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FOREWORD

Over the history of the WIFP project, extraordinary properties have
been attributed to "the halite that was" ... ard wasn't in the Rustler.
Halite is quite thick in scome members of the Rustler east of the site; these
same members are much thinner and are mostly mudstone at the WIFP site. A
simple assumption was made that these halites contimed laterally - after
all, some of the beds above and below are contimous over very large areas.
The mudstones then mist be "dissolution residues," following this simple
assumption. Still, we know that envirorments always change laterally, and
halite (or mxistone or carbonate) mist give way laterally to ancther rock or
an area that isn't accumilating halite. Where were these transitions for the
Rustler?

After our experience mapping the waste shaft, we felt strongly that we
were seeing transitional area. The bedding, fossils, bioturbation, and
sedimentary structures were convincing evidence to us that the shaft area had
not undergone significant dissolution since the Rustler was deposited ard
that sufficient features were cbservable in shafts and cores to recontruct
depositional envirorments. Fram this reconstruction, we expected that more
realistic limits could be placed on the extent of salt dissolved from the
Rustler since the Permian., Here we report our reconstructed depositional
environments.

The initial response to our mapping experience varied, though much of
it was skeptical. Some workers have felt strongly that expectations of
lateral contimzity cutweigh specific evidence we presented such as contimiity
of bedding and primary sedimentary features. Very slow dissolution was
postulated, so that sedimentary features and relationships can be preserved
while 75 to 90% of the rock is removed. While we are reluctant to say that
such a process cannot occur, we believe a more appropriate explanation is
available.

Halite does appear and disappear in parts of the Rustler. But
observable features and relationships in the Rustler indicate that it can
disappear soon after it was deposited, as might be expected for ane of the
more soluble of evapcrite minerals. It creates interpretable structures as
it is dissolved, scme of which are newly described in this report. We hope
that other geologists who are interested in evaporites will benefit from our

experience, too. (/ T
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Many individuals have helped us during this investigation. Not all can
reasonably be acknowledged, hut some have been extensively involved: Mel
Balderrama, David Frederick, Merrie Martin, Kathy Schiel, Mary Jane Graham,
Linda Foster, and Judi Williamson. We thank them for persevering. The
manuscript was reviewed by Steve Lambert, Sue Hovorka, Rick Deshler, Barb
Deshler, Roy McKinney, Dwight Deal, and Ken Broberg, Mike Scimlz, and Bermet
Yourng. We especially thank Steve Lambert, Suel-fovorka, and Barb Deshler for
their extra time and effort. We absolve all of the above for any mistakes we
may have made.

The main thrust of this report is to describe and interpret
sedimentological featires in terms of depositional enviromments. It was
written mainly for sedimentologists. A few cbhecure but useful words are
explained in the text. We amticipate that geologists less familiar with
evaporites and sedimentology will require occasicnal refererce to the
American Geological Institute Glossary of Geology, 3rd ed., ed. by R.L. Bates
arnd J.A. Jackson.

Robert M. Holt

Dermis W. Powers
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ABSTRACT

The late Permian Rustler Formation is the yourgest of three
evaporite-bearing formaticns in the Delaware Basin. The depositional
enviroments which formed the Rustler and the post-depositional events which
subsecuently modified the Rustler have never before been investigated in a
detailed, systematic way. The purpose of this study is to describe the
detailed sedimentology and interpret the depositional ervirorments of the
Rustler. Ancther abjective of this shudy is to reassess the extent of
Rustler dissolution. The reconstructed depositional enviromments help to
baurxd the extent and relative timing of dissolution. Existing literature was
surveyed to distill criteria by which dissolution can be recognized.
Microscopic examination of diagenetic alteration of the Rustler rounds out
the evidence.
vicinity of the Waste Isolation Pilot Plant (WIFP) site in southeastern New
Mexico. Nearly 600 geophysical logs from boreholes in southeastern New
Mexico were interpreted, and the stratigraphy and lithology over a larger
study area were related to units observed in cores and shafts fram the WIPP
site.

The Rustler consists of sulfates, carbonates, halite, and clastic rocks.
Rustler sulfates and carbonates are areally extensive and vary little. Those
zones containing halite and mxistone laterally change greatly in thickness
and lithology. The Rustler thickens considerably toward a depocenter east
and southeast of the WIPP site. Most of the variation in Rustler thickness
is attrikuted to those stratigraphic intervals cantaining halite.

The depositional envirormemnts of the various units within the Rustler
were recanstructed using a sedimentological approach. Carbonate and sulfate
units were deposited subaqueously following a transgression or freshening

/ event. Among the diagnostic features for subagueous deposition are algal

beds and laminaticns, bioturbation, fossils, gypsum growth textures, ard
cross~bedding sequences. Halite and mxistone units accumilated slowly due to
repeated solution and reprecipitation of halite in salt pan and marginal
midflat envirorments. Subsidence in the depocenter allowed halite to
accumilate ard be preserved. Halite commonly was dissolved syndepositionally
fram parts of the halite and mudstone units. Small scale dissolution, often
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reported in halite from both modern and ancient evaporite enviroments, was
cammon, and, on a larger scale, syndepositional disscolution drastically
modified the sedimentary sequence. Diagnostic features include pedogenic
clay skins, incorporative gypsum, incorporative and displacive halite in
various stages of growth and solution, and bedding. Smeared intraclast
textures are a newly-described feature formed by repeated solution of halite
in mdflat envirorments,

Several times during Rustler deposition, relatively fresh water
transgressed rapidly over very low topography. Carbonate or sulfate formed
subaquecusly as evaporation proceeded. Salinity increased amd the brine
margins retracted as desiccation contimied. Marginal clastics ard a halite
lens in the depocenter accumilated relatively slowly and were controlled by
subsidence and carmibalism of soluble minerals at the margins. Deposition of
these saline facies was abruptly ended by ancther freshening event. This
style of deposition began with an initial marine transgression over the
Salado ard was repeated several times.

The Rustler in, and adjacent to, Nash Draw has been brecciated because of
solution of the Salado. Breccias were superimposed on Rustler rocks,
including clastic rocks exhibiting smeared intraclasts which are due to
syrdepositional dissolution. These breccias have a stratiform base, ard the
degree of brecciation diminished upwards. These features are consistent with
post—depositional dissolution of a bed at depth as described in the
literature. Same of these areas are how also being affected by karst
processes (as at WIFP 33).

Most of the inmediate site area is unaffected by large-scale
post—depositional dissolution. Halite was removed from parts of the lower
wmamed member, Tamarisk Member, and Forty-niner Member before overlying
units were deposited. Minor brecciation at boreholes H-3 and H-11 indicates
same dissolution and collapse after the Rustler was deposited. These
boreholes are in marginal areas of the depositional envirorments where some
halite precipitated in mudstone units. Part of the Tamarisk Member is
brecciated in WIPP 13. Partial core from WIPP 13 limits interpretation of
this anomaly. Halite is not predicted for the Tamarisk Member at this
location, but the brecciation may have begun below the Tamarisk.
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The Rustler has been altered extensively at the microscopic scale.
Petrographic evidence demonstrates mainly volume-for-volume replacement of
minerals, especially sulfates. Overgrowths on same clastic gypsum grains
preserve shapes, suggesting the gypsim may never have imverted to anhydrite.
These phenomena help limit hypotheses of the effects of the volume changes
associated with sulfate mineral irnversion.
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1.0 INTRODUCTION

The late Permian Rustler Formation is the youngest of three Ochoan
evaporite-bearing formations in the Delaware Basin, amd it overlies the
Salado Formation which contains the facility horizon of the Waste Isolaticn
Pilot Plant (WIFP). The Rustler is being characterized in detail to
understand the geological history of the strata overlying, and in the area
swrrowrding, the WIFP. The lorg-term isolation of waste at the WIPP will be
evaluated partly on our understanding of this geological history.

The Rustler must be characterized in two ways. First, the conditien of
the Rustler at the present time must be clearly understood. Hydrologic and
water-quality data have been collected and synthesized to explain groumdwater
sources and mowement in the Rustler. Second, data must be collected in order
to interpret more precisely those events which formed the Rustler and
subsequently modified it through geologic time. In this report, Rustler
sedimentary features are reported and the depositional history of the Rustler
is interpreted. Post-depositional history of the formation is partially
assessed. _

The WIFP project is a Department of Energy (DOE) research-and-development
facility constructed to demonstrate the safe disposal of radicactive wastes
derived frum the defense activities of the United States. The WIPP site is
located about 26 miles east of Carlsbad, New Mexico, in an area known as Los
Medanos (Fig. 1l.1).

1.1 GENERAL

The late Permian Rustler Formation of the Delaware Basin in southeastern
New Mexico amd west Texas records, perhaps unicuely, the evaporitic end
stages of a cratonic basin. The Rustler is umusual as it represents the
transition from the thick bedded evaporites of the Salado Formation to the
clastic dominated continental deposits of the Dewey Lake Redbeds (also called
Dewey lake Formation). Transitional deposits of this nature have not been
widely investigated.

The depositional pattern of the Salado (thicker, laterally contimcus
beds of halite bounded by thirmer, areally extensive beds of sulfate) did not
cantinue in the Rustler. The Rustler lithology is more variable, consisting
of interbedded sulfates, clastics, carbonates, and halite. The lower Rustler
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contains principally clastic rocks with interbedded sulfates and halite. The
upper Rustler consists of carbonates and thick sulfates which sandwich
thinner units of clastics and laterally equivalent halite.

The depositional enviromments which produced the Rustler are poorly
urderstood, as no attempt had been made until recently to collect and
synthesize detailed sedimentological data into a depositional model (Holt ard
Powers, 1984, 1986a & b, 1987; Powers and Holt, 1984). Before this work,
data on the Rustler came fram studies of limited and highly disrupted
outcrops (e.g. Vine, 1963), field examination of core, and general
interpretations of geophysical logs. Most studies of ancient evaporites are
based on chservations of cores arxd interpretations made from geophysical
logs. This is partially due to the fact that evaporites crop out poorly.
Hydration and dissolution seldom leave original textures and features
intact. Most core stidies concentrate on recognizing features with modern
analocgs. In this study, an in situ sequence was directly cbserved amd
cambined with detailed core description ard geophysical log interpretation to
yield a much better set of sedimentary features and more camplete
understanding of lateral lithologic relationships.

The Rustler at the WIPP site near Carlsbad, New Mexico, has been
investigated recently in detail, providing unique lithologic data for this
formation. The Rustler was directly dbserved, described, and geologically
mapped in two shafts. The mapping revealed lateral relationships and
sedimentary features that rarely are cbserved in core or surface outcrop. As
the shafts displayed the entire Rustler section in situ, data from the shafts
(Holt and Powers, 1984, 1986a) are superior to those collected by other
means. Observations made in the WIPP shafts provided the impetus for further
study; cores were also re-examined and redescribed, and lithologies were
interpreted in scme detail from geophysical logs. The purpose of this
investigation is to synthesize the data collected from the northern Delaware
Basin (WIFP site area) and swrrounding areas into a detailed depositicnal
model of the Rustler Formation. Once a detailed depositional model has been
established, it becomes possible to separate depositicnal from diagenetic
features and to more accurately access diagenetic models.

Jones and others (1973), Bachman (1974, 1976, 1980, 1984a), and Lambert
(1983) have discussed dissolution or proposed models of dissclution for the
Rustler in the vicinity of the WIPP. An improved understanding of the
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depositional ernviromments of the Rustler should enhance our wderstanding of
any diagenetic events, including dissolution, that have affected the Rustler.

1.2 STUDY ARFA

The Delaware Basin of southeastern New Mexico and west Texas is a major
subdivision of the Permian Basin {Fig. 1.2). It is bounded on the west by
the Diablo Platform, cn the east by the Central Basin Platform, and on the
north by the Northwestern Shelf. The areal extent of the basin is greater
than 13,000 mi? (33,500 km?), and it is filled with as much as 24,600 ft
(7,500 m) of Phanerozoic sedimentary rocks (Hills, 1984). The Capitan reef
almost campletely surrcunds the Delaware Basin., It is considered among the
latest deposits immediately preceding deposition of the Ochoan evaporites.
This study concentrates on the northern portion of the Delaware Basin and
adjacent parts of the Northwestern Shelf and Central Basin Platform. The
WIPP site lies among the vegetated dunes of the Los Medanos area, same 26 mi
(42 km) east of Carlsbad, amd is located in the northern part of the Delaware
Basin between Nash Draw and San Simon Swale.

1.3 REVIEW OF PREVIOUS WORK

The depositional and diagenetic events which produced the Rustler
Formation have not been investigated in amny detailed, systematic way. Early
workers (e.g. lang, 1935; Adams, 1944) descr:.bed the Rustler from outcrop ard
well data, but they provided little assessment of depositional enviromments
or post-depositicnal events. Donegan and DeFord (1950) asserted that the
Rustler was Permian in age on the basis of invertebrate fossils collected
from the Qulebra Dolamite Member of the Rustler in CQulberson County, Texas.
Walter (1953) further identified and examined these fossils, and he indicated
that the erwviromment was quite saline based on the restricted fauna. Vine
(1963) described the Rustler outcrops in Nash Draw and the Rustler from a
core south of the WIPP site as part of the geological work preparatory to
Project Gname, a muclear device exploded in 1961 in the Salado Formation
south of the WIFP site. Cooper and Glanzman (1971) and Gard (1968) provided
final reports on hydrology and geology of the Project Gname site that include
considerable discussion of the Rustler stratigraphy and lithology as well as
the effects of dissolution. Geologists from the U.S. Geological Survey
prepared several reports in the early 1970s as part of broad site selection
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activities for radiocactive waste disposal that resulted in investigation of
the Ios Medanos area. Janes and others (1973) interpreted the regional
thinning of the Rustler as the result of an eastward migrating wedge of
dissolution.

Eager (1983) broadly described a core through the Rustler in Culberson
County, Texas, and related lithology to gecphysical logs. Six stratigraphic
units were identified by Eager (1983): the four formal members and two
informal members below the Culebra Dolamite Member. The basal 96 ft (29 m)
was called the "siltstone member" and includes about 22 ft (6.7 m) of
dolcmite. The "lower gypsum and mudstone mewber” of Eager (1983) is between
the "siltstone member" and the Culebra and is about 50 ft (15.2 m) thick.
Eager (1983) attributes the Rustler to eolian,. supratidal carbonate flats,
brine pan and mad flat envirorments based on the general lithologic
similarities to evaporites of the Palo Duro Basin as reported by Hardford
(1981), Handford and Fredericks (1980), McGillis and Presley (1981), and
Presley and McGillis (1982).

Field investigations began in 1974 in the Ios Medanos area to locate a
site for the WIPP, and the present site was located in 1975. The site was
investigated in detail to validate it based upon established criteria. The
Rustler was deemed of importance to the WIPP as it overlies the Salado and
contains two water-bearing units (the Magenta and Culebra Dolomite Members).
The hydrology of the Rustler has been characterized extensively to help
determine the likelihood of the Rustler acting as a conduit for radicactive
materials to the biosphere. As part of the site investigations, a mmber of
Rustler cores were taken. The initial field descriptions of those cores
appear in basic data reports for each hole (e.g. Jones and Gonzalez, 1980).
Data and interpretations of the hydrology of the Rustler have been presented
in several WIPP documents (e.g. Mercer and Orr, 1979; Ganzales, 1982; Mercer,
1983). Ferrall ard Gibbons (1980), lambert (1983), and Powers and others
(1978) discussed dissolution within the Rustler. The WIPP site location and
design met all established criteria and the site validation report was
published in 1983.

In 1984 and 1985, two shafts were enlarged or newly constructed through
the Rustler to the WIFP facility level. These shafts were mapped in their
entirety (Holt and Powers, 1984, 1986a), giving special attention to the



if recent dissolution had cccurred. Holt and Powers (1984) state that:

"Post—depositional dissolution features were not cbserved in any

stratigraphic horizons in the waste shaft. In fact, several zones

previously identified as dissolution residues in nearby boreholes (e.q.,

ERDA-9) contain pronocunced primary sedimentary features. This is of

great significance since dissolution has, historically, been considered

as an importamt process that has greatly modified the Rustler Formation
in this area."
The authors were subsequently given the task to study in detail the
sedimentology, depositional envirormments, and subsequent modifications of the
Rustler, building on their unique experience in mapping and describing the
Rustler in the waste handling and exhaust shafts. This report is the
consequence of that task.

Several of the intervals within the Rustler were modified by diagenetic
processes. Based upon examination of four cores and one gecphysical log,
Lowenstein (1987¢) discussed post-depositional alteration within the
Rustler. Baciman (1987b) repcrted on evaporite karst, culminating years of
study of the processes and features in Ochoan rocks, including the Rustler.
Diagenetic alterations are assessed in this study as they pertain to both the
depositional enviromments and dissolution.

1.4 METHODS OF ANATYSTS CR APPROACH TC EVAPORTTE STUDIES

As previously discussed, the surface outcrops of most ancient evaporites
provide little or no significant data concerming the depositional envirorment
which formed the evaporites or subsurface geologic processes that modified
them. In turn, the majority of evaporite-related studies rely on two types
of data from the subsurface: geophysical logs ard core. Among the most
camcn tools available for evaporite studies are geophysical logs. The
geophysical log itself is data about the physical properties of the rocks
that must be interpreted. The interpretations are sametimes not unigue and
are frequently based upon a factor which camnot be quantified - experience.
Geophysical logs became more useful when the logs from holes containing core
are carmpared with descriptions of that core. This procedure allows for
better extrapolation of rock types away from a data area.

T
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Geophysical log interpretations are limited. No information can be
collected or inferred beyond that which is inherent in each specific logging
tool. In the best of cases, gecphysical logs individually may yield general
or semi~quantitative information concerning density, water content, natural
radicactivity, acoustic velocity, conductivity, resistivity, spontantecus
potential and dip. As cne type of geophysical log data does not usually
yvield a unique interpretation of litholegy, gecphysical log types are
cambined in a marner in which the data collected allows unique, or nearly so,
interpretations of parameters of interest. At best, these interpretations
can reveal general information concerning rock type, mineralogy and pore
fluid type. Gecphysical logs nommally cannot provide any information
concerning sedimentary features (although the dip log may indicate
crossbedding) . Therefore, it is improper to rely on gecphysical logs for the
interpretation of anything they are not designed to provide. The value of
geophysical logs lies in their availability‘acznss the region of interest.

Thus, vertical and lateral lithologic and stratigraphic relationships can be
inferred fram logs of boreholes without core, providing much greater range to
interpret geclogical history for the Rustler,

In most cases, gecphysical logs camnot provide the types of data most
needed for accurate and detailed reconstruction of depositional amd
diagenetic models. Just as it is impossible, using geophysical logs, to
differentiate directly between sulfate deposited in a sabkha and that
deposited in a saline lagoon or lake, it - is also generally impossible to
distinguish between a clastically deposited mudstone and a mxdstone residue
left after the removal of salt. The features and fabrics we rely on for the
interpretation of depositional ernvirorment and diagenetic history (including \
dissolution) come from direct cbservation of rock. ( "

This can be done in cne of two ways. First, rock samples collected by . il
coring can easily be described and allow for the direct cbservation of
sedimentary features. The surface of evaporite core is frequently less than
ideal for detailed cbservations, so it is often desirable to cut a slab from
the core. BAncther advantage of cores is that they can be taken fram holes
over a wide area relatively cheaply, providing a larger view of the unit.
One disadvantage of the study of core is that the data are limited by core
size and the chance of coring and preserving specific features of
importance. Second, in situ cbservations of rock can be done in marmade
undergrourd cpenings such as shafts and drifts. Observation of the rocks in_

1-6



situ has distinct advantages over cbservation of core, although it may be
orders of magnitude more expensive than core. The entire sequence may be
cbserved without intermption. ILarger scale features may be readily cbserved
and relatianships not clear in core may be cbvious. Thus the features
abserved in core can be understood with greater confidence.

Nevertheless, the surface of underground excavations is usually rough,
ard same of the details which are readily distinguishable in core may not
bevisible. This is especially true for sulfate rocks. It is clear that the
best approach toward collecting direct abservational data is to use both core
and cbservations from underground excavations, as ane's weakness is the
other's strength.

Other types of direct cbservations on evaporite cores or samples can be
made. These include thin sections, X-ray diffraction, ard other chemical and
nmicroscopic techniques.

As gecphysical log data are more commen and of greater areal extent than
data collected from direct cbhservations, it is important to integrate the
data types. One can compare the direct cbservations from core with the
geophysical logs and determine what geophysical log signatwres correspond
with the observed rocks. One can reascnably expect to extrapolate
lithologies between direct data points via gecophysical logs. Those
interpretations became less valid when they are not bourded by directly
cbserved data and lose validity further fram a direct cbservation. It is
best to use caution when using geophy2ical logs alane.

Once the data have been collected and compiled, features with easily
recognizable modern depositional analogs should be identified. The secuence
of occurrence of those features in both the lateral and vertical sense should
be analyzed ard lithofacies should be determined. As few ancient examples
exactly mimic modern analogs, it is not necessary to find an exact
ervirormental match. The processes which formed the sedimentary features are
commonly recognizable. It is the assimilation of those processes amd their
inherent limitations that yields a range of possibilities of original
depositional envirorment. Further narrowing of the field is then done by
determining which of the possible models is inconsistent with the lateral amd
vertical lithofacies relationships. Once this process is completed on a
small scale, it should then be reapplied to the larger scale. The most
reasonable interpretation should be selected ard tested.

L
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Data have been campiled on several types of maps and diagrams for
interpretation. Lithofacies are identified, and their lateral variations
assessed. By coamparing the features and facies relationships of the Rustler
to modern analogs, depositicnal models have been generated for various parts
of the Rustler amd integrated to create a camposite depositional model of the
Rustler Formation.
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2.0 GBEOLOGIC HISTORY OF THE DEIAWARE BASIN
2.1 FPRE-PENNSYIVANTAN

Prior to the Late Mississippian, Paleozoic depositicnal patterns in the
Delaware Basin reflect migraticns of epeiric seas over the region amd the
structural develcpgment of the Tcbosa Basin, the predecessor to the Permian
Basin. Frum the Iate Cambrian/Early Ordovician until the Iate Mississippian,
a nearly contimious record of sedimentation is preserved as the region was,
for the most part, tectonically stable during that time. Carbonates
deposited under shallow shelf conditions daminate the rock record. However,
carbonate deposition was interrupted by shale sedimentation during the Middle
Ordovician, late Devonian, and Early Mississippian.

During and immediately following the Iate Mississippian, the Delaware
Basin began to develop structurally by vertical movement along pre-existing
structural trends (Hills, 1984). A thick sequence of basinal shales was
deposited in the Delaware Basin during the late Mississippian.

2.2 TENNSYIVANIAN PERIOD

The tectonic processes that were initiated during the Mississippian
contimed into the Early Pemnsylvanian, and clastic materials derived from
the Pedernal uplift in cemtral New Mexico, the exposed Central Basin
Platform, mountains in the Ouachita-Marathon area, and the Matador Arch
filled the growing Delaware Basin (Hills, 1984; Powers and others, 1978).

During the Middle to late Permsylvz .an, tectonic activity increased in
the region (Ross, 1986). Broad carbonate shelves grew concurrently along the
margins of the Delaware Basin (Hills, 1984). Carbonate bank development
began in Atcka time and persisted throuch the ILate Pernsylvanian apd much of
Permian time (Mazzulo, 1981). For the most part, clastic input from the
north was trapped behind the carbonate banks, thus starving the Delaware
Basin of sediment (Adams and others, 1951).

By early Permian (mid-Wolfcampian) time, tectonic activity had ceased
(Ross, 1986), ard the entire region subsided, deepening the Delaware Basin
ard establishing the major features of the Permian Basin.

7O

2.3 PERMIAN PERTOD k‘ )
2.3.1 VWolfcampian Epoch -
In the Early Permian, the last stages of the Marathon orogeny thrust
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geosynclinal rocks northward providing a source of fine clastic material
which filled much of the southern and central portion of the Delaware Basin
(Hills, 1984; Ross, 1986). Limestones, including the Abo reef, were
deposited on the shelfal areas and during periods of quiescence, as thin
units within the basin (Hills, 1972; Hills, 1984). The develcpment of
carbonate reefs severely restricted basinal circulation (Hills, 1984).
Regional tectonic stability marked the remainder of the Permian, although
local structural events continued to modify the basin (Powers and others,
1978) .

2.3.2 leonardian Epoch

The restriction of marine circulation contimied into the Middle Permian,
and the sea regressed to the southwest (Hills, 1972). This led to the
develompment of large reefs arxd carbonate banks., Evaporites were deposited in
highly saline shallow lagoons in the back reef (Hills, 1972). Sandstones
contimied to be deposited in the central part of the basin and were
interbedded with carbonate wedges thimning toward the center of the basin.

2.3.3 Guadalupian Epoch

A general eastward tilting of the Delaware Basin began near the end of
Lecnardian time and subsidence contimied through Guadalupian time (Hills,
1984). About 3,000 to 4,000 ft (900 to 1,200 m) of Guadalupian sands and
silts were poured into the Delaware Basin; large carbonate reefs develaoped
through later Guadalupian time (Hills, 1984).

As circulation became widely restricted due to the upward growth of the
reefs and contimied subsidence, the basin became sediment-starved (Oriel amd
others, 1967; Hayes, 1964; Hills, 1984). Reef and bank growth contirmed
arourd the basin margins, and by late Guadalupian time had closed the Hovey
Channel (Fig. 1.2) (Ross, 1986). The salinity of the fluids within the basin
increased, dramatically halting reef growth.

2.3.4 Ochoan Fpoch

The Delaware Basin was very restricted by the beginning of Ochoan time
and evapcrative conditions prevailed. Topographically, the Delaware Basin
was fairly deep. Up to 1600 ft (500 m) of Castile evaporites consisting of
carbonate and anhydrite with interbeds of halite were deposited on the
{ L 2-2
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Guadalupian sediments. The Castile is restricted to the Delaware Basin,
because Lang (1939, 1942) redefined the base of the Salado as the base of the
Fletcher anhydrite that rests on the Capitan reef in the subsurface.

Following the deposition of the Castile, the basin desiccated to an
areally extensive salt-pan/saline mxdflat. Surface topography was
essentially nonexistent and the laterally contimuous desiccating-upward
cycles of carbonate - sulfate - halite were deposited (Jones, 1972;
Iowenstein, 1982, 1987a). Locally, over 2300 £t (700 m) of the Salado
evaporites, mostly halite, were deposited in the basin. Salado deposition
exterded over the margins of the then buried Capitan reef.

Rustler time was marked by a major freshening of the basin. Clastic
sediments were introduced into a deeper, scmewhat less saline lagoonal type
ervirorment which later desiccated to a saline mudflat/salt pan. Rapid
transqgressions followed by desiccation deposited carbonates, sulfates, and
halite rocks during the remainder of Rustler time.

Near the end of the Permian, nearly 650 £t (200 m) of siltstones and
sandstones were deposited over Rustler evaporites. Earlier stixiies of the
Dewey lake Redbeds have been limited in scope (e.g., Miller, 1955, 1957).
Miller (1966) interpreted the Dewey lake as having been deposited in a
shallow marine emviroment. Oriel ard others (1967) followed Miller (1966),
while Eager (1983) suggested that the Dewey Iake originated as prodeltaic
sediments. Schiel (1987), as part of a contimuing study, suggests the Dewey
lake is a continental deposit, in contrast with previous marine
interpretations.

2.4 POST-PERMIAN

Followirng the depcsition of the Dewey lake Redbeds, most of southeastern
New Mexico and west Texas were subject to erosicn. The uplift and/or tilting
that caused ercsion was minor as the unconformity between the Iate Triassic
Dockum Group and the Late Permian Dewey Iake Redbeds is minimal. By the Iate
Triassic, southeastern New Mexico was reduced to a broad peneplain (Kelley,
1971). A northwesterly draining flood-plain basin formed in the Late
Triassic and was not contained by the Delaware Basin (Hills, 1963; Brokaw and
cothers, 1972; McGowen and others, 1983). Source areas to the south provided
detrital material for the Santa Rosa and Chinle Formations (MoGowan and
others, 1983).

?';—
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The Jurassic was a period of uplift and erosicn of Triassic and possibly
Permian rocks in the western part of the Delaware Basin. Southeastern New
Mexico was a source area for Jurassic rocks in central and northern New
Mexico (Powers and others, 1978).

By Cretacecus time, earlier erosion had exposed Precambrian to Permian
rocks in the region. Fram late in the Early Cretaceocus until early in the
late Cretaceocus, southeastern New Mexico was covered by shallow shelfal seas
(Hills, 1984). Thin deposits of limestone ardd coarse sandstone and
carglomerate were deposited. In the Delaware Basin, the Cretaceous rocks
were removed by later erosion, save isolated slump blocks of limestone and
shale associated with karst features (Baciman, 1974). late in the Cretaceous
or early in the Tertiary, the Guadalupe Mountains were uplifted and tilted to
the northeast. Mild tectonism affected the Nortlmwestern Shelf (Kelley,
1971).

Regional uplift and tilting of southeastern New Mexico and west Texas to
the east and southeast occurred in the late Tertiary. Tectonic activity to
the west increased, resulting in the uplift of the Delaware, Guadalupe, and
Sacramento Mountains. Eastward flowing streams drained the recently elevated
highlands forming coalescing alluvial systems. These systems eventually
produced an extensive blanket of sands and gravels called the Ogallala
Formation. The Ogallala represents the first preserved sedimentary record
since the Cretaceous (Bachman, 1974). Ogallala deposition ended in the
Pliocene with the advent of additional -=gional uplift and warping (Powers
amd others, 1978). The surface became stabilized, and soil forming processes
began that resulted in the formation of an extensive caliche caprock
(Bachman, 1980).

A major uplift of the Guadalupe Mountains occurred in the late Pliocene
and early Pleistocene. Subsequent erosion and coalescence of subsided areas
removed Ogallala sediments (Nicholson and Clebsch, 1961; Mercer and Orr,
1979). During the early to middle Pleistocene, Nash Draw, the Clayton Basin,

and San Simon Swale underwent subsidence (Bachman, 1974).

The middle Pleistocene was relatively hmmid, and the canditions were
right for the fluvial reworking and deposition of earlier sediments as the
Gatuna Formation. Gatuna time was followed by a much more arid enviroment.
The arid coanditions coupled with a tectonic and an ervsionally stable surface
permitted the formation of the Mescalero caliche. During the late
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Pleistocene to Holocene, eolian reworking of detrital materials formed the
extensive cune fields which now blanket large portions of southeastern New
Mexico.




3.0 STRATIGRAPHY
3.1 OCHOAN STRATIGRAPHY

The Ochoan Series in the Delaware Basin was named by Adams and others
(1939) for the Ochoa Post Office (T.24S., R.34E., Lea County). It includes
four formations, three of which consist primarily of evaporites. They are,
in ascending corder, the Castile, Salado, and Rustler Formations, and the
Dewey Lake Redbeds (or Formation) (Fig. 3.1).

3.1.1 Castile Formation

Richardson (1904) named the Castile Formation for outcrops near Castile
Spring in Culberson Caunty, Texas. The Castile was divided into a "lower™
and an "upper" salt series until ILang (1935) named the upper salt series the
Salado Formation.

The Castile Formation consists of thick units of laminated
anhydrite/carbonate and halite. The sulfatic beds dominate. Halite is thin
or absent in the western part of the Delaware Basin. The change is usually
attributed to dissolution of halite (Anderson and others, 1972, 1978;
Anderson, 1978, 1981, 1982; Bachman, 1984b; lambert, 1983).

Anderson and others (1972) divided the Castile into additional informal
members from the base upwards: basal limestone, anhydrite I, halite I,
anhydrite II, halite II, arhydrite III, halite ITI, and anhydrite IV.
Bactman (1984b) reported additicnal halite within anhydrite IV and called it
halite V (sic). The informal framework provided by Anderson ard his
co~workers is in regular usage by investigators of the Castile Formation.

The basal contact of the Castile with the underlying Bell Canyon
Formation of the Delaware Mountain Group is poorly exposed at best.
Geophysical logs display a sharp transition based on natural gamma, acoustic,
density, and other parameters. The contact has been considered unconformable
based on these signatures. Cys (1978) reviews the evidence from a core of
the transition in Winkler County, Texas, ard concludes that the contact is
clearly transitional. Cys (1978) placed the contact at the first lamina of
anhydrite. He indicates that the sharp log sicmature is due to the thinness
of the transitional contact relative to the resolution of the log. Anderson
ard others (1972) report a thin limestone unit at the base of the Castile.
More recently, Robinson and Powers (1987) examined cores of the contact from
numercus borehcles alonyg the western edge of the Delaware Basin, and
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geovphysical logs from a larger area. Cores show the transition over a few
tens of centimeters, amd the logs display sharp transitions. In addition,
there appears to be an intertanguing of limestone and sulfate near the base
of the Castile forming what has been called "false lamar" (Powers and
Robinson, in prep.)}. The intertonguing ocours east of whites City over
several miles. While the Bell CanyoryCastile contact is transitional over an
interval of < 3 ft (1 m) arnd the log signature is distinctive, some marginal
variation in the contact is demonstrable.

The upper contact with the Salado is less clear. Ilang (1939, 1942)
placed the base of the Salado at the base of the Fletcher Anhydrite Member
which rests immediately on the Capitan Limestone. Janes (1954) and Jones ard
others (1973} included the Fletcher Anhydrite Member in an anhydrite unit
considered part of the Castile in the Delaware Basin. This anhydrite was
infcrmally designated anhydrite IIT or IV, or a cambination of IXI/IV, by
Arderson and others (1972).

Bachman (1984b) reviewed the nature of the Castile/Salado contact in some
detail. He generally confirms (p. 8) the comclusion of Jones (1954) that
"the comtact between the Castile ard Salado is gradational and
interfingering."

Bacihman (1984b) interprets the contact as generally sharp, but modified
in part by dissolution resulting in a residue resting on the Castile.

The Castile has been the subject of many well-known studies. Anderson
and others (1972) relate studies of the anhydrite/carbonate laminations begun
by Udden (1924), carried on by Adams (1944}, arnd extended by Anderson and
co-workers. The Castile Formation is usually considered an example of a
deep-water evaporite basin; the characteristics atterdant with such deposits
are discussed more fully by Schmalz (1963), Dean and others (1975), and
Kendall (1984).

The Castile Formation is dominated lithologically by thick units of
sulfate (mainly anhydrite) or thinly laminated anhydrite and carbonate. Near
the center of the basin, thick units of relatively pure halite are
interbedded to intertonguing with the sulfate units. The thickness of heds
within the Castile can be consistent over considerable distances, interrupted
only by intraformational deformation or by dissclution. Anderson and Powers
(1978} report on deformation of parts of the Castile from several areas
within the Delaware Basin buried no more than about 4000 ££ (1200 m) deep at
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present. Borns and others (1983) and Borns and Shaffer (1985) examined
deformation in the Castile near the WIPP site arxd in larger areas of the
basin. Borns and Shaffer (1985) concluded that the structures outlined by
Anderson and Powers (1578) were smaller than originally conceived and were
similar to salt flowage/deformation structures near the WIPP site.

Same investigators report basin margin effects, including submarine fan
deposits of gypsum or anhydrite (Billo, 1986), alang the eastern ard northemn
basin margin. Robinson and Powers (1987) report a fan-like deposit of
sulfate clasts approximately equivalent to halite I (Anderson ard others,
1972) along the western margin of the basin. Details of the sedimentological
processes for the Castile are still being profitably studied.

3.1.2 Salado Formation

The term Salado was originated by lang (1935) for the upper, salt-rich
part of the Castile gypsum of Richardson {1904). An informal threefold
division of the Salado Formation is utilized here: an urmamed upper member,
a middle member locally designated the McNutt potash zone, and an umnamed
lower member. As each of the members contains similar amounts of halite,
anhydrite, and polyhalite (Jones, 1972), the members are distinguished by
their content of other potassium and magnesium-bearing minerals. The upper
and lower members generally lack these minerals, while the middle member
(McNutt potash zone) contains a relative abundance of potassium and
ragnesium-pearing minerals. Due to the abundance of laterally persistent
beds, the middle and upper Salado are also subdivided on a mxh finer scale.
A system of mmbering individual beds of anhydrite and polyhalite (marker
beds) was introduced by geologists of the U. S. Geolegical Survey (Jones and
others, 1960). The marker bed system is used extensively by mining companies
in the Carlsbad potash mining district.

The Salado consists of halite, arhydrite, and polyhalite with varying
amounts of other potassium-bearing minerals. About 85-90% of the Salado is
halite (Jones ard others, 1973). Beds of anhydrite and polyhalite alternate
with thicker beds of halite throughout the Salado section.

Halite in the Salado is rarely pure and often contains minor amounts of
clay, polyhalite, and anhydrite. The halite is generally white to clear, but
it may be tinted orange, reddish-brown, and gray by varying amounts of
interstitial polyhalite or clay (here used mainly as a textural term as the
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finest grain sizes include clay and cther minerals). Halite may also occur
in same argillaceous beds and anhydrites as displacive crystals. Halite
replacements of sulfate are cammon; the most recognizable are halite
pseudamorphs after gypsum swallowtail crystals.

In the Salado, argillacecus halite is reddish-brown to gray. In an
argillacecus halite, clay minerals may occur as matrix material, interstitial
material, and intercrystalline material. The clay mineral content of the
Salado (Bodine, 1978) and most irdividual argillaceous halites increases
upward (Lowenstein, 1982, 1987a).

Most sulfate units in the Salado consist of finely crystalline polyhalite
and anhydrite. During geologic mapping in the exhaust shaft, various classic
sulfate sedimentary structures were cbserved in the anhydrites and
polyhalites of the Salado, including nodular structures, enterclithic
structures, and swallowtail structures. Some of the anhydrite and polyhalite
beds are visually structureless. The majority of the polyhalite and '
anhydrite beds are underlain by thin beds of gray carbonate-rich claystone.
Polyhalite and anhydrite may also occur in halite bexis as disseminated,
irreqularly shaped blebs or as stringers.

Unlike the Castile, the Saladeo is not confined to the Delaware Basin.
North and east of the WIPP site Salado deposition passed well beyond the
Capitan reef and occurred on the Northwestern Shelf arnd the Central Basin
Platform. The Salado has been ervsionally removed from the west and souath
sides of the Delaware Basin leaving a horseshoe-shaped rim of brecciated
insoluble material. |

The upper contact of the Salado with the Rustler within the central part
of the basin is marked consistently on geophysical logs by a relatively large
increase in natural gamma over an interval as thick as 100 £t (30 m). This
log signature immediately overlies successively deeper Salado marker beds to
the west (Jones ard others, 1960; Bachman, 1974), usually attributed to
solution or leaching of salt from the upper Salado (Vine, 1963). Jones and
others (1973) argue that this zone is partly attrilntable to the Rustler ard
partly to the Salado Formation. Holt and Powers (1984) described erosion and
channeling very near the base of the Rustler that indicates processes other
than late dissolution may contrilute part of the apparently unconformable
relationship between Salado and Rustler.

T
‘\
LR
o



3.1.3 Rustler Formation

The Rustler Formation is the youngest of three Ochoan evaporite-bearing
formations in the Delaware Basin (Fig. 3.1). Richardson (1904) named the
Rustler for outcrops in the Rustler Hills, Qulberson County, Texas. Lang
(1939) clarified the term "Rustler" to stratigraphically define the interval
between the Pierce Carnyon Redbeds (abandoned term; now recognized in part as
the Dewey lake Redbeds) arxd the Salado Formation. Iang (1939; in Adams,
1944) recognized and named two laterally extensive dolamite units. The lower
is named the Culebra Dolomite Member, and the upper is named the Magenta
Dolamite Member.

Vine (1963) introduced the presently used fivefold stratigraphic
subdivision of the Rustler (Fig. 3.2). Vine named the interval above the
Magenta the Forty-niner Member, and the interval between the Culebra and the
Magenta the Tamarisk Member. The interval between the Rustler/Salado contact
and the CQulebra was not named and is referred to as the urmamed lower member.

The Rustler Formation in this area is characterized by a variable
lithology consisting of interbedded sulfates, carbomates, clastics, and
halite. Jones (1972) reported the Rustler as consisting of 10% carbonate
rocks, 30% sulphate rocks, 43% chloride rocks, and 17% clastic rocks.

The Rustler varies in thickness fram tens of feet, where exposed and
subjected to solution and erosion, to nearly 560 ft (170 m) in the
northeastern part of the Delaware Basin. The western margin of the Rustler
Valley, within Nash Draw, arnd in an arcuate pattern near the southwestern
edge of the Delaware Basin. It has been extensively altered by near-surface
ground water in Nash Draw.

Outcrops of the Rustler are poor at best. Solution and/or hydration of
the soluble rocks within the Rustler, and frecquently the solution of halite
fram the underlying Salado Formation, extensively modify ard disnupt any
primary sedimentary features. Rustler units may be displaced from their
expected positian. Where dissolution of the underlying Salado is complete,
Rustler outcrops may consist only of broken blocks of less soluble rocks.

The upper contact of the Rustler with the Dewey Lake Redbeds has been
reported as conformable (e.g., Bachman, 1984b). Within the shafts of the
WIPP site, Holt and Powers (1984, 1986a) report local minor erosional relief
on the contact.



3.1.4 Dewey lake Redbeds

The Dewey lake Redbeds are the uppermost of the four Ochoan formations
and represent the close of the Paleozoic in the Delaware Basin. The
assigmment of the Dewey lLake to the Permian is samewhat arbitrary as it is
not supported by radicmetric dating or fossil eviderxe in the Delaware
Basin. Fracasso and Kolker (1985) provide Permian radiametric ages from the
Quartermaster Formation, the Dewey lake equivalent in the Texas panhandle.
The Dewey Lake was named by Page and Adams (1940) based on samples from the
Pern Oil, Habenstreit #1 well, Glasscock County, Texas. The term "Dewey
lake" superseded the term "Pierce Canyon" originally proposed by Iang (1935)
for redbeds in the Delaware Basin. The term "Pierce Canyon" was used as late
as 1963 by Vine in his descriptions of the Permian redbeds in Nash Draw.
However, the U.S.Geological Society later abandoned the term "Pierce Canyon"
and adopted the term "Dewey Iake," as it was more widely accepted by
geologists, and "Pierce Canyon," as defined, included rocks of the
Pleistocene Gatuna Formation.

The Dewey lLake conformably overlies the Rustler Formation on a large
scale (with local minor erosional relief) and underlies Iate Triassic and
younger rocks. The Dewey lake thins to the northwest as the result of
pre-Late Triassic erosion. The Dewey Lake is often assumed to be laterally
equivalent to the Quartermaster Formation or Group of the Texas panhandle ard
Oklahcma (Hills and Kottlowski, 1983). However, the age of the Quartermaster
is not consistently stated, and the relationship with the Dewey lake is not
clear (Hills and Kottlowski, 1983).

The Dewey Lake is characterized by its reddish-orange to reddish-brown
color and varying sedimentary structures. The Dewey Lake consists almost
entirely of mudstone, claystone, siltstone, and interbedded samdstone.
Abundant sedimentary structures are characteristic of the Dewey lake (Holt
and Powers, 1984, 1986a) and include horizomtal laminations, fine
cross-laminations of varying size, rip-up clasts, silt-filled mud cracks,
interbasinally derived pebble conglamerates, fining upward sequences, and
soft sediment deformation features. ILocally, greenish-gray reduction spots
are abundant, and a few beds may have a gray color. Schiel (1987), in a
contimiing study of the Dewey lake, has also provided initial interpretations
of geophysical logs imdicating generalized lithologic trends within the Dewey
Lake.
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With the exception of the upper portion, the Dewey lake is characterized
by locally abundant gypsum-filled fractures. The majority of the fractures
are filled with fibrous gypsum, although gramular gypsum fracture fillings do
occur in the upper porticn of the Dewey lake. The significance of the first
occurrence (from the surface) of gypsum-filled fractures at various
localities is not clear. It informally has been considered a possible
indicator of the depth and extent of infiltration of recent metecric water,
though this is certainly not a unique interpretation. Preliminary
camparisons of data gathered from the waste handling and exhaust shafts with
data gathered from boreholes around the WIPP site indicate that the first
occurrence of gypsum fractwre fillings does not occur in the same
stratigraphic interval laterally (Holt and Powers, 1986a).

The majarity of all fractures in the Dewey Iake are horizontal to
subhorizontal and follow bedding planes. High argle fractures are the least
comman fracture type in the Dewey Lake. At least three separate episodes of
fracturing ard subsequent filling with gypsum have been reported froam the
Dewey Lake at the exhaust shaft (Holt and Powers, 1986a). -

3.2 RUSTIER STRATTGRAPHY

The stratigraphy of the Rustler Formation at the WIFPP site is discussed
in the following sections. Vine's (1963) fivefold subdivision of the Rustler
is used as the stratigraphic framework for the Rustler data in later chapters
(e.g., sedimentological data in Ch. 5). “Same units of the Rustler vary
considerably beyand the area of the WIPP site. These variations, including
hydration and alteration of sulfates near the surface, are not considered
here.

3.2.1 Umamed Iower Member

The unnamed lower member consists of clastic sediments with subordinate
amounts of bedded halite, anhydrite, and polyhalite (Fig. 3.2). The lower
member is roughly 130 ft (40 m) thick. The basal contact with the Salado, as
cbserved in the shafts, imdicates neither significant eruvsion nor dissolution
(Holt and Powers, 1984, 1986a).

The lowermost 65 ft (20 m) of the lower member consists of siltstone with
minor amounts of sandstone. Two halite-rich sequences overlie the
siltstone. These sequences are in taxrn overlain by a 10 £t (3 m) thick,
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bedded anhydrite sequence. The top of the unnamed lower member is marked by
roughly 10 ft (3 m) of claystone,

3.2.2 CQulebra Dolamite Member

The Culebra consists of brown, finely crystalline, locally argillaceous
and arenaceous dolamite with rare to abundant vugs with variable gypsum and
anhydrite filling (Fig. 3.2). The Culebra is about 27 ft (7 m) thick.
Frequently, the upper 4 inches to 1 ft (0.1 to 0.3 m) consists of
organic-rich, thinly to micro-laminated claystone and carbonate.

3.2.3 Tamarisk Member

The Tamarisk Member varies from about 100 to 170 £t (30 to 50 m) thick in
normal sections. It consists of a lower ard an upper anhydrite separated by
either a thin 6.5 to 10 £t (2 to 3 m) thick claystone or a thicker interval
of halite (Fig. 3.2).

3.2.4 Magenta Dolomite Member

The Magenta is a light gray to dark brown gypsiferous and arenaceous
dolamite roughly 25 ££ (8 m) thick (Fig. 3.2). It displays abundant priwary
sedimentary structures including wavy and lenticular bedding,
cross-stratification, climbing ripple structures, and nodules of gypsum. The
Magenta assumes a purplish cast after surficial weathering or in the shallow
subsurface; N

3.2.5 Forty-niner Member

The Forty-niner is similar to the Tamarisk as it consists of a lower and
an upper anhydrite which sandwiches claystane or a laterally eguivalent
halite (Fig. 3.2). The cortact with the Dewey Iake Redbeds is sharp and
undulatory within the WIPP shafts; it is regionally conformable.
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4.0 IATERAL RETATICNSHIPS WITHIN THE RUSTLER FORMATION

Lateral relationships will be described at two different scales: local
(WIPP site area) and regional. The local geclogy reported here is strongly
influenced by previous shaft descriptions (Holt and Powers, 1984, 1986a) and
redescribed cores from WIFP boreholes, emphasizing sedimentary features and
relationships important in interpreting the depositional history and
subsequent events. Geophysical logs of these boreholes have been correlated
to details from shaft and core descriptions. The local sedimentary featires
ard relationships are presented elsewhere in detail (Ch. 6); here, we
sumarize briefly the site relationships as a prelude to a regional
synthesis. The regiocnal lateral relationships are based principally on our
interpretation of geophysical logs, tied to the stratigraphy and lithology of
the site area. A variety of isopach maps and structure contour maps will be
used in conjunction with cross sections to provide the basis for lateral
relationships in the Rustler at both scales.,

The regional information serves mainly to illustrate important
stratigraphic and sedimentologic relationships. These relationships are best
preserved fram the vicinity of the site to the east, north, and sauth,
limited by the state boundary. Outcrops of the Rustler west of the site have
not been examined in detail for stratigraphic amd sedimentologic data for
reasons outlined by Vine (1963). West of the site, logs are increasingly
difficult to interpret as they are near the surface and have been disrupted
by erosion and solution of both Rustler and Salado. For this report, which
concentrates on depositional and dissolution features in the vicinity of the
WIPP site, the region includes the site (see Fig. 4.20) and areas west, Iart
usable information is fram the site area to the east, north, and south.

Several distinctive, widespread lithostratigraphic units may be
correlated. This kind of correlation does not require synchronous depositian

! or bourding isochroncus surfaces (Hedberg, 1976), although widespread beds of

similar mineralogy and geochemistry in an evaporite basin are often, at least
implicitly, assumed to be isochronous or nearly so. Within parts of the
Rustler, the vertical sequence of beds is similar to lithofacies developed
laterally in evaporite deposits, amd thus they may generally be interpreted
as prograding or retrograding deposits. Mildly disjunct facies, samewhat
similar in arrangement to punctuated aggradational cycles (PACs) of Goodwin
ard Arderson (1980) and Anderson and others (1984), indicate rapid relative
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changes in sea level or regional base level (Ch. 6).

The framework for lateral relationships is the five member
lithostratigraphic designation of the Rustler (Vine, 1963). Individual beds
within these members are described in same detail in shafts and cores (Ch.
5). These beds, as far as gecphysical characteristics permit (Fig. 4.1), are
traced laterally across the region. Same lithologies (e.g., Tamarisk
halites) occur regionally, as interpreted from gecphysical logs, and do not
occur in cores from the site area. These lithologies vary within
well—defined members, however, ard are easily assigned to lateral lithofacies
variations in most areas. The region well north and east of the site
demonstrates same changes within the lower Rustler requiring considerable
care in interpretation. Same of these lateral changes are hriefly mentioned,
as they are beyond the areal scope of this report and are not resolved.

The isopach ard structure contour maps may be used to infer considerable
information about the depositional history ard structural evolution of the
late stages of the Delaware Basin arnd immediate sirrourdings. Section 4.3
summarizes that information, part of which is also used to interpret the
depositional history section.

4.1 WIPP SITE

Within the site area, all members are clearly defined and change little
in thickness and general lithology. The Tamarisk and Forty-niner Members
vary most in thickness ard lithology.d  to the presence or abesence of
halite.

4.1.1 Unnamed ILower Member

The lower contact of the unnamed lower member is at the base of a section
of reddish-brown to greenish-gray siltstones, above a halitic and sulfatic
section of the Salado. Within the shafts, this boundary is sharply defined.
Cores also show sharp differentiation of the boundary, and these boundaries
are closely related to natural gamma increase (from the underlying Salado
Formaticn), and changes in the sonic, density, or neutron character (Fig.
4.2).

To the west, this basal contact has been considered less definable.
Jones and others (1973) have stated that the argillaceocus clastics abowve




halitic Salado include the residue fram dissolution of the upper Salado,
meaning that the Rustler/Salado contact may not always be locatad at the bhase
of the natural gamma bulge characteristic of the lower Rustler. Some of the
evidence for this conclusion is cbservable near the site. In the Nash Draw
area, Salado halite can be demonstrated to have been removed sametime after
Rustler deposition on the basis of brecciation of much of the Rustler (¢h. 7;
see also Mercer, 1983). Within the site, however, there is very clear
evidence of erosive chammeling and £ill near the base of the Rustler (Holt
and Powers, 1984), and the Salado/Rustler contact is variable within the
region in areas that have not uxiergone post-Rustler dissolution.
Chamneling, fossils, amd bioturbation in the basal Rustler are clear
indicators of much less saline water compared to the Salado brines (Holt and
Powers, 1984, 1986b; Ch. 5, 6). It is reascnable to suppose that this water
caused dissolution and/or erosion of the upper Salado, though the amount is
yet undetermined. The extent of this early process may be cbscured in the
western part of the study area by later solution and collapse of the Rustler
and upper Salado.

The upper boundary of the umamed lower member is placed at the base of
the Culebra Dolamite Member, specifically at the comtact with a gray
claystone unit. This contact is among the clearest and most easily
interpreted both in the site area and the region (Fig. 4.2). The
correspondence between shafts, cores amd logs is excellent. This boundary is
used as a baseline in profiles for correlation purposes in this report (Fig.
4.3 - 4.6).

Within the lower unnamed member are two main anhydrite beds. These beds
are traceable regionally as well as through the eastern part of the site
area, providing a tie within the lower section. The lower, thimnmer sulfate
thins or disappears in the western part of the site.

4.1.2 CQulebra Dolamite Member

The upper contact of the Culebra within the site area was poorly
preserved and described prior to shaft excavation. Within both shafts, a
waxy organic-rich, well-laminated carbonate and clay bed occurs. It is cored
with difficulty, probably washes out during drilling, and can be associated
with a gamma spike and low density, low acoustic velocity signatire an logs
(Fig. 4.2). This signature carries thraugh much of the region and is the
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basis for interpreting its regional extent. In this chapter of the report,
the contact of the Culebra has been placed at the base of this organic umit
because of the variable thickness in the organic-rich unit. In many previcus
reports, the Culebra boundary was placed above the organic-rich beds on the
basis of gamma logs. For the discussicn of sedimentary features (Ch. 5) and
depositional erwiromments (Ch. 6), the organic~rich unit is included in the
Culebra. Same of the systematic variation in Qulebra thickness in the site
difference.
Within the site, the Qulebra is slightly variable in thickness. It is

present throughout the site and is an important regional marker.

4.1.3 Tamarisk Member .

The upper contact of the Tamarisk with the Magenta Dolamite Member is
distinctive in shafts, cores, amd logs throughout the site and region (Fig.
4.2). It is a transitional boundary spamning a few feet (1-2 m) between the
upper sulfate of the Tamarisk and the carbonate, including algal structures,
of the basal Magenta.

The most laterally continucus unit of the Temarisk Member is the upper
sulfate. A sulfate above the basal organic claystone and carbonate (see
4.1.2) is regionally contimious, though it is absent in WIFP 19, a borehole
about 0.5 mi (0.8 km) north of the site center.

The beds between these sulfates are amorny the most variable units in the
Rustler. Even within the site area, the interval between these sulfates
varies in thickness from about 15 to about 115 ft (4.6 to 35 m). A
polyhalite bed occurs within this interval in the eastern part of the site
area; the polyhalite can be traced through a part of the region as well
especially in the Rustler depocenter southeast of the site (e.g. log of HOL, -
Fig. 4.2, 4.3, 4.5, 4.6). LN

(i)

4.1.4 Magenta Dolomite Member N

The upper contact of the Magerta is transitional over a small thickness,
resulting in easy identification in the site area amd easy correlation within
the region (Fig. 4.2). As with the Culebra, the Magenta varies slightly in
thickness within the site area, though it is contimious throughout the site
area ard the region.
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4.1.5 Forty-niner Member

The upper contact of the Forty-niner is sharp in shafts, core, amd logs
(Fig. 4.2). The transition from the sulfate of the Forty-niner to the
clastics of the overlying Dewey lake Redbeds has local relief of a few inches
(a few cm) in shafts and cores.

The sulfate beds at the base amd top of the Forty-niner are persistent
throughout the site area as well as the region. The thickness of these
sulfates varies only slightly within the site area. However, the thickness
of the clastic/halitic beds between the sulfates varies greatly both locally
ard regionally. The thickness varies mainly with the volume of halite
present.

4.2 REGIGNAL TATERAT, RETATTONSHIPS

Important regional relationships have been defined by correlating
geophysical logs with cores and shaft descriptions. In addition, certain
units of the Rustler vary considerably within the region studied, providing
evidence of facies changes,

4.2.1 ILower Unnamed Member

The basal contact of the Rustler a few tens of miles east and southeast
of the site appears very mich like the contact at the site (Fig. 4.2). At
the fringes of the study area, the basal contact may exhibit a variable
position with respect to Salado marker beds {e.g., MB 103 and 109) and the
Culebra. At the eastern and northern edges of the region, the log character
imdicates that the part of the section eguivalent to the lower silts and
clays of the Rustler is very similar to, and perhaps contimious in deposition
from, the Salado; it could possibly be considered part of the Salado. The
natural gamma bulge is much diminished, indicating less clay in a thimner
unit, and acoustic velocities are similar to halite (Fig. 4.2). Because the
basal gamma signature appears contimous though diminished, we consider this
interval part of the Rustler. A further stidy of the regicnal character of
this boaundary is dbviously warranted, though not a part of this report.

Two anhydrite beds within the lower wmamed member are praminent in the
site area amd to the east (Fig. 4.3 - 4.6). These distinctive units ocaxr in
the upper part of the member at the site but are lower in the member to the
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east and south. Further to the south, these two anhydrites are again high in
the member, ard a sulfate/carbonate which is not present at the site appears
near the base of the menber. The position of these anhydrites is variable
with respect to the base of the Rustler and with respect to the base of the
Culebra. Their position generally relates to the thickness of halite in the
member. As halite decreases above the anhydrites, their position is closer
to the Qulebra., As halite decreases below the anhydrites, their position is
closer to the base of Rustler. These changes do not ooccur at the same
locations along the constructed profiles (Fig. 4.3 - 4.6), indicating the
cause of position change is not cammon to both sections of the member. In
addition, clastics between the upper anhydrite and Culebra vary in thickness,
but the variation does not appear to directly relate to thinnirg or absence
of halite. The position changes ard relationships appear to be due to
variations in depocenter for a saline pan and atterdant clastic deposits.

Halite below the two anhydrite markers is thickest to the east of the
site area. The relatjonships within the lower umamed member (as well as the
rest of the Rustler) are somewhat unclear due to a lack of data in the
immediate vicinity of the buried Capitan reef margin east and north of the
site. The thickness of this lower part of the member does not appear to vary
greatly across the reef at the north, thoush it may be significantly thimmer
along some areas southeast of the site. The proportion of halite in the
nmember is greater over the Central Basin Platform, and the lithologic
sequence is similar to the Salado. The Central Basin Platform area may have
formed a semi-indeperdent depocenter daminated by a saline pan during this
time,

The lower unnamed member is thickest (550 ft; 168 m) east and south of
the site, both within the Delaware Basin and across the margin of the Capitan
reef to the east (Fig. 4.7). Though data are few over the reef, the areas
east of the reef are clearly equivalent in maximm thickness.

Borms and Shaffer (1985) also fourxd the thickest part of the upper Salado
to the south and east of the site area. Within that area, the Salado/Rustler
contact usually varies slightly in position above distinctive beds above MB
103. The cantact is not perfectly concordant even in these areas, indicating
erosion and/cr solution of the uppermost Salado with the influx of water with
much lower salinity to begin Rustler deposition.
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4.2.2 Culebra pPolomite Member

The Culebra varies moderately in thickness, from about 10 to 35 ft (3 to
11 m), through the region (Fig. 4.8). The Rustler dolomites are reported to
be oolitic (larg, 1935; Adams, 1944) but we have not confirmed this. Limited
field cbservations ard core descriptions fram sulfur exploration in Culberson
County, Texas, indicate that the Culebra is richer in clastics to the south
and southwest of the site.

The distinctive Culebra log signature within the Delaware Basin begins to
fade at about T1SS. The Culebra thins to the north, appears to become
increasingly sulfatic, and then disappears as a distinctive unit. It is not
clear whether the Culebra disappears entirely by pinching cut or merges with
the upper anhydrite of the Tamarisk Member. Alang the western edges of the
Rustler (outcrops in T17S, R28E), a very thin unit of mottled to
color-laminated clastics with no distinctive anhydrite occurs between the
Culebra and Magenta. The lower Magenta shows probable algal laminations and
thin breccia zones bounded by zones of contimuous bedding. Geophysical logs
east of this cutcrop show the upper anhydrite of the Tamarisk Member. This
important question of the lateral relationship of the Culebra to Tamarisk is
still unresolved.

At the southeastern corner of the regiocnal study area, the Culebra
underlies a single anhydrite. The lower Tamarisk anhydrite has pinched out
or perhaps cambined with the upper Tamarisk anhydrites. This relatienship on
the Central Basin Platform is similar to that north of T15S.

The eastward extent of the Culebra has not yet been determined in this
study, but the Culebra appears to be thimner (about 10 to 15 ft; 3 to 4 m}
over the Central Basin Platform. A few of the available logs suggest the
Culebra becames sulfatic and cambines with the upper Tamarisk anhydrite in
the northeastern part of the study area.

4.2.3 Tamarisk Member

The Tamarisk has a maximm thickness of about 270 ££ (82 m) in the region
(Fig. 4.9), while in the site area it is cammonly about 90 £t (72 m) thick.
The difference is mainly attributable to a thick section of halite within the
Tamarisk depocenter (Fig. 4.9).

The organic-rich carbonate and clay bed immediately overlying the Culebra
has good contimiity within most of the region. It varies locally in
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thickness amd may also be absent in a few wells (Fig. 4.3 ~ 4.6). At this
time, no apparent trerd in either thickness variations or rare absences of
the bed has been cbserved. -

The lower anhydrite of the Tamarisk is generally about 20 to 25 ft (6 -
6.7 m) thick in R32-34E. It thins away fram this zone and disappears
entirely north of the stixdy area. Within the thicker zane, the unit is
divided by a clastic, ard probably carbonate-rich, zane into two beds
approximately equal in thickness (Fig. 4.10). The separating bed is
considered to be the lateral equivalent of a persistent thin claystone
cbserved in shafts, some cores, and most logs. The clastic/carbonate bed is
5 to 10 £t (1.5 - 3 m) thick in parts of the area where the anhydrite is
thickest. Eastward, onto the Central Basin Platform, only about 10 ft (3 m)
of anhydrite, undivided by other beds, is usually present. It appears that
the upper part of the unit pinches out depositionally toward the east ard
northeast. Local variations, such as the lack of this anhydrite bed
immediately north of the site center (WIPP 19), have not been demcnstrated on
the regional scale.

The beds between the anhydrites of the Tamarisk are laterally traceable,
but are among the most variable lithologically in the Rustler. Within the
region, the beds vary from 0 to about 200 ft (0 ~ 61 m) thick. Its thickest
area is east of the site, along the Delaware Basin margin and on the Central
Basin Platform. The beds consist largely of halite where they are thickest.
The interbeds thin to the north, west, ard south (Fig. 4.3 - 4.6, 4.11), and
are dominantly clastics when less than 20 to 30 £t (6 ~ 9 m) thick. North of
R18S, this unit may be entirely missing, as the Culebra appears to underlie
the upper Tamarisk anhydrite or even the Magenta (4.2.2). Clastic zopes in
the Tamarisk are also generally traceable laterally within parts of the
halite unit; in some areas southeast of the site, halite clearly surrounds a
clastic or mdstone unit (e.q., €04, Fig. 4.10; Fig. 4.5).

A polyhalite or polyhalite/anhydrite bed is associated with the halite
between the two sulfates of the Tamarisk. This bed, which occurs along the
eastern part of the WIPP site, is very distinct because of the high natural
gamma and associated high acoustic velocity and/or density (Figs. 4.2,
4.10). The polyhalite exists within the Delaware Basin as well as on both
the Central Basin Platfarm and Northwest Shelf areas. Within the Temarisk
depocenter, it maintains a rather constant position above the lower anhydrite
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of the Tamarisk, but its position is more variable with respect to the upper
anhydrite. Where halite is thickest in this member, the polyhalite is about
100 £t (30 m) below the upper anhydrite. As this halite thins, the
polyhalite approaches the upper anhydrite base, and, in T25S, R33E for
example, the polyhalite immediately underlies the upper anhydrite of the
Tamarisk without any evidence of intervening halite or clastics (Figs. 4.3,
4.5, 4.6). Vhere this occurs, the polyhalite may be underlain either by
halite or by clastics overlying halite. Snyder (1985, p. 4) reports "...that
no polyhalite is present where all halite has been removed from the Tamarisk
Menbert,

This marker is important evidence of the lateral depositional variations
within the Delaware Basin during this depositional episode. Polyhalite
overlies halite or halitic units east of the WIPP site. Polyhalite also
overlies clastic zanes (mxirocks) in several boreholes around the margins of
the halitic areas. The clastics are lateral equivalents to the halitic
zones. This relationship of polyhalite over clastics indicates that solutien
did not remove halite from the clastics after formation of the polyhalite, or
the polyhalite would have been dissolved. FPolyhalite is very scluble, and it
is usually considered a secondary or diagenetic mineral.

Through much of the basin area east of the WIPP site, polyhalite
underlies a thick, relatively pure halite that laterally thins and
disappears. In several boreholes around the margins of this halite lens,
polyhalite directly underlies anhydrite. There is no log evidence of either
clastics or erosional plane between polyhalite and anhydrite in these holes.
If there is any "dissolution residue" present in these holes, it would have
to be anhydrite in good contact with the overlying anhydrite. The presence
of the polyhalite imdicates that any removal of halite (laterally equivalent

__ to the halite lens) must have taken place before formation of the polyhalite.
(f"\\ When did the polyhalite form? There is no direct evidence. Reasoning
\\:’ i /suggests it formed early, perhaps nearly coeval with the original sulfate

7 (assuming this polyhalite is not primary). As the polyhalite thickness is
about the same whether it underlies anhydrite or halite, it is unlikely that
the polyhalite originated as a replacement or alteration of anhydrite or
gypsum by dowrward percolating fluids. Within the basin, under the halite
lens, polyhalite is unlikely to have formed fram solutions percolatirg
dowrward through miuch halite as permeability is plugged quite early
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(Lowenstein, 1987) and the halites indicate no diagenetic altermation by N
potassium-rich solutions (no increase of natural gamma). If polyhalitization

was driven by brines fram the underlying zones, these fluids passed equally
effectively through halitic and clastic zones. There is no gamma log

evidence of alteration by potassium-rich solution in halitic zanes, and they

are usually plugged very early.

The polyhalite within the Tamarisk is present in locations where it
limits the timing of any removal of halite from adjacent units. Halite is
not believed to have been dissolved from any zone adjacent to extant
polyhalite since polyhalite formed. Though the absolute age of the
polyhalite is not known, the polyhalite occurs in areas where adjacent
halites should show very little permeability to brines that would alter
original sulfate minerals to polyhalite. The polyhalite is thought to have
formed very early, showing in its lateral extent and relationships effects of
the basin margins and limiting the timing, at least, of any dissolution of
halite in clastic units laterally equivalent to halitic zanes.

Two thin anhydrites (possibly mixed anhydrite and halite or carbanate)
occur within the halite, above and parallel to the polyhalite (Fig. 4.10). -
These two anhydrites are easily traceable cutside the Delaware Basin,
providing evidence of contimiity of both depositional process and lithology
for this unit (Fig. 4.3, 4.5, 4.6). As the halite above these thin beds
thins and disappears laterally, the halite between these two beds does not
thin. The thin anhydrites in turn disappear or merge with the upper
anhydrite of the Tamarisk. It is possible these two beds are successively
truncated by the upper anhydrite of the Tamarisk, but borehole well log
locations are not appropriately located to resolve this question.

The upper thick anhydrite of the Tamarisk is persistent throughout the
study area. It is persistent beyord the extent of the CQulebra and lower part
of the Tamarisk. This anhydrite usually varies moderately in thickness, as
where the polyhalite merges with the base of the anhydrite. ILaterally, the
high gamma spike of the 4CK in the polyhalite disappears, and the thickness
of anhydrite is similar to the canbined thickness of anhydrite and
polyhalite. Local thickening in the site area has also been noted, as in
WIPP 13. West of the site area and in parts of the site area, Smyder (1985)
attributes thickening to gypsification and the atterdant volume increase.

Within the upper Tamarisk Member anhydrite (A3 of Ch. 5), laterally
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continuous features occur in logs throughout the basin (Fig. 4.12). From
core descriptions (Ch. 5), lithologies and sedimentary features from this
anhydrite in the site area can be grouped into broad units. A three part
division of the anhydrite core features appears to correspond well to the
gecphysical log features (Fig. 4.12).

Within the upper Tamarisk anhydrite, the basal log unit displays breaks
in the acoustic velocity attributed mostly to carbonate; there is a probable
higher organic content and a few thin argillacecus intervals. This unit may
be as much as 40% of the bed thickness, though it is more commenly 25-30%.
On many logs, natural gamma is noticeably higher in this lower part of A3
than in the upper parts. This correspards to the carbonate plus
organic/argillacecus content apparent in some cores. Within the site area,
decreased neutron activity from this part of the sulfate bed has been
attributed to gypsification (Snyder, 1985). Gypsification of these units can
be demonstrated petrographically, but it is an inadequate explanation for the
observations as similar log features occur throughout the basin. Both
organic amd clay content alse affect neutron log signatures in a way similar
to hydrated minerals. And this lower unit is clearly discernible in the
basin overlying halite. That is inconsistent with the hypothesis of
gypsification by circulating water removing halite.

The middle log unit of the upper Tamarisk anhydrite generally has a very
low background natural gamma and a cansistently high acoustic velecity,
imdicating high purity anhydrite. This log unit is about 35-40% of the
thickness of A3. Within cores, this segment corresponds to a zane of
anhydrite pseuwdamorphs and crushed pseudamorphs after gypsum growth textures
as well as crushed nodular textures. Only the great cantimuity of this
subunit can be cbserved in the logs, not the presence of specific textures.

The upper subunit of A3 is thinner than the lower subunits, usually
representing about 20-25% of A3. Natural gamma activity is usually slightly
above, and acoustic velocity is more variable than, the middle sulunit. A
persistent, thin zone of lower acoustic velocity is taken as the base of this
subunit. The cores correspording to this zone are dolamitic and also partly
nodular. The transition to Magenta is gradual within both cores and log
signatures over a few ft (1 - 2 m).

..
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4.2.4 Magenta Dolaomite Member

The Magenta is a carbonate sandwiched between two anhydrite layers (Fig.
4.1, 4.2) ard it is marked by a characteristic high gamma associated with
relatively low densities and acoustic velocities. It can be traced
throughout the study area (Fig. 4.3 - 4.6). The Magenta thins across the
Central Basin Platform and may be absent or dominantly sulfatic along the
eastern margin of the study area.

An cutcrop of the Magenta from T17S, R28E, shows that the Magenta appears
well-laminated from algal growth. The Magenta thins to the north and
northeast of the site; there is little variation to the south amd east in the
study area. Within the site area, algal features appear near the base of the
Magenta. Alcng the western edge of Nash Draw, algal structures are more
cammon near the middle of the Magenta. Specific algal features are discussed
in Chapter 5. _

An isopach map of the Magenta is not presented. The thickness is not
great, but the variability is significant. Normal contouring is not
possible, nor is it seemingly fruitful.

4.2.5 Forty-niner Member

The sulfate beds of the Forty-niner are the most widespread units of the
Rustler Formaticon. The upper sulfate is easily traced and is frequently
called "first anhydrite" by oil companies working in the area. Though
details have not been worked out, it appears that this unit may onlap older
rocks (Salado?) to the north of the study area. The maximm apparent
thickness of the Forty-niner is 104 ft (32 m) (Fig. 4.13).

The lower anhydrite of the Forty-niner maintains its thickness
immediately north of the study area. The upper anhydrite thins by 50% or
more by T8S and T9S. These units are consistently detectable near the
Texas-New Mexico border this far north (T8-9S). To the west, the units are
either eroded or thin to the point of not being consistently detected.

Between the two anhydrite beds is a bed of clastics arnd halite. In the
shafts at the WIPP site, the clastic unit displays clear bedding ard cut and
£ill, showing detrital origin. The halite is apparently restricted to the
Delaware Basin proper from the eastern part of the WIPP site to the east and
south. When halite is present in the halite/midstone, it is present at the
base. In same boreholes, this basal halite is overlain by a clastic bed or
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alternating clastic-halite beds. The exception is in the southeastern part
of the study area where borehole D04 (Fig., 4.5) shows halite sandwiched
between possible clastic layers. The thickness of the bed withaut salt
varies little over the study area, and it is traceable as far as the sulfate
units. Its fullest externt has not been determined.

The upper anhydrite of the Forty-niner Member southeast of the site is
interpreted to enclose a halite lens (Fig. 4.14, 4.6). The best evidence is
in a borehole (B06) in Sec. 6, T24S, R34E, where the acoustic travel time
indicates halite less than 10 ££ (3 m) thick. The natwral gamma is at
backgraund levels, consistent with halite. Several logs in the vicinity also
show a distinct lowering of acoustic velocity, usually mch less than halite
acoustic velocities. As the gamma is not elevated in most of these logs
halite is interpreted to be present. Acoustic logs are normally corrected
for borehole diameter. It is believed that the low accustic velocity in this
zane is probably due to inadecuate correction for highly enlarged borehole
diameters caused by drilling with undersaturated fluids. A few logs indicate
a modest increase in gamma, probably due to clay content.

Abcut 10 ft (3 m) below the top of the upper anhydrite, many borehole
logs exhibit a thin zone of increased natural gamma, accampanied sometimes by
a slight decrease in acoustic velocity (Fig. 4.14). This zone is detectable
mainly along the western and northern parts of the general Rustler
depccenter, ard it is probably indicative of increased carbonate/crganic
cantent. This zone in cores is generally laminar,

The upper contact of the Rustler is placed at the top of the upper
anhydrite of the Forty-niner Member throughout the study area. as the bed is
consistently present and only thins significantly well north of the main
study area, there is no evidence of real unconformity at the coamrtact within
this area. There may be disconformity. The Dewey lake Redbeds have been
studied petrographically (Miller, 1966), and sane sedimentary features are
reported (Holt and Powers, 1984, 1986a). Its internal stratigraphic
relationships amd depositional enviroments remain to be determined (Schiel,
1987).

4.3 REGIONAL STRUCTURAL RELATTONSHIPS
The isopach map of the Rustler Formation (Fig. 4.15, 4.27), amd those of
menbers or parts of members (Fig. 4.7 - 4.9, 4.11, 4.13, 4.22 - 4.26),
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consistently indicate a general depocenter east ard south of the site.
Perhaps the most significant cbservation is that the depocenter includes
areas behind the Capitan reef, on the Central Basin Platform or adjacemnt
Northwest Shelf, The data are few close to the reef, but it appears that the
Rustler does not diminish in thickness over the reef, indicating a cammon
depocenter arnd that the reef and former basin margin affected deposition of
the Rustler little, if at all. Preliminary data, beyond the area of stidy,
indicate that the Rustler is oconsiderably thinner outside the map area.
There does not appear to be a secondary or equal depocenter in the region.
In the Midland Basin, the Rustler is thinner and clastic-dominated.

All of the structure contcur maps, fram base to top (Fig. 4.16-4.19, 4.28
- 4.31), of the Rustler show similar features. The depocenter area from
isopach maps alsoc is a structurally low area. A basin form trends fram south
to north, apparently turning to the northeast to cross the Capitan reef
margin. This structure is considered to have developed at an equal rate or
pace with the Rustler, as it coincides with the depocenter for all of the

Superimposed on the basin structure are two important post-Rustler
structures. A fault, downthrown an the west side, is interpreted to account
for the large structural differences on various Rustler beds along the
approximate western margin of the Central Basin Platform. This fault trends
slightly east of south, fram the northern edge of the map toward the
southeastern map area. Its southern ey :.nt in the Rustler is indeterminate
based on the information available to us at this time. In addition, a
significant structural low exists west from this fault to the approximate
area of the Capitan reef. The western margin of this wedge~shaped structural
low could be a fault or a monoclinal fold. It is left as a fold in the
absence of closer-spaced data demarding a fault interpretation.

In addition to the fault and the fold, smaller structural lows ard highs
exist. In addition to the low coinciding with the depocenter, a comspicuous
high exists along the eastern margin of the fault in the area of T19-20S,
R36-37E. North of this bulge, the structure on both sides of the fault is
reversing. No simple interpretation of the fault mechanism exists, though
adjacent strike—slip faults have been known to produce adjacent highs and
lows across faults (R. Dyer, pers. comm.). Hills (1984) infers two parallel
right-lateral strike-slip faults underlying the faulted Rustler section on
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Precanbrian basement. It is not clear if there is a relationship between
faults in the Rustler and this mich earlier trerd,

Aside from the form of the deformation of the Rustler in this area, it is
important to note that the deformation clearly indicates post-Rustler
tectonics along the Central Basin Platform margin, later than previously
suspected (Hills, 1984). Contimiing study of the Dewey Lake Redbeds (Schiel,
1987) should clarify the extent of deformation during or after the Dewey
Lake.
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5.0 RJSTLER SEDIMENTOLOGY

The Rustler sedimentology is described in considerable detail from shafts
ard cores {Fig. 5.1) because same features have not been descridbed previously
in the literature and because prior core descriptions incliude few sedimentary
features. The sedimentary structures and lithologic features and their
associations are the principal framework for interpreting depositional
erviromments. The depositional envirorments for the Rustler, in turn, will
provide a framework for interpreting the degree to which the absence of
certain evaporite minerals is due to non-deposition or syngenetic dissolution
versus epigenetic dissolution.

5.1 UNNAMED IOWER MEMBER

The urmamed lower member of the Rustler Formation is by far the most
lithologically variable stratigraphic unit within the Rustler (Figs. 5.2a amd
b). Rock types vary laterally within the unnamed lower member, and are
coviocus even within the limited core study area. In the WIPP site area, the
unnamed lower member consists daminantly of siliciclastic rocks interbedded
with lesser amounts of halite and sulfate. |

5.1.1 Rustler/Salado Contact

In the WIPP site area, the Rustler/Salado contact is arbitrarily assigned
to the base of a thin, stratigraphically distinct sulfate unit immediately
underlying siliciclastics of the lower Rustler. Although this unit is more
genetically related to Salado deposition than to Rustler, it is used in cores
and shafts for its stratigraphic contimiity. This sulfate unit consists of
anhydrite and occasionally, polyhalite. It camonly is laminated and can
show textures similar to swallowtail gypeum. The lower part of the sulfate
is generally argillacecus, while the upper portion is commonly free of clay.
Both the upper and lower contacts of the sulfate are sharp and readily
distinguishable,

Within Nash Draw, the Rustler/Salado comtact is often disturbed and the

"/ lower portion of the unnamed lower member is brecciated (Pl. 1). Where this

is the case, the Rustler still retains a general sense of stratigraphic
organization and the general location of the lower contact can be inferred.

The lower contact area is distinquished by an upward matrix color change from
reddish-brown to gray. The contact between the Rustler and Salado in cores
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from Nash Draw is arbitrarily placed at the highest occurrence of gypsum
clasts in a reddish-brown matrix. These clasts are assumed to be the
brecciated remmant of the lowermost sulfate assigned in cores ard shafts to
the Rustler (see above).

Two or more reddish-brown clastic units commonly overlie the sulfate
unit. The thickness of the cambined reddish-brown zone rarely exceeds a few
feet (about 1 m). The units are usually mudstone or siltstone and are
frequently separated by an erosicnal surface exhibiting several feet (1 - 2
m) of relief (Holt and Powers, 1984, 1986a). Soft sediment deformation
enhances erosional relief on the contact and modifies bedding adjacent to the
erosional surface. In both the waste handling and exhaust shafts at the WIPP
site and in several nearby cores, the ervsional surface is capped by a
siltstone and/or sandstone pebble/cobble conglamerate containing fossil
bivalve fragments (Holt and Powers, 1984, 1986a). The lowermost units are
camonly sulfatic and can exhibit tabular madstone clasts flattened parallel
to bedding. The lowermost unit of WIPP 19 exhibits cracks that may be due to
desiccation. In same cases, the bedding in these lower units bhecomes more
distinct upward. The upper unit(s) (those above the sharp, undulatory
contact marked by a conglamerate) cammonly contains coarser-grained clastic
material. Near the top of the reddish zone, gypsum or anhydrite nodules are
abundant. Thin laminations are cammon throughout the reddish-brown zone and
often show cross-cutting relationships. Cross-laminations are rare. The
size of sedimentary structures generally decreases upward.

The bedding is partly modified by soft sediment deformation, though this
is less intense and less common upward; it is most common above ard below the
erosional surface. The upper contact of this basal zone is marked by a color
change from reddish-bhrown to gray and is erosional in many cores.

5.1.2 Clastic-Bioturbated Interval

The gray zane in the lower part of the unnamed lower member contains
interbedded mudstone, siltstone, and locally very fine sardstone. The
coarser grain sizes occur at the base and near the top of the gray zone, and
these coarser grained beds are well lithified. The middle part of the gray
zone within the WIPP area is soft amd slightly argillacecus. This middle
interval becomes more calcarecus and less clastic to the south (borehole
H-12). Anhydrite or gypsum nodules are abundant near the base of the gray
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zane; nodules occur near the top of the unit in a few cores (e.qg., DOE 2).
Horizontal to subhorizontal stratification and cross-stratification are
locally cammon and same show the effects of soft sediment loading. Light to
dark gray mottling results fram bioturbation. Stratification is poorly
preserved in mottled zanes, and is very irregular, wavy, and discontinuous.
Subhorizontal to subvertical burrows, about 1/4 to 1/2 inch (6 to 12 mm)
diameter, are very camon throughout the entire interval and they are
cbserved cutting across poorly preserved strata. Casts and molds of fossils,
mostly bivalves, were preserved in the bioturbated interval of WIPP 19.
Halite-replaced fossils and fossil fragments occur through the equivalent
section in H-12. Possible coated grains and oolites were fourd in the lower
calcarecus portion of H-12 . Near the top of the bicturbated zone, the grain
size increases as does the degree of preservation of stratification. The
upper contact is gradaticnal and is usually assigned to the first cccurrence
of a reddish or reddish-brown interbeds.

The equivalent to the lower bioturbated zone, in Culberscon County, Texas,
consists of siltstone, calcareous siltstone, and carbonate. The lower zone
camonly exhibits thin, parallel laminae which can be disrupted locally and
display scame wavy to lenticular bedding. Bloturbation amd burrowing are
camon within the upper dolamitic equivalent to this upper bioturbated zone
observed in cores fram Texas.

5.1.3 Clastic-Transition Interval

A color transition zone of alternating gray to reddish-brown and
brovnish-gray siltstone and very fine sandstone overlies the gray zone
(clastic bioturbated interval). Gray is dominant near the base, while
reddish-brown predominates near the top. Well preserved laminations, local
cross-laminations, and rare ercsional scour and fill structures characterize
this interval. Within the exhaust shaft, interpretable paleocurrent
directions mostly trend toward the south., Burrows are commn near the base,

' but do not occur higher in the section., Subhorizontal laminations and

cross~laminations became more distinctive upward as the grain size
increases. In same cores, the upper portion exhibits gray, possibly
anhydrite-rich, interbeds and very small clasts or nodules of gypsum or
anhydrite. In general, the upper 3 to 4 ft (0.9 - 1.1 m) of this unit
exhibits wavy to contorted and convoluted to lenticular laminations. Soft
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sediment deformation is cammon in this interval. In the upper ane to two ft
(30 - 60 am), the sulfate content increases upward, amd displacive halite

crystals occur in same cores. The upper contact is gradational, showing a

marked increase in the content of sulfate.

A gypsiferous or anhydritic sandstone, between one and two £t (< 1 m)
thick, tops the transition zone. It contains gray to dark gray interbeds and
a few reddish-brown interbeds. The unit is microlaminated to thinly
laminated, corwvoluted to contorted, and was deformed as a soft sediment.
Structures interpreted to be either fluid escape structures or polygonal
cracks are found consistently in this interval. A nodular to samewhat
enterolithic texture marks same interbeds. The upper contact of the sulfatic
bed is sharp to gradational.

5.1.4 Halite Interval 1 (H-1

In the WIPP site area, a zone containing halite (H-1) and laterally
equivalent mxdstone (M-1) overlies the sulfatic zane at the top of the
clastic-transition interval. The halite can be subdivided into three
distinct intervals. The lower (H-la) and the upper (H-lc) intervals consist
primarily of a mix of clastics and halite. " Relatively clean halite and
traces of sulfate characterize the middle interval (H~lb). As a whole, the
first halite zone (H-1l) in the unnamed lower member varies in thickness from
34 ft (10 m) to a maximm of 50 ft (15 m) in H-12 and 48 ft (14.6 m) in AEC
8. Where mudstone is laterally equivalent to halite, the mudstone interval
can be subdivided into an upper and a lower part separated by one sulfatic
interbed. The overall thickness of this interval is about 19 ft (5.8 m) in
those cores where the lower contact was cored. The thickness of the upper
half varies between 3 and 6 ft (0.9 - 1.8 m). P
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5.1.4.1 lower Halite Bearing Zone (H-1la) N

In most WIPP cores examined, the sulfatic unit is normally overlain by
the first halite bearing zane (H-la) within the Rustler. This interval
thickens to the south and east, reaching the thickest point chserved in core
at H-12. The basal part of H-la consists primarily of slightly halitic
siltstone which may be sandy in same places. The siltstone is comonly
microlaminated to laminated and can be wavy to slightly contorted. White,
anhydritic laminae and zanes are commonly wavy to distorted. At H-12,
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sulfate is more prevalent near the base of this zone than in other
boreholes. A few small incorporative halite crystals occur near the base of
the zone, and, in general, the halite content increases upward. Halite
crystal size varies; same incorporative crystals are up to cne inch (2.5 cm)
on a side. A halite-filled prismatic crack (possibly due to desiccation)
occurs near the top of H~la in core fram the borehole WIPP 19. The upper
portion of the first halitic zone (H-la) is daminated by clastics and
anhydrite-rich laminae and zones.

5.1.4.2 Middle Halite Bearing Zone (H-1b)

The lower halite-bearing zone (H-la) is overlain by a much purer halite
interval (H-1b) that varies in thickness fram 5 ft to 8 £t (1.5 to 2.4 m) in
WIPP cores. Sulfate (anhydrite to gypsum) occurs as stringers and laminae to
thick beds with thinly laminated intermal structure. Irregular zones of
halite occur within same of the sulfates. Anhydrite is more cammon near the
base ard top of H-1b, Thin laminae to laminae of clastic material separate
beds of halite. The halite is medjium to coarsely crystalline, clear to
orange tinted with traces of intercrystalline and interstitial sulfate and
clastic material and thinly to medium bedded. Vertically oriented, elongate
crystals due to competetive growth (Shearman, 1978) ocour locally, some
exhibiting zones of fluid inclusions. Cloudy halite, due to fluid inclusions
ard indicating primary origins, is not abudant, but it does ocaur.
5.1.4.3 Upper Halite-Bearing Zone (H-1c)

The middle halite zane (H-1b) is overlain by an upper, more
clastic~dominated halite-bearing interval (H-1c) that varies from 11 to 18 ft
(3.4 to 5.5 m) thick. It is thinnest in the area of DOE 2 and WIPP 34 and
thickens to the east and south with the thickest section at AEC 8 and the
next thickest interval at H-12. The transition fram H~1b to H-1c is marked
by a sharp increase in the clastic content. The clastic content in H-lc
fluctuates, with maxima near the middle and top of the unit. The clastic
material consists mostly of siltstone amd in H-lc is typically reddish-brown
with same greenish—gray reduction spots and zones ard white to gray sulfatic
zones. The uppermost bed of H-1lc is an anhydritic mxdstone vhich exhibits
thin laminae, sulfate nodules, and locally, clasts of mxdstone.



5.1.4.4 Textures and Fabrics in Clastic-Rich Halite

The fabric of these halite-bearing rocks is quite variable; the most
notable variations of fabric are type and amount of halite. Incorporative
halite crystal fabric varies from isolated individual crystals (Pl. 2), to
tightly packed locally touching crystals (Pl. 3). Interstitial matrix
bourdaries vary fram planar to irregular. Displacive/incorporative
overgrowths on halite crystals ocour along the contact between aggregate
halite and matrix material. Skeletal crystals occur in more clastic zanes.
Zones of partly incorporative halite crystals occur in distinct zones at the
top of, amd parallel to, well-defined clastic interbeds. Many of these
crystals exhibit euhedral crystal faces oriented upward. Same zanes of
halite crystals display irregular to poorly defined bases with well defined
upper bourdaries. In these cases, planed-off crystals mark the upper
boundaries. Same of these surfaces exhibit euhedral overgrowths orierted
upward. Halite also occurs in zones and pods containing interlocking mosaics
of crystals with same interstitial clastic material or sulfate (Pl. 4).

These pods may be surrounded by clastic material or argillaceous halite.
Where halite is abundant, crude stratification is comon. Chamnel forms were
(Holt and Powers, 1984; 1986). These chamnel forms may be filled with
daminantly clastic material or with halite,

The fabric of the rock is alsoc controlled by the distribution of the
clastic material. Clastic material occcurs as matrix, intercrystalline
material, interstitial material, and isolated pods or blebs within a
dominantly halite rock. In most cases, the clastic material is relatively
structureless, exhibits wavy to contorted to smeared thin laminae to thin
beds, or contains smeared/deformed intraclasts showing no evidence of
transport (Pl. 5). Same laminae swrrourding incorporative halite crystals
are contorted or displaced by those crystals. VA

U ?

L

5.1.4.5 Mudstone Interval (M-1)

Modstone, claystone, and minor amounts of siltstone (M-1) are laterally
equivalent to the halitic zone H-1. Where the lower contact was cored, this
zone rests conformably upon the transition zone. This zone (M-1) is
preserved in WIPP cores fram Nash Draw ard in the core from WIFP 30. M-1 is
subdivided into an upper and a lower part by a medium to thick bed of
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sulfate. The thickness of the lower part can not always be determined as the
lower cantact with the transition zone is not always preserved, or may be
difficult to recognize, in the core. The upper part of M-1 varies in
thickness from 3 to 6 £t (.9 t© 1.8 m).

The mxistone camonly exhibits a smeared intraclast/laminae texture
similar to that seen in halite clastic rocks. This texture consists of
deformed or smeared intraclasts showing no evidence of transport and in same
cases, irregular, poorly preserved, discontimwous laminae. The intyraclasts
and laminae appear to be squashed together while soft (Pl. 6, 7). Smeared
laminae and intraclasts may be well preserved and distinct. In other cases,
indistinct mottling is present. The muxdstane may be struchureless where the
grain size is more uniform. M~l has irreqularly distributed and oriented
slickensides. A few small nodules or clasts of gypsum ard anhydrite ocour
within M-1. Same cores of this interval have a characteristic lumpy or
corrugated surface indicative of the preferential removal of matrix or
pseudamatrix by drilling fluids during coring. A few nodules arnd clasts of
gypsum and anhydrite occur within M-1.

The lower contact of M-1 with the transition zone is generally well
preserved. The mxdstone (in same cores siltstone or very fine sandstone) is
ordinarily thinly laminated to laminated within the first few ft (1 - 2 m) of
the lower contact. The zone may also be slichtly gypsiferous. The laminated
zone is overlain by a zone exhibiting the smeared intraclast/laminae texture
with varying amounts of clasts versus laminae. 2Zcnes containing well
preserved (i.e., not disrupted) depositional fabrics occcur in the lower part
of M~1 and can bound zones exhibiting the smeared intraclast/laminae
texture. Smeared intraclast/laminae textures are more alumndant upward within
the section and dominate the textures in the upper few feet of the lower part
of M-1. Near the base of the lower part of M-1l, gypsiferous interbeds may
occur., Near the top of the lower part of M~1, small nodules of
gypsunm/anhydrite may occur. A medium to thick bed of mostly gypsum separates
the upper part of M-1 from the lower part. The gypsum is thinly laminated to
laminated and may locally exhibit swallowtail structures or nodules. The
strata within the gypsum may be disrupted near the base of the bed. The
gypsum contains laminae or very thin interbeds of claystone in scme cores.
The upper part of M-1 principally consists of claystone exhibiting the
smeared intraclast/laminae texture. It is mostly reddish-brown with gray

5-7



smeared intraclasts of siltstone. The upper contact of M-1 is sharp to
gradaticnal with the overlying gypsum.

Within Nash Draw, portions of M-1 as well as most of the entire Rustler
are disturbed ard brecciated. In same cores (e.g., WIPP 25, WIPP 28, amd
WIFP 32), subangqular to subrounded clasts of sulfate may be found near the
top of both the upper and lower parts of M-1. In same cases, these gypsum
clasts are derived from gypsum fracture filling (Pl. 8). Often these claste
are associated with breccia clasts and clay filled fracture-bounded blocks of
midstone exhibiting the smeared intraclast/laminae texture (Pl. 9). Same
blocks are bounded by possible clay skins. Same zones exhibit well preserved
stratification, now dipping. M-1 is not the only stratigraphic unit
disturbed. In all cases, when M-l is disturbed both the overlying and
underlying rocks exhibit similar disturbance.

5.1.5 Aphydrite {A-1)

The first major sulfate unit of the Rustler overlies the halite zone and
consists of anhydrite amd gypsum. It varies in thickness from about 7 to 10
ft (2.1 to 3 m) to a maximm of 13 £t (4 m) in cores fram WIPP 25 arnd WIFP
29. The increase in thickness in the Nash Draw boreholes is prabably
attributable to local dip (up to 25° ) and lengthening of the section due
to downdropping, rotation of blocks, and brecciation within the section. The
core of WIPP 32 exhibits only broken rotated blocks in this interval. The
section there is considerably thinner than in other Nash Draw holes, as a
block prubably representing the lower portion of A-1 occurs 5 £f£ (1.5 m)
below the base of the anhydrite surrouded by clastic matrix material,

The lowermost few inches (cm) of this bed appear nodular to
enterolithic. Much of the section is thinly laminated to laminated. ILaminae
are camonly slightly wavy and same may be slightly contorted. A few
stylolites occur within the laminated portion of A-l. Halite and anhydrite
pseudamorphs after gypsum swallowtail crystals 1/4 inch to 6 inches (6 mm -
1.5 am) high, are locally common in A-1 (Fl. 10). Swallowtails are most
abundant and largest in the lower 2 to 3 ft (0.6 to 0.9 m). A second zane of
swallowtails occurs near the middle of A-1 in several cores. It, too, may
show an upward decrease of crystal size. A~-1 in some of the WIFP ccres
exhibits the collapsed psewdamorph texture described elsewhere in this
report. The upper 1 to 2 ft (30 to 60 cm) of A-1 is a stratigraphically
T
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persistent pink-colored that shows in some cores a nodular texture,
irreqular/discontinuous laminae, and/or disturbed stratification/nodules.
Clay content increases in the uppermost few inches (cm) of A-1. The upper
contact is slightly gradational and irregular with the transition from
sulfate to clastic material cccurring over 1 to 2 inches (2.5 - 5 am).

5.1.6 Mudstone/Halite Interval 2 (M-2/H-2)

A clastic zane (M-2), above A-1l in the WIPP site area, is partially
equivalent to a halite-bearing interval (B-2) as much as 50 £t (15 m) south
and east of the WIPP site center (Figs. 4.5, 4.6). The halite-bearing
equivalent of this zone is not contained within any WIPP cores. However, its
presence to the east is confirmed by both the cuttings ard gecophysical logs
fram the borehole P-18; the halitic zone is about 30 ft (9 m) thick there.
The upper portion of interval M-2/H-2 has a widespread and characteristic
gamma log signature regardless of the underlying material. The gecphysical
log signature suggests that this upper unit is generally argillaceous; it is
up to 20 ft (6 m) thick east of the site (Figs. 4.5, 4.6). In the vicinity
of the WIPP site, the thickness of M-2 varies slightly hut averages about 10
ft (3 m).

In cores M-2 can be subdivided into two lithologically distinct zones:
an upper gray zone and a lower reddish-brown zone. The gray upper zane is
usually only about 2 ft (60 cm) thick in cores while the lower reddish-brown
zone is about 7 to 8 £t (2.1 to 2.4 m) “aick.

The reddish-brown lower zaone cammonly consists of mdstone and
siltstone. It may be either calcareous or gypsiferous or both. Interbeds of
gypsum, argillaceous gypsum, arnd carbonate are commcn. These interbeds and
other distinct color charges within the clastic material have been reported
as contimuous, albeit undulatory, arourd the ciraumference of two shafts at
the WIPP site (Holt and Powers, 1984, 1986a). Small clasts/nodules of gypsum
up to 2 inches (5 cm) in diameter exist near the base of the lower zane.
Sediment-incorporative gypsum crystals are fourd locally throughout the lower
zone (Fl. 11). They are often euhedral to subhedral with a stubby-equant to
bladed, or rarely stellate, habit. The clastic sediment in some cores
cantains gray zones or greenish-gray reduction spots. It can be
structureless, or it can exhibit irregular amd discontimuous laminae and thin
laminze. Angular to sub-rounded clasts of siltstone and mudstone are
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aburdant and are often associated with zanes exhibiting a
smeared-interclast-laminae texture. Slickensides are cammon in the lower
interval. Thin sections from this interval reveal oriented clay skins and
possibly cutans (Pl. 12). In the core of WIPP 25, dolemite clasts believed
to have originated from the overlying Culebra occur in this interval and are
intermixed within the mxdstone.

The upper gray zone is ordinarily about 2 ft (60 am) thick and it
consists of calcarecus claystone and madstone. The cantact between the upper
gray and lower reddish-brown zones is distinct. It can be structureless or
micro to thinly laminated with flat to wavy strata. Light gray to tan
carbonate clasts are abundant ‘in this interval and vary in size from coarse
sarnd-size to pebble-size (Pl. 13). These clasts can be well rourded to
angular, and many were deformed while soft. In most cases, clasts are
overlain by well preserved stratification. This interval locally exhibits
slickensides. The upper contact with the Culebra Dolamite shows no clear
break in deposition. The upper contact is undulatory in the exhaust shaft at
the WIFP site (Holt and Powers, 1986a) and shows the effects of differential
loading and subsequent settling of the Culebra. Similar features exist along
this contact in outcrops east of Artesia, New Mexico (T17S, R28E). The upper
interval is poorly preserved ard/or deformed in same of the Nash Draw cores.

Holt and Powers (1986a) report a disrupted zone {discussed below) at the
upper contact of this interval in the exhaust shaft at the WIPP site,

5.2 CULEBRA DOICMITE MEMBER

The Culebra Dolamite Member of the Rustler Formation is the lowermost of
two areally extensive dolamite units within the Rustler. The thickness of
the Culebra varies fram 20 to 30 £t (6.1 to 9.1 n) within the cores described
(Figs. 5.4 and 5.5). The Culebra consists mainly of micritic dolamite.

The Culebra often cores poorly because of fractures. Holt and Powers
(1986a) report that the Culebra is extensively fractured in the exhaust shaft
at the WIPP and that mapping units were selected partly, if not wholly, on
the basis of fracture patterns. Holt and Powers (1986a) also note an
apparent relationship between the degree of induration, competency, and
fracture patterns of mapping units and the amoaumnt of clay-rich interbeds and
the apparent clay content of the dolamite. They generally correlate the
anmdance of broken, fractured beds and the overall content of clay.

5-10



/T

N

PUTO Y |

The lowermost foot (30 cm) of the Culebra locally is thinly laminated to
laminated with altermating light and dark brown laminae. This zone is rarely
preserved in core. Within the exhaust shaft at the WIPP site, Holt and
Powers (1986a) report that this zane is extremely undulatory and locally dips
up to 45°. Deformatiocnal space problems manifest themselves as locally
cantorted and displaced laminae. Holt and Powers (1986a) report that this
zane is brecciated in the vicinity of one of the major dowrmwarps of this
lowermost Culebra unit. The breccia consists of roughly 80% angular to
subangular clasts of dolamite within a dolamite matrix. The units described
and mapped within M~2 in the exhaust shaft parallel the lower canmtact of the
Culebra. Directly below the dowrmarp and associated breccia, the upper units
of M-2 are also downwarped and cut by the breccia. The middle ard upper part
of the Culebra is unaffected by the brecciation.

The bulk of the Culebra is microlaminated to thinly laminated. The
strata may be flat to wavy to locally contorted and discontimous. Portions
of the Culebra appear macroscopically devoid of depositional fabric. The
dolomite is mottled in some zones. With the exception of the upper and lower
contact zones, there is very little variation of depositional sedimentary
features throughout most of the culebra.

The uppermost few inches to 1 ft (30 am) of the Culebra often differs
radically from the underlying dolamite. The gamma ray signature of this zane
is unique and is present throughout the Delaware Basin (Ch. 4). Within the
WIFP site area, this interval consists of waxy golden-brown carbxcnate, dark
brown to black highly organic claystone, and locally coarser grained clastic
material including siltstone. The interval exhibits microlaminated to thinly
laminated strata that are usually subhorizental, irregular, contorted on a
fine scale, and discontimiocus. Small gypsum nodules often occur flattened

| parallel to stratification. Holt ard Powers (1984) report details of this

interval in the waste handling shaft at the WIPP site. They describe
moundlike or damal structures in this interval and assign a probable algal
origin. Cornell (pers. camm., 1984) reported that material from this zone is
rich in organic carbon.

Both open and filled porosity occur in the Culebra (Holt and Powers,
1984; 1986a). Gypsum is the major pore-filling mineral. Three porosity
types were cbserved: vuggy porosity, intercrystalline porosity, and fracture
porosity. WVuggy porosity varies in size from fractions of an inch to two
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inches (up to 5 cm). Many large vugs are intercomnected by fractures, and
when unfilled, vugs and fractures comonly contain clay rims. wWhen vugs and
fractures are filled with gypsum, a portion of same vug-filling material may
be optically contirmous with adjacent fracture filling. Wg-filling gypsum
is often polycrystalline, exhibiting two or more crystals with different
optical positions, Twinning is cammon, and extensively twirned crystals may
exhibit a somewhat undulatory extinction. Many filled vugs have one
optically contimious, yet extremely undulose, crystal as a partial and
imperfect rim with two other crystals constituting the bulk of the vugy
filling. ILaminae often are terminated abruptly at the vug/dolamite comtact.
However, laminae in the dolomite also appear displaced around some vugs.
Smaller vugs appear to have same depositional control, as they occur in
distinct sub-horizontal zones.

Biogenic features have been cbserved in ard reported from the Culebra at
several localities, including the WIPP. Fossils in the Culebra were first
reported by Donegan and DeFord (1950) and were studied further by Walter
(1953). The authors have alsc observed gypsum~replaced bivalves in Qulebra
core from Texas. Some thin sections of the Culebra from WIFP 19 and H-12
contain fecal pellets ard possible shell fragments. Burrows and mottling
occur near the top of the Culebra in H-12. Holt and Powers (1984) suggest

the organic-rich carbonate and clay at the top of the Culebra is algal in
origin.

5.3 TAMARISK MEMEER

The Tamarick Member of the Rustler Formation is divided into three parts: a
lower sulfate (A-2), a middle halite/mxdstone zone (H-3/M-3), and an upper
sulfate (A-3) (Figs. 5.4 amd 5.5). The Tamarisk thickens toward the south
ard east of the WIPP site. The Tamarisk within the WIPP cores described
varies in thickness from 82 ft (25 m) at WIPP 19 to 121 £t (36.9 m) in H-12
and 120 and 119 £t (36.6 and 36.3 m) respectively in WIPP 13 and WIPP 25.

5.3.1 Anhydrite (A-2)

The lower anhydrite of the Tamarisk Member is an areally extensive unit.
Several gecphysical logs within the Delaware Basin of New Mexico indicate
that A-2 is locally absent. This is also the case within the WIPP site area
as A-2 is not present at WIPP 19. The maximm thickness of A-2 in cores is
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21 ft (6.4 m) in WIPP 25. A-2 can be subdivided consistently into an upper
ard a lower part by a bed of mudstone. This mudstone bed occupiles a
stratigraphically distinct position ard is areally extensive (Ch. 4). The
lower part of A-2 varies in thickness within WIPP cores from a minimm of 6
ft (1.8 m) in the core of WIFP 12 to a maximm of 16 ft (4.9 m) in the core
of WIPP 25, The average thickness of the lower part is about 9 to 10 ft (2.7
to 3 m). The upper part varies in thickness from 3 ft (0.9 m) at boreholes
B-25 and H3-b3 to a meximm of 8 £t (2.4 m) at borehole H-11b3.

The sulfate consists of anhydrite in many cores but can be part gypsum.
The most common sedimentary structure is stratification rarging from
microlaminate to laminate. The strata are commonly wavy, may be locally
contorted, or discontimous, and in some extreme cases, can exhibit dipping
strata (up to 80° in WIPP 13). The laminae consist of sulfate interbedded
with carbonate and/or claystone. The strata locally became canvolute to
cremlate with a small wavelength and amplitude. Stylolites are locally
common within the laminated parts of A-2.

Both anhydrite and halite pseudomorphs after gypsum swallowtail crystals
occur within the laminated sulfate of A-2. They are most abundant in the
upper part of A-2. mmmethesizeofmnwtaﬂsdmasesware
comuon in the upper part of A=-2. In H-12, a similar zane of halite
pseudamorphs after gypsum swallowtail crystals overlies a core that clearly
does not retain a swallowtail morphology. The basal part of this zane
exhibits a "pile of sticks" morphology; the "sticks" are similar to the
intercrystalline laminae-like inclusions preserved in large swallowtail
crystals, but are not arranged in any pattern reflecting swallowtail
morphology. The base of this unit is in turn overlain by clearly more
reqular and vertically oriemnted halite psendamorphs after gypsum that are up
to 3 inches (7.6 cm) high. These larger pseadamorphs are followed vertically
by smaller psendomorphs and thimmer laminae. The laminae within this zone
become more horizamtal, and the halite psenadomorphs become better aligned
upward. Because of the clearly gradational sequence of textures from "pile
of sticks" to pseudamorphs, this "pile of sticks" texture is interpreted as
crushed pseudomorphs.

The sulfate of A~2 can also be nodular, especially near the upper and
lower contacts and near the claystone which subdivides the unit. These
peorly formed nodules are distributed unevenly within argillaceous anhydrite.
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Within an argillaceocus zone that is laterally equivalent to the
subdividing claystane of A-2, an irregular vertically-oriented prism crack
occurs which is filled with less argillaceous gypsum. (This prism crack
appears similar to desiccation cracks in other sediments.)

The basal contact of A-2 is gradationmal. In the core of WIFP 13 a
deformed calcarecus midstone at the base cantains clasts and interbeds of
gypsum. The core of WIPP 25 exhibits zones of breccia clasts of gypsum
contained within a clear gypsum cement. The upper contact of A-2 may be
slightly brecciated ard irregular, and fractures displacing strata lccally
occur in this stratigraphic position. A small prism—crack is developed in
the core of H-12 at the upper contact of A-2 with H-3. The upper contact of
this zone is extremely wndulatory and erosicnal in WIPP shafts (Holt and
Powers, 1984, 1986a).

5.3.2 Halite (H-3) and Mxdstone (M-3)

An interval cartaining halite (H~3) and laterally equivalent mxstone
(M-3) occurs above the lower anhydrite (A-2) of the Tamarisk Member. Only
the core of borehole H~12 contains halite (H-3) in this imterval. H-3 in the
core of H-12 is 40 ft (12.1 m) thick. M=3 varies from 9 ft (2.7 m) in DOE 2
to 17 ft (5.2 m) in WIPP 19. The halite is sukdivided into lower (H-3a) and
upper (H-3b) units by an areally extensive sulfate bed camposed of polyhalite
in much of the region (see Ch 4). Where the interval H-3 is thinned, the
sulfate camonly directly underlies the upper anhydrite of the Tamarisk
Member., Where this occurs, the upper part of H-3 (H-3b) has pinched out
leaving no evidence of a clastic-rich stratigraphic equivalent (e.g., H-12)
or disrupted or interrupted section. The halite represented in the core of
H-12 is the lower part of the halite interval (H-3a). West of H-12, the
stratigraphic equivalent of H-3a thins considerably and consists of mxdstone
(M-3} in the remaining WIPP cores described. This interval (M=3) is usually
overlain by a sulfate sequence similar to the sequence preserved in
interval overlying the halite interval (H-3a) at H-12. (

- B
-

5.3.2.1 Tamarisk Member Halite (H-3) =

H-3 forms a lens-shaped body with its thickest area (207 ft; 63 m)
located in T22-24S, R33-35E (Fig. 4.4). It is subdivided into a lower
(H-3a) and an upper (H-3b) part by a 1 to 3 ft (0.3 to 0.9 m) thick bed of
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polyhalite. The thicknesses over much of the study area of H-3a and H-3b
vary indeperdently of ane another, and one may occur where the other does
not. However, H-3a is the more laterally extensive bed; H-3b is laterally
more confined and pinches out near the eastern margin of the WIPP area (Ch.
4). The only core containing any halite in this stratigraphic interval is
from borehole H-12, and only part of the interval H-3a exists there.

The lower part of H-3 (H-3a) can be subdivided on the basis of
geophysical logs into lower and upper clean zones (low natural gamma, not
argillaceous) separated by a clastic-rich/argillaceous zone (Ch. 4). The
upper clean zone is restricted to the Rustler depocenter of the Delaware
Basin. The middle clastic-rich/argillaceous zone occurs at the top of H-3a
around the margins of the depocenter ard is generally thimner toward the
center of the basin. The core from H-12 is camplete through the
stratigraphic interval between the lower (A~2) ard the upper (A-3) anhydrites
of the Tamarisk; within this interval at H-12, the upper clean zcne of H-3a
does not occur while both the lower clean zane and the middle argillacecus
zanes are present. The upper clean zone pinches out east of H-12, The
sulfate unit which separates H-3a from H-3b is present at H-12 at the top of
the halite interval (H-3a) and converges with the upper anhydrite of the
Tamarisk (A-3) to the west.

The lower clean halite zone from H-3a in the core of H~12 is nearly pure
halite. Halite crystals from this zone may be equidimensional and, rarely
vertically elongate. Zones of cloudy halite occur but are rare. Clay and
sulfate occur as minor intercrystalline material and irregular blebs. The
halite is mostly thin te medium bedded with strata separated by irreqular
laminae of anhydrite or (rarely) claystone ard thin coleor bands, usually
brown from disseminated clay. The surfaces under both sulfate and claystone
beds are marked by dissolution; small trough-shaped dissolution pits filled
' with claystone or sulfate also occur. Same ercsicnmal surfaces are marked by
" thin crusts of sulfate. Laminae of claystone are more abundant near the top
of this zone.

The middle argillacecus halite zone of H-3a is the uppermost zone of H-3a
in the core of H-12 as the upper clear zone pinches out east of E-12. The
lower contact is gradationally overlain by increasingly argillaceous halite
which is in turn overlain by halitic siltstone. The clastic content
decreases dramatically above the halitic siltstone and then increases
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uward. The upper contact is marked by a halitic, anhydritic claystone with
deformed, discontimous, irregular laminae and halite containing blebs of
claystone. Planar halite crystal boundaries are not common through this
interval as most crystals do not exhibit a cubic form. Same incorporative
crystals of halite do occur. Smeared intraclast/laminae textures occur in
clastic sediments. As the clay content decreases, the fabric becomes more
irreqular.

The polyhalite which is so contimicus in the center of the basin (Ch. 4)
directly underlies the anhydrite (A-3) with no clastic unit separatirg them,
as is the case at H-12 (Snyder, 1987). The upper part of H-3 (H~3b) does not
occur within the core of H-12.

5.3.2.2 Teamarisk Member Mudstone (M-3)

Mudstones occur within a rough ring around a regionally extensive lens of
halite (H-3). Most of the cores fall into this ring. lateral variations -
within this mxdstone ring are evident in cores of this interval in the
vicinity of WIPP. The Tamarisk Mewber mdstone (M-3) thickens and thins on a
local scale, and scme variations reflect a controlled areal distribution or
pattern of occurrence. ,

The term mxistone, as used here, allows for a range of lithologies
including claystone and siltstone. M=3 is sulfatic and somewhat calcareous.
The interval is predaminantly reddish-brown with an uppermost gray zone. The
color relationship was described by Holt and Powers (1984, 1986a) in both the
waste handling and exhaust shafts as a reduction/oxidation contact. The gray
zone may have associated pyrite and/or marcasite (Holt and Powers, 1986a).

The contact of M-3 with the lower anhydrite of the Tamarisk (A-2) is
sharp and very undulatory. This contact undulates over four feet in the
waste handling shaft and three feet in the exhaust shaft, and it is erosional
(Holt and Powers, 1984: 1986a) (Pl. 14). At WIPP 19, the lower anhydrite
(A-2) does not occur; M-3 is thicker, and directly overlies the CQulebra with
a sharp lower contact.

Umodified sedimentary structures indicating clastic transport are rare
within M-3, although subhorizontal laminae do occur. The most common texture
is the smeared intraclast/laminae texture. Soft sediment defcrmation is a
camon feature where stratification is preserved. As deformation becames
more extreme, soft sediment deformation grades into the smeared
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intraclast/laminae texture. Some subangular to subraurxded clasts of mxistone
ard siltstone are included. Where the grain size and the color is uniform,
as in most claystone intervals, the rock may appear structureless. Many
surfaces of unsladbed core of M-3 exhibit a corrugated or lumpy appearance.
This is associated with the smeared intraclast/laminae texture amd is caused
by removal of less well indurated matrix and pseudamatrix material during
coring, M-3 has many slickensides, and slickensides may show differing
orientations within several inches (am).

Same sulfate occurs in M-3 as cements, incorporative crystals, gypsum
pseudomorphs after anhydrite nodules, nodular anhydrite pseudomorphs after
gypsum crystals, angular to subrounded clasts, local fibrous gypsum fracture
fillings ard overgrowths on detrital gypsum grains (Pl. 15). Incorporative
gypsum crystals may be lenticular, subhedral, or euhedral, and both isolated
crystals and stellate aggregates are cammon. Incorporative gypsum occurs in
the following boreholes: WIFP 30, WIPP 34, WIPP 13, WIFP 33, DOE 2, AEC 8,
and WIFP 12. Nodules and clasts of gypsum may be disseminated through M-3
but most camnenly occur near the base (Holt and Powers, 1984; 1986a).
Fibrous gypsum fracture fillings are locally camon within M-3 amd in the
shafts (Holt and Powers 1984; 1986a); several generations of fracturing and
subsequent filling are evident. The fractures may exhibit arcuate patterns
possibly parallel with zones exhibiting slickenside partings. The fibrous
fillings within fractures are variably coriented with some exhibiting a
perperdicular relationship to the wall rock while others have a tilted to
sigmoidal morphology.

The core of WIPP 19 is unique through this interval as the lower
anhydrite of the Tamarisk Member (A~2) does not ocour and the clastic rocks
of M-3 directly overlie the Qulebra Dolamite. The organic-rich stramatolitic
zone at the top of the Culebra is overlain by smeared irregular strata and

 rip~up clasts., A thinly laminated claystone above the clasts is in turn
i+ / overlain by deformed and contorted gray laminae. A claystone ard siltstone

clast conglamerate follows vertically the contorted laminae (P1. 16). This
clast-supported conglamerate consists of subangular to rounded gramle- to
pehble—sized clasts of gray and reddish-brown siltstone and rare clasts of
gypsum. The average clast size appears to decrease upward. Scme of the
reddish-brown clasts have been deformed and form a pseudamatrix The
conglamerate is overlain by a very thin bed of gypsum with an undulatory
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base. Above the gypsum is a sequence of mxirocks that is similar to M-3 in
other cores. The smeared imtraclast/laminae texture is camon, and local
nodules/clasts of gypsum occur. A few carbonate clasts have been cbserved in
this interval.

The upper contact of M-3 is sharp (Pl. 17). A distinctive 1 to 3 ft (0.3
to 0.9 m) zane of sulfate overlain by thinly laminated claystone overlies M-3
ard is commonly preserved intact. However, the upper contact of M-3 is not
everywhere distinct and undisturbed. The contact is disrupted in cores from
Nash Draw and in several cores outside Nash Draw (WIFP 13, H-3b3, and
H-11b3). Within these disrupted zanes, the overlying straticraphy is
preserved to varying degrees. Extreme brecciation occurs at the upper
contact of M-3 at WIPP 13. Allochthonous blocks of the overlying laminated
arhydrite float within a claystone matrix. Block sizes increase upward until
they ocour as rotated blocks separated by thin stringers of claystone.
Finally, the claystone does not occur and the blocks are in direct contact.
Throuwhout the brecciated lower zane, recognizable clasts of well-laminated
claystone occur. At borehole H-3b3, the sulfate and thinly laminated
claystane which usually overlie M-3 do not occur, amd a large rotated gypsum
block fleoats within claystone near the top of the claystone. A 1.6 £t (0.5
m) thick breccia with clast size increasing upward and consisting of sulfate
ard laminated claystone occurs at the upper contact of M-3 in core from
borehole H-11b3.

5.3.2.3 Polyhalite-Fouivalent Sulfate

Alto2 ft (30 to 60 cm) thick anhydrite or gypsum bed overlies M-3 in
cores that have been disrupted along the upper contact of M-3 and H-3a. It
is apparently stratigraphically equivalent to the polyhalite that separates
H-3a from H-3b east and south of the WIFP site. This sulfate in most cores
has a horizontal to subhorizental fabric with hints of laminations, nodules,
cavulate stratification, and anhydrite pseudomorphs after
vertically-oriented gypsum crystals. The sulfate may be argillaceocus and
consist of nodules surrounded by claystone within the lower part. Neamorphic
gypsum commonly surrourds angular zones of anhydrite and same fractures are
filled by fibrous gypsum. The upper contact with the thinly laminated
claystone is sharp but does not appear erosional.
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5.3.2.4 Claystone
Claystone, described as limestone in some core, overlies the

polyhalite-equivalent sulfate. This bed is less than 1 ft (30 am) thick,
calcarecus, locally organic—rich, amd interbedded with same gypsum. The
claystone is distinguished by parallel and predominantly flat
microlaminations and thin laminations with alternating light and dark gray.
Soft sediment defcrmation (slumping, contortion, and/or microfaulting) in
this claystone is similar in appearance to the synsedimentary
non-tectonically brecciated sediments of Brodzikowski and Van Loon (1985).
Micronodules of gypsimm are overlain by thin laminae of claystone. Fibrous
gypsun—filled fractures are abundant within this zone. An en echelon pattern
of gypsum-filled fractures reported in this zane in the waste handling shaft
(Holt and Powers, 1984) indicates a shear along a subhorizental or horizantal
plane with displacement of the upper zane to the south. One fracture in this
interval in the DOE 2 core demonstrates thrusting. The upper contact of this
zone is gradational. The stratigraphic significance of this interval toward
the center of the basin is not known as it is not distinguishable on
geophysical logs, but it is a stratigraphically continucus and significant
zone within the core-study area.

5.3.3 Tamarisk Member Upper Anhydrite (A-3)

The Tamarisk Member upper anhydrite (A-3) can be subdivided irnto three
stratigraphically distinct zones which grade upward from one to ancther.
These zones are, in ascerding order, as follows: a lower laminated zone
(A-3a), a middle zane (A-3b) exhibiting a crushed prismatic texture, and an
upper bedded nodular zone (A3-c)}. Within the A-3, other distinct beds are
. present. For example, a very thin bed of claystone occurs 20 ft (6.1 m} up

fram the base of A-3 in the shafts . This claystone is usually washed ocut of

core during drilling. Geophysical logs reveal it in those boreholes. Other
stratigraphically distinct zones are evident in gecphysical logs of this
interval throughout the Delaware Basin (Ch. 4). In WIPP cores, the thickness
of A-3 varies from 57 ft (17.4 m) at H-3b3 to 93 ft (28.4 m) at WIFP 13.

Same general relationships can be inferred by comparing the combined
thickness of the middle (A-3b) and the upper (A-~3c) zones to the thickness of
the lower zope (A-3a). A-3b and A-3c are cambined as they are vertically
quite gradaticnal. It varies fram 33 to 40 ft (10 to 12.2 m) and averages
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about 35 ft (10.7 m). A-3a varies in thickness fram 19 £t (5.8 m) at H-3b3
to 47 ft (14.3 m) at WIPP 25. For the most part, the thickness of A-3 varies
with the thickness of A-3a.

5.3.3.1 Lower laminated Zone (A-3a)

The lower laminated portion (A-3a) of the upper Tamarisk Member anhydrite
(A-3) consists of anhydrite with minor gypsum. Near the lower comtact, the
anhydrite is interbedded with carbonate. Poorly preserved ripple
cross-laminae ocour within both carbonate-rich and anhydrite interbeds, and
cross—cutting relationships are evident. Microlaminae to laminae predominate
and may be flat and parallel but are wavy or cantorted to cremlate.
Anhydrite halite pseuwdamorphs after gypsum are cammon in borehole H-12.
Pseudamorphs after vertically oriented prismatic gypsum crystals are abundant
locally arxd occur in genetically related zaones exhibiting an upward decrease
in crystal size. The height of the prisms varies from less than 1/4 to 4
inch (6 mm to 10 am). These psendomorphs are not all oriented perperdicular
to the substrate and may be tipped over to ane side, crushed, slumped,
smeared, and disrupted (Pl. 18). Carbonate and gypsum laminae locally drape
pseudamorphs. In many cases, pseudamorphs after prismatic gypsum contain
microlaminae to thin laminae of carbonate or fine grained anhydrite oriented
parallel to crystal growth planes, Pseudamorphs after epitaxial gypsum
prisms are rare but do occur. Probable stylolites through this interval are
distinguished by a cremilate zone parallel to stratification and marked by a
dark concentration of clay and carbonate. The yper contact of A-3a is
gradational with A-3b.

5.3.3.2 Middle "Crushed Prism" Zone (A-3b)

The middle zone (A-3b) within the Tamarisk upper anhydrite is
characterized by the "crushed prism" texture (Pl. 19, 20 ard 21). This
texture is created by modifying the volume of an originally laminated
sediment containing large or small prismatic gypsum crystals. Same to all of
the volume originally occupied by the crystals was lost to create the
characteristic texture. The genesis of the texture will be described later.

The most prominent feature of the crushed prism texture is irregularly
shaped masses of sulfate that are vertically elorgate. These may be lighter
in color than the sulfate between these masses. The masses have parallel
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internal stratification, though it is not contimious between masses, The
stratification irdicates displacement or rotation of the mass relative to
adjacent masses. The stratification can also be disk-shaped. Anhydrite
pseudamorphs after tiny prismatic gypsum crystals may be preserved.
Bourdaries between these vertically elangate masses are commonly v-shaped arnd
may have angles of 45° or mare. As further evidence of the arigin of this
texture, a portion or ghost of an original prismatic gypsum crystal is
visible in same of the v-shaped darker sulfate between masses.

This texture might initially be confused with nodular textures. It can
be separately diagnosed in the absence of ghost or remant prismatic gypsum
by the irregular vertically elangate shape, v-shaped baundaries, and the lack
of an exclusionary margin. A strong sub-horizontal pattern, to be confused
with bedded-nodular texture, is not seen though it is possible that the
original size and space of prismatic gypsum could vary such that the crushed
prism texture would appear similar.

The textures preserved in A-3b irdicate that the rock was originally
daminated by prismatic gypsum crystals. One or more sequences are present
where crystal size decreases upward. Same of the crystals grew to be at
least 1 ft (30 cm) high. Strata size is proportional to crystal size. The
crushed prism texture is increasingly developed, and apparently becomes more
mature, upward from the base of the zone. Prismatic crystals are present,
although visibly reduced in volume at the base. Crystal preservation
decreasesupwarduntilmrelicorghbs%prisms remain.

5.3.3.3 Bedded Nodular Zane (A-3c)

The upper zone of A-3 is stratified with a superimposed nodular texture
(bedded nodular zane - A-3c). The lower contact of A-3c is gradational, ard
locally A-3c exhibits the crushed prism texture. The sulfate is interbedded
with carbonate, and the carbonate content increases upward. Anhydrite is
increasingly altered to gypsum upward.

The bedded-nodular fabric results from an exclusive nodular fabric
superimposed on stratified sulfate rock (Pl. 22). Intermal layering is
traceable from nodule to nodule. In general, nodules occur in distinct
horizontal zones with similar nodule sizes, reflecting bedding comtrol an
size ard distribution. Same nodules exhibit anhydrite pseuwdamorphs after
prismatic gypsum crystals. Unlike the crushed prism texture, the
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bedded-nodular fabric shows extremely good lateral contimuity of small-scale -,
stratification between nodules. Strata dip uniformly and are neither
displaced nor rotated. The nodules are usually bounded by an irregular,

dark, very thin rind of excluded material. The nodules are better developed

in those zones containing less carbonate arnd more gypsum. Carbonate-rich

zanes display more original depositional features.

The base of A-3c exhibits laminated gypsum, with pseudomorphs after
prismatic gypsum crystals, modified by the bedded nodular fabric. Further up
the section, carbonate interbeds become more abundant, and the nodules become
more lenticular in shape. Near the top of A-3c, lenticular and wavy
interbeds of ripple cruss-laminated gypsum and carbonate have been modified
by the bedded nodular fabric. The upper 1 to 2 ft (30 to 60 am) of A~3c
contains abundant gypsum—rich carbonate interbeds and dark brown, very wavy,
and irreqular thin laminations of organic material. These wavy laminae occur
in distinct zones which become more common upward. The upper contact of A-3c
with the Magenta Dolamite is gradational.

5.4 Magenta Dolamite Member -

The Magenta Dolamite Member of the Rustler is the uppermost of two
regianally persistent dolamites within the Rustler. Within the cores
examined at and around the WIPP site, the thickness of the Magenta varies
fram 23 £t (7 m) at H-3b3 to 28 ft (8.5 m) at H-11b3 (Fig.5.4 and 5.5). In
camparison with the Culebra, theMagmrtae:du.bltsmorepnmzysedmmmy
structures, fewer fractiures, larger average grain size, and is overall a mach
more campetent unit as it cores very well. Within the WIPP site area, the
vertical sequence of sedimentary structures does not vary significantly. The
Magenta consists of arenacecus dolamite and gypsum with lesser amounts of
quartz silt and sard-size grains, clay, and organic material. The Magenta
can be subdivided into two major zones: a lower algal-daminated unit and an
upper ripple cross-laminated unit. In outcrop east of Artesia, New Mexico,
the algal-dominated unit displays thin zones of breccia underlain and
overlain by continuous bedding. O

5.4.1 Algal~Dominated Unit
Algal features dominate a zone at the base of the Magenta varying 3 ft to -
5 ft (0.9 to 1.5 m) thick. Wavy to locally cremilate, subhorizontal, amd
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camnonly, irreqular organic-rich laminations occur in groups or zones and are
very comon at and near the base of the Magenta. This lower zone exhibits
very low-amplitude laterally-linked hemispheroids. Within the core of WIFP
19, probable small vertically oriented prismatic gypsum crystals occur within
an algal laminated zane of low-amplitude laterally-linked hemisphervids.

The subhorizontal laminae are overlain by a zone containing closely
spaced, microlaminated to thinly laminated algal hemispheroids. These
hemispheroids may be laterally linked by laminations. In some cases, the
laminae within hemispheroids retain the same radius and thus appear
vertically stacked. The basal radius varies fram 4 to 8inches (10 to 20
an). These hemispheroids are similar to algal biscuits coserved by Gebelein
(1969) .

A zone daminated by wavy laminations and lenticular-shaped, very thin
beds overlies the hemispherovids. Draping laminae are common through this
zone. Iemshapedorlentimlarinte:bedsoftenthickminthgtruﬂmarﬂ
thin over the tops of the underlying wavy strata. The amplitude of the wavy
strata decreases upward while the wavelength appears to increase upward.
Dark organic-rich interlaminae are common through this zone.

Gypsum nodules near the base of the algal-dominated unit decrease in size
and abundance upward. Subhorizontal gypsum-filled fractures are cammon
throughout the algal-dominated unit but are most common in the wavy to
lenticular bedded zone where there are alamdant clay interbeds and partings.

5.4.2 Cross—laminated Unit

The upper of the Magenta is dominated by horizontal to subhorizontal,
wavy to lenticular beds exhibiting cross-laminations and cross-laminated
bedforms. The cross-laminated unit was subdivided into six mapping units
during the mapping of the Magenta in the exhaust shaft (Holt and Powers,
1986a). Those mapping units can be identified in cores of the Magenta. The
vertical sequence of sedimentary structures will be discussed later.

The clastic sedimentary structures cbserved within the upper unit
include: ripple cross-laminations; ripple drift cross-laminations, starved
ripples; both erosional stoss and depositional stoss climbing ripples; wavy
and lenticular bedding; flaser bedding; erosicnal scour marks; clay drape;
soft sediment loading; probable rip-up pebbles; pebbles at base of
cross-laminations; local cross-bedding; and structureless beds. These
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sedinentaryfeamzmammstomwiﬂlinsuumrizamal,veryﬂlinmﬂthjn
beds that are laterally contimous.

At the base of the cross~laminated unit, grain sizes are more homogeneous
and clay-rich interbeds are less common than in the underlying wnit. Wavy
bedding with low-angle cross-stratification is very common, The amount of
cross-laminations and ripple forms and the average set size increases upward
as does the grain size. Nearly structureless very thin interbeds are commen
near the top of the cross-laminated unit. Gypsum nodules become more common
and an areally persistent, very thin bed containing abundant gypsum nodules
occurs within the upper 2 ft (60 cm). The uppermost contact with the
overlying Forty-niner Member is gradational as the carbonate fractian
decreases ard is interbedded with gypsum. Small nodules of gypsum are common
both within the gypsum-rich interbeds and the carbonate imterbeds.

5.5 FORTY-NINER MEMEER

The Forty-niner Member of the Rustler Formation is similar to the
Tamarisk Member as it consists of a lower (A-4) and an upper (A-5) sulfate
unit separated by a mudstone unit (M-4) and laterally equivalent halite (H-4)
unit (Figs. 5.4 and 5.5). Within the upper anhydrite (A-5), a second halite
unit present at the depocenter of the basin (Ch. 4) does not occur near the
WIPP site.

5.5.1 Anhydrite (A-4)

The lower sulfate unit (A-4) within the Forty-niner is an areally
extensive unit that varies fram 15 to 21 ft (4.6 to 6.4 m) thick in cores.
The sulfate mainly consists of anhydrite with same gypsum and carbonate. The
carbonate interbeds are most abundant at the base of A-4 and decrease
upward. The uppermost foot (30 cm) of A~4 is partly argillaceous. Small
modules of sulfate are abundant in the lower interbeds. Bedded nodular
textures locally occur, and nodules may be superimposed upan nodules.
Chicken-wire nodular and enterclithic textures are present. The nodular
texture becomes better developed and larger upward as the more mature nodular
features daminate. The upper few feet (m) of A~4 may be in part laminated to
thinly laminated, and the laminae may be wavy to slightly contorted. The
upper contact of A~4 is sharp.
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5.5.2 Mudstone (M-4) and Halite (H-4)

The mydstone interval of the Forty-niner Member is laterally equivalent
to an argillaceous halite and halite toward the depositicnal center of the
Delaware Basin. Of the WIPP cores examined, anly H-12 contained halite in
this unit. Geophysical log interpretations suggest that halite occurs within
this zane in boreholes from the eastern site area (e.g., P-18, P-19, P=20).
The M-4/H-4 interval consistently thickens toward the depositianal center of
the basin as the halite content appears to increase.

5.5.2.1 TForty-niner Member Mudstone (M-4)

M-4 varies from a minimm of 6 ££ {2 m) at AEC 8 to a maximm of 17 £t
(5.2 m) at WIPP 25. In addition to mudstone, M-4 may consist of siltstone,
claystone, and locally scme sandstone. It is camonly gypsiferous and/or
calcarecus. Thin sections fram this interval at WIPP 19 show a halite cement
and incipient displacive halite crystals (Pl. 23). Both large and small
scale primary sedimentary structures are cammon through this interval. In
the waste handling shaft, large scale cross~cutting relationships were
cbserved in M-4 as a wedge-shaped unit bounded by ercsicnal surfaces (Holt
and Powers, 1984).

M-4 was subdivided into five mapping units in the exhaust shaft, and they
are recognizable in the cores as three reddish~hrown units between upper amd
lower gray beds. The lowermost unit within M~4 is gray siltstone 2 to 3 ft
(0.6 to 0.9 m) thick. It is locally gypsiferous and contains irregular
gypsun-rich laminae and same gypsum nodules. The lower gray unit has well
defined and preserved horizontal to subhorizontal thin laminae to very thin
beds. It may locally be structureless. The lower reddish-brown unit is the
thickest and usually varies fram 5 to 6 £t (1.5 to 1.8 m) in thickness. The
stratification within this unit is less distinct than that of the urderlying
and overlying units. Stratification is more abundant near the top of the
unit and occcurs as discontimious, wavy to irregular, locally slightly
contorted thin laminae to very thin beds. Interbeds are white to gray. The
lower part of this unit displays small gramile to small pebble sized clasts
of muistone and exhibits smeared intraclast textures. Greenish-gray
reduction spots are camon. The middle and upper reddish-brown units are not
always distinguishable from ane ancther in core. The middle reddish-brown
unit is about 1 £t (30 cm) thick. It is separated from the underlying unit
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by a relatively large scale ercsiona® surface that is contirmuous aramd the
circumference of the exhaust shaft. As in the underlying unit, the
stratification is distinguished by color ard consists of irregular to
discontimious wavy laminations to thin beds. The unit is locally
gypsiferous. The upper reddish-brown unit is also about 1 ft (30 cm) thick.
It has subhorizontal to horizontal, slightly wavy thin laminations to
laminations. In general, stratification is more contimuous and better
preserved than in the urderlying units. The uppermost gray bed has
sedimentary structures similar to the upper reddish-brown unit. The yupper
contact of M-4 with the overlying anhydrite (A~5) is sharp and distinct (Pl.
24). Gypsum nodules ard gypsum crystals appear to be areally restricted, as
they are most common in WIFP 12, WIPP 19, B-25, exhaust shaft, waste handling
shaft, H-3, H-11l, and H-1l2.

5.5.2.2 Forty-niner Member Halite (H-4)

Within the cores examined, only H-12 contained halite in the
stratigraphic unit equivalent to M-4. The halite interval (H-4) there is
argillaceous ard not very thick. Geophysical log interpretations suggest
that the amount of clay in this unit decreases ard the overall thickmess of
H-4 increases eastward toward the depositional center of the basin. At
borehole H-13, the stratigraphic sequence described for the interval M4 is
present. Five ft (1.5 m) of halite-bearing sediment occurs within the 12 ft
(3.7 m) section of H-4. The halite is in a stratigraphic position equivalent
to the lower part of the lower reddish-brown unit of M=-4.

The lower contact of the halite-bearing zane with the lateral equivalent
of the lower gray unit of M—4 is sharp. Siltstone ard claystone matrix is
abundant near the upper and lower contacts where incorporative halite
crystals are cammon. Aggregates of halite crystals are associated with
irreqular blebs of siltstone within the remainder of the halite section. The
upper contact of the halite-bearing interval is gradational and is overlain
by the lateral ecuivalent of the upper part of the lower reddish-brown unit.
The remainder of the seguence at H-12 is similar to the sequernce cbserved in
M-4 in other cores amd the shafts ard preserves the middle and upper
reidish-brown units and the uper gray unit.
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5.5.3 Anhydrite (A-5)

The uppermost sulfate within the Rustler Formation is areally extensive
and is locally subdivided into two parts by a thin halite unit (see Ch.4:
lateral Relationships). The thickness of the sulfate varies from 28 to 37 ft
(8.5 to 11.3 m) in the core sthady area.

The sulfate bed consists of anhydrite, gypsum, and carbonate. The
anhydrite is usually thinly laminated to laminated, wavy to slightly
contorted, with locally abundant anhydrite pseundomorphs after vertically
oriented prismatic gypsum crystals up to two inches high. Pseuwdamorphs after
prismatic gypsum can be tipped over, smeared, or vertically oriented. Same
reflect epitaxial gypsum growth. Pseudomorphs in same zones became smaller
upward. Very carbonate-rich interbeds occur. Horizontal to subhorizental
stylolites within laminated intervals are cammcon. The arhydrite may locally
exhibit nodules and/or the bedded nodular fabric. Possible prism cracks
occur locally. The upper contact is sharp and ervsicnal.
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6.0 DEPOSTTIONAL ENVIRONMENTS

The depositional erwiromments of the Rustler Formation are interpreted
using a comparative, sedimentological approach to determine the extent of
halite surviving depositicnal processes. Those features with modern or
experimental analogs are emphasized. Depositional analogs for individual
features and sets of features are derived from the available literature and
contimiing studies of modern analogs. The features abserved within the
Rustler have been campiled, and their modern or experimental amalogs are
campared to the features. Depositional models are synthesized for rock units
that are apparently genetically related. These models are then integrated to
create a depositional history for the Rustler.

The principal depositional enviroarments of the Rustler are synopsized
first. A depositional model for Rustler salt pans and adjacent ernvirorments,
three syrdepositional dissoclution models, a summary of syndepositional -
dissolution fabrics, and a discussion of sedimentation and tectonics are
discussed after syncpses of all depositional models.

6.1 RUSTLER DEPOSITICNAT. ENVITONMENTS

6.1.1 Saline to Fresh Transitional Facies

In the WIFP site area, the first descriptive unit assigned to the Rustler
in core arxd shaft studies is a thin bed of sulfate. This unit, although
probably related to Salado style deposition, is a consistent stratigraphic
marker throughout the WIPP area, and the Rustler/Salado contact is usually
placed at the base of this unit for convenience. The sulfate overlies 1 to 3
ft (0.3 - 1 m) of halitic mudstone which is included within the Salado and
contains very small incorporative halite crystals. The halitic mxistone was
deposited within a halite-saturated saline mxiflat. The water table
throughout the deposition of displacive/incorporative halite crystals was
located at or very near the surface of the mudstone. The sulfate unit is
generally argillaceous at the base and becomes less clastic upward. The
argillacecus portion of the sulfate records the settling and deposition of
the clastic material associated with a minor freshening event. The remaining
sulfate was most likely deposited subaquecusly.

Thebaselevelwasagainlowemdarﬁclastici:p:tarﬂgninsize
increased. A gypsum~rich saline madflat developed. Either the kinetic
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enerqgy of the depositional system was high or the sulfate content was low
enough to prevent incorporative gypsum development. Instead, gypsum was
precipitated during the desiccation phase following flooding. After
flooding, the base level or water table was at the surface of the mudflat.
Evaporative pumping concentrated the sulfate at the surface where gypsum was
precipitated within void spaces, forming a gypsum cement or incipient
gypcrete within one to several laminae. Further evaporation drove the water
table deeper. This resulted in desiccation of the mxds ard upon the next
flooding event, reworking arnd deposition of fragile rip up clasts from
desiccation. This clastic interval records an initial increase of the
potential and kinetic energy of the basin.

6.1.2 lagoonal Ervirorment

An unconformity with a dooumented local relief of owver 3 ft (1 m) marks
the begimnirg of perhaps the greatest variation of depositional style amd
ernvirorment within the Delaware Basin since the Guadalupian/Ochoan
transition. Once again, the waters within the basin were, for at least a
short period of time, directly commected with marine waters. The
unconformity was described in shafts within a few ft (1 t© 2 m) of the base
of the Rustler. The presence of fossil bivalve fragments within a thin
corglamerate locally overlying the unconformity suggests that a basin-wide
freshening to at least near-marine comditions had already occurred and may
have been quite rapid. Presumably, the source of the water and fauna was to
the south through the Hovey Chammel. The transgression was rapid, leaving
only isolated occurrences of canglamerate as record of its passing.
Consistent with the rapid nature of the transition, grain size and
sedimentary structure size within the rocks overlying the unconformity
indicate a decrease of system energy upward. Within a few feet of the
unconformity, the system's energy reached a relative steady state as
burrowing and biocturbation become prevalent within a near-marine to marine
lagoon-like envircrment.

Clastic deposition contimied under shallow lagoonal corditions, and
clastic depositional fabrics were subsecuently modified by bhurrowing
organisms. Most bedding fabrics are not the result of migrating bedforms.
However, cross-laminations do ocour and are more abundant higher in the
section. During quiescent times of little or no deposition of clastic
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materials, biocturbation and burrowing were prevalent and in same cases so
camplete as to campletely eradicate any sedimentary structure ard leave only
mottled siltstone. This mottled appearance formed during pericds when the
substrate was relatively stable (i.e., limited addition of clastics), and in
general, the degree of campleteness of the bicturbation reflects of the
length of time that the substrate was stable. In other instances, when the
energy of the system was higher, clastics were deposited more rapidly,
essentially eliminating bicturbation or, at the least, diluting its effect.
This is represented by those zanes containing well preserved stratification
with no or few burrows.

The presence of a lagoon with water of near-marine salinity has important
implications., A direct connection to marine waters can be implied by the
presence of marine to near-marine fossils. This is important as it
represents the first and anly documented near-marine episode within the
Delaware Basin during the Ochoan Epoch. (There is growing evidence that the
Dewey Lake is not marine (Schiel, 1987, in progress) contary to earlier
Ssuggestions.) Several possible events could result in such a marine
incursion. First, a rapid change of absolute sea level could result in such
a rapid transgression. However, there is no direct evidence to support it,
and such an event would be likely to have longer lasting ard broader
effects. More than likely, whatever had barred the Delaware Basin during the
preceding portion of the Ochcan was breached, amd marine water rapidly
transgressed over a large area with very low relief. Such a breach could
have easily resulted fram a local tectonic event resulting also in
subsidence. It is clear that the marine invasion and the subsequent shallow
lagoonal system yielded a higher overall base level, ard the effect of a
raising of base level is to decrease the hydrologic gradient in the
depositional basin. However, for coarse clastic material to contime to be
supplied to the lagoonal setting, the gradient within the basin must rise to
counter the decrease caused by a rising base level. In the face of a rising
base level, the gradient could only increase as the result of tectanic
activity. As the distrilation of clastic material seems to decrease samewhat
to the south (Ch. 4), the source areas for clastic materials within the
northern part of the Delaware Basin were probably to the north and
northwest. Whatever tectonic activity increased the potential for clastic
deposition mast have affected those areas to the north and northwest.

6-3



Although separate tectonic events could have resuited in local subsidence and
uplift of potential clastic source areas, one tectonic event could be
envisioned that could account for both the breach of a southern barrier ard
yet could keep the energy of the basin at or near the same level in the
north. A southerly tilting of the Delaware Basin and possibly a portion of
the Northwestern Shelf could account simultaneocusly for both situations.
Figures 4.3 and 4.6 display thicker basal clastics to the south consistent
with this proposal.

6.1.3 Fresh to Saline Transitional Facies

The transition between marine or near-marine lagoonal deposition and
playa-like deposition of evaporites is recorded by several ft (2 ~ 3 m) of
daninantly clastic rock about 35 - 40 £t (10.7 - 12.2 m) below the Culehra at
the WIPP site. This zone contains no cbvious ercsional surfaces of any
magnitude and is not very thick, so it is likely that deposition was nearly
contimous with no major hiatus. Thus, the transition itself must have been
rapid. As the size of both sedimentary structures and clastic grains
increases upward within the section, both the potential and kinetic energy of
the system increased with time. This is consistent with shallowing upward in
near-shore or shallow marine systems,

Near the top of the sequence, groups of carbonate-rich interlaminae ocour
and are followed vertically by groups of gypsiferous interlaminae. Their
presence indicates that solutes were being concentrated within the
ground/depositional waters. Less indurated laminae coammonly bound the
calcareous or gypsiferous laminae that stamd out as resistant zones in cores
of this interval. The tops of laminae camonly contain the most cement.
These laminae have been preferentially cemented by the precipitation of
either carbonate or sulfate without affecting the overlying laminae and with
minimal effect on the underlying strata. It is very unlikely that this
cement is the result of a much later pervasive diagenetic process as porosity
and permeability do not vary significantly fram lamina to lamina., Therefore,
the cements must be related to an early process. Did these cements form by
the concentration of solutes at the sediment/air interface on a subaerially
exposed mxdflat, or did they form subaqueously?

In subaerially exposed gypsum saline midflats in Death Valley, Saline
Valley and Bristol Dry lake, California, most clastic laminae are very
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to very early diagenetic growth of gypsum within the sediment. Efflcorescent
crusts are commonly found at the surface of an active saline mudflat and also
contribute to the formation of irregular stratification. Eolian sediment is
trapped within the efflorescence crust arnd on the lee side of irreqularities
{e.g. polygonal cracks) on the surface of the crust. The efflorescent crust
is ephemeral and dissolves with the next rainfall or flooding event. The
trapped sediment is then deposited on the underlying clastic material
creating very irreqular, discontimious pockets of sediment ard laminae. If a
flooding event causes the dissolution of the efflorescent crust, the sediment
carried with the flood is deposited over a rapidly dissolving irregular
surface. Should the crust be dissolved before sediment is deposited, an
irregular surface forms from freshly freed ecolian sediment. Once the water
evaporates or infiltrates, ancther efflorescent crust forms and displacive
growth within the crust further disrupts the sediment. Preservation of
efflorescence crust is highly unlikely, ard ncne was cbserved within the
sediment sections in any of the California examples. The laminae in this
section of the Rustler are, however, regular in nathre and do not resemble
those cbserved in subaerially exposed mdflats. It is unlikely, then, that
the cements cbserved within the laminae originated at the sediment/air
interface.

The cements are clearly early, but did not originate due to subaerial
exposure; they must have occurred early .n a subaquecus envirorment. The
laminae have a regular morphology. They are samewhat wavy arnd locally
contorted, but this deformation is due to soft-sediment loading. As the tops
of the laminae contain the most cement, it is likely that deposition of the
clastic laminae was followed by a period of rucleation of carbonate and/or
gypsun cn ard within the substrate., During this time, little or no reworking
of clastic sediment could have occurred. The cement effectively stabilized
the substrate preserving the laminae. Early cementation of laminae at the
bottar of a saline body has been reported for both modern and ancient
examples by cther workers (e.g. Garrison and others, 1978, for Messinian
gypsum; Warren, 1982a, for Holocene gypsum in salinas). Clastic deposition
resumed ard either a freshening or the mechanical energy of the system
prevented further precipitation of cement. As long as the system remained
energetic, cement did not precipitate. This type of laminae can be used to
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irdicate subaquecus depositional enviromments

Sulfate within the sediment is more concentrated up section until sulfate
laminae are conmon forming a 1 to 2 £t (30 to 60 cm) thick zone about 30 to
35 f£ (9.1 t0 10.7 m) below the Culebra in the WIPP site area. In most
cores, clastics are still present. Most of the laminations are regular and
suggest a subaqueous origin. However, the stratification may be very
carvoluted to contorted. Soft sediment shear and loading are in part
responsible for this deformation. Enterolithic and nodular structures
locally are present., These formed by expansive growth within the soft
sediment and partially deformed same laminae. Irregular to prismatic
vertical features are abundant in the zone containing enterclithic and
nodular textures ard are interpreted as possible desiccation cracks.

The sulfate-rich interval represents the final stage of the transition
from the near-marine lagoonal deposits to playa-like deposits. This interval
may be a silica-rich version of Warren's (1982a) gypsarenite, which he uses
without genetic cannctation. Warren (1982a) defines gypsarenite as "gypsum
which contains at least 50% sand-sized gypsum grains." Fram the preserved
sediment record, it has not been possible to determine the criginal grain
size of the gypsum due to diogenesis. However, it is likely that
depositional processes similar to these suggested by Warren produced the
sulfate interval. ILaminated gypsarenite (after Warren, 1982a) consists of
laminae of mechanically deposited gypsum and/or gypsum formed in situ. In
this interval, most of the gypsum was prubably reworked mechanically and
deposited with same clastic material. The gypsum converted to anhydrite
during burial and/or early diagenetic growth of gypsum within the sediment
probably destroyed all of the original gypsum textures but the laminations.
Arakel (1980) acbserved similar sediments in the Hutt and ILeaman Lagoons of
western Australia and found that early diagenesis of gypsum (less than 6,000
years old) had cbliterated most primary crystal fabrics,

The desiccation cracks and enterolithic to nodular structures within the
sulfate are consistent with subaerial exposure. The prismatic cracks fonrd
within this stratigraphic zone may be parts of large scale polygenal cracks.
Several authors (e.g. Neal and cthers, 1968; Tucker, 1981; and Lowenstein and
Hardie, 1985) have discussed the possible origins of these features. These
prismatic cracks are clear evidence of subaerial exposure. Nodular arnd
enterolithic structures, however, are not unique indicators of subaerial
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exposure; syrdepositional diagenetic growth of sulfate is common in both the
subaquecus and subaerially deposited sediments. Enterolithic and nodular
structures, when abserved within some stratigraphic sequences, are often
interpreted to have formed in a subaerially exposed enviromment (e.g., a
sabkha: Shearman, 1978). Other examples of enterclithic and/or nodular
sulfate are interpreted to have formed diagenetically in sediments in
subaqueous envirorments (e.g., the Castile Formation: Dean and others,

1975) . Dean and others (1975) suggest that nodular and enterolithic
structures are not diagnostic of either subaerial exposure or subaguecus
deposition.

During subaerial exposure of the sulfate interval, sulfate was
precipitated and disseminated throughout the soft sediment, including those
rocks associated with the marine transgression. When the potentiometric
surface of the water table is at or below the surface of the sediment, the
salinity of the groundwater became much higher than the maximm salinity of
the previously standing body of water due to capillary evaporation. This
would be the optimal time to develop early diagenetic gypsum. Cody and Hull
(1980) demonstrated that primary anhydrite could micleate in the presence of
certain types of macramolecular organic campourds at temperatures and
salinities expected in hot, arid regions. It is possible that some of the
sulfate originated as primary anhydrite.

The sulfate interval meets Warren's (1982a) hydrologic criteria for a
continental playa: 1) the hydrologic system depositing the sulfate interval
was clearly separated fram large volumes of saline water (e.g., marine
water), ard 2) the sulfate was deposited on a clastic (clayey) substrate.
Further, Warren reports that the gypsum within the central part of the
paleopond area of continental playas in Australia is usually less than 3 £t
(1 m) thick, nearly the same thickness as the sulfate interval in the
Rustler. Clastic material was brought into the basin during episodic
flooding., Both cementing processes (previously discussed) ard precipitation
and reworking of gypsum on the substrate account for the presence of sulfate
in this interval. Analogous sediments with a similar origin are reported in
Hutt lagoon, western Australia (Arakel, 1980). The variable depositional
style and lack of larger, more stable forms of gypsum reflect the dynamic
chemical and mechanical nature of the small, precipitating brine body.
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Any comnection with marine waters must have been blocked prior to the
deposition of this zcne as the transition appears to have taken little time
and an overall salinity change occourred rapidly. Potential evaporaticn rates
were apparently high as saturation with respect to gypsum was reached easily
and quickly. As Warren (1982) points ocut in his discussion cancerning
salinas in Australia, rapid changes of salinity camnot occcur within fluid
well connected with a large (for all practical purposes, infinite) body of
fluid with a constant salinity. Rapid charges of salinity can, therefore,
most reascnably occur within small volumes of fluid. The preservation of the
transiticnal sequence imdicates contimied relative subsidence through the
pericd of deposition while the sedimentary features indicate a rapid
shallowing upward. If the basin were not effectively sealed from marine
waters, subsidence would not be reflected within the sediment as shallowing
upward. Instead, lagoonal-type sediment deposition would have begun again or
contimied. The rapid increase of the kinetic energy of the system and the
concentration of solutes within the water resulted in the death of kxxrrowing
organisms. The ease of gypsum saturation, the increase of grain size
(potential energy), the increasing-upward ocourrence of sedimentary
structures showiryg the nmigration of bedforms, and the presence of probable
polygonal /desiccation structures are all consistent with a transition from a
near-marine lagoon, via a rapid shallowing upward due to evaporation, to a
subaerially exposed sulfatic saline mxdflat.

Such a transition is rarely preserv . geologically. Usually, the evident
transitions between widely differing depositional envirorments are erased by
one or more erosional events. The time between preserved depositional events
is unknown, and those events whose records were erased by, and the amount of
time unrecorded by, the hiatus carnot be determined. The camplete transition
between near-marine conditions and the deposition of halite in a saline
mxiflat is preserved here. These sediments recording the transition were
preserved because of comtinued subsidence through the transition. Subsidence
prevented reworking of sediment within the basin during a time of decreasing
base level ard allowed nearly cantimuous deposition to occur. /“\\

\ it )
6.1.4 Halite (H-1) and Mdstone (M-1) Deposition S

The fresh to saline transitional facies are overlain by a sequence of

rock dominated by halite and laterally equivalent mdstone. The lateral
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relationships between the halite-bearing zone and the mxdstone zone are in
part depositionally controlled. The halite sequence (H-1) appears to be the
product of the interaction between halite saline mudflat, mxd-rich salt pan,
ard mud-poor salt pan erviromments (see section 6.2). Marginal
suberviromments consisting of gypsum saline mxdflats and mxdflats existed
arourd the periphery of the halite depositing envirorments (see section
6.2). Halite was further concentrated in the depositicnal center of the
basin by the syrdepositional dissolution of halite from marginal ervirorments
and relocation of solutes toward the center during episodic subsidence of the
depocenter center. The WIFP site and Nash Draw area are located along the
margin of the depocenter center of the basin, and the rocks present in the
H-1/M-1 stratigraphic interval in the study area formed as the result of the
interaction of halite depositional envirorments with marginal nonevaporitic
envirorments.

Above the transitional facies, clastics camtimued to be deposited.
Grourdwater salinity increased by evaporation, and halite reached
saturation. Displacive crystals rucleated ard precipitated within the
clastic sediment in a halite saline mxiflat. 2An increasing upward content of
displacive crystals suggests that the salinity was also increasing with
time. A standing brine body developed in the depocenter and a mud-rich to
mud-poor halite pan developed. The halite pan ocaupied the lowest
topographic areas. The mud-rich part of the salt pan was affected more by
syndepositional dissolution as it was closer to the margin. Within the WIFPP
area, unit H-la was deposited by the interactiocn of both saline mudflat and
mud-rich salt pan envirorments. A minor transgression or flooding event
halted the deposition of H-la. The imput of clastic material was stopped by
the sudden rise of base level. Sulfate was locally deposited as the standing
body of water was concentrated through evaporation. As evaporation amd
attendant concentration contimied, halite saturation was agein reached. A
large mud-poor salt pan developed and H-1b was deposited. Minor freshening
events did not bring much clastic material into the system but did
precipitate thin layers of gypsum. Subsidence increased, ard the base level
was lowered. Flooding associated with subsidence again introduced clastic
material into the system. The size of the mxi-poor salt pan decreased
considerably, and mxd-rich salt pan deposition daminated the system
throughout the deposition of H-lc. PR
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Cores of M-1 suggest that it was deposited by the interaction of mxiflat, .
saline mdflat, ard possibly mud-rich salt pan envirorments and with
intermittent syndepositional dissolution resulting from flooding events and
vadose exposure. Halitic facies of H-1 extended beyond their present
boundaries before being partially removed by syrdepositional dissolution.
Sarefloodﬁagortraxsgi:&ssiveeventsmnﬂatedthemaxgms. Subaquecus
gypsun deposition followed resulting in widespread sulfate units that extend
beyond the baunds of the salt pan and associated envircrments.

6.1.5 Anhydrite (A-1)

A rapid, nearly instantaneous transgression of fresher water, of possible
marine origin abruptly terminated halite deposition and further planed a very
broad, topographically low area. Syndepositional dissolution similar to that
reported by Hovorka (1983b, in press), Hovorka and Granger (in press), amd
Fraccasso and Hovorka (1986) for halites underlying anhydrite and carbonate
rocks of the San Andres Farmation in the Palo Duro Basin affected the upper
part of the H-1 sequence. The top of the syndepositional dissolution residue
represents a time~line or the base of a punctuated aggradational cycle (e.q., —
Goodwin and Anderson, 1980). A thin gypeum unit, now anhydrite (A-1), was |
deposited over the H-1l sequence. The nearly uniform thickness of A-1
smatsthat rapid deposition of the sulfate ccorrred as there is no
thickening of the section attrilutable to subsidence of the depositicnal
center of the basin. The sedimentary structwwres preserved in the anhydrite
confirm that the deposition was rapid amd the result of one major
transgressive pulse with minor fluctuations of base level. One thicker, ard
in some areas a second thinner, zone of anhydrite and halite pseudamorphs
after vertically oriented gypsum crystals ocours within a wavy-laminated to
ripple-laminated anhydrite. Vertically oriented selenite crystals amd their
pseudamorphs are camonly reported features in both modern sediment amd
ancient rocks, respectively (e.g., Schreiber, 1978; Warren, 1982; Vai amd ﬂ—:\
Ricei Iuchi, 1977). They are usually interpreted to have formed in a \Ig ‘
subaguecus setting. The size of psendamorphs after selenite decreases
upward. Both Warren (1982b) ard Vai ard Ricci Iuchi (1977) interpret similar
sequences as shallowing upward. Wavy-laminated to ripple laminated anhydrite
overlies the pseudamorph zones, ard in same cores the top of the anhydrite is
nodular. A-l is interpreted to have been rapidly deposited in a shallowing
upward subaquecus envirorment. Slight base-level fluctuations are recorded
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by the presence of more than one zone of decreasing upward pseudomorph size.
The base level dropped considerably at the end of A-1 deposition, amd
subaerial exposure of same of the sulfate in the western part of the study
area may have occurred, ut the evidence is equivocal.

€.1.6 Halite (H-2) and Mudstone (M-2) Deposition

Orce A~l was deposited ard the base level lowered, clastic material could
again be transported into the study area. Either an increase of the
subsidence of the depositional center, or a decrease in the rate of evaporite
deposition, increased the potential for clastic transport. Minor tectonic
activity outside of the study area may have added to the potential energy of
the basin. Evaporitic corditions remained, and siltstone, mudstone, and
claystone were deposited in mudflat, saline mudflat, and mad-rich halite pan
enviromments in marginal enviromments (including the stidy area) while
mud-free halite pan envirorments existed in the depositional center. Along
the margins of the depositional center, repetitive displacive growth of
evaporite minerals and subsequent dissolution, driven by a fluctuating water
table, churned the clastic sediment. ’n'xeoxjig:l.nalclastictexttmewas
disrupted, mixing intraclasts of various grain sizes within a very pocrly
sorted matrix. Subsidence in the depositional center of the basin lowered
the base level, and subsequently, lowered the protective water-table on the
margins of the deposition center exposing the evaporite minerals to
dissolution by meteoric waters. Halite was remobilized, transported to the
depositional center, arxd redeposited leaving a very churned and haloturbated
mddy sediment free of halite (Smith, 1971, p. 229: "... repeated
re-soluticn and re-precipitation of ... salts ... might ... cause .., the
almost total lack of sedimentary structures in the clastic parts ... for
which the term haloturbation would seem appropriate..."). This muddy
sediment developed incipient soil textures (clay cutans or argillacecus), as
meteoric fluids percolated dowrward toward the phreatic zone. Gypsum nodules
and crystals and possibly anhydrite nodules grew within the vadose zone.
When the water table was at or below the top of the sulfate A-1, same
leaching of sulfate may have occurred. Imterbeds of gypsum were deposited
following episodic flooding events when the salinity of the water was /:,\
decreased. The areal extent of these gypsum interbeds was several times S
greater than that of halite as the size of the brine pond increased
considerably following flooding. Gypsum saline madflats formed locally on
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the margins of the basin, and displacive gypsum and anhydrite grew within the
sediment.

Subsidence was probably episodic, and during periods of no subsidence,
the pattern of depositicnal envircomments was shifted outward like an
expanding bullseye as the depression within the depositional center was
filled, causing the available fluid to spread outward. Once again, the
clastic marginal sediments were churned by the displacive action of evaporite
minerals. When subsidence resumed, syndepositional dissolution again removed
the halite from the marginal clastic sediments, leaving behind a
syndepositional dissolution residue. Near the erd of the deposition of the
H~2/M-2 interval, very little halite remained within the interval in the WIPP
site area.

6.1.7 Qulebra Transgression and Deposition

Halite deposition and the deposition and subsequent modification of
related mxidy sediments was halted by a transgression of waters with
near-marine salinity. Marine waters transgressed across an extremely low
relief area. Both dissolution of underlying halite as waters of low salinity
came into corntact with the halite and ervsional reworking of clastic material
further flattened the topography. The upper gray zone of M-1 records the
transgression ard subsequent reworking of muddy sediments and some
carbonates. Nontectonic deformatjon, similar to that described by
Brodzikowski and Van Loon (1985) for sediments deformed as ice melts,
occrrred as the underlying halite contimued to be dissolved after the initial
deposition of the gray claystone. Erosion, transport, and deformation of
soft clasts of carbonate ocourred. Once the transgression was camplete, a

stable substrate developed and carbonate deposition began. /”\

A low-energy, productive carbonate lagoon developed following the \

transgression. Pelletal carbonate mud was deposited along with a minor S

amount of clastic material, mostly clay. Water depth was great enough to
allow only minimal reworking of pelletal mud and clay and fine silt sized
material into bedforms. However, the energy of the system occasionally
increased, amd migrating bedforms developed. The substrate was often stable
and shows evidence of locally extensive bioturbation. Algal mats developed
episadically on the substrate. These were, however, very thin amd were
usually choked and covered by rapid deposition of pelletal material and
clay. Reworking of the algal mats was minimal. Near the end of Culebra
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deposition, the marine comection was blocked and the salinity of the water
increased. Grazing invertebrates apparently decreased, arnd algal mats and
stramatolitic forms developedd on the substrate. Shallowing occurred, and
same clastic material was carried into the basin.

Algal features are caxmonly reported in evaporite settings (e.q.,
Carozzi, 1962; Kendall ard Skipwith, 1968; Friedman and others, 1973; Peryt
and Piatkewski, 1977; Shearman, 1978; Butler and others, 1982; Warren, 1982a;
Toomey, 1985). They have been interpretad to indicate: a) subaerial
exposure in a subtidal envirorment (after Logan, 1961; Kendall and Skipwith,
1968), b) subtidal settings (e.g., Gebelein, 1969), amd ¢) deep water (e.q.,
Hoffman, 1974; Playford and Cockbain, 1969). The occurrence of algal
features is not unique to any enviromment. Desiccation cracks and chips are
evidence of subaerial exposure, but none were found in the Culebra. No head
or club-shaped forms imdicating subaerial exposure (e.g., logan, 1961) were
cbserved, and fenestral fabrics do not ccour. Instead, algal mat, biscuit,
and dame-shaped features similar to those described in subtidal envirorments
by Gebelein (1969) were fourd.

During and shortly following Culebra deposition, halite within the
M-2/H-2 interval comtimued to be partially dissolved. Further soft sediment
deformation ocourred, and the lower beds of the Qulebra slumped partially in
those zones affected by the dissolution.

Regional isopachs of the Culebra show a thickening in the depositional
center indicating that Culebra depositional comditions existed long enough to
be affected by the subsidence of the depositional certer. ', ,

(' it )
6.1.8 Anhydrite (A-2) Deposition ~

The comnectiaon with marine waters that existed during the initial culebra
transgression became more restricted during the later stages of Culebra
deposition. This restriction conmtimued after the end of the Culebra time.
The water contimued to increase in salinity, becoming saturated with respect
to gypsum. Gypsum and carbonate algal material were interlayered. The
enviroment was sufficiently energetic to locally rework the fine—grained
gypsum and carbonate into low relief bed forms. Iocal subaerial exposure
occurred. Once gypsum saturation was reached, gypsum crystals mcleated and
grew displacively within the still soft carbonate of the Culebra.
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Sulfate was deposited rapidly, and was subaerially exposed. Same clastic
material and possibly some halite were deposited over the nearly exposed to
exposed surface of the sulfate. Halite, if present, was dissolved by ancther
rapid transgression. The transgressive waters concentrated quickly and
sulfate saturation was again reached. A more stable substrate existed and
vertically oriented selenitic gypsum grew at the sediment water interface.
Shallow corditions are implied by the lack of large vertically oriemted
selenite prisms.

The sulfate was deposited in a shallowing upward enviroment. Subaerial
exposure of sulfate along the margins of the depocenter resulted in the
dissolution and erosion of sulfate by metecric waters.

6.1.9 Halite and Mudstone (H-3/M-3)

The deposition of clastic materials and halite followed the lowering of
the water table after the deposition of A-2. The standing body of water was
reduced in size by evaporation, solutes were cancentrated, and the sediment
along the margins of the depocenter was exposed to erosion and dissolutiaon.
Local channels developed among the margins dissolving or eroding into a-2.
The absence of A-2 at WIFP 19 is interpreted to be the result of
syndepositional chamneling. Halite began to be deposited within the lowest
areas. The saline pan was largely desiccated and then flooded to bring
clastics across the basin. The following depositional enviromments were
recognized, from the margin to the middle of the depocenter: gypsum-saline
mudflat, halite-saline mxdflat, mud-rich saltpan, and mud-poor saltpan. The
size of depositional enviromments charged in response to changes in the
relative position of base level and surficial hydrologic system. Subsidence
controlled the basin geametry and subsecquent facies distribution. During
episodic subsidence, syrdepositional dissolution of soluble minerals occurred
during subaerial exposure of the marginal sediments. This remcobilized
soluble minerals and relocated them toward the depocenter. During the
exposure, these marginal sediments were affected by soil-forming processes
which translocated and recoriented clay-sized particles in microscopic 7 ﬂ\\
fractures and as cutans. &\{"l‘,

Initially, nearly pure halite was deposited in the depocenter, and the
depositional envirorments remained stable for same time with no large scale
facies migration. After the initial halite deposition within the depocenter,
clastic materials were brought into the stidy area during episodic flooding
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events. Clastics were sedimented along the margins of the depocemnter and
rarely were deposited within the depocenter. Iater, subsidence and
fluctuating base levels were conducive to the contimed deposition and
dissolution of saline minerals in the saline mudflat areas, further churning
the sediment.

Clastic deposition increased after the initial period of uniform
conditions. A more clastic-rich halite was deposited in the depocenter.
Depositional facies migrated irward toward the depocenter. Subsequently, the
size of the md~poor salt pan decreased while the size of the mad-rich pan
increased. The mud-rich ard mud-poor salt pan erwirorments imterfingered
with one another, with the mxi-rich facies dominating. The source of clastic
material was interrupted amd clastic material, once again, ocould not reach
the depocenter. Subsidernce in the depocenter accelerated, and clear halite
was deposited in the depocenter in a mud-poor salt pan envirament., Further
base-level drops associated with the increased subsidence exposed additional
margin areas and allowed more syndepositional dissolution of those soluble
minerals, particularly halite, in the newly created vadose zane. The base
level stabilized or rose, and clastic deposition decreased dramatically in
the depocenter. Mxi-poor salt pan deposition once again dominated,
depositing relatively clear halite in the depocenter.

A basin-wide freshening ocourred following the deposition of a second
clear halite unit in the depocenter. Minor amounts of halite dissolved fram
the interaction of halite with the fresher fluids. ILaminated to nodular
gypsum was deposited in a thin blanket over the underlying halite. The base
of this sulfate prubably represents a nearly isochronous event. The sulfate
was rapidly deposited following the freshening event as it shows little
evidence of thickening in the depocenter.

The fluids concentrated, and the areal extent of the standing body of
water decreased, in response to evaporation. Sulfate deposition ceased in
the depocenter, and mud-free salt began to precipitate. The underlying
sulfate unit locally consists of polyhalite, suggesting that extreme -
salinities were reached during evaporation. The polyhalitized sulfate (’“ “
extends in same areas beyond the overlying halite This suggests that e
extremely saline fluids affected a larger area than is indicated by the
halite. Clastic materials were no longer cantributed to the bhasin in any
large amount, and clastic facies are nonexistent. Subsidence was relatively
rapid, and deposition was confined to a smaller area. A thick, lenticular
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unit of nearly mxi-free halite with two thin sulfate interbeds was

deposited. Nondeposition prevailed along the margins of the salt pan,
including mach of the stidy area. This marginal area is apparently quite
camplex, and there are no cores to examine from the northern and eastern part
of the study area to resolve same critical concepts. It was arqued in Ch. 5
that the polyhalite probably formed early and halite was not dissolved late
because: 1) permeability is usually low in halite zones, 2) polyhalite is
abart equal thickness whether adjacent to halite, mudstone, or anhydrite, and
3) removing halite should affect adjacent polyhalite. If polyhalitization
occurred very early, there is stjll no direct evidence of specific mechanism,
such as percolation of overlying brines, lateral migration of polyhalitizing
fluids within unlithified sulfate, or evaporative pumping of hrines
associated with lateral migration. Within all of the cores described, this
time is represented by a hiatus. A freshening event terminated halite
depositian.

6.1.10 Anhydrite (A-3)

Fresher water, of possible marine origin, transgressed rapidly across the
low topograplyy. The base of the sulfate is nearly a time-line. The
transgressive waters overlaid halite in the depocenter ard the thin sulfate
unit on the margins, Same halite within the depocenter area undoubtedly
di=ssolved by direct contact with the transgressive fluids. Initially, thin
laminae of carbonate-rich claystone were deposited by settling out of the
transgressive waters. Iocally, small stramatolitic algal forms grew. The
water was fairly deep but probably not below storm-wave base. The salinity

of the waters irncreased, amd sulfate began to deposit. Fine—grained gypsum
was deposited in thin laminae over the claystone. Vertically coriented

crystals of selenitic qypsum grew along the substrate. Carbonate-rich ::
interbeds were deposited with the gypsum. A thin rip-up breccia was W
deposited locally. It consists of thin, tabular clasts of anhydrite and e

carbonate in a gypsum matrix. Hardie and Eugster (1971) and Garrison and
others (1978) report similar rip-up breccias. Hardie and Eugster (1971)
interpret them to be the result of wave reworking of subaerially hardened
crusts. It is possible that the rip-up breccias formed in that marmer,
although no other evidence of subaerial exposure (e.g., desiccation cracks) .
was found. Regardless of whether the clasts were derived from sediment
hardened or lithified by subaerial exposure or in a subaqueous ervirorment,
6-16



the breccias were deposited in a shallow subaguecus setting as infrequent
storm events locally ripped up parts of the laminated gypsum, redepositing
them as thin beds of talular clasts. Dissolution comtimed to affect the
underlying halite resulting in slumping and soft sediment deformation of the
overlying sediment in a mammer similar to the slumping and deformation of
glacial and related sediments during the melting of ice, as described by
Brodzikowski and Van Icon (1985). Vertically ariemnted selenitic gypsum
crystals were disrupted by slumping due to dissolution amd isolated storm
events (e.qg., Schreiber and Schreiber, 1977; Schreiber, 1978). The water
depth decreased and low-argle slipface migration of bedforms became common.
Vertically oriented selenitic gypsum contimied to be deposited when the
substrate was stable. Sequences of vertically oriented selenitic gypsum
crystals with size decreasing upward were deposited as the water depth
decreased. In at least one case, a shallowing wpward secuence reached or
nearly reached subaerial exposure and was accompanied by clastic deposition.
Slumping of the overlying beds suggests that halite may hawve originally been
present and dissolved soon after the deposition of the overlying gypsum beds
(e.g., Schreiber and Schreiber, 1977; Schreiber, 1978).

After the deposition of the thick sectian of gypsum (A-3a), the substrate
became very stable, and large vertically oriented selenitic gypsum crystals
grew campetitively upward and eventually became interlocking. The size of
these crystals decreased upward indicating a shallowing upward (e.g. Warren,
1982a). Some of the large selenite.c *;/stals were syndepositionally
dissolved. All or part of the coarsely crystalline gypsum was preferentially
dissolved and removed to create a characteristic "crushed prism texture."

The fine grained crystalline matrix deformed in response to the partial to
ocamplete removal of the selenitic gypsum. The size and mmber of prismatic
selenite crystals controlled the morphology of the texture. Undeformed
anhydrite above zones exhibiting the crushed prism texture indicates that the
texture was fully develcoped prior to the depositian of the overlyirng

material. The upper contact of the zones exhibiting the crushed prism R
texture (A-3b) is gradational. ( )

Following the deposition and partial syndepositional dissolution of .. ./
vertically oriented selenitic gypsum crystals in A-3b, the energy of the
system gradually increased and more carbonate was deposited during the
deposition of A-3c. The vertical change of bedforms reflects a change in
energy, a shoaling upward. A fairly low energy depositicnal envirorment
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producing subhorizontal to slightly wavy bedforms gradually became more
energetic and dominated by wavy to lenticular bedded gypsum and carbonate.
The amplitude and size of the cross-laminations increases upward reflecting
shoaling corditions. Small, vertically criented selenitic gypsum crystals
were deposited during quiescent periods and, in same cases, were reworked. A
nodular fabric was superimposed over laminated sediment. Similar bedded
nodular textures have been reported by Hovorka (in press) who recognized that
textures indicative of subaqueous depositian were preserved within the
nodules, However, Hovorka (in press) did not assess the origin of the
texture, and it has not been interpreted elsewhere. The texture is probably
early and developed prior to, or synchronous with, the replacement of gypsum
with anhydrite. Near the erxd of the deposition of A-3c, algal mats and
stromatolites grew on and stabilized the gypsum and carbonate substrate.
Algal forms aremtparsist’entverticallythmx;hthesectimastheywere
short-lived and effectively swamped by overlying carbonate and gypsum.

6.1.11 Magenta Dolomite

Carbonate material rapidly daminated the clastic grain type at the aonset
of Magenta deposition, and both gypsum and carbonate sand and mud were
interbedded. Subaqueocus algal forms similar to those reported by Gebelein
(1969) developed on the shallow sea floor. Algal mats, biscuits, and domes
have all been cbserved. Algal mats stabilized the substrate providing a
protective cover from erosion (e.g., Neuman and others, 1970). The
sedimentation rate governed the morphwlogy, with the biscuits and domes being
deposited in areas with higher sedimentation rates (Gebelein, 1969). The
lack of rip—up clasts of algal material imdicates that wave energy never
exceeded the strength of the mat. During quiet periods, vertically oriented
prismatic gypsum crystals grew on the substrate. Algal biscuits and dames
(laterally linked hemispheroids, after ILogan and others, 1964) were deposited
over carbonate and mat sediments. Over the algal biscuits and domes,
carbonate sand amd silt were deposited in wavy beds. The amplitude of the
wavy beds decreases while the wave length increases upward, irdicating a
decrease in energy.

Gypsum and carbonate silt, sand, and mx were deposited in a
cross-laminated unit which overlies the algal unit. The cross-laminated unit
commonly exhibits lenticular and wavy bedding (after Reineck and Singh,
1980). Erosional scour and fill and drape features are cammon. Wavy and
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lenticular bed forms became more abundant upward, while cross—-laminated
carbonate and gypsum of a more uniform grain size occurs near the base of the
unit. Same small, tabular rip-up pebbles occur near the base of ripples and
cross-laminae. The cross-laminated unit records an increase of energy over
the algal unit. As both the grain size amd the sedimentary structure size
increase up the section, the kinetic energy of the depositional system is
interpreted to have increased through time. This is consistent with
shallowing upward. Unequivocal evidence of subaerial exposure has not been
found. However, the presence of talbular rip-up clasts is consistent with
subaerial exposure. Most of the deposit is interpreted to have formed within
the subtidal erviroment. Deposition and accumilation was periodically
rapid, depositing local climbing ripples. Near the erd of Magenta
deposition, gypsum again became a more common grain type as gypsum and
carbonate laminae and beds altermated.

Several authors report cross-laminated carbonate deposits within various
evaporite depositional envirarments (e.g. Eugster ard Hardie, 1975, for
sedimerttation related to a playa lake complex; Demicco, 1983, for
sedimentation in a transgressive, shallow subtidal to intertidal zone
associated with a sabkha). Wavy and lemticular bedded carbanates described
and interpreted by Demicco {1983) are similar to the Magemta, Demicco (1983)
presented ard interpreted an ideal cycle within the Conococheague Limestone
of the central Appalachians. The ideal cycle cansisted of, fram bottem to
top, with description (interpretation): intraformational congloamerate (sheet
storm deposits); thrombolitic bicherms (subtidal algal patch-reefs);
cross-stratified grainstone (subtidal ocoid-peloid sard shoals); ribbon rock
(intertidal-subtidal mixed sand-mxd flats); prism-cracked laminate (high
intertidal algal mud flat); mxd-cracked laminated dolostone {sabkha). The
Magenta does not totally fit Demicco's (1983) ideal Conococheague cycle.
However, there are clear similarities. No intraformational conglomerate
occurs at the base of the Magenta, as the base of the Magenta appears to be
gradational with the underlying anhydrite. The next unit Demicco reports is
a thrambolitic bicherm. This is somewhat similar to the Magenta as subtidal
algal mats and stromatolitic forms coour at the base of the Magenta. The
next Conococheague unit is a cross~stratified grainstone which is followed by
a ribbon-rock unit (Demmico, 1983). Demmico's ribbon-rock unit displays wavy
to lenticular bedding similar to that of Reineck and Singh (1980). The
sedimentary structures contained within those two units are similar in C
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ccaurrence and distribution to the croes-laminated unit of the Magenta.
Prism-cracked and mud-cracked units do not occur at the top of the Magemta.

The Magenta is not exactly analogous to a Conococheaque cycle, which
Demicco (1983) interprets as a shallowing upward sequence. It is not exactly
analogous to either playa lake carbonates (Eugster and Hardie, 1975) or
shallow, clastic marine evaporites proposed for sandstones of the Upper
Miocene Solfera Series of Sicily (Hardie and Pugster, 1971). Yet the algal
forms ard bedding suggest relatively high energy in a shallow tidal shelf to
lagoon envirorment. In the case of the Magenta, there is no specific
evidence in cores to suggest the site area was subaerially exposed to any
extent. The WIPP site apparently remained subtidal through the Magenta, and
did not accumilate intertidal or supratidal deposits. Outcrops of Crow Flats
(T17S, R28E) display thin brecciated zones within the algal laminated zone,
indicating syngenetic dissolution and probably subaerial exposure. The
Magenta was probably shallower than the underlying (A=-3) sulfates; it was
certainly a higher energy envircrment.

6.1.12 Anhydrite (A~4)

Gypsum and carbonate deposited subaquecusly with intermittent subaerial
exposure followed Magenta deposition. Crystals of gypsum and/or nodules of
anhydrite grew displacively in the soft sediment during subaerial exposure.
Chicken wire nodular ard enterolithic textures develcoped near the end of A-4
deposition as subaerial exposure times '‘ncreased. During subaerial exposure,
nodules grew within the underlying soft sediment, including the Magenta. The
bedded-nodular texture in A-3c developed during this time. During episodic
floods, the water level ircreased, allowing the deposition of laminated
gypsum sediment. Near the end of A-4 depositicn, the water level dropped due

to evaporation ard sulfate deposition ceased as halite saturation was
reached. PO

6.1.13 Mudstone/Halite (M—4/B-4) -

Followirg the deposition of A-4, evaporation decreased the size of the
standing body of water and subsequently initiated halite deposition. Salt
pan halite was deposited in the lowest parts of the basin. Within the WIPP
area, the margin was subaerially exposed and clastics were erocded ard
deposited. The basin flooded once again, bringing clastic material across
gypsun at the basin margin and across halite in the depocenter. Halite
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deposition resumed and the following facies were present, from basin margin
to depocenter: mudflat, gypsum saline mudflat, halite saline mudflat,
mud-rich ard, episodically, mud-poor halite pans. Subsidence within the
depocenter again controlled the vertical and lateral distrilation of facies.
Subsidence followed and the syndepositicnal dissolution of halite from halite
saline mudflat facies alang the basin margins occurred. A mxi-poor halite
pan developed within the depocenter. A second major flooding event again
distrimted clastic material to the depocenter of the basin. The facies were
depocenter followed and a nearly mxd-free halite pan developed at the
depocenter.

Within the WIPP site area, M=4/H~4 records the interaction between
mudflat, gypsum saline mudflat, halite saline mdflat, and mxd-rich halite
pan ervirorments. M-4 in the waste handling shaft and several cores
resembles gypsum-rich mudflats at Saline Valley, California (Pl., 25, 26, 27
and 28). Syndepositional dissolution caused by water table varijations is
recorded near the base of the sequence in cut amd £il11 deposits.

6.1.14 Anhydrite (A-5)

A basin wide transgression caused the halite and madstone associated with
M-4/H-4 to cease deposition. Minor syndepositional dissolution may have
occurred within those areas containing abundant halite. Gypsum saturation
was reached very gquickly, and subaguecus laminated gypsum with minor amounts
of carbonate began forming. Minor amounts of slipface migration occurred as
low relief ripples migrated across the substrate. The substrate was
occasionally capable of supporting the growth of vertically oriented selenite
crystals. The standing body of water decreased in size and halite was
deposited in the vicinity of the depocenter at least once during the
deposition of the A-5 interval. Clastic material did not accampany halite
deposition. Halite was not preserved within that interval in the vicinity of
the WIFP. However, evidence of subaerial exposure occurs within the WIPP
cores. A second transgression occurred, and gypsum and carbonate deposition
resuned as before.

Moy
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6.1.15 Rustler Formation/Dewey Iake Formation Contact

The contact between Rustler and Dewey Iake Formaticns is ercsicnal at the
scale of cores and shafts., However, the thickness of the upper Rustler
anhydrite (A-5) varies little across the basin irdicating a limited hiatus.
Little or no localized tectonic activity occurred during the hiatus as there
ismapparentangulafcmpannttothemmﬁormity.

6.2 HALTTE/MUDSTONE (H/M) DEPOSTTIONAIL, MODET,

All of the zanes now containing or previously containing halite within
the Rustler exhibit several of the facies attributed to a halite/mxdstone
depositional model. Five major facies are recognized, including madflat,
gypsum saline mxiflat, halite saline mxdflat, mxd-rich halite pan, am
mud-poor halite pan (Fig. 6.1). The facies distritution is controlled by
chemical and physical parameters associated with pan and mdflat
enviromments. The H/M zones throughout the study area exhibit vertical as
well as lateral mineralogical zonation within some units. This is the
consequence of salinity zonations within the depositicnal envirorments, with
the least saline ground waters and surficial waters at the margins or near
sources and the most concentrated at the depocenter. This distribution
The distribution of facies is also constrained by the potential for clastic
deposition, a function of the capacity amd campetence of the hydrologic
regime within a particular depositional setting. Clastic material is
introduced into the depositional enviromment only when the hydrologic system
can carry it. . '

Modern marine evaporite deposits amd saline continental playas are known
to be chemically zoned (e.g., Hardie, 1968; Hardie and others, 1978; BEugster

and Hardie, 1978; Till, 1978; Kendall, 1984). In most marginal YA
marine-derived evaporites, seawater is the main source of fluid. k -
Concentrations increase from the seawater to a maximm, usually in the aleed

supratidal area, and finally the concentration decreases further landward as
normarine ground water daminates. The zanal pattern of mineralogies of the
marginal marine envirorment records these salinity variations. Inland playa
lakes are very cammnly chemically zoned (Eugster and Hardie, 1978; Hardie,
and others, 1978). Fluids move fram their source at the wargins of the basin
to the center of the basin. Grourd water increases in solute concentration
toward the center of the basin. The least soluble minerals precipitate
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first, along the margins, and the most soluble minerals deposit last, at the
basin center. Rustler H/M sediments are similarly zoned and are considered
to have formed in a setting very similar to inland playa lakes, though there
was same marine influence on Rustler deposition.

The relief within the depositional area was extremely low, amd clastic
material should therefore show a relatively simple distribution pattern.

Although clay-sized material could prebably be transported in suspension
across the basin, the distance that coarser clastic material can be
transported into the system is limited by the capacity and campetence of the
hydrologic system feeding the basin. In a basin with an extremely broad and
flat topography and distant clastic sources, the maximm limits of clastic
deposition probably varied little. Following the flooding stage (which may
have been a gradual rising water level/not necessarily a sudden and energetic
went), the base level raise further, pushing the limit of clastic deposition
away from the depocenter.

Claystone, mxistone, and siltstone were deposited in marginal mud-rich
enviromments. The marginal mxi-rich enwviraments were areally less extensive
than the mad-poor salt pan. Evaporite minerals grew displacively within both
the vadose and phreatic zanes in the saline mxiflat envirorments. Gypsum
grew fram less saline fluids further from the depocenter while halite
precipitated from more cancentrated brines near the halite pan enviroments.
The halite salt pan deposits are subdivided into two parts: a mud-rich salt
pan and a mud-poor salt pan. The mud-rich saltpan received more clastic
input during the flooding stage. The mud-poor salt pan is the zane that was
minimally affected by clastic deposition during flooding events. The primary
distinquishing characteristic of halite deposited within the mxd-rich salt
pan is displacive growth of cements on multicrystalline seeds or relicts of
halite crust, Mud-poor salt pan sediments are recognized by the classic
void-filling cements with little or no displacive growth into muddy
sediment. The terms mud-rich and mud-poor only reflect the ability of the
hydrologic system to transport clastic material during flood episodes. The
style of halite deposition is the same from one to another. However, the
early diagenetic growth styles of halite are differenmt. Episodes of flooding
following desiccation brought clastic material out onto the maxd-free salt pan
environments creating mxdstone and/or claystone interbeds within mostly clear
halite.

N
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6.3 SYNDEPOSTTTONAL, DISSOIUTION -

Syndepositional dissolution plays an important role in the formation of
evaporite sequences. Many authors have reported or interpreted the
occurrence of syndepositional dissolution in both modern and ancient
evaporite depositional envirorments (e.g., Schreiber and Schreiber, 1977;
Schreiber, 1978; Powers amd Hassinger, 1985; lowenstein and Hardie, 1985;
Shearman, 1970; Arthurton, 1973; Hovorka, 1983a, 1983b, in press; Hovorka and
Granger, in press; Wardlaw and Schwedtner, 1966; Adams, 1969; Fracasso and
Hovorka, 1986). Primary depositional fabrics within evaporites often are
extensively modified by syndepositional dissolution. Three models for
syndepositional dissolution have been created. Syndepositional dissolution
fabrics are unique, ard several criteria for their identification have been
presented.

6.3.1 Syndepositional Dissolution Mechanisms

Soluble minerals can be exposed to undersaturated fluids in a variety of
ways. Three hydrclogic situations can cause syndepcsitional dissolution of
evaporites. These include raising of the water table, lowering of the water -
table, amd varying of the positions of fresh and saline grourd water zones.

In many respects, it is remarkable that evaporites are well preserved within
the rock record at all. Halite deposition can be extremely rapid, but it is
mostly ephemeral within the depositional setting.

The most cammonly recognized and reported dissolution process ocours with
the raising of the base level during flooding or transgressive events. Veids
caused by the dissolutian of halite during minor flooding events are
considered to be unique to, and diagnostic of, salt pan deposition of halite
(Lowenstein and Hardie, 1985). These voids are recogmized petrographically
by the abrupt termination of zones of fluid inclusions with a depositional
origin. In some cases, very little primary depositional fabric is preserved
within the halite. In mud-free halite, clear halite cements and void >
fillings bound those crystals exhibiting primary inclusion zening. In (:\1 ‘
mxd-rich halite, displacive overgrowths on relict salt pan halite seed o
crystals exhibiting growth zanation are characteristic textures indicating
syndepositional dissolution due to minor flooding. lLarge scale flood events
result in the dissolution of a greater volume of salt, scmetimes the entire —
existing sequence (Fig. 6.2). This style of dissolution has occurred in the
Great Salt ILake and has been discussed by Hardie and others (1978). Howvorka
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(in press) reports ancient analogues of dissolution due to major flooding
during transgressions of less -saline water in the San Andres Formation of
the Texas panhardle. Dissolution related to a major freshening or
transgression can occur below the immediate sediment fluid interface. This
results in the slumping and soft sediment deformation of the overlying,
recently deposited sediment. The textures cbserved in the overlying sediment
could resemble those formed by the melting of ice in periglacial sediments
(e.g., Brodzikowski and Van Loon, 1985). Same authors (e.g., Schreiber,
1978; Schreiber amd Schreiber, 1977) attribute deformation of evaporite beds
to nearly syndepositional dissolution of underlying halite. One feature that
is easy to diagnose is disrupted, tilted and slumped zones containing
vertically oriented selenite crystals. These deformational textures develop
before the overlying sediment is lithified. If a large body of low salinity
water overlies a zone containing soluble material, or the sediment overlying
the soluble material, for an extended period of time, a relatively thick
vertical section of soft sediment can be deformed by dissolution.

The second major dissolution style is caused by the lowering of the water
table. When the water table is lowered, those soluble minerals ccourring
within the newly created vadose zone are susceptible to dissolution by
downward percolating meteoric water and surface runoff (Fig. 6.3). Erocsion
can also play a role in the process. Regardless of the camposition of the
fluids below the water table, the soluble minerals within the vadose zone
will cantimie to dissolve until the water table, with fluids of sufficiemt
concentration, is again raised. If no less-soluble or insoluble material is
contained within the soluble rock, then no record of the dissclution is
preserved, unless the dissolution is incamplete. If this is the case, then
filled void space within rock will attest to the dissolution. This
dissolution style accounts for same of the void space developed in salt pans
following camplete desiccation. In addition, this style of dissolution has
been observed within the daminant halite sediments of the Devil's Golf Course
in Death Valley, California and the mddy sediments of Bristol Dry lake,
California. If the water table remains lowered for an extended period of
time, soluble minerals from the vadose zone are completely dissolved. A
considerable thickness of soluble material cauld be dissolved if the water e,
table dropped sufficiently. Tne water table can be lowered by a general ( 7 N
reduction of the volume of fluid within the basin with little or no basin \''‘ )/
configuration change; vadose dissolution would then affect a distinct

stratigraphic zone.
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Tectonic activity can also produce a widespread water table drop.
Subsidence within the depositicnal center lowers the water table along the
margins (Fig. 6.4). This allows for the dissolution of soluble materials and
subsequent redistribution of the solutes to the depositicnal center. The
soluble minerals are effectively cannibalized from the margin. This type of
syrdepositional dissolution can cut acruss facies tracts significantly
modifying their lateral distritwtion. Essentially, a new facies type is
created byAthe dissoluticn and superimposed over the preexisting facies
pattemn.

The third hydrologic regime conducive to syndepositional dissolution is
the result of changes in the lateral salinity distribution. Fresher water
may be driven by higher potentiametric surfaces from the margins toward the
solute sink, allowing a fresher groundwater to interact with the soluble
minerals.

Within a basin or playa setting, this process is controlled by the size
and density of the body of saline groundwater. As the areal extent of the
saline grourdwater ard surface body responds to outside controls
(evaporation, subsidence, ard rates of precipitation), the freshwater zone
moves and changes the maximm distribution of soluble minerals. Similar
interactions of fresher groundwater are reported by Butler (1969) in the
sabkhas along the Persian Gulf. Fresh groundwater from the landward side of
the sabkhas dilutes the saline groundwaters derived fram the lagoon (Butler,

1969). LN
‘ e J;J

6.3.2 Syndepositional Dissoluticon Fabrics T

Fabrics representing all stages of syndepositional dissolution have been
recognized or interpreted by a mumber of authors far both gypsum and halite
(e.g., lLowenstein ard Hardie, 1985 for incamplete dissolution of halite;
Hovorka, 1983a, 1983b, in press; Hovarka and Granger, in press, for complete
syndepositional dissolution of halite). Where halite is partially preserved,
syndepositional dissolution terminates or truncates original depositicnal
textures within a soluble materjal. When the most soluble minerals are
entirely removed, less-soluble or insoluble constituents of the sediment are
characteristically disrupted.

Syrdepositional textures within halite from modern envirorments have been
recognized and described in detail by Lowenstein and Hardie (1985). These
textures are primarily voids ard dissolution surfaces which truncate primary
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fluid inclusion zones. lowenstein and Hardie (1985) attrilute some
depositicnal fabric control to the oriemtation of voids, amd they consider
that the presence of these dissolution fabrics are unique to salt pan
envirorments. These dissolution textures form during lLowenstein and Hardie's
(1985) desiccation stage. During this stage, the water table is at or below
the surface. If the water table is below the surface, the halite within the
vadose zone is subject to dissolution by meteoric water. In either case,
dissolution will ocour during the next flooding event when the base level is
raised amd fresh water is brought in to contact with the halite.

Those sediments consisting of a high percentage of mud will also record
the effects of syndepositional dissolution. Smith (1971) coined the term
"haloturbation" for the repetitive disruption of muddy sediment by the
expansive growth and dissolution of halite. Haloturbated sediments show a
smeared intraclastic texture., C(lasts and strata fram the zone of removal
will be smeared, distorted, and disrupted proporticonmally to the net volume of
material precipitated and removed by haloturbation. Hovorka (1983a) implies
that the matrix material will be poorly sorted due to the mixing of material
derived from various clast types. Swxrviving clasts will retain their
sorting. If the soluble material dissolves above the water table in the
vadose zane, then soil or ped textures indicating the dowrsard percolatirgg
water may be present. Conplete soil developrent is not expected. Howewver,
incipient soils should be common and can be diagnosed by translocated clays
and cutans. The degree of disrupticer is a factor of the mmber of growth and
solution episodes that have occurred and the length of time above the
phreatic zane. Mixing of intraclast types, without evidence of
post-lithification brecciation of the overlying material suggests a
syndepositional origin. ( 2\
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6.4 SEDIMENTATION AND TECTONICS

The depositianal setting of the Rustler was controlled largely by the
tectonic setting. Other authors (e.g., Valyashko, 1972) have discussed the
relationship between evaporite deposition and tectonic history, particularly
with respect to continental or continentally-influenced evaporite
enviramments. The Rustler provides an excellent record of the tectonic emd
stages of a continental basin. The depositicnal style of the Rustler,
evaporite pan/playa deposits with episodic transgressive deposits (the bases
of which are essentially time lines), creates a picture of the subtle

tectonic events that ocanrred during Rustler time.
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The depositional style of the Rustler initially reflects a change in the
local tectonic setting from Salado time. The Salado Formation was deposited
in a setting influenced by little or mo tectonic activity. Sedimentation
kept up with subsidence, ard the base level of the basin remained relatively
constant with respect to the surrounding topography and underwent no major
fluctuations. Minor changes in the base level caused by episodic flooding
and subsequent desiccation are recorded by the Salado as areally extensive
vertical changes in lithology. As the clastic content of the Salado is small
and clastic materials were brought imto the basin mainly following
desiccaticn, the maximm potential energy of the system or the ability of the
system to supply clastic material to the basin was quite low.

The lower portion of the Rustler consists predaminantly of clastic
materials. The presence of these clastic rocks suggests that the maximm
potential energy level of the basin increased during Rustler time. As the
transition from Salado evaporites to Rustler clastics is quite abrupt, the
change of potential energy must have also been abrupt. The situation is
compourded  further when the depositional enviramments that produced the
clastic rocks are assessed. Biocturbation, preserved fossils fragments, and
fossils casts and molds in the lower Rustler indicate that those rocks were
deposited in near-marine conditions. This implies that at the start of
Rustler time the local to regicnal base level or sea level was much higher
than that which produced the Salado. When the base level of a system rises,
the potential energy of the system decreases. S0 base-level rise or decrease
of potential energy must have been more than offset by a much greater
increase of potential energy yielding a relatively thick Rustler clastic
section.

Local and possibly regional tactonic activity increased during Rustler
time. This provided the potential energy change that initiated Rustler
deposition., Tectonic events which could produce such a charge include uplift
of clastic source areas, basin-wide subsidence ard/or tilting, and subsidence
of local depocenters. Of the possible tectonic events mentioned, only
subsidence of local depocenters can be supported by direct evidence. Isopach
maps of the total Rustler thickness and umamed lower member (Fig. 4.7, 4.15)
show evidence of thickening in the area of those depocenters. It can be
generalized, however, that if either uplift of clastic source areas or
basin-wide subsidence ard/or tilting had occurred, the effect and, therefaore,
the actual extent of those processes was minor.
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Zones containing halite and the bittern salts and their stratigraphic
equivalents are especially useful for palectectonic investigations. Halite
and the bittern salts will be concentrated in the lowest topographic area
within the basin. If the topography is very flat, then halite can be
deposited over a large area. As the topography changes in respanse to
tectonic influences, the distribution of halite also changes. Should
differential subsiderce occur, older halite will be exposed along the margins
of the developing basin. Soluble minerals will be cammabilized. Halite will
be dissolved from the margin of the basin, transported in groundwater or
surface runoff, ard redeposited in a halite pan. Thus, the halite section
develops a lenticular shape with the thickest section at the point of
greatest subsidence. The distrilbution of halite will record the shape of the
subsiding area. It, therefore, becames imperative that one can distinguish
between halite removed by syndepositional processes related to tectonic
activity and later dissolution unrelated to the depositional envirorment. In
this report, halite is demonstrated to have been dissolved syndepositionally
fram specific facies tracts laterally adjacent to halitic rocks. The
features that show this process can be used to better differentiate such
processes from much later dissolution that has also affected same of these
Rustler rocks.

Nearly instantanecus freshening events or transgressions create an
effective time line or isochronous surface. The sediments deposited over the
time line represent punctuated aggradational cycles (e.g., Anderson amd
others, 1984; Goodwin and Anderson, 1980). Within the Rustler,
transgressions ard freshening events are recorded by carbonates, gypsum, and
anhydrite. The thickness does not vary much, indicating that either
subsidence slowed during the deposition of these units or, perhaps more
reasonably, the units were deposited rapidly enough not to greatly reflect
orgoing subsidence. Where these units thicken slightly in the depocenter, it
is reasconable to assume that they were more slowly deposited.

Evaporite beds of differing composition can have contacts that are fairly
sharp ard show no evidence of a hiatus or subaerial exposure between them.
Over the lateral extent of such a contact, the standing body of water must
have changed chemistry nearly uniformly by mixing. These contacts can be
considered nearly isochronous planes. Chemically gradational contacts
between carbanate ard sulfate are an example of this type of isochronous
surface. One example of this type of isochronocus surface within the Rustler
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is the contact between the Culebra and A-2. This contact appears to be
gradational within the WIFP site area, and no evidence of subaerial exposure
between the two units has been found. Thus, the lithologic change is
interpreted to be the result of gradually increasing salinity causing
biogenic activity within the waters to cease and sulfate saturation to be
reached. Sulfate saturation and deposition was not absolutely isochronous
everywhere, but in terms of Rustler events, it can be considered
isochronous.

Isochronous events can readily occur within continental evaporitic
depositional enviromments. Subtle changes in the tectonic development of the
area can be reflected by these bourdaries.
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7.0 REVIEW OF DISSOLUTION
7.1 INTRODUCTION

From the time bedded salt was initially recamended (MAS, 1957) as the
preferred rock type for the disposal of radicactive waste, part of the
concern in selecting specific sites has been the role of dissolution. Thick
sections of evaporites, including halite, in basins arourd the world clearly
attest to the fact that circulating water has played little or no role in
these parts of the basins. No halite section could long remain in the
presence of circulating fresh, or even moderately saline, fluid in any
quantity. Nevertheless, same basins, such as the Delaware Basin, that have
evaporite rocks include areas in which outcrops and/or beds at depth contain
no halite or appear to have greatly reduced sections of halite compared to
other parts of the basin. These areas are frequently interpreted, with or
without additional criteria, as the result of the dissolution of halite or
other soluble evaporites fraom the section.

Within this chapter, many sthdies of rocks are reviewed; the examples
range from modern to ancient and surficial to subsurface. The dbjective of
this chapter is to summarize at least a portion of the evidence and
collective wisdom that may be used to interpret rock units that are subject
to solution. Same criteria are also distilled from the literature to use in
separating processes and establishing relative ages, though these will no
doubt be refined or rejected with experience.

Walters (1977) describes the circ. stances in which halite is dissolving
in central Kansas, causing contimiing subsidence and collapse. lardes
(1945), for example, describes features that he attributes to dissolution of
halite and collapse of overlying beds, all occurring before the end of the
Devonian. However, a mmber of studies concern basins where evidence may be
mixed between modern and ancient (perhaps unrelated) episodes of
dissoclution. So too, the Delaware Basin contimies to be examined for
evidence of dissolution and the processes, rates and ages of such
dissolution. The discussion and search far evidence continues partly because
opinions vary as to the effects such dissolution might have en the long-term
isolation of radiocactive waste in the Waste Isolation Pilot Plant (WIPP).
The extent and processes of dissolution are of industrial interest as well,
as the daminant theory explaining the origin of native sulfur in world-class
deposits such as the Permzoil (formerly Duval) Culberson mine includes
circulating water dissolving salt within the Castile Formation (Smith, 1978).
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Evaporites are generally considered to dissolve when the factors of
source, solution, pathway, and sink are present (Johnson, 198l1). That is, a
soluble material needs to be present, a fluid capable of dissolving the
soluble rocks exists, a pathway for movement is provided, and a sink is
available to permit contimiing drainage from the area of solution. Lambert
(1983) used slightly different terminology for these factors, using five
terms (trigger, path, contimity, source, and sink) to be more explicit about
initiating events (trigger), lateral or vertical extent of soluble rock
(contimuity), amd the nature of the fluid (source). Though these factors are
usually invoked in discussion of dissolution interpreted to take place at
same depth within the rock column, they are certainly applicable as well for
surficial or near-surface dissolution such as that which occurs in karst
terrains. For the Rustler study, there is concern about the factors of
contimuity and trigger. More fundamental questions, however, ocverride the
discussion of these factors:

What is the real extent of dissolution in the Rustler Foarmation?

what is the timing of dissclution in the Rustler Formation?

What are the criteria by which we separate depositional variation, modern

or contimiing dissolution, and arcient dissolution?

The focus to this time has been to provide reasonable or possible
explanations of relatively consexrvative estimates (that is, assuming the
maximm) of the extent and effects of dissolution. Through re-examination of
the extent, timing, and nature of the dissolution products, a better
hypothesis or set of hypotheses should emerge which is applicable to
southeastern New Mexico as well as other basins. There has been, within the
discussicn of the hypothesized processes and cbservable features of
dissolution in southeastern New Mexico, an implicit notion of the scale of
effects and features of significance. The features generally attributed to
dissolution in this area are features cbservable at the scales effective for
gecphysical logs, perhaps mappable at scales ranging up to 1:100,000 or even
1:250,000, and visible in hand specimen without magnification. It is clear
fram this study (Ch. 8) that minerals and rock fragments have also been
dissolved in the microscopic range. At all of these scales, the same factors
are critical, as mentioned previously. The fundamental, cbservable
difference in scale is due to the relative volume of material dissolved amd
whether the solutes were transported cut of the system (at whatever scale of

7-2



cbservation). For example, a large relative volume may be removed from a
microscopic volume without necessarily affecting operations or isolation of
waste an the scale of a repository. These microscopic diagenetic alterations
to the sediment are important in the history of the sediment, and will be
examined. But the major focus of the review and discussion of dissolution
phenomena arxd processes in this chapter is on scales that are nearer
repository size.

7.1.1 Dissolution in Southeastern New Mexico

Dissolution of rocks in southeastern New Mexico has lang been described
arnd discussed. Iee (1925) discussed solution and fill related to the Pecos
River valley and gypsum terrains here. Maley ard Buffington (1953) described
stratigraphic relatiaonships of evaporite beds near and under the Pecos River
valley; dissolution of same of the units was considered the source of thimmed
beds and the cbservable stratigraphic relationships. Olive (1957) described
surficial troughs on a surface of Castle gypsum in the Yeso Hills/Gypstm
Plain area; he cancluded that subsidence had occurred as a result of
dissolution of gypsum. More recently, Anderson and several co-workers, in a
series of papers (Anderson, 1978, 1981, 1982; Anderson and others, 1972,
1978), discussed data and interpreted dissolution of the Castile and Salado
Formations. These authors generally conclude that about 50% of the halite in
the Delaware Basin has been dissolved and that a major part dissolved in the
late Tertiary. Bactman (1974, 1976, 1980, 1981, 1984a,b) exterds the pericd
of possible dissolution, mainly for the Rustler and Salado Formations, back
to Triassic, and possibly Permian, time. ILambert (1983) extensively reviewed
the data and hypotheses concerning the existence, processes, and rates of
dissolution for evaporites of the northern Delaware Basin. He has modified
dissolution hypotheses previously presented by Anderson (1978). Holt amd
Powers (1984, 198€b) demonstrated the presernce of aburdant depositional
features in the Rustler Formation at the WIPP site, including same zones that
have been interpreted as dissolution residues. They concluded that
dissolution of the Rustler was less extensive than had previously been
interpreted. Sares and Wells (1984) present scme of the details of
dissolution associated with karsting of evaporites in their study of the
Gypsum Plains.
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while this section does not provide an exhaustive account of the study of
dissolution in the Delaware Basin, it does irxdicate the range of studies that
bear on the general problem of dissolution of evaporite units in this area.
As part of a better approximation of the extent of dissclution of the
Rustler, the sedimentology of the Rustler was examined and presented in
detail in previous dzapbers The features of several zones previously
attributed to dissolution are interpreted as depositicnal phenomena, albeit
with synsedimentary dissolution for same areas. Within this chapter, the
features that have been attributed in other studies to dissolution, both
surficial arnd at depth, from modern examples as well as ancient, are
summarized. These features, as summarized, indicate relative timing as well
as the nature of the process. These are compared to the explicit features of
the Rustler Formation attributable to dissolution (Ch. 8).

7.1.2 Objective of the Rustler Dissoluticon Study

The principal abjective of the Rustler study is to reassess the limits to
which the Rustler has suffered solution. A better understanding of the
depositional envirorments, as described in other chapters, provides an
important step. Beyond that, other research on the effects of dissolution
and the diagnostic features has been extensively reviewed. To this review
and understanding of depositicnal enviromments are added direct cheervations
of shafts, cores, and logs in order to better determine the extent to which
dissolution has altered the Rustler Formation.

7.2 REVIEW OF DISSOLUTTCN

Dissolution processes and features are reviewed to set the stage for
further analysis. In addition to the data ard hypotheses concerning
southeastern New Mexico and the Rustler Formation, the wider literature has
been examined for related discussions. Some of the opposing viewpoints and
same of the assumptions and/or background information and implications for
southeastern New Mexico will be stated out as they may not always be explicit
or familiar to saome readers. Certainly, scme of the details are not reviewed
here, as that has frequently been dane before (e.d., Arderson, 1978, 1981,
1982; Anderson ard cthers, 1972, 1978; Arderson and Kirkland, 1980; Bachman,
1974, 1976, 1980, 1981, 1984a,b; Bachman and others, 1973; Lambert, 1983;
Powers arxd others, 1978), particularly in these references with some emphasis
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on the suitability of the northern Delaware Basin or the WIFP site for the
disposal of radioactive waste. Several authors (e.g., Anderson, 1982;
Bachman, 1984b; ILambert, 1983) have reviewed various hypotheses to account
for same of the features in socutheastern New Mexico.

This review begins with the features and characteristics from a mmber of
studies in the literature and summarizes the evidence ard processes
hypothesized to account for them. It will become evident that there are
processes which may occur at or near the surface (karst) as well as those
hypothesized to occur at soawe depth within the sedimentary pile ("deep"
dissolution or stratabound dissolution resulting in solution breccias). In
addition, there will be features attributed to "early"™ and "late" stages;
early may mean synsedimentary (e.g., Powers and Hassinger, 1985), or it may
mean that the dissolution is geologically old and has been succeeded by same
length of time with no evidence of dissoclution. Iate usually means that
dissolution has occurred within the Quatermary or may be active. Neither of
these terms has necessarily been used consistently with depth of process, so
that near-surface ("shallow") and deep are also used as modifiers to describe
the relative position of the sediments when dissolution tock place.

Within this chapter, dissolution features or processes are grouped
according to implicit or explicit interpretation of the location of the
solution process: a) karst, if the dissclution occoured at or near the
surface, or b) solution breccia beds, if dissoclutjon occurred at sufficient
depth (undefined) to result in brecciation of the units.

7.2.1 Karst

The literature on near-surface dissolution or karst is very extensive for
carbonates. Excellent reviews of karst ard their hydrologic systems have
been provided by Herak and Stringfield (1972), Boeglie (1980), Sweeting
(1972), Jermings (1971), and in Dilamarter and Csallany, eds. (1977).
Examples of paleockarst in carbonates are becoming more cammonly reported.

Evaporite rocks dissolving at and near the surface by karst processes are
mich less frequently treated in the literature, partly because sulfates and
halite, especially, are more soluble ard do not crop out well. Among the
reports of research on karst in evaporites in the southeastern New Mexico
area are those by Sares and Wells (1984} and Bachman (1973, 1974, 1976, 1980,
1981, 1984, 1985, 1987a,b). These reports largely follow carbonate karst
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terminology, as carefully reviewed in Bactman (1985), though additicnal terms
have been introduced (Bachman, 1980). The processes by which karst is formed
in evaporites are differentiated fram carbonate karst by Bactman (1985),
following Pfeiffer and Hahn (1972, p. 211); he considers the dissolution ard
corrosion of evaporites as dominantly physical processes in comtrast to the
chemical activity where meteoric water cambines with CO, to form acid which
dissolves carbonate. Though the processes by which karst is formed might be
differentiated, most of the resulting landforms and near surface features are
described by the same terminology and will not be described here.

Two new terms, karst mounds and karst domes, are applied by Bachman
(1980) to evaporite karst features from southeastern New Mexico. FKarst
mounds are slightly elevated topographic features consisting of brecciated
material attributed to solution-collapse ard subsequent erosion of less
resistant surrounding rocks. Karst domes are also slightly elevated
topographic features, apparently damal in structure, and attributed to
solution of swrrounding evaporites at shallow depths and subsidence of these
areas to leave the damal features. Same karst dames may be resistant to
shallow solution due to a collapsed core from earlier dissolution. Extreme
examples of this, from rather deep-seated earlier dissolution and collapee,
have been reported from southeastern New Mexico (e.g., Elliot, 1976;
Arderson, 1978; Bachman, 1987a,b) and elsewhere (e.g., Larndes, 1945; Bowles
and Braddock, 1963; Wenrich, 1985); among the names applied to these features
are breccia pipes, breccia chimneys, ard transformaticnal breccias.

Mcdern surfaces on which evaporite-related karst has formed, or is
forming, exhibit a variety of karst features. Pfeiffer and Hahn (1972)
report large depressions as well as sinks as a consequence of evaporite
dissolution in Germany. In the Swabian Alps, Pfeiffer and Hahn (1972) report
karst as deep as 6,400 £t (2000 m) with fresh water. Few details of features
are provided, though it is clear that open fracture and caverncus porosity
mist be present in highly productive karst zones., Pfeiffer and Hahn (1972)
relate basins or dolines in evaporite karst to "regular salt leaching® from
outcrop down along dip. They expect sinks and marginal tensional gashes to
reflect "irregular salt leaching," solution at greater depth where water
circulates in zones of deformation and disrnuption. Belloni and others (1572)
report karst in Miocene gypsum along the Central Apernines of Italy and in
Sicily, but they provide no details of intermal features. Glazek and others
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(1972) indicate karst phenomena, unspecified, occur on the Zechstein
evaporites of western Poland. Blealm (1972) reports collapse sinks or
"suffusion phencmena" from underground solution of evaporites; he also refers
to lapies, dolines, natural bridges, or blird valleys "when salt outcrops."
Bleahu (1972) comments that same of these forms "owing to rapidity of the
dissolution...display only an ephemeral existence."

Sares ard Wells (1987) report their work on the karst of the Gypsum Plain
of socutheastern New Mexico. Among the features formed are dolines, collapse
sinkholes, caves and erosional surfaces, while the drainage system has heen
significantly affected by karst processes. From the same general area, Olive
(1957) examined large linear valleys which he termed solutian-subsidence
troughs. Bachman (1974, 1976, 1980) also reports dolines amd collapse
features in the Pecos River valley, same of which are attributable to
evaporite karst. Nash Draw is considered by Bachman (1974) to be due to
solution, erosion ard subsidence from evaporite karst processes.

Modern or active karst terrains are mainly investigated for their
hydrological patterns ard may exhibit few important features to interpret
ancient kKarst systems fram the breccias and related rocks, including
residues, that are the preserved record. Several stidies of interpreted
ancient karst in carbonates are important summaries. Units from two separate
areas, the Madison Limestone or Group of Wyoming and Montana and the
Mississippi Valley-type (MVT) lead-zinc deposits of Missouri and swrrounding
areas, reveal important features that are partially attributed to surficial
and near-surface processes.

Roberts (1966} describes both paleckarst features and solution breccia
beds from the Madison Group of south-central Montana., The Mission Canyon
Limestone is the principal formation displaying these features. Roberts
(1966) states that the paleckarst and soluticn breccia beds have same
features in camon: unstyatified deposits, mainly carbonate fragments with
same chert in a matrix that weathers reddish or yellowish gray, and mostly
angular to subanqular fragments. The clay mineralogy is different, mainly
kaclinite in karst deposits and illite in solution breccias. Roberts (1966)
reports that karst is not stratigraphically controlled, exhibiting poorly
defined upper amd lower surfaces, cavities that widen upward, and more
matrix. Roberts (1966) also inferred that the karst developed in the late
Mississippian, prior to the sedimentation of the Amsden Formation of late
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Mississippian (Chesterian) to Pemnsylvanian age. He separated the karst in
process and time fram the solution breccia beds.

Sando (1974) examined the Madison Limestone of north-central Wyoming,
generally equivalent to the Madison Group of Montana, and described several
features he attributed to paleckarst. Enlarged joints, marked by a filling
of red clastics, are interpreted as fractures enlarged by metecoric water
percolating down fram the surface. Large cavities, with angular blocks of
carbonate and clastic f£ill, occur at the top of the Madison and extend to as
mich as 90 ft (30 m) below the surface of the Madison. Sando (1974)
interprets these cavities as sinkholes, as he did not find evidence of
collapse of caves. Caves are also common in this part of the Madison. Sando
(1974) differentiates pre-Amsden caves, filled with red clastics, from open
cavities which may be Tertiary or Holocene in age. The older caves lack
flowstones and dripstones, and are interpreted to have occurred below the
vadose zone during the time of exposure in the late Mississippian; the limit
to the vadose zane is also indicated by the deepest local base levels for
erosion of the surface. Breccia zones that are stratigraphically limited and
have a clastic matrix were also reported by Sando (1974). He follows McCaleb
and Wayhan (1969) in interpreting these forms as having originated as ancther
phase of the same process that formed caves, sinkholes, amd enlarged joints
during the Mississippian. In this respect, these authors differ fram the
interpretation by Roberts (1966) of breccia beds caused by solution at depth
(see below).

The Carrara Formation and overlying Bonanza King Limestone in southern
Nevada display angular breccia blocks, varying in sizé, that are grossly
stratiform. The lithologies are distinctive and can be attrilauted to
specific units, revealing that rouwgh stratigraphic order is preserved in the
breccia. Gillett (1983) proposes this breccia unit as a "healed" early
Tertiary age cave. The hypothesis of collapse due to evaporite dissolution
was rejected by Gillett (1983); he follows Middleton (1961), Roberts (1966),
and Vaughn (1978) (see below) in expecting a planar basal contact and
strongly stratiform body to form from evaporite dissolution. No direct
evidence of evaporites was foud and Gillett (1983) cites work by Palmer and
Halley (1979) suggesting open-shelf, unrestricted marine envircrments.
Gillett (1983) did not record flowstone features or spelecthems commonly
attributed to vadose zane caves. It is inferred here that Gillett {1983)
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considers evaporite dissolution as a process that occurs at depth, though he
did not directly state corditions.

Bretz (1950) describes features called circle deposits from Missouri. He
attributes these to collapsed caves. Bretz also reports filled caves which
"are so cbviously solution caves that there never have been cother
interpretations of their corigin" (p. 831).

7.2.2 Solution Breccia Beds

Several features, including solution breccia beds ar rough equivalents
and transformational breccias ar breccia pipes, have been described by a
variety of authors, most of wham have attributed the phencmena to dissolution
of a bed, especially evaporite rock, at some depth under saturated (phreatic)
conditions. The descriptions of these features yield same camparisons with
the apparently karst-related phencmena. The Madison Group and MVT deposits
are important areas displaying these features,

Iandes (in Landes and others, 1945) extensively describes the Mackinac
Breccia, brecciated equivalents to several Silurian to Devonian age
formations of northerm southern Michigan. Iandes divides the hreccia imto
three types: megabreccia, intra-formational breccia, and trans-formational
breccia. Megabreccia consists of very large inclined blocks with random
orientations. Stages of brecciation range from "let-down" to severely
shattered and disturbed. Intra-formational breccia occurs in layers
intra-formational breccias with megabreccias. Stages range from extensive
fissuring to camplete brecciation. Trans-formational breccias cut through
several stratigraphic units, ococowrring as vertical bodies to several hundred
feet in width. ILandes estimates the vertical thickness to be as mxch as 1500
ft (500 m). Fragments are nearly all very angular. Same trans-formational
breccias are well-indurated, forming prominent stacks ar other features due
to higher resistance to recent erosion than the surrourding rocks. Mare
cammonly, these breccias are porous and non~indurated to partially indurated
and do not stand aut as an erosion-resistant rock.

Iandes (in landes and others, 1945) carxcludes that brecciation occurred
before deposition of the overlying Devonian Dundee Limestone.
"Irreqularities" (not further described) in the Dundee are attributed to
later settling, It not to the episode of brecciation.
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Based on relationships to the Silurian Salina Group, Landes interprets
the Mackinac Breccia to have formed from collapse of overlying units when
salt was dissolved from the Salina Group. He envisions solution and collapse
as the Salina was exposed during early Devonian around the margin of the
basin. Brines created by the solution may be the source of the central basin
salts of the lower Devonian Detroit River Formation. The surface was eroded
and smoothed, and the Durdee Limestone was deposited unconformably over the
Mackinac Breccia and related formations. Recent ercsion has re-exposed these
breccias.

This report by Iandes and others (1945) is the earliest extensive report
of evaporite dissolution and collapse features not attributed partially or
wholly to Pleistocene or later activity. The variety of breccia types are
clearly distinguished, though the underlying mechanism is considered the same
for all. Internally, breccias are consistently angular, though the degree of
brecciation varies. The relationship to overlying beds, starting with the
Dundee Limestane, is a clear feature to differentiate age. Iandes clearly
places the brecciation process as pre-Dundee based on the lack of
breccia-related features in overlying rocks. It is not clear from review
whether same breccias should be attriluted to karst or not; most are clearly
associated by Iandes with solution at depth. -

The Mississippian Boone Formation of the area around the Kansas-Oklahoma
border near Missouri is a dminantly carbonate unit that hosts lead and zinc
deposits and displays solutiaon/subsidence features (McKnight and Fischer,
1970). Slump pipes are brecciated, irregularly cylindrical masses 100 to 300
ft (33 - 100 m) in diameter with a vertical displacement of several tens of
feet along bowrding vertical faults. Slump breccias are chert nodules to
fragments of rock in a clay resicwmm in the Boone Formation. ILater
Mississippian units overlying the Boone have slump breccias with large
limestone blocks and amgular fragments in a residual material. McRnight and
Fischer {1970) infer that these slump breccias are basal parts of slump
pipes.

McKnight and Fischer (1970) also report on breccias formed tectonically
within the Joplin Member of the Boone Formation. There, carbonate layers may
be less competent structurally than chert zones. Along with brecciation,
McKnight and Fischer (1970) report, for example, a large block of chert
plucked from the lower part of the overlying unit and pulled laterally urder
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the unbroken part of the unit. Small thrusts and normal faults with low
argles in the incampetent beds also signal this horizontal slippage even
though the region has suffered only slight structural warping.

Ohle (1985) reviewed breccia types and probable breccia-producing
processes for a variety of districts in North America hosting MVT Pb-Zn and
related deposits. The breccia bodies are considered by Chle (1985) to
camprise two breoad types: strata-bound (or mantos) and breccia columns or
chimneys (or breccia bodies transecting strata boundaries). With some
exceptions, the breccias are attributed principally to gravity-induced
collapse associated with solution, Most of the solution and collapse is
attributed to passage of hot fluids related to ore deposition, though same
has been attributed to true karst. The breccias may consist of very large to
very small, angular clasts that tend to be equidimensional rather than
slab-like blocks associated with cave fillings. GChle (1985) believes this
shape factor, cambined with umsual, often very narrow, breccia body
dimensions, may indicate additional forces beyond gravity-induced collapse of
dissolution zones. He proposes that tectonic forces may have been
responsible for rockiburst-like fragmentation of solution cavities in
carbonates. As either an alternmative or additional force, Chle (1985)
considers chemical brecciation (Sawkins, 1969; Lemish, pers. camm. cited by
Ohle, 1985) a possible means of producing smaller breccia fragments
consistent with these Mississippi Valley-type deposits.

Ohle (1985) also briefly mentioms breccias of minor extent probably
caused by sedimentary processes or syndepositional slides. Snyder and Odell
(1958), as reviewed below, consider same of the breccia bodies to be
syndepositional slides.

Rogers and Davis (1977) reviewed the geclogy of the Buick mine, a Fb-Zn
mine along the Viburrmm Trernd of southeast Missouri formed in carbonate
breccias. The setting is considered by Rogers and Davis (1977) to have been
consistent with a carbonate-evaporite margin, and they attribute the
brecciation as having been initiated through solution of evaporites amd
subsequent collapse. No direct evidence of evaporites was presented.

Beales and Hardy (1977) have sumarized the indirect evidence for
evaporites in the Viburmm Tremd of southeasterm Missouri. The "white rock
facies" is associated with algal carbonates and minor redbeds, and the
lateral relationships are similar to marginal carbonate-evaporite settings.
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Beales and Hardy (1977) have also found small amounts of tiny gypsum
crystals, including swallowtail twins, in impervious breccias which they
conclude is direct indication of the former, more general presence of
evaporites. These authors propose that evaporites may have been much more
widespread, leading to much of the brecciation in the region now hosting
abundant Pb-Zn ore bodies. The problem of "ocoult" evaporites was also
discussed by Schreiber and Schreiber (1977) in a study of Mediterranean
Messinian evaporites and modern solar salt works. On a very small scale
(mm), halite layers between layers of gypsum crystals grown vertically on the
sediment surface have disrupted normal epitaxial growth. The halite layers
are absent laterally, due prabably to dissolution. Thick units of Messinian
gypsum consisting of thin beds with breaks in crystal growth are therefore
considered suggestive that very thin beds of halite formerly existed.

Middleton (1961) also describes breccias within the Mission Canyon.
Formaticn of the Madison Group in Montana. He reports that the fragments are
variable in size (microscopic to 10 ft or 3 m) and very angular to slightly
rounded on edges. Limestone is the common lithology, but clasts are
sametimes polymictic. Breccias of former breccias indicate miltiple
episodes. Fragments of different strata may be mixed, though a crude
stratigraphy may be preserved. Middleton (1961) states that “the lower
boundary of almost every breccia is well defined" (p. 191), though the
breccias do not have the same extent upward. He describes well the upward
transitions (p. 191): ~

"A gradual transition may take place upwards from a breccia consisting of
mixed, rotated fragments into one in which there is demonstrably little
movement of the fragments and the rock has been brecciated in place.”

Middleton suggests brecciation may have taken place before the Amsden
Formation was deposited, but he is careful to point out he did not have
evidence to support or refute this hypothesis. Finally, as the overlyimg
units are not extensively brecciated, Middleton (1961) believes that "a thick
breccia usually indicates an original zone of thin imterbeds or
interlaminations of limestone and anhydrite® (p. 194). Roberts (1966)
investigated the Mission Canyon Formation as well, finding both paleockarst
(see above) and solution breccia beds. Roberts found that solution breccia
beds have a sharp, well-defined, and laterally contimiocus lower boundary.
Roberts (1966) reported, as did Middleton (1961) amd Severson (1952), a
vertical progression of breccia fabrics from small heterogencus unsorted
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fragments upward to slightly fractured amd displaced roof rocks. Same wells
in the area show anhydrite that is considered stratigraphically in the same
position as the solution-breccias. Rdberts (1966) considers this solution at
depth to have ocourred during or after laramide orogeny.

Evaporites fraom the Williston Basin and surrourding areas are interpreted
by Parker (1967) to have been partially dissolved. Beds overlying the
evaporites are thickened by additional sedimentation to campensate for the
salt removal amd indicate the time of removal. Parker (1967) interprets
these changes of thickness and lateral loss of halite mainly on the basis of
gecphysical logs. An important (and arguable) inference is that "thin
regicnally persistent sedimentary units directly above, between, and below
the salt beds prove that locally there was little depositional change of salt
thickness." In the Dillinger Ranch field (Wyoming), an estimated 100 ft of
salt loss resulted in 38 to 93 ft (11.6 to 28.4 m) of thickening of Morrison
and Dakota Formations in adjacent wells. From the Hurd area of North Dakota,
160 ft (48.8 m) of salt in a 200 ft (61 m) section is correlated laterally
with 60 ft (18.3 m) of reported rnubble/breccia. The cross-section
accampanying this shows about 250 ft (76.2 m) of apparent campensation. Also
fram North Dakota (Fryberg field), salt was removed from Permian rocks
resulting in camplete campensation by the erd of the Jurassic (Swift
Formaticn), though elsewhere in the area, Parker (1967) cites Anderson (1966)
to indicate that collapse may affect Jurassic and Cretaceous rocks. In the
Outlook field in Montana, Parker (186 ° shows that solution of the ILower
Devonian Prairie Formation is campletely campensated by sedimentation during
the late Devonian.

In a review of features and processes related to dissolution of the Upper
Devonian leduc Formation from the South Sturgeon lake field, Alberta, Stanton
(1966) concluded that the late features were indistinguishable from the
Mission Canyon solution breccias and the Mackinac Breccia. Stanton (1966)
reports successive stages of primary evaporite, breccia composed of evaporite
matrix with floating dolamite clasts, and evaporite-free breccia. The
lithologies are dolamite clasts with anhydrite or dolamite matrix; the clasts
rarge from sand to cobble size, are unsorted and arngular. Anhedral dolomite
clasts have sharp, straight edges while sucrosic dolamite is crumbly. Clasts
may be fractured, brecciated and displaced. Stanton lists four features he
considers important:
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1) angular, unsorted, unbedded clasts; broken fragments displaced
within breccia,

2) clasts often float in anhydrite matrix,

3) coamplete sequence: breccia with clasts floating in anhydrite —>
breccia with more closely packed clasts and anhydrite matrix —>
breccia without anhydrite,

4) fractures are rare beneath breccia; breccia grades upward into
highly fractured rock.

Stanton (1966) considered four processes in the development of the Ieduc |
breccias: '

a) solution brecciation causing settling of evaporites, plastic
deformation, concentration of fine clasts up against clast surfaces,

b) change in volume as gypsum —> anhydrite; lower strength fram water

in the rock,

c) simultanecus clasts and evaporite "deposition"; no bedding or
rounding,

d) selective replacement of carbonate by anhydrite to explain anhydrite
matrix.

Of these mechanisms, Stanton (1966) considers solution brecciation to account
for all features cbserved. He also concludes that the solution brecciation
is prabably cammon at very shallow depths and that "gradual subsidence,
brecciation, small-scale solution precipitation, and evaporite flowage occur
similtaneously with the evaporite solution."

The Elk Point Group evaporites of the Prairie Provinces, Canada, are
considered Devonian in age. The Prairie Formation, part of the Upper Elk
Point Subgroup, consists of sulfates and halite; it overlies the Wirmepegosis
Formation, a limestone unit. Gorrell and Alderman (1968) review evidence of
salt solution from the Prairie Formation in Saskatchewan. On the basis of
geologic data, solution began as early as late Devonian. Salt springs in the
area are considered evidence that salt solution is contiming.

Salt solution of the ElX Point Group locally has resulted in collapse
features (DeMille and others, 1964; Christensen, 1971; Gendzwill and Hajnal,
1971), similar to breccia pipes reported for southeastern New Mextico (Snyder
and Gard, 1984; Bachman, 1987a; Davies, 1983) as well as broader structural
lows ard unit thinning. Compensating thicknesses of overlying units may be
used to infer ages of solution and, in same circumstances, differentiate
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solution from tectonic or depositional features., Gorrell and Alderman (1968)
distinguish depositional from dissolution edges on the basis of the
configuration of the underlying units versus dip on the salt units (Fig.
7.1). Sharp changes in halite with rewversal of dip are associated with
dissoclution. The underlying units change little. C(unsistent dip directions
and charges in dip of uderlying units are associated with depositional
charnges. The Palo Durc Basin of the Texas panhandle is one of the potential
sites for the first repositary to dispose of high-level radicactive waste.
As the rocks of interest are evaporites, various geological and
gecmorphological stidies examine the extent, nature, and timing of
dissolution.

Gustavson ard others (1980) recognize salt dissolution based on: 1) high
solute loads, especially chlorides, in streams; 2) salt sequences that
abruptly disappear between relatively closely spaced wells, as well as abrupt
thinning of stratigraphic sequences away fram salt units; 3) zones with
abrupt salt thinning that also truncate facies tracts; 4) cores that show
poorly consolidated to unconsolidated red-brown mad overlyirng salt beds; and
5) folds, collapse chimneys, breccia blankets, and sinkholes on Permian
oautcrops.

Criteria 2 and 3 are not easily recanciled with the figures referred to
in Gustavson and others (1980) as the "relatively close spaced wells" usually
appear to be 5 miles or more apart, and it is not clear, on the basis of the
natural gamma ray logs presented, how the presence/absence of halite is
always interpreted. Criterion 4 could be consistent with syn—sedimentary
dissolution.

A playa, lake McComnell, overlies an area where about 165 £t (50 m) of
salt appears to have been removed. Gustaveon and cthers (1980) question if
the relationships are clear in indicating cause and effect between lake and
salt dissolution. The origin of other playas appears to be different, in
that same do not show any evidence of salt dissolution in underlying
formations. Modern collapse is occurring in Hall County as sinks and
depressions have been formed and attributed to salt dissolution.

Collapse chimneys in different areas of the Texas panhardle range in
probable age fram late Cretacecus to as late as Quaternary. Bowdaries are
nearly vertical with slickensides. Beddirng may be vertical, and breccias may
be cemented or uncemented. The breccia chimneys are located over areas
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identified as actively being dissolved or of possible paleodissoluticon of
salt.

Dissolution is considered also to have caused fracturing of Permian
mxistones and filling of fractures with gypsum. Goldstein and Collins (1984)
describe in some detail the fault and fracture sets in ocutcrops of Permian
formations overlying areas believed to have undergone or be supject to salt
dissolution.

Portions of the Permian age evaporite-bearing section in the Palo Duro
Basin area have been described as having undergone dissolution, and sait
springs ard chloride loads in drainages demonstrate salt is still being
dissolved (e.g., Gustavson and others, 1980). Gustavson (1986) has
re-examined evidence of salt deposition and dissolution in the vicinity of
the Canadian River valley to test the hypothesis that the river developed in
response to soluticn and collapse. As evidence of dissoluticn of evaporites,
Gustavson (1986) cites the following:

a) "abrupt" lateral loss of subjacent salt associated with "structural

collapse" of overlying units (emphasis added):

b) brecciated zones, fractures with slickensides, extension fractures

filled with gypsum, insoluble residues of soft mxistone, anhydrite, or

dolamite overlyirng salt;

c) folds, breccia-filled chimmeys, ard systems of gypsum—-filled fractures

in Permian outcrops along the Canadian River Valley;

d) sodium chloride brines in scme :lls above salt; and

e) high chloride in the Canadian River.

Gustavson cancludes there "is strong evidence that Permian salts formerly
externded farther to the north, northeast, and northwest beneath the valley of
the Canadian River" (p. 463). Gustavson (1986) concludes also that a few
salt units show lateral facies changes, generally without change in thickness
or structural camplications. Gustavson (1986) relates the Canadian River
valley to salt dissolution based on sewveral factors: the river tremd is not
that of the Ogallala system; the trend follows the structiral trend on the
Alibates, overlying the zone attributed to dissolution; and the plain north
of the valley is about 250 ft (75 m) lower than to the south. This
difference is also attributed to dissolution. Gustavson (1986) infers that
the age of dissolution may be as early as Miocene.
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Residues or breccias are reported by Smith (1972) as textural evidence of
more extensive or "mature" near surface dissolution of the Upper Magnesian
Limestone of Englarnd. Beds of the Upper Magnesian Limestone have variously
collapsed or faundered as a consequence of dissolution of the underlying
anhydrite beds, The residue from the anhydrite consists of carbonates and
clay minerals with some gypsum and quartz and traces of detrital heavy
minerals. It has been estimated that the original anhydrite might have been
100 to 200 ft (30 to 60 m) thick based on the insoluble comtent of the
equivalent anhydrite elsewhere,

The degree of brecciation reported by Smith (1972) is highly variable.
The clasts may vary fram angular to subangular. The clast margins and the
matrix from the Upper Magnesian Limestone are enriched in calcite relative to
the center of clasts; this "dedolamitization" is attributed to the reaction
between groundwater and the rock at the time of the dissolution of the
underlying anhydrite and collapse of the limestone. Smith (1972) attributes
the brecciation to "a mmber of rapid collapses separated by a laong period of
relative stability" (p. 264). In addition, broader scale fourdering of
strata is interpreted by Smith (1972) to be the result of gentle and slow
sacgying, and the process is considered to cause only slight brecciation.
Along with this gentle foundering, the Upper Magmesian Limestone in the area
displays "a gentle warping (not fourd in beds underlying the evaporites) into
inmmerable dames and basins of up to 10 metres (sic) amplitude and 25 to 200
metres (sic) diameter® (p. 266).

7.2.3 other Breccia Scurces

The Bonneterre Dolamite of Late Cambrian age is a Pb-Zn ore-bearing unit
in sautheast Missouri interpreted by Snyder and Odell (1958) to include
breccias of approximately syndepositional origin. The breccias lie laterally
adjacent to carbonate bars or banks and possible reef deposits. The breccias
vary from very small clasts to large blocks >3 ft (>1 m); "locally within the
disturbed mass, beds may be crumpled and folded without fracturing..." (p.
906) . Snyder and (xiell (1958) report that fragments are angular and there is
little evidence of abrasion. The matrix is dolomite with other constituents,
ard it encloses breccia blocks. In addition to carbonate breccias, dolomitic
shale breccias occur with carbonate matrix. Both types of breccia are tight,
with rare cavities or open spaces.

7-17



The breccias are interbedded with urdisturbed beds. The bodies of
breccia may be >2 mi (3 km) wide, >100 ft (300 m) wide, and as thick as 80 ft
(25 m). later breccias can truncate earlier breccias. The basal contact may
also be concordant or gradatiocnal with soft sediment to more brittle
deformation marking the contact. While the units are adjacent to carbonate
banks and reefs, they also tend to accmmlate in areas where the carbonates
are thin (and the depositiocnal surface was presumably lower). Internal
structures include small thrust faults and drag folds.

Sriyder and Odell (1958) believe the breccia bodies moved and formed
during early diagenetic and lithification stages. A bed on the margin of a
carbonate was subjected to increased slope by greater campaction of the basin
facies. A glide plane forms in more indurated units as the unconsolidated
material near the surface-water interface fram higher on the slope begins to
move. More lithified beds are brecciated, and drag folds and thrust faults
are created by the slumping mass. The glide planes and different brecciation
styles within the breccia masses have been used by Snyder and Gdell (1958) to
separate breccia masses into distinct events.

Important diagnostic characters used by Snyder and Odell (1958) were:

a) localization and shape of breccia bodies,

b) interbedded undisturbed units,

c) position relative to carbanate banks or reefs,

d) different degrees of brecciation within masses, ard

e) glide planes.

An individual mass, encountered in a care, for example, would reveal angular
fragments within a matrix. It is possible the undisturbed units would also
be properly interpreted. But the interpretation reached by Snyder and Cdell
(1958) would not have been reached without the extensive three~dimensional
data available within the Fo-Zn mines.

Smith and others (1961) describe limestone breccia in a calcareous
siltstone matrix and small shale and sandstone masses in the Mississippian
St. Louis Limestone in Indiana. The breccia and clastic masses have
dimensions of a few to tens of feet (m). The breccia body is "crudely fumnel
shaped". Breccia fragments range from very anqular to subangular and up to
about 6 £t (2 m) in length. Same fragments are reported to have stylolitic
surfaces. Matrix displays contorted to sinuous bands of siltstone and
sardstone that are even vertical in some places. Smith and others (1961)
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suggest these breccias formed, probably dGuring the Pennsylvanian, by folding
and slumping due to movement on the Mt. Carmel fault. Other origins may not
be eliminated, given the limited data, though Smith and cothers (1961)
consider tectonic breccia, glacial loading, cave collapse, and evaporite
solution and collapse as less likely alternatives. Evaporites in the st.
Louis ococur at or above the zone of breccias, and the thickness of evaporite
is small in undisturbed areas. Undisrupted lateral beds also suggest that
evaporite soluticn-collapse is not applicable.

The sandstone and siltstone masses are interpreted by Smith ard others
(1961) to have formed by filling small caverns an a paleckarst terrain now
reactivated on a modern karst surface.

7.2.4 Delaware Basin Features
Arderson and others (1972), in a now classic paper on the laminated
Castile Formation of the Delaware Basin, discussed the relationships between
beds of anhydrite hreccia and laterally equivalent halite units. During
earlier work, Anderson ard Kirkland (1966) and Kirkland and Anderscn (1970)
reported that short, selected thin intervals of laminated couplets from a few
cores across the basin showed high correlation coefficients (r = 0.99).
Andersan ard his coworkers have concluded that there is a near one-to-one
correspondence of laminae couplets across the basin, as well as of larger
units, nodular zanes, and cther features. They concluded that lateral facies
changes did not occur within the basin. Around the western margin of the
basin, Arderson and others (1972) reported finding breccia beds in positions
stratigraphically equivalent to halite units in the eastern part of the
basin. Anderson ard others (1972, p. 70f£f) recorded same of the details of
the arrargements of breccias in these beds:
"Beds of laminated anhydrite as thin as one foot thick within halite beds
more than 50 ft (15.2 m) thick are also present as unbrecciated layers
within correlative breccia units, involve approximately the same mumber
of laminae, arﬂmamtamtheuldﬁmtltyarﬂrmammﬂlsturbedwltmn
overlying ard underlying breccia beds despite the removal of salt. The
presence of thin anhydrite beds within halitas members can also be

inferred from sonic logs, and these beds can be correlated with breccia
zones in the University of New Mexico-Phillips no. 1 core....”

"The breccia generally consists of rectangular-shaped, subangular
fragments of single laminae or groups of laminae embedded in a matrix of
anhydrite... The fragments, generally less than one ¢m in length, occur

.




in various orientations, but most occur with stratification, if visible,
and lang dimension near the horizontal. Many of the fragments appear to
have been anly slightly displaced."

"In same of the blanket breccia beds it is difficult to correlate the
upper contact because of solution collapse that resulted in a

collapse-type breccia. ..consmtlrg of larger, more angular fragments than
the blanket solution breccia, and with little matrix. Good examples of
collapse~-type breccia have been dbserved at the top of the Halite IT
Member (sic) and in the upper part of the Anhydrite IV Member (sic) above
blanket solution breccia.”

Along the eastern margin of the Delaware Basin, Anderson and others
(1972) report the relationships within halite of the Union-University “37"
core:

"The Winkler County core, however, revealed that thin anhydrite beds of

anly a few decimeters thick within more massive halite units malntanmed' i

their position and character after halite solution. This fact (sic),

the abservation that single anhydrite laminae, once separated by several

centimeters of halite, were sametimes little disturbed upan solution,

showed that the withdrawal of halite was a very gentle process."
Anderson and others (1972) consider dissolution most likely to have taken
place after Salado time.

Both in Anderson ard others (1972) and Anderson and others (1978),
geophysical logs were used in conjunction with core to conclude that
dissolution accounted for the lateral thiming of units fram thick halite to
thin breccia beds. It was concluded that each of the halite units is
represented by a breccia bed. Interpreted gecphysical logs also yielded
thickness information for halite and sulfatic units indicating differing
thickness patterns for these units, unlike models of deep water deposition.

Anderson ard others (1978) recognize two different types of breccias
within the breccia beds: dissolution breccias and collapse breccias. Within
dissolution breccias, Anderson and cothers (1978) see textures similar to
those described above, having fragments oriented generally parallel to
bedding in units above ard below. In addition, they also report that some
fragments "are quite small (less than 0.5 cm), rounded, and suspended in
random orientations within a matrix that camprises more than half the volume
of material." The matrix is an impure anhydrite matrix. Anderson and others
(1978) report that the dissolution breccias may be as mich as a few tens of
feet (several m) thick amd “are approximately proportional to the thicknesses
of correlative salt beds." These authors estimate that the ratiocs of breccia
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to salt thickness is about .03 to .05 within the examples available to them.
Collapse breccias are angular fragments of anhydrite often overlying the
dissolution breccias. "The angular fragments are fitted together in a tight
interlocking pattern with little or no fine-grained anhydrite matrix., The
fragments range in size from a few millimeters to blocks of more than 30 cm,
with a definite tendency for fragments of similar size to be found
together." These authors describe this type of hreccia as forming "at
apparently random positions in overlying anhydrite beds" as a conseguence of
dissolution chambers collapsing resulting in "a diminishing chain reaction
amve‘"

In addition to the features of the breccia beds, anderson and others
(1972, 1978) consider that solution and subsidence/collapse caused, or is
related to, the Big Sinks dissoluticn area, troughs with Gatma-age sediments
at the surface (Maley and Buffington, 1953), and breccia pipes, castiles
(Kirkland and Evans, 1976; Anderson ard Kirkland, 1980) and other collapse
struchares (Vine, 1960, 1963).

Anderson and others (1978), as well as Anderson (1978), attribute
dissolution around the margins of the basin to probable effects of camtact
with the Capitan reef. Anderson and cthers (1978) are samewhat vague about
the general process of dissolution, referring to an advancing frant in the
subsurface, prubably preceded by caverns and tarmnels at the leading edge
developing an uneven front. They also attribute part of the dissolution to
breccia pipes and other collapse structures. Anderson {1978) and Anderson
and Kirkland (1978) described more specific roles for intrusion of water from
the underlying Delaware Mountain Group through fractures, resulting in
collapse structures or breccia pipes. Anderson and others (1978) suggest
some blocks and fragments may have mowved laterally into voids between
separated horizomtal laminae of anhydrite, amd that fluids or slurries may
have helped move brecciated rock.

More recently, Robinson and Powers (1987) report a fan—-shaped "breccia®
unit in the Castile near the western margin of the Delaware Basin as a
gravity-driven clastic deposit. Miltiple cores fram a relatively small area
reveal bedding in clast units, graded clasts, clasts in an anhydrite matrix
or cement, amd intermittent normal laminated beds similar to those described
by Anderson and others (1972, quoted above). Robinson ard Powers (1987)
interpret this unit as a Permian~age gravity-driven clastic unit, not as a
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dissolution breccia. It is not clear that Halite I of the Castile was
deposited west of this area.

In many publications (e.g., Janes ard others, 1973), the Rustler amd
upper Salado have been described as having undergone dissolution, resulting
in complicated surficial features. However, specific features of the breccia
beds have not generally been presented. Basic data reports for WIPP
boreholes variocusly present general to detailed descriptions of material
attributed to “dissolution residue"; the information fram redescribed cores
(Ch. 5) and interpretations (Ch. 6, 8) differ in many ways from those in the
basic data reports. lambert (1983) describes the relationships among several
features related to dissolution or hydration in the vicinity of Nash Draw; he
indicates that gecphysical log signatures in the area of Nash Draw may be
guides to units that have been partially dissolved.

Core from the Permian in Culberson County, Texas, is described by Eager
(1983) as exhibiting breccia within parts of the Rustler and Salado
Formations, but no details are given of the nature of the breccia or extent.
Natural gamma ray and neutron logs accampanying the lithologic log do not
indicate any signatures diagnostic of the breccia, and Eager (1983) did not
report any difficulties in reconstructing the stratigraphic sequence within
the cores.

7.3 DISCUSSION OF LTTFRATURE, REVIEW

The review of the literatire reveals several points and areas that may be
inferred to be cammon. Various authors clearly differentiate between those
solution events that occur from the surface dowrward, either at or near the
surface, and those events which took place after some amount of burial and
which begin at the bed. These concepts have been paralleled by the
discussion of dissolution in southeastern New Mexico, where a dichotamy has
been constructed between "deep dissolution" and near surface (generally
related to karst processes) dissolution. It is not possible to assign
specific depths to these phenamena, for the various authors appear to have
different, sometimes unspecified, criteria for deep and near-surface.
However, we may here differentiate these two end members of a probable
general contimnm as follows:

2
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Surficial to near-surface processes show clear ard relatively direct
comnection to meteoric water sources from the surface dowrward, with
soluble material dissolving as meteoric water passes through.
"Deep dissolution" shows an indirect camection to meteoric water with
dissolution initially generally confined stxatigraphically and not
immediately affecting the superjacent rocks except by brittle deformation
as a consequence of removal of material from the affected bed.

These two kinds of processes, in the reviewed literature, result in grossly
different features as they are preserved in the geological record.
Near-surface, karst-related processes will result in a sequence of brecciated
material with sharp bamdaries at the upper surface (Fig. 7.2a) as deposition
covers karst and ends the process., The lower extent of dissolution may be
conmtrolled at a water table or at same chemical boundary, but, unless the
dissolution proceeds to a very mature stage, the lower boundary is likely to
be poorly defined and irregular. By dissolving a bed huried to same depth, a
lower boundary will usually be much sharper, defined by an insoluble or much
less soluble urderlying rock. The breccia is likely to be more contimious
laterally, ard brecciation will propagate upward to a variable distance (Fig.
7.2b) in response to the removal of soluble rock. The upward boundary will
generally, in this process, be more diffuse and undefinable, unless so mich
material is removed that fracturing propagates uniformly to the surface. We
should still expect, however, that the brecciation, as described well by
Middleton (1961) ard others, will decrease upward as the fractures become
hairline cracks to microcracks and may disappear.

The time of dissolution can be well-defined in same cases. It is clear
that there are rocks in which dissolution has ccourred, but in which the
process has long ceased to operate. landes (1945) and Parker (1967) provide
two differing kinds of evidence of dissolution episodes from the geolegic
past. The criteria by which these authors decided the issue are that
deposits overlying a surface that had been brecciated were unaffected and
that campensation in the form of deposition had taken place by a particular
point in geologic time. Present day geamorphic amd sedimentologic
adjustments may not easily be interpreted to determine if dissolution is
cantributing to the adjustment or not. It may be in a developmental stage or
have been campleted without a unique stage being assignable. Gustavson
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(1986) and other authors describing the Palo Duro Basin have compiled
criteria they believe indicate contimuing dissolution. Among these criteria,
local subsidence and water carrying a large chloride content are the
clearest, most easily accepted evidence of contimuing dissoclution,

A particular problem, largely unaddressed at this time, is assessing the
effects and extent of early or synsedimentary dissolution. Among the papers
surveyed, few reveal any consideration of early ar synsedimentary dissolution
of evaporites. Of these, Powers and Hassinger (1985) relate synsedimentary
dissoluticn in ane harizon from the Salado as exposed in warkings at the WIPP
site. Hovorka (1983a, in press) provides evidence of synsedimentary
dissolution of halite to produce disturbed textures within parts of the San
Arndres Formation of the Palo Duro Basin. Of the papers known to consider
dissolution of these most soluble of rocks, only these present significant
evidence of synsedimentary dissolution (cther papers consider mainly
microscopic evidence of very minor removal; e.q., Schreiber and Schreiber,
1977). Lowenstein (1985, 1987a) proposes that early diagenesis cements and
plugs halite units before the sediment is buried deeper than a few tens of
feet (several m). Early dissolution features as they are presently known are
tied very closely to the sedimentation surface by dbservation, consistent
with the proposal by Lowenstein. It seems clear that the rocks demand an
examination of modern analogs for evidence of significant dissolution.

The extent of dissolution has been assessed largely by extrapolation from
areas with evaporites to areas without evaporites or with a decreased
section. Parker (1967) presents an early example based nearly exclusively on
geophysical log interpretations. This approach, supplemented by same core
information, was also used by Anderson and others (1972, 1978) and by other
authors attempting to understand the extent and nature of dissolution in the
Delaware Basin. As reviewed in several sources, the principal justification
for this practice is that wderlying and overlying units are laterally
extensive fram areas with salt to areas without salt; it is believed that
lateral facies changes within salt beds did not occur over short distances
either. Gustavson (1986), Anderson ard others (1972, 1978), and Parker
(1967) clearly follow this line of reascning. Anderson and others (1972)
utilized the correlation of limited sequences of anhydrite/carbonate couplets
within the Castile to bolster their belief that sulfatic and chleoride beds
extended virtually from side to side of the Delaware Basin. This provides a
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conservative, upper limit to the extent of salt dissolution within the

basin. It is also clear, however, that within salt pan erwiraments
(Lowenstein and Hardie, 1985) lateral facies changes may occur over rather
short distances, enhanced by the depositional changes that bring clastics to
the margins and remove soluble materials. In additien, as water evaporates
fram basins, the brine is restricted to well-defined areas, again resulting
in lateral facies changes over short distances. Within the Rustler
Formation, as previously discussed, and in the San Andres (Howvorka, 1983a, in
press), significant changes in envirorments and/or relative sea level may
occur rapidly, resulting in the rapid covering of an area with a carbonate
fraom much higher and fresher water. These units may extend laterally far
beyond the extent of a previous saline pan, and they should not be considered
direct evidence of the extent of the most saline facies. As in same previous
types of evidence, the extent of evaporites will have to be evaluated basin
by basin and case by case.

The rate at which evaporites dissolve is not easy to evaluate. The
criteria and examples provided by Parker (1967) may be as clear as any. In
the Williston Basin, sedimentary units which adjust to dissoiution have lower
and upper bounds well defined in geologic time. The adjustment within parts
of the Frybery field of North Dakota clearly tock place during the latest
Jurassic, bounded by the deposition of the Swift Formation. 2pproximately
100 ££ (30 m) of compensating sediments were deposited within a few million
years. Within the Delaware Basin, dif. .rent authors have attributed
dissolution to widely varying lengths of time as far back as Permian.
Significant amaunts of evaporites have been considered dissolved even as
early as the time of the erd of Castile deposition (Anderson and others,
1972; Bachman, 1974, 1976, 1980). In contrast, Anderson (1978, 1982) and
Anderson ard Kirkland (1980) attrilute most dissolution to Cenozeoic or later
Cenczoic time.

The forms which the dissolution residues take are often considered
rate—deperdent. PBreccia and brecciation are considered consequences of
evaporite solution and subsidence/collapse. However, several authors (e.d.,
Anderson and others, 1972, previously quoted) have also interpreted
dissolution to ccar under some ciroumstances so gradually that thin,
laminated arhydrite beds within halite beds may be undisturbed while large
volumes and percentages of halite are removed; at the same time breccias are
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formed around the undisturbed thin anhydrite beds. Though this process is
not advocated in this report, it may be important from a risk assessment view
to question whether such a slow, gradual process would, even if it ocours, be
of any consequerce to a waste repository.

Following this last point, it is appropriate to camment on the scale of
events and processes that may be said to involve the dissolution of rock
materials., Within the sedimentary sequence, several types of processes,
sametimes given various names, may irvolve small or large amoumts of
dissolved rocks with transport distances of solutes ranging fram microns to
kilameters. Pressure solution from grain-grain contact and the creation or
destruction of porosity is near one end of this scale. Hardly any
sedimentary rock is free from the mimute effects of diagenesis, including for
sane the effects of weathering immediately following deposition. These
well-known, if imperfectly understood, phencmena are not reviewed here,
though their effects are seen even in the Rustler (Ch. 8) and are reported.
Near the other end of the scale, relatively high proportions of rocks of
considerable volume may be removed campletely from the system. This scale of
process and conseguent features are of principal concern within the previous
review as these are the scale of processes and features that are hypothesized
and reported, respectively, to occur in the Rustler as well as in the
urderlying evaporite formations.

It is important also to note a distinction in timing for the processes
normally attributed to dissolution. ~It is quite clear, from published
studies of dissolution of the Rustler amd other evaporites in the Delaware
Basin, that dissolution is a term used for processes cocurring loryg after the
deposition of the affected units. The term is used in the same sense in this
report. These are phencmena associated with very early, approximately
synsedimentary solution of evaporites from the Rustler, occurring before
burial amd lithification. In that sense, part of the reported sedimentary
process includes the effects of early removal of evaporites from some of the
same units interpreted by others as dissolution havirg occurred after burial
and lithification. Synsedimentary processes are distinguised from late-stage
dissclution in this report by calling it early or synsedimentary
dissolution. Such features and processes clearly are associated with the
sedimentary history of the units, differentiating them as well because they
may be eliminated fram the calculations of the consequences of dissolution
affecting the WIPP at same future time.
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The general features that are most widely accepted as eviderce of later
dissolution at depth are angular breccias that have propagated upward but
with diminishing strain. These have lower bounds that locally are well
defined. Early, synsedimentary dissolution or dissolution before subsequent
burial reveals an upper boundary that is stratiform. Same of these
relationships are applied to the physical features apparent in cores, shafts,
and geophysical logs in the next chapter.

779
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8.0 POST-DEPOSITIONAL ALTERATION

The late Permian Rustler Formation has a camplex post-depositional
history. Diagenetic reactions and mechanical responses to various stress
fields have altered and in some cases have drastically changed the appearance
and the nature of Rustler rocks. Although the origin and history of any one
of the post-depositional alterations within the Rustler may be very camplex,
each feature is the result of one or more simpler mechanisms. These
mechanisms or processes must be understood and kept in perspective. All
post-~depositional modifications or alterations are the driven by
disequilibrium. Chemical disequilibrium causes either the addition of
solutes or the subtraction/removal of solutes., Disequilibrium between a
stress field and the rock may result in a mechanical adjustment toward
equilibrating the system. In general, chemical reactions cause what are
considered to be diagenetic features, while mechanical reactions to stress
fields cause most of the remaining post-depositional alterations. Regardless
of the camplexity of the genesis of any ane individual diagenetic feature,
they can all be attriluted to the operation of ane or both of the following
chemical reactions: the addition of solutes to, and/or the removal of solutes
fram, a particular site of reaction. Likewise, all of those
post—depositional features that can be attributed to a mechanical process are
the result of a mechanical, albeit ductile or brittle, response to various
non uniform stress fields. Non uniform stress fields can result from the
action of either tectonic processes ar chemical diagenesis.

Numerous studies of evaporites report, interpret, or infer the
occurrence, and recognize the importance, of early/syrndepositional chemical
diagenesis, including solute addition (e.g., Arakel, 1980; Butler ard others,
1982; Rugster & Hardie, 1978; Gornitz and Schreiber, 1981; Hardie, 1968;
Kinsman, 1976; Iowenstein and Hardie, 1985; Shearman, 1970, 1978; and Smith,
1971) and solute remowval (e.q., Schreiber and Schreiber, 1977; Hardie and
others, 1978; Hovorka, 1983a, in press; Iowenstein and Hardie, 1985; and
Powers and Hassinger, 1985). As early diagenetic reactions are common within
the depositional settings of most evaporites ard, in fact, are responsible
for the formation of many of the diagnostic evaporite sedimentary structures
unique to a particular depositional setting, it is necessary to differentiate
between those early/syrdepositional diagenetic reactions and those late stage
diagenetic reactions not related to the original depositianal setting. So,
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for the purpose of this stady, early/syndepositicnal diagenetic reactions
will not be considered in the same context as later diagenetic reactions, ard
the following definition of late stage diagenetic features will hold. Iate
stage diagenetic features originate in a system not closely tied by time or
original ground-water corditions to the host material. In other words,
features formed within the ground water system at or near the time of
deposition of the host material are considered to be part of the depositicnal
system and will not be discussed in context with late-stage diagenetic
features.

8.1 CEMENTS

Several cements were cbserved at various locations throughout the Rustler
section. The clastic rocks near the base of the bicturbated clastic interval
and within H-1, H-3, and H-4, and locally M-4 contain halite cement. Mcost
halite cements appear poikilitic. Halite cements are common within
halite-bearing rocks, but as yet, no clear method exists for uniquely
distinquishing between halite cement precipitated in the near surface
ervirorment and that precipitated during burial (Lowenstein and Hardie,
1985). This being the case, no interpretation of timing of halite cement in
H~1, H=3, or H-4 can be made. However, halite cements within the lowermost
part of the Rustler clearly have a diagenetic origir as halite was not
associated with the depositional setting of that unit. As halite occurs
within the intervals both above (H-1l) ard below (the Salado) this zone, it is
likely that the solutes that formed the cement were derived from cne of these
zones. Halite cements within M-4 prabably have an early or syrdepositional
origin. Thin sections from M-4 at WIPP 19 show halite-filled voids. Same of
these voids are morphologically similar to skeletal and displacive halite
crystals, while other voids are irregularly shaped. Poikilitic halite is an
intergramilar cement in the vicinity of the halite-filled voids. The
halite-filled voids are relicts of displacive and skeletal halite crystals
which have suffered syrndepositional dissolution. The cements formed after
the partial dissolution of the halite crystals, probably sometime during
early burial (e.g., Lowenstein, 1987a).

Gypsum cements are common within same of the clastic units of the
Rustler. Gypsum cements have been cbserved in the transition zane, the
Magenta, M-2, and M-3. A syndepositicnal origin has been assigned to the
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gypsum cemented part of the transition zone and it will not be discussed
here. Gypsum cement occurs as an alteration of anhydrite within the Magenta
Dolomite Member. The gypsum contains relics of large poikilitic anhydrite
crystals. The fabric locally appears to be expansive. It is likely that
much of the sulfate originated as transported grains; evidence of thoee
grains has been destroyed by one or more episodes of replacement/alteration
of gypsum with/to anhydrite and back to gypsum. Same poikilitic gypsum
cament occurs within the coarser parts of same of the midstone (M) units.
However, no anhydrite precursor was cbserved.

Gypsum cements occur locally within M-2 and M-3. Same are poikilitic
while others are not so coarsely crystalline. The cements are not pervasive
throughout. the mudstone units. They are most common near the top and the
base of the mudstones and near sulfate interbeds.

8.2 OVERGROWTHS

Overgrowths an clastic transported grains are found within some zones in
the Rustler. Silt amd very fine sard-sized quartz grains, within the Qulebra
ard some of the midstone (M) units, exhibit euhedral terminations and dark,
irreqular, and roughly elliptical rims of foreign material within the
crystal. These euhedral crystals are interpreted to be detrital grains with
quartz overgrowths. Many of the quartz grains have corroded boundaries.
These grains and their overgrowths were present prior to the dolamitization
of the grourxl mass. Euhedral rhombchedrons of carbonate with M=3 and M=4
display thin, roughly elliptical zcnes of dark material which are interpreted
to be the original clast bourdaries prior to overgrowth development. The
volume of the overgrowth is usually much greater than the original grain.
The margins of the carbonate grains frequently display evidence of corrosion.

large gypsum overgrowths on fine sand-sized grains of gypsum are fourd in
thin sectians from the M-3 intermal of WIPP 19. These grains have not been
replaced by, or altered to, anhydrite since their deposition and subsequent
overgrowth., The grain margin might have survived the replacement of gypsum
by anhydrite, but it could not have survived the conversion to anhydrite.
The anhydrite~to-gypsum canversion would have destroyed the original grain

M
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8.3 STYIOLITES AND PRESSURE SOILIFTTON

Stylolites demonstrate pressure solution within the Rustler anhydrites.
The stylolites within the anhydrites are subhorizental to horizental and only
occur within laminated sulfate. Clay amd carbonate mark the stylolite
surface. They are extremely cammon within the upper Rustler anhydrites.
Pressure solution within the Rustler occurred in response to a stress-field
with the maximm principal stress in the vertical. Calcium sulfate was
liberated by the pressure sclution and removed from the site of reaction.

8.4 REFIACEMENT

Replacement occurs when the processes of solute addition ard removal are
similtanecus amd balanced. Pseudomorphs are interpreted to be replacements.
The most common replacement is anhydrite after gypsum as pseudamorphs.
Sametime prior to maximm burial and the development of stylolites, anhydrite
replaced gypsum on a volume for volume basis. Comnversion or dehydration of
gypsum did not occur, as a volume reduction is associated with that reaction
and no evidence of volume change is found. Conversion or dehydration of
gypsum to anhydrite wauld cause a loss of original depositional textures.

Secardary gypsum after anhydrite occurs throuchout the anhydrite (A)
units. Where both gypsum and anhydrite are present, the gypsum crystals
usually crosscut the anhydrite crystals. The volume of gypsum cbserved
within the anhydrite (A) units is at a minimm near the centers of the
A-units and a maximm near the margins. Relationships between the gypsim amd
anhydrite fabrics cannot be determined when gypsum is the main constituent.
However, disruption of the fabric caused by a volume increase during the
conversion of anhydrite to gypsum was not cbserved when gypsum occurred
within anhydrite. So, the gypsum is interpreted to be a volume for volume
replacement of anhydrite when arhydrite is the major constituent. The
relationship between what is converted to gypsum and what is replaced by
gypsum becames less distinct as the percentage of gypsum increases.,

Gypsum-filled vugs within the Culebra are interpreted to be partly
displacive as early syndepositional nodules and partly replacive.
Stratification within the carbonate surrounding some of the gypsum-filled
vugs appears to have been displaced away fram the vug. This supports an
early syndepositional displacive eorigin for the vugs. The majority of the
vugs, however, do not have definite expansive textures preserved within the
surrourding carbanate. In fact, stratification within the carbonate often
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terminates abruptly at the vug-carbonate margin indicating that same of the
carbonate was removed., No evidence of crystal growth inward into a wvoid was
found within the vug fillings. This suggests at least a partly replacive
origin of the sulfate vug filling with no evidence of passive pore filling.
Relict crystals of anhydrite are preserved as centers within some gypsum vug
fillings at H-12. Petrographic relationships indicate that anhydrite ance
entirely filled the vugs and is now partially replaced by gypsum. Once
again, as late stage expansive textures are not commonly associated with or
attributed to the develomment of the vugs, gypesum did not result from the
hydration of anhydrite, ut is instead, the volume for volume replacement of
anhydrite with gypsum.

Gypsum is a major constituent within the Magenta and is at least partly
replacive of anhydrite. Relict crystals of anhydrite occur within the
Magenta. Gypsum appears to crosscut optically contimuous anhydrite
crystals. Anhydrite is interpreted to have been the principal sulfate
present within the Magenta and to have been replaced with or carwverted to
gypsum. It is probable that much of the sulfate within the Magenta
originated as detrital grains of gypsum. These gypsum grains were probably
replaced by anhydrite prior to maximm burial and later replaced/coarverted to
gypsum. Ocrwe:siontogypsmnwillbediscussédinthefollowin;sectimof
this report.

Halite pseudomorphs after gypsum swallowtail crystals are cammon within
those anhydrites in contact with halite units. When halite pseudomorphs
after gypsum are present, the remaining sulfate rock consists of anhydrite
with no, or very little, gypsum. Unlike anhydrite, halite appears to only
pseudamorph coarsely crystalline gypsum, leaving the ground mass/matrix
unreplaced. Thin sections of anhydrite pseudomorphs after gypsum swallowtail
crystals indicate that the anhydrite within the surrounding material is
nicro- to finely crystalline while the anhydrite within the swallowtail
crystal form is also finely crystalline (slightly larger than the ground
mass). Halite is interpreted to have replaced/pseudomorphed the gypsum
crystals prior to, or synchronous with, the replacement of gypsum with
anhydrite. The energy required to replace a large crystal is less than that
required to replace microcrystalline material. After the gypsum was replaced
by anhydrite the whole rock was finely crystalline. If halite had replaced
anhydrite, there wauld have been little reason for the halite to have
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preferentially replaced the swallowtails. Halite replacement would have more
readily occurred when the rock was gypsum.

Halite replaced aragonite allochems in the carbonate-rich unit equivalent
to the bioturbated clastic zone of the umamed lower member. Shells amd
shell fragments are the most cammon allochem affected by halite replacement.
In many places, the halite content in the matrix is volumetrically mich
greater than the carbonate. Ast'.heallod'aansdldmtcollapsemﬂlmthese
zones, the halite could not have been a void filling cement, but instead, was
a replacement.

Anhydrite replaced halite aleng the margins of crystals within anhydrite
and halite psuedomorphs after vertically grown gypsum crystals. Loy, thin
blades of anhydrite project into the crystals of halite. They are
interpreted to be replacements as the space ocaupied by the halite oould not
have remained open while the anhydrite crystals grew into a void. ‘

Elongate dolamite crystals occur within halite pseudomorphs after gypsum
crystals in the urmamed lower member of H-12. These crystals could not have
grown into void space, as the void would have collapsed. A replacement
origin is proposed for the elangate dolmmite cxystals. Other authors (e.q.,
Hovorka, 1985a) have interpreted multifaceted dolamite crystals in halite as
replacements.

Dolamite replaced same detrital and authigenic quartz grains within the
Qulebra. Same quartz crystals with irreqular and embayed margins have ghost
margins within the dolamite. Other quartz grains display irreqular or
embayed margins without any evidence of replacement.  Same authigenic
crystals and grains with euhedral overgrowths also exhibit corroded margins.
The authigenic quartz crystals and quartz grains with overgrowths formed
prior to dolamitization. The dolomicrite ground mass has partially replaced
the quartz grains and crystals.

8.5 RECRYSTALLIZATION

Recrystallization occurs when crystals, under increased temperatures and
pressures during burial, change their morphology to minimize eneryy.
Recrystallization results in equigranular crystals with few inclusions as
foreign material is purged to the crystal margin. Amnealing textures in
halite yield triple junctions at angles of roughly 120 degrees. Depositional
textures are usually disturbed/destroyed by recrystalliztion of evaporite
minerals.
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Halite at several locations within the Rustler is interpreted to have
been recrystallized. Triple junctions, purged inclusions, and equigramilar
grains showing no depositional fabrics all occur within that part interpreted
to be recrystallized. These textures are fourd within zones B-lb ard H-3.
The recrystallization is probably the result of pressure caused by loading
rather than increased temperature curing burial as the geothermal gradient
within the Delaware Basin has been considered low.

Recrystailized gypsum occurs at several locations within the Rustler
section. The base of A-5 is recrystallized at the waste handling shaft (Holt
and Powers, 1984). Same of the coarsely crystalline gypsum found in the
lower part of A-2 amd A-) is interpreted to be recrystallized. The finely
crystalline gypsum was recrganized in the presence of fluids at the
litholeogic contacts. ‘

8.6 CAICIUM SULFATE STABITITY

The relationship between anhydrite anxd gypsum is complex. The stability
of each depends ypon temperature, pressure, and the ionic strength of fluids
in contact with the minerais. When both are present, one is metastable. The
actual processes of either replacement or conversion are not well
understood. Anhydrite pseudamorphs after gypsum have yet to be reported from
modern evaporite deposits. The volume problem asscciated with the conversion
of one to another at lithostatic pressure has yet to be adequately
addressed. However, cne feature is Suggested here to be indicative of, but
not unique to, the simple hydration of anhydrite to gypsum or dehydraticn of
gypsum to anhydrite. Unless the sulfate was only a minor constituent within
the sediment, primary depositional features within the sediment would be
destroyed during the simple conversion of ocne to ancther via the addition or
subtraction of water from the crystal structure. Gypsum or anhydrite that
has undergone simple conversion retains no primary depositional structures.
They are all be severely defarmed if not destroyed by the volume change.

The majority of the Rustler sulfate studied macroscopically and
microscopically preserves primary sedimentary structures and shows no
evidence of either expansive or implosive textures. This indicates that
replacement, not simple conversion, was the main process of change between
the two
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sulfates. Anhydrite pseudcmorphing gypsum indicates replacement. Several
highly gypsiferous zones, however, preserve fewer original depositional
textures than are preserved elsewhere where replacement of gypsum with
anhydrite clearly has occcurred. These zones are thin and located at the base
of A=2, A-3, A-4, and A-5 and at the top of A-3. These zones may have seen
the conversion of anhydrite to gypsum in the presence of fluids.

Several authors (e.g. Snyder, 1984) have proposed that increased
thicknesses within the Rustler in the vicinity of Nash Draw are the result of
the "jacking up" of the section due to the volume change during the hydration
of gypsum. Detailed description of cores from the Rustler within Nash Draw
reveals an abundance of primary features preserved within the Rustler
anhydrites. So, it is unlikely that a large scale simple corversion of
anhydrite to gypsum in the presence of fluids ooccurred. In addition, the
Rustler section within Nash Draw is brecciated. The breccia originates
within the Salado Formation indicating remowval of volume from within the
Salado. The brecciation has lengthened the Rustler section giving rise to an
apparent increase of thickness within Nash Draw. This apparent thickness
adjustment affects nearly all of the units within the Rustler, not just the
sulfates.

Not all of the gypsum in the Rustler is secondary. Same of the Rustler
gypsum is primary and was never converted to or replaced by anhydrite.
Gypsum overgrowths on clastic gypsum grains are preserved within M-3 at
WIPP-19. The internal texture of theSe grains would not be preserved had
they been converted from anhydrite to gypsum. Other primary fabrics occur in
gypsum fram mudstone (M) units. Incorporative gypsum crystals are common.
Isolated, twinned, stellate, and palmate crystal forms are present.
lenticular gypsum is rare as the proper organic campourds required to form
lenticular gypsum (Cody, 1979) were not present in the depositicnal system.
Most Rustler gypsum is diagenetic. Anhydrite precursors for gypsum are
connon. Primrygypsmocmrsmﬂyinthemﬁstmem)mﬂts.' Perhaps the
mxistone units protected same gypsum during diagenesis.

8.7 FRACTURES

Much of the Rustler and the overlying Dewey lake is extensively
fractured, with many of the fractures filled with fibrous gypsum. Within
capetent rocks, the majority of the fractures are horizontal or
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subhorizantal and parallel to bedding planes. Sub—vertical and vertical
fractures are less comnon. Gypeum fracture fillings usually imdicate
separation alang a single fracture. Several episodes of crosscutting
relationships show that the fracture style changed through time.
Gypsum~filled fractures occasicnally parallel slickensided surfaces in the
mudstone units. This occurs at the exhaust shaft, where arciate
gypsum~filled fractures have slickensided surfaces. The slickensides
probably developed as the mudstone units deformed due to loading and
unloading.

These fractures are dissimilar to fracturing associated with solution
collapse (e.g. Middleton, 1961). Solution collapse breccias vertically
decrease clast separation to give way to a series of fractures, hairline
fractures and cracks, ard then undisturbed beds. Within WIPP cores and
shafts, fractures are cammonly, but not exlusively, horizontal. They occur
in zones that are not well intercamected or contimwous in the vertical.
This fracture style persists throuwgh the Dewey Lake. There is no apparent
relationship of WIPP fracturing to dissolution at the site area. A vertical
to sub~vertical minimm principal stress in indicated by the horizontal to
sub~horizantal fractures. The crientation of the least principal stress was
sanewhat variable, as suggested by variable fracture orientations. The data
are consistent with an unloading origin for Rustler fractures. Differential
unloading is considered responsible for the majority of the Rustler
fractures. w

8.8 FRACTURE FIIIINGS
Fracture filling materials are very common through the Rustler. Two
types of fracture fillings oocur within the Rustler: halite and gypsum.
Halite-filled fractures appear to be contained within those zones
containing halite (H-1, H-3, and H~4) and within the lower part of the
unnamed lower member between H-1 and the Rustler/Salado contact. Most of the
halite fracture fillings are fihrous and may be clear, white, crange or
blue. A few of the fracture fillings are color zcned (e.g. WIFPP 19) in the
clastic units located stratigraphically below H-1. Within the halite-bearing
units, the halite fracture fillings are considered to be syntaxial, while in
the clastic units below H~1l, they are syntaxial and antitaxial (after Durney
and Ramsay, 1973).

8-9



Gypsum-filled fractures camonly cocur above the H-1 unit where that unit
is present. The gypsum fracture fillings are clear to white and fibrous and
are both syntaxial and antitaxial. Pieces of the wall-rock material are
comonly included within the fracture £illing. Most of the larger fibrous
fracture fillings chserved within the Rustler appear to have a "suture" line
which always parallels the fracture surface of the host material. The sutwre
line is the site of a moderate to abundant amount of inclusion of wall rock
material. Most of the fibrous fracture fillings are parallel to host rock.
However, same are tilted away fram the perpendicular, and in rare cases, same
are sigmoidal.

Fibrous fracture fillings result fram growth of the individual fibers as
the fracture opens in small increments., When the fracture initially opens,
this creates a void and a zone of low pressure. Intercrystalline or pore
fluid migrates to the site of low pressure. The pressure decrease coupled
with newly created void space is conducive to solute precipitation along the
fracture surface. If the fluid is near saturation for a particular mineral,
the pressure decrease associated with fracturing can drive the fluid to
become saturated with that mineral and precipitation can ococur. If the wall
rock and the fracture filling contain the same mineral, overgrowth upon
grains or crystals of that mineral will occur and the fracture filling is
syntaxial (Durney amd Ramsay, 1973). If the wall rock does not consist of
the same mineral as that precipitating in the void provided by the fracture,
then rnucleation of the mineral occurs, amd the fracture filling is antitaxial
(Durney and Ramsay, 1973). The suture line is most visible in antitaxial
fracture fillings as small parts of the wall rock are included within the
crystals during the initial fracturing and precipitation. The suture line
exhibits the same morphology as the fracture surface on the wall rock.

Once the initial fracturing and subsequent precipitation occurs, the
fracture filling grows incrementally as the fracture filling mineral
precipitates as overgrowths. These overgrowths are constrained by each other
in the direction parallel to the fracture surface, so they must grow
campetitively in the direction perpendicular to the wall rock and away from
the seed crystal. This causes a fibrous crystal habit to develop. ‘This
habit is visually enhanced when the filling material consists of ane of the
minerals that are readily twinned (e.g., gypsum).
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When the fracturing contimies,; separation cocurs between one side of the
fracture filling and the wall rock. Fluids migrate to that point, and
precipitation then occurs at the contact between the wall rock and the
filling material. So, the youngest part of the filling is next to the wall
rock, and the oldest part of the fracture filling is adjacent to the suture
line. The width of the fracture on each side of the suture line is related
to the availability of chemical matrients and the frequency of reseparation
by fracturing along each side.

The morphology of the fibrous fracture filling is the result of the
stress field which produced it (Durney and Ramsay, 1573). Fibers
perperdicular to the fracture surface indicate that there was no displacement
parallel to the fracture surface at the time of fracturing and subseguent
filling. Fibers that are tilted with respect to the perpendicular indicate
that there was a campanent of displacement parallel to the fracture surface
and that the component was present throughout the period of fracturing and
filling. Sigmoidal morphologies develop when a component of displacement
parallel to the fracture surface cccurs after the initial fracturing.

The fracture fillings within the Rustler contain information about any
changes through time of the chemistry of the precipitating fluid and the
stress fields which formed the fracture. Chemical analysis of the minerals
contained within the gypeum filled fractures and detailed analysis of the
fracture filling morphologies was not part of this study. However, solutes
for both halite and gypsum fracture fillings were probably locally derived,
as possible sources for all the solutes exist within close proximity to the
fractures.

Halite-filled fractures seem to be canfined to either zones containing
halite or zones adjacent to halitic intervals. Halite-filled fractures
within the clastic part of the urmamed lower member appear to occur only when
H-1 ccoupies the stratigraphic interval above the clastic zone. No evidence
of the removal of halite fram fractures was ever fourd in the clastic
interval when M-1 was present. However, WIFP 30 is the only core through the
unnamed lower member where M-1 overlies the clastic interval and the
Rustler/Salado contact is in its normal position with a normal appearance,
ard it is possible that the core did not intersect a halite-filled fracture
as they are most often vertical or sub-vertical. The remainder of the cores
containing M-1 are located within Nash Draw where scme disturbance occurs
within the Salado in the vicinity of the Rustler/Salado contact.
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Gypsum-filled fractures occur anly above the interval H-1, when halite is
present. This apparently indicates that gypsum-saturated fluids did not or
could not migrate dowrward below the halite. ILowenstein (1987) believes that
porosity in such halitic units is plugged syndepositionally, within a few
meters at most. Where M-l is present, no halite existed and gypsum
precipitated in fractures within the muistone. Gypsum—-filled fractures are
less cammon in those cores which have less gypsum within sulfate units. In
other words, gypsum-filled fractures are less common when the gypsum to
anhydrite ratio of the sulfate rocks is smaller. less gypsum was cbserved
within the anhydrites (A-units) in the thin sections of H~12. The Rustler at
H-12 has seen less fluid capable of precipitating gypsum within fractures.

8.9 DISSOLIYTTON

Removal of solutes by dissolution occurs when a fluid is present that is
undersaturated with respect to the mineral being dissolved and the eneruy to
drive the reaction exists. Dissolution creates void space. Preserved void
space or evidence indicating the former presence of void space mist be
present if dissolution and removal of solutes has cocowrred. Dissolution
porosity varies in scale fram intercrystalline to vuggy to cavernous. While
preserved porosity is cbvious, the former preserxe of porosity is more
difficult to see; it can be recognized by filled void space or features
indicating the ductile or brittle mechanical adjustment to the ncramiform
stress field caused by the porosity.

Preserved parosity ooccurs throughout the Rustler. Most of the porosity
can be directly attributed to the void space created during the dissolution
of soluble minerals. Preserved dissolution porosity occurs within the
carbonate, sulfate, and halite-bearing rocks of the Rustler.

8.9.1 Microporosity and Vugqgy Porosity

Intercrystalline microporosity and vuggy porosity is cammon within the
Culebra. Neither filled nor open intergramilar poroeity occurs within the
CQulebra as the Culebra consists of dense micrite and argillacecus material.
Sulfate is not a major canstituent within the Cculebra. Sulfate occurs as a
pore and fracture filling material and locally as a cement. Intercrystalline
and vuggy porosity resulted fram the dissolution of carbonate, where there is
NOo gypsum precuarsor. Some Vuggy and intercrystalline porosity is
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attributable to the dissolution of gypsum. All large scale vugs within the
Culebra are interpreted to have contained gypsum. Large, open vugs may have
resulted fraom the dissolution of gypsum. Vuggy poresity is locally well
developed in gypsum fracture fillings. Dissolution of gypsum is the last
distinguishable event to occur within the CQulehra as gypsum dissolution
appears to effect gypsum-filled fractures. Dissolved sulfate within the
Culebra has a solubility index close to ane (Myer, pers.camn.). The sulfate
within the Culebra waters is probably partially derived from the gypsum
fracture fillings and the apparently related gypsum vug fillings. Further
dissolution of sulfate and carbonate within the CQulebra is not 1likely given
the present chemical corditions of the waters within the Qulebra as they are
apparently in equilibrium with gypsum, ordered and disordered dolomite,
calcite, ard anhydrite in the vicinity of the WIPP site (Myer, pers.comm.).
Where fresher fluids have access to the Culebra in Nash Draw, dissolution of
carbonate and sulfate can continue.

Dissolution of gypsum is commen within the sulfate units acroes the study
area. Intercrystalline porosity was found in thin sections from most of the
anhydrite units. Intercrystalline porosity was less camon in thin sections
from H-12 than WIPP 19 arnd in both cases appeared to be more abundant near
the upper and lower contacts of the anhydrite units. Where present, porosity
within the anhydrites was usually less than one percent. Several of the
cores from Nash Drew showed the develomment of vuggy porosity within the
sulfate units. Ilarge open vugs, same cartaining gypsum crystals which grew
inward toward the void center, are preserved within same cores. This
porosity is interpreted to have originated from the dissolution of sulfate
within the Rustler. The presence of large vuggy and caverrnous porosity
within the Rustler in the vicinity of Nash Draw is inmterpreted to have formed
as the result of dissolution of gypsum by meteoric groundwaters (see also
Bachman, 1984 a, 1987 a,b).

Evidence of gypsum dissolution within the Magenta was found in thin
sections fram H-12 and WIFP 19. Intercrystalline porosity occurs within the
gypsum. Small relics of anhydrite remain within the gypsum and appear to be
unaffected by the dissolution. Dissolution of gypsum at Magenta ocutcrops is
cammen.
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Intergramilar porosity is commonly well developed in halite cemented
clastic rocks. M-4 at WIPP 19 is cemented by halite and exhibits microscopic
halite crystals. Halite cemented clastic units in the urmamed lower member
also exhibit some intergrarmilar porosity.

8.9.2 cCaves ard Cave Fillings

The only known cavernous porosity encountered in drilling the Rustler
near the site was in WIPP 33 (Sandia National Laboratories amd U.S.
Geological Survey, 1980). There, drilling, logs, and downhole television
scanning demonstrated fluid-filled (at the time of drilling) cavernous
porosity within the Magenta of undetermined lateral dimensjons. Bachman
(1980) attributes this porosity to dissolution near the margin of Nash Draw.
It is clear that caverncus porosity also is prominent within Nash Draw as
part of karst-forming processes.

Ferrall and Gibbons (1978) attribute the laminated claystones found above
the Culebra in WIFP 19 to filling of cavernous porosity. This claystone,
abserved closely in the WIFPP shafts, is considered to be partially algal in
origin and is believed to be ubiquitous (Ch. 45). The lack of a lower
Tamarisk anhydrite clearly leads Ferrall ard Gikbons (1970) to consider that
dissolution had destroyed that bed, and that a bedded claystone must
therefore have formed in cavernous porosity during this dissolution event.
In this document, the claystone, which is present even below the lower
Tamarisk anhydrite, is considered depositicnal in origin, and the anhydrite
is considered to have been lost very early at WIPP 19 (¢h. 5, 6). Cave
fillings fourd elsewhere sametimes exhibit bedded clastics, but the more
cammon characteristic attributed to cave f£illings is the piled to floating,
slab-like collapse blocks piled ane on ancther or floating in a matrix. More
importantly, on a broader scale, caves ard cave fillings are likely to show
an upper limit that is well defined arnd an irreqular lower bourdary. No
feature in cores or shafts is considered likely to be a cave filling.

8.9.3 Dissolutjon and Collapse Features
As discussed in the previous chapter, overlying competent rocks deform
brittely when large volumes of material are removed from stratigraphically
distinct zones. The behavior of Rustler materials due to the removal of
underlying evaporites can be assessed after abserving the cores of the
Rustler from Nash Draw.
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The upper portion of the Salado Formation within Nash Draw thins
dramatically. The depositional envirorments of the upper Salado give little
reason to expect depositicnal thimming is present in the vicinity of Nash
Draw. The stratigraphic units overlying the Salado in Nash Draw are brittely
deformed. Upward stoping amd dowrsvard mixing of clasts derived from
overlying stratigraphic units occur within the upper Salado ard the Rustler.
The upper Salado within Nash Draw is interpreted to have partially dissolved
(Vine, 1963; Bachman, 1974). The extent of brecciation varies fram borehole
to borehole, but in each case is nown to include more than a =mall or
isolated zone within the borehole. These breccias are similar to those
described previously from the Mission Canyon, for example, in that clasts are
generally quite angular, though they may vary in size. These breccias in
same cores display the upward decreasing extent of brecciation also described
from the Mission Canyon (e.g., Middleton, 1961) and other evaporite soluticn
zones. As the various boreholes in Nash Draw were differentially affected by
dissolution of the upper Salado, the apparent loes of Salado salt wvas
tabulated for each of these boreholes (Table 8.1), and the amount of the
Rustler section deformed has been estimated (Table 8.1), The ratio of
thickness disturbed to the thickness reduction is estimated to be between 1:1
and 1:2. Few previous studies report sufficient data to dbtain an equivalent
relationship, but there are suggestians of a correspondence. A study such as
that by Parker (1967) contains data on the thickness of removed salt, but the
logs do not reveal the extent of brecciation and the removal may have been
early encugh that breccias did not result.

Adjacentbor?lwlesWIPP29aIﬂWIPP3251Wtwinportanteffectszalatei
Yo dissolution., Within the lower unnamed member, WIPP 32 in particular
displays brecciated smeared imtraclast textures in zones that laterally have
halite (see Ch 5). Much of the lower wmemed member in this borehole is
brecciated, but the superposition of brecciation over smeared intraclast
texture (described in Ch. 5) reveals that the halite in the lower member was
dissolved essentially syndepositionally, while the brecciated texture is
post-lithification. The brecciated texture is clearly consistent with late
removal of salt fram the Salado. The upward extent of deformation is not
clear as the upper portions of the Rustler have been removed by erosion. The
textures in WIPP 29 are similar, but seem much reduced. Though this may
partially be due to locally varying processes of dissolution, most of the
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difference in this report is attributed to the difference in core diameter
between the two boreholes. WIPP 29 is about a 2 inch (5 cm) diameter core
while WIPP 32 core is about 4 irches (10 am) in diameter. The increased
diameter is important to the detection and interpretation of these textures.

Collapse, upward stoping, and mixing of clasts derived from varicus
stratigraphic horizons occxr in core from WIPP 13 where the deformation is
not clearly attrilbutable to Salado dissolution. The lowest deformed unit is
A-2. The overlying mxistone (M-3) is also deformed and contains clasts
clearly derived from the overlying anhydrite (A-3). A-3 is brecciated and
deformed near the base. The center of A-3 was not cored, but core of A-3
below the Magenta displays dipping stratification. The source of at least
part of the deformation is within or below A-2, but the originating horizon
for the deformation is not clearly identified as the entire Rustler section
was not cored at WIFP 13. The extreme deformation of the M-3/A-3 contact
does not require that same of the void space originated within the M-3
horizon. However, this cannot be overruled. Dissolution of a large
thickness of halite from either the M~2 or M=3 horizon and the collapse of
the overlying beds could partially accamnt for the features dcbserved.
However, our depositional model generally predicts that halite was not
preserved within the M-2 or M=3 stratigraphic interval after the deposition
of the overlying units, Our depositional model is based upon the
descriptions of several cores ard shafts and regicnal interpretations of
geophysical logs, while WIPP 13 is an isolated drill hole. Without more
camplete Rustler data within the WIPP 13 area, the cause of the structural
deformation cbserved at WIPP 13 cannot be adeguately constrained. Therefore,
it must be considered an ancmaly until more data are available fram that
area.

Collapse, upward stoping, and mixing of stratigraphic units aoriginating
in the M-3 stratigraphic interval occur in the core from borehole H-3b3. M-3
contains readily identifiable clasts and blocks of the overlying rocks. The
overlying anhydrite cantains dipping and overturned stratification. oOur
depositional model does not exclude halite within the M~3/H~3 stratigraphic
interval at H-3b3. Based upon the apparent distribution of facies, H-3b3
cauld have contained a small volume of halite. The ratio (1:1 or 1:2) of
deformation of the Rustler section within Nash Draw to the volume of Salado
removed indicates the thickness of the M-3/H-3 interval may have been reduced
by 10 to 30 ft (3 to 9 m).
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The M-4 interval at H~3b3 alsc contains a large block of anhydrite,
presumably downdropped, and a clay-filled fracture at the M-4/A-5 contact. A
small amount of halite may have been removed fram the M—4/H-4 stratigraphic
interval. This would also be consistent with the depositional model of that
interval. Actual volume reduction could have been at most several feet.

The M-3/A-3 cantact at H-1lb3 is hrecciated. The claystone ard the
underlying thin sulfate unit are brecciated, but the breccia clasts are
confined to the top of the M-3. Minor amounts of subvertical fracturing
occurs within the extreme lower part of A-3. This disruption could have
resulted from the dissolution of a very thin section of halite. Our
depositional model for the M-3/H-3 interval supports the occcirrence of halite
at H-11b3.

Dissoluticn of halite is not a unique explanation for the features
occurring at the M-3/A-3 contact. Brittle deformation at the contacts of
brittle amd ductile materials can occur when the ductile material flows
(e.qg., McKnight and Fischer, 1970).

As described by McKnight and Fischer (1970), incompetent beds between
stronger units may show brecciation due to tectonic events. They described
plucking of blocks from an overlying chert by a less competent carbanate.
Within the Rustler, it is quite possible that same breccia, local in extent,
ocould be attriluted to this mechanism as the contrast in campetence is large
for several beds. As McKnight and Fischer (1970) point out, the movement on
adjacent beds may be very small to produce these features. From shaft
mapping, slickensides and minor deformation may be consistent with a small
amxnt of lateral movement taken up by incompetent beds. Though it seems
likely that same breccia (or deformation) may be formed in such a mammer, no
feature has been uniquely attributed to the process. It may only be possible
to do so where the affected units are exposed along drifts, as in the MVT
PB~ZN deposits examined by McKnight and Fischer (1970).

There exists within the shaft, and possibly within scme core material,
rare arxd isolated slightly brecciated areas. These areas, as in the Culebra
in the exhaust shaft (Holt and Powers, 1986a), have throughgoing
stratification underlying and overlying the brecciated area. There is no
justification for interpreting these as evidence of broader dissolutiaon,
although in the case of the Culebra, extremely local solution of carbonate
may have caused such a feature.
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Approximate Thickness Reduction Appraximate Thiciness of

Borehole in the Upper Salado Rustler Section Disrupted
WIPP 25 115 ft 280 ft

WIPP 27 155 £t Entire Section
WIPP 29 455 ft Entire Section
WIPP 30 0 ft -

WIPP 32 460 ft Entire Section
WIPP 33 0 ft -

Table 8.1. Thickness of Rustler section disrupted versus thickness

reduction by dissolution in the upper Salado in the vicinity of Nash Draw.
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9.0 CONCIOSINS

The Rustler Formation is the last evaporite deposit of the Permian Ochoan
Series in the Delaware Basin. The depositional enwvirorments and distribuation
of the Rustler vary considerably from the older Castile and Salado
Formations. The Rustler exhibits abundant primary depositional features
permitting detailed reconstruction of facies relationships and depositional
envirorments. Most of the major units of the Rustler thicken in an area east
and south of the WIPP site. Resting over amxd outside of the Capitan reef
which restricted earlier deposits, this area served as a depocenter that had
shifted east and north of the earlier Castile depocenter. The Rustler formed
fram envirorments ranging from shallow lagoons and subtidal envirorments to
shallow saline pans ard envircoments marginal to the saline pan. These
enviroments changed laterally over distances of a few miles, resulting in
cbservable lithofacies changes within cores and shafts at the WIPP site.

The depositional enviromments of various Rustler units have been
reconstructed using a sedimentological approach. Observable bedding, primary
features, ard certain secondary features (such as pseuwdamorphs after primary
gypsum textures) were described and placed in stratigraphic sequence.
Lithologic units ard their features have been campared to facies models
constructed fram modern ard ancient analogs. For some features and their
associations, such as pedogenic clay skins on clasts and intraclasts in some
mudstone units, modern evaporite analogs have not been reported.
Nonetheless, s0il and paleosol features are well known independently and can
be linked readily to the envirommental setting of the Rustler. As is comon
in such stidies, new features and associations were described and interpreted
from the geological context established fram better-known features. Smeared
intraclasts and crushed psendamcrphs are expected to become estabiished,
independently interpretable features as modern analogs are found and
described. In this mammer, facies and enviromental mxdels are constructed
ard refined with modern and ancient examples.

Parts of the Rustler formed when fresher water, possibly marine,
transgressed rapidly over very low topography, depositing clastics,
carbonates, ar subagqueous sulfates. A marine transgression over the Salado
is the initial example. The transgressing water evaporated to increase
salinity and deposit halite. Halite and clastics were reworked along
margins, and halite was concentrated in the depocenter, maintaining low
topography. A rapid transgression of fresher water terminated halite
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precipitation in the depocenter. Several shallowing-upward or
desiccating-upward sequences camprise most of the Rustler (Fig. 9.1).
Because the upper boundaries are abrupt and are overlain by widespread units
of sulfates ar carbonates of nearly uniform thickness, these contacts are
thought to be nearly isochronous surfaces,

Halite units are lenticular with the thickest part south arxl east of the
WIFP site, in the depocenter. Sulfate units are more nearly uniform in
thickness fram depocenter cutward, indicating either an increase in
sedimentation rate or a decrease in subsidence rate. Here it is suggested
that sedimentation or accamilation rates may have been relatively greater for
sulfates and carbonates as halite accumilation rates were controlled by
syndepositional dissolution. The Qulebra is somewhat thicker in the
depocenter, generally corresponding to mudstone and halite unit patterns.

The halite and mxistone units vary most in lithofacies and thickness from
depocenter to margins., Five major facies were deposited, fram depocenter
outward, in the study area in these generalized depositional envirorments:
mxi-poor halite pan, mud-rich halite pan, halite saline mxiflat, gypsum
saline mdflat, and mxiflat. Clastic sediments were distributed mainly
around the margins as the capacity and campetence of the hydrologic system
decreased toward the depocenter. Flooding events introduced clastics and
moved them toward the depocenter. Transgressions, or a rise in the base
level, caused larger areas to be covered with water that was very likely to
be undersaturated with respect to halite. Halite was dissolved around the
margins as a conseguence. The water became more saline and contracted as
evaporation contimied. Halite was concentrated in the depocenter as the
edges of the brine contracted. During lower water levels (lower base level)
additional halite was cammibalized and moved toward the depocenter by
rainwater or the encroaching lens of shallow groundwater. Unless subsidence
rates varied dramatically during deposition of halite and madstone units,
halite and mudstone accumilated slowly relative to sulfates amd carbonates.

Halite was dissolved syndepositionally from halite and mudstone beds at
small to large scales. In the Rustler, the sedimentary sequence was
drastically modified by large scale dissolution in response to various
conditions: a transgression or freshening event that raised the water table
or base level, a lowering of the watertable or base level due to evaporation
or subsidence, or a changing in the lateral position of saline groundwaters.
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Halite was dissolved by less saline water after a transgression. Dissolution
contimied in scme cases after the overlying sediment was deposited, deforming
and slumping this sediment. Subsidence or evaporation lowered the water
table at the margins, subjecting halite to dissolution by meteoric water in
the vadose zane and redepositing it in the depocenter (soluble mineral
cannibalism). Incipient soil features formed in the vadose zane of the
marginal mx-rich sediments. This hypothesis differs greatly from previous
ideas of dissolution of halite from mudstone units. Several features
demonstrate that halite was removed frum marginal saline pan to madflat
envirorments before lithification and before the overlying sulfates were
deposited. This contrasts with explicit and implicit ideas that Rustler salt
was dissolved long after the Rustler was deposited. In addition, the
amulative thickness of halite removed from mxdstones is considered here to
be much less than the thickness of halite in equivalent zanes.

Rustler sediments have also been alterred since deposition. Halite and
gypsum cements are coxnmon. Some transported grains have been overgrown by
authigenic minerals. Overgrowths on scme clastic gypsum grains irdicate that
gypsum-anhydrite-gypsum alteration did not occur. This implies that other
gypsum may be primary.

Halite pseudomorphs after gypsum occurred early, prior to or synchronous
with the replacement of gypsum with anhydrite. Halite also replaced
carbonate allochems. Both dolamite and anhydrite replace halite locally.
Quartz grains with overgrowths were partly replaced by dolamite in the
Culebra.

Implosive or expansive textures resulting from a volume change,
associated with the direct conversion of gypsum to anhydrite or anhydrite to
gypsum, do not occur within the sulfate units of the Rustler. Anhydrite
pseudamorphs after gypsum are volume-for-volume replacements of gypsum.
Gypsum within anhydrite exhibits no evidence of expansion due to a volume
increase and is interpreted to also be a volume-for-volume replacement (not
pseudamorphous) . Snyder (1984) proposed, on the basis of geophysical log
interpretations, that the the Rustler section thickens in Nash Draw due to
the hydration and subsequent jacking up of the section. However, core from
Nash Draw was examined in detail, revealing that the Rustler section is
elongated by brecciation originating in the Salado, not by hydration.
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A detailed literature review indicates that two major styles of
dissolution exist: Xkarst processes at, and relatively near, the surface amd
bed-controlled dissolution at greater depths. Near-surface dissolution amd
karst has poor stratigraphic control, an irregular lower boundary, arnd an
upper boundary that is well-defined by subsequent deposits. Solution breccia
beds ard related features resultirng from the dissolution of soluble materials
at depth are stratigraphically controlled by the soluble unit. Where a zone
of soluble material near the surface is mostly dissolved, the zone may be
bounded below by urdisturbed, relatively insoluble material and overlain by a
post-dissolution deposit with little or no disruption. The mudstone units in
the vicinity of the WIFP have undergone camplete syndepositional dissolution
of halite and show these relationships. ILarge scale dissolution of soluble
rocks at depth creates breccia beds or strata-bound deposits cansisting of
anqular blocks with a variable matrix. The block size and packing increase
upward until the separation between blocks decreases to fractures ard,
finally, microcracks before disappearing. As dissoclution proceeds, collapse
occurs when the overlying material can no langer bridge the newly created
void. Clasts and blocks are displaced dowrward fram their stratigraphic
position and mixed with clasts ard blocks from other stratigraphic positions.

The Rustler section in Nash Draw is brecciated at various scales due to
dissolution of halite and collapse in the upper Salado. Breccias and
dowrward disruption of a lesser scale were found in several cores.
Significant features include collapse, upward stoping, and mixing of clasts
derived from various stratigraphic horizans. The borehole WIPP 13 exhibits
this style of deformation through A-2, M-3, and A-3, kut the zane in which
the disruption originates was either not cored or is not apparent in the
existing core. In the general sedimentological framework proposed in this
study, halite in the Rustler is not expected to have survived deposition at
this location. As incomplete core data are present at WIFP 13 and other core
data in the vicinity are very limited, the disruption cbserved in the WIFP 13
core is considered an anamaly. Further interpretation of its origin will be
reserved until additional drilling in the vicinity is campleted and core can
be described. Disruption is present in cores fram H-3b3 and to a much lesser
extent H-11. These boreholes lie in a boundary zone surrocunding the zane now
cantainirg halite. As it is very possible that halite survived deposition
within this boundary zone, the deformation in H-3b3 is attributed to
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dissolution and collapse. The deformation at H-11 is minor. Dissolution is
not a unique explanation for the features cbserved at H~11, as brittle beds
bounding a less campetent unit may show brecciation due to tectonic events.
The fractures in the Rustler and the Dewey Lake are dominantly horizontal
ard persist in vertically isolated zones. They are not similar to fractures
caused by dissolution amd are attributed to unloading. Many of the fractures
are filled with fibrous gypsum of both syntawxial and antitaxial types.
Minerals dissolved at varying scales throughout the Rustler.
Microporosity and vuggy porosity have been created by dissolution of
carbonate and sulfate in both the Culebra and Magenta Dolamite Members. Same
porosity was created in the sulfate units by dissolution. Halite cements
have been dissolved creating intergranular porosity in clastic rocks.
Cavernous porosity was encountered in the sulfate units during the coring of
WIPP 33 near Nash Draw. Bedded claystone at WIPP 19, interpreted by Ferrall
arnd Gibbons (1980) as cave filling, is here interpreted as syndepositional.
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Plate 1.

Plate 2.

Plate 3.

Plate 4.

Brecciation within the umamed lower member showing vertical -,
translation of rocks derived from various stratigraphic
intervals. Clasts from the bioturbated clastic interval, M-1,

ard A-1 are all in close proximity.
Displacive halite in siltstone from M-1.

Displacive halite crystals that have coalesced amd are tightly
packed.

Apodcmﬁinimanaggregateofhalitecrystals.






Plate S.

Plate 6.

Flate 7.

Flate 8.

Clastic material contained within halite exhibiting the smeared

Siltstone and mxdstone from M-1 exhibiting the smeared

Smeared intraclast/laminae texture from M-1.

Brecciation in Nash Draw showing vertical translation of clasts
derived from A-1 into the stratigraphic position of M~1. Note
the clast in the lower center of the photograph is a derived
fram a gypsim fractare £filling. .
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Plate 9.

Plate 10.

Plate 11.

Plate 12.

Breccia clasts and hlocks of M~1 fram Nash Draw. Note the
clasts and blocks exhibit the smeared intraclast/laminae
tesrtire.

Halite psendamorphs after gypsum swallowtail crystals, A-1.

Sediment-incorporative gypsum crystals in M-2.

Photamicrograph from M-2 showing oriented clay skins and cutans
on mdistone particles.






Plate 13.

Plate 14.

Plate 15.

Plate 16.

Pebbles of carbonate overlain by subhorizontal laminae in the
upper part of M-2.

The upper contact of A-2 with M-3 in the waste handling shaft
showing three feet of relief.

Photomicrograph of gypsum overgrowths on detrital gypsum
grains, from M-3.

Siltstone and claystone pebble canglamerate in the lower part
of M-3 at WIFP 19.






Plate 17.

Plate 18.

PFlate 19.

Plate 20.

The yper contact of M-3 with A~3.

Tipped and slumped anhydrite pseudamorphs after gypsum
swallowtail crystals near the base of A-3.

Incipient development of the crushed prism texture. Note
relict halite psendomorphs after gypsum swallowtail crystals

have reduced veolume.

Middle stage in the development of the crushed prism texture.






Plate 21. End-stage in the development of the crushed prism texture.

Plate 22. Bedded nodular texture in A-3. Note nodules containing small
pseudaomorphs after gypsum swallowtail crystals.

Plate 23. Fhotomicrograph of M—4 siltstone and sandstone from WIPP 19
with crossed nicols. Halite cement and incipient displacive

halite crystals black.

Plate 24. Upper contact of M-4 with A-S.






Plate 25.

Plate 26.

Plate 27.

Plate 28.

Irregular stratification in M-4 from WIPP 19.

Irreqular stratification in mudflat sediments from Saline
Valley, California.

Irreqular subhorizomtal stratification in M-4 at the waste
handling shaft.

Irreqular subhorizomtal stratification in mudflat sediments
fram Saline Valley, California.
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