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Abstract

In southeastern New Mexico, Marker Bed 139 (referred to in this report as MB139) is
one of 45 numbered siliceous or sulfatic units within the Salado Formation of the
northern Delaware Basin. MB139 is divided into five zones. Zones I and V are the
upper and lower contact zones, respectively. Zone II is a syndepositionally deformed
subunit of polyhalitic anhydrite. Zone III is mixed anhydrite and polyhalitic anhydrite,
a distinctive pale-green and pink, with subhorizontal fractures. Zone IV consists of
interlayered halite and anhydrite without the overprint of polyhalite.

This sequence was transitional between submarine and subaerial. The anhydritic units
of MB139 formed in salt-pan or mudflat environments or both. Undulations observed
along the upper contact of MB139 are interpreted to result from traction deposits or
from reworking of the upper portion of the marker bed during the transition from
anhydrite to halite deposition. Zones II and III exhibit soft-sediment deformation and
later traces of dewatering; e.g., formation of stylolites. Such deformation is not
observed in the halite above MB139 or in Zone V and the halite units below MB139.

A distinctive set of subhorizontal fractures occurs in MB139 in mid-Zone III and, to
some extent, in Zone IV. These fractures are partially infilled with halite and
polyhalite. Brine occurrences at the mined facility horizon at the Waste Isolation Pilot
Plant may be related to these fractures. The fractures formed either in response to
stress cycles that were functions of sedimentation and erosion, or in response to
deformation in the underlying Castile Formation. The subhorizontal orientation,
dominant in the sampling to date, is more consistent with the interplay between stress
and sedimentation cycles.
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Marker Bed 139:
A Study of Drillcore From
A Systematic Array

Introduction

Stratigraphy

Within the northern Delaware Basin of southeast-
ern New Mexico, the Salado Formation of Ochoan age
occurs between the overlying Rustler Formation and
the underlying Castile Formation (Figure 1). The
Salado is primarily halite and consists of three sub-
units: the upper, middle, and lower Salado. The strati-
graphic nomenclature and usage in this report origi-
nated in the local potash industry (Jones et al, 1960).
The boundaries of these subunits are the Rustler-
Salado contact and Marker Bed 124 for the upper
Salado, Marker Beds 124 and 136 for the middle
Salado, and Marker Bed 136 and the Salado-Castile
contact for the lower Salado. The lower Salado also
includes the Cowden Anhydrite and the Infra-Cowden
Halite. Within the Salado, Marker Bed 139 (referred
to in this report as MB139) is one of 45 siliceous or
sulfatic units numbered 100 to 145, with Marker Bed
145 occupying the lowest position stratigraphically.
Such marker beds are traceable in the subsurface for
several kilometers, although they are not recognizable
in every hole.

The Salado is part of the paleo-environmental
transition from marine and reefoid limestones to
redbeds in the Ochoan series of the northern Delaware
Basin (Jones and Madsen, 1968). In this transitional
sequence, the Salado represents cycles of flooding and
desiccation. With such cycles, a repetition of lithologic
sequence is observed (Lowenstein, 1982). Typically,
the Salado is comprised of rhythmically interlayered
halite and argillaceous halite. Thinner units, com-
prised of anhydrite or other minerals such as polyha-
lite and clay, are also observed. Distinctive associa-
tions of rock types such as a claystone occur at the
base of nearly every anhydrite unit. Jones and Madsen
(1968) interpreted the claystone as the bottom, or
start, of a sedimentary cycle. In such cycles, the ideal
mineral sequence upwards is magnesite, anhydrite,
polyhalite, glauberite, halite, and argillaceous halite.
The upper boundary of this cycle is a fairly even
surface, the result of corrosion or dissolution (Lowen-
stein, 1982).

Statement of the Problem

During early development of the underground
Waste Isolation Pilot Plant (WIPP) facility, Jarolimek
et al (1983) reported that MB139 exhibited an undula-
tory upper surface in several shafts and vertical
boreholes. These undulations were reported to have
vertical amplitudes of ~20 in. and wavelengths of 2 to
6 ft.*

The Environmental Evaluation Group (EEG) of
the State of New Mexico expressed concern that, since
MB139 was a short distance below the facility level
(<8 m), these undulations may be evidence of
some deformational event that affected the repository
level at a stage later than deposition or diagenesis.
Jarolimek et al (1983), however, argued that the undu-
lations on the upper surface of MB139 were formed
during deposition. They suggested the following as
evidence for their conclusion:

¢ Laminations in halite-rich bands immediately
above MB139 are horizontal and undeformed.

¢ Undulations on the lower contact of MB139 are
minor relative to those on the upper surface of
MB139.

Powers (in Jarolimek et al, 1983) concluded that
the undulations were related to gypsum growth struc-
tures that formed shortly after or during deposition.
These growth structures are observed as distinctive
swallowtail clusters in which the original gypsum is
now pseudomorphed by halite.

As an expansion of the work described above, the
objective of this report was to assess our understand-
ing of MB139 and to record a systematic drilling
program to study MB139. The remaining basic ques-
tions addressed in this report follow:

*In this text, we use both English and metric units. The
Jarolimek et al report uses English units, and I have repro-
duced their description. 1 use metric units for original
observations within this report where possible. But, as with
any area that incorporates oil-field and engineering projects,
much of the original data appears in English units.
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Figure 1. Cross section (after Jarolimek et al, 1983) from DOE-1 to the WIPP site, southeast to northwest. (The distribution of
marker beds is illustrated in Salado.)



o What is the origin of the undulations on the top
surface of MB139—regional deformation or
deposition? What are the strengths and weak-
nesses of the arguments advanced by Jarolimek
et al?

¢ What evidence remains in MB139 of the deposi-
tional and deformational history of the middle
Salado?

o Are the mechanical responses of anhydritic
units such as MB139 different responses of the
halitic units that bound units such as MB139;
e.g., brittle vs ductile behavior? Are meso- and
microscopic textures observable in units such as
MB139 that indicate such differing mechanical
behavior for the units in question?

e Can MB139 and other similar units serve as
local reservoirs for brines in the middle Salado?

Fluids Associated With MB139

Another point of interest about MB139 and simi-
lar units is the discovery of brines in drillholes that
intersect MB139. These brines are also associated
with predominantly nitrogen gas encounters at the
facility interval, which is the mined underground
workings of WIPP (Figure 1). In fact, the brine was
discovered during a gas-drilling program within the
underground facility (Popielak, 1983).

The initial hole that produced fluids was moni-
tored and found to repressurize to >100 psi. This
relationship between MB139 and the fluids or gases is
being investigated through the auspices of the Techni-
cal Support Contractor (TSC). The TSC program
incorporates recommendations of this author and
others.

Methods of Study

Samples for this report came primarily from a
five-hole array drilled in Room 4 (Figure 2). The core
diameter in this array was 4 in. - MB139 was generally
2 to 3 ft below the floor of Room 4. Other observations
were made in 30- and 36-in. holes drilled through the
marker bed in Room 4. The core from 16-in. drillholes
in Room 4 was also available at the site for study. The
larger diameter holes lie 15 to 20 m south of the five-
hole array in Room 4. The core was described, and
significant features were photographed. At this stage,
samples were selected for thin sections, and 0.25-in.-
thick slabs were cut from these samples. The samples
were coated on one side with Buehler cold-mount
epoxy to buttress the section for final slabbing. The
slabs were trimmed to 2 or 3 in. and thinned to 0.125
in. The work herein is derived from mesoscopic

description of the core and finished slabs. No micro-
scopic descriptions of MB139 core are included in this
report.

NORTH BULKHEAD

1.5

WEST RiB EAST RIB
10 @ 13° @ 10
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Figure 2. Plan view, north end of Room 4, with distribution
of holes in the five-hole array

Description

Core of Five-Hole Array in
Room 4

The detailed observations of the core obtained in
the five-hole array in Room 4 appear in the Appendix
and graphically in Figures 3 and 4. Stratigraphically,
MB139 is divisible into five zones. The boundaries of
these zones are generally gradational except for some
sharp color contrasts; e.g., red to grey. The undulation
structures, which originally spurred interest in
MB139, are confined to the upper Zone I (described
below). Other undulatory structures occur in zones
stratigraphically lower within the marker bed. These
lower structures are not necessarily harmonic; e.g.,
axial planes are not coplanar with the undulations in
the upper zone. As an overview, the basic zones of
MBI139 are as follows:

Zone Zone Description

1 Upper contact zone

II Massive polyhalitic anhydrite

I Mizxed anhydrite and polyhalitic anhydrite
v Laminated anhydrite with halite

A% Lower contact zone



POLYHALITIC HALITE
WITH CLAY
0.0 m \ ZONEI: UPPER CONTACT, CLAY LAYER WITH INTERLAYERED HAL-
ITE, POLYHALITE AND CLAY, CLUSTERS OF HALITE
CRYSTALS, CONTACT WITH ZONE Il IS SHARP WHERE
DEFINED BY CLAY SEAM
? ZONE Il: POLYHALITIC ANHYDRITE WITH PATCHES OF RELICT
ANHYDRITE, CONVOLUTE STYLOLITES, SWALLOWTAIL
0.2 m— GROWTH STRUCTURES
0.4 m
> ZONE lll: EQUAL PROPORTIONS RELICT ANHYDRITE AND POLYHA-
LITIC ANHYDRITE, COMMONLY FISSILE, NUMEROUS SUB-
HORIZONTAL FRACTURES, WHICH ARE PARTIALLY FILLED
WITH HALITE
0.6 m — J
f ZONE IV: INTERLAYERED HALITE AND ANHYDRITE, ANHYDRITE
SHOWS PULIAPART STRUCTURES, LAYERING IS SUB-
0.8 m— HORIZONTAL
j ZONE V: LOWER CONTACT ZONE, CLAY LAYER, THE LOWER BOUND-
ARY OF THE CLAY IS UNDULATORY WHERE CLAY INFILLS
EMBAYMENTS IN LOWER SURFACE, THESE STRUCTURES
DO NOT REFLECT STRUCTURES IN ZONES ABOVE
1.0 m—
POLYHALITIC HALITE
WITH CLAY

Figure 3. The five zones of MB139, shown in an idealized core section
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The Upper Contact Zone | displays complex
structure and mineralogy. The zone includes a distinc-
tive claystone up to several centimeters thick in which
are observed the major undulation structures of inter-
est within MB139. The' claystone occurs primarily
along the undulatory upper contact of Zone I, with the
polyhalitic halite above. The undulations along the
upper surface of MB139 are 10 to 50 cm in amplitude
and 30 to 100 cm in wavelength. The lower portion of
this zone is not as regular in form and content as is the
upper portion. Where Zone I is thin and the claystone
is in contact with the polyhalitic anhydrite of Zone 11
(see description below), the claystone infills embay-
ments into the anhydrite. The distinet lower portion
of Zone I is absent. Also, the contact or transition
between the lower portion of Zone I and the upper
portion of Zone II can be indistinct. Where it is, the
lower portion of Zone I consists of interlayered halite,
polyhalite, and clay. These interlaminated zones
thicken in the areas beneath the upper surface undu-
lations. Within these undulations, clusters of hopper
crystals are observed partially broken up but preserv-
ing their distinctive texture. They are incorporated
within the laminae of halite, polyhalite, and clay. Such
textures are probably equivalent to the “crushed crys-
tals” of Jarolimek et al. In a 36-in.-dia hole in Room 4,
an undulation with an amplitude of ~0.5 m was
intersected. On the limb of this undulation, a fracture
crosscuts Zone I, terminating horizontally in the stra-
tigraphically lower Zone II (see description below) and
higher halite.

The Massive Polyhalitic Anhydrite Zone Il lies
immediately below the claystone or interlaminated
portion of Zone 1. The zone is 20 to 30 cm thick. Relict
grey-green patches of anhydrite are found in this zone
with embayed margins where a red polyhalitic anhy-
drite overprints the relict anhydrite. A distinct spot-
ted appearance characterizes this polyhalitic anhy-
drite. These spots are 1 to 5 mm in diameter and are
formed from radiating clusters of polyhalite. Con-
torted and undulated stylolitic laminae are observed
and crosscut both anhydrite and polyhalitic anhy-
drite. Some boreholes in this zone reveal clusters of
swallowtail structures and replacement patches of
halite.

The Mixed Anhydrite and Polyhalitic Anhydrite
Zone Il has a distinct marbled appearance enhanced
by the mixture of red and green colors. The colors
reflect patches of relict grey-green anhydrite and red-
dish polyhalitic anhydrite. This zone (as is Zone II) is
20 to 30 cm thick; its appearance suggests a relict
breccia that has been overgrown by secondary miner-
als. In this zone, a pervasive set of subhorizontal
fractures is observed. These fractures are partially
infilled with halite and polyhalite, but a porosity
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remains, probably interconnected within the fracture
trace. Some of the relict green anhydrite patches
exhibit brecciation and pullapart or boudinage defor-
mation. Halite occurs as veins and secondary replace-
ment patches. Relict anhydrite patches and stylolitic
laminations in some boreholes dip >25°.

The Laminated Anhydrite with Halite Zone 1V is
characterized by fine laminations of halite and grey-
green relict anhydrite. This zone of laminae is 20 to 30
cm thick. Individual subhorizontal laminae are 1 to 2
cm thick. The distinctive red-orange color, derived
from polyhalite (which overprints anhydrite in the
section above), is absent. Anhydrite occurs either as a
multiple laminae with thin (<1 mm) interlaminae of
clay or as laminae in halite. Anhydrite laminae in
halite exhibit pullapart structures (boudinage) and
crenulations, but the undulose structures of Zone I
and structures as displayed by the stylolytic laminae
in Zone II are not observed in this zone. Also, subhori-
zontal fractures continue in this zone. As in Zone IIT,
such fractures are infilled partially by halite. The
fractures in this zone are similar in orientation and
content to the fractures in the zones above, but no
high-angle fractures have been observed that inter-
connect between zones. Thicker bands of halite (2to 5
c¢m) are observed in the zone, but such bands cannot
be traced hole-to-hole.

The Lower Contact Zone V is marked by a grey-
blue clay zone. Much of the clay is often lost during
drilling, but where the section is recovered intact, the
clay band appears to be 1 to 2 ¢cm thick. While the
upper surface of the clay zone is largely conformable
to the structures in MB139, the clay band along the
lower surface infills embayments in the salt unit be-
low. These embayments are 1 to 5 cm deep and 1 to 5
cm wide. There is also a gentle undulation
of the Lower Contact Zone with a wavelength of 75 cm
and an amplitude of 10 cm. No undulations were
observed similar to those encountered within the
Upper Contact Zone.

Bounding Halite Units

The halite units above and below MB139 are
characterized by coarse-grain intergranular polyhalite
and clay. A color lamination is distinctive in both
halite units, but more so in the halites above MB139.
The color is imparted by the dominant intergranular
mineral: halite is pale grey if the dominant mineral is
clay and is red-orange if polyhalite is the dominant
mineral. The color bands are 15 to 30 cm thick.
Portions of these units contain many mesoscopic fluid
inclusions. Some isolated clay seams (=1 cm) are
observed. These clay seams and the color-banding
impart a sense of horizontal layering in the salt units.



Discussion of the Origin of
Undulations on the Upper
Surface of MB139

The origin of the undulations along the upper
surface of MB139 was the original question by the
EEG of the State of New Mexico that sparked this
study of the marker bed. The EEG’s major concern
was whether these observed structures evidence a
deformational event that postdates deposition and
diagenesis of the facility interval and that affects the
facility level. The following processes can be envisaged
for forming the undulations:

» The growth of gypsum that forms the undula-
tions by

= Differential growth rates between surfaces on
which gypsum swallowtails are and are not
forming

e “Force of crystallization” that deforms the
host rock as a result of the stress applied
by the growth of the new mineral (gypsum)
within the host (anhydrite)

e The volume change associated with altering
anhydrite to gypsum and vice versa

¢ Local response to the growth of larger scale
structures in the Castile Formation, 200 to 300 m
below MB139

e Deformation associated with the environments
of deposition and diagenesis. Examples are soft-
sediment slumping, erosion and resedimenta-
tion (often through traction deposition), and
dewatering.

Mechanisms Involving Gypsum Growth—Several
authors have suggested multiple mechanisms related
to the growth of gypsum that may produce deforma-
tion in evaporite sequences (see above list). Jarolimek
et al suggested the syndepositional growth of gypsum
as a mechanism for undulation growth. Such growth is
observed in the swallowtail structures of MB139. The
wording of the Jarolomik et al report is ambiguous as
to whether the mechanism is the force of crystalliza-
tion during gypsum growth or whether it is the differ-
ent rates of growth between surfaces where gypsum
swallowtails do or do not grow. Powers (1984) indi-
cates that the mechanism of different growth rates
was the intended mechanism in the earlier report. In
detail, Powers suggests a mechanism:

... the swallowtail mounds were basically grow-
ing on the underlying sediment into the water
column, not jacking up the overlying sedi-

ment . .. Precipitation [of anhydrite or polyha-
litic anhydrite, author] did not keep pace with
gypsum growth ... halite then precipitated
which filled in the lows.

This mechanism is feasible but inconsistent with
direct observation of MB139. If differential growth
rates occur, the areas of swallowtail growth should
correspond to undulations above them. At least in
holes of Room 4, no correlation exists between the
presence of swallowtail growth and undulations above
the swallowtails (Figure 4). Also, the small-scale struc-
tures of gypsum crystals in MB139 indicate that their
growth did not create the observed undulations. As
these gypsum crystals grow, they form subhorizontal
laminae (Figure 5). Several of these laminae may be
stacked on top of each other; however, the growth of
the lower band does not distort the band above. Also,
the individual gypsum crystals contain subhorizontal
laminae of anhydrite, which represent slight shifts of
the stable phase in response to fluctuations of fluid
concentrations during formation. These laminae,
which can be traced across the band of gypsum crys-
tals without significant displacement, suggest uniform
growth rates along the growing surface and indicate
that anhydrite was precipitating concurrently and
keeping pace with the growth of the gypsum crystals
in the swallowtail structure.

The other inferred mechanism, the force of crys-
tallization, requires these elongate grains in the swal-
lowtail structures to act as “jacks” that physically
displace the overlying sediment during growth. This
mechanism of forming undulations by the growth of
swallowtail gypsum can be discounted by several argu-
ments. One, an old concept of “the force of crystalliza-
tion,” is resurrected for the growing gypsum crystal to
deform the overlying sediment. This concept was once
put forward as the driving mechanism for large-scale
tectonic deformation. For mechanical and textural
considerations it is no longer a favored mechanism for
rock deformation. Basically, a crystal grows to mini-
mize free energy. Surface free energy, nucleation
steps, and the orientation of the stress axes are impor-
tant parameters in this growth and its orientation.
Observation, theory, and experiments suggest that
crystals grow elongate parallel to the axes of minimum
stress. Such growth involves mass transfer through
paired reactions, or nearly one-to-one replacement of
the preexisting matrix. Hence, mass and volume in the
entire rock system are not significantly changed
except for change in geometry, fluid loss, and the
outward transport of chemical species in the evolving
fluid. In short, crystals will not grow against the
maximum stress as required if the “force of crystalliza-
tion” were the undulation-forming mechanism.
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Figure 5. Mulitiple partial or complete bands, B1 to B3, of
swallowtail growth in Hole 5, 5 ft, in which the adjacent
bands are not contorted harmonically. (Therefore, deforma-
tion of the bands did not accompany the new growth stage of
gypsum. Also shown are laminae (L, solid black) internal to
a swallowtail crystal. These laminae can be traced from
crystal to crystal and represent temporary shifts back to
anhydrite precipitation from gypsum growth during the
growth of the swallowtail.)

Mechanisms Involving Salado Response to Cas-
tile Deformation—The possible connection between
the MB139 undulations and the anti- and synforms*
in the underlying Castile Formation needs careful
consideration since this is one of the major concerns of
the EEG. Jarolimek et al concluded that the only
evidence for a tectonic or gravitational deformation in
MB139 was the clusters of “crushed” halite grains in
the core of some undulations. They interpreted these
to represent the effects of the accumulating overbur-
den. This study basically concurs with the observa-
tions of Jarolimek et al that the laminar markers in
the MB139 interval do not exhibit undulations similar
to those in the upper contact zone of the marker bed,
either in terms of spatial association or in terms of
scale. As a result of the viscosity contrasts between

*Considered to be gravitational in origin (Borns et al, 1983)
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halite and anhydrite, a thin anhydrite layer can be
folded while the laminar markers in the host halite
may remain relatively planar through compensating
flow at scales larger than microscopic and grain size
scale. Therefore, the planar nature of such laminae in
the host halite cannot preclude the occurrence of a
larger scale deformational event affecting the rock

* mass and in isolated folding of the anhydrite layer.

However, the lack of undulations in zones internal to
the marker bed sequence, such as Zone IV and Lower
Contact Zone V of MB139, indicates that the marker
bed was not folded as one unit and that the undula-
tions are not part of a penetrative deformation of the
lower Salado.

This limited stratigraphic distribution of undu-
lose structures associated with MB139 narrows the
possible age range in which the undulations formed.
The lack of penetrative structures, other than frac-
tures crosscutting halite and anhydrite at the upper
undulatory contact of MB139 above and below the
marker bed, suggests that the undulations formed
during deposition and that the process possibly
extended into the diagenesis of the unit. Also, the
process that formed the undulations was not active
during accumulation of the units above and below the
marker bed. This time frame is also inferred from
structures such as clusters of hopper -crystals
described below.

Mechanisms Related to Deposition and Diagene-
sis—Evaporite sequences such as the Salado form in
complex environments (Handford and Bassett, 1982).
For any given unit, its deposition may be part sub-
aerial or part submarine at any given time. These
environments oscillate, and the process of transition
may result in the structures observable in MB139. Key
structures can be observed in the units, which finger-
print processes that formed the undulations. In some
boreholes, the cores of the undulations are accumula-
tions of hopper crystals (Holes 2 and 5, Figure 4).
These hopper crystals are apparently the structure
that Jarolimek et al interpreted as “crushed” crystals.
These clusters of hopper crystals (Figure 6) are a
significant clue to the processes active during forma-
tion of the undulations. As stated in the introduction,
several workers believe that the Salado represents
cycles of desiccation and submergence (Handford et
al, 1982). MB139 displays one of these cycles,
although the transition may be abrupt. The formation
of the relatively thick unit of anhydrite and associated
minerals indicates a desiccation cycle. By the time the

-massive polyhalitic anhydrite (in Zone II) formed in

accord with this scenario, Zone II was covered by very
shallow water or incompletely covered with shallow



pools, and the substrate may already have been
deformed by soft-sediment slumping or by current
reworking of the upper portion of the deposit. In the
shallow pools, hopper crystals of halite were forming.
Another Salado cycle commenced with submergence,
either through flooding of the mudflat and salt-pan
environment or through a rising sea level in the inter-
tidal or shelf margin region. Such an increase in water
level and fluid flux often accompanied high-energy
processes such as flooding or wavebase reworking of
sediment, which was deposited in a quiescent environ-
ment. In these high-energy environments, the hopper
crystals were swept up and accumulated in traction*
deposits or by wave-ripple deposits also described by
Lowenstein (1982).

Figure 6. Accumulation of hopper crystals within the Up-
per Contact Zone I of MB139, with intergranular polyhalite
and secondary veining (Room 4, Hole 5, 4.1 to 4.4 ft)

These depositional environments are also sug-
gested by the distinct gypsum growth structures evi-
dent in the MB139 section ranging from spectacular
swallowtail arrays to crystals 1 mm to 1 cm long that
formed perpendicular to the stratification (Figure 7).
Gypsum was replaced in these structures by halite and
anhydrite. Identifying the gypsum is based on the
relict morphology exhibited in the pseudomorphs.
These gypsum textures are interpreted by several
workers; e.g., Handford and Bassett (1982) and
Lowenstein (1982), as the result of subaqueous growth
in shallow evaporative lagoons associated with ephem-
eral salt-pans. The formation of the crystals in a
swallowtail structure is therefore syndepositional.
This syndepositional growth is also suggested by the

*“Traction” as used in this report means the transport and
reworking of sediment by current flow at the sediment-
water interface.

fine laminae included in the gypsum grain and com-
posed of either clay or anhydrite. These laminae can
be traced continuously through several pseudomorphs
(Lowenstein, 1982). Similar textures observed in
MB139 represent the growth stages of the gypsum
crystal through cycles of precipitation and dissolution
or erosion. The continuity of these dissolution laminae
from one swallowtail to another along the band sug-
gests similar rates of growth along the band.

(a) Swallowtail growth structures after gypsum in Zone II.
(Gypsum is now replaced by halite; the groundmass is
polyhalitic anhydrite; and the anhydrite is faintly lami-
nated; Room 4, Hole 5, 5 ft.)

(b) Marbled nature of mixed anhydrite and polyhalitic
anhydrite in Zone III. (Light-colored anhydrite bands have
nodular to enterolithic appearance; Room 4, Hole 5, 6.5 ft.)

Figure 7. Gypsum growth structure evident in the MB139
section
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This inference of uniform rates counters the argu-
ment that a more rapid growth in regions of swallow-
tail development created the undulations, as proposed
by Jarolimek et al. : »

These specific structures—gypsum swallowtails
and redeposited hopper crystals—do not specifically
define the mechanism that formed the undulations in
the upper portion of MB139. However, the structures
and the processes inferred from them limit the possi-
ble environments. Such undulations can be inferred to
have formed in an intermittently shallow water envi-
ronment such as the intertidal zone or a salt-pan.
Undulations could form through wave action or
through transient action of channels in the salt-pan

and mudflat environments. The minimal amount of

exposure produced by drilling and mining in the
WIPP facility does not yet permit a choice between

these processes.
Other structures developed in the marker bed in

addition to the undulations. In Zones I through III,
some laminar markers are inclined ~45° (Figures 4
and 8) and are truncated upward and downward with-
in the marker bed. This may indicate some repeated
soft-sediment slumping during deposition of the unit.
Other processes are suggested by the presence of
crenulated stylolitic laminae and pullaparts of anhy-
drite laminae (Figure 9). These structures are not
clearly syndepositional. The stylolitic laminae may
reflect water loss during diagenesis and the effects of
inhomogeneous bulk flattening on the unit during
continued sedimentation, compaction, and diagenesis.
The pullapart structures in anhydrite laminae may
result from the same increase in overburden and resul-
tant flattening. Yet it remains unclear on textural
evidence as to when these pullaparts formed in a
relative time scale, except that they predate the sub-
horizontal fractures crosscutting the pullaparts and
other structures such as stylolytic laminae.

The Origin of Fractures in MB 139—The subhori-
zontal fractures probably characterize the postdiagen-
etic deformation of the anhydrite units in the Salado.
The other structures described in the preceding para-
graphs, including inclined markers, have a ductile
appearance and probably reflect the rheological be-
havior of the unit before lithification. A brittle re-
sponse would be expected of anhydrite after diagene-
sis under the limited stresses and temperatures of the
middle Salado. Still, note that the ductile behavior
may occur in response to gravity-driven deformation
of anhydrite units of the underlying Castile Formation
under postulated stresses and temperatures that
would also favor brittle behavior (Borns et al, 1983).
The apparent contradiction between theory and field
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(a) Inclined polyhalitic anhydrite and halite lamination qf
Zone II. (Dipping structures extend into more polyhalitic
section to the right; spotted appearance is beginning to be
distinctive; Room 4, Hole 5, 4.6 ft.)

(b) Inclined lamination in Zone II. (Laminae are polyhalitic
anhydrite and halite. Polyhalite overgrows halite and anhy-
drite with distinctive spotted appearance; Room 4, Hole 5,
4.6 ft.)

Figure 8. Inclined laminations in Zones I through III

observation is partly a result of not considering the
effects of intergranular fluids and of different mineral
mixtures for the evaporite units. The significant ob-
servation about the fractures in Zone III is that they
are predominantly subhorizontal (>90%) and are
partially infilled. The partially infilled nature indi-
cates that these fractures were not formed after exca-
vation of the facility, although their current configu-
ration may be modified by the excavation. The
orientation suggests a consistent orientation of the
stress field at the time of fracture formation. The
textures suggest that fracturing occurred between
deposition and excavation. Only a few processes could
have produced these fractures:
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(a) Laminated anhydrite and halite in Zone IV. (Pullapart
and deformation are exhibited in some anhydrite bands;
other bands are intact; Room 4, Hole 4.)

(b) Pullaparts of markedly discontinuous anhydrite bands
in Zone IV; Room 4, Hole 4

Figure 9. Crenulated stylolitic laminae and pullaparts of
anhydrite laminae in Zone IV

e Stresses that developed in the Salado and were
generated by deformation in the underlying
Castile Formation, such as gentle buckling of
the Salado over a Castile anticline

« Changes in the overburden pressure coupled to
sedimentation and erosion cycles affecting the
rock sequence above the marker bed

 Buildup of gas pressures within the unit as a
result of decomposition of organic material,
whether algal or bacterial

The deformation of the underlying Castile Forma-
tion is characterized by synforms and antiforms. In
some forms of cylindrical folds, the stress vectors are
such that horizontal fractures are expected near the
inflection point of the limb at most scales (Dietrich,

1970). The fractures of MB139 may reflect such a
region. However, across the form of the fold the orien-
tation of the stress axes changes, and nonhorizontal
fractures should form. The uniform orientation of the
fracture system in MB139 is not consistent with that
expected for a system connected to Castile deforma-
tion. This conclusion is limited by the areal distribu-
tion of observations to date on fracture orientations in
MB139.

The height of the sedimentary section that existed
above the WIPP facility horizon at different stages in
the geological history is a significant variable,
although not well-quantified. Extrapolation of the
stratigraphic data in Powers et al (1978) suggests that
as much as double the current thickness of overburden
may have existed. Also, this overburden formed and
diminished in cycles after the Permian (Figure 10).
The drops in overburden were rapid. These cycles may
have produced the stress relief and orientation of
stress axes to account for the observed system of
subhorizontal fractures in MB139. Once the fractures
opened, the available fluids in the unit flowed into the
fractures down the induced pressure gradient. The
halite and polyhalite infilling the fractures formed
from these fluids.
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Figure 10. Overburden from the Permian to the present
above the Rustler-Dewey Lake contact, which is the highest
major marker without effects of post-Permian erosion.
(Therefore, the interval thicknesses from the Rustler-Dewey
Lake contact and units below are relatively constant. The
overburden increment for these constant intervals such as
between the contact and the facility horizon can be derived
from the interval length; e.g., Rustler-Dewey Lake contact
to the facility horizon (1600 ft, 12 MPa). The total overbur-
den can be calculated by summing the value for the time of
interest from the figure and the constant value calculated
for the interval of interest. The overburden is expressed in
MPa. The temperature increment with depth of burial since
the Cretaceous is shown in boxes and is derived from
temperature profile for drillhole AEC 8 (Mansure and Rei-
ter, 1977). The overburden was calculated by assuming a
sandstone density of 2.35 g/cm?® and by using the range of
overburden depths derived from Powers et al (1978).)
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The concept that gas pressures build up in )
response to organic decomposition is difficult to eval-

uate but requires consideration. The problem hinges
on whether enough organics are present in the unit
and on the rates at which the gas is produced. Also, the
gas permeabilities in the unit may be large enough
relative to liquid permeabilities to preclude the build-
up of gas pressures high enough to initiate hydrofrac-
turing. In summary, no compelling evidence exists
that disseminated organics produced an in situ build-

“up of gas as a result of decomposition within MB139,
but neither do observations contradict this mecha-
nism as the origin of gas buildup.

Origin of Fluids Associated With MB139—The
meso- and microscopic textures observed in MB139
suggest some possible mechanisms for the origin and
modes of accumulation for the fluids associated with
MBI139. Possible sources for these fluids follow:

s Trapping of formation fluids along grain bound-
aries or in fluid inclusions since diagenesis

s Generation of fluids by dehydration reactions
involving phases such as clay, polyhalite,
and gypsum, or by the breakdown of organic
material. These processes may modify the
trapped formation fluids

s Origination of fluids from trapped formation
fluids and from diagenetic fluids, or from
groundwater in another rock unit that then
migrated into the Salado during periods of
deformation and uplift

s Formation of fluids from hybrid processes; e.g.,
from a trapped formation fluid that is chemical-
ly modified and volumetrically increased or
decreased by diagenetic reactions

Further investigations of the chemical composi-
tion and the hydrologic characterization of the brine
encounters will reveal which source is plausible. Pre-
liminary work on the compositions of the brines in
conjunction with analysis of fluid inclusion composi-
tion suggests that the brines of the facility horizon did
not directly originate as fluid inclusions (Stein, 1984).
Hence, except for eliminating some sources such as
fluid inclusions, we cannot yet isolate the origin of the
fluids. At best we can only identify sources as stated
above that are consistent with the reconstructed envi-
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ronment and with the history of the interval. Several
stages of fluid flux can be inferred from the textures
present in MB139:

« Dewatering associated with compaction and dia-
genesis, as suggested by the development of
stylolitic textures.

e Fluid flux accompanying the alteration of anhy-
drite to polyhalite and postdating development
of the stylolites, as suggested by the patchy and
spotted overgrowths of polyhalite on anhydrite.
These overgrowths crosscut the stylolitic struc-
tures.

» A younger stage of fluid flux, as observed in the
subhorizontal fractures with the partial infill-
ings of polyhalite and halite. These fractures
crosscut the polyhalite overgrowths and the sty-
lolitic structures.

These observations indicate the presence of fluids
throughout the history of MB139—fluids that were
able to migrate either along fractures or along grain
boundaries. These fluids (or their daughters) are
probably present today. If these fluids are dispersed in
the rock mass, then certain processes can concentrate
them:

e Migration of fluids from fluid inclusions or
grain-boundary films in halite to a reservoir that
is either a clay seam or a fractured anhydrite.
This migration is driven by stress or by thermal
gradients.

» Flow from clay zones above and below the anhy-
drite into the anhydrite when the mine is exca-
vated; fracturing occurs during creep. These
zones are permeable and have accepted fluid.

* Development of fractures in anhydrite during its
postdepositional history. Fluid migration is
driven down pressure gradients. Clays, which
are impermeable relative to fractured anhydrite,
act as a seal. The relative permeabilities of the
clay zones in this scenario and the one above are
contradictory; e.g., clays in this scenario are the
seal, whereas in the scenario above the clays are
water-bearing. The difference between the two
scenarios is that this one includes the effects of
fractures within the anhydritic units.



Conclusions

1. Several distinctive structures are exhibited in

3. The conclusion above suggests an origin for the
undulations other than a deformational event

MB139:

¢ The undulations in the Upper Contact Zone I
were the original focus of this study and of
preceding studies. These undulations are
marked by bands of claystone, halite, and
polyhalite. Their cores exhibit clusters of
hopper crystals in some structures, and their
amplitude and wavelength are highly vari-
able.

¢ Distinct from the Zone I structures above,
contorted and undulated textures are ob-
served in Zones II and I1I. Stylolytic laminae
are the most characteristic feature. Highly
inclined laminae are also observed. No strong
correlation in orientation exists between
these structures and the undulations in Zone
I above. Variations in thickness for Zone II
may be associated with the undulations in
Zone I in that the thinning of Zone II may
reflect erosion during the submergence cycle
that began with the formation of Zone I.

¢ Anhydritic laminae in Zone IIl and dis-
tinctly in Zone IV where the anhydrite and
halite are interlaminated show pullapart
structures. The sense of extension is horizon-
tal, although some crenulation of the hori-
zontal laminae is observed.

s Horizontal fractures are a distinctive feature
of Zone III, but they also extend in some
holes into Zones I or III. In one hole a frac-
ture can be traced across the upper céntact of
MB139. Generally, these fractures are par-
tially infilled with polyhalite and halite; an
interconnected porosity remains. The frac-
tures  also crosscut all the structures
described above. '

2. MB139 represents a period of intermittently
shallow water deposition in the cycles of desic-
cation and flooding that characterize the Sala-
do. The varied growth textures of halite (e.g.,
hopper crystals and swallowtail structures) are
evidence of these environments. The irregular
upper surface was created as traction deposits
by a sedimentary reworking of unconsolidated
sediments in the upper zones of MB139. This
reworking probably relates to the stage of sub-
mergence that terminated deposition of the
marker bed. This process is indicated by the
cores of hopper crystals within the undula-
tions.

after deposition of MB139. However, the sub-
horizontal fractures that are common to the
marker bed represent a deformational event.
The effects of these fractures on fluid flow and
entrapment are a significant secondary consid-
eration for site evaluation. The fractures may
represent the manifestation in the Salado of
the gravity-driven deformation seen within the
underlying Castile or of sedimentation-denu-
dation cycles occurring after deposition of the
repository interval. The extent to which Castile
deformation influences the Salado awaits pro-
grams such as analyzing the DOE-2 core and
physically modeling the gravity structures by
centrifuge. To date, such effects in the Salado
have not been reported except in the DOE-2
area.

. Secondary structures and effects of minor

deformational events such as regional uplift are
important factors in characterizing MB139 be-
cause these features provide reservoirs for flu-
ids and zones of enhanced permeability. For
example, the accumulation of an overburden
that was almost double the current overburden
combined with rapid denudation also induces
fracturing. The horizontal orientation of frac-
tures in MB139 appears to favor this latter
mechanism. Fluids, both past and present, are
important parts of any discussion of MB139.
Several drillholes and close excavations near or
through MB139 have produced fluids. The
local source of these fluids is probably the
partially open fractures in the marker bed, not
the bounding clay seams. Determination of the
size and interconnectivity of these reservoirs
awaits the results of ongoing studies. The pri-
mary origin of these fluids is under investiga-
tion by C. Stein and J. Krummbhansl of Sandia
National Laboratories and by J. Morse of the
Technical Service Contractor. Preliminary re-
sults suggest different compositions for MB139
fluids than for fluid inclusions from halites in
the same facility interval as MB139. Hence, the
MB139 fluids do not originate directly from
inclusion migration.

. The halite patches (which replace groundmass

anhydrite) and halite pseudomorphs after gyp-
sum, together with the polyhalite overgrowths,
suggest stages of fluid flux through the marker
bed after deposition. The fractures partially
filled with halite or polyhalite also indicate
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that some of this fluid flux occurred after con-
solidation. Hence, fluids have been associated
with and have interacted with the marker bed
throughout its history. Similar marker beds in
the Salado may exhibit similar histories.

6. The MB139 represents a complex history of
depositional and postdepositional events. The
fractures, the cyclic stress history, and the
internal stratigraphy of the marker bed show
that the unit is not a simple anhydrite beam.
Future studies of, and models of, the WIPP
facility horizon need to account for these com-
plexities. Also, the Salado units at the WIPP
site are not strictly static at present. They have
rapidly denuded in the last 10 my, and the
horizontal fracture sets may represent the con-
tinued readjustment of stresses within the
evaporitic units accompanying this dynamic
system.
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APPENDIX

Mesoscopic Description of MB139 Core From

The Five-Hole Array in Room 4

Core Description

Depth (ft)
From To
0.0 Q0.5
0.5 16
1.6 2.1
2.1 2.25
2.25 3.5
3.5 3.9
3.9 4

4 4.75

Hole No. 1, Box No. 1

No recovery

Halite, very light brownish-grey (5YR7/1); very coarse grain size (1 to 2 em in diameter), triple-
point grain boundary configuration. Intergranular clay (~2%), bluish-grey (5B6/1). Clay also
occurs as intergranular patches 0.5 cm in diameter; light-brown intergranular staining (5YR5/6).
Many 1- to 2-mm-wide separations (at 0.7, 1.3, 1.5 ft)

Halite, pale greyish-orange (10YR8/4); very coarse grain size. Intergranular clay, medium bluish
grey (5B6/1). Clay is <2% of rock. Intergranular hematitic staining, moderate reddish-orange to
brown (10R6/6-10R4/6). This staining imparts the dominant color of the halite and leads to the
color change in the halite unit. Weak trace of horizontal lamination. Many 1-to 3-mm dia fluid
inclusions

Halite, greyish-orange to pink (10R8/4); 3% intergranular hematitic staining, moderate reddish-
brown (10R4/6). Many horizontal partial separations; one planar clay band, medium bluish-grey
(5B6/1)

Halite, pale reddish-brown and dark reddish-brown (10R5/4 to 10R6/6). Intergranular hematitic
staining, moderate reddish-brown (10R6/6). Staining is ~2% of rock. Many fluid inclusions 1 to 3
mm in diameter

Hole No. 1, Box No. 2

Halite, pale pinkish-grey (5YR8/1); very coarse grain size, good equilibrium mosaic; 3% intergran-
ular polyhalite, moderate reddish orange (10R6/6). Intergranular clay patches, 1 cm wide on
horizontal surfaces. Many horizontal partial separations; many fluid inclusions

Contact between the coarse-grained halite described above with finer grained polyhalite and
anhydrite. Contact is undulatory (2 cm amplitude, 4 to 6 cm wavelength). A 0.5-cm-wide band of
clay remains at the contact. Clay is light-to-moderate bluish-grey (5B7/1 to 5B5/1), but some
portions are greenish-grey (5G6/1). Halite immediately above the contact exhibits partial separa-
tions, but the separations are not observed in the upper polyhalitic anhydrite

Polyhalitic anhydrite, moderate reddish-orange (10R6/6), with relict patches of anhydrite, very
pale blue-green (5BG8/2), e.g. 4.1 ft. Anhydrite is overprinted by reddish polyhalitic anhydrite.
The gradation between mineral types is seen by the density of reddish-orange spots (polyhalitic
anhydrite), 2 mm in diameter. As spots become more dense the colors coalesce; 1- to 2-mm-wide
undulatory subhorizontal stylolitic laminae, greyish reddish-orange (10R8/6). Clear halite patches
that appear to be late stage. Such patches have tabular shape up to 1 cm long, with the long axes

vertical and crosscutting relict blue-green anhydrite patches. These halite patches coalesce
downward
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Depth (ft)

Core Description

From To
475 5

5 5.25
5.256 5.7
5.7 6.4
6.4 6.9
6.9 7

7 7.1
7.1 7.2
7.2 7.3
7.3 7.75
775 8
0.0 0.1
0.1 0.7
0.7 1

1 1.25
1.25 1.75
1.75 2.5
2.5 2.8
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Polyhalitic anhydrite, moderate reddish-brown (10R6/6). Weakly fissile, partially open fractures.
Relict anhydrite patches (15% ), very pale blue-green (5BG8/2). These patches impart a horizontal
fabric to the rock. Halite, elongate grains, 1 cm wide and 3 to 4 cm long, tapering downward and
aligned vertically

Polyhalitic anhydrite, moderate reddish-brown (10R6/6). Fissile, infilled horizontal fractures, pale
reddish-orange (10R7/6). Some fractures are partially open; e.g., at 5.2 ft. Patches of relict blue-
green anhydrite. Fractures are permeable

Core is broken up and not recovered

Hole No. 1, Box No. 3

Marbled moderate reddish-pink (10R7/6) polyhalitic anhydrite and very pale blue-green (5BG8/2)
anhydrite. Many partially filled fractures; 1 to 2 mm wide, e.g., at 5.75, 5.9, 6, 6.1, 6.25, 6.35 ft

Marbled light bluish-grey (5B8/1) anhydrite, and medium olive-grey (5Y5/1) halite. Anhydrite is
lenticular but also fractured and embayed. Such features are infilled with halite; some pullapart
features

Anhydrite, light bluish-grey (5B8/1). Comminuted, 1-cm halite grains in the fractures. Intergranu-
lar polyhalite in halite veins

Halite-rich band, medium olive-grey (5Y5/1); medium grain size. Intergranular anhydrite

1-cm-wide light bluish-grey anhydrite laminae with 1-mm-wide greyish yellow-green (5GY7/2)
interlaminae. Laminae dip at 10°. Some laminae are separated with cross-fibre halite infilling the
separation

Clay-rich contact. Clay is very light bluish-grey (5B8/1). Contact with halite below MB139. Halite
below the contact is pale greyish-orange (10YR8/4)

Halite, medium olive-grey (5Y5/1); coarse grain size. Coarsens downward to 1- to 2-cm-dia grains.
Some finer grained sugary patches. Intergranular clay and polyhalite, although both are minor
constituents

Halite, moderate reddish-orange (10R6/6) to moderate orange-pink (5YR8/4). Contacts between
color zones are horizontal

Hole No. 2, Box No. 1

Not recovered -
Halite, medium light-grey (N6); coarse grain size
Halite, very light grey (N8); coarse grain size, 1 to 2 cm in diameter

Halite, very light grey (N8); very coarse grain size, 1 to 2 cm in diameter. No preferred fabric. Inter-
granular polyhalite (<5%), moderate reddish-orange (10R6/6). Polyhalite blebs are <1 cm in
diameter

Halite, very light grey (N8), very coarse grain size. Trace of polyhalite ‘

Halite, light grey (N7); very coarse grain size. Intergranular blebs of polyhalite, moderate reddish-
orange (10R6/6). Blebs are <1 cm in diameter and <3% of the rock

Halite, pale reddish-orange (10R6/4); coarse grain size. Horizontal partial separations, many 1-mm
fluid inclusions. Polyhalite, moderate reddish-orange (10R6/6), as blebs (5 mm in diameter) in
halite



Depth (ft)

Core Description

From To
2.8 2.9
2.9 3.5
3.5 4
3.9 4.4
4.4 4.6
4.6 5
5 5.3
5.3 5.5
5.5 6.1
6.1 -
6.1 6.4
6.45 -

Halite, pale reddish-orange (10R6/6); medium grain size (1 cm in diameter). Horizontal layering or
separations

Halite, moderate pinkish-orange (10R7/6); coarse grain size (1 to 2 cm in diameter). Intergranular
dark-grey clay (N3), <1% of the rock. Intergranular polyhalite, moderate reddish-orange
(10R6/6). Halite exhibits a recrystallized mosaic. Many fluid inclusions (<<1 mm in diameter).
Horizontal partial separations (1 mm wide and 1 ¢m apart)

Halite, moderate reddish-orange (10R6/6); coarse grain size. Intergranular polyhalite as blebs
=<5% of the rock. Such blebs are <2 mm in diameter, moderate reddish-orange (10R6/6). At 3.6 ft
a high-angle separation is observed that is planar along halite grain boundaries. Many horizontal
partial separations

Contact of halite with MB139; partial intersection of a mound on the top surface of MB139.
Contact in this segment of core is at a high angle. Above contact, there is halite, moderate pinkish-
orange (10R7/6); coarse grain size. Intergranular polyhalite (<5% of the rock). Horizontal partial
separations persist in lower halite but are truncated at contact. Below contact, 1- to 2-cm zone of
halite and polyhalite; grain size <1 cm in diameter, moderate red (5R5/4). Interior of mound is
comprised of comminuted hopper crystals of halite in matrix of greyish-pink anhydrite

Anhydrite, very pale blue-green (56BG8/2); fine grain size (<1 mm in diameter). Spotted and
crosscut by polyhalite, moderate reddish-brown (10R5/2). Polyhalite forms near horizontal weak
lamination that is weakly undulatory, veinlets, infilled with anhydrite (?). White (N9) veinlets
have a stylolitic appearance. Undulations have amplitudes of 1 cm and wave lengths of 4 to 6 cm.
Veinlets or stylolitic zones are at 30° from horizontal. Infilled fractures at 4.55 ft and 4.7 ft are en
echelon

Polyhalitic anhydrite, moderate reddish-brown (10R5/2); more fissile. Interlayers are moderate
orange-pink (10R7/4). These may be infilled bedding-plane fractures. Many partially infilled
horizontal fractures (1 mm wide). Some higher angle fractures. At 4.9 ft a marbled or spotted zone
of mixed very pale blue-green (5BG8/2) anhydrite and moderate reddish-brown (10R5/2) polyhali-
tic anhydrite. Strongly fissile

Anhydrite, very pale blue-green (5BG8/2). Deformed layers in polyhalitic anhydrite, moderate
reddish-pink (10R7/6). Deformation of layers consists of pullaparts, necking and thinning. Infilled
fractures crosscut layering; fractures are partially open

Anhydrite, very pale green (5BG8/2). Deformed layers with marbled appearance with polyhalitic
anhydrite, moderate reddish-pink (10R7/6). Subhorizontal lenses of halite (5 X 1 cm). Vertically

aligned halite pseudomorphs after gypsum or anhydrite. Infilled fractures, moderate orange-pink
(10R7/4)

Hole No. 2, Box No. 3

Anhydrite, pale blue-green (5BG8/2), interlaminated with polyhalitic anhydrite, moderate red-
dish-orange (10R7/6). Blue-green anhydrite layers show pullapart and necking stuctures. Pulla-
parts are infilled with reddish polyhalitic anhydrite; horizontal patches of halite

Infilled 1-mm-wide fracture, near horizontal, that crosscuts earlier structures

Massive polyhalitic anhydrite, moderate reddish-orange (10R7/6), with faint lamination. Towards
contact below with halite there is an incoming of subhorizontal patches of halite, moderate
reddish-brown (10R4/4)

Contact, halite, moderate reddish-orange (10R4/4), with anhydrite, light bluish-grey (5B7/1)
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Depth (ft)

Core Description
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From To
6.45 6.9
6.9 7
7 7.3
7.3 7.7
0.0 2

2 2.3
2.3 2.7
2.7 4

4 4.25
4.25 4.75

Anhydrite, light bluish-grey (5B7/1), with halite patches, yellowish-grey (5Y7/2). Distinct sub-
horizontal fractures, 1 mm wide, partially infilled. Infilled vertical fractures, <1 mm wide. Near
contact, at bottom of segment, clay lies along fracture surfaces. Blue-grey anhydrite is broken up in
upper portion. Fractures are infilled with pale greyish-orange (10YR8/3) alteration mineral (?)

Halite, medium olive-grey (5Y5/1); medium grain size. Banded, dipping 10°-15° from horizontal.
Intergranular anhydrite

Anhydrite, pale bluish-grey (5B8/1), massive. At 7.15 ft and 7.2 ft, dipping 1- to 5-mm-wide halite-
infilled fractures. Fractures bifurcate and interbraid. Some cross-fibre growth

Halite; coarse grain size. Variety of colors and range of grain size. Lower contact of anhydrite at 7.3
ft is inclined but parallel to halite veins above. Clay zone, light grey (N7), at contact

Hole No. 3, Box No. 1

Halite; coarse-grained (1+ cm). Good equilibrium mosaic grain boundaries, medium-grey (N5) to
light yellowish-grey (5Y9/1). Color largely controlled by intergranular clay, light bluish-grey
(5B7/1), =<3% of the rock. Hematitic or polyhalitic patches along grain boundaries, moderate
reddish-orange (10R6/6) and <<1% of rock. Horizontal separations. Many fluid inclusions (3 mm
in diameter)

Hole No. 3, Box No. 2

Halite, light greyish-orange to pink (5YR8/2); very coarse-grained. 1-cm-wide fluid inclusions.
Intergranular moderate reddish-orange (10R6/6) polyhalite, 1% of rock. Grain size ~2 cm.
Downward there is more intergranular clay

Halite, very coarse-grained (~2 cm in diameter), medium light-grey (N6). Many large elongate
(>1 cm) fluid inclusions at 2.5 ft. Intergranular moderate reddish-orange (10R6/6) polyhalite
<1%. Intergranular patches of clay <<1% greyish blue-green (5BG5/2). Parallel horizontal
separations

Halite, pale greyish-orange (10YR8/4), very coarse-grained. Intergranular polyhalite (1% ), moder-
ate reddish-orange to pink (5YR8/2). Isolated patches of clay (<1 cm) and (<1%) greyish blue-
green (5BG5/2). Core is broken up in this interval although complete depth was taken

Hole No. 3, Box No. 3

Contact zone: halite, light greyish-orange to pink (5YR8/2). Polyhalitic anhydrite, with spotted
moderate reddish-orange (10R6/6), 10-cm-high mound at contact. Contact is clay-rich. This clay is
light bluish-grey (56B7/1). Some clay may have been lost during drilling. The lower anhydrite unit
is embayed sharply at the contact

Polyhalitic anhydrite, spotted moderate reddish-orange (10R6/6). Spots are ~3 to 5 mm in
diameter and form clusters that are laminar in appearance. This planar structure is inclined
relative to the room floor, but parallels the limbs of the mound on the upper contact. First
appearance of 1-mm-wide horizontal fractures



Depth (ft)

Core Description

From To
4.75 5.25
5.25 5.75
5.75 6
0.0 0.25
0.25 0.9
0.9 -
0.9 1.4
1.4 2

2 3

3 3.7
3.6 4

4 4.5
4.5 4.75
4.75 5

5 5.75

Core is broken up and the recovery is not complete. Polyhalitic anhydrite, spotted moderate
reddish-orange (10R6/6). Lamination of spot clusters is horizontal. 1-cm-wide halite patches

Polyhalitic anhydrite, moderate reddish-orange (10R6/6). Subhorizontal fracture at 5.3 ft. Styloli-
tic texture that becomes increasingly inclined downward. In segment 5.5 to 5.75 ft a relict light-
grey (N7) lamination of anhydrite parallels the stylolitic texture. 1- to 3-cm-wide patches of clear
halite that are partially aligned. 1- to 2-cm patches or clasts of grey anhydrite, at 5.75 ft
subhorizontal but crosscutting halite vein (1 cm wide)

Anhydrite, brecciated light-grey (N7) in matrix of moderate reddish-orange polyhalitic anhydrite.
Anhydrite clasts are 1- to 5-cm-wide. All are crosscut by partially filled subhorizontal fractures.
Some thin <<5 mm clear halite laminae

Hole No. 4, Box No. 1

Halite, greyish-orange to pink (10R8/6); medium- to coarse-grained. Clay-rich horizontal laminae
greenish-grey (5G5/1)

Halite; coarser grain size than halite above. Very light grey (10R7/6). Polyhalite <3%
Clay-rich halite. Horizontal ~2- to 3-cm-wide zone. Distinct fluid inclusions ~3 mm in diameter

Halite with intergranular polyhalite. Halite is very light grey (N8) to greyish-orange to pink
(10R7/6). Polyhalite (~1%)

Halite with trace of polyhalite and Fe-oxide along horizontal partings where the core separates.
Polyhalite and clay also occur along these partings. Halite is medium pinkish-orange (10R8/6)

Hole No. 4, Box No. 2

Halite, light grey (N7); coarse-grained. ~1% polyhalite. Horizontal partings. Rusty staining on
surface

Halite, greyish-orange to red (10R8/6). Intergranular polyhalite <<3%. From 3.5 to 3.6 ft, grain
boundaries are less sutured. Surfaces appear to be etched. Appearance on an embayed surface
follows the horizontal partings

Halite, very light grey (N8), coarse grain size

Hole No. 4, Box No. 3

Polyhalitic anhydrite, moderate reddish-orange (10R6/6), with greyish-orange to pink (10R8/2)
laminae <0.5 cm wide. Anhydrite, light grey (N7), relict but overgrown by polyhalitic anhydrite.
Such light-grey anhydrite forms horizontal bands

Polyhalitic anhydrite, moderate reddish-orange (10R6/6); and anhydrite, light grey (N7). Anhy-
drite bands become thicker in matrix of polyhalitic anhydrite. Clasts of light-grey anhydrite in
polyhalitic anhydrite in lowermost portion of this section

Core broken up, with poor recovery

Polyhalitic anhydrite, moderate reddish-orange (10R6/6), with halite patches (1 cm in diameter)
and greyish-orange to pink (10R8/4) bands that are inclined at 30° from horizontal. Many
subhorizontal fractures partially infilled by polyhalite (?), moderate orange-pink (5YRS8/4)
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Depth (ft)

Core Description

From To
57 6

6 7

7 7.05
7.06 7.25
7.25 8
0.0 0.9
0.9 1.5
1.5 2.2
2.2 2.75
2.9 4.1
4.1 4.4
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Halite, moderate reddish-brown (10R4/6); coarse grain size. With patches of moderate reddish-
orange halite (10R6/6)

Hole No. 4, Box No. 4

Anhydrite, light grey (N7), with laminations and interlaminate with 1-cm-wide halite bands,
moderate reddish-orange (10R6/6) to moderate yellowish-brown (10YR5/4). Grey laminations in
anhydrite unit are broken up or undulatory. At 6.25 ft a very pale orange (10YR8/2) vein occurs.
Vein is folded and exhibits extension gaps infilled with halite, boudinage, and folding

Clay zone, very light grey (N8)

Halite, moderate orange to pink (5YR8/4), with intergranular polyhalite. At 7.2 ft polyhalite-rich
banding appears

Halite, very light grey (IN8); very coarse grain size

Hole No. 5, Box No. 1

Halite, very pure, clear to very light grey (N8); coarse grain size. <1% intergranular clay and
polyhalite + hematite

Halite, very light grey (N8); coarse grain size, with polyhalite, moderate orange to red (10R7/6),
and clay, medium greenish-grey (5G5/1). Polyhalite and clay form discontinuous horizontal bands
0.5 mm wide. Horizontal separations. Clay patches on partings

Halite, very light grey (N8) to greyish-red to orange (10R8/6); coarse grain size. Equilibrium grain
boundaries. Intergranular polyhalite (3% of the rock), moderate orange to red (10R7/6). Some
polyhalite patches are 0.5 cm wide. Clay (<<1%), medium greenish-grey (5G5/1)

Halite, very light grey (N8) to greyish-red to orange (10R8/6); medium to coarse grain size. Distinct
banding. Halite exhibits shape fabric perpendicular to banding. Bands are 1 to 3 cm wide.
Discontinuous and subhorizontal. Bands are composed of polyhalite (50% ), moderate orange to
red (10R7/6). Clay (40% ), greenish-black (5G2/1). Anhydrite (?), greyish-orange to pink (10R7/4)

Hole No. 5, Box No. 2

Halite, very light grey (N8) to greyish-red to orange (10R8/6). Intergranular hematite and
polyhalite, moderate reddish-orange (10R6/6). Patches are 0.5 cm in width. Clay patches,
greenish-grey (5G6/1). Clay and polyhalite are <5% of the rock. Horizontal separations (1 cm
apart). Separations still have some strength. If the separations are pulled apart by hand, lenticular
clay patches and a white fine-grained mineral, either milled halite or anhydrite, are observed on
the separation surface

Contact zone between halite (above) and polyhalitic anhydrite (below) of MB139. Contact is an
undulatory surface (amplitude up to 3 cm and wavelength of 15 cm). Laminae of clay at contact.
Clay is very light bluish-grey (5B7/1). Inclined band, 5 cm wide, of polyhalitic anhydrite (moderate
reddish-orange) (10R6/6). Band consists of densely spotted polyhalitic anhydrite. Spots are 0.1 to
0.5 cm in diameter. Intergranular halite. The band drapes over mounds of hopper crystals.
Intergranular to the cluster of hopper crystals is a matrix of either gypsum or anhydrite, light grey
(N8)



Depth (ft)

Core Description

From To
4.4 4.9
4.9 5.5
5.5 6.2
6.2 6.5
6.5 7

7 7.5
7.5 8

Anhydrite, light-grey (N6), overgrown by spotted patches of polyhalitic anhydrite, moderate
reddish-orange (10R6/6). Intergranular to the spotted polyhalitic anhydrite; very fine grain size.
This phase may be a second-stage anhydrite. Anhydrite and polyhalitic anhydrite form inclined
laminae. Inclined laminae may parallel contact. Elongate growth of secondary anhydrite (?) in the
plane of the laminations is observed. Also, intergranular growth of halite is present

Polyhalitic anhydrite, moderate reddish-orange (10R6/6) overgrows anhydrite, medium light-grey
(N6). Overgrowths are spotted. Polyhalitic anhydrite and anhydrite are also interlaminated.
Laminae are horizontal and 1 cm wide, swallow-tail growth structures in which halite has replaced
the original gypsum. Swallow tails are 0.5 to 3.0 cm long, vertical to subvertical. The structure
grows across and includes previous laminae. Some deformation of the swallow-tail structures is
shown by pullaparts infilled by fine-grained white anhydrite

Hole No. 5, Box No. 3

Anhydrite, medium light-grey (N6), as laminae that are overgrown by polyhalitic anhydrite,
moderate reddish-orange (10R6/6). Polyhalitic bands have spotted appearance. Below 6 ft the grey
anhydrite becomes more dominant than the polyhalitic anhydrite. At 5.8 ft a grey anhydrite band
is broken up, with the resultant interspace infilled with halite. Below this zone halite is pervasive in
the groundmass. At 6 to 6.2 ft halite vein structure is evident, up to 0.5 cm wide and vertical

Anhydrite, medium light-grey (N6), and polyhalitic anhydrite, moderate orange to pink (10R7/4),
have a marbled appearance and subhorizontal fractures that are infilled with greyish-brown
(5YR3/2) mineral (?)

Anhydrite, medium light-grey (N6), nodular and marbled appearance. Portions of the anhydrite
are brecciated. Massive fine-grained with medium-grain-size halite zones that have intergranular
anhydrite. Orange-pink coloration of above is much less

Anhydrite, light grey (N7), interlaminated with medium-grain-size halite. Laminations are
inclined. Laminae are 2.5 cm wide. At 7.5 ft contact with massive anhydrite, medium light-grey
(N6). Clay zone at the contact

Halite, light grey (N7) and medium- to coarse-grained, portions of the halite have moderate orange
to pink (5YR8/4) laminated appearance that is imparted by clay-rich zones. Lamination is
horizontal. Pullaparts of the lamination; e.g., 7.8 to 8 ft. Some isolated inclined laminae where
inclination is not reflected in the overlying laminae
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USGS, Special Projects Branch (2)
Attn: R. P. Snyder

Federal Center, Bldg 25

Denver, CO 80225

NM Bureau of Mines and Mineral Resources (2)
Attn: F. E. Kottlowski, Director
Socorro, NM 87801

Klaus Kuhn

Gesellschaft fuer Strahlen-und
Umweltforschung MBH Muenchen
Institut fuer Tieflagerung

Berliner Strausse 2

3392 Clausthal-Zellerfeld

FEDERAL REPUBLIC OF GERMANY

Klause Eckart Maass
Hahn-Meitner-Institut fuer Kernforschung
Glienicker Strasse 100

1000 Berlin 39

FEDERAL REPUBLIC OF GERMANY

Michael Langer

Bundesanstalt fuer Geowissenschaften und Rohstoffe
Posfach 510 153

3000 Hanover 51

FEDERAL REPUBLIC OF GERMANY

Helmut Rothemeyer
Physikalisch-Technische Bundesanstalt
Bundesalle 100

3300 Braunschweig

FEDERAL REPUBLIC OF GERMANY

Rolf-Peter Randl

Bundesmisterium fuer Forschung und Technologie
Postfach 200 706

5300 Bonn 2

FEDERAL REPUBLIC OF GERMANY
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Fenix & Scisson, Inc.
Attn: J. A. Cross

3170 W Sahara Avenue
Spanish Oaks D-12
Las Vegas, NV 89102

Gayle Pawloski, L-222

Geologist CSDP

Lawrence Livermore Laboratory
Livermore, CA 94550

US Nuclear Regulatory Commission (3)
Division of Waste Management
Mail Stop 69755
Attn: J. Martin
M. Bell
H. Miller
Washington, DC 20555

Center of Waste Management Programs
Department of Social Sciences

Attn: G. L. Downey

Michigan Technology University
Houghton, MI 49931

Department of Geological Sciences
Attn: D. W. Powers

University of Texas at El Paso

El Paso, TX 79968
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UCLA

Department of Earth and Space Sciences
Attn: J. Rosenfeld

Los Angeles, CA 90024

University of Texas

Department of Geological Sciences

Attn: J. K. Warren, Ph.D.
Assistant Professor

PO Box 7909

Austin, TX 78712

6000 E. H. Beckner
6253 J. C. Lorenz
6330 W.D. Weart
6331 D. J. Borns (11)

6331 S.J. Lambert

6331 A. R. Lappin

6331 K. L. Robinson
6331 S. E. Shaffer

6331 C. L. Stein

6332 Sandia WIPP Central Files (12)
7111 L. J. Barrows

7133 R. D. Statler

7135 P. D. Seward

8024 M. A. Pound

3141 C. M. Ostrander (5)
3151 W. L. Garner (3)





