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Relationships between lineal fracture intensity and chemical composition
in the Marcellus Shale, Appalachian Basin

Keithan G. Martin', Liaosha Song?, Payam Kavousi', and Timothy R. Carr’

Abstract

Within mudrock reservoirs, brittle zones undergo failure during hydraulic stimulation, creating numerous
artificial fractures which enable hydrocarbons to be liberated from the reservoir. Natural fractures in mudrock
reduce the tensile strength of the host rock, creating planes of weaknesses that are hypothesized to be reac-
tivated during hydraulic stimulation. Combined, brittleness and natural fractures contribute to creating more
abundant and complex fracture networks during hydraulic stimulation. Research efforts toward quantifying
rock brittleness have resulted in numerous mineral-/compositional-based indices, which are used during pet-
rophysical analysis to predict zones most conducive to hydraulic stimulation. In contrast, investigations on the
relationship between chemical composition and core-scale natural fractures are limited. For this study, we col-
lected high-resolution energy-dispersive X-ray fluorescence (XRF) data, calibrated with a wave-dispersive XRF,
from a Marcellus Shale core. Additionally, we characterized corescale natural fractures in terms of length,
width, in-filling material or lack thereof, and orientation. Following the characterization, we transformed
the natural fracture data into a continuous P10 (lineal fracture intensity) curve, expressed as the number
of fractures per a one-half foot window. Using these data sets, we investigated the relationship between rock
composition and natural fracture intensity. Regression analyses recorded positive relationships between natural
fracture intensity and calcium, silicon/aluminum, and total organic carbon (TOC), and negative relationships
with silicon and aluminum. Aluminum recorded the strongest (negative) relationship (7> = 0.379) with natural
fracture intensity. To access the degree to which natural fractures can be predicted based on chemical com-
position, we applied a partial least-squares analysis, a multivariate method, and recorded an »* = 0.56. Our study
illustrates that although numerous factors are responsible for natural fracture genesis, such fractures predic-
tively concentrate in areas of similar chemical composition, largely in zones with low aluminum concentrations.
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Introduction

The term “mudrock” will be used following Blatt et al.
(1972), who uses mudrock as a broad term for fine- to
very-fine-grained rocks (<62.5 pm in diameter) domi-
nated (>50% of grains) by varying degrees of silt, mud,
and clay concentration and include fissile and nonfissile
rock. When further divided, fissile and nonfissile mu-
drocks are termed “shale” and “stone” respectively, and
they are modified by the dominant grain size, such that a
silt-rich, nonfissile mudrock would be termed a siltstone.
Mudrock is a useful term for the Marcellus Shale specifi-
cally because it contains a spectrum of such fine- to very-
fine-grained rocks.

Mudrock reservoirs are characterized by nanometer-
to micrometer-size pores and nano- to microdarcy per-
meability (Loucks et al., 2012; Peng and Loucks, 2016;
Milad and Slatt, 2018). Such reservoir characteristics

significantly impede the ability for hydrocarbons to
flow through the formation into the borehole. Advances
in hydraulic fracturing technology over the last decade
have allowed for the exploitation of hydrocarbons from
mudrock reservoirs by generating artificial fractures,
which create permeability for liquid and gaseous hydro-
carbons to flow through rock into the borehole.

Rock brittleness and ductility are key variables in
determining a rock’s conduciveness to hydraulic stimula-
tion. A ductile rock will absorb a high amount of energy
before fracturing, whereas a brittle rock will fail and
more readily form fractures (Zhang et al., 2015). Research
efforts have attempted to quantify brittleness through
mechanical testing, mineral content, elastic parameters,
and sedimentary characteristics (Chang et al., 2006).
Within silica-rich Woodford Shale intervals, anisotropic
features, such as laminations and bedding, were charac-
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terized by lower resistance to fracture and tensile
strength, indicating that anisotropic features may contrib-
ute to the fracability of a unit (Molinares et al., 2017). In
addition to anisotropic features, mineral composition
plays a large role in the overall brittleness of a rock (Jar-
vie et al. 2007; Slatt and Abousleiman, 2011). It is now
widely held that enrichment of silica contributes to brit-
tleness, whereas an enrichment of total organic carbon
(TOC) and clay increase ductility. Jarvie et al. (2007) con-
clude that silica was the only contributor to brittleness,
whereas clay and carbonate increased ductility. Wang
and Gale (2009) find similar results, but they differentiate
between dolomite and calcite, claiming that although cal-
cite does contribute to ductility, dolomite has a brittle
behavior. More recently, Jin et al. (2014) conclude that
quartz, feldspars, brittle mica, and carbonate all contrib-
ute to brittleness.

Within unconventional mudrock exploration, units
with high TOC are desirable. The fact that TOC contrib-
utes to ductility complicates locating zones that are or-
ganic rich and also conducive to artificial stimulation.
Using Passey’s method to derive TOC and the brittle-
ness equation of Wang and Gale, (2009) and Verma et al.
(2016) confirm that TOC has a negative relationship
with brittleness.

In addition to rock brittleness, natural fractures play
a significant role in the effectiveness of hydraulic stimu-
lation (Olson et al., 2001; Rijken, 2005; Gale et al., 2007).
It has been hypothesized that natural fractures form as
a result of potentially one or a number of mechanisms,
including tectonic events that cause local and regional
stress changes, uplift, differential compaction, strain
from the accommodation of large structures, and cata-
genesis (Neuzil and Pollock, 1983; Jowett, 1987; Price,
1997; Gale et al., 2007; Engelder et al., 2009; Rodrigues
et al., 2009; Milad and Slatt, 2018). Natural fractures, ei-
ther mineralized (sealed) or open, can reactivate during
hydraulic stimulation and create more complex fracture
networks than could be achieved with a single hydraulic
fracture (Gale et al., 2007). This is largely because natu-
ral fractures, in some cases, can act as a plane of weak-
ness. Within the Barnett Shale, Wang and Gale (2009)
observed that calcite-filled fractures were half as strong
as an unbroken rock due to the lack of chemical bonding
between the calcite in-filling the natural fracture and
the fractured host rock. In addition to academic studies,
empirical observations made during analysis of the Mar-
cellus Shale core show that breakages/fractures along
mineralized fractures and anisotropic planes occur at
a rate much higher than a fractureless or more massive
cored interval.

Brittleness and natural fractures play a role in the
effectiveness of hydraulic stimulation. Although knowl-
edge of the relationship between chemical composition
and rock brittleness have advanced, studies addressing
the relationship between chemical composition and
core-scale natural fracture presence are lacking. To ad-
dress this shortcoming, we use high-resolution X-ray
fluorescence data and detailed natural fracture data

collected from the study well core to define the relation-
ship between chemical composition and natural (open
and mineralized) fractures. Questions that will be ad-
dressed include

1) Do natural fractures preferentially concentrate in
rock of certain chemical composition in a statistically
meaningful way?

2) If so, what chemical composition is most likely to
have a positive or negative relationship with the
natural fracture presence?

3) Are the relationships strong enough for natural frac-
ture prediction based on chemical composition?

4) If so, can existing mineral-based brittleness indexes
also be used for natural fracture prediction?

5) If not, can findings be used to create a chemical-
based natural fracture index for natural fracture
prediction?

Middle Devonian stratigraphy of the Appalachian
Basin

The Marcellus Shale is divided into in three mem-
bers, namely the Oatka Creek, Cherry Valley or Purcell
Limestone, and the Union Springs members (Lash and
Engelder, 2011). The Marcellus Shale is overlain by the
Skaneateles Formation and overlies the Onondaga
Limestone.

The Union Springs Member, informally referred to
as the lower Marcellus, is thinnest in western New York
and thickens to the east and southeast, reaching a thick-
ness exceeding 160 ft (49 m) in northeastern Pennsyl-
vanian (Lash and Engelder, 2011). This member
is highly organic, calcareous, and it is characterized
as a dark-gray to black mudrock containing skeletal
material (Sageman et al., 2003). The lower portion of
the Union Springs Member records a particularly high
gamma-ray response, reaching upwards of 650 API
units. This interval is characterized by a decrease in
clay content and a significant increase in quartz, pyrite,
and TOC (Lash and Engelder, 2011). The Union Springs
Member overlies the Onondoga Limestone, which is
interpreted as an unconformity, but it can be found
to be conformable in Pennsylvania, western New York,
and Ohio and Maryland (Lash and Engelder, 2011). The
Cherry Valley Member, informally referred to as the
“middle Marcellus” and is a stratigraphically equivalent
unit of the Purcell Limestone of Pennsylvania and West
Virginia, overlies the Union Spring Member (Lash and
Engelder, 2011). This unit is a medium-gray packstone
chiefly composed of significant skeletal debris, and it
contains intervals of mudrock and siltstone. The thick-
ness of the member ranges from tens of feet in New
York to well over 100 ft (30 m) in northeastern Pennsyl-
vania. Overlying the Cherry Valley Member is the Oatka
Creek Formation, informally referred to as the upper
Marcellus. This unit is defined as a medium to dark-gray
mudstone with an underlying interval of black organic-
rich mudstone.
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Study area and general character of a)
the core

A 105 ft Marcellus Shale core, labeled
study well no. 1, located in the south-cen-
tral portion of the Appalachian Basin was
evaluated for this study (Figure 1). A
composite of the general character of
the Marcellus Shale core is displayed in
Figure 2. Observations made during core
analysis in conjunction with remarks
made by Core Laboratories will be out-
lined starting with the deepest strati-
graphic unit.

The Onondaga Limestone is a
medium-gray, heavily bioturbated, lami-
nated, microcrystalline limestone inter-
bedded with silty, calcarerous shale.
The interbedded silty shale intervals con-
tain brachiopods, styliolinids, and other
disarticulated fossil fragments. Multiple
thin volcanic ash beds are distributed throughout most
Onondaga intervals. The lower Marcellus Shale is a gray-
ish black to dark gray, massively bedded, calcareous, or-
ganic-rich silty shale. This interval contains significant
pyritic content: laminations, concretions, and nodules.
As this interval comes in closer contact with the under-
lying Onondaga Limestone, the silty shale becomes more
calcareous and the natural fracture concentration in-
creases, most of which are infilled with calcite. Moving
up the interval, the upper Marcellus Shale is massive
to laminated, and it is less calcareous than its lower
counterpart, although calcareous concretions are still
present in small numbers. Pyrite nodules and pyritized
fossils become more prevalent further up the interval
and the clay content is moderate. Moderate to high or-
ganic content continues through most of the Marcellus
Shale interval. The lower Manhantango Formation is a
medium- to dark-gray, bioturbated, silty mudstone to cal-
careous mudstone. Gastropods and brachiopods make
up the bulk of the skeletal debris, with crinoids, coral,
and styliolinids making up the remaining fraction. Bur-
rows are common, with many being infilled with pyrite.
The upper Manhantango most notably differs through
the loss of calcareous intervals, trace fossil presence,
and pyrite infill, laminations, and nodules.

Brittleness

Brittleness is defined as the measurement of the abil-
ity of rock to fail (crack or fracture), representing a
complex interplay among the rock strength, lithology,
texture, effective stress, temperature, fluid time, diagen-
esis, and TOC (Handin and Hager, 1957; Davis and Reyn-
old, 1996; Wells, 2004; Wang and Gale, 2009). Rock
brittleness is a key variable in determining a rock’s con-
duciveness to hydraulic stimulation. Brittleness and its
inverse, ductility, are derived rock properties that are
widely used to describe the deformation of a rock under
stress. When brittleness is calculated over numerous
feet of rock, it is often referred to as a brittleness index.
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Figure 1. (a) United States map displaying the location of the study well no. 1
within the Appalachian Basin. The Appalachian Basin, AB, is represented by the
dashed polygon. The skewed rectangle represents the study area for this re-
search. (b) An expanded view of the study area, highlighting the location of study
well no. 1 in West Virginia. The dashed lines represent the margins of the Appa-
lachian Basin.
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Figure 2. Composite of the general characteristics of core
from study well nos. 1 and 2 displaying the formations, lithol-
ogy, texture profile, and gamma-ray signature.
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During hydraulic stimulation, a high brittleness index is
most likely to indicate the following three positive char-
acteristics: efficient fracture initiation and propagation,
increased fracture complexity, and resistance to prop-
pant embedment (Kias et al., 2015). A ductile rock will
absorb a high amount of energy before fracturing,
whereas a brittle rock will fail under a lower amount
of energy and will form fractures (Rickman et al.
2008; Kundert and Mullen, 2009; Zhang et al., 2015). In
the case that sufficient energy is applied to a ductile rock
and is subsequently fractured and the newly created frac-
tures are held open by proppants, the ductile rock will
“heal” the fractures by embedding the proppants, com-
promising permeability.

Mineral composition plays a large role in the overall
brittleness of a rock (Jarvie et al., 2007; Slatt and Abous-
leiman, 2011). It is widely held that brittleness has a pos-
itive relationship with increasing the quartz content,
whereas ductility has a positive relationship with in-
creasing clay minerals and TOC (Wang and Gale, 2009;
Abouelresh and Slatt, 2012; Jin et al., 2014). Initially,
Jarvie et al. (2007) find that incorporating quartz as a
brittle material and calcite and clay minerals as ductile
materials provided a more comprehensive brittleness
equation and is expressed as

Bl = Q/(Q + C + CL), €Y

where BI is the brittleness index, @ denotes quartz, C
denotes carbonate — calcite and dolomite, and CL
stands for clay.

This brittleness equation implies that quartz is the
only mineral contributing to brittleness. Wang and Gale
(2009) modify this equation by incorporated ideas from
Wells (2004), who determine that the presence of dolo-
mite tends to increase the brittleness of mudrock be-
cause dolomite is more brittle than limestone and
organic matter tends to increase ductility. The modified
equation is defined as

BI = Q + Dol/(Q + Dol + Lm + Cl + TOC),  (2)

where Dol denotes dolomite, Lm stands for limestone,
and TOC is the total organic carbon.

In addition to defining quartz and dolomite as brittle
minerals, Jin et al. (2014) observe that silicate minerals,
including feldspar and mica (if the X ion within the
chemical expression of mica, X,Y,-;Z;0,0 (OH, Fy),
is Ca), are considered brittle minerals. It was also con-
cluded that carbonate other than dolomite, such as cal-
cite, were more brittle than clay minerals. Jin et al.
(2014) use these conclusions in a new expression of
brittleness:

BI: (thz + Wcarb)/ Wtotal’ (3)

where W, is the weight of quartz, feldspar, and mica,
W carp 1S the weight of carbonates, and W, is the total
mineral weight.

Geochemical proxies

Major elements, which make up multiple weight
percent of a rocks composition, have a large effect
on a rock’s behavior under stress and, for this reason,
will be the focal point of this study (Jarvie et al., 2007;
Slatt and Abousleiman, 2011). These elements and
element ratios include Si, Al, Ca, and Si/Al. Aluminum
is found in common clay minerals such as smectite,
illite, and chlorite. For most sedimentary deposits, Al
represents the aluminosilicate fraction of the sedi-
ments and has little disposition for movement during
diagenesis (Calvert and Pedersen, 1993; Morford and
Emerson, 1999; Piper and Perkins, 2004; Tribovillard
et al.,, 2006). Due to these characteristics, it is gene-
rally considered as the main proxy for clay minerals
(Sageman and Lyons, 2003). Although Al, as well as
titanium, is almost exclusively a product of crustal
weathering, Si can be continentally and biogenically
derived (Pearce and Jarvis, 1992; Pearce et al., 1999;
Sageman and Lyons, 2003). To differentiate between
detrital quartz and autogenic quartz, a ratio between
Si and Al is often used. This ratio operates off the prin-
ciple that as detrital Al decreases or increases, detrital
Si should also decrease or increase. A decrease in Al
with an increase in Si indicates an increase in auto-
genic influence as ratio increases. Autogenic silica en-
richment takes place when dissolved silica is taken
from the water column by diatoms and radiolarians
to produce their siliceous skeletal frame (Prothero and
Schwab, 1996). Opaline quartz is unstable and com-
monly undergoes a phase transition into a more stable
form. Upon transition, silica precipitates into a more
stable form and often becomes associated with organic
matter, which ultimately ends up as an organic-rich gas
reservoir upon burial maturation (Blood et al., 2013).
Additionally, as silica is precipitated, it permeates the
clay fabric of mudstones, ultimately increasing the over-
all brittleness of a rock unit (Blood et al., 2013). Calcium
is incorporated into calcite, dolomite, and aragonite.
Carbonate rocks are limestone and dolomite composed
of the minerals calcite (CaCOs) and dolomite (CaMg
(Cos)s) (Flgel, 2004). Particles that make up carbonate
rock either precipitate directly from the seawater or are
biologically formed from calcified microbes, calcareous
algae, and the articulated or disarticulated skeletons of
marine organism (James and Jones, 2016).

Methods

Geochemical data used in this study were collected
by a handheld X-ray fluorescence (HHXRF) analyzer.
The HHXRF analyzers provide a nondestructive method
for collecting elemental concentrations at centimeter
resolution with detection limits in the tens of parts
per million ranges (Lash and Blood, 2014). When inves-
tigating numerous cores over hundreds of feet, the use
of an HHXRF, compared to other laboratory techniques
such as wave-dispersive X-ray fluorescence (WDXRF)
and inductively coupled plasma mass spectrometry
analysis, is significantly more cost effective and time
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efficient. In addition, more recent advances in the
HHXRF technology have increased the analytical qual-
ity of the data. This has provoked a wider application of
this technology in solving geologic problems, including
chemostratigraphic studies of mudrock (Rothwell and
Rack, 2006; Lowemark et al., 2011; Mainali, 2011; Rowe
et al., 2012; Lash and Blood, 2014).

Core from study well no. 1 was analyzed with the
Olympus Innov-X DELTA Premium Handheld XRF Ana-
lyzer, equipped with a 40 kV tube and large area silicon
drift detector. With Delta’s two-beam setting, a high
(40 kV) and low (15 kV) beam is used to increase the
resolution of the major and trace elements. With the
Olympus Innov-X DELTA Premium Handheld XRF Ana-
lyzer specifically, Young et al. (2016) find that data ob-
tained through the HHXRF analyzer is comparable to
bench-top XRF analysis for geologically important ele-
ments, but it loses reliability with magnesium and any
element lighter than magnesium. Similar findings were
obtained in this study. The HHXRF data quality was
controlled by scanning internal reference samples of
the Marcellus Shale to monitor instrument drift before
each data collection session. To address how quantitative
the data collect were, 15 sample points taken throughout
the core interval of study well no. 1 were scanned and
subsequently plugged using a drill press. These core plugs
were crushed, powdered, fused into a glass disk, and an-
alyzed using a Thermo ARL Perform’X. The Thermo ARL
Perform’X, a WDXRF, is a sequential X-ray fluorescence
spectrometer capable of reading a suite of 44 elements.
The WDXREF yields data that are three to five more pre-
cise than most HHXRF's, and it was calibrated with more
than 70 certified reference materials. A regression analy-
sis of data collected from the HHXRF and WDXRF
recorded the following R? values for Si, Ca, and Al
respectively, 0.908, 0.986, and 0.962
(Figure 3a-3c). Using the slope-intercept
equation from the regression analyses,
the HHXRF data were calibrated to the a)
WDXRF data. 35

TOC data were available for both
study wells, as well as core spectral
gamma-ray data. Spectral gamma-ray re-
cords concentrations of thorium, potas-
sium, and uranium. Relationships have 5
been defined to predict TOC from ura- 0
nium content collected from spectral
gamma ray (Bell et al., 1940; Schmoker,
1981; Zelt, 1985; Luning and Kolonic,
2003). A regression analysis between
TOC and uranium (from spectral gamma)
in study well no. 1 recorded an R? value
of 0.843. To create a continuous TOC
curve, the slope-intercept equation

Al (WDXRF)

from the regression analysis was used 0 2

to calibrate the uranium values to TOC

tion, two regression-based methods were used. First,
a standard bivariate analysis was used to assess the re-
lationship between the continuous variables. A “simple
moving average” smoothing model was applied to the
natural fracture data and elemental data. Both data were
smoothed over a 1 ft moving window. This upscaling
process created a continuous lineal fracture intensity
(P10) curve. The P10 curve, expressed as the number
of fractures per foot, was derived to enable regression
analyses between P10 and Si, Al, Ca, Si/Al, and TOC.
A partial least-squares analysis was conducted to evalu-
ate the capabilities of Al, Si, Ca, TOC, and Si/Al to predict
the natural fracture presence. This regression analysis
method combines regression modeling, data structure
simplification, and correlation analysis between two
groups of variables, which maximizes the correlativity
between independent and dependent variable, and it im-
proves the correlation analysis accuracy of the model
(Huang, 2018).

Results
Fracture characterization

Natural fracture data were collected from the study
well nos. 1 and 2 core intervals. Fractures within the
evaluated core intervals include drilling-induced, miner-
alized, and open fractures. Criteria used for differenti-
ating artificial or drilling-induced fractures from open,
natural fractures included the presence of slickensides,
any signs of mineralization on the fracture surface, and
rubble zones. Fractures evaluated include bedding-
parallel fractures, vertical to subvertical fractures,
concretion-related fractures, and compacted fractures
(Figure 4). Calcite is the dominate infilling mineral of
the mineralized fractures, although pyrite and dolomite
were scarcely present. Within the 105 ft core from study

R2=0.9085 5 R?=0.9864

20 30 40 0 6 12 18 24 30
Ca (HHXRF)

Si (HHXRF) d)

R2=0.9626 R?=0.8432

onN MO

4 6 8 10 0 2 4 6 8 10 12 14
Al (HHXRF) TOC from uranium

(Figure 3d).
To access the relationship between
natural fractures and chemical composi-

_‘-’

Figure 3. (a-c) Crossplot of elemental data (Si, Ca, and Al) collected from
WDXRF and HHXRF with R? values on display. (d) Crossplot of TOC and ura-
nium with the R? value on display.
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well no. 1, the numbers of mineralized and open frac-
tures observed were 319 and 204, respectively, with
the sum of the natural fractures equaling 523. Figure 5
integrates the natural fracture data and elemental
curves in a log view. Open, mineralized, and natural
(total) fractures are shown as the natural fracture inten-
sities per half-foot window. Relatively large smoothing
windows coarsen and decrease the resolution of the
data; therefore, smaller smoothing windows are de-
sired. The half-foot window was found to be the optimal
smoothing interval because it was the smallest interval
that sufficiently smoothed the data to enable compa-
rability with the geochemical data.

The foundation of this study comes from the HHXRF
response of the Marcellus Shale core. To illustrate the
relationships derived in this study, it is useful to see
the direct elemental response to fracture presence (Fig-
ure 6). Figure 6 displays a core photo, CT scan, and
standardized elemental values of Si, Si/Al, Al, and Ca,
as well as TOC. Figure 6a is an example of a core inter-
val that contains drilling-induced fractures along lami-
nated surfaces but contains no natural fractures. As
seen in the standardized elemental response, Al and
silica are enriched throughout this core interval. Next,
in Figure 6b, there is a naturally fractured zone between
7526.8 and 7527.2 ft. This corresponds with a significant
depletion of Si and Al, whereas Si/Al, an autogenic
quartz proxy, is enriched. Figure 6¢ displays two zones
of natural fractures. First, between 7541.6 and 7542.1 ft,
there are horizontal natural fractures that correspond
with a significant depletion of Si and Al and an enrich-

L

B

D

ment in Si/Al. The second set of fractures is located
within a calcitic zone between 7542.6 and 7543.2. The
corresponding elemental response includes a very sig-
nificant depletion of Si and Al and a large enrichment
of Ca.

Regression-based analyses

From the bivariate analysis, Si recorded a weak neg-
ative relationship (72 = 0.159) with fracture intensity,
whereas TOC recorded a very weak positive relation-
ship with fracture intensity (=2 = 0.047). Ca and Si/Al
recorded weak positive relationships with fracture in-
tensity, with 72 values of 0.118 and 0.283, respectively.
Al recorded the strongest (negative) relationship with
fracture intensity, with an 72 value of 0.379. The partial
least-squares analysis, which integrated all variables to
predict P10, recorded an 72 value of 0.5624, indicating
that natural fractures predictively concentrate in com-
positionally similar intervals (Figures 7 and 8).

Discussion

Natural fractures form as a result of potentially one
or a number of mechanisms, including tectonic events
that cause local and regional stress changes, uplift,
differential compaction, strain from the accommoda-
tion of large structures, and catagensis (Neuzil and
Pollock, 1983; Jowett, 1987; Gale et al., 2007; Engelder
et al., 2009; Rodrigues et al., 2009). Although such var-
iables are often difficult to quantify, numerous methods
can be used to measure, model, and predict chemical

G
E F

Figure 4. Display of the variety of natural and open fractures defined in this study. All mineralized fractures are infilled with
calcite. A — Semicompacted vertical mineralized fracture, B and C — Vertical to subvertical open fracture, D — Subvertical
to bedding parallel open fractures, E — Vertical mineralized fractures, F — Subvertical mineralized fractures, and G — Bedding

parallel mineralized and open fractures.
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Figure 5. Starting on the left, fracture intensity of open, mineralized, and natural (total) fractures are displayed relative to depth. The
color gradient indicates intervals that have a higher frequency of fractures within a half-foot window, with white representing low to no

fractures and the increasing intensity becoming progressively darker. Si, Al, and Ca are displayed as individual data points and a
smoothed curve to highlight gross trends. Formations (Fm) are located on the far right, with “Ch. V.” abbreviating Cherry Valley.

Upper Marcellus

Purcell

Depth (ft)
Upper Marcellus

Lower Marcellus

a) Core Photo Core CTscan  Normalized elements b) Core Photo  Core CTscan  Normalized elements c) Core Photo  Core CTscan  Normalized elements
-1 -1

7526

¢ k\. 75262 |

7445 7541

74452 7541.2
f 75414
74454 ° 752641 2
; 75416
74256 \ 7526.6
\ 7526.8 7418
7445.8 *
\ 7542
g \ 7527
7446 8 -
g | g 75422
g | 7527.2 & <
7446.2 ? § 7542.4
l € 75274
7446.4 9 £ |5 75426 %
& 7527.6
74466 d $ 7542.8
\ 7527.8
7446.8 @ 7543
| [
é‘ 7528 7543.2
7447 e
i 0 Si/Al-8— A| -8— Ca —6—TOC 7528.2

7543.4

f
75284 |8 7543.6

—8—5i —0—S5i/Al~0— Al ~0—Ca —0—TOC

75286 %

7528.8

7529

—e—Si —0-Si/Al—e—Al ~0—Ca —0—TOC

Figure 6. Display of three core intervals, including core photos, core CT scans, and normalized elemental concentrations (unitless).

B v e e 529



Downloaded 09/18/19 to 157.182.154.187. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

composition of rock units. Thus, this study attempts
to answer the degree to which natural fractures pre-
ferentially concentrate in compositionally similar rock
intervals.

Results from the statistical analyses show that Ca,
TOC, and Si/Al have moderate positive relationships
with P10, whereas Si and Al record negative relation-
ships with P10. Enrichment in Ca is largely responding
to calcite nodules and calcitic zones (Figure 6¢). A con-
clusion that could be drawn from the weak positive cor-
relation between Ca and P10 is that the material infilling
mineralized fractures, which is overwhelmingly calcite,
could be causing the enrichment of Ca. In this case, the
enrichment could potentially be responding to the cal-
cite infill and not the composition of the rock matrix.
There are two reasons that an enrichment in Ca is more
than a response to calcite infilling the natural fractures,
and an enrichment in Ca is in fact a response to the host
rock. First, the HHXRF data were collected in evenly
spaced increments down the center of the core to avoid
sampling bias. Mineralized fractures would have to be
consistently located within the center of the core for the
calcite enrichment to source from mineralized frac-
tures, which wasn’t a characteristic found during core
evaluation. Second, in general, open and mineralized
fractures have a positive relationship with each other.
Zones of high fracture presence with open, nonmineral-
ized fractures often coincide with the high fracture pres-
ence of mineralized fractures (Figure 5). This provides
evidence that Ca enrichment within highly fractured
zones is a response to the overall chemical composition
of rock, as opposed to the calcite infilling the natural
fracture.

The TOC has a complex relationship with natural frac-
ture presence. As made clear by Wang and Gale (2009)
and others, TOC contributes to ductility, although TOC
displayed a weak positive relationship with increasing
fracture intensity (Figure 6b). As stated previously, auto-
genic silica (approximated by Si/Al) enrichment takes
place when dissolved silica is taken from the water

P10 vs P10 predicted
3.4

R*=0.5624

P10 predicted

P10

Figure 7. Crossplot displaying P10 predicted from the partial
least-squares analysis on the y-axis and P10, which represents
the natural fracture intensity derived from core evaluation, on
the x-axis.
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column by diatoms and radiolarians to produce their
opaline skeletal frame. Upon dissolution, silica precipi-
tates into a more stable for and often associates with
organic matter (Blood et al., 2013). It was found by Blood
et al. (2013) that, within organic-rich reservoirs, auto-
genic quartz provides a high-modulus medium, ulti-
mately increasing the brittleness of the reservoir rock.
This would indicate when an increase in TOC won'’t be-
have in a ductile manner contingent on the coincidence
with elevated levels of Si/Al.

Within the brittleness indices discussed above (Jarvie
etal.,, 2007, Wang and Gale, 2009; Jin et al., 2014), silica is
claimed to contribute to the overall brittleness of a unit,
whereas Al is claimed to contribute to the overall duc-
tility of a unit. The hypothesis that brittle zones contain
higher fracture intensity appears to be straightforward,
although results from the statistical analyses among
P10, and Si and Al demonstrate a weak to moderate neg-
ative relationship, respectively. Al has the strongest (neg-
ative) relationship with P10, recording an R? value of
0.379. Regression analysis between Si and Al records

P10 — P10 predicted
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Figure 8. Log view showing the correlation between P10 pre-
dicted from the plot, the partial least-square analysis in light
gray, and P10, which represents the natural fracture intensity
derived from core evaluation, in black.



Downloaded 09/18/19 to 157.182.154.187. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

an R? value of 0.562. Due to the Al having the strongest
relationship with P10, Si’s negative relationship with P10
is most likely resulting from its covariation with Al,
which is demonstrated by Si/Al having a positive relation-
ship (R? = 0.283) with P10. This indicates that existing
brittleness indices cannot predict natural fracture pres-
ence within the Marcellus Shale.

Conclusion

Prior to this study, the relationship between chemi-
cal composition and natural fracture intensity within
the Marcellus Shale was underdeveloped. In addition,
the applicability of existing brittleness indices for pre-
dicting areas of high natural fracture intensity was
also unclear. The following were concluded from this
investigation:

1) Existing brittleness indexes are not optimal for pre-
dicting natural fracture presence in the Marcel-
lus Shale.

2) Ca has a strong positive relationship with increasing
fracture intensity.

3) Al has a strong negative relationship with increasing
fracture intensity.

4) Si and TOC have a moderate-to-weak relationship
with natural fracture intensity.

5) Natural fractures preferentially concentrate in host
rocks of similar chemical composition.

Future work

To reinforce the relationship between the natural frac-
tures and chemical composition found in this study, frac-
ture characterization of core and collection of XRF data
on additional core is needed. HHXRF's provide high-res-
olution and dense data sets that can be used to derive
statistically valid relationships. Additional work could at-
tempt to correlate hardness, approximated by a rebound
hammer, with the chemical composition collected from
a HHXRF.
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