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EXECUTIVE SUMMARY

The Waste Isolation Pilot Plant (WIPP) is an underground facility for the permanent disposal of
transuranic (TRU) defense-related waste, located at a remote site in southeastern New Mexico.
The U.S. Department of Energy (DOE) operates the WIPP repository, with oversight by the U.S.
Environmental Protection Agency (the Agency or EPA). A possible mechanism for release of
radionuclides from the repository is the flow of contaminated brine up an intrusion borehole and
into groundwater in an overlying formation. Modeling studies conducted by DOE and reviewed
by the EPA have indicated that the Culebra member of the Rustler Formation is the most likely
pathway for transport of radionuclides through groundwater under such a release scenario,
although the potential effects of transport through the Magenta member of the Rustler Formation
have also been included in performance assessment (PA) calculations.

EPA has previously addressed the issue of karst at WIPP, first during the 1991 WIPP Test Phase
No Migration Variance determination, and second, during EPA’s 1998 initial certification
decision for WIPP. In both instances, EPA determined that karst will not impact the containment
capabilities of WIPP. In EPA’s 1998 certification decision, EPA reviewed existing information
to understand the issue of karst around the WIPP site. As a result of that review, EPA concluded
that, although it is possible that dissolution has occurred in the vicinity of the WIPP site
sometime in the past (e.g., Nash Draw was formed ~500,000 years ago), dissolution is not an
ongoing, pervasive process at the WIPP site.

Following the 1998 certification decision, several groups challenged EPA’s decision in the
United States Court of Appeals for the District of Columbia Circuit (No. 98-1322). One of the
issues in this lawsuit was EPA’s conclusions regarding karst at the WIPP site. The petitioners
argued that EPA denied and ignored evidence of karst features at WIPP, and failed to address
public comments regarding karst. On June 28, 1999, the U.S. Court of Appeals upheld all
aspects of EPA’s 1998 certification decision, including EPA’s conclusion that karst is not a
feature that will likely impact the containment capabilities of the WIPP.

During EPA’s recertification process, commenters again raised questions regarding the potential
formation of karst in the Culebra or Magenta and whether preferential groundwater pathways
could exist or develop that could affect groundwater transport of radionuclides from the
repository. Some comments proposed using a proprietary magnetotellurics (MT) technology,
called Z-SCAN, to search for karst at the WIPP site.

Although the Agency addressed many of the same comments in the Response to Comments
document (EPA 1998b), including general karst at WIPP, karst at WIPP-14 and other wells, and
the relevance of Nash Draw, this report provides additional discussion on a number of topics
discussed previously by EPA and responds to some new interpretations of the old information.

For the WIPP recertification evaluation, the Agency has re-evaluated the available evidence
related to whether karst exists or could form at the WIPP site and provide preferential
groundwater transport pathways for the release of radionuclides. This evaluation consisted of:

e A renewed review of the data available at the time of the CCA



e An examination of magnetotellurics, and other geophysical methods capabilities to
detect karst in the Magenta or Culebra units at the WIPP site (Section 4.0)

o Development of a conceptual model of groundwater flow in the Magenta and Culebra
units at the WIPP site (Section 5.0)

o Comparison of the conceptual model to the conceptual models of Snow 1998, and
Hill 1999 (Section 6.0)

After careful review of the available information, EPA concludes that dissolution may have
occurred in the immediate vicinity of WIPP-33. There is, however, no evidence, that dissolution
is pervasive, wide spread, or has led to connected groundwater pathways, such as “underground
rivers” as noted by the stakeholders. From the perspective of performance assessment, this lack
of interconnection between localized dissolution features will render any effects on travel times
insignificant. If, in fact, point recharge is occurring, the effects have already been taken into
account in hydraulic gradients measured in the Culebra and used in the WIPP performance
assessment calculations.

The data indicate to EPA that Nash Draw and the WIPP site are almost two separate hydrologic

systems under the current climate, have been that way for some time, and are expected to remain
relatively independent into the future. Precipitation events at the WIPP do not significantly
recharge the underlying units and lack of runoff does not indicate karst below. Any significant
recharge to geologic units at the WIPP site appears to be the result of distal processes and/or
from infiltration that takes thousands of years to reach the Rustler Formation. Precipitation
events in Nash Draw may result in noticeable effects in Nash Draw, but provide little
information about the WIPP site itself or the ability of WIPP to contain radionuclides.

Our review reaffirms our original certification decision that karst processes are not active at the
WIPP site, and that karst processes will not affect containment of radionuclides at the WIPP site
now or during the regulatory time period for 10,000 years.

vi



1.0 INTRODUCTION

The Waste Isolation Pilot Plant (WIPP) is an underground facility designed for the permanent
disposal of transuranic (TRU) defense-related waste, located at a remote site in southeastern New
Mexico. The U.S. Department of Energy (DOE) operates the WIPP repository and the U.S.
Environmental Protection Agency (the Agency or EPA) reviews information related to WIPP
and certifies that WIPP complies with federal regulations. DOE submitted the Compliance
Certification Application (CCA) to the Agency in 1996. The Agency reviewed the CCA and
supplemental information provided by DOE and certified that DOE had met federal regulatory
requirements for disposal in May 1998, and DOE began accepting waste at WIPP in March

1999.

The WIPP Land Withdrawal Act (WIPP LWA), requires DOE to submit a Compliance
Recertification Application (CRA) every 5 years after the initial receipt of waste at WIPP. The
first CRA was submitted to the Agency in March 2004 (DOE 2004). The CCA and the CRA are
required to include a current description of natural and engineered features at the WIPP site that
may affect the performance of the disposal system, including the hydrogeology of the disposal
system (40 CFR 194.14(a)). Information regarding the presence and characteristics of potential
transport pathways, including solution features, is required to be included in the CRA. In the
CRA, DOE is required to provide updated information to the Agency to allow for a
determination of whether the WIPP site remains in compliance, including any new hydrologic or
hydrogeologic information (40 CFR 194.15(a)).

Releases of radionuclides to the accessible environment must be limited by the WIPP disposal
system for 10,000 years (40 CFR 191.13). Releases of radionuclides from the undisturbed
repository to the accessible environment are not predicted to be significant during this time
period (DOE 2004, Section 6.0.2.2; Leigh et al. 2005, Section 4.2). However, human activities
that disturb the underground repository could cause radionuclide releases during the repository
performance period under some conditions. DOE therefore carried out performance assessment
(PA) modeling to determine the likelihood of significant releases of radionuclides caused by
human activities.

One of the possible mechanisms for release of radionuclides from the repository is the flow of
contaminated brine up an intrusion borehole and into an overlying formation. Because the
Culebra is the most transmissive unit above the repository, it is the most likely pathway for
subsurface transport of radionuclides if they are released from the repository (DOE 2004,
Section 6.0.2.3.5). However, flow up the borehole is allowed to enter into the Magenta member
of the Rustler Formation and into other overlying units. These additional units are parameterized
toward the low end of the permeability ranges in order to maximize flow into the Culebra and
potential releases (DOE 2004, Section 6.4.6).

DOE did not account for the possible effects of karst on transport in the Magenta or Culebra,
because DOE found no evidence that karst exists at the WIPP repository. In their CCA decision,
the Agency acknowledged that karst terrain is present in areas near the WIPP site boundary
(EPA 1997). However, after examining the available data and public comments, the Agency
concluded that karst features are not pervasive over the disposal system and are not associated
with any identified preferential groundwater flow paths or anomalies in the Magenta or Culebra



members of the Rustler Formation above the WIPP site. Since the CCA, questions have been
raised related to the hydrology of the Rustler Formation, in particular the Culebra and Magenta.
Snow 1998 and Hill 1999 evaluated the site and stated that there may be indirect evidence of
karst dissolution features in and above the Culebra at the WIPP site and that these karst features
could lead to unacceptable releases of radionuclides. In addition, some comments proposed to
the Agency that a proprietary, Z-SCAN magnetotelluric remote sensing technique be employed
to find karst at WIPP (CARD 2004).

The Agency evaluated evidence regarding the possible existence of karst over the WIPP disposal
system. This evaluation included a review of data obtained prior to the CCA (Section 2.0) and of
karst processes (Section 3.0). The proposed use of Z-SCAN for detecting karst at the WIPP site
was reviewed, and other potential methods for detecting karst were also evaluated (Section 4.0).
A conceptual model of hydrologic processes at the site was developed (Section 5.0), and other
WIPP site conceptual models were reviewed (Section 6.0). After reviewing the available
information, the Agency concluded that dissolution may have occurred in the immediate vicinity
of WIPP-33. There is no evidence, however, that dissolution is pervasive or has led to connected
groundwater pathways (e.g., “underground rivers”). From the perspective of performance
assessment, this lack of interconnection between localized dissolution features will render any
effects on travel times insignificant. If, in fact, point recharge is occurring, the effects have
already been taken into account in hydraulic gradients measured in the Culebra and used in the
WIPP PA and modification to transmissivitiy values as a result of assumed mining at WIPP.



2.0 COMPLIANCE CERTIFICATION APPLICATION DATA AND
INTERPRETATION

DOE summarized information related to the potential formation of karst at the WIPP site that
was available at the time of the CCA (DOE 1996, Section 2.1.6.2 and Appendix DEF). DOE
recognized that karst could be important because of its potential effects on the hydrogeology of
units overlying the repository. The geomorphology of the region surrounding the WIPP site was
recognized to be influenced by karst processes, particularly in karst areas of Nash Draw (DOE
1996, Appendix DEF). Bachman 1981 summarized information related to the development of
karst in the region.

A 1980 gravity survey at the site identified a number of gravity anomalies that Barrows et al.
1983 interpreted as possible evidence of karst at the WIPP site. A 0.6 milligal negative anomaly
with a double half-width of 900 ft was observed. Barrows interpreted and proposed that this
anomaly was due to density alterations in the vicinity of karst channels. In their evaluation of the
Barrows interpretation, the Environmental Evaluation Group (EEG) concluded that “in the light
of additional information now available through detailed study of the Rustler cores, Bachman’s
field-oriented studies, and multi-hole flow tests, the gravity data should be re-evaluated to check
the interpretations offered by Barrows and co-workers and to provide alternative interpretations,
if feasible.” EEG also made the observation that “the gravity interpretations are inherently
ambiguous” (Chaturvedi and Channell 1985). However, the interpretation of karst did not
account for other potential causes of the gravity anomalies, and a well drilled at the site of one
low-gravity anomaly (WIPP-14) revealed normal stratigraphy through the zones proposed to be
affected by karst (DOE 1996, Section 2.1.6.2.1).

A study carried out by LeGrand and reported by Chaturvedi and Channel 1985 concluded that
near-surface karst features had developed in Nash Draw, but that there were no significant karst
features in areas east of Nash Draw, including the WIPP site. Bachman 1985 re-examined the
evidence related to karst in the vicinity of WIPP. In that study, although evidence of halite and
gypsum dissolution were found at WIPP-33 west of the WIPP site, no evidence was found of
significant karst (e.g., “underground rivers” as claimed by stakeholders) development at the
WIPP site. From the available evidence, DOE 1996 therefore concluded that karst development
in units above the repository that could affect repository performance would not occur over the
regulatory time frame.

The Agency reviewed the information related to the existence of karst as presented by DOE in
the CCA (EPA 1997 and 1998b) and also reviewed comments by stakeholders regarding karst at
the WIPP site (EPA 1998a). The Agency acknowledged that karst terrain is present in the
vicinity of the WIPP site and that dissolution-related features may occur in the immediate WIPP
area, for example, at WIPP-33. However, the Agency concluded that these dissolution features
are not associated with preferential groundwater flow paths, and cited the results of groundwater
tracer tests as evidence (EPA 1997).

The Agency also reviewed information related to the possible development of karst at WIPP
during the 10,000 year regulatory period (EPA 1997 and 1998b). The Agency observed that the
Mescalero Caliche is relatively pervasive over the WIPP site. Because caliche only develops in
arid areas with relatively little recharge, the presence of the Mescalero Caliche indicates that



there has been an arid climate and very low recharge conditions over a long period of time at the
WIPP site. The presence of the caliche, combined with DOE’s future precipitation assumptions,
led the Agency to conclude that the development of karst features has not been pervasive and
will not impact the containment capabilities of the WIPP during the 10,000 year regulatory
period (EPA 1997, 1998a, 1998b).

The Agency addressed many additional comments in the Response to Comments document
(EPA 1998b), including most of the general topics discussed in this document, such as general
karst at WIPP, karst at WIPP-14 and other wells, and the relevance of Nash Draw. This report
provides additional discussion on a number of topics discussed previously by EPA and responds
to some new interpretations of the old information. EPA finds that the evidence for the lack of
pervasive karst at WIPP is even stronger today than at the time of EPA’s 1998 certification
decision. In fact EPA finds many of the arguments for karst put forward by the stakeholders to
be unsupported by data and often inconsistent.



3.0 DESCRIPTION OF KARST PROCESSES

In regions of carbonate rocks and evaporites, weathering and erosion produce unique landforms
called karst or karst topography. Karstification (the processes of producing karst) and karst are
defined by Jennings 1971 as “terrain (and associated processes) with distinctive characteristics of
relief and drainage arising primarily from a higher degree of rock solubility in natural water than
is found elsewhere.”

This definition of karst stresses that distinctive landforms and other surface characteristics
develop on highly soluble rocks, and that a unique type of drainage pattern results from karst
processes. Because most rocks are soluble to some extent, karst will develop only on those rocks
that are particularly susceptible to dissolution. The dissolution process can create and enlarge
cavities within the rocks, leading to the progressive integration of voids beneath the surface.
These interconnected voids allow for large amounts of water to be funneled into an underground
drainage system, disrupting the pattern of surface flow. The physical surface and groundwater
hydrologic system coexist with the chemical dissolution processes; as each part of the physical
and chemical process progresses, pronounced groundwater circulation increases and the surface
streams become a poorly developed surface network. At maturity, a karst surface terrain is
literally “a bleak and waterless place” (Monroe 1969) characterized by irregular topography
containing many closed depressions and interrupted streams.

In the region around WIPP, Nash Draw is a feature that is derived by erosion and dissolution
processes that have removed the evaporite beds (Bachman, 1985). Nash Draw contains caves
and collapse sinks that are indicative of karst processes (Figure 3-1). In addition, aerial
photography of Nash Draw shows diverted drainage and vanishing streams. In contrast,
locations around the WIPP site show no similar types of features (Figure 3-2).



Figure 3-1. Low-Angle Aerial Photograph of Nash Draw

Note: Diverted drainage, vanishing streams, and the open sinkholes that capture them, in the
Forty-niner Member of the Rustler Formation exposed in Nash Draw (Lorenz 2005).



Figure 3-2. Low-Angle Aerial Photograph of the Area in the Vicinity of
Drillhole WIPP-33

(Source: Lorenz 2005)

Note: Drillhole WIPP-33 is located at the junction of the east-west road and the pipeline. Note
the absence of well-defined drainages entering the area, as compared to Figure 3-1.



4.0 METHODS FOR DETECTING KARST AT THE WIPP SITE

Stakeholders have proposed that geophysical methods be used to search for karst at the WIPP
site. Gravity surveys, magnetic surveys, and Time Domain Electromagnetics Induction (TDEM)
methods are unlikely to be useful for detecting karst in the Magenta or Culebra because these
tools would not provide adequate resolution for karst definition. Seismic reflection methods
cannot be used to search for or resolve karst in the Magenta or Culebra at WIPP, because the size
of the karst voids would be much smaller than the limits of resolution. Subsurface geophysical
methods, such as crosswell seismic studies or Crosswell Electromagnetics (CEM) similarly lack
the required resolution for detecting karst voids in the Magenta or Culebra at the WIPP site.
Magnetotelluric methods for detecting karst at WIPP have also been considered and found to be
unsuitable for this purpose because of a lack of the necessary resolution at the depths of the
Magenta and Culebra.

A variety of geophysical techniques have been used in the past as part of the site characterization
activities at the WIPP site. Stakeholders proposed the detection of karst features in the Rustler
Formation (i.e., Magenta and Culebra) by using the Z-SCAN magnetotelluric interpretation
technology to detect large-scale karst voids above the WIPP site (CARD 2004). EPA evaluated
the potential use of magnetotellurics to map the possible presence of karst features in the
Magenta and/or Culebra members of the Rustler formation. The EPA also examined other
potential geophysical methods that might be used to detect large-scale karst features in the
Magenta or Culebra units were also assessed, including the use of gravity surveys, magnetic
surveys, Time Domain Electromagnetics Induction, seismic reflection techniques, subsurface
reflection seismic techniques, and subsurface electromagnetic techniques.

Geophysical methods can be used to detect anomalies, or changes, in rock formations. These
anomalies help identify variations in characteristics of the rocks. However, geophysical
techniques can be ambiguous and open to interpretation. Thus, it is often difficult to get
agreement in interpretation of field data by different observers and to reach a conclusive
correlation between the field data and in situ geological characteristics of the rock formation.

Geophysical techniques require a sharp and noticeable contrast in physical properties between
the host rock and the target to distinguish the recorded signals clearly. The contrast in rock
properties for various geophysical methods are related to changes in electrical conductivity
(which is the inverse of rock resistivity), rock density, elasticity, and magnetism depending on
the geophysical technique used. Conclusive and reliable detection of a target feature, such as a
karst void or mineral ore body, is dependent on the position, orientation, dimension of the target
and its surroundings. These techniques, if applicable in a given geological situation, can be used
for detection of subsurface features. The Rustler Formation at the WIPP, which is the expected
host rock for any potential karst in the vicinity, is composed of halite, anhydrite/gypsum,
dolomite, and siltstone. Geophysical properties of these rocks are non-uniform and vary both in
vertical and horizontal directions at the WIPP.

Geophysical survey methods using electrical (resistivity), acoustical, gravitational (density), or
magnetic properties can be used to detect subsurface features. Structures or features in the
subsurface can be identified by mapping, analyzing, and modeling geophysical survey data. The
depth of investigation (how deep a geophysical tool can measure) and the resolution (how well a



tool can measure a subsurface feature or see details of a feature) can depend on a number of
factors, including the types of rocks and minerals present, the power of the recording equipment,
and the variations of rock properties or contrast.

In an ideal situation, the target of the investigation would be homogeneous within a sharply
contrasting rock medium. A sharp contrast in physical properties between the host rocks and the
target helps to separate the recorded signals and improve the consistency of interpretations. It is
also desirable that masking layers in the overburden, above the target zone, be absent. For the
present analysis, the geophysical methods should be capable of detecting brine-filled voids
(karst) a few feet in cross-section within the Culebra and Magenta members of the Rustler
Formation at a depth of 700 to 1,000 ft from the surface. The Rustler Formation is lithologically
complex. Thus, the physical properties in the Rustler Formation vary significantly, both laterally
and vertically, which could complicate interpretation of geophysical data.

4.1 Magnetotelluric Methods

Stakeholders have proposed that the Z-SCAN magnetotelluric method (MT) be used to attempt
to detect karst features in the Magenta and Culebra members of the Rustler Formation. The MT
method is a passive surface geophysical technique in which the earth’s natural electromagnetic
field is measured to investigate the electrical resistivity structure or changes of the subsurface.
The basic theory of this method was first proposed by Caginard in 1953. Dobrin 1960, in
explaining the technique, stated that “the magnetic fields induced by the alterations in earth
currents would be measured simultaneously with the voltage fluctuations between electrodes at
the surface. The ratio between the amplitudes of these alternating voltages and then associated
magnetic fields would be plotted as a function of frequency. Caginard’s theory could be applied
to this plot so that the resistivity would be deduced as a function of depth.”

Stakeholders have suggested that the size of the karst features likely to affect groundwater flow
in the Culebra or Magenta above the WIPP site would be on the order of 3 ft in height and
several feet in width, and would be found at depths ranging from approximately 590 ft to 700 ft.
Determining the presence of features of this size and at these depths is a difficult geophysical
problem. Electrical or electromagnetic (EM) techniques could be used to discern changes in
resistivity associated with the presence of karst voids. Because the karst voids are expected to be
filled with brine and are present in a fairly resistive host rock, the objective would be to map a
conductive target within a resistive background. An ideal geoelectrical environment would be
required to confirm detection of karst features using the MT method.

MT requires both magnetic and electrical field components. The main difficulty associated with
this process is recording the magnetic field, because this requires prolonged recording instrument
setup time using complex equipment. Apart from the longer setup time, the magnetic signals
require more time to record than the telluric recordings. To mitigate these difficulties, Hermance
and Thayer 1975 proposed a modification that involves making field- and base-station
measurements simultaneously.

In addition to complexities associated with field measurements, other problems hinder
achievement of a uniform and reliable interpretation of a geological target. A non-uniform
geological structure, much like the variation in the Rustler, can distort the electrical current flow



and create anomalies in the field measurements (Telford et al. 1995). One-dimensional, uniform,
and isotropic and horizontal layers are generally easier to interpret. It is more difficult to
interpret two- and three-dimensional features, such as tabular geometries, faults, and veins.
“Apart from features with pronounced symmetry like the sphere and ellipsoid, no entirely
successful interpretation procedures have been developed to date” (Telford et al. 1995).

Variation in geoelectrical properties of the rock formations in the upper part of the overburden
(Upper Ochoan, Dockum and recent formations) can cause “static shift.” These are vertical
displacements of the apparent resistivity sounding curves, between adjacent sites or between two
curves at one site. This shift is caused by the electrical field generated from boundary charges on
surficial inhomogeneities, severely distorting the recorded data and misleading interpretations of
the data, making it difficult to locat the target zone. Closely spaced sampling can reduce or
eliminate the effect of static shift (Vozoff 1991). However, extremely dense sampling, in
addition to increase in operational cost may also create logistical and interpretational difficulties.

Identification of very large karst features can be well-suited to electromagnetic geophysical
methods. Geophysical methods, however, measure the contrasts in rock properties and this, to a
large extent, depends upon geology, porosity, permeability, and fluid characteristics and contents
in the pores of the rocks (see paragraph below). Although targets with larger dimensions will
provide more prominent and detectable signals than smaller targets, the most critical factor is the
contrast in properties. It is not very clear what degree of contrast we can expect between
dolomite and features created by dissolution. Due to the specific characteristics of the WIPP
site, detection of the features at the size and depths of interest is beyond the resolution of any
known electromagnetic geophysical tools. This is both because the feature (karst void) is too
small to be mapped, or “seen” at Magenta and Culebra depths and that the contrast between rock
and karst properties is not significant at the relevant depths. The following modeling studies and
analyses were carried out to support this conclusion.

4.1.1 Resolution of Magnetotellurics

Magnetotellurics (MT) is a geophysical technique that measures naturally occurring changes in
the earth’s electric and magnetic fields. It does so by recording orthogonal components of the
electric and magnetic fields at a surface location over time. These data are processed to obtain
values of apparent resistivity as a function of frequency. The different frequencies of
electromagnetic waves penetrate the earth and provide information at various depths. Further
analysis of the data results in estimates of true subsurface resistivity as a function of depth from
the surface.

The MT method has inherently lower resolution than seismic methods and is typically used
where seismic methods are not cost efficient. In general, MT methods are primarily used as
reconnaissance tools prior to deployment of more expensive seismic exploration. Xiao (2004),
stated in the conclusion of his study related to “ Magnetotelluric Exploration in the Rocky
Mountain Foothills, Alberta” that “while MT cannot image detailed structure in the same detail
as seismic reflection, it can image the structural style and work as a reconnaissance tool in
exploration”.
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The resolution power of MT depends on the depth to the target, the thickness and resistivity of
the target, and the overall resistivity of the host, particularly above the target. Longer
wavelengths with lower frequencies penetrate deeper; consequently, the resolution power of MT
decreases with depth because longer wavelengths have less ability to map thinner features. A
higher-resistivity background, host rock, allows waves to penetrate deeper, longer wavelengths,
longer waves, can “see” deeper features as the resistivity of the rocks is increased, but with lower
resolution.

MT resolution also depends on the quality of the data. State-of-the-art MT data acquisition and
processing can be used to achieve high-quality data, but the associated error is still usually a
percent or more and noise (i.e., environmental and anthropogenic) can decrease the quality of the
data. Most of the noise found in MT data comes from anthropogenic (man-made) sources, such
as power lines and pipelines. These sources create artificial electromagnetic fields that can be
much stronger than the naturally occurring MT signal of interest. It is not always possible to
avoid noise at all recording stations and at all times. Other sources of noise can also interfere
and degrade the recorded signal, as was pointed out by Telford et al. 1995, which states, “The
coil is a critical component in MT work. Generally it is necessary to install it in a shallow
trench, because very slight motions create noise voltages, particularly troublesome in wooded
areas.”

4.1.2 Resistivity Characterization of Karst

Resistivity to an electric or magnetic field is a property that can be measured for any material,
and is a measure of that material’s opposition to the flow of electrical current. The inverse of
resistivity is conductivity. The resistivity of rocks varies over orders of magnitudes (over powers
of ten). Measurement of resistivity from the earth’s surface can provide estimates of the
subsurface rock types at various depths. Inferences can also be made about other properties of
these rocks, such as porosity and pore fluid. For example, resistivity can provide information to
determine if rock pores are filled with water (normally conductive) versus oil or gas (normally
very resistive).

A karst feature is a void created in rock. The size of karst can vary tremendously, but for this
evaluation, the size is assumed to be on the order of a few feet and the karst is assumed to be
filled with brine. These properties were selected based on assertions made by Stakeholders
(CARD 2004). For any geophysical tool to work, a mappable (recordable) contrast in rock
properties must exist. For this review of possible magnetotelluric applications, a resistivity
contrast must be present between the host rock and the target (the brine-filled karst). The other
factors used in determining the geophysical resolution of a target are its size and depth from the
surface.

Resistivity of the geologic formations mainly depends upon their fluid content, porosity,
fracturing, temperature, and inclusions of conductive components (Keller 1989). Brine in pore
spaces and fracture openings and inclusion of conductive clay minerals can lower the rock
resistivities. In a discussion of resistivity variations in rock units, Xiao 2004 states that, “The
electrical resistivity of rocks depends on the density of charge carriers and the geometry of
current pathways. High porosity, high salinity pore fluid, high saturation of fluid, or partial
melting of rock will give a high quantity of charge carriers. Good interconnection between pores
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can give a high density of electric current pathways.” (For additional information on electrical
properties of rocks and minerals see Telford et al.1990.)

Sandia National Laboratories (SNL) provided electrical logs for wells WIPP B-25 and WIPP-13
located on the WIPP site (Figure 4-1). A review of the electrical logs for these wells showed that
the resistivity of the Culebra member averages 6 to 8 ohm-meters' over a thickness interval of 21
to 23 ft. The overlying units (including the Magenta) are generally more resistive (Table 4-1),
which would enhance the ability of MT to map the Culebra. Mapping the Magenta member is
likely to be more difficult, since the resistivity contrast between it and overlying units is not as
great.

' The electrical resistivity of any material is defined as the resistance, in ohms, between opposite faces of a
unit cube of that material. If the resistance of a conducting cylinder having a length 1, and cross-sectional area S is
R, the resistivity is expressed by the formula p = RS/1. The unit of resistivity in the metric system is the ohm-
centimeter. For practical purposes, to accommodate long distances, as is in the well-logging, this is converted into
ohm-meter. One ohm-meter = 100 ohm-centimeters (1Qm = 100 Qcm).
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Table 4-1.

Average Resistivities for Formations and Members in WIPP Area, Estimated
from Electrical Logs for Wells WIPP B-25 and WIPP-13

Formation Member WIPP B-25 WIPP-13
Depts | Thickness | g GGG, | Depths | Thickaess | g GO
(ohm-meters) (ohm-meters)
Overburden 0-20 20 na 0-35 35 Na
Santa Rosa 20-46 26 25
Dewey Lake 46-180 134 25
Dewey Lake 180-420 240 150 35-450 415 20
Dewey Lake 420-525 105 25 450-515 65 12
Rustler 525-586 61 1000 515-565 50 1000
Rustler Magenta 586-612 26 25 565-585 20 15
Rustler 612-698 86 1000 585-704 119 1000
Rustler Culebra 698-721 23 8 704-725 21 6
Rustler 721-730 9 4 725-735 10 10
Rustler 730-770 40 100 735-765 30 100
Rustler 770-800 30 20 765-800 35 25
Rustler 800-840 40 4 800-845 45 4
Salado 840-901 61 500 845-1020 175 1000
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Figure 4-1. Locations of Wells WIPP-13 and B-25

Water resistivity varies with the type and amount of dissolved solids. For example, the
resistivity of seawater is typically 0.3 ohm-meters (ohm-m), but more dilute waters will have
higher resistivity. The Culebra and Magenta groundwater compositions have relatively high
total dissolved solids (TDS) (DOE 2004), and would therefore be expected to have relatively low
electrical resistivity. Therefore, if there is a sufficient contrast in resistivity between a brine-
filled karst and the surrounding rock, then it may be possible to detect karst. If, however, the
resistivity of the brine filling the karst is relatively high, such as 300-400 ohm-m, then there
would be little to no contrast between the Culebra/Magenta host rock and brine; in such a
situation, mapping resistivity contrast would be of no use. Thus, to determine if a large-scale,
brine-filled karst void could be mapped as a resolvable target, a lower resistivity for brine
(i.e., 0.5 to 1 ohm-meters) has been assumed in the following calculations.

If a 3-ft-high, water-filled void was present within the Culebra (average 22-ft section), it would
reduce the average resistivity of the member section. Assuming the resistivity of water is
between 0.5 and 1.0 ohm-meters, and the 3-ft section is about 14% of the total thickness,
introducing water into the section would lower the resistivity from 8 ohm-meters to about

7 ohm-meters. This is an indiscernible resistivity change, especially because the two electrical
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logs examined show that the resistivity of the Culebra varies between 6 and 8 ohm-meters.
Therefore, MT mapping could not discerned if the resistivity variations were intrinsic to the
Culebra, or if they were caused by brine-filled voids.

It is for these reasons that the primary application of MT is in the petroleum and mineral
exploration where it is used to detect large lithologic changes. Typically, MT is effective where
targets are very thick and exhibit strong resistivity contrasts with their surrounding host rock.
Resistivity changes identify the interfaces between regions of different resistivity (current flows
across the boundaries of different resistivities, which causes electric charges to build up on the
interfaces (Xiao 2004). It is also true that resistivity structure and geological structure do not
coincide perfectly, and this typically can create problems for identification of structures with
smaller dimensions. In general, the difference between detectable low- and high-resistive zones
are substantial—10-fold or more.

4.1.3 Models of the WIPP Site

In order to determine the limits of resolution for MT, modeling was performed using a
commercial geophysical workstation (WinGLink) assuming noise free ideal conditions at WIPP.
Several models (Figure 4-2) were developed to determine the maximum, or best, resolution
possible for a section representative of the WIPP site. In other words, these calculations were
designed to answer the question, “What is the smallest brine-filled void that could be resolved by
MT at the depths of interest?” The “target” in this case is a conductive body within the Culebra,
which could be interpreted as water-filled karst. Additional unrealistic simulations were run to
generally test the concept by answering the question, “How conductive would an object have to
be in order to be mapped at these depths by MT from the surface?”

Figure 4-2 shows a generalized resistivity section for WIPP. The different colors represent
different resistivity values and are shown for a flat-lying section. All units extend laterally to the
right and left of the section shown, and in and out of the page. The model was constructed from
the resistivity and depth values shown in Table 4-1. This table lists geologic formations and
members, with their depths and average resistivities derived from electrical logs recorded in the
two WIPP wells (B-25 and WIPP-13). The resistivity for water was assumed to be 1 ohm-meter,
although there are circumstances where it can be lower or higher, depending on the solids
dissolved in the water.

The first modeled change was to introduce a section of the Culebra that has a resistivity of

5 ohm-meter compared to the baseline model value for the Culebra of 8 ohm-meter. This model
simulates a section of Culebra where 1.0 ohm-m water has replaced 40% of the Culebra, either in
pores or in a single zone within the 20-ft Culebra.
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Figure 4-2.  Generalized Resistivity Model for WIPP Area

No vertical exaggeration. Depths and resistivities are estimated from electrical logs. The region of the
Culebra varied in the model exercises is shown by oval. Resulting data are shown in Figure 4-3.

Figure 4-3(a) shows the comparison between the data for an 8 ohm-meter Culebra and a 5 ohm-
meter Culebra. Shown are the amplitude and phase data calculated for the 5 ohm-m section
(solid line) compared to the amplitude and phase data calculated for an 8 ohm-m Culebra (dots).
There is no discernible difference, or departure, between the data sets. Therefore, a feature of
this size (approximately 8 ft for a single zone within the Culebra) cannot be mapped by MT.

The 8 ohm-m section is shown by the blue dots. The results for modeling variations in
resisitivity are shown by the solid red and blue lines—these are the two ‘modes’ of MT data that
are calculated. The red line (TE mode) is the one most sensitive to vertical resistivity changes
and hence, most important in this study. These are typical MT data responses for a station,
showing apparent resistivity amplitude on the top and phase on the bottom of each station plot.
The x scale is log frequency, where the shallower data (higher frequencies) are on the left. The
y-scales are log-apparent resistivity (top of plots P and phase in degrees bottom of plots).

These models primarily illustrate resistivity in an ideal and undisturbed (affected by influence of
other units) condition. Also, only the interpretational aspect of the MT method has been
examined. The potential uncertainties in the data and complexities due to non-uniform rock
properties should also be considered. The WIPP site has several layers of rocks (eight separate
units above the Culebra and six above the Magenta) and each has influence on the apparent
resistivity. Also, it is very likely that the horizontal inhomogeneity at the WIPP site will
interfere and obstruct obtaining a confirmed and uniform interpretation. The noise, static shift,
and 2- or 3-dimensional analysis of a minute structure in a complex geoelectrical environment is
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not a convincing method for karst detection. Also, MT has a lower inherent resolution than the
seismic method (Xiao 2004).

The next models were run to test the limits of MT and answer the question, “How low would the
resistivity of the Culebra have to be in order to be detectable by MT?” The second model
assumed that the entire 20-ft section of Culebra was replaced by a void space containing only
water (an unrealistic scenario). Comparison of the results of this model to the baseline model is
illustrated in Figure 4-3(b). There is a noticeable departure in amplitude and phase between the
model data and those for the normal section Culebra with no water-filled karst features.
However, this difference probably would not be discernable at the WIPP site, given real-world
data containing noise (i.e., environmental and anthropogenic). Even if this departure was
detectable at the WIPP site, replacement of the entire thickness of the Culebra by water is
beyond the limits of what could be expected from karst formation at WIPP.

The third and fourth models (Figures 4-3(c) and (d)) reduced the resistivity even further. The
resolution can be improved if the target is more conductive, for instance, if the target was a
mineralized zone (such as nickel ore). The resistivity of the Culebra was unrealistically lowered
to 0.1 ohm-meter (Figure 4-3(c)) and 0.01 ohm-meter (Figure 4-3(d)). Although this is not a
plausible scenario for the WIPP site, it does show the limit for MT. There is a noticeable
departure between the model and background data (both amplitude and phase) indicating that
MT could detect a 20-ft section of 0.1 ohm-meter at the given depth. These calculations
illustrate circumstances, not present at WIPP, in which features could be detected by MT
methods at the depths relevant to this study.

The models demonstrate the limits of MT resolution at depths of 700 ft in a stratigraphic-
resistivity section similar to the WIPP area. Although these models were calculated for a section
within the Culebra, similar results are obtained when modeling the Magenta. Even though the
Magenta is at a shallower depth, it is still a difficult target because of the same issues associated
with the Culebra. At the very minimum, the entire Magenta section (20 ft average) would need
to have a resistivity of 0.4 ohm-meters to be mapped by MT; this scenario is not physically
realistic.

17



E3

'IZTEI—Hzg wi-32 vl—Eﬂén
v T

10?

10?

1wt

gp MTEObs. - TECalc.  ®ThiObs. - Thi Calc.

1w wi 1! 1ol 1! 102

(a) Comparison of a 8 ohm-m Culebra vs.
5 ohm-m Culebra

wi-32 3]
I7TEI—Hzg wi-32 vl—Eﬂéﬁ

v TM

gp MTEObs. - TE Calc. ®ThiObs. - Thi Calc.

60|

0.
1w wi 1! 1ol 1! 10?

(c) Comparison of a 8 ohm-m Culebra vs.
0.1 ohm-m Culebra

W TET Hz & wi-32 »| I En =
=1
e He € CENE
10 _
) [}
10 _
[ )
0! _
go B TE Obs. - TE Cale. #Th Obs. - Th Cale.
60
- w
0.
103 102 10! 100 10! 102

(b) Comparison of a 8 ohm-m Culebra vs.

1 ohm-m Culebra

wi-32 (3]
W TET Hz wi-32 - I’En@@

MM O

gp MTEObs. - TE Cale. @ ThiObs. - Th Calc.

60|

1w wi 1! 1l 1w 10?

(d) Comparison of a 8 ohm-m Culebra vs.

0.01 ohm-m Culebra

Figure 4-3. 1 MT Model Results Comparing a Background of Normal Culebra Section
Resistivity (8 ohm-m) to Variation in Resistivity of the Culebra



4.1.4 Evaluation of the Stakeholder Proposal

Stakeholders proposed using Z-SCAN to map possible karst features. Z-SCAN is a surface
mapping tool developed by Digital Magnetotelluric Technologies (DMT), based in Oklahoma.
The Agency was unable to find published information related to Z-SCAN in professional
journals or evidence that it has been subjected to scientific peer review.

In their proposal, the Stakeholders suggest acquiring Z-SCAN data at several of the WIPP
boreholes in order to map possible solution cavities at depths of up to 1000 ft (328 meters).
DMT claims (per their website, http://www.dmttechnologies.com/home.html) to have “vertical
subsurface sampling as small as 0.8 ft at 5,000-ft depths with depth accuracies of +/- 25 ft in
most areas.” However, the scientific basis of this claim was not provided on the website.

The inherent accuracy of the MT tool, in a noise-free environment and simple stratigraphy, is
typically assumed to be 2% to 3% of depth. The tool’s ability to resolve layer thickness
decreases with depth, because the wavelengths increase as depth increases. The MT signal is
very weak when compared to artificial, or man-made, electromagnetic energy. In fact, the
magnetic portion of the MT signal varies from about 0.1 to 10 nanoteslas at frequencies between
100 Hertz and 0.01 Hertz (the frequency ranges used to investigate depths up to 10,000 ft),
compared to power-line magnetic signals on the order of 3000 nanoteslas. These types of man-
made fields are between 100 and 10,000 times greater than natural fields. See Figures 4-4
through 4-6 for comparison of power line and natural magnetic field strengths.
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Figure 4-4. Typical Maximum Magnetic Fields from Different Voltage Power Lines, and
Distance from Line

Note that scale is in microteslas; one microtesla = 1000 nanotesla
(Source: www.emfs.info/Source_transmission.asp)
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Figure 4-6. Typical Magnetic Spectra from MT Signal

The measurements required for the WIPP site would use frequencies toward the higher end (right side) of
the graph. (Source: Caglar and Eryildiz 2000. Ast. Soc. Pacific Conf. Series Vol. 205, pp. 2-8-215)

Information available to the Agency, as summarized in the previous analysis, indicated that MT
methods would not be useful for locating karst at WIPP. Consequently, the Agency required
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additional information regarding the technical feasibility of using the Z-SCAN magnetotelluric
method for finding karst features in the Culebra and Magenta at the WIPP site.

EPA attempted to obtain additional information pertaining to the feasibility and costs of using Z-
SCAN MT technology to locate karst at WIPP. EPA provided a list of questions regarding the
Z-SCAN MT to Digital Magnetotellurics Technologies (DMT), however, no response was
received.

An examination of the references listed on the DMT website and a search of the literature did not
reveal any technical publications that would provide information supporting the use of the Z-
SCAN technology for detecting karst at WIPP. The Agency therefore was unsuccessful in
obtaining additional information to support the Stakeholders’ contention that the Z-SCAN
technology could be used to detect karst at WIPP. In the absence of information that
demonstrates that the Z-SCAN method would perform as the Stakeholders claim, the Agency
does not support the use of this technology to search for karst at WIPP.

4.1.5 Conclusions Regarding Use of Magnetotellurics

Magnetotellurics cannot be used to resolve karst features, if present, in the Culebra or Magenta
members of the Rustler Formation because:

e Even if the karst voids encompassed the entire thickness of the Culebra, the voids would
still be too small to be detected at the depths for these formations in the WIPP area, given
the resistivities of the units and formations above them. Modeling using site data
indicates that the characteristics of the Culebra and Magenta are such that voids (several
feet in diameter) would be indistinguishable from the host rocks;

e Data error or noise would further limit the ability of MT methods to resolve features of
this size; and

e Even if MT could map resistivity changes that could be interpreted as brine-filled karst,
the resistivity of the features would not be significantly different from changes caused by
lithology or increased porosity. There would not be a definitive interpretation of karst
that could not be explained by other natural features in the subsurface, because the karst
features are too small and have too low of a contrast to be defined uniquely.

MT is primarily used as a reconnaissance tool to delineate the target area for more applicable
(detail-oriented) seismic surveys.

In summary, the Z-SCAN technology, both acquisition and interpretation, does not appear to be
a proven (with unique interpretation) or cost-effective method for investigating karst at relatively
shallow depths within and above the Culebra.

4.2 OTHER GEOPHYSICAL METHODS

A number of geophysical methods have been employed at WIPP in the past (DOE 2004,
Appendix MON Attachment A). For example, a geophysical survey using Time Domain
Electromagnetics Induction (TDEM) methods detected a conductor interpreted to be the
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WIPP-12 Castile brine reservoir and also indicated that similar brine occurrences may be present
within the Castile under a portion of the waste disposal panels (DOE 2004, Chapter 2). A
microgravity survey of a portion of the site during 1980 indicated the presence of localized low-
gravity anomalies around the WIPP site (DOE 2004, Chapter 2). Barrows et al. 1983 interpreted
these results as possible evidence of karst, but drilling during 1981 at a low-gravity anomaly
revealed normal stratigraphy throughout the zones proposed to be affected by karst.

In the following sections, potential geophysical survey methods are evaluated and their ability to
detect karst in the Magenta or Culebra members of the Rustler Formation at the WIPP site is
considered. The evaluated surface techniques include gravity surveys, magnetic surveys,
TDEM, and seismic methods. Subsurface (crosswell) geophysical methods are also considered.

4.2.1 Gravity Surveys

Gravity surveys measure the vertical and lateral variations in the earth’s gravitational pull that
are caused by subsurface changes in rock density. Gravity measurements (usually expressed in
milligals) are normally obtained as “point” measurements on a grid established over the site. It
requires precise survey information to locate the exact and accurate positions of the gridlines. It
is relatively more expensive and requires several corrections to detect the changes in the gravity
data. By comparing the changes in data values from one point to the next, maps are produced
and interpreted as showing subsurface rock characteristics.

Gravity surveys are widely used to detect buried structures and for reconnaissance work. The
gravity method has poor resolution compared to most other geophysical methods because of its
coarse data spacing and inherent resolution. In addition, the causes of gravity anomalies can be
difficult to interpret, as previously observed at the WIPP site (Section 4.2). Therefore, additional
gravity survey measurements are unlikely to provide useful information relative to karst at the
WIPP site.

4.2.1.1 Resolution of Gravity Surveys

The gravity geophysical tool does not have the resolution to distinguish small features in the
subsurface. This tool is usually used to gain an understanding of large objects. A gravity survey
may ‘see’ an anomaly, but not be able to discern details about it. As noted in the CRA (DOE
2004, Appendix MON, Attachment A Section MON-A-6.3.3), a gravity survey may detect an
anomaly, but drilling or other geophysical tools may be needed to evaluate it in detail as has been
done historically at WIPP.

4.2.1.2 Past Gravity Survey Activity at WIPP

Sandia National Laboratories conducted a gravity survey during 1981 and 1982 to detect and
acquire information on the “Disturbed Zone” of the Castile Formation that was originally
revealed by seismic measurements. A negative gravity anomaly (at WIPP-33) was indicated by
the regional survey. An additional gravity survey revealed a 0.6 milligal negative anomaly with
a double half-width of 900 ft. Barrows et al. 1983 interpreted and proposed that this anomaly
was due to density alternations in the vicinity of karst channels. However, it has generally been
observed that “gravity interpretations are inherently ambiguous” (Chaturvedi and Channell
1985). Nevertheless, a negative gravity anomaly exists in the vicinity of WIPP-13, WIPP-14,
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and WIPP-33, and its origin can be interpreted in many different ways. Drilling at WIPP-14
revealed that no karst structures existed. On the other hand, Bachman 1985 identified karst at
WIPP-33, in an area northwest of the WIPP site boundary (DOE 2004).

4.2.2 Magnetic Surveys

Magnetic surveys measure the magnetic anomalies in rocks. The local changes (anomalies) in
the main magnetic field (if present) are due to the magnetic mineral content in the rock
formations. In order for magnetic surveys to be useful, there must be a magnetic contrast
between the units being mapped. Magnetic susceptibility is an important variable in the
magnetic survey, similar to the role of density in gravity surveys and its interpretation. Magnetic
susceptibility of a rock formation primarily depends upon the amount of ferrous and other
magnetic materials (magnetite, titano-magnetite, pyrrhotite) present in the rock. Large-scale
anomalies are typically related to the susceptibility of rock formations. Magnetic surveys are
conducted from the air, land, and sea. Airborne magnetic surveys are mainly used in petroleum
exploration to establish a rough estimate of the depth and topography of the basement igneous
rocks (Telford et al. 1995). Measurements are normally recorded with the use of magnetometers,
measuring various orientations of the earth’s naturally occurring magnetic field strength (a
reasonably static field). These are normally “point” measurements (like gravity) where only one
measurement is recorded at each location. In describing the difficulties associated with
interpretation, Telford et al. 1995 state that “Because of the erratic and complex character of
magnetic maps, interpretation is often only qualitative. Indeed, interpretation is something of a
fine art.”

4.2.2.1 Resolution of Magnetic Surveys

Resolution of magnetic surveys is poor (in non-ferrous rocks) compared to most other
geophysical methods. Sedimentary rocks have the lowest and igneous rocks have the highest
magnetic susceptibility. The magnetic susceptibility of dolomite (the rock type in the Culebra
and Magenta) is in the range of 0 to 0.9, with an average of 0.1 (x 10* SI or System International
units), compared to magnetite (at the highest range), which ranges from 1200 to 19,200 with an
average of 6000 x 10° SL.

Magnetic anomalies are caused by igneous intrusion, flows, or sedimentary rocks with iron ores.
Magnetite and other ferromagnetic minerals are the primary source of local magnetic anomalies.
Magnetic survey results are interpreted from the magnetic contours and profiles. Magnetic
anomalies may only show trends, and interpretations are often qualitative at best, and uniqueness
in interpretation is seldom achieved. In general, this method provides relatively complex and
erratic results. The Magenta and Culebra are typically low in iron content and therefore
magnetic variations will not be easily detected. Magnetic anomalies in the Magenta or Culebra
are not anticipated to be large and easily distinguishable at depths of 590 ft or greater. The local
karst features in the Rustler are small and their presence does not increase the magnetite content
in the rock. Therefore the magnetic susceptibility in the Culebra or Magenta will remain
unchanged and will not provide any detectable magnetic trend for identification of karst. It is
apparent that the magnetic survey is not a useful geophysical tool for detecting karst at WIPP.
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4.2.2.2  Past Magnetic Survey Activity at WIPP

The potential application and scope of utilization for magnetic surveys in the WIPP environment
is very limited. Airborne magnetic surveys were used to detect the location of igneous dikes at
the early stages of site characterization. These surveys were conducted by the U.S. Geological
Survey. Elliot 1976 also studied the acromagnetic response and came to the conclusion that a
series of dikes with near-vertical orientation are responsible for the magnetic anomaly seen in the
collected data. Other geophysical tools were used to verify the conclusion. Magnetic methods
were not independently used in any other situation at the WIPP site.

4.2.3 Time Domain Electromagnetics Induction (TDEM)

TDEM is a controlled-source geophysical method that measures subsurface resistivity changes.
TDEM is similar to MT in that it measures electrical resistivity, but TDEM does not have the
depth of penetration of MT. However, in many cases, the resolution of TDEM is slightly better
than MT, especially when attempting to detect a conductive feature. The basic principle of this
method is to create an alternating magnetic field by passing alternating current through a coil.
This field is measured by using a sensitive electronic amplifier or potentiometer bridge. There
are several ways these surveys can be conducted in the field.

TDEM data are recorded by laying out a large loop of wire (on the order of 100 meters per side)
on the surface. A current is applied through the loop, which generates a magnetic field. This
field penetrates the subsurface; the depth of penetration is dependent on the size of the loop, the
amount of current sent through the loop, and the resistivity of the subsurface rocks. As the
magnetic field transmits into the subsurface, it creates secondary magnetic and electric fields that
can be recorded at the surface. TDEM systems measure the resultant magnetic and/or electric
fields at the surface in various orthogonal directions as a function of time. The resulting data are
a set of points that reflect resistivity changes at numerous depths in the subsurface.

Because TDEM is a controlled-source method, it is not subject to the same noise problems as
MT. In areas of high cultural noise (such as power lines) this can be an advantage. TDEM is
subject to natural noise sources (the MT signal) that can cause delays in recording; TDEM
recording is typically paused during high natural signal events.

4.2.3.1 Resolution of TDEM Surveys

As is the case with other geophysical methods, minimum size of detection with TDEM is an
important issue. In TDEM, depth, size, and resistivity are important considerations. It was
estimated that (in general) TDEM techniques might miss detecting brine pockets less than

5 meters in thickness (DOE 1988).

It is widely believed among practicing geophysicists that TDEM methods generally detect layers
with conductance values of about 1/3 or greater than the sum of conductance values from all
above-lying strata, with conductance defined as the ratio of thickness to resistivity. In the
TDEM survey at the WIPP site, conductance was estimated as the ratio of thickness to
resistivity. Based on this rather simple calculation, it was determined that the brine with
resistivity of 1 ohm-m would not be detectable. Therefore, it can be safely assumed that
detection of karst (typically of smaller dimension and with less conductive fluid content) in the
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WIPP environment would be very difficult, because any results would be uncertain in
interpretation and precision.

4.2.3.2 Past TDEM Survey Activity at WIPP

Blackhawk Geosciences (a DOE contractor) conducted a TDEM survey in 1987 to detect and
characterize the Castile brine pockets at the WIPP site. The main premise of this survey was that
the brine-saturated rocks would be more conductive and geoelectrically more distinct than the
more resistive Salado halite.

The Castile is located approximately 3,000 ft below the surface and is more than 1,000 ft thick.
Electrical impulses from the surface were introduced into the subsurface and the resulting
conductivity signals were processed to create apparent resistivity profiles. At WIPP, a north-
south grid pattern was used to measure 38 points at the grid intersections. Thirty-six data points
were used to create an interpreted geologic profile based on varying electrical properties
(apparent resistivity profiles) of the rocks at depth. Because of the substantial depth of the target
location and field logistics (the large transmitter loop size required to access this depth), the data
density was modest, which probably reduced the capability of the method to detect the relatively
small brine pockets. The geologic profiles were not uniform in interpretation and thickness, and
the arrangement of conductive layers in the subsurface can definitely increase uncertainty in
results. In addition, due to the sparse data points, only a one-dimensional approach to inversion
of the data points was used. Thus a three-dimensional problem was forced into a one-
dimensional solution, and this restricted the ability of the system to detect inclined or angularly
oriented pockets. Detection of a karst void within the Magenta or Culebra units at WIPP would
present similar problems as those encountered for the Castile.

Blackhawk Geosciences compared the TDEM results with the magnetotelluric results supplied
by Bartel 1989. Bartel’s work was related to characterization of the Culebra. TDEM results
were also compared with the results obtained by Skokan et al. 1989 using a magnetic induction
method, and the results were found to be in good agreement.

However, several questions were raised by reviewers regarding the accuracy of the depth
estimate, minimum detectable size, and consistency in interpretations (EPA 1998c). It was
estimated that the qualitative depth accuracy was on the order of 70 meters. The minimal size of
the brine pocket or brine-saturated region that may be detected by this method is dependent upon
the depth of occurrences, orientation, size, and conductivity (resistivity). It was decided that
there were not enough measurements taken to accurately predict the size of Castile brine pockets
or brine-saturated regions (EPA 1998c).
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4.2.4 Seismic Reflection Techniques

Seismic reflection surveys measure subsurface changes in rock acoustic velocity and density.
They are carried out by creating low frequency sound waves, on the order of 10 to 100 hertz, at
or near the earth’s surface via various means (explosive charges—such as dynamite, weight
drops, or specialized vibration-creating equipment—known as vibroseis), and measuring the
returns of the waves as they reflect off various subsurface rock interfaces and propagate back to
the surface. These measurements are recorded as a function of time. Numerous points are
recorded simultaneously. Compared to other geophysical techniques, seismic methods are
relatively precise with greater resolution. However, seismic methods tend to be relatively
expensive.

Propagation of sound waves in the subsurface is influenced by the elastic properties of the rocks,
particularly density and acoustic (sound) velocity. Reflected sound waves are influenced by rock
porosity, saturation, and temperature (Wilt 1995). Seismic reflection has the highest resolution
of any surface-based geophysical technique, but is still on the order of tens of feet under normal
field conditions at the depth of the Magenta or Culebra at WIPP. Reflections in the subsurface
are possible every time the acoustic wave encounters a layer of differing rock velocity or density.
Under ideal conditions, seismic data can map layers with thicknesses on the order of feet (if the
target is very shallow) to tens of feet for a deeper target. However, ideal conditions are seldom
achieved in the field and it is not always easy to determine the lithology or composition of the
layers, even though their presence may be seen.

4.2.4.1 Resolution of Seismic Reflection Techniques

Seismic reflection acquisition systems typically achieve a frequency range of 10 to 100 hertz
under ideal conditions. However, as the sound waves penetrate deeper strata, the frequency
range decreases due to natural attenuation of the earth. To evaluate the resolving power of
seismic reflection techniques, one must consider vertical and horizontal resolution, or the ability
of the seismic sound wave to ‘see’ distinct features underground. Vertical resolution is defined
by the Rayleigh Criterion, and the horizontal resolution is defined by the First Fresnel Zone.
These two definitions set a limit of one-quarter of the wavelength of the seismic sound wave as
the lower limit of resolution or object definition (Lorenzo 2003).

Seismic wavelength is defined as the velocity divided by frequency (W = V/F). Therefore, if the
Culebra is assumed to have an average velocity of 15,000 ft/sec (obtained from DOE-2 Sonic
Log, 15,625 ft/sec, estimated 15,000 ft/sec), and the average center seismic frequency is assumed
to be 50 hertz, the wavelength would be 300 ft. Therefore, the vertical and horizontal resolution
would be one-quarter of this wavelength, and equal to 62.5 ft. Even if a center frequency of 100
hertz is assumed at the depth of the Culebra, the resolution would be approximately 37.5 ft.
Therefore, seismic reflection tools cannot be used to search for or resolve karst near WIPP,
because the size of the karst will be much smaller than the limits of seismic resolution.

4.2.4.2 Past Reflection Seismic Activities at WIPP

DOE used several seismic techniques during WIPP site selection and characteristic activities.
SNL conducted three seismic surveys from 1976 to 1978, totaling 79 miles of data (Hern et al.
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1978; Griswold 1977; and DOE 1996, Appendix GCR). In 1976, DOE purchased 189 miles of
1950- to 1960-vintage seismic data acquired by Shell Oil Co. DOE also examined 709 miles of
seismic data in the offices of Exxon and Amoco during this time period. In 1976, DOE
attempted to acquire high-resolution seismic data; however, these data were not interpretable.
Later in 1979, DOE recorded seismic data directly over the WIPP site. More details regarding
past reflection seismic activities at WIPP are available in the CRA (DOE 2004 Appendix MON,
Attachment A, Section MON-A-6.2.3)

Seismic reflection data was used at the WIPP site to identify the “Disturbed Zone” in the Castile.
Information regarding the Disturbed Zone is provided in the CCA (Appendix GCR, 1996). This
structurally disturbed zone (which was created by natural processes) is located in the Castile
Formation. Borns et al. 1983 described two small Disturbed Zone areas south of the WIPP site.
The Disturbed Zone is a complicated structure and the reflection survey was not adequate to
resolve the minor details of the structure. However, the reflection survey detected a “blocky
structure with abrupt dip changes and offset between units.” (Long 1977b). Borns et al. 1983
interpreted the seismic character changes as the variation in thickness and/or acoustic properties.
Core data obtained from later drilling supported the seismic interpretations (structural
variations). The negative gravity anomaly coincided with the seismic results as “time structure
syncline at the reflection time of the Rustler Formation (seismic line 77x2, Chaturvedi and
Channell 1985).” Overall, the seismic reflection technique is more consistent in interpretation
and more closely matches the core data than other geophysical methods used at the WIPP Site
(DOE 1996, Appendix GCR).

4.2.5 Subsurface Reflection Seismic and Electromagnetic Techniques

It may be possible to use subsurface crosswell (between wells) geophysics to map detailed
changes within the Culebra or Magenta under ideal conditions. Crosswell geophysics have
advanced in their applications in recent years and are available using two methodologies:
electromagnetics (EM) and seismic velocity.

Crosswell geophysics is performed by lowering a transmitter (an active source) down one well
and a recording device down another well. Signals are transmitted from one well (either EM or
seismic) and recorded in receivers in the second well. The transmission and recording are done
at various depths in the wells in order to cover the desired portion of the subsurface. If the wells
are close enough to each other, it is possible to determine changes in lithology or fluids between
the two wells.

4.2.5.1 Crosswell Seismic Techniques

Crosswell seismic techniques have become more common during recent years (Hoversten et al.
2001). Energy sources, such as small airguns, piezoelectric sources, even small dynamite
charges, are lowered into boreholes to transmit sound waves to a series or line of geophones,
such as hydrophones, or piezoelectric receivers in another well, to record high quality inter-well
subsurface seismic reflection information. Crosswell seismic methods overcome many of the
problems associated with surface reflection seismic techniques. Irregularities of the near surface
are removed using crosswell seismic methods, attenuation of sound waves is less and allows for
recording higher frequency, and therefore more detailed data. However, processing of crosswell
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seismic data can be more difficult, because tube waves reflect up and down the borehole and
other interfering waves can mask the high-frequency reflection data. Successfully removing
these unwanted waves can be challenging. Based on the Agency’s review of literature on
crosswell seismic, because of limited energy source size and power, the Agency concluded the
distance between wells may be limited to a maximum of 2,000 to 3,000 ft depending on the
complexity of the lithology of the subsurface rock formations (Zhang 2002). Many crosswell
surveys are less than 500 ft between wells (Liberty 2000 et al).

Many of the crosswell energy sources can develop more than 2000 hertz sound waves, but
because of subsurface transmission frequency attenuation and other limitations, such as
interference from tube waves, the actual working frequency range is often 1000 hertz or less.
The vertical and horizontal resolution of crosswell seismic can be estimated using the same
relationship used for reflection seismic methods (working resolution equals one-quarter of
wavelength, and W = V/F, Section 4.2.4.1). Assuming an optimum working center frequency of
1000 hertz for the Culebra at a velocity of 15,000 ft per second, the best resolution or object
definition would be approximately 3.75 ft under ideal conditions and over a distance of 100 to
200 ft between well bores. In practice, this resolution may be seen in wells that are very close
together, on the order of hundreds of feet; 10-ft resolution has been seen in other situations with
wells separated by 600 ft to 2000 ft (Li 2001, 2002, Hatch 2001, Zhang 2002). However, wells
at WIPP are typically more than 1000 ft apart, so crosswell seismic may be impractical because
of distance between wells and insufficient resolution of crosswell seismic and are generally not
of sufficient borehole diameter to support crosswell tools.

Another limitation associated with using crosswell seismic can be attributed to the complexity of
the subsurface lithology. Studies have shown that geologic complexity can negatively impact the
quality and frequency content of crosswell seismic results, making interpretation difficult and
sometimes ambiguous. Studies have also shown a great deal of directional variability in quality
of the data in multi-well crosswell surveys due to changes in subsurface geology (Zhang 2002).

In conclusion, crosswell seismic surveys appear to be the most promising geophysical tool to
search for karst at WIPP, because all other methods do not offer satisfactory resolution at the
specified depths and size of the proposed karst features. However, crosswell seismic surveys are
a relatively new technology and not completely developed. Crosswell seismic surveys have
many limitations and restrictions:

e Two ideally located wells are required within a few hundred feet of each other

o Target definition and bedding resolution quality may vary because of complex lithology
and distance between wells

o Power of the energy source may limit data quality and resolution

A small brine-filled void, karst, may not be discernable using this tool. In existing wells with
degraded steel casing, crosswell seismic may not be possible because the degraded casing would
attenuate the sound wave. Karst may not be easily identified using this technology, because
seismic methods are sensitive to changes in velocity and density of the material, and the
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resolution of this tool is too low to see such changes at the depth of the Culebra at WIPP. No
crosswell seismic studies have been carried out at WIPP.

4.2.5.2 Crosswell EM Techniques

Crosswell electromagnetic (CEM) tomography is also being developed for use between wells,
and has been used since the early 1980s (Wilt 1995). Electromagnetic (EM) techniques are
particularly sensitive to electrical conductivity, which is directly related to reservoir fluid
properties, while seismic geophysical tools measure sound velocity and can provide information
on subsurface structure and rock porosity. EM is used to measure fluid content properties of
rock units, such as water saturation. EM can be used to distinguish oil and gas from other fluids
(Kirkendall 2001). CEM is being tested to study the effectiveness of water and CO, floods to
enhance oil recovery (Hoversten 2001). CEM can acquire much higher quality data and
resolution than surface EM techniques, but CEM still has limitations.

CEM has many of the same challenges as crosswell seismic techniques. Distance between wells
can negatively influence the quality of CEM data, and complex 3-dimensional geology can
generate unrealistic artifacts in the recorded CEM data (Wilt 1995). Carbon-steel borehole
casing can significantly attenuate and disperse the induced electromagnetic energy due to casing
surface conductivity (Kirkendall 2001). Work is being carried out to overcome the steel casing
effect.

CEM would have a very limited application for detecting karst at WIPP. A brine-filled karst
void, if it existed, would not easily be seen at WIPP using CEM. The contrast of rock filled with
brine and a brine-filled karst void would probably not be discernable even with the higher quality
and resolution of CEM. No CEM studies have been carried out at WIPP.

4.2.6 Conclusions Regarding Geophysical Methods for Finding Karst

Magnetotelluric methods for detecting karst at WIPP have been considered (Section 4.1) and
found to be unsuitable for this purpose, because of a lack of the necessary resolution at the
depths of the Magenta and Culebra. Similarly, gravity surveys, magnetic surveys, and TDEM
methods are unlikely to be useful for detecting karst in the Magenta or Culebra, because these
surveys would not provide adequate resolution or specificity for karst. Seismic reflection
methods cannot be used to search for or resolve karst in the Magenta or Culebra at WIPP,
because the size of the proposed karst voids would be much smaller than the limits of resolution.
Subsurface geophysical methods such as crosswell seismic studies or CEM similarly lack the
required resolution for detecting karst voids in the Magenta or Culebra at the WIPP site.
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5.0 CONCEPTUAL MODEL OF GROUNDWATER PROCESSES AT
THE WIPP SITE

A conceptual model of groundwater processes at the WIPP site was developed to address the
potential for karst formation at the WIPP site. In particular, the spatial orientation and potential
hydrogeologic impacts of potential karst hydrogeologic units, including the Culebra and Magenta
in the WIPP site area, were considered. EPA addressed specific karst-related using a conceptual
model including the following:

e  Whether evidence exists for past karst development at the WIPP site
e The potential for current and future karst development at the WIPP site

e The potential formation of “underground rivers” or other extensive karst features that
would facilitate the rapid transport of radionuclides if they were released from WIPP

In Section 6.0, alternative conceptual models are presented to assess whether the alternative
models adequately incorporate existing site hydrogeologic data.

5.1 SURFACE CHARACTERIZATION

The topography at the WIPP site can be described as gently rolling and sloping uplands with
some depressions developed and limited stream development (Figure 5-1). The land surface
generally slopes to the south and southwest, although a local topographic high exists on the site.
The remainder of the topographic slope is to the southeast and northeast. There is a topographic
high, Livingston Ridge, northwest of the site, adjacent to a topographic depression, Nash Draw.
If groundwater flow follows the topography in the shallow Eolian, Santa Rosa, and Dewey Lake
hydrogeologic units, the topographic highs and lows will control the near-surface groundwater
flow directions in these shallow hydrogeologic units.

Locally, the streams dissect pedogenic, eolian, and alluvial unconsolidated units, and the
Mescalero, Gatuna, Santa Rosa, and Dewey Lake lithologic strata. Regionally, the Pecos River
and Nash Draw dissect the deeper geologic strata, locally exposing the Magenta and Culebra
units in places. These dissected areas may serve as groundwater recharge or discharge areas to
the surrounding hydrogeologic units, depending on the hydrologic system dynamics.

The slope gradient is mostly less than 2%, which favors vadose zone infiltration and
evapotranspiration. Steeper slope gradients are observed around Nash Draw and the Pecos River
Gorge, where the near-surface processes of runoff (interflow) and evapotranspiration are
favored. The elevation across the WIPP site is nearly uniform, suggesting that precipitation
would tend to be evenly distributed across the region. Minor variations could exist at the site,
however.
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Figure 5-1. Topographic Map of the WIPP Site and Vicinity

Note the Nash Draw depression and various playa lakes, including Salt Lake

The perennial stream in the region is the Pecos River. The segments of the Pecos River that are
gaining or losing water have not been determined as part of this study, and much of the surface
water flow is artificially controlled by dam releases. Much of the Pecos River flow is derived
from headwater mountain hydrologic processes upgradient from the region. The Pecos River is
in hydraulic contact with the Culebra and Magenta units along some reaches, surface flow paths,
to the west and south of the WIPP site, and localized springs are known to occur at Malaga Bend

(DOE 2004). The springs are among the few known groundwater discharge zones of the Culebra
hydrogeologic unit in this region.

Other streams near the WIPP site in Nash Draw are ephemeral, lasting a short time, suggesting
that rainfall events control the surface runoff. Locally, these streams and drainages may function
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as groundwater recharge or discharge areas, depending on hydrogeologic relations and plant
distributions. However, based on size, drainage network, and location on the landscape, none of
these ephemeral drainages geomorphically appear to be associated with major active
“underground rivers.”

Several lakes and playas are observed in Nash Draw. These playas can be groundwater
discharge or recharge areas, depending on landscape position in the hydrologic system.
Groundwater discharge playas are indicated by the presence of water and phreatophytes (plants
with deep root systems, e.g., cottonwoods) growing around the margins of the lakes in Nash
Draw. Groundwater recharge and evaporation playas lack the phreatophytes and perennial
water. Many of the playas in Nash Draw have perennial water and phreatophytes due to surface
discharge from local potash operations, which will change the hydrologic relationship of the
playa to the hydrologic system. Permanent lakes like Salt Lake in Nash Draw, located
approximately 9 miles to the west to southwest of the WIPP site, are hydraulic head boundaries
to the local, subregional, and regional hydrologic system. There has been no observation of
“underground rivers” discharging into these lakes.

Evidence of springs, seeps, and phreatophyte community locations are important in defining
local and subregional groundwater discharge areas for any system. Vegetation type can provide
evidence to the salinity of the system. Some springs are noted in lower Nash Draw and the
Malaga Bend area of the Pecos River. These springs are reported to be discharged from the
Culebra aquifer in Nash Draw, and the Culebra and Magenta aquifer in the Malaga Bend area.
To date, however, outlets for the Rustler members have not been definitively identified. As early
as 1938, Robinson and Lang suggested that the Rustler waters from the Nash Draw area
discharge in springs at Malaga Bend on the Pecos River, citing an increase in the chloride of the
river water at this location as evidence. Morgan 1942 estimated that 350 tons of salt a day and
200 gallons per minute were being discharged via these springs. However, Theis et al. 1942
suggested that the salt water discharge at Malaga Bend comes from the brine aquifer at the
Salado/Rustler contact, and that very little of the salt contribution to Malaga Bend is from the
Culebra (the Magenta Member had not yet been recognized as a different layer within the Rustler
Formation). Regardless of which layer the water in the springs comes from, Geohydrology
Associates 1978, who lumped the Culebra, Magenta, brine aquifer, and alluvium as a single
aquifer for their calculations, calculated that aquifer outflow at Malaga Bend Springs is only
about 1% of the total of rainwater precipitated in the potential catchment area. The remaining
99% is lost to evapotranspiration. This volume of spring discharge is too small to be
representative of “underground rivers.”

The dominant upland vegetation is a grassland shrub mix typical of eolian regions and the
southern High Plains climatological region. Shrubs characteristic of the Chihuahuan desert are
also observed. These species are usually associated with potential infiltration and recharge areas,
and the infiltration processes are usually most active in the November through March time period
when the plants are dormant. These species are also adapted to high evapotranspiration rates,
which limit infiltration and recharge in these areas.

The phreatophyte community typically consists of Plains Cottonwoods, Willows, Tamarisk, and
Mesquite. Wetlands will also show a variety of species including cattails, sedges, and other
riparian species typical of saturated soils. Phreatophytes can be a good indicator of groundwater
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discharge zones or near-surface groundwater in arid lands. These phreatophytes are observed in
areas where the water table is near the surface, such as southern Nash Draw, the springs at
Malaga Bend, or along the Pecos River floodplain.

The mean annual precipitation at the WIPP site is about 13 inches per year, of which about 90%
is lost to evapotranspiration (DOE 2004). Given the form, magnitude, and distribution of
precipitation events, the maximum infiltration of precipitation into the subsurface will most
likely be from November to March, as snow melts or more gentle frontal system rains. This
amount and distribution of precipitation is too low for rapid karst development or “underground
river” development.

The soils and geomorphology at the WIPP site are summarized in DOE 2004. The following
features are of interest to karst hydrologists:

Eolian sand and blowouts: The thickness, distribution, and texture of these deposits indicate that
zones of infiltration and zones of near-surface flow are possible.

Pedogenic deposits, specifically, the Mescalero Caliche: This caliche is well-developed, thick,
and mostly continuous. As a result, where present, the Mescalero Caliche may locally serve as a
hydrologic barrier to vertical infiltration of surface water into the underlying groundwater
system. Caliche formation is probably occurring in the current climate.

Karst surface features, notably sinkholes and collapse valleys: Karst features can serve to disrupt
continuity of hydrogeologic units, both confining unit and aquifer, as well as hydrologic systems.
Nash Draw, hypothesized as a karst valley, may be one such feature that fully dissects the
Magenta and younger units in some areas, therefore breaking up the regional/subregional
continuity of their groundwater systems, if present. By comparison, sinkholes can serve as
hydrologic conduits from the surface to the subsurface units, and can serve as either recharge or
discharge features, depending on their position in the landscape and hydrologic system. Possible
sinkhole-like surface features, surface depressions, have been observed on the WIPP site, for
example at WIPP-13, WIPP-14 and WIPP-33. However, drilling at WIPP-14 showed that most
of the underlying hydrostratigraphic units are intact, and that vertical transmission of water from
the surface to deeper hydrogeologic units is unlikely. WIPP-33 is acknowledged by DOE to be
karst, and is said to be the nearest karst feature to WIPP (DOE 2004, Chapter 2). Additional
discussion pertaining to the aquifer testing conducted around WIPP-13 is presented in Section 6.

Paleospring deposits: These deposits, observed in upper Nash Draw (DOE 2004), have been
hypothesized as potential paleospring gypsite deposits (Bachman 1985). These deposits may
indicate locations where groundwater activity may have been greater in the geologic past. These
particular gypsite deposits are located next to the Dewey Lake hydrogeologic unit, and may
indicate groundwater activity in the Dewey Lake unit during past wetter climatic periods.
Because there are no structural features in the area of these deposits, it is unlikely that
hydrogeologic conduits and karst formation have been caused by groundwater discharge from
deeper units (Magenta and Culebra, for example) to shallower units.

Linear drainage pattern and topographic features: The drainage pattern suggests regional and
local fracture control of surface and groundwater flow. The Pecos River may be a regional

33



fracture zone that promotes discharge from the regional groundwater system to the surface where
the hydrogeologic units are connected to the Pecos River, such as Malaga Bend. This zone may
serve as a subsurface conduit or French drain for the regional system. Locally, fracture patterns
manifested as drainage patterns are observed from the air along the Livingston Ridge escarpment
and across the WIPP site. The effect of fracture zones on groundwater will vary depending on
the hydrologic system dynamics.

Karst processes in the vicinity of Nash Draw have been active throughout the geomorphic and
geologic past, and have created various heterogeneities in the overlying hydrogeologic units
(DOE 2004). However, it is unlikely that the deeper units are producing karst today, because
most of the reactive water is considerably distant from the WIPP site, and the current Magenta
and Culebra groundwater flow systems do not appear to have characteristics consistent with karst
development (e.g., very long equilibration times are observed). The potential for karst formation
would have been greatest approximately 22,000 to 18,000 years ago, when the last North
American ice sheet reached its southern limit roughly 1500 km north of the WIPP, and
precipitation was approximately twice that of the present (Corbet and Knupp, 1996).

The broad regional impacts to the area caused by human activity include potash mining and oil
and gas development. Potash mining has resulted in the development of discharge lakes in Nash
Draw and vicinity. Groundwater injection may affect the potentiometric surface of various
aquifers between the surface and the targeted salt units in the subsurface. Concurrently, the mine
discharge lakes created by this process may constitute hydrologic inputs, such as recharge into
the local and regional groundwater systems. Similarly, oil and gas development may
significantly change the groundwater systems, depending on whether the injection or withdrawal
(pumping) process is being used at each well site. The exact effects of the potash lakes have not
been determined as part of this study. However, these lakes have water chemistry characteristics
that generally would not be favorable for promoting karst development, including high TDS and
bicarbonate concentrations.

Construction at the WIPP site has included mine shafts, repository excavation, roads, buildings,
and other facilities. These facilities could affect each hydrologic system differently based on
design, hydrogeologic units breached, and position in hydrologic system. The hydrologic effects
of these features are monitored by DOE (DOE 2004).

5.2 GEOLOGY AND HYDROGEOLOGY

The stratigraphic and lithologic units (soil and rock) have been determined using soils, geology,
and geophysics databases by various investigators, and are summarized in DOE 2004. The local
and regional structures that may affect the groundwater system at WIPP are also summarized in
DOE 2004. The hydrogeology of the WIPP site was characterized by analyzing each
hydrostratigraphic unit in terms of thickness, porosity, permeability, hydraulic conductivity and
transmissivity, and storativity (DOE 2004). Most of these units were quantified based on aquifer
tests, laboratory analysis, or parameter estimation and modeling (DOE 2004).
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Figure 5-2.  Site Geologic Column of the Permian through the Quaternary

The Permian is the thickest system in the northern Delaware Basin, and it is divided into
four series from the base to top: Wolfcampian, Leonardian, Guadalupian, and Ochoan
(Figure 5-2). According to Keesey 1976, the three lower series total 2,647 m (8,684 ft) near
the site. The Ochoan Series at the top of the Permian is approximately 1,200 m (3,938 ft)
thick at DOE-2, about 3.2 km (2 mi) north of the site center.The Rustler is the youngest
evaporite-bearing formation in the Delaware Basin. Vine 1963 extensively described the
Rustler in Nash Draw and proposed the four formal names and one informal term that were
used for the stratigraphic subdivisions of the Rustler. These are as follows (from the base):
Los Medafios, Culebra Dolomite Member, Tamarisk Member, Magenta Dolomite Member,
and Forty-niner Member (Figure 5-3). A discussion of the hydraulic properties of all of the
members of the Rustler is presented in Attachment B of this report. Since the Culebra and
Magenta are more important with respect to groundwater flow and the potential formation of
karst, however, a brief summary of their hydraulic characteristics is provided below.

The Culebra hydrogeologic unit has a bimodal transmissivity distribution (Figure 5-4). The low
transmissivity measured values probably indicate porous-medium conditions, whereas the high
transmissivities may indicate dual-porosity conditions due to fracturing (DOE 2004,

Appendix PA, Attachment TFIELD; Chapter 7 of Beauheim and Ruskauff 1998). Aquifer tests
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showed differences in head declines with direction, which may be attributed to Culebra hydraulic
conductivity heterogeneity (DOE 2004).
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Figure 5-3.  Stratigraphy at the WIPP Site
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The Magenta hydrogeologic unit most likely functions as a porous medium. Transmissivities in
the Magenta are low, with 16 of 18 reported values less than or equal to 1 x 10° m%/sec (DOE
2004). Because there were such low flow conditions, standard aquifer tests were not conducted
by DOE in the Magenta; slug-test were the only effective method to test these wells. Slug-test
data are consistent with standard porous-medium type curves. Higher Magenta transmissivity
values are observed in Nash Draw at WIPP-25 and WIPP-27, and may reflect the impact of
dissolution and subsidence in this area (DOE 2004).

The hydrostructural units at the WIPP site, most notably the potential karst features observed at
the surface at WIPP-14 and WIPP-33, were characterized by drilling for continuity and
hydrogeologic framework and for hydrologic system attributes. The interpretation of the results
of this drilling have been discussed and debated by DOE 2004, Hill 1999, and Snow 1998.
Beauheim et al. 2000 points out that in WIPP-14 an interval of about 81 ft in the upper unnamed
lower member, now called the Los Medafios Member, was reported as “mud” or variations of
this in the drilling log based on the cuttings. This has been interpreted as a mud-filled cavern by
Phillips 1998.
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The geophysical logs for this interval, however, show an unaltered normal signature as observed
in hundreds of other wells (near and far) and does not show any evidence of being a “mud-filled”
cavern. This interval even includes an unmistakable anhydrite bed that is about 10-ft thick and is
commonly referred to as “A-1.” Phillips 1998 has not explained this contradictory evidence
from the WIPP-14 geophysical logs in his interpretation of a mud-filled cavern in the Los
Medanios Member. Furthermore, the presence of so-called “underground rivers,” either
hydrologically or lithologically, has not been directly shown by these drill holes, or other drill
holes into the Culebra or Magenta hydrogeologic units.

5.3 HYDROLOGIC SYSTEMS

EPA conceptualized the modern hydrologic system around WIPP with respect to type and
distribution of recharge and discharge for each of the hydrogeologic units. The
conceptualization of these individual hydrogeologic units was then expanded to include the
WIPP site groundwater flow system. Groundwater geochemistry and age were also considered
in the hydrologic system evaluation.

5.3.1 Conceptual Model for Magenta Groundwater Flow System

Groundwater recharge to the Magenta appears to be mostly from regional sources to the north
and northwest, and possibly the northeast, of the WIPP site (Corbet and Knupp, 1996). Based on
the age of the groundwater, which is greater than 10,000 years, and the high TDS of the Magenta
groundwater (DOE 2004), the water appears to have traveled slowly and over great distances
from its source. One potential recharge source may be the interaquifer connection between the
Capitan, Magenta, and Culebra hydrogeologic units to the north and west of the WIPP site (DOE
2004). This source of groundwater may explain why the regional heads of the Magenta and
Culebra aquifers are similar, even though aquifer tests at the WIPP site indicate no hydraulic
connection in this part of the regional system (DOE 2004). One local recharge zone located in
the lower part of Nash Draw will add groundwater to the Magenta downgradient of the WIPP
site. The relationship between the magnesium and potassium concentrations and the hydraulic
properties of the hydrologic unit of the Magenta Dolomite Member is not as well defined as in
other units, but does exist. The mineralization of the water and the combined concentrations of
magnesium and potassium in the Magenta increase from the northwest to the southeast. The
unusually large degree of mineralization in the water at test hole WIPP-27 may be caused by a
relatively well-developed hydraulic connection between the Magenta and other rock units that
contain highly mineralized water (Mercer 1983).

5.3.2 Conceptual Model for the Culebra Groundwater Flow System

Groundwater recharge to the Culebra is believed to be mostly from regional sources to the north
and northwest of the WIPP site. Based on the age (greater than 10,000 years) and the high TDS
chemistry of the Culebra groundwater (DOE 2004), the water appears to have traveled slowly
and over great distances from its source. One potential recharge source may be interaquifer
connection between the Capitan, Magenta, and Culebra hydrogeologic units to the north and
west of the WIPP site (DOE 2004). As noted for the Magenta aquifer, this may explain why the
regional heads of the two aquifers are similar, even though aquifer tests at the WIPP site indicate
no vertical hydraulic connection in this part of the regional system. One possible local recharge
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