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Abstract:
Compositional analysis of reservoir rock is a vital aspect of oil exploration and

production activities. In a broad sense, knowing the mineral composition of a reservoir
can help with characterization and interpretation of depositional environments. On a
smaller scale, identifying mineralogy helps calibrate well logs, identify formations,
design drilling and completion programs, and screen for intervals with potential problem
minerals, such as swelling clays. The petroleum industry utilizes two main methods to
find compositional mineralogy, x-ray diffraction (XRD) and thin section analysis. Both
methods are time consuming, expensive, and destructive. An alternative method for
compositional analysis that includes quantitative mineralogy is a valuable prospect,
especially if it had the potential to characterize the total organic content (TOC).

The remote sensing community has been using infrared spectroscopy to analyze
mineralogy for years. Within the last ten years, the advancement of infrared
spectrometers and processing programs have allowed infrared spectra to be taken and
analyzed faster and easier than before. The objective of this study is to apply techniques
used in remote sensing for quantitatively finding mineralogy to the petroleum industry.
While developing a new methodology to compositionally analyze reservoir rock, a
database of infrared spectra of relevant minerals has been compiled. This database was
used to unmix spectra using a constrained linear least-squares algorithm that is used in
the remote sensing community. A core has been scanned using a hand-held infrared
spectrometer. Results of the best method show RMS error from mineral abundance to be
under five percent.
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CHAPTER I

INTRODUCTION

a. Project Motivation

Compositional analysis of reservoir rock is a vital aspect of petroleum exploration and
production. In a broad sense, knowing the mineral composition of a reservoir can help with
characterization and interpretation of facies, depositional processes, and paleoenvironments. On a
smaller scale, identifying mineralogy aids to calibrate logs, pick formations, design drilling and
completion strategies, and screen for intervals with problem minerals, such as swelling clays
(Adam et al., 1988). The petroleum industry uses two main methods to determine the mineralogy
of reservoir rocks: thin section analysis and X-ray diffraction (XRD). Both methods are time
consuming, expensive, and destructive. Thin section analysis relies on sample preparation and is
an operator-dependent technique that uses point counting to determine bulk mineralogy. This
technique typically requires at least days to weeks for sample preparation and analysis (Adam et
al., 1988). XRD also can take days for sample preparation and analysis. Mud loggers can give an
on-site real time perspective on mineralogy and lithology using drill cuttings as a well is drilled.

However, the quality of this method is operator-dependent, making results highly variable.

As drilling technology and recovery techniques continue to advance, the turnaround time
for compositional analysis of samples is increasingly of the uttermost importance. An alternate

method for analyzing mineralogy that is time efficient, inexpensive, nondestructive, and not



operator-dependent would be extremely valuable. In order to make such an alternative feasible,
this investigation focuses on developing a technique to compositionally analyze reservoir rock for

the petroleum industry using infrared (IR) spectroscopy.

Shale can be characterized by texture, grain size, or composition. For this study, shale is
defined as an indurated, fissile, fine-grained mudrock with the majority of the grains being silt
sized (less than 62.5 microns) (Picard, 1971; Lewan, 1978; Lundegard and Samuels, 1980). Other
classification schemes look at the mineralogy of the shale for classification. Specific minerals
within shale are known for variable mechanical and chemical stability (Loucks et al., 2012).
Carbonates, feldspars, and phosphates are mechanically stable but chemically unstable and can be
dissolved by formation fluids during diagenesis. Clay minerals are considered mechanically and
chemically unstable due to swellability, compactibility, and pliability, as well as potential
mobility within a porous rock matrix. Mechanically and chemically stable minerals in the
subsurface include silica and pyrite. However, each of these materials affect production
differently. Production geologists and engineers seek rocks brittle enough to fracture
hydraulically and stay propped open following stimulation. Mineralogy is one of the main factors
for determining if a rock will fracture and maintain high secondary permeability during

production.

b. Purpose and Objectives

Thermal infrared (TIR) spectroscopy provides an effective, nondestructive way to
analyze the surface of geologic materials (e.g., Byrnes et al., 2007). The first attempt to find rock
composition from crushed or powdered samples was done in the 1950°s by Hunt and Turner
(1953) and Lyon (1959). As the science of geochemical analysis using spectrometers progressed,
the fundamentals were incorporated more broadly into remote sensing. In the last ten years,

advancements in spectrometer technology and software have opened this remote sensing field



from a few experts to a wider portion of the remote sensing community (Kruse, 1996). The
purpose of this study is to apply previously tested remote sensing methods of finding mineralogy
to oilfield reservoir rocks. My methods will be applied to the Dulcey BRA 5H core from the
Devonian-age Marcellus Shale of Bradford County, Pennsylvania, which was supplied by

Chesapeake Energy.

My main research objectives are as follows:

1. Compare spectra generated by the Exoscan Fourier Transform Infrared (FTIR)
spectrometer to other spectral libraries such as the Arizona State University
(ASU) Thermal Emission Spectroscopy (TES) Laboratory Spectral Library, the
United States Geological Survey’s (USGS) Digital Spectral Library, and the John
Hopkins University Spectral Library.

2. Optimize a spectral endmember library that allows for quantitative compositional
analysis.

3. Develop a method to interpret the spectral significance of total organic carbon
(TOO).

4. Determine the best method to unmix (i.e., spectrally deconvolve) spectra.

5. Develop a technique to compositionally analyze reservoir rock by synthesizing

FTIR spectroscopy with XRD data.

c. Application

As previously stated, my methods will be applied to the Dulcey BRA SH (Figure 1). The
core contains a series of clay-rich (illite, illite/smectite mixed layer, and chlorite), quartz-rich, and
carbonate-rich zones. Identification of these zones is an essential part of reservoir characterization
and is useful for identifying completion zones and developing production strategies. Further

identification of the specific feldspars could also yield important information to help determine



depositional environment. The Marcellus Formation was deposited in the Appalachian Basin
during the Middle Devonian. The Marcellus Formation encompasses parts of two transgressive-
regressive cycles (Lash and Engelder, 2011). The Appalachian Basin is categorized as a foreland
basin, which subsided as a result of the Acadian Orogeny loading the Laurentian craton (Brett and

Baird, 1996). The first box of the core is shown in Figure 2.
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Figure 1: Approximate Dulcey BRA 5H core location, Bradford County, Pennsylvania (modified

from Milici and Swezey (2006)).



Figure 2: Dulcey BRA 5H core. Chalked intervals were used for XRD analysis.



CHAPTER II

BACKGROUND
a. Infrared (IR) Spectroscopy

The wavelength region used in this study, and common in many others, is the mid-
infrared portion of the IR region, which occurs within 4000-400 cm™ (2.5-25 um) (Matteson and
Herron, 1993). When electromagnetic radiation interacts with a mineral, the energy is either
reflected, absorbed, or transmitted. When the energy is absorbed by geologic material, it is
converted to vibrational energy (Adam et al., 1988); the energy is then radiated by the material
because it cannot heat up indefinitely. Vibrational motion is measured at specific frequencies that
are directly related to the crystal structure and composition of the material (i.e., mineralogy)
(Christensen et al., 2000). Figure 3 shows an IR spectrum of illite. The vibrational motions
produce the observed spectral features (i.e., peaks and troughs in the spectrum). These spectral
features are caused by energy loss at characteristic vibrational modes (Sondergeld and Rai, 1993).
Because each mineral has its own characteristic spectrum, a rock will be a combination, or
mixture, of mineral spectra (plus any other material components in the rock). Mineralogy can
then be determined using an unmixing technique. The combined sets of peaks and troughs in a
spectrum are diagnostic of qualitative bulk mineralogy (Lyon, 1963). The depths of the peaks and
troughs are indicative of the quantitative modal composition of the rock (Lyon and Burns, 1963).

Based on the theoretical and empirical evidence that an IR spectrum of a geologic material (such



as a rock) is a weighted linear combination of the spectra of its components (Feely and

Christensen, 1999), it is possible to use a linear regression to find mineral composition.
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Figure 3: FTIR spectrum of illite.

b. Emission, Reflectance, and Absorption

Several vibrational IR spectroscopy techniques have been demonstrated to yield
quantitative mineralogy results using transmission, reflectance, absorbance, emission, and Raman
methods. Previous studies related to the petroleum industry have successfully used IR absorbance
to quantitatively determine a sample’s mineralogy (Adam et al., 1988; Matteson and Herron,
1993; Sondergeld and Rai, 1993; Ballard, 2007; Adamu, 2010). Other studies in remote sensing
have used or compared IR emissivity and reflectance of geologic materials (Ramsey and
Christensen, 1998; Christensen et al., 2000; Byrnes et al., 2007; Byrnes and Byrnes, 2011); these
studies have also demonstrated that unmixing techniques are accurate for compositional mineral

analysis.

A blackbody is a theoretical material that absorbs 100% of thermal energy radiated onto

it, does not reflect any energy, and emits thermal energy with 100% efficiency (Hapke, 1993).



This shows that reflectance and emission are inversely related. Because the geologic materials
under study are opaque there is no thermal radiation transmitted, thus the fraction of reflected
energy plus the fraction of absorbed energy equals one (Incropera et al., 2011). Kirchhoff’s Law
states emissivity is equal to one minus reflectance (Salisbury et al., 1994). Using this principle,

spectra found by measuring reflectance can be converted to emissivity.

c¢. Unmixing Method

As previously stated, spectra of rocks can be viewed as a weighted linear combination of
infrared component spectra. This principle allows two important conclusions. First, a rock with
known mineral composition can be modeled by a weighted linear mixing of spectra. Second, a
linear deconvolution, or unmixing, can provide mineral abundances for a sample with unknown
minerals composition (Hunt and Turner, 1953; Ramsey, 1996; Ramsey and Christensen, 1998;
Feely and Christensen, 1999). The unmixing algorithm used herein has previously been applied to
emissivity spectra of mineral mixtures of various numbers and particle sizes to test the limits of
linear deconvolution of thermal emission spectra (e.g., Ramsey and Christensen, 1998). The
deconvolution is achieved by using least squares (LS) regression analysis to solve a system of

equations created from the rock and mineral emissivity spectra (Ramsey and Christensen, 1998).

d. Previous Techniques

Multiple regression analysis techniques have been developed to unmix a sample’s
spectrum into mineral percentages. Matteson and Herron and others (Matteson and Herron, 1993;
Herron et al., 1997; Herron et al., 1998) use a least squares (LS) and non-negative least squares
(NNLS) regression to solve for mineralogy in MATLAB. This technique was applied to
transmission spectra acquired by scanning KBr pellets. These pellets are made by crushing
wanted minerals to a desired particle size. The minerals are then added to KBr powder and

pelletized. The least squares regression is unconstrained and can have negative products. Non-



negative least squares regression is constrained only in the fact that it will not produce negative
numbers abundances. They found that the average absolute error using least squares was + 2.6 wt.
%, and non-negative least squares the average absolute error was + 1.2 wt. % (Matteson and

Herron, 1993).

Ramsey (1996) used a constrained least squared linear retrieval algorithm that allows for
a modeled best fit spectral endmember percentage of a given mixture. The algorithm used is

shown by Equation 1.

EMmixture = ?:1 Gie(M); + 6(A) Equation 1.

The created model is shown by €(A)mixture, the areal fraction of each endmember is shown by
(;e(A);, and then the residual error is §(A). Each endmember fraction when summed must equal
unity, displayed by the created model. The residual error is calculated at each wavenumber and
usually converted to root mean square (RMS) error. Equation 1 shows that equations are run at
each wavenumber for each endmember. Endmembers that result in negative values using this
method are thrown out and the deconvolution is then rerun. This method does not allow for a
solution without the endmembers totaling unity. Other methods run a renormalization of the

endmember fractions as the last step in the unmixing process (Johnson et al., 1992).

Kruse also uses employs a constrained and unconstrained LS algorithm (Kruse et al.,
1993; Kruse, 1996). Kruse uses this method on split core to find mineralogy. He took more of an
image analysis approach and created a hyperspectral image by making a grid of a core face. Each
scan in the grid is seen as a pixel within a spectral image. Then, the synthetic image is unmixed.

This allows for easier visualization of mineral distribution over the scanned core.



CHAPTER IlI

METHODOLOGY

A method of hyperspectral unmixing was adapted to compositionally analyze reservoir
rock. It utilizes FTIR spectroscopy to quantitatively find mineralogy as well an attempt to
interpret the spectral significance of total organic carbon (TOC). This method was tested by
comparing modeled mineral percentages (produced by spectral unmixing) to XRD data supplied

by Chesapeake Energy.

a. Measuring Core

FTIR spectra of the Dulcey BRA 5H core were obtained using a 4100 ExoScan FTIR
spectrometer (Agilent Technologies). The Exoscan uses an active source within the spectrometer
to radiate infrared energy on a sample. The reflected energy is then measured (approximately
hemispheric) and divided by reflectance from a diffuse gold standard to produce an FTIR
spectrum. The core was measured at intervals corresponding roughly to where XRD samples
were collected. Figure 4 shows zones that were chalked off as XRD samples. Spectra were
initially planned to be collected by placing the FTIR spectrometer on the core face, as
demonstrated in Figure 5. In this sampling geometry, the diffuse component of reflectance was
not sufficient because of the smooth face of the cut core. Instead, broken pieces of the core within
the corresponding XRD sample zones were taken and placed on the spectrometer to measure a

diffuse reflection. Figure 6 shows the stand used while measuring core pieces. The pieces were

10



measured perpendicular to bedding. The pieces are likely broken due to bedding failures during
or after the core was retrieved from the subsurface. This is caused by the preferential arrangement
of clay particles along bedding planes (Ingram, 1953). The ExoScan FTIR is supplied with
Agilent MicroLab Mobile software, which allows the instrument to run calibrations and system
tests, record spectra, and export data. Each time the Exoscan is turned on, a crystal test is run and
a background scan is collected. The background scan is used to correct atmospheric variances
associated with water vapor or carbon dioxide. The FTIR spectrometer is set to run for 256 scans

for both background and sample collections) at the maximum spectral resolution of 4 cm™. The
( gr p p

spectral range collected was from 4000 - 650 cm’™.

Figure 4: Third box of core from Dulcey BRA 5H; depth ranges from 7428-7438 ft.
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Figure 5: Measuring the core using the 4100 FTIR ExoScan.

T 3 £ ey

Figure 6: ExoScan stand with a core piece being measured perpendicular to bedding.
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b. Unmixing Packages

Use of three different spectral unmixing packages was attempted for spectral
deconvolution in this study. Spectral mixture analysis (SMA) is a technique used in remote
sensing that analyzes each pixel of an image in an attempt to derive the fractional percentages of
the components (minerals, vegetation, water, and atmospheric variances) in an image (Wessman
et al., 1997). However, problems arose while inputting the first SMA package. Packages used for
spectral unmixing are normally used for images, not for deconvolution of a single mixed
spectrum. The first SMA was only able to unmix images and was therefore not applicable for this
study. The next package that was tested was VIPER tools. VIPER tools is an open-source spectral
mixture analysis software. It uses a technique known as multiple endmember spectral mixture
analysis (MESMA). This technique was developed and tested by Roberts et al. (1998) for analysis
of the Santa Monica Mountains using Airborne Visible/Infrared Imaging Spectrometer (AVIRIS)
data. VIPER tools is written to be used in the Environment for Visualizing Images (ENVI)
software package. The package was downloaded as an interactive data language (IDL) script and
was then incorporated as a subscript in ENVI. The first attempts at unmixing using VIPER tools
produced no results. Like SMA, MESMA is normally used for spectral image analysis instead of
analyzing a single spectrum. The third package, previously described, is called jJENVI. The
unmixing algorithm was initially written in FORTRAN for fast computational analysis (Ramsey
and Christensen, 1998) and was then rewritten in IDL (Piatek and Moersch, 2006) for use with
ENVI jENVI has three different unmixing modes: (1) single spectrum analysis, (2) simultaneous
analysis of multiple spectra using the same endmember library, and (3) analysis of an entire
image. The bands in the mixed spectrum must be spectrally equivalent (in wavelength region,
spectral resolution, etc.) to the bands in the endmember library for deconvolution. Endmembers
can be selected or deselected as components before and after each unmixing. The use of a

blackbody as a component is also an option. Unmixing iterations were run based on a constrained
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model. This means the algorithm ignores any endmember that are negative. JENVI also allows the
user to choose what percentage to use for a cutoff. I allowed the models to return all values of

components used.
c. Endmember Library Creation

An endmember library was created based on the minerals found by the XRD results,
.including quartz, potassium feldspars, plagioclase feldspars, apatite, pyrite, calcite, dolomite,
illite-smectite mixed layer, illite/mica, and chlorite. XRD is unable to distinguish specific
minerals within the potassium feldspar and plagioclase feldspar groups. Illite and mica also have
the same spectral feature and are grouped together. The XRD results also include a TOC

component percentage.

Using the minerals provided via XRD analysis as a starting point, several online infrared
spectral libraries were included in order to produce accurate spectral models. The Arizona State
University (ASU) Thermal Emission Spectroscopy (TES) Laboratory Spectral Library is an
online spectral library that exports in digital form. Descriptions of samples include degree of
purity, visual identification, bulk oxides, microprobe oxides, XRD analysis, and particle size
(Christensen et al., 2000). The spectra were collected with a Matteson Cygnus 100 interferometric
spectrometer that was adapted from transmission to emission capabilities (Christensen et al.,
2000). Spectra exported from this library are exported with a spectral range of 2000-200 cm™,
with 923 bands. These files were then resampled to match the spectral range and resolution of

2000 - 650 cm™ with 723 bands.

The John Hopkins University (JHU) Spectral Library contains spectra of materials
including terrestrial rocks, minerals, lunar soils, terrestrial soils, manmade materials, meteorites,
and vegetation. The minerals in the library were measured in bidirectional reflectance (Salisbury

and Vergo, 1991). The mineral library spectral range is 4807.7-399.4 cm™ with 2287 bands

14



(Baldridge et al., 2009). The John Hopkins spectral library is included with ENVI. Because the
spectra in this study were measured in reflectance, Kirchhoff’s Law (E=1-R) was used to convert

the spectra to emissivity (Nicodemus, 1965).

Finally, the United States Geological Survey’s (USGS) digital spectral library was also
used, which includes spectra collected using a Nicolet FTIR spectrometer (Clark et al., 2007).
This instrument measures in biconical reflectance. The spectral range is 7806.48 - 46.27 cm™
(1.28 — 216 pm) with 4025 bands. Since the spectra from the USGS spectral library were

collected using reflectance, they were also converted to emissivity spectra using Kirchhoff’s Law.

Spectra were also collected in the Oklahoma State University (OSU) Remote Sensing
Laboratory (4000-650 cm™ with 1795 bands) using the same FTIR spectrometer used to measure
the core from Chesapeake Energy. Mineral hand samples were placed on the stand, and spectra
were collected using the same method for sampling the core. Previously created pressed mineral
sample pellets were also measured and input to the endmember library to test for sample
variability. Finally, emissivity spectra from all sources were resampled to 2000-650 cm™ with 723

bands.
d. Data Conversion

Chesapeake provided XRD data (expressed as mineral weight percents) for the odd core
samples that were measured (14 measurements). Because the FTIR measurements are in volume
percent, a conversion was needed to use the XRD data. This was done by dividing the original
weight percentage by the mineral’s specific gravity (Klein et al., 2002). That number was then
divided by the sum of the original weight percent divided by the specific gravity of each mineral.
Table 1 shows an example of the conversion for sample 113. This was done for every sample
individually. Because of the wide range in densities of organic materials represented within TOC,

a ratio equation was used to solve for densities for each sample. Each sample then used a specific
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TOC density for further conversion; TOC specific gravity ranged from 2.71 to 2.91 and averaged

2.81.

Table 1: Conversion of weight percent to volume percent for each of the 11 components present

in sample 113.

Sample ID 113
Sample Depth 7409.16
specific total

Sample wt. % gravity cm3/100g volume/100g vol. %
Quartz 29.7 2.65 11.207547 36.250081 30.917302
K-Feldspar 0.4 2.57 0.155642 36.250081 0.4293563
Plagioclase 9.3 2.71  3.4317343 36.250081 9.4668322
TOC 4.1 2.82  1.4539007 36.250081 4.0107516
Apatite 0.3 3.00 0.1 36.250081 0.2758615
Pyrite 4.7 5.02 0.936255 36.250081 2.5827666
Calcite 1.8 2.71  0.6642066 36.250081  1.8322901
Dolomite 2.9 2.85 1.0175439 36.250081 2.8070113
Mixed Layer 6.0 2.90 2.0689655 36.250081 5.7074783
Illite + Mica 40.0 2.69 14.880952 36.250081 41.050811
Chlorite 1.0 3.00 0.3333333 36.250081 0.9195382

e. Forward Mixing

Using the created endmember library, forward mixture models were synthesized using

weighted averages of each mineral component spectrum based on the volumetric abundances

converted from the XRD data provided by Chesapeake Energy. Each forward mixing model was
then visually compared to the measured spectrum from the core by plotting them together. Each
model was also statistically compared by finding the absolute difference between modeled and
measured spectra as computed by the root mean square (RMS) error. Conditional formatting was
also used for visual aid of variance between the modeled and measured spectra. As previously
stated, the accuracy of the forward mixing depends on having the correct spectra in the
endmember library. To get more accurate models, different mineral spectra were tested in the

weighted averaging. Comparisons for each different mineral spectra were done visually and
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statistically. Multiple different spectra were tested for each measured core sample. The lower the
RMS, the more accurate that mineral’s spectrum was for the mixing, and theoretically, a better
representative spectra for later unmixing. These statistical comparisons were done for multiple
mineral spectra in the endmember library for every XRD sample provided. The 10 mineral
spectra used in the forward mixing modeling are termed as the RMS Forward-Mixed Library for
unmixing. To represent the overall Marcellus Shale core, all 25 FTIR spectra of the core were
averaged. Using the method described above, a separate forward mixing library was then created
called the Averaged Shale Library, which was then used to model the measured core spectra by

forward mixing.

f. Spectral Unmixing/Deconvolutions

Unmixing was done using JENVI for single spectrum analysis as previously described.
To run the algorithm, a measured FTIR spectrum (of the core ) is chosen for input to the model,
as well as the endmember library to be used for unmixing. The model compares each band of the
mixed spectrum to the corresponding bands of each endmember to produce a best fit model. A
constrained, non-negative model, which included a blackbody as a component, and showed all
percentages of endmembers used was run for each measured spectrum. This was included in the
unmixing to help model measured components with decreased spectral contrast, which is
typically a result of particle size effects. The products of each unmixing model include the
measured spectrum, the modeled (unmixed) spectrum, and the variance between the two plotted
next to each other. A table is also produced for each unmixed spectrum that shows the name and
percentages of each endmember used, the normalized values, the blackbody weight, the root
mean square (RMS) error and the endmembers not utilized. The table was then adapted to match
the XRD results table. A chart was also made based on the results produced for easier

visualization.
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The method described above was used for four different unmixing techniques, each using
or creating a different endmember library. Two of the techniques use pre-existing endmember
libraries for unmixing, the other two techniques create endmember libraries through multiple
deconvolution iterations. The deconvolutions using pre-existing spectral libraries are the forward
mixing libraries (RMS Forward-Mixed Library, and the Averaged Shale Library) and a technique
called blind unmixing. The blind unmixing technique was tested by utilizing every spectrum in
the endmember library. The techniques that create endmember libraries through iterations are the
hand-picked technique and modification techniques. The hand-picked unmixing was done by
starting with the entire endmember library, but in between each iteration stopping and looking at
all of the results and throwing out mineral spectra that could, or should not be used in unmixing
based on the percentage of the endmember used, or by looking at the interval of the core for
which the endmember is used. For example, if a high percentage of a certain quartz spectrum is
used for a portion of the core that is more clay rich, that spectrum is thrown out and the
deconvolution is re-run. This technique was iterated until results closely matched XRD results.
The first modification technique started with the RMS Forward-Mixed Library and switched one
mineral spectrum for another spectrum of the same mineral. Unmixing was then run and mineral
abundances were noted. This was done for each of the ten mineral components until results were
satisfactory. This library is called the modified forward mixed endmember library. A separate
modification technique was used to account for mineral variability throughout the core. This was
done by starting with the modified Forward-Mixed Library and adding complementary mineral
spectra to the library. This library is called the modified hand-picked library. The modified hand-
picked library was created as a result of the high interplay between spectra while deconvolving.

The above methods were used on all sample measurements (113-135 and 157-158).
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CHAPTER IV

RESULTS

a. Measuring Core

Spectra were collected for the Dulcey BRA 5H core from Chesapeake Energy at 26
samples (113-135 and 157-159). 14 of these samples have corresponding XRD results. Figures 7-
9 show spectra for samples 121, 135b, and 159b, which are clay-rich, quartz-rich, and carbonate-
rich respectively. Multiple spectra were gathered at samples 116, 118, 120, 122, 133, 135, 157,
158, and 159 due to poor spectra collection on either the first or second measurement. If multiple
spectra were collected from a single sample, the subsequent spectra were distinguished as a, b, or
c. The early spectra were confirmed to be inaccurate by comparing the results of the forward
mixed models as well as the unmixed component abundances and were subsequently not

considered.
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Figure 7: Spectrum collected for sample 121 (clay-rich).
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Figure 8: Spectrum collected for sample 135b (quartz-rich).
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Figure 9: Spectrum collected for sample 159b (carbonate-rich).

b. Endmember Library Compilation

Using the minerals in the XRD table as a starting point, spectra were compiled and
converted to a spectral library for future use. Secondary minerals were input to the library that
were related to the minerals in the XRD table or reported to be in the Marcellus Formation (Potter

et al., 1980). This process was repeated for all online infrared spectra sources. A spectral library
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of 118 components was created for deconvolution. Figures 10-16 show plots of all the minerals or
mineral groups that comprise the master endmember library (carbonates, quartz, K-feldspars,
plagioclase feldspars, phyllosilicates, sulfides, phosphates). A full list of all minerals incorporated
in the master endmember library is located in Appendix A. The main spectral feature that is
diagnostic for carbonate minerals can be seen in Figure 10 at ~1600-1350 cm™ with a secondary
feature at ~900-850 cm™. The diagnostic spectral feature for quartz is at ~1300-1050 cm™ with a
secondary feature at ~810-770 cm™ (Figure 11). Spectral features for K-feldspars are different for
each mineral, but are typically ~1250-950 cm™ (Figure 12). Plagioclase spectral features are also
different for each specific mineral, but predominantly displayed at ~1250-900 cm™ (Figure 13).
Phyllosilicates display a dominant spectral feature at ~1250-930 cm™, but may also show lower
emissivity at higher wavenumbers (Figure 14). Sulfides don’t have any major spectral features,
and are characterized by their near horizontal spectra (Figure 15). Phosphates have spectral
features similar to the doublet displayed in quartz spectra, but it is shifted to lower wavenumbers
(1175-975 cm™; Figure 16).
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Figure 10: Plot of all carbonate spectra in the master spectral library.
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Figure 12: Plot of all K-feldspar spectra in the master spectral library.
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Figure 13: Plot of all plagioclase spectra in the master spectral library.
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Figure 14: Plot of all phyllosilicate spectra in the master spectral library.
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Figure 15: Plot of all sulfide spectra in the master spectral library.
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Figure 16: Plot of all phosphate spectra in the master spectral library.

c. Data Conversion

Volumetric proportions of sample components derived from the XRD data provided by
Chesapeake Energy is presented in Table 2. Original weight percent data is provided in Appendix
B. There was very little change in abundances after converting to volume percentages. However,
pyrite decreased by nearly half for all the measurements. All other minerals increased on average

of less than one percent. Figure 17 shows the converted abundances plotted.
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Tables 2: Mineral and TOC abundances (vol. %) for the Dulcey BRA 5H based on XRD data.

Sample

Depth 7409 7413 7416 7421 7425 7429 7434
Sample ID 113 115 117 119 121 123 125
Quartz 30.92 29.85 30.64 23.65 29.62 31.40 30.50

K-Feldspar 0.43 0.11 0.00 0.54 086 0.00 0.64
Plagioclase 9.47 10.47 9.38 9.07 9.49 9.46 9.57

TOC 401 491 3.83 3.66 3.72 394 3.54
Apatite 0.28 037 0.18 0.28 0.18 0.00 0.28
Pyrite 2.58 2,20 242 1.87 2.81 1.92 2.47
Calcite 1.83 1.73 2.75 10.09 1.63 0.61 1.93
Dolomite 2.81 493 3.30 10.76 3.78 7.74 2.90

Mixed Layer 5.71 5.04 5.81 3.81 4.19 5.70 5.90
Illite+Mica 41.05 39.57 40.49 35.55 42.88 38.03 42.27

Chlorite 092 0.83 120 0.74 0.83 1.19 o0.00
Sample

Depth 7437 7442 7445 7450 7453 7497 7500
Sample ID 127 129 131 133B  135B 157 159B
Quartz 25.82 26.34 25.83 27.93 39.47 17.55 26.65

K-Feldspar 0.43 0.22 0.54 0.00 0.00 0.00 0.00
Plagioclase 9.20 11.03 11.24 10.28 11.04 2.71 2.10

TOC 4,12 476 5.05 7.27 7.34 0.89 4.29
Apatite 0.18 0.19 0.28 0.38 0.37 0.18 0.00
Pyrite 2.37 3.89 401 460 3.79 0.60 0.32
Calcite 2,56 1.85 0.52 1142 6.19 61.30 52.71

Dolomite 14.09 1.08 098 198 2,55 7.06 4.27
Mixed Layer 4.01 5,97 5.20 3.69 3.95 0.00 0.00
Illite+Mica 37.21 44.67 46.35 32.46 25.28 9.71 9.66
Chlorite 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Figure 17: Mineral and TOC abundances (vol. %) for the Dulcey BRA 5H based on XRD data.
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d. Forward Mixing

Two different approaches for forward mixing were tested. The first optimized
endmembers based on lowest RMS values (producing the RMS Forward-Mixed Library), and the
second used the representative Marcellus Formation spectrum (producing the Averaged Shale
Library). Both techniques provided varied results. The RMS Forward-Mixed Library is
comprised of four spectra that were generated at the OSU Remote Sensing Laboratory, three
spectra from the JHU Spectral Library, two from the USGS Digital Spectral Library, and one
from ASU TES Laboratory Spectral Library (Appendix A). RMS values from forward mixing
using this library range from 1.45% to 3.37%. The lower RMS values are at the upper end (i.e.,
clay-rich portion) of the core and increase with depth. The Averaged Shale Library is comprised
of four spectra that were generated at the OSU Remote Sensing Laboratory, two from the JHU
Spectral Library, two from the USGS Digital Spectral Library, and two from the ASU TES
Laboratory Spectral Library (Appendix A). Forward mixing using the Averaged Shale Library
had RMS errors ranging from 1.03% to 3.13%. The higher RMS values are at the top of the core
and decrease with depth (i.e., to the carbonate-rich portion). Tables B1-C1 in the appendices
show the comparative results for forward mixing between two different spectral libraries. The
RMS Forward-Mixed Library shows better forward modeling for samples 113-119 and 159B,
highlighted in green in Table B1, whereas the Averaged Shale Library shows better forward
modeling for samples 121-157 (Table C1). Appendix E shows forward mixing results of three
characteristic samples, including clay-rich (sample 121), quartz-rich (sample 135b), and
carbonate-rich (sample 159b) samples using the RMS Forward-Mixed Library (Figures E1-E3).
Appendix F shows the results of forward mixing for the same samples using the Averaged Shale

Library (Figure F1-F3).

e. Spectral Unmixing/Deconvolutions
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Blind unmixing was run for all sample measurements. The RMS error from the measured
spectra ranged from 0.81% to 1.75%. However, the RMS error for mineral abundances relative to
the XRD abundances ranged from 10.50% to 21.33%, with a mean of 13.23%. The modeled
abundances derived from the full blind unmixing technique are illustrated in Figure 18. The full
results table and plot for the blind unmixing can be found in Appendices G-H. The results for the
three characteristic samples are plotted in Figures H2-H4, showing the modeled spectra, the
measured spectra, and the residual between the two for each of the three samples (samples 121,

135b, and 159b).

W Quartz mK-Feldspar m Plagioclase = TOC ™ Apatite M Pyrite M Carbonates Mlllites ™ Chlorite

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Stacked Abundance (%)

113 115 117 119 121 123 125 127 129 131 133b 135b 157 15%

Sample Number

Figure 18: Mineral and TOC abundances (vol. %) resulting from the full blind unmixing.

Unmixing results from using the two forward mixing libraries (RMS Forward-Mixed
Library and the Averaged Shale Library) were well outside the XRD results and therefore

considered unacceptable.

The Modified Forward-Mixed Library consists of two spectra collected in the OSU
Remote Sensing Laboratory, four from the JHU Spectral Library, two spectra from the USGS
Digital Spectral Library, and two spectra from the ASU TES Laboratory Spectral Library. The

Modified Forward-Mixed Library is illustrated in Figure 19. The mineral abundances found using
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this library were much closer than using the previous two methods (blind unmixing and using the

two forward mixing libraries). RMS error from the measured spectra ranged from 0.99% to

2.10%. The RMS error from the mineral abundances ranged from 4.49% to 7.94%, with a mean

of 6.36%. The data table showing the unmixing results for all samples is located in Appendix I;
abundances for the odd samples are plotted in Figure 20 (abundances for entire core plotted in

Appendix J1). Results for the three characteristic samples are plotted in Appendices J2-J4

showing the modeled spectra, the measured spectra, and the residual between the two for each of

the three samples (samples 121, 135b, and 159b).
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Figure 19: All ten spectra for the Modified Forward-Mixed Library.
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Figure 20: Unmixing results using the Modified Forward-Mixed Library.

The Modified Forward Hand-Picked Library consists of 15 spectra; three spectra
generated in the OSU Remote Sensing Laboratory, five from the JHU Spectral Library, three
spectra from the USGS Digital Spectral Library, and four spectra from the ASU TES Laboratory
Spectral Library (Figure 21). The mineral abundances found using this library were, on average,
the closest to the XRD abundances. RMS errors from the measured samples ranged from 0.91%
to 2.08%; RMS errors from the mineral abundances ranged from 4.40% to 7.91%, with a mean of
5.72%. The unmixng results for all samples is located in Appendix K. Abundances for odd
samples are plotted in Figure 22 (abundances for entire core plotted in Appendices K-L). The
results for the three characteristic samples are plotted in Appendices L2-L4 showing the modeled
spectra, the measured spectra, and the residual between the two for each of the three samples

(samples 121, 135b, and 159b).
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Figure 21: The 15 spectra comprising the Modified Hand-Picked Library.
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Figure 22: Unmixing results using the Modified Hand-Picked Library, percent abundance on the

y-axis, sample number on the x-axis.
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CHAPTER V

DISCUSSION

a. Measuring Core

Chesapeake marked areas of about three inches on the core face that were sampled for
XRD analysis using their in-house method following Chipera and Bish (2002). As stated in the
methods, problems arose while trying to measure the smooth face of the core. Because
measurements were taken perpendicular to bedding surfaces, there was a high probability of
producing a spectrum that was not representative of the XRD. This is expected due to
compositional variation among laminae. Because spectra were taken on pieces of the core that
were already broken, it is likely that these pieces broke along bedding planes, which are natural
planes of weakness caused by natural alignment of phyllosilicates (Ingram, 1953). If a section is
bioturbated, the horizontal arrangement of the clay particles will be disrupted, and the fissility
will be diminished (Potter et al., 1980). Because spectra were generated perpendicular to the
bedding planes, and the XRD samples are pieces of the core that have been ground and then
mixed, it is expected that clay content for the FTIR samples will be higher than measured by
XRD. Future work could include a highly descriptive lithologic core description covering the
samples used as well as thin section analysis at each sample locality in order to address this issue.
To see how close the mineralogic analysis between FTIR spectral unmixing and XRD analysis

could get, I would propose taking multiple measurements of a core billet using the FTIR, then
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creating an XRD sample of the same billet, and comparing the results. A spectral image could
essentially be created by following the methodology from Kruse (1996). Applying the unmixing
method demonstrated in this study, a spectral image could be made by creating a gird and taking
spectra of each cell. Because the spectrometer spot size is less than 0.1 in (2 mm), the grid sizes
could be quite small. This would allow for visualizing mineralogy distribution on a small scale

through the core.

b. Endmember Library Compilation

General compositional knowledge of samples prior to analysis of spectra was highly
beneficial because it greatly constrained possible endmembers for the spectral library. Although
conducting spectral deconvolution without such prior knowledge is common in the remote
sensing community and has been successfully implemented by many investigators, the additional
constraints available for this study are beneficial for many reasons, including limiting potential
spectral matches to components that are geologically reasonable. Online public access is available
for all spectral libraries used in this study, apart from spectra generated at the OSU Remote
Sensing Laboratory. It’s important to know what instrument will be used, how the instrument
measures spectra, and what limitations this can or will create. It is preferable to have the mixed
spectra (samples for unmixing) and the entire endmember library measured using the same
method (i.e. bidirectional reflectance, biconical reflectance, hemispheric reflectance, or
emissivity) (Salisbury and Vergo, 1991; Christensen et al., 2000; Clark et al., 2007) and ideally
the same intrument. However, this study shows that utilizing spectra generated by different

methods if feasible for unmixing.

Through all of the forward mixing, eight spectra from the OSU Remote Sensing
Laboratory, five spectra from the John Hopkins University Spectral Library, four spectra from the

USGS Digital Spectral Library, and three spectra from the Arizona State University Thermal
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Emission Spectroscopy Laboratory Spectral Library were used. Through deconvolution, five
spectra from the OSU Remote Sensing Laboratory, nine spectra from the JHU Spectral Library,
five spectra from the USGS Digital Spectral Library, and six spectra from the ASU TES
Laboratory Spectral Library were used. Which endmember spectra yield the best model results
could be due in part to the different methods used to gather the samples, or this could just be
caused by spectra variability seen throughout different samples, as illustrated by Figure 23.
Spectral variability is brought about by different hand samples (slight variations in crystal lattice,
or impurities), grain size, or different instruments and techniques for sampling (Ramsey and

Christensen, 1998).
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Figure 23: Quartz spectra variability from the four digital spectral libraries.

c. Data Conversion

Conversion of the XRD results provided by Chesapeake Energy from weight percent to

volume percent was necessary for comparison to the results generated using FTIR unmixing. The
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heavy minerals, such as pyrite and apatite, changed the most (decreasing in percentage by nearly
half). This is due to their greater specific gravity. Calculated TOC density ranges from 2.71 to
2.91 g/cm® and averaged 2.81 g/ cm?®. There is a slight correlation between TOC values and
calculated TOC specific gravity as shown by Figure 24. As organic matter is thermally matured
within a sample, secondary porosities can develop within the organic matter (Curtis et al., 2012).
More work is needed to see if this correlation is legitimate or is an artifact of the methodology.
There are many factors that would need to be taken into account for a future study looking at
TOC with FTIR spectroscopy including; the type of kerogen in the core, the dispersion of the
organic matter along bedding planes and vertically, and the compaction of layers and organic
matter. With additional study, FTIR spectroscopy could potentially provide a faster,
nondestructive, more consistent, and more complete approach to characterizing the abundance

and thermal maturity of various kerogens than current methods, such as vitrinite reflectance.
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Figure 24: Positive correlation between TOC percent and calculated specific gravity values for

TOC, R? value of 0.51.
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d. Forward Mixing

Problems arose early for the first attempts of picking spectra for forward mixing and it
became evident that creating a single forward mixing spectral library was insufficient. The core’s
composition changes with depth. Of the 14 samples measured, 10 of the samples are clay-rich
(main components being illite and an illite/smectite mixed layer; samples 113-121 and 125-133),
two of the samples are quartz-rich (quartz abundance >30 wt. %;,samples 123 and 135), and two
of the samples are carbonate-rich (main component carbonate; samples 157 and 159). The spectra
chosen for forward mixing based on using the lowest RMS error changed for each measured
sample. This means that there is a discrepancy of the favorable mineral spectra at each measured
sample. The endmember spectra chosen at one sample may not be the best spectra for forward
mixing of another sample. This could be brought about by diagenetic alterations as the rock is
buried, possible change in the source for detrital components, or as a change in the grain size of
minerals in the core (Ramsey and Christensen, 1998), although in some cases it may be
influenced by noise in the measured mixed and endmember spectra. Two spectral libraries were

created to cover the inconsistency in spectral selection through the core.

e. Spectral Unmixing/Deconvolutions

It was noticed early on while running deconvolutions that the unmixing algorithm has
difficulties discerning the difference between calcite and dolomite. However, abundance of
carbonate minerals (mainly calcite and dolomite) were much closer to the combined values from
the XRD results. This process was also applied to the illite+mica group and the illite/smectite
mixed layer. Grouping the illitic clays together was done to help account for the expected higher
amounts of clay, caused by measuring fissile layers within the Marcellus Formation. This makes
for nine components to be unmixed and accounted for (quartz, k-feldspar group, plagioclase

group, TOC, apatite, pyrite, carbonates, illitic clays, and chlorite).
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The blind unmixing was modeled after a method utilized by Feely and Christensen
(1999) to test unmixing with their master spectral library (116 spectra, 18 minerals and/or
components). This method was by far the worst method to use for deconvolution. However, this
method produced results faster than any other technique, and therefore could have utility. After
the grouping of calcite and dolomite, as well as illitic clays, the averaged RMS error from
abundance was 13.44%. This is well outside the expected possible accuracy of the FTIR analysis.
Quartz was the mineral with the highest error for this method. This is probably due to the
algorithm preferentially selecting other tectosilicates that more closely match the measured
spectrum as a whole, rather than trying to fit the spectral features of quartz as seen in Figure 19
(about 1300-1050 cm™). This is evident by the modeled results of plagioclase, which were often
over estimated by 10-20%. The anticipated higher abundances of clays are seen by this method;
the over estimations range from 3-35%. Appendix M shows the unmixing results side by side to

XRD for the blind method.

As previously stated, attempts at unmixing using the previously created forward mixing
libraries (RMS Forward-Mixed Library and the Averaged Shale Library) were unsuccessful. This
was caused by high amounts of pyrite being used through every model run. This brought about
the modification of the forward mixed libraries. Once a reasonable pyrite was found for unmixing
purposes, other minerals were subjected to replacement. This process continued until the
Modified Forward-Mixed Library was created. This subset spectral library has the second lowest
averaged RMS from abundances at 5.33%. This error is just outside the optimistic unmixing
results of five percent. The spectral library created contains ten spectra to match the XRD
minerals presented. This does not allow for any spectral variability for each mineral. If a core
shows any mineral variability, which is highly likely and seen in the Dulcey BRA 5H, this
method will not account for that variability. If the core could be sectioned off by detailed

lithologic descriptions and this method was then used for each of the separate facies, then mineral
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variability could be taken into account. Just like in the previous method, and as expected, the clay
mineral content found using this method was higher than shown by the XRD results for all but

one sample. However, the clay mineral abundances generated were much closer than the previous
method, averaging 10.59% greater than shown by XRD. Appendix N shows the unmixing results

side by side to XRD using the Modified Forward-Mixed Library.

First attempts at creating a hand-picked spectral library for deconvolution by starting with
the master library and discarding spectra through unmixing iterations proved ineffective. An
unexpected high interplay between spectra used by the algorithm for deconvolution occurred. It
was thought exchanging spectra of a mineral through iterations would not affect the weight, or
strength, of the other mineral components, however this was incorrect. Spectra were discarded
from the library based on their unreasonable abundances found by deconvolution. At first, spectra
were excluded four to five at a time depending on abundances returned. After a couple dozen
iterations, minerals needed for efficient unmixing were not available. Each time this was
encountered, the method was reverted to the beginning, with the original master spectral library,
and fewer minerals were excluded after each iteration. A high interplay among spectra was
observed. After a single mineral’s spectrum was thrown out of the library, all components
abundances would change, not just that mineral’s spectrum or abundance. After noting this
interplay, a new approach was taken. Instead of beginning with the master library and eliminating
spectra based on their abundances, the iterations would begin with the Modified Forward-Mixed
Library, and spectra would be added to the library to help account for spectral variability though
the core. Once the Modified Hand-Picked Library was created, unmixing results from using the
new subset library produced the lowest RMS error from abundances at an average of 4.82%. This
value is better than the target 5% RMS error for deconvolution results. Clay minerals were on
average over estimated by 6.39%. Appendix O shows the unmixng results side by side to XRD

using the Modified Forward-Mixed Library.

38



The RMS error values for each of the three methods for every mineral are provided in
Appendix P. The RMS error from total abundance using each of the three methods is plotted in
Figure 25. All three method’s RMS increases with depth. This could be caused by an increase in
carbonate minerals and the FTIR being unable to differential specific minerals, or it could be
caused by errors generated while measuring the core. Quartz abundance in the last two
measurements, which are from carbonate-rich strata, are overestimated by nearly ten percent. The
carbonate abundance is underestimated by more than ten percent for each of the unmixing

methods.

BLIND MFM MHP

20.00
18.00
16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00

RMS Error from Component
Abundance

113 115 117 119 121 123 125 127 129 131 133 135 157 159

Sample

Figure 25: RMS error from component abundances (MFM: Modified Forward-Mixed, MHP:

Modified Hand-Picked). Corresponding linear fits indicated as dashed lines.

As each measured spectrum is a linear combination of its components, it was thought at
the beginning of this study that finding a spectrum that would account for TOC would be feasible.
TOC in the core ranges from 0.89-7.34 vol. %. The plan was to use the residual spectrum
between the forward mixed models, or the models created by unmixing, and that of the measured
spectra and synthesize a spectrum for TOC. However, after generating the forward mixed models

and attempting this method the spectra produced were not meaningful, having wide ranging
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emissivity values and many values less than zero. Additionally, TOC spectra calculated for each
sample were averaged to limit the influence of noise in the final model TOC spectrum, seen in
Figure 26, which still produced an unreasonable result. After finding the average unmixing RMS
errors, it became clear it was not going to be possible to create a spectrum for TOC. Synthesizing
the XRD data with the FTIR unmixing results provides a rough way to double check the results.
Because the two measurements were not taken from the exact same location, as well as the
problems presented by measuring perpendicular to bedding planes, the initial technique conceived
for calculating a spectrum for TOC was not effective. Future work that generated spectra at
exactly the same sampling area as XRD would allow a more comprehensive comparison to
construct a spectrum to account for TOC. With variability seen in mineral spectra, it is probable
that TOC would exhibit spectral variability just as much, if not more, than minerals do. The
varying densities calculated for TOC through the core would support this conclusion. Multiple

spectra would have to be produced to account for this variability within a core.

Averaged TOC Spectrum
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Figure 26: Averaged TOC spectrum for all samples. Calculation was done by utilizing residual

spectrum, and the TOC abundance at each data point.
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CHAPTER VI

CONCLUSION

a. Endmember Library Compilation

A master spectral library was compiled contained 118 components used for
deconvolution. The library includes primary and secondary minerals incorporated in the
Marcellus Formation, based on the XRD data supplied by Chesapeake Energy and Potter et al.
(1980). The library was built using four sources, three of which have digital access. The most
used source (unmixing and mixing) was the JHU Spectral library, second was the spectra
generated at the OSU Remote Sensing Library, third was the ASU TES Laboratory Spectral
Library, and last was the USGS Digital Spectral Library. Four subset libraries that were used for
forward mixing or unmixing were created using spectra from the master library. Differences in
these spectral libraries indicate that it is important to consider assumptions going in to compiling
spectral endmember libraries, but that it is also important to consider levels of acceptable error in

selecting a specific methodology to use.

b. Data Conversion

The provided XRD data were converted from weight percent to volume percent. This was
needed to compare results generated by spectral unmixing to XRD results. While converting
abundances, calculations were run to find apparent TOC content. The variations seen in density
(specific gravity) will likely coincide with spectral variations for TOC content. Overall, the

method used to model TOC density produced reasonable results for the measured core.
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c. Forward Mixing

Forward mixing showed mineral spectra variation throughout the core. This spectral

variability could be due to a change in source for detrital components. As a result, two spectral
libraries were created that were later used as starting points for creating unmixing libraries. The
comparison between the forward mixing models created using the two forward mixing libraries,
and the measured spectra showed that hyperspectral analysis would be possible. Additionally, the
importance of the initial forward mixing analyses to constrain the spectral endmember libraries
for later deconvolution indicates how important it is to incorporate additional constraints on the

FTIR data when available, such as was the case based on availability of XRD data.

d. Spectral Unmixing/Deconvolutions

Three methods, each using a separate spectral library, were tested to analyze a section of
the Dulcey BRA 5H core for mineral abundance. The first method, blind unmixing, produced
results fastest, but with the highest error of the three methods (average RMS error from
abundance 13.44%). The second method used a modified version of the forward mixing libraries
(Modified Forward-Mixed Library). This method produced the second lowest RMS error
abundances at 5.33%. This method came in second for amount of time needed to build and run
samples. This method also does not account for mineral spectral variability. The last method used
produced the lowest RMS error from abundance at 4.82%. Using the Modified Hand-Picked
library allows the model to account for mineral spectral variability. However this is by far the
most time intensive method created. Despite the time investment, tightly constraining the
deconvolution approach with the XRD data allows for many additional FTIR measurements to be
made with no additional XRD data (as demonstrated with the even numbered samples),
essentially allowing for very high resolution studies to be possible on the core for very little

additional time and cost. Average RMS error relative to XRD abundances for the best unmixing
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technique was under five percent. However, this combined with the variability in sampling
regions between the XRD and FTIR make computation of a spectrum for TOC unfeasible.

Further work could be done to produce spectra for TOC.
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APPENDICES

Appendix A: Full list of spectra in the master spectral library. Minerals included in subset
libraries indicated as RMS Forward-Mixed (RFM), Averaged Shale (AS), Modified
Forward-Mixed (MFM), and Modified Hand-Picked (MHP) Libraries.

Albite_2014-03-06T21-25-27 (AS)
Albite_2014-03-06T21-27-36
Albite_2014-03-06T21-30-05
Albite_NaAlSi308

Albite454

Albite483

Albite560

Andesine0434

Andesine0561
Anorthite_2010-08-05T13-58-44
Anorthite_CaAl2Si208
Anorthite_CaAl2Si208
Anorthite564

Anorthoclase485

Apatite501 (RFM, AS)
Apatite504 (MFM, MHP)
Apatite506

Calcite_2014-03-06
Calcite_2014-03-06T21-34-26
Calcite_2014-03-06T21-37-06 (RFM)
Calcite_CaCO3_(calcite_1)~2
Calcite_CaCO3_(calcite_1)~3
Calcite_CaCO3_(calcite_1)~4
Calcite_CaCO3_(calcite_1)~5
Calcite507 (MHP)

Calcite508

Calcite509

Calcite519

Calcite521

Calcite527 (AS, MFM, MHP)
Chlorite_hs179-4703
Illite_Solid_Sample_2010-03-31T12-58-1

Chlorite_hs179-4703 (RFM, AS)
Chlorite_hs197-4759
Chlorite_hs281-5120 (MFM, MHP)
Chlorite_smr13-4862
Chlorite_smr13-4932
Chlorite_smr13-4999
Chlorite_smr13-5063
Chloritel_2014-04-16T20-37-19
Chlorite466
Dolomite_1-2_2014-04-08T18-57-51 (AS)
Dolomite_1-2_2014-04-08T19-04-51
Dolomite_CaMgC03)2_(1)~1
Dolomite_CaMgC03)2_(1)~2
Dolomite_CaMgC03)2_(1)~3
Dolomite_CaMgC03)2_(2)~
Dolomite_CaMgC03)2_(2)~
Dolomite_CaMgC03)2_(2)~
Dolomite_CaMgC03)2_(3)~
Dolomite_CaMgC03)2_(3)~
Dolomite_CaMgC03)2_(3)~3
Dolomite2_2014-04-08T19-01-53
Dolomite515 (MHP)

Dolomite516 (RFM)

Dolomite517

Dolomite518

Dolomite528
lllite_(K_H30)(Al_Mg_Fe)2(Si_Al)4010
lllite_(K_H30)(Al_Mg_Fe)2(Si_Al)4010
lllite_31mm_disc_2010-03-31T12-54-05
Illite_Cambrian_Shale_2014-03-05T21-17
Illite_Cambrian_Shale2_2014-03-05T21-1
Oligoclase472

1
2
3 (MFM, MHP)
1
2
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lllite_Solid_Sample_3_2010-03-31T13-05 (MHP)
lllite2133

llite596

Illite-Hand_Cranked

lllite-Hand_Pressed (RFM, AS, MFM, MHP)
lllitePellet_2010-08-04T10-15-26
llliteRock_2010-08-04T11-55-56
Illite-Smectite_(k_H30)(Al_Mg_Fe)1 (MFM, MHP)
lllite-Smectite_(k_H30)(Al_Mg_Fe)2 (RFM, AS)
Illite-Smectite_layer2375
lllite-Smectite_layer2377
Kspar_STD_2010-02-07T17-18-36
Kspar_STD_face
Labradorite_(NaCa)AI(AISi)Si208
Labradorite_(NaCa)AI(AISi)Si208
Labradorite_(NaCa)AI(AISi)Si208
Labradorite_2010-08-05 (RFM, MFM, MHP)
Labradorite486

Labradorite562
Microcline_2010-08-05T14-25-25
Microcline468

Microcline481

Muscovite449
Oligoclase_2010-08-05T13-31-29
Oligoclase450

Oligoclase476
Oligoclase492
Oligoclase493
Orthoclase_2010-08-05T14-34-25 (AS)
Orthoclase_KAISi308(1)
Orthoclase_KalSi308(2)
Orthoclase_KalSi308(3) (RFM, MFM, MHP)
Orthoclase_KalSi308(4)
Orthoclase_KalSi308(5)
Pyrite_FeS2_(pyrite_1)
Pyrite_FeS2_(pyrite_1)~2
Pyrite_FeS2_(pyrite_1)~3

Pyrite_USGS-1 (AS, MFM, MHP)
Pyrite_USGS-2 (RFM, MHP)

Quartz

Quartz_1969
Quartz_2014-04-08T17-37-09
Quartz_2014-04-08T17-39-32

Quartz_479
Quartz_SiO2
Quartz_SiO2

_(quartz_1)~1 (AS, MFM, MHP)
,
Quartz_SiO2_(quartz_1)~3
,
;

quartz_1)~2

Quartz_SiO2_(quartz_2)~1 (RFM, MHP)
Quartz_SiO2_(quartz_2)~2
Quartz_USGS
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Appendix B: Original XRD data provided by Chesapeake Energy.

Well Name Dulcey BRA 5H

Sample Depth 7409.16 7413.06 7416.3 7420.76 7424.82 8428.8 7433.7
Sample 113 115 117 119 121 123 125
Quartz 29.7 28.7 29.4 22.7 28.4 30.2 29.3
K-Feldspar 0.4 0.1 0 0.5 0.8 0 0.6
Plagioclase 9.3 10.3 9.2 8.9 9.3 9.3 9.4
TOC 4.1 5 3.9 3.7 3.8 4 3.6
Apatite 0.3 0.4 0.2 0.3 0.2 0 0.3
Pyrite 4.7 4 4.4 3.4 5.1 3.5 4.5
Calcite 1.8 1.7 2.7 9.9 1.6 0.6 1.9
Dolomite 2.9 5.1 3.4 11.1 3.9 8 3
TOTAL 53.1 55.2 53.2 60.6 53.1 55.6 52.6
CLAY FRACTION

ILLITE/SMECTITE 6.0 5.3 6.1 4.0 4.4 6.0 6.2
Illite + Mica 40.0 38.6 39.4 34.6 41.7 37.1 41.2
Chlorite 1.0 0.9 1.3 0.8 0.9 1.3 0.0
TOTAL 47.0 44.8 46.8 39.4 47.0 44.4 47.4
GRAND TOTAL 100.1 100.0 100.0 100.0 100.1 100.0 100.0
Sample Depth 7436.8 7441.58 7444.86 7449.54 7453.22 7497.18 7500.38
Sample 127 129 131 133 135 157 159
Quartz 24.7 25 24.5 26.3 37.4 17.1 26.1
K-Feldspar 0.4 0.2 0.5 0 0 0 0
Plagioclase 9 10.7 10.9 9.9 10.7 2.7 2.1
TOC 4.2 4.9 5.2 7.5 7.5 0.9 4.3
Apatite 0.2 0.2 0.3 0.4 0.4 0.2 0
Pyrite 4.3 7 7.2 8.2 6.8 1.1 0.6
Calcite 2.5 1.8 0.5 11 6 61.1 52.8
Dolomite 14.5 1.1 1 2 2.6 7.4 4.5
TOTAL 59.7 50.8 50 65.3 71.6 90.4 90.4
CLAY FRACTION

ILLITE/SMECTITE 4.2 6.2 5.4 3.8 4.1 0.0 0.0
Illite + Mica 36.1 43.0 44.6 31.0 24.3 9.6 9.6
Chlorite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TOTAL 40.3 49.2 50.0 34.8 28.4 9.6 9.6
GRAND TOTAL 100.0 100.0 100.0 100.1 100.0 100.0 100.0
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Table C1: RMS Forward-Mixed results (vol. %). Values highlighted in green indicate lower
RMS errors for samples modeled using the RMS Forward-Mixed Library relative to the
Averaged Shale Library; values highlighted in red indicate higher RMS errors.

Sample ID 113 115 117 119 121 123 125
Quartz 30.92 29.85 30.64 23.65 29.62 31.40 30.50
K-Feldspar 0.43 0.11 0.00 0.54 0.86 0.00 0.64
Plagioclase 9.47 10.47 9.38 9.07 9.49 9.46 9.57
Apatite 0.28 0.37 0.18 0.28 0.18 0.00 0.28
Pyrite 2.58 2.20 2.42 1.87 2.81 1.92 2.47
Calcite 1.83 1.73 2.75 10.09 1.63 0.61 1.93
Dolomite 2.81 4.93 3.30 10.76 3.78 7.74 2.90
Mixed Layer 5.71 5.04 5.81 3.81 4.19 5.70 5.90
lllite/Mica 41.05 39.57 40.49 35.55 42.88 38.03 42.27
Chlorite 0.92 0.83 1.20 0.74 0.83 1.19 0.00
RMS 1001786 0.01451 001788 002784 001272 0.01288 0.01592 |
Sample ID 127 129 131 133B 135B 157 1598
Quartz 25.82 26.34 25.83 27.93 39.47 17.55 26.65
K-Feldspar 0.43 0.22 0.54 0.00 0.00 0.00 0.00
Plagioclase 9.20 11.03 11.24 10.28 11.04 2.71 2.10
Apatite 0.18 0.19 0.28 0.38 0.37 0.18 0.00
Pyrite 2.37 3.89 4.01 4.60 3.79 0.60 0.32
Calcite 2.56 1.85 0.52 11.42 6.19 61.30 52.71
Dolomite 14.09 1.08 0.98 1.98 2.55 7.06 4.27
Mixed Layer 4.01 5.97 5.20 3.69 3.95 0.00 0.00
lllite/Mica 37.21 44.67 46.35 32.46 25.28 9.71 9.66
Chlorite 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RMS 1001482 001612 001439 003191 003366 0.02188 0.02786 |

Appendix D: Forward-mixing results based on using the Averaged Shale Library (Table D1).
Values highlighted in green indicate lower RMS errors for samples modeled using the
Averaged Shale Library relative to the RMS Forward-Mixed Library; values highlighted
in red indicate higher RMS errors.

53



Table D1: Representative Shale results (vol. %).

Sample ID 113 115 117 119 121 123 125
Quartz 30.92 29.85 30.64 23.65 29.62 31.40 30.50
K-Feldspar 0.43 0.11 0.00 0.54 0.86 0.00 0.64
Plagioclase 9.47 10.47 9.38 9.07 9.49 9.46 9.57
Apatite 0.28 0.37 0.18 0.28 0.18 0.00 0.28
Pyrite 2.58 2.20 2.42 1.87 2.81 1.92 2.47
Calcite 1.83 1.73 2.75 10.09 1.63 0.61 1.93
Dolomite 2.81 4.93 3.30 10.76 3.78 7.74 2.90
Mixed Layer 5.71 5.04 5.81 3.81 4.19 5.70 5.90
llite/Mica 41.05 39.57 40.49 35.55 42.88 38.03 42.27
Chlorite 0.92 0.83 1.20 0.74 0.83 1.19 0.00
RMS

Sample ID 127 129 131 133B 135B 157 159B
Quartz 25.82 26.34 25.83 27.93 39.47 17.55 26.65
K-Feldspar 0.43 0.22 0.54 0.00 0.00 0.00 0.00
Plagioclase 9.20 11.03 11.24 10.28 11.04 2.71 2.10
Apatite 0.18 0.19 0.28 0.38 0.37 0.18 0.00
Pyrite 2.37 3.89 4.01 4.60 3.79 0.60 0.32
Calcite 2.56 1.85 0.52 11.42 6.19 61.30 52.71
Dolomite 14.09 1.08 0.98 1.98 2.55 7.06 4.27
Mixed Layer 4.01 5.97 5.20 3.69 3.95 0.00 0.00
lllite/Mica 37.21 44.67 46.35 3246  25.28 9.71 9.66
Chlorite 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RMS

Appendix E: Example forward-mixing results using the RMS Forward-Mixed Library (Figures
E1-E3).
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Figure E1: Sample 121 (clay rich) forward-mixing result using the RMS Forward-Mixed
Library. Red line shows spectrum measured directly from the core. The blue line shows the
spectrum generated by forward mixing. RMS error is 1.27%.
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Figure E2: Sample 135b (quartz rich) forward-mixing result using the RMS Forward-Mixed
Library. Red line shows spectrum measured directly from the core. The blue line shows the
spectrum generated by forward mixing. RMS error of 3.37%.
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Figure E3: Sample 159b (carbonate rich) forward-mixing result using the RMS Forward-Mixed
Library. Red line shows spectrum measured directly from the core. The blue line shows the
spectrum generated by forward mixing. RMS error of 2.79%.

Appendix F: Example forward-mixing result using the Averaged Shale Library (Figures F1-F3).
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Figure F1: Sample 121 (clay rich) forward-mixing result using the Averaged Shale Library. Red
line shows spectrum measured directly from the core. The blue line shows the spectrum generated
by forward mixing. RMS error of 1.03%.
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Figure F2: Sample 135b (quartz rich) forward-mixing result using the Averaged Shale Library.
Red line shows spectrum measured directly from the core. The blue line shows the spectrum
generated by forward mixing. RMS error of 2.88%.
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Figure F3: Sample 159b (carbonate rich) forward-mixing result using the Averaged Shale
Library. Red line shows spectrum measured directly from the core. The blue line shows the
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spectrum generated by forward mixing. RMS error of 3.13%.
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Appendix H: Results using the full blind unmixing method. Figure H1 shows the unmixing
results for all samples measured. Figures H2-H4 show the plots for the models created by
deconvolution, the measured spectrum, and the residual between the two.
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Figure H1: Unmixing results for the all samples measured.
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Figure H2: Sample 121 measured and modeled spectra using the full blind unmixing technique.
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Figure H3: Sample 135b measured and modeled spectra using the full blind unmixing technique.
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Figure H4: Sample 159b measured and modeled spectra using the full blind unmixing technique.
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Appendix J: Results using the Modified Forward-Mixing library for deconvolution. Figure J1
shows the unmixing results for all samples measured. Figures J2-J4 show the plots for the models
created by deconvolution, the measured spectrum, and the residual between the two.
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Figure J1: Charted results for all samples using the Modified Forward-Mixed Library for
deconvolution.
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Figure J2: Sample 121 measured and modeled using the Modified Forward-Mixed Library.
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Figure J3: Sample 135b measured and modeled using the Modified Forward -Mixed Library.
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Figure J4: Sample 159b measured and modeled using the Modified Forward-Mixed Library.
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Appendix L: Results using the Modified Hand-Picked Library for deconvolution. Figure L1
shows the unmixing results for all samples measured. Figures L2-L4 show the plots for the
models created by deconvolution, the measured spectrum, and the residual between the two.

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Nn g N O N 000 O 4 O MmO g n VN 0 00 0O d N O < Q9 O O
- = =4 O +H +d +d O &N N &N N N N N NN N MO MmO M »m MOm n n 0 o
- =4 "4 =+ A4 A4 4 N 4 N d A A A A A A A4 —d A NN «d ®mm — v n

— — — — — -

W Quartz M K-Feldspar ®Plagioclase mTOC M Apatite M Pyrite B Carbonates M lllites MW Chlorite

Figure L1: Charted results from using the Modified Hand-Picked Library for deconvolution.
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Figure L2: Sample 121 measured and modeled spectra using the Modified Hand-Picked Library.

65



1.00
0.90
0.80
0.70
0.60
0.50

Emissivity

0.40
0.30
0.20
0.10
0.00

2000

135b Measured

Modeled Residual

— —t ;

1850 1700 1550

1400 1250 1100 950

800 650

Wavenumber (cm™1)

Figure L3: Sample 135b measured and modeled spectra using the Modified Hand-Picked

Library.
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Figure L4: Sample 159b measured and modeled spectra using the Modified Hand-Picked

Library.
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Appendix P: Mineral RMS error relative to XRD measurements. Blue line (XRD) show error

bars of five percent for each sample, for each of the three methods (MFM: Modified Forward-

Mixed, MHP: Modified Hand-Picked).
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Figure P3: Mineral abundance RMS errors for plagioclase.
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Figure P5: Mineral abundance RMS errors for pyrite.
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Figure P6: Mineral abundance RMS errors for carbonates.
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