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ABSTRACT 

This report synthesizes petrographic and x-ray powder diffraction studies performed on Marker Bed 
139 core samples to support the Salado Two-Phase Flow Laboratory Program. Experimental scoping 
activities were performed in FY 1993 by three independent commercial laboratories in order to 
quantify the mineral composition to complement laboratory studies of hydrologic properties and to 
describe textures and porosity. Samples from various depth intervals were prepared from six 6-inch 
diameter cores which were obtained by drilling into the marker bed from the floors of the E140 drift 
and Room 3. The petrographic analyses were augmented here by additional study of the original thin 
sections. Also, the pore structure observations are examined in relation to independent observations 
of microcracks in Marker Bed 139 core samples performed for the Core Damage Assessment Study 
of the Salado Two-Phase Flow Laboratory program in FY 1994 by the Geomechanics Department. 
Some revisions to Borns's (1985) earlier mesoscopic mineralogic/textural classification of the marker 
bed into five zones are proposed in light of the more detailed quantitative laboratory analyses and 
petrographic studies. The detailed studies reveal that heterogeneity persists at even the centimeter 
scale within individual zones of the marker bed. The major phases in the marker bed are anhydrite, 
halite, and polyhalite. However, the most commonly observed form of porosity is a penetrative 
microporosity that is consistently associated with a minor-phase, finely crystalline carbonate that 
occurs both in isolated patches and in fine laminations or "stringers." Other observed porosity occurs 
in the form of discrete microfractures which are sometimes closely associated with the carbonate 
"stringers." The "stringers" may represent relict surfaces of fluid transport and dissolution and be 
persistent planes of weakness within the marker bed. The origin of many of the observed 
microfractures is unclear; however, the presence of partially and fully mineralized microcracks 
indicates that at least some of these microfractures are open in the marker bed as it exists in situ. 
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1.0 INTRODUCTION 

1.1 Background and Rationale 

The Waste Isolation Pilot Plant (WIPP) is the U.S. Department of Energy's planned repository for 
transuranic waste generated by defense programs. The WIPP repository is located 660 m 
underground in the Salado Formation, which consists of thick, horizontally bedded pure and 
impure salt and thin, laterally continuous clay and anhydrite interbeds. Forty-five numbered 
marker beds (from Marker Bed 100 to Marker Bed 144) are identified in the formation. Marker 
Beds 138 and 139 and anhydrites "a" and "b" are located in the immediate vicinity of the 
repository horizon. 

Over a long time period, anoxic corrosion and microbial degradation of contact-handled 
transuranic waste may produce sufficient quantities of gas to generate high pressures in the 
disposal rooms at the WIPP repository (Davies, 1991). Field measurements indicate that the 
permeability of the nonhalite interbeds may be one to four orders of magnitude higher than that of 
the pure and impure halite beds (Davies et al., 1991; Beauheim et al., 1993a). Owing to a 
combination of their higher intrinsic permeability and estimated lower threshold pressure, the 
interbeds are expected to be the dominant pathways for the flow of waste-generated gas away 
from the pressurized repository (Davies, 1991). 

The Salado Two-Phase Flow Laboratory Program was established to provide site-specific two-
phase flow and other related rock properties to support performance assessment modeling of the 
WIPP repository (Howarth, 1993; 1994). Owing to their potentially significant role in the 
hydrologic response of the repository, the program initially focused on the anhydrite interbeds, 
and in particular, on Marker Bed 139 (MB 139), which lies approximately 1 m below the planned 
waste storage rooms (Figure 1). 

This report synthesizes petrographic and x-ray powder diffraction studies performed to support 
the Salado Two-Phase Flow Laboratory Program (Howarth, 1993). Experimental scoping 
activities in this area were performed in FY 1993 by three independent laboratories in order to: 
(1) quantify the mineral composition to support laboratory studies of hydrologic properties and 
facilitate correlation of transport properties with composition; (2) describe textures, including 
grain size; and (3) describe observed porosity. Samples from various depths were prepared from 
six 6-inch diameter cores which were obtained by drilling into the marker bed from the floor of 
two separate rooms. The petrographic analyses are augmented here with additional study of the 
original thin sections, and the pore structure observations are also examined in relation to an 
independent observational study of microcracks in Marker Bed 139 core samples performed in FY 
1994 by the Geomechanics Department at Sandia National Laboratories. 
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1.2 Geologic Overview of Marker Bed 139 

Borns (1985) discusses the paleoenvironment in which the Salado Formation was deposited and 
provides a mesoscopic description of MB 139 based on study of whole and slabbed cores 
obtained from a five-hole array drilled into the marker bed from the floor of Room 4. To 
summarize, Borns (1985) sees MB 139 as representing a period of intermittently shallow water 
deposition in the cyclic flooding-desiccation sequence which characterizes the transitional 
paleoenvironment (from marine and reefoid limestones to redbeds) in which the Salado was 
deposited (e.g., Lowenstein, 1982). The primary evidence for this conclusion comes from growth 
structures exhibited by halite in the marker bed, including swallowtail structures and hopper 
crystals. Borns (1985) further interprets halite replacing anhydrite groundmass and halite 
pseudomorphs exhibiting primary gypsum growth structures (swallowtail structures) as evidence 
for postdepositional diagenetic alterations. 

Based upon his mesoscopic examination, Borns (1985) proposed that MB139 could be divided 
into five stratigraphically distinct zones: upper and lower contact zones marked by conspicuous 
clay layers (I and V), a massive polyhalitic anhydrite zone (Tf), a mixed anhydrite/polyhalitic 
anhydrite zone (IE), and a laminated anhydrite with halite zone (TV). Recent in situ hydrofracture 
tests suggest that partially or fully healed fractures in the bottom third of the marker bed are the 
dominant flow paths (Beauheim et al., 1993b). 

Figure 1. Local stratigraphic sections directly above and below the repository horizon (modified from 
Davies et al., 1991). 
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2.0 CORE SAMPLES AND METHODS OF STUDY 

2.1 Marker Bed 139 Samples 

2.1.1 Borehole Locations and Core Retrieval 

Laboratory analyses were performed on cores obtained from holes drilled vertically into the floor 
from Room 3 and at the E140 drift just north of the Nl 100 drift (Table 1 and Figure 2 ). The 
cores were drilled with air and were nominally 6 inches in diameter. 

Table 1. Borehole Data for MB 139 Cores 

Borehole 
No. 

Coordinate N* 
(feet) 

Coordinate E f 

(feet) 
Room Elevation at 

collar* (feet) 
Drilling 
date 

E1X07 10830.61 7064.48 E140 1302.46 11/12/92 

E1X08 10998.45 7064.97 E140 1303.09 11/12/92 

E1X10 10992.22 7064.8 E140 1303.12 11/16/92 

E1X11 10988.49 7065.02 E140 1303.14 11/16/92 

P3X10 11103.34 6385.3 3 1297.27 4/27/92 

P3X11 11101.62 6385.46 3 1297.26 4/28/92 

* To convert this coordinate to the WIPP coordinate system (Gonzales, 1989), add 490,000.00 to the coordinate 
value given here, 

f To convert this coordinate to the WIPP coordinate system (Gonzales, 1989), add 660,000.00 to the coordinate 
value given here. 

J Relative to mean sea level. 

Room E140 was excavated in April of 1983, whereas Room 3 dates back to February of 1983. 
Thus, any changes in the in situ pore structure related to the formation of a disturbed rock zone 
around an underground excavation (Borns and Stormont, 1989) are expected to be nominally 
identical since the MB 139 cores were all drilled -9.2-9.6 years after excavation. 

2.1.2 Sampling Strategies for Laboratory Tests 

Three independent laboratories performed x-ray powder diffraction (XRD) and petrographic 
analyses on samples taken from several depth intervals for each of the cores as described in Table 
2. The depth intervals which were sampled are detailed in Tables 3 and 4. Note that the intervals 
are relative to the elevation at the borehole collar (Table 1). 
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Figure 2. Configuration of the underground facility showing location of MB 139 core samples taken 
for this study. For reference, the locations of the MB 139 core samples previously studied by Borns 
(1985) and Holcomb et al. (1995) are also shown. 
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Table 2. Test Matrix for MB139 Cores 

Core 
ID. 

Number of 
intervals 
sampled 
forXRD 
analyses 

Contractor for XRD 
analyses 

Number of 
intervals 
sampled for 
petrographic 
analyses 

Contractor for 
petrographic analyses 

E1X07 3 University of Utah 
Research Institute, Salt 
Lake City* 

3* TerraTek, Inc. 
Salt Lake City, UT 

E1X08 3 University of Utah 
Research Institute, Salt 
Lake City* 

3t TerraTek, Inc. 
Salt Lake City, UT 

E1X10 6* Omni Laboratories, Inc., 
Houston, TX** 

6* Omni Laboratories, Inc., 
Houston, TX** 

E1X11 5* Omni Laboratories, Inc., 
Houston, TX** 

5* Omni Laboratories, Inc., 
Houston, TX** 

P3X10 2 § South Dakota School of 
Mines and Technology, 
Rapid City*** 

V South Dakota School of 
Mines and Technology, 
Rapid City*** 

P3X11 4* South Dakota School of 
Mines and Technology, 
Rapid City*** 

$ South Dakota School of 
Mines and Technology, 
Rapid City*** 

* Subcontracted by TerraTek, Inc., Salt Lake City, Utah. 
** Subcontracted by Rock Physics Associates, San Jose, California. 
*** Subcontracted by RE/SPEC, Rapid City, South Dakota. 
f Three mutually perpendicular thin sections were prepared from each depth interval. 
| For two of the depth intervals, one analysis each was performed on a sample prepared parallel and 

perpendicular to bedding. 
§ For one of the depth intervals, analyses were performed on two samples obtained from the same depth interval 

but spaced ~4 inches apart horizontally (in the bedding plane). 
f For two of the depth intervals, analyses were performed on two samples obtained from the same depth interval 

but spaced ~4 inches apart horizontally (in the bedding plane). 
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Table 3. Core Depths Sampled for XRD Analyses 

Core i.d. Depth interval 
(feet) 

No. of samples Contractor sample i.d. 

E1X07 4.00-4.14 1 PX4 E1X07 

5.00-5.14 1 PX5 

E1X07 

5.73-5.87 1 PX6 

E1X08 4.00-4.14 1 PX1 E1X08 

4.86-5.00 1 PX2 

E1X08 

5.71-5.85 1 PX3 

E1X10 4.50* 1 01 E1X10 

5.00* 1 02 

E1X10 

5.25* 2 03,04 

E1X10 

5.50* 1 05 

E1X10 

5.75* 2 06,07 

E1X10 

6.25* 1 08 

E1X11 4.50* 1 09 E1X11 

4.75* 1 10 

E1X11 

5.00* 1 11 

E1X11 

5.25* 2 12,13 

E1X11 

5.75* 2 14,15 

P3X10 5.15-5.39 1 P3X10-5-3-2-TS2-4 P3X10 

5.53-5.87 2 P3X10-6-SP2T, P3X10-6-SP2B 

P3X11 5.33-5.67 2 P3X11-5-2-SP1T, P3X11-5-2-SP1B P3X11 

5.84-6.04 1 P3X11-5-2-TS1-4 

P3X11 

6.88-7.22 2 P3X11-5-3-SP3T, P3X11-5-3-SP3B 

P3X11 

7.55-7.72 1 P3X11-6-TS3-4 
* The exact depth interval used for sample preparation was not recorded. 
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Table 4. Core Depths Sampled for Petrographic Analyses 

Core i.d. Depth interval 
(feet) 

No. of 
samples 

Contractor sample i.d. 

E1X07 4.00-4.14 3*t PX4-01, PX4-02, PX4-03 E1X07 

5.05-5.14 3*T PX5-01, PX5-02, PX5-03 

E1X07 

5.73-5.87 3 *t PX6-01, PX6-02, PX6-03 
E1X08 4.00-4.14 3 *t PXl-Ol, PX1-02, PX1-03 E1X08 

4.86-5.00 3 *t PX2-01, PX2-02, PX2-03 

E1X08 

5.71-5.85 3 *t PX3-01, PX3-02, PX3-03 

E1X10 4.50** 1* 01 (H-4.50') E1X10 

5.00** 1* 02 (H-5.001) 
E1X10 

5.25** 2 t § 03, 04 (V-5.25', H-5.25') 

E1X10 

5.50** 1* 05 (H-5.50') 

E1X10 

5.75** 2« 06, 07 (V-5.75', H-5.75') 

E1X10 

6.25** 1 § 08 (V-6.25*) 

E1X11 4.50** 1* 09 (H-4.50*) E1X11 

4.75** 1* 10 (H-4.75') 

E1X11 

5.00** 1* ll(H-5.00') 

E1X11 

5.25** 2 « 12, 13 (V-5.25', H-5.25') 

E1X11 

5.75** 2 « 14, 15 (V-5.751, H-5.75') 

P3X10 5.15 
5.18-5.39 

3* P3X10-5-3-2-TS2-1 
P3X10-5-3-2-TS2-2, P3X10-5-3-2-TS2-3 

P3X11 5.80 
5.84-6.04 

3* P3X11-5-2-TS1-1 
P3X11-5-2-TS1-2, P3X11-5-2-TS1-3 

P3X11 

7.55 
7.55-7.72 

3* P3X11-6-TS3-1, 
P3X11-6-TS3-2, P3X11-6-TS3-3 

* One section was oriented parallel to bedding whereas the other two were vertical and mutually perpendicular. 
** The exact depth interval used for sample preparation was not recorded. 
t The section oriented parallel to bedding was prepared from the middle of the given depth interval. 
% Section was oriented vertically (perpendicular to bedding). 
§ Section was oriented horizontally (parallel to bedding). 
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2.2 Procedures 

2.2.1 Thin Section Preparation 

Polished thin sections with a thickness of -30 urn were prepared from each of the core samples 
using standard abrasive polishing techniques. The samples from cores E1X07, E1X08, E1X10, 
and E1X11 were vacuum impregnated with an epoxy containing a blue dye prior to thin section 
preparation; however, the samples from cores P3X10 and P3X11 were not. The thin sections 
prepared from cores E1X07 and E1X08 were oversized (nominal glass slide dimensions of 2x3 
inches compared with the conventional 1x1.8 inches). Three mutually perpendicular samples 
were prepared from each of the locations sampled from cores E1X07, E1X08, P3X10, and 
P3X11; however, only one or two orientations were prepared from each of the locations sampled 
from cores E1X10 and E1X11. Finally, it appeared that chips, rather than intact samples, were 
used for thin section preparation from cores E1X10 and E1X11. 

2.2.2 Petrography 

Petrography was conducted using a polarizing optical microscope and both plane-polarized and 
cross-polarized light. Minerals were identified using standard petrographic techniques, including 
appearance, extinction, birefringence, cleavage, crystal habit, pleochroism, and interference, and 
following reference texts (e.g., Deer et al., 1966; Adams et al., 1984; Kerr, 1977). 

2.2.3 X-Ray Diffraction 

X-ray powder diffraction (XRD) is an analytical technique for semiquantitative analysis of mineral 
components, including those too fine grained to be identified using light microscopy techniques. 
An x-ray beam is projected onto a powdered sample and the angles at which specific 
characteristic wavelengths are diffracted are measured. The complete diffraction pattern is 
analyzed to identify mineralogy and approximate abundance. The procedures used by the 
different laboratories for the so-called "bulk" analyses that were performed for this effort varied 
somewhat and are summarized in Table 5. 

Variables that can affect calculation of the proportion of each mineral phase in a sample include 
peak overlap, crystallinity and crystal size, amorphous or organic content, absorption factors, 
chemical substitution, matrix absorption, preparation techniques, and detection limits. Although 
many of these variables can be controlled, some cannot; hence, the results of XRD analyses are 
only semi-quantitative. Typical errors are up to ±10% of the amounts present for major phases 
(^20% bulk composition) and up to ±20% for minerals present in concentrations less than this 
(Moore and Reynolds, 1989). 
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Table 5. Procedures Used for X-Ray Powder Diffraction 

Core i.d. Size Fraction Scan Interval Technique Reference 

E1X07, E1X08 <45 fim 2-65°20 Reference Intensity 
Ratio (RIR)1 

Jenkins (1986) 

E1X10,E1X11 15 urn* 2-7O°20 RJR* Chung (1974) 

P3X10,P3X11 < 10 urn 3-60°26 RIR Chung (1974) 

* Typically, 80% falls within 12-18 um particle size. 
| Average of three duplicate samples. 
% Average of six duplicate runs (occasionally, results of disparate runs were not included). 

2.2.4 Modal Analysis and Grain Size Distribution 

Each thin section was examined under a polarizing optical microscope and either 180- or 300-
point counts were performed to determine bulk composition. For two sets of the thin sections 
(E1X07 and E1X08), the maximum grain dimension was measured simultaneously with an 
eyepiece micrometer. 
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3.0 PETROGRAPHY 

As noted in Section 2.2.1, three mutually perpendicular thin sections were prepared from each 
location sampled for cores E1X07, E1X08, P3X10, and P3X11 (one section oriented nominally 
parallel to bedding and two mutually perpendicular sections oriented perpendicular to bedding), 
whereas only one or two sections were prepared from each of the locations sampled from cores 
E1X10 and ElXll (Table 4). The E1X07, E1X08, P3X10, and P3X11 sections also provided 
significantly greater continuous surface area for examination than did the E1X10 and E1X11 sections. 
The textural observations are thus derived principally from the former sections, although they were 
compared against the latter sections for consistency. In addition, of the E1X07, E1X08, P3X10, and 
P3X11 sections, only those prepared from cores E1X07 and E1X08 were impregnated with a dyed 
epoxy prior to sectioning. Thus, the porosity observations are based primarily on the sections 
prepared from cores E1X07 and E1X08, although they were again compared with sections prepared 
from cores P3X10, P3X11, E1X10, and E1X11 for consistency. 

3.1 Textures and Diagenetic Features 

3.1.1 Overview 

The principal mineral constituents of MB139 are anhydrite, halite, and polyhalite, although minor 
quantities of finely crystalline carbonate are present, as are trace amounts of clay and bituminous 
material. Distribution of the three dominant minerals is highly variable both vertically and laterally, 
even on the centimeter scale of the standard petrographic thin section. Textures are similarly varied. 
Textural and mineralogical differences are even greater between boreholes, where some mineralogic 
zones may be altogether absent. Paradoxically, inhomogeneity may thus be one of the most 
characteristic features of MB 139. 

A comprehensive microscopic investigation of the diagenetic and geologic history of the marker bed 
is beyond the scope of this report, which instead focuses on the salient features (both similarities and 
differences) of the sections that were examined, relating them to the mesoscopically identified zones 
of Borns (1985) where possible. Although it is possible that future microscopic observations of new 
cores drilled into the marker bed may reveal additional features, the following petrographic 
observations derived from three different sets of boreholes are believed to capture many of the areally 
consistent features of the marker bed. 

3.1.2 Polyhalite 

The presence of polyhalite is the defining feature of Borns's (1985) mesoscopically identified Zone 
II, which he considered to comprise approximately the upper third of MB 139. Polyhalite is generally 
absent in Zones HI and TV. Consistent with this classification, polyhalite was only observed in 
samples taken from the uppermost portion of the marker bed. Although polyhalite predominates in 
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several sections (e.g., PX1-01 and PX1-03), it may grade abruptly into anhydrite and halite, and 
disappear almost completely over only a few centimeters (PX1-02). Polyhalite is entirely absent in 
any of the sections prepared from boreholes E1X10 and E1X11. 

Polyhalite occurs as fine, feathery, or acicular crystals which form pinkish, spherulitic, 
pseudocrosslike or radial structures. Where polyhalite dominates, the spherulitic structure is most 
prominent (Figure 3 a). The spherules consist of fine-grained polyhalite crystals which may exhibit 
a radial structure (e.g., PX1-01) or, alternatively, appear randomly oriented (e.g., P3X11-5-2-TS1-2). 
The spherules are intergrown to form a dense, tightly interlocked crystal mass with fine-grained halite, 
anhydrite, and carbonate filling spaces between spherulites. The outer margins of the individual 
spherules may be darkened by finely crystalline carbonate, resulting in a mottled, pseudo-orbicular 
texture. 

Where polyhalite and anhydrite are present in more equal proportions, the spherulitic habit again 
dominates. The spherules may appear as isolated features scattered in finely crystalline anhydrite 
(e.g., P3X11-5-2-TS1-1 and P3X11-5-2-TS1-3), or massed together in thin laminae 
(P3X11-5-2-TS1-2) subparallel to bedding. There is a weak tendency for the spherules to be 
elongated subparallel to bedding in this last section. The polyhalitic laminae appear to flow around 
and fill spaces in between lenses of massive anhydrite. The concentration of polyhalite in more-or-
less distinct laminations in samples from core P3X11 differs markedly from the more massive habit 
characteristic in samples from cores E1X07 and E1X08. 

With increasing halite content, the radial and pseudocrosslike structures are more common, 
particularly when the two minerals are in direct contact (Figure 3b). These structures are 
characterized by longer, more slender needlelike crystals than those typical of the spherulitic 
structure. 

3.1.3 Anhydrite 

In Borns's (1985) classification, anhydrite occurred in Zones II, EI, and IV, and increased with depth 
to become a dominant mineral in Zone IV. Anhydrite is commonly finely crystalline, untwined, and 
ranges in shape from euhedral to anhedral. Li association with polyhalite (i.e., in the uppermost 
portion of the marker bed), it appears as isolated, euhedral to subhedral elongated laths and equant 
tablets (Figure 3a), and as finely crystalline infilling between intergrown spherules. With increasing 
depth in the marker bed, polyhalite first diminishes, then disappears, whereas halite content increases 
and comprises up to half of the rock. Anhydrite then appears as finely crystalline, homogeneous, 
randomly oriented masses that surround larger, isolated grains of halite. At the margins of halite 
grains, however, anhydrite grain size may abruptly increase and grain shapes become euhedral. 
Similarly, grain size can vary abruptly in the massive anhydrite zones, with lenses of relatively 
coarse-grained anhydrite surrounded by fine-grained material. Except for this dramatic difference in 
grain size relative to the surrounding mass (an order of magnitude or greater), these lenses or pods 
are otherwise structureless. 
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In some areas, anhydrite forms concentric polygonal structures (Figure 4), alternating repeatedly with 
single-crystal halite (e.g., PX5-05). These structures can be large and prominent, up to 0.5 cm in 
diameter. The anhydrite crystals grow as fine tablets or laths normal to the polygon walls, and both 
into and out of the polygons; a distinct median line separates those grains growing into and out of the 
polygons, resulting in a sort of "bidentate" appearance. While complete polygons are rare, fragments 
of polygon walls are common both within anhydrite masses and as salients in large halite grains. This 
structure indicates that both anhydrite and halite are pseudomorphous after gypsum, which was 
almost certainly the original sulfate mineral precipitated from solution (Blatt et al., 1972). 
(Subsequently, upon burial and dewatering, the primary gypsum is replaced by anhydrite and halite.) 
The "fragmentary" remains of the pseudomorphs suggest that early transformation of gypsum to 
anhydrite may have been accompanied or followed by local deformation and additional replacement. 

With yet greater depth, the amount of halite diminishes and anhydrite becomes the dominant mineral. 
Halite is absent in several of the sections taken from the greatest depths of cores E1X10 and E1X11 
(V-5.75' and V-6.25'), and largely absent in sections taken from the greatest depth in core P3X11 
(P3X11-6-TS3-1 andP3Xll-6-TS3-2). Texturally, however, the anhydrite is identical to that of the 
relatively homogeneous massive anhydrite higher up in the marker bed, except that the expanses 
uninterrupted by halite are more extensive areally. 

3.1.4 Halite 

Halite is present in at least some of the sections prepared from each depth for all cores. It is almost 
always much coarser-grained than polyhalite and anhydrite, ranging from 0.1 to 3 cm in diameter. 
Halite usually occurs as large, anhedral, isolated single crystals surrounded by polyhalite and/or 
anhydrite. Shapes are extremely irregular, often convoluted. Particularly when in contact with 
anhydrite, grain boundaries are ragged and vague. Long salients of polycrystalline anhydrite (and, 
when present, polyhalite needles) often extend deeply into halite grains, further enhancing the 
contorted appearance. Where halite is present in the greatest quantities, the net effect is a distinctive 
patchy or mottled texture. 

Grains are filled with inclusions in varying degrees, resulting in an overall dusty or dirty appearance. 
While many grains are generally or partially free of inclusions, others are so filled with patches of 
single- and polycrystalline anhydrite that the minerals are present in roughly equal amounts, 
suggesting a replacement texture. Other inclusions consist of finely crystalline carbonate patches, 
possibly clays and bituminous material, and fluids. Fluid inclusions occur in isolation, or in planar and 
curviplanar arrays (Figure 5). Cleavage planes are often decorated with finely crystalline carbonate 
or bitumen, possibly suggesting that they were once fractured. Both the fluid inclusion arrays and 
decorated cleavage planes may be healed fractures whose possible origins are remarked upon later. 
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(a) (b) 

Figure 3. (a) Spherulitic texture of polyhalite. Dark carbonate and clay minerals concentrate at 
the margins of the salmon-pink spherulites, creating a pseudo-orbicular texture. Note the long, 
isolated laths of anhydrite. Width of field is 2.23 mm. Plane polarized light, (b) Pseudo-cross 
and radial habits of polyhalite (long needles) when halite (black regions) is present in large 
quantities. Width of field is 2.23 mm. Crossed polarizers. 
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Figure 4. (a) Polygonal anhydrite-halite pseudomorph after gypsum. Width 
of field is 3.45 mm. Plane polarized light, (b) Same area, crossed polarizers. 
Anhydrite is finely crystalline and highly birefringent; halite appears black. 
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Figure 5. (a) Planar arrays of fluid inclusions in halite which probably represent healed 
microfractures. Width of field is 2.23 mm. Plane polarized light, (b) Healed fracture in finely 
crystalline anhydrite. The fracture is filled primarily with anhydrite, but a very narrow aperture is 
present at the center (edges dotted for clarity). Width of field is 2.23 mm. Plane polarized light. 
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3.1.5 Carbonates and Clays 

Although carbonate and clay minerals are present in only minor amounts throughout the marker bed, 
their mode of occurrence is an important aspect of the mesoscopic and microscopic structure of MB 
139. In particular, they are closely associated with both the little native porosity which exists in the 
marker bed and with the development of excavation- and coring-induced porosity. 

Finely crystalline carbonate (<10 microns) appears as small, discrete, gray-to-brown or semiopaque-
to-opaque patches, occasionally as inclusions in halite grains, and also in thin, discontinuous, diffuse 
stringers oriented subparallel to bedding. As discussed later, carbonates are closely associated with 
the little porosity which is observed in thin section. The stringers also contain clay minerals, and, 
possibly bituminous material. Where stringers are present, they commonly separate regions differing 
in texture and/or composition (e.g., pure anhydrite from patchy halite and anhydrite, or pure 
anhydrite from mixed anhydrite and polyhalite, or relatively "clean" anhydrite from "dirty"anhydrite). 

The stringers, which are undulose and sometimes highly contorted, are most common and areally 
persistent in sections taken from the greatest depths of cores E1X07, E1X08, P3X10, and P3X11, 
resulting in a mesoscopically laminated appearance. When stringers curve around halite lenses, the 
boudinagelike appearance of halite lenses is enhanced (e.g., PX6-02 and PX3-02). Although less 
common in the uppermost, polyhalitic intervals, bedding-plane stringers are still occasionally 
prominent (e.g., PX1-02, P3X11-5-2-TS1-2, and P3X11-5-2-TS1-3). They are least common and 
extensive in the middle depth. 

The stylolytic appearance of the stringers suggests that they may represent relict surfaces of fluid 
transport and dissolution (Lowenstein, 1982; Borns, 1985); the relatively insoluble opaques may have 
been concentrated and left behind as fluids were driven off first by burial and then by dewatering of 
gypsum. Their convoluted character might be attributable to local deformation associated with the 
dehydration reaction and related either to the large volume change associated with gypsum-aragonite 
reaction or else to the development of high pore pressures (Blatt et al., 1972; p. 505). The 
development and healing of microfractures in halite discussed previously may also be related to this 
latter aspect. 

3.2 Porosity Description 

3.2.1 Overview 

Although there has been at least one earlier episode of fracturing and rehealing in Marker Bed 139 
prior to core recovery, detailed investigation of this history is beyond the scope of this report. This 
study focuses on the occurrence of open and interconnected porosity in the marker bed, as identified 
by its penetration by dyed epoxy. Interconnected porosity is the primary concern for estimating the 
hydrological transport properties of the marker bed, whereas the healed paleomicrofractures are of 
secondary interest. 
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Porosity is most consistently associated with the finely crystalline carbonate which occurs in patches 
and stringers. Most often, the porosity occurs as a penetrative microporosity throughout many of 
the carbonate patches. The only other observed porosity is in the form of discrete microfractures, 
some of which are again closely associated with the carbonate stringers. Examination at high 
magnifications revealed no detectable population of microfractures or other porosity not penetrated 
by the dyed epoxy. None of the sections contained a high density of microfractures. 

Some of the observed healed microfractures almost certainly date back to early diagenesis, including 
burial, compaction, and gypsum dehydration. The planar fluid inclusion arrays, which possibly mark 
healed fractures, may date back to this early diagenetic stage. The observed small, isolated now-
sealed fractures in the massive anhydrite (Figure 6) and the longer, stylolytic stringers may mark the 
site of previously open microfractures. Thus, regarding the long-term stability of the WEPP 
repository, there is evidence that under some circumstances the marker bed may be capable of 
"healing" itself. However, there is also evidence that the previously healed microfractures may be 
preferred sites for the development of excavation- and coring-induced microfracturing, and, hence, 
persistent planes of weakness in the marker bed. 

3.2.2 Microporosity 

Whether in isolated patches or discontinuous stringers, the minor carbonate phases are frequently 
associated with a local porosity greater than that of the surrounding rock. Furthermore, the presence 
of the blue dye indicates that this porosity is connected within the bulk rock. Often, this 
microporosity is only revealed by a distinct blue hue overprinting the carbonate patches and stringers, 
and due to the exceptionally small size of the individual carbonate grains, its detailed character is not 
readily discernible. This microporosity may be in the form of a fine network of microfractures along 
grain boundaries of the finely crystalline carbonate (the grain size of which is substantially less than 
the section thickness), or in the form of an interconnected network of equidimensional voids and/or 
microfractures between the individual carbonate crystals. 

3.2.3 Microfractures 

Other occurrences of dye penetration into the bulk rock are limited to discrete microfractures. At 
least a few open microfractures are present in each section from cores E1X07 and E1X08; however, 
in some cases the microfractures are restricted to the margins, suggesting that they may have resulted 
from sample preparation. This is especially true of the polyhalitic sections, which are otherwise 
unfractured. No unconnected porosity was observed, even at high magnifications. 

Microfractures most commonly occur in anhydrite and appear largely intergranular in character. 
Microfractures in halite are much less common, and tend to be cleavage fractures. Where 
microfractures cross from an anhydrite grain into a halite grain, the microfracture may make an abrupt 
change in direction to follow a cleavage direction, and then resume the original trajectory when it 
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crosses back into anhydrite. Microfractures in anhydrite also sometimes terminate upon intersection 
with a halite grain. This may result from halite's ability to readily deform by plastic deformation 
mechanisms (i.e., dislocation glide), which would arrest microfracture propagation. 

Microfracture apertures are highly variable, ranging from <1 urn up to 1 mm. Microfractures with 
measurable openings appear to be restricted to anhydrite masses. Regardless of aperture, however, 
the individual microfractures appear entirely tensile or extensile in character. There is no detectable 
shear offset along any of the microfractures, nor is there any evidence of comminuted material within 
the microfractures. Furthermore, with the exception of the very largest microfractures, all appear to 
be very well to perfectly mated at the finest scales resolvable. The largest microfractures are very 
well mated except on the most detailed viewing scale, and so it seems unlikely that any significant 
shear displacement has occurred along the microfractures. 

Microfracture lengths are also highly variable, ranging from a few tens of microns to the full width 
of the oversized petrographic sections (~6.5 cm). In anhydrite, the longer microfractures are actually 
narrow, discontinuous fracture zones composed of numerous smaller—but obviously related— 
microfractures. These zones often resemble ligamentary bridges as presented by Freiman and 
Swanson (1990; their Fig. 3.3). Ligamentary bridging occurs when remnant islands of unfractured 
material are left behind, resulting in crack-surface tractions. These tractions tend to shield the 
macrocrack tip from the full magnitude of the applied stress. 

In many of the larger microfractures in anhydrite, whole polycrystalline islands of material are left 
behind in the midst of the microfractures, surrounded by dyed epoxy, but otherwise undamaged and 
undeformed. These islands could result from another type of crack-surface traction that can occur, 
frictional interlocking (Freiman and Swanson, 1990; their Fig. 3.3). This type of traction can result 
in the growth of branching fractures in a direction opposite to that of the growing macrocrack. If 
these reverse cracks then reconnect with the main fracture, an "island" is left behind. Although these 
islands could also result from the linking of bridged cracks, in general they seem more likely to result 
from frictional interlocking. 

As noted earlier, the stringers defined by carbonates and clays appear to be preferential sites for the 
occurrence of new microfractures (Figure 7). This is most pronounced in sections taken normal to 
bedding from the greatest depths in cores E1X07 and E1X08 (i.e. PX3-02, PX3-03, PX6-02, and 
PX6-03). Microfractures faithfully follow undulating stringers for distances of up to several 
centimeters. Holcomb et al. (in press) reported similar observations. 

Many microfractures show evidence of subsequent healing, i.e., partial to complete infilling by halite 
and/or other minerals (Figures 7, 8). Where infilling by halite has been complete, the margins of the 
microfractures have been otherwise unaltered: the edges of the microfractures are sharp, lacking 
gradational selvages or depositional zones. Mating of the two sides of the microfractures is almost 
perfectly preserved, as are even some of the polycrystalline anhydrite islands that reside within the 
larger microfractures. It also appears that some of this infilling was fractured again at a later time, 
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Figure 6. Open fracture (containing blue epoxy) in anhydrite paralleling opaque 
stringers. Stringers are composed of carbonate and clay minerals, and, possibly, 
bituminous material. The fracture is partially infilled, and this infilling has been 
refractured in some areas. Width of field is 2.23 mm. Plane polarized light. 

20 





Sjfa^F*^*:— 

(a) 

•-^tjgftjfr 

Figure 7. (a) Partially infilled fracture (containing blue epoxy) in anhydrite. 
Width of field is 3.45 mm. Plane polarized light, (b) Magnified view, showing 
blue dye in the interior of the filling, indicating that the filling has been refractured. 
Width of field is 1.30 mm. Plane polarized light. 
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Figure 8. (a) Wide fracture in anhydrite (speckled brown) that has been filled in completely 
by halite (tan to white). The fracture contains a small "island" of polycrystalline anhydrite 
isolated during fracturing. Refracturing of this filled paleofracture (blue epoxy) suggests 
that it may be a surface of weakness. Width of field is 3.45 mm. Plane polarized light, 
(b) Same area, crossed polarizers. Halite appears black, anhydrite is finely crystalline 
and birefringent. 
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as evidenced by the penetration of the filling by dyed epoxy (Figure 8). The presence and subsequent 
refracturing of the mineral fillings places some constraints on the timing of fracture development, 
which is discussed further in the following section. 

3.2.3.2 FRACTURE PATTERNS 

Owing to the limited and variable microfracturing observed, pattern identification has been done 
visually. A discernible, repeatable pattern is evident in sections taken from the greatest depths 
(PX3-02, PX3-03, PX6-02 and PX6-03). The pattern is dominated by a few long microfractures and 
microfracture zones parallel to subparallel to the trace of bedding, usually following the undulating 
opaque stringers. Numerous smaller microfractures parallel and subparallel to bedding are also 
present. It is impossible to estimate a frequency with which these microcracks occur because of the 
limited sampling; a section may contain as few as one such microcrack or none. Microfractures are 
concentrated in the massive anhydrite, avoiding the large halite lenses that occur in some of the 
sections (e.g., PX6-02). A subordinate population of microfractures oriented vertically to bedding 
is present, some of which are up to 2 cm in length (PX6-01). Microfractures in other orientations 
(i.e., oblique to bedding) appear uncommon in the sections from these deepest intervals. 

Microfractures consistent with this pattern are found in a number of the remaining sections. One 
bedding plane microfracture that spans the width of the section (~6 cm) is present in a section from 
the shallowest depth (PX1-02). However, microfractures at oblique angles to bedding are also 
commonly found in the remaining sections. It is impossible to determine whether these oblique 
microcracks are part of a larger pattern. 

3.2.3.3 COMPARISON WITH FRACTURE OBSERVATIONS FROM THE CORE 
DAMAGE STUDY 

The foregoing observations closely parallel those presented by Holcomb et al. (in press) who 
examined 36 oriented thin sections prepared from six closely spaced cores drilled into the marker bed 
from a single room (Figure 2). Two boreholes were vertical, while four were inclined at 45° to 
vertical. Their specimens were not highly damaged and cracks appeared tensile or extensile in nature. 

Microfractures in anhydrite predominated, were exclusively intergranular, and tended to be long and 
concentrated in narrow zones. Evidence for ligamentary bridging and frictional interlocking was 
common. Microfractures in anhydrite tended to closely follow the bedding plane laminations defined 
by the carbonate/clay/bitumen stringers. Microfractures in halite were rare and inevitably cleavage 
cracks. When microfractures in anhydrite approached halite grains, they often either terminated 
abruptly or diverted around the halite. 

Fracture patterns reported by Holcomb et al. (1995) were likewise very similar to those found here. 
Long microfractures and microfracture zones in anhydrite, parallel to bedding, predominated. A 

23 



subordinate set of microfractures normal to bedding also occurred. Holcomb et al. also tentatively 
identified a third microfracture population, conjugate pairs inclined at roughly 45° to bedding, but 
evidence for this third set was weak. Holcomb et al. concluded that while the microfracture pattern 
was consistent with floor arching following room excavation, the microfractures probably occurred 
during coring: other geophysical evidence suggested that the microfractures were either not present 
or not open prior to core recovery. 

Evidence for healed fractures in halite crystals was common (i.e., planar arrays of fluid inclusions and 
infilled cleavage cracks); however, Holcomb et al. observed no evidence for partial infilling of now-
open microfractures. This observation was consistent with their conclusion that the dyed fractures 
were recent, and probably attributable to core recovery. This last observation differs from that of this 
study and possibly offers insight into the sequence of fracturing since the main difference between the 
earlier study and this one is the time of core recovery with respect to room excavation. 

3.2.3.4 POSSIBLE SEQUENCE OF FRACTURE DEVELOPMENT 
That some of the microfractures are either partially or completely infilled indicates that they must 
have been open in situ for an uncertain period of time prior to core recovery. Some extended period 
of time would be required to allow new fluids to percolate through the microfractures and precipitate 
minerals. Thus, except in those instances where the mineral infillings themselves have been fractured, 
recent coring can probably be discounted as the cause of microfracturing. 

Given that the observed fracture patterns for both the completely and partially infilled microfractures 
are what would be expected from floor arching after room excavation (Borns and Stormont, 1989), 
it seems reasonable to conclude that much of the microfracturing dates either from that time or more 
recently. Similarly, the crack infilling observed here probably took place within the same time span. 
In instances where mineral infillings have subsequently been fractured again, two possibilities exist. 
Damage either occurred in situ, with both healing and continued floor arching taking place 
contemporaneously, during core recovery, or both. It is noted, however, that the observations here 
do not preclude the possibility that some or possibly all of the partially or completely infilled fractures 
may have existed in situ prior to excavation. 

Time-series studies in and near the room where Holcomb et al. (1995) performed their investigation 
would provide an excellent opportunity to further elucidate the deformation and healing processes 
that occur in the marker bed following excavation, particularly since the initial conditions were 
thoroughly documented only ~ 1 year after room excavation. 
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4.0 RESULTS OF XRD AND MODAL ANALYSES 
Mineralogies determined by the semiquantitative powder x-ray diffraction analyses are summarized 
in Table 6. The results in cases where two different samples were prepared from the same depth 
interval from the same core sample (but separated by up to several inches in the bedding plane) are 
summarized separately in Table 7. The results of the petrographic modal analyses are reported in 
Table 8. The grain size measurements which were performed simultaneously with the 300-point 
count modal analyses for cores E1X07 and E1X08 are summarized in Table 9. 

4.1 Discussion of the Mineralogy of MB 139 

The quantitative mineralogic studies performed on samples prepared from six large-diameter cores 
drilled into Marker Bed 139 from two different rooms at the WIPP repository reveal that although 
the marker bed is mineralogically complex, several general trends can nevertheless be identified. 

The mineralogic data and whole-core observations (Appendix A) indicate that although the marker 
bed is laterally continuous, both the absolute vertical location and thickness of the marker bed vary 
significantly over lateral distances on the order of hundreds of feet. For example, E1X08 and E1X10 
were drilled from the floor of Room E140 ~6 feet apart and both drill holes intersected the marker 
bed at a depth of ~3.5 feet. However, E1X07, which was drilled from the same room but about ~ 165 
feet away from E1X08 and E1X10, did not intersect the marker bed for a full additional foot. 
Furthermore, whereas the marker bed is slightly over 2 feet in thickness at the E1X07 location, it is 
closer to 3 feet thick at the location of the E1X08, E1X10, and E1X11 cores. Similarly, when the 
differences in collar elevation (Table 1) are accounted for, P3X10 and P3X11, which were drilled 
from the floor of Room 3, indicate a variation in the absolute location of the upper contact of the 
marker bed of ~11 vertical feet compared with E1X08 and E1X10. On a more local scale, the 
undulatory nature of the upper contact, which is discussed in detail by Borns (1985), is evident in 
core E1X08 and is particularly conspicuous in core P3X10 (Appendix A). 

With limited exceptions (see later discussion), the petrographic and powder diffraction (XRD) 
analyses for mineralogy are in good agreement. Anhydrite and halite are generally the most abundant 
minerals; however, polyhalite is a major and sometimes dominant mineral phase in the uppermost part 
of the marker bed. Finely crystalline carbonate is a consistent minor phase present throughout the 
marker bed that typically occurs in patches or wisps and constitutes up to several percent of the 
minerals present. The petrographic analyses consistently suggest somewhat higher amounts of 
carbonate than the XRD analyses (i.e., typically 5 to 10 volume percent versus trace to 5 weight 
percent); however, it is likely that the modal analyses are biased high due to the finely crystalline 
nature of this phase. The different petrographic analyses originally identified this phase as either 
magnesite or possibly dolomite (Table 8), although it is noted here that distinguishing these two 
phases using optical techniques is nearly impossible (e.g., Kerr, 1977). Nevertheless, in those cases 
where magnesite was identified optically, the powder x-ray diffraction analyses generally confirm the 
occurrence of magnesite (Table 6). Likewise, the XRD analyses confirm the occurrence of dolomite 
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Table 6. X-Ray Diffraction Analyses of MB 139 Core Samples 

Core i.d. Depth interval 
(feet) 

Composition (wt %) Core i.d. Depth interval 
(feet) Anhydrite Halite Polyhalite Carbonate Other 

E1X07 4.00-4.14 7 23 28 42* trace5 E1X07 

5.00-5.14 62 38 — — — 

E1X07 

5.73-5.87 81 19 — — — 

E1X08 4.00-4.14 70 30 trace — — E1X08 

4.86-5.00 32 68 — — — 

E1X08 

5.71-5.85 98 2 — — — 

E1X10 4.50 80 20 — trace* trace1 E1X10 

5.00 73 26 — 1* trace'1 

E1X10 

5.25* 77 23 — trace* trace1* 

E1X10 

5.50 92 7 — 1* trace1 

E1X10 

5.75* 94 4 — 2* trace1 

E1X10 

6.25 96 trace — 4* trace1 

E1X11 4.50 54 46 — trace* trace1 E1X11 

4.75 68 32 — tr* — 

E1X11 

5.00 66 30 — 4* trace1 

E1X11 

5.25* 61 36 — 3* trace1* 

E1X11 

5.75* 92 8 — tr* trace1 

P3X10 5.15-5.39 47 52 — 1* — P3X10 

5.53-5.87* 50 44 5 1* — 

P3X11 5.33-5.67* 12 7 80 1* — P3X11 

5.84-6.04 60 11 27 2* — 

P3X11 

6.88-7.22* 57 38 — 5* — 

P3X11 

7.55-7.72 72 28 — — — 
* Average o Ftwo samples from ti le same depth in terval but sepan ited by a few inc les in the beddii ig plane. 

i 
§ 

-30% was tentatively identified as ferroan dolomite or another cation-disordered Ca-Mg-Fe carbonate and -12% 
was identified as aragonite. The occurrence of such a large quantity of carbonate is unusual and may indicate that 
the XRD sample prepared from this depth interval was not representative of the bulk material. Also, the contractor 
noted a high degree of uncertainty in the quantitative analysis for this sample since the optimal standards were not 
available for quantification. 
Magnesite. 
Quartz was tentatively identified. 
Clay. 

~k Gypsum. 
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Table 7. Comparison of XRD Analyses for Duplicate Samples* 

Core i.d. Depth interval 
(feet) 

Composition (wt%) Core i.d. Depth interval 
(feet) 

Anhydrite Halite Polyhalite Magnesite Other 

E1X10 5.25 56 
99 

44 
1 

— trace 
trace 

trace* 
trace** 

E1X10 

5.75 93 
97 

4 
3 

— 3 
trace 

tracet 

trace* 

E1X11 5.25 54 
69 

44 
28 

— 2 
3 

trace1 

trace** 
E1X11 

5.75 85 
99 

15 
1 

— trace 
trace 

trace* 

P3X10 5.53-5.87 55 
45 

43 
44 11 

1 
1 

— 

P3X11 5.33-5.67 18 
6 

10 
3 

69 
90 

3 
trace 

— P3X11 

6.88-7.22 55 
58 

39 
37 ____ 

6 
4 _̂ _ 

* Samples were prepared from the same depth interval but spaced up to several inches apart in the bedding plane, 
t Clay. 
t Gypsum. 
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Table 8. Modal Analyses of MB 139 Core Samples 

Core i.d. Depth 
(feet) 

Orient
ation* 

Composition (vol %) Core i.d. Depth 
(feet) 

Orient
ation* 

Anhydrite Halite Polyhalite Carbonatet Other 

E1X07 4.00-4.14 H 50 44 5 1 — E1X07 4.00-4.14 

V 20 12 55 13 — 

E1X07 4.00-4.14 

V 27 14 57 3 — 

E1X07 

5.00-5.14 H 66 26 — 9 — 

E1X07 

5.00-5.14 

V 79 18 — 3 — 

E1X07 

5.00-5.14 

V 75 21 — 4 — 

E1X07 

5.73-5.87 H 82 17 — trace trace* 

E1X07 

5.73-5.87 

V 81 16 — 3 — 

E1X07 

5.73-5.87 

V 92 4 — 4 — 

E1X08 4.00-4.14 H 6 trace 87 5 1* E1X08 4.00-4.14 

V 67 20 7 6 — 

E1X08 4.00-4.14 

V 33 2 56 7 1* 

E1X08 

4.86-5.00 H 62 37 — 2 — 

E1X08 

4.86-5.00 

V 48 51 — 2 — 

E1X08 

4.86-5.00 

V 67 30 — 4 — 

E1X08 

5.71-5.85 H 80 3 — 16 — 

E1X08 

5.71-5.85 

V 87 1 — 12 — 

E1X08 

5.71-5.85 

V 86 2 — 10 1* 

E1X10 4.50 H 82 16 — 2 trace5 E1X10 

5.00 H 72 26 — 2 trace5 

E1X10 

5.25 H 67 30 — 3 trace5 

E1X10 

5.25 

V 99 1 — trace trace5 

E1X10 

5.50 H 93 2 — 5 trace5 
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Table 8. Modal Analyses of MB 139 Samples (Continued) 

Core i.d. Depth 
(feet) 

Orient
ation* 

Composition (vol %) Core i.d. Depth 
(feet) 

Orient
ation* 

Anhydrite Halite Polyhalite Carbonate1 Other 

E1X10 5.75 H 95 — — 5 — E1X10 5.75 

V 82 15 — 3 trace5 

E1X10 

6.25 V 100 — — trace — 

E1X11 4.50 H 60 37 — 3 trace5 E1X11 

4.75 H 71 26 — 2 1 § 

E1X11 

5.00 H 64 30 — 6 trace5 

E1X11 

5.25 H 69 26 — 5 trace5 

E1X11 

5.25 

V 83 12 — 5 trace5 

E1X11 

5.75 H 44 56 — trace trace5 

E1X11 

5.75 

V 100 — — trace — 

P3X10 5.15-5.39 H 68 25 — 4 4 i P3X10 5.15-5.39 

V 43 55 — 1 2* 

P3X10 5.15-5.39 

V 58 37 — 3 2 1 

P3X11 5.80-6.04 H 70 16 10 2 2 1 P3X11 5.80-6.04 

V 46 13 31 9 1* 

P3X11 5.80-6.04 

V 49 27 15 8 2 1 

P3X11 

7.55-7.72 
H 96 1 1 1 trace' 

P3X11 

7.55-7.72 
V 90 9 — — l11 

P3X11 

7.55-7.72 

V 67 32 — trace 1' 

* Orientation of section was either vertical (V) or horizontal in the plane of bedding (H). 
f Very finely crystalline. Two contractors identified this phase as magnesite and one tentatively suggested the 

mineral dolomite. However, it is very difficult to distinguish magnesite and dolomite optically(e.g., Kerr, 1977) 
and both minerals are common in evaporitic assemblages (Adams et al., 1984). 

% Pyrite. 
§ Gypsum. 
| Carbonaceous (bituminous) matter. 
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Table 9. Grain Size Distribution of Selected MB139 Core Samples 

Core i.d. Depth 
(feet) 

Orientation* Median Sorting1 Core i.d. Depth 
(feet) 

Orientation* 

# mm ** 

E1X07 4.00-4.14 H 2.94 0.130 1.91 E1X07 4.00-4.14 

V 5.23 0.027 1.54 

E1X07 4.00-4.14 

V 4.69 0.040 1.33 

E1X07 

5.00-5.14 H 3.93 0.066 1.80 

E1X07 

5.00-5.14 

V 4.45 0.046 2.02 

E1X07 

5.00-5.14 

V 4.01 0.062 1.86 

E1X07 

5.73-5.87 H 5.79 0.018 1.51 

E1X07 

5.73-5.87 

V 5.77 0.018 1.56 

E1X07 

5.73-5.87 

V 5.91 0.017 1.02 

E1X08 4.00-4.14 H 6.04 0.015 0.98 E1X08 4.00-4.14 

V 5.34 0.025 2.00 

E1X08 4.00-4.14 

V 5.60 0.026 0.91 

E1X08 

4.86-5.00 H 3.89 0.067 2.06 

E1X08 

4.86-5.00 

V 3.95 0.065 1.96 

E1X08 

4.86-5.00 

V 4.65 0.040 2.15 

E1X08 

5.71-5.85 H 5.88 0.017 0.85 

E1X08 

5.71-5.85 

V 6.14 0.014 0.83 

E1X08 

5.71-5.85 

V 6.30 0.013 0.92 
* Orientation of section was either vertical (V) or horizontal in the plane of bedding (H). 
f Sorting as defined by Folk, 1980 (p. 42). 
t Phi scale as defined by Blatt et al., 1972 (p. 46-47). 
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in at least one sample. The characteristic diffraction peaks for dolomite and magnesite are well 
separated and since both magnesite and dolomite are known accessory minerals in evaporitic rocks 
(e.g., Adams et al., 1984), it is possible that both minerals are present to a limited extent in the marker 
bed. Other phases which occasionally occur in trace amounts (<1%) include clay and gypsum. 

The large discrepancies between the modal and XRD analyses which are apparent in some cases 
(Tables 6 and 8) are most likely attributable to the high heterogeneity exhibited by the marker bed on 
even the centimeter scale. In the cases where petrographic analyses were performed on three 
mutually perpendicular thin sections prepared from single samples, variations in the volumetric 
percentages of mineral phases of up to 30% are not uncommon (Table 8). This conclusion is also 
supported by the XRD results for duplicate samples prepared from the same depth interval (but 
spaced a few centimeters apart horizontally), which in some cases indicate substantially different bulk 
compositions (Table 7). 

Based on his mesoscopic study of five cores obtained by drilling into the marker bed from the floor 
of Room 4 (Figure 2), Borns (1985) suggested that the marker bed could be divided into five zones: 
three visually distinct zones which comprised the bulk of the marker bed (H-IV), and upper (I) and 
lower (V) contact zones, both of which were only a few centimeters thick. Zone II was classified as 
massive polyhalitic anhydrite with stylolitic laminae, Zone IQ as mixed anhydrite and polyhalitic 
anhydrite with marbled texture, and Zone IV as laminated anhydrite with halite. The present study 
did not include analysis of samples extracted from either the upper or lower contact zones and hence 
there is no further discussion of the contact zones below. 

The petrographic modal and XRD analyses and macroscopic observations (Appendix A) of the six 
cores studied here are to a large degree consistent with Borns's (1985) classification of the marker 
bed (note that macroscopic fracture descriptions were not provided for the cores studied here). 
However, access to cores from two additional areas of the facility underground (Figure 2), along with 
the quantitative laboratory mineralogic analyses, provide a substantially enlarged data base and thus 
the opportunity for modification. 

In particular, the extent of the polyhalitic overprint characteristic of Zones II and HI is shown to be 
highly variable. In the four cores taken from the E140 drift, Zone II is readily apparent in core 
E1X07 but not in the other cores (E1X08, E1X10, ElXl 1) which were taken -165 feet away from 
E1X07. Similarly, for the cores taken from Room 3, Zone II is present in core P3X11, but appears 
absent in core P3X10. In those cores in which Zone II is apparent, the laboratory analyses indicate 
that halite is also present in significant amounts (~10 to 20%) and that polyhalite can comprise up 
to~60% of the minerals present. The occurrence of this phase is typically manifested by a distinctive 
salmon-pink color. Zone II is thus better characterized as polyhalitic anhydrite and halite, and, 
furthermore, only occasionally present. Zone HI appears to be of very limited extent (~3 inches 
thick) in core E1X07 and lacking polyhalite. Although a polyhalitic overprint is well developed in 
the upper part of Zone III in core E1X08, it is absent from the lower part. Similarly, only one small 
band of polyhalitic anhydrite is apparent in Zone HI in core E1X10, and none is apparent in Zone HI 
in core ElXl 1. In the cores from Room 3, Zone EI in P3X11 contains abundant polyhalite, but only 
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limited polyhalite in P3X11. Zone m in these cores is thus more accurately described as mixed 
anhydrite and halite with sporadic polyhalitic overprint, with halite accounting for 30 to 50% of the 
rock. Finally, Zone IV is well defined in all of the cores and characterized as mixed anhydrite and 
halite, although the bottom of this zone is nearly pure anhydrite. The main distinction between Zones 
m and IV is the transition from a marbled to laminated texture. 
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5.0 SUMMARY 

As reported by Borns (1985) and earlier investigators cited by him, though Marker Bed 139 is areally 
extensive and continuous, it is internally complex and inhomogeneous — both texturally and 
mineralogically, indicating a complex depositional and postdepositional history. This study offers 
further evidence for the internal complexity and inhomogeneity of the marker bed; however, 
comprehensive investigation of the diagenetic and geologic history of the marker bed is beyond the 
scope of this study. Instead, this study aimed to (1) quantify the mineral composition to support 
laboratory studies of hydrologic properties and facilitate correlation of transport properties with 
composition; (2) describe textures including grain size; and (3) describe observed porosity (Howarth, 
1993). 

Although many of the observations of this study are to a large degree consistent with Boras' (1985) 
classification of the marker bed derived from macroscopic observations of cores drilled from one 
room of the underground facility, the systematic petrographic study and quantitative laboratory 
analyses of six large-diameter cores from two additional areas of the underground facility have 
provided additional insight and the opportunity for further refinement. In particular, the studies 
carried out here indicate that Zone II is better characterized as polyhalitic anhydrite and halite, and, 
significantly, only occasionally present in the marker bed. Zone HI is more accurately described as 
mixed anhydrite and halite with only a sporadic polyhalitic overprint, with halite accounting for 30 
to 50% of the rock. Finally, Zone IV, which is well defined in all of the cores studied, is best 
characterized as mixed anhydrite and halite, with a gradual transition to nearly pure anhydrite at the 
base of the marker bed. The main distinction between Zones HI and IV is a transition from marbled 
to laminated texture. Recently, in situ hydraulic fracturing tests (Beauheim et al., 1993b) have 
suggested that partially or fully healed fractures along these laminations are the preferred fluid flow 
pathways in the marker bed. The upper and lower contact zones (Zones I and V), neither of which 
is more than a few centimeters thick, were not studied here and so no revisions to Borns's 
classification are proposed. 

The detailed petrographic and quantitative modal analyses further reveal that even within single zones 
of the marker bed, sudden transitions in mineralogy and/or texture occur even at the centimeter scale. 
Although the major mineralogic phases in the marker bed are anhydrite, halite, and polyhalite, these 
sudden transitions in mineralogy and/or texture are often marked by the occurrence of dark 
"stringers," which are fine laminations containing several minor phases, including carbonate, clay, and 
bituminous material. 

Our observations also provide evidence for the existence of naturally occurring, localized zones of 
relatively higher porosity within the marker bed. It is unclear how connected this porosity is over 
large areas of the underground facility or what role it plays in the overall fluid transport properties 
of the marker bed. (It should be noted that this study did not include mesoscopic analysis of large-
scale partings or fractures in the marker bed core samples). The above-mentioned "stringers" are 
one of the two microstructural features which are consistently associated with the small amount of 
porosity which is observed in the marker bed. Much of the porosity associated with the stringers 
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appears to reside in the carbonate phases. The other commonly observed form of porosity occurs as 
a penetrative microporosity which is again associated with minor phases, and specifically with small 
patches of finely crystalline carbonate which occur throughout the marker bed. The presence of blue 
dye in this microporosity is testimony to its interconnectedness throughout the bulk rock. 

The only other porosity observed occurs in the form of discrete microfractures, some of which are 
again closely associated with the carbonate stringers and occur as bedding-plane parallel 
microfractures. The stringers, which have a stylolytic character, may themselves represent relict 
surfaces of fluid transport and dissolution, and the occurrence of microfractures along them suggests 
that they may be planes of weakness within the formation. The origin of many of the observed 
microfractures is unclear; however, the presence of partially and fully mineralized microcracks 
indicates that at least some of these microfractures are open in the marker bed as it exists in situ. The 
mineralized cracks also provide evidence that, at least under some circumstances, the marker bed 
may be capable of "healing" itself after disturbance. 
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7.0 APPENDIX A 

Photographs of whole cores E1X07, E1X08, E1X10, ElXll, P3X10, AND P3X11. 
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