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Summary

Reference stratigraphy for the Waste Isolation
Pilot Plant (WIPP) was developed to provide a
standard for comparing the results of different
models of mechanical behavior of the WIPP
underground (e.g., Krieg, 1984) (Figure 1).
Munson et al. (1989) revised the reference
stratigraphy (Figure 2), and they concluded
that mechanical behavior at WIPP was better
represented by a different distribution of
lithologies, in particular by assigning most
of the units in the reference stratigraphy to
“argillaceous halite” rather than as “clean
halite” Here I re-evaluate the background for
these reference stratigraphies and lithology by
examining core and other data.

Some archived cores held by Sandia National
Laboratories (SNL) in reserve for rock
mechanic studies have been surveyed visually
for lithologic features and, more specifically,
non-halite proportions and distribution.
Seven large diameter (30.48 cm; 12 inch) core
segments were uncrated and visually examined;
three cores are considered “clean” halite, and
four cores are “argillaceous” halite. These
cores were taken from the WIPP by horizontal
drilling in the northern part of the facility.

The cores from “clean” halite intervals
consist of mainly light orange halite up
to ~3 cm (~1 inch) diameter, lesser gray
halite, and local very coarse (up to 10 cm;

4 inches) clear halite. There is little to no
discernible clay in the orange halite, and
sulfate is estimated to be less than 0.5% by
volume. Gray halite locally includes up to
2-3% sulfate, by volume, with minor clay.
Non-halite minerals are unevenly distributed
and are principally intercrystalline blebs and
films. Core segments SNLCH105-3&4 display
crudely stratified orange and gray halite. Core
segment SNLCH106-8 reveals very large
clear halite crystals I interpret as cements that
filled syndepositional dissolution pipes. These
features are consistent with the cored location
in mapping unit 3 (MU-3) (see Figure 9).
Cores from “argillaceous” halite consist
of zones or intervals of a) relatively fine
(<~5 mm; 0.2 inch) light brown or slightly
orange halite and b) coarser (up to 2.5 cm;
1 inch) halite that is more translucent and
lighter in color than the fine halite. Overall, the
non-halite components in the “argillaceous”
halite appear to average ~1% but are higher in
coarser halite. The clay proportion dominates
in the coarser halite intervals, and sulfate
dominates the fine halite intervals. Clay is
not uniformly distributed. Some occurs as
distinctive irregular blebs between crystals,
but clay also forms thin (e.g. 2-3 mm; 0.08-
0.12 inch), irregular, curved, discontinuous
stringers. The features and halite fabrics are
generally consistent with MU-0, where the
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cores were taken. The features developed on a
salt pan that is subaerially exposed much of the
time, producing eftflorescent salt (fine halite)

in “podular” features, as well as saucers and
mudcracks (coarser halite with clay stringers).
Syndepositional dissolution pipes cemented by
coarse halite are also common in MU-0.

The gross non-halite fraction is estimated
(visually) as 1% or less. The “clean” halite
tends to include mainly sulfate while the
“argillaceous” halite usually includes more clay
than sulfate.

I also examined two vertical cores, each
~15m (50 ft) long, that were taken up and
down from the SDI area underground (Figure
3). The cored location is ~150 m (500 ft) from
Room D; the cores are the closest known
available for assessing argillaceous halite within
the reference stratigraphy in this area.

The down core is consistent with stratigraphy
and lithology reported early from WIPP (e.g.,
Krieg, 1984). There are no true argillaceous
halites (by visual estimate), and individual clays
(e.g., base of anhydrites) are recognized.

The up core is also consistent with reported
descriptions of MUs. Much of the halite is
very low in clay content. Three argillaceous
halites and several individual clays known from
previous work are present. The upper part of
H-7 is relatively argillaceous and transitions
into one of the argillaceous halites.

From a geological perspective, argillaceous
halite is not the principal lithology in the
reference stratigraphy.

Two areas stand out in this review: scale and
lack of analyses of clay (and other possible
factors) that correspond directly to samples
tested for mechanical properties. Scale enters
because most identifiable MUs can vary
locally in crystal size, fabric, and non-halite
content. The depositional environment of most
argillaceous halite beds creates scale problems
for consistency between small (cm-dm scale)
samples. Few samples have been identified
for which the various factors have been

detailed. Although weight percent insolubles
can be quantified after mechanical testing,
fabrics, crystal size, distribution of non-halite
components, and other possible factors may
have to be carefully characterized prior to
mechanical testing.

The cores that I examined and reported
on here regarding reference stratigraphy at
WIPP are representative of strata that are
distinct in minor and trace minerals and their
distribution. These two strata also display
differences in halite textures. The two strata
are readily differentiated in clean “outcrop”
underground and in good cores. Nevertheless,
as I pointed out in the descriptions and
discussion of these cores, variability within
units at the cm-dm scale, especially in the
lower unit, can result in samples from within
a unit that differ considerably by minor
and trace mineral content and distribution
as well as halite fabrics. In addition, some
subsamples from different units may be visually
indistinguishable because of features such
as dissolution pipes that may cut both units
or present similar fabrics and trace mineral
contents.

With this in mind, I have recommended that
subsamples be individually described for these
visual properties prior to mechanical testing
and be subjected to thorough determination
of the minor and trace minerals through
destructive testing after mechanical testing is
complete.

In view of these conditions, it is not possible
for me to assert that the subsamples taken for
mechanical testing all represent argillaceous
halite or clean halite as we understand them at
the macro level for these sampled intervals.

Introduction

Frank Hansen (SNL) asked me to re-evaluate
the reference stratigraphy and lithologic
assignments for the interval commonly used in
rock mechanics modeling for the WIPP.
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One of the steps in the re-evaluation is
to examine lithology with respect to large
diameter (30.48 cm; 12 inch) cores drilled
horizontally in the northern end of the WIPP
underground (Figure 3). Some of these cores
have been used for laboratory investigations
of mechanical properties of the horizons, and
the coring levels were selected to represent
differing lithologies: “argillaceous” halite and
“clean” halite. In initial sections, I report the
results of the partial examination of some of
the remaining large-diameter cores retained by
SNL.

Another step in the re-evaluation was to
examine smaller diameter cores taken up and
down ~15 m (50 ft) from excavations in the
vicinity of the SDI underground at WIPP
(Figure 3). These cores are the most recent
known taken in an area relatively close to
Room D (and other experimental areas) where
it has been suggested (Munson et al., 1989) that
the dominant lithology through the reference
stratigraphy is argillaceous halite. The results of
the SDI core re-examination follow description
and discussion of the large-diameter cores
taken by SNL.

Prior to re-examining cores, I also
examined some of the literature regarding the
development of the reference stratigraphy.

I discuss some of the development of the
reference stratigraphy, tied to work on the
Salado, and relate this in part to the work in
rock mechanics as well as geology.

Background to Halite Distinctions

Stratigraphy and Lithology

Early reports of geology from WIPP
distinguish between halite beds in the
Salado. Jones (1981) included the lithologic
descriptions of core from ERDA-9, the initial
test in 1976 of the geology near the center of
the WIPP site. Jones (1981) described some
intervals I associate approximately with the

underground exposures and mapping units as
follows:

“Halite, light-gray, medium-crystalline,
argillaceous and sparingly polyhalitic” (MU-4;
2163.7-2164.7 ft depth),

“Halite, light-yellow, medium-to coarse-
crystalline, sparingly polyhalitic” (MU-3;
2166.9-2164.7 ft depth),

“Halite, light-greenish-gray, fine-to medium-
crystalline, argillaceous” (MU-2; 2167.4-2166.9
ft depth),

“Halite, light-brown, fine- to medium-
crystalline, very sparingly argillaceous
throughout and sparingly polyhalitic” (MU-1+;
2170.5-2167.4 ft depth). [I attribute the extra
depth to this unit as core through probable
dissolution pipes (further noted later).]

Jones (1978) described the basic lithology
from cuttings and cores of the Salado
Formation that were taken in 1976 for
determining the extent of potash deposits
at WIPP. Although the descriptive text
varies somewhat for the 21 boreholes in that
survey, beds of halite were described in terms
indicating vertical variation, including intervals
of very low or no clay content.

Underground access through the shafts
from late 1982 on provided additional detail,
and visible lateral continuity of distinctive
units led to the designation of mapping units
(e.g., TSC-D’Appolonia, 1983). Unit 3 (later
commonly called MU-3) is described as
“Halite: colorless to moderate-reddish-orange;
transparent to translucent; coarsely crystalline;
trace of dispersed polyhlaite; polyhalite content
commonly decreases upward . . . Unit 0
(MU-0) is described as “Argillaceous halite . .

Detailed shaft mapping by Holt and Powers
(1984, 1986, 1990) provided similar evidence
of vertical variation in the clay and sulfate
content of the Salado halite beds, attributing
the vertical variations and detailed features
to a general desiccating-upwards cycle of
deposition (Holt and Powers, 1990, 2011).
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Figure 1. September 1983 reference stratigraphy. From Krieg (1984, p. 32). Original figure caption notes
that anhydrite b should not be used in a structural model and was included for reference purposes. It is
not shown in the figure but lies immediately above Clay G.
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Figure 2. Reference stratigraphy from Munson et al. (1989, p. 47, figure 3-3).
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Separate from WIPP studies, Lowenstein
(1988) described depositional cycles for the
Salado, utilizing terms such as halite-rich and
mud-rich to distinguish halitic intervals.

Salado halite beds at the WIPP site have
been known to vary lithologically since
early investigations. These variations were
incorporated into Krieg (1984) (Figure 1)
and other early versions of the reference
stratigraphy for rock mechanics modeling.
Later, Munson et al. (1989) (Figure 2) asserted
that halite within the reference stratigraphy was
mainly represented by “argillaceous” halite with
only limited “clean” halite in an interval above
the initial disposal horizon. This assertion
is addressed here, as I have examined recent
cores and descriptions of some previous cores
through the reference stratigraphy interval.

Non-Halite Fraction of Halite Beds

Descriptors and estimates of clay content of
Salado halite have been quite variable in the
earlier history of WIPP work. Visual estimates
notably overestimated clay content. Early work
by Bodine (1978) provided a broad perspective
on clay mineralogy and proportions. Details of
the work not provided in Bodine (1978) were
included in Powers et al. (1978) in Chapter 7.
It is clear from the limited statistics available
there that EDTA-insoluble content in “rock
salt” beds was rarely above 1 weight percent
and was <0.1 weight percent for some “rock
salt” samples. Mineralogical analysis showed a
variety of silicates, including clays, quartz, and
feldspar.

Stein (1983) presented data on mineral
residues from 28 samples from 2 cores inferred
to be 15 m (50 ft) long, one up and one
down and likely approximating the reference
stratigraphy. The coreholes are apparently
designated DO-52 and DO-53; no location is
indicated. [US DOE (1985) reports (Table 10-3)
that both boreholes are located at N146, W4.
Depths to units are such that DO-52 is an up
hole and DO-53 is a down hole.] All analyzed

samples are surely of halite beds, as the weight
percent of water insoluble material ranges from
0.01-5.27. Weight percent EDTA-insoluble’
material relative to bulk rock is not directly
calculated, although weight percent EDTA-
insolubles is calculated for the water-insoluble
residue. Inspection shows EDTA-insoluble
percentages (of the water-insoluble fraction)
from reliable samples ranging from 89.28%

to 33.60%. Maximum acid-insoluble residue
weight percent for a whole sample is ~4%.
Stratigraphy and lithology are not presented in
this memorandum.

Stein (1985) analyzed 43 samples from two
cores, each ~15 m (50 ft) long, taken from
the back and floor at Test Room 4. Visual
inspection of the results indicates reasonable
correspondence of higher EDTA-insoluble
percentages for those zones identified as
argillaceous. EDTA-insoluble residues ranged
from 0.001-5.68 weight percent. Seven samples
exceeded 1.0 weight percent. Thirteen samples
were 0.01 weight percent or less.

An important aspect is that Stein (1985)
indicates these samples were taken to
correspond to samples for rock mechanics
testing by W. Wawersik (SNL). I have not
tracked down the rock mechanics tests to
determine what relationship, if any, was found
to the results of Stein’s analyses.

Senseny (1986) reported that triaxial
compression creep tests on argillaceous and
clean salt from WIPP showed that the “..
small quantity of impurities corresponded
to consistent, but small, increases in the
deformation measured during the tests.” The
single clean salt sample included 0.09 weight
percent water insolubles and 0.02 weight
percent EDTA insolubles. Senseny reports 1.44
+ 1.16 weight percent mean water insolubles in

! Bodine and Fernalld (1973) popularized the
use of EDTA to remove sulfate and carbonate
minerals as constituents in argillaceous rocks
with minimal alterations of clay minerals.
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Figure 3. Approximate locations of SNLCH-XXX horizontal cores described in this report. Vertical (up and
down) coreholes in SDI are nearest Room D and are discussed here and in Appendix B.
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argillaceous halite samples; EDTA-insolubles
average 0.72 + 0.59 weight percent. The mean
weight percent of EDTA-insolubles of the
water-insoluble portion in the argillaceous
amples is 52.6 + 13.38. [Note: data in Table 2-1
of Senseny differ slightly in the averages and
standard deviation when recalculated, most
likely due to additional significant figures used
for the original calculations. These differences
are small.]

Senseny (1986) refers to tests of Permian San
Andres salt from the Palo Duro basin (Hansen
et al., 1985). An online report (Hansen et al,
1987) is likely the same report. Hansen et al.,
1987) classed samples by differing impurity
content. In general, these samples contain
higher non-halite content (~5-25%) when
compared to Salado halites in the Senseny
(1986) report. Hansen et al. (1987) report
that anhydrite and halite do affect creep,
with anhydrite the stronger influence. “No
correlation exists between the amount of clay
and the creep response. Variability of test
results is not readily explained by amount and
type of impurities.” (Hansen et al., 1987, p. iii).

Hansen et al. (1987, p. 6) also show that
the nominal (visual) assignments of rocks to
classes defined by amount and type of non-
halite constituents .. are not substantiated” by
various laboratory evaluations. This was true
at WIPP during early underground mapping,
and more recent visual estimates, informed by
laboratory results, may be better overall. Fabric
and distribution of impurities in salt may be
important, as well as the total content, and I
don’t believe those factors are included in most
analyses.

Mellegard and Pfeifle (1993) provide
creep data on samples assigned to clean and
argillaceous halite; there are no data known to
me regarding the clay content of these samples.

Krumhansl et al. (1990) sampled two
argillaceous units (“clay f” and mapping unit 1
just below the orange marker bed) over drifts
from S-N and to the west. The 75 samples

were examined intensively for mineralogy

and geochemical properties. Although they
presented relative proportions of different clay
types for the units, there is no attached data
about the weight percent of EDTA-insoluble
(silicate) minerals. They note different minerals
are present, including quartz.

SNL Core Examination

Two series of large-diameter (30.48 cm; 12
inch) cores were obtained from the WIPP
underground by SNL for rock mechanics
tests. Some of these cores have been used
in laboratory experiments in Germany.

The series with designators SNLCH-10x-x
have been obtained from MU-3, which is
generally considered to be “clean” halite that
includes polyhalite but little clay. The series
with designators SNLCH-20x-x all have been
collected from MU-0. I was able to confirm
the stratigraphic locations of these core series
during an underground exam of other cores in
April 2016 (Figure 3).

The observations reported here for these
cores are somewhat generalized rather than
trying to describe a separate set of features
and textures for each core segment. In a later
section, I will discuss how these features and
textures fit into the depositional cycle and what
that means for heterogeneity of samples.

“Clean” Halite Cores

Three core segments from this lithotype were
examined: SNLCH105-3&4, SNLCH106-6 and
SNLCH106-8.

These cores are dominated by orange halite
that is coarse (generally ~1-3 cm; 0.4-1+ inch)
and includes blebs of polyhalite and visible 1-4
mm (0.04-0.16 inch) empty fluid inclusions on
the core surface. Polyhalite content is visually
estimated < 0.5% volume overall; local zones
exceed 1%. Clay was not discernible in the
coarse orange halite from these cores. Gray or
grayish halite is the other main lithology in
these cores. Crystal size is more variable in the
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gray halite. Non-halite constituents are visually
estimated to locally range from 2-3 % but are
more commonly 1% or less. Sulfate and gray
clay are both present, and I estimate sulfate is
the greater part. The non-halite constituents
are unevenly distributed and they are generally
intercrystalline. [Clay or fine clastic sediment
is normally only found within halite crystals

in zones of displacive growth in unlithified
sediment. The cores examined did not form
this way.] Fluid inclusion pores on the core
surface can be ~6 mm (0.25 inch) in one
dimension.

Core from 105 (SNLCH105-3&4) displays
weak stratification of orange and gray halite
(Figure 4). Gray halite is estimated to have
more clay and sulfate. The orange halite is
interpreted as the initial halite deposit and
the gray halite is likely local synsedimentary
solution and re-precipitated halite with
additional sulfate.

The core segment SNLCH106-8 (Figure 5)
encountered a zone of very coarse (to 10 cm;

4 inches) clear halite within the orange halite.
The clear halite has larger crystals than the
orange halite, and there is no discernible sulfate
or clay within the clear halite. Here the clear
halite is interpreted as cement filling a vertical
synsedimentary dissolution pipe (Figure 8).

“Argillaceous” Halite Cores

The argillaceous halite core segments
examined are SNLCH201-4, SNLCH210-7, -8,
and -9. These segments display two main halite
lithologies and several distinctive features.

The main halite lithologies are coarse, gray
halite and fine, light brown halite (Figure 6).

Gray halite includes both anhydrite and clay;
these are unevenly distributed. They are found
as blebs at the intersection of halite crystals or
as irregular stringers that are subhorizontal
and planar to curved (Figures 7A and 7B). The
halite tends to be translucent, with some large
fluid inclusions (3-4 mm; 0.12-0.16 inch).

Fine halite manifests in the core (Figure 6)
as irregular masses with indistinct boundaries
and low (<0.5%) non-halite components.
Distinctive borders with increased insolubles
were noted in many of the analogous podular
zones in MU-0 and similar intervals in the
Salado.

Comparison With Depositional Cycles

As noted in the introductory comments,
basic lithologies of the halite beds have been
noted for the Salado through earliest WIPP
work and by investigators not associated
with WIPP. A variety of features and their
relationships to the desiccating-upward cycle
are related in Holt and Powers (1990, 2011)
as well as in Lowenstein (1988). Lowenstein
(1988) is particularly notable for discussion of
microscopic and other small features.

Soon after mapping of WIPP mined areas
began (e.g., TSC-D’Appolonia, 1983), local
disruptions were noted in the generally
continuous bedded halite of the Salado.
Powers and Hassinger (1985) published a brief
account of these features, noting that they were
truncated by overlying beds and were therefore
synsedimentary. Holt and Powers (1990, 2011)
had described these features through most
of the depositional cycles of the Salado and
interpreted them as syndepositional dissolution
pipes that were created as the brine table
dropped, exposing the surface of the halite
pan. Subsequent rises in the brine table caused
very coarse, clear halite to cement these pipes
(Figure 8). These pipes can be several meters
deep, crossing more than one depositional
cycle, if the brine table dropped sufhiciently.

These pipes develop from exposure surfaces,
and the most developed exposure surfaces
are frequently at or very near the top of a
depositional cycle. They can penetrate the
lower part of the depositional cycle that forms
the “cleaner” halite in deeper brine. The clear
halite in orange “clean” halite of Figure 5 is
interpreted as an example of a pipe.
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Figure 4. Apparent stratification between “clean: halite (C) and gray halite. Red and black lines
mark the top of the core. Depth markers are in feet from the rib (wall). Horizontal core. Photo
courtesy of SNL.

Figure 5. Clear, very coarse halite interpreted as halite cement that filled a synsedimentary
dissolution pipe (pipe) vertically into the orange halite of MU-3. Red and black lines are on the
top of the horizonatal core. Depth markers are in feet from the rib (wall). Photo courtesy SNL.
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Near the end of a desiccating-upward
cycle, subaerial exposure dominates the
halite pan. Efflorescent salts develop and are
finely crystalline and opaque. Such textures
have been noted for Death Valley (see
references list in Holt and Powers, 2011) in
association with dissolution pipes. I associate
the fine crystalline, opaque halite from
MU-0 (Figure 6) with this process. Holt and
Powers (1990) noted larger textures in which
masses of this salt resemble pods or nodules
(whence “podular”) in this upper part of the
depositional cycle.

Other features near the top of some
desiccating-upward cycles include saucers
and desiccation cracks. MU-4 (clay “f”),
for example, is notable for these features in
some areas (Holt and Powers, 2011), and the
discontinuous, subhorizontal clay stringers
noted (Figures 7A and 7B) are examples of
mini-saucers observable underground where
MU-0 is exposed. No desiccation cracks were
identified in the examined cores, but they are
observable in MU-0 and MU-4 at WIPP.

A copy of Holt and Powers (2011) is attached
to this report (Appendix A) for easy reference
to features.

SDI Core Examination

Munson et al. (1989) proposed that halite
within the reference stratigraphy could
generally be assigned as argillaceous halite,
with the exception of beds (MU-9, -10, &

12) above and below “anhydrite a.” These
“clean halite” beds were exposed in the ribs
of Room D and other test rooms between
N1100 and N1400. At this time, up and down
cores through the reference stratigraphy near
these test areas are not known to be available
for examination, and readily available core
descriptions are limited.

Up and down cores, approximately 50 ft in
length, were taken from excavations related
to SDI from N780, E1310. This location is
approximately 500 ft from the south end of
Room D, for example (N1100, E1690). Late
April 2016, I was able to look at these cores,
courtesy of SNL and Los Alamos National

Figure 6. Mixed coarse, gray, translucent halite with fine, light orange to light brown, opaque
efflorescent halite (eff) of MU-0. Red and black lines are on the top of the horizontal core. Depth
markers are in feet from the rib (wall). Photo courtesy SNL.
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Figure 7. A. End of core from MU-0 showing
both disseminated clay blebs and irregular
curving thin stringers (V). B. Side view of core
with discontinuous subhorizontal clay stringers
(V). Red and black lines indicate top of core.
Depth from rib is in feet. Photos courtesy of
SNL.

Laboratories. Wayne Stensrud (NWP -
Geotechnical Engineering) originally described
these cores (Appendix B) and was able to be
present for part of my examination.

Mr. Stensrud recorded observations clearly
with respect to depths, recovery, RQD, and
lithology and used standard WIPP forms.
These were made available to me ahead of time
to review and estimate those intervals of most
interest for review. I found the record to be
very good; I mainly recorded specific features,
verified existing descriptions, and noted the
distribution of non-halite components from
some units. These notes are included in typed
format on the pdf of original field records
(Appendix B) and include a red line indicating
intervals examined in more detail.

Core recovery was variable but good. The
core has been sleeved in plastic that was heat
sealed and preserved in standard core boxes.

I was able to view textures and basic lithology
through the plastic in most cases, and I was
able to open, examine, and photograph features
for intervals selected to verifty common
lithologies, features, and transitions.
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SDI-BH-00004

The down hole at the SDI location is ~15.5 m
(50.6 ft) deep (Figure 9). It begins ~ 1 m
(3.5 ft) above Marker Bed (MB) 139. The
reported elevation of collar for this hole is
~393 m (1290.52 ft).

The core downward reveals that there is no
interval of significance that would visually be
designated as “argillaceous halite.” The halite
beds range from very pure (hardly any visible
polyhalite) to those with traces of clay and
some small amount of polyhalite.

Clay E was found below MB 139. Clay D was
found at a depth of ~4.2 m (13.7 ft), overlying
polyhalitic halite with a trace of visible clay.
Clay B was recovered from below “anhydrite
C” at a depth of ~9.1 m (29.90 ft). A sub-
horizontal clay interbed at ~6.7 m (22.05 ft) is
~6 mm (¥ inch) thick, and the core separated
along the clay. This is probably clay C.

SDI-BH-00005

The up hole at the SDI location is ~15.5
(50.8 ft) deep. It begins in MU-6, ~2.1 m
(7.0 ft) below anhydrite b (Figure 9). The
reported elevation for the collar of this hole is
~397.7 m (1304.85 ft).

The up hole encountered reference strata at
depths (heights) consistent with other locations
underground at WIPP. Anhydrite b is ~2.1 m

(7.0 ft) above the collar, underlain by clay G.
Anhydrite a is ~3.95 m (12.95 ft) above the
collar, and clay H is preserved beneath it.

MB 138 is ~10.85 m (35.6 ft) above the collar,
and clay K is preserved below it.

Halite beds up to ~6.5 m (21.45 ft) above
the collar of the drillhole are variably slightly
polyhalitic with traces of clay.

The interval from ~6.5-7 m (21.45-22.9 ft)
(MU-14?) is more argillaceous than the
underlying beds. A clay-filled desiccation
crack was cored at the top of the interval. This
is approximately the position of clay I above
anhydrite a, but it is thin in other areas.

Argillaceous halites from ~8.4-8.8 m (27.65-
28.85 ft) (AH-1) and ~9.3-10.9 m (30.6-35.6 ft)
(AH-2) are part of the standard reference
stratigraphy. Clay K, at the top of AH-2,
underlies MB 138.

Clay content increases in the upper part of
H-7, from ~12.5 m (41.0 ft) through AH-3
(~13.6-14.3 m; 44.7-46.85 ft). AH-3 is more
argillaceous, easily identified as a unit. The
upper part of H-7 appears to be transitional to
a more commonly recognizable argillaceous
halite bed.

The general comparison to the reference
stratigraphy for both cores is very good. The
upward core, however, includes two zones
(MU-14 and upper H-7) that appear to be

Map unit 2 Figure 8. Mapped
Map unit 1 dissolution pipes
in MU-0 S90 drift
‘ N\ f’\' H (Powers, 2000; Holt
'u \ \k and Powers, 2011).
N o Large-diameter cores
Map un'l‘t 4 / for SNL are roughly
— N T T L T =7, located and scaled (red
Map unit 3 N e S dashed cylinders) for
LSRN X / y argillaceous (MU-0)
Vo L T e Ay | mdden o
N — B pe - halite. Note MU-0
im dissolution pipes.
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more argillaceous than the standard reference
o TD:508ft stratigraphy would indicate. The first ~8.5 m
” (28 ft) of this core (up to AH-1) is mainly halite
with low clay content.

50

40 Concluding Remarks

The main conclusions here are that the
“clean” halite and “argillaceous” halite are
visually distinctive at the mine-scale and scale
of both large-diameter horizontal cores and the
vertical, smaller cores.

Absolute concentrations of water-insoluble
(mainly sulfate and silicates) and EDTA-
insoluble (mainly silicates) minerals from
both lithofacies differ modestly in general,

Smsanhydritea” (MU 1) gy 1y but few quantitative results are available. This
10 — e is a limitation on assessing the differences.
An excellent study of clays within the
repository horizon by Krumhans] et al. (1990)
unfortunately did not compare the mass of
clays from “argillaceous” halite to “clean” halite.
Visual estimates tend to confirm that clay

30

20

a‘ma cIayG

|ﬁ% is more abundant in the “argillaceous” halite

o |§—§ than in “clean” halite. For the most part, the
Excavation. estimates of clay content that I make visually
Y differ by <~1% up to ~3% or so, although the

two lithofacies side-by-side contrast well.

I do not know of any study systematically
and quantitatively comparing the distribution
of clays and other non-halite components
within depositional cycles. Holt and Powers
(1990) provide considerable descriptive data
of estimated percentage of components and
crystal size within depositional cycles. The data
on local distribution are not uniform.

What can be readily noticed both through
mapping and through examination of these
cores is that heterogeneity is related to
scale. Small samples (cm-dm) may be fairly

10 — T

20 — .

30 —

40 — T
Figure 9 Basic lithology and mapping units of the up
and down holes in the SDI. Depth references are in ft.

el Standard symbols (\\ for anhydrite, + for halite, x for
¥ — 10506t polyhalite, - - for clay).
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homogeneous within the sample but not very
like another sample from < 1 m laterally or
vertically. At the mine-scale, mapping units
tend to appear more homogeneous. This is not
a generalization to all geologic units, but the
depositional system that produced the Salado
was reasonably massive, leading to considerable
lateral continuity and, in this case, repeatable
(“cyclic”) lithologies and features.

This study does not sustain the assessment of
Munson et al. (1989) that all of the halite within
the reference stratigraphy, with the exception
of halite above and below anhydrite a, could
or should be treated as argillaceous halite. The
geological distinctions can be made visually
with confidence with adequate sampling,
based on my experience; whether it matters for
mechanical processes is a different concern.

There appears to be sparse data in which
the weight percent of clay can be compared to
mechanical behavior.

It would seem appropriate to determine if
samples from past testing can be recovered for
such measures. In addition, I recommend that
future samples for mechanical testing be more
fully characterized regarding the distribution
of non-halite components, as pre-testing
fabrics may be important. As demonstrated
by descriptions of large-diameter cores taken
horizontally through a designated argillaceous
halite unit (MU-0), lateral variations can be
dramatic because of depositional processes
such as dissolution pipes.

The large diameter cores still held by SNL
are appropriate for further testing. Either
fabrics and distributions should be carefully
mapped before sub-sampling, or a geologist
should work carefully with rock mechanics
investigators to assure such properties are
accounted for visually before various stress
tests are conducted. Post-test sampling for non-
halite constituents can then be conducted for a
thorough understanding of the relationships.
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Synsedimentary dissolution pipes and the isolation
of ancient bacteriaand cellulose

Robert M. Holt" and DennisW. Powers
Department of Geology and Geological Engineering, University of Mississippi, Oxford, Mississippi 38677, USA

ABSTRACT

Coarse, clear halite from synsedimentary
dissolution pipesin the Permian Salado For-
mation in southeastern New Mexico (USA)
yielded viable halotolerant bacteria and well-
preserved cellulose believed to be Permian in
age. Here, we show that geologic and hydro-
logic conditions haveisolated theserocks since
Permian time. Pipes were dissolved, most
likely along cracks (created by thermal con-
traction or desiccation) and the boundaries
of salt polygons (saucers), on exposed Salado
Formation salt-pan surfacesdown tothelevel
of thewater (brine) table. Macropores devel-
oped at the brine level in some horizons. As
the water level rose, coarse halite cemented
the open space. Fluid inclusions (millimeter-
scale) trapped bacteria, which were probably
in aspore state, aswell ascellulose. Inclusion
water from pipes in some cycles may have
isotopic values reflecting Permian meteoric
water, while other cycles may show evapo-
rated Permian seawater.

Exposure surfaces are more prominent in
the upper part of Salado Formation deposi-
tional cycles due to basin desiccation, as in-
dicated by cracks and dish-shaped laminae.
Clays were concentrated on many exposure
surfaces by floods, wind, and dissolution. Dis-
solution pipes formed from these surfaces,
and a synsedimentary age is confirmed by
undisturbed overlying halite beds. Salado
Formation halite has very low permeability
(~102 m?), effectively preventing significant
fluid flow and passage of fluids through the
formation, either to recrystallize salt or to
introduce modern bacteria. Stratigraphic
relationships, halite textures, fluid inclusion
chemistry, and hydraulic properties are all
consistent with a synsedimentary origin of
the dissolution pipes, their crystals, and the
bacteria and cellulose recovered from the
Salado For mation.

TE-mail: rmholt@olemiss.edu

GSA Bulletin;

Information”

INTRODUCTION

Vreeland et a. (2000) claimed to have cul-
tured Permian-age bacteria preserved in fluid
inclusions in coarse, clear halite from the late
Permian Salado Formation. The sitefor the sam-
plesyielding bacteriawas in the air intake shaft
at the Waste Isolation Pilot Plant (WIPP) sitein
southeastern New Mexico (Fig. 1). Although
different beds of the Salado Formation, and
halite with different textures, were sampled and
tested for viable bacteria, these sampleswerere-
moved from a synsedimentary dissolution pipe.
Dissolution pipes are common throughout the
upper Salado Formation (Powers and Hassinger,
1985; Holt and Powers, 1990a, 1990b), and they
were deliberately targeted because of larger in-
clusions (millimeter scale). Coarse, clear halite
with larger fluid inclusions has commonly been
understood as “recrystallized” and therefore not
formed at the same time as bedded halite host
rock displaying chevron fluid inclusion bands,
which are commonly accepted as “primary.”

More recently, Griffith et a. (2008) reported
that they recovered well-preserved cellulose
from similar large fluid inclusions and a so from
halite crystals without large fluid inclusions,
all taken from samples of coarse halite within
dissolution pipes of the Salado Formation. The
cellulose is the oldest known macromolecule
recovered and directly examined (without bio-
chemical amplification or culturing), providing
additional impetus for considering the geologi-
cal and hydrologica evidence for isolation of
these rocks since the Permian. We contend that
the geological and hydrological context of the
pipes and their features are clear evidence that
these features are synsedimentary and that the
halite crystals and included fluid (and bacteria
and cellulose) are also Permian in age.

Hazen and Roedder (2001) commented
that the age of the bacteria found by Vreeland
et a. (2000) must remain in question because
the clear halite is recrystallized, possibly by
fluids passing at undetermined times through
microfractures that have never been observed

doi: 10.1130/B30197.1; 10 figures.
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(Roedder, 1984; O'Neill et al., 1986). Evapo-
rite minerals formed in salt-pan environments
are commonly altered by desiccation and flood-
ing before significant burial, as noted also by
Roedder (1984), Lowenstein (1988), and many
others. Nevertheless, voids or pores are rap-
idly cemented by halite, and salt attains very
low permeabilities soon after burial (Casas and
Lowenstein, 1989), thus limiting fluid move-
ment and contamination. Undisturbed overly-
ing beds show that the pipes are synsedimentary
dissolution features, and the halite cements that
filled them were protected from contamina-
tion by the rock’s natural hydraulic properties
(Powerset ., 2001b).

These synsedimentary dissol ution pipes, their
stratigraphic context, and their significance as
part of Salado Formation depositiona cycles
remain little known to the geologic community,
and, thus, it is difficult for many to assess their
significanceto any biological sampling program.
Here, we focus on the fundamental questions of
geological evidence for asyndepositional origin
of dissolution pipes and the hydrogeologic and
geochemica evidence for isolation of fluid in-
clusions since deposition.

MOTIVATION

The claim by Vreeland et al. (2000) is one of
many that have been made for bacteria alegedly
isolated from halite or brine (see review of ear-
lier work by Grant et al., 1998). Factors that
put earlier studies (e.g., Dombrowski, 1963)
in question range from sampling to laboratory
procedures and, more likely, to genera dis-
belief (Vreeland and Rosenzweig, 2002). Cano
and Borucki (1995) cultured a bacterium from
the gut of a bee trapped in Dominican amber
estimated at 25-30 Ma. Stringent laboratory
procedures provided convincing evidence that
the bacterium was not from laboratory con-
tamination. While there was no discussion
of the geological background of these amber
samples, there was an implicit assumption that
the materia (amber) isolated the organism from

ly
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outside contamination during the time since the
amber was deposited. Until the study of Cano
and Borucki (1995), evidence of the surviva of
organisms over geological time was not widely
accepted. Recent reports of chloride-bearing
surface materialson Mars (Osterloo et al ., 2008)
raise the prospects of evaporite mineras and
rocks hosting life or evidence of life on Mars.
Biological studies of Salado Formation halites
may guide future effortsto identify lifeon Mars;
geological studies are necessary to establish that
the rock remained isolated from contamination
prior to sampling.

Grant et a. (1998) listed five requirements
to establish an ancient origin for a bacterium
in halite: inaccessibility (isolation) of the en-
vironment, avoidance of contamination during
sampling and culturing, unique characteristics
of the organism, repeated culture from related
samples, and phylogenetic distinctness. Vree-
land and Powers (1998, p. 63) posed three ques-
tions to be considered in making a claim that a
bacterium has been recovered from a geologi-
caly old sample.

1. Did the rock remain isolated from the
biosphere during a relevant (geological) period
of time?

2. Wasthe rock contaminated during sampling?

3. Did laboratory techniques maintain sterile
conditions during analysis?

Although unique characteristics or phylo-
genetic distinctness might add excitement to a
discovery, it is not safe to assume that al or-
ganisms in the modern environment have been
discovered and characterized. Vreeland and
Rosenzweig (2002) pointed out the inconsis-
tency of using this criterion—anovel bacterium
found apparently isolated in an ancient geologic
medium might later be discovered inthe modern
environment.

From a different perspective, Powers et a.
(20018) have hypothesized, for example, that
bacteria such asthose reported by Vredland et d.
(2000) may be re-introduced into the surface
biosphere. Near-surface Salado Formation halite
is being dissolved and the brine released contin-
uoudly into the nearby Pecos River (southeastern
New Mexico). The late Cenozoic geologica his-
tory of this area indicates that this has been oc-
curring for several million years without doubt
(Powers and Holt, 1993), and the longer his-
tory of southeastern New Mexico geology sug-
gests there may have been other episodes where
Salado Formation halite has been dissolved (e.g.,
Bachman, 1980). Genetic evolutionary rate tests
used by Willerdev and Hebsgaard (2005) as an

indicator of age have no established metric for
mutation rates over such times (Lowenstein
et a., 2005) and may be confounded further
by periodic or continuing reintroduction of a
“parent” organism into the accessible biosphere.
Graur and Pupko (2001, p. 1143 and p. 1145)
also applied evolutionary ratetests as* the-proof-
of-the-pudding-is-in-the-esting principle” con-
cluding that “the pudding just tastes too fresh to
be Permian....” Nickle et a. (2002) also applied
such tests, coming to generaly similar conclu-
sions as Graur and Pupko (2001). Nickle et a.
(2002) more clearly stated some of the assump-
tions in such tests. They aso suggested other
lines of examination, reiterating some of the
points made by Hazen and Roedder (2001) re-
garding geological isolation.

A magjor concern for recovery and anaysis
of ancient biomaterials is to avoid contaminat-
ing the sample during retrieval and anaysis.
Vreeland et a. (2000) and Rosenzweig et al.
(2001) provided details of stringent laboratory
protocols and sample handling procedures for
Permian bacteria. The cellulose recovered from
Salado Formation halite by Griffith et a. (2008)
was directly imaged using transmission elec-
tron microscopy. While there were processing
steps to concentrate the material, there were no
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replication steps such as by polymerase chain
reaction (PCR) or growth by culturing. This is
not a criticism of other studies; it differentiates
the process and indicates that original material
is available for further analysis. Schubert et al.
(2009) used microscopy to observe directly
prokaryotes in 30-ka halite from cores from
Death Valley and were aso able to culture these
organisms. Other recent studies (Schweitzer
eta., 2007; Asaraet d., 2007) reported proteins
isolated from Late Cretaceous dinosaur bones,
showing again the potentia for other environ-
ments to preserve such materials intact for geo-
logical periods of time.

Whether directly analyzed (e.g., cellulose) or
amplified (e.g., deoxyribonucleic acid [DNA])
or grown (e.g., microorganisms), the recovered
organisms and organic materials from geologic
materials need to be understood in the context
of the geology and hydrology of the setting to
support claims of isolation from contamination
before recovery. That is our objective for this
study of the Salado Formation.

STRATIGRAPHIC SETTING FOR THE
SALADO FORMATION

In the northern Delaware Basin, the Cagtile,
Sdado, Rudtler, and Dewey Lake Formations
comprise the Ochoan Series (Fig. 1), designated
by Adamset al. (1939) and commonly considered
late Permian in age (e.g., Hills and Kottlowski,
1983). Fossils are limited in this sequence, al-
though a fauna from the lower Rustler Forma-
tion is considered to be Permian in age (Donegan
and DeFord, 1950). Schiel (1988, 1994) inferred
that the Dewey Lake Formation is likely Trias-
sic, except for the lowermost part, while Lucas
and Anderson (1993) asserted that the Dewey
Lake Formation is entirely Permian. More re-
cently, Renne et a. (1996) obtained radiometric
ages (Ar-Ar) of 249250 Ma from ash beds in
the lower Quartermaster Formation in the Texas
Panhandle; the Quartermaster Formation islitho-
logicaly smilar to the Dewey Lake Formation
and is in a amilar stratigraphic context. Litho-
logic contacts are not inherently isochronous, but
the particular relationships of the evaporites and
red beds across this area suggest relatively close
depositiona ages. Radiometric ages (“°Ar/*Ar)
from langbeinite within the Salado Formation of
251 + 0.2 Ma(Renne et d., 2001) are consstent
with an end-Permian deposit.

Although there is uncertainty about the
precise age of the Salado Formation and the
Ochoan, the Permian-Triassic boundary is very
likely to fal within the sequence, probably
above the evaporites. Because of this, more
detailed studies of the age and depositional
environments of these rocks, and the included

Synsedimentary dissol ution pipes

biological materials, may provide further infor-
mation about end-Permian events of worldwide
significance.

BASIC SALADO FORMATION
GEOLOGY

Most of the Sdlado Formation consists of
repetitive evaporite sequences with characteris-
tics commonly indicating “desiccating upward
cycles’ (e.g., Holt and Powers, 19903, 1990b)
after initid flooding. Schaller and Henderson
(1932) noted that the Salado Formation revealed
evidence of increasing evaporation in cycles,
resulting in a basic depositiona sequence of
sulfates to chlorides to bittern sdts repeated
through the formation. Gard (1968) recorded
excellent examples of cracks and polygona
ground in the Salado Formation, noting (p. 10)
that, “Desiccation cracks observed at severa
places ... indicate recurrent complete evapora-
tion during deposition of the Salado Formation.”
Lowenstein (1988) distinguished two types of
evaporite depositional cycles based on whether
basal carbonate and sulfate beds were present
(typel) or not (typell), and heinferred marine or
continental water sources, respectively. Holt and
Powers (1990a, 1990b) summarized the halite
portions of depositional cycles as commonly re-
vealing increasing evidence upward of subaerial
exposure (Fig. 2), smilar to the saline pan cycle
of Lowenstein and Hardie (1985). Diagnostic
features for the hdlitic part of these cycles in
the Sdado Formation include, from the base
up: subagueous halite that is coarse, mud poor,
stratified, and displays some chevron or cornet
halite; fine-grained, opaque halite that is vari-
ably bedded, and includes some clastic material,
particularly outlining blocky to rounded masses
(“podular” structures; Holt and Powers, 1990a,
1990b); and fine to coarse, mud-rich halite with
saucer- or bowl-shaped bedding (teepees) and
thermal contraction or desiccation cracks.

Saucer-shaped bedding or teepees and cracks
are unequivoca evidence of desiccation of the
saline pan environment. Tucker (1981) analyzed
the thermal expansion and contraction of bed-
ded halite and concluded that such cracks and
polygons are more likely a consequence of
this process than of desiccation. We recognize
this as a valid mechanism. The mechanism of
crack formation is not important here; the fact
that it formsin a desiccating environment (com-
mon to both hypothesized origins) isimportant.
Fine-grained, opague halite that is disrupted
into irregular shapes by desiccation and infil-
tration of clastics is becoming increasingly in-
terpreted as efflorescent halite (e.g., Holt and
Powers, 1990a, 1990b; Li et al., 1996; Bobst
et a., 2001; Lowenstein et al., 2003), consistent
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Figure 2. ldealized “desiccating-upward”
Salado Formation halite cycle showing in-
creasing pipe size and clay upward, with
cracks at some exposur e surfaces (modified
from Holt and Powers, 1990a, 1990b).

with the interpreted environmental setting for
Salado Formation dissolution pipes. Dissolution
pipes are also becoming recognized as part of
the diagnostic features of the saline pan envi-
ronment and water-table drops (e.g., Li et d.,
1996), although most reports are of the centi-
meter to decimeter scale observed in cores or
thin sections (e.g., Shearman, 1970).

SYNSEDIMENTARY DISSOLUTION
PIPES OF THE SALADO FORMATION

Dissolution pipes exposed in the air intake
shaft at WIPP illustrate some representative
features discussed in this paper (Fig. 3). Dis-
solution pipes are deeper than they are wide,
crosscut depositional features and stratification,
and are mainly vertical. Their vertical cross sec-
tion ranges from vertically elongated to pris-
matic or channel-like, with the wide end at the
top. Boundaries with the host rock range from
sharp to diffuse; most of the examplesin Figure
3 show relatively sharp boundaries. Dissolution
pipes can be related to a common surface in
some exposures (e.g., Figs. 3A and 3B). Some
areas where pipe development is extensive (Fig.
3C) revea only residual stacks of the preexist-
ing hdlite, and these are clues to the existence
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Figure 3. Examples of dissolution pipes from the air intake shaft at Waste Isolation Pilot
Plant. (A) Dissolution pipes at 1790 level (546 m) developed from a single exposure sur-
face in stratified mud-poor halite (SMPH). The reddish-brown laminae in the lower part
of the photograph are polyhalite, and lighter beds are halite. The halite in pipesis dlightly
darker because of larger, clear crystals. (B) Dissolution pipes at the 1435 level (437 m) de-
veloped from a relatively flat exposure surface before gray clay draped the surface and a
thick sulfate bed (Marker Bed 118) was deposited after the salt pan was flooded by fresher
water to begin atype 1 cycle. (C) Fine, opaque halite (generally light colored) in the upper
part of some depositional cycles (1945 level; 594 m) originated mainly as efflorescent salt.
“Podular” textures developed with repeated short-term exposure, and modest infiltration
of insoluble material occurred through accessible porosity. The “podular” zone was later
disrupted extensively when the water table dropped; coarser, clear (darker) halite filled
the pipe area when the water (brine) tablerose. Residual podular halite (r) in the pipe area
survived local extensive dissolution. The scale (left side) is 10 cm. (D) A crack at the 1680
level (512 m) developed in stratified mud-poor halite (SMPH). The upper part, possibly
developed later from another exposure surface, haswidened the crack. Other examplesalso
indicate that successive gener ations of pipes may follow earlier patterns.

of pipes. Our hypothesis that contraction or
desiccation cracks may commonly precede de-
velopment of dissolution pipes is supported by
examples in the air intake shaft (e.g., Fig. 3D),
but the direct evidence for this proposition was
destroyed in most exposures as dissolution
proceeded.

Most of the smaller (centimeter to decimeter)
pipes are recorded in the midcycle transition
from mainly subagueous to mainly subagerial
environments (Fig. 2). Thin (10-20 cm) sub-
aqueous halite beds commonly show fine
efflorescent halite (formed during subaerial ex-
posure) at the top, corroded upper contacts, and
small pipes. Sulfate laminae or traces of clay
commonly mark the start of the next thin halite
bed. Some of these smaller pipes are similar to
small features described by Shearman (1970)
and, more recently, by Li et a. (1996), Schubel
and Lowenstein (1997), Bobst et al. (2001), and
Lowenstein et a. (2003). Thesmall size of these
pipes through the lower to middle parts of the
depositional cycle is consistent with general
indications of repeated smaller flooding events
and shorter periods of desiccation.

Larger pipes in this study are commonly
1-2 m deep (vertical dimension), but they
reach ~3 m deep in some units. Most meter-
scale pipes developed from the argillaceous
halite in the upper part of the depositional cycle
(Fig. 2). Mine exposures ~400 m below the
top of the Salado Formation illustrate that dis-
solution pipes are widespread and stratigraphi-
caly bounded (Fig. 4). Deeper pipes in map
unit (MU) O are spaced 1-5 m apart here, with
shallow pipes in between; in other areas, the
horizontal spacing may reach tens of meters.
A rather uniform maximum depth of ~1 m for
pipes in MU 0 suggests water-table control.
Some beds display macropores at the base level
of coexisting pipes, and they aso are filled with
coarse clear halite (Fig. 5A). Macropores show
that porosity was once interconnected, allow-
ing infiltrated freshwater to dissolve salt at the
level of the brine table. These features are com-
mon in modern salt-pan environments (Fig. 5B).
Traction deposits in one pipe near the top of the
Salado Formation aso indicate that some pipes
had significant channel flow (Fig. 6).

Superjacent continuous beds of subagueous
halite (e.g., MU 1, Fig. 4), deposited by flood-
ing at the beginning of anew depositional cycle,
are clear evidence of the syndepositional forma:
tion of the pipes. MU 2 is brown, dightly argil-
laceous halite paralleling MU 1. MU 2 shows
narrow breaks at a spacing and frequency differ-
ent from the pipesin MU 0. Some breaks overlie
deeper pipes in MU 0. This illustrates a point
observed through the Salado Formation—I|ater
pipes may follow the same trend and overprint
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Figure 4. Map of dissolution
pipesin beds ~400 m below the
top of the Salado Formation
showing areal distribution and
consistency of depth. Undis-
turbed overlying beds are clear
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Figure 5. Types of macropores, from the Salado (A) and a recent analog (B). (A) Macro-
pores, filled with coarse clear halite, are outlined in the vicinity of dissolution pipes asso-
ciated with thin (10-20 cm) halite beds and laminar sulfate (polyhalite). Macropores are
believed to develop at the brine table below the surface when fresher water infiltrates and
dissolves halite at the top of the brine table until the fresher water becomes saturated with
respect to halite. When the brine table rises, macropores are filled by coar se, slowly grown,
halite cements. (B) A large (9 cm diameter), open macropore in halite just above the brine
tablein the Devil’s Golf Coursein Death Valley, California. Thelarge, coar se halite crystals
at the base of the macropore areincipient macropore cements.

Figure6. Sketch of alarge, disso-

lution pipe located at a depth of

328 m in the air intake shaft at m
the Waste | solation Pilot Plant.
The dissolution pipe contains
laminated and cross-laminated
claystone and small ripples as
well as large centimeter-scale
displacive halite crystals. Cross-
stratification within the pipe
indicates relatively high fluid
flows within a laterally con-
nected paleokarst network.
When the brine table rose, dis-
placive halite crystals grew in
the soft sediments.

Cross-laminated claystone
with displacive halite crystals

earlier, lower pipes (Fig. 7). If later pipes be-
come large, evidence of earlier pipes will be
destroyed. Severd generations of pipescan bedis-
tinguished within some of the zones, indicating
periods dominated even more strongly by sub-
aerid exposure (Fig. 8).

Hundreds of exposure surfaces and associ-
ated dissolution pipes are preserved in the upper
part of the Salado Formation in the study area.
A large-diameter (~6 m) shaft at WIPP displays
the features well, and a segment of the shaft
map (Fig. 8) illustrates vertical relationships.
Lowenstein (1988) suggested meter-scale depo-
sitional cycles for the Sdado Formation, and
the exposure surfaces are consistent with this
scale. Mapped relationships demonstrate that
larger pipes develop from, or are closely asso-
ciated with, major exposure surfaces marked
by sharp contacts and festures described in the
next two sections. Upper Sdado Formation
beds are dominated by two environments: the
subaqueous (or phreatic), indicated by stratified,
mud-poor halite, and the vadose zone, indicated
by efflorescent salt and a variety of exposure
features, including dissolution pipes.

Subaerid exposure is indicated in argilla
ceous halite beds by cracks, dish-shaped cross
sections, and concentrated clay on subhorizon-
tal bedding surfaces (Fig. 9). MU 3 and MU 4
illustrate a desiccating-upward cycle, but MU
4 did not develop significant piping. The water
table apparently did not drop asfar or aslong as
in some other cycles. Deeper pipes tend to be
associated with surfaces with thicker clay, but
pipes aso developed on subhorizontal surfaces
with little or no accumulated clay.

Most depositional cycles in the upper 425 m
of the Salado Formation revea pipes. Pipe fre-
quency and size vary from cycle to cycle, but
there is no obvious upward trend in frequency
or size.

SYNSEDIMENTARY HALITE CEMENTS

Halite cements are ubiquitous in the Salado
Formation at a variety of scales and with a va-
riety of morphologies. At the stratum scale,
coarse, clear halite cements occupy voids that
were created by dissolving haite adong the con-
tacts between bottom-growth (chevron) halite
or around cumulate halite. Similar features
have been well documented in many other thin-
section—based studies of halite (e.g., Lowenstein
and Hardie, 1985). Other |ess-well-documented
features are readily observed in outcrop-scale
exposures of the Salado Formation in WIPP
shafts and are discussed herein. Solution lags
of clay and sulfate minerals that cap exposure
surfaces (e.g., Holt and Powers, 1990a, 1990b)
commonly appear dilated or exploded by coarse,
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Figure 7. Compound dissolution pipeat 1850 level (564 m) of the air intake shaft shows connec-
tionsupward to later pipes. Arrows show bacteria sample stes (Vredand et al., 2000; Satterfield
et al., 2002, 2005). Linesaccentuate units and features mapped by Holt and Power s (1990a).

clear displacive halite cements (Figs. 10A and
10B). Large (severa centimeters across) clear
halite crystals fill macropores that are bounded
by stratified halite showing chevron fluid inclu-
sion zoning (Fig. 5A). Void space within dis-
solution pipes is filled with large, clear halite
crystals (some exceeding 10 cm across). These
crystals commonly show displacive margins
with clay and sulfate minerals that accumulated
in dissolution pipes (Fig. 10C).

The sedimentological relationships presented
here and in Holt and Powers (1990a, 1990b)
support a synsedimentary origin for Salado For-
mation halite cements. Salado Formation halite
cements developed within the phreatic zone
of the Salado Formation depositional environ-
ment, while dissolution pipes and other dissolu-
tion festures formed in the vadose zone. Clear
halite cements overgrew existing hdite crystals
and passively filled pore spacesin mechanically
competent halite, while clear displacive halite
crystals grew in more porous sediments, includ-
ing clay, sulfate minerals, and halite. In some
instances, displacive phreatic cements radically
overprinted depositional and syndepositional
dissolution textures, leading to a dilated appear-
ance. Fluctuating water-table positions relative
to the sediment surface led to repeated episodes
of vadose zone dissolution and phresatic zone
cementation. These processes are particularly
effective in modern salt pans, where all visible
porosity isoccluded at relatively shallow depths
(e.g., Casas and Lowenstein, 1989).

RELATED SYNSEDIMENTARY
FEATURES

We have found no complete modern ana
logues to the Salado Formation dissolution
pipes, and few ancient features comparable in
size are reported. Many pipes are larger than
core samples, and “recrystalized” hdite is
frequently reported without sedimentological
context.

Shearman (1970) elegantly described centi-
meter-scale dissolution pipes formed along
boundaries between recent chevron halite
crystals and filled with clear halite. Although
Shearman calls this clear halite “diagenetic,’
he relates it to the salt-pan cycle when shallow
subsurface brines are concentrated by capillary
action and evaporation. A number of ancient
examples have now been reported (e.g., Ward-
law and Schwerdtner, 1966; Benison and Gold-
stein, 2001; Hovorka, 1987; Bein et a., 1991).
Hovorka (1987, p. 1035-1036) summarized
common features diagnostic of a synsedimen-
tary origin: vertica orientation, relationship to
apaeosurface, undisturbed overlying beds, and
halite cement fill. Hovorka (1987) noted some
geopetd fillings of insoluble minerals.

Salt saucers or polygons with drain holesin
Death Valley (USA; Hunt, 1966) and Chilean
salars (Stoertz and Ericksen, 1974) may be
partial analogues. When the water tableis shal-
low, capillary action forms evaporite miner-
als (Goodall et a., 2000), and salt pools and

meter-scal e surface collapse follow dissolution
(Hunt, 1966). Deeper water tables produce so-
lution tubes “ presumed to drain downwards to
interconnecting fissures that extend to great
depths and serve as channelwaysfor subsurface
drainage of the basin” (Stoertz and Ericksen,
1974, p. 47).

Similar dissolution pipes, with clear halite
cement, are associated with large polygons and
contraction cracksin Messinian salt deposits on
Sicily (Lugli etal., 1999). A truncating mud layer
showsthat the festures are syndepositional; they
formed in a desiccating basin where the water
table dropped below the exposed surface (Lugli
et a., 1999). Some pipes reached a depth of 6 m
below the originating surface. Schreiber and
El Tabakh (2000, p. 227) reviewed some studies
in which “vertical bedding” features, including
cracks and pipes, have been reported and noted
that “clear halite from succeeding halite cycles
isacommon filling.”

Watney et a. (2003, p. 129) reported that
halite-dominated cycles in the lower Permian
Hutchinson Salt Member of the Wellington For-
mationinKansas" arecapped by erosion surfaces
exhibiting kargtic pipes and local scallop-shaped
dissolution surfaces” The Sdado Formation dis-
solution pipes and pits could be described in this
same way.

Rainfal on a depositiona surface of the
Devonian Prairie Evaporite Formation (Sas-
katchewan, Canada) developed large drainage
channels, hundreds of meters across. These are
filled with salt and insolubles, and they lead
to low areas on the paleosurface (Baar, 1977).
These features may be large examples of some
of the Salado features.

Lowenstein and his colleagues have more re-
cently examined similar features from modern
sdline pan environments and underlying older
sediments at Death Valley (e.g., Li et al., 1996),
Qaidam Basin of China(e.g., Schubel and Low-
enstein, 1997), and Salar de Atacama, northern
Chile (e.g., Bobst et al., 2001; Lowensteinet a.,
2003). For the most part, dissolution pipes rec-
ognized by them are centimeter to decimeter
scale because of size limitations of cores. Bobst
et a. (2001) and Lowenstein et al. (2003) noted
that larger cavitiesfilled with coarse, clear hdite
occur in efflorescent salt; these are consistent
with the scale of larger Sdado Formation dis-
solution pipes described in this paper.

EVIDENCE OF LONG-TERM
ISOLATION OF FLUID INCLUSIONS

In the following subsections, we summarize
hydrologic, geochemical, radiometric age, and
stable isotope evidence supporting long-term
isolation of fluid inclusionsand bacteriain halite
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Figure 8. Dissolution pipes are common in
many of the depositional cycles mapped in the
air intake shaft at the Waste | solation Pilot
Plant. A section of ~15 m illustrates at least
13 significant exposure surfaces (heavy
subhorizontal lines), and many of these
have associated dissolution pipes (Holt and
Powers, 1990a). Some of the deepest pipes
occur near a surface at ~556.5 m below
ground level, and the mapped pipes indi-
cate multiple generations of exposure. The
dashed line (left column) indicates estimated
nonhalite constituentsin these cycles, show-
ing that nonhalite constituents increase
upward toward the exposure zone. The
dotted line shows the relationship between
estimated proportions of clay (to the left)
and sulfate (to the right) of the nonhalite
constituents. This line illustrates that clay
commonly increases upward toward the
exposure surface, and the sulfate is more
common in the subaqueous halite. The hori-
zontal scale of the mapped area is approxi-
mate 34 m. The basal rock (cross-hatch
symbol) is polyhalite.

cements developed in dissolution pipes. While
these are based primarily on observations from
the Salado Formation at WIPP, they are consis-
tent with evidence from other areas aswell.

Hydrologic I solation
The rocks of the Salado Formation are

generally recognized to be of extremely low
permeability, and hydraulic testing in low-
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permeability materials, like Salado Forma-
tion halite, is difficult. Darcy’s law may not
be applicable in very low-permeability mate-
rials under naturally low hydraulic gradients
(e.g., Neuzil, 1986), and some researchers
(e.g., Swartzendruber, 1962; Pascal, 1981)
suggest that low-permeability mediamay have
threshold gradients, below which no flow can
occur. Despite these difficulties, a variety of
in situ hydraulic tests have been performed

since 1984 in the vicinity of the WIPP under-
ground excavation, including gas permeability
measurements (Stormont, 1997), pressure-
pulse tests (Beauheim et a., 1991), constant
pressure flow tests (Roberts et al., 1999), and
pressure-buildup tests (Roberts et al., 1999).
Analyses of these experiments show that the
permeability is greatest in a “disturbed-rock
zone” that bounds WIPP underground excava-
tions and diminishes over short distances (tens
of meters) from the underground opening.

Beauheim and Roberts (2002) summarized
the hydrologic investigations of the Saado
Formation. They suggested a far-field (out-
side of the disturbed-rock zone) permesbility
of ~102-102' m? (hydraulic conductivity of
~10-10" m/s) and a porosity of ~0.01 for
impure halite containing more than a few per-
cent of clay or sulfate minerals. Using percola-
tion theory arguments, Beauheim and Roberts
(2002) also suggested that pores in far-field
halite containing lessthan afew percent impuri-
ties (e.g., clay or sulfate minerals) are so poorly
interconnected that permeability may not exist.
Therefore, coarse, clear halite cementsin disso-
lution pipes act as natural, likely impermeable,
heterogeneities that limit lateral flow. To illus-
trate the effectiveness of such low permeabil-
ity on hydrologic isolation, brine would take
~3-30 m.y. to flow 1 m in argillaceous halite
if we assume an unredlistically high hydraulic
gradient of 0.01, and assumethat Darcy’slaw is
valid for this situation.

Bacterial cells are generally ~0.50 um in
width (Alberts et al., 2002, p. 548), athough
filterable bacteria 0.2 pm are also reported
(e.g., Haller et a., 2000). A study of Bacillus
sp. spores (Carrera et al., 2006) indicated that
spores of Bacillus subtilis have mean diameters
of 0.48 + 0.03 um, which is the smallest of the
group. Intercrystalline apertures caculated for
reported Salado Formation permeabilities are at
least 2—4 orders of magnitude smaller than these
bacterial spores, indicating that advective trans-
port is not a viable mechanism for introducing
bacterial spores from externally derived fluids.

Far-field pore pressures in the Salado For-
mation are likely at or very close to lithostatic
pressure (Beauheim and Roberts, 2002; Roberts
et a., 1999; Holt and Powers, 2010), and drill-
stem testsin the Salado Formation showed pres-
sure buildup values indicative of brine levels
above the ground surface (Mercer, 1987). This
is not surprising because hdlite is capable of
creep deformation and plastic behavior. If the
porosity of the Salado Formation were suffi-
ciently interconnected to allow the widespread
flow of fluids, Salado Formation fluid would
flow upward into the closest overlying aquifer
(the Culebra Dolomite Member of the Rustler
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Figure 9. Desiccating-upward cycleisillustrated by a crack at the top of the cycle and clay
along saucer shapes. This exampleisfrom map unit (MU) 4 (Fig. 4), which isnot known to
have developed pipes.

Formation) and downward toward the closest
underlying aquifer (the Bell Canyon Formation).

In the vicinity of the WIPP, low permeabili-
tiesand outward gradientshavelikely persisted
for most of the Salado Formation’s postdepo-
sitional history. The northern Delaware Basin
has been disturbed tectonically very little
since the Permian. The main events have been
very broad uplifts and exposure since the Tri-
assic, and slight eastward tilting during the
mid-Cenozoic (e.g., King, 1948; Bachman,
1980). The Salado Formation in the vicinity of
the WIPP shafts shows little structural defor-
mation; well-constrained structure contours
of an overlying unit in the Rustler Formation
display damped features of deformed Castile
Formation in the region (Powers et al., 2003).
We analyzed regional depositiona patterns
and conclude that the Salado Formation was
likely buried to its maximum depth by the

close of the Triassic and has been subjected
to less than 500 m of unloading due to erosion
since that time.

Geochemical I solation

Chemical analyses from Salado Formation
pore fluids and halite fluid inclusions showed
substantial variability, consistent with long-term
isolation of Salado Formation fluid inclusions
from external sources of fluid. Stein and Krum-
hansl (1988) analyzed 109 large fluid inclusions
from one Salado Formation depocycle and
found highly variable compositions. They aso
reported that fluid inclusion compositions differ
significantly from Salado Formation pore fluids
collected from mine weeps and concluded that
fluid movement through the Salado Formation
must be extremely limited. Horita et a. (1991)
analyzed 49 large inclusions from clear Salado

Formation halite from several beds showing
interbed differences, and they believe the com-
positions are similar to evaporating modern
seawater. Horita et a. (1991, p. 421) aso con-
cluded that “inclusion brines in clear parts of
the halite samples were derived from the same
evaporite brines asthose in chevron inclusions.”
Satterfield et al. (2002, 2005) reported that fluid
inclusions from the successful bacterial sam-
pling site in the Salado Formation have ionic
concentrations indicating evaporating Permian
seawater, and they concluded that the halite
cements and their fluid inclusions are synsedi-
mentary. Photomicrographs of fluid inclusions
from the bacterial sampling site show no micro-
scopic fractures (Satterfield et al., 2005, archive
materia) that would indicate injection or pas-
sage of externadly derived fluids (as postulated
by O'Neill et al., 1986).

For a synsedimentary origin of pipes, we ex-
pect inclusions from pipe halite to vary chemi-
cally from bed to bed, depending on the role of
meteoric water in any particular depocycle. Pipe
halite inclusions are likely to vary from inclu-
sionsin the host bedded halite, aswell, although
Horita et a. (1991) and Bein et a. (1991)
showed some with similar chemistry. Future
sampling needs to be carefully directed because
inclusion-banded halite may form in pipes dur-
ing more rapid crystallization. We would expect
more homogenization of inclusion chemistry in
coarse haliteif the halite had been recrystallized
by later movement of brines vertically through
the formation.

Radiometric Ages

Long-term geochemical isolation is fur-
ther supported by Salado Formation age dates.
The Salado Formation is commonly accepted
as Permian in age (e.g., Hills and Kottlowski,
1983). Renne et a. (1998, 2001) obtained
“OAr/®Ar plateau ages with an older mode of
251 + 0.2 Ma from Salado Formation lang-
beinite at three different stratigraphic levels,
and they suggested this is consistent with a
depositional age. Lithologic equivalents to the
overlying Dewey Lake Formation include tuffs
inthe lower part of the formation that have dates
of 249-250 Ma based on “Ar/*Ar anayses
of sanidines (Renne et a., 1996, 2001). Many
analyses of Salado Formation mineral and rock
samples yield radiometric ages in the range of
ca. 200-215 Ma (e.g., Brookins and Lambert,
1987). Renne et al. (2001) also reported plateau
ages of ca. 93 Ma from some langbeinite sam-
ples. Renne et a. (2001) suggested at least local
recrystallization because of the intimate asso-
ciation of langbeinite grains with such widely
varying ages. Local recrystallization, however,

[HTSHation Only



Geological Society of America Bulletin, published online on 11 February 2011 as doi:10.1130/B30197.1

Figure 10. (A) Palyhalite solution lags (orange
color) accumulated on exposure surfaces
(shown by arrows) are dilated by coarse,
clear, displacive halite cements. (B) Dilated
solution lags showing displacive halite
boundaries; arrows point toward more obvi-
ous examples of displacive halite. (C) Large
(>10 cm), displacive halite cements within
a wide (>0.3 m) dissolution pipe. Note the
displacive crystal boundaries with the poly-
halite pipeinfilling, shown by the arrow.

does not require water, which might contami-
nate the rocks, from outside the bed or forma
tion. The differences between many radiometric
ages of potassium-bearing minerals and the ac-
cepted age of the Salado Formation have not
been resolved.

Stable I sotopes

Hazen and Roedder (2001) argued that coarse
clear hdite in the Salado was recrystallized by
water moving through the Salado at unknown
times, through fractures or microfractures that
are not now observed. Stable isotopes from nine
large inclusions were interpreted as mixing of

Synsedimentary dissolution pipes

modern meteoric water with water derived by
dehydrating marine gypsum (Roedder, 1984;
O'Nelill et al., 1986). O'Neill et al. (1986) aso
noted, however, that these stableisotope dataare
consistent with evaporation trends of meteoric
water. While these data do not show conclu-
sively that the original water was meteoric, they
are very much consistent with the hypothesis
that pipes formed on the exposed Salado salt
pan. At least in some cases, the influx of unsatu-
rated water was likely to be rainwater and run-
off, leading to isotopic values similar to those
reported in O'Neill et al. (1986). This contrasts
with the actudl site of the recovered viable bac-
terium, where Satterfield et a. (2005) found
inclusion chemistry consistent with evaporated
Permian seawater. A more systematic approach
to the stableisotope analysis of haitefilling dis-
solution pipes in different depocycles is likely
to differentiate between flooding by seawater or
rainwater and runoff.

SUMMARY COMMENTS

We interpret these halite pipes as synsedi-
mentary and isolated since the Permian based
on the stratigraphy, sedimentology, and hydrau-
lic properties of sdt. The lithologic sequence
and exposure features indicate depocycles were
driven by desiccating environments after flood-
ing. Exposed surfaces accumulated clays; and
salt saucers, polygons, and cracks developed as
the water table dropped below the surface. Rain-
fall and runoff entered cracks and saucer mar-
gins, enlarging them as salt was dissolved. The
position of the water (brine) table controlled the
depth of pipes and related macropores. When
the water table rose, pipes were cemented and
sedled by halite crystallizing in a stagnant en-
vironment. Renewed flooding deposited regular
halite beds above the pipe, indicating the pipes
were syndepositional.

The bacterium isolated by Vredland et d.
(2000) is hdotolerant rather than halophilic.
Bacteria presumably lived in the undersaturated
brines that formed the pipes and sporulated as
the brine reached halite saturation. The spores
were then trapped in fluid inclusions as hdite
cement filled the pipe.

Inclusion chemistry, radiometric ages, and
isotopic analysis show that fluid circulation in
Salado Formation halites has been extremely
limited since the Permian, consistent with in
situ experiments to measure permeability. There
is no evidence of postulated microfractures to
transmit undersaturated waters through hun-
dreds of meters of evaporites to dissolve and
recrystallize the halite after burial. There is also
no evidence of larger, through-going fractures
that could provide a pathway for contamination.

Thismechanismisnot practical for hydrologica
or mechanical reasons, and the chemistry of the
brinesis not consistent with underlying or over-
lying formations (Stein and Krumhansgl, 1988).

Further studies of rock and inclusion chemis-
try and isotopic analyses should be useful, how-
ever, in unraveling questions about marine versus
nonmarine sources of the unsaturated water that
dissolves the pipes when sampling is done strati-
graphicaly and in the context of these features
within any single depocycle (eg., Satterfield
et al., 2002, 2005). Such sampling may aso help
to differentiate between depocycles dominated
by marine and nonmarine sources of water (as
suggested by Lowenstein, 1988).

A further consequence of the work on expo-
sure surfaces and dissolution pipesisthat much
of the upper Salado Formation formed in, or is
overprinted by features of, the vadose zone. The
upper parts of these depositional cycles share
features that might be expected to develop in
some soils, and, like soils, the mgjor part of the
geologicd history is likely contained in the ex-
posure surface and rel ated featuresrather thanin
the lower part of the depocycle.

The Salado Formation exposed in the WIPP
shafts and underground workings reveals ex-
traordinary preservation of synsedimentary
dissolution pipes and the depositiona cycles
within which they formed. These exposures
provide a wonderful opportunity for macro-
scopic observations regarding cycles, features,
and textures associated with very late or pos-
sibly end-Permian environments of interest.
More precise chemica and isotopic analyses
of fluid inclusions and host rocks should yield
insights into seawater compositions at thistime.
The cellulose, if it can be attributed properly to
asource, may yield considerable environmental
information through stable isotopic analyses.
A variety of biologic techniques, ranging from
culturing viable organisms to biomarker extrac-
tion and analysis, can be applied to single depo-
cyclesexposed in mines or through atime series
of depocyclesin shafts and cores.

Most remarkable of dl, the stacked depo-
cycles of the Salado Formation, including the
coarse halites of the dissolution pipes, have po-
tential to yield direct data on evolutionary rates,
based on bacterial DNA, over geologic stretches
of time.
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Scanned Copies of Borehole Logs for
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Basic Symbols in Core Logs

Symbol Description

Halite; halitic where symbols are
scattered

Claystone; argillaceous where symbols
are scattered. Clay seam or thin layer
indicated by heavy line

Anhydrite; anhydritic if // are scattered
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one or two gray blebs)
poly is localized as
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no clay; poly blebs 
larger (up to ~1/2")
than higher in cycle,
are widely scattered
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trace of clay; gray is
mainly anhydrite(?)
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halite, fine-medium, transparent to opaque;
<1% poly in blebs, some tiny films or thin,
irregular platelets < 1/2" long; poly broadly
distributed, no fabric; no discernible clay
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no discernible clay
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halite, orange, medium-coarse; no clay; 
~1% poly as very thin (< 1 mm) subhorizontal 
stringers and outlines of halite crystals
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clay D is ~1/32-1/8" thick; truncates halite
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from 13.57-9.0 ft
(upward), orange 
color (polyhalite?)
decreases
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clay <<1% lower end
of H-3; poly mainly
in zones as linings
around halite 
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clay is nearly non-existent; polyhalite/
anhydrite is locally a relatively high % as 
blebs, also outlines halite crystals; larger
fluid inclusions more common in this
interval; continues down to 22.0 ft.
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mass of fine polyhalite 21.5 ft below coarse
halite and halite with poly stringers; no 
discernible clay above clay seam. Interpret
fracture as secondary.
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zones/beds of fine orange 
halite with ~2% polyhalite 
and interbeds of medium-
coarse gray halite with little
polyhalite or clay; polyhalite
is mainly fine crystalline blebs
between halite crystals; trace
of gray clay or anhydrite at top
of polyhalitic zones
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coarse, gray/orange halite,
trace gray clay upward
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fine-medium gray and 
orange halite; no clay
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very coarse
halite, no clay
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halite - thin films of 
polyhalite around
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thin, irregular polyhalite on halite crystal
boundaries; in poorly defined bands
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polyhalite in more regular, very thin laminae
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crude 1-3" bands of light
brown, fine-medium
halite with <1%clay and 
orange to clear, medium-
coarse halite with no clay
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halite with polyhalite in 
irregular zones and as
outlines of irregular halite
crystal surfaces
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clear, coarse halite
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halite, medium-coarse, slightly anhydritic,
trace(?) clay
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clear, coarse halite
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very little to no clay above 37.3 ft
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halite, fine-coarse; thin beds with 1-3%
disseminated clay and poly with some very
thin bounding brown clay layers; poly as fine 
needles or tiny plates on halite boundaries in 
fine-medium opaque halite
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halite, medium-coarse, clear; non-halite
components estimated <0.1%
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halite, as above; trace polyhalite & clay
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halite, medium-coarse, no poly or clay
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halite, coarse-very coarse; no polyhalite,
trace clay(?)
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halite, coarse-very coarse, generally clear
to light orange (lower 0.3'); no clay; trace
anhydrite as thin, discontinuous stringers
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halite, clear to orange, fine-coarse, with thin,
discontinuous polyhalitic bands and some
broader distribution; poly <1% average
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halite, fine-very coarse; coarse is clear, 
fine-medium is gray, very fine-fine is orange;
<1% non-halite overall; polyhalite is in 
discontinuous zones <1/2" thick and as 
one poorly defined pod; poorly defined 
sub-horizontal gray zones have anhydrite 
and possibly trace clay.
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Confirm <1% poly; 
no discernible clay;
poly in stringers and
some blebs
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Halite, clear, medium-coarse, with thin gray 
clay or anhydrite draping halite crystals along
subhorizontal direction.
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Halite becomes 
finer upward from 
18.3 ft; poly and 
anhydrite disseminated
and some stringers;
very little clay; 
1/2-1% sulfate
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depositional zone; no clay 29.0 ft.; contact
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