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Abstract:

Unconventional Mississippian oil and gas reservoirs in central and northern
Oklahoma and southern Kansas are characterized by porosities of 1-2 percent or less,
and permeability values measured in fractions of millidarcies. As such, natural fractures
are an important part of reservoir performance in the “Mississippi Lime.”
Understanding the types and distribution of fractures in these carbonate rocks and how
they may be related to facies and sequence stratigraphic architecture, may increase the
predictability of fracture-enhanced permeability in the subsurface. The overall goal of
the study is to understand the distribution and types of fractures within the
“Mississippian Limestone” as they may relate to specific facies and sequence
stratigraphic architecture to increase the subsurface predictability of fracture
permeability.

Three cores from Payne and Osage counties, Oklahoma were utilized in this
study (Elinore #1-18, Winney #1-8, and Orion Blackbird #3-44). Fracture types in the
cores were first identified and various fracture properties were measured. This data
was integrated with the established high-resolution sequence stratigraphic framework
to analyze the distribution of fractures within petrophysically-significant facies.

Fracture types and fracture density are facies dependent (i.e. fracture
predictability is enhanced by tying the data to the 4 defined facies types). The crinoidal
packstone-grainstone facies had the highest number of ptygmatic and vertical
extensional fractures and the highest fracture density in the Elinore and Winney cores
(1.95 fractures per foot and 1.46 fractures per foot). The glauconitic sandstone facies
had the lowest fracture density (0 fractures total). In the Orion core, the bioturbated
wackestone-packstone facies had the highest number of ptygmatic and vertical
extensional fractures as well as the highest fracture density (2.56 fractures per foot).

Fracture types and densities were compared to the sequence stratigraphic
framework and XRD data. Fracture type and fracture density correlate to the regressive
phases of probable 3™ order high frequency sequences in the Elinore and Winney,
suggesting that fracture trends can be predicted by tying the data to the sequence
framework. Fracture density did not correlate to the XRD data at high resolutions, but
did correlate when the data was averaged by facies type. A more comprehensive
dataset would likely yield a more reliable correlation.

Micro-CT scanning of fractured samples proved to be a useful tool in evaluating
the fracture distribution beyond what can be seen at the surface of the core and
highlights the need for analyzing microfractures.
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CHAPTER |

INTRODUCTION

The “Mississippian Limestone” of the Mid-Continent contains hydrocarbon-rich
reservoirs in Oklahoma and Kansas (Figure 1). The “Mississippian Limestone” play has
historically been developed using vertical drilling techniques and was considered to be
exhausted of its hydrocarbon resources (Montgomery et al., 1998). However, in recent
years, horizontal drilling has allowed for new development of unconventional reservoirs
like those of Mississippian carbonates. The Mississippian carbonate system of the Mid-
Continent is highly heterogeneous, including a mix of siliciclastic and carbonate rocks.
The unpredictable and laterally discontinuous reservoir units in the system include:
spiculite, tripolite, dolomite, chat, grainstone, and mound facies. Recent work on the
Mississippian carbonates of the Mid-Continent has resulted in the development of a
sequence stratigraphic hierarchy in the region that has begun to solve the
unpredictability of various reservoir units (e.g. LeBlanc, 2014, Price, 2014, Childress,

2015; Childress and Grammer, 2015). This work includes both outcrop and subsurface



studies in which a high-resolution sequence stratigraphic framework was constructed to

better understand the vertical and lateral continuity of facies distribution.

Unconventional “Mississippian Limestone” reservoirs of the Mid-Continent are
characterized by low porosities, generally 1-2 percent or less, and low permeability
values typically in the fractions of millidarcies (Grieser and Pinkerton, 2013). Because of
these low porosity and permeability values, natural fractures could be an important part
of reservoir performance. A comprehensive fracture study that ties to the recently
determined high-resolution sequence stratigraphic framework in the “Mississippian
Limestone” of the Mid-Continent allows for further examination of the controls on the

natural fracturing in the system.

The primary goals of this research are to: 1) identify the types of fractures in the
“Mississippian Limestone” using three cores located in Payne and Osage counties,
Oklahoma; 2) determine if the fractures can be correlated to petrophysically-significant
facies types; and 3) determine if the subsurface predictability of fractures can be
enhanced by tying to either facies, lithology, or the sequence stratigraphic framework.
By attempting to tie fracture type and fracture density to petrophysically-significant
facies types and the overall sequence stratigraphic architecture, the controls of the
natural fracture system in the “Mississippian Limestone” can be analyzed from a higher
resolution standpoint. This will allow for increased subsurface predictability of fracture

networks in these unconventional carbonate reservoirs.
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Figure 1. Map of the “Mississippian Limestone” oil (green) and gas (red) fields defined
primarily with vertical drilling. The largest oil field is located in north - central Oklahoma
(Sooner Trend). Thickness of the Mississippian system is mapped in gray, with the
thickest Mississippian section in western Oklahoma. Modified from Harris (1975).

Geologic Setting

Mississippian carbonates were deposited across the ancient Burlington Shelf,

which extended across parts of Nebraska, Colorado, Kansas, Oklahoma, Arkansas,

Missouri, lowa, and lllinois (Figure 2) (Lane and DeKyser, 1980; Gutschick and Sandberg,

1983). During the Mississippian, the depositional system was located approximately 20-

30 degrees south of the paleoequator in relatively shallow marine conditions and

subtropical climates (Gutschick and Sandberg, 1983; Witzke et al.,

1990, Blakey, 2011).



Recent interpretations conclude that deposition took place in a carbonate ramp to
distally steepened ramp environment (Wilhite et al., 2011; LeBlanc, 2014, Price, 2014;
Childress, 2015; Childress and Grammer, 2015). Figure 3 illustrates the location of the
three subsurface cores used for this study, which include the Winney #1-8, Elinore #1-
18, and the Orion Blackbird #3-44 located in north-central Oklahoma in Payne and

Osage counties.

oo

0
200
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— — —
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Figure 2. Paleo-depositional model representative of the Early Mississippian time. The
model depicts the west-east trending Mississippian carbonate system of the Mid-
Continent as being deposited across the ancient Burlington Shelf, with shallower water
regions present in the north and deeper water to the south. It is important to note that
this model is a generalized static model that only represents a single and simplified time
slice of a dynamic system. Modified from Gutschick and Sandberg (1983).
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Figure 3. Map of the study area in Oklahoma. Core locations are shown in blue. The
Winney #1-8 core (1 on figure) and the Elinore #1-18 core (2 on figure) are located in
Payne County. The Orion Blackbird #3-44 core (3 on figure) is located in Osage County.

Major tectonism in the Mid-Continent began in the Late Mississippian (~330 Ma)
and climaxed in the Early Pennsylvanian (~318 Ma) with the Ouachita Orogeny and uplift
and faulting of the Nemaha Ridge (Gay, 2003; Gay, 1999). The Nemaha Uplift (also
referred to as the Nemaha ridge) is a north-south trending structural feature in north-
central Oklahoma and southern Kansas consisting of a belt of high angle to reverse
faulting (Gay, 2003). The study areas are located east of the Nemaha uplift on the
Cherokee Platform. Structural features bordering the study areas include the Ozark
Uplift to the east, the Arbuckle Uplift to the south, and the Anadarko Basin to the

southwest (Figure 4).
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Figure 4. Map depicting the size and orientation of structural features in Oklahoma
relative to the study areas (core locations are shown in green, counties are outlined in
red). Brown regions represent uplifted regions relative to depression features (blue).
The cores are located on the Cherokee Platform, east of the Nemaha Uplift. Structural
features bordering the study areas include the Anadarko Basin to the southwest, the
Arbuckle Uplift to the south, the Arkoma Basin to the southeast, and the Ozark Uplift to
the east. Modified from Northcutt and Campbell (1996).

Stratigraphy

Mississippian-aged strata in the Mid-Continent is informally referred to as the
“Mississippian Limestone”, however, these Mississippian aged rocks are composed of a
mixture of carbonates and siliciclastics (Montgomery et al., 1998). In the Mid Continent,
the Mississippian stratigraphic section typically overlies the Devonian Woodford shale
and occurs beneath the unconformable contact of the overlying Pennsylvanian strata.
The cores used for this study do not have exact stratigraphic ranges assigned to them
due to lack of biostratigraphy, but the unconformities at each contact between the
overlying (Pennsylvanian) and underlying (Devonian) deposits have been observed in all

three cores indicating they are of Mississippian age.
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Sea Level and Cyclicity

Shallow water marine carbonate systems are highly dependent on sea level
fluctuations. Eustatic sea level history during the Mississippian is related to a transitional
period from greenhouse conditions that existed in the Devonian, to icehouse conditions
that existed during the Pennsylvanian (Read, 1995). Depositional cycles are controlled
by climate, sedimentation rates, tectonics, and Milankovitch cycles (Read, 1995).
Milankovitch cycles refer to high frequency sequences and cycles (4" and 5™ order).
These are climatically driven sea level cycles that control the facies stacking patterns
(lithologies) in carbonate systems (Read, 1995). The Milankovitch cycles are controlled
by changes in earth’s eccentricity (shape of orbit), which is associated with 4t order
sequences (100-400 kyr duration), and changes in obliquity (earth’s axial tilt, ~40 kyr)
and precession (wobble of earth’s axial orientation, ~20 kyr), which are associated with

5t order cycles (Read, 1995).



CHAPTER Il

METHODS AND DATA

Measured and Calculated Fracture Parameters

Data collection included fracture aperture and height measurements for each
fracture visible in core as well as tabulation of fracture density. These parameters were
chosen based on methods used for fracture studies by Lockman et al. (1997), Cooper

and Lorenz (2012), and Nelson (2001).

Measuring Fracture Apertures

In order to assess porosity and permeability of a natural fracture system, data
that defines the aperture of fractures is needed. The fracture aperture refers to the
width of the fracture opening. Measurements of fracture apertures in this study include
both widths of fully mineralized fractures as well as open sections of fractures to
evaluate the total amount of fracturing (i.e. the original width of the fracture). The

measurements were obtained by measuring the apertures directly on the core face with



a millimeter scale ruler. The apertures for most fractures varied, thus an average
fracture aperture was calculated using the minimum aperture measurement and the

maximum aperture measurement.

One limitation that exists in measuring fracture apertures optically is the ability
to see fracture apertures smaller than a few tenths of a millimeter. There is likely some
error associated with the aperture measurements of smaller fracture apertures.
Another limitation associated with measuring fracture apertures is the difficulty in
measuring the apertures in natural rubble zones or pieces of the core that are split apart
due to primary and/or induced fracturing. Because the apertures cannot be measured
in these circumstances, there is uncertainty with the aperture results found from rubble

zones and pieces of core that are broken apart.

Measuring Fracture Heights

The fracture heights were obtained by measuring each fracture vertically with a
millimeter scale ruler. Itis important to note that fracture height in this study is not
necessarily the same as fracture length. Capturing the true fracture length depends on
both the orientation of the fracture parallel to the vertical direction of the core as well
as the fracture type. There is a small population of horizontal fractures in the cores and
these fracture heights were recorded as zero due to these fractures lacking a vertical

dimension.



Calculating Fracture Density

Cooper and Lorenz (2012) and Nelson (2001) define fracture density as the
number of fractures per foot of core. This is the definition of fracture density used in
this study and differs from Lockman et al. (1997) who define it as the surface area of a
fracture in a unit volume of rock. The available dataset, i.e. 3 subsurface cores,
precludes accurately measuring the volume of rock through which a fracture may be
found. The fracture density for each petrophysically-significant facies was calculated
using the total footage of each facies divided by the total number of fractures identified

in each facies.

X-Ray Diffraction

X-ray diffraction (XRD) provides quantitative estimation of rock mineralogy and
was used in this study to analyze potential correlation of fractures to mineralogical
variability. The XRD data was obtained from 1 inch diameter core plug samples taken
from whole core that were analyzed by Weatherford Laboratories using bulk XRD
methods. The Winney and Elinore XRD datasets were the same datasets used for XRD
analysis in LeBlanc (2014), which included clay content, carbonate content, and various
other minerals. The clay content was subdivided into percentages of chlorite, kaolinite,
illite/mica, and illite/smectite. The carbonate content was separated into percentages
of calcite, dolomite, and siderite. Percentages of quartz, potassium feldspar,
plagioclase, pyrite, apatite, marcasite, halite, and barite were also reported. The XRD

dataset for the Orion core included only percentages of quartz and calcite.

10



Potential limitations of the given XRD datasets for each core include: 1) the
spacing of the core plug samples, which are not consistent in any of the datasets; 2)
some of the sampling locations may have been purposefully chosen in unfractured
zones, creating a sampling bias; 3) a first-order approximation of clay minerals was
determined using bulk x-ray diffraction, however, oriented mounts to properly identify

specific clay minerals were not used.

Micro-CT Scanning

Micro computed tomography (micro-CT) uses x-rays to image an object in three
dimensions which is not possible from a 2-D core surface. Micro-CT scanning was used
in this study for two 1.5 inch diameter core plug samples from the Winney core to
visualize fractures and fracture distribution in three dimensions, which may lead to a

better understanding of how the fractures are interconnected.

Previous Work and Petrophysically-Significant Facies

The Winney, Elinore, and Orion Blackbird cores were previously analyzed by
LeBlanc (2014) and Vanden Berg (2016) for identification of facies types, vertical
stacking patterns, pore types, and to constrain the high frequency sequence
stratigraphic framework. Facies textures and pore types were examined using core and
thin section analysis and were determined using the Dunham (1962) and Choquette and
Pray (1970) classifications. Facies colors were determined using the GSA rock color
designation chart (Goddard et al., 1951). According to LeBlanc (2014), five facies exist in
the Winney and Elinore cores. Stratigraphically, from relatively deep to shallow water,

11



these facies include a glauconitic sandstone, burrowed calcareous mudstone-
wackestone, bioturbated wackestone to packstone, peloidal packstone-grainstone, and
a skeletal packstone-grainstone. Vanden Berg (2016) identified seven facies in the Orion
Blackbird core, consisting of variations of mudstones, wackestones, and mud-lean

packstones.

For this study, the facies identified by LeBlanc (2014) and Vanden Berg (2016)
were grouped into four petrophysically-significant facies. Petrophysically-significant
facies were defined based on probable susceptibility to brittle or ductile failure (i.e. how
the rock would likely behave from a rock mechanics standpoint) and are defined here as
discrete rock packages of similar mineralogy and texture. The following petrophysically-
significant facies descriptions and interpretations are based on LeBlanc’s (2014)
previous facies descriptions and the reader is directed to that work for a more detailed

analysis of facies interpretations.

Facies 1: Glauconitic Sandstone

The glauconitic sandstone facies (Figure 5) is composed primarily of sand-sized
glauconite grains (average 45%) and silt-sized quartz (average 48%). Sparse phosphatic
bone fragments (1-5%), and brachiopod fragments (5%) are also present.
Mineralogically, the facies is characterized by an average of 23% total clay minerals (16%
illite/mica, 7% illite/smectite), an average of 12% calcite, 0-10% dolomite by volume,
and pyrite grains (average 4%). This facies is dark greenish gray in color and is

characterized as having intraparticle and interparticle porosity (average porosity of

12



9.45%, minimum 9.34%, maximum 9.56%). The average permeability in Facies 1 is
approximately 0.36 millidarcies (mD) (minimum 0.006 mD, maximum 0.71 mD). The
glauconitic sandstone facies is present in the Winney and Elinore near the base of the
cores, but is absent in the Orion Blackbird core. Facies 1 was interpreted to have been
deposited in a restricted, low-energy environment, likely in a more distal portion along

the carbonate ramp depositional model.

13



Figure 5. Glauconitic Sandstone (Facies 1). A-B) Facies 1 core photograph under white
light from the Elinore core. Scale is in centimeters. Glauconite-rich sand in hand sample
concentrated in centimeter-scale burrows (BU) and chert (CH) nodules. Photo B
contains very coarse sand-sized scattered pyrite grains (PY) and chert (CH) nodules. C-
D) Thin section photomicrograph of Facies 1 under white light with blue epoxy

14



impregnation. The sample contains silt- to very fine sand-sized quartz (Q) and
glauconite (G) grains. Intracrystalline porosity (WX) within dolomite grains (D), possibly
indicating dedolomitization (?) and interparticle porosity (blue) are evident. E-F) Thin
section photomicrograph of Facies 1 under white light with blue epoxy impregnation.
This thin section contains scattered phosphatic bone fragments (BF) and phosphate
debris (PH). Quartz (Q) and glauconite (G) grains are present with minor interparticle
porosity and intracrystalline (WX) porosity (blue) present within dolomite crystals (D).
From LeBlanc (2014).

Facies 2: Burrowed Mudstone-Wackestone

The burrowed mudstone-wackestone facies (Figure 6) is characterized by a
brownish black to grayish color, millimeter scale burrows, and presence of laminated
mudstone. This facies contains silt-sized quartz (average 60%) with the presence of
sponge spicules (5-10%), brachiopod fragments (5%), and thin crinoid beds (average 1
cm thick). Mineralogically, this facies is characterized by an average of 28% calcite, an
average of 19% total clays (0.2% kaolinite, 15% illite/mica, 4% illite/smectite), and pyrite
(average 2.8%). Facies 1 is observed in all three cores and contains moldic pores, an
average porosity of 2.5% (minimum 1.1%, maximum 7.16%), and an average
permeability of 0.05 mD (minimum 0.0001 mD, maximum 0.2 mD). Facies 2 was
interpreted to have been deposited in an outer to distal outer ramp environment or in a

low-energy, restricted environment.
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Figure 6. Burrowed Mudstone-Wackestone (Facies 2). A) Facies 2 core photograph
from the Elinore core under white light. Scale is in centimeters. In hand sample, it is
thinly bedded with some visible brachiopod and crinoid fragments. B) Thin section
photomicrograph of Facies 2 under white light with alizarin red staining. The sample
contains scattered calcareous grains (pink) throughout the muddy matrix as well as
siliceous sponge spicules (SP) and silt-sized quartz grains (Q). C) Thin section
photomicrograph of Facies 2 under white light. The sample contains abundant
brachiopod fragments (BR), silt-sized quartz grains (Q), and calcareous skeletal
fragments (SK) with scattered sponge spicule fragments (SP). From LeBlanc (2014).
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Facies 3: Bioturbated Wackestone-Packstone

The bioturbated wackestone-packstone facies (Figure 7) contains silt-sized
guartz grains (average 50%) and fine sand-sized peloids (average 40%). Sponge spicules
(5%), crinoid fragments (10%), and brachiopods (5%) are also present. Mineralogically,
the facies is characterized by an average of 42% calcite, an average of 9.3% total clays
(6.5% illite/mica, 2.8% illite/smectite), and sparse pyrite grains (average 1.6%). This
facies is a dusky yellowish brown color and is characterized by a bioturbation index of 1
(sparse) to 6 (heavy) (bioturbation index from Bann et al., 2008), with localized
centimeter-scale burrows, moldic pores with an average porosity of 3.2% (minimum
0.43%, maximum 6.37), and an average permeability of 0.006 mD (minimum 0.0001 mD,
maximum 0.07mD). Facies 3 is present in all three cores and was interpreted as being

deposited in a mid- to outer-ramp environment.
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Figure 7. Bioturbated Wackestone-Packstone (Facies 3). A-B) Facies 3 core photograph
under white light from the Winney core. Scale is in centimeters. Heavy bioturbation
(bioturbation index of 6) and centimeter-scale burrows (BU) are visible in hand sample.
C-D) Thin section photomicrograph of Facies 3 under white light at 2X (C) and 5X (D)
with alizarin red staining. The sample is composed of silt-sized quartz grains (Q) and
crinoid fragments (CR) and contains mud wisps (MW) throughout. E) Thin section
photomicrograph of Facies 3 under white light with alizarin red staining. The sample is
mud-supported (M) near the middle and bottom and grain-supported at the top and is
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heavily bioturbated. Scattered crinoid fragments (CR) are present throughout the
sample. From LeBlanc (2014).

Facies 4: Crinoidal Packstone-Grainstone

The crinoidal packstone-grainstone facies (Figures 8a and 8b) is a grain
dominated facies (silt to fine sand-sized grains) characterized by silt to fine sand-sized
guartz (average 40%) and sand-sized peloids (~¥50%). Abundant skeletal grains (~15%)
consisting of crinoids, brachiopods and some bryozoan fragments are also present.
Mineralogically, the facies consists of an average of 2% total clays (1.8% illite/mica, 0.2%
illite/smectite), an average of 50% calcite, and sparse pyrite grains (average 0.3%).
Facies 4 is variable in color, ranging from medium to dark grays and browns, contains
moldic pores, vugs, and intraparticle porosity, has an average porosity of 3.2%
(minimum 0.12%, maximum 11.4%), and has an average permeability of 0.009 mD
(minimum 0.0001 mD, maximum 0.24 mD) . It is massive-bedded with intermittent
cross-bedding, inclined bedding planes, and hummocky and swaley cross stratification
and was interpreted to have been deposited in a mid-ramp environment or in a more
distal portion of the ramp crest, within the influence of storm waves. Facies 4 is present

in the Winney and Elinore cores, but is absent in the Orion Blackbird core.
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Figure 8a. Crinoidal Packstone-Grainstone (Facies 4). A) Facies 4 core photograph
under white light from the Winney core. Scale is in centimeters. Facies 4 can be
massively bedded in hand sample. B-C) Thin section photomicrographs of Facies 4
under white light with alizarin red staining. This sample is composed of brachiopod (BR)
and crinoid (CR) fragments, sponge spicules (SP), fine sand-sized peloids (P) and silt-
sized quartz grains (Q). From LeBlanc (2014).
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Figure 8b. Crinoidal Packstone-Grainstone (Facies 4). A) Facies 4 core photograph
under white light from the Winney core. Scale is in centimeters. Traction current
features with truncated surfaces (TR) are commonly observed in hand sample. Visible
fractures (FR) as well as fracture terminations (FRT) are present in this sample. B) Facies
4 core photograph under white light. Scale is in centimeters. In hand sample,
hummocky cross-stratification (outlined in yellow) is sporadically observed as well as
visible fractures (FR) and fracture terminations (FRT). C) Thin section photomicrograph
of Facies 4 in white light. This sample is composed of quartz grains (Q), brachiopod (BR)
and crinoid (CR) fragments and contains intraparticle porosity (WP) as well as moldic
porosity (MO). From LeBlanc (2014).
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Fracture Types

Using fracture type characterization from Nelson (2001) and Cooper and Lorenz
(2012), three fracture types were identified in core, which include: vertical extensional,
and ptygmatic fractures. A fourth fracture type, “mixed” fractures, are characterized by
the presence of both of the previously stated fracture types. Fracture type
characterization is based on the morphological characteristics observed, which can be
attributed to their associated stress regimes. Figure 9 illustrates the stress regimes
associated with extensional (A) and shear (B and C) fracturing.

Vertical Extensional Fractures

Extension fractures have a sense of displacement perpendicular to and away
from the fracture plane (Nelson, 2001). These fractures form parallel to o1 (maximum
principal stress) and o3 (intermediate principal stress) and perpendicular to o3 (minimum
principal stress) (shown as A on Figure 9). Characteristic indicators of extensional
fractures include the absence of shear offsets and the presence of plume structures on
the open fracture faces (Cooper and Lorenz, 2012). The vertical extensional fractures
observed in this study commonly have partial mineralization by calcite or were
completely separated with calcite mineralization present along the fracture walls.
Figure 10 includes representative core photographs of vertical extensional fractures
identified. A total of 270 vertical extensional fractures were identified in the entire

subsurface dataset.
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Figure 9. Diagram depicting extensional fractures (A), shear fractures (B and C), and
their associated stress regimes (01, 02, 03). 01represents the maximum principal stress,
o2 represents the intermediate principal stress, and o3 represents the minimum principal
stress. Extensional fractures form parallel to o1 and o2 and perpendicular to o3. Shear
fractures form at acute angles to o1 and obtuse angles to 0s3. Re-Drafted from Nelson

(2001).
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Figure 10. Extensional fractures (arrows) identified in the Winney core. A) Core
photograph of an extensional fracture at a depth of 5227’ in the crinoidal packstone-
grainstone (Facies 4). Scale is in centimeters. The fracture is completely separated with
the presence of calcite mineralization. B) Core photograph of an extensional fracture at
a depth of 5225.4’ in the crinoidal packstone-grainstone (Facies 4). This fracture is also
completely separated and contains calcite mineralization along the fracture walls.

24



Ptygmatic Fractures

Ptygmatic refers to fractures that are intensely distorted or folded. There is
uncertainty in how this type of fracture forms. Cooper and Lorenz (2012) suggest that
ptygmatic fractures form as extensional fractures first and are compacted and
subsequently folded. The fractures are interpreted to have occurred when the
sediment was brittle enough to fracture, but soft enough for significant ductile
deformation to occur. The ptygmatic fractures seem to have the most distortion
(folding) in the muddier facies, similar to what has been reported by Gross (1995) and
Cooper and Lorenz (2002). A total of 700 ptygmatic fractures were present in all three
cores combined, making ptygmatic fractures the most abundant fracture type. These
fractures are completely mineralized with calcite, commonly terminate at one or both
ends at more ductile muddier layers, and may display multiple broken vertical fracture

segments from intense folding (Figures 11 and 12).
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Figure 11. Ptygmatic fractures (arrows) identified in the Elinore core at a depth of 4477’
in the burrowed mudstone-wackestone (Facies 2). Scale is in centimeters. Each
ptygmatic fracture in this sample is mineralized and was identified by the presence of
the characteristic folding along the fracture plane. There are likely multiple zones of
cement present in the larger fracture and this fracture may also be made up of multiple
fractures. The smaller fractures terminate at specific layers within the mottled fabric.
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Figure 12. Ptygmatic fractures (arrows) identified in the Winney and Orion Blackbird
cores. A) Core photograph in the Winney core at a depth of 5161.5” in the burrowed
mudstone-wackestone (Facies 2). Scale is in centimeters. The fracture is heavily folded
throughout the length of the fracture and the top half of the fracture was folded to the
point of breaking into smaller vertical segments. B) Core photograph of a ptygmatic
fracture identified in the Orion Blackbird core at a depth of 3215.8’ in the bioturbated
wackestone-packstone (Facies 3). The arrows indicate the ptygmatic fracture with
calcite mineralization and visible folding along the fracture plane.
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Mixed Fractures

In some cases, fracture characterization and identification could not be
determined when the presence of two fracture types occurred within a single fracture.
These fractures were identified as a mixed fracture type: extensional and ptygmatic.
Figures 13 and 14 illustrate examples of mixed fracture types in core that display

characteristics of extensional and ptygmatic fracturing.

1cm

Figure 13. Core photo of a mixed fracture in the Winney core at a depth of 5263.8’. The
extensional portion of the fracture is indicated by the blue arrow and the ptygmatic
portions are indicated by the red arrows. The fracture is mineralized with calcite,
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terminates at a darker layer (indicated by the white arrow), and is more heavily folded
in the darker material that intervenes towards the middle of the photo.

i
i
a3

Figure 14. Mixed fracture (extensional and ptygmatic) identified in the Elinore core at a
depth of 4475’ in the bioturbated wackestone-packstone (Facies 3). Scaleis in
centimeters. The arrows indicate the fracture plane. The top of the fracture is located
at the top of the left core interval in the photo and the bottom of the fracture is located
at the bottom of the right core interval. This calcite filled fracture displays
characteristics of extensional and ptygmatic fracturing. The blue arrow indicates an
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extensional section of the fracture. The red arrows indicate ptygmatic portions of the
fracture where the fracture plane has been folded.

Natural vs. Induced Fractures

Natural fractures are the fractures that exist in the rock before any coring or
drilling occurs. Induced fractures are those that are created during drilling, coring, and
subsequent core handling. It can be difficult at times to distinguish between natural and
induced fractures. Kulander et al. (1990), Lorenz et al. (1990), and Nelson (2001) discuss

distinguishing characteristics of natural and induced fractures in core analysis.

The primary indicator of natural fractures used for this study was the presence of
mineralization. If mineralization was present on a fracture plane, the fracture was
identified as natural. Induced fractures were identified based on common
morphological characteristics outlined in Kulander et al. (1990), Lorenz et al. (1990), and
Nelson (2001). Induced fractures commonly seen in the cores include petal-centerline,

scribe-knife, and disc fractures.

Fracture Types Related to Facies

Ptygmatic fractures are the most abundant fracture type in the cores overall,
with vertical extensional fractures being the second most abundant. The Elinore and
Winney cores (Figures 15a and 15b) have the most abundant ptygmatic and vertical
extensional fractures (113 total ptygmatic and 50 total vertical extensional in the
Elinore; 89 total ptygmatic and 48 total vertical extensional in the Winney) in the

crinoidal packstone — grainstone facies (Facies 4). The Orion Blackbird core (Figure 15c)
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does not have the crinoidal packstone — grainstone facies or the glauconitic sandstone
facies present, however, the same general trend exists with the ptygmatic and vertical
extensional fracture populations being most abundant in the grainier facies. The
bioturbated wackestone-packstone (Facies 3) has more ptygmatic and vertical
extensional fractures (321 total ptygmatic and 137 total vertical extensional) compared

to the burrowed mudstone-wackestone (Facies 2).

Elinore #1-18
Fracture Types Related to Facies

e 114

4
21 56
Il 19
. 3 8
2 3
o B Ptygmatic
= K] _ .
2 Vertical Extensional
Mixed (Extensional and Ptygmatic)
1
0 20 40 60 80 100 120

Number of Fractures

Figure 15a. Graph of fracture types and frequency plotted by petrophysically-significant
facies type in the Elinore core. Number of fractures is plotted on the x-axis and facies
types are plotted on the y-axis. Fracture populations for each facies are color coded by
fracture type. Facies 4 (crinoidal packstone-grainstone) contains the largest number of
ptygmatic and extensional fractures. The number of ptygmatic fractures decreases from
Facies 4 to Facies 1.
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Winney #1-8
Fracture Types Related to Facies
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Figure 15b. Graph of fracture types and frequency plotted by petrophysically-significant
facies type in the Winney core. Number of fractures is plotted on the x-axis and facies
types are plotted on the y-axis. Fracture populations for each facies are color coded by
fracture type. Facies 4 (crinoidal packstone-grainstone) contains the largest number of
ptygmatic and extensional fractures. The number of ptygmatic fractures decreases from
Facies 4 to Facies 1.
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Orion Blackbird #3-44
Fracture Types Related to Facies
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Figure 15c. Graph of fracture types and frequency plotted by petrophysically-significant
facies type in the Orion Blackbird core. Number of fractures is plotted on the x-axis and
facies types are plotted on the y-axis. Fracture populations for each facies are color
coded by fracture type. Unlike the Elinore and Winney, Facies 4 (crinoidal packstone-
grainstone) and Facies 1 (glauconitic sandstone) are absent. Facies 3 (bioturbated
wackestone-packstone) has the largest number of ptygmatic and extensional fractures.
The number of ptygmatic fractures decreases from Facies 3 to Facies 2.
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Overall, the Winney and Elinore cores exhibit similar numbers of ptygmatic and
vertical extensional fractures in each petrophysically-significant facies. Comparing these
values to the Orion Blackbird values, Facies 2 and Facies 3 in the Orion core have much
higher numbers of ptygmatic and vertical extensional fractures than those same facies
types in the Winney and Elinore cores. To be certain that these numbers are not higher
because the core is longer and therefore had more total footage of Facies 2 and Facies 3
present, Figure 16 displays the average fracture densities (normalized) for ptygmatic
and vertical extensional fractures in the studied cores. The Orion Blackbird still exhibits
higher vertical extensional and ptygmatic average fracture densities than Facies 2 and

Facies 3 in the Elinore and Winney.
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Figure 16. Average fracture densities of ptygmatic and vertical extensional fractures
graphed by facies types in the studied cores. The green box represents the Winney
core, the blue box represents the Elinore core, and the purple box represents the Orion
Blackbird core. In general, the average fracture density of ptygmatic and vertical
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extensional fractures increases from Facies 2 (burrowed mudstone-wackestone) to
Facies 4 (crinoidal packstone-grainstone). The Orion Blackbird core exhibits higher
ptygmatic and vertical extensional fracture densities when compared to Facies 2
(burrowed mudstone-wackestone) and Facies 3 (bioturbated wackestone-packstone) in
the Winney and Elinore cores.

Fracture Density Related to Facies

Average fracture density calculations for each facies used the total footage of
each facies in core divided by the total number of fractures in each facies and were
utilized to infer predictive trends of fracturing. In the Elinore and Winney cores (Figures
17a and 17b), average fracture density increases as the facies become grainier from the
glauconitic sandstone (Facies 1) to the crinoidal packstone-grainstone (Facies 4). Facies
4 has the highest average fracture density (1.95 fractures per foot in the Elinore; 1.46
fractures per foot in the Winney). As mentioned previously, the Orion Blackbird core
(Figure 17c) does not have the crinoidal packstone — grainstone (Facies 4) or the
glauconitic sandstone (Facies 1) present. However, the Orion core has the same general
trend of increasing average fracture density as the facies become grainier, with the
bioturbated wackestone-packstone (Facies 3) having a higher average fracture density

(2.92 fractures per foot) than the burrowed mudstone-wackestone (Facies 2).
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Elinore #1-18
Average Fracture Density Related to Facies
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Figure 17a. Graph of average fracture density in each petrophysically-significant facies
in the Elinore core. Facies are plotted on the x-axis and fractures per foot (fracture
density) is plotted on the y-axis. Fracture density values increase as the facies become
grainier from Facies 1 (glauconitic sandstone) to Facies 4 (crinoidal packstone-
grainstone). Facies 4 has the highest average fracture density.
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Winney #1-8
Average Fracture Density Related to Facies
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Figure 17b. Graph of average fracture density in each petrophysically-significant facies
in the Winney core. Facies are plotted on the x-axis and fractures per foot (fracture
density) is plotted on the y-axis. Fracture density values increase as the facies become
grainier from Facies 1 (glauconitic sandstone) to Facies 4 (crinoidal packstone-
grainstone). Facies 4 has the highest average fracture density.
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Orion Blackbird #3-44
Average Fracture Density Related to Facies
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Figure 17c. Graph of average fracture density in each petrophysically-significant facies
in the Orion Blackbird core. Facies are plotted on the x-axis and fractures per foot
(fracture density) is plotted on the y-axis. The glauconitic sandstone (Facies 1) and the
crinoidal packstone-grainstone (Facies 4) are absent in the Orion Blackbird. However,
the same general trend observed in the Elinore and Winney cores is evident. Fracture
density is increasing as facies become grainier from Facies 2 (burrowed mudstone-
wackestone) to Facies 3 (bioturbated wackestone-packstone).

Fractures Related to Sequence Stratigraphic Framework

Each of the cores exhibit probable 2"9, 37, and 4™ order cyclicity defined by
Leblanc (2014) and Vanden Berg (2016). In each of the cores, the entire cored interval
has been interpreted to represent one 2" order sequence. The Winney exhibits four 3™
order sequences, the Elinore exhibits three, and the Orion Blackbird core exhibits six. A
number of high frequency 4" order sequences were also defined in each core. Trends

were analyzed between fractures and the 3™ order sequences, but were not analyzed

38



between the fractures and the various 4t order cycles due to the uncertainty as to the
controlling mechanism of these cycles, making these cycles highly problematic for

correlation.

The Winney and Elinore (Figures 18 and 19) exhibit similar trends between the
3" order sequences and average fracture density. The regressive phases of sequences
1, 2, and 3 in the Winney and sequences 1 and 2 in the Elinore have higher fracture
density values than the transgressive phases of these sequences. The sequence at the
top of each core (sequence 4 in the Winney and Sequence 3 in the Elinore) illustrate a
higher fracture density value in the transgressive phase when compared to the
regressive phase. Trends in the 3™ order sequences and fracture types are also similar
in both the Winney and Elinore cores where higher numbers of ptygmatic and vertical
extensional fractures are present in the regressive phases when compared to the

associated transgressive phases.

The Orion Blackbird (Figure 20) has six 3™ order sequences that exhibit higher
fracture density values in sequences 1, 2, 3, and 5 in the transgressive portions.
Sequence 6 is the only sequence in which the regressive phase has a higher average
fracture density than the transgressive phase. Unlike the Winney and Elinore cores, the
transgressive phases in sequences 1, 2 and 3 have a higher number of ptygmatic
fractures than in the regressive phases, likely due to the difference in facies distribution

within the sequences in the Orion core compared to the Winney and Elinore cores.

39



Apart from sequences 1 and 5, the regressive portions of the sequences exhibit a higher

number of vertical extensional fractures than the transgressive portions.
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Winney #1-8
Average Fracture Density and 3rd Order Sequences
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Figure 18. Fracture density and fracture types related to 3™ order sequences in the
Winney core. The stratigraphic column displays the 3™ order sequences,
petrophysically-significant facies types, and fractures plotted by depth. The top graph
depicts the transgressive and regressive phases of each sequence and their associated
fracture densities. Sequences 1, 2, and 3 have lower fracture densities in the
transgressive phases and higher fracture densities in the regressive phases. The green
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boxes on the stratigraphic column highlight these regressive phases with higher fracture
densities. Sequence 4 displays an opposing trend of a higher fracture density value in
the transgressive phase and a lower fracture density in the regressive phase. The
bottom graph depicts the transgressive and regressive phases of each sequence with
their associated fracture types. The regressive phases of each sequence have more
ptygmatic and vertical extensional fractures than the associated transgressive phases
and the regressive phases generally have more of a variety of fracture types present
than the transgressive phases.
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Elinore #1-18
Fracture Density and 3rd Order Sequences
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Figure 19. Fracture density and fracture types related to 3™ order sequences in the
Elinore core. The stratigraphic column displays the 3™ order sequences, petrophysically-
significant facies types, and fractures plotted by depth. The top graph depicts the
transgressive and regressive phases of each sequence and their associated fracture
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densities. Sequences 1 and 2 have lower fracture densities in the transgressive phases
and higher fracture densities in the regressive phases. The green boxes on the
stratigraphic column highlight these regressive phases with higher fracture densities.
Sequence 3 displays an opposing trend of a higher fracture density value in the
transgressive phase and a lower fracture density in the regressive phase. The bottom
graph depicts the transgressive and regressive phases of each sequence with their
associated fracture types. The regressive phases of each sequence generally have more
ptygmatic and vertical extensional fractures than the associated transgressive phases
and the regressive phases have more of a variety of fracture types present than the
transgressive phases.
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Orion Blackbird #3-44
Fracture Density and 3rd Order Sequences
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Figure 20. Fracture density and fracture types related to 3™ order sequences in the
Orion Blackbird core. The stratigraphic column displays the 3™ order sequences,
petrophysically-significant facies types, and fractures plotted by depth. The top graph
depicts the transgressive and regressive phases of each sequence and their associated
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fracture densities. Higher fracture densities are seen in the transgressive phases of
sequences 1, 2, 3, and 5. The transgressive phase in sequence 4 is not present in the
core. The only sequence with a higher fracture density in the regressive phase is
sequence 6 at the top of the core. The bottom graph depicts the transgressive and
regressive phases of each sequence with their associated fracture types. Sequences 1,
2, and 3 have higher numbers of ptygmatic fractures in the transgressive phases and
sequences 5 and 6 have higher numbers of ptygmatic fractures in the regressive phases.

Fractures and X-Ray Diffraction Data

Evaluation of fractures tied to mineralogical constituents in the Winney and
Elinore used three fracture density and XRD data comparisons. The first comparison
included fracture density compared to total calcite and total clay percentages as
individual points from each core plug sample (Figure 21) and did not result in any
correlation. Figure 22 depicts the second comparison using averaged fracture densities
and averaged total calcite and clay content values for each petrophysically-significant
facies type. Results include: 1) increasing average fracture density values with
increasing calcite percentages from Facies 1 to Facies 4, and 2) decreasing average
fracture densities with increasing average clay percentages from Facies 4 to Facies 1.
The third comparison (Figure 23) uses gross mineralogy curves, generated by Devon
Energy, that interpolate between the measured core plug samples and depict the
relative abundance of quartz, total carbonates, dolomite, and total clays for the entire
Winney and Elinore cores. No obvious trends exist between whole core fracture

densities and the relative mineral abundances.
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Figure 21. Fracture density related to XRD core plug data. A) Graph comparing fracture
density and calcite percentage in the Winney core. Number of fractures is plotted on
the y-axis, total calcite percentage is plotted on the x-axis. No correlation exists in the
data. B) Graph comparing fracture density and clay content in the Winney core.
Number of fractures is plotted on the y-axis, total clay content is plotted on the x-axis.
No correlation exists in the data.
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Figure 22. Average fracture density related to averaged XRD data. A) Graph A depicts
the average fracture density (plotted on the y-axis) compared with the average calcite
percentage (plotted on the x-axis) for each petrophysically-significant facies type in the
Winney core. Average fracture density increases from Facies 1 to Facies 4 as the
average calcite percentage increases. B) Graph B depicts the average fracture density
(plotted on the y-axis) compared with the average clay content (plotted on the x-axis)
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for each petrophysically-significant facies type in the Winney core. Average fracture
density decreases from Facies 4 to Facies 1 as the average clay content increases.

Although the Orion Blackbird XRD dataset is limited, evaluation of fracture
density related to total calcite content includes two comparisons. The first comparison
relates fracture density and total calcite content as individual points from the core plug
data, resulting in no correlation. The second comparison includes averaged fracture
densities and averaged percentages of calcite in each petrophysically-significant facies
type, resulting in increasing fracture densities with increasing calcite content from

Facies 2 to Facies 3.
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Figure 23. Comparison of whole core fracture density with the gross mineralogy curves.
The black circles represent the XRD core plug sample locations. A) Figure A depicts the
fractures plotted by depth in the Winney core next to the sequences, petrophysically-
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significant facies, and the gross mineralogy curves consisting of quartz, carbonates,
dolomite, and total clay content. No apparent trend exists between the fracture density
and the gross mineralogy curves. B) Figure B depicts the fractures plotted by depth in
the Elinore core next to the sequences, petrophysically-significant facies, and the gross
mineralogy curves consisting of quartz, carbonates, dolomite, and total clay content. No
trend exists between the fracture density and the gross mineralogy curves.

Fractures Related to Bed Thickness

Fracture Density Related to Bed Thickness

Tables 1-3 depict the average bed thickness of each facies type compared to the
average fracture density within these facies, resulting in increasing fracture density
values as bed thickness increases from Facies 1 (glauconitic sandstone) to Facies 4

(crinoidal packstone-grainstone).

Fracture Height and Aperture Related to Bed Thickness

All three of the studied cores reveal a correlation between average fracture
height and average fracture aperture, with higher average apertures increasing as
fracture height increases. Correlating the average aperture and height data with bed
thickness resulted in no apparent trend in the Winney and Elinore cores (Tables 1 and
2), however, results in the Orion Blackbird core (Table 3) include increasing height and
aperture values with increasing bed thickness values from Facies 2 (burrowed

mudstone-wackestone) to Facies 3 (bioturbated wackestone-packstone).
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Fracture Types Related to Height, Aperture, and Bed Thickness

The ratio of ptygmatic to vertical extensional fractures in Tables 1-3 was
calculated using the number of ptygmatic fractures divided by the number of vertical
extensional fractures in each facies and resulted in correlation between higher fracture
length and apertures with lower ratios of ptygmatic to vertical extensional fractures.
Referring back to Figures 13 and 14, the number of ptygmatic and vertical extensional
fractures increases from Facies 1 to Facies 4, which correlates to increasing bed
thickness values (i.e. higher numbers of ptygmatic and vertical extensional fractures are

present in thicker beds) depicted in Tables 1-3.

Winney
Average Average Fracture | ayerage Average Ratio
Density .
. Bed Fracture Fracture Ptygmatic/
Facies . (fractures per ] .
Thickness Height Aperture Vertical
; foot/fractures per ional
(ft/m) meter) (mm) (mm) Extensiona
1 0.55/0.17 0/0 0 0 0
2 1.0/0.30 0.61/2.0 84 0.59 0.8
3 2.7/0.82 0.88/2.9 42 0.52 24
4 9.5/2.90 1.46/3.7 61 0.65 1.85

Table 1. Comparison of various parameters including average bed thickness, fracture
density, height, aperture, and the ratio of ptygmatic to vertical extensional fractures in
the Winney core. Patterns include: 1) as average bed thickness increases from Facies 1
to Facies 4, average fracture density increases; 2) average aperture increases as average
height increases, however, no clear correlation exists between these parameters and
average bed thickness; 3) higher ratios of ptygmatic to vertical extensional fractures result
in lower average fracture heights and apertures.
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Elinore
Average | Averagefracture | ayerage | Average Ratio
Density .
. Bed Fracture Fracture Ptygmatic/
Facies . (fractures per ] .
Thickness Height Aperture Vertical
ft/m) foot/fractures per Extensional
( meter) (mm) (mm)
1 0.6/0.18 0/0 0 0.00 0
2 1.8/0.55 0.44/1.45 35 0.21 8
3 3.2/0.98 1.15/3.8 124 0.64 2.38
4 12.8/3.90 1.95/6.24 53 0.53 2.36

Table 2. Comparison of various parameters including average bed thickness, fracture
density, height, aperture, and the ratio of ptygmatic to vertical extensional fractures in
the Elinore core. Results include: 1) as average bed thickness increases from Facies 1 to
Facies 4, average fracture density increases; 2) average aperture increases as average
height increases, however, no clear correlation exists between these parameters and
average bed thickness; 3) generally, higher ratios of ptygmatic to vertical extensional
fractures result in lower average fracture heights and apertures.

Orion Blackbird
Average Average F.racture Average Average Ratio
Density .
. Bed Fracture Fracture Ptygmatic/
Facies Thick (fractures per Heicht Apert Vertical
Ickness foot/fractures per eig perture .
(ft/m) meter) (mm) (mm) Extensional
2 1.0/0.3 2.13/7.0 20 0.43 4.9
3 2.8/0.85 2.56/8.4 29 0.46 2.34

Table 3. Comparison of various parameters including average bed thickness, fracture
density, height, aperture, and the ratio of ptygmatic to vertical extensional fractures in
the Orion Blackbird core. Results include: 1) as average bed thickness increases from
Facies 2 to Facies 3, average fracture density increases; 2) average aperture increases as
average height increases and are correlated with increasing bed thickness values from
Facies 2 to Facies 3; 3) higher ratios of ptygmatic to vertical extensional fractures result
in lower average fracture heights and apertures.
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Micro-CT Scanning of Fractured Samples

Two 1.5 inch diameter core plug samples from the Winney core were used for
micro-CT scanning to evaluate fractures three dimensionally. Sample 1 (Figure 24 and
25 D) displays open or partially mineralized fractures that are discontinuous and not
necessarily connected at millimeter scale. Sample 2 (Figure 22) depicts completely

mineralized fractures that are connected.
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Figure 24. Two dimensional depiction of microfractures using micro-CT scanning.

Images A, B, and C display a core plug sample from the Winney core at a depth of 5258.5
feet. This sample was taken from Facies 3 (bioturbated wackestone-packstone). The
images are two dimensional slices of the sample. The images on the left depict the top
of the core plug sample. The red lines indicate the plane in which the images to the
right are displaying. The differing gray values are associated with varying minerals
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present in the sample. Higher density minerals are associated with lighter gray values,
whereas darker gray values are associated with minerals that have a lower density. The
white arrows in the photos highlight the microfractures present. In this sample, the
majority of the microfractures do not seem to be connected at the millimeter scale and
do not propagate to the surface of the core plug.

Figure 25. Three dimensional depiction of microfractures using micro-CT scanning. The
images labeled “D” display a core plug sample from Facies 3 (bioturbated wackestone-
packstone) in the Winney core at a depth of 5258.5 feet. Images E and F display a core
plug sample from Facies 4 (crinoidal packstone-grainstone) in the Winney at a depth of
5179 feet. Images D, E, and F depict three dimensional views of the samples. The
differing gray values are associated with varying minerals present in the sample. Higher
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density minerals are associated with lighter gray values, whereas darker gray values are
associated with minerals that have a lower density. The white arrows in the photos
highlight microfractures. The right image in D depicts the discontinuous nature of the
microfractures in three dimensions with no connectivity at the millimeter scale. Images
E and F display mineralized fractures that are connected.
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CHAPTER Il

DISCUSSION

Fracture Types Related to Facies

One preliminary hypothesis of this study was that fracture types would correlate
to the petrophysically-significant facies types. Previous studies determined a correlation
between the mode of fracturing (fracture type) and general facies types (e.g. Gross,
1995; Lorenz et al., 1997). In this study, the general trend between fracture types and
the petrophysically-significant facies exists in all three cores, where ptygmatic and
vertical fractures are more abundant in Facies 4 (crinoidal packstone-grainstone) and
Facies 3 (bioturbated wackestone-packstone). This correlation suggests that
predictability of fracture types in the studied system can be enhanced by tying the

fractures to the petrophysically-significant facies types.

The number of ptygmatic and vertical extensional fractures in the Orion
Blackbird core is much higher than in the Winney and Elinore cores. The Orion is
located approximately 40 miles (65 km) north of the Winney and Elinore cores where

there may have been a different tectonic/stress regime that contributed to more
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fractures occurring in this core. It may be that the facies types were more prone to
fracturing due to some mineralogical constituent present in the Orion facies, however,
the XRD dataset for the Orion is insufficient (discussed later), and therefore, it is difficult

to know.

Fracture Density Related to Facies

Fracture density was also hypothesized to correlate to the petrophysically-
significant facies types in the studied cores. Nelson and Serra (1993) proposed that
lithology is the dominant control on the degree of fracturing in carbonate rocks that
have not been deformed. Lorenz et al. (1997) states that although fracture initiation
depends on the structure and tectonics to provide the stress regime, lithology is the
primary control on the fracture susceptibility of a rock. Several studies have concluded
that the degree of fracturing in carbonate rocks is controlled by the facies present (e.g.
Stearns, 1967; Corbett et al., 1987; Gross, 1995; Gross et al. 1995; Nelson and Serra,
1993; Hanks et al., 1997; Lorenz et al., 1997; Di Naccio et al., 2005; Wennberg et al.,
2006; Lézin et al., 2009; Frost and Kerans, 2010; Zahm et al., 2010). In this study, the
same general trend is present in all three cores where average fracture density
increases from Facies 1 (glauconitic sandstone) to Facies 4 (crinoidal packstone-
grainstone), suggesting that the fracture density is tied to the petrophysically-significant
facies types and that tying fractures to these petrophysically-significant facies types

would enhance the subsurface predictability of fracturing in the system.
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Although all of the cores exhibit trends between fracture density and facies
types, the Orion Blackbird core displays much higher fracture density values in Facies 2
and Facies 3 (2.13 fractures/foot; 2.56 fractures/foot) than any of the facies in the
Winney and Elinore cores. An explanation for these higher numbers could be related to
the possibility that the Orion Blackbird core was deposited in a different tectonic/stress
regime than the environment where the Winney and Elinore were deposited (as
discussed previously). The nature of the complex internal bedding in the facies could be

another possibility and this will be discussed further in this section.

Fractures Related to Sequence Stratigraphic Framework

Fractures in the studied subsurface cores were hypothesized to likely correlate
to the sequence stratigraphic framework, at least at some level. Al Kharusi (2009)
determined a correlation between higher fracture densities and regressive phases in the
“Mississippian Limestone” in a Missouri outcrop and higher fracture densities in the
transgressive phases of Mississippian rocks (likely the same age as the Winney, Elinore,
and Orion Blackbird cores) of the Sheep Mountain Anticline in Wyoming. Zahm et al.
(2010) determined a correlation between higher fracture densities in the transgressive

phases in Aptian-Albian age carbonates in Texas.

Fractures in the Winney and Elinore resulted in the presence of higher overall
fracture densities in the regressive phases of the 3™ order sequences (average thickness
47 feet/14 meters) in these cores (except for the top sequence in each) that are

dominated by ptygmatic and vertical extensional fractures, suggesting that fracture
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density as well as fracture types are tied to the sequence stratigraphic framework.
These findings suggest that the sequence stratigraphic framework can be used to infer
predictive trends of fracturing in the system. In contrast to the Winney and Elinore, the
Orion Blackbird core exhibited higher fracture densities in most of the transgressive
phases and the ptygmatic and vertical extensional fracture patterns in each sequence
were variable, suggesting that the sequence stratigraphic framework for this core may

not be a good tool to use to infer fracture density and fracture type trends.

A number of explanations might explain why some of the data did not correlate
as expected to the sequence stratigraphic framework. In the Winney and Elinore cores,
the top sequences may have higher fracture densities in the transgressive phases
because of the unconformity present at the Mississippian/Pennsylvanian contact (i.e. it
may be that the whole regressive phase of these sequences were not deposited or were
removed by erosion in the cores, and/or that fracturing and jointing was enhanced due
to subaerial exposure of the section). The Orion Blackbird core may have higher
fracture densities in most of the transgressive phases related to undergoing a different
tectonic/stress regime as discussed previously. In addition, the trends observed in
sequences 1 and 3 in the Orion Blackbird core may be inconclusive due to missing core
in these regressive phases. Also, sequence 1 in the Orion Blackbird core had an interval
that was not analyzed for fractures due to the presence of hydrothermal breccia from

approximately 3,370 to 3,390 feet.
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Fractures and X-Ray Diffraction Data

It was hypothesized that fracture densities and fracture types would likely
correlate to the mineralogy of the rocks. Mineralogical constituents have been known
to assist or hinder the ability of a rock to fracture and affect what kind of fracturing
occurs. Corbett et al. (1987) determined that mineralogy (especially smectite content)
was among the three factors (two other factors include: porosity and percent axial
strain) that have the greatest influence on rock strength. The relationship between
fracture density and petrologic rock properties (strength and ductility) has been
demonstrated in many studies (e.g. Corbett et al., 1987; Friedman et al., 1994; Rijken
and Cooke 2001; Underwood et al., 2003; Lézin et al., 2009; Zahm et al., 2010). Gross
(1995) and Lorenz et al. (2002) observed a correlation between the mineralogy present

and fracture type.

The available XRD dataset for this study was limited by the sampling
density (numbers of samples) and the location of the samples (i.e. not tied specifically to
the petrophysically-significant facies or to the sequence stratigraphic framework). The
Winney had the most complete XRD dataset as far as sampling density, whereas the
Elinore and Orion sample points were more scattered. The core plugs for the XRD data
were taken at sporadic intervals and an insufficient number of samples were taken from
each of the facies types to adequately tie to facies. The nature of the sampling creates
unreliability in the trends observed due to insufficient data and a potential sampling

bias. In the studied cores, no trend between fracture density and mineralogy is
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exhibited in the high resolution comparisons, however, trends are present in the
averaged data comparisons, but these trends are questionable due to the given
limitations of the dataset. Given a more constrained and comprehensive dataset, tying
fracture density to XRD data would likely be a useful tool in subsurface fracture

prediction in the system.

Fractures Related to Bed Thickness

Fracture Density Related to Bed Thickness

Fracture density was hypothesized to possibly correlate to bed thickness.
Although fracture density is not always correlated to bed thickness (e.g. Hanks et al.,
1997; Lorenz et al., 1997; Wennberg et al, 2006; Di Naccio, 2005), several studies have
determined a correlation between increasing bed thickness and decreasing fracture
densities (e.g. Ladeira and Price, 1981; Nelson and Serra, 1993; Harstad et al., 1996;
Underwood et al., 2003). In this study, however, increasing fracture density is
correlated to increased bed thickness (Tables 1-3), contrary to the trends suggested in

the studies referenced above.

Although the expected trend (increasing fracture density with decreasing bed
thickness) is not present in the current dataset as broken out by facies, it may be
present on a smaller scale. Fractures (especially ptygmatic) tend to initiate in the brittle
layers and terminate at the ductile layers e.g. (Figure 8b and Figure 26) as they do in
other studies (e.g. Friedman et al., 1994; Gross et al., 1995; Lorenz et al., 1997; Rijken
and Cooke, 2001; Underwood et al., 2003). Facies 4 (crinoidal packstone-grainstone)
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and Facies 3 (bioturbated wackestone-packstone) tend to have a more mottled texture
with frequent ductile layers (mud or clay) intervening with the overall brittle nature of
these facies. It may be that the complex internal ductile structures of Facies 4 and
Facies 3 are creating layers (i.e. below the bed scale) that are thinner and consequently
more easily fractured. Al Kharusi (2009) noted this in the “Mississippian Limestone”
outcrop in Missouri where fracture densities were higher in the regressive phases of the
cycles due to the internal bedforms in the grainstones that were creating thinner layers
that were more easily fractured. The fracture terminations in the cores of this study are
likely mineralogically-related and a better understanding of the composition through a
more complete XRD dataset would likely lead to higher fracture predictability in the

system.
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26. Core photographs of internal bedding and fractures (arrows) terminating at ductile
layers. A) Core photograph of the Orion Blackbird core at a depth of 3274’. This photo is
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an example of the complex internal bed geometries in the bioturbated wackestone-
packstone facies (Facies 3) where fractures are terminating at ductile layers within an
overall mottled texture. B) Core photograph of a fracture in the Winney core at a depth
of 5224’. This photo is an example of a fracture bounded by ductile layers at the top
and bottom.

Fracture Height and Aperture Related to Bed Thickness

Based on previous studies, it was hypothesized that longer/taller fractures would
have wider apertures (e.g. Schultz and Fossen, 2002; Olson, 2003) and thicker beds
would have taller fractures (e.g. Schultz and Fossen, 2002). In this study, generally,
fracture aperture did increase with increasing fracture heights, however, no correlation
exists between fracture height/aperture and bed thickness in the Winney and Elinore
cores. Because Facies 4 has the highest average bed thickness (average 11.2 ft/3.4 m), it
was expected to have the longest fractures as well as the widest, but as discussed
previously the complex internal structures within Facies 4 are likely creating thinner

beds that are more likely to fracture.

Fracture Types Related to Height, Aperture, and Bed Thickness

Comparing fracture types with overall bed thickness, average fracture heights,
apertures, and bed thickness in each petrophysically-significant facies type resulted in a
means to enhance the predictability of fractures in the system. The most abundant type
of fracture within a zone controls the average height and width in each facies type (e.g.
a higher ratio of ptygmatic to vertical extensional fractures yields lower average fracture

heights and apertures) and the bed thickness and character of each facies (including
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internal geometry) appears to control the abundance of fracture types (specifically
ptygmatic and vertical extensional). This comparison highlights the overall goal of this
study: understanding the relationship between various parameters (e.g. types of
fractures and how they relate to facies/nature of the bedding, mineralogical
components, bed thickness, and fracture parameters such as height and aperture) yields

enhanced predictability of fractures in the subsurface.

Fracture Porosity and Permeability Implications

General assumptions can be made about fracture porosity in the subsurface
cores. All of the ptygmatic fractures identified are heavily mineralized, however, Cooper
and Lorenz (2012) estimate that the average remnant porosity in the ptygmatic
fractures is about 1%, so the fractures could still contribute minimal porosity to the
system. As Cooper and Lorenz (2012) also pointed out, the vertical extensional fractures
likely add the most porosity to the system due to most of these fractures being partially

mineralized.

According to Zahm et al. (2010), the tallest or longest fractures are the most
important fractures from a permeability standpoint. This conclusion was made using
three observations from other studies: 1) fracture height is dependent on bed thickness:
thicker beds tend to have taller fractures than thinner beds (e.g. Schultz and Fossen,
2002); 2) longer/taller fractures tend to have wider apertures (e.g. Schultz and Fossen,
2002; Olson, 2003) and 3) longer/taller fractures tend to be more connected (e.g.

Odling, 1997). Based on these observations, vertical extensional fractures would likely
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be the main contributors to permeability because these are generally the tallest and

widest fractures and may be more connected.

Micro-CT Scanning of Fractured Samples

Micro-CT scanning proved to be a useful tool for evaluating the three
dimensional distribution of fractures in that: 1) it displays the discontinuous nature of
some of the fractures (i.e. not all of the fractures seen three dimensionally are visible at
the surface of the core plug); 2) it allows for enhanced fracture detection (40 micron
resolution) over optical methods used to evaluate the cores (i.e. hand specimen and
binocular microscope); and 3) it displays the lack of three dimensional
interconnectedness of some of the fractures at the millimeter scale. It is likely that
many fractures are unaccounted for in the data collected for this study due to the
location within the core and/or the size of the fracture. Micro-CT scanning of the
fractured samples highlights the need for the evaluation of microfractures that cannot

be detected through evaluating hand samples in core.

Future Work

Structural Setting

The Winney, Elinore, and Orion Blackbird cores are located just east of the
Nemaha Ridge (Figure 4), thus it is likely that the Nemaha Uplift played a role in the
origin of fractures observed in the subsurface cores. According to Gay (1999 and 2003),

the Nemaha system is structurally complex with three different phases of associated
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tectonic movement: 1) high angle to reverse faulting occurring during the compressive
phase; 2) strike-slip movement during later phases of compression and 3) normal
faulting occurring after the compressive phase. Figure 27 indicates the three subsurface
core locations and their proximity to reverse faults associated with the Nemaha Uplift.
Image log reports from the subsurface cores reveal natural fracture orientations in
various directions. Because of the various fracture orientations, it is difficult to
determine exactly which structural phases of the Nemaha Uplift contributed to
fracturing without more data. Future work on the structural setting with more detailed
fracture orientation data as well as seismic data is needed to evaluate the origin of

fracturing in the subsurface cores.
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Figure 27. Map of subsurface core locations and their proximity to reverse faults
associated with the Nemaha Uplift. The Winney core (1) is located on the downthrown
side of an E-W trending reverse fault, the Elinore core (2) is located on the upthrown
side of a NE-SW trending reverse fault, and the Orion Blackbird core (3) is located on the
downthrown side of a NE-SW trending reverse fault. This map details the structural
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complexity of the Nemaha Uplift system and highlights the need for understanding the
structural components in the region to further evaluate the origin of fractures observed
in the subsurface cores. Modified from Gay (2003).

Ptygmatic Fractures

Ptygmatic fractures are the most abundant fracture type observed in the
subsurface cores, yet they are poorly understood. Cooper and Lorenz (2012) identify
ptygmatic fractures as being early extensional fractures that formed and were
subsequently folded and distorted with compaction. Ptygmatic fractures seem to have
formed when the rock was brittle enough to fracture, but still soft enough to deform,
however the timing of the mineralization observed in these fractures is debatable.
Three different explanations on the timing of mineralization include: 1) extensional
fracturing occurred, subsequent compaction folded the fracture, and the fracture was
mineralized after compaction (Figure 28); 2) extensional fracturing occurred with
subsequent mineralization, compaction occurred (folding the fracture) after
mineralization, and the cement was dissolved and then the fracture was re-filled again
(two different events); 3) extensional fracturing occurred with subsequent
mineralization, compaction occurred after mineralization, and hydrothermal fluid

dissolved the fracture fill and reprecipitated the mineralization during the same event.

To better understand the relative timing of ptygmatic fracture mineralization, it
is useful to determine origin of the fracture filling cements. Timing of the ptygmatic

fracture mineralization has been evaluated briefly through fluid inclusions, carbon and
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oxygen isotope data, thin section analysis, and cathodoluminescence microscopy. Fluid
inclusion data from Mohammadi (2016) reveal temperatures of crystallization
(homogenization temperatures) ranging from 80 - 118°C, suggesting that some fluids
may have been relatively hot. The isotope data from this study and Mohammadi (2016)
depict carbon and oxygen isotope ranges falling between the shallow and deep burial
fluid ranges. Thin section analysis of the ptygmatic fractures reveals twinning in the
calcite cement filling (Figure 29) and this calcite twinning can be an indicator of the
temperature of deformation (e.g. Burkhard, 1993; Ferrill et al., 2004). The temperature
of deformation refers to the maximum temperature at which the material was exposed
to during deformation (it is not the same as the crystallization temperature). The twins
observed in the thin sections suggest type | or type Il twinning (Figure 29), which
corresponds to a deformation temperature of 200°C or less (type I) or 150 to 300°C
(type Il). Cathodoluminescence microscopy of the cement filling in the ptygmatic
fractures (Figure 30) does not reveal any cement zonation, suggesting that the cement
originated from a single fluid event. Further evaluation of these components in future

work is vital for understanding the origin and timing of the ptygmatic fractures.
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Figure 28. Diagram depicting one possible progression of events associated with the
formation of ptygmatic fractures. Ptygmatic fractures are thought to have originated as
early extensional fractures (1). Subsequent compaction/compression (2) led to folding
and distortion of the fracture plane (indicating that ptygmatic fractures formed
relatively early when the rock was brittle enough to fracture, but soft enough to
deform). Mineralization of the fracture (3) occurred last.
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Figure 29. Calcite twinning and deformation temperature. A) Thin section
photomicrograph of calcite cement in a ptygmatic fracture from the Orion Blackbird
core at a depth of 3407.1’. The calcite grains display twinning that is characterized as
type | or type Il twinning (seen in B). B) Diagram representing the different types of
twinning and the suggested temperature of deformation. The calcite twins in the
ptygmatic fracture thin section photomicrograph represent type | or type Il twinning,
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which indicates a deformation temperature of <200°C or 150-300°C. The temperature
of deformation suggests the maximum temperature the calcite was exposed to during
deformation and is not necessarily the same as the crystallization temperature.
Modified from Burkhard (1993) and Ferrill et al. (2004).

Figure 30. Cathodoluminescence thin section photomicrograph of ptygmatic fracture
calcite cement. The image displays a ptygmatic fracture in the Orion Blackbird core at a
depth of 3406.7’. No obvious zonation in the cement was revealed through
cathodoluminescence microscopy, suggesting that the ptygmatic fracture mineralization
originated from a single fluid event.
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CHAPTER IV

SUMMARY AND CONCLUSIONS

This study analyzes the natural fracture network within three subsurface cores in
the “Mississippian Limestone” of the Mid-Continent. The types of fractures in the
system, how these fractures relate to the petrophysically-significant facies, and the
relationship between fractures and the sequence stratigraphic framework are better
understood and contribute to the subsurface predictability of the natural fracture

system. Conclusions from this study include:

1. Four different fracture types were identified in core: vertical extensional,
ptygmatic, and mixed. Ptygmatic fractures are the most abundant type
present and vertical extensional fractures are the second most abundant
type in all three subsurface cores.

2. Fracture types are related to the petrophysically-significant facies types.
The crinoidal packstone-grainstone (Facies 4) in the Winney and Elinore

cores and the bioturbated wackestone-packstone (Facies 3) in the Orion
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Blackbird core have the most abundant ptygmatic and vertical
extensional fractures.

Fracture density is related to the petrophysically-significant facies types.
Facture density increases from the glauconitic sandstone (Facies 1) to the
crinoidal packstone-grainstone (Facies 4) in the Winney and Elinore cores.
Fracture density increases from the burrowed mudstone-wackestone
(Facies 2) to the bioturbated wackestone-packstone (Facies 3) in the
Orion Blackbird core.

Fracture type and fracture density correlate to the 3™ order sequences in
the Winney and Elinore cores. Higher fracture densities as well as more
abundant ptygmatic and vertical extensional fractures are present in the
regressive phases. Fracture type and fracture density do not correlate
well to the 3™ order sequences in the Orion Blackbird core.

The available XRD dataset for this study was limited by the sampling
density (numbers of samples) and the location of the samples (i.e. not
tied specifically to the petrophysically-significant facies or to the
sequence stratigraphic framework). Selection of XRD samples tied to
both could significantly aid in the prediction of fracture types and density
in the subsurface.

Average fracture density correlates to the average bed thickness with
increasing densities and thicknesses from the glauconitic sandstone

(Facies 1) to the crinoidal packstone-grainstone (Facies 4). This trend
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may be related to complex internal geometries that may be creating
thinner layers in Facies 3 and Facies 4 that are more easily fractured.
Vertical extensional fractures likely contribute the most to porosity and
permeability because these fractures are both longer and generally have
wider apertures.

Micro-CT scanning of fractured samples displays the discontinuous nature
of fractures, allows for enhanced fracture detection (40 micron
resolution) over optical methods, and illustrates the lack of fracture
interconnectedness at the millimeter scale.

The glauconitic sandstone facies is a key regional stratigraphic indicator
that occurs in a few small intervals near the base of the Winney and
Elinore cores. As previously stated, however, no fractures exist in the
glauconitic sandstone facies. The glauconitic sandstone facies may act as
a barrier to fractures and may stratigraphically compartmentalize

fractured intervals.
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FRACTURE DATA AND CORE DESCRIPTIONS
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The tables below display the fracture data summaries for each core. Each
illustrative core description follows, which includes a fracture column of each fracture

seen in core plotted by depth and color coded by fracture type.

Winney #1-8: Fracture Summary
Total Number Height Width
Sum (ft) 16.12 Sum (mm) 34.25
Vertical Extension 59 A-ve.rage (mm) 75.58 A-ve.rage (mm) 0.54
Minimum (mm) 8.00 Minimum (mm) 0.15
Maximum (mm) 304.00 Maximum (mm) 2.65
Sum (ft) 18.47 Sum (mm) 81.50
. Average (mm) 39.92 Average (mm) 0.58
Ptygmatic 145
ve ! Minimum (mm) 3.00 Minimum (mm) 0.10
Maximum (mm) 176.00 Maximum (mm) 2.90
Sum (ft) 7.61 Sum (mm) 13.75
Mixed (Exensional and 23 Average (mm) 116.00 Average (mm) 0.69
Ptygmatic) Minimum (mm) 32.00 Minimum (mm) 0.20
Maximum (mm) 295.00 Maximum (mm) 2.35
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Elinore #1-18: Fracture Summary

Total Number Height Width
Sum (ft) 12.79 Sum (mm) 27.95
5 .52
Vertical Extension 64 A.ve.rage (mm) 68.40 A_ve.rage i) 0o
Minimum (mm) 5.00 Minimum (mm) 0.15
Maximum (mm) 291.00 Maximum (mm) 2.00
Sum (ft) 21.13 Sum (mm) 65.15
Ptygmatic 141 A've.rage (mm) 45.35 A.ve'rage (mm) 0.47
Minimum (mm) 3.00 Minimum (mm) 0.10
Maximum (mm) 450.00 Maximum (mm) 1.55
Sum (ft) 6.36 Sum (mm) 13.60
Mixed (Exensional and 24 Average (mm) 92.38 Average (mm) 0.65
Ptygmatic) Minimum (mm) 15.00 Minimum (mm) 0.20
Maximum (mm) 439.00 Maximum (mm) 2.65
Orion Blackbird #3-44: Fracture Summary
Total Number Height Width
Sum (ft) 16.37 Sum (mm) 69.45
Vertical Extension 157 A.ve.rage (mm) 31.58 A've'rage (mm) 0.45
Minimum (mm) 0.00 Minimum (mm) 0.10
Maximum (mm) 350.52 Maximum (mm) 1.55
Sum (ft) 33.77 Sum (mm) 186.20
Ptygmatic 1 Average (mm) 24.45 Average (mm) 0.44
Minimum (mm) 0.00 Minimum (mm) 0.10
Maximum (mm) 307.85 Maximum (mm) 2.65
Sum (ft) 1.24 Sum (mm) 13.90
Mixed (Exensional and 24 Average (mm) 15.70 Average (mm) 0.58
Ptygmatic) Minimum (mm) 0.00 Minimum (mm) 0.20
Maximum (mm) 107.00 Maximum (mm) 1.50
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Winney #1-8, Payne County, Oklahoma

Formation: Mississippian Limestone Depth Interval: 5123'-5313'
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Elinore #1-18, Payne County, Oklahoma

Formation: Mississippian Limestone Depth Interval: 4335'-4485"
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APPENDIX B

FRACTURE DATA AND X-RAY DIFFRACTION DATA
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The following graphs include fracture density and XRD data comparisons that did not

result in any trends.
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Orion Blackbird
Fracture Density and Calcite Content
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The following graphs depict correlation between the averaged fracture density and

averaged XRD data from the Elinore and Orion Blackbird cores.
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APPENDIX C

CORE PHOTOGRAPHS OF FRACTURES
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The following photographs represent examples of vertical extensional fracturing.

Core photo of vertical extensional fracturing (arrows) in the Elinore core in Facies 3
(bioturbated wackestone-packstone) at a depth of 4459.0°. The fracture height is
approximately 335 millimeters and the aperture was not measured due to the fracture
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being completely broken apart. The fracture is partially mineralized with calcite that is
seen on the fracture walls at the arrow locations.

Core photo of vertical extensional fracturing (arrows) in the Elinore core in Facies 4
(crinoidal packstone-grainstone) at a depth of 4411.5’. The fracture height is
approximately 291 millimeters and the aperture was not measured due to the fracture
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being completely broken apart. The fracture walls are partially mineralized with calcite
(not shown in photo).

Core photo of vertical extensional fracturing in the Winney core in Facies 4 (crinoidal
packstone-grainstone) at a depth of 5228.0’. The extensional fracture is indicated by
the white arrows. The fracture height is approximately 105 millimeters and the
aperture was not measured due to the fracture being completely broken apart. The
fracture is partially mineralized with calcite (seen on the fracture walls at the arrow
locations).
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The following photographs represent examples of ptygmatic fracturing.

Core photo of ptygmatic fracturing (arrows) in the Elinore core in Facies 3 (bioturbated
wackestone-packstone) at a depth of 4458.4°. The fracture height is approximately 450
millimeters and the aperture ranges from 0.1-2 millimeters. The fracture is mineralized

122



with calcite and heavier distortion (folding) is present in the darker material towards the

top of the photo.

Core photo of ptygmatic fracturing in the Elinore core in Facies 4 (crinoidal packstone-
grainstone) at a depth of 4395.3’. The ptygmatic fractures are indicated by the white
arrows. The fracture heights range from 20-35 millimeters and the apertures range
from 0.1-1.5 millimeters. The fractures are mineralized with calcite and the red arrows
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indicate fracture terminations at specific layers. Heavier folding in these fractures is

present in the dark gray material near the top of the photo.

Core photo of ptygmatic fracturing in the Winney core in Facies 3 (bioturbated
wackestone-packstone) at a depth of 5261.5’. The ptygmatic fractures are indicated by
the white arrows. The fracture heights range from 10-42 millimeters and the apertures
range from 0.1-1 millimeters. The fractures are mineralized with calcite and are
bounded by darker layers at both ends (indicated by red arrows).
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1cm

Core photo of ptygmatic fracturing (white arrows) in the Winney core in Facies 4
(crinoidal packstone-grainstone) at a depth of 5236.9’. The average fracture height is
24.5 millimeters and the apertures range from 0.5-2 millimeters. The fractures are
mineralized with calcite and terminate at both ends (indicated by red arrows).
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Core photo of ptygmatic fracturing (arrows) in the Orion Blackbird core in Facies 2
(burrowed mudstone-wackestone) at a depth of 3406.2°. The fracture height is
approximately 189 millimeters and the aperture ranges from 0.5-4 millimeters. The
fracture is mineralized with calcite and heavier folding occurs near the bottom of the
photo.
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The following photographs represent examples of mixed fracturing.

Core photo of a mixed fracture in the Elinore core in Facies 4 (crinoidal packstone-
grainstone) at a depth of 4402.0’. The extensional portions of the fracture are indicated
by the blue arrows and the ptygmatic portion is indicated by the red arrow. The
fracture height is approximately 207 millimeters and the aperture ranges from 0.3-2.5
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millimeters. The fracture may contain multiple zones of calcite cement (indicated by
differing cement colors).
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