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CONVERSION FACTORS

Dimensional Multiply To obtain
Parameter formula metric unit by inch-pound unit
Discharge [L3/T] cubic meter per 2.559 x 10* acre-foot per
second (m>/s) year (acre-ft/yr)
Compressibility M/LT?! meter second squared 6.895 x 10> per pound per
per kilogram square mch
(kg/mes?) (Ib/in?)?!
or
square meter per
Neuton (N/m*)
Density [M/L3] kilogram per_cubic 6.243 x 102 pound per cubic
meter (kg/m3) foot (Ib/ft3)
Dispersivity L] meter (m) 3.281 foot (ft)
Gravitational [L/T? meter per second 3.281 foot per second
acceleration squared (m/s?) squared (ft/s?)
Hydraulic [L/T] meter per second 2.835 x 10° foot per day
conductivity (m/s) (ft/d)
Length [L] meter (m) 3.281 foot (ft)
kilometer (km) 6.214 x 101 mile (mi)
Permeability [L2] meter squared (m?) 1.076 x 10! foot squared (ft?)
meter squared (m?) 1.013 x 1012 darcy
Porosity 1] --- 1.000 -—-
Pressure [M/LT} kilogram per meter 1.450 x 10*  pound per square
second squared inch (1b/in? )
(kg/mes?)
or
Neuton per meter
squared (N/m )
Specific yield 1] -— 1.000 ---
Specific storage [1/L] per meter (1/m) 3.048 x 10! per foot (1/ft)
Storage coefficient 1 -—= 1.000 ——
Transmissivity [L%/T] meter squared per 9.320 x 10° foot squared per
second (mz/s) day (ft“/d)
Velocity [L/T] meter per second 2.835 x 10°  foot per day
(m/s) (ft/d)
Weight [ML/T} kilogram (kg) 1.102 x 103 ton

Sea level: In this report, "sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD of
1929)-- a geodetic datum derived from a general adjustment of the first-order level nets of both the United
States and Canada, formerly called "Sea Level Datum of 1929."
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VARIABLE-DENSITY GROUND-WATER FLOW AND PALEOHYDROLOGY
IN THE WASTE ISOLATION PILOT PLANT (WIPP) REGION,
SOUTHEASTERN NEW MEXICO

By Peter B. Davies

ABSTRACT

A series of analyses, including variable-density flow simulations, was used to examine
ground-water flow in the vicinity of the Waste Isolation Pilot Plant (WIPP) in the context of the
regional flow system. WIPP is an underground repository mined from a thick bedded-salt unit to
provide a facility for the disposal of radioactive waste. WIPP is located in southeastern New
Mexico. The analyses primarily examined the Culebra Dolomite Member of the Rustler Formation,
which is a potential pathway for the transport of radionuclides to the biosphere in the event of a
breach of the WIPP repository.

An analysis of the relative magnitude of pressure-related and density-related flow-driving
forces indicates that density-related forces are not significant at the WIPP site and to the west but
are significant in areas to the north, northeast, and south of the site. The area to the south is
important because it lies along potential transport pathways from the site. In this area, ground-
water flow simulations based on equivalent-freshwater head produce very misleading information
on predicted flow directions and velocity magnitudes.

A regional-scale, variable-density model of ground-water flow in the Culebra Dolomite
Member was developed in which a baseline, approximate steady-state simulation was calibrated to
the distribution of equivalent-freshwater heads. The flow field from the baseline simulation, along
with long-term brine transport patterns, indicates that flow velocities are relatively fast west of the
site and extremely slow east and northeast of the site. In the transition zone between these two
extremes, which includes the WIPP site, velocities are highly variable.

A series of sensitivity simulations was used to analyze boundary effects and vertical flux.
These simulations indicate that if the Culebra is as impermeable to the east and northeast of the
WIPP site as geologic conditions indicate, the central and western parts of the region, including
the WIPP site, are fairly well insulated from the eastern and northeastern boundaries and are
insensitive to whatever conditions are assumed to be present along these boundaries. A simulation
of a 5-meter head increase along the Pecos River boundary indicates that if the Culebra were tightly
confined throughout the entire region, approximately 50 percent of any change in river elevation
would eventually reach the WIPP site. Uncertainty in the regional distribution of storage
characteristics in the Culebra makes it difficult to accurately predict how long it would take for
Pecos-related stresses to propagate through the WIPP region. A series of vertical-flux simulations
indicates that as much as 25 percent of total inflow to the Culebra could be entering as vertical flux.



These simulations also indicate that if significant volumes of water enter the Culebra vertically,
most of the influx must be occurring in the westernmost part of the transition zone adjacent to Nash
Draw.

Motivated by recent isotopic and geochemical analyses, a simple cross-sectional model was
developed to provide a physically based analysis of the flow system as it may have drained through
time following recharge during a past glacial pluvial. Drainage for 20,000 years was simulated using
a variety of hydraulic-conductivity distributions for rock units overlying the Culebra. These
simulations indicate that the system as a whole drains very slowly and that it apparently could
sustain flow from purely transient drainage following recharge of the system during the Pleistocene.
Although these simulations do not prove that this has been the case, they do show that such long-
term transient drainage is physically possible. The simulations also indicate that the observed
underpressuring of the Culebra in the vicinity of the WIPP site is most likely the hydrodynamic
result of the Culebra having a relatively high hydraulic conductivity and being well connected to
its discharge area but poorly connected to sources of recharge.



INTRODUCTION

The Waste Isolation Pilot Plant (WIPP) is a U.S. Department of Energy (DOE) project
designed to provide a research and development facility to demonstrate the safe disposal of
transuranic waste from defense-related activities. If the demonstration phase of the project is
successful, then the repository will be used for the permanent disposal of approximately 170,000
cubic meters of transuranic waste. The WIPP consists of an underground repository mined from
a thick bedded-sait unit and associated waste-handling facilities at land surface. The facility is
located in southeastern New Mexico in an evaporite-bearing sedimentary basin known as the
Delaware Basin (fig. 1). A key component in the assessment of the long-term performance of the
facility is evaluating the potential for radionuclide transport from the underground repository to
the biosphere by ground water.

Following initial site-selection studies in the early 1970’s, field investigations began in
1974. In 1975, the third exploration borehole at the proposed site (ERDA-6) penetrated highly
pressurized brine and strongly deformed rock in the lower part of the evaporite section. Because
of the unexpected conditions at ERDA-6, the site was relocated approximately 11 kilometers
southwest to its current location. Exploration of this new site began in 1976 with the drilling of
ERDA-9. Site-characterization studies between 1976 and 1983 included mapping the geology,
drilling 78 holes to acquire geologic and hydrologic data, and conducting numerous geophysical
surveys. From 1981 to 1983, two shafts and approximately 3 kilometers of exploratory drifts were
excavated.

In 1983, the decision was reached that the site fully met all geotechnical qualification
factors, and the project should continue with full-scale facility construction (Weart, 1983).
Independent technical reviews of the site-characterization studies by the National Academy of
Sciences and by the State of New Mexico’s Environmental Evaluation Group concurred with the
decision to proceed with full construction but recommended that a number of geotechnical issues
be further studied and resolved prior to the receipt of waste (Neill and others, 1983; National
Academy of Sciences, 1984). One of the main topics recommended for further study was clarifying
uncertainties about the ground-water flow system in the rock units that overlie the evaporite
section.

The WIPP repository is located approximately 650 meters below the land surface in the
lower part of the predominantly halite Permian Salado Formation (fig. 2). Overlying the Salado
is the Permian Rustier Formation, which is composed of interbedded halite, anhydrite, fine-grained
clastics, and two dolomite members. The Rustler is overlain by fine-grained clastics of the Permian
Dewey Lake Red Beds. Three laterally persistent, water-bearing units have been identified in the
post-Salado rock units, the Magenta Dolomite and Culebra Dolomite Members of the Rustler
Formation, and the rocks of the contact zone between the Rustler and Salado Formations (Mercer,
1983). Of these three zones, the Culebra Dolomite Member has been identified as being the most
transmissive zone; therefore, it is considered an important potential pathway for the transport of
radionuclides to the biosphere in the event of a breach of the repository (U.S. Department of
Energy, 1980a; Gonzalez, 19833).
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Secondary processes of halite dissolution, subsidence, and calcium sulfate hydration have
produced complex hydrologic conditions. Complexities include spatial variation in permeability
of several orders of magnitude within the same rock unit, local areas of fracture-dominated flow,
and variation in fluid density ranging from freshwater to saturated brine, with associated variations
in fluid chemistry. These secondary processes along with gypsum dissolution have been most active
in an area west of WIPP, producing a pronounced valley called Nash Draw, which trends north-
south (fig. 1). East of Nash Draw, halite dissolution and other secondary processes have been less
active, and there is a transition to intact rock with much lower permeabilities. The WIPP site is
located within the transition zone, which generally is characterized by large spatial variations in
permeability and fluid density.

Pu nd Scope

The purpose of this report is to describe the ground-water flow system in the rock units
that overlie the Salado Formation in the Waste Isolation Pilot Plant (WIPP) region. In order to
meet that objective, the report is divided into four main sections. The first section is an overview
of the stratigraphy and hydraulic characteristics of the Salado Formation and overlying rock units.
This section also contains a description of halite dissolution and related secondary processes that
have had a significant effect on the development of the current ground-water flow system. Each
of the remaining three sections contains discussion of one of the three major topics summarized in
the following paragraphs. The discussion of each major topic includes specific objectives, pertinent
field data, model implementation, and simulation resuits. The scope of this report is limited to
analyzing data available as of 1987. This study was carried out in cooperation with the U.S.
Department of Energy.

The first major topic addressed is whether fluid-density effects have a significant effect
on flow patterns in the WIPP region. All previous ground-water models of the WIPP area have used
the concept of equivalent-freshwater head as a mechanism to account for density effects. However,
the assumptions inherent in that concept are quite restrictive, and it is not clear that the assumptions
are valid in the WIPP region. Two approaches were taken to address this question. One approach
was to develop an analytic technique, based on dimensional analysis of the variable-density flow
equation, that produces a dimensionless parameter whose magnitude is proportional to the relative
magnitude of density-reiated effects at a given location. The second approach was to directly
compare equivalent-freshwater-head and variable-density flow simulations.

The second major topic addressed is the relation between ground-water flow in the vicinity
of the WIPP site and in the larger regional flow system. What effects do relatively distant stresses
have on flow in the site area? If radionuclides were to be transported beyond the site, what do the
regional flow patterns indicate about where the radionuciides would be transported? In order to
address these questions, a regional model of ground-water flow in the Culebra was constructed.
Previous regional modeis had utilized somewhat arbitrary boundary conditions consisting of a single
set of specified head or flux conditions at the perimeter of a rectangular area. Although this
approach is acceptable for the simulation of internal short-term stresses that do not affect the



boundaries, the use of such boundaries is less desirable for making long-term predictions.
Therefore, in the model of regional flow in the Culebra developed for this study, boundaries were
located at well-defined hvdrologic features. Where this was not possible, a range of different
boundary conditions was examined.

The third major topic addressed concerns the source of recharge to the Culebra. The
generally accepted flow-system conceptualization envisions the rock units of the Rustier Formation
as relatively isolated vertically, with recharge coming from an area somewhere to the north (Mercer,
1983). However, recent isotopic data from Rustler Formation waters and other geochemical
analyses have raised new questions regarding the nature of recharge to and vertical flow within the
Rustler Formation. An analysis of isotope data in the Rustler by Chapman (1986) suggests that the
Rustler receives recharge by the downward percolation of local meteoric water. In a somewhat
different interpretation of the Rustler isotope data, Lambert (1987) and Lambert and Harvey (1988)
suggest that the Rustler was recharged during a past glacial pluvial period, has been draining since
that time, and has received no significant input of modern meteoric water. In order to address some
of these questions about recharge, a transient cross-sectional model was developed to examine the
physical feasibility of long-term drainage in the Rustler and to examine, to a limited extent, the
role of vertical flow within the Rustler Formation.

Previous Ground-Water Models

Several numerical models simulating ground-water flow in the WIPP region were constructed
between 1977 and 1983. These models were developed to address a variety of different questions
and were based on data sets that evolved through time as ongoing field investigations produced
additional data. Therefore. these models are based on different flow-system conceptualizations and
different numerica! implementations of those conceptualizations. The following paragraphs are a
brief summary of the model objectives. implementation, and conclusions from each of these studies.
The approximate boundaries of these models are shown in figure 3.

The first ground-water flow model of the WIPP region, which encompassed a square 58-
by 58-kilometer area, was developed by INTERA Technologies for the Safety Analysis Report
and for the WIPP Environmental Impact Statement (U.S. Department of Energy, 1980a, b). The
water-bearing zones simulated by this model included the Rustler Formation (simulated as a single
unit), the Rustler-Salado contact zone, the Permian Delaware Mountain Group, and the Permian
Capitan Limestone referred to locally as the Capitan reef. The objectives of the study were to
verify the degree of consistency between various sets of hydrologic data, to calculate the extent of
vertical hydrauiic connection between various hydrologic units, to delineate spatial variations in
hydraulic conductivity, to calculate potentials and hydraulic conductivity in areas where data were
lacking, and to calculate boundary conditions for local repository-breach simulations. Simulations
were carried out using the three-dimensional, finite-difference SWIFT (Sandia Waste-Isolation
Flow and Transport) code (Dillon and others, 1978).



104°15° 104°00°

103°45°

103°30°

32030 [Ny

)
S - 3

H
g R Y
£

)
1
)
]
1

" ]

1 E-Y ]
=, ] )

1 ]

- - o e -
“ -§\ 1 “U{
\& N 1 I," : 1
b | e
32015, | R ' '4—‘ ll—'l'—, 5 —

1 P | ]
3 Vo ® ) : 1
= ) ' [}
] 1
1 HE
1 ' H 1
------- -L~~J l :
vy
1
1
1

b e o -

0 5 10 KILOMETERS
—_—
0 5 10 MILES

EXPLANATION
BOUNDARY OF WIPP ZONE IV
——————— WIPP SITE BOUNDARY

eessessees BOUNDARY OF MODELED AREA--Number indicates study:
1 U.S. Department of Energy (1980a. b): Cole and Bond (1980)
2 D’'Appolonia Consuiting Engineers (1981)
3 Barr and others (1983); this report
4 Haug and others (1987)
5 This report :

Josssenesssasasse]  LINE OF CROSS-SECTIONAL MODEL OF THIS REPORT

Figure 3.-- Approximate boundaries of ground-water models in the region surrounding the Waste
Isolation Pilot Plant (WIPP).



The early INTERA model was reworked by Cole and Bond (1980) using the same system
conceptualization but a different simulation code known as VTT (Variable Thickness Transient),
which is a two-dimensional, finite-difference code in which multiple aquifers are simulated using
interaquifer transfer coefficients (Reisenauer, 1979). The study was done to provide a benchmark
comparison between the SWIFT and VTT codes. The data set for the Cole and Bond (1980) study
was quite similar to that used in the INTERA study. The model results were, therefore, quite
similar.

D’Appolonia Consulting Engineers (1981) constructed a model of the WIPP region with the
primary objective of verifying the calculation procedures used by the early INTERA model (U.S.
Department of Energy, 1980a,b) for the analysis of liquid breach and transport scenarios.
D’Appolonia (1981) modeled the Rustler Formation, simulated as a single unit, in a rectangular
34- by 46-kilometer area, located with the WIPP site along the eastern margin (fig. 3). In a separate
simulation, the Permian Bell Canyon Formation (the uppermost formation in the Delaware Mountain
Group) was modeled over a somewhat larger area. The D’Appolonia (1981) model study used an
inhouse two-dimensional, finite-element code know as GEOFLOW. The results of the D’ Appolonia
study generally were similar to the earlier INTERA study. These two studies had different
interpretations of flow conditions in the Rustler in southern Nash Draw. The INTERA study
hypothesized a trough in the potentiometric surface of the Rustler in southern Nash Draw as being
produced by downward leakage to the Rustler-Salado contact zone. The D’Appolonia study
hypothesized the same trough as being caused by higher hydraulic conductivity in the Rustler in
the Nash Draw area due to more extensive fracturing in the area. Perhaps related to this difference
in flow-system conceptualizations, the D’ Appolonia study computed travel times between the site
and the Pecos River that were 2.2 times shorter than those computed by the INTERA study.

Using new, more detailed data on the Rustler Formation, Barr and others (1983) constructed
a model that explicitly simulated the Magenta and Culebra Dolomite Members of the Rustler
Formation as separate units within a square 26- by 26-kilometer area, centered on the WIPP site
(fig. 3). In order to incorporate anisotropy in the model, the model mesh was rotated 25 degrees
west of north. After construction of a flow model, the study examined transport of an ideally
nonsorbing contaminant from the center of the WIPP site. These simulations indicated that
contaminant travel times may be significantly longer than those computed in previous modeling
studies. For numerical simulations, the study used ISOQUAD, a two-dimensional, finite-element
code that solves both the flow and transport equations (Pinder, 1974).

The models described in the preceding paragraphs provided a foundation for the regional
modeling study that is the subject of this report. Insights gained from these previous models and
questions raised about their limitations were instrumental in formulating the objectives of this
study, which was carried out between 1985 and 1987. Also during this time period, Haug and
others (1987) and Niou and Pietz (1987) developed detailed models of the WIPP-site vicinity. The
primary objective of the model of Haug and others (1987) was to use the hydraulic stresses created
by the excavation of the WIPP shafts and by multiple-well aquifer tests to develop a detailed
understanding of the flow system in the Culebra in the vicinity of the WIPP site. The study has
provided valuable information on the hydraulic conductivity of the Culebra in the site area, and
it will be described in more detail in the regional model simulations section of this report. The
primary objective of the model of Niou and Pietz (1987) was to corroborate values of transmissivity



and storativity in the Culebra by calculating these parameters from the H-3 multiple-well pumping
test using a statistical inversing code (Niou and Pietz, 1987, p. 1-2).
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HYDROGEOLOGY OF THE SALADO FORMATION AND OVERLYING ROCK UNITS

The purpose of this section is to provide a brief review and description of the hydrogeology
of the WIPP region that is pertinent to the ground-water flow-system conceptualization that was
used in the construction of numerical simulations. This section is divided into one section
describing stratigraphy and hydraulic characteristics and a second section describing near-surface
secondary processes that have had significant structural and hydrologic impact.

Stratigraphy and Hydraulic Characteristics

The stratigraphic section from undifferentiated Triassic rocks down to the contact zone
between the Rustler and Salado Formations comprises the framework of the post-Salado ground-
water flow system. A schematic diagram of the stratigraphy and lithology of these rocks is shown
in figure 4. A number of Quaternary deposits have indirect hydrologic significance. These deposits
will be discussed where pertinent in later sections of this report.

Salado Formation

The Permian Salado Formation consists of 85 to 90 percent thickly bedded halite that
contains thin interbeds of anhydrite and polyhalite (Jones, 1973, p. 10-13; Powers and others, 1978,
p. 4-29 to 4-39). The halite commonly is interspersed with clay and trace amounts of anhydrite,
polyhalite, or hematite. Jones (1973, p. 11) reported that the thickness of the Salado averages
between 1,700 and 1,900 feet (520 and 580 meters) but reaches as much as 2,310 feet (700 meters)
in deformationally thickened masses. The halite of the Salado Formation is relatively impermeable.
Most drill-stem tests in the Salado yield permeability values of less than 0.1 microdarcy, hydraulic
conductivities of less than 10712 m/s (meters per second), which is the sensitivity of the drill-stem
test procedures used (Beauheim, 1986, p. 57-60; Mercer, 1987, p. 26). A few of the tests in the
Salado have yielded measurable permeability values of as much as 25 microdarcies (2.4 x 10710 m/s).
These tests, coupled with observations of the stratigraphic locations of water leakage in the WIPP
mine (Nowak, 1986; Nowak and McTigue, 1987), indicate that higher permeabilities in the Salado
are associated with the anhydrite and polyhalite interbeds and with discrete clay seams. Relative
to the overlying rock units, permeability in the undisturbed Salado is so low that it forms the
effective base for the ground-water flow system in the overlying rock.

As a result of eastward tilting of the Delaware Basin during the late Cenozoic, bedding in
the WIPP region has a regional eastward dip of not more than 2 degrees (Brokaw and others, 1972,
p. 28). In the western, updip part of the WIPP region, the upper part of the Salado Formation is
characterized by a zone in which halite has been removed by circulating ground water, leaving
behind a residue of unconsolidated silt and clay with varying amounts of brecciated gypsum (Vine,
1963, p. B3). The residuum, which is as much as 45 meters thick, is estimated to represent only
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one-third to one-tenth of the original rock thickness (Jones, 1959, p. 13; Vine, 1963, p. B7). The
residuum is difficult to distinguish in drill cuttings and geophysical logs from the lower Rustler
Formation; therefore, there has been some disagreement as to whether this residuum should be
considered to be part of the Salado Formation or grouped with the overlying Rustier Formation
(Cooper, 1962, p. 23; Vine, 1963, p. B7; Cooper and Glanzman, 1971, p. A6; Mercer, 1983, p. 16).
In this report, the Salado residuum, along with the lowermost part of the Rustler Formation, is
referred to as the Rustler-Salado contact zone.

The Rustler-Salado contact zone is the lowest water-bearing unit in the post-Salado flow
system. Early studies of this unit (Robinson and Lang, 1938; Theis and Sayre, 1942; and Hale and
others, 1954) primarily focused on southernmost Nash Draw because large quantities of brine were
discharging from this unit into the Pecos River. Theis and Sayre (1942, p. 69) reported that
approximately 342 tons (3.1 x 10° kilograms) of sodium chloride per day discharged into the Pecos
River in the Malaga Bend area. These studies found that brine in the Rustler-Salado contact zone
is under artesian conditions (Robinson and Lang, 1938, p. 86-90). Hale and others (1954, p. 29)
reported a transmissivity value of 8 x 10% ft¥/d (feet squared per day) (1 x 102 m?/s (meters squared
per second)) from aquifer tests of the Rustler-Salado contact zone in the southern Nash Draw area.

Mercer (1983, p. 48-56, table 6) reported that drilling and testing associated with the WIPP
project have confirmed the presence of a well-developed Rustler-Salado contact zone and brine
under artesian conditions in the central and northern parts of Nash Draw. In this area, thickness
of the Rustler-Salado contact zone ranges from 11 to 108 feet (3 to 33 meters), and transmissivities
range from 2 x 10 to 8 ft>/d (2 x 10" to 9 x 10 m?/s). Drilling and testing associated with the
WIPP project also have revealed that the Rustler-Salado contact zone locally extends eastward from
the geographic limits of Nash Draw, although it is not as well developed (Mercer, 1983, p. 51, 54-
56). Aquifer tests east of Nash Draw vielded transmissivity ranging from 3 x 105t05x 102 ¢ tz/d
(3 x 10 to 5 x 10° m?/s). Mercer (1983, p. 51) concluded that the Rustler-Salado contact zone
is characterized by two areas of considerably different permeability. The area of greater
permeability is associated with the residuum in the Nash Draw area, where flow primarily is
through fractures and intergranular pore spaces. The area of lower permeability occurs east of Nash
Draw in the vicinity of the WIPP site, where flow primarily is along bedding planes at the contact
between the Rustler and Salado Formations and in the lowermost part of the Rustler.

Rustler Formation

The Permian Rustler Formation is the youngest salt-bearing formation in the Delaware
Basin. The Rustler consists of anhydrite interbedded with dolomitic limestone, interlaminated
dolomite and anhydrite, muddy halite, and clastics ranging from mudstone to fine-grained
sandstone (Vine, 1963, p. B13-B18; Powers and others, 1978, p. 4-39 to 4-42; Lowenstein, 1987,
p. 7-28). The lithologic, structural, and hydrologic characteristics of the Rustler have been affected
by secondary processes related to the circulation of ground water. Due to these secondary processes
and depositional variations. the thickpess of the Rustler is variable, ranging from approximately 200
to 500 feet (60 to 150 meters) (Vine, 1963, p. Bl4; Jones, 1973, p. 23). Secondary processes
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affecting the Rustler Formation will be discussed in more detail following the description of the
remainder of the stratigraphic column.

The Rustler Formation has been divided into five members (fig. 4). Where unalitered by
circulating ground water, the lower unnamed member consists of a basal, fine-grained sandstone
and mudstone overlain by interbeds of anhydrite, halite, and mudstone. Bachman (1980, p. 21)
reported that the thickness of the lower unnamed member averages about 27 meters (90 ft) in
eastern Nash Draw and is about 37 meters (120 ft) at the WIPP site. The basal, fine-grained
sandstone of the lower unnamed member is the upper part of the Rustler-Salado contact zone
described in the previous section. The anhydrite, halite (where present), and mudstone in the
upper part of the lower unnamed member are relatively impermeable and apparently act as
confining beds for the brine in the Rustler-Salado contact zone. The brine is under artesian
conditions, even in parts of the Malaga Bend area where only 9 meters of the confining beds
separate the Rustler-Salado contact zone from the overlying river alluvium (Theis and Sayre, 1942,
p. 67).

Overlying the lower unnamed member is a fine-textured, microcrystailine dolomite or
dolomitic limestone referred to as the Culebra Dolomite Member (fig. 4). The Culebra is
lithologically distinct, areally extensive, and quite uniform in thickness (approximately 8 meters)
over a very large area. Where secondary processes have been active, the Culebra is extensively
fractured, forming a water-bearing unit with relatively high permeability. Hydrologic field studies
first focused on the Culebra during preparations for the 1961 Project Gnome underground nuclear
detonation approximately 12 kilometers southeast of the WIPP site (Cooper, 1962; Cooper and
Glanzman, 1971). Because of its relatively high permeability in the vicinity of the WIPP site, the
Culebra is considered an important potential pathway for the transport of radionuclides in the event
of a repository breach (U.S. Department of Energy, 1980a, sec. 8.3; Gonzalez, 1983a, p. 3-10).
Therefore, the Culebra has been the primary focus of hydrologic studies for the WIPP project.
Mercer (1983, p. 58) reported transmissivity of the Culebra ranging from 1.8 x 10% to 1.25 x 10°
ft?/d (1.9 x 10® to 1.3 x 10° m%/s) in Nash Draw and from 1 x 107 to 1.4 x 10* ft*/d (1 x 107 to
1.5 x 10* m?%/s) in the vicinity of the WIPP site. A more detailed description of data characterizing
Culebra hydrology is presented in the section titled "Analysis of the Regional-Scale Flow System
in the Culebra Dolomite Member."

Overlying the Culebra Dolomite Member is the Tamarisk Member (fig. 4). East of the
WIPP site, where it is not altered by circulating ground water, the Tamarisk consists of
approximately 55 meters (180 ft) of anhydrite and muddy halite (Lowenstein, 1987, fig. 5a). In
the vicinity of the WIPP site and to the west in Nash Draw, the 20 to 30 meters of Tamarisk halite
have been completely removed, leaving behind a 2- to 5-meter-thick residue, consisting of
mudstone that locally contains angular clasts of anhydrite and gypsum (Sandia Laboratories and U.S.
Geological Survey, 1979a, b, c, d, 1980; Chaturvedi and Channell, 1985, p. 30-31; Lowenstein,
1987, p. 21-25). In the vicinity of the WIPP site, the remainder of the Tamarisk primarily consists
of anhydrite. The anhydrite has been affected locally by secondary processes, as indicated by the
presence of gypsum-filled fractures, locally contorted beds, small fault offsets, and brecciated
anhydrite associated with the dissolution residue. The relative proportion of gypsum increases from
east to west (Lambert, 1983, fig. VIII-2; Snyder, 1985, fig. 2).
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Hydraulic testing of the Tamarisk only has been attempted in two holes in the vicinity of
the WIPP site (Beauheim, 1986, p. 42-43; 1988, p. 34-35). In both cases, Tamarisk permeability
was too low to measure during the available test period of a few days. In the vicinity of the WIPP
site, strong underpressuring of the Culebra Dolomite Member relative to the Magenta Dolomite
Member of the Rustler Formation also shows that the Tamarisk is relatively impermeable in this
area (Mercer, 1983, p. 67; Chaturvedi and Channell, 1985, p. 40-43; Davies, 1986, p. 580).
Westward toward Nash Draw, the underpressuring of the Culebra gradually dissipates, indicating
a gradual increase in Tamarisk permeability, possibly due to fracturing associated with halite
dissolution and other secondary processes. The role of vertical ground-water fluxes through the
Tamarisk and its role as a confining unit are described in more detail in the section of this report
describing vertical cross-sectional flow simulations.

The Tamarisk Member is overlain by the Magenta Dolomite Member (fig. 4), which consists
of approximately 7 meters of alternating laminae of dolomite and anhydrite (or gypsum). Like the
Culebra, the Magenta is fractured in areas where secondary processes have been active, although
permeability in the Magenta tends to be somewhat lower than in the Culebra. As in the Culebra,
the intensity of fracturing increases from east to west, and transmissivity generally is correlated
with fracture intensity. Mercer (1983, p. 65-67) reported transmissivity of the Magenta ranging
from 1 x 103 to 3 x 10" ft?/d (1 x 10" to 3 x 107 m?/s) in the vicinity of the WIPP site in contrast
to the range from 5 x 10! to 4 x 102 ft2/d (6 x 107 to 4 x 10* m?/s) to the west in Nash Draw. The
Magenta is dry at several locations in central and northern Nash Draw, and it has been completely
removed by erosion in southern Nash Draw.

The youngest unit in the Rustler Formation is the Forty-niner Member (fig. 4). Where
unaltered by circulating ground water, the Forty-niner consists of approximately 25 meters (80
ft) of anhydrite and muddy halite (Lowenstein, 1987, fig. 6a). In the vicinity of the WIPP site
and to the west, the approximately 10 meters of Forty-niner halite have been completely dissolved,
leaving behind a 2- to 3-meter-thick residue of mudstone that has contorted bedding and angular
fragments of gypsum (Chaturvedi and Channell, 1985, p. 28-30; Lowenstein, 1987, p. 26-28). In
the vicinity of the WIPP site, the remainder of the Forty-niner is primarily anhydrite, with
secondary gypsum and gypsum-filled fractures. In Nash Draw, most of the anhydrite of the Forty-
niner has been hydrated to form gypsum. Where it is exposed at the land surface, the gypsum of
the Forty-niner is extensively dissolved, forming small caves, solution-enlarged joints, and
sinkholes (Vine, 1963, p. B17).

Hydraulic testing of the Forty-niner has only been attempted in two holes in the vicinity
of the WIPP site (Beauheim, 1986, p. 37-39; 1987a, p. 119-128). Tests of sections that include the
mudstone layers yielded transmissivity ranging from 2 x 103 to 7 x 102 ft3/d 3 x 10° to 8 x 107
m?/s). The anhydrite parts of the Forty-niner were too impermeable to yield test results during the
test period of a few days. Although the highly altered Forty-niner at and near the land surface in
Nash Draw is unsaturated, it is clearly very permeable, and small caves and sinks may act as point
recharge locations during runoff following intense rainfall.
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Dewey Lake Red Beds

The Rustler Formation is overlain by the Permian Dewey Lake Red Beds (fig. 4). The
Dewey Lake consists of alternating beds of siltstone and fine-grained sandstone (Vine, 1963, p.
B19-B25; Powers and others, 1978, p. 4-42 to 4-44). The Dewey Lake also contains approximately
15 to 25 percent clay, which forms the principal rock cement. In the area east of WIPP, the Dewey
Lake is 150 to 180 meters thick; it has been thinned and completely removed by erosion to the west.
Although the Dewey Lake does not contain any laterally extensive, high permeability units, some
of the sandstone layers do yield water locally to domestic and stock wells (Hendrickson and Jones,
1952, p. 75; Vine, 1963, p. B24; Mercer, 1983, p. 75). All but the uppermost part of the Dewey
Lake is cut by crisscrossing gypsum-filled fractures, indicating that at some point in the past,
sulfate-rich ground water was moving through the formation (Bachman, 1985, p. 11; Snyder, 1985,
p. 1).

Undifferentiated Triassic Rocks

East of the center of the WIPP site, the Dewey Lake Red Beds are overlain by
undifferentiated Triassic rocks, which include the Dockum Group (fig. 4). The Triassic rocks
consist of medium- to coarse-grained sandstone and interbeds of conglomerate, siltstone, and
mudstone (Vine, 1963, p. B25-B27; Bachman, 1980, p. 24-27). Like the Dewey Lake, the Triassic
rocks are thickest in the east (460 meters) and have been thinned to the west by erosion. Although
the Triassic rocks are unsaturated along the erosionally thinned western margin, these rocks are a
productive aquifer in the easternmost part of the WIPP region (Nicholson and Clebsch, 1961, p. 56-
58).

Halite Dissolution and Related Secondary Processes

In the WIPP region, halite dissolution and related secondary processes have significantly
modified the uppermost part of the Salado Formation and the overlying Rustler Formation. The
following section summarizes the geologic evidence for halite dissolution, the processes that control
halite dissolution, the age of dissolution-related activity, and the hydrologic implications of these
processes.

Evidence for Halite Dissolution

In the western, updip part of the WIPP region, soluble evaporite beds in the uppermost
part of the Salado Formation and the overlying Rustler Formation have been exposed to circulating
ground water, resulting in extensive halite dissolution and related secondary processes. The
evidence for halite dissolution in the vicinity of the WIPP site and to the west is the spatial
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distribution of halite beds (fig. 5) and the stratigraphic correlation of halite beds at depth in the east
with mudstone beds near the land surface in the west (fig. 6) (Jones, 1973, p. 18-23; Powers and
others, 1978, p. 6-20 to 6-21, 6-38 to 6-40; Bachman, 1980, p. 55-57; Chaturvedi and Channelli,
1985, p. 18-32; Snyder, 1985, p. 3-10; Lowenstein, 1987, p. 7-33). Lithologic and sedimentological
core descriptions by Sandia Laboratories and the U.S. Geological Survey (1979a, b, c, d, 1980),
Chaturvedi and Channell (1985, p. 28-32), and Lowenstein (1987, p. 7-28) indicate that the
mudstone beds in the west represent the insoluble residue resulting from dissolution of impure
halite. Geochemical analyses by Lambert (1983, p. 65-73) and by Bodine and Jones (U.S.
Geological Survey, written commun., 1988) indicate that the ground water in much of this area has
played an active role in dissolving evaporite minerals.

In addition to the geologic evidence for extensive halite dissolution, the spatial correlation
between the halite distribution and the permeability distribution in the Rustler Formation has led
Mercer (1983, p. 43, 56, 60), Gonzalez (1983, p. 17-18), Chaturvedi and Channell (1985, p. 46-
51), and Snyder (1985, p. 10) to suggest that there is a causative link between the deformation
associated with halite dissolution and the creation of secondary permeability in the Rustler
Formation. These secondary processes, along with rock lithology, appear to be the primary factors
controlling the spatial variation of rock permeability in the Rustler Formation.

A recently published study has challenged the concept of halite dissolution in the Rustler
Formation on the basis of geophysical logs and cores from the WIPP project (Holt and Powers,
1988). The study concluded that dissolution is not responsible for the majority of lateral variations
in Rustler halite beds, but rather, facies changes and syndepositional dissolution are responsible for
the observed variability in zones containing halite and, laterally, mudstone. The hydrologic
implications of this hypothesis are unclear. Hydraulic testing indicates that permeability in the
Culebra in many locations is controlled by fracturing (Beauheim, 1986, 1987a, 1987b), presumably
caused by secondary processes of some form. If little or no halite dissolution has occurred in the
Rustler Formation, as indicated by Holt and Powers (1988), the mechanism responsible for
producing several orders of magnitude of secondary permeability variation in the Culebra is
equivocal. Because the relation between dissolution of Rustler halite and permeability in the
Rustler is well established in the literature, this concept has been utilized in the flow-system
conceptualization that has been incorporated into the model analyses des¢ribed in this report. If at
some point in the future the hydrologic ramifications of the alternative hypothesis of little or no
halite dissolution in the Rustler are assessed, and if those ramifications indicate a different
interpretation of regional permeability trends, then construction of additional regional simulations
that explore this alternative system conceptualization would be very useful.

Description of Dissolution Process

The mechanics and geochemistry of halite dissolution and related secondary processes are
complex. The following paragraphs are a brief description of the processes that control halite
dissolution in the WIPP region based primarily on the work of Lambert (1983, p. 65-73), Chaturvedi
and Channell (1985, p. 46-51), and Snyder (1985, p. 10).
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Dissolution occurs when undersaturated meteoric water gains access to soluble halite by
flow along permeable horizons. On a local scale, halite is dissolved by contact with undersaturated
water and is then removed by some combination of convective and diffusive transport. The
dissolution process is a "self-feeding" process. Deformation associated with the removal of halite
further enhances both the total ground-water flux through a given horizon and localized access
between the water-transmitting horizons and the halite beds, which in turn causes further
dissolution.

Once the halite in a given area has been removed, solute concentration decreases to a level
where the hydration of anhydrite to gypsum can occur. This hydration process produces a
substantial volume increase, which, in turn, causes further deformation of the surrounding rock
units. Following this hydration process, the gypsum gradually is dissolved and removed.

The fracture-enhanced permeability of the relatively brittle Culebra and Magenta Dolomite
Members has made these horizons particularly active in the dissolution process. In the Nash Draw
area, the fine-grained sandstone at the base of the Rustler is a water-transmitting horizon that also
has been particularly active in the dissolution process. Dissolution of the underlying Salado halite
has produced a permeable residue and subsidence-related fracturing of the sandstone, which have
further enhanced the water-transmitting capabilities of the Rustler-Salado contact zone.

Halite dissolution and related secondary processes have been most active in Nash Draw,
causing the removal of all halite beds from the Rustler and from the uppermost Salado. Subsidence
associated with this dissolution has produced the 60- to 75-meter-deep valley called Nash Draw,
which trends roughly north-south and has two eastwardly trending reentrants, one to the north of
the WIPP site and one to the south (fig. 7). In the Nash Draw area, much of the anhydrite in the
upper part of the Salado and in the Rustler has been hydrated to gypsum, which has, in turn, been
locally dissolved.

Age of Dissolution Activity

Surficial geologic mapping of stream-gravel deposits of the middle Pleistocene Gatufia
Formation has shown that Nash Draw was the location of a major stream (fig. 8) during middle
Pleistocene time (Bachman, 1985, p. 14-16, 24-27). The Rustler Formation in this area apparently
was shallow enough that ground-water circulation associated with this stream caused substantial
dissolution-subsidence activity in both the Rustler and upper part of the Salado. This dissolution-
subsidence activity was the primary mechanism responsible for the formation of Nash Draw. The
earliest phases of dissolution and subsidence may have played an influential role in controlling the
location of streamflow during the early phases of channel development.

Calcium sulfate spring deposits of late Pleistocene age on the eastern margin of Nash Draw
indicate that by late Pleistocene, Nash Draw was a well developed valley and that dissolution was
still active (Bachman, 1981, pl. 2; Bachman, 1985, p. 20, 24). The presence of these spring deposits
at an elevation well above the current water table indicates that the late Pleistocene ground-water
flow system probably contained more water than is contained in the present-day flow system. The
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Figure 7.-- Schematic perspective diagram of vertically exaggerated topography in the WIPP region
and the spatial relation between Nash Draw and the WIPP site.

21




104°00°

103°45’
i LO s

32030" b LeTTTTN -
7 \\ PP \\
! ~ - \
! \
N \
\\ \
~ i I
RS /
\‘s P
~ - -
' K P
1 > ’
S ,
i !
-
, )

- & | s WIPP Zone IV

-~ Boundar
/ » undary
!
/
/ > A e U Rt
R -
’ / [
J 4 AN
N i
o,
% » v WIPP Site
Boundary
_f Sait
<
., Lake

Eddy CO
Lea CO

32015 Loz i ~oe” S v

5 KILOMETERS
1

]
5 MILES

o o

EXPLANATION

DISTRIBUTION OF GATUNA FORMATION

—# INFERRED COURSE OF STREAMS DURING THE MIDDLE PLEISTOCENE

Figure 8.-- Distribution of the Gatuna Formation and inferred course of streams during the middle
Pleistocene. (Modified from Bachman, 1985, fig. 11).

22



deposits also indicate that dissolution processes were active in the area east of Nash Draw and that
in some areas these processes had reached the mature phase of gypsum dissolution.

The present-day climate in the WIPP region is much drier than that during the Pleistocene,
and consequently, there is less ground water in circulation than in the past. However, the
geochemistry of ground-water samples from the Rustler indicates that halite dissolution and related
secondary processes may still be active today (Lowenstein, 1987, p. 36-39), although probably at
much slower rates than during the Pleistocene. These processes can be expected to continue into
the future at their present relatively slow rate, unless at some time the climate returns to a more
humid phase, which would most likely cause an increase in the rate of dissolution.

Hydrologic Implications

Halite dissolution and the related secondary processes described in the previous sections
are the primary factors controlling spatial variations in permeability within any given stratigraphic
horizon. These processes have also been the primary mechanisms that have controlled the
development of Nash Draw, where they have been most active. Nash Draw is a valley (fig. 7)
underlain by relatively permeable rock. This combination of low topography and high permeability
causes Nash Draw to act as a drain in the regional ground-water flow system. Two reentrants
extend eastward from the main north-south-trending body of Nash Draw, extending the low
topography and high permeability drain-like conditions to the east.

East of the WIPP site the Rustier Formation is more than 400 meters beneath the land
surface. In this area, the Rustler is completely intact, with approximately 50 percent of its thickness
comprised of thick, clayey halite beds. The underiying Salado Formation is completely intact as
well. Hydrologically, the Rustler is relatively impermeable east of WIPP.

Between the totally intact Rustler east of the WIPP site and the highly altered Rustler in
Nash Draw west of the WIPP site is a transition zone. From east to west, the Rustler becomes
progressively shallower and thinner, and more halite has been removed from deeper horizons (figs.
5 and 6). Toward the west, mudstone residues occur where muddy halite beds have been removed
by dissolution. Also toward the west, progressively more anhydrite has been hydrated to gypsum.
This transition zone is characterized by large spatial variability in permeability superimposed on a
general trend of increasing permeability toward the west. The WIPP site is located in this transition
zone.
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ANALYSIS OF FLUID-DENSITY EFFECTS ON GROUND-WATER FLOW

Equivalent-freshwater head is a widely used concept in modeling ground-water flow systems
that contain substantial spatial variation in fluid density. Equivalent-freshwater head at a point
within an aquifer is defined as the water-level altitude in an imaginary well that is filled
sufficiently with freshwater such that the weight of the column of freshwater exactly balances the
fluid pressure in the aquifer (Lusczynski, 1961, p. 4248; DeWiest, 1965, p. 307). In other words,
equivalent-freshwater head is a mechanism for normalizing water-level measurements and direct-
pressure measurements relative to a constant fluid density so that they are related to fluid pressure
in a given aquifer in a consistent manner. Lusczynski (1961) and DeWiest (1965) have shown
analytically that strictly horizontal flow is driven by gradients of equivalent-freshwater head. If
there is a vertical component of flow, however, equivalent-freshwater head does not account for
the density-related gravity forces that may contribute to driving fluid flow.

An aquifer is considered approximately horizontal if its dip does not exceed a few degrees.
If such an aquifer contains substantial spatial variation in fiuid density, the assumption is commonly
made that because fluid flow is approximately horizontal, density-related gravity effects are very
smalil and can be ignored. All of the previous ground-water flow models of the WIPP region use
equivalent-freshwater head based on the assumption that because the dip of the Culebra Dolomite
Member in the Rustier Formation and other water-bearing units in the WIPP region is very small
(generally less than 2 degrees), flow is approximately horizontal, and therefore, density-related
gravity effects are insignificant (U.S. Department of Energy, 1980a; Cole and Bond, 1980;
D’Appolonia Consulting Engineers, 1981; Barr and others, 1983).

The objective of this segment of the WIPP regional ground-water flow analysis was to
examine the equivalent-freshwater-head assumption in detail and assess whether density-related
gravity effects are significant anywhere in the ground-water flow system in the WIPP region.
This assessment was considered a prerequisite to the development of any new ground-water flow
models of the WIPP region.

The approach to evaluating densitv-related gravity effects in the WIPP region was to use
the most recent of the previous freshwater-head models (Barr and others, 1983) as a framework
for the analysis. This model was chosen because it is a well-documented model that provided a
readily adaptable framework for analyzing density effects. The analysis consisted of an analytic
determination of the relative magnitudes of density-related and pressure-related driving forces in
the Barr and others (1983) model area (fig. 3), complemented by a direct comparison of equivalent-
freshwater-head and variable-density simulations.

The remainder of this section describes the theory behind the analytic determination of
the relative magnitude of density-related and pressure-related driving forces, an analysis of the
relative magnitude of density-related driving forces in the Barr and others (1983) model area, and
direct comparisons of equivalent-freshwater-head and variable-density simulations of the Barr and
others (1983) model area.



Driving-Force Theory

The relative importance of density-related gravity effects can be examined by expanding
the gravity term in Darcy’s Law and separating an equivalent-freshwater-head term, which
represents the pressure-driven component of flow, from a density-related term, which represents
the gravity-driven component of flow. The following derivation is adapted from Davies (1987, p.
889-893). The starting point for this derivation is Darcy’s Law for an isotropic medium:

- Kk -
v= - =[" - pg] )
i
where
v = Darcy velocity vector [L/TJ;
k = intrinsic permeability [L?];
p = fluid viscosity [M/LTY;

Vp = gradient of fluid pressure [1/L-M/LT?;
= fluid density [M/L?}; and
= gravitationai-acceleration vector [L/T?].

gl ©

The gravitational-acceleration vector can be defined in terms of elevation measured relative
to a specified datum as follows:

g = - lgl VE (2)

where

[}

I8l magnitude of gravitational acceleration [L/TZ]; and

VE

gradient of elevation [1/L.L].

Substituting equation 2 into equation | vields:

Vo= - EIVp + plgIVE ] ’ (3)
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The relation between fluid density and solute concentration can be described by an equation
of state, which is a first-order Taylor expansion about a reference density:

p = p (1 + a(c - ¢)) 4.1
or

p = py + Qp (4.2)
where

p, = reference fluid density (M/L3;

¢ = solute concentration [M/L3];

¢, = reference solute concentration [M/L3];

a = volumetric-expansion coefficient [L3/ M]; and

Ap = difference between actual fluid density and
reference-fluid density [M/L3].

Equivalent-freshwater head at a given point within an aquifer containing fluid-density
variations is defined as the water-ievel elevation, measured relative to a standard datum, in a well
sufficiently filled with freshwater to balance the pressure at the given point. This can be expressed
analvtically as follows:

p
H = —— + E 5
f e 18l )
where
H; = freshwater head [L];
p = pressure [M/LT?;
p; = density of freshwater [M/L’]; and
E = elevation relative to datum [L].

In order to quantify the assumptions inherent in the use of equivalent-freshwater head,
equations 3, 4, and 5 are combined to produce an expression that contains an explicit, equivalent-
freshwater-head term and a density-related error term that is implicitly assumed to be insignificant
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when equivalent-freshwater heads are used. For this analysis, the reference-fluid density is equal
to the density of freshwater, and the reference-solute concentration is zero:

Po Pe 6.1)

and

g =0 (6.2)

Substituting equations 4.1, 6.1, and 6.2 into equation 3 yields:

G:-%[Vp+pf(l+ac)|g|VE] (7

Because p; and [g| are constant, equation 7 can be rearranged as follows:

vV = - Kigl oy { v P + + v l
( el E) acVE (8)

Finally, substitution of equation 3 into equation 8 yields:

Vo= - .‘%[vnf + acVE] 9.1)

or. by substituting equation 4.2 for equation 4.1:

. Ap -
R [VHf + =2 VE| 9.2)
Pt
where
K = kLg'p = hydraulic conductivity [L/T].
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The first term inside the brackets in equations 9.1 and 9.2 is the gradient of equivalent-
freshwater head, whereas the second term in the brackets is a density-related error term. In
situations where solute concentrations are smail or where changes in elevation within the flow
domain are small, the density-related error terms in equations 9.1 and 9.2 are small. However, if
the gradient of equivalent-freshwater head is small as well, then density-related gravity effects may
be significant. In other words, it is not the absolute magnitude of the density-related error term
that controls its significance in a given flow situation, but rather, its magnitude relative to the
magnitude of the gradient of equivalent-freshwater head.

Equations 9.1 and 9.2 can also be viewed in terms of the separate forces that drive fluid flow
(fig. 9). The gradient of equivalent-freshwater head represents the component of flow that is
driven by fluid-pressure differentials. The density-related error term represents the component
of flow that is driven by gravity. Under most conditions, these two flow components differ in both
magnitude and direction. The actual flow direction is the resultant of the pressure-driven and
gravity-driven flow components. Significant errors in the direction and magnitude of flow
predicted by equivalent-freshwater heads can occur if the gravity-driven component of flow, which
is ignored in calculations based on equivalent-freshwater head, is of approximately equal or greater
magnitude than the pressure-driven flow component.

A useful measure of the relative importance of the gravity-driven flow component is the
dimensioniess ratio of the magnitude of the gravity term to the magnitude of the pressure term,
which is referred to as the driving-force ratio. This ratio can be expressed either in terms of solute
concentration (eq. 10.1) or in terms of fluid density (eq. 10.2):

ac|VE|

DFR _I_VEI— (10.1)
or
Ap |[VE|
DFR —_ 10.2
P ‘VHfI ( )
where
DFR = driving-force ratio [dimensionless];
IVE| = magnitude of the gradient of elevation {imensionless}; and
IVH;| = magnitude of the equivalent-freshwater-head gradient {dimensionless].

The driving-force ratio provides a convenient parameter for determining the potential for
significant density-related gravity effects in field situations, as the properties required to evaluate
equation 10.1 or equation 10.2 are readily measured. For the example driving-force plot shown in
figure 9, the driving-force ratio is 0.5, and the error in predicted flow direction is 30 degrees,
ASSUMINE ail dULLPIC wedium. A unvi’ﬁg-torce ratio of 0.5 can be considered an approximate
threshold at which density-related gravity effects may become significant. This threshold may vary
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Figure 9.-- Relation between pressure-related driving-force component, density-related driving-
force component, and the total driving force.
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somewhat depending on the actual flow conditions and on the accuracy requirements of a particular
study.

Driving-Force Analysis of the Model Ar f Barr and Others (19

For the case of a relatively thin aquifer in which flow parallels the upper and lower
bounding surfaces, the data required to compute the driving-force ratio are equivalent-freshwater
head, fluid density, and aquifer elevation (structure). Equivalent-freshwater head in the Culebra
Dolomite Member for the Barr and others (1983) model area is shown in figure 10. Head gradients
range from a maximum ot 7 meters per kilometer (37 feet per mile) in the vicinity of the WIPP site
to a minimum of approximately 4 centimeters per kilometer (0.2 foot per mile) in areas north and
south of the site. The fluid-density distribution of the Culebra in the Barr and others (1983) model
area is shown in figure 11. Measured densities range from 1.000 to 1.104 grams per cubic
centimeter. Freshwater is present in the southwest, whereas brine is present in the east and
northwest.

Because the variable-density modeling code used in this study for the ground-water flow
simulations was constrained to modeling a planar aquifer, a best-fit, first-order trend surface was
used to characterize aquifer structure. This constraint was imposed to facilitate comparisons
between flow simulations and the driving-force analysis of density-related gravity effects. The
trend-surface fit vields a regional strike of 4 degrees east of north and a regional dip of 0.44 degree
to the east.

Driving-force ratio (DFR) values for the Barr and others (1983) model area were computed
by discretizing the equivalent-freshwater-head and fluid-density maps into 1.6- by 1.6-kilometer
cells. computing a local equivalent-freshwater-head gradient for each grid cell and a regional
aquifer-elevation gradient, and computing a DFR value for each grid cell using equation 10.2. In
addition to computing the driving-force ratio for each cell, the density-related and pressure-related
driving-force components (illustrated in fig. 9) also were computed. The results of these
computations are shown on a contour map of the magnitude <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>