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ABSTRACT
This study uses a sequence stratigraphic model for the Marcellus shale to
correlate approximately coeval deposits across 6 core wells from the Appalachian
Basin. I performed a series of geomechanical tests on core samples from the correlated
intervals to determine the variation of fracture toughness, tensile strength, and elastic
modulus across the basin. Four-point bend tests of single-edge notched beam (SENB)
and rectangular beam specimens generally conform to the American Society for Testing
and Materials (ASTM) standards for fracture toughness and flexural (tensile) strength
tests of ceramic materials. I obtained elastic modulus values from the stress-strain
curves generated by the tensile strength experiments. I indented select rectangular
beam specimens with a 2mm Tungsten carbide ball indenter and analyzed them with an
optical profilometer to calculate the Brinell hardness number (BHN). In addition to the
Marcellus shale, I tested other lithologies from the Middle Devonian section (i.e.,
sandstone and limestone) to determine the effect of rock type on geomechanical
properties. Lastly, I used X-ray diffraction (XRD) and total organic carbon (TOC)
analyses to examine the influence of mineralogy and organic content on the
geomechanical properties.
Quartz-rich sandstones of the Mahantango Formation have the highest fracture
toughness while clay and organic-rich black shales of the Marcellus Fm. have the
lowest fracture toughness. A carbonate concretion from the Unions Springs mbr. of the
Marcellus Fm. shows the greatest BHN of the intervals tested. I loaded samples with
two different bedding plane orientations and black shales commonly display increased
fracture toughness for the divider geometry. Although the calculated fracture toughness
for Marcellus members generally agrees with petrophysically derived values used for
hydraulic fracture modeling, results of this study indicate that the experimental fracture
toughness of the Tully and Onondaga limestones is significantly higher than those used
for modeling purposes. I observed considerable variation in geomechanical properties
on a parasequence scale throughout the Union Springs mbr. of the Marcellus Fm., as
well as a second-order brittle-ductile couplet. Finally, the calculated BHN values for the
Marcellus shale are much higher than those encountered in the literature, likely due to
the size of the ball indenter and applied load used in this study.
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Geomechanical Properties of Marcellus Shale Core Samples within a Sequence
Stratigraphic Framework
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INTRODUCTION
Gas production from the Marcellus shale of the Appalachian Basin relies on
hydraulic fracture stimulation of a low permeability, organic-rich reservoir. The
geomechanical properties of gas shales are considered critical factors in the drilling and
production success of wells [1]. A recent attempt has been made to merge the
geomechanics and sequence stratigraphy of unconventional gas shales [1] but this
approach has yet to be applied to the Marcellus shale. This study is the first such
endeavor and combines a detailed sequence stratigraphic model [2] with a
comprehensive series of laboratory tests to determine the geomechanical
characteristics of over 900 samples from 6 core wells across the Appalachian Basin
(Figure 1). Sequence stratigraphy is used to correlate parasequences and other
significant surfaces (i.e., maximum flooding surface (MFS), maximum regressive
surface (MRS), etc.) between the wells (Figure 2). I performed laboratory tests on core
samples to determine the variation in mode-I fracture toughness, tensile strength, and
elastic modulus of the correlated intervals.
The recent work by Slatt and Abousleiman [1] to combine geomechanics and
sequence stratigraphy also proposes that the presence of laminae/bedding planes act
as planes of weakness that can affect drilling and hydraulic fracture stimulation. This
study uses two bedding plane orientations, the arrester and divider geometries (from
Schmidt [3]), to determine what effect the presence of laminae has on the
geomechanical properties. The arrester geometry applies a load perpendicular to
bedding planes while the divider configuration loads the sample parallel to laminae
(Figure 3). Due to the fissile nature of the Marcellus core samples, specimens with the
short transverse geometry used by Schmidt [3] could not be prepared for this study. In
addition to the two bedding plane orientations, x-ray diffraction (XRD) and total organic
carbon (TOC) analyses were employed to determine the influence of mineralogy and
organic content on the geomechanical properties of the core samples.
The Marcellus Formation in Pennsylvania consists of three members [2] (i.e., a
lower Shamokin Member, informally called the Union Springs mbr.; a middle carbonate
Purcell Mbr.; and an upper Unnamed member, henceforth referred to as the Oatka
Creek mbr.) and comprises two 3rd order depositional sequences [4]. The basal Union
2

Springs mbr. was deposited during the first 3rd order sequence, which is demarcated by
unconformities in the underlying Selinsgrove Limestone (referred to in this study as the
Onondaga Fm.) and at the base of the overlying Purcell Mbr. The second 3rd order
sequence spans the Purcell and Oatka Creek members and terminates at a sequence
boundary in the overlying Mahantango Fm. [2, 4]. Core samples from each Marcellus
member are included in this study but the majority of specimens come from the Union
Springs mbr. because this member is most commonly the drilling and production target
of industry. I paid particular attention to the MFS of the Union Springs mbr. as this
surface has the highest gamma ray API values and is widely considered to have the
highest TOC. Consequently, I sampled strata adjacent to this surface (or in the case of
the Erb and Handiboe wells, intervals with comparable API and lithofacies) in the 5
wells displayed in Figure 2.
In addition to the MFS, I tested the Cabrieroceras bed from the Bilger, Bald
Eagle, and Handiboe wells. This low API, locally occurring marker bed is often a
goniatite-rich, nodular limestone bed used for correlations in the outcrop belt of the
Appalachian Basin [5]. The Union Springs Parasequence (PS)-3 surface in Figure 2
shows the low gamma ray bed identified as the Cabrieroceras in the Handiboe, Erb, and
Bald Eagle wells becomes less distinct in the Bilger well and indistinguishable in the
Yoder well. Consequently, I did not test a Cabrieroceras interval from the Yoder well. I
sampled sandstones from the Mahantango Fm. from the Roy Adams and Bilger wells
because this lithology is not present in the cored intervals of the other study wells.
A recent study by Jacot et al. [6] details the methodology used in hydraulic
fracture modeling for the Marcellus shale and presents values for fracture toughness
and elastic modulus used in the modeling. Dynamic values obtained from petrophysical
analysis of acoustic logs are converted to static values for modeling purposes. The
Jacot et al. findings will be compared to the results of this study. The elastic modulus
values given by Jacot et al. are static and will be compared directly to the results of this
study. In the case of fracture toughness, the dynamic Jacot et al. values will be halved,
because dynamic values for fracture toughness are approximately double the static
values (Bazan, written communication).
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Figure 1. Map of the six core wells included in this study. The Yoder well is located in the Marcellus gasproducing Appalachian Plateau province while the other wells are in the thermally overmature, nonprospective Valley and Ridge province of Pennsylvania. The approximate Marcellus gas-producing region in
Pennsylvania is denoted by the red polygon. Sequence stratigraphic correlations (shown in Figure 2) are
made along the line A-A’.
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Figure 2. Gamma ray log correlations of sequence stratigraphic surfaces and intervals sampled in this study
along line A-A' (location shown in Figure 1). The Roy Adams well is absent because it did not penetrate the
Union Springs mbr. but was used for testing samples higher in the section. For simplicity, additional
intervals tested in the study do not appear on this figure (see Table 1). Systems tract designations and
sequence stratigraphic surfaces are from Kohl [2]. Gamma ray scale: 100 - 300 API, MFS = maximum flooding
surface, MRS = maximum regressive surface, PS = parasequence, U.S. = Union Springs, BSFR = basal
surface of forced regression.
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Figure 3. Bedding plane orientation for arrester and divider sample geometries (modified from Schmidt [3]). P
represents the load applied to the sample.

BACKGROUND
Fracture Toughness (KIc)
Fracture toughness is a material property which measures the ability to resist
crack propagation [7]. Linear elastic fracture mechanics (LEFM) states that the stress
intensity at a crack tip must exceed the critical stress intensity factor (i.e., fracture
toughness) for crack propagation to occur. Fracture toughness is an important input
parameter for hydraulic fracture modeling [8] that can be determined from petrophysical
analysis of acoustic logs [6]. Additionally, hydraulic fracture modeling has shown that
layered contrasts in fracture toughness of adjacent strata influence fracture propagation
and geometry [9].

6

Tensile Strength (T)
Tensile strength is a factor for wellbore stability and formation control [10] that
cannot be obtained from well logs but only through laboratory experiments. Tensile
failure, and a loss of drilling fluid circulation, will occur when the stress from drilling fluid
exceeds the tensile strength of the formation and rock stress [11]. Tensile strength is
also pertinent to hydraulic fracture stimulation as it is a component (albeit a minor one)
of the formation breakdown equation:
𝑃𝑏 = 3𝑆ℎ − 𝑆𝐻 − 𝑃𝑝 + 𝑇

where:

Pb
Sh

SH
Pp
T

= formation breakdown pressure,
= minimum horizontal stress,
= maximum horizontal stress,
= pore pressure,
= tensile strength.

Elastic Modulus (E)
Elastic modulus, or Young’s Modulus, is a constant of proportionality relating
applied axial stress to axial strain [12]. Elastic modulus measures the ability to resist
elastic deformation (measured as strain) under an applied load and is considered the
major geomechanical parameter that will affect hydraulic fracture growth [13]. The
elastic modulus of a rock body also directly effects the net treating pressure delivered to
the formation during hydraulic fracture stimulation, with a higher modulus leading to
higher net pressure [14]. Elastic modulus also affects how much proppant embedment
will occur during hydraulic fracture stimulation of a gas shale [15] (Figure 4). Generally,
elastic modulus is the only hydraulic fracture design variable that can be known in
advance and for this reason is commonly determined via laboratory testing of rotary
sidewall core samples [14, 16].
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Brinell Hardness (BHN)
Brinell hardness is a measure of the rock’s resistance to indentation and has a
direct correlation to Unconfined Compressive Strength (UCS) [17]. Brinell hardness
testing of gas shale core samples is commonly used in industry [15] as a measure of
rock strength and also to gauge the susceptibility to proppant embedment (Figure 4).

Figure 4. Left: illustration of elastic modulus effect on proppant embedment. Right: Brinell hardness
numbers (BHN) from core sample testing of various North American shale reservoirs. The BHN of the
Marcellus shale is approximately 32. Figures modified from Stegent et al. [15]).
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METHODS
Fracture Toughness
Whole and slab core samples with diameters ranging from 5 to 6.5 cm were cut
into thin (< 1cm) disks parallel to bedding planes on a rock saw. The disks were cut into
rectangular beam specimens ranging from 2.23 to 9.75 mm in height and width. Skewed
samples were sanded by hand on fine emery cloth in an attempt to make the sides
parallel and square. The rectangular beam samples were placed on a glass insert plate
and heated on a hot plate, affixed with Crystalbond™ adhesive and allowed to cool at
room temperature. A thin notch was then cut into the samples using a high
concentration diamond wafering blade on an Allied TechCut 5™ Precision Sectioning
Machine. The wafering blade was run at 3500 rpm for black shale and carbonate
samples and 2800 rpm for sandstone samples with a table feed of 0.2”/min. The
resulting single-edge notched beam (SENB) specimens were reheated on a hot plate,
removed from the glass insert plate and cooled at ambient conditions before cotton
swabs dipped in acetone were used to remove any residual adhesive.
The samples were left at ambient conditions for at least 24 hours before being
loaded to tensile failure in a four-point bend fixture (with inner and outer support spans
of 20 and 40 mm, respectively) on an Instron 4202 electromechanical load frame
(Figure 5). The sample dimensions were measured with digital calipers and the depth of
the wafering blade notch was assessed under a microscope using a 15x objective and a
digital x-y coordinate display. The American Society for Testing and Materials (ASTM) C
1421 – 01b standard equation was used to calculate the mode-I fracture toughness of a
pre-cracked beam specimen in four-point flexure:

where:
𝑎

𝑃𝑚𝑎𝑥 [𝑆𝑜 − 𝑆𝑖 ]10−6
3[𝑎/𝑊]1/2
𝐾𝐼𝑝𝑏 = 𝑓 �
�
�
�
𝐵𝑊 3/2
2[1 − 𝑎/𝑊]3/2

𝑓 = 𝑓(𝑊)
where:

𝑎

= 1.9887 − 1.326 �𝑊� −

𝑎
𝑊

𝑎 2 𝑎
𝑊
𝑊
𝑎
{1+ [ ]}2
𝑊

𝑎
𝑊

�3.49−0.68� �+1.35� � �� �{1−� �}
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KIpb

𝑎

𝑓 = 𝑓(𝑊)

Pmax
So
Si
B

W
a

= fracture toughness (MPa√m),

= function of the ratio a/W for four-point flexure,
= maximum force during test (N),
= outer span (m),
= inner span (m),
= sample width (m),
= sample height (m),
= notch depth (m).

Figure 5. Left: schematic diagram of fracture toughness test setup (modified from ASTM C 1421 - 01b). Right:
four-point bend test of SENB for fracture toughness determination. The sandstone sample is from the
Mahantango Fm. (Roy Adams 628’) and is loaded with the arrester geometry.
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Tensile Strength
Rectangular beam specimens were cut from the core samples and sanded on
fine emery cloth as above, and the sample dimensions were measured with digital
calipers. The beams were loaded to tensile failure (using the same four- point bend
fixture as above) on the Instron 4202 (Figure 6) and the equation from ASTM C116102c was used for flexural (tensile) strength determination:
𝑆=

where:

S

P
L

b

d

3𝑃𝐿
4𝑏𝑑 2

= flexural strength (MPa),
= break force (N),
= outer (support) span (mm),
= specimen width (mm), and
= specimen thickness (mm).

Elastic Modulus
The tensile strength experiments described above provide stress measurements
for each sample. The corresponding strain rate was then calculated with the ASTM
C1161 – 02c standard equation:
𝜀 = 6𝑑𝑠/𝐿2

where:

ε

d
s

L

= strain rate (1/min),
= specimen thickness (mm),
= crosshead speed (mm/min),
= outer (support) span (mm).

The strain rate was multiplied by the loading time to obtain a strain measurement
and a line was fitted to the linear portion of the resulting stress-strain curve (Figure 6).
The slope of this line was taken as the elastic modulus value for the corresponding
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tensile strength sample.

Figure 6. Top left: schematic diagram of four-point bend test for tensile strength determination (modified
from ASTM C 1161 – 02c). Top right: tensile strength test of sample 265 (from Bilger 372', arrester geometry).
Bottom: Stress-strain curve for sample 265 generated from the tensile strength experiment. The slope of the
line represents the elastic modulus for the sample.
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Brinell Hardness
Loads ranging from 10-30 kg were applied to samples with a 2mm Tungsten
carbide ball indenter using an Instron 5866 electromechanical load frame. The indented
sample surfaces were analyzed with a Zygo NewView 7300™ Optical Profilometer.
Zygo MetroPro™ software was then used to measure the indentation diameters. Three
measurements were made for each indentation (Figure 7) and the mean value was
taken as the indentation diameter and inserted into the ASTM E10 – 10 standard
equation for Brinell hardness determination:

where:

𝐻𝐵𝑊 =

2 𝐹𝑘𝑔𝑓

𝜋𝐷�𝐷 − √𝐷2 − 𝑑 2 �

HBW = Brinell hardness number (kgf/mm2),
Fkgf
D
d

= test force (kgf),

= diameter of the ball indenter (mm), and
= measured mean diameter of the indentation (mm).
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Figure 7. Optical profilometer surface map of the indentation from Brinell hardness testing of sample 668
(from Bilger 429’ MFS). Three indentation diameter measurements were made with Zygo MetroPro™ software
and the mean value was used for the indentation diameter.

X-ray Diffraction (XRD)
Core remnants from beam specimen preparation were powdered with a SPEX
SamplePrep 8000 Mixer/Mill™ and a stainless steel ball. The powdered sample was
taken to the Materials Research Institute at Penn State University where PANalytical
MPD and PANalytical Empyrean powder diffractometers were used for mineral phase
identification and percent by volume quantification. The calcite and dolomite
percentages from XRD quantification were added to get a carbonate percent. Similarly,
clay (chlorite, kaolinite, and muscovite) and feldspar (albite, anorthite, and enstatite)
mineral percentages were combined to obtain the clay and feldspar percentages listed
in Table 1.
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Three sample intervals (Bilger 169’, 298’, and 312’) were powdered with a
Tungsten carbide (WC) ball and XRD quantification analysis for these samples show a
minor WC component. The mineral percentages for these intervals were re-normalized
after subtracting the WC percentage from the total percentage of all minerals (i.e.,
100%). See Appendix B for complete XRD analyses.

Total Organic Carbon (TOC)
Powdered samples as above were weighed and soaked in 10% HCl for 24 hours
to dissolve the carbonate and inorganic carbon components of the rock. The samples
were then centrifuged, decanted, and rinsed to neutrality with deionized water three
times before being placed in a freezer for 24 hours. Next, the samples were put in a
freeze dryer until sufficiently dry (typically about 24 hours) and then re-weighed. The
weight difference divided by the original weight was taken as the carbonate percent of
the sample (listed as ‘CaCO3 (HCl)’ in Table 1). Approximately 15 mg of the remaining
sample was weighed out and placed into tin boats for use in a CM 5014 CO2
Coulometer with a CM 5200 Autosampler/Furnace. The organic carbon was measured
by combusting the sample at 960°C to liberate CO2 and titrating the CO2 in a coulometer
cell [18]. The autosampler carousel was used for two runs of 25 samples each, with
both runs beginning and ending with a blank tin boat and a CaCO3 standard. A CaCO3
standard was also analyzed every 10 samples and five samples throughout the two
runs had replicate boats to determine the variation within one sample interval. The
CaCO3 standard and replicate samples have a maximum experimental error on the
order of 5%. The TOC by weight results were doubled to calculate TOC by volume and
subsequently added to the clay by volume percent to obtain the ‘Clay + TOC’ values
listed in Table 1.
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RESULTS
The fracture toughness of Middle Devonian core samples is strongly influenced
by lithology, mineralogy, and organic content. The boxplots in Figure 8 show that
sandstones of the Mahantango Fm. have the highest median fracture toughness while
black shales of the Marcellus Fm. (i.e., the Oatka Creek, Upper Union Springs, and
MFS intervals) generally display the lowest median fracture toughness. Carbonates
from the Tully, Purcell, concretion, and Onondaga intervals have intermediate median
fracture toughness values that consistently plot between the sandstone and black shale
median values.
The relationship between fracture toughness, mineralogy, and organic content is
depicted in Figures 8 and 9. Sample intervals determined to be quartz-rich (>46%) from
XRD analysis display the highest median fracture toughness while clay and organic-rich
intervals (>35%) have the lowest median fracture toughness. Samples with high
carbonate content (>65%) show intermediate median fracture toughness values
between the quartz and clay-rich sample intervals. The blue and red dashed lines on
Figure 8 mark the high (i.e., BE 774’) and low (i.e., Bilger 298’) median values for clay
and quartz-rich samples, respectively, excluding the anomalous Bilger 429’ and Yoder
5699’ intervals. Samples from Bilger 429’ are categorized as clay- and organic-rich but
plot closer to the quartz-dominated samples. However, Bilger 429’ samples also contain
significant quartz (39%) in addition to the high clay and organic content. Conversely, the
Yoder 5699’ interval is considered quartz-rich (66%) but has a lower median fracture
toughness than the other quartz-dominated samples. Although samples from Yoder
5699’ are quartz-rich with relatively low clay content (13%), they also have significant
organic content (14% TOC by volume) that likely decreases the fracture toughness.
The experimental fracture toughness for the Oatka Creek and Purcell members
of the Marcellus compare favorably to the petrophysically derived modeling values
(denoted by the red stars in Figure 8). However, the modeling value used for fracture
toughness of the Union Springs mbr. is lower than the majority of experimental median
fracture toughness values for this member. Similarly, the median experimental fracture
toughness for the Tully and Onondaga limestones are significantly higher than those
used for hydraulic fracture modeling.
16

Table 1. Data obtained from this study. The interval column represents the well and depth (in feet) of the
samples (BE = Bald Eagle, BI = Bilger, HB = Handiboe, RA = Roy Adams, YD = Yoder, LS = limestone). The
Tully LS samples are from an outcrop in Carpenter Falls, NY. Median values are used for fracture toughness
(KIc), tensile strength (T), and elastic modulus (E). Gamma ray (GR) API and density (ρ) are from well logs.
TOC and CaCO3 (HCl) is given as weight percent and the remaining columns are percent by volume.
Asterisks denote no data.
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Figure 8. Boxplot of experimental fracture toughness values for Middle Devonian strata, ordered
stratigraphically along the y-axis (with ‘n’ equal to the number of samples tested). The boxplots include data
for the arrester and divider geometries for each interval. The systems tracts, interval colors, and names
(Oatka Creek, Purcell, etc.) correspond to Figure 2. The red stars represent ½ of the Jacot et al. [6] dynamic
values used for hydraulic fracture modeling. Asterisks denote outliers and the vertical black bar represents
the median value. The blue and red dashed lines mark the high and low median values for clay-rich and
quartz-rich samples, respectively (excluding anomalous median values for Bilger 429’ and Yoder 5699’). LS =
limestone, SS = sandstone, O.C. = Oatka Creek, U.S. = Union Springs, BE = Bald Eagle, HB = Handiboe, RA =
Roy Adams, BSFR = basal surface of forced regression, MFS = maximum flooding surface, LST = lowstand
systems tract, FSST = falling stage systems tract, TST = transgressive systems tract.
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Figure 9. Ternary diagram depicting mineral composition (from XRD analysis) and fracture toughness
magnitudes of the sampled intervals in this study. The three colored ploygons (orange, blue, and purple)
represent areas of high, intermediate, and low fracture toughness, respectively (with one anomalously high
value [i.e., 1.00] in the purple polygon). The XRD values for quartz, CaCO3, and clay percent from Table 1
were re-normalized to obtain the values shown on the ternary diagram.
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The influence of lithology, mineralogy, and organic content on tensile strength
and elastic modulus (Figures 10-13) is less apparent, but in both cases a trend similar
to that of fracture toughness is observed. Samples exhibit lower strength/modulus for
clay and organic-rich samples and higher strength/modulus for quartz-rich intervals.
However, the median tensile strength of carbonate-rich samples is much more variable
than the median fracture toughness and elastic modulus values: the Onondaga samples
have low median tensile strength and the carbonate-rich samples of the Union Springs
mbr. have high median tensile strength. This could be a function of large pre-existing
defects (i.e., fractures, fossils, etc.) in the Onondaga reef carbonate which decrease the
tensile strength of the samples, because many specimens failed along natural fractures
or fossils during testing. On the other hand, the fine-grained fabric and lack of large
defects in the carbonate-rich samples of the Union Springs mbr. may explain the higher
tensile strength for these intervals (see Appendix A for thin section images). The
experimental median values of elastic modulus for the Tully and Onondaga limestones
are consistent with the Jacot et al. values while the empirical median modulus values of
the Marcellus members are commonly higher than those used for modeling purposes
(denoted by red stars in Figure 12).
Despite having high fracture toughness, the quartz-rich Mahantango sandstone
samples from RA 628’ have low values for elastic modulus and tensile strength (Figures
8, 10, and 12). This wide range of values for RA 628’ illustrates the lack of strong
correlation among the median values for geomechanical properties evident in the least
squares linear regression analysis presented in Figure 14. Although the correlation
between geomechanical properties is weak, some of the independent variables have a
stronger correlation to fracture toughness. Figure 15 displays two of the more robust
correlations of fracture toughness and an independent variable: density and gamma ray.
In some instances, consistent trends in geomechanical properties are evident.
Figure 16 shows a systematic increase in fracture toughness, elastic modulus, and
tensile strength from Union Springs PS-4 to PS-3 observable in the Bilger, Bald Eagle,
and Handiboe wells. The PS-3 samples generally have lower clay content and behave
in a more brittle manner, with higher fracture toughness, tensile strength, and elastic
modulus values than PS-4 samples. Brittle rock is defined as in Slatt and Abousleiman
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[1] and is typified by a small to large region of elastic behavior (reversible deformation)
under an applied stress with only a small region of ductile behavior (irreversible-plastic
deformation). Conversely, ductile rocks have a large region of ductile behavior before
fracture but only a small region of elastic behavior. Figure 17a illustrates the difference
between brittle and ductile behavior. Figures 17b and 17c demonstrate the brittle
behavior typical of quartz-rich samples (i.e., Bilger 169’ Mahantango sandstone) and the
ductile behavior of the clay and organic-rich black shale samples (i.e., HB 547’ MFS),
respectively. Figure 17, in conjunction with the geomechanical properties for Bilger 169’
and HB 547’ (Table 1; Figures 8, 10, and 12), indicates that brittle rocks have relatively
high fracture toughness, tensile strength, and elastic moduli while ductile rocks are
categorized as having lower values for the same properties.
Figure 16 demonstrates a change from brittle to ductile geomechanical behavior
on a parasequence scale (moving up section from PS-3 to PS-4) and represents a
second-order brittle-ductile couplet proposed by Slatt and Abousleiman [1] (Figure 18).
This empirical evidence for brittle-ductile couplets indicates that sequence stratigraphy
can be used to map and predict the geomechanical behavior of gas shales across a
basin. By doing so, horizontal well placements can target strata optimal for hydraulic
fracture stimulation and production.
Figures 16 and 19 depict the influence of proximity to the clastic source on
mineralogy and geomechanical properties. The PS-3 and PS-4 samples from the Bilger
well have higher quartz content and more brittle geomechanical properties relative to
the Bald Eagle and Handiboe samples (Figure 16). The increased quartz content (and
brittleness) in the Bilger well is a reflection of its closer proximity to a Mahantango delta
lobe (Figure 19). Figure 20 shows how geomechanical properties vary as a function of
lithofacies and demonstrates that changes in sedimentary facies correspond with
changes in geomechanical properties.
Considerable geomechanical variation over parasequence scales is also evident
in Figure 21, which shows the geomechanical properties of the gas-producing Yoder
well. Figure 21c reveals significant changes in elastic modulus over small distances
throughout the Union Springs mbr. and indicates that hydraulic fracture stimulation, and
gas production, will be greatly affected by the placement of wellbores within this
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member. Lastly, the specimens from the MFS intervals display consistent trends in
fracture toughness and elastic modulus (Figure 22) but indicate that the geomechanical
properties of this sequence stratigraphic surface vary significantly across the basin.
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Figure 10. Boxplot of experimental tensile strength values for Middle Devonian strata, ordered
stratigraphically along the y-axis. This figure includes data for both the arrester and divider geometries for
each sample interval, with ‘n’ equal to the number of samples (n = 10 for Yoder 5648.5’). The systems tracts,
interval colors and names (Oatka Creek, Purcell, etc.) correspond to Figure 2. Asterisks denote outliers. LS =
limestone, SS = sandstone, BE = Bald Eagle, HB = Handiboe, RA = Roy Adams, BSFR = basal surface of
forced regression, MFS = maximum flooding surface, LST = lowstand systems tract, FSST = falling stage
systems tract, TST = transgressive systems tract.
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Figure 11. Ternary diagram depicting mineral composition (from XRD analysis) and tensile strength
magnitudes of the sampled intervals in this study. The two colored polygons (orange and purple) represent
areas of high and low tensile strength, respectively (with two anomalous values [i.e., 36.5 in the purple region
and 24.3 in the orange polygon]). The XRD values for quartz, CaCO3, and clay percent from Table 1 were renormalized to obtain the values shown on the ternary diagram.
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Figure 12. Boxplot of experimental elastic modulus values for Middle Devonian strata, ordered
stratigraphically along the y-axis. This figure includes data for both the arrester and divider geometries for
each sample interval, with ‘n’ equal to the number of samples. The systems tracts, interval colors and names
(Oatka Creek, Purcell, etc.) correspond to Figure 2. The red stars represent the Jacot et al. [6] values used in
hydraulic fracture modeling. Asterisks denote outliers. O.C. = Oatka Creek, U.S. = Union Springs, BE = Bald
Eagle, HB = Handiboe, RA = Roy Adams, BSFR = basal surface of forced regression, MFS = maximum
flooding surface, FSST = falling stage systems tract, LST = lowstand systems tract, TST = transgressive
systems tract,
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Figure 13. Ternary diagram depicting mineral composition (from XRD analysis) and elastic moduli
magnitudes of the sampled intervals in this study. The two colored polygons (orange and purple) represent
areas of high and low elastic modulus, respectively (with two anomalous values [i.e., 60.9 in the purple
polygon and 26.8 in the orange polygon]). The XRD values for quartz, CaCO3, and clay percent from Table 1
were re-normalized to obtain the values shown on the ternary diagram.
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Figure 14. Least squares
linear regression analysis
for geomechanical
properties using median
fracture toughness,
elastic modulus (E), and
tensile strength (T) values
for all sample intervals.
A.) Linear regression
analysis for fracture
toughness and elastic
modulus. B.) Linear
regression analysis for
tensile strength and
elastic modulus. C.)
Linear regression
analysis for fracture
toughness and tensile
strength.
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Figure 15. Least squares linear regression analysis depicting the correlations between fracture toughness
and A.) bulk density and B.) gamma ray.
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Figure 16. Boxplots of geomechanical properties for samples from Union Springs PS-4 and PS-3. PS-4 is the
Upper Union Springs interval (dark) and PS-3 is the Cabrieroceras interval (light) from Figure 2. Boxplots of
fracture toughness, elastic modulus, and tensile strength are shown for samples from the Bilger, Bald Eagle,
and Handiboe wells. The numbers separated by colons above the boxplots represent the carbonate, quartz,
and clay percentages by volume, respectively, of the sample intervals.
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Figure 17. Brittle and ductile behavior defined by stress-strain relationships. A.) Theoretical brittle and
ductile rock behavior (from http://www.tulane.edu/~sanelson/geo111/deform.htm). B.) Brittle behavior of
quartz-rich Bilger 169’ Mahantango sandstone samples. C.) Ductile behavior of clay and organic-rich black
shale samples from HB 547’ MFS.
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Figure 18. Schematic illustration of brittle-ductile couplets proposed by Slatt and Abousleiman [1]. A.) Spatial
scales of first, second, and third-order brittle-ductile couplets. B.) Relative lengths of hydraulic fractures for
different scales of brittle-ductile couplets and effect of ductile behavior on hydraulic fracture length. Figures
modified from Slatt and Abousleiman [1].
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Figure 19. Mean gamma ray and isocore map for the Upper Falling Stage Systems Tract (which includes PS-3
and PS-4) of the Union Springs mbr. of the Marcellus Fm. The low gamma ray feature to the southeast of the
Bilger well is interpreted as a lobe of the Mahantango delta. Of the wells with mineralogy data for PS-3 and
PS-4 deposits, the most proximal well to the delta (i.e., Bilger) has the highest quartz content (Figure 12,
Table 1). Modified from Kohl [2].
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Figure 20. Individual values plots of A.) fracture toughness, B.) tensile strength, and C.) elastic modulus for
various lithofacies sampled in this study. Mean symbols (blue) are connected by the black line. Lithofacies
are modified from Kohl [2] . See Appendix C for lithofacies descriptions.
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Figure 21. Boxplots of geomechanical properties for Union Springs mbr. sample intervals from the Yoder
well, which is in the gas-producing Appalachian Plateau province. A.) Boxplot of fracture toughness. B.)
Boxplot of tensile strength. C.) Boxplot of elastic modulus. All boxplots contain data for both the arrester and
divider geometries. Colored boxes and interval names correspond to Figure 2.
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Figure 22. Top: gamma ray and density log correlations of the MFS for the 5 wells in this study that penetrate
the Union Springs mbr. The datum used is the Unions Springs MFS. The red stars denote the location of the
sampled intervals. Lower: boxplots of fracture toughness (left) and elastic modulus (right) for the MFS
samples. The numbers separated by colons below the sample intervals represent the percent by volume of
carbonate, quartz, and clay respectively (from Table 1).
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The fracture toughness results of this study are in agreement with those of
Schmidt [3] and indicate that laminated black shales generally have a higher fracture
toughness for the divider geometry (Figure 23). Conversely, elastic modulus values for
black shale intervals are commonly lower for the divider geometry (Figure 24). There is
no observable trend in the tensile strength data for the two bedding plane orientations
(Figure 25).
Carbonate samples display the highest BHN values in this study: Bilger 372’, a
carbonate concretion, has the greatest BHN, followed by the Purcell Mbr. (i.e., HB 303’)
and Onondaga limestone (i.e., BE 927’) intervals (Figure 26). The Cabrieroceras
interval from Bald Eagle (i.e., BE 844’), a calcareous siltstone, has a nearly identical
mineralogic composition as the Bilger 372’ concretion sample but a much lower BHN,
indicating lithology has more influence on BHN than mineralogy. There is no clear effect
of bedding plane orientation on BHN, as evidenced from Figure 26a. However, several
of the samples failed along bedding planes when applying the indentation in the divider
geometry, which supports the notion that laminae act as planes of weakness. Figures
27 and 28 illustrate both positive and negative correlations that exist between Brinell
hardness numbers and several independent variables: bulk density, calcium carbonate
content, gamma ray, and clay and TOC percent.
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Figure 23. Boxplot of the effect of arrester and divider geometries on fracture toughness for laminated black
shales. Arrester and divider geometries are denoted by ‘a’ and ‘d’ suffixes, respectively. The colored boxes
and interval names correspond to Figure 2. TST = transgressive systems tract, FSST = falling stage systems
tract, MFS = maximum flooding surface.
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Figure 24. Boxplot of the effect of arrester and divider geometries on elastic modulus for laminated black
shales. Arrester and divider geometries are denoted by ‘a’ and ‘d’ suffixes, respectively. The colored boxes
and interval names correspond to Figure 2. TST = transgressive systems tract, FSST = falling stage systems
tract, MFS = maximum flooding surface.
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Figure 25. Boxplot of the effect of arrester and divider geometries on tensile strength for laminated black
shales. Arrester and divider geometries are denoted by ‘a’ and ‘d’ suffixes, respectively. The colored boxes
and interval names correspond to Figure 2. TST = transgressive systems tract, FSST = falling stage systems
tract, MFS = maximum flooding surface.

39

Figure 26. A.) Bar graph of Brinell hardness number (BHN) for arrester and divider geometries of sampled
intervals (denoted by ‘a’ and ‘d’ interval suffixes, respectively). B.) Bar graph of BHN with combined arrester
and divider geometry values. The numbers separated by colons represent the percent of carbonate, quartz,
and clay, respectively, as determined from XRD analysis (Table 1).

40

Figure 27. Least squares linear regression analysis showing the positive correlation between Brinell
hardness number and A.) bulk density and B.) calcium carbonate percent.
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Figure 28. Least squares linear regression analysis showing the negative correlation between Brinell
hardness number and A.) gamma ray and B.) clay and total organic carbon percent.
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DISCUSSION
Mineralogic, Lithologic, and Organic Influence on Geomechanical Properties
Mineralogy, lithology, and organic content strongly influence the geomechanical
behavior of samples in this study. The effect of mineralogy on fracture toughness is
evident in Figure 8. The high fracture toughness of quartz-rich samples and the low
fracture toughness of clay-rich specimens within the laminated black shale intervals
(i.e., the Upper Union Springs and MFS intervals) demonstrate that mineralogy has a
major influence on fracture toughness. Similar trends of more brittle behavior (higher
rock strength and elastic modulus) in quartz-rich samples and more ductile properties
(lower strength and modulus) of clay and organic-rich samples are evident in Figures 8
through 13.
The lithology, mineralogy, and organic content of the samples in this study are
influenced by the wells’ proximity to the clastic source (i.e., the Mahantango delta).
Figure 19 shows the relative locations of the study wells to the Mahantango delta during
deposition of the Union Springs PS-3 and PS-4 sample intervals. The higher quartz
content of the Bilger well relative to the Bald Eagle and Handiboe wells is a function of
its closer proximity to the clastic source. From the mineralogy of PS-3 and PS-4
samples and Figure 19, it is reasonable to deduce that the more distal study wells will
have less detrital quartz than the more proximal wells. However, XRD analysis for MFS
intervals indicates that Yoder 5699’ has higher quartz content than the more proximal
wells during MFS deposition (Table 1). This may suggest a biogenic quartz source
during MFS deposition, rather than detrital quartz coming from the Mahantango delta.
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Second-order Brittle-Ductile Couplets
The results of this study indicate that the second-order brittle-ductile couplets
described by Slatt and Abousleiman [1] are observed empirically and suggest that
merging sequence stratigraphy and geomechanics can provide a powerful predictive
model that will optimize gas production by placing horizontal wellbores in strata most
conducive to hydraulic fracture stimulation. The relationship between sequence
stratigraphic surfaces (i.e., parasequences, MFS, MRS) and brittle-ductile behavior of
the Marcellus Fm. can be determined through analysis of the mineralogic and organic
composition of the formation, as this study shows intervals with relatively high clay and
organic content behave in a more ductile manner than quartz-rich, organic-lean
intervals. Classification of the geomechanical behavior for the lithofacies stacking
patterns comprising parasequences, particularly within the Union Springs mbr., will help
determine where the geomechanical ‘sweet spots’ (i.e., parasequences with thicker
sections of brittle rock) of the formation are. These sweet spots can then be correlated
and mapped across the basin using sequence stratigraphy.

Further Commentary on Geomechanical Properties
The empirical elastic modulus values of the Marcellus shale members are
commonly higher than those used by Jacot et al. [6] for hydraulic fracture modeling
(Figure 12; Table 1). Additionally, the Jacot et al. fracture toughness values for the Tully
and Onondaga are much lower than the experimental results (Figure 8). The
discrepancies between the empirical and modeling values for the geomechanical
properties of the Middle Devonian section raises the possibility that hydraulic fracture
modeling could be improved through re-evaluation and adjustment of input parameters,
namely fracture toughness of the Tully and Onondaga limestones and elastic modulus
for the members of the Marcellus Fm.
The presence of bedding planes influences both the fracture toughness and
elastic modulus of finely laminated shale samples. The effect of laminae on both
fracture toughness and elastic modulus suggests that hydraulic fracture stimulation
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efficiency may be affected by the orientation of wellbore perforations with respect to
laminae. The lower fracture toughness for the arrester geometry implies a hydraulic
fracture may be more easily induced from perforations aligned vertically (rather than
laterally) in a horizontal wellbore (assuming wellbore dip matches stratal dip).
This study employs four-point bend testing of rectangular beam specimens for
tensile strength and elastic modulus determination. This method is known to produce
systematically higher tensile strength values than the more commonly used Brazilian
test method [19, 20], but the values here are intended for use in a relative sense and
should not be taken as the absolute tensile strength for the intervals tested. The tensile
strength values are consistent with the bending test results for Barnett Shale beam
samples reported by Gale and Holder [19]. Similarly, the BHN results from this study are
much higher than previously published values [16] and should only be used for
comparative purposes. The inflated Brinell hardness values from this study are likely the
result of the small ball indenter (2mm) and large applied load (10-30 kg). Brinell
hardness testing performed in industry typically uses larger ball indenters and smaller
loads than this study (Jiao, written communication). Lastly, Brinell hardness testing for
Mahantango sandstones could not be performed because the small indent was too
difficult to differentiate from the medium sand grains with the optical profilometer.
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CONCLUSIONS
The fracture toughness of Middle Devonian core samples is heavily influenced by
lithology, mineralogy, and organic content. Sandstones and quartz-rich samples have
the highest fracture toughness while clay and organic-rich black shales have the lowest
fracture toughness in this study. Carbonates and calcareous shales (i.e. BE 844’, HB
483.5’) have intermediate fracture toughness values that plot between those of
sandstones and black shales. The tensile strength and elastic modulus results of this
study are more variable than fracture toughness but show similar trends of more brittle
behavior for quartz-rich samples and more ductile characteristics for clay and organicrich intervals. The Brinell hardness results of this study show carbonate samples have
the highest BHN and indicate that lithology is more of a factor than mineralogy for
Brinell hardness.
Empirical results for the fracture toughness of Marcellus shale members
generally agree with the Jacot et al. hydraulic fracturing modeling values but the
experimental fracture toughness of the Tully and Onondaga limestones are significantly
higher those used for modeling purposes. Conversely, the empirical elastic modulus
results match the Jacot et al. values for the Tully and Onondaga, but are considerably
higher for the Marcellus shale members.
The orientation of bedding planes affects the fracture toughness and elastic
modulus of finely laminated black shale samples. Specimens with the divider geometry
have higher fracture toughness than those with the arrester configuration. However, the
opposite is true for elastic modulus: samples with the divider geometry generally have
lower moduli values than those with the arrester arrangement.
Significant variation in geomechanical properties is observed in the Union
Springs Member of the Marcellus shale on a parasequence scale. The geomechanical
properties of Union Springs PS-3 and PS-4 represent a second-order brittle-ductile
couplet and supports the notion that sequence stratigraphy can be used to map and
predict geomechanical behavior across the basin. However, the geomechanical
properties of significant sequence stratigraphic surfaces, such as the MFS, are not

46

constant across the basin and vary as a function of lithology, mineralogy, and organic
content.
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Appendix A: Thin Section Images

Figure 29. Thin section image of Bald Eagle 784.5’ (10x magnification).
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Figure 30. Thin section image for Bald Eagle 844’ (10x magnification).
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Figure 31. Thin section image of Bald Eagle 910’ (10x magnification).
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Figure 32. Thin section image of Bald Eagle 167’ (10x magnification).
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Figure 33. Thin section image of Bilger 260’ (10x magnification).
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Figure 34. Thin section image of Bilger 372’ (10x magnification).
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Figure 35. Thin section image of Bilger 428’ (10x magnification).
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Figure 36. Thin section image of Roy Adams 628’ (10x magnification).
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Figure 37. Thin section image of Yoder 5677’ (10x magnification).
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Appendix B: X-ray Diffraction Analyses

Figure 38. XRD analysis for Bald Eagle 774’.
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Figure 39. XRD analysis for Bald Eagle 786’.
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Figure 40. XRD analysis for Bald Eagle 819’.
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Figure 41. XRD analysis for Bald Eagle 844’.
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Figure 42. XRD analysis for Bald Eagle 908’.
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Figure 43. XRD analysis for Bald Eagle 927’.
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Figure 44. XRD analysis for Bilger 169’.
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Figure 45. XRD analysis for Bilger 261’.

66

Figure 46. XRD analysis for Bilger 298’.
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Figure 47. XRD analysis for Bilger 312’.
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Figure 48. XRD analysis for Bilger 372’.
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Figure 49. XRD analysis for Bilger 429’.
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Figure 50. XRD analysis for Erb 804’.
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Figure 51. XRD analysis for Handiboe 152’.
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Figure 52. XRD analysis for Handiboe 303’.
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Figure 53. XRD analysis for Handiboe 365’.
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Figure 54. XRD analysis for Handiboe 391’.
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Figure 55. XRD analysis for Handiboe 483.5’.
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Figure 56. XRD analysis for Handiboe 547'.
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Figure 57. XRD analysis for Roy Adams 5'.
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Figure 58. XRD analysis for Roy Adams 628'.
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Figure 59. XRD analysis for Roy Adams 1084'.
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Figure 60. XRD analysis for Roy Adams 1373'.
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Figure 61. XRD analysis for Roy Adams 1419'.
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Figure 62. XRD analysis for Roy Adams 1579'.
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Figure 63. XRD analysis for Roy Adams 1585'.
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Figure 64. XRD analysis for Yoder 5694'.
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Figure 65. XRD analysis for Yoder 5699'.
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APPENDIX C: Description of Lithofacies (modified from Kohl [2])

C5: Gray F Wackestone – gray, vF to M grained wackestone, thick to thin plane
parallel laminations, moderately sorted with grains composed of indiscriminate
carbonate particles. (Bald Eagle 786’, Bald Eagle 927’, Bilger 261’, Bilger 372’,
Handiboe 303’, Handiboe 391’, Handiboe 572’)

C10: Dark gray siltstone with wackestone laminations – thick laminations of dark
gray calcareous siltstone with very thin laminations of F to M grained wackestone to
packstones. Limestone layers are composed of skeletal debris, principally brachiopods
and tentaculities. (Bilger 453’)

M2: Gray massive siltstone – gray to dark gray, massive to very faintly laminated
siltstone, homogenous, unbioturbated, pyritic. (BE 774’)

M3: Laminated dark gray siltstone – dark gray to gray siltstone, thin plane parallel
laminations, lighter colored laminations dominated by coarse silt sized particles,
containing abundant pyritic laminations, some vF sand grains. Occasionally calcareous
due to silt sized skeletal debris along laminations, pyritic. (BE 819’)

M4: Concretion-rich siltstone – dark gray to gray calcareous siltstone with abundant
non-calcareous concretions, siltstone is massive, concretions are gray to brown. (BE
844’)

M5: Black massive siltstone – massive black, dark gray, to dark brown siltstone. No
apparent laminations, occasionally calcareous, unbioturbated, some pyrite nodules,
occasional pyritic carbonate concretions, rarely coarse silt laminations. (Yoder 5648.5’)

M6: Laminated muddy siltstone – dark gray calcareous mudstone with thin silty
laminations, occasional pyrite laminae, generally laminations increase in abundance
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upwards, reactivity to acid is due to C silt to VF grains in mud matrix. (Erb 804’,
Handiboe 365’, Yoder 5690’, Yoder 5694’)

M7: Black faintly laminated silty mudstone – black, calcareous mudstone with faint
thin pyritic and calcareous laminations, commonly contains pyrite nodules, generally
laminations increase in abundance upwards. Reactivity to acid is due to coarse silt to vF
grains dispersed in laminations. This facies differs from M6 because it contains much
less silt-sized particles. (Handiboe 152’, Handiboe 483.5’, Yoder 5678’)

M8: Black silty mudstone – Massive, black calcareous silty mudstone, pyritic,
occasionally micaceous, generally coarsens upwards. (Bald Eagle 908’, Bilger 429’,
Handiboe 547’, Yoder 5699’)

S3: Massive sandstone – vF to F sublithic arenite, massively bedded with thin shaley
partings between beds, generally very well cemented and homogenous, occasional
ripple laminated or hummocky tops. (Bilger 169’, Roy Adams 628’, Roy Adams 1084’)

S7: Interlaminated sand and siltstone – thickly to thinly interlaminated vF to F
sublithic wacke and siltstone, sharp base gradational top on sands, sand bodies are
generally lenticular inch thick beds exhibit asymmetric ripple cross lamination, some soft
sediment deformation, calcareous siltstone laminations, unbioturbated to slightly
bioturbated. (Bilger 298’, Bilger 312’)

S8: Plane parallel interlaminated sand and siltstone – similar to facies S7, but much
less sandy and almost exclusively plane parallel laminated. <1mm thick vF grained
sublithic wacke laminations some thick 3-4 mm layers show some soft sediment
deformation features. Occasionally calcareous, sandy laminations become more
abundant upwards, laminations generally increase in thickness and abundance
upwards, pyritic. (Bilger 254’)
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