WA /773

REGIONAL GEOLOGICAL PROCESSES
AFFECTING RUSTLER HYDROGEOLOGY

Prepared for:

Westinghouse Electric Corporation
P.O. Box 2078
Carlsbad, New Mexico 88221

Prepared by:

Dennis W. Powers
Consulting Geologist
HC 12, Box 87
Anthony, Texas 79821

Robert M. Holt

IT Corporation
5301 Central Avenue NE, Suite 700
Albuquerque, New Mexico 87108

April 1995

e JInformation Only




EXECUTIVE SUMMARY

This executive summary is prepared for the general reader rather than as a strict summary of
the technical material. The executive summary includes broader information about the
context of the study and general implications. It also includes limited explanations of the
technical approach not included in the abstract. While this report was written mainly for the
professional geologist, the technical community at large should be able to follow the thrust of
the arguments with occasional reference to the American Geological Institute Glossary of
Geology to understand some technical terms.

The Waste Isolation Pilot Plant (WIPP) in southeastern New Mexico is being constructed to
isolate transuranic radioactive waste from U.S. defense programs from the environment by
emplacing it within the bedded salt of the Permian Salado Formation. The Culebra Dolomite
Member of the Permian Rustler Formation is the most significant hydrological unit overlying
the Salado. Geological processes operating since Rustler deposition have contributed to the
evolution of Culebra hydrological properties. These properties are being extensively
evaluated.

This report addresses the timing, magnitude, and areal extent of these regional geological
processes with respect to the Culebra. In another document, we will more directly address
the relationship between hydrological properties and factors such as overburden or thickness
of halite in the Rustler. While these geological processes have been considered at one level*
or another in previous reports for the WIPP, we address some in much more detail, and all’.

are cast in terms of their effects on the Culebra.

Evaporites in the Delaware Basin have partially been dissolved, and Culebra hydrological
properties have commonly been associated with dissolution of halite from either the Rustler or
the Salado. The analyses have not always been provided in detail, and we have reexamined
both the Salado and the Rustler. '

The upper- half of the Salado was subdivided into intervals for comparison of geophysical logs

- from the area. From the WIPP site to the southeast, the intervals change little in thickness

and represent the depositional sequence. West of the WIPP site, the upper interval of the
Salado (from Marker Bed 103 to the top of the Salado) declines greatly in thickness across a
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horizontal distance of about 2 miles (about 3 kilometers). The zone of thinning underlies

Livingston Ridge, the eastern boundary of Nash Draw, and very closely parallels its trend.
The zone then runs to the southeast. Several of the Nash Draw drillholes used for
hydrological monitoring lie on this trend or west of it, and they show the effects of
subsidence after dissolution. Along the southern part of the mapped area, highly variable
thicknesses signify considerable Salado dissolution in the Big Sinks and Phantom Banks
areas. Furthermore, the dissolution in the southern part of the map area has reversed the
eastward dip on the Culebra and created an anticline (the "Remuda Basin anticline") that
trends from the Remuda Basin to the southeast.

The structure contour map of the Culebra indicates some of the tectonic activity that has
affected the unit and can change hydrologic characteristics. The Culebra shows a general

~ eastward dip like the formations under the evaporites, but it is further deformed locally.

Northeast of the WIPP site, at the location of drillhole ERDA 6, the Castile Formation has
been deformed, and the Culebra has been arched into an anticline. The effects of this
deformation extend to the northeastern corner and to the eastern side of the WIPP site. South
of the WIPP site, the Remuda Basin anticline formed from a combination of regional
eastward dip and westward reversal of dip caused by subsidence over an area of Salado
dissolution. More subtle structural changes across the WIPP site have been isolated by
comparing the present Culebra structure to the estimated regional structure—a regular
eastward dip of about 1°. The main feature is a negative deviation, along the north side of
the WIPP site, from this estimated regional structure. The feature is larger than can be
accounted for by halite dissolution, and the Dewey Lake is thicker in the same area,
indicating that it apparently down-warped moderately before late-Cenozoic erosion. This '
analysis, comparing structure to an estimate of regional structure, is limited because of
assumptions, but it also has power to delineate subtle activity superimposed on regional
structure.

Geophysical logs of the Rustler were carefully interpreted to map the presence of halite
within three members of the formation. In contrast to some earlier studies, the unnamed
lower member was separated into two mudstone/halite units to emphasize the location of
halite immediately under the Culebra. Some earlier studies depended more on cuttings and

~ core for information. Our work may indicate halite when it is absent, whereas studies

depending on cuttings and core may miss some halite. There is general agreement, however,
between the two methods. By mapping the areal extent of halite in the Rustler members, we
will be able in a later document to determine how well halite thickness correlates with
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_ hydrologic parameters. In past studies, we have reported the results from shaft mapping, core

descriptions, and geophysical log ifitérpretations of thé Riistler. On the basis of these studies,
we concluded that halite was mainly distributed according to sedimentary processes rather
than later dissolution. If so, this would minimize the effects of Rustler halite dissolution on

Culebra hydrology.

The rocks at the WIPP were buried more deeply in the past, but part of the overburden has
been removed by erosion. These stress changes can create or enhance fracture porbsity within
beds such as the Culebra. We have reconstructed some possible loading and unloading
histories based on the geology of the site and region. The most likely sequence is that
Triassic rocks loaded about 400 meters (about 1,300 feet) more before a lengthy period with
some erosion and little deposition. Near mid-Cenozoic time, the rocks in the basin were tilted
to the east. After that, the rocks across the site were eroded to a wedge-like shape, during
what was likely the highest rate of unloading. Surrounding areas have thick deposits of
Cretaceous rocks, but there is little to indicate thick Cretaceous deposits across the WIPP site.
Data from hydrocarbon maturation more weakly indicate greater burial as well.

In this report, different regional geological processes were examined in some detail with
respect to the Culebra. In a later report, these and other data will be integrated to try to
correlate Culebra hydrology more closely with pertinent geological factors.
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PREFACE

Through our studies of the Permian Rustler Formation (Holt and Powers, 1988; Powers and
Holt, 1990), we began to discern different processes contributing to the development of
Rustler hydrogeology. We proposed (e.g., Beauheim and Holt, 1990) some alternatives for
Rustler hydrology that emphasized a history to this development. To better understand
Rustler hydrology, we also believed it necessary to understand better both the underlying and
overlying units and the geological history of the units since the Permian.

We began several specific studies of geology and hydrology related to the Rustler and
attempted to integrate the information into a single, comprehensive volume. Like some other
documents for the Waste Isolation Pilot Plant project, this volume has been cited while in
draft (commonly as Holt et al., in preparation), and various figures have been used or
modified for use in other documents. Several topics included in the draft have now been
published or made available in other formats (e.g., Beauheim and Holt, 1990). As a result,
the main topics not yet available are the geology and palechydrology related to the Gatuna
(Powers et al., in review), regional geological processes affecting Rustler hydrology (this
report), and a summary paper on Rustler hydrogeology. These are being prepared and printed
as separate documents, and all are expected to be available during the first half of 1995.

Besides depositional processes and features, we recognize several other processes that may
contribute to the pattern of Rustler hydrogeology. This report broadly assesses several of
these processes, based on new or additional information.
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 Abstract

The Culebra Dolomite Member of the Permian Rustler Formation is a hydrological unit that
significantly affects performance analysis of the Waste Isolation Pilot Plant (WIPP). Regional
geological processes following deposition of the Culebra contributed to its hydrological
propcrﬁesQ We focused on dissolution, tectonics, and loading/unloading to determine the area,
magnitude, and timing of their effects on the Culebra.

Though the Salado Formation has been extensively dissolved in the western Delaware Basin,
drillhole data in the area around the WIPP show that the site has not been affected. The
upper Salado thins more abruptly to the west of the WIPP, along the margin of Nash Draw,
and to the southeast. Several Nash Draw boreholes have been drilled on this zone of

thinning.

The Culebra has been deformed by regional tectonics, evaporite deformation, and dissolution
of underlying rocks. The eastward dip (approximately 1°) is its main tectonic feature. At
ERDA 6, a drillhole northeast of the site, the underlying evaporites have deformed, arching
the Culebra well above the regional trend and forming an anticline. South of the WIPP, an
anticline (the "Remuda Basin anticline") has formed where dissolution of the Salado to the
west reversed the eastward regional dip. Across the WIPP site, more subtle changes in
structural position of the Culebra are believed to have formed from variations in regional
tectonics or from evaporite deformation, rather than from dissolution of Rustler halite.

Geophysical logs were interpreted to determine the areal extent of halite in various Rustler"
members in the vicinity of the WIPP. In contrast to some earlier studies, the unnamed lower
member was divided into two separate mudstone/halite units. Though we believe halite in the
Rustler is mainly distributed according to depositional processes, the data will permit the
hydrologic parameters of the Culebra to be compared more directly with variations in
thickness and other factors.

The Culebra has been physically perturbed by loading and unloading since the Permian. It is
most likely that approximately 400 meters (approximately 1,300 feet) of rocks were added

- during the Triassic. Little, if any, additional load was added until the late Cenozoic. The

bevelled edges of the Dewey Lake and Santa Rosa Formations suggest that they were eroded
since regional tilting occurred about mid-Cenozoic, which may have been the most rapid
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A j)en'od of unloading experienced by the Culebra. Evidence based on hydrocarbon formation

in formations below the evaporites suggests greater loaditig and unloading.
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1.0 Introduction

The Permian Rustler Formation (Figure 1) of southeastern New Mexico overlies Permian
evaporite beds of the Salado Formation. The Waste Isolation Pilot Plant (WIPP) is a facility
designed to dispose of transuranic wastes (from U.S. defense programs) in the Salado. The
Rustler has been intensely studied (e.g., Beauheim and Holt, 1990; Beauheim et al., 1991;
Reeves et al., 1991) as a potential pathway for waste should any mechanism release waste
upward from the disposal horizon. '

Most of the available field work on Rustler hydrology has focused on determining in situ
properties of water-bearing units (mainly the Culebra Dolomite Member) through various
borehole tests. There are continuing efforts to try to understand how well the hydrologic data
at boreholes represent the formation or individual units. Last, but not least, the data and
generalizations about the hydrology of the Culebra have been used to assess the performance
of the WIPP in isolating waste, given certain assumptions about failure scenarios.

Studies of Rustler geology mainly began from the need to describe the geology of WIPP
shafts and were accelerated by differences in interpretation of the distribution of halite in the
formation. Depositional features were studied and interpreted (Holt and Powers, 1988), and
we began to recognize additional geological processes that contributed to the development of
Rustler hydrology. Here we will concentrate on those processes, exclusive of deposition, that
we believe most contribute to Rustler hydrology.

A number of regional processes likely have affected the hydrogeology of the Rustler by
developing or enhancing the fracture permeability of water-bearing units, especially the
Culebra. Pervasive processes, such as regional ﬁlting, may have introduced areally extensive
and rclatjilely uniform strain, and regionally extensive processes, such as dissolution of the
Salado, may have local consequences around the WIPP. In the analysis that follows, we
emphasize the regional processes likely to have some local effect on hydrologic characteristics
of the Culebra. In order of discussion, these are dissolution of the Salado, tectonic or other
deformau'c_m of the Culebra, dissolution of Rustler halite, and the unloading history of the
Culebra.

Only a few stratigraphic units are discussed in this report (Figure 1). The Salado and Rustler
are considered in more detail, and some additional stratigraphic information is presented in
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~ later sections, as needed. (For further information on the background of the stratigraphic

nomenclature, refer to Powers and LeMone [1990]. Lucas and Anderson [1993a,b] have
proposed some changes in stratigraphic nomenclature for this area that we are not using until
their utility is established.) Within the Delaware Basin (Figure 2), the Salado overlies the
Permian Castile Formation, also an evaporite deposit, and underlies the Rustler Formation, a
mixed clastic and evaporite unit (Holt and Powers, 1984, 1986a, 1986b, 1988; Powers and
Holt, 1990). The overlying Permian Dewey Lake Formation and Triassic Santa Rosa
Sandstone (also referred to in reports respectively as the Dewey Lake Red Beds and the
Dockum Group or the Triassic undivided) are considered briefly for certain processes,
especially unloading. The Mio-Pliocene Ogallala Formation of the High Plains is useful for
estimating some bounds to erosion and unloading. The Miocene to Pleistocene Gatufia
Formation is also briefly referred to, though it is considered separately as it relates to
geological history and possible recharge (Powers and Holt, 1995). The Rustler Formation has
been evaluated in detail in Holt and Powers (1988).

Data developed for this report and existing data sets used to supplement our work have
varying metric and English units. The units used in differing sources are generally adopted as
primary units, and conversions are provided. Conversions may be rounded, especially if an
estimate is the beginning point. Thus, 300 m may show a conversion of 1,000 ft. Not all
units, however, are converted. A contour line value may not be converted, and some
repetitive values have been deliberately left without a conversion.

Drillhole data used in and developed for this report have a history that is demonstrated by the
appendix organization. Many drillholes were initially interpreted for the Rustler study (Holt
and Powers, 1988), and these drillholes provide a substantial part of our database. -

Appendix A presents this database, supplemented by some additional drillholes and
interpreted for additional stratigraphic units. Appendix A-1 presents basic identification and
location data for each drillhole. Appendices A-2, A-3, and A-4 present depth data,
respectively, for the Salado, Rustler, and Dewey Lake and Santa Rosa. Appendix B reports
similar location and identification data (B-1) and depths for Rustler units (B-2) provided by
Richey (1989). Appendix C is a comparison of the Rustler data between the Holt and Powers
data set (Appendix A-3) and the Richey data set (Appendix B-2). Topics are not introduced

~ in the text exactly in the order of appendix information.
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2.0 Salado Dissolution

It has long been recognized that the Salado Formation has been variably dissolved, with the
greatest effects occurring west of the Pecos River. Removing the thick salt deposits of the
Salado significantly disrupts the overlying units, including the Rustler Formation. Within this
section, we review the general geology of the Salado, including WIPP information bearing on
the depositional history of the unit. Specific data on the thickness of the Salado have been
developed and help to ascertain both the location of, and the potential for, disruption of the
overlying units by dissolution.

2.1 Background Information on the Salado

The Permian Salado Formation of southeastern New Mexico and west Texas is well known as
the major domestic source of potash used as fertilizers in the United States. The Salado was
deposited over a large area of the Permian Basin in New Mexico and west Texas (Figure 2),
and Lowenstein (1988) considers the Salado a saline giant because of its areal extent. Over
much of the area, Salado strata are readily traceable. The dominant mineral is halite, but
marker beds are mainly sulfate minerals. These marker beds, consisting of anhydrite and
polyhalite (or gypsum at shallow depths), are continuous over large areas. The U.S.
Geological Survey (Jones et al., 1960) numbered the more prominent of these marker beds
downward from 100 to 144.

The Salado displays features that have been interpreted to have formed in shallow water in a
desiccating basin (Gard, 1968; Jones, 1972; Lowenstein, 1982, 1988; Holt and Powers, 1990,
1991). Depositional features from WIPP shafts have been described and interpreted by Holt
and Powers (1990, 1991), indicating that water-table levels changed frequently while beds
were being deposited. Argillaceous beds and features are analogous to young evaporites
exposed at Death Valley, California.

2.2 Salado Stratigraphy

The Castile and Rustler Formations were named by Richardson (1904) for outcrops at Castile
Spring and the Rustler Hills, respectively, in Culberson County, Texas. The principal
evaporite rocks are below the Rustler and were divided by Cartwright (1930) into two units:

- the lower and upper Castile Formations. Lang (1935) later proposed that the upper Castile

Formation of Cartwright should be called the Salado Formation after Salado Wash in northern
Loving County, Texas. Lang (1935) restricted the name Castile to the lower section.
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v Pre-Rustler evaporites belonging to the Salado were noted by Lang (1935) to generally have

more than 1 percent K,0O, as well as polyhalite. Adams (1944) states that the Salado was
defined by Lang (1935) ". . . to include all pre-Rustler evaporites containing more than 0.5 of
1 percent of potash," though this limit is not in various publications by Lang (1935, 1937,
1939, 1942) covering the Salado. A stratotype of the Salado was designated (Lang, 1935) in
the Pinal Dome Means No. 1 well (southeast corner, Section 23, Block C-26, P.S.L.) in
eastern Loving County, Texas. Lang (1939) considered the difficulties in designating the base
of the Salado on any of several criteria:

The base of salt over the Capitan reef

The base of potash, including polyhalite

The top of banded anhydrite

The contact between anhydrite and Capitan limestones.

This was, at least partially, resolved when Lang (1942) described the anhydrite overlying
Capitan reef rocks and defined the contact as the base of the Salado. Lang named this basal
member of the Salado the Fletcher Anhydrite after the U.S. Potash Fletcher No. 1 core test
(Section 1, T.21S., R.28E.) in Eddy County, New Mexico. By this definition, the Castile
Formation was restricted to the Delaware Basin area inside the Capitan reef. Later
investigators (Jones et al., 1973, p. 15; Bachman, 1984) suggest that the Fletcher Anhydrite

Member may interfinger with anhydrites normally considered part of the Castile Formation

elsewhere in the Delaware Basin. In a recent paper, Madsen and Raup (1988) agree with
earlier proposals (e.g., Bachman, 1984) that the Castile was exposed along the western margin
of the Delaware Basin before the Salado was deposited.

Several additional members or beds within the Salado have been formally or informally
proposed and are used with varying frequency (Figure 3). Kronlein (1939) named the McNutt
potash zone after the 250-foot (ft) (76-meter [m]) thick interval with soluble potash salts first
demonstrated in the Snowden-McSweeny V.N. McNutt No. 5 drillhole. The Cowden
Anhydrite Member was included in the lower Salado by Lang (1942); the Cowden was
designated by Giesey and Fulk (1941) in a well in the North Cowden field in Ector County,
Texas. In the northern Delaware Basin, a zone of halite below the Cowden has informally
been called the infra-Cowden. Within this salt unit, Lang (1942) designated the La Huerta
Siltstone Member for a 5-foot-thick (about 1.5-m-thick) red siltstone that Lang felt is common

over the Capitan reef area. The name comes from La Huerta townsite, north of Carlsbad,

where Lang expected the siltstone would crop out if present at the surface. In the northern
Delaware Basin, a widespread unit was named the Vaca Triste Sandstone Member (Adams,
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1944) for Vaca Triste Draw. The type section was designated at depths between 1,555 and
1,565 ft (474 and 477 m) in the Continental King No. 1 well (Section 26, T.25S., R.32E.) in
Lea County, New Mexico. Adams (1944) reports 15 ft (4.6 m) of anhydrite immediately
underlying the Vaca Triste. Geophysical logs from the vicinity of Continental King No. 1
display a prominent siltstone bed at about the same depth, but there is no discernible
anhydrite or sulfate unit beneath it (Figure 4). These geophysical log signatures provide a
standard for the Vaca Triste, though it cannot be conclusively demonstrated to be the Vaca
Triste as described by Adams (1944). The log signatures provided are similar in form and
stratigraphic position to the Vaca Triste as identified in other areas (e.g., Jones et al., 1960).

Kronlein (1939) introduced a numbering system for halitic and sulfatic units within the upper
Castile (Salado), but this scheme was not specifically adopted. Jones et al. (1960) provide
general geophysical log responses and corresponding lithologic logs for the Salado in the
potash resource area in the northern Delaware Basin and on the Northwestern Shelf. Jones et
al. (1960) clarified and established informal marker bed and ore zone terminology (Figure 3)
that has become standard and is used here. In éddition, Jones et al. (1960) commented on the
variability of marker bed thickness and lithology on the shelf north of the Delaware Basin and
in the northern Delaware Basin area.

2.3 General Salado Geology in the Northern Delaware Basin

The total Salado section in the eastern part of the Delaware Basin (Figure 2) consists of about
2,000 ft (600 m) of evaporites. The Salado is about the same thickness at the WIPP site in
the northern part of the basin. The Salado can be considerably thinner (1,000 ft [300 m]) .
northwest of the WIPP site, near the potash mines. "

Over the western part of the Delaware Basin, however, the Salado consists of yellowish-
brown to reddish-brown, poorly consolidated argillaceous and silty sediment and blocks of
gypsum that are commonly bright reddish brown. The gypsum blocks are attributed
informally to incongruent solution of polyhalite beds, as most polyhalite beds are orange to
reddish-brown from disseminated iron oxide. The blocks also are considered to be alteration
products of one or another of the major marker beds of the Salado. These outcrops are thin,
and they have been studied little because they are usually considered a residue from nearly

~ complete dissolution of the Salado.

Between these extremes, the Salado may be thinner than it normally is in or near the
depocenter, varying due to deposition, dissolution, or some combination of the two. Holt and
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Powers (1988), following Bachman (1974), demonstrated that in the Nash Draw area,

dissolution removed as much as 180 ft (55 m) of upper Salado, causing collapse upward that
has affected the overlying units, including the Culebra Dolomite Member of the Rustler
Formation. The inference by Bachman (1974) that this occurred since formation of the
Mescalero caliche is no longer maintained as correct (Bachman, 1980, p. 85), while the
removed thickness is likely underestimated. The hydrologic character of the Culebra has been
altered by this process in the Nash Draw area.

For this study, the upper Salado is more systematically examined over a larger area, and the
objective is to assess the amount of soluble minerals that may have been removed from the
upper Salado in the vicinity of the WIPP site. The objective requires that we estimate the
reasonable variation in original deposition that may have occurred and the relative.time of
removal. A series of isopach maps of selected upper Salado beds and intervals between them
demonstrates the variable thickness. Combined with analysis of geophysical log signatures
and selected structure contour maps, these isopachs permit an initial assessment of how past
and/or future dissolution of the upper Salado may affect Rustler hydrogeology.

From the general vicinity of the Pecos River eastward, the subsurface Salado thickens toward
an area near the eastern margin of the Delaware Basin. Additional sulfate marker beds can
also be distinguished in the upper Salado in the eastern Delaware Basin. Jones et al. (1960)
and Bachman (1974) described how, from east to west, the Rustler lies on successively deeper
marker beds of the Salado. Vine (1963) attributed the relationship to dissolution of the upper
Salado. Jones et al. (1973) note that a solution residue of the Salado would probably be
lumped with basal Rustler mudstones on the basis of geophysical logs. Holt and Powers
(1984, 1988) recognize erosion and channeling in basal mudstones of the Rustler at the WIPP
site. At least some pre-Rustler erosion and dissolution of the upper Salado probably have
occurred. Based on outcrops, Adams (1944) considered the Salado/Rustler contact to be

erosional.

The present relationship of the upper Salado to the basal Rustler was developed apparently
both by pre-Rustler solution and erosion (that continued as the basal Rustler was being
deposited) and later episodes of dissolution (that may be largely Cenozoic and are probably

~ continuing at some level today). We are still unable to separate basinwide the relative

contributions of these two episodes, and we generally ascribe the effects to later dissolution,
though this overestimates the effects during this time.

© 301651
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Between sulfate marker beds, intervals of halite are mixed variously with polyhalite,

anhydrite, siliciclastics, and some potash minerals. In this study, siliciclastic beds, mudstones,
or argillaceous halite were distinguished by geophysical log responses (mainly natural gamma
ray and sonic or acoustic velocity logs). These argillic rocks are commonly continuous over
the width of the basin like the numbered sulfatic marker beds (Powers et al., 1988), although
early mapping in the WIPP underground ([TSC-D’Appolonia], 1983; Powers and Hassinger,
1985) and more recent mapping in a shaft (Holt and Powers, 1991) demonstrated that the
argillaceous units are laterally disrupted on a scale of 1 m or less (about 3 ft) by
syndepositional processes. The argillaceous units have not been numbered or named,
probably because they are not as distinctive individually in cores or cuttings, with the
exception of the Vaca Triste Sandstone Member (Adams, 1944) that is taken as the upper
boundary of the McNutt potash zone. The siliciclastic beds are also helpful in diagnosing the
effects of dissolution and the extent of lateral facies changes within the Salado.

Within Nash Draw, much of the upper Salado has been removed by dissolution (Bachman,
1974; Holt and Powers, 1988). Erosional features in the basal Rustler mudstones, however,
also suggest that the upper Salado section in the central to western parts of the Delaware
Basin may have been lost through erosion and/or solution before the Rustler was deposited.
The section may not have been reduced simply due to dissolution in the more recent
geological past. Three separate processes may contribute to the generally observed contact
relationships between Rustler and Salado: dissolution, pre-Rustler erosion and dissolution, or
Salado facies/depositional changes. Dissolution has been considered as the significant process
(e.g., Jones et al., 1973; Bachman, 1974; Anderson, 1978; Vine, 1963; Lambert, 1983),
though Adams (1944) reported a nonconformity at the Salado/Rustler contact. The prevailing
assumption has been that upper Salado marker beds, lithofacies, and thickness were deposited
uniformly through the area of the Pecos River Valley. This assumption tends to maximize
the volume estimate of halite and other rocks removed by dissolution.

As rock is dissolved in the subsurface, void space is created, and the overlying rocks tend to
collapse and fracture (see review in Holt and Powers, 1988). Such fracturing and collapse
has been hypothesized to contribute to the hydrologic characteristics of the Culebra Dolomite
Member of the Rustler Formation (e.g., Gonzalez, 1983; Mercer, 1983; Beauheim, 1988).

~ Holt and Powers (1988) suggest that rocks overlying a dissolution zone are affected in

proportion to the thickness of dissolved rock. A realistic estimate of the thicknesses of
removed Salado and Rustler rocks may correlate with present hydrologic properties (and
predict future characteristics) of the Culebra better than conservative estimates. Holt and
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_ Powers (1988) reconstructed depositional environments of the Rustler, providing a more

realistic (and lower) estimate of the extent of recent Rustler dissolution. Most of the Rustler
halitic units were affected by synsedimentary dissolution much more than by dissolution after
the Rustler was deposited. The upper Salado needs to be reexamined as well to provide a
more realistic estimate of recent dissolution.

In. this study, the upper Salado relationships to the Rustler are reexamined to provide insight
into possible effects of facies changes and pre-Rustler erosion and solution, as well as more
recent or post-Rustler dissolution. For an initial approach, the loss of upper Salado is
estimated from the change in thickness from the base of the Rustler to specific marker beds
(e.g., Marker Bed [MB] 103). Jones et al. (1960) indicated how geophysical logs could be
used in the study of the Delaware Basin evaporites, and they concluded that some marker
beds vary considerably in thickness and composition, based on cores and geophysical logs. A
database was not established by Jones et al. (1960). A more recent study (Adams, 1970) of
the Salado based on geophysical logs and cores provided some information similar to this
study and demonstrated the utility of using geophysical logs.

Facies changes in the Salado are estimated first by carefully examining marker beds and
intermarker beds in areas near the Salado depocenter, southeast of the WIPP site. Closely
spaced and numerous geophysical logs permit us to study continuity of marker beds, thickness
and log character variability, and lithologic changes of intermarker beds. Logs from the
depocenter and margins serve as a beginning point and standard of comparison for logs in the
critical area to the west where the upper Salado begins to thin.

Syndepositional erosion and dissolution may be the most difficult to assess. Lafgcr—, mappable
channel forms, similar to those mapped in the Salado in shafts at the WIPP (Holt and Powers,
1986b), may or may not exist throughout the area; we are unlikely to interpret them using
geophysical logs in the rest of the basin. Truncated marker beds at the top of the Salado
need to be evaluated for evidence of dissolution and erosion. Elsewhere, Salado sulfates crop
out, having apparently survived extensive solution. We might, therefore, expect sulfate to
accrete to the base of the residue unit; erosion should remove and truncate beds. Sulfates
could be dissolved completely, and the result may be indistinguishable from erosion.

~ Carefully reconstructed cross section and log signatures should provide better evidence of the

extent of facies changes, pre-Rustler erosion and solution, as well as more recent dissolution
of the Salado in the northern Delaware Basin.
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2.4 General Methods to Evaluate Salado Dissolution

Isopachs and cross sections are based mainly on geophysical log data and are tied
stratigraphically to the marker bed system within the Salado (Jones et al., 1960). Marker
beds of the upper Salado are dominantly sulfatic (anhydrite and polyhalite, or gypsum where
altered near the surface). In the deeper subsurface, anhydrite dominates, though polyhalite
[K,MgCa,(SO,), * 2H,0] is also a common mineral. These two rock types, for example, have
high acoustic velocities and densities (Table 1). Polyhalite has a high natural gamma
signature from the decay of *“’K, and the hydrogen absorbs neutrons. Gamma ray and
acoustic logs are relatively common in the Delaware Basin through the upper Salado and
Rustler. Because of their characteristics and abundance, gamma ray logs combined with
acoustic (sonic), density, or neutron logs were chosen, in that order of preference.

Table 1
Typical Log Responses for Salado Rocks

Acoustic Travel Time Density
Natural Gamma (in microseconds (in grams per
Rock Type (API Units)® per ft) cubic centimeter) Neutron

Halite 10° ~70 2.0-2.1 High
Argillaceous 10-30 70-80 <21 Low-Medium
halite

Mudstone 20-50 >80 <2.0 Low
Gypsum 10° 60-70 ~2.4 Low
Anhydrite 10° ~55 ~2.9 High
Polyhalite 10-100° ~-55 ~2.8 ‘Low

“API (American Petroleum Institute) units for natural gamma are normalized to 100 API units as the log
response for a North American mid-continent black shale.
®Reflects baseline value on most logs.

The alleged dissolution residues of the upper Salado consist in large part of sulfates and
insoluble silicates. Facies changes in the interbeds between marker beds may be inferred if
the natural gamma in thick halites is insufficient to account for the thickness of the laterally

~ equivalent silicate "residue.” There are too few data to provide quantitative calibration of log

responses, but some empirical notions of log response are useful (Doveton, 1986). The
gamma reading from the "residue” times the thickness of the "residue" should be similar to
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~ the product of the "undissolved" lateral equivalent and its thickness, assuming natural gamma

in "undissolved" halite units is entirely due to insoluble silicates. A 10-ft (3-m) "residue”
registering 40 API units should have an "original" equivalent of, for example, 20 ft (6 m) at
20 API units, or 40 ft (13 m) at 10 API units. [Because */K in polyhalite or sylvite can
contribute natural gamma in the "undissolved" unit, these assumptions can lead to
overestimating silicates in the undissolved section. A spectral gamma log would help
distinguish “’K from other mineral sources of natural gamma.] Some of the Salado beds near
the WIPP facility horizon have been analyzed in the laboratory, indicating low acid-insoluble
content (e.g., average of 0.6 weight percent; Stein, 1985). These samples could be compared
to log responses if additional calibration is desired. This study provides the first known
examination of possible facies changes of the upper Salado across this area.

For baseline data, MB 103, MB 109, MB 123/124, Union anhydrite, and Vaca Triste
Sandstone Member were identified on logs. [MB 123 and MB 124, and any distinguishable
interval between them, are considered a single unit in this report and will be written as

MB 123/124. The base of the combined unit is also referred to as the base of MB 124.] The
base and top of each unit were selected on the basis of combined gamma ray and sonic or
density logs. The sonic and density are most responsive to the sharp basal contact that most
marker beds display. The upper contact may be less sharp than the base; reference signatures
of selected contacts (Figure 5) provide a standard. From these data, isopach maps of selected
marker beds, interbeds, or combined units were constructed. The intervals from the
Salado/Rustler contact to different marker beds are also of principal concem, as the upper
Salado is the area believed initially attacked by dissolution. Several cross sections were
constructed to show systematic log changes, or the lack thereof, to indicate possible facies
changes. Data from selected areas were examined statistically to highlight expectable
variations in thickness in units like these (Table 2).

The Salado study was confined to approximately 35 townships around the WIPP site

(Figures 6 and 7). The suite of geophysical logs used to interpret the Rustler Formation for
this area (Holt and Powers, 1988) was supplemented with some additional logs to fill in areas
with sparse coverage. The interpretive methods and the quality assurance procedures are
similar to ‘those for the Rustler (Holt and Powers, 1988). All logs were interpreted by one

_ individual (D. W. Powers). Data were transferred to data sheets and verified independently.

Commercial software (Rbase 3.1, a product of Microrim, Inc.) was used by Powers to create a
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Table 2

Statistics Regarding Thickness of Interval
from the Top of Vaca Triste to the Top of Salado®

T.23S., R.32E. T.23S., R.33E.
n=28 n=13
% = 520 ft X = 507 ft
.. =100 . o= f
T.248S., R.32E. T.24S., R.33E.
n=28 n=19 ‘
X =577 ft X = 562 ft
G, = £35 ft C,, =134 ft

For all four townships:

n =88
X = 546 ft
o,, =139 ft

®Refer to Figure 6 for township locations and isopach contours. Refer to Figure 5 for the
stratigraphic interval. There are 107 dnllholes within these townships; not all have data on
this interval.

relational database and to manipulate basic data to formats required for various maps. Maps
and data were verified independently as well. The data are presented in Appendix A.

2.5 Salado Thickness (Isopach) Information

To understand the patterns of thickness variations of the Salado in the area around the WIPP
site, we compare first the broad patterns from two thick intervals (the upper and middle parts)
of the Salado. We later describe in more detail the changes in thickness by comparing
thinner subintervals of the Salado defined by intervals between some significant marker beds.
There is no difference in methods for these comparisons.

2.5.1 Broad Patterns
Two isopach maps illustrate the broader patterns of upper Salado thickness. An isopach map

* from the top of the Vaca Triste to the top of the Salado expresses the broad patterns of _

thinning that are of interest for the Rustler geohydrology. An isopach map from the base of
MB 124 to the base of the Vaca Triste shows the middle of the Salado quite well. The
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4 >isopach map of this lower unit, in comparison to the upper Salado, shows a larger region less

affected by dissolution and indicates depositional variationis in thickness as a pattern for the
Salado. Maps of specific interbeds (e.g., MB 109 to MB 103) have also been constructed to
provide additional detail in support of these broader patterns.

The isopach of the interval from the base of MB 123/124 to the base of Vaca Triste

(Figure 8) shows that this interval is approximately 250 to 300 ft (76 to 91 m) thick under the
WIPP site area. This interval thickens to the southeast, toward an apparent depocenter, at a
rate of approximately 10 ft/township (approximately 3 m/10 kilometers [km]). In the
apparent depocenter, in the area of T.24-26S., R.32-33E., the MB 123/124 to Vaca Triste
interval is generally over 300 ft (91 m) thick. In the northeast corner of the map area, over
and behind the Capitan reef margin, the MB 123/124 to Vaca Triste interval is slightly
thinner (less than 250 ft [76 m]). Small areas of this interval in the vicinity of Big Sinks and
Phantom Banks are significantly thinner than either the depocenter or site areas. Higher units
in this same area are more seriously disrupted, as described in following sections. Within the
map area, the best defined and sharpest thinning of the MB 123/124 to Vaca Triste interval
occurs in the southwest corner of T.25S., R.32E., at the southwest end of the Paduca oil field.
This thinning trend is also generally observed southwest of the oil field in stratigraphically
higher intervals.

The interval from the top of the Vaca Triste to the top of the Salado (Figure 9) is
approximately 450 to 520 ft (137 to 158 m) thick in the vicinity of the WIPP site. The
interval may be starting to thin approximately 50 ft/mile (mi) (9.5 m/km) off the northwest .
corner of the site, but the data are relatively few. In general, the Vaca Triste to Salado
interval thickens to the southeast of the site toward a probable depocenter in the area of
T.24-26S., R.33E. As in the MB 123/124 to Vaca Triste interval, the rate of thickening is of
the order of 10 ft/township (3 m/10 km). In the depocenter, the interval is commonly greater
than 550 ft (168 m) thick. As in the MB 123/124 to Vaca Triste interval, the Vaca Triste to
Salado interval also is thinner in the northeastern part of the map area, over and behind the
Capitan reef margin. In the southwest part of the map, in the Phantom Banks and Big Sinks
areas, the Vaca Triste to Salado interval is usually less than 300 ft (91 m) thick, though there
are a few ‘exceptions. The Vaca Triste to Salado interval thins sharply northwest-southeast

- from the Paduca oil field area (T.25S., R.32E.) through the southeast arm of Nash Draw. The

interval thins through this zone at an apparent rate of approximately 50 ft/mi (9.5 m/km); this
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, rate differs markedly from the rate of thickening from the site area towards the apparent
depocenter (about 0.3 m/km).

2.5.2 Subintervals of the MB 123/124 to Vaca Triste Interval

Within the MB 123/124 to Vaca Triste interval, two subintervals were examined for thickness
trends. The combined MB 123/124 interval (Figure 10) is approximately 15 to 20 ft (4.6 to

6 m) thick in much of the map area; the most prominent variation is a slightly thicker (greater
than 20 ft {6 m]) area in and around the WIPP site. In the southern part of the map area near
Phantom Banks, MB 123/124 appears to be thinner, though the data are neither extensive nor
very consistent in this area. Many of the other map patterns, where the thickness exceeds

20 ft (6 m), are areally quite limited and may not be significant departures from the "normal”
thickness, given limits to precision of these data (see Holt and Powers, 1988, for a discussion
of limits to log data).

The interval from the top of MB 123/124 to base of Union anhydrite (Figure 11) is broadly
similar to the MB 123/124 interval. Much of the central map area ranges from 50 to 60 ft
(15 to 18 m) thick. The WIPP site area and an area east-northeast of the site are thicker

(60 to 70 plus ft [18 to 21 plus m]). A small area near the southeastern side of the map area
also exceeds 60 ft (18 m) thickness. A thinner area (less than 40 ft [12 m]) dominates the
south central margin of the mapped area, and it appears more reliable than, though similar to,
the thinning in that area of MB 123/124.

2.5.3 Subintervals of the Vaca Triste to Salado Interval
Several subintervals of the Vaca Triste to Salado interval reveal additional details of the

trends previously discussed.

The isopach from the top of Vaca Triste to the base of MB 109 (Figure 12) is approximately
160 to 180 ft (49 to 55 m) thick in the WIPP site area. Thickness increases slightly
immediately south of the site as well as in the southeastern part of the map (from about

180 ft to more than 200 ft locally [about 55 to 61 m]). North and northeast of the site, the
Vaca Triste to MB 109 interval thins slightly across the reef margin. The isopach data are
not very systematic in the southwestern part of the map area. Overall, there is no well-

~ defined southeast-northwest thinning trend as observed in the broader Vaca Triste to Salado

interval (Figure 9) that includes Vaca Triste to MB 109.
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The isopach of the interval from the top of MB 109 to the base of MB 103 (Figure 13)
ranges from approximately 100 to 125 ft (30 to 38 m) thick in the vicinity of the WIPP site.
This interval generally thickens from the site to the southeast. Most of T.24-26S., R.32-33E.
is approximately 125 to 150 ft (38 to 46 m) thick, with a few exceptions. A slightly thicker
area in T.24S., R.32E. exceeds 200 ft (61 m), while the immediately surrounding boreholes
exceed 150 ft (46 m). The northeastern part of the map area is thinner than the site area, as
in many other isopach maps, but the amount of thinning is not great. The southern and
southwestern parts of the map are also thinner, though local variability is great. Some
"normal” thicknesses of the MB 109 to MB 103 interval border much thinner areas of this
interval. The sharply defined thinning zone trends northwest-southeast across the map, as it
does on the map (Figure 9) of the thicker Vaca Triste to Salado interval, which includes
MB 109 to MB 103. The zone of thinning also trends across the northern half of the Paduca
oil field (T.25S., R.32E.). The MB 109 to MB 103 interval thins approximately 25 to

50 ft/mi (4.7 to 9.5 m/km) across this zone.

MB 103 varies little throughout the map area (Figure 14). It is generally 10 to 20 ft (3 to
6 m), and the variations appear neither systematic nor particularly meaningful.

The interval from the base of MB 103 to the top of Salado is approximately 175 to 200 ft
(56 to 61 m) thick in the site vicinity (Figure 15). A few data points indicate that the interval
thins immediately west and northwest of the site. As in previous interbed intervals, MB 103
to Salado thickens from the site vicinity to the southeast (T.24S., R.32-33E.; T.25S., R.33E.),
where the MB 103 to Salado exceeds 200 ft (61 m). The southwestern end of the map area.
reveals a much thinner interval, as does part of the southeastern boundary. There is also
slight thinning of the MB 103 to Salado interval from the site to the north and northeast
across the Capitan reef margin. The northwest-southeast trending zone of rapid thinning of
the MB 103 to Salado parallels the similar zone in MB 109 to MB 103 interval, but it is
displaced further northeast. As in other intervals for which isopachs were constructed, the
thinning occurs at approximately 50 ft/mi (9.5 m/km).

None of the isopach intervals previously discussed includes the Vaca Triste Sandstone
Member of the Salado. A separate isopach (Figure 16) for the Vaca Triste shows that the

_ unit is generally between 10 to 20 ft (3 to 6 m) thick. In the vicinity of the WIPP site and

area to the north of the site, the Vaca Triste is less than 10 ft (3 m) thick, but some additional
explanation is appropriate. These data are mostly from the potash holes drilled for the WIPP
project (Jones, 1978). The logs used for this information are natural gamma and an
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~ uncalibrated density log. The density log does not display the same signature as commercial

acoustic logs for this interval, and it appears that the Vaca Triste is underestimated on the
density log relative to the commercial acoustic or sonic logs used for the rest of the area.

Not enough overlapping logs of both types are available to truly demonstrate this possible
explanation. The Vaca Triste is an important marker unit. Among other things, it
demonstrates the great areal continuity of some clastic-rich units within the Salado Formation.

2.5.4 Discussion of Thickness Data

Isopach maps are traditionally valued because variations in the thickness of an individual unit
can reveal information about the tectono-sedimentary regime during deposition of the unit and
about events such as erosion before the overlying beds are deposited. The value of such
maps is diminished when soluble evaporites are included in isopach units, because the
thickness.may be greatly reduced by dissolution long after overlying units are deposited. The
maps included in this report still appear to contain information about some depositional trends
that are useful in estimating the areas affected by dissolution and volumes removed.

We first observed generally that most of the mapped intervals are thickest in the east to
southeast part of the map area. The same halitic intervals are also slightly thinner over and
behind the Capitan reef margin to the north. The thickest area is interpreted as a depocenter
because it is thickest and because it is located in approximately the same position as the
Rustler depocenter (Holt and Powers, 1988). These same upper Salado units in the WIPP site
area are slightly thinner but show no evidence of recent or continuing dissolution (Holt and -
Powers, 1984, 1986b, 1988, 1991) based on shaft descriptions and core observations.

Compared to halitic units of the Rustler, the upper Salado depocenter appears to be- broader
and flatter. In the northern and northeastern part of the map area, over the Capitan reef,
thinner upper Salado intervals seem to show some effects of this boundary.

Upper Salado intervals show a relatively narrow (generally approximately 1 to 3 mi [1.5 to 5
km]) zone where the interval thins dramatically compared to the broader depocenter. The
width and rate of thinning compare reasonably well to a similar zone of the Tamarisk
Member of the Rustler Formation (Holt and Powers, 1988). The major difference is that

~ cores of the Rustler show evidence of a large facies tract of synsedimentary dissolution

without collapse of overlying units. Cores from Nash Draw, where this zone of thinning
upper Salado occurs, show fracturing and collapse of overlying sediments, demonstrating
post-Rustler dissolution. This margin of the upper Salado appears to be dominated by
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~ dissolution; we assume the rest of the margin southeast of the WIPP site is similar, though

textural evidence is not available to confirm this assumption.

The upper Salado dissolution margin from the WIPP site to the southeast (Figure 15) trends
subparallel to the strike line of the Culebra (Holt and Powers, 1988, figure 4.17; see
Figure 22 in this report). If this margin of upper Salado salt is attacked further by
dissolution, the Culebra transmissivities should be disturbed (increased) along strike to
slightly downdip to the south-southeast of the site. This could provide a considerably
different path for fluid transport than is usually assumed, as in the Final Environmental
Impact Statement (U.S. Department of Energy, 1980).

The third major observation and discussion point is that the Salado logs are often not
interpretable in the west and southwest section of the map area. Where an individual
geophysical log is interpretable, it is generally difficult to interpret the resultant isopachs.
This western and southwestern section is disturbed by dissolution, including karst. Erosion
before, during, and after deposition of the Miocene to Pleistocene Gatufia Formation has also
affected the Rustler in this area.

2.6 Cross Section Data

Cross sections have been constructed from geophysfcal logs to evaluate continuity of major
marker beds and lesser interbeds and to evaluate any possible facies changes within the
Salado halite interbeds. Major marker beds clearly are continuous over large areas, as is
easily shown on acoustic logs (e.g., Figure 17a-c). This is a necessary basis for using marker
beds to establish changes in thickness of various intervals, as described in the previous
section. Thin clastic beds, such as those between MB 117 and the Vaca Triste

(Figure 17b-c), are continuous on the same general scale as the sulfate marker beds (Powers
et al., 1988). Major facies changes, if present in the halitic units between marker beds, could
greatly change the estimated effects of evaporite dissolution in the upper Salado. Cross
sections incorporate both natural gamma and sonic/acoustic measurements; these data permit
major lithologic changes to be discriminated. The upper Salado is emphasized, as the most
important changes in thickness for our evaluation occur above MB 109. Middle Salado beds
provide a reference by which to judge upper Salado changes.

2.6.1 Cross Section Details

The intervals from MB 123/124 to Union anhydrite and from the Union to the Vaca Triste,
including marker beds, in east-west cross sections (Figures 18, 19, and 20; locations on
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Figures 6 and 7) vary little in thickness or lithology, except at the western end of each cross
section. Thin clastic units below the Vaca Triste are traceable just as the main marker beds
are. The main difference is that the western end of the section through Paduca field

(Figure 20; T.25S., R.32E.) is not interpretable below the Vaca Triste as a continuous section
of anhydrite marker beds and interbeds. Gamma is much increased through the entire interval
up to about the position of the Vaca Triste, probably indicating increasing siliciclastic content.
There is no particular evidence to suggest the increased gamma is due to potassium
mineralization. Lower marker beds appear to be unaffected. A broader interval, including
this high gamma section, appears to have a normal thickness, indicating the high gamma
section is not a recently formed solution residue. The high gamma rock section appears to
substitute for the normal sulfate and halite units below the Vaca Triste. The initial data are
consistent with a depositional feature rather than recent dissolution because the overall section
is not reduced in thickness.

The intervals from the Vaca Triste to MB 109 and from MB 109 to MB 103 (Figures 18, 19,
and 20) do not vary greatly except in thickness from east to west. Thin clastic beds are
traceable in the intervals, but it does not appear that clastic content is changing greatly from
east to west. Nor does there appear to be any particular concentration of insoluble
siliciclastic residues in the interval as it becomes thinner toward the west. The geophysical
log data seem to favor equally either deposition or dissolution as the causes of thinning of the
interval across these areas.

The interval from MB 103 to the Salado (Figures 18, 19, and 20) does thin markedly to the.
west in the southern cross sections. The interval is thinning from the top down. Some
material should be accreting to the base of the Rustler, as postulated by Jones et al.- (1973), if
the section is being reduced by dissolution. An additional gamma bulge, seemingly at the
base of the Rustler, occurs on some logs not in cross scctions., but there is no identified
systematic signature associated with the accreted material. In addition, a few interpreted logs
not in cross sections show polyhalite in MB 103 at about the position where there is no
discernible halite above MB 103. It is more common to find that MB 103 has lost all sign of
polyhalite, while there is a complete, or at least thick, section of halite between MB 103 and
the Salado/Rustler contact. MB 103, probably as gypsum, persists over a large area where

_ halite is absent above the marker bed.

Overall, the cross sections indicate no significant, or at least not interpretable, facies changes
in the halitic interbeds that might strongly favor depositional processes as an explanation of
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~ larger lateral thickness changes. The best defined lateral lithologic change is the lack of

polyhalite in MB 103 away from the dépocenter area.

2.6.2 Discussion of Cross Section Information

A major objective for drawing cross sections was to examine the evidence for facies changes
and to compare or contrast this evidence with thickness changes. Facies changes are
recognized when a distinguishable and interpretable lithologic change occurs laterally within a
rock unit. Depositional systems everywhere display beds that attenuate away from the
depocenter, more or less dramatically (e.g., alluvial fans versus some carbonate shelf
regimes). Erosion can significantly affect thickness of beds that are subaerially deposited or
exposed. Thickness changes in evaporites cannot be attributed uniquely to dissolution any
more than to deposition or erosion. Lithofacies are, however, a universal consequence of
depositional systems, and under appropriate conditions, evaporite lithofacies may be properly
attributed to depositional systems rather than postdepositional dissolution. For example, Holt
and Powers (1988) believe that textural and geophysical log evidence establish that large
facies tracts of the Rustler Formation were unaffected by post-Rustler dissolution,
contradicting earlier interpretations of thinning Rustler halitic/mudstone beds due to
dissolution of halite. As core of the Salado is not available beyond the vicinity of the WIPP
site, log signatures in cross sections are used to investigate the possibility of facies changes in
the upper Salado.

The most important evidence of facies changes would consist of systematic changes in the
halitic units of the Salado, indicating a depositional margin and/or depositional thinning. A .
lateral increase in clay content without change in bed thickness would be reasonable evidence
of depositional variations. Depositional facies can also be signalled in halitic beds if the
cumulative thickness of argillaceous material increases in areas that are thin compared to
areas where the same bed is thicker. (Natural gamma logs can be used to assess cumulative
thickness of argillaceous material.) Although such evidence is consistent with a facies
change, it would not rule out dissolution as a factor. A situation like this would be
inconsistent with the assumption that little or no lateral change occurs, which is used to
justify the single working hypothesis of dissolution.

~In the upper Salado, some facies changes do occur. It is clear, for example, that potassium is

not uniformly distributed laterally within Salado beds. Adams (1970) showed the general
distribution of potassium minerals in different ore zones, although he did not call these facies
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Changes. Within our data, potassium is unevenly distributed in sulfate marker beds (Figures

18, 19, and 20).

MB 103 is more polyhalitic toward the east in log cross sections from T.23S. (Figure 18).
(Polyhalite is inferred from combined high acoustic velocities-and high natural gamma.)
Marker beds in general appear to be somewhat more polyhalitic toward the thicker parts of
interbeds (toward the inferred depocenter). This characteristic might be related to deposition/
early diagenesis, and it should be examined further, as polyhalite may also be construed as an

indicator that dissolution has not occurred.

Polyhalite is locally to regionally absent from marker beds, while anhydrite or gypsum
remain. Polyhalite should dissolve incongruently while halite is dissolving, leaving anhydrite
or, more likely, gypsum. Incongruent solution of polyhalite probably does account for lateral
changes in some marker beds from polyhalite to gypsum or anhydrite. Blocks of orange to
reddish gypsum crop out in the western Delaware Basin; these blocks are attributed
informally to incongruent solution of polyhalite.

~MB 103 (Figures 18, 19, and 20) demonstrates that incongruent solution is not a unique

origin for these lateral changes, as the polyhalitic to nonpolyhalitic anhydrite occurs where the

"marker bed is overlain by a thick halitic uppermost Salado. Because halite is still present, it

is very doubtful this change is the result of post-Salado dissolution. Elsewhere, the margin of
salt between MB 103 and the Rustler is near the transition in MB 103 from anhydrite to
polyhalitic anhydrite. These latter occurrences show only that the "loss" of polyhalite fnay :
indicate either postdepositional incongruent dissolution or some early diagenetic process; it'is

not unique to either process.

At this time, there is little evidence to be derived from the geophysical log cross sections that
shows lithofacies in the upper Salado varying in the areas where the halitic beds dramatically
thin. The physical situation overall is quite similar to that in the Rustler, but without physical
evidence such as core textures, Salado halite dissolution remains the simplest concept
consistent with available data. To the west of the WIPP site, especially in Nash Draw,
physical evidence from cores proves brittle collapse of upper Salado and lower Rustler

~ coincides with abruptly thinning zones; there it should be concluded that the upper Salado has

been partially dissolved to provide space for the collapse of overlying beds and solution
residues.
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- By extension from the Nash Draw evidence, it is reasonable at this time to assume the zone

of abrupt thinning of the upper Silado has been affectéd by dissolution. Perhaps more
important, this zone should be the present and future point of attack on the upper Salado salt,
resulting in proportional collapse of the overlying Salado/Rustler rocks. The Culebra should
be expected to show an attendant change in hydrologic properties along this margin.

2.7 Summary of Evidence About Salado Dissolution

Geophysical logs of the upper Salado were correlated and interpreted to provide the data for
isopach maps of several intervals between marker beds or other prominent contacts. Cross
sections were constructed from geophysical logs so that possible facies changes could be
identified. The study area covers approximately 35 townships that include the WIPP site.

The isopach maps reveal a broad depocenter for the Salado located in the eastern to
southeastern part of the study area (Figure 21). Away from the depocenter, upper Salado
units thin gradually; the shafts at the WIPP site are located in these thinner zones. A more
sharply defined region of thinning of the upper Salado trends from the Nash Draw area, west
of the WIPP site, to the south-southeast (Figure 21). This zone is most likely attributable to
dissolution, as cores of the upper Salado from Nash Draw in this zone reveal collapse and
brecciation of overlying units. Without textural evidence, we cannot discount totally the
possibility that this margin also represents a depositional margin similar to the Tamarisk
Member of the Rustler Formation. We assume that it is due to dissolution because of the
Nash Draw evidence. The eastern margin of Nash Draw along Livingston Ridge closely
parallels the contours of upper Salado thickness (Figures 13 and 21), and we believe that
upper Salado dissolution controls much of the ridge shape in that area.

The cross sections display little evidence of lithofacies changes within halitic beds of the
upper Salado. Closely spaced, as well as dispersed, data points show continuity of major
marker beds, as well as of thin clastic beds.

The apparent dissolution margin of the upper Salado units is the most likely continuing and
future point of attack for dissolution. The overlying Culebra should be affected by significant
dissolutiori, causing collapse and fracturing that are expected to increase transmissivities along

~the zone. The path for transport of radionuclides may be affected by this process.
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- 3.0 Structural Disturbance of the Culebra

- 3.1 Background Information

The hydrologic character of Rustler units, especially the Culebra Dolomite Member, may be
strongly affected by deformation due to tectonic or dissolution processes. In this chapter, we
examine the existing structure of the Culebra, describing the basic structural features
regardless of origin. In addition, other units are compared for thickness and structure to try to
sort out, as much as possible, the timing of events and features related to tectonics from those
caused by evaporite dissolution. The data on areal distribution of Rustler halite are presented
in Chapter 4.0, however, where the contrasting concepts of dissolution and syndepositional
processes are examined.

3.2 Data Sets and Methods

The structure contour map of the base of the Culebra Dolomite Member (Figure 22) presented
here is based on the data from Holt and Powers (1988), some additional data acquired for this
work, and data from Richey (1989) that clarifies important areas, especially in R.29E. and
R.30E. The data are differentiated because the procedures followed for the Richey (1989)
data are not known to us. (See Appendix A for a discussion of the data sources and
Appendix C for a comparison of data sets.) The data set provided by Richey (1989) has been
prepared as tables in Appendix B.

The broad regional structure of units below and above the Rustler are a beginning point for
determining tectonic effects. To estimate the changes in Culebra structure due 'to either
dissolution or tectonic processes, it is necessary to reconstruct the earlier configuration of the
Culebra and underlying units. Key assumptions and data guide this reconstruction. The
effects of dissolution are assessed based on two analyses: (1) the determinable facts of
changes in thickness of halite-bearing units and (2) the independent (of thickness)
interpretation of whether salt was deposited and, if so, when the evidence suggests it was
removed (Chapter 4.0). In a third paper, we will examine directly the strength of the
relationship between thickness changes in Rustler salt (commonly attributed to dissolution)
and changes in hydrologic parameters in the Rustler Formation.

- 3.3 General Culebra Structure Elements

Though the structural features of the Delaware Basin have developed through time and have
affected many geological units, we focus here on the Culebra Dolomite Member. It is the

© 301651
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~ main hydrological unit of interest overlying the Salado Formation, and it displays the broad

structural elements (Figures 22, 23, and 24) relevant here:

1. Structure that approximates regional structure of sub-Castile units (i.e., north-
south strike, east dip of approximately 100 ft/mi or 20 m/km) in the area at and
south of the WIPP site

2. An anticline at ERDA 6 (southeast part of T.21S., R.31E.) plunging to the
southeast

3. An anticline (the "Remuda Basin anticline") from the Remuda Basin area
(southeast part of T.23S., R.29E.) plunging southeast toward the Paduca field

4. The steep and regular structural gradiént on the southwest flank of the Remuda
Basin anticline

5. Flat to chaotic to closed structures at the southern margin of the map (and into
Texas).

In our earlier work on the Rustler (Holt and Powers, 1988, figure 4.17), the data were more
restricted in some areas. We were only able to show the ERDA 6 anticline and the normal
site structure (similar to regional dip). The other features (items 3, 4, and 5 above) coincided
with too few data points to reliably interpret their existence. With sparse data on a regional
map of the top of the Rustler Formation, Hiss (1976) shows the broad outlines of all of the
features named above. Borns and Shaffer (1985), also using a somewhat restricted regional
data set for southeastern New Mexico, show the first four features on structure contour maps
of the top of Salado and the top of the Rustler. As their maps are truncated at the southern-
edge of T.25S., some of the area of the flat to chaotic closed structures was not considcred' By
Borns and Shaffer (1985). '

Using the data set from Richey (1989), Davies (1989, figure 15) also shows the same
features, though his map includes some areas in which data points are not properly contoured.
The structure contour map of the Culebra by Brinster (1991, figure II-17) is also based on
data from Richey (1989). It more broadly reflects the same structural features, but the map is
so flawed by errors in data placement and contouring, especially in the western part, that it
should not be used for any interpretive or modeling purpose. A set of replacement maps has

- been provided as an addendum by Brinster to correct earlier flaws.
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3.4 Discussion of Culebra Structural Features

Throughout much of the northern Delaware Basin, stratigraphic units underlying the evaporite

section consistently strike nearly north-south and dip to the east at a rate of approximately
100 ft/mi (approximately 20 m/km). The Bell Canyon to Castile contact is the best known
example. In the eastern part of the basin, the evaporite units generally mirror this structure.
All pre-Cenozoic units show the effects, leading to the interpretation that the broad basinal
dip postdates the Paleozoic rocks. We expect, therefore, that disruptions of this pattern in the
Rustler Formation around the WIPP site should be clues to postdepositional effects such as
dissolution and deformation.

On the basis of these assumptions, estimated regional structure contour lines on the base of
the Culebra Dolomite Member have been constructed to reflect an earlier configuration with a
dominantly north-south strike and eastward dip (Figure 25). Areas of presently equal
elevation north and south of the WIPP site have been used as "anchor points" for these
structure contours. South of the WIPP site, these anchor points are located where the Salado
does not display any significant thinning (Figures 9 and 15). North of the WIPP site, the
anchor points are less secure, because the evaporites are deformed in some areas and the
upper Salado is thinner. The data further north are generally consistent with the estimated
regional structural trend (Figure 25), and the strike lines are generally consistent with
subevaporite strike. We recognize the limitations in these assumptions.

The difference between the present elevation of the Culebra base and the estimated regional
structural trend has been calculated for each borehole in the WIPP site area where data are .
available. The structural changes are estimated to the nearest 10 ft (3 m), as there is no
justification for any additional precision, given the initial assumptions about the regional
structure. The difference has been contoured to emphasize areas that may have undergone
more recent changes or deformation differing from uniform eastward dip.

The Rustler displays increasing thickness from west to east across the site area, and the
thickness changes are closely related to the amount of halite in three members of the
formation (Snyder, 1985; Holt and Powers, 1988). Holt and Powers (1988) have previously
attributed the lateral thickness and mineralogical changes to nondeposition and

~ synsedimentary dissolution of halite during the Permian. Depositional patterns would not

greatly change the later dip superimposed on the Rustler and surrounding units, while it is

© 301651
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~ expected that later events, including dissolution, would be reflected. The patterns of this map

(Figure 25) are interesting and require careful thought.

Across the WIPP site area, the estimated regional structure contour lines on the Culebra
(Figure 25) show a general north-south trend, though the azimuth is slightly west of north.
The departures from the estimated regional structure range from minus 200 ft along the edge
of Nash Draw to plus 450 ft at ERDA 6.

The center of the WIPP site shows slightly depressed structure, but most of this is not
expected to be significant, given the assumptions to estimate the regional structure. It may be
that several tens of feet positive or negative are not significant. The underlying Salado is not
thinner under this area (e.g., Figure 15). The lower part (M-1/H-1) of the unnamed lower
member. has halite (see Chapter 4.0, Figure 31). The upper part (M-2/H-2) of the unnamed
lower member does not have halite across this area of slightly depressed structure; neither
does the area south of the WIPP boundary, where the southern "anchor points" for regional
structure are located. If the central depressed structure was interpreted as due to dissolution
of the halite below the Culebra, it would have to be later than the area to the south or both
areas would have been affected equally. Another problem is that the difference in thickness
of the M-2/H-2 interval between the shafts (e.g., Holt and Powers, 1991) and borehole P-18
to the east is only approximately 20 to 25 ft (see Jones, 1978, for P-18 data) and for many
boreholes could account for less than half the estimated structural difference. The range of
differences between estimated regional structure and present structure in- this central area is
generally minus 30 to minus 60 ft and is marginal for drawing significant conclusions.

Northeast of the site, the Culebra appears to have been lifted as much as 450 ft (137 m)
above estimated regional structure. The change in structure trends northwest-southeast, and it
maps the flank of the anticlinal structure due to the intense deformation of the Castile and
overlying formations observed in ERDA 6 (Anderson and Powers, 1978; Jones, 1981a; Sandia
National Laboratories and U.S. Geological Survey, 1983). The effects of the deformation at
ERDA 6 are evident to the northeast corner of the WIPP area and possibly along the eastern
boundary. (In a rectangular 10 mi? area just east of the WIPP boundary, there are estimated
to be 60 additional oil or gas wells that are not included in our data, and these could greatly

~ enhance the available information on this area if suitable geophysical logs were obtained by

the companies.)
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A large negative feature, exceeding minus 100 ft (minus 30 m) departure from the estimated

regional structure, occurs west of the WIPP site. A salient, with minus 110 to minus 140 ft
(minus 34 to minus 43 m) difference, extends across the northwestern corner of the site to
include WIPP 11 and DOE 2. There is little doubt that dissolution and collapse of the upper
Salado have affected the westernmost data points in this negative area, as the cores from
Nash Draw holes show varying degrees of brecciation in the lower to middle Rustler. The
uppermost Salado (MB 103 to the top of Salado, Figure 15) shows 150 ft (46 m) or more of
thinning along Livingston Ridge. The Salado is not thinner in the area of the salient feature,
and the lower unnamed member has far too little halite to account for it, even if all halite
within M-2/H-2 was dissolved. Another explanation is needed.

In the area of the salient, Castile structure has been significantly disturbed by evaporite
deformation (Powers et al., 1978; Borns et al., 1983; Borns, 1987). It seems likely that the
Culebra has been lowered locally as part of these structural disturbances. A structure contour
map on selected Salado marker beds could probably clarify this possibility. Thickness maps
of the overlying units, the Dewey Lake and Santa Rosa Formations (Figures 26 and 27), may
also help explain this salient. The Dewey Lake isopach displays a "reverse salient” where the
500-ft isopach trends to the west over part of the same area as the salient shown on

Figure 25. The Santa Rosa isopach shows a broader westward bulge in the same general
area. These two formations help resolve the change in structure on the Culebra.

The Dewey Lake is not an evaporite deposit, and its thickness is not going to be diminished
by dissolution. In addition, the Dewey Lake, in general, shows relatively uniform change in
thickness from east to west, with isopach contours roughly north-south. Both units thin to ‘the
west like a wedge. Based on available data, the approximate western margin of the Santa
Rosa is also approximately the eastern margin where the Dewey Lake begins to thin. The
units have been bevelled in response to erosion after the units were tilted downward

to the east. The eastward dip on these formations is approximately 100 ft/mi (19 mi/km), and
the westward rate of thinning is similar.

The westward salient on the 500-ft isopach for the Dewey Lake indicates that the structural
depressiori on the Culebra occurred prior to erosion. The units appear to have been warped

~ differently in that area and not uniformly tilted to the east. The subsequent beveling results

in slightly thicker deposits being preserved in the area of the Culebra depression. This
interpretation would be enhanced with additional structure contour maps on these units.
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There may be alternate explanations required in the area of Big Sinks and Phantom Banks,

though the disturbance of the entire section in that area makes detailed inferences suspect.

The Remuda Basin anticline trends southeast from the Remuda Basin area toward Paduca
field. In this report, no structure contours were constructed on units within the Salado
Formation. Borns and Shaffer (1985) present maps with somewhat sparse data in this area,
which could be interpreted to show this anticline present in various units within the Salado.
It is not visible in the structure of the top of the Bell Canyon (Delaware Mountain Group),
indicating it is confined to the evaporite formations. The data on Castile Formation units are
too sparse to decide if the structure is or is not present in that formation.

A cross section has been constructed perpendicular to the Remuda Basin anticline to show the
structural relationship to lower units (Figure 28). The northwest flank of the anticline shows
the regional dip to the east from the base of the Castile to the top of the Rustler. The
northwest to southeast trend to the anticline is caused by the zone where the upper Salado is
thinned along a similar trend. The southwest flank of the anticline is formed mainly by
changes in thickness of the Salado. The base of Castile dips uniformly to the east through
this area, and the thickness changes are probably mostly due to dissolution.

Flat to chaotic structure in the southern map area, south of the Remuda Basin anticline, is
consistent with an area undergoing dissolution, and the cross section demonstrates that the

Salado is the main unit being dissolved.

3.5 Summary of Evidence about Culebra Structure _

The Culebra shows gross structural changes northeast of the WIPP because of evaporite
deformation. Across the site, subtle structural changes from regional background exist that
can best be explained as a response to evaporite deformation rather than dissolution of Rustler
and Salado evaporites. Further south, the Remuda Basin anticline formed from a combination
of eastern regional dip, dissolution along the upper Salado, and greater dissolution of Salado
to the southwest to reverse the regional dip.
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4.0 Rustler Halite Dissolution

4.1 Background Information and History

The three nondolomite members of the Rustler Formation have beds of halite (Figure 29) in
an area east and south of the WIPP site. Some halite exists in both the unnamed lower
member and in the Tamarisk Member within the WIPP site; the Forty-niner Member is
devoid of halite within the WIPP site. Halitic parts of all three members are thicker than
equivalent nonhalitic beds. Was halite dissolved after the Rustler was deposited to produce
thinner, nonhalitic beds? Or are these beds lacking halite because of different depositional

conditions?

Here we reconsider briefly the principal arguments that have alfeady been presented, and we
present maps of existing halite margins. From this information, we can hypothesizc generally
what effects dissolution may have, or may have had, on Rustler hydrology. The final report
in this series (see Preface) will explicitly examine the correlation between Rustler
hydrological parameters and the thickness of halitic members, as well as other factors.

Project history and studies regarding shallow dissolution in southeastern New Mexico have
been extensively analyzed by Powers (in review). That evaluation is helpful in understanding
how the WIPP has recognized and approached issues related to shallow dissolution, but it
does not propose that the project should adopt one conceptual model of Rustler halite
distribution over another.

4.1.1 Alternate Hypotheses of Halite Distribution

The prevailing hypothesis has been that halite was deposited relatively uniformly in each
member of the Rustler across the WIPP area, and that the halite was later removed from some
areas by dissolution. Jones et al. (1960, figure 1) considered each halitic unit to have a
laterally equivalent residue after dissolution of halite. Vine (1963) and Jones et al. (1973)
also proposed that halite was dissolved from the Rustler, and Jones et al. (1973) believed
most of the halite was dissolved in later Cenozoic times. Powers et al. (1978) reviewed the
information and previous work available for the WIPP project, following the line of thinking
establishea in previous work. Lambert (1983) also reviewed the available information on, and

- hypotheses about, dissolution of the evaporite formations of the Ochoan Series, revising some

of the proposed mechanisms for dissolution.
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_ 'Through this period, the principal evidence for dissolution of halite was lack of halite in

thinner units. To be sure, Jones et al. (1960) and Vine (1963) report residues and solution
breccias in these members, but in little detail. Outcrops and near-surface parts of the Rustler
in Nash Draw and further south exhibit karst and collapse features from solution of Rustler
and Salado rocks. Near-surface sulfatic rocks are hydrated, and both the Culebra and
Magenta Dolomite Members yield some water of varying salinity. Taken together, the pieces
of evidence have convinced a number of geologists and hydrologists that water has percolated
into or through the Rustler and that halite has been removed extensively from the Rustler
since it was deposited.

As the Rustler was exposed, mapped, and described in detail in the waste handling shaft (Holt
and Powers, 1984), bedding and sedimentary structures were revealed in units previously
attributed to dissolution residues at the site (e.g., Jones, 1981b). During a more extended
study of shafts, cores, and geophysical logs through the Rustler, Holt and Powers (1988)
found considerable stratigraphic, textural, and diagenetic evidence indicating that halite pan to
saline mudflats existed during deposition. Halite and gypsum grew displacively in facies
tracts adjacent to the halite pan, and halite, especially, was removed syndepositionally from
areas more distal to the halite pan at the depocenter. Incipient soil textures and probable
fluvial deposits characterize the more distal facies tracts. At the site, facies tracts that had no
halite deposited, or that had halite removed syndepositionally, show little or no fracturing or
brecciation of overlying units. In Nash Draw, the upper Salado has been attacked by
dissolution, causing collapse and brecciation of the overlying units. Holt and Powers (1988)
show that this brecciation overprints synsedimentary dissolution in the Rustler; halite no
longer existed in that part of the Rustler by the time the sediments were lithified. They
concluded that little halite has been removed from the WIPP site area since the Rustler was

deposited.

By this hypothesis of deposition and syndepositional dissolution, the Rustler Formation
developed facies tracts with halite margins at about the present limits to halite. The
depositional margins are the likely places, then, where halite might be modified by
dissolution. Significant dissolution could further strain or result in collapse and fracturing of
the overlying beds, affecting the hydrology of units such as the Culebra and Magenta. To

~ further determine the areas of the Culebra and Magenta most likely to be affected if there

were dissolution along these halite margins, the margins as they now exist were plotted in
more detail.
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4.1.2 Reported Halite Distributions

Mercer (1983) reported, on a map, the extent of halite beds within the Rustler Formation
around the WIPP site area based on information from R. P. Snyder. Mercer (1983)
interpreted the thickness changes of the Rustler Formation as due to both depositional and
dissolution processes, following the interpretation of Jones et al. (1973). Depositional
changes were considered by Jones as the source of lesser thickness changes from north to
south in the eastern part of the area. Later, Snyder (1985) prepared a map (presented here as
Figure 30) of a smaller area around the WIPP site that appears very similar to part of the map
in Mercer (1983). The map shows halite margins within the Rustler Formation based mainly
on the evidence of the interpretation of geophysical logs for unit thicknesses and presence of
halite. These two maps, based on work by Snyder, are sources for some of the variety of
figures in documents presenting and interpreting margins of Rustler halite.

The other source of maps of halite margins is traced to the map of Beauheim (1987) in which
he combined information from Snyder (1985; also cited by Beauheim as personal
communication from Snyder) and Powers (cited by Beauheim as personal communication).
The map by Powers differs in some areas from Snyder and covers much of southeastern New
Mexico. The geophysical logs used for that effort have been reexamined and newly
interpreted to provide the map of halite margins in this report. The basis for interpreting the
geophysical logs is the same as for the earlier map, and the results are very similar. In this
report, the interpretive rationale and data are presented, and the map is based only on these
data. '

There is no question that the interpreted significance of halite margins in the Rustler
Formation differs greatly between Snyder and Powers, as traced through related publications.
Snyder (1985) clearly attributes the major changes in thickness of the Rustler and areas of no
halite as due to post-Rustler dissolution. Holt and Powers (1984, 1986b, 1988) first question
the extent of post-Rustler dissolution and then attribute the major changes in thickness to
synsedimentary precipitation and dissolution along the halite pan margin. The general
positions of the margins are similar for both investigators, and the differences in details are
not the source of differences in interpretation.

4.2 Methods

Geophysical logs, mainly natural gamma and acoustic logs, were inspected to interpret the
thicknesses of halite, sulfate, and mudstone of four intervals within the Rustler. Log
characteristics of these lithologies were reviewed in Holt and Powers (1988). The acoustic
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~ and natural gamma logs from one borehole at WIPP (WIPP 22) and a commercial well a few

miles east demonstrate some of the halite to mudstone relationships (Figure 29). The
thicknesses were estimated because the log characteristics do not provide a unique
identification and proportion of minerals in mixed lithologies. Mixed halite and mudstone has
been examined in core and compared to logs to provide a basic estimate of proportions, and
the remaining logs were interpreted by Powers on the basis of this somewhat subjective
standard. The estimates were plotted on a base map, and the present margins for halite in
various members were based on these interpretations. The lower unnamed member was
divided into two mudstone/halite units based on position above or below the first anhydrite
below the Culebra (Figure 29). The lower unit has also been designated as H-1/M-1 in some
of our reports, because halite is common across the site area in the unit. Mercer (1983) and
Snyder (1985) do not divide the lower unnamed member; their margin is more nearly
equivalent to our lower unit (M-1/H-1). The amount of halite was estimated for the M-1/H-1,
M-2/H-2, Tamarisk mudstone (M-3/H-3), and Forty-niner mudstone (M-4/H-4) intervals
(Figure 29).

Our method produces margins that are probably more extended in some areas than are
margins based on a method that requires a bed of relatively pure halite to be present to be
counted or a method that requires return of cuttings or core with observable halite. Our
method probably interprets some areas as having halite in which none is present. Conversely,
it also includes areas with halite that are overlooked by a very conservative method.

We note, as in other chapters, that many holes have been drilled around the WIPP site for oil
and gas exploration in recent years, and geophysical logs from these drillholes have not been
acquired and interpreted to extend our information. There may be relevant details to be
gleaned, especially east of the WIPP site.

4.3 Halite Margins in the Rustler Formation

The halite margin for M-1/H-1 broadly parallels the other Rustler halite margins, but it is
several miles west of the other margins (Figure 31). The halite margin in M-1/H-1 also
generally parallels the zone of abrupt thinning of the upper Salado (MB 103 to Salado
interval) (Figure 15). The M-1/H-1 halite margin is closer to the thinning margin of the

~ Salado than to the halite margins of higher units in the Rustler.

The halite margins for units M-2/H-2, Tamarisk mudstone, and Forty-niner mudstone are
generally closely spaced over the map study area (Figure 31). The M-2/H-2 margin is
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generally the westernmost, and the Forty-niner halite margin is easternmost. At some

locations, margins from higher units will "cross over" the margins of lower units. Though the
margins are both closely spaced and generally parallel, there is a major difference between
the Tamarisk and the other two units. The Tamarisk mudstone (and equivalent halitic units)
has a much greater range of thickness, and, within the map area, may include 180 ft (55 m)
of halite. The margin appears correspondingly much more abrupt in transition.

There is a final caution to overinterpreting the data on halite in the Rustler based on more
detailed evidence. WIPP 19 was drilled just north of the center of the WIPP site (120 on
Figure 6). Neither geophysical logs interpreted here nor data summarized in Snyder (1985)
indicate that halite is present in the Forty-niner. Nonetheless, a thin section prepared from
core of the Forty-niner mudstone in WIPP 19 shows that halite is still present at that location
(see Holt and Powers, 1988, plate 23). Gross methods used here and elsewhere are clearly
not the best indications of halite in small quantities.

4.4 Discussion

The significant question about these margins is whether they are due to dissolution or limits
to deposition. Snyder (1985) follows much of the earlier discussion of halite in the Rustler,
concluding that thinning and absence of halite in the different members is largely a
consequence of post-Rustler dissolution of halite. Snyder (1985) also concludes that the
Rustler section was subsequently locally inflated by expansion of anhydrite to gypsum during
hydration accompanying dissolution. The interpretation is based largely on thickness changes
and the physical evidence of dissolution in the area of Nash Draw.

From shaft, core, and geophysical log data of the Rustler, Holt and Powers (1988) concluded
that the halitic units of the Rustler were deposited in halite pan and adjacent environments.
The Forty-niner Member mudstone (M-4/H-4) at the WIPP shows cross-cutting relationships
as evidence of current transport. The same unit in drillhole DOE-2 includes beds described as
"claystone and siltstone . . . alternating very thin beds, wavy bedding and scour and fill
structures" (Mercer et al., 1987, p. 270). These are the most distant facies (in terms of
depositional environments) from the halite pan that are represented in cores from the Rustler

~ mudstones. The Tamarisk Member mudstone (M-3/H-3) exhibits smeared intraclast textures
~ from synsedimentary dissolution of halite in halitic mudflat deposits where exposure is greater

and solution more intense than in depositional environments closer to the halite pan. This
facies tract is extensive. In the site area, the Tamarisk mudstone is generally unfractured, and
the overlying beds are largely undisturbed, consistent with synsedimentary dissolution. In the
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‘ Nash Draw area, the mudstones in the Rustler are considerably disturbed and fractured, as are

lower units including the Culebra. There, upper Salado has been dissolved, causing fracture
and collapse of much of the Rustler and overprinting the earlier, syndepositional textures.

Holt and Powers (1988) interpreted limited and equivocal evidence from some cores of the
Rustler as possible indicators of continuing or more recent dissolution of Rustler halite.
Beauheim and Holt (1990) showed small map areas consistent with Holt and Powers (1988).
Based on mapping of the Tamarisk and Culebra in the air intake shaft (Holt and Powers,
1991), we believe these core features are synsedimentary and do not interpret the halite
margins at the WIPP site to have been affected by significant post-Permian dissolution of
Rustler halite. Areas of Rustler halite have been or are being attacked where Salado halite
has been or is being attacked.

Structural patterns for units of the Rustler (Figure 22) (see also Holt and Powers, 1988,
figures 4.16, 4.17, 4.19) are similar in some areas to patterns of Rustler member halite
margins, as well as to isopachs of the entire Rustler (Holt and Powers, 1988, figure 4.15) and
unnamed lower member and Tamarisk Member mudstone/halite (Holt and Powers, 1988,
figures 4.7 and 4.11, respectively). In particular, margins of the upper three Rustler halite
members (Figure 31) northeast of the WIPP site swing around an area that coincides with the
structural deformation at ERDA 6. Is this coincidence, dissolution controlled by structure, or
structure controlled by halite distribution? Several lines of evidence are relevant.

All units of the Rustler are structurally deformed in this area (northeast corner, T.22S.,
R.31E.). The base and top of the Rustler (Holt and Powers, 1988, figures 4.16 and 4.19, -
respectively) are similarly deformed, both in areal extent and vertical uplift. The Culebra
(Figure 22) is relevant here and representative of the structure within the Rustler. The
structural high trends from northwest to southeast approximately along the topographic high
known as the Divide and Antelope Ridge. The structure plunges to the southeast and is
generally indistinguishable or greatly subdued in the vicinity of the southern half of T.22S.,
R.34E.

The thickness of the Forty-niner Member is not apparently affected over the main part of the

~ structure. It thickens modestly on the northeast flank of the anticline. The Forty-niner

Member thickens towards the depocenter, which is located in the area of San Simon Swale
and Sink.
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_ The Tamarisk mudstone/halite unit is approximately 100 ft (30 m) thinner over the area of the

ERDA 6 structure as compared to the thicker depocenter to the southeast. In addition, the
isopach contour lines of this unit also follow the form of the plunging anticline.

The isopach map (Holt and Powers, 1988, figure 4.7) of the unnamed lower member shows
thinning, of the order of 50 ft (15 m), in an area that cuts across the structure at ERDA 6 and
also shows some similarity in form along the plunging southeast end of the structure.

The total Rustler isopach shows a change of 100 plus ft (30 plus m) from the top of the
structure to the nose to the southeast (Holt and Powers, 1988, figure 4.15).

Dissolution after deformation is probably limited, at most, to the nose of the anticline, as core
from AEC 8 (Section 11, T.22S., R.31E.) indicates predeformation synsedimentary loss of
halite from upper Rustler units, while the lower Rustler still includes halite. The original
halite margin may have trended near AEC 8 and ERDA 6. The pattern of parallel structure
contours could be developed either by deformation of a unit with lateral facies changes or
through partial solution of halite across the structure. The evidence at the location of AEC 8
suggests that part of the structure very likely developed where halite was missing
syndepositionally from the Rustler. The area of the nose of the structure, east of the WIPP
site, may have undergone postdepositional dissolution. We have no core data from the area
to differentiate between dissolution and syndepositional processes.

The Dewey Lake Formation (Figure 26) shows no thickness pattern apparently related to the.
structure at ERDA 6. Any change in Rustler thickness was fully compensated either during’
the deposition of the Rustler or the change in thickness occurred after the Dewey Lake was

deposited. (Basic data for the Dewey Lake and Santa Rosa are presented in Appendix A-4.)

The Santa Rosa (Dockum Group) (Figure 27) shows thinning that partially mimics the
structure of the underlying rocks at ERDA 6. Data are insufficient to decide whether this
indicates erosion partially as a result of uplift or whether the thinning is part of the general
erosional truncation of the unit from east to west. As with the Dewey Lake, there is no
indication "of thicker Santa Rosa that would imply sedimentary compensation for dissolution

~ of the underlying Rustler prior to or during deposition of the Santa Rosa.

It seems most likely that the general pattern of the halite margins developed more or less
coincidentally like the structural deformation pattern at ERDA 6. Core evidence of halite
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cement in the upper Rustler north of the WIPP site is most helpful; such features are not
always detectable by geophysical logs, but they offer further evidence that late-stage
dissolution is limited in that area. More recent dissolution may have occurred to conform the
halite margin to the structure pattern around the nose of the anticline; we have no direct
evidence either way. It seems unlikely, given the evidence of extensive deformation much
deeper in the evaporites (Anderson and Powers, 1978; Jones, 1981a), that the structural
deformation was controlled in any way by the distribution of halite in the Rustler.

There may be hydrologic consequences to the Rustler from evaporite deformation, but they
are not determinable with our data. We do not at this time interpret the halite patterns in the
Rustler near ERDA 6 as being due to post-Rustler dissolution, nor do we expect hydrologic
consequences at that location due to dissolution. The area of the structural nose, nearer the
center of T.22S., R.32E., is a more likely location for changes in hydrologic parameters, but

there are no hydrologic data from that area.

From T.23S., R.31E., to the southeast, the halite margins in all Rustler units generally trend
from northwest to southeast. This trend parallels the Remuda Basin anticline (Figure 23) as
well as the trend of isopachs of the upper Salado units in this area. By analogy to the similar
tract at the WIPP site, we would argue that this area southeast of the WIPP site lacks halite
mainly due to syndepositional processes while the Rustler was being deposited. For the most
part, this area does not exhibit signs of thickness inflation related to dissolution of the
underlying Salado, as in Nash Draw and southwest in the Big Sinks to Phantom Banks area.

The trends of Rustler halite margins (Figure 31) are diverted in an area from the northeast -
quarter of T.24S., R.31E., to near the center of T.23S., R.32E. (near Bootleg Ridge). The
southwestern end of this trend is located near Engle’s Well.

There is no known structure underlying this trend of Rustler halite margin that appears
related. In this same location, the isopachs on the interval from the top of MB 103 to top of

Salado (Figure 15) show similar but muted diversions from their trends in the area.

There are no cores from this location where Rustler halite margins are diverted from their

~ broader trend, and the change in upper Salado thickness is small. We do not rule out post-

Permian dissolution of halite in this area, but we discount it considerably based on our

experience.
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4.5 Summary of Evidence About Rustler Halite Distribution

There is good agreement between the differing methods used here to determine halite
distribution in various members of the Rustler and the methods used earlier by Snyder (1985)
for the same purpose. The methods used here are more likely to result in interpreting some
halite where there may not be any; we believe Snyder’s methods might miss halite where
there is some. Both interpretations have limits, as indicated by the fact that the Forty-niner
mudstone in WIPP 19 cores has halite not detected by either approach. Different
investigators (e.g., Ferrall and Gibbons, 1979; Barrows et al., 1983) have attempted to use
WIPP 19 as evidence of Rustler dissolution of various kinds..

We differ from Snyder’s distribution in a few areas, especially in the unnamed lower member
around the northwest comer of the site area. We distinguished two separate mudstone/halite
units and separated the distributions of halite. Our lower unit (M-1/H-1) indicates halite
much further west, near the western boundary of the WIPP site and part of Livingston Ridge.
Our second unit (M-2/H-2) is distributed very much like higher units. Snyder (1985) mapped
halite in the lower unnamed unit as a whole, and his distribution is similar to our distribution
for M-1/H-1 in the western part of the site. In the northeast corner of T.22S., R.30E., we
sﬁggest that halite in M-1/H-1 may be present at the Livingston Ridge boundary. This
extends over the zone of thinning of the upper Salado (Figure 15). We cannot further resolve
this based on the available data, though this is an area where geophysical log interpretation
may exaggerate the presence of halite. '

How the Rustler halite distribution is or is not relatable to measured and inferred point values
of hydrological parameters of the Culebra Dolomite Member will be examined in the final -
report of this series. Other factors, including those discussed in this document, will also be
examined in that final report to try to provide a comprehensive picture of Rustler
hydrogeology.
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5.0 Loading and Unloading History of the Culebra

5.1 Background Information _

The last regional process being considered as an influence on the hydrology of the Culebra is
loading and unloading during the geological history since deposition of the unit. Loading and
unloading may have had considerable and variable effect on the fracture permeability of the
unit through time. The highly variable present depth to the Culebra is an indicator of the
modern effects of unloading. In addition, the history of loading and unloading of the Culebra
at the vicinity of the WIPP site has been estimated to provide a guide to when permeability
features may have developed. Differential loading and unloading of the unit are expected to
create different fracturing systems, affecting the local to regional hydrogeologic characteristics
of the Culebra. The sedimentary loading, depth of total burial, and erosion events combine in
a complex history that we try here to reconstruct from regional geological trends and local
data.

A similar, though simpler, loading history was constructed by Borns (1985, figure 10) to
assist his interpretation of the features of MB 139 within the Salado Formation. His loading
history is based mainly on stratigraphic history within Powers et al. (1978). We have re-
examined the basic stratigraphic data and indicate alternatives we are unable to dismiss.

5.2 Present Depth to Base of Culebra _

An additional form of an isopach map displays the depth, from the surface, to the base of the
Culebra (Figure 32a-b). The map was created by plotting and contouring the log depth to the
base of the Culebra from the log reference point, which is usually the Kelly bushing of the
drilling rig. The map is not quite a true representation of depth, as the reference point may
vary from ground surface to a point as much as approximately 20 ft (6 m) above ground
surface. The trends will vary little if the data are corrected, but the reader should be aware of
this difference.

In the site area, and to the south and southeast for approximately two townships, the depth
contours are relatively uniformly spaced and trend from north to south to southeast to
northwest. These reflect the general eastward dip on the Culebra in much of this area (see

- Holt and Powers, 1988, figure 4.17) combined with the general westward slope of the surface.

The outline of the 600-ft contour of depth corresponds generally to the shape of the 3,500-ft
elevation contour on the topographic surface (Figure 33). Relatively close spacing between
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700- and 800-ft depth contours and wide spacing between 800- and 900-ft depth contours at
the WIPP site result from the increasing thickness of the Tamarisk Member of the Rustler
Formation from west to east.

In T.24S., R.30-31E., the depth to the base of Culebra (Figure 32a) has been altered by
structural and topographic changes. A topographic ridge trending from the northwest to the
southeast from Centinela Mound through Twin Wells ranch area (central part of T.24S.,
R.31E.) causes a westward bulge in the 700- and 800-ft depth contours and a separation from
the 900-ft depth contour. Slightly further west, the depth contours at 700- and 800-ft wrap
around back to the northwest. These depth contours correspond to the Remuda Basin
anticline (Figures 22 and 23). Lesser depths at the southeastern corner of the map area
(Figure 32a) are the result of combined lower topography and northward dip on the Culebra
into the Rustler depocenter. Very deep Culebra in the Phantom Banks area (T.26S., R.30E.)
is apparently related to the Balmorhea-Loving trough (Maley and Huffington, 1953), salt
dissolution, and extensive deposits of the Gatufia Formation (Powers and Holt, 1995).

5.3 History of Loading and Unloading of the Culebra

The loading and unloading history of the Culebra since deposition has been estimated as
overburden based on inferences from various local and regional geological trends and data
(Figure 33). The history is presented with several alternatives, depending on the inferences
that are drawn, ranging from minimal to upper bound estimates. The estimates are made with
a reference point and depth to the Culebra at the air intake shaft (AIS) (Holt and Powers,
1991).

The present depth to the Culebra from the top of the Dewey Lake at the AIS is 205 m
(672 ft). The overlying Triassic rocks are 8-m (26-ft) thick at the AIS; together with the

‘Dewey Lake, these sediments indicate a minimum of approximately 213 m (698 ft) of load on

the Culebra. It is highly unlikely that the Culebra at the site has a history of rather constant
loading of this 213-m (698-ft) thickness, with very little change since the Permian
(Figure 33).

Given the maximum local thickness of the Dewey Lake, the maximum early load (end of

~ Permian) was no more than approximately 240 m (787 ft). Approximately 35 m (115 ft) of

Dewey Lake might then have been eroded during the early Triassic before additional
sediments were deposited. The actual Triassic thickness at the AIS is approximately 8§ m
(26 ft). Northeast of the WIPP site (T.21S., R.33E.), Triassic rocks (Dockum Group) have a
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maximum local thickness of approximately 373 m (1,233 ft). This thickness is a reasonable
estimate of the maximum thickness also attained at the WIPP site prior to the Jurassic Period.
At the end of the Triassic, the total thickness at the WIPP site may have then attained
approximately 586 m (1,863 ft) in two similar loading stages of a few million years each,
over a period of approximately 50 million years.

The Jurassic outcrops nearest to the WIPP site are in the Malone Mountains of west Texas.
There is no evidence that Jurassic rocks were deposited at or in the vicinity of the WIPP site.
As a consequence, the Jurassic is considered a time of erosion or nondeposition at the site,
though erosion is most likely. The Jurassic is not considered a time of major eustatic sea
level changes (e.g. Vail et al., 1977), and a broad erosional plain apparently developed in this
area without major relief. An arbitrary erosion rate averaging approximately 10 m/million
years is sufficient to erode the inferred thickness of 365 m of additional Triassic rocks from
the WIPP site. The Jurassic is the first possible period of significant unloading of the area at
and west of the WIPP site.

This much erosion during the Jurassic obviously cannot be broadly inferred for the area or
there would not be thick Triassic rocks still preserved. Triassic rocks of this thickness are
preserved nearby, indicating either pre-Jurassic tilting or that erosion did not occur until later
(but still after tilting to preserve the Triassic rocks near the WIPP site). It is also possible
that the immediate site area had little Triassic deposition or erosion, but very limited Triassic
deposition (i.e., 8 m [26 ft]) at the WIPP site seems unlikely. '

Lang (1947) reported fossils from Lower Cretaceous rocks in the Black River Valley
southwest of the WIPP site. Bachman (e.g., 1980) also reported similar patches of probable
Cretaceous rocks near Carlsbad and south of Whites City. From these reports, it is likely that
some Cretaceous rocks were deposited at or in the vicinity of the WIPP site. Approximately
70 mi (approximately 110 km) south southwest of the WIPP site, significant Cretaceous
outcrops of both early and late Cretaceous age have a total maximum thickness of
approximately 300 m (about 1,000 ft). Southeast of the WIPP, the nearest Cretaceous
outcrops are thinner and represent only the lower Cretaceous. North of the WIPP site,
Cretaceous outcrops in the Sierra Blanca (New Mexico) area are thick. Based on these

~ reported outcrops, a maximum thickness of 300 m (1,000 ft) of Cretaceous rocks could be

estimated for the WIPP site. Compared to the estimate of Triassic rock thickness, it is less
likely that Cretaceous rocks were this thick at the site.
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The uppermost lines of Figure 34 summarize the assumptions of maximum thickness of these

units.

A more likely alternative is that virtually no Cretaceous rocks were deposited, followed by
erosion of remaining Triassic rocks during the late Cretaceous to the late Cenozoic. Such
erosion may also have taken place over an even longer period, beginning with the Jurassic
Period. Ewing (1993) favors Early Cretaceous uplift and erosion for the Trans-Pecos Texas
area, but he does not analyze later uplift and erosional patterns.

In the general vicinity of the WIPP site, there are outcrops of Cenozoic rock from the late
Miocene (Gatufia and Ogallala Formations). Early Cenozoic (probable Paleocene) rocks in
the Capitan Mountains region (west of Roswell, New Mexico) are the closest outcrops of the
earliest Cenozoic. Cenozoic volcanics and interbedded sediments crop out south of the site in
areas such as the Davis Mountains, and bolson fill of later Cenozoic age is common. There
is little reason to infer any significant early Cenozoic sediment accumulation at the WIPP site,
and we do not. Erosion is the main process inferred to have occurred during this period.
Toward the end of the Cenozoic, more relief may have developed. The Cenozoic-age Gatufia
is treated in more detail in Powers and Holt (1993, 1995). Maximum known Gatuiia in the
area around the WIPP is approximately 100 m (328 ft); at the WIPP site the Gatufia is very
thin to absent.

An average erosion rate of approximately 11 m/million years is sufficient during the Cenozoic
to erode the maximum inferred Triassic and Cretaceous thickness prior to Gatuna and
Ogallala deposition. We do not believe that significant thicknesses of Cretaceous rocks were
deposited, however, and average erosion rates could have been small.

Ogallala deposits are known from The Divide east of the WIPP site, as well as from the High
Plains further east and north. On the High Plains northeast of the WIPP, the upper Ogallala
surface slopes to the southeast at a rate of approximately 4 m/km (approximately 20 ft/mi).

A straight projection of the 4,100-ft contour line from this High Plains surface intersects the
site area, which is at an elevation slightly above 3,400 ft (1,036 ft). This difference of 700 ft
(213 m) in elevation represents one estimate, probably near an upper bound, of possible

~ unloading subsequent to deposition of the Ogallala Formation. Similar straight line

projections of the 3,900- and 3,800-ft contour lines from the High Plains to The Divide would
suggest the divide area has been lowered by 100 to 200 ft (30 to 61 m). Alternative
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~ explanations could include halite dissolution, since the Ogallala was deposited or that the

High Plains surface did not extend so uniformly to The Divide.

The Ogallala at The Divide may be at the same relative elevation as when it was deposited.
Salado units do not indicate salt dissolution totalling 100 to 200 ft (30 to 61 m) at this
location. The Rustler units are equivocal, with the total Rustler isopach (Holt and Powers,
1988) indicating the area of The Divide as being approximately 100 ft (30 m) thinner than the
maximum at the depocenter. Other isopachs indicate part of this could be attributed to each
of the unnamed lower member, the Tamarisk Member, and the Forty-niner Member of the
Rustler Formation. The Dewey Lake indicates a possible slight thickening of about the same
magnitude. The Triassic rocks appear not to show any general thickness changes at this
locality, although one borehole was interpreted to have a thinner Triassic section. Taken as a
whole, these features suggest the section under The Divide does not indicate any post-
Ogallala dissolution and lowering of the surface rocks. The Divide can reasonably be inferred
to not have changed elevation relative to other Ogallala deposits since the end of the Ogallala.
On this basis, the High Plains surface could be inferred to swing more to the west through
The Divide and the site area at an elevation of approximately 3,800 ft (1,158 m). The
difference between this inferred Ogallala slope and the present elevation at the WIPP site is
approximately 400 ft (122 m) or less. The loading and unloading of the Ogallala could have
been approximately 100 m (30 m) and would have occurred as a short-lived pulse over a few

million years at most.

While the above inferences about greater unit thicknesses and probable occurrence are
permissible, a realistic assessment suggests a more modest loading and unloading history.

It is likely the Dewey Lake accumulated to near local maximum thickness of approximately
240 m (787 ft) before being slightly eroded prior to the Triassic rocks being deposited. It
also is most probable that the Triassic rocks accumulated at the site to near local maximum
thickness. In two similar cycles of rapid loading, the Culebra was buried to a depth of
approximately 650 m (2,132 ft) by the end of the Triassic.

It also seems unlikely that a significant thickness of Cretaceous rock accumulated at the

~ WIPP site. Erosion probably began during the Jurassic, slowed or stopped during the early

Cretaceous as the area was nearer or at base level, and then accelerated during the Cenozoic,
especially in response to uplift as Basin and Range tectonics encroached on the area and the
basin was tilted more. Erosional bevelling of Dewey Lake and Santa Rosa (Chapter 3.0)
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suggest considerable erosion since tilting in the mid-Cenozoic. Erosion rates for this shorter
period could have been relatively high, resulting in the greatest stress relief on the Culebra
and surrounding units. Some filling occurred during the late Cenozoic as the uplifted areas to
the west formed an apron of Ogallala sediment across much of the area, but it is not clear
how much Gatuna or Ogallala was deposited in the site area. From our general reconstruction
of Gatuiia history in the area (Powers and Holt, 1995), we infer that Gatufia or Ogallala
deposits likely were not much thicker at the WIPP site than they are now. The loading and
unloading "spike" (Figure 34) representing Ogallala thickness probably did not occur. Cutting
and headward erosion by the Pecos River has created local relief and unloading by erosion.

At the WIPP site, this history is little complicated by dissolution, though locally (e.g., Nash
Draw) the effects of erosion and dissolution are more significant. The underlying evaporites
have responded to foundering of anhydrite in less dense halite beds. These have caused local
uplift (as at ERDA 6) but little change in the overburden at the WIPP. Areas east of the
WIPP site are likely to have a similar history to the site. West of the site, the final unloading
is more complicated by dissolution and additional erosion leading to exposure of the Culebra
along stretches of the Pecos River Valley.

5.4 Other Inferences About Loading and Unloading History

The burial depth around the WIPP site can also be estimated on the basis of hydrocarbon
generation and temperature gradients. Hills (1984) takes the temperature of 149°F (65°C) as
the temperature to form oil and 257°F (125°C) as the "oil floor" or temperature of gas
formation. The Bell Canyon Formation is an exploration target, yielding oil in some fields. .
A minimum temperature of 149°F may be used to estimate burial. At AEC 8, the upper Bell
Canyon at a depth of 4,343 ft (1,324 m) has a temperature of approximately 90°F (32°C)
(Mansure and Reiter, 1977). Hills estimates the thermal gradient below 6,500 ft as
1.54°F/100 ft. The 59°F difference between present temperature and the temperature to
generate oil could be accounted for by increasing the overburden by approximately 3,800 ft
(59°F/[1.54°F/100 ft]), or nearly 1,200 m. This estimate is approximately 1,000 to 1,150 ft
(300 to 350 m) more than the maximum thickness estimated here from regional geological
relationships. The estimate of 1,200 m would be 800 m more overburden than we consider
more likely based on local thickness of Triassic rocks. Recent drilling prospects around the

~ WIPP site have projected oil at greater depths than the Bell Canyon, suggesting this estimate

may exaggerate burial depth because the "oil floor" may be deeper.
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Barker and Pawlewicz (1993) measured vitrinite reflectance from drill cuttings in the
Delaware Basin. They interpret higher thermal maturation gradients and higher
(stratigraphically) positions of key vitrinite reflectance values in the western Delaware Basin
as evidence of higher paleogeothermal gradients caused by igneous intrusions and Basin and
Range development. We are not aware of comparable data from the WIPP area, which is
approximately 8 mi (12.8 km) southeast of a mid-Cenozoic dike at its closest approach.

5.5 Summary of Loading and Unloading History

The Culebra loading and unloading history could be fairly complex, but the more likely
history is relatively simple. Two main pulses of loading are apparent, the first ending
Permian deposition and the second during the Triassic. Some unloading through erosion
probably occurred during the Jurassic through the early Cenozoic. The major unloading
through erosion likely is associated with regional tilting, which is generally placed at
approximately mid-Cenozoic. Arbitrary erosion rates in the range of approximately

10 m/million years (about 33 ft/million years) may have been exceeded if most of the
overburden survived until mid-Cenozoic or later and was then eroded. Within the WIPP site
there are some variations in unloading reflecting in differing depths. Nash Draw, with
combined erosion and dissolution, is much more complicated, and the loading/unloading
history may be insignificant compared to the disruption due to both dissolution/subsidence
and erosion.

Hydrocarbon maturation data are roughly consistent with geological inferences about
overburden, but both methods have considerable room for uncertainty. Hydrocarbon data
suggest greater overburden. Geological data are better able to distinguish various episodes
and place them in geological history.
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6.0 Conclusions

Following deposition of the Rustler, the formation in the area of the WIPP site has been
affected by tectonic events, dissolution, and erosion leading to unloading. Each of these
processes has contributed to the evolution of the current hydrological properties of the
Culebra Dolomite Member. They have been individually analyzed to identify their general
magnitude and history preliminary to relating processes more directly to the hydrology of the
Culebra in another report in preparation.

The upper Salado is relatively uniform in thickness from the WIPP site to the southeast.
South and west of the WIPP, beds of the upper Salado abruptly thin across a horizontal
distance of 2 or 3 mi (approximately 3 to 5 km). We attribute the thinning mainly to
subsurface dissolution of halite in the upper Salado. Rustler units have subsided in this area
relative to areas to the east. Livingston Ridge, the eastern margin of Nash Draw, is closely
associated with this zone of thinning, as is the southeastern extension of Nash Draw. Erosion
thus reflects the dissolution of the upper Salado around Nash Draw. Several Nash Draw
drillholes fall on or near this zone of thinning, and it is an important contributor to
developing hydrologic characteristics of the Rustler as well.

The Culebra has been structurally deformed by tectonic events as well as dissolution of
underlying rocks. The regional attitude of beds underlying evaporites is an approximate
north-south strike with east dip approximating 1°. Northeast of the WIPP, evaporites in the
Castile Formation deformed, arching the Culebra in the same area (the ERDA 6 anticline). ’
South of the WIPP, the regional dip combined with dissolution of the Salado to the south,
forming the Remuda Basin anticline. More subtle indicators of structural changes of the
Culebra at the WIPP site are attributed to tectonics, because there has not been sufficient salt
dissolution to account for the apparent changes.

There is general agreement about the distribution of halite in the Rustler in the WIPP site
area. We extended map margins of halite in various members through a larger area and
separated the unit immediately under the Culebra (M-2/H-2) from the remainder of the
unnamed iower member (M-1/H-1). The potential for sub-Culebra halite dissolution at the

- WIPP site is limited, because M-1/H-1 has salt throughout much of the site and because the

thickness change in M-2/H-2 is 20 to 25 ft (approximately 6 to 7 m). Nonetheless, we
believe, based on extensive work mapping in the shafts, describing cores, and interpreting
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geophysical logs, that little, if any, halite has been dissolved from the Rustler at the WIPP
site since deposition. We attribute most of the lateral differences to depositional facies
changes in a halite pan to mudflat environment. Relationships between thickness differences
and other parameters will be compared in a further work in preparation.

The Culebra has been subjected to loading by sedimentation and unloading due to erosion
since being deposited. It is most likely that the Triassic rocks were deposited at the site
about as thick as in adjacent areas and that little more sediment was added afterwards. .
Exposure and erosion predominated from the end of the Triassic until late Cenozoic; there are
thick Cretaceous deposits in the region, but remnants are scarce in the general area around
WIPP. Wedge-like margins to the Dewey Lake and Santa Rosa suggest that erosion
postdated regional tilting about mid-Cenozoic. The time from tilting to the beginning of
Gatuiia and Ogallala is likely to have been the most intense period of unloading at the WIPP
site.
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APPENDIX A

DATA FOR DRILLHOLES IN
HOLT AND POWERS (1988) PLUS
ADDITIONAL DRILLHOLES INTERPRETED BY POWERS

This appendix includes the drillhole data from an appendix in Holt and Powers (1988) as well
as some additional boreholes more recently interpreted by Powers for eventual use in
interpreting Rustler geology.

A location table (Appendix A-1) lists basic identification and location data for the boreholes.
A uniform (in format) and a unique numerical identifier (ID #) has been assigned to each
borehole for ease in manipulation. Another identifier (Hole ID) was used in Holt and Powers
(1988), based on the system used by Borns and Shaffer (1985). That system did not produce
unique identifiers and is not as easily manipulated during database management. It is
included here (column 2) in order to refer back to these earlier references. Standard
township, range, section, and distance (in feet) from section boundaries are included, as they
are the common means of locating these drillholes. A drillhole name has been included based
generally on an entry on one or more geophysical logs. These drillhole names may differ
slightly from source to source. Some common words have been abbreviated to shorten the
borehole name. A last column includes any revisions or notes that may be helpful to the
reader.

The remainder of the appendix presents tables of depth data for relevant stratigraphic units:
Salado—Appendix A-2, Rustler—Appendix A-3, Dewey Lake and Santa

Rosa—Appendix A-4. Drillhole sources are referenced by ID # to Appendix A-1. The
reference elevation is the point from which depth was measured, and it was frequently the
Kelly bushing (KB) of the drill rig. A correction (KB) to surface elevation is given where it
is known, but some geophysical logs did not include this number. For most uses in this
report, the KB correction is unnecessary.

The basic data from Holt and Powers (1988) were prepared under quality assurance
procedures and check provided by IT Corporation. The additional drillholes added to this
data set were prepared under similar procedures. Some typographical errors have been
corrected, as noted, from the Holt and Powers data set. One borehole was reinterpreted, as
noted in other appendices.
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Rastler Formation Location Data

ID Hole Location Data” Drillhole Name Revisions

_——_-—_.——————-———-———_._———_.————-———_———_—-—_————————.——————————-——_—_—_ ——
_-__—_.——.-———_.—.-—-——_..-———....—_—-———_—-—_—..--..——_.._.--——————-—————-————-—-———_—_————:"_—

1001 W04 18 29 4 1980n 1980w Roach Drilling, Western Development Miller No. 1
1002 Ti9 18 29 19 660s 1980e Martin Yates III and S.P. Yates, Travis Fed. 2
1003 Li18 18 30 18 1650n 924w Newmont Oil Co., Loco Hills 21-B-6

1004 C25 18 30 25 990n 330e  Yates Petroleum Corp., Creek "AL" #1

1005 G26 18 30 26 990s 330e Hanson Oil Corp., Ginsberg Fed. No. 11

1006 M27 18 30 27 990n 1651w Texaco, Inc., L.R. Manning "B" NCT-1 Well #20
1007 R28 18 30 28 330s 1491e Texaco, Inc.,, L.R. Manning Fed. "B" (NCT_1) #4
1008 MO2 18 31 2 330s 660w W.S. Montgomery, Magnolia St. #1

1009 S11 18 31 11 660s 660w Hudson & Hudson Inc., Shugart B-1

1010 M16 18 31 16 660s 1980e M.R. Voltz, Magnolia St. #2

1011 F22 18 31 22 660s 660w  Gulf Oil Corp., Fed. Littlefield #1

1012 F28 18 31 28 1980n 660w  Gulf Oil Corp., Fed. Keohane et al "B" No. 1
1013 K28 18 31 28 1980n 1980w Gulf Oil Corp., Fed.-Keohane et al "B" #3

1014 C31 18 31 31 1980n 1980e Campana Petroleum Co., Pure Fed. #1

Ray M. Hall, Pure-Fed. #1

1016 M32 18 31 32 1980n 1980w Chambers and Kennedy, Monterey St. #4

1017 S32 18 31 32 1650n 2310e Sunray Mid-Continent Oil Co., St. "Y" #1

1018 P32 18 31 32 330n 330w L.T.Pate, Monterrey St. #5

1019 W33 18 31 33 330n 330w V.S. Welch [indet] No. 2, Shugart No. 5-B

1020 Jo4 18 32 4 1650n 990e  B.M. Jackson, Fed. No. 2

1021 Gi6 18 32 16 1980n 1980w Gulf Oil Corp., Lea St. "HS" #3

1022 J20 18 32 20 2310s 990w John M. Beard, Young Fed. #5

1023 C28 18 32 28 1980n 660w  Texaco, Inc., Cotton Draw Unit No. 53

1024 Ci10 18 33 10 1980n 660¢  Carper Drilling Co., Corbin R #1

1025 B12 18 33 12 660n 1980e P.W. Miller Drilg. & Prod. Co., Brit. Am. St. #2
1026 D13 18 33 13 1650s 2310w J.I O’Neill, Jr., Dorothy Swigart #1

e-v
[y
=
W
=
%
=
=
(%]
5
:

1027 S28 18 33 28 1980s 660e  Sunray Mid-Continent Oil Co., Fed. "E" #1 Rev loc ctr, NE1/4, SE1/4
1028 H30 18 33 30 1980s 1980w Penzoil United Inc., Hudson "29" Fed. #3

1029 NO1 18 34 1 560n 760w Texaco, Inc., St. of New Mexico "M" #5

1030 Lo6 18 34 6 989n 330w Phillips Petroleum Co., Lea No. 17

1031 BO7 18 34 7 660s 660e  Richardson & Bass, St. of New Mexico #1

1032 S22 18 34 22 1980s 1980w Continental Oil Co., St. V-22 #2

1033 T22 18 34 22 330s 1980w Continental Oil Co., St. V-22 #1

1034 M33 18 34 33 330s 1980w Tom Brown Drilling Co., Marathon St. #1
1035 FO3 18 35 3 2310s 330e Phillips Petroleum Co., Santa Fe No. 114
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——————— ———— ————

1069
1070

S13
S14
T21
E29
C12
Al4
S27

L33
PO1
Hi11
S18

A32
F21

Location Data.
Sec n,sl
4 1980n
5 1650n
5 1650n
5 990s
6 330s
7 330n
29 1980n
1 1980s
11 1980s
11 660s
12 660n
14 1650s
31 1980n
| 1980s
19 2310s
6 1980s
21 2015n
26 660n
5 1980n
6 330n
13 660s
14 660s
21 1980s
29 1980n
12 660n
14 660s
27 1980n
28 1980s
33 1980n
1 1980n
11 660s
18 1980n
25 660n
32 1980s
21

& % o A .

Revisions

Drillhole Name
fe,wl
660w  Standard Oil Co. of Texas, Vac Edge Unit #2
990¢  Phillips Petroleum Co., Santa Fe No. 111
2285e Phillips Petroleum Co., Santa Fe No. 93
990e  Standard OQil Co. of Texas, Vac Edge Unit #19
913w  The Ohio Oil Co., St. Waren Account 2 #9
990e Tidewater Qil Co., St. AN #1

660w  Carper Drilling Co., Carper-Luthy No. 1

1980e Cactus Drilling Corp., Catron "B" No. 2

1980w John M. Kelly, St. PE #1

660e  John M. Kelly, St. J.J. #1

1980w Cactus Drilling Co., Amerada St. #1

2310w Amerada Petroleum Corp., St. W.H. "B" #2

660w Amerada Petroleum Corp., St. WM "E" #3

1980¢ O.D. Alsabrook, Saunders #1

1650e Shell Oil Co., Shell et al McKinley A-19 #1

1765w Shamrock Drilling Co., Nix & Curtis #1

1880e Wayne J. Spears, Stout St. #1

660w  Wayne J. Spears, Union St. #1

330w Yates Petroleum Corp., Perkins "AD" #3

1650w Texaco, Inc., USA Fed. #1

1980¢ Phillips Petroleum Co., Simon "A" No. 1

660e  Phillips Petroleum Corp., Simon "A" #2

660e  Texas Crude Qil Co., Tennessee-Fed. #1-21

660e El Paso Natural Gas Co., Southern Cal. Fed. #1

660w  Carper Drilling Co., U.S. Smelting St. #1

660w  Atlantic Refining Co., St. AU #1

660e  Shell Oil Co., Allen ESt. A #1

660w  Cabot Carbon Co., St. G #1

660e  Gulf Oil Corp., Lea St. BG #8

330e Pan American Petroleum Corp., St. "B" #1

1980w Humble Oil and Refining Co., New Mex. St. "AO" #1

1980w Tom Brown Drilling Co., Sunray-Bryan #1

1980w Amerada Petroleum Corp., St. "T" No. 4

1980e Amerada Petroleum Corp., May Love Unit #1
Amoco Prod., Fed. Gas Com No. 1-G
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Revloc NW1/4, NW1/4

Rev loc NE1/4, NW1/4

Log lacks loc data




D Hole Location Data. Drillhole Name Revisions
No. ID T. R. Sec fn,sl fewl

————_——_———-———_——————_———_—-———_————_.q——.———————————_——.———_———.———_—_...-._.
_———.———————_——-———.————_-——-———_-———-——.—-——.—_—-__——-————-—_—-————-————_—-——.———_—

1071 L31 20 30 31 1980n 760e  Texas International Petrol. Corp., Lowe Fed. #1
1072 B0O7 20 31 7 1650s 660e  Pan American Petroleum Corp., Big Eddy Unit #11
1073 B21 20 31 21 660n 660w Pennzoil United, Big Eddy Unit No. 12

1074 F10 20 32 10 330n 990w Shell Oil Co., Perry Fed. #1

1075 H13 20 32 13 660s 1980w Flag-Redfern Oil Co., Hanson St. #1

1076 P15 20 32 15 1980s 1980w Phillips Petroleum Co., Plata Deep Unit #1

1077 oS 20 33 5 660s 1980w Pan American Petroleum Corp., Little Eddy Unit #1
1078 S14 20 33 14 2310s 990w  Carl Engwall, Sinclair Fed. #1

1079 B18 20 33 18 660n 2080w Randall F. Montgomery, Bass St. #1

1080 S18 20 33 18 1650n 1650w Randall F. Montgomery, Bass St. #2

1081 F27 20 33 27 1980n 1650e Amoco Prod. Co., API #30-025-26241, Fed."Y" Com #1
1082 L13 20 34 13 1980s 1980e Marathon Oil Co., Lea Unit #3

1083 H20 20 34 20 2310n 1650w Burk Royalty, Hanson Fed. B #2

1084 F29 20 34 29 1980s 330e  Earl G. Colton, Fed. #1

1085 B28 20 35 28 660n 660e  W.H. Black, Phillips St. No. 1

> 1086 S02 20 36 2 660n 1980e The Superior Oil Co., St. "A" No. 2
& 1087 U30 20 36 30 660n 660w Union Oil Co. of California, Sims St. 1-30
1088 HOT 20 37 1 990n 1650w Humble Oil and Refining Co., N.M. St. "AG" No. 6

1089 W27 20 38 27 660s 660w Continental Oil Co., Warren Unit "BT" No. 26

1090 PO3 21 29 3 1980n 1980w Pan American Petroleum Corp., Big Eddy Unit #18
1091 NO4 21 29 4 4620s 1980w Union Oil Co. of California, Cowden Fed. #1
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