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ABSTRACT

Rock mechanical properties of tight shale reservoirs are important parameters in the exploration and develop-
ment of unconventional shale oil and gas. Understanding the stratigraphic variability of rock mechanical
properties in black shale successions is important for identifying promising intervals for hydraulic stimulation.
High-resolution hardness tests (6 cm spacing) with an Equotip Bambino 2 hardness tester were conducted on a
New Albany Shale core to study the stratigraphic variability of rock mechanical properties. Combined with high-
resolution geochemical analyses (8 cm spacing) acquired with a portable X-ray fluorescence spectrometer, it is
possible to relate hardness variability to shale composition.

The results of our study suggest an average quartz content of about 28% for the entire succession.
Approximately half of that amount (13%) is interpreted to be of biogenic origin. Biogenic quartz, mainly derived
from dissolution of radiolaria, occurs as authigenic quartz precipitated in Tasmanites cysts, and as micro-
crystalline quartz precipitated in the shale matrix. Petrographic observations indicate that the hardness of the
New Albany Shale is critically controlled by biogenic quartz content, not by total quartz content as suggested in
multiple prior studies. Biogenic quartz forms an interconnected stiff framework which increases the hardness of
shales. In contrast, dispersed “hard” grains (e.g., detrital quartz, feldspar, and dolomite) do not contribute to
brittle behavior. When examined under a scanning electron microscope, “hard” shales are rich in biogenic quartz
and contrast visibly with “soft” shales that are characterized by high contents of clay minerals. Negative cor-
relation between hardness and Al,O3 content, as well as differential compaction of clay minerals around “hard”
grains, indicate that clay minerals are an important ductile component in the New Albany Shale. Although the
general softness of kerogen suggests that there should be an influence of organic matter on hardness, this effect is
counteracted by biogenic quartz cementation which has a comparable stratigraphic distribution pattern. We
propose a new mineral-composition-based brittleness index on the basis of biogenic quartz content to char-
acterize the brittleness of tight shale reservoirs.

Within a sequence stratigraphic context, the hardness of the New Albany Shale increases in transgressive
systems tracts, reaches a maximum at maximum flooding surfaces, and decreases in highstand systems tracts
with the exception of the Blocher Member. Maximum flooding surface intervals have the highest potential to
develop brittle fractures and should be potential targets for hydraulic stimulation.

1. Introduction

characterize the mechanical properties of rocks (Rickman et al., 2008;
Wang and Gale, 2009; Bustin and Bustin, 2012; Labani and Rezaee,

Rock mechanical properties are important parameters in un-
conventional petroleum systems because they not only control the de-
velopment of natural fractures in tight shale reservoirs, but also de-
termine how shales respond to hydraulic stimulation (Gale et al., 2007,
2014; Grieser and Bray, 2007; Wang and Gale, 2009). Young's modulus
and Poisson's ratio are two key parameters that are commonly used to
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2015). Generally speaking, high Young's modulus and low Poisson's
ratio indicate a high degree of rock brittleness, whereas rocks having
low Young's modulus and high Poisson's ratio are considered ductile
(Rickman et al., 2008; Wang and Gale, 2009; Labani and Rezaee, 2015).

Young's modulus and Poisson's ratio of rocks can be determined in
the laboratory or can be derived from geophysical logs (Rickman et al.,
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2008; Labani and Rezaee, 2015). Hardness testing with rebound ham-
mers (Schmidt hammer) is yet another approach to characterize the
rock mechanical properties of rocks (Lee et al., 2014, 2016; Ritz et al.,
2014; Ghanizadeh et al., 2015; Yang et al., 2015; Dong et al., 2017,
2018). High hardness generally indicates high Young's modulus and
low Poisson's ratio, and high brittleness of shales (Dong et al., 2017,
2018).

Rock mechanical properties of black shales are fundamentally
controlled by mineralogical composition (Walles, 2004; Jarvie et al.,
2007; Wang and Gale, 2009; Aoudia et al., 2010; Passey et al., 2010;
Sondergeld et al., 2010; Sone and Zoback, 2013a,b; Labani and Rezaee,
2015; Dong et al., 2017, 2018), organic matter content (Walles, 2004;
Aoudia et al., 2010; Eliyahu et al., 2015; Labani and Rezaee, 2015), and
also thermal maturity (Wang, 2008; Labani and Rezaee, 2015; Dong
et al., 2018). Quartz and carbonate minerals are generally considered to
be brittle minerals (Jarvie et al., 2007; Wang and Gale, 2009; Dong
et al., 2018), whereas clay minerals and organic matter are commonly
thought to be ductile components in black shales (Walles, 2004; Jarvie
et al., 2007; Wang and Gale, 2009; Aoudia et al., 2010; Passey et al.,
2010; Kumar et al., 2012; Zargari et al., 2013; Eliyahu et al., 2015;
Labani and Rezaee, 2015; Dong et al., 2017, 2018; Li et al., 2018a,b).
Because mineral and organic matter composition vary stratigraphically,
the rock mechanical properties of shales vary stratigraphically as well,
i.e., some intervals are more easily fractured during hydraulic stimu-
lation than others (Jarvie et al., 2007). This stratigraphic variability can
be related to depositional and diagenetic processes that are in turn
linked to fluctuations of relative sea level (Harris et al., 2011; Lash and
Blood, 2011; Slatt and Abousleiman, 2011; Liu et al., 2018). For ex-
ample, Slatt and Abousleiman (2011) reported three orders of strati-
graphic brittle-ductile couplets resulting from relative sea-level fluc-
tuations in the Barnett Shale.

The Upper Devonian New Albany Shale (NAS) of the Illinois Basin
has high organic matter content, ranging from < 1% to 20 wt. % total
organic carbon (TOC) content (Chou et al., 1991), with an average TOC
of 6.53wt. % (Liu et al., 2019). The thermal maturity of the NAS is
dominantly within the early oil window but has reached vitrinite re-
flectance (R,) 1.5% in the Hicks Dome area of Hardin County, Illinois
(Strapo¢ et al., 2010; Mastalerz et al., 2013). Estimates of shale gas-in-
place and recoverable natural gas in the NAS range from 86-160 trillion
cubic feet (2.44-4.53 trillion cubic meters) and 1.30-8.12 trillion cubic
feet (36.81-229.93 billion cubic meters), respectively (Hill and Nelson,
2000; Swezey, 2007). Commercial gas production from the NAS started
in the late 1800s and initial potential of wells drilled in the NAS ranges
from 57-124594m°/day with an average value of 5295m%/day
(Hamilton-Smith et al., 1994). Natural gas produced from the NAS is
considered a mixture of thermogenic and biogenic methane (Martini
et al., 2008; Strapo¢ et al., 2010). Besides being a producer of natural
gas, the NAS also produces oil where it lies within the oil window
(Nuttall et al., 2015).

The overall goal of this investigation is to study the rock mechanical
properties of the NAS and see if it may provide insights into developing
the NAS as a shale oil play. Specifically, this study aims to (1) document
the stratigraphic variability of rock mechanical properties of the NAS;
and (2) study the control of shale composition (quartz, calcite, dolo-
mite, clay minerals, and organic matter) on the mechanical properties
of black shales within the NAS succession.

2. Geological setting

The Illinois Basin is a cratonic basin located across what are now
central and southern Illinois, southwestern Indiana, and western
Kentucky (Heidlauf et al., 1986, Fig. 1). It is separated from the Ap-
palachian Basin by the Cincinnati Arch (Buschbach and Kolata, 1990,
Fig. 1). The NAS, a marine black shale unit, was deposited during the
Late Devonian when the Illinois Basin was covered by epicontinental
seas (Lineback, 1964, 1968; Beier and Hayes, 1989) and thins eastward
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towards the Cincinnati Arch (Lazar, 2007). It is time-equivalent with
the Ohio Shale, the Antrim Shale, the Chattanooga Shale, and the
Bakken Shale in North America (Schieber, 1998; Schieber and Lazar,
2004). Lithologically, it is composed of black to brownish laminated to
banded shales with interbedded greenish-gray bioturbated shales with
indications of bottom-current activity and multiple styles and in-
tensities of bioturbation (Lineback, 1964, 1968; Beier and Hayes, 1989;
Schieber and Lazar, 2004; Lazar, 2007).

The NAS overlies the Middle Devonian North Vernon Limestone and
is unconformably overlain by the Falling Run Bed, a phosphatic lag
deposit sourced from reworked NAS (Campbell, 1946; Schieber and
Lazar, 2004). Its five members are, in ascending order, the Blocher,
Selmier, Morgan Trail, Camp Run, and Clegg Creek Members (Lineback,
1964, 1968) and can be subdivided into four basin-wide depositional
sequences (Schieber and Lazar, 2004; Lazar, 2007).

3. Materials and analytical methods
3.1. Samples

A NAS core from Daviess County, Indiana, USA (Fig. 1) was selected
to study the stratigraphic variability of rock mechanical properties. The
core (well name: 1-3 Kavanaugh) was drilled in 1994 by Deka Ex-
ploration Inc. Its coordinates are X = 494611, Y = 4276705 (North
American Datum 83; Lazar, 2007). It is 39.43 m thick and has a R, value
of 0.55%, indicating early maturity. Sequence stratigraphic and geo-
chemical studies of this core have been presented in Lazar (2007) and
Liu et al. (2019).

3.2. Portable X-ray fluorescence spectroscopy

Portable x-ray fluorescence (pXRF) spectroscopy is fast and non-
destructive, and has been applied in mudrock geochemistry (Rowe
et al., 2012). A Thermo Niton XL3t GOLDD + spectrometer was used to
measure elemental composition at a spacing of about 8 cm (11 mm
diameter analysis spot, 75 s analysis time) on cleaned core slabs. The
pXRF spectrometer was run in “Test All Geo” mode, and at the begin-
ning and end of each analytical session, three USGS reference materials
(SDO-1 [shale], SBC-1 [shale], and COQ-1 [carbonatite]) were analyzed
to validate precision and accuracy of the analyses (McLaughlin et al.,
2016).

Because pXRF spectrometry lacks the high detection accuracy of
standard XRF spectrometry on fused glass discs, the elements silicon
(Si), aluminum (Al), calcium (Ca), and magnesium (Mg) contents were
calibrated to standard XRF data obtained from seventeen NAS samples
(Fig. 2) previously analyzed by Lazar (2007). Analyses were conducted
at the same depths and exact same locations where these 17 samples
were cut from the core. The calibration of Si and Al was presented in Liu
et al. (2019). The analysis errors for Si, Al, Ca, and Mg are 0.78%,
2.88%, 4.02%, and 26.67%, respectively. The high analysis error for Mg
could be due to its low content.

The contents of major element oxides (SiO5, Al,03, CaO, and MgO)
were calculated from Si, Al, Ca, and Mg concentrations after calibra-
tion. Because Si is primarily associated with quartz and clay minerals
(mostly illite) in the NAS, the content of total quartz was calculated
using the equation below (Eq. (1)):

Quartz = [Sisample - [(Si/Al)illite X Alsample]] X 60/28 (€8]

Where 60 and 28 are the molar masses of SiO, and Si, respectively.
A Si/Al ratio of 1.65 was used as the Si/Al ratio of pure illite (Ylagan
et al., 2000). Although albite and potassium feldspar with a higher Si/
Al ratio exist in the NAS, their contents are generally low and do not
significantly affect the Si/Al ratio of bulk analyses.

Biogenic quartz (termed bioquartz for the remainder of this paper)
was precipitated from pore waters that had become supersaturated
because of prior dissolution of biogenic opal (Schieber, 1996; Schieber
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Fig. 1. Map showing the location of the drill core and the extent of the NAS. Modified from McFarlan (1943) and Mastalerz et al. (2013).

et al., 2000) and its content was calculated by subtracting the Si asso-
ciated with detrital Al from total Si, following a formula (adjusted for
oxides) provided by Ross and Bustin (2009):

Bioquartz = [Sisample - [(Si/Al)background X Alsample]] X 60/28 (2)

A Si/Al ratio of 2.55 was used as the detrital background value,
because it is the lowest Si/Al ratio measured in the NAS (Liu et al.,
2019). SEM examination of shale samples from core intervals with this
Si/Al ratio mainly shows detrital materials and diagenetic bioquartz
(from dissolution of radiolaria) is rare or absent (Liu et al., 2019).

3.3. Hardness tests

An Equotip Bambino 2 hardness tester was used to measure the
hardness of the 1-3 Kavanaugh core at an approximate spacing of 6 cm.
Although originally developed for measuring the hardness of metals,
the Equotip hardness tester has been employed to characterize the
mechanical properties of black shales in several recent studies (Lee

et al., 2014, 2016; Ritz et al., 2014; Ghanizadeh et al., 2015; Yang et al.,
2015; Dong et al., 2017, 2018; Stewart, 2017). Hardness testing with
the rebound method can provide fast, non-destructive, quantitative,
and high-resolution measurements of rock mechanical properties that
compare favorably traditional laboratory tests (Lee et al., 2014, 2016;
Yang et al., 2015).

During hardness measurements, a small tungsten carbide ball is
launched by spring energy against the core slab and then the ball re-
bounds after impacting the rock surface (Ritz et al., 2014). The Leeb
hardness value (HL) is defined as the ratio of the rebound velocity to the
impact velocity multiplied by 1000 (Ritz et al., 2014). A schematic
diagram of the Equotip hardness tester can be found at Lee et al. (2016).
The core slab was placed on a V-shape metallic mold to make sure the
slab was stable during the measurement (Fig. 3). At least five mea-
surements were taken at each depth and these measurements were
averaged to yield an average hardness value for each depth. All mea-
surements were concentrated near the center of the core slab to avoid
movement of the slab. Fractures were avoided during the measurement.

Fig. 2. Relationships between Ca and Mg content obtained by a pXRF analyzer and Ca and Mg content reported for the same 17 NAS samples by Lazar (2007).
Although the 17 measurements are from samples at the same depth, they are not identical samples, which may cause some scatter of the data points.
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Fig. 3. Side view of the metallic mold used for hardness tests of the NAS core.

3.4. Scanning electron microscope petrography

Petrographic characteristics of shale samples having high and low
hardness values were examined using a field-emission scanning electron
microscope (SEM) (FEI Quanta 400 FEG) in low vacuum mode. The
accelerating voltage was 15kV and the working distance was ap-
proximately 10 mm.

4. Results
4.1. Major element oxides
Total quartz content in the 1-3 Kavanaugh core, as derived via Eq.

(1), ranges from 8.73 to 78.14% with an average content of 27.64%, out
of which from 0 to 75.29% (average 12.88%) is considered of biogenic
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origin (as derived via Eq. (2)). On average, bioquartz accounts for ap-
proximately 47% of total quartz. The Clegg Creek Member (sequence 4;
Fig. 4) has a total quartz and bioquartz content of 33.17% and 20.38%,
respectively, with bioquartz accounting for about 61% of total quartz.
The observation that total quartz and bioquartz show a similar strati-
graphic distribution pattern (Fig. 4) suggests a significant biogenic
input to the quartz content of the NAS. Al,O3 content ranges from 0 to
19.26% with an average content of 14.45%. CaO and MgO contents
range from 0.47 to 56% (average 3.08%) and O to 7.98% (average
2.29%), respectively. The lower half of the Blocher Member exhibits
high CaO (average 11.28%) and MgO (average 3.06%) contents com-
pared to the rest of the core (Fig. 4). In most cases, CaO content covaries
with MgO content (Fig. 4), suggesting that most Ca is associated with
dolomite. The mineralogical compositions of the NAS as derived from
pXRF analyses are comparable to results from X-ray diffraction studies
(Frost and Shaffer, 1994; Mastalerz et al., 2013, 2016).

4.2. Stratigraphic variability of hardness

The Leeb hardness values of the 1-3 Kavanaugh core range from 432
to 788 with an average value of 526. The Clegg Creek Member has the
highest hardness (average 565), whereas the average hardness of the
rest of the core is only 509. Within a sequence stratigraphic context,
hardness increases in transgressive systems tracts (TSTs), reaches a
maximum at maximum flooding surfaces (MFSs), and decreases in
highstand systems tracts (HSTs) with the exception of the Blocher
Member (Fig. 4). Stratigraphically, the hardness profile shows a similar
distribution pattern to the bioquartz profile, and an inverse pattern
when compared to the Al,O3 profile (Fig. 4).

4.3. Petrographic characteristics

Hardness values of the studied core reach a maximum (average 630)
at the MFS interval of the Clegg Creek Member (Fig. 4). Shales in this
interval contain high abundances of authigenic quartz and pyrite
(Fig. 5). Bioquartz accounts for approximately 30% of the shale com-
position. Bioquartz occurs as authigenic quartz precipitated in algal
cysts (Fig. 5A—E), and as microcrystalline quartz precipitated in the

Fig. 4. Stratigraphic distribution of lithofacies, gamma-ray intensity, total organic carbon (TOC) content, hardness value, total quartz, bioquartz, CaO, MgO, and
Al,03 content, and brittleness index (BI) for the studied NAS core. Interval from 626.85 to 627.85 m is missing. LST = lowstand systems tract; TST = transgressive
systems tract; HST = highstand systems tract; MFS = maximum flooding surface. ® Sequence stratigraphic framework of the studied NAS core from Lazar (2007). ®

TOC content calculated from U content (Liu et al., 2019).
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shale matrix (Fig. 5E—F). The size of microcrystalline quartz crystals
ranges from < 1 to several um (Fig. 6) and their occurrence in SEM
images suggests that they are interconnected three-dimensionally
(Figs. 5 and 6). Microcrystalline quartz in the matrix, together with the
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Fig. 5. Photomicrographs of shale samples near the
MFS of sequence 4at 613.85m. This interval has
62.78% quartz, 56.68% bioquartz, 5.97% Al,O3
content, and a hardness value of 701. (A-B)
Photomicrographs under an optical microscope.
(C-F) SEM images (backscattered electron image).
(A) Bioquartz precipitated in Tasmanites cysts, plane-
polarized light. (B) Panel A under cross-polarized
light. (C) SEM image of this interval mainly com-
posed of authigenic quartz and pyrite. (D) SEM
image of bioquartz precipitated in Tasmanites cysts in
panel A. (E) Authigenic quartz and pyrite pre-
cipitated in Tasmanites cysts and microcrystalline
quartz precipitated in the shale matrix. (F)
Microcrystalline quartz precipitated in the shale
matrix. T = Tasmanites cyst; Qtz = quartz;
Py = pyrite.

Fig. 6. SEM images (secondary electron image) of
authigenic microcrystalline quartz network near the
MEFS of sequence 4 at 613.85 m. (A) Microcrystalline
quartz in the matrix; (B) Close-up view of the red
dashed framed area in panel A. Red arrows mark
pores within microcrystalline quartz aggregates.
Qtz = quartz. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)

silica infill of Tasmanites cysts comprises an interconnected stiff net-
work that enhances shale hardness (Liu and Schieber, 2017). Although
authigenic quartz occludes some of the initial interparticle pore space,
pores within this microcrystalline quartz fabric were protected from
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further compaction by the stiff quartz network (Fig. 6). Zhao et al.
(2017) and Dong et al. (2019) also reported that the rigid bioquartz
framework in black shales could preserve pore space between micro-
crystalline quartz crystals.

Hardness values are the lowest (average 450) in the upper part of
the HST of sequence 1 (Fig. 4). The non-organic components of shales in
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Fig. 7. Photomicrographs of shale samples in the
HST of sequence 1at 643.95m. This interval has
24.55% quartz, 5.78% bioquartz, 18.38% Al,O3
content, and a hardness value of about 450. (A-B)
Photomicrographs under an optical microscope.
(C-H) SEM images (backscattered electron image).
(A) Shales composed of clay minerals and dispersed
silt-sized dolomite, plane-polarized light. (B) The
same field of panel A under cross-polarized light.
(C-H) SEM images of shales composed of clay mi-
nerals (mainly illite), pyrite, biotite, muscovite, and
silt-sized quartz, dolomite, K-feldspar. Panel D and F
are close-up views of the red dashed framed area in
panel C and E, respectively. Note the differential
compaction of clay minerals against rigid grains
(quartz and dolomite) in panel G and H.

Dol = dolomite; Qtz = quartz; Kfs = K-feldspar;
Py = pyrite; Bt = biotite; Ms = muscovite;
11 = illite.

this interval are mainly composed of clay minerals, pyrite, biotite,
muscovite, and silt-sized detrital quartz, dolomite, and K-feldspar
(Fig. 7). Clay minerals (mostly illite) dominate the mineralogical
composition (Fig. 7). The differential compaction of clay minerals
(Fig. 7G—H) against rigid grains (e.g., quartz and dolomite) demon-
strates the ductile nature of the former. Clay mineral properties
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dominate shale behavior (soft, ductile) because silt-size “hard” grains
(detrital quartz, dolomite, and K-feldspar) are surrounded by clays and
do not form a load-bearing fabric (Fig. 7).

5. Discussion
5.1. Control of rock composition on the hardness of black shales

The hardness of shales measured with the rebound method is con-
sidered a useful proxy for mechanical properties of tight shale re-
servoirs (Lee et al., 2014, 2016; Yang et al., 2015; Dong et al., 2017,
2018). For example, Lee et al. (2016) reported that the rebound hard-
ness is positively correlated with uniaxial compressive strength in the
Mississippian Barnett Shale of the Fort Worth Basin. Dong et al. (2017)
reported that rebound hardness is positively correlated with log-derived
brittleness in the Middle and Upper Devonian Horn River Group shale
(Canada). High hardness typically indicates high brittleness of shales
(Dong et al., 2017).

The mechanical strength of tight shale reservoirs is critically con-
trolled by mineralogical composition (Aoudia et al., 2010; Sondergeld
et al., 2010; Sone and Zoback, 2013a,b; Labani and Rezaee, 2015; Dong
et al., 2017, 2018). Minerals in the NAS consist of quartz, clays (mostly
illite), muscovite, K-feldspar, Na-feldspar, carbonates (dolomite and
calcite), pyrite, marcasite, and minor amounts of heavy minerals (e.g.,
zircon, rutile; Frost and Shaffer, 1994). Quartz, calcite, and dolomite
contents are commonly used as indicators of shale brittleness (Jarvie
et al., 2007; Wang and Gale, 2009; Sondergeld et al., 2010; Jin et al.,
2014; Hu et al., 2015; Xu and Sonnenberg, 2016; Zhang et al., 2017). In
this study, we use the concentrations of Al,O3, CaO, and MgO as proxies
for the contents of clay minerals, calcite, and dolomite, respectively
(Ratcliffe et al., 2012a; Dong et al., 2017).

Quartz is commonly considered a brittle mineral, and its content is
considered as one possible proxy for the brittleness of gas shales (Jarvie
et al., 2007). In the NAS, hardness is positively correlated (R? = 0.59)
with total quartz content (Fig. 8A), but shows an even better correlation
(R? = 0.71) with bioquartz content (Fig. 8B). The reason why bioquartz
rather than total quartz enhances hardness is that detrital quartz occurs
as discrete particles within the shale matrix (Fig. 7), whereas bioquartz
occurs as a pervasive cement and forms an interconnected stiff frame-
work (Figs. 5 and 6). Similarly, Dong et al. (2017, 2018) reported that
bioquartz can indicate the brittleness of Devonian black shales in Ca-
nada. Passey et al. (2010) suggested that bioquartz, not detrital quartz,
is a favorable factor for successful reservoir stimulation in unconven-
tional shale gas reservoirs. Walles (2004) reported that enrichment of
diagenetic quartz cement is in many instances associated with shales
that show natural fractures.

Bioquartz is a common constituent of the NAS (Fig. 4; Schieber,
1996; Schieber et al., 2000; Liu et al., 2019). The likely source of bio-
quartz in marine black shales is the dissolution of opaline skeletons of
marine planktonic organisms such as radiolaria and sponges (Schieber,
1996; Schieber et al., 2000). Ti is generally associated with detrital
heavy minerals such as rutile, and its content can be used as an in-
dicator of terrestrial input (Brumsack, 2006). In cases where SiO,/TiO,
plots show a positive correlation a dominance of detrital quartz is in-
dicated, whereas a negative correlation suggests the presence of bio-
genic input of silica (Peinerud et al., 2001; Nandy et al., 2014). Cross-
plots of Zr versus Si can also be used be used in an analogous fashion
(Ratcliffe et al., 2012b; Socianu et al., 2015; Dong et al., 2017). In this
study, the correlation between TiO, and SiO, content indicates a
dominance of detrital quartz but with a significant proportion of bio-
quartz present, especially in samples from the Clegg Creek Member
(Fig. 9), which is consistent with the bioquartz content calculated with
Eq. (2).

In addition to biogenic quartz, microcrystalline quartz cement
sourced from silica released during the smectite-to-illite transition can
also increase the mechanical strength of shales (Peltonen et al., 2009;
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Thyberg et al., 2010; Thyberg and Jahren, 2011). However, the con-
tribution of such a source is uncertain because the original smectite
content at the time of deposition is not known. What is certain is that
smectite (if any) has almost been completely transformed to illite or
interstratified illite/smectite because no pure smectite was detected and
only minor amounts of mixed-layer illite/smectite have been found in
the NAS (Frost and Shaffer, 1994; Hover et al., 1996; Mastalerz et al.,
2013). Hover et al. (1996) studied the fabrics, microtextures, and
compositions of illite-rich samples from the NAS and suggested that the
illite is authigenic. Generally, the smectite to illite conversion requires
temperatures above 55 °C (Perry and Hower, 1970), yet the thermal
maturity of the studied NAS core (0.55% R,) suggests that it did not
experience heating past 55 °C. However, this clay mineral transition
also depends on time (Thyberg et al., 2010). Potter et al. (2005) sug-
gested that mudstones older than Carboniferous have lost most of their
smectite for that reason and are therefore dominated by illite and
chlorite.

Carbonate minerals are generally considered to be a further shale
component that enhances the brittleness of shales (Wang and Gale,
2009; Kumar et al., 2012; Jin et al., 2014; Hu et al., 2015; Dong et al.,
2018). In this study, however, hardness does not correlate with CaO
content (R% = 0.04) (Fig. 8C). A few Ca-rich samples at 648.39 and
637.66 m have also high hardness values (in excess of 600, higher than
most samples), suggesting that calcite could potentially enhance the
hardness of shales. However, these are rare isolated values (Fig. 4) that
have not been recognized in other wells or in outcrop (Lazar, 2007) and
likely represent localized concretionary growth. It is therefore highly
unlikely that calcite plays a role in the broader context of stratigraphic
variability of rock mechanical properties of the NAS.

Dolomite is also regarded as a brittleness enhancing mineral and its
content has been used to calculate the brittleness index (BI) of other
shale gas reservoirs (Wang and Gale, 2009). In this study, dolomite as
represented by MgO shows no correlation to hardness (R? = 0.02)
(Fig. 8D) likely because dolomite occurs as isolated grains within the
shale matrix (Figs. 7 and 10). Dispersed “hard” grains (e.g., detrital
quartz and dolomite) generally do not increase the brittleness of shales
(Milliken and Olson, 2017).

X-ray diffraction analysis of the NAS samples shows that its clay
component is dominated by illite, and contains minor amounts of
kaolinite and chlorite (Frost and Shaffer, 1994; Mastalerz et al., 2013,
2016). Clay minerals are generally thought of as ductile, prone to re-
duce the brittleness of shales (Jarvie et al., 2007; Wang and Gale, 2009;
Aoudia et al., 2010; Passey et al., 2010; Kumar et al., 2012; Zargari
et al.,, 2013; Labani and Rezaee, 2015; Dong et al., 2017, 2018).
Hardness is negatively correlated with Al,O; content (R? = 0.64)
(Fig. 8E), which together with the differential compaction of clay mi-
nerals against rigid grains (e.g., quartz, dolomite, and pyrite;
Fig. 7G —H), suggests that clay minerals are indeed ductile components
in the NAS. Dong et al. (2017, 2018) also reported that hardness is
strongly negatively correlated with Al,O3 content in Devonian black
shales in Canada. Fishman et al. (2012) suggested that the Upper Jur-
assic Kimmeridge Clay Formation underwent intense compaction be-
cause of high contents of ductile clay minerals, and that this caused the
collapse of pores that had formed in organic matter in the course of oil
and gas generation.

Organic matter has a lower density and mechanical strength com-
pared to minerals and is considered a ductile component in organic-rich
shales (Walles, 2004; Aoudia et al., 2010; Kumar et al., 2012; Zargari
et al., 2013; Eliyahu et al., 2015; Labani and Rezaee, 2015; Li et al.,
2018a,b), although thermal maturity and organic matter type can to
some degree affect the elastic properties of organic matter (Mba and
Prasad, 2010; Emmanuel et al., 2016; Yang et al., 2017). The Young's
modulus of organic matter in black shales ranges from 0 to 25 GPa
(Eliyahu et al., 2015), which is much lower than that of quartz
(77-96 GPa; Mavko et al., 2009), calcite (74-83 GPa; Mavko et al.,
2009), and clay minerals (21-55GPa; Eliyahu et al., 2015, and
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Fig. 8. Correlations between hardness and total quartz, bioquartz, CaO, MgO, Al,03, and TOC content for the studied NAS core.

references therein). In this study, however, a weak positive correlation
exists between hardness and TOC content (Fig. 8F) because the strati-
graphic distribution of TOC content is very similar to the bioquartz
content profile (Fig. 4; Liu et al., 2019), and the influence of organic
matter on the hardness of shales is counteracted by bioquartz. Likewise,
Dong et al. (2017) reported that no negative relationship exists between
hardness and TOC content in the Horn River Group shale (Canada).
Pyrite nodules in the NAS have an average hardness value of about
750, which is higher than the hardness of localized calcite cementation
(hardness 648) at 648.39 m, but slightly lower than that of the highly
bioquartz enriched interval (hardness 782) at 614.38 m (Fig. 4). The
Young's modulus of pyrite has been reported to be higher than that of
quartz (Mavko et al., 2009). However, because pyrite occurs as isolated

grains (framboids, small concretions) it has minimal influence on the
hardness of the NAS.

Mineral-composition-based brittleness indices are commonly used
to evaluate the fracturability of tight shale reservoirs (Table 1; Jarvie
et al., 2007; Wang and Gale, 2009; Sondergeld et al., 2010; Jin et al.,
2014; Hu et al., 2015; Xu and Sonnenberg, 2016; Zhang et al., 2017).
However, some of these indices (Table 1) do not include the fraction of
organic matter (Jarvie et al., 2007; Sondergeld et al., 2010; Jin et al.,
2014) and may result in inappropriate brittleness assessments because
of the low strength and ductile character of organic matter (Eliyahu
et al., 2015; Labani and Rezaee, 2015). In this study, we propose a new
BI on the basis of rock composition to characterize the brittleness of
black shales. The new BI is defined as the content of bioquartz in bulk
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Fig. 9. Cross-plot between TiO» and SiO, content in the studied NAS core. Note
that the detrital quartz trend indicates a dominance of detrital quartz, not that
all quartz are detrital. The same is true for the biogenic quartz trend, which
suggests a common presence of bioquartz, not that all quartz is biogenic.

shales (Table 1), reflecting the degree of matrix cementation and in-
terconnectedness of bioquartz in the matrix (Figs. 5 and 6). Bohacs et al.
(2013) also suggested that biogenic quartz provides strength (brittle-
ness) to tight mudstone reservoirs. Because dolomite mainly occurs as
isolated grains in the NAS (Fig. 10), it is not considered to generate
brittle behavior (Milliken and Olson, 2017). When dolomite or calcite
cement is abundant enough to become fabric supporting, we re-
commend adding dolomite or calcite content to BI calculations as
suggested by other studies (Wang and Gale, 2009; Sondergeld et al.,
2010; Jin et al., 2014; Hu et al., 2015; Xu and Sonnenberg, 2016; Zhang
et al., 2017). It should be noted that if multiple minerals are included in
BI calculations, minerals should be weighted according to their overall
contribution to the mechanical strength of bulk shales (Mathia et al.,
2016).

The studied NAS core is in early oil window according to the
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Table 1
Brittleness index (BI) of shales based on mineralogical composition from the
literature and this study.

Formula Source
W arvi al. 5
Bl=_auwtz o q00% Jarvie et al., 2007;
W(quartz+carbonate+clay) Sondergeld et al.
(2010)
W i Wang and Gale
BI = (quartz+dolomite) % 100% g
‘W(quartz+dolomite+limestone+clay+TOC) (2009)
BI = ‘W(quartz +feldspar +mica+carbonate) % 100% Jin et al. (2014)
Wiotal mineral
Wqu i i Hu et al. (2015
BI = (quartz+dolomite+calcite) % 100% ( )
W(quartz+dolomite+calcite+clay+ TOC)
W i i i Xu and Sonnenber:
BI = (quartz+calcite+dolomite+feldspar+pyrite) % 100% g
‘W(quartz +calcite+ dolomite +feldspar + pyrite +clay + TOC) (2016)
W(qua i i Zhang et al. (2017
BI = (quartz+dolomite+pyrite) x 100% g ( )
Wiotal
Whi This stud,
BI = bioquartz % 100% y

Wiotal

Wiotal = total weight percent of samples (100%); Wx = weight percent of mi-
neral X in samples; TOC = total organic carbon; bioquartz = biogenic quartz.

thermal maturity (0.55% R,). The NAS within the main oil and gas
windows is expected to have higher hardness because of enhanced
mechanical compaction and cementation, increased stiffness of organic
matter, and redistribution of solid bitumen (Mondol et al., 2007; Mba
and Prasad, 2010; Thyberg et al., 2010; Thyberg and Jahren, 2011;
Zargari et al., 2013; Emmanuel et al., 2016; Dong et al., 2018). How-
ever, because these factors affect the NAS as a whole, the stratigraphic
distribution pattern of hardness should remain the same.

5.2. Mechanical stratigraphy

The term “mechanical stratigraphy” refers to variations of rock
mechanical properties associated with stratigraphic units within a given
formation (Corbett et al., 1987; Gross, 2003; Laubach et al., 2009;
Miskimins, 2012) and is especially useful in evaluating unconventional
shale reservoirs because it can be used to target potentially productive

Fig. 10. Photomicrographs of dolomite in the NAS.
(A) Dolomite grains (red arrows) in clay matrix,
plane-polarized light; (B) The same field of panel A
under cross-polarized light; (C-D) SEM images
(backscattered electron image) of dolomite grains in
clay matrix. Dol = dolomite;  Qtz = quartz;
Py = pyrite. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)
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intervals (Miskimins, 2012). Previous studies have reported strati-
graphic variations of mechanical properties within black shale succes-
sions (Harris et al., 2011; Lash and Blood, 2011; Slatt and Abousleiman,
2011; Liu et al., 2018). For example, Harris et al. (2011) reported
stratigraphic variations of Young's modulus and Poisson's ratio in the
Woodford Shale of the Permian Basin that were interpreted to reflect
sea-level fluctuations at the time of deposition. In the studied NAS core,
hardness increases in TSTs until reaching MFSs, and subsequently de-
creases in HSTs towards sequence boundaries except in the Blocher
Member (Fig. 4). Similarly, Dong et al. (2018) reported increases in
Young's modulus, brittleness, and hardness towards the MFS within a
depositional sequence in the Upper Devonian Duvernay Formation
(Canada) because of reduced clay input and increased bioquartz con-
tent in TSTs. Lash and Blood (2011) suggested that an increase in di-
agenetic silica and reduction of clay mineral abundances upward
through the TST could enhance the brittleness of the Devonian gas
shales of the Appalachian Basin. In the NAS, the increase of bioquartz
content in TSTs and decrease in HSTs likely resulted from the variation
of clastic supply controlled by relative sea-level fluctuations (Liu et al.,
2019).

In most of the 1-3 Kavanaugh core, the stratigraphic variability of
hardness is controlled by the distribution of bioquartz (Figs. 4 and 8).
The stratigraphic distribution of hardness in the Blocher Member,
however, differs from other members (Fig. 4). Unlike in other members,
in the Blocher Member, hardness shows an initial short increase and
subsequent decrease (Fig. 4). A potential explanation is that when sea
level began to rise during deposition of the Blocher Member, silici-
clastic detritus was in limited supply, and carbonate detritus eroded
from laterally exposed carbonate rocks was deposited in the Illinois
basin (Schieber and Lazar, 2004; Lazar, 2007). As a result, there was
not much clay to impart ductile behavior, and carbonates could via
overgrowth and recrystallization strengthen the rock, and add to the
hardness provided by the bioquartz component. As relative sea level
dropped, more clastic materials were transported to the basin. There-
fore, the upper half of the Blocher Member (HST) is characterized by
high clay minerals content and behaves as expected for HSTs in the NAS
(Fig. 4).

The Clegg Creek Member shows the highest hardness (average 565)
in the NAS because of strong enrichment of bioquartz (average
20.38%). Because it is also the most organic-rich section in the NAS
(Lazar, 2007; Liu et al., 2019), it represents an optimal interval for
hydraulic stimulation in areas with appropriate thermal maturity. The
MFS intervals in other members, except the Blocher Member, could also
be potential fracturing zones. However, other screening parameters
such as porosity, permeability, oil saturation, gas content, thermal
maturity, reservoir pressure, and structural complication should also be
considered when targeting a potentially productive zone (Wang and
Gale, 2009; Passey et al., 2010; Sondergeld et al., 2010; Slatt, 2011;
Jarvie, 2012a,b; Bohacs et al., 2013).

6. Conclusions

High-resolution rebound hardness tests and geochemical measure-
ments on a NAS core allowed us to examine the stratigraphic variability
of rock mechanical properties of the NAS and the influence of rock
composition on the hardness of black shales. Specific conclusions are as
follows:

(1) Total quartz and bioquartz content in the NAS averages 27.64% and
12.88%, respectively. Approximately 47% of the total quartz ap-
pears to be of biogenic origin. Bioquartz occurs as authigenic quartz
precipitated in Tasmanites cysts, and as microcrystalline quartz in
the shale matrix.

(2) Bioquartz content critically controls the hardness of the NAS be-
cause it forms an interconnected stiff framework. Dispersed “hard”
grains (e.g., detrital quartz, feldspar, and dolomite) surrounded by
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ductile clay minerals do not generate brittle behavior. Clay minerals
reduce the hardness of shales. Organic matter, although considered
a ductile component, shows a weak positive correlation with
hardness, mainly because organic matter content has a similar
stratigraphic distribution pattern as bioquartz content.

(3) A mineral-composition-based brittleness index was proposed for the
NAS on the basis of bioquartz abundance. This index could also be
adapted to characterize the rock mechanical properties of other
tight shale reservoirs.

(4) A stratigraphic distribution pattern of rock mechanical properties
exists within the NAS that reflects the underlying sequence strati-
graphic framework. Hardness increases in TSTs, reaches a max-
imum at MFSs, and decreases in HSTs except for the Blocher
Member.
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