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Abstract

The organic-inorganic nature of organic-rich source rocks poses several challenges for
the development of functional relations that link mechanical properties with geochemical
composition. With this focus in mind, we herein propose a method that enables chemo-
mechanical characterization of this highly heterogeneous source rock at the micron and
submicron length scale through a statistical analysis of a large array of Energy Dispersive
X-Ray Spectroscopy (EDX) data coupled with nanoindentation data. The ability to
include elemental composition to the indentation probe via EDX is shown to provide a
means to identify pure material phases, mixture phases and interfaces between different
phases. Employed over a large array, the statistical clustering of this set of chemo-
mechanical data provides access to the properties of the fundamental building blocks of
clay-dominated organic-rich source rocks. The versatility of the approach is illustrated
through the application to a large number of source rocks of different origin, chemical
composition and organic content. We find that the identified properties exhibit a unique
scaling relation between stiffness and hardness. This suggests that organic-rich shale
properties can be reduced to their elementary constituents, with several implications for
the development of predictive functional relations between chemical composition and
mechanical properties of organic-rich source rocks such as the intimate interplay between
clay packing, organic maturity, and mechanical properties of porous clay/organic phase.
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1. Introduction

Geomaterials such as organic rich shales, can be considered as multiphase and multiscale
material systems [17] with intrinsic heterogeneity in chemical composition (including
organic diversity (namely maturity) and mineralogy), microtexture and mechanical
properties [8]. An improved understanding of fundamental poroelasticity and strength
behavior of organic rich shales can lead to development of predictive models that
overcome the demand for costly and time-consuming detailed experiments to access their
mechanical behavior. For this purpose, it is instructive to explore the complex
mechnanical properties of organic rich source rocks at multiple scales, as shown in Figure
1.

Level II corresponds to the characteristic size in the sub-millimeter and millimeter range
and is the scale of conventional understanding of organic rich shales regarding their
anisotropic poromechanics (Fig. 1). Level I is the scale of porous clay composite
intermixed with organic matter. This scale is the scale of nanoindentation and advanced
observational methods such as SEM and EDX and is the level of study in this
investigation. Level I is of particular importance since porous clay/organic composite is
considered as the main driver of macroscopic behavior of organic-rich shales as clay
minerals, their packing density, and organic materials control the mechanical and
transport properties of these source rocks [3]. Moreover, there is an increasing evidence
that maturity of organic matter influences the texture, anisotropy, and ductility of these
organic-rich source rocks [46-47]. Finally, level 0 corresponds to the scale of the
elementary solid clay particles that make the solid clay phase in organic-rich shales. It
should be mentioned that the multi-scale approach followed in this work can be applied
to other geomaterials provided that the different scales satisfy the scale separability
condition [17].

Following the aforementioned multi-scale structure model and in order to ful-fill the
material science paradigm, that is to relate chemical composition, microstructural
features, and mechanical performance, the chemo-mechanical properties at fundamental
length sacles need to be fully characterized. Advanced characterization techniques have
been used to study distinct features of heterogeneous geomaterials at nanometer and
micrometer length scales. For instance, valuable insight into the heterogeneity of
microstructural features has been obtained by synchrotron x-ray analysis [33, 57-58]
small angle neutron scattering [27], and advanced imaging by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) [4, 25, 28]. Similarly,
the heterogeneity of mechanical properties has been studied by Atomic force microscopy
(AFM) and instrumented indentation on organic-free shale materials [45, 7, 52, 54, 60-
61, 3] and organic/inorganic phases in oil and gas bearing shales [2, 39, 59]. Yet, a
characterization method that (1) integrates geochemical and mechanical properties in the
assessment of organic-rich shale properties, and (2) is able to handle the high
heterogeneity of the rock remains to be developed. The method proposed in this paper
aims at such a chemo-mechanical characterization of organic-rich shales at micrometer
and sub-micrometer length scales (level I) using coupled nanoindentation and energy
dispersive x-ray spectroscopy (EDX). The approach herein proposed is an extension to
previous approaches developed for inorganic (organic-free) caprocks [12] and cements
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[9, 30]. Specifically, the original idea advanced in this investigation is that the extensive
data sets obtained by both chemical and mechanical testing techniques at the same
location and at similar length scales lend themselves to an effective chemo-mechanical
clustering analysis to resolves spatial, chemical and mechanical heterogeneities in the
form of chemo-mechanical phases present within the probed region.

The paper is organized as follows: Section 2 presents the studied materials and the
different techniques employed for both chemo-mechanical data acquisition (EDX,
nanoindentation) and data analysis by means of clustering at micrometer and sub-
micrometer length scales of organic-rich source rocks. The results that can be obtained
with this coupled indentation-EDX experiments are discussed in details in Section 3 for a
mature gas shale (Haynesville). Finally, in Section 4, the versatility of the approach is
illustrated through application to a large range of clay-dominated organic-rich source
rocks.

Figure 1 goes here

2. Materials and Methods

2.1. Materials

Several organic-rich shale samples from major shale reservoirs of different mineralogy
and maturity levels were considered in this study (for mineralogy and Total organic
content (TOC), see Table 1); namely Haynesville, Marcellus, Fayetteville , Antrim , and
Barnett. Clay minerals in these samples were mostly either illite or mixed illite-smectite,
with relatively smaller amounts of kaolinite and chlorite. From Rock-Eval analysis,
samples from Haynesville, Marcellus, and Fayetteville were identified as mature gas
shale samples, whereas samples from Antrim, and Barnett are immature source rocks.
The porosity of the samples was either obtained using Gas Research Institute (GRI)
protocols (Haynesville) [35-37], or estimated by comparing the bulk densities with the
average mineral densities. Based on the mass fraction of material components reported in
Table 1, volume fraction of individual solid constituents of samples are obtained. The
volume fraction of a particular material constituent k, is determined by:

m
k/ Pk

= (1-¢) S
Nk ¢ Z?]:lml/pi

(1

where N represents the number of material phases in the sample, m; the mass fraction of
the solid constituent (Table 1), p; the corresponding mass density (in this study, densities
of 2.65-2.82, 2.65, and 2.71 g/cm’ are considered for clay, quartz and carbonates
respectively[Ortega, 2010; www.mindat.org]), and ¢ the porosity obtained
experimentally. Table 2 represents the volume fractions of the detected material phases in
the studied samples. Clay is the main mineral constituents of these samples with lateral
and thickness dimensions of 0.1 - 4 um and 0.05 - 2 um; respectively [12, 41]. Regarding
the density of organic matter, a variety of values have been used in the literature for
organic density, most of which lie in a narrow range. For instance, Mavko et al., [33] has
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reported a range of 1.1-1.4 g/cc, whereas Vernik and Landis [55] have used a value of
1.25 g/cc in their calculations. Taking into account these values, a kerogen density of 1.2
g/cc has been assumed in this study.

Table 1 goes here
Table 2 goes here

2.2. Sample Preparation

Sample surface preparation is essential for surface tests such as nanoindentation and
EDX. The surface to be tested should be as smooth as possible and parallel with the
bottom surface of the sample. Specifically, trimmed samples of 10 mm diameter and 5
mm height were first coarse polished on 400 grit hard perforated pads (TexMet P,
Buehler), using an oil-based diamond suspension to prevent chemical reactions. In the
next step, samples were dry polished using consecutively 9 ym, 3 um, and 1 pm
aluminum oxide abrasive disks (FibrMet, Buehler). In between polishing steps, the
specimens were ultrasonicated in n-decane solution that does not react with the shale
minerals, nor with the organic matter. AFM roughness characterization of shale samples
prepared with the same procedure showed root-mean-squared (RMS) roughness of 30-
150 nm [12, 5]. According to Donnelly et al. (2006), in order to avoid the effects of
surface roughness on the results, the obtained indentation depths should be greater than 3
times the RMS roughness (450 nm in this study)

2.3. Grid Nanoindentation Technique

Instrumented grid indentation provides a tool to characterize the mechanical behavior of a
heterogeneous material at sub-micrometer length scales. A large set of indentation tests is
carried out on a surface. Each test consists of impinging an indenter tip of known
geometry (here, a Berkovich tip with equivalent half-cone angle of 70.32° and curvature
radius of approximately 30 nm.) and mechanical properties onto the surface of the
material of interest [54, 10, 48], and the mechanical properties of the indented bulk
material are extracted from the force-displacement curve (P-h curve, Figure 2) by
applying a continuum scale model to obtain the indentation modulus M, and the
indentation hardness H:

yoyr S )
H_P
=4 (3)

. ) ) ) dp . .
where P is the measured maximum indentation load, § = 18 the measured initial slope

of the unloading branch of the P-4 curve, and A, is the projected area of contact between
the indenter tip and sample surface, which is determined as a function of the measured
maximum indentation depth, h,, 4, [43].
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In this work, each indentation test consisted of a linear increasing load to 4.8 mN in 10 s,
followed by a 10 holding phase, and a linear unloading in 10 s. Several indentation grids
were performed on samples described in Section 2.1. The spacing between indentation
points in each grid is between 3 to 6 micrometer, which provides the required separation
between indents. Each grid is composed of 400 to 480 tests making the grids cover
surfaces of between 60x60 pm® to 120x120 pm”.

Figure 2 goes here

2.4. Energy Dispersive X-Ray Spectroscopy

Energy Dispersive X-Ray Spectroscopy (EDX), a common type of Electron Probe Micro-
Analyzer (EPMA) technique, is employed in this study for elemental analysis of organic
rich shale samples. The technique utilizes the X-Ray spectrum emitted from the incited
solid specimen as a result of a beam of electrons bombarding the sample surface to
provide a localized chemical analysis. In EDX, the emitted X-rays are classified based on
their energy, and the excited material volume depends on the electron beam energy and
material density [23, 49]. One of the most important applications of EDX is elemental
mapping which provides spatial distribution of elements of interest over a specific area
by collecting X-ray energies of secondary electrons resulting from interaction between an
electron beam and a sample. The EPMA technique has been widely used in geology, for
instance in the investigation of pore and grain size distributions of individual minerals
[40, 31, 15, 50-51].

In order to access quantitative elemental composition maps that might represent atomic
weight, atomic fractions, actual weight, or atomic ratios of elements, one needs to
perform standard quantification at each pixel of quantitative EDX maps [26, 9]. The ratio
of mass concentration of the element of interest between the specimen and the standard
material is proportional to the ratio of the intensity of a characteristic X-ray measured
from the specimen to that emitted from the standard, with the correction which accounts
for matrix effects (ZAF) [23, 42]. The measured peak intensities must also be corrected
for background and overlap effects.

Another way of obtaining elemental composition maps by EDX, is to acquire auto-scaled
X-ray intensities from the compositional maps which are generally shown in the
commercial EDX softwares. Such compositional maps do not represent quantitative local
chemistry at indentation points and the auto-scaled intensity values are used as qualitative
indicators of a phase [23, 42, 22]. Applying this method in our chemo-mechanical
analysis, and given the uniqueness of the elemental chemical composition of each phase
in the studied organic-rich shale samples, each phase can be distinctively linked to one
composition of auto-scaled intensity values on average.

In this study, EDX maps were acquired with a JEOL JSM-5910 general purpose scanning
electron microscope equipped with a Bruker EDX system for elemental analysis. The
maps were acquired over the same area on which the nanoindentation grid was
performed, and the intensities were averaged around the indentation spots to provide a
unique elemental composition for each indentation point on the grid. This elemental
analysis was performed with an accelerating voltage of 15 kV, and a working distance of
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10 mm. While all major constituents relevant for the characterization of gas shale
specimens were acquired over the indentation grid, only a reduced number of elemental
intensities are required for proper chemo-mechanical phase identification. For instance,
for identification of clay-rich phases, these are the Si and Al elemental intensities.

2.5. Length Scale Compatibility in Coupled EDX — Nanoindentaion Analysis

An important aspect in coupled EDX-nanoindentation is the compatibility of the
characteristic length scales of the voxel assessed respectively by EDX and
nanoindentation. In EDX, this length scale is governed by the accelerating voltage. For a
15 kV beam voltage, Deirieh et al. (2012) showed from Monte Carlo simulations on
common shale constituents such as illite and quartz that such a beam voltage probes
elemental intensities at a length scale of L=2~3 pum (Fig. 3). On the other hand, the
characteristic voxel size in indentation corresponds approximately to 3-5 times the
indentation depth [11, 54]. Thus, in order to probe comparable material volumes by each
method, a maximum indentation load of P=4.8 mN was chosen, which leads, for the
tested samples, to an average indentation depth of h,4, =400 — 800 nm. The obtained
indentation depths closely satisfy the constraint imposed by surface roughness.

Figure 3 goes here

2.6. Statistical Approach to Indentation and EDX Experiments for Heterogeneous
Materials

Natural composite materials are generally very complex, requiring the use of grid
indentation and EDX techniques on the material surface. At level I of the organic-rich
shales (Fig. 1), the porous clay/organic composite is composed of fine-sized clay particles
intermixed with organic matter and nanopores with characteristic length scales d. If the
characteristic length of the probed volume / is such that d<</, the chemo-mechanical
experiment will sense the on-average homogenized properties of the probed material
volume. Moreover, the characteristic length scale of the experiments, /, need to be
smaller than the silt-size inclusions /<<D to access the properties of the matrix material
and the inclusions. Because of the small-sized clay structures comparing to the probed
material volume, the standard EMPA technique can not be used to analyze the exact
compositional features of clay particles. The proposed experimental approach can only
obtain the on-average porous clay/organic chemo-mechanical properties across different
locations on the organic-rich shale matrix.

The analysis of chemo-mechanical properties of such heterogenous material requires the
use of statistical analysis of the generated experimental data. In this type of analysis, it is
also necessary to acquire a large number of indents in order to avoid sampling effects,
which demands the use of an adequately large testing surface comparing to the size of
distinct material phases of interest.

A multi-variate cluster modeling approach is used for statistical analysis of the collected
mechanical and chemical data. Through this method, one can identify the most likely
number of clusters in a data set, as well as the uncertainty of observations belonging to a
cluster based on statistical criteria. The cluster modeling considers each event
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(comprising nanoindentation and EDX measurements) to be a realization of the random
multi-dimensional vector = (X/, ... ,XI), where n is the total number of events (i.e. total
number of grid indents). The multi-dimension corresponds to the indentation modulus
(M) and hardness (H) as well as chemical components obtained from EDX, which were
measured for each of the n tests. The probability density function f(x;) of the observed
data x; in X; in a G-component mixture is:

G

f(x, W) = z T G (X, s 2oie) 4)

k=1

where T, is the probability that an observation belongs to the k-th component (X¢_, 7, =
1), ¥ = (14, .., Tk, €7)T with € containing the (unknown) group mean, p; , and the
covariance matrix, X, and ¢(x;, u, Zy) corresponding to the multi-variate normal
density:

exp (— 3 (x; — )" (B0 (xi — 1))

Jdet 2nZ))

The best model is obtained by fitting models with differing parameterization and/or
number of components to the data by maximum likelihood, and then by implementing a
statistical criterion for model selection, here the Bayesian Information Criteria, BIC. The
reader is referred to [19-21] for a detailed discussion of clustering analysis. In this study,
the open source R package Mclust (http://www.stat.washington.edu/ mclust), well
suited for normal mixture modeling and model-based clustering, was employed. The
package provides functions for mixture modeling and implements maximum likelihood
estimation and Bayesian Information Criteria (BIC) to identify the most likely model and
the number of clusters.

)

(p(xi' 2% Zk) =

3. Results

3.1. Coupled EDX-Grid Nanoindentation Technique

To illustrate the added value of enriching mechanical data by chemical data for a
statistical phase identification, a comparison of cluster analysis obtained respectively
without (Fig. 4) and with (Fig. 5) the EDX analysis is of interest. This comparison is
illustrated in Figures 4-6 for one grid on Haynesville shale, but similar results were
obtained for other grids and other shale rocks as well. Specifically, while the pure
mechanical clustering (Fig. 4) identifies only two phases, the coupled chemo-mechanical
clustering picks up four phases of distinct chemo-mechanical properties. The difference
in number of phases and properties is recognized from a comparison of the phase maps
shown in Figure 6. In contrast to the pure mechanical phases (Fig. 6a), the coupling with
chemistry allows one to distinguish bulk phases from mixture phases (Fig. 6b). In
particular, by incorporating maps of “Si” and “Al” from EDX into the clustering analysis,
phase 1 is identified as a “clay-rich” phase. Similarly, incorporating ‘Ca’ maps in the
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clustering provides a means to identify phases 3 and 4 as “calcite-rich” and “quartz-rich”
phases, respectively; whereas phase 2 is identified as a mixture phase at the interface
between clay-rich and calcite-rich regions. Thus far, the coupled EDX-grid indentation
technique provides a means to match mineralogy with mechanical stiffness and strength
properties. It is, however, emphasized, that the coupled chemo-mechanical approach only
accounts for inorganic elements. That is, the phases thus identified will certainly include
the organic phases as well.

Figure 4 goes here
Figure 5 goes here

Figure 6 goes here

3.2 Comparison with Bulk Mineralogy

The clustering algorithm also provides volume fractions of the clay-rich and calcite-rich
regions on a grid. It should be noted, however, that due to the heterogeneity of the sample
a single grid size of 60x60 pm® to 120x120 um” may not be representative of the bulk
mineralogy, and that several grids are typically required for the volume fractions to
converge toward the bulk mineralogy. This is shown in Figure 7: As the number of tests
increases, the volume fractions converge toward the volume fraction of the clay-rich
phase determined from bulk mineralogy. Figure 7 represents the results of chemo-
mechanical clustering analysis on 17 grids performed on Haynesville samples. From
these 17 grids, we randomly draw, without replacement, the volume fraction of clay rich
phase of one grid and average these values as the number of grids increased. The
procedure was repeated 100 times and the results are presented in Figure 7. As expected,
all runs converge to the average volume fraction of the clay rich phases among all 17
grids of 43% - a value that needs to be compared with the value available from
mineralogy. For this comparison, it should be noted that the phases identified from the
chemo-mechanical clustering also include porosity and kerogen. Thus for the sought
comparison, the bulk mineralogy (in volume%) needs to be corrected to account for both.

To this end, we consider (1) that the porosity is distributed homogeneously in all phases
composing the sample, thus considering porosity in both the organic and the inorganic
phase; and (2) that the organic matter is mostly concentrated in the clay phase [56, 32,
18] (Figure 8, Table 3 presents volume fraction of kerogen in the clay-rich phase for all
samples). These assumptions are built on the multiscale model proposed in Figure 1. The
first assumption provides a means to assess the volume fractions of porous clay and
kerogen (in e.g. Haynesville samples) by dividing the volume percentage of bulk clay and
kerogen (Table 2) by the solid volume fraction, 1 — ¢. For the considered Haynesville
samples this provides an average volume fraction of 39% and 6% for the porous clay
phase and porous kerogen phase, respectively. The second assumption allows us to
simply sum up these two volume fractions, to obtain a total volume fraction of the porous
clay/kerogen composite in Haynesville samples of 45%. The value so obtained from
mineralogy and porosity measurements compares fairly well with the volume fraction of
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the clay-rich phases identified by coupled Nanoindentation and EDX of 43%. The
successful comparison not only validates our conjecture that the coupled
Nanoindentation-EDX method provides a quantitative means to separate chemo-
mechanical phases in organic-rich shales. It also supports our hypotheses regarding the
distributions of porosity and organic matter in the microstructure of mature samples;
namely a self-consistent porosity distribution throughout the system (i.e. same porosity in
all phases), and a kerogen phase spatially correlated with the clay phase. This observation
is also consistent with observation made by others that showed both an inter-organic
porosity and a mineral porosity [29, 34].

Figure 7 goes here
Figure 8 goes here

Table 3 goes here

4. Discussion: The Elementary Building Block of Organic-
Rich Source Rocks

With the coupled chemo-mechanical experimental method thus in place, it is of interest to
extend the analysis to a larger set of organic-rich source rocks, ranging from mature to
immature samples. Specifically, we herein address the question of whether the clay-rich
phase in different source rocks exhibits some chemo-mechanical functional relations that
link mechanical properties to mineralogy, packing fractions and maturity. With this
objective in mind, several nanoindentation grids in orthogonal directions were conducted
on organic-rich samples described in section 2.1, with X1 and X3 corresponding to the
parallel-to-bedding and normal-to-bedding direction, respectively. The porous
clay/kerogen phases were identified for each direction (X1 and X3) by the described
coupled nanoindentation-EDX techniques.

Figures 9 and 10 summarize the indentation results of the porous clay/kerogen phases of
the studied samples, in the form of a plot of the mean indentation modulus vs. indentation
hardness (Fig. 8), and of (M, H) vs. the clay packing density , n, = 1 — (9, + ¢) (where
¢ is the porosity and 7, is the kerogen volume fraction) and the kerogen volume fraction,
N, (Fig. 9), respectively. The results are also provided in Table 4. The following
observations deserve attention:

1. The stiffness and hardness values of the clay-rich phases of different formations
exhibit —on first order— a power scaling of the form M~H?* (Fig. 8), where a < 1.
This scaling is of some significance if we remind ourselves that the results
presented in Figure 9 are obtained from samples with different maturity, total
organic content (TOC) (Table 2), and porosity (Table 1). Such a distinct scaling
relation is a hallmark of functional relations between (M, H) and microtexture
quantities, such as clay packing density and kerogen content.

2. The clay-rich phase exhibits a distinct anisotropy in both stiffness (M) and
strength-hardness (H), as values in the X1 direction are typically greater than
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values in the X3-direction [14]. Specifically, the elastic anisotropy, M;/M;
(where M; and M represent the indentation modulus in X1 and X3 directions,
respectively), appears to increase with the clay packing fraction (Fig. 9a), but
seems unaffected by the kerogen volume fraction (Fig. 9c). This type of elastic
anisotropy is reminiscent of that of organic-free clay-bearing shale materials [52,
7], and confirms the idea of an effective chemo-mechanical isolation of the clay-
rich phase by the suggested method. On the other hand, the indentation hardness
(H) which relates to cohesion and friction of the elementary particles [6] is found
to be less affected by the clay packing (Fig. 9b), but strongly affected by the
kerogen content. In fact, as the kerogen content increases the difference in
hardness in the orthogonal direction decreases (Fig. 9d); in stark contrast to the
elastic anisotropy (Fig. 9c). That is, while the micron-scale elasticity scales in
first-order with the clay packing, the strength behavior appears to be strongly
dependent on the kerogen volume fraction in organic-rich clay-bearing source
rocks.

The two distinct observations merit further exploration. We thus consider another, yet
related, quantity: the ratio of indentation modulus over hardness (M /H). For an elastic
material, M /H only depends on the indenter geometry, and equals M/H = 2tanf = 5.6
for the Berkovich tip of equivalent half-cone angle 6=70.32° employed in our
investigation (for derivation see [11]). Greater values of M/H are indicative of the
occurrence of plastic deformation mechanisms, as M /H is homogeneous to the inverse of
a yield strain. As such, it is commonly employed, in materials science investigations, as a
measure of the ductility (see, for instance, Abdolhosseini Qomi et al., [1]). In Figure 11
we thus plot this ductility measure (M /H) as a function of the clay packing (Fig. 11a) and
the kerogen content (Fig. 11b). Two competing trends are apparent in these figures;
namely (1) a decrease in ductility with decreasing clay packing (Fig. 11a), and (2) an
increase in ductility with increasing kerogen content (Fig. 11b). As kerogen volume
fraction increases, the ductility also increases till the point that the effect of clay packing
density prevails which is a decrease in ductility as clay packing density decreases. This
added ductility of the kerogen in an otherwise tightly-packed brittle clay matrix [24], is
expected to be more pronounced in immature systems than in mature systems, and
appears to us at the origin of the intimate interplay between the organic-inorganic
strength-stiffness behavior.

Figure 9 goes here
Figure 10 goes here
Figure 11 goes here

Table 4 goes here
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5. Conclusion

The novel methodology of coupled statistical nanoindentation-EDX clustering analysis
herein proposed provides an effective means to isolate different chemo-mechanical
phases and their interfaces in organic-rich source rocks at micro-meter and sub-micron
scale. The method is based on adding relevant chemical markers to mechanical
information in a statistical clustering analysis. If carried out over statistically
representative surface areas, the method is capable of providing volume fractions of
different material constituents.

The overall picture that emerges from the application of the method to a large array of
both mature and immature organic-rich rocks of different porosities, is that the clay-rich
phase exhibits a unique scaling relation between stiffness (M) and hardness (H). From
exploring correlations between mechanical phase properties and clay packing and
kerogen content, it appears to us that this scaling is due to an intimate interplay between
the increase in elasticity content with clay packing, and a decrease of strength due to the
added ductility of kerogen related to an increase in TOC. While this intimate interplay
between clay packing and kerogen maturity still merits further investigation, as evidenced
by others [47], and corroborated by our own investigation of mature and immature
samples, the method here proposed may turn out invaluable for future investigations that
aim at reducing the complexity of organic-rich shales to their elementary constituents,
with several implications for the development of predictive functional relations between
chemical composition and mechanical properties of organic-rich source rocks.
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Figures:

Figure 1. Multiscale structure-model of organic-rich shale. Level 0 corresponds to the
scale of elementary clay particles at nanometer length scales. Level I is a porous
clay/kerogen composite at the scale of micrometer (scale of indentation and advanced
observational methods such as SEM and EDX), with the porosity representing the
mesoporosity. Level II is the scale of porous organic/inorganic hard inclusion composite.

Figure 2. A typical load versus depth curve obtained by nanoindentation on an organic-
rich shale. The indentation hardness, H, and indentation modulus, M, are obtained from
the curve.

Figure 3. Monte Carlo simulation (run on CASINO) displaying electron trajectories in
EPMA experiment [13]. The trajectories represented by red color (reaching to 0.5
microns of depth) are mostly back-scattered electrons. Trajectories beyond 0.5 are related
to low and high energies.

Figure 4. (a) Clustering analysis of grid indentation data (M,H) only. Phase 1 and 2
represent active mechanical phases. (b) Plots showing the mean mechanical properties
and volume fractions of each of the identified phases [Haynesville].

Figure 5. (a) Chemo-mechanical phase identification from the clustering analysis
incorporating both chemical data (Si, Al) and mechanical data (M,H). (b) Plots showing
the mean mechanical properties and auto-scaled elemental intensities of the 2 chemical
elements (used in clustering) in each of the identified phases [Haynesville]. Phase 1 is
identified as a “clay-rich” phase. Similarly, phases 3 and 4 are identified as “calcite-rich”
and “quartz-rich” phases, respectively; whereas phase 2 is classified as a mixture phase at
the interface between clay-rich and calcite-rich regions.

Figure 6. (a) Grid spatial distribution of different material phases detected by clustering
analysis of just mechanical data from indentation. White cells represent points with
irregular nanoindentation response which are not considered in the analysis. (b) Spatial
distribution of different material phases detected by clustering analysis, incorporating
both the chemical and mechanical data. [Haynesville].

Figure 7. Average volume fraction of clay-rich phase as a function of number of grids.
The dashed red line represents the average of all 17 grids.

Figure 8. SEM images of Haynesville shale sample at two different magnifications
showing the distribution of kerogen in the clay phase.
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Figure 9. Mean phase properties of clay/kerogen-rich phase: Indentation modulus versus
hardness. Haynesville, Marcellus and Fayetteville samples are mature samples, whereas
Barnett and Antrim are immature samples. X1 and X3 stand for indentation into the
bedding plane and normal-to-bedding plane, respectively.

Figure 10. Functional relations between mechanical phase properties (M, H) and (a-b)
clay packing density. (c-d) kerogen volume fraction. The kerogen volume fraction 1, was
determined from TOC, assuming a constant kerogen density of p, = 1.2 g/cc and
considering that organic matter is mainly concentrated in the clay phase; whereas the clay
packing density was obtained fromn, =1 — (n, + ¢), where ¢ is the porosity. Trend
lines are to guide the eyes.

Figure 11. Indentation-modulus-to-hardness ratio vs (a) clay packing, and (b) kerogen
content. The kerogen volume fraction 1, was determined from TOC, assuming a
constant kerogen density of p,, = 1.2 g/cc and considering that organic matter is mainly
concentrated in the clay phase; whereas the clay packing density was obtained from
Ne =1 — (mx + ¢), where ¢ is the porosity. The inlet shows the crossplot of 1, vs. 7.
Trend lines are to guide the eyes. X1 and X3 stand for indentation into the bedding plane
and normal-to-bedding plane, respectively.
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Figure 1. Multiscale structure-model of organic-rich shale. Level 0 corresponds to the scale of elementary clay particles at nanometer
length scales. Level I is a porous clay/kerogen composite at the scale of micrometer (scale of indentation and advanced observational
methods such as SEM and EDX), with the porosity representing the mesoporosity. Level II is the scale of porous organic/inorganic
hard inclusion composite.
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at the interface between clay-rich and calcite-rich regions.
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Figure 10. Functional relations between mechanical phase properties (M, H) and (a-b) clay packing density. (c-d) kerogen volume
fraction. The kerogen volume fraction 1, was determined from TOC, assuming a constant kerogen density of p, = 1.2 g/cc and
considering that organic matter is mainly concentrated in the clay phase; whereas the clay packing density was obtained from
n. =1— (1 + ¢), where ¢ is the porosity. Trend lines are to guide the eyes.
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Figure 11. Indentation-modulus-to-hardness ratio vs (a) clay packing, and (b) kerogen content. The kerogen volume fraction 7, was
determined from TOC, assuming a constant kerogen density of p, = 1.2 g/cc and considering that organic matter is mainly
concentrated in the clay phase; whereas the clay packing density was obtained from n, = 1 — (1, + ¢), where ¢ is the porosity. The

inlet shows the crossplot of 17, vs. 17.. Trend lines are to guide the eyes. X1 and X3 stand for indentation into the bedding plane and
normal-to-bedding plane, respectively.
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Table 1. Mineralogy, porosity and TOC measurements of the studied samples®

Sample group (mcals?(: %) (I?lz:gj) ) C(a;rlt;(;g;"[ ; s TOC (wt. %) Porosity (%)
Haynesville 38-45 27-32 9-22 2.6-3.3 6-7.6
Marcellusl 38.9-39.9 18.7-19.7 35.5-37 0.5-1 7.9-8.4
Marcellus2 41.2-48.6 29.4-36.2 4.8-16.1 7.32-8.18 5.9-7.2
Fayetteville 25.1 28.8 31.7 4.9 4

Barnett 41.8 29.7 2.6 12.2 7.3
Antrim 31.41 40.9 4.4 9.6 8.8

“The mineralogy data were obtained by XRD (courtesy of Shell).

Table 2. Volume fraction of different material phases present in the studied samples.

Sample group Clay (vol.%) Quartz (vol.%) Cf(lf/lz)(l)'l(l)/it)es Kerogen (vol.%)
Haynesville 33.1-39.9 23.5-28.1 7.7-18.7 5-6.4
Marcellusl 35.4-36.5 17.3-18.4 32-33.1 1-2.1
Marcellus2 34.1-40.1 24.8-30.4 3.8-13.1 13.6-15.2
Fayetteville 22.7 26.1 27.6 9.85

Barnett 334 239 2.1 21.4
Antrim 24.5 34.4 34 16

Table 3. Volume fraction of kerogen in the clay-rich phase of the studied samples.

Sample

Haynesville

Marcellus-1

Marcellus-2

Fayetteville

Barnett Antrim

e 10.5-15

2.5-5.2

24.3-28.8

29.1

344 32




837 Table 4. Summary of the indentation results of clay/kerogen phases in all studied samples” u, o, and f,

838 correspond to the mean value, standard deviation, and surface fraction of the clay-rich/kerogen phase.
o0 Number of MH Me° HH HO
. i i 0
Grid number Htll(ljeelgrsi(lin (GPa] (GPa] (GPa] (GPa] fe(%)

Haynesville-X1-1 362 30.58 7.09 0.65 0.20 25
Haynesville-X1-2 409 30.20 5.43 0.62 0.14 38
Haynesville-X1-3 420 31.60 4.51 0.90 0.17 54
Haynesville-X1-4 419 28.36 6.89 0.79 0.33 33
Haynesville-X1-5 280 37.79 5.00 1.20 0.20 24
Haynesville-X1-6 426 34.90 6.14 0.95 0.20 38
Haynesville-X1-7 381 29.94 7.05 0.62 0.25 47
Haynesville-X1-8 416 32.24 6.56 0.86 0.23 38
Haynesville-X3-1 286 22.85 7.75 0.59 0.26 71
Haynesville-X3-2 412 20.20 5.61 0.38 0.15 38
Haynesville-X3-3 435 20.17 5.43 0.52 0.20 45
Haynesville-X3-4 404 20.94 5.92 0.53 0.23 61
Haynesville-X3-5 396 19.28 4.84 0.55 0.24 62
Haynesville-X3-6 167 23.11 6.17 0.50 0.19 45
Haynesville-X3-7 467 22.32 6.42 0.49 0.26 32
Haynesville-X3-8 327 24.33 4.12 0.79 0.18 50
Haynesville-X3-9 346 24.02 6.54 0.51 0.22 31
Marcellus1-X1-1 447 45.74 9.81 1.24 0.51 34
Marcellus1-X1-2 402 41.70 6.32 2.03 0.57 36
Marcellus1-X1-3 363 53.37 7.32 2.31 0.66 32
Marcellus1-X1-4 423 52.61 7.83 2.10 0.78 23
Marcellus1-X1-5 429 57.70 7.12 2.30 0.40 48
Marcellus1-X1-6 435 50.94 9.01 1.88 0.60 36

840 bu, g, and f, correspond to the mean value, standard deviation, and surface fraction of the clay-rich/kerogen

841  phase.

842

843
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Table 4 continue. Summary of the indentation results of clay/kerogen phases in all studied sarnplesb

Number of MH M H* He
. 1 1 0,
Grid number Htll(ljeelgrsi(lin (GPa] (GPa] (GPa] (GPa] fe(%)

Marcellus1-X3-1 402 34.59 8.31 0.93 0.40 30
Marcellus1-X3-2 318 40.95 9.61 1.51 0.63 49
Marcellus1-X3-3 368 37.74 6.41 1.22 0.51 19
Marcellus1-X3-4 369 40.50 8.11 1.34 0.62 24
Marcellus2-X1-1 366 28.81 5.04 0.74 0.18 66
Marcellus2-X1-2 362 35.30 6.39 0.89 0.18 48
Marcellus2-X1-3 360 33.02 5.76 0.82 0.15 49
Marcellus2-X1-4 368 30.52 5.59 0.75 0.16 44
Marcellus2-X1-5 331 34.06 7.23 0.98 0.27 39
Marcellus2-X1-6 363 29.10 5.55 0.73 0.15 37
Marcellus2-X1-7 371 28.17 5.39 0.90 0.21 50
Marcellus2-X1-8 369 29.41 5.50 0.94 0.18 51
Marcellus2-X3-1 383 19.66 3.44 0.58 0.12 34
Marcellus2-X3-2 407 25.17 4.48 0.77 0.19 47
Marcellus2-X3-3 354 23.51 4.24 0.76 0.16 51
Marcellus2-X3-4 371 23.85 6.22 0.81 0.29 57
Marcellus2-X3-5 390 23.92 5.28 0.86 0.23 53
Marcellus2-X3-6 381 23.19 5.51 0.86 0.29 36
Fayetteville-X1-1 383 31.99 5.91 0.96 0.21 56
Fayetteville-X1-2 389 30.27 6.05 0.87 0.18 30

bu, g, and f, correspond to the mean value, standard deviation, and surface fraction of the clay-rich/kerogen

phase.




856 Table 4 continue. Summary of the indentation results of clay/kerogen phases in all studied samples”

857

Number of MH M HH Ho

. i i 0
Grid number Htll(ljeelgrsiclin (GPa] (GPa] (GPa] (GPa] fe(%)
Barnett-X1-1 471 18.99 4.56 0.54 0.09 31
Barnett-X1-2 475 16.19 3.07 0.50 0.08 41
Barnett-X3-1 466 11.78 2.45 0.47 0.08 47
Barnett-X3-2 461 12.97 1.87 0.51 0.08 31
Antrim-X1-1 479 21.60 5.33 0.64 0.13 41
Antrim-X1-2 475 20.49 3.58 0.60 0.10 33
Antrim-X3-1 402 13.49 3.06 0.47 0.11 43
Antrim-X3-2 354 11.16 2.40 0.49 0.12 36

858 bu, g, and f, correspond to the mean value, standard deviation, and surface fraction of the clay-rich/kerogen
c P

859  phase.
860



accounts for inorganic elements. That is, the phases thus identified will
certainly include the organic phases as well.”

REVIEW: What are the clay mineral types in the different samples?

- AUTHORS’ REPLY: Clay minerals in these samples were mostly either illite
or mixed illite-smectite, with relatively smaller amounts of kaolinite and
chlorite.

- ACTION TAKEN: We have added the above sentence to the revised version
of the manuscript for clarification.

REVIEW:

- How did the authors determine dry bulk density?

- drying oil window samples will drive out S1 hydrocarbons

- Is dry density with or without clay-bound waters? Haynesville
rocks have considerable amounts of swelling clays: heating
temperature will play a big role.

- AUTHORS’ REPLY: The temperature that was used for drying the samples
was 60° C which is much lower that the temperature that causes the
evaporation of clay-bound water and also extraction of S1 hydrocarbons. The
above claim is supported by the following references:

- Killops, S., Killops, V. (2005) “Introduction to organic geochemistry”
Blackwell Publishing, Malden, MA.

- Saeedi, A. (2012) “Experimental Study of Multiphase Flow in Porous Media
during CO2 Geo-Sequestration Processes” Springer Thesis Series, Heidelberg,
Germany, Springer Publishing.

REVIEW: Need Rock-eval data or another measure of the produced and trapped
hydrocarbons.

- AUTHORS’ REPLY: Our Rock-eval data does not provide the amount of
produces and hydrated hydrocarbons. However, since the focus of the paper is
nanomechanics of porous clay/kerogen phases, the role of produced and
trapped hydrocarbons is considered minor compared to TOC, porosity,
volume fraction of clay, and state of maturity.

REVIEW: The assumption of kerogen only being associated with clay minerals is not
justified.

- AUTHORS’ REPLY: This assumption is supported by several papers such as
Vernik and Nur, 1992; Kuila et al., 2014, and Fitzgerald et al., 1989.

- ACTION TAKEN: We have added these citations to the revised version of the
manuscript. Moreover, Figure 8 in the revised version of the manuscript
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