JGR Solid Earth

RESEARCH ARTICLE
10.1029/2020JB021365

Key Points:

« The geomechanical properties of
organic-rich shales at different
thermal maturities are investigated
at nano, micro, and core-scale

« Kerogen stiffness increases with
maturity while diagenetic carbonate
cementation stiffens and strengthens
the shale microstructure

« The softer clay- and kerogen-rich
immature sample shows the greatest
creep displacement

Correspondence to:

M. Rouainia,
M.Rouainia@newcastle.ac.uk

Citation:

Charlton, T. S., Goodarzi, M., Rouainia,
M., Aplin, A. C., & Cubillas, P. (2021).
Effect of diagenesis on geomechanical
properties of organic-rich calcareous
shale: A multiscale investigation.
Journal of Geophysical Research: Solid
Earth, 126, €2020JB021365. https://doi.
0rg/10.1029/2020JB021365

Received 17 NOV 2020
Accepted 8 JUN 2021

© 2021. The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

’.) Check for updates

A ’ l l ADVANCING

EARTHAND

nvu SPACE SCIENCE

ik

Effect of Diagenesis on Geomechanical Properties
of Organic-Rich Calcareous Shale: A Multiscale
Investigation

T. S. Charlton’ , and P. Cubillas®

, M. Goodarzi’, M. Rouainia' @, A. C. Aplin®

!School of Engineering, Newcastle University, Newcastle upon Tyne, UK, *Center for Marine Environmental Sciences
(MARUM), Universitdt Bremen, Bremen, Germany, 3Dcpartmcnt of Earth Sciences, Durham University, Durham, UK

Abstract This study investigates the nano to core-scale geomechanical properties of a maturity series
of organic-rich, calcareous shales buried to 100°C-180°C, with a focus on: (a) the mechanical properties of
organic matter; (b) the elastic response and anisotropy of the shale composite at micro and core scale; and
(c) the creep response. Atomic force microscopy was used to target kerogen at nanoscale resolution, and it
was found that the elastic stiffness increased with thermal maturity from 5.8 GPa in an immature sample
to 11.3 GPa in a mature sample. Nanoindentation testing of the shale matrix showed that diagenesis is a
key factor in determining the bulk elasticity, with increasingly intense carbonate cementation at higher
thermal maturities contributing to a stiffer response. A multiscale model was formulated to upscale the
elastic properties from nanoscale solid clay minerals to a microcracked composite at core scale, with

good predictions of the micro and core-scale stiffness in comparison to indentation and triaxial results. A
negative correlation was found between the creep modulus and clay/kerogen content, with greater creep
displacement observed in nanoindentation tests in the immature clay- and kerogen-rich sample compared
to samples of higher thermal maturity.

1. Introduction

The robust geomechanical characterization of shale underpins the understanding and prediction of many
processes of importance to both geology and engineering. These include the development and nature
of folds, faults and fracture systems as a result of tectonic deformation (Albertz & Lingrey, 2012; Hesse
et al., 2010; Mitra, 2003; Obradors-Prats et al., 2017) and the flow and leakage of fluids in the context of CO,
sequestration, the storage of both hydrogen and nuclear waste and unconventional hydrocarbon production
(Allen et al., 2020; Dewhurst & Hennig, 2003; Gale et al., 2014, 2007; Holt et al., 2020; Nygérd et al., 2006;
Imber et al., 2014). In addition, the time-dependent mechanical behavior of shale is also very poorly con-
strained but has important implications for both fluid flow and wellbore stability on engineering timescales
(Herrmann et al., 2020; Rybacki et al., 2017; Sone & Zoback, 2014).

“Shale” is the term used here to describe fine-grained sedimentary rocks which are effectively micro-com-
posite materials comprising particles with diameters ranging from a few nanometers to 100 microns, and
with highly variable mineralogical compositions including phyllosilicates, quartz, feldspar, carbonates, or-
ganic matter, and pyrite. The mineralogical variability and multiscale heterogeneity of shale means that
predicting its mechanical properties is inherently difficult. Although correlations between mineralogy and
the macroscopic mechanical response have been observed in some experimental studies, the relationship is
complex and dependent on additional factors such as microstructure and the grain-scale diagenetic process-
es which cement, lithify and strengthen the granular mix without necessarily changing the bulk mineralogy
(Herrmann et al., 2018, 2020; Sone & Zoback, 2013a, 2013b).

Good quality core samples of shale suitable for conventional rock mechanics experiments are difficult and
expensive to retrieve (Kumar et al., 2012). To fill gaps in core-scale data, it would be very useful to be able to
predict the macroscopic mechanical response of shale from the intrinsic mechanical properties of its con-
stituent minerals, and the interactions between mineral grains. This approach requires robust and high-res-
olution data of the mechanical response of shale at scales which represent the granular building blocks. A
key challenge is thus to characterize the mechanical properties of sub-micron to 100-micron size particles,
and the way in which the particles interact to generate the macroscale behavior of the composite material.
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Some components, such as quartz, calcite, and pyrite, also occur as macroscopic crystals, which makes it
possible to use conventional rock mechanics tests to extract their mechanical properties, although it is not
always clear if these properties apply at all scales (e.g., Eliyahu et al., 2015; Graham et al., 2021). On the
other hand, the solid unit of porous clay is composed of micron or sub-micron sized plates, while organic
matter is generally present as sub-20 micron lenses and particles in the shale matrix, occurring as a range
of maceral types and sometimes as solid bitumen. Geomechanical characterization of these phases is more
challenging but crucial to understanding the macroscale response.

The mechanical behavior of organic matter is particularly difficult to constrain and is the focus of much cur-
rent research. Due to its relative softness, the mechanical behavior of shale is greatly influenced by even a
few percent of this constituent (Kumar et al., 2015; Sayers, 2013; Vernik & Milovac, 2011). Various methods
have been used in attempts to constrain its mechanical properties, including nanoindentation (Ahmadov
et al., 2009; Zargari et al., 2013; Zeszotarski et al., 2004) and ultrasonic measurements on samples of isolated
kerogen (Yan & Han, 2013). However, the small size of patches of organic matter in the shale matrix, and
its internal heterogeneity, requires resolutions below that of nanoindentation to measure in-situ properties
(Eliyahu et al., 2015). Recent studies have focused on the use of atomic force microscopy (AFM), and in
particular the PeakForce Quantitative Nanomechanical Mapping (QNM) mode, to map the mechanical
properties of organic matter at nanoscale (Eliyahu et al., 2015; Emmanuel et al., 2016; Goodarzi et al., 2017;
Li et al., 2018). Thermal maturation also affects the geomechanics of organic matter, and combined geo-
chemical/geomechanical studies (Khatibi et al., 2018; Jakob et al., 2019) and molecular simulations (Bousi-
ge et al., 2016; Kashinath et al., 2020; Zhang & Jamili, 2015) are just beginning to reveal the detailed link
between chemical composition, thermal maturity, and mechanical response.

The challenges of characterizing the mechanical response of shale in the laboratory, at a range of scales,
carry forward into upscaling schemes. In principle, knowledge of the properties of shale constituents allow
poromechanical models to be constructed to predict macroscopic behavior, for example based on multi-level
homogenization techniques that use mineralogical characterizations to determine the contribution of vari-
ous phases at several scales (Abou-Chakra Gué ry et al., 2010; Hornby et al., 1994; Ortega et al., 2007; Shen
et al., 2013; Vasin et al., 2013). However, the complexities of diagenesis, microstructural interactions, and
variability in the shale composite lead to difficulties in identifying the governing physics when attempting
to link the mechanical response from the material building blocks to core-scale results relevant to geome-
chanical modeling of geological units. Even in complex multiscale frameworks, incorporating mechanical
aspects ranging from weakened interfaces around individual silt particles to millimeter-scale microcracks, a
high level of uncertainty exists at each level which may be best assessed by a probabilistic approach (Dubey
et al., 2019).

A further difficulty in characterizing the geomechanical behavior of shale is its time-dependent nature
(Sone & Zoback, 2014). Knowledge of the creep response of shale is important to determine how hydrau-
lically-induced fractures behave over engineering timescales, with fracture closure having implications for
production rates during hydrocarbon extraction and for fracture healing in underground storage of CO, or
H, (Cerasi et al., 2017; Rybacki et al., 2017; Sone & Zoback, 2013b). The time-dependent response of shales
is also relevant over a range of scales and researchers have begun to investigate the multiscale nature of
creep in shales, for example by nanoindentation tests with hold periods (Mighani et al., 2019; Slim, 2016;
Slim et al., 2019).

The objective of this study is to use multiscale testing to constrain the mechanical response of shale at a
microstructural level before comparing with core-scale results. It focuses on: (a) the mechanical properties
of organic matter at nanoscale; (b) the elastic response and anisotropy of the shale composite, and how mi-
croscale measurements relate to triaxial test results; and (c) the creep response of shale at different scales.
A maturity series of organic-rich shales buried to 100°C-180°C (immature to overmature) is used here to
investigate the link between diagenesis, microstructure, and geomechanical behavior. The experimental
methods include PeakForce QNM and high load nanoindentation testing and several practical issues in the
application of these techniques to shale are discussed.

CHARLTON ET AL.

20f 23



Y Yed N | . .
NI Journal of Geophysical Research: Solid Earth 10.1029/2020JB021365

ADVANCING EARTH
AND SPACE SCIENCE

Table 1

Mineralogical, Organic Matter, and Physical Properties of Samples

2. Sample Description

For this study, a set of samples from the Posidonia shale was selected

WIC-7129 ~ HAR-7046  HAD-7127  with different maturity levels. The Posidonia shale formation from the

Quartz

Feldspar

Calcite

Dolomite

Pyrite

Clay

Kerogen

Porosity

Grain density, p, (g/cm’)
Kerogen density, o, (g/cm®)
Carbon fraction of kerogen, Cy
TOC (weight %)

R, (%)

8.9 13.8 27 Lower Saxony Basin is a fine-grained calcareous shale that contains high
14 2.9 22 amounts of organic matter (Type II kerogen). In this study, we use the
50 S e term “kerogen” as a catch-all for different forms of insoluble solid or-
ganic matter, encompassing both primary (derived from initial biogenic
0.6 11 372 precursors) and secondary material (resulting from thermal alteration of
18 2.2 2.8 primary organics) (Vandenbroucke & Largeau, 2007); in many practical
25.6 24.8 8.1 contexts the distinction is unimportant as downhole logs cannot distin-
26.0 14.4 5.4 guish between them (Craddock et al., 2020). This formation is among
10.3 48 73 the earliest hydrocarbon-producing basins in Europe and has been con-
sidered one of the most important source rocks in Western Europe (Rex-

2.26 2.54 2.90 .
er et al., 2014). Here, three samples were selected from the Wickensen
L2 L2z L2 (WIC), Harderode (HAR), and Haddessen (HAD) boreholes located in
0.75 0.8 0.85 the Hils half-graben, northern Germany. For the geomechanical exper-
11.8 6.0 2.3 iments, thin sections of 200 um thickness were prepared both parallel
0.53 0.89 1.45 and perpendicular to the bedding plane and ion-beam polished to ensure

Note. Mineralogy in volume %. Clay = I + I/S + Muscovite + Chlo-

rite + Kaolinite.

a flat surface. The moisture content of the samples was not controlled.

Abbreviations: HAD, Haddessen; HAR, Harderode; TOC, Total organic 2.1. Composition

carbon; WIC, Wickensen.

The mineralogical composition was determined by X-ray powder diffrac-

tion (XRD) and is summarized in Table 1. Total organic carbon (TOC)
was measured with a LECO C-S analyzer. The bulk density, £, was obtained from immersion in mercury
at 0.172 MPa and grain density, rho,, was measured by the Small Pycnometer Method (Rexer et al., 2013).
Sample porosity is then ¢ = 1 — (op/j05). Typical mineral densities (Mavko et al., 2009) were used to convert
from weight to volume fractions. The kerogen volume fraction was estimated through the empirical rela-
tionship (Vernik & Milovac, 2011):

_ TOCp,

Ji
Crpr

¢y

where f} is the volumetric kerogen content, TOC is the weight % of organic carbon, py is the kerogen density
and Cy is an empirical coefficient relating kerogen to measured TOC. The factor C; accounts for the fact
that kerogen consists not only of carbon but also contains oxygen, nitrogen, and sulfate, etc. Realistic values
range between 0.6 and 1.0, with Cy increasing with thermal maturity from around 0.7 for immature shales
toward 1.0 in the gas window (Rudnicki, 2016). The three samples have vitrinite reflectance (R,) values
of 0.53% (WIC), 0.89% (HAR), and 1.45% (HAD) and are considered immature, mature, and overmature
respectively (Mathia et al., 2016). Previous measurements of kerogen density in Posidonia shale by Rexer
et al. (2014) give average values of o, = 1.23 g/cm? for WIC and 1.35 g/cm’® for HAD, which agrees with
data from Kimmeridge Clay (Type II kerogen) at similar temperatures reported by Okiongbo et al. (2005).
A value of 1.25 g/cm® was assumed for HAR because, according to chemical structure modeling (Walters
et al., 2007) and back analysis from weight % TOC and grain density measurements (Rudnicki, 2016), only a
slight increase in kerogen density is expected as %R, approaches $\sim$ 0.9 before a step change in density
occurs through the remainder of the oil window.

2.2. Microstructure and Diagenetic Alterations

The samples show substantial maturity-related changes in texture at the microscale. To reveal these al-
terations and allow a link to be made with the geomechanical response, polished thin sections were car-
bon coated and imaged using a Hitachi SU-70 High Resolution Analytical Scanning Electron Microscope,
equipped with an Oxford Instrument Energy Dispersive X-ray microanalysis system (INCA Energy 700).
Back Scattered Electron (BSE) mode was used with the YAG detector and the following set-up: 15-16 mm
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(a) WIC-7129

<

(b) HAR-7046

Cal: Calcite

Dol: Dolomite

OM: Organic Matter
Phyl: Phyllosilicates
Py: Pyrite

Qtz: Quartz

Figure 1. BSE images. (a) WIC-7129: Immature, microlaminated calcareous clay-shale. Biogenic (nannofossil) calcite
is distributed in the clay-rich matrix with silt-sized quartz and pyrite. Organic material forms elongated laminae up to
50 um in length. Little evidence of diagenetic alteration of carbonate. (b) HAR-7046: Mature (oil window) calcareous
clay-shale. Organic bodies evident in immature shale have collapsed. Calcite cement is present in local areas in

the matrix between biogenic grains. Some evidence of recrystallized calcite replacing nannofossils. (c) HAD-7127:
Overmature (gas window) calcareous shale. Original microfabric replaced by authigenic carbonates, predominately
dolomite. Bedding plane horizontal in all images. BSE, Back Scattered Electron; HAD, Haddessen; HAR, Harderode.

working distance, 15 keV accelerating voltage, 2-4 nA filament current. Figure 1 shows representative BSE
images. Further discussion on the diagenetic evolution of the Posidonia maturity series can be found in
detailed studies by Mathia et al. (2016 and 2019).

The immature WIC-7129 sample is a microlaminated calcareous mudstone with bulk mineralogy (Table 1)
indicating similar proportions of calcite and clay. Figure 1a shows the carbonate fraction is mostly of bio-
genic origin (fecal pellets). Nannofossils, generally broken coccoliths of size <5 um, are dispersed in the ma-
trix. The sample is organic-rich (11.8 weight % TOC) and the organic matter is most prominent in the BSE
image as thick bodies of algal liptinite. The alginite macerals are generally associated with clay-rich areas,
forming a porous clay/kerogen matrix which also contains amorphous bituminite (Mathia et al., 2016). Silt-
sized quartz grains and pyrite framboids are scattered throughout the matrix and there is limited evidence
of diagenetic alterations to the microstructure.

The mature HAR-7046 sample is of similar composition to the immature shale. Less organic matter is pres-
ent (6.0 weight % TOC) and Figure 1b indicates that alginite lenses have collapsed due to mechanical com-
paction, appearing much finer in comparison to the voluminous bodies observed in WIC-7129. Thermal
maturation has led to a network of non-solvent extractable solid bitumen in the matrix, filling pore space in
clay and fossil-rich areas (Bernard et al., 2012; Mathia et al., 2016). The presence of small patches of calcite
cement and partial recrystallization of the nannofossil-rich matrix are evidence of diagenesis. The diagenet-
ic processes mainly involve precipitation of calcite cement between grains, and in places filling algal bodies,
alongside local replacement of the original fabric through dissolution and reprecipitation of carbonates.

Carbonate diagenesis becomes more intense into the gas window. This is demonstrated in Figure 1c, which
shows that the microstructure of the overmature HAD-7127 sample bears little resemblance to the less
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mature samples. Nannofossil structures are lost and the shale matrix consists almost entirely of authigen-
ic dolomite and calcite cement. The diagenetic transformation has obliterated any lamination. Dolomite
predominates and the bulk mineralogy shows a substantially higher dolomite content than WIC-7129 or
HAR-7046. The dolomite content is also higher than typical HAD samples (Mathia et al., 2016), suggesting
the local availability of a source of magnesium. There is much less organic matter (2.3 weight % TOC) in
comparison to the samples of lower maturity and its appearance is not easy to identify from the BSE images,
likely trapped in small pockets in the cemented matrix. Previous studies have found the organic matter in
HAD samples dominated by a tight network of solid bitumen in the clay-carbonate matrix with no alginites
remaining (Bernard et al., 2012; Mathia et al., 2016).

3. Nanoscale Characterization of Organic Matter
3.1. Atomic Force Microscopy

PeakForce QNM is an advanced mode of the conventional AFM test, which enables the production of both
topographical and mechanical maps of a sample surface (Bruker, 2012). In this non-destructive test, a probe
is tapped over the surface of the sample and the induced peak force in the probe, which is kept constant
during scanning, is continuously monitored to track the surface. For every approach and withdrawal of
the tip to the surface, a force-separation curve is generated from which the reduced modulus, E*, of the
surface can be obtained from the unloading (withdrawal) curve (Trtik et al., 2012). The standard Derjagu-
in-Muller-Toporov (DMT) contact model (Derjaguin et al., 1975) was used as the basis for the calculation
of reduced modulus:

_3(F = Fug)

S’ @

where F is the applied force, F,;, is the adhesive force during contact, ry, is the tip radius, and h is the in-
dentation depth.

E*

The reduced modulus is related to the sample Young's modulus, E, through:

-1
—_ 2 1—1/2.
E* = {1 Y +—”p} 3)

E E fip
where v is the Poisson's ratio of the sample, and Ey;; and v, are respectively the Young's modulus and Pois-
son's ratio of the tip.

The resolution of data collection depends on ry;;, which is between 10 and 40 nm. In addition, the reliable
range of measurement for each probe is correlated with the tip stiffness: the stiffer the tip, the higher the
range of measurement. Here, a diamond tip (DNISP) was selected which can be reasonably assumed as
rigid due to its stiffness (1,100 GPa) in comparison with that of the shale constituents. The standard HOPG-
12M was used for calibration (Trtik et al., 2012), with values of 1 kHz and 50-150 nN chosen for oscillation
frequency and peak force respectively.

The focus of the AFM measurement was the organic matter, which mainly appears as elongated alginite in
the clay matrix of the immature WIC-7129 sample and collapsed algal lenses and pore-infilling solid bitu-
men in the mature HAR-7046 (Figure 1). Sections parallel to the bedding plane were investigated and statis-
tical analysis of the nanomechanical maps was used to estimate the reduced modulus of kerogen, denoted
E ; . In addition, fictitious low stiffness values produced as a result of existing holes and cracks on the surface
were carefully investigated in order to avoid any influence on the estimated properties.

3.2. Immature Sample (WIC-7129)

Figure 2 shows the map of reduced modulus for two target areas of WIC-7129 alongside the histogram of
modulus measurements. A kernel density estimate was used to identify the peaks in the distribution, which

CHARLTON ET AL.

5o0f 23



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2020JB021365

(b)

100.0 GPa

(a)
100.0 GPa

.
E 2.0 um
0.06 T 0.06 T T T -
Histogram (C) Histogram (d)
0.05 —KDE 0.05 —KDE
2 2
@ @
S 0.04 G 0.04
a o
20.03 20.03
5 5
80.02 £0.02
< <
o o
0.01 0.01
0 0
0 20 40 60 80 100 0 20 40 60 80 100
Reduced Modulus, E (GPa) Reduced Modulus, E (GPa)

Figure 2. (a and b) Maps of reduced modulus from AFM on two target areas of the immature Posidonia shale (WIC-
7129). Dark blue colors indicate areas of low stiffness, mainly organic matter but also high aspect ratio surface fractures.
(c and d) Histograms of the reduced modulus across the entirety of both images, showing a peak at low stiffness related
to organic matter. The secondary peak represents the modal stiffness of the shale matrix in the imaged region. AFM,
atomic force microscopy; KDE, Kernel Density Estimation.

correspond to different phases in the shale. It can be observed that both target areas show a clear peak at low
values of elastic modulus, which can be attributed to kerogen. In both target areas, the peak corresponding
to the organic material occurs at around E, Z = 5.8 GPa, which confirms the consistency of the measurements.

In order to increase the level of confidence that the measured values belong to the kerogen, energy-dis-
persive X-ray spectroscopy (EDS) analysis was performed. Figure 3 shows a BSE image and EDS chemical
analysis of the region around the nanomechanical target area shown in Figure 2b. The target area is shown
as a blue rectangle on the BSE image. Large areas rich in carbon were detected and agree well with both the
dark lens on the BSE image, which corresponds to organic carbon, and the low value of elastic modulus on
the nanomechanical map shown in Figure 2b.

Several surface fractures or cracks are visible on Figure 3, which can also appear on the nanomechanical
map, showing low stiffness values. However, these are easily distinguished from organic matter by their
high aspect ratios and morphology, as well as by EDS mapping, and would have little influence on the loca-
tion of histogram peaks. The potential issue of sharp concavities, which may resemble in shape true areas of
organic matter, was also considered. Figure 4 shows a topographical map of the AFM target area presented
in Figure 2a. A cavity can be observed, which may have been caused by silt inclusions being pulled out
during the polishing procedure. The reduced modulus along two cross sections over the cavity are shown in
Figure 5. The measured values over the cavity are less than 2 GPa, indicating that the peak found at 5.8 GPa
belongs to kerogen in the shale microstructure and is not an artifact of topography.

3.3. Mature Sample (HAR-7046)

In order to observe the effect of thermal maturity on the mechanical response of organic matter, AFM was
also conducted on the mature HAR-7046 sample. Figure 6 shows a nanomechanical map of a target area
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Cal: Calcite Py: Pyrite
Dol: Dolomite Qtz: Quartz
OM: Organic Matter  Frac: Fracture
Phyl: Phyllosilicates

Figure 3. BSE image of region around AFM target area shown in Figure 2b and EDS maps showing element composition. The blue rectangle shows the
borders of the nanomechanical (AFM) map. The dark patch (labeled “OM”) inside the blue rectangle and the presence of carbon in the same location indicates
that the AFM measurement includes a lens of organic material, with clay layers above and below. AFM, atomic force microscopy; BSE, Back Scattered Electron.

alongside the histogram of the reduced modulus. Again, a peak for a soft phase (around 9 GPa) can be seen,
which could relate to kerogen. However, the peak is not as prominent as observed in the immature sample,
which is due to the organic matter being present in much smaller patches.

To focus on a smaller area of the mature sample, the diamond tip was replaced with a silicon nitride
(TAP525) tip. The radius of the latter is reported at 8 nm (we measured 13.5 nm by probing the tip evalua-
tion sample, made of polycrystalline titanium), which is substantially finer than the 40 nm for the diamond
tip, allowing an improved resolution. The silicon nitride tip is less stiff (the spring constant for the cantilever
was measured at 80 Nm™ compared to 272 Nm™" for the diamond tip) but the accurate range is 1-30 GPa,
which is sufficient for the organic phase.

The silicon nitride tip was used to scan an area with dimensions less than 5 um. Figure 7 shows the results
for this test and a very clear peak can be identified for the organic matter. The reduced elastic modulus
corresponding to the peak value is at £, = 11.3 GPa, indicating that increased thermal maturity has led to a
stiffening of the kerogen. The nanomechanical map demonstrates that it is difficult to distinguish between
the clay matrix and silt inclusions due to the limited range of accurate measurement of the silicon nitride tip.

3.4. Assessment of Elastic Properties of Organic Matter

Due to its nanoscale resolution, AFM has become the most popular
410.3nm method used to characterize the elastic properties of organic matter in
shale. Table 2 summarizes the reduced modulus obtained in this work
alongside those reported in the recent literature. The reported Young's
modulus in AFM studies is generally based on a modal value describing
a peak in the histogram of measurements, as described previously. This
tends to fall in the region of 2-20 GPa, although modal values as high as
30 GPa have been reported (Emmanuel et al., 2016).

The wide range of stiffness values measured on the organic phase and
the geomechanical heterogeneity of organic matter stems from chemi-
cal compositional differences combined with the physical and chemical
effects induced by thermal maturation. Eliyahu et al. (2015) observed a
bimodality in the distribution of Young's modulus and linked this to the

5 10 1'5 iOpm presence of a soft bitumen and stiffer kerogen phase. However, kerogen
also consists of a range of macerals, the molecular structures of which
Figure 4. Three-dimensional topographical image of target area of WIC-  are transformed during thermal maturation. With increasing tempera-

7129 shown in Figure 2a. A round cavity (dark color) is clearly visible.
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0 0.5 1 1.5 2 2.5 3 3.5
Relative position (xm)

E* . 4.0 um

Figure 5. (a) Location of cross Section 1 (CS-1) and 2 (CS-2) on the nanomechanical map of target area of WIC-7129
shown in Figure 2a; (b) measured reduced modulus along CS-1 and CS-2 from left to right. The low stiffness values,
close to zero, along each cross section show the presence of a cavity and indicate that the histogram peak at 5.8 GPa is
not associated with surface topology but represents a material phase (organic matter).

ture, kerogen experiences chemical and physical alterations as carbon chains are broken down, releasing
petroleum and other high molecular compounds such as asphaltenes. The remaining kerogen changes pro-
gressively from an aliphatic-rich mixture to a more structured aromatic complex with increased density (Pa-
tience et al., 1992; Okiongbo et al., 2005). The geomechanical implications have recently been investigated
using molecular modeling of kerogen at different maturities, which indicates that the increased density,
accommodated by greater aromaticity, leads directly to the stiffer mechanical response (Bousige et al., 2016;
Kashinath et al., 2020). This reflects the conclusions of combined geochemical and AFM studies where
aromaticity has been linked to an increase in the in-situ Young's modulus (Fender et al., 2020; Khatibi
et al., 2018). Our findings on Posidonia shale show an increase in stiffness with maturity, from E, = 5.8 GPa
at R, = 0.53% to E; = 11.3 GPa at R, = 0.89%. Increasing aromaticity has been observed in the Posidonia
shale by Bernard et al. (2012), who reported the aliphatic-aromatic ratio of kerogen changing from 0.96
(WIC) to 0.76 (HAR) to 0.52 (HAD). Our results therefore support the link between increased aromaticity
and higher stiffness.

Table 2 indicates that the increase in the stiffness of organic matter from immature to mature has been
broadly observed in several shale formations. It is more challenging to relate Young's modulus to matu-
rity across different formations, that is, to identify a shale-invariant relationship. This may be due to the
complex biological origins and amorphous nature of organic matter and the range of physical and chem-
ical processes that can occur with burial, such as the development of secondary organic porosity (related

0.025

Hi;togram (b)
—KDE

4 1100.0 GPa > 0027
e e Ak g
80015}
b
S 001}
Q0
[
o

o
o
S
o

- - 0
.0

E* 3.0 um

0 20 40 60 80 100
Reduced Modulus, E” (GPa)

Figure 6. (a) Map of reduced modulus and (b) Histogram of AFM measurements on a target area of mature Posidonia
shale (HAR-7046). Areas of low stiffness (dark color on the nanomechanical map) are small in comparison with those
in the target areas on WIC-7129 and the peak at around 9 GPa is indistinct. AFM, atomic force microscopy; HAR,
Harderode; WIC, Wickensen.
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Figure 7. (a) Map of reduced modulus and (b) Histogram of measurements from AFM on a target area of mature
Posidonia shale (HAR-7046) using a silicon nitride tip. Areas of low stiffness (dark color) are visible in the targeted area
and show as a clear peak in the histogram. AFM, atomic force microscopy; HAR, Harderode.

to gasification) that could reduce the effective stiffness measured on the organic phase by AFM toward
the gas window (Mathia et al., 2016; Suwannasri et al., 2018). Further exploration of AFM-based infrared
microscopy on shales (Jakob et al., 2019; Yang et al., 2017), which allows both mechanical and chemical
material characterization at a nanoscale, would enable additional insights into the source of mechanical
heterogeneities in organic matter and the influence of thermal maturity. Given its variable composition,
using a single value to describe the stiffness of organic matter in shale is a simplification but is often neces-
sary for modeling purposes.

Table 2 .
Reduced Modulus of Kerogen (E;) Obtained by AFM
Reference Formation Method Ry(%) Thermal maturity E,f(GPa)
This study Posidonia Peakforce QNM 0.53 Immature 5.8
0.89 Mature 11.3
Goodarzi et al. (2017) Peakforce QNM 0.6 Immature 6.6
Emmanuel et al. (2016) Cretaceous source rock Peakforce QNM 0.4 Immature 7.3
0.82 Mature 19.0
1.25 Overmature 18.8
Eliyahu et al. (2015) Upper Jurassic source rock Peakforce QNM 2.1 Overmature 16.5
Khatibi et al. (2018) Bakken Peakforce QNM 0.38 Immature 2.5
0.54 Immature 4.0
0.86 Mature 4.2
0.92 Mature 5.4
0.94 Mature 16.0
Li et al. (2018) Bakken Peakforce QNM 0.35 Immature 3.2
0.64 Mature 3.6
1.04 Mature 13.0
Jakob et al. (2019) Eagle Ford Peakforce Infrared Immature 4.5
Graham et al. (2021) Eagle Ford Peakforce QNM + QI-AFM Overmature 5.2
Overmature 9.8

Note. If Ej (Young's modulus) was reported, this was converted to E;: through Equation 3.
Abbreviations: AFM, atomic force microscopy; QNM, Quantitative Nanomechanical Mapping.
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w To convert reduced modulus to Young's modulus by way of Equa-
\ . . ' . .

| tion 3, a Poisson's ratio must be assumed (it cannot be measured by
: AFM). This introduces an additional uncertainty in the determined

| values of Young's modulus. Molecular simulations have suggested that
10r ] Poisson's ratio may realistically vary between 0.2 and 0.35 (Kashinath

et al., 2020), which results in a variation of 9% in Ej, as seen in Fig-

\
. \
g 8 : i ure 8. The relationship between Poisson's ratio and maturity is still un-
e | certain; for example, modeling by Bousige et al. (2016) found no clear
x L 4
w- 6 : link whereas Kashinath et al. (2020) observed a higher Poisson's ratio
: with increasing kerogen density. Both studies showed an exponential
ar | i increase in Young's modulus as kerogen density increased from 0.9 to
——HAR-7046 ! 1.5 g/cm’.
2+ WIC-7129 | 1
\
‘ | ‘ \ ‘
00 01 0.2 0.3 0.4 05 4. Mechanical Response of Shale Composite
Poisson's ratio, v 4.1. Nanoindentation
Figure 8. Sensitivity of kerogen Young's modulus, Ej, to variation in To investigate the mechanical response of the shale composite, nanoin-

Poisson’s ratio, v. Young's modulus was calculated from Equation 3
assuming Ej;, > Ej. Dotted lines show realistic range of Poisson's ratio
suggested by Kashinath et al. (2020), with higher v associated with higher

kerogen density.

dentation testing was conducted. In this test, an indenter with known
mechanical properties is pushed into a material with unknown proper-
ties. The continuous loading and unloading curves in terms of force, F,
and indentation depth, h, are extracted to determine mechanical param-
eters (Oliver & Pharr, 1992). The indentation is conducted on a grid such
that, as for AFM, a statistical characterization of the mechanical response
is available (Ulm & Abousleiman, 2006).

Like AFM, the load-displacement curve and surface deformation can be used to obtain a reduced modulus
E*, often referred to as the indentation modulus in nanoindentation testing. The reduced modulus is calcu-
lated from the initial slope of the unloading curve, S = (dF / dh) [ which is a purely elastic response:

RV
E —ﬁTK 4)

where A, is the contact area, which depends on indentation depth, and 8 is a correction factor related to
the tip shape, equal to 1 for a spherical tip and 1.034 for a Berkovich tip (Fischer-Cripps, 2011). Again, the
reduced modulus is related to the sample Young's modulus by Equation 3; a diamond tip is used, meaning
the effect of tip deformation can be ignored.

Hardness, which contains both the elastic and plastic response of the sample, can also be obtained and is
defined as (Oliver & Pharr, 1992):

I "
F ] max

¢

where F,, is the maximum force applied during the test.

For each sample, thin sections parallel (defined as direction-1) and perpendicular (direction-3) to the bed-
ding plane were tested. The indentation was conducted using a Berkovich tip on 7 X 7 grids with a spacing
of 100 um. In this study, a high load of 500 mN (the maximum machine load on a NanoTest Vantage) was
applied with the intention of capturing a homogenized response representative of the composite micro-
structure. Such an approach is sometimes referred to as microindentation to better describe the length scale
of the experiment (e.g., Slim et al., 2019). If the goal is to obtain the mechanical properties of the shale
constituents, low load nanoindentation with F,,x ~ 5 mN is more appropriate.

Each indent affects a characteristic voxel of size 3-5hy,. (Abedi, Slim, Hofmann, et al., 2016) and given
hmax did not exceed 10 um in our experiments, the spacing of the grid was sufficient to avoid interactions
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Figure 9. Load-displacement curves and histograms of reduced modulus and hardness from high load nanoindentation testing on (a-c) WIC-7129, (d-f) HAR-
7046 and (g-i) HAD-7127. Load-displacement curves on the immature WIC-7129 are consistent, indicating that a bulk response is obtained, while those on
HAR-7046 and HAD-7127 show greater scatter. A general increase in reduced modulus and hardness is observed as thermal maturity increases. Blue: parallel to
bedding; red: perpendicular to bedding. HAD, Haddessen; HAR, Harderode; WIC, Wickensen.

between indents. Mathia et al. (2019) reported a mineralogically-defined representative elementary area
(REA) of close to 6,000 um? for Posidonia shales (WIC, HAR, and HAD). Individual indents likely affected
an area smaller than the REA but the size of the nanoindentation grid (600 X 600 um?) ensures an unbiased
statistical characterization.

It is normal procedure to hold the load at the peak for a few seconds before the unloading stage to allow the
system to reach thermal and mechanical equilibrium. Hold periods of 10 s (WIC-7129 and HAR-7046) and
120 s (HAD-7127) were applied. By extending the holding stage, the creep response of the samples may be
assessed, as reported in Section 6.

4.2. Reduced Modulus and Hardness

Figure 9a shows the load-displacement curves obtained on the clay and kerogen-rich immature WIC-
7129. The curves are relatively consistent, reaching maximum indentation depths of between 7 and 9 pum,
indicating that the high load nanoindentation achieved a homogenized, bulk response. Histograms of
reduced modulus and hardness are shown in Figures 9b and 9c. Both quantities show little scatter and the
histograms have a clear peak in each orientation, demonstrating a consistency across the nanoindentation
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Table 3
Reduced Modulus (GPa) Measured During Nanoindentation Testing

£ *

E, E; Anisotropy
Ccov Cov * i
(E1 I E; )
Sample Mean SD (%) Mean SD (%)
WIC-7129 141 0.8 6 11.7 09 8 1211
HAR-7046 24.5 5.7 23 19.8 29 15 1.24
HAD-7127 51.5 9.9 19 39.5 6.0 15 1.30

Note. E: is parallel to the bedding plane and E; is perpendicular to the
bedding plane.

Abbreviations: COV, coefficient of variation; HAD, Haddessen; HAR,
Harderode; WIC, Wickensen.

grid. The anisotropy in mechanical response is evident in the difference
in peak value when loaded in directions parallel and perpendicular to
the bedding plane. Tables 3 and 4 report the mean and standard de-
viation of reduced modulus and hardness respectively. For WIC-7129,
E: =14.1 GPaand E: =11.7 GPa, giving an anisotropy(E,* / E;) of 1.21.
Stiffness anisotropy, with a stiffer response parallel to bedding, is com-
monly observed in clay-rich shales (Ulm & Abousleiman, 2006) while,
in contrast, hardness shows a less obvious relationship to bedding orien-
tation and is often relatively isotropic (Abedi, Slim, & Ulm, 2016; Bobko
& Ulm, 2008). In this sample, H; = 0.35 GPa and H; = 0.43 GPa (H,/
H, = 0.81).

With increasing thermal maturity, the geomechanical response generally
becomes stiffer and stronger. The mature HAR-7046 has a similar compo-
sition to WIC-7129, although less organic matter is present. The load-dis-
placement plot for HAR-7046, Figure 9d, shows more scatter than record-

ed on WIC-7129 with indentation depths ranging from 4.5 to 10 um. The variability is also evident in the
coefficient of variation (COV) of E* and H, both increasing significantly when compared to the immature
sample. This could be the result of localized diagenetic strengthening and stiffening of the shale matrix,
which may also be a cause of the positive skew in the histograms in Figures 9e and 9f, and indicates that the
nanoindentation was less successful in capturing a homogenized response. For HAR-7046, Ef =24.5 GPa
and E; = 19.8 GPa, both representing an increase of ~70% from WIC-7129; the anisotropy is only marginally
higher (E,* / E; = 1.24). In contrast, H; increases to 0.54 (a 54% rise) but H; drops to 0.38 and H,/H; is 1.42.

HAD-7127 has significantly lower clay and kerogen content than the samples of lower thermal maturity and
is dominated by authigenic carbonate cements. The composition has a clear impact on the nanoindentation
results. Figure 9g shows that the maximum indentation depth, between 3 and 6 um, is substantially lower
than in the less mature samples. As reported in Tables 3 and 4, both the reduced moduli (E, = 51.5 GPa
and E; = 39.5 GPa) more than double from HAR-7046 and an even greater increase occurs in hardness.
A wide range of values was recorded, as can be seen in the histograms of Figures 9h and 9i, although the
COV of both measurements is similar to that of the mature sample. In terms of anisotropy, E;, / E3 shows a
small increase to 1.30, which indicates that the stiffness response becomes slightly more anisotropic across
the maturity series. In contrast, hardness anisotropy is marginally lower in HAD-7127 (H,/H; = 1.39) than
HAR-7046 and no clear relationship can be discerned with thermal maturity, perhaps due to the variability

in the hardness measurements.

Figure 10 shows the positive correlation between E* and H, where the relationship is expected to be ap-

proximately E* oc \/E (Ulm & Abousleiman, 2006). A specific power law fit to all indents is very similar to
that proposed by Mashhadian et al. (2018) on calcite-rich phases of Eagle Ford shale, and the high values

Table 4
Hardness (GPa) Measured During Nanoindentation Testing

H, H; Anisotropy

cov cov

Sample Mean SD (%) Mean SD (%) (Hl/H3)
WIC-7129 0.35 0.02 6 043 0.03 7 0.81
HAR-7046 0.54 0.2 37 0.38 0.11 29 1.42
HAD-7127 1.55 0.56 36 1.11 0.39 35 1.39

Note. H, is parallel to the bedding plane and Hj; is perpendicular to the
bedding plane.

Abbreviations: COV, coefficient of variation; HAD, Haddessen; HAR,
Harderode; WIC, Wickensen.

of E* and H measured on the carbonate-rich HAD-7127 sample compare
particularly well. The soft WIC-7129 sample sits below the power law fit
and there is a much clearer difference between indents in parallel and
perpendicular directions compared to the more mature shales, being in
two distinct groups for the WIC sample.

5. Upscaling of Elastic Properties
5.1. Homogenization Methods

To obtain the macroscopic stiffness tensor of the anisotropic shale com-
posite, linear micromechanics can be used to homogenize the elastic re-
sponse through various levels (Zaoui, 2002). The homogenized stiffness
tensor for a composite of N phases can be written:
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Hardness, H (GPa) Two commonly used homogenization techniques are the Mori-Tanaka

(MT) method (Mori & Tanaka, 1973) and the Self-Consistent Scheme (SCS)

Figure 10. Reduced modulus versus hardness from high load (Hill, 1965). For the MT approach, the inclusions are embedded in a matrix
nanoindentation grids on WIC-7129, HAR-7046 and HAD-7127. Solid phase such that C, = C,,,,, where C,,,, is the stiffness tensor of the matrix.

markers: parallel to bedding plane; empty markers: perpendicular to
bedding plane. The equation of the fitted power law is E* = 34H*%, HAD,
Haddessen; HAR, Harderode; WIC, Wickensen.
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For the SCS, the inclusions are embedded into the homogenized medium
itself, leading to C,, = C,,,,; this morphology is described as a granular tex-
ture (Abedi, Slim, & Ulm, 2016), with no phase dominating the composite,
in contrast to the matrix-inclusion morphology of the MT scheme.

5.2. Multiscale Model

The formulation of the homogenization scheme follows that of Goodarzi et al. (2017), with the addition of
a further level of upscaling to include microcracks. Shale is assumed to consist of silt inclusions randomly
embedded into a clay matrix comprising solid clay, kerogen and pores. The multiscale model has four levels:
Level 0, the solid unit of clay (at a length scale of ~1 nm); Level I, the porous clay matrix (100 nm); Level
11, silt inclusions embedded in the clay matrix (10-100 um); Level III, microcracks (1 mm). The model is
illustrated schematically in Figure 11.

5.2.1. Level 0 (Solid Clay)

The overall anisotropy of the shale response is included by assuming a transversely isotropic (TI) stiffness
tensor for the solid unit of clay. The five elastic components are taken from Ortega et al. (2007): C;; = 44.9,
C33=24.2,C3=18.1,Cy = 3.7,and Ce = 11.6 GPa. These values are intended to represent the overall stiff-
ness of the solid clay and are ostensibly insensitive to specific clay mineralogy. This is due to the nanogran-
ular morphology described by Bobko and Ulm (2008), in which the mechanical response of the clay phase
is mainly determined by chemo-mechanical interactions between individual clay particles or agglomerates
rather than the fundamental behavior of a single particle. The clay fraction of the Posidonia samples is dom-
inated by illite and illite/smectite with secondary kaolinite; this compares well with several of the validation

samples used by Ortega et al. (2007). However, there is still uncertainty

related to the elastic properties of the solid clay that should be adopted
Level Il for homogenization schemes. Recently, Abedi, Slim, and Ulm (2016) and
Microcracked Dubey et al. (2019) have back analyzed the TI elastic constants on various
composite shales and found much higher stiffness values, closer to those obtained
for individual clay particles (Wang et al., 2001).

5.2.2. Level I (Porous Clay Matrix)

The porosity of the shale is assumed to exist solely in the clay and kero-
gen matrix at Level I, meaning @umar = Pshate/fnat Where fi is the volume
fraction of the matrix components. The elastic properties of the organ-

Figure 11. Schematic representation of multiscale model.
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ic matter, assumed isotropic, are taken from Table 2 and converted to

Table 5

Elastic Properties of Minerals Used in the Multiscale Model (Brown Young's modulus using v = 0.3 (WIC-7129: E; = 5.3 GPa; HAR-7046:

et al., 2016; Mavko et al., 2009; Whitaker et al., 2010) E, =10.3 GPa). Kerogen in the overmature sample HAD-7127 is assumed

Mineral E (GPa) . to have the same properties as measured in the mature HAR-7046 (HAD-
- 7127: E;, = 10.3 GPa). This follows the findings of Emmanuel et al. (2016)

Calcite 40 032 who reported an increase in Young's modulus from immature shale into

Dolomite i 023 the oil window but little change in the stiffness of the organic phase with

Feldspar 96 0.26  a further increase in maturity, perhaps due to generation of secondary

Pyrite 265 0.18  porosity and hydrocarbons.

Quartz 55 0.06

Numerical investigation by Goodarzi et al. (2016) showed that SCS performs

well at homogenization of the porous clay matrix, and so is adopted here.
5.2.3. Level II (Silt Inclusions)

At the second level, silt particles within the shale composite are included in the homogenization. The par-
ticles are assumed to be spherical and isotropic. The insignificant effect of particle shape on the anisotropic
macroscopic response is supported by experimental and modeling studies (Ortega et al., 2010). Recent AFM
investigations have found the elastic properties of quartz and calcite in shale rocks are generally lower
than those normally reported in the literature. Assuming v = 0.06 for quartz and 0.32 for calcite (Mavko
et al., 2009), mean Young's modulus values of 69 and 55 GPa for quartz and 53 and 40 GPa for calcite were
measured by Eliyahu et al. (2015) and Graham et al. (2021) respectively. This is ~40% less than the 95 GPa
(quartz) and 78 GPa (calcite) found in Mavko et al. (2009). The difference may be related to the presence
of microporosity within minerals in sedimentary rocks, in contrast to the highly crystalline phases that are
typically measured. Given the carbonate diagenesis evident in Posidonia shale, the Young's modulus of
dolomite, reported as 117-124 GPa by Mavko et al. (2009), was reduced by the same percentage. The elastic
properties are summarized in Table 5.

5.2.4. Level III (Microcracks)

Microcracks, or microfractures, are open fractures that occur in shales because of local failures in the mi-
crostructure. Microcracks are characterized by a small aspect ratio, € = c¢/a, with the crack aperture (half
width ¢) ranging from nanometers to tens of micrometers and length a being one to four orders of magni-
tude greater, reaching mm-scale. The orientation of microcracks is commonly parallel to the bedding plane,
cracks tending to form along weak planes in the rock (e.g., Vernik, 1993), but preferred orientation can also
present at various angles, including perpendicular to the bedding plane, due to a range of factors such as
stress history, mineralogy and kerogen content (Ougier-Simonin et al., 2016).

The presence of microcracks has been shown to affect the mechanical properties of the rock mass, with
a particularly significant effect being the increase of anisotropy (Vernik, 1993, 1994). The effect of cracks
can be incorporated into the homogenization schemes described in Section 4.1 through the Hill tensor. As
discussed by Qi et al. (2016), a cracked medium can be considered a matrix-inclusion morphology and it is
therefore appropriate to adopt the MT scheme. Assuming a single set of open, penny-shaped microcracks,
the crack stiffness tensor C. = 0 and the homogenized stiffness is:

-1
Ciom = Cy: ]I+i7rd']l‘
3 (®)

£
=3
=
Il

e(I-P:C,)"

where d is the crack density parameter, d = Na® and N is the number of cracks per unit volume (Dor-
mieux et al., 2006). Solutions for the Hill or Eshelby tensor have been derived for the case of penny-shaped
cracks in a transversely isotropic background medium, the cracks aligned in the direction of anisotropy,
by Withers (1989). This solution can be extended to multiple sets of randomly oriented cracks (Giraud
et al., 2007; Qi et al., 2016) but attention here is limited to horizontal microcracks, as microCT scans on
Posidonia shale indicate this is a realistic idealization (Kanitpanyacharoen et al., 2012).
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70 ‘ The cracks are assumed to be penny-shaped (¢ = 0.01) and a crack densi-
® WIC-7129 ty of d = 0.07 is used, based on typical values determined by Sarout and
60 | A HAR-7046 . Guéguen (2008) during triaxial tests on clay-rich shale. Back analysis
¢ HAD-7127 g g y . y
= from UPV data, including carbonate-rich shales, by Dubey et al. (2019)
% 50T . i found a similar crack density (d = 0.043) for the horizontal crack case,
~ i & 1l
u 40 Y M indicating the chosen parameters are likely to be representative. The
. effect of crack fluid is neglected in the multiscale model.
w
3 30r R
3 4l ; | 5.3. Predicted Response
a 5.3.1. Level IT
10 ] The high load nanoindentation undertaken in this study is considered
to be representative of the homogenized response at Level II. The com-
OO 10 20 30 40 50 60 70 ponents of the TI stiffness tensor at this level can be related to E; and E
Experimental E;, E; (Gpa) (Delafargue & Ulm, 2004)

-1
Figure 12. Experimental (from high load nanoindentation testing) . C,,Cs3 — C132 1 o) 9
and predicted reduced modulus (Level IT). Homogenization methods: Ey =2 Ci C_ t+_— )
Scs'-scs” (full markers); SCS-MT" (empty markers). The error bars 11 GGy +C3

indicate + one standard deviation. MT, Mori-Tanaka; SCS, Self-Consistent
a’-¢)’ [c
E ~ 11 12 11 E; (10)
G Cs3

Scheme.
The predicted indentation moduli are compared with the experimental values in Figure 12. The plot shows
the mean experimental modulus + one standard deviation. SCS is used at the first level of homogenization
(SCSY, with the results of both SCS and MT shown at the second level (SCS", MT™).

*

Figure 12 indicates that the homogenization is relatively successful in predicting the experimental in-
dentation moduli, particularly for WIC-7129. The volume fractions of silt inclusions are 38% (WIC), 56%
(HAR), and 79% (HAD); SCS" predicts a higher stiffness than MT" because, as found in numerical sim-
ulations by Goodarzi et al. (2016), the predicted stiffness of the two methods diverges as the volume
fraction of silt inclusions increases above 40%. The immature WIC sample is a collection of clay, organic
matter and carbonate grains and so is well-suited to the formulation of the multiscale model. The effects
of carbonate diagenesis in samples of higher maturity pose challenges for upscaling. In HAD-7127, the
porous clay matrix has been replaced to a large extent by dolomite and calcite cements. SCS™ gives the best
estimate for this sample, perhaps because the shale texture can no longer be described as a matrix-inclu-
sion morphology. Although the effects of cementation are not explicitly captured by the homogenization,
appropriate choices for the elastic moduli of the various constituents can still enable reasonable estimates
of the bulk elastic response to be made.

Table 6 shows that the homogenization can predict the anisotropy of
the shale response (E; / Eg) quite well for WIC-7129 and HAR-7046,
with SCS'MT" being the more successful. The multiscale model as-
sumes that the anisotropy originates in the solid clay unit. This ap-
pears to be true for the clay-rich WIC sample but as the clay fraction
reduces from HAR to HAD the estimate of anisotropy gets progres-

Table 6
Experimental and Predicted Anisotropy of Reduced Modulus (Level II)

Anisotropy (El* / E, )

Sample Experimental scs'-scs' SCS-MT"  sjvely worse. This suggests that the source of anisotropy must lie else-
WIC-7129 1.21 1.14 1.17 where and may be linked to carbonate diagenesis forming a preferred
HAR-7046 1.24 114 1.20 orientation, invalidating the assumption of isotropic silt grains.
HAD-7127 1.30 1.02 111 5.3.2. Level III

Abbreviations: HAD, Haddessen; HAR, Harderode; MT, Mori-Tanaka; At Level I1I, microcracks are introduced into the multiscale model and the
SCS, Self-Consistent Scheme; WIC, Wickensen. predicted elastic moduli are compared with triaxial test results reported
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Figure 13. Experimental (Rybacki et al., 2015) and predicted Young's
modulus at Level III. Homogenization methods: SCS-SCS"™-MT™ (full

markers); SCS-MT"-MT" (empty markers). The error bars indicate +20%.

MT, Mori-Tanaka; SCS, Self-Consistent Scheme.

by Rybacki et al. (2015). Young's modulus in directions parallel and per-
pendicular to the bedding plane can be obtained by Mavko et al. (2009):

2C.2
Ey = Cy3 - _2Cr (11
G +Cp
C312 —Ci1 + G ) + Cp | -C3Cy, + C312
E =C, + ( ) ( ) (12)

C33C11 - CEH2

The homogenized values are compared with triaxial results from tests
at ambient pressure (i.e., uniaxial experiments) and temperature, with
the Young's modulus reported as Es, the secant modulus at 50% of the
peak stress. Rybacki et al. (2015) state the results are accurate to +20%,
which is used here to bracket the experimental values. The composi-
tion of HAD-7127 is unrepresentative, being dolomite-rich, and so the
composition of the HAD-2 sample described in Rybacki et al. (2015) is
adopted. The volume fractions are: ¢ = 2.8%, OM = 11.3%, clay = 35.0%,
carbonate = 29.6%, quartz = 14.7%, pyrite = 2.2%, and feldspar = 4.4%. In
HAD samples (and Posidonia shale in general), carbonates are typically
dominated by calcite (e.g., Mathia et al., 2016) so E = 50 GPa is assigned
to the carbonate phase (cf. Table 5).

As shown in Figure 13, the multiscale model tends to over-predict the
elastic modulus at triaxial scale. This may partly be due to the use of a

secant modulus, given that in the uniaxial tests the stress-strain response shows an initial stiffening due to
closure of existing discontinuities in the sample. In addition, the overestimation may also be attributed to
damage inflicted as the sample is loaded. The anisotropy at Level III is shown in Table 7. It is evident that
the anisotropy is much higher at triaxial scale than observed during nanoindentation testing, which might
be due to the influence of microcracks and fractures. The major effect of including horizontal microcracks
in the homogenization scheme is to increase the anisotropy of the response by reducing E;. The anisotropy
of HAR and HAD is well-captured but a crack density of 0.24 is required to predict the anisotropy of WIC
observed in the experiment (E;/E; = 2.71; SCS-MT™-MT™). This agrees with the description of the WIC
sample developing abundant microcracks during deformation, whereas HAR and HAD samples failed in a
brittle manner along a single localized shear plane (Rybacki et al., 2015).

6. Creep Behavior

6.1. Nanoindentation Creep

The creep behavior of Posidonia shale was analyzed through nanoindentation testing. The creep tests were
conducted as described in Section 4.1 but with a hold period of 120 s at peak load for all samples. A spheri-

Table 7
Experimental (Rybacki et al., 2015) and Predicted Anisotropy of Young's
Modulus (Level III)

Anisotropy(El / E3)

Sample Experimental scs'-scs"-mt™ scs-mr-mT™
WIC 2.75 1.59 1.66
HAR 1.5-2.0 1.61 1.71
HAD 1.88 1.74 1.84

Abbreviations: HAD, Haddessen; HAR, Harderode; MT, Mori-Tanaka;
SCS, Self-Consistent Scheme; WIC, Wickensen.

cal tip was used; the presented data also includes the Berkovich grids on
HAD-7127 with a 120 s hold period.

Typical displacement-time responses during the holding stage are
shown in Figure 14, from individual indentations. The creep displace-
ment is defined as Ah(t) = h(t) — hy, where h, is the displacement at
the start of the holding stage (t = 0 s). In nanoindentation tests, a
logarithmic function is commonly used to fit the contact creep com-
pliance function introduced by Vandamme and Ulm (2013), such that
a creep modulus can be obtained. The compliance function describes
the creep response due to a unit input of stress and corrects for the
geometry of the indenter. The creep compliance function is (Zhang
et al., 2014):
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E where a, is the radius of the projected contact area between indenter
2 1000 : and sample, a, = /A, / 7, and E, is the indentation modulus at t = 0's,
- which could also be measured from the unloading phase as previously.
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g A logarithmic function can be used to fit the creep compliance function
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0 ‘ ‘ ‘ ‘ ‘ where C is the creep modulus and 7 is a characteristic time (Vandamme
0 20 40 60 80 100 120 & Ulm, 2013). The creep modulus describes the rate of creep strain that
Time (s) accumulates, with a higher C indicating a lower creep rate; 7 quantifies

the time at which the long-term logarithmic creep behavior begins.

Figure 14. Typical displacement-time responses during holding stage of
nanoindentation tests. Para, parallel to bedding plane; perp, perpendicular ~ The creep compliance function for 7 X 7 indentation grids on each Po-

to bedding plane.

sidonia shale sample is shown in Figure 15. The variability in the creep

response is indicated by a shaded area corresponding to + one standard

deviation of the fitted creep modulus. It is noted that the mean character-
istic time is in the range 0.1-0.5 s across all samples, proving the suitability of the creep modulus to describe
the longer-term behavior, given that the rate of change of the creep compliance is:

L(t) ~ Litrss (15)
Ct

The compliance function shows that there is less creep response as thermal maturity increases. The imma-
ture sample WIC-7129 has a much greater tendency to creep than the samples of higher maturity. This can
be seen in the statistics of C given in Table 8, where a general increase in the creep modulus occurs across
the maturity series.

A correlation is evident between the creep modulus and clay/organic content, as shown in Figure 16. Low
load nanoindentation creep testing of oil window Vaca Muerta shale (Mighani et al., 2019) has shown that
the clay matrix tends to have a low creep modulus, indicating creep deformations are concentrated in this
phase. At a larger scale, BSE images on samples of Posidonia (HAR) shale after triaxial creep experiments
have shown that (primary) creep is mainly accommodated by pore vol-
ume compaction and bending of clay minerals (Herrmann et al., 2020).
Sone and Zoback (2013b) note that the correlation is generally evident in

N
¢
o

——WIC-7129 para
— — —HAR-7046 para

HAD-7127 para
77777 HAD-7127 perp

100

samples from a single shale unit but cannot be extrapolated to all shales,
as other factors also influence the propensity for a shale to creep. For
example, Rassouli and Zoback (2018) suggest that in carbonate-rich sam-
ples microporosity within carbonate grains and intergrain microfractures
could be sources of creep. In Posidonia shale, carbonate diagenesis may
be a key control on creep behavior and the rigid matrix formed by cemen-
tation in samples of higher maturity, particularly HAD-7127, may explain
- the non-linearity of the correlation in Figure 16, and the high creep mod-
=T ulus measured on the HAD sample.

Sample orientation also affects the creep behavior. An anisotropy in

e : creep response of the HAD-7127 sample is evident, with a greater creep

Creep Compliance Function (10'3 GPa'1)

Time (s)

compliance (lower creep modulus) when loaded perpendicular to the
bedding direction, which again agrees with the conclusions of Sone and
Zoback (2013b) in triaxial tests of various North American shales. The

Figure 15. Creep compliance functions. Shaded area indicates + one
standard deviation of the creep modulus.
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Table 8
Creep Modulus (GPa) Measured During Nanoindentation Testing

C; C; Anisotropy
Cov Ccov
Sample Mean SD (%) Mean SD (%) (Cl / C3)
WIC-7129 51 3 6
HAR-7046 115 36 31
HAD-7127 779 380 49 479 226 47 1.63

Note. C; is parallel to the bedding plane and Cj; is perpendicular to the
bedding plane.

Abbreviations: COV, coefficient of variation; HAD, Haddessen; HAR,
Harderode; WIC, Wickensen.

anisotropy ratio C;/C; is slightly higher than that observed for indenta-
tion modulus and hardness (Tables 3 and 4).

It is also clear that the immature WIC-7129 shows a much less variable
creep response than the samples of higher maturity, showing a lower
COV. This mirrors the results for E* and H and indicates that the creep
modulus is representative of a homogenized response for WIC-7129, not
greatly influenced by individual constituents or localized diagenetic fea-
tures such as cementation.

The relationship between creep modulus and hardness is plotted in
Figure 17. It is generally observed that C is linearly related to H (e.g.,
Slim et al., 2019). Despite the high variability in the measured values of
H and C on HAD-7127, evident in the large error bars, fitting C = aH
through the mean of each indentation grid tested as part of this work
gives o = 458, with R* = 0.86. This linear scaling can also be seen to pro-
vide a good fit with creep data on various US shales of different maturity
obtained from nanoindentation tests with applied loads ranging from 4.8

to 50 mN. This confirms the observation of Slim et al. (2019) that « is scale-independent, given the maxi-
mum load of 500 mN in this study. The relationship between C and H can be explained by analogy with the
logarithmic creep behavior of soils during an oedometer test (Vandamme & Ulm, 2013). The change in void
ratio, e, in an oedometer test is linearly related to log(t), with a coefficient of secondary compression defined
as Cy = —de/d(log(t)) (Mitchell & Soga, 2005). In one-dimensional compression, the strain rate & = (1 — ¢)é
and, recognizing that the applied vertical stress o is equivalent to H, the rate of creep compliance is:

By comparison with Equation 15:

by £ _0=9C, 1

H ¢ (16)

1
€= (1 - ¢)Cae " (17)

which reveals the expected linear scaling. Given a porosity of ~0.1, this leads to C,, = 0.0024 which is close
to estimates of this coefficient on shale by Mesri and Castro (1987).

1000 ;
¥ WIC-7129 para
900 B HAR-7046 para| |
@® HAD-7127 para
= 800 f ° O HAD-7127 perp| |
& 700t :
O 600+ 1
i
3 500 o 8
g 400 1
)
$ 300¢ 8
© 200! 1
100 | . 1
v
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0 10 20 30 40 50 60

Clay + kerogen volume (%)

Figure 16. Creep modulus versus clay + kerogen content. Higher clay and
kerogen content is associated with a greater creep response (lower creep
modulus).

The relationship between C and E* has been previously fitted by a power
law on US shales, although the correlation is close to linear (Slim, 2016).
Figure 18 indicates that there is some difference between Posidonia and
US shales, with the Posidonia shale showing a steeper increase in C as
the indentation modulus increases beyond 30 GPa. This may be related
to the different diagenetic alterations that can occur with increasing ther-
mal maturity, for example the overmature HAD-7127 shows a significant
transformation, combined with differences in mineralogy.

6.2. Comparison With Triaxial Creep

Long-term triaxial creep tests are normally carried out by holding a con-
stant deviator stress over a time period of up to several days (Herrmann
et al., 2020; Rybacki et al., 2017; Sone & Zoback, 2013b, 2014). These ex-
periments have shown that shale first exhibits a phase of decreasing creep
strain rate (primary creep), with some samples then reaching a constant
minimum level (secondary creep) before showing an accelerating strain
rate with time (tertiary creep) leading to failure (Rybacki et al., 2017).
Primary creep is predominately due to pore space reduction and defor-
mation of weak phases (clay and organic matter) while secondary and
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Figure 17. Creep modulus versus hardness. Data for US shales from
nanoindentation tests reported by Slim et al. (2019): Antrim, Barnett and

Woodford (immature); Haynesville and Marcellus (mature). The error bars
indicate + one standard deviation.

tertiary creep is associated with microcracking and ultimately a localized
macroscopic failure plane (Herrmann et al., 2020). The occurrence of
secondary and tertiary creep depends upon sample composition and test
conditions (confining stress, deviator stress and temperature) (Herrmann
et al., 2020) but is generally associated with the application of a deviator
stress close to the ultimate strength of the shale (Rybacki et al., 2017).
Saturation and fluid chemistry also strongly affect the creep response,
particularly in clay-rich materials (Cerasi et al., 2017).

To compare the creep response of shale in triaxial and nanoindentation
tests, it must be acknowledged that the samples are subjected to different
stress states. Zhang et al. (2014) state that in ideal linear viscoelastic ma-
terials that creep deviatorically with no volume change, the relationship
between the triaxial and indentation creep modulus (triaxial, Cy; inden-
tation Cinq) is Cixe = (1 — 0.5%)Cing = 0.75C;na, which results from Equa-
tion 3. Shale exhibits a more complex response involving (visco)plastic
behavior meaning it is difficult to establish a direct relationship between
indentation and triaxial creep. Scale effects will also be important but
the creep response during high load nanoindentation, which captures a
relatively homogenized response, may be expected to result from similar
physical mechanisms as observed during the primary creep phase of tri-
axial tests, since the applied load is in place for a relatively short period of
time and does not cause extensive damage (fracturing) to the sample. As

discussed in Section 6.1, the tendency for creep deformations to be associated with the porous clay matrix
has been observed in both (low load) nanoindentation (Mighani et al., 2019) and triaxial testing (Herrmann

et al., 2020).

The development of creep strain during the primary phase is commonly described by a power law or log-
arithmic function (Herrmann et al., 2020; Rybacki et al., 2017; Sone & Zoback, 2014), much as for the na-
noindentation creep described previously. In a triaxial test, the creep compliance can be written:

1
—J(0) = - =
J@)-JO)=J(@®) 3

1400 ‘ :
V¥ WIC-7129 para C = 0.04(E*)256
1200 B HAR-7046 para i
A HAD-7127 para
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© -
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9} US - Mature e
%— 800 A/ - |
g e
S 600 - <A J
= P ¢
o T
8 400t % A ]
o - ‘
P ’e
200 | C=437(E"" ~ ) J
o7 m
0 //./\' Y L I I L I
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Figure 18. Creep modulus versus reduced modulus. Data for US shales

from nanoindentation tests reported by Slim (2016): Antrim, Barnett and
Woodford (immature); Haynesville and Marcellus (mature). Power laws:

dashed line fitted to all data; dotted line fitted to Posidonia samples. The

error bars indicate + one standard deviation.

- %(gj(t) - gj,())
J

(18)

where ¢ is a measured strain (axial, radial or volumetric) and ¢; is the
conjugate loading stress (confining or deviatoric stress). Fitting a loga-
rithmic function to the creep compliance, cf. Equation 14, leads to:

Jo - L L
E, (; T;

where C; and 7; are the creep modulus and characteristic time respective-
ly. The subscript j is dropped in the following, where axial moduli are
reported.

19)

Mighani et al. (2019) estimated the creep modulus from various triaxial
creep experiments carried out on shale samples in the literature. These
values are plotted against the elastic modulus at triaxial scale in Fig-
ure 19. Herrmann et al. (2020) fitted a power law to the creep strain re-
corded in triaxial tests of Bowland and Posidonia (HAR) shale, for those
samples exhibiting primary creep only. By converting to a logarithmic fit
over the length of the experiment, an estimate of the creep modulus can
be made, which is also plotted in Figure 19. For comparison, the creep
moduli from the nanoindentation testing in this study are plotted against
the triaxial elastic moduli from Rybacki et al. (2015).
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1500 Figure 19 shows that the creep response during high load nanoindenta-
tion gives similar values of the creep modulus as recorded at triaxial scale.
The general trend suggests a positive correlation between the creep and
elastic modulus indicating that stiffer shales tend to creep less, a finding
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Figure 19. Creep modulus versus Young's modulus. Solid markers:
perpendicular to bedding. Empty: parallel to bedding. Data from

This study reports a multiscale investigation of carbonate- and organ-
ic-rich Posidonia shales with thermal maturities ranging from immature

Mighani et al. (2019) and references therein, except Bowland (Herrmann to overmature. Nano and microscale mechanical tests show that the mac-
et al,, 2020) and WIC/HAR/HAD (this study; Herrmann et al., 2020; roscale geomechanical properties of shale are the result of the interplay

Rybacki et al., 2015). Black markers indicate C from nanoindentation; gray

markers indicate C from triaxial test.

of mineralogy, microstructure and diagenesis. The dissolution of biogen-
ic carbonate and its reprecipitation as cement at higher maturities is a
particularly important control on the diagenetic evolution of mechanical
properties in these samples.

Peakforce QNM successfully determined the elastic modulus of organic matter at a resolution of a few na-
nometers. The reduced modulus of immature kerogen was E, = 5.8 GPa, increasing to 11.3 GPa in the oil
window.

High load nanoindentation testing of the shale generated the indentation modulus and hardness of the shale
composite at a microstructural level. The immature WIC sample gave the softest response while diagenetic
cementation with increasing maturity had the effect of increasing the stiffness and hardness of HAR and
HAD samples. A bulk response could be obtained on the softer, immature shale with the maximum applied
load of 500 mN. However, the indentation results showed greater variability for the more thermally mature
samples as the diagenetically-strengthened microstructures prevented a truly homogenized response.

Upscaling of the elastic properties through a multiscale model showed a good prediction of the indentation
modulus. A particularly successful estimate was achieved for the immature shale, for which the bulk me-
chanical properties can be related straightforwardly to the individual constituents. Diagenetically modified
and cemented mature samples are less simple to describe but good estimates of the bulk elastic response can
still be made with appropriate choices of the elastic properties of the constituents, incorporating to some
extent the diagenetic effects. To improve confidence in the mechanical properties, a more complex (but less
general) formulation would be needed, specifically accounting for diagenetic features such as carbonate
cementation. Horizontal microcracks were included in a third level of homogenization and improved the
prediction of Young's modulus in uniaxial tests, especially the anisotropy of the response.

Creep behavior was investigated by holding a constant load for a specific time period in nanoindentation
tests. The concept of the creep modulus was used to interpret the time-dependent response. Less creep was
observed with increasing thermal maturity and there was a negative correlation between clay/organic con-
tent and the creep modulus, indicating that the deformation of these soft phases has a strong influence on
the creep response. This agrees with observations made from microstructural imaging of triaxial creep tests
on Posidonia shale. The creep response during high load nanoindentation and the primary creep phase of
triaxial tests generated similar values for the creep modulus, suggesting the same deformation mechanisms
are active. Further investigation of the effect of in-situ conditions (pressure, saturation, temperature etc.) at
different scales may help to better constrain the creep response.
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