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Abstract

Shales are generally regarded as organic rich source and seal rocks that are unworthy of
the amount of research that has been given to their coarser-grained counterparts, even though
shales comprise nearly two-thirds of Earth’s sedimentary record (Potter et al., 1980). The
Woodford Shale is acknowledged as a prolific source rock across much of Oklahoma and the
midcontinent (Lambert, 1990). Up to 8% world's original hydrocarbon reserves are estimated to
have been sourced by the Woodford and its equivalents (Fritz et al., 1991).

Study of the heavy-mineral fraction in sedimentary rocks is important because it can
indicate provenance and some of the diagenetic changes that occur in sedimentary rocks. This
goal of this study is to describe the heavy-mineral fraction of eight Woodford Shale samples
from the Greater Anadarko Basin of Oklahoma, and determine whether or not the constituents
that make up the heavy-mineral fraction have any impact on the process of thermal maturity
within source rocks. This study utilizes a method designed to efficiently separate the heavy-
mineral fraction of shale samples. Scanning electron microscope (SEM) and Energy Dispersive
X-ray Spectroscopy (EDS) are used in this study to identify mineralogy, grain size, composition
and shape. Mineral distributions in the samples have been determined from point counting.

The weight percent of the heavy mineral fraction was calculated for each of the samples.
This was then compared to their location within the basin, depth, vitrinite reflectance and total
organic carbon (TOC). We found that as the thermal maturity increase, the weight percent of
heavy minerals also increases. Pyrite (FeS,) was the most abundant heavy mineral found in the
Woodford samples used in this study. From analyzing the different forms of pyrite, it was found

that as thermal maturity increases, framboidal pyrite alters to euhedral pyrite.
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Chapter 1 - Introduction

Historically, shales have been regarded almost exclusively as organic-rich source and seal
mudstones that were less interesting than coarser-grained sedimentary rocks received (Potter et
al. 1980). The utilization of modern hydraulic fracture and horizontal drilling techniques, has
expanded interest in shales with active research focusing on characterizing these highly variable
and complex fine-grained rocks (Totten, 2011).

Shales comprise nearly two-thirds of Earth’s sedimentary record (Potter et al. 1980).
This means that there is an enormous economic potential for unconventional gas discoveries.
Industry activity in the continental United States reflects this trend of increased economic
potential: in 2010 there was 4.87 Tcf of shale gas production (23% of the total U.S. natural gas
production), while in 2000 there was just 0.39 Tcf (EIA, 2011). After the success of the Barnett
Shale (Mississippian) gas wells in Texas, Kuuskaraa (2011)) recognized the Woodford Shale as
one of the "Magnificent Seven™ gas shale plays in North America. The Barnett, Fayetteville,
Haynesville, Marcellus, Horn River and Monterey Shales (Figure 1) make up the rest of the
Magnificent Seven. The Woodford Shale is acknowledged as a prolific source rock across much
of Oklahoma and the midcontinent (Lambert, 1990). Up to 8% world's original hydrocarbon
reserves are estimated to have been sourced by the Woodford and its equivalents (Fritz et al,
1991). In the Oklahoma Woodford Shale gas plays, the application of advanced completion
technologies resulted in an increase in wells from an average of only two completions per year
between 1934 to 2003, to 501 horizontal completions for the year 2009 (Cardott, 2009).

This goal of this study is to describe the heavy-mineral fraction of the Woodford Shale in
the Anadarko Basin of Oklahoma. This study utilizes a method designed to efficiently separate

the heavy-mineral fraction of shale samples. The heavy-mineral separation is then used to make



grain mounts that are analyzed by scanning electron microscopy in order to identify the heavy-

mineralogy of the Woodford samples.
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Figure 1. U.S. Shale gas plays of the lower 48 states from EIA, 2011.
Significance
The significance of this work lies in the fact that the analyses of heavy minerals within
mudrocks has largely been ignored. In 1908 Sorby stated: “Possibly many may think that the
deposition and consolidation of fine-grained mud must be a very simple matter, and the results of
little interest. However, when carefully studied... it is soon found to be dependent on so many
variable conditions, that one might feel inclined to abandon the inquiry, were it not that so much

of the history of our rocks appear to be written in this language.” Goldschmidt predicted that the



immobile trace-element geochemistry of mudrocks would reflect the evolution of the upper
continental crust (1933). Analyzing the heavy minerals within the Woodford has the potential to
help us better understand the diagenetic changes that the Woodford underwent after deposition,

and how these events might affect the generation of hydrocarbons.

Study Area

The study area lies within the Anadarko Basin of Oklahoma. The Anadarko Basin is
important in terms of both oil and gas production. The Anadarko Basin is bordered on the south
by the Amarillo-Wichita uplift and the Marietta Basin. On the southeast it is bounded by the
Ardmore Basin and the Arbuckle uplift, on the east by the Nemaha ridge and on the north and
west by the northern shelf areas. The Anadarko Basin is part of a much larger geologic province
called the southern Oklahoma aulacogen (Hoffman et al 1974). The basin is a northwest-
southeast trending sedimentary structural basin that is axially asymmetric and of Paleozoic age in
western Oklahoma and the Texas Panhandle (Cardott and Lambert, 1982). A cross section of
the Anadarko Basin is shown in Figure 2 and the location of the Anadarko Basin, the Woodford

shale and the other major black shales are shown in Figure 3.
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Figure 2. South-north cross section A-A’ through the Anadarko Basin (Sorenson, 2005).
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Figure 3. Distribution of Devonian Black Shales in the USA, modified from Comer, 2008

Regional Geology
The major early Paleozoic tectonic and depositional provinces of Oklahoma include: 1)

the Oklahoma Basin, 2) the Southern Oklahoma Aulacogen, and 3) the Ouachita trough (Figure

4). The Oklahoma Basin is an expansive thick shallow marine carbonate shelf that is

interbedded with marine sandstones that cover majority of Oklahoma and extend into northwest

Arkansas, southeast Nebraska, southern Kansas and north to northwest Texas (Johnson et al

1989; Johnson and Cardott, 1992; Northcutt et. al., 2005)
Deposition of the Hunton Group, a shallow marine limestone, occurred during the

Silurian through Early Devonian (Johnson and Cardott, 1992). This Hunton Group ranges from
a clean-washed fossiliferous limestone at its base, to argillaceous and silty carbonates in the
middle section, then back to clean-washed limestone at the top (Johnson and Cardott, 1992).

Significant epeirogenic uplift and erosion occurred after the deposition of the Hunton, which



resulted in what is now known as the pre-Late Devonian (pre-Woodford-Chattanooga)

unconformity (Johnson et al., 1989).
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Figure 4. Map of the North American southern mid-continent during the early to middle
Paleozoic showing the Oklahoma basin (green) and Ouachita trough (blue) depositional
provinces as well as the southern Oklahoma Aulacogen (yellow) tectonic province.
Modified from Johnson et al., 1989.

The late Middle Devonian to early Late Devonian saw the transgression of a euxinic
ocean from the south —southeast (Kirkland et al., 1992). This resulted in the deposition of dark-

gray or black, fine-silt to clay-sized organic rich sediments that comprise the Woodford Shale



(Johnson et al., 1989). Much of the exposed Hunton Group debris and sands were incorporated
within initial Woodford deposition into thin basal conglomerate or sandstone units that are
referred to as the Misener-Sycamore Sandstones (Johnson et al., 1989). Deposition of the
Woodford continued until the early Mississippian, when a warm and shallow oxygenated ocean
prevailed, supporting a variety of different benthic organisms that resulted in a conformable
limestone layer above the Woodford (Johnson and Cardott, 1992).

In the late Mississippian to early Pennsylvanian, Oklahoma experienced further
epeirogenic uplift and erosion, followed by periods of orogenesis due to the collision of
Laurentia and Gondwana during the early, middle and late Pennsylvanian (Johnson and Cardott,
1992). This produced the present day depositional and tectonic provinces which include: (1)
The Ouachita foldbelt, (2) the Wichita Criner, Arbuckle, Nemaha, and Ozark uplifts, and (3) the
Anadarko, Hollis, Marietta, Ardmore and Arkoma basins (Johnson et al., 1989). The present day

geologic provinces of Oklahoma are shown in Figure 5.
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Figure 5. Map of Oklahoma showing the present day tectonic and depositional provinces
(Northcutt and Campbell, 1995).

Tectonic History of the Southern Oklahoma Aulacogen
An aulacogen is a thick sedimentary sequence that extends at high angles from an

orogenic belt. They are considered favorable locations for oil and gas accumulations (Walper,
1976; Webster, 1977, and Robert, 1980). Crustal extension occurred in the Cambrian in the
southern Oklahoma aulacogen, most likely as a filed rift arm of the opening lapetus ocean
(Burke, 1973; Keller et al, 1983). This emplaced igneous rocks in the deepest part of the present
day Anadarko Basin. By the middle Cambrian, igneous activity ceased. The Wichita fault zone
was active during the early stages of rifting (Ham et al. 1964) but inactive during the stable-shelf

carbonate phase in the early Paleozoic (Amsden 1975, 1983).



There were several phases of subsidence, beginning in the late Cambrian and continuing
into the early Mississippian. In 1984, Garner and Turcotte proposed crustal and lithospheric
thinning as a model to explain accelerated isostatic subsidence during the late Mississippian.
This implies that the upper crustal extension and faulting were accompanied by a rise in heat
flow during the late Mississippian.

During the Wichita Orogeny (early Pennsylvanian) the region saw intense crustal
shortening. This shortening was most likely associated with the late Paleozoic collision
involving the Ouachita orogenic belt, raised vertical blocks in the Amarillo-Wichita uplift and
reactivated zones of weakness associated with the initial graben stage (Ham et al, 1964; Walper,
1977; Brewer et al, 1983; Keller et al, 1983). Reverse faults produced in the frontal Wichita
fault zone and the adjacent deep Anadarko Basin typically had throws of more than 30,000 feet.
Deep-water sediments accumulated in the Ouachita through due to earlier rifting of the North
American Craton (Johnson and Cardott, 1992; Northcutt et al., 2001). The present day basins in
Oklahoma formed due to down-warping and were thus differentiated from earlier Paleozoic

basins in Oklahoma (Johnson and Cardott, 1992).

The Woodford Shale
The Woodford Shale is a late Devonian to early Mississippian organic-rich black shale

that was deposited over Oklahoma, southern Kansas, and western Arkansas (Johnson et al.,

1989). It has a thickness that ranges from 200 to 900 ft in the Southern Oklahoma Aulacogen,
and from 50 to 100 ft on the shallower shelf areas in northern Oklahoma (Johnson and Cardott,
1992). Time-stratigraphic equivalents of the Woodford include the New Albany, Chattanooga,

Ohio, Millboro, Burket, Geneseo, and Antrim shales, as well as the Arkansas Novaculite (Conant



and Swanson, 1961; Ham and Wilson, 1967, p. 362). Figure 6 shows the thinning trend of the

Woodford from the southern Oklahoma Aulacogen onto the Cherokee Platform.
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Figure 6. Woodford Shale thickness map of Oklahoma and Western Arkansas. From
Comer, 2008b; in Miceli, 2010.

The Woodford is informally subdivided in to three members (Lower, Middle and Upper)

based on composition, log signatures, geomechanical response, and geochemistry (Cardot, 2007,

Portas, 2009; Miceli, 2010; Slatt et al., 2010). Chert, siltstones, sandstone, dolostone and light-
colored shale are common lithological variations (Comer, 2005). Examination of phosphate
nodules, pyrite concretions and calcite concretions throughout various stratigraphic intervals of
the Woodford have documented the presence of conodonts, planktonic remains, and lenses of
silica. Ammonoid and crustacean fossil remains are restricted to the upper one-seventh of the
Woodford (Kirkland et al., 1992).

After the deposition of the Hunton Group, significant eperiogenic uplift and erosion
occurred. The Woodford was deposited unconformably above the carbonates of the Hunton

Group. The calm, anoxic and highly saline waters of the Woodford- Chattanooga Sea allowed

10




for the deposition and preservation of organic particles without dilution from excessive clastic
deposition (Kirkland et al., 1992; Comer, 2005). The Woodford shale kerogen is predominately
type 11 (marine origin) with TOC values ranging from 1 to 17% (Kirkland et al., 1992; Miceli,
2010). An important division of the Lower, Middle, and Upper Woodford is the variation in
TOC content. The Middle Woodford has the highest TOC values, and the Upper Woodford has
the lowest (Kirkland et al., 1992; Miceli, 2010; Slatt et al., 2010). Figure 6 shows a generalized
stratigraphic column of the Anadarko Basin.

Vitrinite reflectance data shows that the Woodford Shale in Oklahoma ranges from low
oil generation values (<0.5 % R,) along the Nemaha uplift and throughout central Oklahoma, to
high, dry gas generation values (>2.0%R,) in the deeper portions of the Anadarko basins (Comer
and Hinch, 1987; Comer, 2008a). This data is supported by Miceli (2010) who obtained vitrinite
reflectance values from core and cutting samples throughout south central Oklahoma. Figure 7

shows a map of organic maturity in the Woodford Shale throughout Oklahoma.

11
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Figure 7. Woodford Shale organic maturity map of Oklahoma based on vitrinite
reflectance (%R,) data. Modified from Comer, 1992 and Comer, 2008a.

The Woodford Shale in the Anadarko Basin typically yields gamma-ray response of more
than 160 API units (Amsden, 1975; Sullivan, 1985). The high gamma-ray response is due to the
high organic content of the formation, which has an affinity for uranyl ions (Kirkland et al, 1992;
Lambert, 1993). The Woodford is characterized by high gamma ray, high resistivity, and low
density readings (Kirkland et al., 1992). A generalized stratigraphic column of the Woodford

Shale is shown in Figure 8.

Previous Work
Daniel Ramirez-Caro (2013) analyzed the REE patterns and total concentrations of the

organic matter of the Woodford shale. Separation of the organic matter from the Woodford shale
was used as an approach to study how diagenesis affects geochemistry of this shale. Ramirez-

Caro analyzed both the organic matter fraction and the silicate-carbonate fraction of ten samples

12



of the Woodford Shale from north-central Oklahoma. He found that the REE concentrations in
the organic matter of the Woodford Shale samples ranged from 300 to 800 ppm. These
concentrations of the REEs in the Woodford Shale are higher than the average shale, as well as
concentrations in modern-day plants. These differences reflect the transformation of buried
Woodford Shale organic materials in post-depositional environmental conditions with potential
contributions of exchanges of REE coming from associated sediments. Ramirez-Caro
normalized the distribution patterns of REEs in the organic materials to the PAAS (post-Archean
Australian Shale), and noticed the following significant features: (1) all but two out of the ten
samples had a La-Lu trend with HREE enrichment in general, (2) all but two samples showed Ho
and Tm positive enrichments, (3) only one sample had positive Eu anomalies, (4) three samples
had Ce negative anomalies, although one had a positive Ce anomaly, (5) all but three out of ten
had MREE enrichment by varied degrees. Therefore, a reasonable suggestion about the history
of the REEs in the organic materials would be that both source and burial transformation effects
of the deposited organic materials in association with the inorganic constituents had an influence
on the general trend and the specific trends in the distribution patterns of the REEs.

When comparing the distribution patterns of the samples a very different pattern is observed for
the organic portion of the Woodford shale in sample WF#10. This was the only sample that
when plotted in H/C O/C diagram resulted to have kerogen type 1 from terrestrial origin. This
was the only sample to show a positive cerium anomaly and no HREE enrichment among all the
samples. REE Distribution patterns show fingerprinting properties when comparing patterns in

samples from different provenance or source.

13
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Oklahoma (http://aapgbull.geoscienceworld.org/content/96/3/493/F1.expansion.html).
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Chapter 2 - Heavy Minerals in Shales

Heavy minerals are minerals with a specific gravity greater than 2.9g/cm®. Most heavy
mineral studies have been conducted in sandstones even though mudrocks (shales) comprise over
60% of the sedimentary column (Totten and Hanan, 1998). Petrologic studies of mudrocks have
focused on the clay-mineral fractions, while the non-clay fraction has received very little
attention. Previous studies have focused on the quartz and feldspar fraction of mudrocks (Blatt
and Schultz, 1976; Charles and Blatt, 1978; and Blatt and Totten, 1981), and a study by Furlan et
al., examined the detrital micas in mudrocks in order to understand trends in whole-rock K/Ar
isotopic ratios.

Blatt and Sutherland (1969) proposed that heavy mineral analyses of fine-grained rocks
had the potential to broaden our understanding of sedimentary systems.  Heavy mineral studies
in shales have been ignored for a few reasons: 1) conventional wisdom suggests that there
should not be any heavy minerals large enough to separate and work with, or that they are so
minor in abundance that they should be ignored and 2) it is very difficult to perform density
separations in mudrocks due to their high clay content (Totten and Hanan 2007).

The heavy mineral fraction represents a minor percentage of most clastic sedimentary
rocks, but contains the largest possible variation in mineralogy. There have been many studies
that have focused on the potential utility of heavy minerals even though the mechanisms by
which they were deposited are not fully understood (Totten and Hanan, 2007). The use of the
accessory-mineral fraction of sandstones for provenance and tectonic discrimination has
employed advanced techniques that could be applied to mudrocks (Totten and Hanan 1998). The

low permeability of shales makes them suitable for the preservation of heavy minerals.
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Chapter 3 - Methods

Samples for this study were collected during the fall of 2011 by Daniel Ramirez of
Kansas State University. Figure 9 shows the location of the samples for both studies. Eight
Woodford Shale samples were collected from the Greater Anadarko Basin, obtained from the
OPIC (Oklahoma Petroleum Information Center) in the OGS (Oklahoma Geological Survey).
The samples were selected from cores in good condition that had the highest organic matter

present based on observation. An example of the core plugs from the chosen sections is shown

Oil#20us6

Ol

Oilss
®  Woodford Shale Sample Locations ‘oil#1
© O Sample Locations 9 A >

in Figure 9.

Figure 9. Location of Woodford Shale Samples are indicated by black dots (Ramirez,
2013).
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Materials

Lithium metatungstate (LMT) was used to separate the heavy-mineral fraction of
mudrocks. LMT has several advantages when applied to mudrock heavy-mineral separations: 1)
Clay minerals will not settle with heavy minerals. The large LMT ions are less likely to be
absorbed by clay minerals; therefore, they do not increase the specific gravity of the clays as
organic molecules do; 2) LMT is water based and non-toxic. Most standard heavy liquids are
hazardous, often require special handling and the use of respirators due to their volatile nature
and 3) there is no recycling cost other than the cost of filters. The specific gravity of this liquid
is very easy to adjust by either evaporation or dilution with distilled water. Distilled water and
plastic or stainless steel vessels are necessary when working with LMT because the heavy liquid
will precipitate insoluble Ca-metatungstate in the presence of free Ca ** ions and can react with
certain metals. The properties of LMT are shown in Table 1. The LMT for this study was

adjusted to a specific gravity of 2.95. This allowed for the flotation of quartz, feldspars, and clay

minerals, and settling of heavy minerals and some of the iron-rich micas.

Figure 10. Sampling location in blue arrow of WF#5 Mobil Dwyer MT, Plug Depth 17581
ft.
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Product Information

LMT

Chemical Name

Lithium Metatungstate

Chemical Formula

Lis(H2W12040)

Formula Weight 2892

% WO; 96.3

% Lior NH,4 1.4

Specific gravity (max.) in H,O 3.4
Operating Specific Gravity (max.) 3.2

Table 1. Properties of LMT.

Sample Preparation

The method reported by Hanan and Totten (1996) was used to quantitatively to separate heavy
minerals from the Woodford samples, so that they may be studied by the same established
methods as applied to sandstones. Samples for this study were prepared by disaggregating the
mudrocks with a mortar and pestle. The samples were disaggregated until the sample could pass
through 250 um sieve. The weight of the disaggregated samples, the amount of LMT added to

each polycarbonate centrifuge tube and the total mass of the tube, sample, and LMT are shown in

Table 2.
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Sample Mass of Sample (g) Mass of LMT (g) Total Mass (9)
McCalla Ranch 1-12 17.0 18.0 125.3
Chenowetu 15 112.3 125.6
Curtis 2 15.6 112.2 125.2
Dwyer Mt 13.3 110.3 125.2
Guthrie 6.9 102.1 127.9
Ne Tiden 6.6 102.3 128.2
Haunan 2 5.5 103.4 128.0
Sara Kirk 6.7 107.5 133.3
Cement Ord 6.8 107.3 133.1
Lela Rahm 7.6 106.5 133.2

Table 2. Masses of disaggregated mudrock samples, sample and LMT, and total mass

(including mass of centrifuge tube).

Procedure

Heavy Mineral Separation
Disaggregated shale samples were placed in 50mL polycarbonate centrifuge tubes and

suspended in an amount of LMT sufficient to fill the tube, but with enough space to balance the

tubes with LMT prior to centrifuging. The tubes were balanced with LMT until the weight of the
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tubes was within 0.5 g of each other. After dispersing the shale and LMT mixture by shaking,
the samples were centrifuged for 2 hours at 3000 rpm in an IEC Clinical Centrifuge. A centrifuge
IS necessary because it decreases the settling time of heavy mineral grains, (especially the
smaller grains) and reduces rafting of heavy mineral grains onto lighter grains.

After centrifuging, the heavy mineral fraction was isolated in the bottom of the
centrifuge tube by freezing the bottom portion of the tube using liquid nitrogen. The light
mineral fraction and the LMT were washed off. The light mineral fraction was caught in a
funnel and washed on filter paper. The LMT was filtered and recycled for later use. The light
fraction was retained for future work on the Woodford Shale. After removing the light fraction
the heavy fraction was caught in a filter funnel and washed on a pre-weighed 0.45 um filter. The
filter with the heavy minerals was dried and weighed to determine the weight percent of heavy

minerals.

Mineral Identification and Size Analysis

Identification of the mineralogy, composition and size of the heavy mineral fraction was
determined by scanning electron microscopy (SEM). For this study, we used the SEM at the
Kansas State University Microscopy lab in the Department of Biology. Dr. Dan Boyle operated
the SEM. The SEM techniques for mineral identification included: energy dispersive spectra
(EDS) on individual grains and backscatter electron imaging. Point counting to quantify heavy

mineralogy percentages was done directly on BSE photomicrographs.

Chapter 4 - Results

The results of the heavy mineral separations are presented in Table 3. Many of the
samples contained a high percentage of euhedral, Ca-tungstate precipitated grains as identified

under SEM. The early work developing the method described this as a possibility (Hanan and
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Totten, 1996). These grains were interpreted as precipitating from solution during the separation

process, and needed to be removed from the heavy mineral percentages. To normalize the

samples to a calcium-tungstate-free percentage, the photomicrographs were point counted (520

points) to determine the percentage of the area that each mineral covered. The percentage of

heavy minerals in each sample was calculated by adjusting to a calcium-tungstate-free value. The

normalized value of the heavy minerals is shown in column 8 of Table 3. Table 4 contains

additional data about the samples including depth, vitrinite reflectance and TOC.

Weight % Heavy Minerals - Woodford Shale Samples

Sample #|Sample Name |Sample Mass|Mass (sep)|mass filter paper |mass of heavies |% Heavies|Normalized Heavies
WF#1 |McCalla Ranch 17.05 0.60 0.07 0.32 1.89 1.03
WF#3 |Lela Rahm 7.60 0.16 0.07 0.09 1.14 1.13
WF#5  |Dwyer 13.31 0.41 0.07 0.13 0.96 0.88
WF#6 |[Cement Ord 6.81 0.26 0.07 0.19 2.83 2.76
WEF#7  |Chenoweth 15.00 0.41 0.07 0.13 0.88 0.68
WF#8 |Curtis 15.60 0.52 0.07 0.23 1.50 1.28
WF#9 |Aiden Rd 6.62 0.18 0.07 0.11 1.60 1.43
WF#10 |Hannah 5.50 0.33 0.07 0.26 4.72 4.72
Table 3. Percentage of heavy minerals in the Woodford Shale samples.

Woodford Samples

Sample # | Sample Name Normalized Heavies Depth | Vitrinite Reflectance TOC
WF#1 McCalla Ranch 1.03 | 12309 0.75| 1.74
WF#3 Lela Rahm 1.13| 6279 0.55| 4.62
WF#5 Dwyer 0.88| 8717 0.68 | 6.05
WF#6 Cement Ord 2.76 | 17581 1.25| 6.54
WF#7 Chenoweth 0.68| 6513 0.52| 3.19
WF#8 Curtis 1.28 | 8520 053 | 115
WF#9 Aiden Rd 143 | 6793 0.47 | 6.05
WF#10 Hannah 4.72 | 14323 2.00| 0.36

Table 4. Depth, vitrinite reflectance values and Toc data for the Woodford Shale samples.
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EDS Spectra

The SEM photomicrographs and associated EDS spectra for Woodford samples 6, 8 and
10 are shown below (Figures 11-25). The rest of the EDS spectra are located in Appendix A.

Mineral species were identified based on EDS spectra, elemental data.

WF#6 (Cement Ord)

Vot A o™ TR A Al T
9 | det HV WD |spot| mag | pressure | HFW
“5= | vCD [ 20.0kV | 5.7 mm | 4.0 |1 000 x|0.376 Torr| 149 um | Kansas State University

Figure 11. Photomicrograph showing the heavy minerals in WF#6 (Cement Ord). Pyrite

framboids are clearly visible throughout this sample and appear as raspberry-like spheres.
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7| det HV WD |spot| mag pfgssure HFW —S5Sum—
£3%|vCD|20.0kV |57 mm| 4.0 | 5000 x|0.376 Torr| 29.8 um| Kansas State University

Figure 12.Heavy minerals in sample WF#6 Cement Ord. In this photomicrograph a few
euhedral pyrite grains are present, along with W-bearing mineral crystals that are less
than 1pm in size. A grain of Fe-mica is visible in the center of the right side.
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Figure 13. Locations for the EDS spectra shown if Figure 14. Spectrum 1 is located on a
framboid, spectrum 2 is located on fine-grained Fe-Mica, Spectrum 3 is located on a grain
of scheelite, and Spectrum 4 is located on cubic pyrite.
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Spectrum 1 Spectrum 2

0 2 4 6 8 10 12
Full Scale 9884 cts Cursor: 0.000

Spectrum 3

Spectrum 4

0 2 4 6 8 10 12
Full Scale 9884 cts Cursor: 0.000 ke

2 4 6 8 10 12

Figure 14. EDS spectra for WF#6 Cement Ord sample locations.
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Figure 15. Elemental, weight percent and atomic percent data for WF#6 Cement Ord.

26

Spectrum 1 Spectrum 2
Element Weight% Atomic% Element | Weight% | Atomic%
CcK 16.77 35.8 CK 10.16 17.59
oK 11.75 18.83 0K 43.92 57.09
Al K 0.3 0.29 Mg K 1.3 1.11
Si K 1.08 0.99 Al K 4.94 3.81
S K 36.6 29.27 Si K 16.78 12.43
Fe K 31.75 14.58 SK 4.25 2.76
WM 1.75 0.24 K K 2.39 1.27
Total 100 100 Ca K 2.64 1.37
Fe K 3.98 1.48
WM 9.64 1.09
Total 100 100,
Spectrum 3 Spectrum 4
Element | Weight% [ Atomic% Element | Weight% | Atomic%
CcK 10.92 25.87 CcK 12.92 29.32
oK 29.4 52.27 oK 11.03 18.8
Mg K 0.36 0.42 Al K 0.56 0.57
Al K 0.9 0.95 Si K 1.35 1.31
Si K 1.82 1.85 SK 39.36 33.47
SK 8.79 7.8 K K 0.26 0.18
K K 0.44 0.32 Fe K 33.08 16.15
Ti K 0.35 0.21 WM 1.43 0.21
Fe K 7.96 4.05 Total 99.99 100.01
Cu K 0.79 0.35
WM 38.27 5.92
Total 100 100.01



WF#8 (Curtis)

= _.1 - . £ . g £ i
7| det HV WD |spot| mag | pressure | HFW 40 ym ———
3% | vCD|20.0kV |56 mm| 4.0 |1000x|0.376 Torr| 149 um | Kansas State University

Figure 16. Heavy minerals in sample WF#8 Curtis. BSE image shows W-bearing mineral

artifacts as bright grains (arrow).
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7| det HV WD |spot| mag | pressure | HFW —5um—
£3%|vCD|20.0kV | 5.6 mm| 4.0 | 5000 x|0.376 Torr|29.8 um| Kansas State University

Figure 17. Heavy minerals in sample WF#8 Curtis. W-bearing mineral artifacts are

euhedral, bright grains.
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Figure 18.Locations for the EDS spectra shown in figure 19.

Spectrum 3

0 1 2 3 4 5 5 7 g 9 10 11 12
Full Scale 9584 cts Cursor: 5. 402 (53512 cts) ke

Figure 19. Elemental, weight percent and atomic percent data for WF#8 Curtis.
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Spectrum 1

Element\Weight%|/Atomic%
CK 1.96 7.13
OK [25.8 70.33
S K 0.41 0.56
KK [05 0.55
CaK [3.83 4.16
FeK [1.1 0.86
BrL [2.16 1.18
WM [64.24 |15.24

Element\Weight%|/Atomic%
C K [382 5.53
o K [49.83 [64.66
Mg K 099 [0.84
AIK [10.82 [8.33
Si K [19.01 [14.05
s K (032 [.21
7.39  [3.93
0.48  0.21
Total (100 100.01 Fe K [517  [1.92
M 279  [0.31
99.99

Spectrum 3

Weight%

Element| Weight%Atomic%

CK [6.48
OK |14.6 26.96
AIK (0.5 0.55
SiK  |1.25 1.32
S K 40.17  [37.01
TiK 092 0.57
Fe K [82.23 |17.05

3.13  6.36
o K (40 60.99
Mg K [1.4 1.41
AIK [753  [6.8
Si K [17.71 [15.38
P K 1044 [0.35
s K 121  [0.92

WM [3.85 0.62 3.64 2.27
Total |100 1.33 0.81
1.68 0.86
3.12 1.36
18.8 2.49
99.99 (100

Figure 20. Elemental, weight percent and atomic percent data for WF#8 Curtis.
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WF#10 (Hannah)

™

“0= [vCD | 20.0kV |56 mm| 4.0 |1 000 x|0.376 Torr| 149 um | Kansas State University

Figure 21. Heavy minerals in sample WF#10 Hannah. This sample is very pyrite rich and

has many different forms of pyrite present to include: octahedral pyrite, pyritohedrons,

cubic pyrite, framboidal pyrite, as well as euhedral grains of Ankerite.
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el
7| det HV spot pressure | HFW —S5Sum—
£3%|vCD|20.0kV | 5.6 mm| 4.0 | 5000 x|0.376 Torr|29.8 um| Kansas State University

Figure 22. Heavy minerals in sample WF#10 Hannah. In this zoomed in view of WF#10 we

can see octahedral and cubic pyrite, a few framboids, some euhedral pyrite and a piece of
Ankerite.
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Figure 23. Locations for the EDS spectra shown in figure 24.

Spectrurm 1

Full Scale 9584 cts Cursor: 0.000 ke

Figure 24. Elemental, weight percent and atomic percent data for WF#10 Hannah.
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Spectrum 1

Element|Weight%|Atomic%
CK |5.04 133
OK 8.94 17.72
MgK ]0.31 041
Al K ]0.33 0.38
SiK 10.84 0.95
SK 45.24  |44.74
CaK [0.63 0.5
TiK |0.46 0.31

Element|Weight%|Atomic%

CK [1691 [2454
o K |56.29 [61.35
Mg K [8.56 6.14
AlK (022  [0.14
Si K [054 [0.33
SK [1.82  [0.99
13.15 [5.72
252  0.79

100

FeK [38.21 ([21.7

100

Spectrum 3

Element/Weight% Weight%|Atomic%
10.92  [24.69
o K [13.64 [23.15
Mg K [0.42 0.46
AI K |0.62 0.63
Si K [1.28 1.23
s K [39.66 [33.58
K K 10.22 0.15
Ca K (071 ]0.48
Ti K 1031  [0.17
Fe K [31.58 [15.35

WM [0.64 0.09

CK 2.22 4.97
OK |26.58 [44.79
Mg K [(0.34 0.38
Al K  [1.79 1.79
SiK (294 2.82
SK 36.64 [30.81
KK 10.55 0.38
CaK 1[04 0.27
TiK ]0.22 0.12
FeK |28.31 |13.67

99.99

Total |100 99.98

Figure 25. Elemental, weight percent and atomic percent data for WF#10 Hannabh.
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The eight Woodford samples were point-counted, with a total of 520 points counted for
each sample. The results of the point counting are shown for each Woodford sample below in
Tables 5-12. It is important to note that any points counted for scheelite or filter paper was
subtracted from the total to normalize the actual heavy mineral percentages.

Point-Counting Results

McCalla Ranch

Mineral Points | Percent | Grain Size | Grain Shape
Framboidal Pyrite 38 17.35 | 10-15um | Round
Euhedral Pyrite 65 29.68 | 10um Round
Ankerite 48 21.92 | 10-15um | Orthorhombic
Cubic Pyrite 68 31.05 | 15um Cubic
219 | 100.00
Table 5. Point-counting results for WF#1 McCalla Ranch.
Lela Rahm
Mineral Points | Percent | Grain Size | Grain Shape
Ankerite 82 15.77 | 15um Orthorhombic
Cubic Pyrite 36 6.92 | 10um Cubic
Euhedral Pyrite 298 57.31 | 5-10pm Round
Fe-Mica 67 12.88 | 50um Round
Framboidal Pyrite 37 7.12 | 10pm Round
520 | 100.00

Table 6. Point-counting results for WF#3 Lela Rahm.
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Dwyer
Grain
Mineral Points | Percent | Size Grain Shape
Ankerite 51 9.66 | 20pum Orthorhombic
Cubic Pyrite 169 32.58 | 15um Cubic
Euhedral Pyrite 92 17.80 | 10pum Round
Fe-Mica 98 18.75 | <lum Subrounded
Framboidal Pyrite 110 21.21 | 10-15um | Round
520 | 100.00
Table 7. Point-counting results for WF#5 Dwyer.
Cement Ord
Grain
Mineral Points | Percent | Size Grain Shape
Framboidal Pyrite 51 10.02 | 10-20um | Round and sometimes elongate
Fe-Mica 45 8.84 | 20pum Sub-rounded and flakey in appearance
Cubic Pyrite 181 35.56 | 5-10um | Cubes
Euhedral Pyrite 165 32.42 | 5pum Round
Ankerite 65 12.77 | 15-20um | Sub-rounded
Fossil 2 0.39 | 5-10um | Fragment
509 | 100.00
Table 8. Point-counting results for WF#6 Cement Ord.
Chenoweth
Mineral Points | Percent | Grain Size | Grain Shape
Ankerite 6 1.57 | 15 ym Rhombic
Cubic Pyrite 120 31.41 | 5 um Cubes
Euhedral Pyrite 115 30.10 | 10um Round
Fine grained Fe-Mica 51 13.35 | <1pm Round
Fossil 1 0.26 | 5pum Fragment
Framboidal Pyrite 64 16.75 | 15um Round and elongated well developed framboids
Fe-Mica 25 6.54 | 15 um Round wi/flakey appearance
382 99.98

Table 9. Point-counting results for WF#7 Chenoweth.
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Curtis

Mineral Points | Percent | Grain Size | Grain Shape
Cubic Pyrite 25 6.16 | <5 um cubes (a few cubes up 10 pum)
Euhedral Pyrite 60 14.77 | <5 pm Round
Fine grained Fe-Mica 273 67.24 | <1lpym Round
Framboidal Pyrite 10 2.47 | <5 um Framboids
Fe-Mica 38 9.36 | 15 um Round

406 | 100.00

Table 10. Point-counting results for WF#8 Curtis.

Jones and Pellow
Mineral Points | Percent | Grain Size | Grain Shape
Ankerite 179 36.67 | 15-20pum Orthrhombic
Cubic Pyrite 208 42.63 | 20-25um Cubic and Dodechadedral
Euhedral Pyrite 76 15.57 | 10um Round
Fe-Mica 25 5.12 | 15-20um Round
488 99.99

Table 11. Point counting results for WF#9 Jones and Pellow.

Hannah

Mineral Points | Percent | Grain Size | Grain Shape
Ankerite 136 25.29 | 15um Rhombic
Cubic Pyrite 101 19.27 | 5-10um Cubes
Euhedral Pyrite 218 42.47 | <5um Round
Fine grained Fe-Mica 20 4.18 | 1um Sub-rounded
Framboidal Pyrite 21 4.19 | <5um Round
Pyritohedrons 24 4.60 | 10um Dodechaderal

520 | 100.00

Table 12. Point-counting results for WF#10 Hannah.

The heavy mineral fraction of the Woodford Shale showed a surprisingly limited

mineralogy. The largest mineral constituent was pyrite. The average amount of pyrite present in
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all of the samples is 66%, with all but one sample having pyrite percentages of 58% or higher.
Several different forms of Pyrite can be seen in all of the samples. Fe-Mica was the next largest
constituent of these samples (16%). Only one sample was Fe-Mica free (McCalla Ranch).
Ankerite was present in the samples at an average of 18%. Some samples included fossil
fragments. The fossils made up less than 1% of the samples. A pie chart showing the
abundances of the minerals in sample WF#7 (Chenoweth) is shown in Figure 26. The rest of the
graphs showing the heavy mineral distribution for each of the samples are shown in Appendix B.
An example of the Fe-mica found in the samples is shown in Figure 27, and example of the

Ankerite is found in Figure 28, and an unidentified mineral is shown in Figure 29.

WF#7 (Amerada -Chenoweth) Heavies

Fe-Mica

Other
0%

Ankerite

ramboidal Pyrite
17%

Figure 26. Mineral abundances in sample WF#7 (Amerada-Chenoweth).
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Figure 27. Example of Fe-Mica found in Woodford Shale Samples (WF#3 Lela Rahm).
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HV WD |spot| mag pressufe , 40 pm
vCD |[20.0kV |56 mm| 4.0 |1 000 x|0.376 Torr| 149 um | Kansas State University

Figure 28. An example of the Ankerite found in the Woodford Shale samples (WF#10
Hannah).
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Figure 29. An example of an unidentified fragments found in the Woodford Shale samples
(WF#3 Lela Rahm).

Chapter 5 - Discussion

Other Heavy Mineral Studies
Totten and Hannan 1998, looked at heavy minerals in the Stanley Shale formation
(Mississippian) from the Oauchita Mountains and Cenozoic shales from the Gulf of Mexico. For
the Stanley Shale samples they found that the median grain size of the heavy minerals was 25um
and that Fe-oxides, Ti-oxides, and Fe-bearing biotites were the dominant minerals present in
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these samples. For the Gulf of Mexico shales, Figure 30 shows the mineral breakdown of the
Stanley Shale samples. Figure 31 shows the distribution of the heavy minerals in the average
Woodford Shale from this study. There is little variety of heavy minerals in the Woodford when
compared to the Stanley and GOM shales. This supports the conclusions of Kirkland et al.,
1992, that there was little dilution of quiet water deposition with detrital sediment.

It is very difficult to make any positive correlations between the Stanley and Woodford
Shales, because the Woodford is pyrite, carbonate, and Fe-rich, whereas the Stanley Shale has
almost no pyrite and carbonates. The Woodford is more comparable to the Average Cenozoic
GOM shales. Both the Woodford and the GOM samples have high amounts of both pyrite and
carbonate, as well as some Fe-micas. From this, it may be suggested that the diagenetic changes
that took place in the GOM shales are more similar to the changes that took place in the
Woodford Shale. There is still a significant lack of any detrital heavy minerals in the Woodford
compared to GOM shales.
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Figure 30 Average distribution of heavy minerals within the Average Stanley Shale (black)

and the average Cenozoic Gulf of Mexico Shale (gray) From Totten and Hannan 1998.

42



Heavy Mineral Distribution in Average
Woodford Shale

%Heavy Mineral

Figure 31. Heavy mineral distribution in the average Woodford Shale.
Pyrite in the Heavy Mineral Fraction of the Woodford Shale

Pyrite (FeS,) is a sulfide mineral that is common in sedimentary rocks in the crust of the
earth. It has a metallic luster and a hardness of 6.5. It belongs to the Isometric Diploidal crystal
system and the space group 2/m. The density of pyrite ranges from 5.0-5.2, and it has a simple

cubic face centered structure.

The amount of pyrite in the heavy mineral fraction of the Woodford Shale ranged from
20 - 78% of the heavy minerals present. The form of the pyrite varied considerably, examples
from samples 6,8,9, and 10 are shown in Figure 32. The different types of disseminated pyrite

found in the Woodford Shale samples are listed below:
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1) Single crystals of authigenic Pyrite (cubic, octahedral and pyritohedral

2)

3)
4)

5)

morphologies). Figure 33 from WF#10 Lonestar-Hannah shows is an example of this

type of pyrite. These pyrite crystals are likely authigenic in origin.

Framboidal Pyrite- aggregates of pyrite crystals <0.5 um in diameter. Figure 34,

from WF#3 Lela Rahm shows this morphology of pyrite.

Single Framboids of Pyrite as shown in Figure 35.

Framboidal pyrite transitioning to euhedral pyrite as shown in Figure 36.

Euhedral pyrite, as shown in Figure 37.

WF#9 (Jones and Pellow) Heavies

Iron Silicate
5%

Authegeinic/

Pyrite
43%

Pyrite
Xenomorph
15%

WF#6 (Mobil-Cement Ord) Heavies

Fossil
0% 4
Ankerite
13%

Framboidal
Pyrite
10%

FeSilicate
9%

WF#8 (Apexo-Curtis) Heavies

Pyrite
Xenomorphs
%

Framboidal
Authegenic  Pyrite
Pyrite 3%
6%

Finegrained Fe
Silicate
9%

(WF#10) Lonestar -Hannah

FineSilicate
4%

Pyrite
Xenomorph
43%

Authegenic
Pyrite

i Framboidal
Pyritohedrons Pyrite

5% 4%

Figure 32. Pyrite distributions for four Woodford samples are shown in the smaller of the
two pie charts.
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HV WD spo{ mag | pressure | HFW | 40 pm :
vCD [20.0kV |56 mm| 4.0 |1 000 x|0.376 Torr| 149 um | Kansas State University

Figure 33. SEM photomicrograph of WF#10 Hannah showing Single euhedral crystals of
pyrite. A) is the pyritohedron morphology, B) is cubic morphology, and C) is the
octahedral morphology
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vCD | 20. O kV | 5. 2 mm | 4.0 |5000x|0.376 Torr|29.8 pm| Kansas State UnlverSIty

Figure 34. Photomicrograph of WF#3 Lela Rahm. The white arrow indicates the
framboidal pyrite present in this sample.
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vCD | 20.0 kV

" 40 L[S N
det HV ‘ WD |spot| mag | pressure | HFW 40 ym ——

5.6 mm| 4.0 |1000x|0.376 Torr| 149 um | Kansas State University

Figure 35. The white arrow in this figure is indicating single framboids of pyrite that are

present in the WF#7 (Dwyer) sample.
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200kV |56 mm| 4.0 |1000x|0.376 Torr| 149 um | Kansas State University

Figure 36. The white arrow in this figure indicates pyrite framboids that are transitioning

to euhedral pyrite.
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Figure 37. Example of the euhedral pyrite found in the Woodford Shale samples. From
WF#6 (Cement Ord).

The Relationship Between Euhedral and Framboidal Pyrite
Love and Amstutz (1966) assumed that euhedral pyrite might represent the conversion of
framboidal pyrite precursors. They mentioned the possibility of a complete conversion from
framboidal pyrite to euhedral pyrite where no trace of framboids should be preserved. | believe
that the pyrite in the Woodford samples show this conversion from framboidal pyrite. In figure
37 above, the framboids appear to have overgrown to the point where it is difficult to observe
individual framboids. At first glance the framboid above appears to be a spherical pyrite ball. In

this study, we found that euhedral pyrite increases as framboidal pyrite decreases. This is shown
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in Figure 38.

Euhedral vs Framboidal
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Figure 38. Graph showing the relationship between Euhedral and Framboidal Pyrite in
the Woodford Shale samples.

The Sulfur Cycle

The majority of sulfur is found on Earth in rocks as salts or in its elemental form (Sg).
Oceans and organic matter are the main sources of sulfur on Earth. Biological organisms play an
important role in the formation of sulfur, inorganic forms of sulfur and sulfide minerals. These
sulfur compounds change and move from soil, air and water in a process called the sulfur cycle

(http://water.me.vccs.edu/courses/ENV211/lesson17.htm).

The first step in the sulfur cycle is the mineralization of organic sulfur into inorganic
forms such as (H,S), elemental sulfur (Sg) and sulfide minerals (including pyrite) (Bickle et. Al,

1994). This step occurs when organic-rich plant remains start to decompose and the sulfur

50


http://water.me.vccs.edu/courses/ENV211/lesson17.htm

leaches into the soil (http://water.me.vccs.edu/courses/ENV211/lessonl7.htm). The second

occurs when the sulfur reacts with the oxygen and water in the soil and the organic sulfur
oxidizes to form sulfate (SO42). The third step is the reduction of sulfate to sulfide. The final
step is the incorporation of sulfide in organic compounds containing metal (Bickle et al., 1994).

Dissolved sulfate and hydrocarbons are thermodynamically unstable together in
all diagenetic environments. Because of this instability, redox-reactions occur, where sulfate is
reduced by hydrocarbons either biologically or thermochemically in a process called
Dissimilative sulfate reduction. Biological sulfate reduction is called BSR and Thermochemical
sulfate reduction is TSR (Machel, 2005). Thermochemical sulfate reduction (TSR) occurs at
high temperature diagenetic environments (160-180 degrees C), and bacterial sulfate reduction
(BSR) occurs over longer time periods (Tens of thousands of years) in low-temperature
diagenetic environments (Machel, 2005). Figure 38 shows the temperature regimes for BSR
and TSR as well as associated vitrinite reflectance values that occur for biodegradation, oil

generation on gas generation.
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Figure 39. Diagram showing the different thermal regimes (BSR and TSR) and how they

relate to vitrinite reflectance and oil and gas generation (Machel, 2005).

Heavy minerals as an Indicator of Thermal Maturity

The percent of heavy minerals present in the samples was compared to total organic
carbon (TOC), vitrinite reflectance (Ro), Depth (ft) and location in the Anadarko basin, as well
as REE variation from Ramirez. Table 10 shows the TOC values of the 10 Woodford Samples.
Figure 40 shows the relationship between vitrinite reflectance (Ro) and the % of heavy minerals
present in the Woodford Samples. From the graph it becomes noticeable that samples with
higher % of heavy minerals are more thermally mature. WF#10-Hannah has the highest
percentage (4.69) of heavy minerals and also has the highest vitrinite reflectance value (2.0).
McCalla Ranch and Cement Ord also have higher percentages of heavy minerals and also have a
higher thermal maturity than the other samples (1.25). There is an obvious trend apparent where

samples with lower amounts of heavy minerals present have a low thermal maturity. It may be
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suggested from this study that as a rock becomes over-mature the percentage of heavy minerals

in the rock will increase. The R2 value for this trend is .92 which makes it statistically probable.

Heavies v Vitrinite Reflectance

2
R2=0.9
1.5
/ & Heavies v Vitrinite

Reflectance
¢*
0.5 —— Linear (Heavies v Vitrinite

Reflectance)

Vitrinite Reflectance
=

O T T T T 1
0.00 1.00 2.00 3.00 4.00 5.00

Weight% Heavy Minerals

Figure 40. Graph showing the relationship between weight percent heavy minerals and

vitrinite reflectance.
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Table 13. TOC values for the Woodford Shale samples.

LECO

WELL NAME Toc
Shell McCalla Ranch WF#1 1.74
Mobil Sara Kirk WF#2 1.09
Mobil Rahm Lela WF#3 4.62
Shell Guthrie WF#4 6.51
Mobil Dwyer Mt WF#5 6.05
Mobil Cement Ord WF#6 6.54
Amerada Chenoweth WF#7 3.19
Apexco Curtis WF #8 11.50
Jones and Pellow WF#9 6.05
Lonestar Hannah WF#10 0.36
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Figure 41. Graph showing the relationship between weight percent heavies and TOC.
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The percentage of heavy minerals does not correlate with either depth (Figure 41) or
TOC (Figure 42). It would appear that thermal maturity is controlling the release of both iron
and sulfur, hence the growth of authigenic pyrite is the major contributor to heavy mineral

percentages in the Woodford.

Heavies vs Depth
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4000 20

2000
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0 1 2 3 4 5
%Heavies

Figure 42. Graph showing the relationship between weight percent heavies and depth.

Chapter 6 - Conclusions

From this work, it may be suggested that a higher weight percent of heavy minerals, may
be a sign of the onset of metagenesis, over-maturity and dry-gas generation. This can be
concluded from comparing the relationship between vitrinite reflectance and the weight % of
heavy minerals present in a sample. Lower weight percents of heavy minerals correspond to
samples that have lower vitrinite reflectance values. A decrease in the amount of framboidal
pyrite may also be a sign of the onset of metagenesis and over-maturity. As noted by Love and
Amstutz (1966) and Soliman and Goresy (2012), framboidal pyrite seems to undergo a transition

to rounded grains of euhedral pyrite. This work supports this claim.
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Appendix A - Photomicrographs and EDS Spectra

WD“spotL mag | pressure | HFW

HV

vCD | 20.0 kV ‘ 55mm| 4.0 [1000x|0.376 Torr| 149 um | Kansas State University

Figure A.1. Heavy minerals in sample WF#1 McCalla Ranch.
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det HV VV spot| mag | pressure
vCD [20.0kV |54 mm| 4.0 |5000 x| 0.376 Torr|29.8 pm| Kansas State University

Figure A.2. Heavy minerals in sample WF#1 McCalla Ranch.
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Figure A.3. Locations for the EDS spectra shown in Figure A.4.
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Spectrum 1

Spectrum b
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Figure A.4. EDS spectra for WF#1 McCalla Ranch sample locations.

64



Spectrum 1 Spectrum 2 Spectrum 3
Element [Weight% lAtomic% Element [Weight% |Atomick Element |Weight% |Atomick
ICK 2.63] 8.6 K 8.07 20.13 CK 3.5 9.75
0K 29.03| 71. 0K 9.76 18.29 oK 35.45 74.2
15 K 1.2.4 1.5 1K 0.51 0.57 AlK 1.14; 1.42]
K K 0.36| 0.3 iK 1.01 1.08] SK 0.79 0.82
ICa K 3.97| 3.89 K 44.05 41.16] KK 0.51) 0.44
Fe K 1.79 1.23p0Fe K 33.64 18.05 Cak 3.49 2.92
W M 60.94 13.0. u kK 0.76 0.36 Fek 1] 0.6
[Total 1 99. M 2.2 0.36 WM 54.13 9.86
otal 100/ 100 Total 100.0: 100.01
Spectrum4 Spectrum 5 Spectrum 6
Element [Weight% |Atomic [Element [Weight% |Atomick Element |[Weight% IAtomic%

ICK 12.58) 27.13 K 4.72 7.78 K .63 12.61]
O K 16.83 27.2 O K 54.61 67.5 K 35.21 50.3
Al K 0.82] 0.7 Na K 0.47 0.4 g K 0.9 0.85
I5i K 1.87| 1.7 Mg K 7.3 5.93 1K 8.47 7.17
5 K 36.28 29.3 1K 1.88) 1.38] iK 26.57] 21.62]
Fe K 28.44 13.19 iK 17.23 12.13 K 2.9 2.07
ICu K 0.53| 0. K 0.52 0.32 K 3.47 2.03
W M 2.66| 0.3 K K 0.14 0.07 K 0.68| 0.39
[Total 100.0: 1 K 1.98! 0.98 ek 3.81 1.56]
Mn K 0.32' 0.12 M 11.36) 1.41]
Fe K 8.6@ 3.08] otal 1 100.01

u kK 0.41 0.13

M 1.74 0.19

otal 100/ 100.01

Figure A.5. Elemental, weight percent and atomic percent data for WF#1 McCalla Ranch.
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det HV WD |spot| mag | pressure | HFW | 40 pm
vCD|20.0kV |5.7 mm| 4.0 |1 000 x|0.373 Torr| 149 ym | Kansas State University

Figure A.6. Heavy minerals in sample WF#3 Lela Rahm.
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det HV WD |spot| mag | pressure | HFW Spym—
vCD|20.0kV | 5.7 mm| 4.0 |5000 x|0.376 Torr| 29.8 ym| Kansas State University
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Figure A.8. Locations for the EDS spectra shown in Figure A.9.
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Figure A.9. EDS spectra for WF#3 Lela Rahm sample locations.
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Spectrum 1 Spectrum 2

Element | Weight% | Atomic% Element Weight% |Atomic%
CK 14.93 30.33 CK 5.08 13.93
oK 30.27 46.14 oK 6.79 13.98
Mg K 0.6 0.6 Al K 0.36 0.44
Al K 2.39 2.16 Si K 0.65 0.77
Si K 5.15 4.47 SK 45.5 46.73
SK 8.16 6.2 Fe K 40.69 23.99
K K 1.01 0.63 WM 0.92 0.17
Ca K 2.39 1.46 Total 99.99 100.01
Fe K 11.06 4.83

W M 24.06 3.19

Total 100.02|  100.01

Spectrum 3 Spectrum 4

Element Weight% Atomic% Element Weight% Atomic%
CK 9.69 15.91 CK 8.81 19.4
oK 45.19 55.7 0K 22.27 36.81
Mg K 2.15 1.74 Mg K 0.51 0.55
Al K 10.22 7.47 Al K 0.81 0.79
Si K 18.82 13.21 Si K 1.36 1.29
SK 1.72 1.06 SK 33.88 27.95
K K 5.34 2.69 K K 0.27 0.18
Ti K 0.32 0.13 Ti K 0.22 0.12
Fe K 5.67 2 Fe K 25.26 11.96
W M 0.89 0.1 W M 6.61 0.95
Total 100.01] 100.01]  |Tote! 100 100

Figure A.10. Elemental, weight percent and atomic percent data for WF#3 Lela Rahm.
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det HV WD |spot| mag | pressure | HFW 40 pm
vCD |20.0kV |56 mm| 4.0 |1 000 x|0.376 Torr| 149 um | Kansas State University
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det HV WD |spot| mag 7pressure HFW —5 pm ——
vCD | 200kV |56 mm| 4.0 |5000 x|0.376 Torr|29.8 um| Kansas State University

Figure A.12. Heavy minerals in sample WF#5 Dwyer.
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Figure A.13.

Locations for the EDS spectra shown in Figure A.14.
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Spectrum 1

0 2
Full Scale 9884 cts Cursor: 6.402 (3659 cts)

Spectrum 2

Spectrum 3
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Figure A.14. EDS spectra for WF#5 Dwyer sample locations.
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Spectrum 1 Spectrum 2 Spectrum 3
Element |Weight% |Atomic% Element |Weight% |Atomic% Element |Weight% |[Atomic%
CK 14.28 29571 |ck 9.77 2082 |ck 10.81 24.53
OK 17.52 27.24] |okK 383 6127 |ok 13.64 23.24
Al K 0.69 063 |alk 1.58 1.5 Mg K 0.35 0.4
Si K 1.72 152 |[sik 3.26 297 [AlK 0.42 0.43
SK 35.48 27.53] |sk 5.75 459 |siK 13 1.26
Fe K 30.31 135] KK 0.64 042 |[sk 39.05 33.21
Total 100 99.99 G K 2.25 1.44 CaK 0.68 0.46
Fe K 5.12 2.35 Fe K 33.75 16.48
W M 33.32 464 [Total 100 100.01
Total 99.99 100
Spectrum 4 Spectrum 5
Element |Weight% |Atomic% Element |Weight% |Atomic%
CK 3.87 12.07] Jck 10.29 22.08
0K 26.21 61.36] ok 19.56 31.53
Mg K 0.38 0.59] |alk 1 0.96
Al K 1.07 149 [SiK 2.31 2.12
Si K 1.96 262 |s«x 36.22 29.13
SK 3.07 3.59] |k« 0.22 0.14
K K 0.65 0.62] |Fek 30.41 14.04
Ca K 3.68 3.44] |Total 100.01 100
Fe K 4.68 3.14
WM 54.42 11.09
Total 99.99 100.01
Figure A.15. Elemental, weight percent and atomic percent data for WF#5 Dwyer.
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det HV WD |spot| mag | pressure | HFW
vCD|20.0kV |5.2mm| 4.0 |1000x|0.376 Torr| 149 pm | Kansas State University

det 2)" WD |spot| mag | pressure | HFW —5 pm ——
vCD|[20.0kV |5.2mm| 4.0 /5000 x|0.376 Torr|29.8 um| Kansas State University

Figure A.17. Heavy minerals in sample WF#7 Chenoweth.
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Figure A.18. Locations for the EDS spectra shown in Figure A.19.
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Spectrum 2

R.AL %gﬁ’ 0’ e o

FuII Scale 9884 cts Cursor 6. 402 1926 cts - 6. ke

Spectrum 4

0 2 4 [ 8 10 12 0 2 4 ] 8 10 12
Full Scale 9884 cts Cursor: 6.402 (89 cts) kel JFull Scale 9884 cts Cursor: 6.402 (1939 cts) ke

Figure A.19. EDS spectra for WF#7 Chenoweth sample locations.
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Figure A.20. Elemental, weight percent and atomic percent data for WF#7 Chenoweth.

Spectrum 1 Spectrum 2
Element |Weight% |Atomic% Element |Weight% |Atomic%
CK 14.56 30.33 CK 15.7 28.38
0K 17.29 27.05 0K 35.06 47.58
Mg K 0.27 0.27] [AlK 2.53 2.03
Al K 0.95 0.88 Si K 8.59 6.64
Si K 2.18 1.95 SK 9.13 6.18
SK 32.92 25.69 K K 1.67 0.93
K K 0.38 0.24 Ca K 1.09 0.59
Fe K 29.83 13.37 Fe K 16.84 6.55
WM 1.63 0.22 WM 9.39 1.11
Total 100 100| |Total 100 100
Spectrum 3 Spectrum 4
Element |Weight% |Atomic% Element |Weight% |Atomic%
CK 7.97 13.31 CK 25.42 4521
OK 41.04 5144  |ox 17.35 23.16
Al K 0.75 0.56 Mg K 0.29 0.26
Si K 44,88 3204 |AIK 1.07 0.85
SK 2.52 1.57, Si K 2.66 2.03
KK 0.31 0.16 SK 28.43 18.94
Fe K 2.53 0.91 KK 0.52 0.28
Total 100 99.99| Fe K 24.25 9.28
Total 99.99|] 100.01
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5.8 = “ ) A
det HV WD |spot| mag | pressure | HFW
vCD|20.0kV |57 mm| 4.0 |1 000 x|0.376 Torr| 149 pm | Kansas State University

Figure A.21. Heavy minerals in sample WF#9 Jones and Pellow.
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det HV WD |spot| mag | pressure | HFW Spum
vCD|20.0kV |57 mm| 4.0 |5000 x|0.376 Torr| 29.8 um| Kansas State University

Figure A.22. Heavy minerals in sample WF#9 Jones and Pellow.
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Figure A.23. Locations for the EDS spectra shown in Figure A.24.
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Spectrum 1

]
0 2 4 6 8 10 12
Full Scale 6090 cts Cursor. 0.000 ke

Spectrum 2

2 4 6 8 10 12

Spectrum 3

2 4 5] 8 10 12
Full Scale 9884 cts Cursor. 0.000

Spectrum 3

Figure A.24. EDS spectra for WF#9 Jones and Pellow sample locations.

Figure A.25. Elemental, weight percent and atomic percent data for WF#9 Jones and
Pellow.
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Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4

Element [ Weight% | Atomic% Element [ Weight% | Atomic% Element | Weight% | Atomic% Element [ Weight% | Atomic%
CK 15.04 30.07 CK 6.59 17.6) CK 20 42.25 CK 20 42.25
oK 28.07 4212 oK 6.32 12.66 oK 8.01 12.71 oK 8.01 12.71
Si K 6.79 5.8 Si K 13 1.48 Si K 0.99 0.9 Si K 0.99 0.9
SK 13.36 10 SK 45.95 45.94 SK 37.5 29.67 SK 37.5 29.67
Ca K 1.91 1.14 Fe K 38.47 22.08 Fe K 31.18 14.16) Fe K 31.18 14.16
Fe K 21.12 9.08 WM 1.36 0.24 WM 2.32 0.32 WM 2.32 0.32
WM 13.72 179 99.99 100 100| 100.01 100| 100.01

100.01 100




Appendix B - Heavy Mineral Distribution

WF#1 (Shell-McCalla Ranch) Heavies

Cubic Pyrite
31%

Framboidal
Pyrite
17%

Figure B.1. Heavy mineral distribution for WF#1 McCalla Ranch.

WF#3 (Mobil-Lela Rahm) Heavies

Euhedral Pyrite
57%

" Framboidal
Pyrite
7%

Figure B.2. Heavy mineral distribution for WF#3 Lela Rahm.
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WF#5 (Mobil-Dwyer MT) Heavies

Fine grained
Fe-Mica
19%

Ankerite
10% Framboidal
Pyrite

21%

Euhedral
Pyrite
18%

Figure B.3. Heavy mineral distribution for WF#5 Dwyer.

WF#6 (Mobil-Cement Ord) Heavies

Fossil
0%

Ankerite /
13%

Fe-Mica
9%

32%

Euhedral Pyrite

Figure B.4. Heavy mineral distribution for WF#6 Cement Ord.
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WF#8 (Apexo-Curtis) Heavies

Euhedral
Pyrite
15%

Cubic  Framboidal

Pyrite Pyrite
Fine grained 6% 3%
Fe-Mica 9%

Figure B.5. Heavy mineral distribution for WF#8 Curtis.

WF#9 (Jones and Pellow) Heavies

Fe-Mica
5%

Cubic Pyrite
43%

Euhedral
Pyrite
15%

Figure B.6. Heavy mineral distribution for WF#9 Jones and Pellow.
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(WF#10) Lonestar -Hannah

Fine grained
Fe-Mica
4%

rons Framboidal
5% Pyrite
4%

Figure B.7. Heavy mineral distribution for WF#10 Hannah.
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