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ABSTRACT

The computed tomography (CT) facilities and the Multi-Sensor Core Logger (MSCL) at the
National Energy Technology Laboratory (NETL) in Morgantown, West Virginia were used to
characterize core from the Fayetteville and Pitkin formations. This core came from a vertical
well drilled by Southwestern Energy (Nixon B #1-7 well) and characterized as part of the U.S.
Department of Energy’s (DOE) Fossil Energy and Carbon Management Onshore portfolio’s
focus on unconventional shale plays.

The primary impetus of this work is to characterize Fayetteville Shale core, from an
unconventional shale play in Northwestern Arkansas, that is relatively under-reported on when
compared to larger unconventional resources in the continental U.S. This report, and the
associated scans, provide detailed datasets not typically made publicly available from
unconventional shales for analysis. The resultant datasets are presented in this report and can be
accessed from NETL's Energy Data eXchange online system using the following link:
https://edx.netl.doe.gov/dataset/nixonb-1-7.

All equipment and techniques used were non-destructive, enabling future examinations and
analyses to be performed on these cores. None of the equipment used was suitable for direct
visualization of the shale pore space, although fractures and discontinuities were detectable with
the methods tested. Coarse resolution CT imagery with the NETL medical CT scanner was
performed on the entire core and two zones of potential interest. Qualitative analysis of the
medical CT images, coupled with X-ray fluorescence, P-wave, and magnetic susceptibility
measurements from the MSCL were useful in identifying zones of interest for more detailed
analysis as well as fractured zones. The ability to quickly identify key areas for more detailed
study with higher resolution will save time and resources in future studies. The combination of
methods used provided a multi-scale analysis of this core and provided both a macro and micro
description of the core that is relevant for many subsurface energy-related examinations that
have traditionally been performed at NETL.
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1. INTRODUCTION

Evaluation of core data from ongoing and emerging unconventional reservoirs has long been a
priority of the U.S. Department of Energy’s (DOE) National Energy Technology Laboratory
(NETL). In fulfillment of this mission, the goal of this report is to characterize and disseminate
data from the Nixon B #1-7 well, a well in the western portion of the Fayetteville Play. This
report builds on the techniques of previous core characterization technical reports and aims to
meet the growing demand for high quality and comprehensive lithological data.

The primary objective for this study was to characterize core from an unconventional reservoir in
a growing and emerging field, utilizing methods not available to most researchers. The computed
tomography (CT) and the Multi-Sensor CoreLogger (MSCL) at NETL in Morgantown, West
Virginia, provides a means to characterize the well and disseminate the data to the public in
several formats in this report and through NETL’s Energy Data eXchange
(EDX)(https://edx.netl.doe.gov/dataset/nixonb-1-7). Little detailed analysis is presented in this
report, but simply presents the data available for others to utilize and develop, and creates an
enhanced digital representation of the core data.

1.1  STUDY AREA

The Nixon B #1-7 well (AP1 03-047-11288-00-00) was drilled in the summer of 2004 in the B-
43 field in Franklin County, Arkansas (Latitude: 35.551; Longitude: -94.009) and targeted the
Fayetteville Formation. Core was retrieved from the top of the Pitkin Limestone to the base of
the Fayetteville Shale, and it is made up of 170.5 ft of core in two nearly contiguous sections
(3,060-3,134 ft; 3,200-3,306.5 ft).

1.2 GEOLOGICAL SETTING

The late Mississippian (Chesterian) (345 Ma) Pitkin Limestone and Fayetteville Shale were
deposited in a marine environment in the roughly, present day east-west trending Arkoma Basin.
The Arkoma Basin is bound to the north by the Ozark Dome and to the south by the Ouachita
Mountains (Houseknecht, 1986). The Fayetteville Shale is made up of three members, including,
in ascending order: the lower Fayetteville, the Wedington Sandstone, and the upper Fayetteville.
The Fayetteville Shale fits comfortably beneath the Pitkin Limestone and represents a third-order
regressive cycle, where the maximum flooding surface is represented by the lower Fayetteville
Shale, followed by a transgression event leading to the deposition of the deltaic Wedington
Sandstone, and followed by subsequent sea-level rise leading to the deposition of the upper
Fayetteville and Pitkin Limestone (McGilvery et al., 2016).

1.3 CORE DESCRIPTION

The Nixon B #1-7 well includes the base of the Pitkin Limestone, a medium-light gray
Argillaceous mudstone to wackestone with some interbedded layers of shale, and the Fayetteville
Shale that is made up of three members (upper Fayetteville, Wedington Sandstone, and lower
Fayetteville). In ascending order:

e The lower Fayetteville (core depths; 3,200-3,309 ft) is made up of clay-rich and
fossiliferous calcareous shale with interspersed phosphorus nodules within the calcareous
shale facies
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e The Wedington Sandstone (cores depths; 3,120-3,135 ft) is a light gray tight sublitarenite
to quartzarentite sandstone with some thinly bedded shale intervals

e The upper Fayetteville is a dark gray shale with some interbedded medium-light gray
mudstone intervals.
1.4 CORE PHOTOGRAPHS

Figures 1 through 9 show photographs of the 1/3 slabbed core. Each photographed box holds up
to 10 ft of core.

Figure 1: Photographs of Nixon B well from slabbed 3,060 to 3,080 ft.
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Figure 3: Photographs of Nixon B well from slabbed 3,100 to 3,120 ft.
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Figure 5: Photographs of Nixon B well from slabbed 3,200 to 3,220 ft.
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Figure 7: Photographs of Nixon B well from slabbed 3,250 to 3,270 ft.
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Figure 9: Photographs of Nixon B well from slabbed 3,290 to 3,307 ft.
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2. DATA ACQUISITION AND METHODOLOGY

The 2/3' slabbed core was evaluated using computed tomography (CT) scanning and traditional
core logging.

21 CORE LOGGING

Geophysical measurements of core thickness deviation, P-wave travel time, magnetic
susceptibility, and attenuated gamma counts were obtained with a Geotek® Multi-Sensor Core
Logging (MSCL). Geotek® MSCL software was used to process the raw data into core thickness,
P-wave velocity, gamma density, and fractional porosity values. Additionally, the system was
used to measure bulk elemental chemistry with a built-in, portable X-ray fluorescence (XRF)
spectrometer. The Geotek® MSCL system at the NETL has many additional capabilities
(Crandall et al., 2017); however, only those that were significant to this characterization are
described in the following sections (Figure 10).

Figure 10: MSCL allows researchers to continuously run petrophysical measurements on
whole core: (A) natural gamma detector; (B) XRF spectrometry sensor; (C) magnetic
susceptibility loop sensor; (D) magnetic susceptibility point sensor; (E) P-wave velocity
transducers; (F) gamma density source, and non-contacting electrical resistivity sensor (not
shown)..

2.1.1 Maagnetic Susceptibility

Magnetic susceptibility is a measure of the degree of magnetization in a sample. The sample is
exposed to an external magnetic field and magnetic susceptibility is the measured magnetic
response to that field:

J=kH
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Where, J is the magnetic response (per unit volume), k is volume susceptibility, and H is an
external magnetic field. The measurement unit is dimensionless (abbreviated simply as Sl).

All materials have magnetic susceptibility. Positive values of magnetic susceptibility indicate
that materials are paramagnetic and occur in rocks that consist of the majority ferromagnetic,
ferrimagnetic, or antimagnetic (iron bearing) materials. Whereas negative values of magnetic
susceptibility indicate that materials are diamagnetic and occur in rocks dominated by non-iron
material (i.e., calcite or quartz). Table 1 lists examples of common magnetic susceptibility ranges
(Hunts et al., 1995).

Magnetic susceptibility was measured using the Bartington point sensor, where a 1-cm diameter,
low intensity (8.0 A/m RMS), non-sensitive, alternating magnetic field (2 kHz) is generated for
10 s. To minimize any potential drift in the oscillating field the point sensor was zeroed at the
beginning and end of the sample, as well as after every 5" measurement. The point sensor was
limited in whole core measurements due to the small field, and additionally was temperature
dependent (Geotek Ltd. Multi-Sensor Core Logger Manual, Version 05-10; Geotek Ltd., 2010).

Table 1: Magnetic Susceptibility Values for Common Minerals (Hunts et al., 1995)

Mineral x (*10°%) SI

Water 9
Calcite -7.5t0 -39
Halite, Gypsum -10to -60
Shale 63 to 18,600
Illite, Montmorillonite 330to 410
Pyrite 5 to 3,500
Chalcopyrite 23 to0 400
Hematite 500 to 40,000
Magnetite 1,000,000 to 5,700,000

2.1.2 P-wave Velocity

P-wave velocity measurements were performed to measure the acoustic impedance of a geologic
sample with compressional waves. Acoustic impedance is a measure of how well a material
transmits vibrations, which is directly proportional to density and/or material consolidation. An
example of a material that has a low acoustic impedance would be air, with a wave speed of 330
m/s, whereas granite would have high acoustic impedance, with a wave speed of >5,000 m/s.
These measurements can be proxies for seismic reflection coefficients and can be translated to
field use when doing seismic surveys.

The software associated with the MSCL measures the travel time of the pulse with a resolution
of 50 ns. The absolute accuracy of the instrument measurements is + 3 m/s with a resolution of
1.5 m/s (Geotek Ltd. Multi-Sensor Core Logger Manual, Version 05-10; Geotek Ltd., 2010).
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2.1.3 X-Ray Fluorescence Spectrometry

In addition to the geophysical measurements a portable handheld Innov-X® X-Ray Fluorescence
Spectrometer was used to measure relative elemental abundances of aggregated “light elements”
up to and including sodium; various heavy elements were measured individually (Figure 11).
Elemental abundances are reported relative to the total elemental composition, i.e., out of 100%
weight.

The XRF spectrometer measures elemental abundances by subjecting the sample to X-ray
photons. The high energy of the photons displaces inner orbital electrons in the respective
elements. The vacancies in the lower orbitals cause outer orbital electrons to “fall” into lower
orbits to satisfy the disturbed electron configuration. The substitution into lower orbitals causes a
release of a secondary X-ray photon, which has an energy associated with a specific element.
These relative and element specific energy emissions can then be used to determine bulk
elemental composition.

TN [ nemm |
1 2
H Light Elements He
II':u.u.::': berdiun bosor carbon wogen | oy 160 Bucring .Iu:-:l..ul
3 4 5 6 7 8 9 10
Li | Be B|{C|[N|O|F|Ne
ot | oo Heavy Elements
sodim | magnesiam aluminium slicon phosphons sulfur chiofine argon
11 12 13 14 15 16 17 18
Na | Mg Al|Si|P|S|Cl|Ar
22,960 24.305 26962 20,085 30.974 32.085 35453 19.048

[potassium caldum scandum litanim wanadum chromium | manganese Iron coball rickel copper ne aallum germanim arsenk: alenum broming krypion
19 20 2 22 23 24 25 26 27 28 29 30 3 32 33 34 35 36
K |Ca Sc|Ti| V|Cr|(Mn|Fe|Co| Ni|Cu|lZn|Ga|Ge|As|Se|Br|Kr
30,008 40.078 44,556 47 86T 50947 51.906 54.938 56845 58033 58,603 63,546 65,39 60.723 2.61 74922 TB.96 79,004 B3.80

rubidim | stonism tirsm giconum | niobium | malybdenum| technetiom | ruhenum | modom | palladium silver cadmium ndum in limony | teburum ioding AEON
37 38 39 40 4 42 43 44 45 46 47 48 49 50 51 52 53 54

Rb| Sr Y |Zr {Nb{Mo| Tc |Ru{Rh|Pd|Ag|(Cd| In |Sn|Sb| Te| | | Xe
G548 87.62 £3.006 91.224 92 006 95.94 [58] 100.07 10201 06.42 10787 112.41 11482 11811 12176 127,60 126.90 131.20

cassium Larium |uletiam heatnivm tanlahm ungsten thenium asmmium ridum platirum ok mefary halliurn lead bismulh pokonium aslatine radan
55 56 57-70 I 72 73 T4 75 76 77 78 79 80 81 82 83 B4 85 86

Cs|Ba| ¥ |[Lu|Hf [Ta|W |Re|Os| Ir | Pt |[Au|Hg| Tl [Pb| Bi | Po| At | Rn
E LI IR 17497 | 17848 | 1803 wagd | s | 1002 19022 | 1908 | 1% 20056 | 2048 2012 | 20898 [209 219 [222)

francum radium lerwrencaum | rutherondi ubnum | seaborgium bohrum hassium meingrum | wunnilom | ununonum | ununbiem ununquadium
87 88 89102 | 103 104 105 106 107 1 112 114

Fr|Ra|*x| Lr| Rf |Db|Sg|Bh|Hs | Mt (UunUuu/Uub Uuqg
1229 1224 [262] [261] 12621 [266] [254] | | [271] 272 i 1289

Figure 11: Periodic table showing elements measurable by the Innov-X® X-Ray Fluorescence
Spectrometer (shaded).

2.2 MEDICAL CT SCANNING

Core scale CT scanning was performed with a Toshiba® Aquilion TSX-101A/R medical CT
scanner as shown in Figure 12. The medical CT scanner generates images with a resolution in
the millimeter range, with scans having voxel resolutions of 0.43 x 0.43 mm in the XY plane and
0.50 mm along the core axis. The scans were conducted at a voltage of 135 kV and at 200 mA.
Subsequent processing and combining of stacks was performed to create three-dimensional (3D)
volumetric representations of the cores and a two-dimensional (2D) cross-section through the
middle of the core samples using ImageJ (Schneider et al., 2012). The variation in greyscale

10
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values observed in the CT images indicates changes in the CT number (CTN) obtained from the
CT scans, which is directly proportional to changes in the attenuation and density of the scanned
rock; i.e., darker regions are less dense. As can be seen in Figures 14 through 26, filled fractures,
open fractures, and changes in bedding structure can be resolved via careful examination of the
CT images. While the medical CT scanner was not used for detailed characterization in this
study, it allowed for non-destructive bulk characterization of the core, and thus complimented
the MSCL data on the resultant logs.

Figure 12: Toshiba® Aquilion™ Multislice Helical CT Scanner at NETL used for core
analysis.

2.3  MICRO-CT SCANNING

Micro-CT scanning was performed using two scanners, a ZEISS Xradia MicroXCT-400 scanner
and a Tescan DynaTOM scanner. The Xradia system has the highest resolution of the scanners at
NETL and scans samples sized from sub-mm to 25 mm. Tescan DynaTOM micro-CT scanner
preforms both dynamic and static images and has the ability to scan both sub-mm to cm-scale
samples. Both scanners provide detailed image data that can be used to infer porosity,
mineralogy, and structure.

24  DATA COMPILATION

Strater® by Golden Software® was used to compile the MSCL and medical CT data into a series
of geophysical logs. The data used to generate these logs can be accessed from NETL's Energy
Data eXchange (EDX) online system using the following link:
https://edx.netl.doe.gov/dataset/nixonb-1-7.

11
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3. RESULTS

This section shows processed 2D slices of the medical CT scans through the cores, followed by
the XRF and magnetic susceptibility measurements of the core from the MSCL.

3.1 MEDICAL CT SCANS

The core from the Nixon B well was scanned with a Toshiba Aquilion TSX-101A/R medical CT
scanner at a sub-millimeter core-scale resolution (430 pm by 430 pum by 500 pum). As was
discussed previously, the variation in greyscale values observed in the medical CT images
indicates changes in the CTN obtained, which is directly proportional to changes in the
attenuation and density of the scanned rock (darker regions are less dense). Core was scanned in
3 ft or smaller sections obtained from each core box. In the following images, the overall depth
for each scanned sub-section of core is listed and many interesting features can readily be seen,
including pyrite nodules, defined fracture planes, and fine scale layering.

3.1.1 XZ Planes

A 2D image through the center of each 3D volume can be found in Figures 14 through 26. These
are referred to as “XZ” planes with the coordinates that are shown in Figure 13. The scale bar
shown in these images is 2 cm; the retrieved core has a diameter of 4 in. (10.16 cm) for
reference. The greyscale values were shifted in these images to best represent the structure of the
core but were kept consistent across all the images.

Figure 13: Schematic of the XZ isolated plane through the vertical center of the medical CT
scans.
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3.2 NIXONB

3,060-3,062.8 ft 3,062.8-3,065.5 ft 3,065.5-3,068 ft 3,068-3,071 ft 3,071-3,073.2 ft

Figure 14: 2D isolated planes through the vertical center of the medical CT scans of the Nixon
B #1-7 well from 3,060 to 3,073.2 ft.
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3,073.2-3,076 ft 3,076-3,078.8 ft 3,078.8-3,081.2 ft 3,081.2-3,083.5 ft 3,083.5-3,086.5 ft

Figure 15: 2D isolated planes through the vertical center of the medical CT scans of the Nixon
B #1-7 well from 3,073.2 to 3,086.5 ft.
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3,086.5-3,089.2 ft 3,089.2-3,091.8 ft 3,091.8-3,094.5 ft 3,094.5-3,097.2 ft 3,097.2-3,100 ft

Figure 16: 2D isolated planes through the vertical center of the medical CT scans of the Nixon
B #1-7 well from 3,086.5 to 3,100 ft.
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3,100-3,102.5 ft 3,102.5-3,105.6 ft 3,105.6-3,107.7 ft 3,107.7-3,110.6 ft 3,110.6-3,113.6 ft

Figure 17: 2D isolated planes through the vertical center of the medical CT scans of the Nixon
B #1-7 well from 3,100 to 3,113.6 ft.
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3,113.6-3,116.5 ft 3,116.5-3,120 ft 3,120-3,122.5 ft 3,122.5-3,125.4 ft 3,125.4-3,128.3 ft

Figure 18: 2D isolated planes through the vertical center of the medical CT scans of the Nixon
B #1-7 well from 3,113.6 to 3,128.3 ft.
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3,128.3-3,131.1 ft 3,131.1-3,134 ft 3,200-3,202.7 ft 3,202.7-3,205.1 ft 3,205.1-3,208 ft

Figure 19: 2D isolated planes through the vertical center of the medical CT scans of the Nixon
B #1-7 well from 3,128.3 to 3,134 ft and 3,200 to 3,208 ft.
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3,208-3,210.75 ft 3,210.75-3,213.6 ft 3,213.6-3,216.1 ft 3,216.1-3,218.5 ft 3,218.5-3,220.7 ft

Figure 20: 2D isolated planes through the vertical center of the medical CT scans of the Nixon
B #1-7 well from 3,208 to 3,220.7 ft.
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3,220.7-3,222.1 ft 3,222.1-3,225 ft 3,225-3,228 ft 3,228-3,231 ft 3,234-3,237 ft

Figure 21: 2D isolated planes through the vertical center of the medical CT scans of the Nixon
B #1-7 well from 3,220.7 to 3,237 ft.
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3,237-3,240 ft 3,240-3,243 ft 3,243-3,246 ft 3,246-3,249.2 ft 3,249.2-3,252 ft

Figure 22: 2D isolated planes through the vertical center of the medical CT scans of the Nixon
B #1-7 well from 3,237 to 3,252 ft.
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3,252-3,254.2 ft 3,254.2-3,256.9 ft 3,256.9-3,260 ft 3,260-3,263 ft 3,263-3,265.9 ft

Figure 23: 2D isolated planes through the vertical center of the medical CT scans of the Nixon
B #1-7 well from 3,252 to 3,265.9 ft.
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3,265.9-3,268.8 ft 3,268.8-3,271.6 ft 3,271.6-3,274.5 ft 3,274.5-3,277.4 ft 3,277.4-3,280.3 ft

Figure 24: 2D isolated planes through the vertical center of the medical CT scans of the Nixon
B #1-7 well from 3,265.9 to 3,280.3 ft.
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3,286-3,288 ft 3,288-3,291.7 ft 3,291.7-3,294.6 ft

3,280.3-3,283 ft 3,283-3,286 ft

Figure 25: 2D isolated planes through the vertical center of the medical CT scans of the Nixon
B #1-7 well from 3,280.3 to 3,294.6 ft.
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3,294.6-3,297.6 ft 3,297.6-3,300 ft 3,300-3,304 ft 3,304-3,305.8 ft 3,305.8-3,307 ft

Figure 26: 2D isolated planes through the vertical center of the medical CT scans of the Nixon
B #1-7 well from 3,294.6 to 3,307 ft.
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3.3 ADDITIONAL CT DATA

Additional CT data can be accessed from NETL's EDX online system using the following link:
https://edx.netl.doe.gov/dataset/nixonb-1-7. The original CT data is available as 16-bit tif stacks
suitable for reading with ImageJ (Schneider et al., 2012) or other image analysis software.

3.3.1 Medical CT Image Videos

In addition to the CT data, videos showing the variation along the length of the cross-section
images shown in the previous section are available for download and viewing on EDX. A single
image from these videos is shown in Figure 27, where the distribution of high-density minerals
in a cross section of the core from a depth of 3,105.6 to 3,107.7 ft is shown. Here, the red line
through the XZ-plane on the image of the core shows the location of the XY -plane displayed
above (Figure 13). The videos on EDX show this XY variation along the entire length of the
core.

Figure 27: Single image from a video file available on EDX showing variation in the Nixon B
#1-7 core from 3,105.6 to 3,107.7 ft. This shows the variation in composition within the matrix
perpendicular to the core length. Note the bright (high density) concretions in the matrix.

3.3.2 Micro CT Scanning

Detailed micro CT scans of mm-scale sub-cores from select regions of Nixon B #1-7 were
performed at NETL. The micro CT scanners discussed in Section 2.3 were used to obtain higher
resolution images with voxel resolutions between 1.03 and 43.18 pum?® and capture the details of
internal features clearly. A list of the core sections scanned with the micro CT scanner is shown
in Table 2, followed by montages of images along the length of these small core scans (Figure 28
to Figure 32).
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Table 2: Micro CT Scans from Whole Core

Depth File Name Resolution (um?3)
3,063.0 20210713 Nixon B 3063 2.05
3,112.0 20210813 Nixon B 3112.0 1.30
C1B20_4x
3,128.0 20220223 Nixon B 1-7 C2B3 1.87
3128.0
3,130.4 NixonB1_7_3130_4 43.2
3,130.4 NixonB1_7_3130_4closeview 20.4

Figure 28: Micro CT montage of “20210713 Nixon B 3063”; scale bar represents 500 pm.
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Figure 29: Micro CT montage of “20210813 Nixon B 3112.0 C1B20_4x”; scale bar represents
500 pm.

Figure 30: Micro CT montage of «“20220223 Nixon B 1-7 C2B3 3128.0”; scale bar represents
500 pm.
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Figure 31: Micro CT montage of “NixonB1_7 3130 4”; scale bar represents 1 cm.

Figure 32: Micro CT montage of “NixonB1_7 3130 4closeview” ; scale bar represents 1 cm.
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3.4 DUAL ENERGY CT SCANNING

Dual energy CT scanning uses two sets of images, produced at different X-ray energies, to
approximate the density (pg) (Siddiqui and Khamees, 2004; Johnson, 2012). This technique
relies on the use of several standards of known pg to be scanned at the same energies as the
specimen. These scans are performed at lower energies (<100 KeV) and higher energies (>100
KeV) to induce two types of photon interactions with the object (Figure 33). The lower energy
scans induce photoelectric absorption, which occurs when the energy of the photon is completely
absorbed by the object mass and causes ejection of an outer orbital electron (Figure 33a). The
high energy scans induce Compton scattering, which causes a secondary emission of a lower
energy photon due to incomplete absorption of the photon energy in addition to an electron
ejection (Figure 33b).

3 » b »

Incident Photon
>

Incident Photon
>

p

Figure 33: Photon interactions at varying energies. A) Photoelectric absorption, B) Compton
scattering. Modified from lowa State University Center for Nondestructive Evaluation (2021).

Medical grade CT scanners are typically calibrated to known standards, with the output being
translated in CTN or Hounsfield Units (HU). Convention for HU defines air as

-1,000 and water as 0. A linear transform of recorded HU values is performed to convert them
into CTN. This study used CTN as it is the native export format for the instrument, but it is
possible to use HU. Dual energy CT requires at least three calibration points and it is prudent to
utilize standards that approximate the object or material of interest. Pure samples of aluminum,
graphite, and sodium chloride were used as the calibration standards as they most closely
approximate the rocks and minerals of interest (Table 3). Most materials denser than water or
with higher atomic masses have a non-linear response to differing CT energies (Table 4).

Table 3: Dual Energy Calibration Standards, Bulk Density (gm/cm?®)

Material ‘ ps(g/cm?3)
Air -0.001
Water 1
Graphite 2.3
Sodium Chloride 2.16
Aluminum 2.7
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Table 4: Dual Energy Calibration Standards, HU and CTN for “Low” and “High” Energies

HU CTN
Material
80 KeV 135 KeV 80 KeV 135 KeV
Air -993 -994 31,775 31,774
Water -3.56 -2.09 32,764 32,766
Graphite 381 437 33,149 33,205
Sodium Chloride 1,846 1,237 34,614 34,005
Aluminum 2,683 2,025 35,451 34,793

Dual energy CT utilizes these differences to calibrate to the X-ray spectra. Two equations with
three unknowns each are utilized to find pg (Siddiqui and Khamees, 2004):

pg = MCT Ny, + pCTNhigh + q

_ 36 (TCTNlow-i-SCTNhigh-i-t)
Zetf =

(0.9342 #Pg + 0.1759)

Where [m, p, and q] and [r, s, and t] are unknown coefficients that can be solved by setting up a
system of equations with four 3 x 3 determinants. The CTN is obtained from the CT scans for
each of the homogenous calibration standards.

In this study the high and low energy image stacks were loaded into Python as arrays. A 3D
Gaussian blur filter with a sigma of 2 was used to reduce noise in the images. The scipy.solv
module of Python was then employed to solve for the coefficients based on the calibration of
CTN values. The pg was solved for each pixel in the 3D volume and saved as two new separate
image stacks. The Zes was solved for at each pixel as well, and the data is available on the EDX
data page.

3.5 COMPILED CORE LOG

The compiled core logs were scaled to fit on single pages for rapid review of the combined data
from the medical CT scans and MSCL readings. Two sets of logs are presented; the first set with
data from the major elements and elemental ratios, and the second set with elemental proxies and
CT image data (Zeff and Dual Energy Density). Features that can be derived from these
combined analyses include determination of mineral locations, such as pyrite, from magnetic
susceptibility. The XRF is used to inform on geochemical composition and mineral form.

Data from the MSCL was filtered to remove areas of fractures and missing core, P-wave velocity
was limited to values greater than 330 m/s, gamma density (and dual energy density) were
limited to values greater than 1.5 g/cm?, and Zeff was limited to values greater than 12.

The elemental results from the XRF were limited to major elements (LE, Ca, Si, Al) and
elemental proxies related to redox potential (Co, Ni, Cu, and V), biogenic production (P and V*),
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skeletal influx/carbonate potential (Ca and Mn), detrital influence (Zr, Ti, Al, Si), and
chalcophiles (Pb, S, Fe).

Trends in elemental ratios can provide insight into mineral composition, oxidation state, and
depositional setting. Examples include: Ca/Si, which provides information on relative abundance
of calcium carbonates versus silicates; Mn/Fe, which provides information on oxidation, where a
decrease in the ratio is related to zones of anoxic/euxinic conditions and an increase is related to
zones of dysoxic/oxic conditions; S/Fe which provides information on the abundance of pyrite
(and other iron sulfates) versus Fe oxide minerals; Fe/Al, which provides information about the
degree of pyritization in shales; Ti/Al, which provides information about terrigenous input; and
Si/Al, which provides information on the abundance of illite and micas versus other clays.
Magnetic susceptibility can test for iron sulfides (reducing) or oxidized Fe and sulfate. The
elemental proxy log also includes an XRF “mineralogy” with Al, representing clays; Ca,
representing calcite; and Si, representing only quartz, although there is some Si contribution to
the clays. Zeff is also displayed where ~14 represents carbonate-rich facies, ~13 represents clay
rich facies, and ~12 represents quartz-rich facies. Pyrite (reduced) should have low magnetic
susceptibility, and Fe oxide or hydroxide should have high magnetic susceptibility. These broad
trends can quickly give information on large suites of core and direct more focused research.
These logs are presented in the following images (Figure 34 to Figure 35).
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Figure 34: Compiled core log for Nixon B #1-7 with major elements and elemental ratios, from
3,060 to 3,310 ft.
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Figure 35: Compiled core log with elemental proxies for Nixon B #1-7, from 3,060 to 3,310 ft.
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4. DISCUSSION

The measurements of the magnetic susceptibility, P-wave velocity, XRF, and CT analysis
provide a unique look into of the internal structure of the core and macroscopic changes in
lithology. These techniques:

e Are non-destructive

e When performed in parallel give insight into the core beyond what one individual
technique can provide

e Can be used to identify zones of interest for detailed analysis, experimentation, and
quantification

e Provide a detailed digital record of the core, before any destructive testing or further
degradation, that is accessible and can be referenced for future studies.
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