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FOREWORD

The purpose of the Environmental Evaluation Group (EEG) is to
conduct an independent technical evaluation of the potential
radiation exposure to people from the proposed Federal
Radioactive Waste Isolation Pilot Plant (WIPP) near Carlsbad, in
order to protect the public health and safety and ensure that
there is minimal environmental degradation. The EEG is part of
the Environmental Improvement Division, a component of the New
Mexico Health and Environment Department -- the agency charged
with the primary responsibility for protecting the health of the

citizens of New Mexico.
The Group is neither a proponent nor an opponent of WIPP.

Analyses are conducted of available data concerning the proposed
site, the design of the repository, its planned operation, and
its long-term stability. These analyses include assessments of
reports issued by the U. S. Department of Energy (DOE) and its
contractors, other Federal agencies and organizations, as they
relate to the potential health, safety and environmental impacts
from WIPP.

The project is funded entirely by the U. S. Department of Energy
through Contract DE-AC04-78AL10752 with the New Mexico Health
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Robert H. Neill
Director

and Environment Department.
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PREFACE

A reposgitory for permanent isolation of defense transuranic
wastes is being excavated in southeastern New Mexico, about 40
km (25 miles) east of Carlsbad. The Waste Isolation Pilot Plant
(WIPP) repository has been designed for the disposal of waste in
the lower part of the Salado (salt) Formation at a depth of 655
meters (2150 ft). The water-bearing zones of the Rustler
Formation, which overlies the Salado, are considered to be the
main pathway for the transport of radionuclides to the

biosphere, if the repository is breached.

The Rustler Formation is 150 meters (480 ft) thick, 6.4 Km (4
mileg) east of the center of the WIPP site. The thickness
reduces drastically to the west so that it is only 81 meters
(300 ft) thick in the western part of the WIPP site. At its
thickest location, the Rustler consists of siltstone and
anhydrite with two dolomite beds and both clear and clayey
halite. Halite is progressively missing from deeper layers from
east to west in the Rustler cross-section across the WIPP site.
These observations were interpreted by Powers et al (1878).
Mercer (1883). Lambert (1983), Chaturvedi and Rehfeldt (1884).
Bachman (1884), Snyder (1985), Chaturvedi and Channell (13985)
and others as indicating post-burial dissolution of halite and
increased gypsification of anhydrite further west. Increased
permeability of the water-bearing dolomites from east to west
also was thought to result from the increased fracturing as a

result of dissolution.

In 1984, Powers and Holt (1984) and Holt and Powers (1984%)
expressed doubts about the concept of post-burial dissolution of
Rustler evaporites, on the basis of detailed mapping in the WIPP

Waste Handling Shaft, and stated the following:
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"Post-depositional dissolution features were not ob-
served in any stratigraphic horizons in the Waste Shaft.
In fact, several zones previously identified as disso-
lution residues in nearby boreholes (e.g. ERDA-9) con-
tain pronounced primary sedimentary features. This is
of great significance since dissolution has, historical-
ly, been considered as an important process that has
greatly modified the Rustler Formation in this area,"”

(Holt and Powers, 1984).

This statement was based-on the first detailed sedimentological
study of the Rustler sgtratigraphy. but only at one location,
albeit in situ., in a shaft. It clearly signaled the need for
further work on the lateral variations in the stratigraphy of
the Rustler Formation across the WIPP site. Since the
interpretation by Powers and Holt was based on sedimentary
features, the need was for a sedimentological study of the

Rustler Formation.

To resolve this issue, the Environmental Evaluation Group (EEG)
asked Dr. Tim K. Lowenstein to perform a sedimentological study
of the available cores of the Rustler Formation. Dr. Lowenstein
igs a sedimentologist with special interest in the study of
evaporites and has studied the Ochoan evaporites of the Delaware
Basin (Lowenstein, 1882, 1985). For this study, he performed a
detailed sedimentological analysis of the Rustler cores from 7
four wells, viz. DOE-2, W-19, H-11 and H-12. This included
visual examination of the cores, preparation and petrographic
analyses of 52 thin sections from selected locations of the
cores, and x-ray diffraction analyses of 40 samples from
selected locations of the cores. In addition, descriptive data
on the rock cuttings and geophysical logs of borehole P-18 were

used for correlation purposes. This report is a result of these
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analyses and correlation of sedimentary features between the

drill-holes.

This study was confined to a miniscule area (only about 0.05X%)
of the total extent of the Rustler Formation and therefore
cannot be considered to be a study of post-burial alteration of
the Rustler Formation as a whole. Within the confines of this
area, however, detailed stratigraphic correlations by Dr.
Lowenstein based on sedimentary structures and textures indicate
overall uniformity of depositional setting. Further, the
physical and chemical alteration features, based on crosscutting
relations, represent the last processes which have operated on
these rocks. Four distinct dissolution zonesg in the Rustlef
Formation have been interpreted by Dr. Lowenstein. Although the
strata above and below the inferred dissolution zones are
chemically and physically altered., they contain abundant
sedimentary structures and an internal stratigraphy that can
easily be matched from well to well. Dr. Lowenstein does not
see a contradiction between post depositional dissolution and
the survival of sedimentary structures. His interpretation is
that the dissolved species produced by solution are removed from
the site of reaction and the zones in which the effects of
disssolution are now seen were at the periphery of main
dissolution activity and therefore may exhibit some alteration

as well as primary sedimentary structures.

- Lokesh Chaturvedi
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INTRODUCTION

The Rustler Formation is a Late Permian (Ochoan Series)
evaporite found in the subsurface and in outcrop in New Mexico
and West Texas (Fig. 1). It occurs over an area in excess of
100,000 km2 with known thicknesses of up to 150m. The main rock
types of the Rustler Formation are anhydrite, gypsum, halite,
dolostone and siliciclastic sandstone and mudstone. Across the
WIPP site, located in southeastern New Mexico (Fig. 1). some of
the Rustler rock types and their thicknesses change dramatically
over short lateral distances. These lateral variations have
mainly been attributed to post-burial dissolution of evaporites
(Powers et al., 1978: Chaturvedi and Rehfeldt, 1984: Snyder,
13885). Recently, Powers and Holt (1984) have challenged this
interpretation, based on the excellent preservation of primary
sedimentary features in much of the Rustler Formation.

From their studies, Powers and Holt (1984) raise the possibility
that the lateral changes in thickness and rock types of the
Rustler Formation may reflect original sedimentary facies varia-

tions.

The aim of the present study is to distinguish syndepositional
features from post burial alteration features in the Rustler
Formation. Such an investigation then allows testing of the
"primary sedimentary” versus "post-burial dissolution” hypothe-
ses just discussed. Four borehole cores of the complete Rustler
Formation were examined in hand samples and in thin sections
(Figs. 2 and 3). Mineral identification was confirmed by x-ray
diffraction analysis. For each cored section of the Rustler
Formation, primary sedimentary structures, textures and fabrics
were identified, based on comparison with modern evaporite
deposita. Vertical and lateral patterns of primary sedimentary

features were recorded. From this information. depositional



Figure 1.
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Outline of the approximate aerial extent of the Rustler
Formation, from Hills (1942, p. 243) and Hills (1972, p. 2319).
The area to the southwest is largely inferred (?). but has been
interpreted as the dominant late Permian (Ochoan) marine
connection. Dark circle is studv area of Walter (1953) and the
star represents the location of the WIPP site.
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settings have been assembled which best account for the observed
types of primary features and their vertical and lateral distri-
bution. With this framework, post-depositional diagenetic
overprints were identified in the Rustler Formation. These
diagenetic features include mineral replacements (dolomitiza-
tion, conversion of gypsum to anhydrite or anhydrite to gypsum),.
mineral precipitation (cements, fracture-fillings), and deforma-
tion features such as fracturing and faulting. Dissolution of
gypsum, anhydrite and halite is interpreted to have occurred in
some portions of the Rustler Formation. The relative timing of
these alteration features can commonly be deduced from textural
studies, but the absolute timing of alteration cannot be ob-
tained by this method. However, based on comparison of the
observed alteration features with the present-day chemical
compogition of the Rustler Formation waters, the gquestion of
whether subsurface diagenetic alteration is presently active at

the WIPP site is addressed.



GEOLOGIC SETTING

The Rustler Formation is part of the Late Permian Ochoan Series
of West Texas and eastern New Mexico which includes, from bottom
to top, the Castile Formation, the Salado Formation, the Rustler
Formation and the Dewey Lake Formation. These rocks, totalling
over 1300m in thickness are, with the exception of the silici-
clastic redbeds of the Dewey Lake Formation, dominated by evapo-
rites. In the area of the WIPP site in southeastern New Mexico,
the Rustler Formation is up to 150m thick and its stratigraphy
isg well known. Outside this small area, little detailed study
of the Rustler Formation has been done. On the eastern edge of
the basin, Page and Adams (1940) state that Rustler anhydrites
grade laterally into redbeds. Outcrop studies southwest of the
WIPP gsite by Walter (1953) show that in Culberson County, Texas,
the lower part of the Rustler Formation is predominantly dolo-
stone, limestone and siltstone (Fig. 1). 8ignificantly, marine
invertebrate fossils were discovered by Walter (1953) which
firmly establishes the Rustler Formation as at least partly
marine in origin. The western edge of the Rustler Formation is
an eroded/dissolution boundary so its original western limit is

uncertain.



SYNDEPOSITIONAL FEATURES, INTERPRETATION OF DEPOSITIONAL
ENVIRONMENTS AND DIAGENETIC OVERPRINTS

The stratigraphic sequence of the Rustler Formation in the four
borehole cores is shown in Figures 4, 5 and 6. In general, the
sequence is similar across the WIPP site. One additional well.
P-18, is included in the figures., but rock types were identified
from well cuttings and geophysical logs by Jones (1878) and
Snyder (1885). The rock types of the Rustler Formation are
described below from bottom to top.

The contact between the underlying Salado Formation and the
Rustler Formation was examined in three cores, DOE-2, WIPP-19
and H-12. The top of the Salado Formation contains meter-scale
sequences of halite and muddy halite similar to those described
by Lowenstein (1882). Above the top halite of the Salado Forma-
tion is a thin transition zone, 0.7 to 0.9m in thickness. which
is composed of interlayered anhydrite and mudstone followed

above by vaguely laminated brown mudstone.

LOWER MEMBER

The lower member of the Rustler Formation contains in ascending
order: siliciclastic mudstone and very fine grained sandstone
(§-1). muddy halite (H-1), interbedded anhydrite and halite (A-
H-1) ., muddy halite (H-2), anhydrite (A-1) and mudstone (I) (Fig.
4) . The same detailed stratigraphic sequence occurs in all four
cores and in the published descriptions of well P-18 to the east
of the WIPP site. One notable exception is th§ mudstone (I).
which in well P-18 probably consists of muddy halite (Fig. 4).
Most of the Lower Member is probably equivalent to the outcrop
sections of dolostone, siltstone and limestone in Culberson
County, Texas (Walter, 1953).
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The basal siliciclastic very fine grained sandstone and mudstone

(8~1) displays a systematic vertical variation of sedimentary
features in all four cores (Fig. 4). At the base, it is com-
posed of mottled gray-green siltstone to very fine-grained
sandstone with patchy preservation of fine scale flat parallel
lamination and wavy parallel lamination as well as small scale
crosg lamination (Photo 1). Burrows of cm-scale size, oval to
circular shape in cross section, and variable orientation are
common (Photo 1). 1In core H-12, four layers of dolomitic grain-
stone, from 5-30 cm in thickness, were identified near the base
of the sequence (Fig. 4). These grainstones contain oolites,
coated grains, peloids. shells of gastropods, bivalves, brachio-
pods and bryozoca, and pebbles made of aggregates of dolomitic
peloida. Dolomite, anhydrite and halite have replaced all the

shell material and may also form void-filling cement.

The upper half of this siliciclastic sequence commonly contains
well preserved layering. no fossils and few to no burrows.
Sedimentary structures include flat, wavy and contorted lamina-
tion, cross lamination and erosionally bounded sets of low angle
cross strata, 5 to 15 cm in thickness. The sequence is capped
by 1.5 m to 1.8 m of laminated mudstone and sandstone (Photo 2).
There, anhydrite is common as nodules and discontinuous laminae.
One horizon identified in all cores contains vertical fissures
that disrupt layering and which are filled with anhydrite and
giliciclastic sediment (Fig. 4, Photo 2).

The siliciclastic sandstone and mudstone sequence (8-1) is
interpreted to have been deposited in an open marine embayment.
The fossils, especially the bryozoa identified in core H-12,
indicate normal marine conditions near the base of the sequence.
These sediments record a major marine transgression over the

underlying salt-pan-saline mudflat halite of the Salado Forma-
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tion. The better preservation of sedimentary structures, the
lack of fossils and the sparse burrows higher in the sequence
indicate more restricted conditions, probably shallower water
with elevated salinities. The uppermost part of the sequence
records the final phase of drying of the marine embayment. The
fissured horizon is interpreted as a widespread subaerially
exposed surface on which prism cracks formed by desiccation.
The disrupted/contorted layering near the top of the sequence

may record the disruptive effects of ephemeral salt crusts.

Post depositional diagenetic features observed in the S-1 se-
guence include replacement of carbonate peloids, oolites. and
shells by dolomite, anhydrite and halite, fractures filled with
halite, and microfaulting (Fig. 4). No features diagnostic of

late-stage alteration or dissolution were observed.

The muddy halite of the Lower Member (H-1) contains mudstone,

less commonly sandstone, and mm to cm size, subhedral to euhed-
ral cubes of halite (Fig. 4 and Photos 3 and 4). The halite
occurs as randomly oriented isolated crystals or as crystalline
aggregates. Halite makes up only about 10X of the rock near the
base of the sequence. There, well preserved lamination and
lenticular thin beds of mudstone and very-fine grained sandstone
are found (Fig. 4 and Photo 3). Higher in the sequence, where
halite is more abundant (up to about 70X of the rock), the
layering is commonly no longer visible and the rock is struc-
tureless mudstone-halite (Photo 4). Irregularly shaped pockets
and lenses of mudstone, some with concave-up dish structure, may

separate crystalline aggregates of halite.
The muddy halite (H-1) is interpreted to have formed in a saline

mudflat setting by the mechanism of syndepositional displacive

growth of halite at or below the level of a halite saturated
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shallow groundwater brine. The siliciclastic sediment was
derived from the basin margins and was transported to the center
of the basin by episodic floods, by winds, or by a ¢ombination
of the two. The layering was disturbed later, probably by the

intrasediment growth of displacive halite.

The only probable later diagenetic features observed in the H-1
muddy halite are vertically oriented fractures filled with
halite. No features diagnostic of late-stage alteration or

dissolution are present.

The anhvdrite-halite sequence of the Lower Member (A-H-1) is

shown in Figure 4 and Photo 5. The anhydrite layers are from
imm to about 30 cm in thicknessa, and in core H-12, a bed of
anhydrite one meter thick occurs at the base. The anhydrite
contains gray to gray-green mud partings that define sub-cm
scale lamination. Pseudomorphs of vertically oriented gypsum
prisms and randomly oriented equant gypsum crystals (now
anhydrite and halite) occur in cores H-12, DOE-2 and W-18. The
halite of this sequence is bedded, with laminae of anhydrite
(Photo 5) and lenses of mudstone defining layering. The halite
contains well preserved primary sedimentary textures, most
commonly fluid inclusion-banded chevron and cornet crystals.
The upper surfaces of halite layers are commonly truncated and

overlain by anhydrite or mudstone,

The anhydrite-halite sequence of the Lower Member is interpreted
to have formed in a shallow saline lake - salt pan setting. The
rock contains many textures (vertical gypsum pseudomorphs,
chaevron-cornet halite with syndepositional dissolution trunca-
tions) that are identical to those found in modern shallow
hypersaline lakes and salt pans (Lowenstein and Hardie, 1985:

Hardie., Lowenstein and Spencer, 1985).

-16-



The ma jor post depositional modification of the A-H-1 unit is
the dehydration of an originally gypsum-rich sediment to anhy-
drite. No features diagnostic of late-stage alteration or

dissolution are present.

The muddy halite (H-2) of the Lower Member is shown in Figure &

and Photo 6. The halite crystals are commonly subhedral to
euhedral, mm to cm size cubes. Isolated crystals of halite or
crystalline aggregates separated by mudstone lenses are both
present. Discrete layers of halite, from 1 to 5 cm in thickness
and composed of vertically directed chevron and cornet crystals,
were found in one zZone of cores H-12 and DOE-2. The mudstone
occurg as discontinuous layers and pockets which, in places,
contain internal lamination (Photo 6). Mudstone is also common-

ly disseminated between and incorporated within halite crystals.

The muddy halite (H-2) is interpreted as a saline mudflat depos-
it, formed in a manner similar to that described for the muddy
halite in H-1. The muddy lenses with internal layering probably
formed by infilling depressions of an irregular ephemeral salt

crust at the surface.

The only later diagenetic features observed in the H-2Z muddy

halite are a few halite-filled fractures.

The anhydrite (A-1) of the Lower Member is shown in figure 4 and

Photos 7 and 8. Most of the anhydrite is laminated with mm to
cm scale layers of anhydrite separated by mudstone containing
magnesite. Probable small-scale cross stratification was seen
in one zone in all four cores. Pseudomorphs after gypsum (now
anhydrite and halite) are common in this interval. The gypsum
pseudomorphs are (1) vertically oriented prisms originating from

a common depositional surface, (2) large zoned euhedral crystals
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up to 10 cm in size and replaced by halite and anhydrite and (3)

gsand sized equant, unoriented gypsum crystals (Photo 7).

The top of the seguence in all four cores contains about 30 cm
of anhydrite and gypsum (Photo B8). Features observed there
include (1) rounded to angular fragments ("islands”) of anhy-
drite in massive gypsum, (2) subhorizontal layers of gypsum, (3)
massive gypsum, (4) subhorizontal gypsum-filled fractures, and
at the top. (5) angular fragments of gypsum or anhydrite sur-

rounded by brown mudstone (Photo 8).

The anhydrite of the Lower Member is interpreted to have formed
in a shallow hypersaline lagoon saturated with respect to gyp-
sum. The original sediment was probably gypsum and minor car-
bonate mud. The vertically oriented gypsum pseudomorphs and
probable cross lamination indicate shallow water depths. The
ma jor post-depositional diagenetic feature of the A-1 anhydrite
is the dehydration of gypsum to anhydrite and minor pseudomor-

phous replacement of some gypsum by halite.

The upper part (about 30 cm) of the A-1 anhydrite is interpreted
to have undergone late-stage alteration involving hydration of
anhydrite to gypsum, and, in one core (DOE-2), the probable
dissolution of halite that once formed pseudomorphs after gyp-
sum. The evidence and mechanisms of this late-~stage alteration

are discussed below.

The uppermost rock type of the Lower Member in the four cores

examined is mudstone (M~I) (Fig. 4 and Photos 8 and 8). The

mudstone is poorly lithified and "crumbly”, and predominantly
gstructureless. Some remnantg of highly contorted and folded
layering were observed. Additional features include (1) round

to angular cm-size fragments or clumps of mudstone, (2) angular

-18-



fragments of gypsum or anhydrite, up to 5 cm in diameter, sur-
rounded by mudstone, (3) isolated euhedral gypsum crystals and
gypsum crystal rosettes, (4) disseminated calcite (identified
using 10X HC1l solution), and (5) numerous fractures filled with
fibrous gypsum up to 2 cm thick and oriented at varying angles
from horizontal to 60° from the horizontal (Photo 8). The top
of this unit grades into laminated dark gray mudstone with well

preserved wavy to flat parallel lamination.

The environment of deposition of the mudstone (I) is difficult
to assess from examination of the four cores because, besides
the contorted remnants of layering, there are no unequivocal
primary sedimentary structures preserved. This rock is inter-
preted to have undergone significant late diagenetic alteration
(see below). In core P-18 to the east, halite with polyhalite
and brown mudstone is interpreted to occupy the same stratigra-
phic position as the mudstone (I) (Fig. 4) (Jones, 1878: Snyder,
1985) .

CULEBRA DOLOMITE MEMBER

~The Culebra Dolomite Member is a tan to gray colored dolostone
with minor quartz silt (Fig. 5 and Photos 10 and 11). The rock
is predominantly structureless, although vague layering, on a
scale of 1-5 cm, is seen in places. Well preserved mm-scale
lamination is present at the base of the unit. The top of the
Culebra Member, about 30 cm in thickness, is finely laminated
and the unit is capped by a brown to black laminite with sub-mm
scale, black organic-rich and tan carbonate-rich layers. One
common feature of the Culebra Dolomite is the large number of
nodular masses and open vugs from a mm to greater than 10 cm in
diameter. They are roughly spherical to ellipsoidal in shape

and are in sharp contact with the surrounding dolostone. In
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core H-12, the vugs are open or filled with (1) a core of anhy-
drite laths and a rim of gypsum (Photo 10) or (2) gypsum. In
the other 3 cores, most of the vugs are open but some are en-

tirely filled with coarse gypsum crystals (Fig. 5).

The Culebra Dolomite is intensely fractured which has led to
genarally poor core recovery. Fractures are oriented in all
directiongs, from the horizontal to the vertical and they are
open or filled with gypsum (Fig. 5 and Photo 11). The gypsum
fracture filling is either fibrous or occurs as coarse sparry
crystals. Also present are pockets of dolostone pebbles cement-
ed by gypsum. They consist of unsorted, angular fragments of

dolostone which may display "fitted” textures.

The Culebra Dolomite was probably originally composed of carbon-
ate mud. The dolomite is very finely crystalline with crystal
sizes of about 10x. There is little textural evidence of a
precursor carbonate nor were any fossils or burrows identified.
Features indicating subaerial exposure were not found. Taken
together, the textures of the Culebra suggest that it was depos-
ited as carbonate mud in an aerially extensive lagoon with
reastricted circulation and slightly elevated salinites. Some-
time after deposition, the carbonate was replaced by well or-
dered dolomite. The origin of the nodular masses and vugs is
uncertain, but similar features, made of anhydrite, have been
interpreted by Clark (1880) as concretions in the.Zechstein
Formation of Western Europe. Whatever their origin, the nodular
masses of the Culebra are believed to have once been completely
filled with anhydrite. Anhydrite is still found in the cores of
some of the larger nodules of core H-12 (Photo 10). These
anhydrite nodules are rimmed by gypsum, interpreted as a hydra-
tion replacement mineral formed during late stage alteration.

In the other 3 cores, it is interpreted that all the anhydrite
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has been converted to gypsum or has been dissolved. Other
evidence for late stage alteration is the intense fracturing and
the filling of some fractures with gypsum. The pockets of
angular dolostone pebbles cemented by gypsum are interpreted to
have formed by late stage in-situ brecciation. The late gtage
alteration of the Culebra Dolomite Member will be discussed

later.

TAMARISK MEMBER

The Tamarisk Member of the Rustler Formation contains, in as-
cending order, anhydrite (A-2): mudstone (M-II) and in core H-
12, halite-muddy halite (M~-II - H-3): and anhydrite (A-3) (Fig.
5).

The anhydrite (A-2) of the Tamarisk Member contains a variety of

textures and fabrics including (1) laminated anhydrite with mm
to cm scale anhydrite layers separated by muddy partings, (2)
nodules of anhydrite surrounded by gray-green mudstone, and (3)
structureless anhydrite. Contorted layering was seen in cores
H-12 and DOE-2 (Fig. 5). Gypsum pseudomorphs were observed in
cores H-12, DOE-2 and H-~11. The pseudomorphs are (1) sub cm-
size vertically oriented prisms (now anhydrite)., (2) sub-cm size
randomly oriented equant euhedral crystals outlined by mudstone.
{now anhydrite), and (3) large zoned crystals, up to 5 cm in

size and now composed of halite and anhydrite (core H-12).

In core H-12 gypsum occurs in the bottom 30 cm of this unit and
sub horizontal gypsum-filled fractures occur in the lowest 60 cm
(Fig. 5). The top of the segquence in H-12 contains 15 cm of
bedded halite and anhydrite., which is overlain by halite. Core
H-11 contains laminated gypsum and subhorizontal gypsum-filled

fractures in the lowest 80 cm of the sequence (Fig. 5). In core
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DOE-2, gypsum occurs in the bottom 30 cm. the middle and the top
60 cm of the sequence and gypsum-filled fractures are found
throughout. The A-2 anhydrite of the Tamarisk Member is not

present in the WIPP-19 core.

The sedimentary setting in which the anhydrite (A-2) was depos-
ited cannot be established with certainty because of the limited
number of sedimentary structures. However, the identification
of gypsum pseudomorphs indicates that the original sediment was
composed of gypsum and mud. The gypsum has been dehydrated to
anhydrite sometime after deposition. The rock contains evidence
for late-stage alteration of anhydrite to gypsum in the bottom
of cores H-11 and H-12 and the bottom, middle and top of core
DOE-2. The alteration process has involved rehydration of
anhydrite to gypsum and fracturing, with gypsum commonly filling
. the fractures. The entire sequence is absent in core W-19.
Based on the detailed correlation of this anhvdrite across the
study area, the A-2 anhydrite in core W-19 is interpreted to
have been removed by late-stage dissolution processes (see

below) .

The halite-muddy halite rock of the Tamarisk Member (H-3) is

only present in core H-12 (Fig. 5 and Photo 12). The bottom of
the sequence predominantly consists of clear halite crystals of
about cm size. Fluid inclusion-banded chevron/cornet halite was
identified in some intervals. 8Small amounts (less than 5%) of
gray-green to brown mud and anhydrite occur interstitial to
halite crystals and as discontinuous laminae (Photo 12). The
upper half of the halite sequence in core H-12 contains greater
amounts of mud as discontinuous lenses and pods and contorted
thin beds (Fig. 5). In thin section (core H~12 at 236.2 m or
775 ft), the halite contains primary textures including fluid
inclusion banded chevron and cornet crystals, some with syndepo-

sitional solution truncations.
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In the other three cores (H-11, W-139 and DOE-2), no halite was
identified in this interval, The rock is predominatly struc-
tureless brown mudstone (II), which is much thinner than the
halite sequence of core H-12 (Fig. 5, and Photos 13, 14, 15).
Where sedimentary layering was observed, it is folded or tilted
at an angle of 20 to 30° from the horizontal. The rock, in
places. contains mm to cm sizZe, unsorted. angular fragments of
gypsum or anhydrite and angular to rounded mudclasts all float-
ing in a brown mudstone matrix (Photo 14). Gypsum is common in
this sequence as scattered crystals and crystal rosettes (Photo
13) and as a fracture fiiling (Photo 15). Disseminated calcite

was detected with 10¥ HCL solution.

The halite-muddy halite (H-3) of the Tamarisk Member has not
been studied in great detail. Based on core examination and one
thin section (H-12, 236.2m: 775 ft), the halite probably formed
in a salt pan-saline mudflat setting. Shallow water conditions
are indicated by the presence of primary. fluid inclusion banded
halite with syndepositional solution truncations (see Lowenstein
and Hardie, 13885). The mudstone (M-II) at the same
stratigraphic position in cores H-11, W-19 and DOE~-2 contains
few primary sedimentary structures so interpretations of
depositional environmente are difficult. This sequence is
interpreted to have suffered extensive late-stage alteration,

which will be discussed in a later section.

The anhydrite (A-3) of the Tamarisk Member is shown in Figure 5

and Photos 16 and 17. In general, the sedimentary structures
present in this anhydrite can be correlated in all four cores
across the study area. The rock is for the most part laminated
with cm-scale anhydrite layers separated by dolomitic (7) mud-
stone. Gypsum pseudomorphs are abundant as (1) sub-vertically
oriented prisms (Photo 17) and (2) randomly oriented equant

crystals surrounded by mudstone.
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The upper half of the sequence contains few gypsum pseudomorphs
and the layering is disrupted to produce a nodular or "lumpy”
texture. Dolostone layers are common as lenses and thin beds
and they become most abundant near the top of the unit where it
grades into the overlying Magenta Dolostone. In all four cores,
the base of the A-3 anhydrite contains contorted layers of
laminated anhydrite and gray-green mudstone and clasts of anhy-
drite in a mudstone matrix. In core H-11, the bottom 1.8 m
contains (1) unsorted brecciated fragments of anhydrite (Photo
16), some with internal layering showing that the clasts have
been rotated and deformed, and (2) folded and deformed anhy-
drite-mudstone laminae. In core W-18, the basal 30 cm is brec-
ciated and the layering in the bottom 6 m or so dips at angles
of 20-30° from the horizontal. A small fault was observed at
216.4 m. The bottom 90 cm of the DOE-2 core also contains
folded and contorted laminae and brecciated fragments. which are
cemented by gypsum spar. Gypsum is present in the top 60 cm of
cores H-11 and H-12, in the bottom 6.7 m and top 3.7 m of core
W-19 and the bottom 11.3 m and top 0.6 m of core DOE-2 (Fig. 5).
Gypsum-filled fractures occur in about the same stratigraphic

position as the gypsum in all four cores (see Fig. 5).

The A-3 anhydrite is interpreted to have been originally com-
posed of gypsum and carbonate-rich mud. The gypsum pseudo-
morphs, predominantly in the lower half of the unit, indicate
deposition in a shallow lagoon at gypsum saturation. Sometime
after deposition, all the gypsum has been converted to anhydrite
and all the carbonate mud has been dolomitized. There is
abundant evidence that the A-3 anhydrite has suffered late-stage
alteration. The basal breccia and the contorted and tilted
layering are all interpreted as slump or collapse features.

The presence of gypsum and gypsum-filled fractures, which show a

progressive increase in abundance across the study area (Fig. 5)
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are interpreted to have formed by late-stage fracturing,
cementation and rehydration of anhydrite. Petrographic study

of the gypsum-bearing section of the DOE-2 core shows that
gypsum crystals crosscut the primary sedimentary textures of the
rock. Compared to the same stratigraphic interval in core H-
12, the DOE-2 core shows much poorer preservation of primary
sedimentary textures. The alteration process will be discussed

in more detail below.

The Magenta Dolomite Member of the Rustler Formation is shown in
Figure 6 and Photos 18, 139, 20 and 21. The unit is virtually

identical across the study area. It is composed of dolomite,
(as anhedral to subhedral crystals that may outline very-fine
peloidal sand)., gypsum, minor quartz silt and very fine sand and
traces of anhydrite. Notable sedimentary structures include (1)
dolomitic laminites with organic partings and probable gypsum
pseudomorphs (Photo 18) and a dolostone stromatolite, both at
the base of the Magenta (Photo 19), common wavy laminae to thin
beds that are internally massive or cross laminated (Photo 20),
scour and fill and cross bedding (Photo 21). Gypsum is common,
especially near the top and bottom of the unit, as sand size
clasts and pebble-sized spherical to ellipsoidal shaped masses.
Thin sections from cores H-11 and W-19 show that the gypsum is
commonly a coarse spar. Some microcrystalline laths of anhy-
drite are commonly found in the cores of the gypsum nodular
masses and clasts. 8Small scale faulting and fracturing is
common, with most fractures filled with satin spar gypsum. The
intensity of fracturing increases across the study area (see

Fig. 6).
The Magenta Dolostone Member was probably originally deposited

as peloidal carbonate sand and mud. quartz silt and gypsum

cryastal sand. The lack of fossils and the presence of gypsum
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sand clasts and a primary gypsum crystal layer near the base
suggests that the waters were too saline to allow organisms to
survive. There is no evidence for subaerial exposure. The
abundance of current-formed sedimentary structures suggests that
the predominant environment of deposition was a shallow marine
embayment. Following deposition, all the carbonate was convert-
ed to dolomite and all the gypsum was converted to anhydrite.
Evidence for late stage alteration includes fractures filled
with gypsum and rehydration of the anhydrite sand clasta and

nodules to gypsum (see below).

THE FORTY NINER MEMBER

The Forty Niner Member of the Rustler Formation contains, from
bottom to top, anhydrite (A-4): mudstone (XII). which in core H-
12 contains muddy halite (H-4): and anhydrite (A-5) (Fig. 6).

The anhydrite (A-4) of the Forty Niner Member chiefly consists

of bedded nodular anhydrite. The anhydrite nodules are cm-scale
in size and commonly flattened. In core H-12, gypsum and gyp-
sum-filled fractures occur in the bottom 30cm. In the other
cores, gypsum and gypsum-filled fractures are found throughout

the sequence.

There are no primary sedimentary structures in this anhydrite
that are diagnostic of any particular depositional environment.
The gypsum and gypsum-filled fractures, especially common in
DOE-2 and W-18, are interpreted as late-stage alteration fea-

tures.

The mudgtone-muddy halite (H-4) of the Forty Niner Member is

only found in core H-12 (Fig. 6). The base of the sequence is a

gray-green‘mudstone with vague contorted lamination. Immediate-
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ly above it is a sequence of muddy halite. The halite consists
of mm to cm size crystals and crystalline aggregates with incor-
porated mud. Mudstone pockets and lenses may separate crystal-
line aggregates of halite. A thin section of this halite con-

tains both fluid-inclusion banded chevron halite and clear. mud
incorporative displacive halite. The sequence is capped by red-
brown mudstone, predominantly structureless but with traces of

layering (Fig. 6).

The same stratigraphic interval in the W-19 and DOE-2 cores

congists of mudstone (M-III). It is predominantly structureless

with vague remnants of contorted layering. Pebble sized clasts
of mudstone and gypsum occur at the base of the unit in DOE-2.
Scattered gypsum crystals and gypsum-filled fractures were seen

in the W-19 core.

The mudstone-muddy halite of the H-12 core is interpreted as a
salt pan-saline mudflat deposit, based on the chevron halite and
displacive halite textures observed in cores and thin section.
In cores W-19 and DOE-2, few sedimentary structures are pre-
served so interpretation is difficult. The gypsum fragments,
gypsum crystals, and gypsum-filled fractures are interpreted as

late-stage alteration features (see below).

The uppermost anhydrite (A-5) of the Forty Niner Member is shown

in Figure 6 and Photos 22, 23 and 24. The anhydrite is commonly
laminated and contains abundant pseudomorphs of gypsum that have
been replaced by anhydrite. The gypsum pseudomorphs are commonly
mm to cm in size and vertically aligned. Mud partings may form
drapes over these pseudomorphs. Other types of gypsum pseudo-

morphs are present including zoned equant crystals,
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The anhydrite (A-5) of the Forty Niner Member is gimilar to the
laminated anhydrite described by Lowenstein (1982) in the Salado
Formation. The primary sediment was carbonate mud and gypsum
formed in a shallow lagoon setting. The growth of gypsum on the
lagoon floor as vertically-oriented prisms was interrupted by
the deposition of thin carbonate-rich mud layers. Some of the

gypsum may have been reworked into detrital crystal sand layers.

There is firm evidence that this anhydrite has suffered late-
stage alteration. The H-12 sequence is composed entirely of
anhydrite although the cap of the sequence was not studied.
Core H-11 containg gypsum in the top 30 cm at the Rustler-Dewey
Lake Formation Contact. W-19 and DOE-Z contain gypsum fracture
fillings and gypsum over much of the sequence. All the gypsum
is interpreted to have formed during late stage alteration by
replacement of anhydrite (Photos 22, 23 and 24) and by precipi-
tation in fractures. Thisa alteration process will be discussed

in the next section.
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CRITERIA FOR RECOGNIZING LATE STAGE ALTERATION

Features interpreted to have been produced by late-gstage alter-
ation have been observed in all four cores of the Rustler Forma-
tion in the study area. This alteration has occurred to varying
degrees in the top of the Lower Member (A-1 anhydrite and Mud-
stone I), the Culebra Dolomite Member, the Tamarisk Member (A-2
anhydrite, Mudstone II and A-3 anhydrite), the Magenta Dolomite
Member, and the Forty Niner Member (A-4 anhydrite, Mudstone III
and A-5 anhydrite) (see Figs. 4, 5 and 6). The alteration has
involved physical processes such as brecciation, slumping.
fracturing and faulting and chemical processes such as rehydra-
tion of anhydrite to gypsum, gypsum precipitation and dissolu-

tion of halite, anhydrite and gypsum.

Two assumptions that have led to the above interpretations are
first addressed. First, the Rustler Formation occupies an
enormous area, greater than 100,000 kmz. so it may be properly
called a "saline giant”. All the rock types observed in the
study area are interpreted to have originally been deposited in
shallow water to subaerially exposed settings. Such shallow
water facies normally record with great sensitivity the environ-
ments in which they were deposited. Indeed. in the four cores
studied, stratigraphic correlations are readily made. Further-
more, many of the stratigraphic units contain a detailed inter-

nal stratigraphy that can be easily matched from core to core

(see Figs. 4, 5 and 6; S$-1, H-1, A-H-1, and A-1 units of the
Lower Member; Culebra Member; A-2 and A-3 anhydrite of the
Tamarisk Member: the Magenta Member; and the A-4 and A-5 anhy-

drites of the Forty Niner Member). Therefore, across the study

area, ma jor facies changes are not observed. This area is only

a small part of the Rustler Formation, which as a whole, was

probably deposited in a low-relief basin (Fig. 1).
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Therefore, the detailed stratigraphic correlation is not sur-
prising. Abrupt thinning of stratigraphic units or changes in
rockbtypes across the study area should then sound a warning

that some post-depositional processes may be at work.

The second assumption is that sometime after deposition, most,
if not all, of the CaSO4 in the Rustler Formation was anhydrite.
The abundant pseudomorphs of gypsum,., now composed of anhydrite,
indicate that an originally gypsum-rich sediment has since been
converted to anhydrite. This assumption is backed by evidence
from many other ancient evaporites where primary gypsum has been
wholly converted to anhydrite upon burial. Therefore, the
gypsum now present in the Rustler is interpreted to have formed
as a rehydration replacement of anhydrite or as a void filling
cement, or fracture filling, the three of which are commonly
associated. There is abundant evidence indicating that the
formation of gypsum as one of the above textures has been the
last process that has operated in the Rustler Formation. This
evidence includes (1) gypsum-filled fractures that crosscut all
other sedimentary features, (2) gypsum crystals with remnants of
anhydrite in the cores of nodules and clasts, and gypsum rims
around anhydrite noduleg (Culebra Dolomite)., and (3) gypsum-
cemented breccias. Thus, where the gypsum of the Rustler Forma-
tion forms anything other than a void-filling, it is interpreted
to have undergone the transformation sequence of dehydration of
gypsum to anhydrite (upon burial) and rehydration of anhydrite
to gypsum (upon exhumation). Such changes should result in the
loss of primary sedimentary structures compared to rocks still
composed of anhydrite and in general this is true. In such
"gypsified” rocks, the gypsum crystals may crosscut the original
gypsum pseudomorph boundaries, which confirms that the gypsum is

a later alteration product.
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The presence of gypsum in the Rustler Formation therefore serves
as a general indicator of late stage alteration (see Figs. 4, 5
and 68). In all zones identified as altered in the study area,
gypsum is present. Waters capable of directly precipitating
gypsum and rehydrating anhydrite to gypsum on a large scale are
not likely to be connate evaporite formation waters, but were
probably introduced into the rock at some later time. In the
Rustler Formation., the most likely candidate for an introduced
"alien"” water is groundwater. The present-day Rustler Formation
waters (in the Culebra and Magenta Dolomites) are for the most
part "dilute” and probably meteoric in origin. These waters
have not migrated from the evaporites within or below the Rus-
tler Formation. The chemistry of present-day Rustler Formation

waters will be further discussed below.

Evidence for late-stage chemical alteration

The textural features in the Rustler Formation interpreted to
have formed during late stage chemical alteration by the intro-
duction of alien waters include (1) precipitation of gypsum as
void-filling cement, breccia cement and fracture filling (Figs.
4, 5 and 6 and Photos 8, 9, 11, 15, 18), (2) replacement of
anhydrite by gypsum by rehydration (Figs. 4, 5 and 6 and Photos
8. 10, 22, 23, 24). (3) precipitation of euhedral gypsum crys-
tals and gypsum crystal rosettes (Figs. 4, 5 and 6 and Photo
13). (4) dissolution of gypsum and anhydrite (open vugs in
Culebra and Magenta Dolomite Members, Photos 10 and 11) and (5)

precipitation of calcite (Figs. 4., 5 and 6).

Evidence for late-stage physical alteration

The physical features interpreted to have been produced by late
stage alteration are commonly associated with those produced by

chemical alteration. These include (1) fractures and small
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scale faults (Photo 11) (2) tilted beds., (3) contorted and
folded layering. (4) brecciation, with angular clasts of dolo-
stone or anhydrite/gypsum which may be cemented with gypsum.
(The breccias may display "fitted textures” demonstrating an in
situ origin (Photo 16): other breccias contain unsorted angular
fragments of anhydrite with internal layering that show that the
fragments have been rotated and deformed)., (5) Non-clast sup-
ported conglomerate with cm size, angular and unsorted fragments
of gypsum or anhydrite or round to angular clasts of mudstone in
a mudstone matrix (Photo 14). Taken alone, some of these fea-
tures may not be unequivocal indicators of later stage alter-
ation, especially 3 above. But these features are commonlj
associated with one another and with features diagnostic of
late-stage chemical alteration. Moreover, primary sedimentary
structures in these stratigraphic intervals may be strongly

overprinted or absent.

The intensity of these alteration features may, in some cases,
change progressively from least altered (core H-12) to most
altered (cores DOE-2 and W-19) across the study area. For
example, in the Tamarisk Member of core H-12, alteration to
gypsum together with gypsum filled fractures are seen only in
the bottom 60 cm of the A-2 anhydrite and the top meter or so of
the A-3 anhydrite. In comparison, gypsum filled fractures and
replacement gypsum are found over much of the A-2 and A-3 anhy-
drites of the DOE-2 core (see Fig. 5). Other intervals in which
such lateral variations in alteration occur include the Culebra
Dolomite Member in which remnants of anhydrite are still found
in core H-12 while in cores DOE-2 and W-19 most vugs are open or
filled with gypsum (Fig. 5). In the Forty-Niner Member (anhy-
drites A-4 and A-5) and the Magenta Dolomite Member the same
pattern of increased fracturing and gypsification is seen be-

tween cores H-12 and DOE-2 (see Fig. 6). In contrast,
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the pattern of alteration across the study area in the Lower
Member of the Rustler Formation (top 30 cm of A-1 anhydrite and

Mudstone I) is uniform (Fig. 4).
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DISSOLUTION OF EVAPORITES IN THE RUSTLER FORMATION

The question of whether widespread dissolution of evaporites has
occurred in the Rustler Formation may not be addressed with
direct observations: the dissolved species produced by solution
are removed from the site of reaction. Therefore, the identifi-
cation of evaporite dissolution and the amount of dissolution is
interpretive. In this detailed study., interpretations on disso-
lution are based on two observations. First, the lack of sig-
nificant lateral changes in the primary sediments and inferred
depositional settings of the Rustler Formation in the area of
study. In this area, which represents less than about 0.05% of
the total area of deposition of the Rustler Formation, detailed
stratigraphic correlations based on sedimentary structures and
textures indicate overall uniformity of depositional setting.
Second, the identification of physical and chemical alteration
features, which, based on crosscutting relations, represent the

last processes which have operated on these rocks.

If the two observations outlined above are correct, then strati-
graphic intervals in which widespread dissolution has occurred
may display abrupt lateral changes in rock type and rock thick-
negs. Such intervals must also contain some or all of the
features diagnostic of late-stage physical and chemical rock
alteration by relatively dilute, alien waters (see discussion

above).

For the four cores examined, the following stratigraphic inter-
vals are interpreted to have undergone significant late-stage
evaporite dissolution: (1) Halite from the Mudstone I (M-I)
interval of the Lower Member in all four cores (Fig. 4). (2) the
A-2 anhydrite of the Tamarisk Member in Core W-19, (Fig. 5), (3)

Halite from Mudstone II (M-II) of the Tamarisk Member in cores
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H-11, w-19 and DOE-2 (Fig. 5). In addition, halite may have
been removed from Mudstone III (M-III) of the Forty-Niner Member
in cores W-19 and DOE-2, but the evidence is equivocal. The
amount of possible halite dissolution in this interval however

is small (see Fig. 8).

The following generalizations may be made for the stratigraphic
intervals in which widespread dissolution has been interpreted

(see Figs. 4, 5 and 6 and earlier discussion).

(1) Late-stage physical and chemical alteration features

are present.

(2) Changes in rock type (mineralogy) and rock thickness

occur over short lateral distances.

(3) Dissolution zones may be located immediately above (A-2
anhydrite, W-19 core) or below (M-I mudstone)

present day aquifers.

In addition, stratigraphic intervals immediately above and below

the inferred dissolution zones exhibit the following:

(4) Late-stage physical and chemical alteration features, espe-
cially near the contacts with the inferred dissolution zone (top
of A-1 anhydrite and Culebra Dolomite, Fig. 4 and 5: Culebra
Dolomite and A-3 anhydrite, Fig. 5: A-2Z anhydrite and A-3 anhy-
drite, Fig. 5; A-4 anhydrite and A-5 anhydrite, Fig. 6). These
surrounding stratigraphic intervals are not heavily dissolved
because they are predominantly composed of dolostone and anhy-
drite which are far less soluble than halite, the mineral inter-
preted to have been removed in all but one of the dissolution

zones. These relations are best seen for the rocks above the M-
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IXI mudstone, in which, based on stratigraphic correlation, the
largest amount of halite has been dissolved (Fig. 5). The A-3
anhydrite directly above the inferred dissolution zone contains
abundant gypsum-filled fractures, breccias with rotated
fragments, gypsified anhydrite and tilted and contorted beds
(Cores DOE-2, W-18, and H-11). Such features are interpreted
to have formed by mechanical slumping and collapse over the
underlying dissolved halite interval and by chemical alteration

by migrating alien waters.

(5) No lateral changes in thickness, rock type or sedimentary
structures. Though the rocks above and below inferred dissolu-
tion zones are chemically and physically altered, they still
contain abundant sedimentary structures and an internal strati-
graphy that can easily be matched from core to core. These
surrounding intervals are also about the same thickness across
the study area. {An exception, of course, is the lateral change
from anhydrite to gypsum, interpreted as a late-stage rehydra-

tion process.)

Possibhility of Present-Day Disgsolution

The question of whether active dissolution is presently occur-
ring in the Rustler Formation in the study area may be addressed
through study of the chemical composition of Rustler Formation
waters. The chemical composition of these waters is presented
in Ramey (1985) for three stratigraphic intervals: the Rustler-
Salado contact, the Culebra Dolomite and the Magenta Dolomite.
Water analyses from 11 wells located within 5 km of the four
borehole cores were selected for detailed study (H-1, H-2, H-3,
H-4, H-5, H-6, P-14, P-15, P-17, P-18, and W-30).

The contact hetween the Salado Formation and the Rustler Forma-

tion does not appear to have undergone any late-stage
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alteration for the three cores examined. The water analyses
from locations near the cores studied confirm this interpreta-
tion. Nearly all the waters from this zone are halite saturated
brines with total dissolved solids greater than 300,000 mg/1l.
(Exceptions are wells P-15 and P-17 both located to the west of
the studied cores). These brines are chloride-rich with signif-
icant concentrations of Na+, Mg+2, K+ and Ca+2. Such brine
compositions could not be produced by simple dissolution of
halite, nor are they now capable of dissolving significant

quantities of evaporites.

Compared to the waters at the Salado-Rustler contact, the forma-
tion waters in the Culebra Dolomite are gquite dilute., Of the
eleven wells in the vicinity of the borehole cores studied. four
contain waters with 30,000 mg/l or less dissolved solids, and
the most concentrated waters (well H-5) contain only 144,000
mg/1l total dissolved solids. Despite the uncertainty associated
with saturation calculations for high TDS waters, calculations
indicate that all these waters are undersaturated with respect
to halite (log IAPNaCllxnalite = ~1.1 to -3.8). Moreover, eight
of the eleven wells contain waters undersaturated with respect
to gypsum (log IAP/K = ~0.016 to -1.48) and three of the waters
(H-1, H-2, H-3) are slightly supersaturated (log IAP/K = +0.071%1
to + 0.084 or IAP/K < 1.22). The Culebra Formation waters are
NaCl dominated with subordinate Ca and S04. These waters, in
terms of chemical composition and concentration of dissolved
species, would be ideal to produce the types of alteration
features that are observed within, above and below the Culebra
Dolostone Member. Those undersaturated with respect to gypsum
may dissolve gypsum, leaving the numerous open vugs observed in
the Culebra Dolomite. Those waters supersaturated with respect
to gypsum may precipitate gypsum as cement and fracture filling.

Leakage of these waters into the underlying rocks may produce
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widespread dissolution of halite as has been interpreted to have
occurred in the underlying M-I mudstone. Interestingly. the one
well with known halite below the Culebra Dolomite (P-18) con-
tains relatively high total dissolved solids (118,000 mg/1l),
indicating the posgibility of present-day dissolution. Were
these waters to leak into the M-II mudstone, just 6 m above the
top of the Culebra Dolostone, then widespread dissolution of
halite may occur there, as has been interpreted (Fig. 5).
Finally. this type of water may have dissolved the A-2 anhydrite
directly above the Culebra Dolomite (Core W-18), given a large
enough water volume, The significance of the water analyses is
that the Culebra waters are relatively dilute and are alien
waters introduced into the rock. Their compositions are such
that they may have been responsible and indeed may still be
responsible for dissolution and alteration of evaporites within,

above and below the Culebra Dolostone.

The waters from Fhe Magenta Dolostone are even more dilute than
those of the Culebra Dolostone, in the vicinity of the borehole
cores studied (total dissolved solids: §,700 to 30,000 mg/l).
They are Na—804-Cl waters for the most part, with subordinate
calcium. These waters are also highly undersaturated with
respect to halite (log IAP/K = -1.8 to -4.5). Of the seven well
waters analyzed within 5 km of the cores studied, five are at or
slightly above gypsum saturation (log IAP/K = +0.004 to +0.664)
and two are undersaturated with respect to gypsum (log IAP/K =
-0.255 and -0.383). These waters are not connate evaporite
waters nor have they ever come into contact and dissolved sig-
nificant quantities of halite. They are probably meteoric in
origin and have migrated from the surface. Such waters would
have the capacity to dissolve large amounts of halite, but there
is no halite present stratigraphically directly above or below

the Magenta in this area. The waters supersaturated with gypsum
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could certainly be responsible for the abundant fractures filled
with gypsum and for the gypsified anhydrite found within the

Magenta Dolomite and within the surrounding A-3 and A-4 anhy-

drites (Fig. 5 and 6).
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