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MINERALOGY OF THE RUSTLER FORMATION
IN THE WIPP-19 CORE

Terry Sewards, Rosemary Glenn, and Klaus Keil

Department of Geology and Institute of Meteoritics
University of New Mexico, Albuquerque, NM 87131

ABSTRACT

The mineralogy of the Rustler Formation is a critical element in many of the
radionuclide release models for the Waste Isolation Pilot Plant (WIPP), and
it is necessary to know the abundances of the various minerals present,
their compositions, their textures and locations with respect to water-

bearing features, and their interrelationships. Clay mineralogy in
particular is of vital importance because of the ability of clay minerals to
sorb contaminant cations. Furthermore, the minerals present in the

different units of the Rustler Formation are possible sources for solutes
present in waters taken from various boreholes in the vicinity of the WIPP
site.

This report characterizes the mineralogy of the Rustler Formation as

represented in core from borehole WIPP-19. The major components, as
determined by x-ray diffraction (XRD), are halite, anhydrite, gypsum,
dolomite, magnesite, quartz, and clay. Minor components include calcite,

pyrite, feldspar and phyllosilicates of metamorphic origin (muscovite,
biotite, and chlorite). Clay minerals, identified by XRD, include illite,
serpentine, chlorite, and mixed-layer chlorite/smectite (including
corrensite).

Quartz and clay, with some halite and anhydrite, dominate the lower member;
the Culebra and Magenta units are primarily dolomite with some quartz and
clay, while the Forty-niner Member consists of quartz, clay, and sulfates
(anhydrite and gypsum).

Halite occurs in four textural styles: bedded, recrystallized halite;
displacive halite; as a cement in mud/siltstones; and as a fracture-filling,
and is largely restricted to the lower member. Anhydrite occurs primarily
as a massive, crudely banded nodular structure, although there is often
evidence of partial alteration to gypsum. Gypsum also is usually massive,
in a crudely banded form. The massive areas consist of fine-grained

*The work described in this report was performed for Sandia National
Laboratories under Contracts No. 01-6328 and 32-6811.



irregular crystals ("patchy" gypsum); these areas are separated by veins of
"fibrous" gypsum, usually parallel to bedding. Fibrous gypsum vein filling
in other lithologies is very common. Dolomite 1is unfossiliferous,
laminated, and very fine-grained; it contains numerous vugs and fractures:
these are usually lined with clay, gypsum, and powdery dolomite. Magnesite,
a relatively minor component, occurs as microcrystalline nodules and as

euhedral elongated platy crystals included in halite. Quartz and clay
always occur together with minor amounts of feldspar and detrital
phyllosilicate grains. Calcite is restricted to a thin bed above the

Culebra Dolomite in the samples studied.

In general, this study should be considered a detailed analysis of the
Rustler section mineralogy. It is unlikely that any other minerals are
present elsewhere in the Rustler Formation in any great quantity.
Abundances of individual minerals may vary considerably in other areas of
the formation.
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I. INTRODUCTION

The Rustler Formation, which overlies the Salado Formation in the Delaware
Basin, into which the Waste Isolation Pilot Plant (WIPP) repository has been
excavated, contains several brittle lithologic units, which are extensively
fractured due to dissolution of halite in the upper Salado Formation and in
the lower unit of the Rustler Formation itself (Ferrall and Gibbons, 1979;
Lambert, 1983). These units, particularly the Culebra and Magenta Dolomite
members, have field-measurable fracture porosities and have significant
amounts of water moving through them. In order to evaluate the consequences
of a low-pressure hydrologic breach of the WIPP facility, it is necessary to
model the regional transport of radionuclides within the Rustler Formation.
The mineralogy of the Rustler Formation is a critical element in any such
model: it is necessary to know the abundances of the various minerals present,
their compositions, their textures and locations with respect to water-bearing
fractures, and their interrelationships. Clay mineralogy in particular is of
vital importance, because of the ability of clay minerals to sorb contaminant
cations. Furthermore, the minerals present in the different units of the
Rustler Formation are possible sources for solutes present in waters taken
from various boreholes in the vicinity of the WIPP site.

The objective of this report is, therefore, to characterize the mineralogy of
the Rustler Formation as seen in 1 core (WIPP-19) in as much detail as
possible, so that this information may be used in subsequent studies,
particularly hydrological models, of the region. One basic limitation of the
study is the fact that only 1 core was examined; lateral variations in the
mineralogy are not documented here, although they are obviously present
(Ferrall and Gibbons, 1979). To a certain extent, this deficiency has been
overcome by a detailed study of the Culebra Dolomite unit from eight boreholes
(Sewards et al., 1991).
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Il. GENERAL SITE GEOLOGY

Regional Geologic Setting

The Upper Permian (Ochoan) Rustler Formation is part of a sequence of
evaporite and clastic rock units deposited in the Delaware, Midland, Palo
Duro, and Dalhart Basins in southeastern New Mexico and western Texas (Figure
II-1). In the latter 2 basins, it is known as the Alibates Formation
(McGillis and Presley, 1981). In the Delaware Basin (Figure II-2), which is
ringed by the Capitan Reef Complex, the Rustler Formation overlies the Salado
Formation, which is composed mainly of thick halite beds, mud/sandstones,
abundant anhydrite, and a suite of potash salts. The Rustler, in turn, is
overlain by the Dewey Lake Red Beds, composed almost entirely of
mud/siltstone, which may represent the final regression of the Permian seas
from the Delaware and related basins (Figure 11-3).

Stratigraphy and Lithology

The core study of the Rustler Formation completed by Ferrall and Gibbons
{(1979) includes a lithologic log for the WIPP-19 borehole. A modification of
this log is included here (Figure II-4). In this log, the Rustler Formation
is divided into 5 members: within each member, except the Culebra and Magenta
Dolomites, there are several individual lithologic units.

The (unnamed) lower member, which can be described as a mud/siltstone complex
with occasional interbedded, generally argillaceous halite, begins with a
reddish mudstone (mudstone 1 - first solution residue, 894 to 892 ft) (271 to
270 m) in contact with the uppermost Salado Formation. This grades into a grey
mud/siltstone (mudstone 2, 892 to 840 ft) (270 to 255 m) which is cemented
with halite and mixed with coarse halite grains and retains primary
depositional features (horizontal lamination, etc.). The grey mud/siltstone
grades into a reddish, muddy sandstone (second solution residue, 835 to 828
ft) (253 to 251 m). 1In this sandstone unit, halite increases in abundance
over several feet until a chaotic mudstone/halite texture is apparent.
Eventually, halite becomes predominant and displays a bedded texture with clay
along bed boundaries (argillaceous halite, 828 to 815 ft) (251 to 247 m). A

3 ft interval of clean halite occurs at about 815 ft (247 m), overlain by a 2
ft thick anhydrite bed (812 to 810 ft) (246 to 245 m). Argillaceous halite
with a chaotic texture occurs for another 10 ft (3.3 m) (810 to 800 ft) (245
to 242 m). This halite is overlain by a thin (2 ft) mud/siltstone (mudstone
3, third solution residue). An 11 ft bedded anhydrite overlies the
mud/siltstone (798 to 787 ft) (242 to 238 m), followed by another reddish
mudstone (787 to 778 ft, 238 to 236 m, mudstone 4, fourth solution residue).

A 1 ft thick layer of black shale with dolomite cement is followed by the

I1-1
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Culebra Dolomite member (777 to 755 ft) (235 to 239 m), a fine-grained
dolomite with abundant vugs and fractures, many of which are open. 1In the
WIPP-19 core, the Culebra member is overlain by a thin (<1 ft) (.33 m) layer
of calcite, followed by red-brown mud/siltstone (756 to 740 ft, 229 to 224 m,
mudstone 5, fifth solution residue), followed by a 20 ft layer of gypsum,
which has replaced anhydrite (740 to 720 ft) (224 to 218 m), a 20 ft thick bed
of anhydrite (720 to 680 feet) (218 to 206 m), and a 7 ft layer (680 to 673
ft) (206 to 204 m) of gypsum after anhydrite. These sulfate units are
overlain by the Magenta Dolomite member (673 to 648 ft) (204 to 196 m).

Gypsum (after anhydrite, 648 to 630 ft) (196 to 191 m) overlies the dolomite,
followed by mudstone 6 (sixth solution residue). The final 3 units are
sulfates: a 2 ft thick anhydrite underlies a bed of laminated anhydrite (615
to 592 ft) (186 to 179 m), which is capped by a thin gypsum layer, which is in
contact with the Dewey Lake Red Beds.

It should be emphasized here that the WIPP-19 core does not represent the
complete Rustler Formation in the region surrounding the WIPP facility. For
example, eastward of WIPP-19, halite occurs in the Tamarisk and Forty-niner
members; westward there is no halite at all in the Rustler section.

Discussion

The Rustler section, although complicated when viewed in fine detail (Figure
I11-4), represents a fairly typical series of cycles of evaporite deposition,
punctuated by episodes of high clastic input and dissolution. A simplified
section (Figure II-5) shows the normal reverse salinity cycle of chloride
facies (C) through sulfate facies (B) to carbonate facies (A), followed by a
cycle of increasing salinity to the sulfate facies (B), a return to the
carbonate facies (A), and a final increase in salinity to the sulfate facies
(B). 1If mudstone 6 represents a halite solution residue, then the final cycle
is more complete than is now apparent (ABC instead of AB).

Mudstone 2, a dark grey mud/siltstone with primary depositional sedimentary
features, parallel lamination, and ripple lamination, has displacive halite
and halite cement throughout the unit and was probably deposited while the
basin brines were at halite saturation. Thus, the lower part of the Rustler
section is, in fact, a continuation of a high salinity cycle, which originated
in the Salado Formation. The division between the two formations is not so
much due to a change in the nature of evaporite deposition, but rather to a
drastic change in the rate of input of clastic material into the Delaware
Basin.

The cause for the abrupt change in the amount of clastic input may have been a
rise in the sediment level around the Capitan Reef and/or a subsidence of the
basin and reef complex, which allowed new sources of detritus-bearing fresh
water to penetrate the reef into the basin area.
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Figure I1-5. Simplified Stratigraphic Column of Rustler Section.
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Ill. PROJECT SAMPLES

Rock samples used in this study were taken from the drill core of WIPP-19, the
closest borehole to the WIPP repository with a complete section of the Rustler
Formation (Figure III-1). WIPP-19 has a fairly complete section of the
Rustler Formation; however, there are intervals from which no core was
retrieved. Although the core was drilled using only salt-based mud and
immediately cleaned to remove this material, the core was slabbed using
kerosene. Every attempt was made to remove the kerosene-contaminated residue
by scraping away the affected portions of the samples. It is assumed here
that the compositions of minerals in the samples were not affected by the
kerosene. It cannot, however, be assumed that mineralogical modes were not
affected by salty residues of drilling brines.

Core samples for this study consisted of 52 portions from the WIPP-19 core.
Samples ranged from 5 to 12 cm (2 to 4.7 in.) in length and were either 0.50
or 0.25 sections of the 4 in. (10 cm) drill core.

Selection Criteria

Samples were chosen by visual inspection to provide several types of
information. First, an attempt was made to represent all major lithologic
units in the formation, including mud/siltstones, carbonates, sulfates, and
halite. Second, additional samples of mud/siltstones were taken to provide as
much information as possible about the clay-bearing units, such as textural
differences (clay seams, mud matrix, laminated mudstones versus massive,
homogeneous regions) or color changes (grey, brown, red, green). Third,
lithologic boundaries such as gradational or sharp contact and near contact
regions were sampled in order to allow analysis of potential solution features
and depositional changes.

Stratigraphic Location of Individual Samples

Figure III-2 shows the sample numbers and locations within the core.
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Chapter Ill: Project Samples

Depth Lithology Description
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Figure lll-2. Sample Locations, WiPP-19 Core.

III-3






IV. WHOLE ROCK COMPOSITIONAL DATA

All 52 samples were analyzed for their major element components by three
methods. Twenty-four samples were ground up and dissolved in water to
determine the amount of halite present, assumed to be equivalent to the mass
loss during dissolution. The insoluble residue was then analyzed by x-ray
fluorescence (XRF) for the remaining elements. Atomic absorption
spectroscopy, in conjunction with wet chemistry, was used to analyze six
samples: R2, R4, R6, R22, R33, and R43. The remaining samples were analyzed
directly by XRF. Appendix A includes a description of the analytical methods
used.

Summary of Compositional Data

The complete set of compositional data is listed in Table IV-1l. This includes
the NaCl data determined by dissolution. Figure IV-1 shows four major
elements: Si, Mg, Ca, and S plus NaCl plotted against the depth for each
sample. A stratigraphic column is included for reference.

Discussion

The accuracy of the values in Table IV-1 can be assessed qualitatively by
inspection of the totals (except for samples R16 and R17, where NaCl was
determined by difference). Using the modal mineralogical computation, one may
ascribe water and carbon dioxide contents to the clay, gypsum, and carbonate
components and add these amounts to the measured totals. If an average of 12%
water content is ascribed to the clay, 20.9% water content for gypsum, and
47.7%, 57.2% and 44% COy water contents for dolomite, magnesite, and calcite
respectively, and if these amounts are added to the totals obtained by
chemical analysis, the results come to within 7% of 100%, except for those
samples with high anhydrite contents. This is apparently due to the fact that
a gypsum standard was used for those samples with high calcium and sulfur, and
matrix effects resulting from the structural difference between gypsum and
anhydrite cause the concentrations of these elements to be underrepresented.
Overall, with the exception of calcium and sulfur in the samples with high
anhydrite modes, the accuracy of the individual oxides is probably around 10%
of the amount present. It is also expected that the lower the amount of a
particular oxide component is in a sample, the lower the accuracy will be for
that element.

The graphic display of compositional data (Figure IV-1) shows a marked
distinction between periods of high clastic input, which are presumably also
periods of high freshwater input, and those of marine water dominated
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Table IV-1. Major Element Compositions

ISDample [;te/pth Si0,  Al,04 MgO FeO CaO K,O Na,O TiO, MnO NaCl SO, Total H,0+CO;
m
R1 893.40/270.73  39.55 7.36 5.51 2.65 8.23 1.60 0.10 0.24 0.01 16.94 11.63 93.82 6.18
R2 891.20/270.06  50.52 6.95 7.58 1.82 6.00 3.20 1.30 0.30 0.03 10.39 7.87 95.96 4.04
R3 881.00/266.97 57.11 9.47 10.04 3.49 0.0t 4.01 0.09 0.45 0.06 10.41 1.34 96.49 3.51
R4 880.20/266.73  53.60 8.76 10.63 2.89 0.54 3.48 0.00 0.36 0.05 5.08 0.95 86.34 13.66
R5 878.15/266.11  55.11 8.07 4.24 2.02 0.00 3.54 0.00 0.37 0.02 16.41 0.00 89.77 10.23
R6 867.40/262.85 53.60 8.85 7.66 225 3.85 3.80 0.00 0.43 0.03 12.70 0.74 93.91 6.09
R7 851.95/258.17  48.50 7.03 3.91 1.84 2.9 3.63 0.12 0.36 0.02 19.72 1.16  89.20 10.80
R8 850.75/257.80  50.31 6.31 3.45 1.95 3.28 3N 0.00 0.23 0.02 19.03 250 90.17 9.83
R9 843.80/255.70  44.79 8.16 4.96 2.33 0.00 3.32 0.08 0.42 0.03 25.76 1.12  90.96 9.04
R10  839.20/254.30 47.35 587 3.78 235 3.10 2.68 0.00 0.26 0.02 16.16 233 83.88 16.12
R11  83545/253.17 4554 5.99 4.61 2.36 6.51 2.85 0.00 0.27 0.02 12.54 3.07 8375 16.25
R12  832.65/252.32 42.66 5.15 282 1.59 6.52 2.78 0.14 0.19 0.01 18.37 8.34 88.56 11.44
R13  828.70/251.12  43.00 4.87 2.21 2.05 1.39 1.97 0.00 0.19 0.01 30.85 231 88.86 11.14
R14  819.25/248.26 42.45 4.89 299 229 1.33 1.41 0.00 0.30 0.02 27.40 279 8588 1412
R15  816.75/247.50 40.73 5.07 4.68 2.55 4.68 1.64 0.00 0.23 0.02 24.78 6.79 91.16 8.84
R16  814.65/246.86 0.21 0.07 0.07 0.00 0.22 0.00 0.00 0.00 0.00 98.49 0.94 100.00 0.00
R17  812.90/246.33 0.38 0.08 0.08 0.00 1.17 0.00 0.00 0.00 0.00 94.93 3.37 100.00 0.00
R18  811.05/245.77 6.23 0.90 2.69 0.22 29.15 0.08 0.06 0.05 0.01 7.24 38.63 8525 14.75
R19  808.75/245.08 45.17 7.15 6.44 259 0.16 233 0.00 0.47 0.02 25.00 0.93 90.28 9.72
R20 807.15/244.60 26.04 4.59 4.75 2.36 0.04 1.17 0.63 0.25 0.02 51.59 0.58 92.02 7.98
R21  804.25/243.71  30.55 274 0.54 1.38 0.26 0.39 0.00 0.07 0.01 56.65 1.78 94.36 5.64
R22  798.15/241.86 41.68 5.65 7.64 2.25 11.12 1.65 0.00 0.23 0.02 3.29 16.68 90.21 9.79
R23  797.65/241.71 34.62 3.54 6.20 1.40 19.70 0.97 0.00 0.12 0.02 2.56 2413 9326 6.74
R24  794.90/240.88 .10 0.05 0.00 0.10 27.64 0.00 0.00 0.00 0.01 2.78 40.17 70.86 29.14
R25  792.15/240.05 0.15 0.03 2.07 0.09 31.51 0.00 0.03 0.00 0.01 14.34 43.93 92.15 7.85
R26  789.35/239.20 0.20 0.02 0.06 0.1 32.44 0.00 0.05 0.00 0.01 0.00 47.06 79.94 20.06
R27  786.25/238.26 47.85 6.67 1117 3.18 8.51 1.15 0.08 0.30 0.02 0.00 7.12 86.05 13.95
R28  782.20/237.03 53.57 7.40 8.72 2.45 476 1.48 0.08 0.36 0.01 7.24 521 91.29 8.71
R29  781.30/236.76 52.27 9.09 11.65 3.25 1.51 1.76 0.00 0.56 0.02 2.04 2.31 8446 15.54
R30 778.15/235.80 4.20 0.74 17.53 0.29 27.18 0.19 0.17 0.05 0.02 0.33 1.29 51.98 48.02
R31  776.50/235.30 1.60 0.25 16.80 0.22 28.99 0.05 0.03 0.01 0.02 0.00 2.44 50.39 49.61
R32  755.90/229.06 35.10 4.11 434 1.63 24.45 1.56 0.00 0.1 0.06 1.67 1.65 74.68 25.32
R33  754.20/228.55 61.16 9.41 11.66 2.02 1.17 2.16 1.04 0.37 0.01 0.00 1.63 90.63 9.37
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Table iv-1. Major Element Compositions (continued)

lSDample D:;)th Si0,  ALO, MgO FeO Ca0 K;O0 Na,0O TiO, MnO NaCl  SO; Total H,0+CO,
m
R34  751.20/227.64 4866 7.88 9.78 2.82 6.78 2.03 0.00 0.35 0.02 2.12 6.07 86.51 13.49
R35 74595/22605 50.64 8.85 10.78 2.66 3.27 2.49 0.15 0.46 0.02 4.45 226 86.02 13.98
R36  739.25/224.02 1.26 0.14 0.82 0.12 3235 0.00 0.04 0.00 0.01 0.00 37.28 7203 2797
R37  720.25/218.26 1.24 0.04 285 0.11 3202 0.00 0.03 0.00 0.01 4.94 38.79 80.03 19.97
R38  710.20/215.21 0.89 0.09 1.08 0.11 3203 0.00 0.08 0.00 0.01 0.00 4443 78.72 21.28
R39  690.30/209.18 0.16 0.30 0.43 Q.10 33.04 0.00 0.03 0.00 0.01 3.98 4692 8496 15.04
R40  679.10/205.79 0.30 0.06 1.03 .10 32.87 0.00 0.05 0.00 0.01 0.00 44.16 78.56 21.44
R4l 673.25/204.02 0.22 0.04 0.43 0.10 30.68 0.00 0.03 0.00 0.01 0.00 39.98 71.50 28.50
R42  671.30/203.42 7.34 1.08 13.10 0.31 23.67 0.28 0.03 0.01 0.02 4.75 650 57.10 42.90
R43  651.80/197.52 10.30 1.64 14.90 0.53 27.30 0.42 0.22 0.07 0.02 0.00 966 65.05 23.96
R44  649.25/196.74 8.1 1.03 10.25 0.33 23.70 0.33 0.05 0.10 0.02 0.00 1382 67.72 42.28
R45  647.55/196.23 0.36 0.07 0.26 0.12 30.57 0.00 0.03 0.00 0.01 Q.00 4464 76.04 34.95
R46  630.15/190.95 44.21 5.35 3.39 210 13.89 227 0.12 0.27 .02 0.36 1514 87.12 12.88
R47  629.15/19065 5216 7.69 5.47 227 7.46 2.38 0.00 0.38 0.02 0.56 6.94 85.34 14.66
R48  627.20/190.06 56.49 10.28 7.86 353 3.13 3.07 0.10 0.48 003 0.62 131 86.90 13.10
R4  620.15/187.92 56.29 10.33 9.32 3.14 1.25 235 0.60 0.54 0.02 0.69 205 8597 14.03
R50  619.15/187.62 53.14 8.63 8.56 222 4.96 224 0.07 0.41 0.02 0.67 1.33 8225 17.75
R51  618.40/187.40 0.81 0.15 0.48 012 29.94 0.00 0.04 0.00 0.01 0.00 43.96 7551 24.49
R52  609.70/184.76 0.77 0.14 0.67 0.11 32.61 0.00 0.03 0.00 0.0 0.20 46.99 81.54 18.46
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Chapter IV: Whole Rock Compositional Data

evaporite precipitation, particularly in the Tamarisk member. The graphs of
Si0g, Aly03, and FeO concentrations have similar trends. The sources of these
three components are clastic material brought in by rivers, which drained into
the Delaware Basin. There are five major episodes of clastic material influx.
Mudstone #1 and mudstone #2, which may have been separated by a substantial
halite deposit, since dissolved, comprise the first; this is followed by a
period of halite deposition and the second episode (mudstone #3); an evaporite
period gypsum/anhydrite deposition; followed by the third clastic episode
(mudstone #4). An evaporite interval of dolomite deposition is followed by
the fourth interval (mudstone #5), after which a long period of
gypsum/anhydrite deposition occurred. The final clastic episode (mudstone #6)
is followed by additional gypsum/anhydrite deposition.

The graph of the concentration of magnesium versus depth of sample is not as
réadily understood as those of the purely clastic minerals, such as Si0Ojp.
Magnesjum is an important constituent of seawater and a relatively minor one
in terrigenous sources of clastic material. The graph, however, indicates
that the sediments deposited during those periods of time that were dominated
by clastic (freshwater source) input have high magnesium concentrations (up to
18 wt.%). The high magnesium concentrations can be explained by two factors:
diagenetic alteration of clay minerals, and the formation of magnesite, both
as a primary precipitate and as a replacement mineral. The first of these
factors is by far the more important one: once a normal assemblage of clay
minerals (typically illite, dioctahedral smectite, kaolinite and chlorite) is
deposited in a basin that contains hypersaline brines rich in magnesium, the
clay minerals begin to alter (halmyrolysis). Upon compaction and burial with
pore fluids also rich in magnesium, the alteration continues, and in some
cases the detrital clay minerals form new species, all of which contain more
magnesium than their precursors. The uptake of magnesium is concomitant with
a loss of aluminum and silicon; these elements form authigenic phases.

The magnesium concentration in the two dolomite members (Culebra and Magenta)
is, of course, also high, although the Culebra was not well sampled in this
study. The dolomite deposits may have been primary (see, for example, Parry
et al., 1970) or the result of early dolomitization of precursor calcite.

Calcium in these sediments is derived almost entirely from dissolved Calt in
sea and fresh water. It is deposited mainly as the minerals gypsum (which
may, in turn, dehydrate to anhydrite) and either calcite or dolomite. The CaO
profile in Figure IV-1 shows that the concentration has an almost perfect
negative correlation with the purely clastic components (SiOy, Alp03, FeO).
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The sulfur concentration profile, when compared to the calcium concentration,
makes the distinction between episodes of calcite/dolomite deposition and
gypsum/anhydrite deposition. Finally, the NaCl plot shows a trend of overall
decreasing total salinity from the bottom of the formation to the top.
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V. WHOLE ROCK MINERALOGICAL DATA

The individual mineral constituents were identified by x-ray diffraction (XRD)
analysis, and their modes (weight percent) were determined initially by semi-
quantitative XRD analysis and then by back calculation (sequential inversion)
from the compositional data presented in the previous chapter.

X-Ray Diffraction Analysis

The details of the procedures used in the XRD identification procedure are
discussed in Appendix A. All 52 samples were so analyzed. In most cases,
whole rock powders were used; however, in some cases the H90 insoluble residue
was analyzed. Minerals identified include halite, gypsum, anhydrite,
dolomite, calcite, aragonite, magnesite, quartz, feldspar, and clay. The
results of the XRD identification and semi-quantitative analysis procedures
are summarized in Table V-1.

Calculated Mineral Modes

The method used to calculate the mineral modes, which uses both the results of
the XRD identification process and the complete set of compositional data
presented in the previous chapter, is discussed in detail in Appendix B. The
results of these calculations are shown in Table V-2.

Plots of the mineral modes versus sample depth in the column are shown in
Figure V-1; a stratigraphic column is included for comparison. These plots of
mineral abundances show very similar trends to those of the major elements
(Figure IV-1). Once again the 5 major clastic input events are separated by
periods of evaporite deposition; this can be readily seen in the plots for
quartz and clay versus sample depth. Dolomite deposition occurs in 2 major
events, the 2 dolomite members of the formation, Culebra and Magenta.

Dolomite also occurs in small amounts, up to 15%, usually in rocks dominated
by clastic material. Magnesite is restricted to the bottom half of the column
and is associated primarily with halite. It is never abundant; the maximum
mode is less than 14 weight percent.

The sulfur minerals, gypsum and anhydrite, dominate the upper part of the
section; anhydrite is occasionally abundant in the lower part of the core, but
is generally restricted to fairly thin beds. The Tamarisk member is a massive
gypsum/anhydrite unit with a clastic unit at the bottom. Gypsum and anhydrite
replace each other in several places, and it is clear that both transitions,
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Table V-1. Summary of XRD ldentification and Semi-Quantitative Analysis of WIPP-19
Samples: XXX = Very Abundant. XX = Abundant. X = Present. tr = Trace
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Chapter V: Whole Rock Mineralogical Data

Table V-2. Calculated Mineralogical Modes

ID Quartz Clay Dolomite Gypsum Anhydrite Magnesite Halite Total
R1 23.60 40.88 0.00 0.00 19.77 0.00 16.94 101.20
R2 35.46 38.61 0.00 0.00 13.38 6.16 10.39 104.01
R3- 36.59 52.63 0.00 0.00 0.00 11.70 10.41 111.33
R4 34.62 48.67 0.00 0.00 0.00 13.64 5.08 102.00
R5 37.63 44.82 0.00 0.00 0.00 0.00 16.41 98.86
R6 34.43 49.17 11.11 0.00 1.26 0.00 12.70 108.66
R7 33.27 39.06 7.00 0.00 1.98 0.00 19.72 101.02
R8s 36.65 35.03 5.13 0.00 4.24 0.00 19.03 100.08
R9 27.12 45.32 0.00 0.00 1.90 0.00 25.76 100.09
R10 34.64 32.59 4.92 0.00 3.96 0.00 16.16 92.26
R11 3257 33.26 14.56 0.00 522 0.00 12.54 98.14
R12 31.51 28.59 0.00 0.00 1417 0.83 18.37 93.48
R13 3245 27.07 0.00 0.00 3.92 0.00 30.85 94.29
R14 3186 27.17 0.00 0.00 4.75 0.00 27.40 91.18
R15 2975 28.15 0.00 0.00 11.54 0.00 24.78 94,22
R16 0.06 0.39 0.00 0.00 1.60 0.00 98.49 100.53
R17 0.21 0.44 0.00 0.00 5.72 0.00 94.93 101.30
R18 4.29 4.99 0.00 0.00 65.67 0.00 7.24 82.19
R19 29.68 39.73 0.00 0.00 1.59 0.00 25.00 96.00
R20 16.10 25.48 0.00 0.00 0.99 0.00 51.59 94.17
R21 24.62 15.20 0.00 0.00 3.03 0.00 56.65 99.49
R22 29.44 31.39 0.00 0.00 28.36 7.08 3.29 99.55
R23 2695 19.67 0.00 0.00 41.02 7.39 2.56 97.59
R24 0.00 0.28 0.00 0.00 68.30 0.00 278 71.36
R25 0.08 0.18 0.00 0.00 74.68 4.29 14.34 93.56
R26 0.15 0.13 0.00 3.16 77.56 0.00 0.00 81.00
R27 33.40 37.05 0.00 15.32 1.50 0.00 0.00 87.27
R28 3753 41.12 0.00 11.21 0.00 0.00 7.24 97.11
R29 3258 50.50 0.00 4.96 0.00 0.00 2.04 90.07
R30 2.61 4.09 87.54 2.76 0.00 0.00 0.33 97.34
R31 1.01 1.38 90.35 5.24 0.00 0.00 0.00 97.97
R32 26.19 22.84 41.58 3.54 0.00 0.00 1.67 95.82
R33 40.77 52.28 0.00 3.51 0.00 0.00 0.00 1 96.55
R34 31.60 43.75 0.00 11.82 1.56 0.00 2.12 90.85
R35 31.47 49.16 0.00 4.86 0.00 0.00 4.45 89.93
R36 0.96 0.78 0.00 80.20 0.00 0.00 0.00 81.93
R37 1.15 0.22 0.00 27.78 55.56 0.00 4.94 89.65
R38 0.70 0.51 0.00 0.00 75.54 0.00 0.00 76.74
R39 0.09 0.18 0.00 0.00 79.77 0.00 3.98 84.02
R40 0.17 0.33 0.00 3.75 71.31 0.00 0.00 75.56
R41 0.13 0.25 0.00 85.98 0.00 0.00 0.00 86.35
R42 4.99 6.03 63.53 13.98 0.00 0.00 4.75 93.27
R43 6.75 9.1 68.15 20.77 0.00 0.00 0.00 104.78
R44 5.88 5.70 46.30 29.71 0.00 0.00 0.00 87.60
R45 0.21 0.39 0.00 96.00 0.00 0.00 0.00 96.59
R46 32.62 29.73 0.00 32.56 0.00 0.00 0.36 95.27
R47 35.50 42.74 0.00 14.93 0.00 0.00 0.56 93.72
R48 34.22 57.09 7.33 2.83 0.00 0.00 0.62 102.09
R49 33.92 57.36 0.00 4.41 0.00 0.00 0.69 96.38
R50 34.44 47.95 13.39 2.86 0.00 0.00 0.67 99.32
R51 0.48 0.84 0.00 94.54 0.00 0.00 0.00 95.86
R52 0.46 0.80 0.00 0.00 79.88 0.00 0.20 81.34
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Chapter V: Whole Rock Mineralogical Data

from gypsum to anhydrite and from anhydrite to gypsum, have occurred (see
Chapter VI).

Halite is fairly abundant only throughout the grey siltstone (mudstone #2) at
the bottom of the section, becoming the dominant mineral at the top of this
unit, where argillaceous halite and a thin bed of relatively pure halite
occur. Halite abundance diminishes considerably above this point and becomes
a relatively insignificant component in the upper part of the formation.






Vi. PETROGRAPHY

Individual core samples were examined and described, and petrographic thin
sections of all core samples were studied under the optical microscope.
Polished thin sections from selected samples were prepared for use under the
electron microprobe. This chapter will describe the habits and morphology of
the individual minerals.

Evaporite Minerals

HALITE

Halite in the Rustler Formation occurs in four basic textural environments.
The first mode of occurrence, bedded halite (Figure VI-1), is characterized by
large, equant, subhedral grains, which are typical of recrystallized halite
(Hovorka, 1983). Typical grain size is 2 to 20 mm (.08 to .80 in.) in lateral
dimensions; the color is pale orange, probably due to the presence of very
small quantities of polyhalite and/or hematite. In thin section, bedded
halite displays irregular grain boundaries and numerous impurities, the most
common being magnesite (nodules and platy euhedral crystals) and anhydrite
grains. Occasional bivalve filaments (Figure VI-2), now composed of
magnesite, occur.

"Displacive” halite (Figure VI-3) forms by rapid growth of large (1 to 20 mm)
(.003 to .80 in.) halite crystals within a predeposited terrigenous clastic
sediment bed (Hovorka, 1983). The halite crystals are normally euhedral and
display cubic structures in thin section (Figure VI-4). The most common
impurity in the displacive halite is magnesite, both as nodules and euhedral
laths.

Halite as a cement in mud/siltstones is common in the lower member of the
Rustler Formation. It occurs as a void-filling matrix that often preserves
the original lamination of the mud/siltstone, indicating that the
precipitation of halite in the pore space occurred after deposition of the
clastic material. However, in some samples, the original structure of the
siliclastic material has been destroyed, leaving a chaotic interclastic
texture (Hovorka, 1983), indicating that some dissolution of halite may have
occurred or that the disruption may be due to the displacive growth of halite
itself ("haloturbation" of Smith, 1971). Hovorka (1983) has concluded that
this type of partial dissolution and/or haloturbation is synsedimentary, and
thus, halite cement, whether it preserves the original texture of the
siliclastic sediment or not, may be considered to be primary.
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Figure VI-1. Hand Specimen of Bedded Halite, Sample R16. Lower Member, 814 ft (247 m).

Figure VI-2. Bivalve in Halite, Transmitted Light, Crossed Polars. Sample R13, Lower Member, 829 ft (251
m). FOV=2.9x2.32mm.
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Figure VI-3. Displacive Halite, Transmitted Plane Polarized Light. Sample R13, Lower Member, 829 ft (251
m). FOV=2.9x2.32mm.

Figure VI-4. Cubic Structures in Halite Outlined by Organic Matter. Transmitted plane polarized light.
Sample R13, Lower Member, 829 ft (251 m). FOV=2.9x2.32mm.
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Fracture-filling halite occurs mainly in the lower member in the WIPP-19 core.
Elsewhere, most fractures are filled with gypsum or dolomite. The fractures
themselves were probably caused by collapse due to dissolution of halite beds
below the fractured members themselves and/or by some minor tectonic events
(subsidence, Pennsylvanian to Triassic, and tilting, early Cenozoic; Borns et
al., 1983). Later, fresh water coming in contact with halite would become
halite saturated and begin to deposit halite on the walls of the fractures
until the fracture itself is filled. The texture of the vein and fracture-
filling halite is very similar to that of the massive, recrystallized, bedded
halite: grains are large and equant and contain few or no fluid inclusions.
Mud and silt inclusions are common.

ANHYDRITE

The most common form of occurrence of anhydrite in the WIPP-19 core is a
crudely banded nodular structure (Figure VI-5). The upper part of the
Tamarisk member is composed almost entirely of this massive nodular anhydrite.
The top part of the Forty-niner member and a section of the lower member are
also nodular anhydrite (sometimes called "laminated" due to the crude banding,
but this should not be confused with deep water laminated anhydrite). The
anhydrite in these units is finely crystalline, and the overall color is
olive-grey. 1In thin section (Figure VI-6), nodular anhydrite has a very high
relief and birefringence, and individual grains are lath shaped and often
grouped in radiating clusters.

In anhydrite sediments that have been gypsified (or regypsified), there are
often relict anhydrite crystals, which have resisted hydration. In some
cases, the transition from anhydrite to gypsum is clearly recorded in the thin
sections (Figure VI-7).

GYPSUM

In the previous section, the transition from anhydrite to gypsum, as seen in
thin section, was documented. Although most, if not all, of the calcium
sulfate in the Rustler section was probably initially deposited as gypsum
(Sonnenfeld, 1984), anhydrite nodules have been found buried only a few feet
in recent coastal sabkha environments. The conversion from gypsum to
anhydrite upon burial occurs within a temperature range of about 20° to 40°C,
depending on the ionic strength of the solution in contact with the solid.
Thus, upon burial, gypsum will convert to anhydrite, and great burial depths
are not needed. It is probable that most of the gypsum found in the Rustler
section is the result of secondary gypsification of anhydrite by meteoric
waters (Sonnenfeld, 1984) undersaturated with respect to sulfates.
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Figure VI-5. Hand Specimen of Massive Nodular Anhydrite. Sample R39, Tamarisk Member, 690 ft
(209 m).

Figure VI-6. Radiating Laths of Anhydrite, Transmitted Plane Polarized Light. Sample R39, Tamarisk
Member, 690 ft (209 m). FOV=0.53x0.42mm.
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Figure VI-7. Large Anhydrite Lath Altering to Gypsum. Transmitted light, crossed polars. Sample R34,
Tamarisk Member, 751 ft (228 m). FOV=2.9x2.32mm.

In hand specimen, gypsum in the WIPP-19 core samples occurs mainly as massive,
medium to dark grey, crudely banded forms (Figure VI-8). The banding is
defined by gypsum veins and is essentially horizontal. In thin section, 2
basic textures appear: the massive areas are formed by a network of irregular
crystals ("patchy" gypsum), whereas the veins are parallel or subparallel to
bedding, with fibers aligned at right angles to bedding (Figure VI-9).
Crystals are much larger in the fibrous gypsum than in the patchy areas.
Presumably, the veins formed conduits for the fluids, which caused the
hydration of the anhydrite in the first place; these veins were later cemented
with CaSO4 dissolved during hydration of anhydrite without incurring a very
large volume increase, which would have disrupted the original bedding in a

catastrophic way.

Veins filled with fibrous gypsum commonly occur in dolomite, mud/siltstone,
and even halite, so the excess CaSO4 resulting from the hydration process is
probably distributed throughout the section.

Ripple-laminated gypsum (Figure VI-10) occurs in one sample. Beds of finely-
laminated light brown gypsum alternate with darker gypsum; open fractures
occur between laminae (these may have been caused by the core drilling
process). Individual ripple sets are 0.2 to 0.8 cm (0.08 to 0.31 in.) thick.
A similar sample, found in the Upper Permian Alibates Formation in the Texas
Panhandle, is described by McGillis and Presley (1981).
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DOLOMITE

Dolomite occurs mainly in the two dolomite members, Culebra and Magenta, as
unfossiliferous, laminated, fine-grained dolomicrite. It is generally buff to
light brown in color (Figure VI-11). The laminae consist of areas of lighter
and darker colored dolomite, the color being dependent on the amount of clay
and organic matter in the dolomite matrix. Voids in the form of wugs (0.02 to
1 cm in diameter) (0.008 to 0.39 in.) are common; many of the vugs adjacent to
fractures are filled with gypsum and occasionally with halite. Open vugs are
usually lined with powdery clay and dolomite. Veins and fractures are common;
they are usually filled with fibrous gypsum, whereas open fractures, along
which fluids have apparently been recently moving, are lined with clay. In
thin sections, dolomite is microcrystalline (Figure VI-12) and shows the very
high relief and high birefringence typical of carbonates. Individual crystals

range in lateral dimension from about 2 to 20 microns. Dark areas of clay
and organic matter usually occur as wisps or blotches, but occasionally as
laminae.

MAGNESITE

Magnesite is a fairly minor component, never exceeding 15% of the samples
examined in this study. It occurs in two textural styles: as microcrystalline

Figure VI-8. Hand Specimen of Massive Gypsum. Sample R45, Forty-niner Member, 647 ft (196 m).
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Figure VI-9. Fibrous Gypsum Vein in "Patchy” Gypsum. Transmitted light, crossed polars. Sample R36,
Tamarisk Member, 739 ft (224 m). FOV=2.9x2.32mm.

.

Figure VI-10. Hand Specimen of Ripple Laminated Gypsum. Sample R24, Lower Member, 795 ft (241 m).
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Figure VI-12. Dolomicrite. Transmitted light, crossed polars. Sample R41, Forty-niner Member, 673 ft (204
m). FOV=0.2x0.16mm.
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nodules, which are usually contained in either a halite or mud/siltstone
matrix (Figure VI-13), and as euhedral, elongated laths (Figure VI-14), which
always occur embedded in halite crystals, sometimes in conjunction with
anhydrite crystals. The nodules range in size from 20 to 100 microns; the
individual crystals are subhedral rhombs (Figure VI-15), which are generally
not greater than 10 microns in lateral dimensions.

The nodular form of magnesite is clearly of secondary origin (Figure VI-13),
since the nodule outlines transect halite and anhydrite crystal boundaries.
The origin is difficult to establish, although the grain size is similar to
that of the microcrystalline dolomite, suggesting that magnesite may have had
a calcite precursor. The laths appear to have coprecipitated with the halite.

Clastic Minerals
QUARTZ

Quartz is a major mineral constituent of the Rustler Formation. With the
exception of the Tamarisk anhydrite member and the Culebra and Magenta
Dolomites, it ranges in abundance from about 5% to 60%. More than 99% of the
quartz seen in thin section is of detrital origin; the detrital grains range
in lateral dimensions from less than 1 micron up to about 100 microns. They
are generally angular in shape and always occur in association with clay.

Authigenic quartz is a fairly common, though minor component of some samples.
It occurs in association with halite, usually at the boundaries between halite
and clay/quartz-rich areas. The grains are relatively large (Figure VI-16);
lateral dimensions range from about 20 to 200 microns, and normally have
uncorroded facets. Much larger grains of authigenic quartz have been found in
samples from the Salado Formation (Stein, 1985).

FELDSPAR

X-ray diffraction analysis shows the presence of feldspar in small quantities
in most of the samples that contain clay and quartz. Microprobe analyses
(Chapter VII) show that the feldspar is predominantly potassic, although a few
grains of nearly pure albite were identified.

Feldspar grains are very similar in shape and size to the quartz grains that
invariably surround them. Like quartz, they are predominantly of detrital
origin. However, authigenic feldspar also occurs in conjunction with
argillaceous halite (Figure VI-17). The grains are also quite large (up to
200 microns in lateral dimensions), and the facets frequently are corroded and
irregular.
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Figure VI-13. Magnesite Nodule. Transmitted light, crossed polars. Sample R25, Lower Member, 792 ft
(240 m). FOV=2.9x2.32mm.

Figure VI-14. Magnesite Laths in Halite. Transmitted light, crossed polars. Sample R13, Lower Member,
829 ft (251 m). FOV=2.9x2.32mm.
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Figure VI-15. SEM Photomicrograph in Secondary Electrons of Magnesite Grains in Nodule. Sample RS,
Lower Member, 878 ft (266 m).

%

10082° 15KV S5U

Figure VI-16. SEM Photomicrograph in Secondary Electrons of Authigenic Quartz Grain. Sample R15,
Lower Member, 817 ft (248 m).
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Figure VI-17. SEM Photomicrograph in Secondary Electrons of Authigenic Potassium Feldspar Grain.
Sample R7, Lower Member, 852 ft (258 m).

DETRITAL PHYLLOSILICATE GRAINS

Phyllosilicate grains of metamorphic origin constitute a minor component of
mud/siltstones in the Rustler Formation. Four phases have been identified:
muscovite, high and low iron chlorite, and biotite. Figures VI-18 to VI-20

show typical examples of these grains.
CLAY

Like quartz, clay is a major component of the Rustler Formation, and is
roughly equal in abundance to quartz. Clay almost always occurs in direct
association with quartz, feldspar, and detrital phyllosilicate grains, showing

a common origin for these particles.

In mud/siltstones, in which the primary bedding lamination has been preserved,
such as sample R10 (Figures VI-21 and VI-22), the lamination is demarcated by
alternating layers of clay-rich/quartz-poor and clay-poor/quartz-rich
material. Both layers are cemented with halite.

Disrupted lamination, shown in sample R11 (Figure VI-23), is indicative of
collapse deformation due to dissolution of halite beds and is a fairly common
feature. When clay and silt bearing halite is dissolved, the result is a
layer of mud/silt draped around other insoluble materials (Hovorka, 1983). A
chaotic mud/siltstone texture (Figure VI-24) devoid of any lamination is
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probably caused by dissolution of mud and silt-bearing halite (argillaceous
halite).

Trace and Accessory Minerals

CALCITE

Calcite occurs in only one sample, R32, located just above the Culebra
Dolomite. Calcite constitutes about 45% of the bulk sample; it is
microcrystalline in texture (Figure VI-25), and the grain size is very similar
to that of the dolomite samples. It is intermixed with clay and quartz, which
preserve bedding laminations and appear to have been disrupted by dissolution.
Both the clay/quartz and calcite are cemented with halite.

Since the calcite lies on top of the Culebra Dolomite, which is extremely
fractured and has water moving through the fractures, it is reasonable to
suppose that the calcite in this sample is the product of alteration
("dedolomitization") of dolomite, rather than being a primary deposit.

Figure VI-18. SEM Photomicrograph in Secondary Elebtrons of Muscovite Grain in Thin Section. Sample
R8, Lower Member, 851 ft (258 m).
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Figure VI-19. SEM Photomicrograph in Secondary Electrons of High-Iron Chlorite Grain in Thin Section.
Sample R8, Lower Member, 851 ft (268 m).

Figure VI-20. SEM Photomicrograph in Secondary Electrons of Low-Iron Chlorite Grain in Thin Section.
Sample R7, Lower Member, 852 ft (258 m).
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R10

Figure VI-21. Hand Specimen of Laminated Mudstone. R10, Lower Member, 839 ft (254 m).

Figure VI-22. Mud/Siltstone Showing Laminae. Transmitted light, crossed polars. Sample R10, Lower
Member, 839 ft (254 m). FOV=2.9x2.32mm.
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Figure VI-23. Hand Specimen Showing Disrupted Lamination. Sample R11, Lower Member, 835 ft (253 m).

Figure VI-24. Chaotic Mud/Siltstone. Transmitted light, crossed polars. Sample R48, Forty-niner Member,
627 ft (190 m). FOV=2.9x2.32mm.
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Figure VI-25. Calcite with Clay Veins. Transmitted light, crossed polars. Sample R32, Tamarisk Member,
756 ft (229 m). FOV=2.9x2.32mm.
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PYRITE

Pyrite is a common accessory mineral in many of the samples from the WIPP-19
core. Scanning electron microscope (SEM) micrographs (Figure VI-26) show that
the grains are euhedral to subhedral rhombs with facets that are often pitted.
Grain sizes range from 2 to 15 microns lateral dimensions.

Figure VI-26. SEM Photomicrograph in Secondary Electrons of Pyrite Grains. Sample R3, Lower Member,
881 ft (267 m).
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Vil. MINERAL COMPOSITIONS

Electron microprobe analysis (EMX) was used to determine the compositions of

most of the minerals present in the polished thin sections prepared for this

study. Analytical methods are described in Appendix A. The results of these
analyses are presented below.

Evaporite Minerals
HALITE

Due to rapid decrepitation and/or volatilization of halite under the electron
beam, it was not possible to obtain wavelength dispersive spectrometer (WDS)
analyses of halite. Energy dispersive spectrometer (EDS) spectra were
obtained using very brief (5 second) counting times, and these spectra did not
reveal the presence of any other component other than sodium and chlorine; it
is probably safe to assume that the halite in these samples is nearly pure
NaCl.

ANHYDRITE

WDS analyses of anhydrite in several samples from the Rustler section showed
that anhydrite grains are nearly pure CaSO4; the abundance of all other
elements was below the detection limits of the microprobe.

GYPSUM

As with anhydrite, gypsum in both "patchy" and fibrous forms, is nearly pure
CaS0y . 2H90.

DOLOMITE

No dolomite compositions were obtained from the samples selected for this
project; however, in a study of samples from various drill cores of the
Culebra Dolomite, Sewards et al. (1991) found that the average calcium to
magnesium ratio of 5 samples analyzed was 1.05, and that there were an average
of 0.004 atoms of Fe per unit cell. Figure VII-1, taken from that report,
shows the Ca to Mg ratio, determined by EMX for the five samples in that
study, compared to other evaporite and non-evaporite dolomites.
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Figure VII-1. Dolomite Compositions (from Sewards et al., 1991).
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MAGNESITE

The compositions of five magnesite nodules from sample Rl were determined by
EMX. The average of these compositions, normalized to 100%, is given by:

93.8% MgO 5.7% FeO 0.5% Ca0

which is equivalent to the formula:

[Mgo.963Fe0.033Ca0.0041C03

Similarly, the average of the compositions of 8 euhedral magnesite laths from
sample R1l4 is given by:
88.68% Mg0 10.84% FeO 0.16% CaO 0.1% MnO

which corresponds to the formula:

[Mgo.932Fe0.064Ca0.002Mnp . 002]C03

The magnesite laths have approximately twice the iron content of the nodules;
this reflects the fact that the brine from which the laths precipitated had a
higher iron content than the fluid which created the secondary nodules.

CALCITE

Eight calcite analyses were obtained by EMX from sample R32. The average of
these analyses yielded the following composition:

98.17% Ca0 1.24% MgO 0.57% FeO

The corresponding formula is:

[Cap.978Mg0.017Fe0.0051C03
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Clastic Minerals
QUARTZ
Quartz compositions from these samples were not obtained in this study.
FELDSPAR
Feldspar compositions from two samples, R8 and R35, were obtained on the

electron microprobe. The average of these compositions for 13 grains on
sample R8 are:

18.61% Alp03 64.86% SiO9 15.45% K90 0.73% Naj0

which is equivalent to 92.5% orthoclase, 7.5% albite. The average composition
of 15 feldspars on sample R35 is given by:

18.82% Al503 65.57% SiOp 14.7% Kp0 0.73% Naj0

which is equivalent to 93.03% orthoclase, 6.97% albite.
DETRITAL PHYLLOSILICATE GRAINS

Figures VII-2 and VII-3 are ternary plots, which show the compositions of the
4 types of phyllosilicate grains (muscovite, high and low iron chlorite, and
biotite), plotted on Fe/Mg/Al and (Fe + Mg)/Al/Si axes in terms of atom %.

CLAY

Since the clay matrix that surrounds the clastic and evaporite minerals
consists of four separate clay mineral phases, the composition of the matrix
is highly variable. Although compositions were obtained, the results are not
particularly informative since they depend on the relative proportions of the
different phases. Therefore, these results are not presented here.
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Figure VII-2. Compositions of Detrital Phyllosilicate Grains in Terms of Al/Mg/Fe (Atom %).
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Figure VII-3. Compositions of Detrital Phyllosilicate Grains in Terms of Si/Al/Fe+Mg (Atom %).
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VIIl. CLAY MINERALOGY

Clay separates of 26 samples were obtained by dissolving whole rock samples in
disodium ethylenediaminetetraacetic acid (EDTA) (Bodine and Fernalld, 1979) to
remove carbonate and sulfate minerals, and subsequently gravity settling the
residue to obtain the <2 micron fraction.

Clay Mineral Identification

Figures VIII-1 to VIII-3 show oriented mount diffractograms of 3 typical clay
fractions. The results for 4 treatments: air-dried, glycolated, heated to
400°C, and heated to 550°C are displayed.

Figure VIII-1, the diffractograms for sample R8, shows the presence of 3 non-
expanding clay minerals, with basal spacings of 14A, 10A, and 7A. The
composition of the 10A phase was determined by analytical electron microscopy
(AEM) (Sewards et al., 1991) to be dioctahedral illite. This identification
was confirmed by XRD analysis of random mounts of clay separates: there is a
peak at d=1.50A; this confirms the dioctahedral nature of the 10A phase. The
14A and 7A peaks have different half-widths (i.e., the 14A peak is not simply
a second order diffraction of a 7A d-spacing) and clearly belong to different
minerals, AEM analysis of the 7A phase shows that the mineral is serpentine
(Sewards et al., 1991). The 14A phase is chlorite: samples with XRD peaks
corresponding to chlorite were not analyzed by AEM, so the composition of this
phase is not known. It is probably either a di/trioctahedral or a
trioctahedral chlorite.

The diffractograms for sample R21 (Figure VIII-2) show the presence of minor
amounts of illite and serpentine, but are dominated by a mixed-layer phase.
The large peak at d=14.5A in the air-dried pattern shifts to d=15.2A upon
glycolation and collapses to d=12.5A upon heating. There is also a slight
bulge superimposed on the background level at d=34.8A. This is a superlattice
peak of an ordered mixed-layer phase; it shifts to a slightly higher d-spacing
in the glycolated pattern and collapses to a more clearly defined peak at
d=22A upon heating. Reynolds (1980) shows by calculated diffractograms that
this mineral is a partially ordered mixed-layer chlorite/smectite. The 400°C
and 550°C patterns also reveal a distinct peak at d=14A; this peak is hidden
under the broad 14.5A mixed-layer peak in the air-dried scan. The 14A peak
presumably corresponds to chlorite and may either reflect packets of chlorite
within the mixed-layer phase or an entirely separate phase.
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Figure VIIl-1.  X-Ray Diffractograms from Oriented Mounts of Clay Separate from Sample R9. Peaks
represent angstroms/counts per seconds.
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Figure VIll-2.  X-Ray Diffractograms from Oriented Mounts of Clay Separate from Sample R21. Peaks
represent angstroms/counts per seconds.

VIII-3



SAND87-7036

Angstroms
44.14 12.62 7.37 5.21 4.04
500 L ' ! L 100

450
R23 Clay Separate

400

14.010/333

350

e

300

250 —

Counts/sec
Percentage

200 —

15.653/161

150

100 —

14.018/8
10.056/4

2 6 10 14 18
Degrees Two Theta

TRI-6342-481-0

Figure VIII-3. X-Ray Diffractograms from Oriented Mounts of Clay Separate from Sample R23. Peaks
represent angstroms/counts per seconds.
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Sample R23 (Figure VIII-3) contains illite, serpentine, chlorite, and a
randomly interstratified chlorite/smectite. The peaks at d=7.79A and d=5.32A
correspond to a hydroxicarbonate member of the sjogrenite family.

ILLITE

Illite is present in all samples analyzed. The diffraction maxima are sharp,
indicating good crystallinity. Average crystallite thickness, determined by
the Scherrer equation (Cullity, 1956) is approximately 200A (20 layers). The
(001) peak at d=10A is slightly asymmetrical; this asymmetry has been
attributed to the presence of interstratified smectite (Bodine, 1978). The
percent interstratification was measured by Srodon’s (1984) method, using the
relative positions of the (002) and (003) peaks in the diffractogram of the
glycolated mount, and found to be negligible.

SERPENTINE

This mineral is also present in all samples. The (001) peaks are sharp and
nearly perfectly symmetrical. Average crystallite thickness is 3004,
equivalent to about 43 layers. The (001) peak at d=7.1A does not vary its
positions upon glycolation of the sample and is not significantly affected by
the 400°C heat treatment. Heating to 550°C in some cases reduces the
intensity of the peak, but never destroys it.

CHLORITE

Chlorite is present in all samples analyzed, although never in great
abundance. Diffraction maxima tend to be broad, indicating poor
crystallinity. Average crystallite thickness is about 80A, corresponding to
six layers. The 550°C heat treatment increases the intensity of the (001)
peak.

MIXED-LAYER CHLORITE/SMECTITE

This interstratified clay mineral is present in most of the samples analyzed;
it is often the predominant phase. Peak widths are quite broad, which implies
poor crystallinity. The percentage of chlorite in the chlorite/smectite
structure was determined using the tables and calculated diffractograms
compiled by Reynolds (1980): this percentage ranges from 25% to 100% (Table
VIII-1). Those samples in the compositional range close to 50% chlorite show
a superlattice peak at d=33A to d=34.5A (glycol); this mineral is corrensite,
an ordered (R-1) mixed-layer chlorite/smectite. Samples in the range of 40%
to 45% and 55% to 60% chlorite have a less distinct superlattice peak, and
those samples outside the above ranges show no superlattice peak at all. This
phenomenon implies that all the chlorite/smectite in these samples is at least
partially ordered (Velde, 1977).
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Table VIli-1. Percentage of Chiorite Layers in Mixed-Layer Chlorite/Smectite

Sample ID % Chilorite
R1 45
R2 85
R3 65
R4 40
R5 85
R6 25
R7 100
R8 100
R9 100
R10 65
R12 100
R13 60
R14 50
R15 50
R19 50
R20 55
R22 35
R23 50
R27 35
R28 55
R29 50
R33 45
R35 50
R47 60
R48 60
R50 ’ 60
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Modal Analysis

Modal mineralogical analyses were performed based on the integrated areas of
diffraction maxima in the XRD patterns of glycolated samples. The calculation
methods are detailed in Appendix B. Table VIII-2 lists the results of these
calculations; they show that mixed-layer chlorite/smectite, illite, and
serpentine are the dominant clay species, whereas chlorite never exceeds 17%
of the total.

Origin of the Individual Clay Mineral Species

The clay minerals of the Rustler Formation are alteration products of detrital
clay minerals, which were deposited in the Delaware Basin by the rivers that
drained into the basin and, to a lesser extent, windblown ash of volcanic
origin. Palmer (1981) studied Permian sediments deposited in the Palo Duro
Basin and concluded that those clastic sediments were derived from granitic
terrains such as the Sierra Grande uplift in central New Mexico. It is
assumed here that the source for the detrital material deposited in the
Delaware Basin was similar to that of the Palo Duro Basin. Clay minerals,
which may be expected to form from the weathering of granitic material,
include illite, dioctahedral smectite, and kaolinite; chlorite is largely
unstable in most weathering profiles (Velde, 1977).

Upon deposition and burial, the clay minerals react initially with the brines
at the basin floor and subsequently with the pore fluids of the sediment. If
these brines and pore fluids are very magnesium-rich, it is reasonable to
expect that the clay minerals will take up magnesium and lose aluminum in such
an environment.

Because the interlayer space of illite is fixed with potassium ions, it is a
highly stable phase, especially at low temperatures. Thus, even in an
environment that is as magnesium-rich as the pore fluid of a halite-stage
evaporite sediment, which is clearly out of the stability field for illite,
this phase apparently does not react to any great extent with the pore fluid;
the crystallites we see today are probably not very different from those
deposited in Permian times.

Dioctahedral smectite, a far more reactive phase than illite, undergoes a

radical transformation: magnesium substitutes for aluminum in the original
smectite octahedral layers, while aluminum replaces silicon in the tetrahedral
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Table Viil-2. Semi-Quantitative Clay Mineral Modal Analysis

Sample ID llite Serpentine Chlorite C/s
R1 19 141 2 38
R2 40 32 9 19
R3 38 31 6 25
R4 39 23 11 27
R5 20 17 13 50
R6 40 45 13 2
R7 39 48 13 0
R8 47 36 17 0
R9 57 30 13 0
R10 20 12 0 68
R12 44 42 14 0
R13 7 8 0 85
Ri4 5 10 0 85
R15 23 11 2 64
R19 10 9 8 72
R20 6 8 3 83
R22 28 32 12 28
R23 13 7 2 78
R27 23 3 3 71
R2g 12 33 3 52
R29 12 16 6 66
R33 28 35 7 30
R35 21 13 5 61
R47 13 21 12 54
R48 27 13 6 54
R50 26 16 8 50
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layers; concurrently, brucitic hydroxide layers are deposited in some of the
interlayer spaces. The result is a mixed-layer chlorite/smectite. The ratio
of chlorite to smectite layers and the stacking sequence will determine the
exact nature of the structure. It is possible that chlorite is also formed
through this process. If the magnesium activity is especially high, all the
interlayer spaces of the partially transformed smectite may accept brucitic
hydroxide and result in a chlorite structure.

Mixed-layer illite/smectite would undergo a similar transformation: those
layers not fixed by potassium (the smectite layers) would take up magnesium
from the pore fluid. Some of the interlayer spaces would accept brucitic
hydroxide layers, while the illite layers remain unchanged. This would result
in a mixed-layer illite/smectite/chlorite. Reynolds (1980) has calculated
theoretical diffraction patterns for mixed-layer illite/smectite/chlorite;
these diffractograms do not differ substantially from those of mixed-layer
chlorite/smectite, provided the percentage of illite layers is small.

Serpentine may be formed by direct transformation from kaolinite. Magnesium
would replace aluminum in the octahedral layer, while aluminum replaces some
silicon in the tetrahedral layer in order to maintain the charge balance.

Chlorite may have formed by transformation from dioctahedral smectite (see
above), or it may in fact be a purely detrital phase. Detrital chlorite would
presumably not react too extensively with the pore fluids in these rocks,
since it is already a magnesian phase.

There are two possibilities for the mechanism of transformation from the
detrital clay mineral assemblage introduced into the basin to the species we
now observe. Either the original phyllosilicate lattices dissolved and
reprecipitated to form the new species, or the transformations were
accomplished via a layer-by-layer (solid-state) process (Bethke and Altaner,
1986; Chang et al., 1986). The presence of authigenic quartz and potassium
feldspar in these samples indicates that the latter process is the more
probable one: if the transformations take place layer-by-layer, both silica
and aluminum are produced (Chang et al., 1986), whereas, if the dissolution
mechanism occurs, silica is consumed, while aluminum is conserved.
Furthermore, since these reactions took place at low temperatures, the layer-
by-layer process is favored.
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IX. SUMMARY AND CONCLUSIONS

We have reported here the species, quantities, distribution, and compositions
of the minerals of the Rustler Formation as seen in the WIPP-19 borehole, one
of the boreholes closest to the WIPP facility that was completely cored
through the Rustler section. The major components, as determined by x-ray
diffraction, are halite, anhydrite, gypsum, dolomite, magnesite, quartz, and
clay. Minor components include calcite, pyrite, feldspar, and phyllosilicates
of metamorphic origin (muscovite, biotite, and chlorite). Clay minerals,
identified by XRD, include illite, serpentine, chlorite, and mixed-layer
chlorite/smectite (including corrensite).

Quartz and clay, with some halite and anhydrite, dominate the lower member;
the Culebra and Magenta units are primarily dolomite with some quartz and
clay, while the Forty-niner Member consists of quartz, clay, and sulfates
(anhydrite and gypsum).

Halite occurs in four textural styles: bedded, recrystallized halite;
displacive halite; as a cement in mud/siltstones; and as a fracture filling,
and is largely restricted to the lower member. Anhydrite occurs primarily as
a massive, crudely banded nodular structure, although there is often evidence
of partial alteration to gypsum. Gypsum also is usually massive, in a crudely
banded form. The massive areas consist of fine-grained irregular crystals
("patchy" gypsum); these areas are separated by veins of "fibrous" gypsum,
usually parallel to bedding. Fibrous gypsum vein filling in other lithologies
is very common. Dolomite is unfossiliferous, laminated, and very fine-
grained; it contains numerous vugs and fractures: these are usually lined with
clay, gypsum, and powdery dolomite. Magnesite, a relatively minor component,
occurs as microcrystalline nodules and as euhedral elongated platy crystals
included in halite. Quartz and clay always occur together with minor amounts
of feldspar and detrital phyllosilicate grains. Calcite is restricted to a
thin bed above the Culebra Dolomite in the samples studied.

Halite, anhydrite, and gypsum have nearly ideal compositions, whereas dolomite
has a nonideal ratio of calcium to magnesium, plus a significant amount of
iron; similarly, magnesite contains some iron.

In general, this study should be considered a detailed analysis of the Rustler
section mineralogy. It is unlikely that any other minerals are present in any
great quantity elsewhere in the Rustler Formation. Abundances of individual
minerals, however, may vary considerably in other areas of the formation.
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APPENDIX A:
ANALYTICAL PROCEDURES

X-Ray Fluorescence Spectroscopy

Whole rock samples were ground in a ballmill and/or with a mortar and pestle
and passed through a 100 mesh sieve. Pressed pellets were made according to
standard procedures and then analyzed on a Rigaku 3064M x-ray fluorescence
(XRF) spectrometer for eight component oxides: SiOj, Al03, CaO, MgO, FeO,
Nao0O, K90, and S03. For the first seven oxides, Standard Reference Material
88b, a natural dolomitic limestone (National Bureau of Standards) was used
as an analytical standard; for sulfate, sample R2, from the lower member,
for which the sulfate content was determined gravimetrically, was used.

X-Ray Diffraction Analysis

Portions of the ground and sieved whole rock powders retained from the XRF
pressed pellet preparation were placed in Plexiglas containers (2.5 x 2.5 x
0.4 cm), which have a 1 mm deep hollowed-out compartment. The surface of
the powder was then scraped off level with the top surface of the Plexiglas
container. The container was then placed in the sample holder of a Scintag
PAD-V automated diffractometer and analyzed from 2° 2-8 to 60° 2-8 at a
scanning rate of 3 degrees per minute using a 0.03 degree chopper increment.

Oriented mounts of the clay fractions of 26 samples were analyzed from 2°
2-8 to 30° 2-8 at a scanning rate of 3° 2-8 per minute using a 0.03 degree
chopper increment.

Electron Microprobe Elemental Analysis

Polished thin sections of the samples were prepared using no water and
maintaining a temperature below 60°C. The thin sections were coated with
carbon in a vacuum evaporator. Mineral grains were analyzed with a JEOL 733
electron microprobe using an acceleration potential of 15KV, a beam current
of 2 nanoamperes, a beam diameter of 1.5 microns, for a period of 124
seconds per analysis. Analyses were corrected according to standard Bence-
Albee procedure.



Appendix: A

Clay Fraction Separation

To obtain the clay fractions of the samples, the carbonate and sulfate
minerals were dissolved using disodium ethylenediaminetetraacetic acid
(EDTA). 1In this procedure, powdered and sieved whole rock samples were
placed in a stainless steel container and boiled in a 0.25 molar disodium
EDTA solution for approximately 4 hours. The fluid was then passed through
a filter to separate the insoluble residue from the fluid. The residue was
dried, ground and sieved, mixed with water, and left for a period of 24
hours. A portion of the dried and sieved powder was retained to obtain a
random mount x-ray diffraction (XRD) pattern. The mixture was then
disaggregated using a sonic dismembrator and the <2 micron fraction was
separated by centrifugation. Oriented diffractometer mounts were prepared
by the method of Drever (1973).

Appendix A Reference
Drever, J.I. 1973. "The Preparation of Oriented Clay Mineral Specimens for

X-Ray Diffraction Analysis by a Filter-Membrane Technique." American
Mineralogist 58: 533-554.



APPENDIX B:
MODAL MINERALOGICAL CALCULATIONS

Whole Rock Modal Analysis

Modes for the minerals identified by x-ray diffraction (XRD) were determined
from the compositional data obtained by x-ray fluorescence (XRF). Based on
the compositions of the individual minerals, either ideal or determined by
electron microprobe analysis (EMX), a particular element, when present in
only one mineral, was used to determine the mode of that mineral. For
example, the only phase containing aluminum in these samples is clay, and
the EMX analyses of clay aggregates show that they contain an average of 15%

Al703; thus, the weight percent of clay is calculated according to the
formula:

Clay(wt%) = Al203 / 0.15

Quartz, since it contains only S$i0j, is determined by:

Quartz(wt%) = SiOp - Clay(wts) x 0.46
since the average Si0) content of the clay fraction is 46%.

The remaining mineral modes are determined using the following formulae:

Gypsum(wt%) = SO3 / 0.465
Halite(wt%) = Naz0 / 1.886

Dolomite(wt%) = (Ca0 - Gypsum(wt%) x 0.326) / 0.304

Anhydrite(wts) 503/0.588

Magnesite(wt%) (Mg0 - Clay(wt%) x 0.135) / 0.478

Mineral modes determined by this method result in totals that typically lie
between 90% and 100%, which suggests that the method has an accuracy of
about plus or minus 10% of the amount present.



Appendix: B

Clay Mineral Modal Analysis

Modes for the components of the clay mineral assemblages in these samples
were determined by quantitative XRD analysis (Reynolds, 1985). Theoretical
oriented (glycolated) diffractograms for the individual clay minerals
present in the samples were calculated using the NEWMOD program. These were
compared with the diffraction patterns of the glycolated mounts for the
samples in this study. The following peaks were selected for quantitative

analysis:
Mixed Layer Chlorite/Smectite: d=3.46A
Chlorite (003): d=4.73A
Illite (002): d=5.00A
Serpentine (002): d=3.51A

The integrated areas of the peaks in the sample diffractograms were divided
by the corresponding integrated areas of the peaks in the calculated
diffractograms for each mineral; the ratios were summed, and the individual
ratios normalized to 100% to obtain the mode for each clay mineral.

Appendix B Reference

Reynolds, R.C. 1985. "Principles and Techniques of Quantitative Analysis of
Clay Minerals by X-Ray Diffraction Methods. in Clay Mineral Identification,
a Short Course. University of Denver. July 15, 1985.
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