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1.0  INTRODUCTION
The Environmental Restoration Division of the U.S. Department of Energy, National Nuclear
Security Administration Nevada Operations Office (NNSA/NV) initiated the Underground Test
Area (UGTA) Project to investigate the effects of underground nuclear testing on groundwater at
the Nevada Test Site (NTS) and surrounding areas.  The UGTA investigation focuses on the
geology and hydrology of the NTS to determine how contaminants are transported by
groundwater flow.  A regional three-dimensional (3-D) computer groundwater model has already
been developed to identify any immediate risk and to provide a basis for developing more
detailed models of specific NTS test areas (designated as individual Corrective Action Units or
CAUs).  The regional model constituted Phase I of the UGTA Project.  The more detailed CAU-
specific groundwater-flow and contaminant-transport models of Phase II will be used to
determine contaminant boundaries based on the maximum extent of contaminant migration.  The
results of the individual CAU groundwater models will be used to refine a monitoring network to
ensure public health and safety.  Hydrologic modelers who are developing groundwater-flow and
contaminant-transport models require a hydrogeologic framework that depicts the character and
extent of geologic units in three dimensions.  The development of this framework model is
summarized in this report; a detailed data package will be prepared for the modelers that presents
all the data used to construct this model.

The Western and Central Pahute Mesa CAUs were the site of 85 underground nuclear tests
(U.S. Department of Energy, Nevada Operations Office [DOE/NV], 2000).  Hydrogeologically,
these CAUs are considered to be part of a larger region that includes areas both within and
outside the boundaries of the NTS, designated as the Pahute Mesa-Oasis Valley (PM-OV) study
area.  Because most of the underground nuclear tests at Pahute Mesa were conducted near or
below the static water level, test-related contaminants are available for transport via a
groundwater flow system that may extend to discharge areas in Oasis Valley.  

The PM-OV hydrostratigraphic framework model was developed by a multi-disciplinary team of
scientists from the Bechtel Nevada Geological & Hydrological Services group and from the joint
venture of International Technologies Corporation (IT), Science Applications International
Corporation, and GeoTrans, Inc.  The team also received valuable input from personnel of the
Los Alamos National Laboratory, Lawrence Livermore National Laboratory, the U.S. Geological
Survey, and NNSA/NV, and benefitted from guidance from the NNSA/NV UGTA Technical
Working Group. 

1.1  Location
The 3-D framework model for the PM-OV area encompasses over 2,700 square kilometers
(1,042 square miles) of southern Nye County, Nevada (NV).  The model area is located
approximately 160 kilometers (km) (100 miles [mi]) northwest of Las Vegas, NV, and includes
lands managed by the U.S. Air Force (Nellis Air Force Range) and the U.S. Bureau of Land
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Management, in addition to the northwestern portion of the NTS (Figure 1).  The model area is
roughly square, approximately 51.5 km (32 mi) on a side, and includes geologic units as deep as
7 km (4.3 mi) below mean sea level.

The PM-OV model area was selected to encompass all of the underground testing areas (source
area) on Pahute Mesa and all of the discharge areas in Oasis Valley.  It includes all relevant
calderas and other geologic structures, and encompasses all plausible flow paths from the source
areas, as well as known hydrologic features (e.g., an alternative flow path along the eastern side
of Timber Mountain).  The model area had to be large enough to encompass all potential
regulatory boundaries and any subsequent, or derivative, flow and transport models, but of a size
that does not overload computing capabilities. 

1.2  Geologic and Hydrologic Setting
The PM-OV model area is located in the southern part of the Great Basin, the northern-most sub-
province of the Basin and Range physiographic province.  The area is geologically complex,
encompassing at least six Tertiary-age calderas (Figure 1), many relatively young basin-and-
range-style normal faults, and thrust faults and intrusive bodies of Mesozoic age, all
superimposed on a basement complex of highly deformed Proterozoic and Paleozoic
sedimentary and metasedimentary rocks (Slate et al., 1999).  

The NTS is located within the Death Valley regional groundwater flow system, one of the major
hydrologic subdivisions of the southern Great Basin (Laczniak et al., 1996).  The depth to
groundwater in the model area varies from the surface and near-surface at limited discharge
areas in Oasis Valley, to more than 610 meters (2,000 feet) below the land surface in the
northwestern NTS, beneath Pahute Mesa (IT, 1996b; Reiner et al., 1995).  Perched groundwater
occurs locally throughout the NTS area, mainly within the volcanic rocks.  The lower carbonate
aquifer (consisting of a very thick, widespread section of Paleozoic carbonate rocks) is
considered to be the primary regional aquifer in the NTS area, while the Proterozoic and
lowermost Paleozoic siliciclastic rocks form the regional hydrologic “basement” (Winograd and
Thordarson, 1975).

Recharge areas for the Death Valley groundwater system are the higher mountain ranges of
central and southern Nevada.  Groundwater flow is generally from these upland areas to natural
discharge areas in the south and southwest.  Groundwater at the NTS is also derived via
underflow from basins up-gradient of the area.  Based on existing water-level data (Reiner et al.,
1995;  IT, 1996b; DOE/NV,1998) and flow models (IT, 1996a;  D’Agnese et al., 1999), the
general groundwater flow direction within major water-bearing units beneath the NTS is to the
south and southwest. 

2.0  METHODOLOGY

2.1  Technical Approach
The technical approach to the development of this model was determined primarily by the
geologic complexity of the area and the paucity of data.  

The model is based on the conceptual hydrologic system established for the NTS area by
Winograd and Thordarson (1975).  This early work was further developed by Laczniak et al.
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(1996), and by the UGTA Phase I hydrostratigraphic regional modeling team (IT, 1996a, 1996b,
1996c; Drellack and Prothro, 1997).  We expanded upon stratigraphic studies that had been
conducted in support of the NTS weapons-testing and UGTA programs, and incorporated
geologic models of various scales and coverages that had already been built by other
organizations.  As part of the process, conceptual models were developed of the more complex
parts of the study area.  These models were based partly on analogs of similar geologic regimes
such as volcanic fields in other parts of the world, and were tied whenever possible to the “hard”
data points.

2.2  Modeling Software Used to Construct the Model
EarthVision® software (Version 5.1, by Dynamic Graphics) was used to build the model.  This
software accepts spatially located data and other data such as seismic profiles, cross sections,
and subsurface maps.  The software then applies geology-based geometric “rules” to determine
the most likely 3-D interpretation of the geology that honors the hard data.  The computer’s
interpretation can be adjusted to suit the geologist’s concept, to incorporate additional “soft”
(interpretive) information, or to test alternate hypotheses.  It is possible to easily and thoroughly
evaluate a geologic model built in EarthVision® and examine relationships of the individual
elements.  Because the software’s interpretive rules are geology-based, the model automatically
satisfies many fundamental geometric requirements for geologic structure, which reduces the
effort required to check and adjust the output.  

2.3  Data Sources
Considering the size of the model, there is very little “hard” subsurface information.  However,
geoscientists have been working in this area for more than 40 years and, despite its remoteness,
many sources of data are available for some parts of the region.  These include surface geologic
maps, nearly 200 drill holes (mostly in the NTS area) of various depths that provided lithologic
and stratigraphic data, and limited geophysical (gravity, aeromagnetic) data. 

Input to the model consisted of digital elevation model data, the drill-hole data, outcrop and fault
data from surface geologic maps, etc.  In complex areas of sparse data, geologists prepared
additional interpretive input such as control points or “pseudo drill holes,” structure-contour
maps, and cross sections. 

3.0  MODEL COMPONENTS
The main components of the framework model are the geologic structures, including faults and
the calderas, and the stratigraphic system, which defines the extent of the various rock units in
the model.  

3.1  Structural Features
Geologic structures define the geometric configuration of the model area, including the
distribution, thickness, and orientation of rock units, and thus are an important part of the
hydrogeologic regime of the area.  Syn-volcanic structures, including caldera faults and some
normal faults, had a strong influence on depositional patterns of many of the units.  Some faults
place units with different hydrologic properties in juxtaposition, which may have significant
hydrogeologic consequences.  Also, the structures may themselves act as either conduits of
groundwater flow, if characterized by open fractures, or barriers to flow, if associated with fine-
grained gouge or increased alteration of nearby rocks.
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Five types of structural features are included in the model:  thrust faults, normal faults,
transverse faults and structural zones, one detachment fault, and calderas.  Due to constraints on
time and computer modeling capacity, only the larger faults and those that appear to form
significant structural boundaries are included in the model (Figure 2).  Calderas are complex and
hydrogeologically very important in the model area, so they warranted considerable attention
during the model building process.  A total of 47 structural elements (several of which are
modeled as caldera boundaries) are included in the model.

Calderas are probably the most hydrogeologically important features in the model area because
of their size and complexity, and the fact that the volcanic rocks and associated structural
features can significantly block or enhance the flow of groundwater in a variety of ways.  The
distribution of many important aquifers in the PM-OV area is largely controlled by caldera
boundaries (Laczniak et al., 1996).  Six calderas have been identified in the PM-OV model area,
two of which are completely buried.

The calderas in the vicinity of the NTS are complex, and reflect a variety of geometries and
collapse processes.  Perhaps the most familiar is the “piston” type collapse caldera, where the
caldera floor has collapsed generally intact along a circular ring-fracture zone.  Other processes
include down-sag, trap-door, and piecemeal collapse.  Some calderas appear to have collapsed
along pre-existing linear faults, resulting in polygonal boundaries (Kane et al., 1981; Ferguson
et al., 1994).  The UGTA base model incorporates the structural conceptual model developed by
Ferguson et al. (1994), and Warren et al. (2000).  

3.2  Hydrostratigraphy
A means of depicting the hydrologic character of complexly inter-fingering rocks of a wide
range of lithologic and hydrologic characteristics had to be developed for use in the digital
framework model.  The hydrogeologic framework for Pahute Mesa and vicinity established by
Blankennagel and Weir (1973) provided the foundation for most subsequent hydrogeologic
studies in the area. 

The rocks of the NTS were classified for hydrologic modeling using a two-level classification
scheme in which hydrogeologic units (HGUs) are grouped to form hydrostratigraphic units
(HSUs) (IT, 1996a).  HGUs are used to categorize rocks according to their ability to transmit
groundwater, which is mainly a function of the rocks’ primary lithologic properties, 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).  The concept of HSUs that are made up of groups of
similar HGUs, is also very useful in volcanic terrains because stratigraphic units can vary greatly
in hydrologic character both laterally and vertically.  HSUs serve as “layers” in the PM-OV
hydrostratigraphic framework model.

3.2.1  Stratigraphy of the PM-OV Model Area
To define appropriate HSUs to serve as layers in the framework model, the modelers had to start
from a well understood stratigraphic system.  Refinement of the stratigraphy of the area has been
a continuous process during the decades in which geoscientists associated with the NTS
weapons-testing program worked to understand the complex volcanic setting.  The need to
develop detailed geologic models in support of the UGTA program intensified this process, and
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the recognition of smaller and smaller distinct volcanic units permitted a greater understanding
of the 3-D configuration of the various types of rocks, which has been incorporated into the
model via the hydrostratigraphic framework.

3.2.2  Hydrogeologic Framework for the PM-OV Model
All the rocks of the PM-OV study area are classified as one of nine HGUs, which include the
alluvial aquifer, four volcanic HGUs, two intrusive units, and two HGUs that represent pre-
Tertiary sedimentary and metasedimentary rocks. 

The volcanic HGUs are defined on the basis of primary lithologic properties, degree of
fracturing, and secondary mineral alteration.  In general, the altered volcanic rocks (typically
zeolitic, or hydrothermally altered near caldera margins) act as confining units, and the unaltered
rocks form aquifers.  The aquifer units are further divided into welded-tuff or vitric-tuff aquifers
(depending on degree of welding) and lava-flow aquifers.  The denser rocks (welded ash-flow
tuffs and lava flows) tend to fracture more readily and, therefore, have relatively high
permeability (Blankennagel and Weir, 1973; Winograd and Thordarson, 1975;  Laczniak et al.,
1996; IT, 1996b; Prothro and Drellack, 1997).

Of the pre-Tertiary units, the silicic clastic rocks (quartzites, siltstones, shales) typically are
aquitards or confining units, while the carbonates (limestone and dolomite) tend to be aquifers
(Winograd and Thordarson, 1975; Laczniak et al., 1996).  The two intrusive HGUs (a Mesozoic
granite and several poorly understood caldera-related intrusives) are considered to behave as
confining units.  

3.2.3  Hydrostratigraphic Framework for the PM-OV Model
Hydrostratigraphic units are groupings of contiguous stratigraphic units that have a particular
hydrogeologic character, such as aquifer or 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).  Composite units comprise a mixture of
hydraulically variable units. 

The PM-OV area includes more than 300 described Tertiary volcanic stratigraphic units, in
addition to about 20 pre-Tertiary igneous and sedimentary stratigraphic units.  Thus, the
modelers had to develop a simplified stratigraphic system for the building of the model, finally
incorporating about 78 units.  These stratigraphic units are the basis for the 46 HSUs that serve
as layers in the model (Table 1).  An example of the inter-relationships of stratigraphy, HGUs,
and HSUs is provided in Figure 3.

3.3  Model Output
Figure 4 shows a block diagram produced by EarthVision® that illustrates some of the 
complexity of the model area, including calderas, faults, and HSU “layers.”  

3.4  Alternative Scenarios
The complexity of the model area and the non-uniqueness of some of the interpretations
incorporated into the base model made it necessary to address alternative interpretations for
some of the major features in the model.  However, because of time and resource constraints, the
number of alternative scenarios that can be fully developed had to be limited.  Ultimately, six
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scenarios, which were judged to have the potential to affect groundwater flow and transport of
contaminants, were selected for further development as alternatives.  The alternatives address
such features as variations in caldera structure, continuity of some of the major structural
features, character of certain faults, depth to hydrologic basement, and extent and thickness of
the regional carbonate aquifer and confining units in various parts of the model area. 

4.0  HYDRAULIC PROPERTIES
Laboratory and field measurements of hydraulic conductivity, flow rates, and temperature
profiles indicate that almost all of the groundwater moving in volcanic rocks at the NTS is
moving through fractures (GeoTrans, 1995).  Thus, the characteristics of rocks that control the
density and character of fractures are the primary determinants of the rocks’ hydraulic
properties.  

4.1  Rock Hydraulic Properties
The hydraulic properties of the volcanic rocks within the PM-OV study area vary widely with
lithologic character.  In general, the most transmissive lithologies tend to be the moderately to
densely welded ash-flow tuffs (welded-tuff aquifer) and the rhyolite lava flows (lava-flow
aquifer).  Although their interstitial porosity is low, these competent rocks tend to be highly
fractured, and groundwater flow through them is largely through an interconnected network of
fractures (Blankennagel and Weir, 1973; GeoTrans, 1995).

The lowest transmissivity values in volcanic rocks at the NTS are typically associated with non-
welded ash-flow tuff and bedded tuff (air-fall and reworked tuffs).  Although interstitial porosity
may be high, the interconnectivity of the pore space is poor, and these relatively incompetent
rocks tend not to support open fractures.  Secondary alteration of these tuffs (most commonly,
zeolitization) ultimately yields a very impermeable unit, so zeolitic tuffs are considered to be
confining units.  The equivalent unaltered bedded and non-welded tuffs are considered to be
vitric-tuff aquifers, and have intermediate transmissivities. 

The carbonate rocks can be very conductive of groundwater flow, largely through 
interconnected networks of fractures.  However, field data show that conductivity values may
vary several orders of magnitude between zones within a single well, and between closely
spaced wells that access equivalent zones (Blankennagel and Weir, 1973; GeoTrans, 1995).  The
silicic clastic rocks tend to have very low hydraulic conductivity values.  Though these rocks can
be moderately fractured, the fractures are typically sealed by secondary mineralization.  The
Mesozoic granite confining unit at Gold Meadows in the northeastern part of the model area also
has extremely low hydraulic conductivity values. 

4.2  Fault and Fracture Characteristics
Fracture density typically increases with proximity to faults, potentially increasing the hydraulic
conductivity of the formation; however, the hydrologic properties of faults, per se, are not well
known.  Limited data suggest that the full spectrum of hydraulic properties, from barrier to
conduit, may be possible (Blankennagel and Weir, 1973; Faunt, 1998).  Prediction of the
influence of any fault on the hydrologic system thus is made very difficult by the uncertainties
associated with estimating the hydraulic properties of that fault, complicated by the potential for
the fault to juxtapose permeable and less permeable water-bearing units.
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5.0  SUMMARY
A 3-D hydrostratigraphic framework model has been built for the use of hydrologic modelers
who are tasked with developing a model to determine how contaminants are transported by
groundwater flow in an area of complex geology.  The area of interest includes Pahute Mesa, a
former nuclear testing area at the Nevada Test Site, and Oasis Valley, a groundwater discharge
area down-gradient from contaminant source areas on Pahute Mesa. 

To build the framework model, the NTS hydrogeologic framework was integrated with an
extensive collection of drill-hole data (stratigraphic, lithologic, and alteration data); a structural
model; and several recent geophysical, geological, and hydrological studies to formulate a
hydrostratigraphic system.  The authors organized the Tertiary volcanic units in the study area
into 40 hydrostratigraphic units that include 16 aquifers, 13 confining units, and 11 composite
units.  The underlying pre-Tertiary rocks were divided into six hydrostratigraphic units,
including two aquifers and four confining units.  The model depicts the thickness, extent, and
geometric relationships of these hydrostratigraphic units (“layers” in the model) along with all
the major structural features that control them, including calderas and faults.  

The complexity of the model area and the non-uniqueness of some of the interpretations
incorporated into the base model made it necessary to address alternative interpretations for
some of the major features in the model.  Six of these alternatives were developed so they could
be modeled in the same fashion as the base model.

This work was supported by the U.S. Department of Energy, National Nuclear
Security Administration Nevada Operations Office, under Contract No.
DE-AC08-96NV11718.  DOE/NV/11718- -646.

Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof or its contractors or subcontractors.
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Table 1.  Hydrostratigraphic Units of the Pahute Mesa - Oasis-Valley Framework Model
(see Figures 2 and 4)

Hydrostrati-
graphic Unit

Symbol
Hydrostratigraphic Unit Name Dominant Hydro-

geologic Unit(s) 1

AA alluvial aquifer AA

DVA detached volcanics aquifer WTA, LFA

DVCM detached volcanics composite unit WTA, LFA, TCU

YVCM younger volcanic composite unit LFA, WTA, VTA

TCVA Thirsty Canyon volcanic aquifer WTA, LFA, lesser VTA

FCCM Fortymile Canyon composite unit LFA, TCU, lesser WTA

FCA Fortymile Canyon aquifer WTA, LFA

TMCM2, TMCM Timber Mountain composite unit
TCU (altered tuffs,

lavas), unaltered WTA,
lesser LFA

THLFA Tannenbaum Hill lava-flow aquifer LFA

THCM Tannenbaum Hill composite unit Mostly TCU, lesser
WTA

TMA Timber Mountain aquifer Mostly WTA, minor VTA

WWA Windy Wash aquifer LFA

PCM Paintbrush composite unit WTA, LFA, TCU

PVTA Paintbrush vitric-tuff aquifer VTA 

FCCU Fluorspar Canyon confining unit TCU

BA Benham aquifer LFA

UPCU upper Paintbrush confining unit TCU

TCA Tiva Canyon aquifer WTA

PLFA Paintbrush lava-flow aquifer LFA

LPCU lower Paintbrush confining unit TCU

TSA Topopah Spring aquifer WTA

YMCFCM Yucca Mountain Crater Flat composite
unit LFA, WTA, TCU

CHVTA Calico Hills vitric-tuff aquifer VTA

Hydrostrati-
graphic Unit

Symbol
Hydrostratigraphic Unit Name Dominant Hydro-

geologic Unit(s) 1

CHVCM Calico Hills vitric composite unit VTA, LFA

CHZCM Calico Hills zeolitic composite unit LFA, TCU

CHCU Calico Hills confining unit Mostly TCU, minor LFA

IA Inlet aquifer LFA

CFCM Crater Flat composite unit Mostly LFA,
intercalated with TCU

CFCU Crater Flat confining unit TCU

KA Kearsarge aquifer LFA

BFCU Bullfrog confining unit TCU

BRA Belted Range aquifer LFA and WTA; lesser
TCU

PBRCM Pre-Belted Range composite unit TCU, WTA , LFA

SCVCU subcaldera volcanic confining unit TCU

LCA3, LCA3a lower carbonate aquifer - thrust plate CA

LCCU1 lower clastic confining unit - thrust plate CCU

UCCU upper clastic confining unit CCU

LCA lower carbonate aquifer CA

LCCU lower clastic confining unit CCU

SCICU Silent Canyon intrusive confining unit IICU

MGCU Mesozoic granite confining unit GCU

BMICU Black Mountain intrusive confining unit IICU

CHICU Calico Hills intrusive confining unit IICU

CCICU Claim Canyon intrusive confining unit IICU

RMICU Rainier Mesa intrusive confining unit IICU

ATICU Ammonia Tanks intrusive confining unit IICU

1 Hydrogeologic units: AA - alluvial aquifer; CA - carbonate aquifer; CCU - clastic confining unit; GCU - granite confining unit; IICU - intracaldera intrusive confining unit;
LFA - lava flow aquifer; TCU - tuff confining unit; VTA - vtiric-tuff aquifer; WTA - welded-tuff aquifer
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Figure 1:  Generalized Surface Geologic Map of the Nevada Test Site and
Pahute Mesa - Oasis Valley Model Area
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