustments 

to account for water/rock interactions.  The ages of Frenchman Flat groundwater based on DO14C 

were generally less than half of the corrected ages based on DI14C.  Both sets of groundwater ages 

were evaluated by comparing temporal variations in atmospheric 36Cl/Cl deposition, as recorded in 

the groundwater 36Cl/Cl and the estimated DI14C- and DO14C-based groundwater ages, with terrestrial 

records of 36Cl/Cl deposition preserved in pack-rat middens that extend back almost 40,000 years.  

The temporal variations in groundwater 36Cl/Cl ratios using the DI14C-based ages were in good 

agreement with variations in atmospheric 36Cl/Cl deposition recorded in the pack-rat midden data, 

whereas similar comparisons showed that the DO14C ages were too young for at least half of the wells 

for which DO14C data were available.  Questions concerning the reliability of the DO14C ages focused 

the remainder of the analysis on the corrected DI14C ages.  

Past studies of the geochemical evolution of groundwater at the NTS have established that 

groundwater in contact with tuffs and tuffaceous sediments tends to become enriched in Na and 

depleted in Ca and other divalent cations because the tuffs themselves are high in Na and because of 

cation exchange.  These evolutionary trends, as represented in correlations developed between Na 

and Ca concentrations and corrected DI14C ages, were used to estimate a groundwater age at 

ER-5-4 #2 of 33,000 years and to establish a basis for identifying pairs of wells that were likely to lie 

along a flow path. 
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Inverse geochemical models were done with the geochemical modeling code PHREEQC to 

investigate the origin of groundwater at selected wells within the basin.  These models confirmed that 

groundwater at Well UE-5 PW-1 could originate by the southerly flow of groundwater from Well 

UE-5 PW-2, coupled with plausible water/rock interactions.  Similar models done for Well ER-5-4 in 

the central part of the basin indicate this groundwater could originate from either the southerly flow 

of groundwater from Well UE-5 PW-1 or from a mixture of UE-5 PW-1 groundwater and 

groundwater flowing southeast from UE-5c WW.  Geochemical inverse models for Well ER-5-4 #2 

could only explain the composition of this groundwater using both mixing and water/rock 

interactions.  This groundwater appears to originate from a mixture of groundwater from the CP basin 

and groundwater from northwestern Frenchman Flat, suggesting that this groundwater may have been 

recharged in the low hills separating these two basins.  This result agrees with evidence from 

hydraulic heads that the groundwater near Well ER-5-4 #2 has a strong hydraulic connection with 

groundwater in the vicinity of the CP basin. 

Groundwater velocities were calculated at pairs of wells in the alluvium that were likely to lie along a 

flow path based on their relative chemical evolution.  Groundwater velocities in the alluvium between 

well pairs with 14C-based ages ranged between 0.12 m/yr to 0.85 m/yr.  A higher groundwater 

velocity of 1.1 m/yr was estimated for a UE-5 PW-1 to WW-1 flow path, but this velocity is subject to 

greater uncertainty because it is based on an age for WW-1 groundwater estimated indirectly from its 

dissolved cation concentrations.  An analysis of groundwater travel time for a mixture of 

groundwaters involving components from the CP basin (Well WW-4) and from Well UE-5c WW 

indicated groundwater velocities in the volcanic rocks along the flow path was about 0.60 m/yr.

The low rates of groundwater movement estimated for Frenchman Flat basin are consistent with the 

near absence of recharge to the basin over the last 8,500 years and with the nearly flat water table.  

The estimated groundwater velocities in the alluvium indicate that transport distance of between 

about 200 to 1,000 m can be expected over the next 1,000 years.
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9.0 SUMMARY AND CONCLUSIONS

To understand the potential for lateral and vertical radionuclide migration, a 3-D, finite element, 

steady-state groundwater flow model of the Frenchman Flat CAU was constructed. The model was 

created to allow for evaluation of conceptual model uncertainty. Different combinations of 

hydrostratigraphic framework models, recharge models, hydrologic boundary conditions, and the 

application of permeability depth decay were considered in order to propagate the uncertainty 

associated with each of these elements of the model into the resulting flow fields. The approach 

resulted in several flow fields that were consistent with site-specific data and the conceptual 

understanding of the Frenchman Flat groundwater flow system. The modeling effort was able to 

synthesize an understanding of the regional hydrogeologic system and local data and observations 

while bounding flow field uncertainty resulting from geologic and hydrologic uncertainty. This study 

was undertaken to satisfy the groundwater flow model required by the Addendum to Revision 1 of the 

Corrective Action Investigation Plan for Corrective Action Unit 98: Frenchman Flat, Nevada Test 

Site, Nevada (NNSA/NV, 2001). 

The Frenchman Flat CAU flow model is calibrated to estimates of boundary flow from two regional 

models. This information is utilized to give the direction and velocity of groundwater flow, which 

will be used to compute contaminant transport in conjunction with the appropriate processes (e.g., 

advection, dispersion, retardation, and radioactive decay). However, the modeling of solute transport 

has profoundly different characteristics than groundwater flow alone (Anderson, 1979). Thus, there 

may be additional uncertainty associated with the flow model when it is used to make predictions of 

radionuclide transport. 

The emphasis of the flow modeling studies is not on identification of a unique set of calibration 

parameters. Instead the groundwater flow framework and model uncertainties are assessed through 

the identification of a spectrum of particle trajectories from individual nuclear tests that will be 

further examined through future transport and total system modeling assessments.
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The FFACO requires that the contaminant transport model predict the contaminant boundary at 1,000 

years and “at a 95% level of confidence” (FFACO, 1996). The Frenchman Flat Phase II flow model 

described in this report provides, through the flow fields derived from alternative HFMs and 

boundary conditions, one of the tools required to compute the contaminant boundary. Other 

components include the simplified source model, which incorporates uncertainty and variability in 

the factors that control radionuclide release from an underground nuclear test, and the transport model 

with the contaminant parameter uncertainty.   The synthesis of all of this information contributes to 

the calculation of the final contaminant boundary.

Frenchman Flat is a closed-drainage intermontane basin located in the southeastern portion of the 

NTS. It is bounded on the north by Massachusetts Mountain and the Halfpint Range, on the east by 

the Ranger Mountains and Buried Hills, on the south by the Spotted Range, and on the west by the 

Wahmonie Hills. The valley floor of the basin slopes gently from the surrounding highlands to a 

low-lying playa. Ground elevations range from over 1,463 m amsl in the surrounding mountains to 

approximately 938 m amsl at Frenchman Lake playa (BN, 2005a).

Sedimentary and volcaniclastic rocks, followed by ash-fall and ash-flow tuffs and finally alluvial and 

playa deposits, filled Frenchman Flat basin as it developed, along with lavas emanating from the 

Wahmonie volcanic center. Stratigraphic relationships between alluvium and tuffs within the basin 

indicate that formation of the main part of the basin was initiated after eruption of the Ammonia 

Tanks Tuff (11.45 Ma) and before the eruption of the Thirsty Canyon group had been completed at 

9.14 Ma (BN, 2005b, p. 3-4). Basin development continued after deposition of the tuffs, as 

demonstrated by the faulted nature of the tuffs and the accumulation of more than 1,400 m of 

alluvium in the center of the basin. The alluvium thins toward and beyond the structural margins of 

the basin where it directly overlies the LCA (BN, 2005a). Along the northern, eastern, and southern 

margins, the tuff confining units that line the basin have been thinned by faulting and erosion, 

increasing the potential for hydraulic connections between the shallower material in the basin and the 

LCA in these areas.

The geology northwest of Frenchman Flat is structurally complex and diverse. This area includes: the 

CP basin, whose geology at depth is relatively uncertain; the strike-slip Cane Spring fault, which 

separates CP basin from Frenchman Flat basin; the Wahmonie volcanic center; and the CP thrust fault 
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(BN, 2005a). Numerous faults that underlie CP Hogback separate the CP basin from Yucca Flat. A 

zone of faults near Massachusetts Mountain accommodates changes in the structural styles south of 

Yucca Flat and further complicates the interpretation of the geologic structure in this area. Thus, the 

hydrologic relation between the CP basin and both Yucca Flat and Frenchman Flat is highly 

complicated and uncertain. In other parts of the Frenchman Flat model area, more than 70 faults with 

significant displacement have been recognized and are included in the groundwater model. 

The present-day water table is deep enough that the alluvium and tuffs are unsaturated beyond the 

faulted margins of the Frenchman Flat basin, and the alluvial and tuff aquifers in Frenchman Flat are 

isolated by the LCA from volcanic or alluvial aquifers outside the basin except toward the west. 

Based on hydrochemical differences, as well as hydraulic head gradients, the LCA does not appear to 

be the source of groundwater in the tuffs and alluvium of Frenchman Flat (Hershey et al., 2005). 

Thus, the only possible source of the groundwater in tuffs and alluvium of Frenchman Flat is local 

recharge and groundwater flow from the CP basin or the Wahmonie Hills to the west. Although the 

Cane Spring fault appears to impede groundwater inflow from CP basin into Frenchman Flat 

(Winograd and Thordarson, 1975), the absence of major basin-bounding faults along the western 

margin of Frenchman Flat and the monoclinal structure and lateral continuity of the HSUs here 

probably permit some flow into the western part of the Frenchman Flat basin from areas to the west. 

Three conceptual models for groundwater flow in the Frenchman Flat model area were proposed 

prior to the development of the Phase II Frenchman Flat CAU steady-state groundwater flow model. 

These conceptual models are not mutually exclusive. The first conceptual model was proposed by 

Winograd and Thordarson (1975) and updated by Laczniak et al. (1996). This conceptual model was 

based on an assumption that water in the AA is semiperched and is characterized by a vertical flow 

system from the AA to the LCA through an internal outlet in the vicinity of the Frenchman Lake 

playa or through another local sink. In addition, this conceptual model allowed for the possibility that 

water moves from the AA to the LCA through slow lateral flow to the basin edge. The second 

conceptual model suggests flow in the AA is consistent with LCA flow direction going from north to 

south. This conceptualization is based on regional flow model results, which indicated this flow 

direction (DOE/NV, 1997), rather than by site-specific data. The third conceptual model suggested 

that water in CP basin to the west/northwest of Frenchman Flat leaks through the Cane Spring fault 

into the Frenchman Flat basin (IT, 1999a) and the general flow in the Frenchman Flat basin is from 
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north to south/southeast. This conceptual model is supported by three observations: 1) observed water 

levels in CP basin are much higher than those in the Frenchman Flat basin, 2) observed water levels 

in the AA are lower to the south and east of the Frenchman Lake playa, and 3) water levels observed 

in Well UE-5c WW in the northwest alluvium are greater than those observed in the central or east 

basin. This conceptual model was chosen as the basis for the Frenchman Flat CAU Phase I flow 

model (IT, 1999a). The Phase II Frenchman Flat flow model does not make any presumptions 

regarding which of these three conceptual models is correct, but is designed in a way that allows 

aspects of all of these conceptual models to be investigated and flow directions to be determined as a 

result of model calibration. 

Groundwater flow through the basin alluvial and volcanic units overlying the LCA is driven by 

recharge within the basin and groundwater flow from areas of higher head to the west of the basin. 

Hydraulic head data do not indicate large lateral or vertical gradients and suggest that groundwater 

flow is slow within the basin, a conclusion that is consistent with low rates of recharge and limited 

inflow to the basin across the Cane Spring fault inferred from the large water-level differences 

between the Frenchman Flat and CP basins. Rates of present-day recharge in the model area are 1 

percent or less of the total fluxes estimated to pass through the model area, mostly through the LCA.

Water-level observations and aquifer tests indicate nearly absent vertical hydraulic gradients in the 

AA, combined with effects of depth decay in permeability and the possibility of kh/kv ratios much 

greater than unity indicate that groundwater flow in the AA will be predominantly lateral to the basin 

margins. Furthermore, the low recharge rates estimated for the basin, and the limited inflow across 

the Cane Spring fault, suggest that lateral groundwater movement within the basin will be slow.

Previous modeling and data analysis activities undertaken to understand the Frenchman Flat 

groundwater flow system include: three recharge models developed using different principles, two 

regional-scale groundwater models, and a geochemical analysis to understand both local and regional 

groundwater flow paths. Additionally, the hydrostratigraphy of the site was evaluated and one base 

(most likely) and four alternative hydrostratigraphic framework models were constructed using 

numerous boreholes, outcrop data, and geophysical studies to understand the subsurface geology of 

the Frenchman Flat area.
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The foundation of the flow model analysis is the Phase II hydrostratigraphic framework model 

(HFM) prepared and documented by BN (2005a). The BASE HFM represents a consensus view of 

the currently most viable model based on existing data. To investigate the uncertainty in the BASE 

HFM, four alternative models were developed to assess the potential impact of alternative geologic 

interpretations on groundwater flow and the transport of contaminants in groundwater. The basalt 

lava flow aquifer (BLFA) alternative increases the lateral continuity of the basalt lava flow aquifer. 

The detachment fault (DETA) alternative removes a fault and increases the continuity of several 

volcanic aquifers. The displacement fault (DISP) alternative juxtaposes shallow volcanic aquifers 

against the LCA to evaluate the effects of increased hydraulic connections among these units. Finally, 

the CP thrust (CPBA) alternative includes an adjustment of the stratigraphy in the northwest corner of 

the model. Each of these HFMs was evaluated to determine uncertainty in the calibrated flow field of 

the BASE HFM.     

The hydrostratigraphy of the Frenchman Flat CAU model area was translated into a computational 

grid using a grid refinement approach that was conditioned to captured the complex geometry of 

HSUs, structural faults, open intervals of wells, and underground nuclear test cavities. To improve 

model consistency and efficiency during calibration, a single finite element mesh was created that 

was flexible enough to allow each HFM to be easily substituted into the flow model. Mesh nodes 

were spaced with five levels of refinement. Nodes closer to the HSU interfaces and near fault planes 

had smaller spacing, with node spacing increasing where less detail was necessary to capture HFM 

and underground nuclear test features. Surfaces were generated for 17 HSUs and more than 70 faults, 

resulting in a grid with 1,250,721 nodes and 7,144,765 tetrahedral elements.    

Boundary conditions for the Frenchman Flat flow model included specified recharge fluxes along the 

upper surface of the model and specified heads along the lateral boundaries. The recharge flux 

distributions for Frenchman Flat were developed from several recharge model approaches used in 

support of regional groundwater models of the flow system. The lateral boundary heads for the 

Frenchman Flat flow model were estimated by interpolation hydraulic heads from the regional 

models onto the lateral boundaries of the Frenchman Flat flow model. 

Net groundwater fluxes calculated by the regional models across planes coinciding with the lateral 

boundaries of the Frenchman Flat flow model were calculated and used along with 30 hydraulic head 
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measurements as calibration targets. Measurement uncertainty and calibration weights were 

determined for the hydraulic head measurements by considering uncertainty in different aspects of the 

head measurements such as land-surface elevation, depth to groundwater, and borehole deviations 

from vertical. Permeability within the model varied among the HSUs and as a function both of depth 

and of the permeability modification factors that were applied to the faults during calibration. 

Permeability depth decay in the AA and OAA was subject to an uncertainty analysis in which a 

model calibration was completed without treating permeability as a function of depth.

The calibration strategy developed for the Frenchman Flat flow model was to: (1) optimize 

groundwater fluxes through the sides of the model by adjusting the permeability of the LCA and 

major faults that intersect the model boundaries using automated parameter estimation software; 

(2) match hydraulic heads in the CP basin and near other model boundaries by selectively adjusting 

heads along the model boundary, and, when applicable, by optimizing fault permeabilities within and 

adjacent to the CP basin; and (3) match hydraulic heads in the alluvium and tuffs within the 

Frenchman Flat basin by adjusting the permeabilities of the alluvium, tuffs, and minor faults that 

sensitivity studies indicated would have the desired impact to the calculated hydraulic heads. 

The number of adjustable parameters in the model is relatively large (more than 100), due to the 

hydrogeologic detail in the model, compared to the number of target observations available to 

constrain the model. The large number of faults and HSUs in the model made it difficult to evaluate 

the values of individual parameters from the data alone. Hence, sensitivity studies, prior information 

on HSU permeabilities and expert judgement based on established conceptual models of the NTS 

flow system all played an important role in guiding model calibration. Although the large number of 

parameters created challenges, it also meant that the model had the flexibility to explore the impact of 

different geologic features and parameterization on the groundwater flow patterns. 

The calibrated model fit the target head and flux data well, with parameters that are reasonable for 

their respective HSU type. Additionally, the simulated heads in the AA matched the head data with a 

high degree of accuracy, and correctly simulated the observed lateral gradient in the basin and the 

observed near-absence of a vertical gradient within the AA. Therefore, there seems to be little 

potential for downward flow in the alluvium, despite the overall drop in heads between the alluvial 

aquifers and the carbonate aquifer. The data and the model results indicate that most of the head loss 
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between the alluvial aquifers and the carbonate aquifer occurs across the thick confining units like the 

VCU and LTCU that line the bottom and flanks of Frenchman Flat basin. 

The permeabilities estimated during calibration of the BASE-USGSD flow model were compared to 

the data from the general NTS area and Frenchman Flat. The match between the estimated and 

measured hydraulic conductivities was satisfactory in most cases. For AA, the estimated permeability 

was toward the lower end of the observed data range. The effects of increasing the estimated 

permeability in the AA to bring it into better agreement with the data would be to increase the lateral 

rate of groundwater movement in the model if the horizontal head gradient were to remain the same. 

However, with these increases in horizontal hydraulic conductivity of the AA, it is likely that either 

greater anisotropy or depth decay would be required, thus limiting vertical migration even further. 

The simulated heads in the AA matched the head data with a high degree of accuracy and correctly 

simulated the near-absence of both vertical and lateral gradients within the AA indicated in the data. 

A comparison of measured heads at the ER-5-3 well complex with a vertical profile of simulated 

heads produced with the BASE-USGSD flow model indicated that both measured and modeled 

vertical head gradients are virtually non-existent between the alluvium and the underlying volcanic 

aquifers near the ER-5-3 well complex. Therefore, there seems to be very little potential for 

downward flow in the alluvium in the northern testing area, despite the overall drop in heads between 

the alluvium and the LCA. The data and the model results indicated that most of the head loss 

between the alluvium and the carbonate aquifer occurs across the thick confining units, like the 

LTCU, that are present beneath the northern testing area. A similar comparison between measured 

and simulated heads at the ER-5-4 well complex indicates that simulated heads in the BASE-USGSD 

model again accurately depict the near-constant heads in the alluvium. Again, this would suggest that 

there is very little downward gradient through the alluvium that would create downward flow in the 

central testing area. Simulated heads show an almost 1-m increase between the lower alluvium and 

the TM-WTA, creating a pressure barrier that would also prevent groundwater movement into the 

LCA. Although data do not exist to evaluate the presence of a pressure barrier in the TM-WTA, 

measured hydraulic heads of more than 754 m in the LTCU at Well ER-5-4 #2 indicate that the 

concept of a pressure barrier in the central part of Frenchman Flat is feasible. The results of the 

BASE-USGSD flow model indicate the this pressure barrier could arise when high-permeability units 
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like the TM-WTA (or similar lithologies embedded within the thick LTCU) act as confined aquifers 

and connect the deep parts of the Frenchman Flat basin with areas of higher head to the west.   

The distribution of HSUs, combined with the superimposed effects of faults and depth decay of HSU 

permeability serves to create an extremely complex distribution of permeability within the model that 

results in a correspondingly complex flow field. Flow patterns in the northern testing area, identified 

from particle tracks, show that large contrasts in the permeability among the HSUs results in 

groundwater flow focused into certain units and around other HSUs. The geometry of the HSUs and 

their estimated permeability cause groundwater flow to bifurcate in the northern testing area, with 

flow north of a detachment fault flowing east or northeast, and groundwater to the south of the 

detachment fault flowing predominantly southward. In the central testing area, where the shallow 

hydrostratigraphy is considerably simpler, groundwater flow is toward the southeast. From particle 

tracking, it appears that most of the shallow groundwater flowing beneath the testing areas eventually 

exits the model through the Rock Valley fault system in the southwest corner of the model. 

A sensitivity analyses using local techniques where all parameters are adjusted slightly over their 

range of uncertainty and perturbation analysis where parameters are changed significantly by 

multiple standard deviations or orders of magnitude were used to evaluate the influence of the model 

parameters on the model response. The perturbation analysis varied properties of HSUs and faults 

over their range of uncertainty, providing a comprehensive picture of model behavior (although this 

analysis does not evaluate changes to other model parameters that may be required to maintain model 

calibration when a selected parameter is perturbed). From these detailed sensitivity studies, 

considerable insight has been gained about the factors that influence the flow model’s ability to match 

the target water levels and boundary fluxes, and, in the process, insight about the factors that 

influence the overall behavior of the groundwater flow system. 

Faults in the Rock Valley fault system are the dominant features in the LCA underlying Frenchman 

Flat and exert significant control on the direction of regional groundwater movement. The faults in 

the Rock Valley fault system are assumed not to propagate upward into the alluvial or volcanic units 

in the BASE-USGSD flow model. The effect of the Rock Valley fault system on the water levels at 

target well locations was modest. Faults located in the central portion of the basin appear to decrease 
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the water-table elevation when their permeability increases, but faults in the LCA along the southern 

edge of the model domain increase the water-table elevation in the AA as their permeability 

decreases.

The Cane Spring fault separates the CP basin in the northwestern portion of the model domain from 

the Frenchman Flat basin. This fault has little bearing on the boundary fluxes in the CAU model, but 

it has a pronounced effect on the simulated hydraulic heads. During calibration of the BASE-USGSD 

model, the fault was separated into two sections: one south and west of the CP Hogback, and the other 

north and east of the CP Hogback. In the BASE-USGSD model, the southern section of the fault has 

much lower permeability than the surrounding rocks. Overall, water levels in the AA within the 

Frenchman Flat basin are very sensitive to changes in the permeability of the southern portion of the 

fault and show almost no sensitivity to the northern portion. If the entire fault were much tighter than 

the surrounding rocks, the modeled water-level elevation in the central portion of Frenchman Flat 

basin was lower than observed. This indicates that a small flux from CP basin is necessary to maintain 

water levels in the Frenchman Flat OAA and AA.

The permeability of certain HSUs play a very important role in maintaining hydraulic heads and 

routing groundwater fluxes into and out of the Frenchman Flat AA. Sensitivity analyses demonstrate 

how hydraulic heads are affected by changes in HSU permeabilities. It was evident from these 

analyses that contrasts in the permeabilities of key HSUs were as important as the absolute 

magnitudes of the permeabilities in affecting water levels within the AA and underlying HSUs. 

Just as simulated water levels in northern Frenchman Flat were significantly affected by 

permeabilities assigned to different parts of the Cane Spring fault, the AA permeability itself was 

found to be an important factor in determining these water levels. Sensitivity analyses that focused on 

the factors affecting water levels in the AA demonstrated that increasing the permeability of the AA 

decreased water levels in the AA. Conversely, increasing the permeability of the Timber Mountain 

aquifers (TM-LVTA and TM-WTA) and the TSA resulted in a modest increase in the AA water levels 

by increasing groundwater flux into the OAA and AA in northern Frenchman Flat from CP basin. 

Water levels in the OAA and AA appeared to be insensitive to all of the HSUs embedded within these 

units, including the BLFA, PCU1U, PCU1L, and PCU.   
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Water levels in central Frenchman Flat are maintained through a balance of AA and VCU 

permeabilities at the southern end and by permeability values assigned to the WCU and LTCU in the 

northern end. The permeability values for the AA and VCU are positively correlated, indicating that 

changes to the calibrated values of these units results in similar model responses at the calibration 

targets. Because many of the water-level observations in the AA are located in the central portion of 

the Frenchman Flat basin, the ability for the model to match hydraulic head data is most strongly 

influenced by the permeability contrast between the AA and the VCU. 

Unlike the other volcanic confining units, which tend to increase water levels in the AA as their 

permeability is decreased, a decrease in the permeability of the WCU produces lower water levels in 

the AA. This effect suggests that simulated water levels in the central part of Frenchman Flat are 

sustained by groundwater flow from the Wahmonie Hills near the western edge of the model in the 

BASE-USGSD model.

Changes in the permeability of the LCA strongly affect the magnitude and direction of the lateral 

boundary fluxes. This is not surprising given the thickness and extent of the LCA along the model 

boundaries. Water levels throughout the Frenchman Flat basin alluvial and volcanic HSUs also 

showed some sensitivity to small changes in the permeability of the LCA. The LCA permeability 

appeared to influence shallow water levels in the alluvium by changing the heads in the LCA and thus 

affecting hydraulic gradients across the confining units that separate the AA from the LCA. However, 

the relative hydrologic isolation of the AA from the regional LCA was apparent in the limited 

influence that changes to the AA permeabilities had on boundary fluxes. 

Steady-state groundwater flow models were used to assess conceptual model uncertainty of the 

Frenchman Flat flow system. The primary goal of this assessment was to define the uncertainty of the 

flow system associated with alternative HFM uncertainty, boundary condition uncertainty, and HSU 

or fault parameter uncertainty. The assessment is also intended to provide guidance on how to include 

or represent these uncertainties in the transport simulations used to calculate the contaminant 

boundary. The mechanisms to express model response uncertainty are identified in the CAIP and 

include variability in simulating the groundwater flow paths and fluxes (DOE/NV, 1999). The 

approach was not to define all potential variations in flow paths and fluxes, but instead to establish the 

range of variation using realistic combinations of alternative conceptual models and parameter sets. 
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To assess uncertainty in the geologic system, four alternative HFMs were considered. Each of the 

HFMs included 17 HSUs, of which 8 were considered as aquifers and 9 as confining units, and more 

than 70 faults that were included based on their potential hydrologic significance. Each of these 

HFMs was used in conjunction with a map of recharge for the Frenchman Flat area that was taken 

from a water-balance model of infiltration and recharge (designated the USGSD model) originally 

developed for the regional model area. 

Independently calibrated models for the BASE and CPBA HFMs provide generally similar fits for 

boundary fluxes and simulated heads when calibrated with the USGSD boundary conditions, with the 

exception of measured heads at WW-C, WW-C1, WW-4, and WW-4A, where the heads are better 

simulated by the BASE-USGSD model. Calibration fits are generally superior for the BASE-USGSD 

model compared to the CPBA-USGSD alternative for multiple statistical parameters that characterize 

goodness of fit. Particle tracks demonstrate that the simulated groundwater flow fields are generally 

similar for the northern testing area in both models with the exception of particle tracks starting in the 

vicinity of the PIN STRIPE test location. The DISP-USGSD alternative indicated that a completely 

open connection between the alluvium and the LCA is unrealistic, but that modest adjustments to 

fault parameters allow for a good match of the model to water-level measurements. A decrease in the 

permeability along the trace of one of the main Rock Valley faults (fault 34) through the alluvial 

aquifer in the DISP-USGSD alternative provides a low permeability feature, first hypothesized by 

Winograd and Thordarson (1975), which improves the model fit to observed heads at WW-5B and 

WW-5C and matches the loss in head in the vicinity of the playa. Flow paths in the DISP-USGSD 

model were similar to the other HFMs in the central testing area, but the northern testing area had 

considerably more flow to the east. The BLFA-USGSD and DETA-USGSD model alternatives were 

calibrated using the identical parameters estimated during calibration of the BASE-USGSD model. 

Both models show similar patterns of groundwater flow in the southern testing area compared to the 

BASE-USGSD model and show some variability in particles tracks compared to the BASE-USGSD 

model for the northern testing area. The primary differences are in the direction of the particle 

trajectories and in HSUs traversed along the pathways (as a result of changes in the 

hydrostratigraphy). The significance of variability in the groundwater flow fields to contaminant 

transport that results from the use of different HFMs will be evaluated during transport modeling 

studies.
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Discrete uncertainty analyses were also done with the BASE-USGSD and BLFA-USGSD flow 

models to examine the effects of changes in the properties of selected faults on the model calibration 

and resulting groundwater flow paths. The permeability of two faults (35 and 38) in the alluvial and 

volcanic sections and one HSU (BLFA) was increased to the point where the model calibration was 

significantly impacted. These parameters were selected because of their great uncertainty and their 

potential to affect flow from underground nuclear tests. Changes to parameters in the northern testing 

area suggest that flow trajectories may be modified through adjustment to the selected model 

parameters, but the ability of other model parameters to compensate for the model misfit was not 

determined. In this sense, the effects of these changes may be exaggerated. However, when these flow 

fields are used to compute contaminant transport for the time of interest while accounting for the 

appropriate transport processes, the extent of these small changes to groundwater flow may be 

inconsequential to predicted contaminant migration. Changes to tested model parameters in the 

central testing area have little influence on the resulting steady-state groundwater flow field.

To assess the impact of boundary condition uncertainty on groundwater flow paths in the Frenchman 

Flat CAU model, the two alternative HFMs that are most distinctly different based on calibration with 

the USGSD boundary conditions (BASE and CPBA HFM alternatives) were also calibrated with the 

DRIA-, MME-, and DVRFS-boundary conditions. These models were used to bound the uncertainty 

in the CAU flow system resulting from variations in boundary conditions that were produced through 

the use of multiple recharge distributions and two regional groundwater flow models. Because areal 

recharge along the top of the Frenchman Flat CAU flow model is small regardless of the recharge 

model, the differences among the calculated boundary heads and boundary fluxes dominated this 

component of the uncertainty analyses. Additional boundary condition uncertainty analysis was 

completed to determine the impact of boundary head adjustment methodology on calculated 

steady-state groundwater flow fields. 

Results from the MME boundary conditions using the BASE HFM and CPBA HFM are most similar 

to the BASE-USGSD model and provided the best overall match to the hydraulic head calibration 

data among the models evaluating boundary conditions. The MME models matched the observed 

downward head gradient between the alluvium and LCA in northern Frenchman Flat. The 

groundwater flow paths at the northern edge of Frenchman Flat basin appeared to be dominated by 

eastward advection in both of these models. Simulated hydraulic heads in the central part of 
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Frenchman Flat decline gently toward the southeast in both models, as was observed in the 

BASE-USGSD model, indicating that shallow groundwater flow out of central Frenchman Flat will 

also be in this direction. 

Results from the DVRFS boundary conditions using the BASE HFM and CPBA HFM are the most 

dissimilar to the BASE-USGSD model. These models provided as good an overall fit as other models 

to both the hydraulic head at the observations and boundary flows. However, the simulated head in 

LCA for both models was higher than heads measured in the overlying alluvium and tuffs. This 

indicates an upward head gradient between the alluvium and LCA, contrary to the both hydraulic 

head data and the conceptual understanding of the Frenchman Flat  flow system. Lateral groundwater 

flow paths in the testing areas for the BASE-DVRFS and CPBA-DVRFS alternatives were similar to 

the MME- and USGSD- models indicating that flow paths in the volcanic and basin-fill HSUs did not 

appear to be impacted by the upward gradient. The impact of the higher heads in the LCA was 

probably attenuated by the low permeability of the LTCU that separates the local flow system from 

the regional flow system.   

Given the consistency in groundwater flow paths generated by both the DVRFS- and MME-boundary 

conditions in the BASE HFM and CPBA HFM, the variation between these HFMs when they are 

calibrated using the DRIA boundary conditions is striking. For the CPBA-DRIA, the simulated head 

in LCA was higher than hydraulic head measured in the overlying alluvium and tuffs. This indicates 

an upward head gradient between the alluvium and LCA, contrary to the local data at ER-5-3 #2 and 

the conceptual understanding of the Frenchman Flat flow system. For the BASE-DRIA calibration, 

there is a slight downward gradient in the northern testing area between the alluvium and LCA. 

Groundwater flow paths simulated by the BASE-DRIA model in the northern testing area are similar 

to those observed in the BASE-DVRFS model. Groundwater flow paths in the central testing area for 

both the BASE-DRIA and CPBA-DRIA models indicate lateral flow in the alluvium to the southeast.

For the BASE-USGSD flow model, an alternative approach to boundary head modifications was 

investigated in which heads adjustmest were differentiated based on HSU. In the LCA, heads were 

lowered on all faces of the model, to improve the match of modeled heads to measured water levels at 

the LCA calibration targets. In the CP basin area heads were increased only in the tuffs to improve the 

match of the model to measured water levels at WW-4 and WW-4A. To calibrate a model with these 
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changes, a hydraulic connection in the volcanic units of CP basin and Frenchman Flat basin was 

established to route the water from areas of higher head (CP basin) into the basin-fill material of 

Frenchman Flat basin. This hydraulic connection was implemented by further subdividing the Cane 

Spring fault and locally increasing the fault permeability. Heads on the boundary adjacent to CP basin 

were increased to greater than 1,000 m amsl, which is significantly higher than the observed head in 

these units within CP basin, to establish and maintain hydraulic heads in Frenchman Flat basin. 

Although the calibrated HSU permeabilities and hydraulic head simulations match the data very well, 

the required large change in boundary heads suggests that this connection may not be plausible with 

this HFM configuration. Advective particle tracks show a strong eastern component of flow in the 

northern testing area. Particle trajectories in the central testing area were very similar to those 

observed in other calibrated flow models. The general orientation of flow paths appears to be within 

the range of the other calibrated flow models that were used to evaluate either boundary condition, 

HFM, or discrete uncertainty. Further consideration will be given to this flow model during transport 

calculations to determine whether the flow field demonstrates different transport behavior within the 

time of interest given reasonable transport parameters. 

Overall, the boundary condition uncertainty analyses indicate that groundwater flow paths in the 

central testing area are similar among the calibrated flow models, but that the flow paths in the 

northern testing area are more sensitive to changes in boundary conditions than changes in HFM.

A review of the hydrogeologic literature demonstrates that depth decay in permeability or hydraulic 

conductivity has been recognized for decades by investigators in many geologic environments and 

has also been routinely adopted in groundwater modeling studies. Thus, reduction in permeability 

with depth has a sound technical basis. Initial depth-decay relationships based on site-specific data 

are valuable starting points for model parameterization that can then be modified during model 

calibration. For the Frenchman Flat CAU flow model, depth decay was applied to all alluvial, 

volcanic, and carbonate units. Sufficient data to evaluate depth decay in permeability do not exist for 

HSUs other than the AA and OAA, and these site-specific data do not clearly support the use of depth 

decay in the alluvium of Frenchman Flat. Consequently, depth decay in permeability in the alluvium 

is considered as a conceptual model uncertainty that was investigated by considering an alternative 

model in which the permeability of the AA and OAA are constant with depth. 
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Calibration of an alternative BASE-USGSD flow model with permeability depth decay applied to 

volcanic and carbonate units, but not to the alluvium, was generally successful in matching the 

available head data within the constraints of the field-scale permeability data. However, model 

calibration did require higher values of anisotropy (than the BASE-USGSD with permeability depth 

decay) in the OAA and AA and similar values for horizontal permeability, nearly eliminating any 

vertical flow in the most shallow portion of the AA and OAA. The BASE-USGSD model with 

constant permeability in the AA and OAA has similar flow paths to other models used to bound 

conceptual model uncertainty of the Frenchman Flat flow system. Thus, while there is uncertainty in 

the applicability of depth decay in the AA and OAA (the HSUs into which most of the underground 

nuclear test radionuclide source will be applied) as well as the value of the depth decay coefficients, 

the parameters required to calibrate the flow model in the absence of such effects do not greatly 

change the direction of groundwater movement. In the areas near the underground nuclear testing, the 

model tends to overpredict heads in the tuff confining units and the LCA while underpredicting heads 

at the edges of the basin-fill units. Assessment of radionuclide transport using realistic transport 

parameters will consider variability in the conceptual model of the flow system provided by this 

model calibration. 

The steady-state groundwater flow models that were used to assess conceptual model uncertainty of 

the Frenchman Flat groundwater flow system demonstrated that shallow groundwater flow near the 

testing areas is similar in these models despite considerably different hydrostratigraphy, approaches 

to defining boundary conditions, discrete HSU and fault permeability changes, and methods of model 

parameterization. All of the models evaluated demonstrated that the shallow flow system had lateral 

migration with only modest vertical flow until particles reached the edges of the basin. Upon reaching 

the edge of the basin, particles moved from the VCU or LTCU into the LCA and exited the flow 

system through the regional, Rock Valley fault system. To maintain higher heads in the basin-fill 

HSUs, compared to the lower heads present in the LCA, the calibrated head fields showed regions of 

higher head occurring in the volcanic HSUs. The presence of these high head zones in the volcanic 

HSUs effectively separates the shallow flow system from the regional flow system. Attempts to 

increase the vertical flow through the center of the basin by both decreasing and eliminating depth 

decay of permeability demonstrated that vertical flow unlikely based on the need to increase 

anisotropy and decrease HSU permeability. Additionally, attempts to create a connection between the 

alluvial and volcanic aquifers and the LCA across a basin-bounding fault in the DISP alternative 
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indicated that this hydrologic connection could not be maintained without a reduction in fault 

permeability. In the this alternative a good match to heads in the area adjacent to Frenchman Lake 

playa was achieved through a reduction in fault permeability in the basin-fill materials. 

The flow models demonstrated that the AA and OAA of Frenchman Flat basin are fed by water 

originating in CP basin and the Wahmonie Hills. The proportion of flow from either of these areas is 

highly uncertain, but through the application of two regional models and several sets of boundary 

conditions the relative magnitude of water entering the basin from these two areas was varied. 

Overall, conceptual model uncertainty analyses indicate that groundwater flow in Frenchman Flat 

basin near the northern testing area tends to be north to south or northwest to southeast for flow paths 

near NEW POINT, DERRINGER, DIANA MOON, and MINUTE STEAK test locations. Water 

flows through the OAA and BLFA into the AA and TM-WTA and moves to the southeast until 

reaching the basin edge. The groundwater flow paths seem to be dominated by the influx of water 

moving across the Cane Spring fault in the volcanic HSUs and into the basin-fill units along the 

northwest edge of the Frenchman Flat basin.

Along the northern edge of the basin, water flows eastward within the TSA and LVTA. These units 

form an arcuate band of higher permeability where they intersect the water table along the northern 

flank of the Frenchman Flat basin. This band of higher permeability creates a strong hydraulic 

connection in the model between the higher hydraulic heads in the CP basin to the west and locations 

beneath the PIN STRIPE test. 

In the central testing area of Frenchman Flat, groundwater flow is substantially less complex than in 

the northern testing area. The movement of particles initially located near the water table near the 

CAMBRIC test cavity and beneath the DILUTED WATERS and WISHBONE test locations indicate 

that groundwater flow out of the central testing area will be through the alluvium toward the 

southeast.    

As a means to independently verify the flow paths generated by the Phase II Frenchman Flat CAU 

flow model, groundwater 14C data from the tuffs and alluvium in Frenchman Flat were used to 

calculate ages (residence times) for these groundwaters. The calculated DI14C ages of Frenchman Flat 

groundwater ranged from ~ 8,500 years to ~ 29,000 years. In general, younger groundwater is found 



Section 9.0

Phase II Groundwater Flow Model of CAU 98: Frenchman Flat, Nye County, Nevada

9-17

near the low hills bordering the northern and northwestern parts of the basin, and older groundwater is 

found toward the basin center, reflecting the near absence of recharge through the alluvium in the 

basin even during the relatively wet conditions that existed in the late Pleistocene and early Holocene. 

The absence of groundwater DI14C ages younger than the early Holocene, even along the basin 

margins, is consistent with paleo-climate reconstructions based on vegetation preserved in pack-rat 

middens and on the ages of paleo-discharge deposits in nearby basins that indicate modern-day arid 

conditions were established in the NTS area by about 9,000 years ago. These age dates are consistent 

with the model flow paths that indicate water is moving from the northern and northwestern parts of 

the basin and flowing toward the basin center and out of the basin center to the southeast.

Inverse geochemical models were done with the geochemical modeling code PHREEQC to 

investigate the origin of groundwater at selected wells within the basin. These models confirmed that 

groundwater at Well PW-1 could originate by the southerly flow of groundwater from Well PW-2, 

coupled with plausible water/rock interactions. Similar models done for Well ER-5-4 in the central 

part of the basin indicate this groundwater could originate from either the southerly flow of 

groundwater from Well PW-1 or from a mixture of PW-1 groundwater and groundwater flowing 

southeast from UE-5c WW. Geochemical inverse models for Well ER-5-4 #2 could only explain the 

composition of this groundwater using both mixing and water/rock interactions. This groundwater 

appears to originate from a mixture of groundwater from the CP basin and groundwater from 

northwestern Frenchman Flat, suggesting that this groundwater may have been recharge in the low 

hills separating these two basins. This result agrees with evidence from hydraulic heads that the 

groundwater near Well ER-5-4 #2 has a strong hydraulic connection with groundwater in the vicinity 

of the CP basin. 

Groundwater velocities were calculated at pairs of wells in the alluvium that were likely to lie along a 

flow path based on their relative chemical evolution. Groundwater velocities were calculated between 

well pairs with 14C-based ages. Overall, groundwater flow paths between UE-5c WW and ER-5-4 had 

the largest uncertainty (0.12 to 0.85 m/yr). North-to-south flow paths in the alluvium were between 

0.19 to 0.25 m/yr (the PW-1 to ER-5-4 flow path) to 0.43 m/yr (the PW-2 to PW-1 flow path). A 

higher groundwater velocity of 1.1 m/yr was estimated for a PW-1 to WW-1 flow path, but this 

velocity is subject to greater uncertainty because it is based on an age for WW-1 groundwater 

estimated indirectly from its dissolved cation concentrations. An analysis of groundwater travel time 
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for a mixture of groundwaters involving components from the CP basin (Wells WW-4 and WW-4A) 

and from UE-5c WW indicated that groundwater velocities in the volcanic rocks along the flow path 

was about 0.6 m/yr.

In summary, groundwater flow paths from the geochemical analysis generally support an overall 

northwest to southeast flow direction for shallow groundwater in the Frenchman Flat basin. The low 

rates of groundwater movement estimated for Frenchman Flat basin are consistent with the near 

absence of recharge to the basin over the last 8,500 years and with the nearly flat water table. The 

estimated groundwater velocities in the alluvium indicate that transport distance of between about 

100 to 1,000 m can be expected over the next 1,000 years. 
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A.1.0 ANALYSIS OF NEW WATER-LEVEL AND 
GROUND-SURFACE ELEVATION MEASUREMENTS 
FOR FRENCHMAN FLAT RELATIVE TO THE PHASE II 
FRENCHMAN FLAT HYDROLOGIC DATA DOCUMENT

On November 5-7, 2004, SNJV personnel measured the ground-surface elevation and the depth to 
water for several wells in the Frenchman Flat area.  The purpose of this activity was to obtain highly 
accurate measurements of ground-surface elevation and current measurements of depth to water.  In 
all cases, the ground-surface elevations measured during this activity differ from those used in the 
analysis of hydraulic heads reported in the Phase II Frenchman Flat hydrologic data document 
(SNJV, 2004).

The purpose of the analysis presented here was to calculate water-level elevations from the depths to 
water measured in November 2004, to compare the November 2004 water-level elevations to the 
historical data presented in the Frenchman Flat hydrologic data document, and to evaluate the 
difference between the steady-state heads reported in the Frenchman Flat hydrologic data document 
to those calculated using the ground-surface elevations measured in November 2004.

Table A.1-1 summarizes the calculated water-level elevations for the depths to water measured in 
November 2004.  This table includes the measured depth to water, the ground-surface elevation 
measured in November 2004, the water-level elevation calculated using the ground-surface elevation 
measured in November 2004 (in both feet and meters), the ground-surface elevation used in the 
Frenchman Flat hydrologic data document, the water-level elevation calculated using the 
ground-surface elevation from the Frenchman Flat hydrologic data document (in both feet and 
meters), and the difference between the water-level elevation calculated with the two ground-surface 
elevations.  The largest difference in the calculated water-level elevations (5.51 m) is found for Well 
UE-5m.  No steady-state head was determined for this well in the Frenchman Flat hydrologic data 
document.  For all remaining wells, the difference ranges from 0.03 to 0.91 m.  Note that this 
difference reflects the difference in the ground-surface elevation measured in November 2004 and the 
ground-surface elevation used in the Frenchman Flat hydrologic data document. 
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Table A.1-1
Calculated Water-Level Elevations from Depths to Water Measured in November 2004

 (Page 1 of 2)

Well Name

Nov. 
2004 

Depth to 
Water

(ft)

Nov. 2004 
Ground- 
Surface 

Elevation 
(ft)

WL 
Elevation 

Calculated 
with Nov. 

2004 
Ground- 
Surface 

Elevation
(ft)

WL Elevation 
Calculated 
with Nov. 

2004 Ground- 
Surface 

Elevation (m)

Ground- 
Surface 

Elevation 
in FF 
HDD
(ft)

WL 
Elevation 

Calculated 
with 

Ground- 
Surface 

Elevation 
in FF HDD

(ft)

WL 
Elevation 

Calculated 
with 

Ground- 
Surface 

Elevation 
in FF HDD

(m)

Difference 
(Nov. 2004 

minus FF HDD) 
in Calculated 
WL Elevation

(m)

ER-5-3 
(3 in. deep) 929.53 3,335.20 2,405.67 733.25 3,337.40 2,407.87 733.92 -0.67

ER-5-3 
(3 in. shallow) 927.56 3,335.20 2,407.64 733.85 3,337.40 2,409.84 734.52 -0.67

ER-5-3 
(main/composite) 927.57 3,335.20 2,407.63 733.84 3,337.40 2,409.83 734.52 -0.67

ER-5-3-2 949.59 3,335.23 2,385.64 727.14 3,337.40 2,387.81 727.80 -0.66

ER-5-3-3 927.44 3,335.24 2,407.80 733.90 3,337.40 2,409.96 734.56 -0.66

ER-5-4
 (main/composite) 725.38 3,131.83 2,406.45 733.48 3,131.70 2,406.32 733.45 0.04

ER-5-4 
(piezometer) 724.84 3,131.83 2,406.99 733.65 3,131.70 2,406.86 733.61 0.04

ER-5-4-2 656.29 3,131.95 2,475.72a 754.60a 3,131.70 2,475.47a 754.52a 0.08

RNM-1 789.11 3,135.38 2,398.68a 731.12a 3,135.17 2,398.4a 731.05a 0.06

RNM-2 722.01 3,128.71 2,406.70 733.56 3,128.80 2,406.79 733.59 -0.03

RNM-2s 723.37 3,130.58 2,407.21 733.72 3,130.45 2,407.08 733.68 0.04

UE-5m 540.67 3,481.93 2,941.26 896.50 3,500.00 2,959.33 902.00 -5.51

UE-5n 706.07 3,113.49 2,407.42 733.78 3,113.36 2,407.29 733.74 0.04
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WW-4 839.25 3,604.43 2,765.23a 842.84a 3,601.50 2,762.30a 841.95a 0.89

WW-4A 839.26 3,604.41 2,765.15 842.82 3,606.00 2,766.74 843.30 -0.48

WW-5A 710.27 3,092.77 2,382.50 726.19 3,093.73 2,383.46 726.48 -0.29

WW-5C 715.38 3,081.63 2,366.25 721.23 3,083.09 2,367.71 721.68 -0.44

aDepth to water corrected for borehole deviation.

Table A.1-1
Calculated Water-Level Elevations from Depths to Water Measured in November 2004

 (Page 2 of 2)

Well Name

Nov. 
2004 

Depth to 
Water

(ft)

Nov. 2004 
Ground- 
Surface 

Elevation 
(ft)

WL 
Elevation 

Calculated 
with Nov. 

2004 
Ground- 
Surface 

Elevation
(ft)

WL Elevation 
Calculated 
with Nov. 

2004 Ground- 
Surface 

Elevation (m)

Ground- 
Surface 

Elevation 
in FF 
HDD
(ft)

WL 
Elevation 

Calculated 
with 

Ground- 
Surface 

Elevation 
in FF HDD

(ft)

WL 
Elevation 

Calculated 
with 

Ground- 
Surface 

Elevation 
in FF HDD

(m)

Difference 
(Nov. 2004 

minus FF HDD) 
in Calculated 
WL Elevation

(m)
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The November 2004 water-level elevations calculated with the ground-surface elevations in the 

Frenchman Flat hydrologic data document were plotted with the historical data found in the 

hydrologic data report (Figures A.1-1 through A.1-16).  In almost all cases, the November 2004 water 

level is consistent with the trend of the historical data and is consistent with the steady-state head 

reported in the Frenchman Flat hydrologic data document.  The only well for which this is not true is 

Well WW-5C, where the November 2004 head is 1.09 m higher than the last historical head, which 

was assumed to represent contemporary steady-state conditions.  

The steady-state heads reported in the Frenchman Flat hydrologic data document were recalculated 

using the ground-surface elevations measured in November 2004.  Table A.1-2 summarizes the 

steady-state heads reported in the Frenchman Flat hydrologic data document and those calculated 

with the November 2004 ground-surface elevations.  The difference between the two steady-state 

heads ranges from 0.03 to 0.89 m.  The average difference is 0.23 m for wells completed to the AA 

and 0.56 m for wells completed to the TM-WTA.  The difference for the one well completed to the 

LCA is 0.07 m.

Figures A.1-17 through A.1-21 show post plots of the historical and contemporary steady-state heads 

for the AA, TM-WTA (contemporary only), and LCA with the heads given in the Frenchman Flat 

hydrologic data document in blue and the heads calculated with the November 2004 ground-surface 

elevations in red.  Based on these figures, the new ground-surface elevation data do not change any of 

the discussion found in the Frenchman Flat hydrologic data document regarding flow direction in 

these three aquifers.
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Table A.1-2
Comparison of Steady-State Heads with Ground-Surface Elevations Measured in 

November 2004 and Ground-Surface Elevations from the 
Frenchman Flat Hydrologic Data Document

 (Page 1 of 2)

Well Name
Type 

Steady-State 
Head

Steady-State 
Head with 
Nov. 2004 

GS Elevation
(m)

Steady-State 
Head with FF 

HDD GS 
Elevation

(m)

Difference 
(Nov. 2004 minus 

FF HDD) in 
Steady-State Head

(m)

Primary 
HSU

Army-1 WW Historical & 
contemporary N/A 721.87 N/A LCA

ER-5-3
 (3 in. shallow) Contemporary 733.90 734.57 -0.67 OAA

ER-5-3 
(3 in. deep) Contemporary 733.41 734.08 -0.67 TM-WTA

ER-5-3 
(main/composite) Contemporary 733.88 734.55 -0.67 OAA and

TM-WTA

ER-5-3-2 N/A N/A N/A N/A LCA

ER-5-3-3 Contemporary 733.93 734.59 -0.66 OAA

ER-5-4 
(piezometer) Contemporary 733.53 733.49 0.04 AA

ER-5-4 
(main/composite) Contemporary 733.38 733.34 0.04 AA

ER-5-4-2 N/A N/A N/A N/A LTCU

RNM-1 Historical & 
contemporary 731.37 731.31 0.06 AA

RNM-2 Historical & 
contemporary 733.55 733.58 -0.03 AA

RNM-2s Historical 734.64 734.60 0.04 AA

RNM-2s Contemporary 733.68 733.64 0.04 AA

SM-23-1 Contemporary N/A 725.01 N/A LCA

TW-3 Historical & 
contemporary N/A 725.52 N/A LCA

TW-F Historical & 
contemporary N/A 730.51 N/A LCA

UE-11a Contemporary 733.86 733.79 0.07 TM-WTA

UE-11b Historical & 
contemporary N/A 743.71 N/A TM-LVTA

UE-5 PW-1 Contemporary N/A 733.79 N/A AA
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UE-5 PW-2 Contemporary N/A 733.74 N/A AA

UE-5 PW-3 Contemporary N/A 733.75 N/A TM-WTA

UE-5c WW Historical 734.56 734.50 0.06 AA

UE-5c WW Contemporary 733.35 733.28 0.07 AA

UE-5f Historical 734.90 734.82 0.08 AA

UE-5j N/A N/A N/A N/A AA

UE-5k N/A N/A N/A N/A AA

UE-5m N/A N/A N/A N/A AA

UE-5n Contemporary 733.88 733.84 0.04 AA

WW-1 Historical N/A 727.25 N/A AA

WW-4 Historical 845.51 844.62 0.89 TM-WTA

WW-4A Historical 844.10 844.59 -0.49 TM-WTA

WW-5A Historical 730.61 730.91 -0.30 AA

WW-5A Contemporary 725.88 726.17 -0.29 AA

WW-5B Historical N/A 734.68 N/A AA

WW-5B Contemporary N/A 733.31 N/A AA

WW-5C Historical 729.23 729.68 -0.45 AA

WW-5C Contemporary 720.15 720.59 -0.44 AA

WW-C Historical N/A 726.00 N/A LCA

WW-C1 Historical & 
contemporary 727.69 727.62 0.07 LCA

Table A.1-2
Comparison of Steady-State Heads with Ground-Surface Elevations Measured in 

November 2004 and Ground-Surface Elevations from the 
Frenchman Flat Hydrologic Data Document

 (Page 2 of 2)

Well Name
Type 

Steady-State 
Head

Steady-State 
Head with 
Nov. 2004 

GS Elevation
(m)

Steady-State 
Head with FF 

HDD GS 
Elevation

(m)

Difference 
(Nov. 2004 minus 

FF HDD) in 
Steady-State Head

(m)

Primary 
HSU
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Figure A.1-1 
Well ER-5-3 (Shallow Piezometer) Water-Level History

Figure A.1-2 
Well ER-5-3 (Deep Piezometer) Water-Level History
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Figure A.1-3 
Well ER-5-3 (Main/Composite) Water-Level History

Figure A.1-4 
Well ER-5-3 #2 Water-Level History
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Figure A.1-5 
Well ER-5-3 #3 Water-Level History

Figure A.1-6 
Well ER-5-4 (Piezometer) Water-Level History
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Figure A.1-7 
Well ER-5-4 (Main/Composite) Water-Level History

Figure A.1-8 
Well ER-5-4 #2 Water-Level History
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Figure A.1-9 
Well RNM-1 Water-Level History

Figure A.1-10 
Well RNM-2 Water-Level History
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Figure A.1-11 
Well RNM-2s Water-Level History

Figure A.1-12 
Well UE-5n Water-Level History
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Figure A.1-13 
Well WW-4 Water-Level History

Figure A.1-14 
Well WW-4A Water-Level History
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Figure A.1-15 
Well WW-5A Water-Level History

Figure A.1-16 
Well WW-5C Water-Level History
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Figure A.1-17
Post of Historical, Steady-State Heads in the AA
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Figure A.1-18
Post of Contemporary, Steady-State Heads in the AA
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Figure A.1-19
Post of Contemporary, Steady-State Heads in the TM-WTA
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Figure A.1-20
Post of Historical, Steady-State Heads in the LCA
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Figure A.1-21
Post of Contemporary, Steady-State Heads in the LCA
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B.1.0 LITERATURE REVIEW AND TECHNICAL BASIS FOR 
PERMEABILITY DEPTH DECAY

Since the 1960s, many authors have presented data and evaluations that identify and utilize a 

relationship of decreasing permeability or hydraulic conductivity with increasing depth.  This 

reduction in permeability with depth is generally discussed in the context of porosity reduction (and 

correlated permeability reduction) with depth as a consequence of compaction and/or geochemical 

processes for unfractured formations, and as a consequence of fewer fractures present and fracture 

closure at higher in situ stresses for fractured formations.  The literature listed in Table B.1-1 

demonstrates that permeability depth decay has been recognized by investigators in many geologic 

environments for decades and has been routinely employed in groundwater modeling studies.  In 

addition, permeability depth decay has been incorporated as a standard capability in MODFLOW (the 

most widely distributed and used groundwater flow model in the world) code versions in recent years.

The most common types of permeability or hydraulic conductivity versus depth relationships use an 

exponential function of the form:

k = a 10-λD (B-1)

or

k = b e-γD (B-2)

where:

k = Permeability or hydraulic conductivity
a, b, λ, and γ = Constants (fitting parameters estimated generally from site-specific data)
D = Depth
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Table B.1-1
Investigations Addressing Depth Dependence 

of Permeability or Hydraulic Conductivity
 (Page 1 of 2)

Reference

Permeability or 
Hydraulic Conductivity 

Depth-Dependence 
Investigation

Inclusion of Permeability 
or Hydraulic 
Conductivity 

Depth-Dependence in 
Groundwater Modeling

Davis and Turk (1964) X

Davis and DeWiest (1966) X

Snow (1968) X

Carlsson and Olsson (1977) X*

Magara (1978) X

Gangi (1978) X

Freeze and Cherry (1979) X

Neglia (1979) X*

Rushton et al. (1982) X X

de Marsily (1986) X*

Rasmuson and Neretnieks (1986) X

Loucks et al. (1986) X*

Belitz and Bredehoeft (1988) X X

Williams and Narasimhan (1989) X* X

Rushton et al. (1989) X X

Lavenue et al. (1990) X X

Domenico and Schwartz (1990) X

Prudic (1991) X*

Whittemore et al. (1993) X* X

Kuiper (1994) X* X*

Mace and Dutton (1994) X

Lee et al. (1995) X

Stober (1996) X

DOE/NV (1997) X* X*

Haneberg et al. (1998) X

Mace (1998) X*
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Davis and Turk (1964) conducted an evaluation of well yields in crystalline rocks.  They presented 

plots of log well yield versus log depth for several data groupings, including 2,336 wells in granite 

and schist in the eastern United States (depths to about 600 ft) and 239 wells in crystalline rocks of 

the Sierra Nevada, California (depths to about 350 ft); and a plot of log water-injection rate versus log 

depth for water-injection tests in granitic rocks of California (depths to about 300 ft).  All of these 

plots showed an approximately linear relationship indicative of a logarithmic decrease in hydraulic 

conductivity with increasing depth.  They discuss the dependence of hydraulic properties on the 

occurrence of joints and faults and the extent of weathering.

Davis and DeWiest (1966) present a book section titled “Permeability as a Function of Depth.”  They 

discuss that average permeability of metamorphic and igneous plutonic rocks decreases rapidly with 

depth.  They present a plot of decrease in well yield with depths (to 500 ft) for crystalline rocks in the 

Manning and Ingebritsen (1999) X

Ingebritsen and Manning (1999) X

Williamson and Grubb (2001) X* X*

Budd (2001) X*

Wilson et al. (2001) X X

Belcher et al. (2001) X*

Wilson (2003) X X

Casadel et al. (2003) X* X*

Anderman and Hill (2003) X* X*

 Environment Agency (2003) X* X*

Belcher et al. (2004) X* X*

*Denotes investigations that use an exponential function to describe decreasing permeability or hydraulic conductivity 
with increasing depth.

Table B.1-1
Investigations Addressing Depth Dependence 

of Permeability or Hydraulic Conductivity
 (Page 2 of 2)

Reference

Permeability or 
Hydraulic Conductivity 

Depth-Dependence 
Investigation

Inclusion of Permeability 
or Hydraulic 
Conductivity 

Depth-Dependence in 
Groundwater Modeling
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Statesville area of North Carolina that demonstrate an approximately exponential rate of decrease 

with depth.  The decrease in permeability with depth was hypothesized to be the combined effect of 

the increasing weight of overlying rock and the tendency of surface disturbances to penetrate to 

limited depths; it is noted that fractures and faults tend to close at depth because of the weight of the 

overlying material.

Snow (1968) investigated the fractured metamorphic rocks of the front range of Colorado from 

pressure-test data from four dam sites and well-performance data from residential areas.  A plot of the 

data with log permeability versus log depth is presented, along with the linear relationship that was fit 

to the relationship:

log k = -8.9 - 1.67 log d (B-3)

where:

k = Permeability (ft2)
d = Depth (ft bgs) or overburden

The data showed relatively little scatter about the best-fit straight line.  Permeabilities varied by three 

orders of magnitude over the depth range to 300 ft and were more dependent on depth than rock type 

or site location.

Hydraulic conductivity reduction as a function of depth in crystalline rocks was investigated by 

Carlsson and Olsson (1977) for various sites in Sweden.  They used a relationship to estimate 

hydraulic conductivity based on water loss in packer-isolated intervals of drill holes.  From a study of 

55 drill holes at five sites, they determined functions for dependency of hydraulic conductivity with 

depth to about 75 m depth of the form:

K = 10-(0.04 D + 5.6) (with coefficient of determination of 0.62) (B-4)

and

K = 10-(1.65 log D + 4.5) (with coefficient of determination of 0.65) (B-5)

where: 

K = Hydraulic conductivity (m/s) 
D = Depth below the rock surface (m)
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Shale porosity-depth relationships for a variety of settings are discussed by Magara (1978), who cites 

Rubey and Hubbert (1959), who propose an exponential relationship between porosity and depth of 

the form:

φ = φo e-cZ (B-6)

where:

φ = Shale porosity at depth Z 
φo = Shale porosity at the surface (Z = 0) 
e = Base of the Naperian logarithms 
c = Constant

Magara (1978) presented data for shales that show decreasing porosity and permeability with 

increasing depth.

Freeze and Cherry (1979; Chapter 4 on groundwater geology) suggest an interpretive framework for 

the distribution of permeability that is based on an understanding of the depositional environment.  

References are cited that show porosity of sandstones systematically decreasing with depth as a result 

of compaction and from cementation during groundwater circulation.  A figure from Chilinger (1963) 

shows sand and sandstone are grouped according to grain-size categories (i.e., coarse- and very 

coarse-grained, coarse- and medium-grained, fine-grained, silty, and clayey) with log permeability 

versus porosity.  The figure demonstrates well-defined trends of decreasing permeability with 

decreasing porosity for each grain-size category.  In conjunction with the correlation of decreasing 

porosity with depth, the figure further illustrates that permeability decreases with depth.

Neglia (1979) conducted an evaluation of migration of water and hydrocarbons in sedimentary basins 

that found substantial decreases in porosity as burial depth increases and sediments are compacted.  

Data on a log-permeability versus linear-depth plot were presented, and linear lines representing an 

exponential relationship between permeability and depth bracketed the plotted data for the younger 

shales to depths of about 3,500 m.

The observation that hydraulic conductivity generally decreases with depth in fractured rocks has 

been discussed by numerous authors.  This correlation is discussed by de Marsily (1986) as to the 
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result from the increase in mechanical stress with depth causing the fractures to close.  Empirical 

relationships for crystalline rocks are reported from the literature as follows: 

K(z) = (Ks) (10-z/m) (B-7)

K(z) = (Ks) (z-2.5) (B-8)

K(z) = (Ks) (z-1.6) (B-9)

where: 

K(z) = Hydraulic conductivity (m/s) at depth z (m bgs) 
Ks = Hydraulic conductivity at ground surface 
m = Depth (constant with a range of 100 to 500 m)

These relationships may apply under average conditions, but higher hydraulic conductivities may be 

encountered in a given borehole.  Gangi (1978) provides theoretical arguments and relationships for 

permeability reduction of whole or fractured porous rock, with increasing confining pressure, that 

will occur with increasing depth.  Decrease in permeability in the fractured rock is related to the 

effective modulus of the asperities, the distribution function of the asperity lengths, and effective 

pressure.  Rasmuson and Neretnieks (1986) present a figure that shows a correlation of decreasing 

hydraulic conductivity with increasing depth (with total depth investigated to about 700 m) in 

crystalline rock of the Kamlunge site in Sweden.  The data showed a relatively large amount of scatter 

about the approximated exponential curve through the data, on the log-hydraulic conductivity versus 

linear-depth plot.  Lee et al. (1995) used fracture data from fractured andesite rock on the Taiwan 

Lan-Yu site in conjunction with hydromechanical coupling, geostatic stresses, and fracture geometry 

to demonstrate decreasing permeability with increasing depth.  Empirical relations to estimate 

fracture closure with depth are presented, and graphical representations of permeability-depth curves 

based on assumptions for the underlying fracture model (i.e., single fracture set, three fracture sets, or 

random disc model).  Stober (1996) presented data and a linear fit of log hydraulic conductivity 

versus log depth for gneiss rocks, demonstrating a decrease in hydraulic conductivity with depth.  The 

data showed a relatively large amount of data scatter.

An investigation of the controls on porosity and permeability of the sedimentary formations along the 

Texas Gulf Coast is presented by Loucks et al. (1986), who provide both porosity-depth and core 

permeability-depth plots, based on several thousand data points, showing both porosity and 
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permeability decreasing with increasing depth.  The data showed a trend but also a large scatter.  A 

straight-line approximation on the log-permeability/linear-depth plot (representative of an 

exponential relationship) showed up to about four to five orders of magnitude decrease in 

permeability to depths of about 17,000 ft.  

A quasi 3-D groundwater model of the Denver basin and adjacent Mid-Continent region was 

developed by Belitz and Bredehoeft (1988) that found a regional trend of east-to-west decreasing 

permeability with east-to-west increasing depth for the Dakota and basal sandstones.  In the first 

modeling phase, which included the Dakota and basal Cretaceous sandstone layer, three different 

permeability-depth relationships (log-permeability versus depth, log-permeability versus log-depth, 

and log-permeability versus depth) were used.  The best model results were obtained using the log 

log-permeability versus depth relationship:

log log-k ~ depth (B-10)

Belitz and Bredehoeft (1988) originally proposed the log log-permeability versus depth relationship 

and noted that many researchers find a correlation between log-permeability and porosity and 

log-porosity and depth.  Three functional relationships were illustrated graphically to depths of about 

13,000 ft with permeability decreasing by about three orders of magnitude over the depth range.  

Also, depth-dependent hydraulic conductivity was incorporated into the groundwater model for the 

overlying Cretaceous shales using a log-permeability versus depth relationship.  In the final modeling 

phase, which included the Dakota and basal sandstones overlying Cretaceous shales and underlying 

Paleozoic and Mesozoic sedimentary strata, the best match was obtained between observed and 

simulated potentiometric surfaces when the hydraulic conductivities of all lithologic units in the 

model were made dependent on depth.  The same log log-permeability versus depth function was 

used for all lithologies, which resulted in a decrease in permeability of three orders of magnitude for 

depths up to about 10,000 ft.

Williams and Narasimhan (1989) developed a mathematical model to study the effects of 

hydrothermal circulation on heat flow along the San Andreas Fault and its effect on the state of stress 

on the fault for three cases (San Francisco peninsula, Cholame Hills, and San Gabriel 

Mountains/Mojave Desert) designed to investigate the effects of topography on the regional 
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groundwater flow system and heat flow.  They chose an exponential relationship for permeability 

versus depth over 15 km of the form:

K =  10-(0.20 Z + 15) (B-11)

where:

k = Permeability (m2)
Z = Depth (km)  

Williams and Narasimhan (1989) included fault zone permeabilities of either 7.5 x 10-17 m2 or 4 x 

10-17 m2 for the upper 5 km and decreasing exponentially with depth below 5 km.  Simulation results 

for these cases that included the topographic effects on regional groundwater flow provided fair to 

reasonable matches to regional heat flow measurement profiles normal to the fault.

A calibrated regional-scale groundwater flow model for the Culebra dolomite at the Waste Isolation 

Pilot Plant site in southeastern New Mexico was developed by Lavenue et al. (1990).  The depth of 

the Culebra dolomite, varying from about 8 to 420 m at well locations, exhibits an increasing trend 

from west to east across the modeled region.  The initial kriged and the final calibrated transmissivity 

(or hydraulic conductivity) fields show a pronounced decrease in transmissivity (about seven orders 

of magnitude) from west to east.  The reduction in transmissivity is the result of increased burial 

depth and reduction in fracturing that results when halite layers are removed by post-depositional 

dissolution from either above or below the Culebra dolomite layer.  Regional dissolution is greatest in 

the west and decreases eastward as shown by an increase in the number and thickness of the halite 

beds.

Domenico and Schwartz (1990) discuss the physical and chemical changes that sediments undergo 

because of increases in overburden pressure and temperature, and chemical interaction between 

minerals and migrating porewater subsequent to the progressive burial of sediments in depositional 

environments.  It was indicated that there is a reduction in porosity from compaction and pressure 

solution (grain dissolution at grain-to-grain contacts).  There is also deformation from pressure 

solution accompanying basin loading and driven by the same stress that causes closer grain packing.  

A figure is presented that shows a relationship of porosity reduction as a function of increasing depth 
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for shales and sandstones,  noting, “Whatever the mechanism, the reduction of porosity causes a 

rather large reduction in permeability.”

An evaluation of hydraulic conductivities from 1,500 aquifer-test analyses and more than 5,000 

specific-capacity data is presented by Prudic (1991) from wells in sediments of the Gulf Coast region 

in the south-central United States.  Additionally, the hydraulic conductivity of an unconsolidated 

sediment should decrease with depth because of sediment compaction from increasing overburden 

pressure.  The depths of the middle of the screened test intervals varied down to depths below 3,000 

ft.  Analyses were performed to evaluate correlation between geographic areas, geologic layer, and 

depth to screen midpoint, and functional relationships were developed exhibiting decreasing 

hydraulic conductivity with depth for 31 of 42 area-layer combinations.  The functional relation was 

of the form:

K = C / 10λD (B-12)

where:

K = Hydraulic conductivity 
C and λ = Constants
D = Depth

The sediments of the Gulf Coast region in the south-central United States were also studied by 

Kuiper (1994), who found that the hydraulic conductivity of the coarse-grained sediments decreased 

with depth due to decreasing porosity and increased due to decreased viscosity resulting from higher 

temperatures, with a net effect of decreasing hydraulic conductivity with depth.  A functional 

relationship was provided that represented decreasing sand hydraulic conductivity with depth based 

on the data from Loucks et al. (1986) of the form:

K = C1 10-0.8dd (B-13)

where: 

C1 = Constant 
dd = depth (km)
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Kuiper (1994) stated that the hydraulic conductivity of the fine-grained sediments or clays tended to 

decrease with increasing depth as a consequence of compaction and provided a clay hydraulic 

conductivity-depth relationship:

(B-14)

where C2 is a constant.

Kuiper provided plots of the data (which showed a large amount of scatter about the trend line) and 

the functional relationships for the coarse- and fine-grained sediments, with hydraulic conductivity 

variations of about five and three orders of magnitude, respectively, for depths up to about 17,000 ft.  

A multiple-regression methodology was used to calibrate several groundwater flow models of the 

regional Gulf Coast aquifer system.

A groundwater investigation of the Austin chalk of North-Central Texas was conducted by Mace and 

Dutton (1994), who found that groundwater flow is controlled by fractures that decline in intensity 

with depth.  They presented a data plot of log-hydraulic conductivity versus linear-depth that showed 

a corresponding decline in hydraulic conductivity with depth (data to about 380 m depth).  Mace 

(1998) presented additional data and evaluations from the same study area to a depth of about 150 m 

for weathered and unweathered chalk.  A data plot provided a log hydraulic conductivity versus 

linear-depth fitted with the exponential functional relation:

(B-15)

where:

K = Hydraulic conductivity (m/day) 
d = Depth (m) 

Hydraulic conductivity data varied over about eight orders of magnitude in both the Mace and Dutton 

(1994) and Mace (1998) investigations.  The larger hydraulic conductivities at shallower depths were 

attributed to unloading and weathering, resulting in increased fracturing.

A calibrated regional groundwater flow model of the NTS and vicinity was developed by DOE/NV 

(1997), in which site-specific data were used to develop relationships between hydraulic conductivity 

and depth for each of the three rock types that form the major aquifers (alluvial, volcanic, and 

K C210 1.167dd– 0.0833dd2+( )=

K 10 4.35– d 3.28⁄( )log=
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carbonate).  A linear trend in the logarithm of hydraulic conductivity, with increased depth, was 

expressed as:

Kdepth = Kh 10-λd (B-16)

where: 

Kdepth = Horizontal hydraulic conductivity at a specified depth
Kh = Horizontal hydraulic conductivity at land surface 
λ = Hydraulic conductivity decay coefficient
d = Depth from land surface 

This hydraulic conductivity depth-decay functional relation is the same type as that previously 

adopted by Prudic (1991) and Kuiper (1994).  The site-specific hydraulic conductivity versus depth 

data showed a large amount of scatter about the functional line used to describe the relationship.  

Depth-dependent conductivity relationships were used for the entire model.

Haneberg et al. (1998) conducted laboratory measurements on core samples from a site in 

Albuquerque, New Mexico, to investigate the impact of effective stress on hydraulic conductivity.  

The investigation found that “the hydraulic conductivities of consolidated, undisturbed, and typically 

fine-grained sediments, decreased two to three orders of magnitude between vertical effective stresses 

of about 50 and 1,000 kPa.”  A series of plots were shown with a linear relationship of log-hydraulic 

conductivity versus log-vertical effective stress for data from nine samples.  Those data demonstrated 

the relationship of decreasing hydraulic conductivity that would be expected from increasing depth or 

effective stress.

A permeability-depth relationship for the continental crust based on geothermal and metamorphic 

data was evaluated by Manning and Ingebritsen (1999) and Ingebritsen and Manning (1999).  Based 

on a variety of geologic settings in the United States and worldwide with depths to about 30 km, a 

relationship was developed of decaying permeability with depth of the form:

log k = -3.2 log z -14 (B-17)

where:

k = Permeability (m2)
z = Depth (km)  
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The constant in the equation provides k at a depth of 1 km.  Fault zones were noted but not addressed 

in the analysis, which may locally yield higher permeability values.  The above relationship was 

presented based on geothermal and metamorphic data and also data from direct hydraulic 

measurements from two investigations (sedimentary facies in the Uinta basin in Utah and the Pierre 

Shale) that showed decreasing permeability with increasing depth.  The direct hydraulic measurement 

permeability data plotted, as log-permeability versus linear-depth, showed about seven orders of 

magnitude variation over 4.5 km depth for the Uinta basin and about 4.5 orders of magnitude 

variation over 3.2 km depth for the Pierre Shale.  The direct hydraulic measurement permeability data 

were fairly scattered.  It was found that “the crustal-scale k-z relation from geothermal and 

metamorphic data was at least as coherent as typical k-z data relations determined from direct 

hydraulic measurements of the upper crust.”

Williamson and Grubb (2001) studied the sediments of the Gulf Coast region in the south-central 

United States, and used the equations of Kuiper (1994) for hydraulic conductivity as a function of 

depth for the coarse-grained sediments expressed as:

(B-18)

and for the clays expressed as:

(B-19)

where:

D = Depth (ft)
C = Constant  

For the coarse-grained sediments, Williamson and Grubb (2001) presented a plot of log hydraulic 

conductivity versus linear-depth with a straight-line approximation representing the hydraulic 

conductivity relation.  The data showed a large amount of scatter about the best-fit line.  Therefore, a 

regional groundwater flow model was developed consisting of 10 aquifers and 5 regional confining 

units.

An investigation of the relationship between permeability and depth (0 to 470 m) in the Cenozoic 

platform of west-central Florida was conducted by Budd (2001).  Permeability-depth relationships 

were developed based on more than 12,000 minipermeameter measurements on 1,210 m of core from 

K 30 10 0.000243D–=

K C 10 0.000356D– 0.0000254D 2–+=
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limestones in Florida.  It was found that the dolostones and low-permeability limestones did not 

exhibit permeability with depth trends, but the high-permeability limestones (high-mud packstones, 

low-mud packstones, very low-mud packstones, and grainstones) exhibited a systematic reduction in 

their mean and maximum permeabilities with increasing burial depth.  For the high-permeability 

limestones, permeability decreased by about one order of magnitude over the 470 m depth.  

Petrographic observations on grainstones revealed mechanical and chemical (i.e., pressure solution) 

compaction features.  There was no evidence of burial cementation.  Permeability reduction with 

depth was interpreted to result from observed compaction phenomena including grain repacking and 

reorientation, grain breakage, grain interpenetrations, and grain-to-grain pressure solution.  Budd 

(2001) developed least-squared exponential regressions between permeability and depth for the 

high-permeability limestones being investigated:

k = 145 e(-z/220)  for silty packstone (B-20)

k = 151 e(-z/270)  for high-mud packstone (B-21)

k = 295 e(-z/236)  for low-mud packstone (B-22)

k = 427 e(-z/236)  for very low-mud packstone (B-23)

where:

k = Permeability (millidarcy)
z = Depth (m)

The R2 values ranged from 22 to 31 percent.  The data showed decreasing permeability with depth but 

also a relatively large amount of scatter.

Geothermal convection of seawater in carbonate platforms and geochemical reactions related to 

dolomitization were investigated by Wilson et al. (2001), who adopted exponential relationships for 

porosity decreasing with depth of the form:

φ = 0.4173 exp (-z/2498)  for medium- and coarse-grained sediments (B-24)

and  

φ = 0.4 exp (-z/125) + 0.4 exp (-z/6500)  for fine-grained sediments (B-25)
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where φ is porosity and z is depth below sea level (m).  Then, the calculated permeability was used as 

a function of porosity using the relation:

k = aφb (B-26)

where:

k = Permeability in millidarcies in the direction of maximum permeability (assumed to be horizontal)
a and b = Fit parameters for coarse-, medium-, and fine-grained sediments

Calculated permeabilities ranged seven orders of magnitude.  Wilson et al. (2001) chose a 

horizontal-to-vertical permeability ratio of 1,000 and presented log-permeability versus linear-depth 

plots for the coarse-, medium-, and fine-grained sediments that were used in modeling studies of 

groundwater flow and geothermal circulation.  In later modeling studies of geothermal convection in 

continental shelves, Wilson (2003) adopted similar permeability-depth relations for coarse-, 

medium-, and fine-grained carbonates and added relations for coarse- and fine-grained clastics.

Belcher et al. (2001) prepared hydraulic property estimates for use in developing a transient 

groundwater flow model of the Death Valley regional flow system.  The relationship between 

hydraulic conductivity and depth for 10 HGUs was examined and a log-hydraulic conductivity versus 

linear-depth plot of data for the units in the Death Valley region was presented.  It was noted that 

there is a trend as well as relatively high data scatter.  The hydraulic-conductivity data spanned nine 

orders of magnitude over about 2,500 m depth.  The linear regression analysis obtained the greatest 

correlation to depth with the log10 transform of the hydraulic-conductivity estimates (coefficient of 

determination is 0.296).  The hydraulic conductivity depth-decay functional relationship is the same 

form as that adopted by Prudic (1991), Kuiper (1994), and DOE/NV (1997).

A spatially distributed runoff model was used by Casadel et al. (2003) in a study to predict landslides.  

The model assumed an exponential decay of hydraulic conductivity with depth for the colluvium and 

the underlying rock expressed as: 

K = K1 e-f za (B-27)

K = K2 e-g zb (B-28)
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where: 

K = Hydraulic conductivity 
K1, K2, f, and g = Parameters varied during model calibration 
za = Depth in the colluvium measured from ground surface
zb = Depth in the rock measured from the soil-rock interface

Anderman and Hill (2003) published an update to the USGS groundwater flow model 

MODFLOW-2000, which included the addition of the capability to handle hydraulic-conductivity 

depth-dependence.  The update discusses that hydraulic conductivity can decline systematically with 

depth and cites a field example in Whittemore et al. (1993).  Whittemore et al. (1993) used a log-log 

vertical hydraulic-conductivity versus depth relationship to represent decreasing hydraulic 

conductivity, with depth for the aquitard in the regional-scale groundwater flow model of the Dakota 

aquifer system.  Anderman and Hill (2003) include the hydraulic conductivity decrease with depth in 

MODFLOW-2000 using the function:

KDepth = KSurface10-λd (B-29)

where:
 
KDepth  = Hydraulic conductivity at depth
KSurface = Hydraulic conductivity projected to a reference surface 
λ = Depth-dependence coefficient
d = Depth below the reference surface

The depth-dependence coefficient can be defined separately for different HGUs or for different 

regions in each HGU.  The hydraulic conductivity depth-decay functional relation is the same form as 

adopted by Prudic (1991), Kuiper (1994), and DOE/NV (1997).

An enhancement to MODFLOW-96 that includes a variation of hydraulic conductivity with depth 

option (code called MODFLOW-VKD) was published by the Environment Agency (2003).  The 

agency noted that hydraulic conductivity is a function of depth for many aquifers.  The revised code 

package introduced two new layer types to represent aquifers where hydraulic conductivity reduces 

with depth within the layer.  The conceptualization for varying hydraulic conductivity with depth is 

based on Rushton et al. (1982 and 1989), where hydraulic conductivity decreases continuously until 

reaching a reference level and is then constant below the reference level.  This hydraulic conductivity 
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variation with depth was developed from an investigation in a chalk aquifer in the United Kingdom 

and was incorporated into their mathematical model of the groundwater flow system.

The USGS has developed a transient groundwater flow model (with 16 layers) of the Death Valley 

region that includes the NTS and vicinity (Belcher et al., 2004).  Belcher et al. (2004) discussed that 

hydraulic conductivity is expected to decrease with depth as “geostatic load increases, compressing 

favorably oriented fractures, faults, and sedimentary units.”  Depth decay of hydraulic conductivity is 

included in the model through use of the HUF package in MODFLOW-2000 (Anderman and 

Hill, 2003).  The hydraulic conductivity depth-decay functional relation is the same form as adopted 

by Prudic (1991), Kuiper (1994), and DOE/NV (1997).  Initial parameter estimates for 

hydraulic-conductivity decay with depth were based on the previous estimates in IT (1996) (these 

initial estimates were also used in the model in DOE/NV, 1997).  Belcher et al. (2004) found that 

depth decay was important in all volcanic-rock and basin-fill units, and was of somewhat less 

importance in the carbonate-rock aquifer.  It was also found that including depth decay in selected 

confining units improved the model.  Belcher et al. (2004)  provide comparison of the initial and 

calibrated depth-decay parameter for 10 HGUs, and a plot showing hydraulic conductivity relative to 

surface-hydraulic conductivity versus depth (to 3 km) for the calibrated depth-decay parameters for 

the 10 HGUs.

A regional-scale groundwater flow model was developed for the Pahute Mesa CAU.  The area of 

interest for the Pahute Mesa CAU is defined by the potentially affected portion of the regional 

groundwater flow system, which includes a region stretching from the northern side of Pahute Mesa 

south and southwestward to Oasis Valley.  The hydraulic conductivity data with plots of log hydraulic 

conductivity versus depth for selected HSUs are presented in SNJV (2004), which found that there is 

considerable scatter in the data at any particular depth.  The model calibration approaches for 

parameterizing the HSUs for Pahute Mesa included no depth decay, no anisotropy; depth decay and 

anisotropy in selected units; and depth decay and anisotropy in all units.  The no-depth-decay, 

no-anisotropy case was rejected as reasonable because of permeabilities and flow paths judged to be 

unrealistic.  The calibration approaches with depth decay resulted in successful calibrations judged to 

be representative of the flow system based on matching head and flow calibration targets and 

examination of flow paths.  The hydraulic conductivity depth-decay functional relation is the same 

form as that adopted by Prudic (1991), Kuiper (1994), DOE/NV (1997), and Belcher (2004).
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The plots of measured hydraulic conductivities versus depth that are reported in the literature tend to 

show a relatively large amount of scatter, and thus a large amount of spread about any best-fit line, 

representing the functional relationship of decreasing permeability or hydraulic conductivity versus 

increasing depth (e.g., Rasmuson and Neretnieks, 1986; Loucks et al., 1986; Lavenue et al., 1990; 

Prudic, 1991; Kuiper, 1994; Mace and Dutton, 1994; Stober, 1996; DOE/NV, 1997; Mace, 1998; 

Williamson and Grubb, 2001; Budd, 2001; Belcher et al., 2001 and 2004).  However, utilizing these 

depth-dependent relationships is a useful approach to assist in parameterizing groundwater flow 

models because often there are limited data available to characterize the full depth and lateral extent 

of all HSUs in large regional groundwater flow models.  Initial depth-decay relationships based on 

site-specific data are valuable starting points for model parameterization that can then be modified 

during model calibration.

The technical basis for permeability to decrease with depth is reasonable (e.g., decreasing porosity 

with increased burial depth and overburden pressure due to compaction, pressure solution, and/or 

cementation; reduction in fracture frequency and aperture with depth in fractured formations) and is 

well supported by published data studies from many different geologic environments.  The above 

literature review illustrates there is a solid foundation of scientific works that document reduction in 

permeability, with depth as a reasonable approximation to represent hydraulic properties, in 

regional-scale groundwater flow models.
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C.1.0 INTRODUCTION

This appendix contains perturbation sensitivity analysis figures for the Frenchman Flat area.  

Included are figures for the BASE and CPBA HFMs with boundary heads and fluxes originating from 

two regional models of the NTS area.  The perturbation sensitivity for the BASE model faults in the 

Z direction and the BLFA and DETA HFMs are also included in this section.

C.2.0 DATA PRESENTATION

The data are presented in individual figures.  These figures present the change in some model metric 

as a function of a change in one model parameter at a time.  The model metrics in each file are as 

follows:

• Average head – change in calibration target head as defined in Section 5.0.

• HSU head for AA, OAA, and BLFA - change in water-table elevation for nodes in a particular 
HSU.

• Lateral boundary flux west, south, east, and north – change in respective model edge flow 
objective function.

• Boundary flow goodness of fit – change in objective function for all boundary flows (PHI 
FLUX)

• Total objective function – change in PHI, overall model goodness of fit

• Observation well goodness of fit – change in observation well component of model goodness 
of fit (PHI WELL)

The HSU intrinsic permeability at land surface (k0) model parameters are referred to as the HSU 

abbreviation.  Depth-decay parameters for each HSU are referred to by the type of HSU, the index 

number, and the HSU name abbreviation.  For example, aahsu01aa is an alluvium layer with HSU 

index number 1, which is also the AA.  Fault permeability multipliers are referred to by number.  
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Vertical anisotropy is referred to as “vani” for the group of most HSUs: vani1 refers to the vertical 

anisotropy for the LCA, LCA3, and BLFA; vani2 refers to the vertical anisotropy for the LTCU; and 

vani3 refers to the vertical anisotropy for the VCU.  

C.3.0 ACCESS TO DATA

The perturbation sensitivity analysis plots can be found on the accompanying compact disc in pdf 

format.  The data files are listed in the following sections.

C.3.1 BASE HFM with USGS with Redistribution Recharge and Boundary Heads, UGTA Regional 
Model

• Average Head.pdf
• Lateral Boundary – West Face Model Flow.pdf
• Lateral Boundary – South Face Model Flow.pdf
• Lateral Boundary – East Face Model Flow.pdf
• Lateral Boundary – North Face Model Flow.pdf
• AA Water Table.pdf
• OAA Water Table.pdf
• BLFA Water Table.pdf
• Boundary Flow Goodness of Fit.pdf
• Total Objective Function.pdf
• Observation Well Goodness of Fit.pdf

C.3.2 BASE HFM with USGS with Redistribution Recharge and Boundary Heads, UGTA Regional 
Model, Fault Permeability Multiplier in Z Direction Only

• Average Head.pdf
• Lateral Boundary – West Face Model Flow.pdf
• Lateral Boundary – South Face Model Flow.pdf
• Lateral Boundary – East Face Model Flow.pdf
• Lateral Boundary – North Face Model Flow.pdf
• AA Water Table.pdf
• OAA Water Table.pdf
• BLFA Water Table.pdf
• Boundary Flow Goodness of Fit.pdf
• Total Objective Function.pdf
• Observation Well Goodness of Fit.pdf

C.3.3 BASE HFM with Calibrated USGS with Redistribution Recharge and Boundary Heads, 
DVRFS Model

• Average Head.pdf
• Lateral Boundary – West Face Model Flow.pdf
• Lateral Boundary – South Face Model Flow.pdf
• Lateral Boundary – East Face Model Flow.pdf
• Lateral Boundary – North Face Model Flow.pdf
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• AA Water Table.pdf
• OAA Water Table.pdf
• BLFA Water Table.pdf
• Boundary Flow Goodness of Fit.pdf
• Total Objective Function.pdf
• Observation Well Goodness of Fit.pdf

C.3.4 CPBA HFM with USGS with Redistribution Recharge and Boundary Heads, UGTA Regional 
Model

• Average Head.pdf
• Lateral Boundary – West Face Model Flow.pdf
• Lateral Boundary – South Face Model Flow.pdf
• Lateral Boundary – East Face Model Flow.pdf
• Lateral Boundary – North Face Model Flow.pdf
• AA Water Table.pdf
• OAA Water Table.pdf
• BLFA Water Table.pdf
• Boundary Flow Goodness of Fit.pdf
• Total Objective Function.pdf
• Observation Well Goodness of Fit.pdf

C.3.5 CPBA HFM with Calibrated USGS with Redistribution Recharge and Boundary Heads, 
DVRFS Model

• Average Head.pdf
• Lateral Boundary – West Face Model Flow.pdf
• Lateral Boundary – South Face Model Flow.pdf
• Lateral Boundary – East Face Model Flow.pdf
• Lateral Boundary – North Face Model Flow.pdf
• AA Water Table.pdf
• OAA Water Table.pdf
• BLFA Water Table.pdf
• Boundary Flow Goodness of Fit.pdf
• Total Objective Function.pdf
• Observation Well Goodness of Fit.pdf

C.3.6 DETA HFM with USGS with Redistribution Recharge and Boundary Heads, UGTA Regional 
Model

• Average Head.pdf
• Lateral Boundary – West Face Model Flow.pdf
• Lateral Boundary – South Face Model Flow.pdf
• Lateral Boundary – East Face Model Flow.pdf
• Lateral Boundary – North Face Model Flow.pdf
• AA Water Table.pdf
• OAA Water Table.pdf
• BLFA Water Table.pdf
• Boundary Flow Goodness of Fit.pdf
• Total Objective Function.pdf
• Observation Well Goodness of Fit.pdf
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C.3.7 BLFA HFM with USGS with Redistribution Recharge and Boundary Heads, UGTA Regional 
Model

• Average Head.pdf
• Lateral Boundary – West Face Model Flow.pdf
• Lateral Boundary – South Face Model Flow.pdf
• Lateral Boundary – East Face Model Flow.pdf
• Lateral Boundary – North Face Model Flow.pdf
• AA Water Table.pdf
• OAA Water Table.pdf
• BLFA Water Table.pdf
• Boundary Flow Goodness of Fit.pdf
• Total Objective Function.pdf
• Observation Well Goodness of Fit.pdf
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Table D.1-1
Fault Names and Locations for Some Faults

Fault Name or Location Fault Number(s) in Flow Model

Cane Spring fault 3

Faults associated with the CP Hogback 12,14, 15

Rock Valley fault system 21, 33, 34, 57-60, 62, 68, 73

Southern terminations of faults in Yucca Flat in the 
northern part of the Frenchman Flat CAU model 

domain
2, 7, 22-25, 27-29

Short faults near the northern testing area 35, 45, 50-51, 54-56

Short faults near the central testing area 37-38, 40-45, 48-56

Faults associated with Ranger Mountains, in 
southeast of model area 61, 63-67, 69-72

Detachment fault 36

Topgallant fault zone 10, 11

Faults associated with Yucca fault zone 4-6, 8, 9

Faults associated with Half-Pint Range 22-25, 27-29
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Figure D.1-1
Fault Expressions and Hydrostratigraphic Units at the Water Table
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E.1.0 SATURATED MEDIA HYDRAULIC PROPERTIES

Values used for the hydraulic properties of HSUs in the simulation of groundwater flow and transport 

should be consistent with available information to provide confidence in the simulation results.  

Specifically, hydraulic conductivity is a basic parameter for groundwater flow modeling that 

determines the volumetric flow rate and is sufficient for steady-state modeling.  Representative 

hydraulic conductivities for the formations to be modeled, at the scale over which the model is 

discretized, are integral to producing defensible model predictions.  The groundwater flow models 

incorporate depth decay of hydraulic conductivity, and this is also analyzed and characterized.  

Storage properties of the formations are also of interest as a basic hydraulic parameter needed for 

transient simulations of groundwater flow.  There are many uncertainties in the determination of 

representative parameter values, which will be discussed in this section, and an uncertainty analysis 

accompanies the use of the available data.

The assessment and analysis of hydraulic parameter data presented in this section serve several 

project needs for Frenchman Flat CAU Phase II modeling.  The analysis in this appendix produced 

statistical estimates for the distribution of hydraulic conductivity values, depth decay of hydraulic 

conductivity, and storage parameter values for the major HGUs in the Frenchman Flat CAU.  The 

analysis was conducted using all of the regional data (NTS Investigation Area) for individual regional 

HGUs, which also apply to the Frenchman Flat HFM model (BN, 2005).  The Frenchman Flat 

CAU-specific data do not provide data for all relevant HGUs or sufficient data to determine statistics 

for those HGUs for which there were data.  The data were aggregated by HGU to provide sufficient 

data for each category for statistical analysis.  Some HGUs are directly equivalent to HSUs while 

others generally represent a variety of HSUs of similar character.  The basis for transferability of 

hydraulic parameter data is discussed.  The discussion also addresses the relationship of hydraulic 

properties to the scale of measurement, the spatial variation of hydraulic properties, and the variation 

with depth.  Information on anisotropy of hydraulic conductivity and variation due to temperature 

is presented.
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This analysis differs from the analysis previously provided in the Frenchman Flat Phase II hydrologic 

data document (SNJV, 2004a) in several ways.  The most significant change is aggregation by HGU 

rather than HSU, and associated with that change was the individual evaluation of each test interval 

for assignment to the appropriate HGU based on information in the database for lithology and 

stratigraphy.  In previous analyses, test intervals were assigned to HSUs based on the regional HFM 

model, but it has been determined that this approach resulted in unintended mixing of results for 

different types of rocks due to the coarseness of the regional HFM model.  Other changes include 

evaluation of the relationship of hydraulic conductivity with depth for all HGUs.  Some additional 

data also have been added.

E.1.1 Objectives

The specific objectives for the hydraulic parameter assessment include the following:

• Compile and evaluate available hydraulic parameter data.

• Determine appropriate ranges and distributions for hydraulic conductivity, hydraulic 
conductivity depth decay, and specific storage for HGUs.

E.1.2 Data Types and Prioritization

Transmissivity, the product of the hydraulic conductivity and aquifer thickness, is the only hydraulic 

parameter needed to simulate groundwater flow under steady-state conditions.  Conceptually, 

transmissivity is a property that varies at the scale of HSUs, which define units of hydrostratigraphic 

character and have consistent hydraulic properties.  Transmissivity, as determined by nodal hydraulic 

conductivity values and node spacing, is a primary calibration parameter in the groundwater flow 

model.  Storage is an additional parameter required for calibration of transient simulations.  The HSU 

thickness is determined from the HFM.  To modify transmissivity during calibration, the hydraulic 

conductivity must be varied, because the thickness of the HSU is fixed by the HFM.  As a result, the 

calibration parameter for the flow model is hydraulic conductivity.  Hydraulic conductivity is the 

variable that is analyzed for variability and uncertainty affecting transmissivity.  Hydraulic 

conductivity is either obtained directly from analytic or numeric analysis of the hydraulic response 

measurements (drawdown or recovery data), or calculated by dividing the transmissivity obtained 

from analysis by the test interval thickness.
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Storage information is secondary, because the transport model will be based on steady-state 

groundwater flow conditions.  However, this information is needed to perform transient runs, which 

may be used for model verification.  

E.1.3 Data Compilation and Evaluation

The SNJV maintains a working groundwater database that contains a hydraulic properties table with 

information on hydraulic testing and analysis results for a large area of southern Nevada.  This 

database was originally developed to support regional flow modeling for the UGTA program and 

contains the transmissivity and/or hydraulic conductivity values compiled for interpretations of 

aquifer-, packer-, and slug-tests, laboratory permeability, and grain-size analyses.  The database 

includes supporting information on the test such as well information for each test, test parameters, 

stratigraphy and lithology for the borehole, information on the analysis, and the data source.  Storage 

parameter data were also compiled for MWATs, which are generally accepted as the only reliable 

basis for determining storage values.  However, storage parameter data are less available because 

MWATs are not commonly performed.  

The database used for this analysis was updated with additional data from recent Yucca Flat/Climax 

Mine Phase I data collection activities not included in the previous analyses for the Frenchman Flat 

Phase II hydrologic data document (SNJV, 2004a).

E.1.3.1 Data Sources

Hydraulic property data were obtained from published and unpublished sources.  Published data were 

obtained from reports of the following organizations:  DRI, IT Corporation, LANL, LLNL, Sandia 

National Laboratories, Shaw Environmental, Inc., SNJV, USGS, and a variety of other organizations.  

Publications providing hydraulic parameter values may or may not include the raw and/or reduced 

drawdown and/or recovery data and specifics for the interpretation.  An effort was made to acquire 

full documentation for each test, and the extent of documentation acquired is reflected in the data 

documentation evaluation flag (DDE_F) qualifiers, as discussed in Section E.1.3.3.  Specific 

references for data sources are listed in the database.  Evaluation of the actual drawdown or recovery 

data available was important for assessing the adequacy of the interpretation and for assigning the 

data confidence identifiers.  Unpublished data and interpretations were obtained from the DRI and  
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USGS, and from the files of the Environmental Restoration Contractor as part of the Environmental 

Restoration Project.  Unpublished test interpretations are only preliminary interpretations.  Copies of 

all data sources, including unpublished data and interpretations for entries in the database, are filed in 

SNJV Central Files. 

E.1.3.2 Supporting Data

Data necessary for the hydraulic parameter data analysis include site information, well construction, 

hydrostratigraphic information, and hydrologic test information and include the following data types:

Site Information
• Reporting name
• Site location
• Land-surface elevation

Test Interval Information
• Top and bottom elevations of the tested interval
• Stratigraphic unit for the test interval
• HSU designation

Hydraulic Test Information
• Test start date
• Pumping rate
• Pumping duration
• Data availability

Test Interpretation Information
• Method of analysis
• Organization performing the analysis
• Hydraulic conductivity
• Transmissivity
• Storage coefficient
• Data documentation evaluation flag
• Data quality evaluation flag

Most of these categories are self-explanatory except for the data quality identifiers, which are 

described later in this section.
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E.1.3.3 Data Quality Assurance

Data qualification for the hydraulic parameters analysis was based on the requirements described in 

Section 4.0 of Frenchman Flat Phase II hydrologic data document (SNJV, 2004a) and were applied as 

described below. 

Data Documentation Evaluation

Documentation of the data for the primary parameters of concern (i.e., hydraulic conductivity and 

storage) was evaluated, and values were assigned to the Flag DDE_F according to UGTA data 

documentation requirements in Section 4.0 of SNJV (2004a).  

Data Quality Evaluation

Data quality relative to the use of the hydraulic parameter analysis results is a function of the 

representativeness of the derived parameter value statistics.  It was decided that the most 

representative statistics would be determined using all data rather than only the highest-quality data.  

In cases where there were many data values for an HSU/HGU, the statistical analysis is expected to 

preclude the undue influence of any particular data value.  In cases where there were few HSU/HGU 

data, there is an insufficient basis to identify questionable data.  As had been recognized in the UGTA 

regional model report (DOE/NV, 1997), many historical test results actually may be high quality but 

cannot be objectively identified as such from the available records.  Consequently, data quality 

evaluation flags were not assigned as they had been in the regional model report.  Data quality 

evaluation procedures have been re-evaluated in the data transferability technical basis document 

(SNJV, 2004b), and revised procedures will be considered for future analyses.  For this data analysis, 

data quality evaluation was handled according to ranking the suitability of the data for use in CAU 

modeling.

E.1.3.4 Data Transferability

Data transferability pertains to the use of hydraulic property data from the NTS Investigation Area to 

characterize the Frenchman Flat HSUs.  When categorized at the HGU level, formations in 

Frenchman Flat are directly equivalent to formations at the regional scale. 
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All data from within the NTS Investigation Area were analyzed with respect to regional HGUs and 

the scale of the test.  Data transfer of hydraulic property data from outside of the Frenchman Flat 

CAU was handled as a function of correlating the tested formation for each analysis to a breakdown 

of HGUs.  The assignment for each analysis result was based on cross-referencing regional 

HSUs/HGUs with Frenchman Flat HSUs/HGUs, as well as evaluation of the stratigraphic and 

lithologic information specific for each well.  The scale of the regional HFM, which does not 

perfectly honor the specific geology of each well, as well as situations where tested intervals included 

multiple HSUs/HGUs of different character, required individual interpretation of HSU/HGU 

applicability. 

E.1.4 Hydraulic Parameters

Two hydraulic parameters are characterized in this section: hydraulic conductivity and specific 

storage.  Hydraulic conductivity is the primary parameter of interest and is sufficient for steady-state 

modeling.  The storage properties of the rock units are characterized in the form of specific storage, 

which would be used for transient modeling. 

Hydraulic conductivity is a property that varies by location within a rock unit, and is necessarily 

averaged over a volume of rock in the process of testing.  The value measured for hydraulic 

conductivity depends on the particular volume of rock tested (i.e., well location and radius of 

influence).  Different test methods and specifications can produce different results at a location as a 

function of the scale of the test (i.e., the specific volume of rock tested).  Characterization of 

hydraulic conductivity of an HSU can take several forms, and the appropriate form of the 

characterization depends on the intended use of the data.  Conducting many tests at different locations 

or of different volumes within a particular rock unit (defined by HSUs for this analysis) produces a 

range of hydraulic conductivity values.

The data can be considered as location specific, pertaining to a specified volume of the rock unit for 

each test value.  This characterizes the variability as a spatial property.  However, when the subject 

rock unit (HSU across the area of interest) is very large, only a small percentage of the total volume of 

the subject unit is typically characterized, leaving much of the unit uncharacterized, even when many 

tests are conducted.  An alternate type of characterization is determination of a parametric probability 

model for the test parameter values, which can then be used to define a probability density 
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function (PDF) for the data.  The distribution fitted to the data provides information that can be used 

to constrain the fitting of generalized values for hydraulic conductivity to rock volumes that do not 

correspond to the original test volumes.  Comparison of the parameter values used for HSUs in the 

calibrated model to the PDFs for the HSUs can provide confidence in the appropriateness of the 

calibrated value.  This latter type of characterization is the primary approach used in this analysis.

In addition to the variability of the hydraulic conductivity values across the HSU, there are a variety 

of uncertainties inherent in the determination of the values that are embedded in the data.  Uncertainty 

is related to the suitability of the test method, test measurement accuracy, appropriateness of the 

analysis method for the test, and assumptions made about the test and tested interval.  The uncertainty 

in the analyses results is difficult to quantify and is not readily separable from the variability 

described by the parametric probability model.  The total uncertainty resulting from these factors may 

be substantial and potentially exaggerate the apparent variability.  This is evident in cases where 

several different analyses of the same test, or analyses of different tests on the same well, produced 

very different results. 

E.1.4.1 Scales of Test Data and Applicability

The scale of the test is recognized as an important factor for the representativeness of the test result 

for use in modeling (Rovey and Cherkauer, 1995).  For the purpose of modeling groundwater flow on 

a large scale, parameter values representative of groundwater flow at larger scales are more 

appropriate than values representative of smaller scales of measurement.  The larger-scale data better 

reflect the overall hydraulic character of formations, which are modeled as consistent at the HSU 

scale.  Additionally in fractured rocks, the scales of the data are important to capture the effect of 

fracturing on the overall properties.  The data were analyzed in separate groups for the three distinct 

scales of tests as follows: 

• Pumping-scale tests are considered to provide the most appropriate information for use in 
large-scale modeling, because they provide results representative of the greatest aquifer 
volume and are more likely to reflect high hydraulic conductivity structure in tested 
formations.

• Slug-test-scale tests (including packer tests) provide less representative information, testing 
smaller volumes of formations, both the vertical interval and radius, and are more affected by 
local variability and effects related to drilling, construction, and test methods. 
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• Laboratory-scale tests may provide data somewhat applicable to unfractured and/or granular 
media formations, but are not appropriate for characterizing large-scale formation properties 
for formations that are dominated by fractures.  These data can provide hydraulic conductivity 
information on matrix properties of fractured formations. 

The pumping-scale tests are conducted in situ on short to long test intervals (typically in the range of 

30 to 305 m or more), moving relatively large volumes of water to induce pressure and possibly 

dewatering responses in the test formation over relatively long periods of time (typically 12 hours to 

90 days).  These methods test much larger volumes of rock extending relatively large distances from 

the borehole.  The response in the pumping well may be substantially affected by near-borehole 

conditions reflecting drilling damage, but responses measured in remote observation wells provide 

data unaffected by local formation damage.  Tests with observation wells can also provide directional 

property data.  Depending on the length of the test, the test may reveal different aspects of the 

formation response that are related to time or distance from the well.

The slug- and packer-test scale tests are conducted in situ on fairly short test intervals (typically in the 

range of about 2 to 15 m) using small volumes of water (from several to hundreds of gallons) to 

induce pressure pulses that equilibrate in a relatively short period (ranging from seconds to days).  

These methods test a relatively small volume of rock in the immediate area of the borehole.  The 

results may be substantially influenced by near-borehole conditions that reflect drilling damage to the 

formation and effects from the well completion.  The small volumetric stress on the rock unit 

associated with these methods do not produce good results in high-conductivity media.  

The laboratory-scale tests comprise measurements made on small samples (typically of about 1,000 

to 2,000 cubic centimeters) removed from the natural environment by various means and placed into 

a test apparatus in the laboratory.  Samples may be chosen to be representative for the purpose, but 

the criteria used to determine representativeness are not always documented and are not necessarily 

consistent between different test sets.  Rock/core samples tested are intact and exclude features (such 

as fractures) that are not preserved in handling.  Measurements are then made that generally represent 

the hydraulic conductivity of the intact matrix.  Unconsolidated materials may be reasonably 

preserved in their natural state or repacked for testing.  In some cases, the hydraulic conductivity for 

unconsolidated samples may be calculated from a grain-size analysis. 
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E.1.4.2 Test Analyses and Associated Uncertainties

Larger-scale tests average hydraulic responses across larger volumes of rock, but inhomogeneities 

that may be present within the larger test interval introduce uncertainties in the analysis of the test.  

The uncertainties are a function of undefined conditions or variability in the tested formation in the 

test interval that are not accounted for in the test analysis, and the interaction of multiple conditions 

resulting in a response that does not strictly conform to one or another analysis model.  Usually, 

insufficiently detailed characterization data are collected during testing to determine the variation in 

response occurring in the test interval.  Also, a particular weakness of much of the data is that it is 

based on analyses of single well tests, which have additional uncertainty due to the effects of 

production combined with the formation response.  Analysis methods are generally based on 

relatively simple models reflecting one presumably dominant type of response.  In many cases, it is 

difficult to determine which of several potentially appropriate conceptual models for the response is 

correct, much less separate out the parts of the overall response that may be attributed to 

miscellaneous conditions.  Consequently, analysis results often reflect somewhat of an average of 

different additive responses.

E.1.4.3 Handling of Multiple Test Results for One Well

There are several situations that produce multiple test analysis results for one well.  First, is the case 

in which there are multiple analyses of a single test.  The multiple analyses can include analyses by 

different analysts, different analysis models applied to a test, or variations of assumptions made for a 

particular test analysis.  Second, is the case with multiple, independent tests conducted in a well, 

usually with different test parameters.  The third case is when there are multiple test intervals for a 

well resulting from changes in the well completion, temporary restrictions of the test interval for 

multiple tests, or different interpretations of the test interval based on various types of information.

The objective of this analysis was to identify independent measurements of hydraulic conductivity 

and to statistically characterize the variability of hydraulic conductivity within the context of similar 

formation character (lithology, stratigraphy, hydraulic character) that could be translated to the HFM.  

Where there were multiple results for the same well and the same transmissive interval, multiple 

hydraulic conductivity values were averaged.  This included multiple tests and multiple analysis 

models, assuming these represented testing and analysis uncertainty.  However, variations in analysis 
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assumptions that identified different tested intervals were treated as independent results because the 

particular volume of formation tested, embodied in the analysis, was interpreted to be different. 

E.1.5 Analysis of Hydraulic Conductivity Data

Analysis of the hydraulic conductivity data included separate evaluations of pumping-scale, 

slug-test-scale, and laboratory-scale data to determine statistics for the hydraulic conductivity at each 

scale.  A more detailed review of the pumping-scale data is presented, because these data are most 

relevant for use in large-scale modeling.  The slug-test-scale analysis results may be viewed as 

supporting the pumping-scale results but are not as relevant due to the smaller scale of the tests.  The 

laboratory-scale data analysis is relevant to matrix properties of the formation, which may be useful 

for some purposes but does not appropriately address the large-scale properties of the formation for 

flow modeling. 

The database for hydraulic property information includes data for a large area encompassing the NTS, 

and the NTS Investigation Area (see Figure E.1-1).  This area encompassed the UGTA regional model 

(DOE/NV, 1997) and was used to determine hydraulic property values for that model.  The geology 

within this area is relatively consistent with the NTS geology, and data for this area are considered to 

be generally relevant to formation hydraulic properties across the NTS and to Frenchman Flat in 

particular.  Analysis was conducted for data from this area based on generalized classification of the 

tested formations by HGU.  The spatial distribution of the hydraulic conductivity data is discussed 

first to show the extent to which the available data represent the Frenchman Flat CAU; specifically, 

within the NTS Investigation Area.

The analysis provides statistics — including the mean, number of independent data points, and the 

data range — for each HGU at each test scale.  For each CAU, an HGU-specific dataset having more 

than a few data points was evaluated for conformance to a log-normal distribution (Section E.1.5.2).  

The 95-percent confidence interval was calculated for datasets for which a distribution was 

determined. 
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Figure E.1-1
NTS Investigation Area Locations of Hydraulic Conductivity Data
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E.1.5.1 Methodology

This subsection summarizes the approach and methods used during this reassessment of the hydraulic 

parameter dataset for the Frenchman Flat CAU.  The following approach was used to define ranges 

for hydraulic conductivity and storage parameters for the HGUs in the NTS Investigation Area:

• Hydraulic parameter data have been compiled from published and unpublished sources into a 
database.  Information associated with each entry includes the location, test date, type of test, 
test parameters, tested interval, method of analysis, borehole lithology and stratigraphy, 
HSU(s) corresponding to the tested interval, analysis results, and a source reference for the 
information.  

• The analysis was conducted on hydraulic conductivity and specific storage parameter values.  
Hydraulic conductivity is essentially a unit value for formation transmissivity, and specific 
storage is a unit value for storativity.  All hydraulic conductivity values are associated with a 
defined interval of the formation tested.  Some test analysis methods return transmissivity 
values, which are scaled to hydraulic conductivity using the tested interval thickness, and 
others return hydraulic conductivity values based on the input interval thickness.  In all cases, 
hydraulic conductivity values are based on interpretations of the tested interval thickness.  The 
situation is similar for specific storage versus storativity.  These normalized parameters allow 
evaluation of variations with depth (assigned to the midpoint of the tested interval) and 
location (assigned to the well location).  

• The hydraulic parameter dataset included information for wells within a large area 
encompassing the NTS.  Data analysis was conducted on the scale of the NTS Investigation 
Area, which encompasses the NTS.  The NTS Investigation Area dataset was first filtered 
from the database. 

• The NTS Investigation Area dataset was separated into three datasets based on the scale of the 
test from which the parameter values were derived.  The three scales were pumping-scale, 
slug-test-scale, and laboratory-scale. 

• The data at each scale were then separated into HGU-specific datasets for the transmissive 
interval, which are more generalized than HSUs and apply at both analysis scales.  The HGUs 
correspond closely to HSUs for formations of distinct character (e.g., AA, MGCU, UCCU, 
LCA/UCA/LCA3, and LCCU) and generally characterize the multiplicity of volcanic HSUs 
within the categories of VAs, LFAs, and TCUs.

• A nominal hydraulic conductivity was identified for each data entry using (in priority order) 
the average hydraulic conductivity, horizontal hydraulic conductivity, fracture hydraulic 
conductivity value, or transmissivity divided by the specified transmissive interval thickness.  
Where a transmissive interval thickness was not specified, the total length between the top and 
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bottom of the transmissive interval was used.  The midpoint depth of the test interval for each 
test result was also determined from the transmissive interval data.  

• In fractured rocks, three types of hydraulic conductivities can be defined: bulk hydraulic 
conductivity, fracture hydraulic conductivity, and matrix hydraulic conductivity.  A 
generalized measurement over a vertical interval is termed the bulk hydraulic conductivity.  In 
cases where the formations are fractured, the hydraulic conductivity associated with the 
fracture system and associated with the matrix may be determined separately, depending upon 
the tests measurements and analysis methods.  In general, the bulk hydraulic conductivity will 
be similar to the fracture-associated hydraulic conductivity, and matrix hydraulic conductivity 
will be significantly lower.

• In some cases, more than one test result or interpretation of a test for a test interval is 
available.  Before further analysis, multiple results for a single test interval were 
arithmetically averaged.  Results were not averaged for a well when different test intervals 
were specified or when different transmissive thicknesses were specified for the same test 
interval.  The hydraulic conductivity data were then transformed to log base 10 values for 
analysis based on the assumption of log-normal distribution, to which hydraulic conductivity 
has been shown to conform.  

• The resulting sets of unique location and depth-specific hydraulic conductivity values were 
then statistically analyzed to determine the range, mean, SD, the correspondence to a 
log-normal probability distribution, and the 95-percent confidence interval where there were 
sufficient data.  The results are presented in tables and displayed graphically. 

• For datasets containing a large number of unique hydraulic conductivity values, the 
relationship of log base 10 hydraulic conductivity to transmissive interval midpoint depth as 
evaluated by performing a regression, calculating 1 and 2 SDs for the K0 (hydraulic 
conductivity surface intercept) and Lambda (regression slope). 

• The dataset for each HGU at the pumping-scale was screened for storage parameter values: 
general specific storage and fracture specific storage.  Where storativity was reported, the data 
were normalized to specific storage by dividing storativity values by the transmissive interval 
thickness (as previously specified).  The mean and SD for these data were calculated on an 
HGU basis.  Probability distributions were calculated for specific storage and are displayed 
graphically by HGU. 

E.1.5.2 Kolmogorov-Smirnov Test for Log Normality

Typically hydraulic conductivity variability has been found to be distributed according to a 

log-normal distribution.  To the extent possible, it was desirable to determine whether the hydraulic 

conductivity values for each HSU conformed to such a distribution.  Where there were sufficient data, 

the datasets for each HSU, at each scale, were tested for conformance with a log-normal distribution.  
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A Kolmogorov-Smirnov (K-S) test (Benjamin and Cornell, 1970) was applied at the 5-percent level 

of significance to the empirical cumulative distribution function (ECDF) of the measured data.  The 

test for log ECDF normality and an estimate of the range of uncertainty in the log-normal parameters 

is determined from the K-S statistic, D.  The D is a measure of the maximum difference in cumulative 

probability between the data ECDF and the theoretical (log-normal) cumulative density function 

(CDF).  The difference is calculated for each measured datum (i); therefore, the data frequency is 

defined as i/n, where n is the total number of independent data points.  This differs from a normal 

probability plot, which is calculated using a frequency of i/(n+1).  A critical K-S statistic, D*, is then 

defined based on the number of data samples and the significance level (0.05).  If the observed 

difference between the ECDF and CDF, D, is greater than the critical difference between 

distributions, D*, the null hypothesis (i.e., that the measured and theoretical distributions are 

statistically equal) is rejected.

For the figures illustrating the results of the K-S test, D is used to construct upper and lower bounding 

curves that define the smallest region of uncertainty for which the null hypothesis is not rejected.  

Similarly, D* could be used to define the complete region of uncertainty for the measured data when 

the theoretical distribution and significance levels are specified.  Within the K-S bounds, it is possible 

to observe the range of parameters describing the log-normal CDF.  If the SD is held fixed (i.e., 

holding the slope constant), the mean can be shifted by some amount and remain within the bounds.  

Similarly, if the mean is held fixed but the slope of the CDF is varied, the SD could vary some 

amount.  The two ranges cannot be varied simultaneously to their limits, or the model would no 

longer remain within the K-S bounds.  

E.1.5.3 Spatial Distribution of Data

Figure E.1-1 hows the locations of wells and boreholes for which hydraulic conductivity 

(or permeability) data are available in the database.  The locations are identified with three different 

symbols corresponding to the three scales of test information.  In some cases, more than one scale of 

test is available at a single location.  The data are not uniformly distributed throughout the NTS 

Investigation Area.  Rather, the data are clustered in areas on the NTS where underground nuclear 

testing was performed, major construction facilities were located, or where Environmental 

Restoration drilling and testing activities have taken place.  Off the NTS, data are generally located in 
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areas of human settlement and activity or in areas of interest for resources.  Note the cluster of data on 

the southwestern border of the NTS associated with the YMP.

Figure E.1-2 shows the distribution of data within the Frenchman Flat CAU and the HGU to which 

the data pertain.  As shown on the map, a relatively small number of locations with hydraulic property 

data are available for the Frenchman Flat CAU.    

E.1.6 Analysis Results

This section provides summary tables and graphs of the results of the analyses.  The following section 

provides detail on the individual HGU-specific analyses for the NTS Investigation Area data.  Where 

available data supported testing for log-normal distributions, a graph of the K-S test result is shown.

E.1.7 Hydraulic Conductivity Analysis 

Table E.1-1 presents a summary of the analyses of hydraulic conductivity data within the NTS 

Investigation Area.  This table shows the results of the test by scale for each HGU (where data are 

available).  The extent to which statistics could be developed for each dataset was dependent upon the 

number of unique data values available.  The ultimate aim was to determine the type of distribution 

for the property and define the distribution with confidence; however, this requires a substantial 

number of values in the dataset.  The column “Count” in these tables indicates the number of unique 

data values for each analysis.  The column “Number of Entries” indicates the number of database 

entries for the category that were aggregated to determine unique data values.  As can be seen in 

Table E.1-1, extensive datasets were available for many of the HGUs at the different test scales.  The 

HGU basis for analysis resulted in a substantial increase in the size of the category datasets compared 

to the HSU analysis in SNJV (2004a).  The HGU assignments, based on multiple criteria, allowed 

assignment of many more database entries as compared to HSUs assigned according to the HFM.  A 

major factor in this improvement is that many transmissive intervals span multiple HSUs and could 

not be categorized within the HSU framework.    

To indicate that the result of the K-S test (Section E.1.5.2) did not reject the log-normality 

hypotheses, “Yes” is listed in the column “Accept Log-Normal Hypothesis.”  The log-normal 

hypothesis was not rejected for any datasets at the “Pumping-Scale” and “Slug-Test-Scale.”  The 
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Figure E.1-2
Frenchman Flat Hydraulic Property Data Locations
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Table  E.1-1 
Summary of NTS Investigation Area K Analysis

HGU
Mean Standard 

Deviation Count
Minimum Maximum

K-S 
Critical 
Statistic 

D*

K-S 
Statistic 

D 
at 95 

Percent

Accept 
Log-Normal 
Hypothesis

95-Percent 
Confidence 

Interval Bounds Number 
of EntriesLower Upper

log 10 K (m/day) log 10 K (m/day) log 10 K (m/day)

Pumping-Scale
AA 0.45 0.93 51 -1.47 2.54 0.06 0.19 Yes -1.37 2.27 107

VA -0.12 1.29 142 -4.80 3.41 0.07 0.11 Yes -2.66 2.42 238

LFA -0.26 0.95 29 -2.53 1.54 0.06 0.25 Yes -2.12 1.61 83

TCU -0.91 1.43 127 -4.82 1.90 0.06 0.12 Yes -3.72 1.90 158

MGCU -2.49 N/A 1 N/A N/A N/A N/A N/A N/A N/A 1

UCCU -2.64 1.15 3 -3.48 -1.33 N/A N/A N/A N/A N/A 3

LCA 0.16 1.34 77 -2.85 3.12 0.08 0.15 Yes -2.46 2.78 296

LCCU -0.78 2.02 2 -2.21 0.65 N/A N/A N/A N/A N/A 2

Slug-Test-Scale
AA -0.70 1.17 14 -3.60 0.53 0.15 0.36 Yes -3.01 1.60 25

VA -2.49 1.08 142 -5.51 3.34 0.06 0.11 Yes -4.61 -0.38 536

LFA, TCU -2.34 1.12 258 -6.00 0.08 0.08 0.08 Yes -4.54 -0.13 645

MGCU -1.16 1.78 3 -3.19 0.15 N/A N/A N/A N/A N/A 3

UCCU -2.35 0.79 7 -3.58 -1.16 N/A N/A N/A N/A N/A 7

LCA -1.16 1.09 24 -4.02 0.75 0.14 0.28 Yes -3.29 0.98 26

Laboratory-Scale
AA -0.76 1.56 73 -6.54 0.84 0.20 0.16 No -3.81 2.29 73

VA -3.77 2.23 403 -7.67 2.51 0.10 0.07 No -8.14 0.60 403

TCU -4.42 1.55 637 -8.13 4.60 0.07 0.05 No -7.46 -1.38 637

LCA -4.39 1.28 32 -6.33 -1.67 0.13 0.24 Yes -6.89 -1.89 32

LCCU -6.56 0.66 30 -7.54 -4.69 0.16 0.25 Yes -7.86 -5.26 30

N/A = Not applicable (less than 10 data points available).
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log-normal hypothesis was rejected for several datasets at the “Laboratory-Scale”; however, these 

datasets were probably not populated with random data points, but rather data collected to 

characterize specific conditions or intervals in wells that could not be generally characterized by other 

methods.  The 95-percent confidence interval bounds for log-normal distributions determined from 

the data analyses were calculated.  Figure E.1-3 illustrates the relationships of the NTS study area 

hydraulic conductivity data distributions for the different HGU categories.  The HGUs are shown in 

vertical order as they generally occur in the HFM.    

E.1.8 Depth Dependence of Hydraulic Conductivity Analysis

Appendix B presented a discussion of depth dependence of permeability or hydraulic conductivity.  

The relationship used in the analysis of the depth dependence of K is described by the equation:  

 KDepth = K0 (10 -λd) (E-1)

Figure E.1-3
Relationship of HGU Hydraulic Conductivity Distributions
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where: 

KDepth = Horizontal hydraulic conductivity at specified depth (m/d)
K0 = Horizontal hydraulic conductivity at land surface (m/d)
 λ = Decay coefficient (calculated from linear regression) (1/m)
d = Depth from land surface (m)

The rate of decrease of hydraulic conductivity with depth is determined by the value of  λ, the decay 

coefficient.  The depth dependence of hydraulic conductivity was analyzed for the complete NTS 

Investigation Area dataset and for individual HGU datasets of the NTS Investigation Area.  Depth 

versus hydraulic conductivity trends are specific to individual HGUs according to variations in 

physical properties affecting the hydraulic conductivity and the response to increasing effective stress 

with depth.  However, the lumped evaluation illustrates the overall trend and provides a frame of 

reference for the individual HGU assessments.  Table E.1-2 presents the results of regression analysis 

of the depth dependence of hydraulic conductivity for each dataset.  Figure E.1-4 shows a graph of 

the NTS Investigation Area dataset and the regression trendline as well as two SDs for both K0 and  λ.             

E.1.9 Hydrogeologic Unit-Specific Hydraulic Conductivity Analyses

Analyses were conducted at the HGU level for each scale of test.  As can be seen in Table E.1-1, 

substantial datasets were available for many of the HGUs at all three scales.  At the regional scale, 

Table  E.1-2
Summary of Depth-Decay Analysis

Data Coefficient Value Standard 
Error t-Stat P-value Lower

 95%
Upper 
95%

Lower 
68.27%

Upper 
68.27%

All 
Data

K0 8.74E-01 1.13E-01 7.75 6.84E-14 6.53E-01 1.10E+00 7.61E-01 9.87E-01

 λ -1.64E-03 1.36E-04 -12.0 9.11E-29 -1.91E-03 -1.37E-03 -1.78E-03 -1.50E-03

AA
K0 9.75E-01 1.82E-01 5.36 2.23E-06 6.10E-01 1.34E+00 7.92E-01 1.16E+00

 λ -2.09E-03 5.59E-04 -3.74 4.85E-04 -3.21E-03 -9.67E-04 -2.65E-03 -1.53E-03

VA
K0 1.23E+00 1.65E-01 7.46 9.40E-12 9.05E-01 1.56E+00 1.07E+00 1.40E+00

 λ -1.85E-03 1.93E-04 -9.60 6.02E-17 -2.23E-03 -1.47E-03 -2.04E-03 -1.66E-03

TCU
K0 1.16E+00 4.04E-01 2.87 4.82E-03 3.60E-01 1.96E+00 7.53E-01 1.56E+00

 λ -2.60E-03 4.90E-04 -5.35 0.00E-00 -3.57E-03 -1.64E-03 -3.09E-03 -2.12E-03

LCA
K0 1.06E+00 2.39E-01 4.45 3.11E-05 5.86E-01 1.54E+00 8.21E-01 1.30E+00

 λ -1.28E-03 2.58E-04 -4.95 4.74E-06 -1.79E-03 -7.62E-04 -1.54E-03 -1.02E-03
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there were pumping-scale data available for all of the HGUs represented.  There are additional data at 

the slug-test-scale and laboratory-scale for these HGUs.  The following subsections discuss the HGU 

datasets for which there were data.  

E.1.9.1 Alluvial Aquifer Hydrogeologic Unit

The AA is most accessible, because it is the shallowest aquifer and, therefore, fairly well investigated.  

The reported hydraulic conductivity values come from analyses of both single-well and multi-well 

tests (tests with observation wells).  The results of single-well tests may be significantly different 

from multi-well tests because of difficulties in accounting for well losses and other production and 

local effects in single-well tests.  Multi-well tests provide more accurate results and may also provide 

information on anisotropy.  Figure E.1-5 shows the results of the log-normality test for the NTS 

Investigation Area Pumping-Scale AA data, and Figure E.1-6 shows log10 K versus depth for this 

dataset.  Figure E.1-7 shows the results of the log-normality test for the NTS Investigation Area 

Slug-Test-Scale AA data.                

Figure E.1-4
Hydraulic Conductivity Versus Depth for the NTS Investigation Area Dataset 
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Figure E.1-5
Alluvial Aquifer Pumping-Scale Hydraulic Conductivity

Probability Distribution for the NTS Investigation Area Dataset

Figure E.1-6
Alluvial Aquifer Pumping-Scale Hydraulic Conductivity Versus 

Depth for the NTS Investigation Area Dataset
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E.1.9.2 Volcanic Aquifer Hydrogeologic Unit

The VA HGUs are also used extensively for water supply, and there are a substantial number of data 

points.  Figure E.1-8 shows the results of the log-normality test for the NTS Investigation Area 

Pumping-Scale VA data, and Figure E.1-9 shows log10 K versus depth for this dataset.  Figure E.1-10 

shows the results of the log-normality test for the NTS Investigation Area Slug-Test-Scale VA data.       

E.1.9.3 Lava Flow Aquifer Hydrogeologic Unit

The LFA HGU was also used extensively for water supply, and there are a substantial number of data 

points in the NTS Investigation Area dataset.  Figure E.1-11 shows the results of the log-normality 

test for the NTS Investigation Area Pumping-Scale LFA data.  Figure E.1-12 shows the results of the 

log-normality test for the NTS Investigation Area Slug-Test-Scale combined LFA, TCU dataset.  The 

data for these two HGUs were combined at the slug-test-scale, because the formation character 

(lithology, stratigraphy, and fracturing, as well as regional HSU distinctions) in the tested intervals 

was indistinguishable between the LFA and the TCU HGUs.  This dataset is representative of the 

TCU and the low-permeability portions the LFA that are not highly fractured.

Figure E.1-7
Alluvial Aquifer Slug Test-Scale Hydraulic Conductivity Probability 

Distribution for the NTS Investigation Area Dataset
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Figure E.1-8
Volcanic Aquifer Pumping-Scale Hydraulic Conductivity Probability 

Distribution for the NTS Investigation Area Dataset

Figure E.1-9
Volcanic Aquifer Pumping-Scale Hydraulic Conductivity Versus Depth 

for the NTS Investigation Area Dataset
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E.1.9.4 Tuff Confining Unit Hydrogeologic Unit

Figure E.1-13 shows the results of the log-normality test for the NTS Investigation Area 

Pumping-Scale TCU data, and Figure E.1-14 shows log10 K versus depth for this dataset.  As 

explained in Section E.1.10.1, at the slug-test-scale, the formation character (lithology, stratigraphy, 

and fracturing, as well as regional HSU distinctions) in the tested intervals between the LFA and the 

TCU HGUs were indistinguishable, so a combined dataset was extracted (Figure E.1-12).  This 

dataset is generally representative of the TCU.        

E.1.9.5 Lower Carbonate Aquifer Hydrogeologic Unit

The LCA is another HGU used extensively for water supply, and there are a substantial number of 

data points in the NTS Investigation Area.  Figure E.1-15 shows the results of the log-normality test 

for the NTS Investigation Area Pumping-Scale LCA data, and Figure E.1-16 shows log10 K versus 

depth for this dataset.  Figure E.1-17 shows the results of the log-normality test for the NTS 

Investigation Area Slug-Test-Scale LCA data.                    

Figure E.1-10
Volcanic Aquifer Slug Test-Scale Hydraulic Conductivity Probability 

Distribution for the NTS Investigation Area Dataset



Appendix E

Phase II Groundwater Flow Model of CAU 98: Frenchman Flat, Nye County, Nevada

E-25

Figure E.1-11
Lava Flow Aquifer Pumping-Scale Hydraulic Conductivity 

Probability Distribution for the NTS Investigation Area Dataset

Figure E.1-12
Lava Flow Aquifer, Tuff Confining Unit Slug Test-Scale Hydraulic Conductivity 

Probability Distribution for the NTS Investigation Area Dataset
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Figure E.1-13
Tuff Confining Unit Pumping-Scale Hydraulic Conductivity Probability 

Distribution for the NTS Investigation Area Dataset

Figure E.1-14
Tuff Confining Unit Pumping-Scale Hydraulic Conductivity Versus

 Depth for the NTS Investigation Area Dataset
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Figure E.1-15
Lower Carbonate Aquifer Pumping-Scale Hydraulic Conductivity Probability 

Distribution for the NTS Investigation Area Dataset

Figure E.1-16
Lower Carbonate Aquifer Pumping-Scale Hydraulic Conductivity 

Versus Depth for the NTS Investigation Area Dataset
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E.1.10 Test-Scale and Spatial Variability

The hydraulic conductivity of natural geologic formations is known to be spatially variable.  The data 

presented in this report support that observation.  Not only is the hydraulic conductivity variable with 

depth, it varies laterally as demonstrated by distinctly different ranges of values of hydraulic 

conductivity at different well locations in the same HSU. 

Vanmarcke (1983) has shown that as the scale of averaging increases, the variance of a random 

process decreases, and the correlation length increases.  Rubin and Gomez-Hernandez (1990) present 

theoretical and numerical examples of the impact of scaling as a function of block size.  As the block 

size increases relative to the correlation scale, the mean value of the block approaches the geometric 

mean, and the variance of the mean value is significantly reduced.  In their examples, the variance 

was reduced by a factor of 10 when the block size was 6.5 times the correlation length.  The difficulty 

with application of approaches such as Rubin and Gomez-Hernandez (1990) is that covariance 

information, especially correlation length, is needed.  In reality, this covariance information is never 

available.  However, several key observations from the theoretical studies can be made.  First, the 

Figure E.1-17
Lower Carbonate Aquifer Slug Test-Scale Hydraulic Conductivity Probability 

Distribution for the NTS Investigation Area Dataset
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geometric mean is a reasonable estimate of the average hydraulic conductivity of a block.  Second, 

the uncertainty in the hydraulic conductivity as characterized by the log10 SD is larger than the 

uncertainty in the block-scale value assuming that the available data represent the full range of 

variability in the formation.  These scaling relationships are all based on the assumption of a constant 

mean and uniform statistical properties within an HSU.  If these assumptions are incorrect, the 

conclusions of the theoretical studies may not apply.  

Table E.1-3 shows the variation of the mean and SD with the scale of measurement for each HSU.  It 

can be seen that as the scale of measurement increases, the measured value of log10 hydraulic 

conductivity increases and log10 SD decreases.  The spatial locations of data are shown in 

Figure E.1-1.   

Similar observations have been made in other studies reported in the literature.  In contrast, 

Zlotnik et al. (2000) have reviewed many of these other studies and conclude that there is little 

evidence for a scale effect in hydraulic conductivity.  They conclude, as does this report, that the large 

increases in mean hydraulic conductivity from laboratory- to field-scale measurements are most 

likely due to sampling bias, not true scale dependence.  They also point out the difficulty of 

quantifying the scale of measurement for field techniques such as pumping tests and slug tests.  The 

analysis generalizes the scale of measurement by slug and constant rate but does not quantify the 

Table  E.1-3
Variation of the Mean and SD of Hydraulic Conductivity Data

by Scale of Measurements, by HSU

Data Analysis 
HSUs

Pumping-Scale Data Slug-Test-Scale Data Laboratory-Scale 
Data

Mean Standard
Deviation Mean Standard

Deviation Mean Standard
Deviation

AA 0.45 0.93 -0.70 1.17 -0.76 1.56

VA -0.12 1.29 -2.49 1.08 -3.77 2.23

LFA -0.26 0.95 -2.34 1.12 N/A N/A

TCU -0.91 1.43 -2.34 1.12 -4.42 1.55

UCCU -2.64 1.15 -2.35 0.79 N/A N/A

LCA 0.16 1.34 -1.16 1.09 -4.39 1.28

LCCU -0.78 2.02 N/A N/A -6.56 0.66
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difference.  In addition, Zlotnik et al. (2000) provide six general principles to apply to screening and 

comparing data.  One of the principles regards coverage.  They caution that comparison of data 

collected by two different techniques over two different subdomains is not possible.  In other words, 

if the slug-test data were not collected in the same borehole and same depth interval as the pumping 

data, the comparison of results is not meaningful.  Most, if not all cases, generated under this analysis 

do not have overlapping domains.  For the purposes of large-scale flow modeling, the pumping-scale 

data will be the primary choice and the slug-test-scale data will be consulted only for secondary 

reference.  Laboratory-scale data are not applicable to formations characterized by fracture flow, but 

may have limited usefulness in defining hydraulic conductivity in porous formations and in the 

matrix of the fractured formations. 

E.1.11   Aquifer Unit Versus Confining Unit Results

As shown in Figure E.1-3, the pumping-scale data show that the mean hydraulic conductivity varies 

as would be expected with the unit designation, aquifer versus confining unit.  This is true for all three 

scales of measurement as can be seen in Table E.1-1.  Also, the laboratory-scale data show that the 

matrix hydraulic conductivity of the volcanic and carbonate aquifer units are similar to the hydraulic 

conductivity of the confining units.  This would bolster the interpretation that the large-scale 

hydraulic conductivity of those aquifer units is a function of the fracture system within those units. 

E.1.12  Aquifer Storage Properties

The storage coefficient (S) is defined as the volume of water that an aquifer releases from or takes 

into storage per unit surface area of the aquifer per unit change in head (Freeze and Cherry, 1979).  It 

is a dimensionless variable that is generally smaller than 0.005 in confined aquifers.  It is called the 

specific yield in unconfined aquifers and is a measure of the drainable porosity, typically less than 

0.30.  Specific storage (Ss) is the amount of water that an aquifer releases from or takes into storage, 

per unit volume, and is calculated by dividing the storage coefficient by the saturated thickness 

(b): S = Ss*b.  Specific storage is used to assess storage parameter variability, because it removes the 

effects of unequal test interval lengths from the data. 

Specific storage values span six orders of magnitude.  The specific storage values that are greater than 

10-3 are suspect, because the associated storativities would require excessively high porosity.  These 
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very high storativity values are for the LCA from a location where the LCA is shallow and karstic and 

may have been dewatered during testing.  These data likely do not represent the conditions in the 

LCA where it is deeply buried within the model area.  At the lower end, the values represent fracture 

specific storage. 

The distributions of Ss for the HSUs with more than a few data points (the AA, VA, TCU, and LCA) 

are quite similar.  However, it is not clear how representative the data are of the broader distribution 

over the entire NTS Investigation Area.  Sanchez-Vila et al. (1999) show that in the presence of 

heterogeneity, which always occurs in reality, storativity estimates will often vary strongly as a 

function of the relative transmissivity of the flow path between the pumping and observation well.  

Thus, storativity estimates depend on the degree of transmissivity heterogeneity.  Sanchez-Vila 

et al. (1999) also suggest that a good estimate of true storativity is rarely obtained in practice from 

pumping tests.  It is possible that much of the apparent scatter in specific storage values is unrelated to 

the actual variability of storage properties.  General survey information on storage properties of 

formations in southern Nevada can be found in Kilroy (1992).

Table E.1-4 presents a summary of the analyses for “Specific Storage” and “Fracture Specific 

Storage” for NTS Investigation Area datasets.  The “Specific Storage” datasets generally had a 

sufficient number of independent values to calculate statistics; however, there are much fewer data 

for “Fracture Specific Storage.”  Figure E.1-18 shows the distributions of the specific storage data for 

the NTS Investigation Area datasets, identified by HGU.  The specific storage probability distribution 

for all data spans seven orders of magnitude, centered on approximately 1.00 x 10-5.  All five of the 

included HGUs (AA, LFA, VA, TCU, and LCA) are generally consistent in this distribution.  

Figure E.1-19 shows the fracture specific storage probability distribution, which includes the VA, 

TCU, and LCA HGUs.  The data for this parameter, which is generally not distinguished                 

from the general specific storage parameter, are very limited.  The LCA values shown in this plot 

reflect four identical values found in the database for one test with four different hydraulic 

conductivity analyses.  The fracture-specific storage values span about 1.5 orders of magnitude. 

E.1.13  Anisotropy

In the general case, hydraulic conductivity is not a scalar value, but a second-rank tensor, where 

hydraulic conductivity at a point in space is a function of direction.  The determination of horizontal 
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Table  E.1-4
Summary of Specific Storage Analysis

Specific Storage (1/m)

HGU Mean Standard 
Deviation Count Minimum Maximum Number 

of Entries

AA 1.08E-04 2.00E-04 22 1.40E-07 7.90E-04 27

VA 4.04E-03 2.32E-02 37 3.71E-15 1.41E-01 72

LFA 8.84E-04 3.14E-03 13 1.49E-07 1.13E-02 33

TCU 7.02E-05 1.71E-04 36 1.40E-07 8.44E-04 52

LCA 3.58E-02 9.97E-02 32 5.58E-09 4.69E-01 162

Fracture Specific Storage (1/m)

VA 1.79E-06 N/A 1 N/A N/A 1

TCU 5.43E-06 8.65E-06 7 5.91E-07 2.43E-05 8

LCA 1.01E-05 3.84E-06 5 8.33E-06 1.69E-05 9

Figure E.1-18
Specific Storage Data for the NTS Investigation Area Dataset
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anisotropy requires data from multiple observation wells completed in the same depth interval as the 

pumping well during aquifer testing.  Anisotropy in the vertical direction can be determined from 

observation wells set at depths that differ from the pumped well.  However, such analyses are difficult 

and uncertain because the tests are affected by other factors that are poorly constrained.  There are 

some laboratory data on vertical to horizontal anisotropy, but laboratory results are generally not 

applicable to large-scale modeling.  

E.1.14  Limitations

The data presented in this summary come from a variety of sources and represent data measured at 

different scales.  Formations that are generally productive and often exploited for groundwater 

supplies are generally well characterized.  As mentioned previously, the confining unit HGUs 

generally have hydraulic conductivity too low to conduct pumping tests.  Slug-test-scale 

measurements provide a few additional values for the confining unit HGUs.  The NTS Investigation 

Area data provide considerably more bases for determining representative distributions of hydraulic 

conductivity for Frenchman Flat HGUs. 

Figure E.1-19
Fracture Specific Storage Data for the NTS Investigation Area Dataset
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Overall, the data for hydraulic properties are of high quality and provide hydraulic property 

information for the tested volumes of formation.  However, there are significant limitations in 

applying the results of the analysis to the identification of representative hydraulic properties for the 

Frenchman Flat HSUs.  As mentioned previously in this section, the amount of site-specific data 

available to characterize hydraulic conductivity for Frenchman Flat HSUs is not great.  The  

aggregation of large datasets for HGUs better supported the analyses for statistical distributions.  The 

distributions indicate the potential range of properties for the different formation types (HGUs) as 

defined by general character of hydrogeology.   However, many HSUs have their own distinct 

character, which may result in specific properties for the HSU that are not the same as the average for 

the HGU but presumably would be within the 95-percent confidence range of the overall HGU.  

Following are specific limitations to keep in mind when using the results of the hydraulic property 

analysis.  

First, only pumping-scale data are appropriate for use in parameterization of CAU groundwater flow 

models.  There are data distributions for all HGUs at the pumping scale, but the data specific to 

Frenchman Flat would only support a distribution determined for the AA.  The confining unit HGUs 

are not characterized at the pumping-scale because they are not amenable to such testing.  

Consequently, only much smaller-scale data are available for those HGUs.

Second, the available data for the Frenchman Flat CAU are very scattered throughout the 

investigation area and do not provide complete, comprehensive characterization across the extent of 

the Frenchman Flat HFM area.  The aggregate area, presumed to be tested by all of the tests for an 

HSU, only constitutes a small percentage of the total area of the HSU.  The available data are not well 

distributed and cannot be shown to equally sample the range of properties that may be present or 

provide a sense of spatial variability.  The NTS Investigation Area distributions are not specific to the 

Frenchman Flat CAU.  

Third, the data sampling (tested part of the formation) is biased, because many of the wells tested 

were drilled for water supply purposes and were specifically targeted for the most productive 

intervals of the formations penetrated.  Tests in wells generally do not characterize the entire HSU 

(or a specific formation) in aggregate but only shorter intervals selected during drilling or testing, 

usually because of the particular productivity of the interval.  In general, the concept used for UGTA 
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characterization drilling and well completion decisions has been that the more productive intervals 

are of primary interest under the assumption that transport of contaminants will preferentially occur 

in those intervals.  This bias is particularly evident in cases of high hydraulic conductivity values for 

ostensible confining units when the formation is considered at the CAU scale.  This is generally the 

result from a short test of a fractured interval within an otherwise low-conductivity formation.  

The hydraulic properties of interest (that are characterized at the pumping scale) for many of these 

formations result from the fracturing within the formation.  The individual tests provide information 

about the fracturing of the formation at a particular location, but there is no basis for assuming the 

fracturing is consistent across the extent of the HSU, vertically or laterally.  In addition, tests of 

fractured formations provide information on the hydraulic properties of the fracture system, but these 

properties are not necessarily consistent with properties to be applied to an equivalent porous media 

flow model like the steady-state flow models constructed for the UGTA Project.

In summary, the data available for hydraulic properties of the HSUs are not definitive for the HSUs in 

Frenchman Flat and do not necessarily provide specific characterization for the large-scale aggregate 

hydraulic properties of the HSUs.  This section provided data compilation and analysis for the 

available data, which can serve as a guide to appropriate hydraulic parameters, but must be viewed 

with regard to these limitations and interpreted within the context of the difference between specific 

test results and the appropriate values for equivalent HSU properties in flow modeling. 
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