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Abstract Establishing the links between the composition,

microstructure and mechanics of shale continues to be a

formidable challenge for the geomechanics community. In

this study, a robust methodology is implemented to access

the in situ chemomechanics of this sedimentary rock at

micrometer length scales. Massive grids of coupled wave

dispersive spectroscopy (WDS) and instrumented indenta-

tion experiments were performed over representative

material surfaces to accommodate the highly heteroge-

neous composition and microstructure of shale. The

extensive datasets of compositional and mechanical prop-

erties were analyzed using multi-variate clustering statis-

tics to determine the attributes of active phases present in

shale at microscales. Our chemomechanical analysis con-

firmed that the porous clay (PC) mechanical phase inferred

by statistical indentation corresponds to the clay mineral

phase defined strictly on chemical grounds. The charac-

teristic stiffness and hardness behaviors of the PC are

realized spatially in regions removed from silt inclusions of

quartz and feldspar. At the microscale shared by indenta-

tion and WDS experiments, a consistent chemomechanical

signature for shale emerges in which the heterogeneities of

the PC are captured by the standard deviations of inden-

tation properties and concentrations of chemical elements.

However, these local behaviors are of second order com-

pared to the global trend observed for mean mechanical

properties and the clay packing density, which synthesizes

the relative volumes of clay and nanoporosity in the

material. The coupled statistical indentation and WDS

technique represents a viable approach to characterize the

chemomechanics of shale and other natural porous com-

posites at a consistent scale below the macroscopic level.

Keywords Cluster modeling � Indentation � Shale �
Wave dispersive spectroscopy

1 Introduction

Establishing the links between composition, microstructure

and mechanical response continues to be a formidable task

toward the understanding of shale. The resolution of these

intricate relations is a pressing need for the geomechanics

community considering the energy challenges related to

this ubiquitous type of sedimentary rock. In addition to

serving as geological caps to many hydrocarbon reservoirs,

several shale formations have been identified as prolific

sources of oil and natural gas [1, 65], as well as host

lithologies for the disposal of contaminants such as carbon

emissions and nuclear waste [51]. While the knowledge of

shale behaviors at macroscales enabled the development of

basic drilling strategies and reservoir models, activities

such as directional drilling, hydraulic fracturing, and car-

bon sequestration schemes are requiring experimental

programs and modeling frameworks that consider explic-

itly the highly heterogeneous characteristics of shale.

A necessary approach to fulfill the material science para-

digm for shale, that is, to unravel the connections

between microstructural features, chemical composition and
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mechanical performace, is to consider this sedimentary rock as

a multi-scale material system and its experimental character-

ization below macroscopic scales. Following the multi-scale

structure model suggested in Fig. 1a (see reviews by [26, 28,

45, 56]), the conventional understanding of shale at the mac-

roscale (level II) in terms of its anisotropic poromechanics and

transport properties has been supplemented with extensive

microstructural information obtained at the level of the clay

fabric (level I). Experimental investigations based on advanced

imaging [5, 26, 31], X-ray methodologies [35, 36, 61, 63], and

small-angle neutron scattering [29] have characterized the

textural attributes of the clay matrix in shale as functions of the

preferential alignments of clay particles and nanopore path-

ways. More recently, deployments of nanotechnologies such as

atomic force microscopy (AFM) [48] and instrumented

indentation [6, 56, 57, 67, 68] have provided direct measure-

ments of mechanical properties for the porous clay fabric (level

I) and clay minerals (level 0). Similar studies have also been

conducted for the assessment of the organic phase present in the

clay matrix of oil- and gas-bearing shales [3, 37, 66]. These

direct characterizations of the porous clay matrix offer new

contexts for elucidating the behaviors of shale, yet consistent

multi-platform characterizations at grain scales are still

missing.

In this study, a robust chemomechanical character-

ization of shale is conducted at micrometer length scales.

The characterization employs wave dispersive spectros-

copy (WDS) and instrumented indentation experiments to

access the chemical composition and mechanics of

material volumes of comparable dimensions. To accom-

modate the heterogeneous structure of shale below the

macroscale, extensive grids of coupled WDS and

indentation experiments are analyzed using clustering

statistics to infer the properties of the relevant mechan-

ical and chemical components. This presentation begins

with the introduction of the enabling technologies used

to measure the mechanical and chemical attributes of

shale with micrometer resolutions and the statistical

treatment of the experimental data using cluster model-

ing techniques. The suits of coupled WDS and indenta-

tion experiments and their statistical analysis are then

discussed. The generated experimental baseline sheds

light into the in situ properties of shale at micrometer

scales. The precise definition of the chemomechanical

signature of the porous clay phase represents valuable

information for multi-scale modeling of this shale com-

ponent which has been recapitulated until now only

through indirect methods.
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Fig. 1 a Multi-scale structure model of shale adapted from [57]. Level 0 corresponds to the scale of clay particles that form the solid matrix in

shale. Level I is the scale of the solid clay particles and the nanoporosity that form the porous clay composite. Level II is the macroscopic scale of

characteristic length scale in the sub-millimeter and millimeter range, at which shale is composed of the porous clay fabric and silt-size

inclusions (mostly quartz and feldspar). The level II and level I images were obtained from scanning electron microscopy (SEM) and the level 0

image was obtained from transmission electron microscopy (TEM) [34], reprinted with the permission of Springer Science and Business Media.

b Level II of shale represented as a two-phase composite material with its largest heterogeneities of scale D� L and quasi-homogeneous matrix

assessed through grid experiments arranged at ‘ equal spacings and with probing sizes L. c Frequency function for a measured property (e.g.

mechanical modulus, chemical element) resulting from the analysis of grid indentation or WDS data. d Level I of shale comprised of clay units

and nanoporosity with characteristic scales d � L
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2 Methods

This experimental investigation of shale is grounded on the

ability to access in situ its chemistry and mechanics at sub-

macroscopic length scales. Established techniques such as

electron probe microanalysis (EPMA) and instrumented

indentation precisely focus on the direct measurements of

composition and load-deformation behaviors, respectively,

with tunable resolutions reaching some micrometers and

sub-micrometers. This section recalls some basic principles

of these two enabling technologies, as well as the analysis

tools necessary to extend their conventional applications to

the study of heterogeneous media. The extensions of wave

dispersive spectroscopy and nanoindentation proposed by

Ulm et al. to assess engineered and natural composites

such as cement, bone, and shale have been reviewed

extensively elsewhere (nanomechanics applications [6, 12,

13, 49, 53, 58, 59], chemistry applications [2, 60]). Only

the aspects relevant to this novel coupled chemomechani-

cal investigation of shale are presented.

2.1 Instrumented indentation

The indentation experiment consists in pressing an indenter

tip of known geometry and mechanical properties orthog-

onally onto the surface of the investigated material. The

applied contact load P and the depth of the indenter with

respect to the indented surface h are recorded continuously

during the experiment involving a constantly increasing

load, a short hold, and a constant unloading. The resulting

P–h curve is then interpreted using a continuum-scale

mechanical model for a homogeneous infinite half-space to

derive the indentation modulus and indentation hardness

[43]:

M ¼def
ffiffiffi

p
p

2

S
ffiffiffiffiffi

Ac

p ð1Þ

H ¼def P

Ac
ð2Þ

where S ¼ ðdP=dhÞh¼hmax
is the measured unloading

indentation stiffness, Ac the projected area of the indenter

on the specimen surface, and P the measured maximum

indentation load. The Oliver and Pharr method [42]

provides an indirect estimate of the projected area of

contact Ac based on the maximum indentation depth hmax.

The different indentation parameters can be linked to

elastic and strength properties of the material [8, 10, 21, 22,

52] . For instance, the indentation modulus for an isotropic

elastic medium corresponds to the plane-stress modulus

M ¼ E=ð1� m2Þ, where E is the Young’s modulus and m
the Poisson’s ratio. Relevant to this investigation is the

case of transversely anisotropic elasticity, which is

conventionally how shale is characterized (at least

macroscopically). For such material symmetry, the two

indentation moduli M1, M3 measured in the directions

perpendicular and parallel to the axis of symmetry x3 are

linked to the five elastic constants Cij of the material [16]:

M3 ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ffiffiffiffiffiffiffi
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C11
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The extensive use of instrumented indentation for material

characterization has mainly targeted homogeneous mate-

rials and thin films.

2.2 Wave dispersive spectroscopy

The chemical analysis of shale in this study employs wave

dispersive spectroscopy. This common type of EPMA

testing utilizes X-rays emitted from the solicited specimen

as a result of a beam of electrons accelerated onto the

sample surface to provide compositional information.

WDS analysis classifies emitted X-rays based on their

wavelengths and offers spatial resolutions on the microm-

eter range depending on the electron beam energy and

sample density [23, 50]. In geology, EPMA techniques

have been widely used for the investigation of individual

minerals, age determination, and elemental mapping of

major constituents in rocks [38]. Image analysis combining

back-scattered electron (BSE) micrographs and X-ray maps

of representative surfaces of a specimen can deliver

microstructural information such as volume fractions and

pore/grain size distributions [32], registering successful

applications to shale and other sedimentary rocks [18, 54,

55]. WDS spot analysis is used conventionally in con-

junction with imaging capabilities in order to isolate a

particular grain or phase of interest in rock samples.

2.3 Statistical approach to indentation and WDS

experiments for heterogeneous materials

To extend the applications of instrumented indentation and

WDS to heterogeneous materials, Ulm and coworkers

proposed the so-called grid indentation and WDS tech-

niques, which are based on conducting large arrays of

individual experiments on the material surface. Provided

adequate choices of experimental parameters, each exper-

iment could be regarded as statistically independent,

allowing the application of cluster statistics to interpret the

indentation and WDS results. Statistical independence is

achieved in the sampling process by setting the grid
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spacing ‘ to be larger than the characteristics length scale

of the material volume L being probed experimentally. A

large number of tests N are also necessary to avoid sam-

pling effects, demanding the use of sufficiently large sur-

faces for testing. Capturing the properties of individual

phases requires the characteristic length of the probed

material volume L to be adjusted with respect to the het-

erogeneity dominating the particular scale of observation.

At the sub-millimeter scale in shale (level II, Fig. 1b),

experiments with a characteristic length scale smaller than

the silt-size inclusions L � D will provide access to the

properties of the matrix (phase 1) and inclusion materials

(phase 2) (Fig. 1c). The assessment of the matrix material

as a quasi-homogeneous medium constraints the length

scale for the experiment to be larger than the heterogene-

ities comprised within the matrix. In shale, the porous clay

composite (level I, Fig. 1d) is characterized by the pres-

ence of fine-sized clay particles and nanopores with char-

acteristic length scales d. If the experiments are designed

such that d � L, the chemomechanical experiments will

sense the on-average (homogenized) responses of the par-

ticular material volumes in each location of the sample

surface.

The applications of grid indentation and WDS tech-

niques entail performing large sets of experiments. We

resort to multi-variate cluster modeling for the statistical

analysis of the generated mechanical and chemical data.

Cluster modeling provides a rational means for deter-

mining the most likely number of components or clusters

associated with the multi-variate data via likelihood cri-

teria. The cluster modeling of grid data considers each

set of experimental properties yj to be a realization of

the multi-dimensional array y ¼ðyT
1 ; . . .; yT

NÞ, where N is

the total number of experiments. Assuming a mixture

of normal components, the probability density function

f ðyjÞ of the observed data yj with a g component mixture

is:

f yj; W
� �

¼
X

g

i¼1

pic yj; li;Ri

� �

ð5Þ

where pi are the mix proportions with 0 B pi B 1 and
P

i=1
g pi = 1, and W ¼ ðp1; . . .; pg�1; n

TÞT with n containing

the (unknown) elements of the component means li and

variance–covariance matrices Ri. The estimates of mix

proportion are treated as volume fractions within the

context of the quantification of the portion of spot analyses

assigned to a particular component. The volume fraction

estimate is given by pi ¼ ð
PN

j¼1 sijÞ=N, where sij

represents the posterior probability that yj belongs to the

ith g component. The function cðyj; li;RiÞ corresponds to

the multi-variate normal density:

c yj;li;Ri

� �

¼ 1
ffiffiffiffiffiffi

2p
p Rið Þ�

1
2exp �1

2
yj�li

� �T
Rið Þ�1 yj�li

� �

� �

ð6Þ

Assuming that experiments y1; . . .;yN are independent and

identically distributed realizations, the log likelihood

function for W is [40]:

log L Wð Þ ¼
X

N

j¼1

log f yj; W
� �

ð7Þ

The maximum likelihood approach via the expectation–

maximization (ML–EM) algorithm [17, 39] allows for an

efficient solution of (7). The multi-variate cluster modeling

was accomplished in this work using MCLUST, a R based

software package for normal mixture modeling and model-

based clustering [20]. The algorithm determines the opti-

mal number of normal mixture distributions which best

describes the experimental data using a Bayesian infor-

mation criterion (BIC).

2.4 Interpretation of cluster modeling results

The statistical analysis of the grid indentation and WDS

data using clustering modeling aims at identifying the

active mechanical and chemical components at the scale of

observation. For grid indentation data, cluster modeling

involves two mechanical variables, the indentation modu-

lus and hardness. The interpretation of indentation clus-

tering results, already pursued by Ulm and Abousleiman

[6, 56], will be revisited and thoroughly discussed later in

this work. In comparison to the interpretation of mechan-

ical results, the interpretation of clustering results from

WDS data is more involved given the number of chemical

elements being measured in the EPMA experiments. After

the selection of a suitable set of chemical elements that

optimally describes the major and minor mineral compo-

nents typically found in shale, a total of seven elements

(Si, Al, Fe, K, Mg, Ca, Na) were used for the chemical

characterization of the materials considered in this study.

These elements were inputs to the cluster modeling for

classifying the individual WDS spot analyses into chemical

components with similar compositions.

To aid in the interpretation of grid WDS data and

clustering results, Deirieh et al. [15] designed a series of

elemental projections of the variable space associated with

the WDS experiments on shale materials. Each WDS test

represents a point in the multi-dimensional space defined

by the base dimensions of selected chemical elements.

Table 1 lists the chemical compositions of common non-

clay minerals present in shale in terms of their chemical

formulas and corresponding atomic percentages. The pro-

jections of data in the Al–Si and Al/Si - K ? Ca ? Na
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spaces are useful to identify framework silicates such as

quartz and feldspars, as shown in Fig. 2a, b. A well-defined

site in the Al–Si variable space is recognized for quartz,

with atomic percentages Si = 33.3, Al = 0. For feldspars,

a site in the K ? Ca ? Na dimension is found at an atomic

percent value of 7.7. The use of the elements Ca, Mg, and

Fe helps characterizing carbonate minerals. Figure 2c, d

show projections in the spaces Fe–Si and Ca–Mg used for

the interpretation of siderite, magnesite, dolomite, and

calcite. The projection Fe–Si can also aid in the identifi-

cation of hematite.

The characterization of clay minerals is a more chal-

lenging task. The standard EPMA experiment cannot be

used to study the compositional features of the small-sized

clay structures due to the larger length scales of the probed

material volumes (or microvolumes). The proposed

experiments can only resolve the on-average clay chemis-

tries across different locations on the shale matrix. To this

end, Fig. 2b compiles graphically the chemical composi-

tions of common clay minerals found in shale: illite,

montmorillonite, mixed-layer illite–smectite, and kaolinite.

Representative compositions for these minerals gathered

from the open literature [14, 41, 62] were transformed in

atomic percentages, and the results are displayed in the

Al/Si - K ? Ca ? Na space. Figure 2b illustrates the

variabilities in chemical constitution of the considered clay

minerals. The proposed variable space enables the dis-

tinction between 1:1 and 2:1 clay groups, where a clear site

for kaolinite is distinguished from illite and smectite sites.

The identification of known sites for clays and non-clay

minerals in the proposed variable spaces will aid in the

interpretation of the cluster modeling of WDS data. The

most likely chemical components identified through clus-

tering statistics represent components with similar chem-

istry within the shale material. Each of the clusters of

chemical data will be linked to the particular sites descri-

bed in Fig. 2 as means to decode chemical signatures. The

results from statistical WDS obtained for two shale mate-

rials will be used in conjunction with those from statistical

indentation to unveil the in situ chemomechanical proper-

ties shale at micrometer length scales.

3 Experimental program

3.1 Shale materials

Our chemomechanical study was conducted on two materi-

als, shales S3 and S7, which were provided by the GeoGe-

nome Industry Consortium (G2IC). Although information

about the geologic origin of the cored samples was not

Table 1 Chemical compositions of non-clay minerals expressed as

atomic percentages

Mineral Chemical

formula

Si Al Al/Si K ?

Ca ?

Na

Quartz SiO2 33.3 0 0

Alkali

feldspar

(Na, K)AlSi3O8 23.0 7.7 0.3 7.7

Plagioclase

feldspar

NaAlSi3O8–

CaAl2Si2O8

23.0–15.4 7.7–15.4 0.3–1.0 7.7

Mineral Chemical formula Ca Mg Fe

Calcite CaCO3 20 0 0

Magnesite MgCO3 0 20 0

Siderite FeCO3 0 0 20

Dolomite CaMg(CO3)2 10 10 0

Hematite Fe2O3 0 0 40

The combinations of these elemental representations are used for con-

structing the visual interpretations of WDS data displayed in Fig. 2
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Fig. 2 Grid WDS data for shale S3 (experiment S3–W1) presented on 2-D projections of elemental atomic percentages. The theoretical atomic

percentages for non-clay minerals from Table 1 and experimental observations for common clay minerals in shale from [14, 41, 62] are also

displayed. a Al–Si space helps identify quartz data. b Al/Si - K ? Ca ? Na space separates feldspar and clay minerals. c Fe–Si space separates

siderite and hematite minerals. d Ca–Mg space separates carbonate minerals such as calcite, dolomite, and magnesite
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disclosed, these shale materials belong to a comprehensive

database of samples from rock formations with little organic

content that serve as geological caps to hydrocarbon reser-

voirs (see reviews in [6, 45, 46]). Tables 2 and 3 compile

relevant experimental data regarding the composition of

shales S3 and S7 obtained from mineralogy, porosity, and

density tests. Based on these data, volume fraction estimates

of individual mineral components can be estimated. For a

particular mineral k, its volume fraction is determined by:

fk ¼ 1� /ð Þ mk=qk
Pn

i¼1 mi=qi

ð8Þ

where mi is the mass fraction of the solid constituent pro-

vided by X-ray diffraction (XRD), qi the corresponding

mineral density available from the open literature, and /
the porosity of the shale rock. In addition to the direct

measurement through mercury intrusion porosimetry

(MIP), an alternative estimate of porosity can be calculated

employing bulk density and mineralogy information. The

dominating volume fraction in the compositions of the two

shale materials is that of clay minerals (mainly illite,

smectite, and kaolinite totaling f clay = 0.64–0.65), com-

pared to the contributions of non-clay minerals (quartz,

feldspar, and others totaling f inc = 0.28–0.29) and porosity

/ = 0.07. The characteristic pore throat radii for these

shale samples estimated through MIP tests are on the order

of a few nanometers [6]. This characteristic size of the pore

space and the known sub-micrometer dimensions of clay

minerals justify the consideration of the porous clay phase

(level I) at the length scale of micrometers as postulated in

the multi-scale structure model of Fig. 1.

For indentation and WDS experiments, laboratory-size

samples of 10 mm diameter and 5 mm height were trim-

med from well-preserved shale specimens that were kept in

desiccators containing salt solutions to maintain adequate

humidity conditions. The trimming of the samples was

directed to expose the surface normal to the natural bed-

ding place of the materials. The samples were mounted on

stainless steel disks for machine handling. The surface

preparation included a coarse polishing on 400 grit hard

perforated pads (TexMet P, Buehler) and an oil-based

diamond suspension in order to avoid chemical reactions.

This first step provided a leveled surface parallel to the

mounting disk. The second step consisted of a dry polish-

ing step using a series of aluminum oxide abrasive disks

(FibrMet, Buehler), with abrasive grain sizes ranging

between 9 and 1 lm. Samples were ultrasonicated in

n-decane solution between polishing steps. From AFM

characterization, the root-mean-squared (RSM) roughness

obtained for sister samples was on the order of 30–150 nm,

which compares adequately with previous studies [6]. For

WDS analysis, shale samples were coated with a 20 nm

layer of carbon to prevent charge built-up during electron

bombardment while optimizing the X-ray intensity levels

in the experiments [23, 50].

3.2 Coupled grid indentation and WDS experiments

The implementation of the grid indentation and WDS

techniques for the chemomechanical study of shale fol-

lowed the experimental program detailed in Table 4. A

total of four different surface locations were chosen for the

coupled chemomechanical testing. The first two surfaces

associated with experiments S3-1 and S3-2 correspond to

material regions with random distributions of inclusions

(mostly quartz and feldspars) with moderate particle sizes.

These surfaces were deemed to be representative of the

overall material makeup for shale S3. In contrast, the

remaining two surfaces associated with experiments S3-3

and S7-1 exhibit feldspar and quartz grains, respectively,

with notoriously large dimensions. In addition to grid

indentation and WDS experiments, these two surface

locations were solicited using BSE microscopy and X-ray

mapping for visual assessments. The resulting battery of

experiments will shed light on the links between grid

indentation and WDS test results and microstructural fea-

tures at grain interfaces.

The experiments were performed in square grids of

evenly spaced measurements. Grid spacings of 5 and

10 lm provide the necessary separation between indents

and WDS spot analyses. The resulting grids of tests cov-

ered surfaces between 125 9 125 and 260 9 260 lm2.

Table 2 Mineralogy information in mass percents of shale samples

provided by the GeoGenome Industry Consortium

Sample Quartz Feldspar Other

inclusions

Kaolinite 2:1

clays

Other

clays

S3 21.2 3.5 5.6 9.0 60.5 0.2

S7 18.5 7.2 5.6 37.9 30.8 0.0

The mineralogy data were obtained by X-ray diffraction. non-clay

minerals include framework silicates (quartz, feldspar) and others

(carbonates, hematite, pyrite, and anhydrite). Clay minerals include

kaolinite, 2:1 clays (illites, smectites), and other clays (chlorite,

glauconite, biotite, serpentine, and berhierine)

Table 3 Porosity data obtained by mercury intrusion porosimetry

(MIP)

Sample Porosity,

/ [%]

Bulk density

[g/cm3]

Clay

percent,

f clay

Inclusion

percent, f inc

S3 7 2.55 65 28

S7 7 2.51 64 29

Clay and inclusion (non-clay) volume percents were calculated based

on the measured porosity, the solid mass fractions from XRD, and

corresponding mineral densities
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The grid of WDS spot analyses was performed with a slight

offset from the grid of indentations to avoid the created

local deformation from indents which may interfere with

the chemical measurements.

The coupling of chemical and mechanical techniques

has already been implemented in studies of composite

materials. A combination of SEM, confocal laser-scanning

microscopy (CLSM), and AFM testing was used for esti-

mating elastic properties in organic-rich shale [3]. EPMA

and indentation techniques were implemented in studies of

cement pastes [11, 27], in which chemical information

from scanning electron microscopy and energy dispersive

spectra (SEM–EDS) was linked to mechanical information.

However, only in the former study, the microvolumes

probed by the two techniques were of similar magnitudes.

The precision in these studies gained from the visual

assessments, EPMA, and indentation test spots resulted in

isolating particular material phases for later analysis. The

grid WDS technique replaces the need for imaging by the

use of statistical analysis to treat the large datasets of

chemical measurements and capture the compositional

makeup of the investigated material. The clustering results

of grid WDS data can be then linked to those of overlap-

ping grid indentations. In principle, the indentation and

WDS data could be interpreted using a multi-variate clus-

tering model in which all variables (stiffness, hardness, and

the various chemical elements) are considered simulta-

neously. Although such methodology is under develop-

ment, the separate modeling of indentation and WDS data

and later coupling of results will become advantageous in

the study of shale as they provide different insights into the

behaviors of this material at sub-macroscopic length scales.

The indentation experiments on shale were performed in

a CSM Nanoindenter (CSM Instruments, Switzerland).

Each indentation test involved the application of a trape-

zoidal loading function, with a linear increase to 4.8 mN in

30 s, followed by a holding phase for 10 s, and a linear

unloading phase in 30 s. A Berkovich indenter (three-sided

pyramid) was used in the experiments, and the calibration

of the contact area function was based on a fused silica

standard. The mechanical properties probed in indentation

experiments correspond to drained responses. For inden-

tation depths of nanometer or micrometer range and the

prescribed loading rates, pore pressures are dissipated over

the probed microvolumes. The chemical data were col-

lected on a JEOL JXA-733 superprobe (JEOL Ltd., Japan),

equipped with a WDS spectrometer operating at an accel-

erating voltage of 15 kV and beam current of 10 nA. The

operating distance was set to 10 mm. A total of seven

elements were deemed relevant for the characterization of

the shale specimens considered in this study, with cali-

brations made on their standard oxide specimens: silicon,

aluminum, iron, sodium, magnesium, potassium, and cal-

cium. Other elements such as sulfur, manganese, and tita-

nium were measured but not included in the statistical

analysis given their presence in small quantities (\0.2 %

by weight). Matrix corrections accounting for the atomic

number, absorption, and fluorescence followed the ZAF

method. Using the same experimental platform, BSE

images and X-ray maps of several elements were also

recorded for experiments S3–X3 and S7–X1.

An important consideration for the coupling of indentation

and WDS experiments is the adequate comparison of material

volumes probed by each technique. Monte Carlo simulations

of the WDS experiment were performed using CASINO, an

open-source simulation software [19], to assess the charac-

teristic size of the interaction volume between bombarded

electrons and the material sample. The simulations were

performed on common shale constituents such as quartz and

illite and employed the experimental parameters used in

laboratory tests. Figure 3a displays a cross-section of illite

sample and the computed electron trajectories. The Monte

Carlo simulations showed volumes of interaction with char-

acteristic sizes of L � 2�3 lm. The length scale associated

with the WDS experiment matches that of instrumented

indentation defined by the maximum indentation depth

(Fig. 3b). Finite element simulations for indentation testing

using a Berkovich probe have shown that the measured elastic

response during testing corresponds to a material volume that

is approximately 3–5 times the characteristic depth of

indentation [13, 33]. With average maximum indentation

depths of approximately hmax & 700–900 nm for the

indentation experiments in Table 5, the material domains

sensed by indentation are on the order of 2–4 lm. The length

scale defined for our WDS and indentation experiments of a

Table 4 Experimental program of grid indentation and WDS

experiments conducted over four surface locations in shales S3 and

S7

Sample Surface

location

Technique Grid

experiment

Array Grid

spacing, ‘
[lm]

S3 1 Indentation S3–I1 25 9 25 5

WDS S3–W1 25 9 25 5

2 Indentation S3–I2 20 9 20 10

WDS S3–W2 20 9 20 10

3 Indentation S3–I3 31 9 31 5

WDS S3–W3 31 9 31 5

X-ray/BSE S3–X3

S7 1 Indentation S7–I1 26 9 26 10

WDS S7–W1 26 9 26 10

X-ray/BSE S7–X1

Each grid experiment Sa - Tb is labeled by a = [3, 7] denoting the

shale material, T the experimental technique (indentation, WDS,

X-ray/BSE), and b the particular surface location
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few micrometers suggests that the chemical and mechanical

assessments are to resolve the fine-grained clay matrix (level

I) through on-average properties. Nevertheless, the grid

experiments and their statistical analysis will resolve the

chemical and mechanical contrasts between the silt-size

inclusions and the porous clay matrix.

4 Results

The results from cluster modeling of grid indentation and

WDS experiments determine the types of components that

are identified in shale by each methodology: mechani-

cal active components from statistical indentation and

0 

1.0

0.5 

(b)(a)

2.0 

1.5 

1.6-0.8-1.6 0.8 0 [µm] 

Fig. 3 a Monte Carlo simulations run in CASINO of the electron trajectories in WDS experiments performed on a shale mineral constituent:

illite [K1.5Al4(Si6.5, Al1.5)O20(OH)4, q = 2.80 g/cm3]. The trajectories reaching up to 0.5 microns are mainly back-scattered electrons, which

result from elastic scattering events. Trajectories beyond 0.5 microns correspond to low and high energies. b Characterization of intrinsic phase

properties from an indentation experiment

Table 5 Summary of cluster analysis for grid indentation experiments on shales S3 and S7

Experiment S3–I1 S3–I2

Phase 1 2 3 4 1 2 3

Modulus, M3
l [GPa] 12.44 20.34 30.43 108.08 11.95 16.13 28.59

Modulus, M3
r [GPa] 3.11 5.67 9.00 35.81 2.04 2.81 10.28

Hardness, H3
l [GPa] 0.32 0.76 3.19 17.53 0.39 0.63 3.39

Hardness, H3
r [GPa] 0.13 0.27 1.65 7.26 0.10 0.18 1.90

Correlation, qM,H [1] 0.89 0.46 0.79 0.80 0.87 0.62 0.84

Allocation rate, A [1] 0.95 0.84 0.96 1.00 0.90 0.86 0.98

Depth, hmax
l [nm] 931 585 331 162 828 634 342

Depth, hmax
r [nm] 221 91 61 22 109 70 69

Volume fraction [%] 57 18 20 5 64 30 6

No. data 305 88 93 25 196 77 16

Experiment S3–I3 S7–I1

Phase 1 2 3 1 2 3 4

Modulus, M3
l [GPa] 15.14 27.23 82.87 14.36 24.48 73.53 143.66

Modulus, M3
r [GPa] 4.54 6.32 36.66 3.15 5.96 27.91 13.01

Hardness, H3
l [GPa] 0.50 1.35 11.01 0.42 0.79 8.28 16.56

Hardness, H3
r [GPa] 0.23 0.63 6.95 0.14 0.27 3.93 2.22

Correlation, qM,H [1] 0.89 0.28 0.94 0.84 0.59 0.78 0.56

Allocation rate, A [1] 0.96 0.84 0.99 0.92 0.91 0.98 0.95

Depth, hmax
l [nm] 787 481 215 813 569 222 157

Depth, hmax
r [nm] 244 116 52 175 93 44 7

Volume fraction [%] 50 15 34 39 24 19 18

No. data 214 66 139 247 134 111 110

The notations l and r correspond to the mean and standard deviation of the given property. The Pearson correlation coefficient qM,H was

calculated based on the covariance and standard deviations of stiffness M3 and hardness H3 data assigned to each phase through cluster modeling.

The values for the number of measured data (no. data), indentation depth hmax, volume fraction, and allocation rate A are also listed
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chemical components from statistical WDS. The experi-

mental evidence that is brought forward by each method

will be synthesized in Sect. 5 to establish the chemome-

chanical signature of shale at micrometer scales.

4.1 Statistical indentation analysis

The results of the statistical indentation assessments of

shales S3 and S7 are compiled in Table 5. By means of

illustration, this section describes the analysis of the grid

indentation data gathered for experiment S3–I1. Figure 4

summarizes graphically the results of cluster analysis for

this experiment. Via the BIC criterion, four mechanical

components were identified from the clustering of inden-

tation modulus and hardness measurements as shown in

Fig. 4a, b. The term mechanical component is understood

as each of the clusters recognized by the multi-variate

statistical approach based on the underlying elasticity and

hardness characteristics. A priori, these mechanical com-

ponents active in the response of shale at micrometer and

sub-micrometer scales are not yet linked to particular

material chemistries. On-average modulus and hardness

properties display increasing values, ranging between those

of cluster 1 (with the lowest values) and cluster 4 (with the

highest values). In addition, the correlation between

indentation properties, quantified by the correlation coef-

ficient qM,H (Table 5), is consistently positive for each

phase. This can be inferred graphically by the positive

slopes displayed by the principal axes of the ellipses rep-

resenting the modeled normal distributions. Figure 4c

shows typical indentation responses measured for compo-

nents 1 and 4. The indentation load-depth curve represen-

tative of component 1 exhibits a larger maximum depth, a

significant amount of creep during the holding phase

regime of load application, and a large plastic deformation

upon unloading. In contrast, the deformation response of

the experiment linked to component 4 displays less plastic

behavior upon unloading and relatively little creep. The

behaviors illustrated by the sample tests have been previ-

ously documented in [6, 56] for grid indentation data on
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Fig. 4 Cluster analysis of the grid indentation data for experiment S3–I1. a The cluster modeling of the indentation modulus and hardness data

identified four mechanical components. b Close-up of the indentation data and cluster modeling presented in a. c Representative indentation

responses measured in the grid experiment S3–I1. The load–depth curves were recorded for tests clustered in components 1 and 4. The

indentation modulus and hardness inferred from these experimental curves are M3 = 14.7, H3 = 0.43 GPa for the experiment assigned to cluster
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other shale samples. Two other important trends emerging

from the statistical clustering results are associated with

volume fractions and allocation rates. Component 1 dis-

plays the largest volume fraction compared to components

2–4 (Fig. 4d). Moreover, some of the highest values of

allocation rate for experiment S3–I1 (Fig. 4e) and the rest

of experiments in Table 4 were assigned to components 1

and 3 (or 4, whichever is the component with the highest

modulus and hardness values). This entails that the data for

these two bounding cases of mechanical components are

better clustered by the statistical approach.

With each indentation experiment properly assigned to

the four mechanical components, estimates of maximum

indentation depths for each component are displayed in

Fig. 4f. The average indentation response for the data

clustered in component 1 is hmax = 931 ± 221 nm. For

components 2–4, the indentation depths are lower, reaching

162 ± 22 nm for component 4. For component 1, the

indentation depth of slightly \1 lm already hints toward

the assessment of the in situ properties of the composite

consisting of clay minerals and nanoporosity. It will be

shown that the data associated to components with similar

characteristics as cluster 4 correspond to non-clay inclu-

sions. The trends discussed in this section apply to the

remaining sets of grid indentation experiments.

4.2 Statistical WDS analysis

The chemical assessment of shale using the statistical WDS

technique is detailed in this section using as reference the

results for experiment S3–W1. This grid experiment was

performed over the same location used for experiment S3–

I1. The WDS data for experiment S3–W1 prior to cluster

modeling were already displayed in Fig. 2. The imple-

mentation of cluster modeling yielded the results graphi-

cally displayed in Fig. 5 for the four elemental projections

proposed in Sect. 2. The application of the BIC criterion

determined that nine clusters describe the multi-variate

WDS data gathered for grid S3–W1. Figure 6 and Table 6

compile the assessments of volume fractions, allocation

rates, and the statistics of yield totals associated with the

nine chemical components. Table 6 also lists the chemical

properties for each cluster in terms of mean values Kl
i and

standard deviations Kr
i , where i = [1, g] components and

K = [Si, Al, Fe, K, Mg, Ca, Na].

Two types of clusters based on their form are recognized

in the projection spaces shown in Fig. 5: poles and ligands.

A pole represents a cluster with an intense grouping of data

around a mean position. Pole-type clusters are interpreted

as quasi-homogeneous phases that match a particular

chemistry known to be present in shale. For experiment

S3–W1, components 1–7 are identified as poles. Figure 5a

reveals that component 7 is located in the region of quartz,

with a silicon content of Si7 = 31.6 ± 1.1 %. The values

for the remaining elemental mean properties are low

(atomic percentages below 2.0). Components 1–6 are

located in the elemental space expected for clay minerals

as shown in Fig. 5b. The chemical data linked to these

phases exhibit pronounced spreads in comparison with the

quartz pole. The a priori knowledge of the expected vari-

abilities in clay mineralogy for different clay groups (e.g.

1:1 and 2:1 clays) warrants the interpretation of compo-

nents 1 through 6 as clay poles. The characteristic size of

clay minerals below the scale of the WDS experiment hints

toward a measurement of the on-average composition of

clay minerals contained within the excited microvolume.

The locations of clay poles in the Al/Si - K ? Ca ? Na

projection in Fig. 5b and their comparison to the clay data

from the open literature presented in Fig. 2b reveal a clay

matrix dominated by 2:1 clay minerals. This observation is

consistent with the mineralogy assessment by XRD tests

presented in Table 3. A more detailed analysis of the clay

mineralogy in the framework of the statistical WDS

method will be presented in Sect. 5.

The identification of components 1–6 as clay dominated

is also corroborated by their large volume fractions, total-

ing 84 % of the material volume. The statistical informa-

tion related to the yield totals and allocation rates further

complements the interpretations of the quartz and clay

poles. The deviation of yield totals from the ideal value of

100 % can be related to the experiment not capturing

specific elements, as it is the case for components 1

through 6. Their low yield totals (T1–6
l \ 95 %) are the

results of not measuring hydrogen, which is present in

the clay structures as bound water or hydroxyl groups. The

associated variabilities of yield totals for these components

(T1–6
r = 3.3–5.4 %) are some of the largest in the set,

which may be indicative of the chemical diversity of clays.

In contrast, the yield total statistics for the quartz compo-

nent (cluster 7) display the highest mean value and the

lowest standard deviation from the set, which agree with

the chemical nature of quartz with little variances due to

impurities or substitutions. The allocation rate for the

quartz component is also the highest in the set (A7 = 1).

These high values convey the high probabilities for each of

the WDS experiments belonging to a chemically distinct

phase.

The second form of clusters determined for experiment

S3–W1 is the presence of ligands. A ligand is defined as a

cluster associated with the mixture between two chemical

phases. These clusters can be identified visually as com-

ponents that span between poles or known mineral sites in

the elemental variable space for shale. The inspection of

Fig. 5 reveals the presence of two ligands: cluster 8 linking

quartz and clay components (Fig. 5a), and cluster 9 linking
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the feldspar site and clay components (Fig. 5b). No ligands

were identified for hematite nor carbonate minerals. The

small presence of these minerals as assessed by XRD (see

Table 3) cannot be captured by the statistical WDS tech-

nique, which may require larger datasets to adequately

sample the shale material for enhanced accuracy. The yield

total statistics for ligand components follow those of clay

components, attesting to the presence of clay in the probed

microvolumes. Finally, the high values of allocation rates

for quartz and feldspar mixtures underline the specific

chemistries of the mixtures (i.e. considerable amounts of Si

and K ? Ca ? Na, respectively), which enable the clus-

tering algorithm to identify these components with high

probabilities.

Similar implementations of the statistical WDS analysis

were pursued for the remaining grids in our experimental

program. Tables 7, 8 and 9 summarize their results in terms

of mean chemical properties, volume fractions, allocation

rates, and yield totals. In the following sections, the

information generated by the statistical WDS method will

be combined with grid indentation results to describe the

chemomechanical signature of shale at micrometer scales.

5 Discussion

The following sections focus on synthesizing the results of

grid indentation and WDS experiments. We first present

the interpretation of the indentation properties of shale

based on purely mechanical considerations. This analysis is

then complemented with the results from statistical WDS

to provide precise definitions to the mechanically active

phases in shale based on their chemical properties, with

particular emphases on the porous clay in situ behavior and

its response near boundaries of silt-size quartz and feldspar

minerals.

5.1 Nanomechanics of shale from indentation

considerations

The interpretation of cluster modeling results for grid

indentations is pursued in this section solely on mechanics

arguments. This approach, previously followed by [6, 56],

brings together elements of the mechanical behaviors of

shale constituents, length scale considerations, and overall

material compositions known a priori from mineralogy

tests to evaluate the grain-scale mechanics of shale.

Using as reference the experiments performed on shale

S3, consistent indentation modulus and hardness

(M, H) signatures were identified through cluster modeling

(see Table 5). Three main types of mechanically active

components were established, whose on-average properties

are graphically compiled in Fig. 7. The first type corre-

sponds consistently to the phase with large M, H values,

whose response is expected due to the presence of quartz

and feldspar inclusions. In Fig. 7a, b, the so-called

Table 6 Summary of the mean chemical properties, volume fractions Vi, allocation rates Ai, and yield totals Ti for the components identified by

cluster modeling for experiment S3–W1

Phase, i 1 2 3 4 5 6 7 8 9

Sii
l [%] 19.27 21.08 18.68 21.99 19.68 21.39 31.64 26.24 19.53

Sii
r [%] 1.42 1.33 1.64 1.99 2.44 1.82 1.10 1.57 2.09

Ali
l [%] 7.74 7.84 8.14 6.15 8.89 7.52 1.16 4.12 7.58

Ali
r [%] 0.79 0.89 1.09 0.87 1.85 1.13 0.80 0.89 0.82

Ki
l [%] 1.46 1.27 1.36 1.14 1.19 1.35 0.15 0.72 1.32

Ki
r [%] 0.18 0.52 0.58 0.17 0.70 0.45 0.14 0.24 1.04

Cai
l [%] 0.02 0.02 0.02 0.02 0.01 0.16 0.01 0.01 0.05

Cai
r [%] 0.01 0.01 0.01 0.01 0.01 0.19 0.01 0.01 0.09

Nai
l [%] 0.76 0.56 0.60 0.53 0.43 0.39 0.14 0.39 2.16

Nai
r [%] 0.25 0.11 0.18 0.13 0.13 0.20 0.07 0.15 1.28

Fei
l [%] 2.48 2.37 3.58 1.89 2.21 2.53 0.46 1.32 2.34

Fei
r [%] 0.35 0.26 0.67 0.15 0.37 0.35 0.30 0.32 0.73

Mgi
l [%] 1.52 1.32 2.10 1.12 1.22 1.12 0.22 0.76 1.31

Mgi
r [%] 0.25 0.14 0.59 0.18 0.30 0.46 0.14 0.16 0.42

Vi [%] 26.8 23.3 11.1 11.0 8.6 3.6 2.2 6.3 7.2

Ai [1] 0.84 0.80 0.92 0.90 0.87 0.88 1.00 0.97 0.95

Ti
l [%] 91.1 95.2 93.7 92.3 92.9 94.9 101.8 96.4 92.9

Ti
r [%] 4.1 3.3 3.8 5.4 5.4 3.6 2.1 4.0 4.8

The variables l and r correspond to the mean and standard deviation of the given property
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inclusion (INC) component type exhibits on-average

indentation modulus and hardness values of approximately

MINC & 80–110 GPa, HINC & 11–18 GPa. These obser-

vations relate in first order to the properties of quartz

(M = 80–100 GPa, H = 12–14 GPa, [9, 24, 25]) and

feldspar (M = 89, H = 7 GPa [64]). The large spread in

data measured for the INC components can be attributed to

the different types of occurrences of quartz and felspar in

Table 7 Summary of the mean chemical properties, volume fractions Vi, allocation rates Ai, and yield totals Ti for the components identified by

cluster modeling for experiment S3–W2

Phase, i 1 2 3 4 5 6 7 8 9

Sii
l [%] 19.32 19.54 19.56 19.96 21.40 21.53 22.49 23.54 27.35

Sii
r [%] 1.34 1.08 1.75 13.11 1.32 0.89 0.49 1.15 1.45

Ali
l [%] 8.10 8.78 8.58 8.30 8.10 7.58 6.43 6.05 3.11

Ali
r [%] 0.82 0.66 1.06 7.97 0.80 0.54 0.30 0.70 0.88

Ki
l [%] 1.51 1.71 1.54 1.44 1.52 1.41 1.27 1.16 0.60

Ki
r [%] 0.34 0.28 0.45 3.35 0.34 0.23 0.12 0.29 0.37

Cai
l [%] 0.00 0.00 0.00 0.10 0.02 0.00 0.00 0.00 0.00

Cai
r [%] 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00

Nai
l [%] 4.05 1.47 1.55 1.96 1.45 1.18 0.91 0.98 0.56

Nai
r [%] 0.71 0.57 0.92 6.92 0.69 0.47 0.26 0.61 0.76

Fei
l [%] 2.23 2.14 2.83 2.06 2.34 2.03 1.67 1.72 0.90

Fei
r [%] 0.44 0.35 0.57 4.29 0.43 0.29 0.16 0.38 0.47

Mgi
l [%] 1.23 1.31 1.52 1.23 1.29 1.18 1.04 1.00 0.58

Mgi
r [%] 0.25 0.20 0.32 2.41 0.24 0.16 0.09 0.21 0.27

Vi [%] 8.4 30.5 17.2 2.5 3.4 21.7 3.3 7.9 5.0

Ai [1] 0.90 0.87 0.88 1.00 0.93 0.88 0.87 0.96 1.00

Ti
l [%] 100.7 100.4 99.2 100.1 96.0 100.2 103.4 101.6 105.2

Ti
r [%] 4.7 3.8 6.0 6.1 5.0 3.7 3.2 5.2 4.7

The variables l and r correspond to the mean and standard deviation of the given property

Table 8 Summary of the mean chemical properties, volume fractions Vi, allocation rates Ai, and yield totals Ti for the components identified by

cluster modeling for experiment S3–W3

Phase, i 1 2 3 4 5 6 7 8 9 10

Sii
l [%] 18.50 19.71 19.73 20.52 24.52 30.33 20.26 22.63 22.99 22.84

Sii
r [%] 2.80 1.65 2.03 3.39 1.21 1.10 1.92 0.35 0.27 0.44

Ali
l [%] 9.25 7.88 7.88 7.54 5.00 1.55 7.92 7.61 7.66 7.53

Ali
r [%] 1.40 1.01 1.63 0.74 1.15 0.78 0.77 0.15 0.15 0.24

Ki
l [%] 2.10 1.60 1.39 2.59 0.97 0.29 1.36 0.05 0.06 3.69

Ki
r [%] 0.89 0.29 0.28 3.44 0.25 0.18 0.52 0.05 0.05 0.16

Cai
l [%] 0.02 0.02 0.03 0.28 0.02 0.01 0.03 0.02 0.00 0.07

Cai
r [%] 0.03 0.02 0.02 0.53 0.02 0.02 0.03 0.04 0.01 0.01

Nai
l [%] 0.82 0.69 0.76 1.81 0.52 0.20 2.82 6.56 6.03 3.83

Nai
r [%] 0.59 0.19 0.35 2.48 0.30 0.19 1.72 0.62 0.43 0.27

Fei
l [%] 2.56 2.08 2.02 1.21 1.27 0.40 1.39 0.28 0.10 0.13

Fei
r [%] 1.64 0.37 0.41 1.57 0.35 0.30 0.75 0.16 0.05 0.05

Mgi
l [%] 1.46 1.28 1.02 0.66 0.73 0.21 0.82 0.03 0.01 0.01

Mgi
r [%] 0.76 0.24 0.24 0.82 0.19 0.15 0.48 0.06 0.03 0.03

Vi [%] 7.1 29.3 13.3 3.1 6.7 3.2 8.8 2.1 18.3 8.1

Ai [1] 0.94 0.91 0.85 0.98 0.95 0.99 0.93 0.96 0.99 1.00

Ti
l [%] 93.5 91.8 91.1 94.0 94.2 98.3 93.9 98.2 98.1 99.5

Ti
r [%] 3.0 3.5 4.1 5.9 3.6 3.5 4.9 1.7 1.2 1.0

The variables l and r correspond to the mean and standard deviation of the given property
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shale. Quartz grains are often of detrital nature and can

occur as either single or polycrystalline grains. If in poly-

crystal form, the expected mechanical properties of quartz

would be lower compared to behaviors of single grains

given then presence of weak grain boundaries. In addition,

the indentation experiments associated with stiff (hard)

INCs exhibited indentation depths (hmax
INC & 160–220 nm)

that are close to the RMS roughness of the material sample.

The comparable length scales of indentation depths and

surface roughness may affect the extraction of modulus and

hardness values from the load-deformation responses. The

second type of mechanical response corresponds to the

components with lower M, H values compared to INCs and

with low volume fractions (\30 %, Fig. 7c). These so-

called composite (COMP) phases also exhibit low alloca-

tion rates. Finally, the third type of mechanical component

corresponds to the porous clay (PC) phase, identified by the

notoriously large volume fraction (Fig. 7c) as expected

from e.g. XRD mineralogy assessments. The PC phase type

is consistently identified with high allocation rates

(Fig. 7d), and exhibits the lowest M, H values compared to

the INC and COMP components. The load-deformation

response shown in Fig. 4c for the experiment clustered in

component 1 (the porous clay phase) represents the

mechanical response expected qualitatively for a clay

medium, with significant plasticity and creep behaviors

(see also [67]). Consolidating the understanding of the PC

phase from indentation considerations also requires an

evaluation of the length scales associated with the inden-

tation experiments. With average maximum indentation

depths of approximate hmax
PC & 800 nm, the interaction

volumes in indentation experiments associated with the PC

phase access a length scale in shale which encompasses the

clay minerals and the nanoporosity.

The stiffness and hardness properties of the mechanical

PC phase inferred from cluster modeling are fairly con-

sistent for the different grid experiments. Figure 8 displays

the mean values and standard deviations for the indentation

modulus and hardness of the PC phase in the four experi-

ments covered in our experimental program. The results of

Bobko and Ulm [6] for shale S3 and S7 sister samples

reanalyzed using the EM–ML clustering method [47] are

presented in the figure. The indentation modulus and

hardness properties compare adequately across the differ-

ent experiments, supporting to the robustness of the sta-

tistical indentation technique applied to shale. The

mechanically active components in shale at the micrometer

scale appear to be identified reliably and consistently from

grid indentation experiments. However, two questions

remain about these indentation assessments. Is the

mechanical behavior of the PC as inferred by statistical

indentation associated with the clay fabric of shale from a

strict chemical standpoint? Furthermore, what is the

chemical nature of the so-called mechanical COMP

Table 9 Summary of the mean chemical properties, volume fractions Vi, allocation rates Ai, and yield totals Ti for the components identified by

cluster modeling for experiment S7–W1

Phase, i 1 2 3 4 5 6 7 8 9 10

Sii
l [%] 15.47 15.48 15.74 16.64 16.66 18.64 30.91 33.23 23.93 18.35

Sii
r [%] 1.06 1.68 3.91 1.12 1.29 0.90 1.04 0.13 0.97 3.45

Ali
l [%] 11.86 11.29 9.77 11.77 11.19 10.84 0.66 0.01 4.43 9.73

Ali
r [%] 1.44 1.44 2.27 0.84 1.45 2.04 0.49 0.06 1.62 0.76

Ki
l [%] 0.51 0.51 0.51 0.51 0.82 0.54 0.06 0.00 0.26 2.29

Ki
r [%] 0.26 0.14 0.22 0.07 0.30 0.14 0.13 0.01 0.12 1.99

Cai
l [%] 0.14 0.12 0.35 0.05 0.06 0.08 0.01 0.00 0.03 0.13

Cai
r [%] 0.11 0.09 0.33 0.03 0.04 0.05 0.03 0.00 0.05 0.20

Nai
l [%] 0.53 0.54 0.46 0.54 0.40 0.29 0.04 0.00 0.23 1.05

Nai
r [%] 0.23 0.21 0.24 0.24 0.12 0.19 0.05 0.01 0.25 1.32

Fei
l [%] 2.56 1.74 3.58 1.23 1.30 1.42 0.16 0.05 0.60 0.87

Fei
r [%] 1.32 0.78 2.76 0.13 0.26 0.44 0.18 0.03 0.28 0.43

Mgi
l [%] 0.65 0.49 0.74 0.46 0.49 0.36 0.04 0.00 0.20 0.30

Mgi
r [%] 0.33 0.14 0.53 0.07 0.12 0.21 0.07 0.01 0.11 0.22

Vi [%] 3.8 12.9 9.0 21.7 10.6 8.1 7.5 18.8 2.3 5.3

Ai [1] 0.96 0.91 0.98 0.93 0.94 0.95 1.00 1.00 1.00 1.00

Ti
l [%] 88.8 85.7 88.2 88.4 87.8 91.5 96.2 100.7 88.5 90.3

Ti
r [%] 3.1 5.0 8.8 4.1 4.6 4.5 4.6 1.3 6.6 7.3

The variables l and r correspond to the mean and standard deviation of the given property
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component identified by statistical indentation? These

questions will be addressed in the two subsequent sections.

5.2 Coupled chemomechanical analysis of the porous

clay

The cluster modeling results of grid WDS data in experi-

ments S3–W1 and S3–W2 are employed to establish the

chemical constitution of the PC mechanical phase inferred

from statistical indentation. Figure 9 displays a series of

maps of the grids of indentation and WDS experiments, in

which each pixel corresponds to a local measurement

within the resolution of the grid spacings. Figure 9a, d

displays the data corresponding to the mechanical PC

inferred from statistical indentation. The backgrounds in

those figures represent the data associated with the

remaining mechanical components (i.e., COMP and INC

phases), as well as data that were discarded from the

analysis due to defective load-deformation curves. Simi-

larly, Fig. 9b, e displays the data for the clay components

defined by statistical WDS, and for which the backgrounds

represent data associated with other chemical components

(i.e., quartz, feldspar, quartz-clay mixture, etc.) and dis-

carded data with low yield totals. The previous maps are

employed to construct Fig. 9c, f. In each figure, the

mechanical PC component is matched with the chemical

clay components inferred for each sample surface. The

resulting chemomechanical maps represent the set of

indentation and WDS experiments that are associated

simultaneously to mechanical and chemical clay compo-

nents. The coupled grids in Fig. 9c, f show satisfactory

matchings for the PC phases, with 85 % or more of the

mechanical PC data being linked to the chemical data. The

results presented in Fig. 9 formalize the conjecture about
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Fig. 7 Compilation of cluster modeling results for grid indentations on shale S3. Their interpretation establishes three mechanically active

components: the porous clay (PC) component, the mechanical composite (COMP) components, and the inclusion (INC) component. Plots
a–e display the on-average properties established for each component. The solid data points and error bars correspond to the median, maximum,

and minimum (on-average) values, respectively, determined for experiments S3–I1, S3–I2, and S3–I3
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Fig. 8 Comparisons of modulus and hardness values for the porous clay phase in shales S3 and S7 inferred from cluster modeling of grid

indentation experiments. The data are presented in terms of mean values, whereas the bars represent the associated standard deviations.

Reference (Ref.) corresponds to the indentation data of Bobko and Ulm [6] reanalyzed using the EM–ML approach for cluster modeling. The

experiments S3–I1, S3–I2, S3–I3, and S7–I1 were used for the comparisons
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the PC phase in shale at the scale of micrometers being

related to the mechanical component with the largest vol-

ume fraction and lowest stiffness and hardness values

probed by grid indentations. Our chemomechanical anal-

ysis shows that the mechanical PC sensed by nanoinden-

tation indeed corresponds to clay material sensed by

EPMA.

5.3 Coupled chemomechanical analysis

of the composite phase

Separate studies were conducted to determine the

mechanical and chemical natures of the so-called COMP

phases inferred from indentation experiments on shale.

Two coupled grid indentation and WDS experiments were

conducted on specific regions of shales S3 and S7 which

contained sizable grains. These regions were also imaged

using BSE and X-ray mapping techniques to obtain visual

descriptions of the underlying microstructures (the actual

order of experiments performed for surface S3-3 and S7-1

was: grid indentation, WDS analysis, and BSE/X-ray

mapping). The imaging information provides the baseline

for linking the spatial configuration of the material struc-

ture to the results of coupled indentation and WDS grids.

The BSE and X-ray maps presented in Figs. 10 and 11

show the microstructures associated with experiments S3-3

and S7-1, in which large INCs of approximately 100 lm

in characteristic size are clearly visible. The sampled

Fig. 9 Coupled indentation/WDS assessments of shale S3 identifying the porous clay chemomechanical component over locations S3-1 and

S3-2. For each sample surface, the maps display the spatial distributions of the grid indentation (IND) and WDS data associated with a, d the

porous clay mechanical component (cluster 1, Table 5), and b, e the clay chemical component (Tables 6, 7). c, f Display the overlap of the data

presented in the indentation and WDS grids, establishing the chemomechanical porous clay inferred by the coupling of both analyses. The data

for the mechanical porous clay a, d not matching the chemical assessment b, e are also displayed with a distinctive color. The discretization of

the mechanical and chemical maps is related to the size of the spacing used in the indentation and WDS experiments (5 and 10 lm for grid

experiments S3-1 and S3-2, respectively). Other phases refer to the remaining mechanical or chemical components identified by cluster modeling

in addition to mechanical data discarded from indentation experiments and WDS data filtered due to low yield totals
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regions are approximately between 150 9 150 and

250 9 250 lm2, respectively. Five elements were selected

for X-ray mapping (Si, Al, Fe, K, Na), which can be used to

qualitatively identify the major INCs present on the probed

surface. In experiment S3-3, the large grain is recognized

as feldspar, in accord with the moderate concentrations of

silicon and aluminum and high concentrations of potassium

and sodium. The concentrations of these elements result in

two characteristic regions visible within the grain. Several

smaller quartz grains are also identified by high concen-

trations of silicon and the absence of other elements. The

remaining portions of the surface are related to the fine-

grained matrix of clay minerals. Similarly, the analysis of

images for experiment S7-1 shown in Fig. 11 reveals the

presence of several sizable quartz grains given the high

contrast between silicon and aluminum maps. The

remaining portions of the surface are related to the clay

matrix and small grains of feldspar and quartz.

The surfaces detailed in Figs. 10 and 11 were used for

coupled grid indentation and WDS experiments. Following

similar analyses to those described in Section 4, the results

of cluster modeling for experiments S3–W3/S3–I3 and S7–

W1/S7–I1 are graphically gathered in Figs. 12 and 13. The

cluster modeling for grid WDS experiments (Figs. 12a,

13a) recognizes the presence of clay, quartz, and feldspar

components (poles), as well as mixtures of quartz-clay and

feldspar-clay (ligands) within the probed microvolumes.

The compilations of these results are displayed spatially

over the actual grids of measurements in Figs. 12c and 13c.

The chemical components identified through cluster mod-

eling provide remarkable descriptions of the local chem-

istries in the material surfaces. The COMP grain of feldspar

(Fig. 12c) is well defined using the information from

clusters 7–10. The clay matrix associated with clusters 1–4

surrounds the large feldspar INC and the small regions of

quartz INCs related to clusters 5 and 6. The sizable grain of

quartz (Fig. 13c) is well captured through clusters 7–9, and

the clay matrix and small feldspar grains associated with

clusters 1 through 6 and 10, respectively, are also clearly

identified. The analysis of the third battery of tests con-

sisting of grid indentations is presented in Figs. 12b and

13b. In both cases, cluster 1 corresponds to the PC

mechanical phase, with mechanical properties in good

agreement with other grid indentation results (see Fig. 8).

This adequate comparison justifies the selected grid spac-

ings of 5 and 10 lm required to achieve spatial resolution

without causing mechanical interactions between the

deformed microvolumes in indentation experiments. The

Fig. 10 BSE and X-ray imaging of experiment S3-3. The particular spot for these EPMA experiments was chosen deliberately as it contains a

sizable feldspar grain. The five X-ray maps display the relative amounts of the particular elements in the material surface, and the dark-to-light

transition corresponds to a low-to-high concentration gradient. The analysis of the X-ray maps characterize the inclusion as feldspar. The matrix

surrounding the inclusion contains clay minerals and some small quartz grains
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phases associated with COMP responses (cluster 2 in

Fig. 12b, and clusters 2 and 3 in Fig. 13b) and INCs

(clusters 3 and 4 in Figs. 12b, 13b, respectively) are

properly identified. The results from cluster modeling are

also displayed Figs. 12d and 13d, showing the spatial

arrangements of each set of grid indentations. The feldspar

grain in Fig. 12d is delineated by data points from cluster

3. While these data exhibit large modulus and hardness

values, the range of INC properties is above expected

values for feldspar grain (Sect. 5.1). This mismatch in

properties could be related to the shallow indentation

depths for these experiments in relation to the roughness of

grain, which could also explain the failure to retrieve some

of the indentation data within the region of the grain itself.

Nevertheless, the grain boundary appears to be well

delimited by the indentation data related to cluster 3. The

spatial representation of grid experiments in Fig. 13d

captures the large quartz grains within this shale surface.

The experimental evidence presented here offers the

necessary elements to discern the nature of the so-called

COMP mechanical phases. Given the adequate delineation

of the feldspar grain as observed in Fig. 12d, the data for

the COMP mechanical component (cluster 2) is related

mainly to the surroundings of the feldspar grain. Other data

linked to the mechanical COMP component are situated in

other locations of the material surface, which are related to

the proximities to small quartz grains. Similar observations

are made for the mechanical COMP components (clusters 2

and 3) in Fig. 13d, whose data surround the sizable quartz

grains and bridges to the mechanical PC component. The

coupled chemomechanical results reveal that the fractions

of data encompassed in the mechanical COMP components

correspond to the chemical clay phase inferred from WDS

cluster modeling. These results properly establish the

mechanical COMP components found in grid indentations

on shale as tests performed on conglomerates of clay par-

ticles near stiffer (harder) INCs of quartz or feldspar. This

local mechanical behavior measured by nanoindentation is

truly a COMP response, in which the low indentation

properties of the clay fabric are altered by the presence of

nearby rigid-like grains. In contrast, measurements away

from boundaries with quartz and feldspar grains provide

consistent mechanical measurements that characterize the

PC phase of shale.

5.4 Nanomechanics modeling of shale

The PC mechanical phase of shale has been properly

identified by the proposed coupled indentation and WDS

methodology. Its chemomechanical signature represents

Fig. 11 BSE and X-ray imaging of experiment S7-1. The particular spot for these EPMA experiments was chosen deliberately as it contains

several sizable quartz grains. The five X-ray maps display the relative amounts of the particular elements in the material surface, and the dark-to-

light transition corresponds to a low-to-high concentration gradient. The analysis of the X-ray maps characterize the major inclusions as quartz.

The matrix surrounding the inclusions contains clay minerals and some small quartz and feldspar grains

288 Acta Geotechnica (2012) 7:271–295

123



the response of the clay matrix away from silt INCs such as

quartz and feldspar. Furthermore, the nanomechanics of the

PC can be described statistically in terms of mean stiffness

and hardness properties for the particular shale material. To

broaden the far reaching implications of our experimental

findings, we revisit the database compiled by Bobko and

Ulm [6] to establish connections between measured

nanomechanics and composition of several shale materials.

This database, which includes sister samples of shales S3

and S7, covers a broad spectrum of compositional prop-

erties for shales. The grid indentation data developed in [6]

were reanalyzed in [44, 47] using the ML–EM clustering

method (e.g. see Fig. 8). The statistical clustering treatment

recognized consistently the porous clay, COMP, and INC

components for experiments in the normal and parallel-to-

bedding directions on all shale samples considered in the

study. The indentation properties of the porous clay com-

ponent, which is formalized in this study as the chemo-

mechanical phase composed of clay and nanoporosity and

located away from silt INCs, compared adequately with the

modulus and hardness values obtained by the deconvolu-

tion analysis of Bobko and Ulm [6]. To show the range of

compositions, Fig. 14a displays the overall volume fraction

makeup for each of the shale materials considered in the
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Fig. 12 Cluster modeling of a grid WDS and b grid indentation data for the surface S3-3. The coupled experiments were performed over the

same location of the EPMA imaging studies (S3–X3) presented in Fig. 10. The interpretation of statistical clustering of WDS data recognizes

four types of chemical constituents associated with clay (clusters 1–4), quartz-clay mixtures (clusters 5, 6), sodium-rich feldspar (clusters 7–9),

and potassium-rich feldspar (cluster 10). The interpretation of statistical clustering of indentation data recognizes the characteristic three types of

mechanical responses: porous clay (cluster 1), composite (cluster 2), and inclusion (cluster 3). c and d Display the clustering results of the grid

WDS and indentation experiments in their spatial distributions over the probed surface
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database. The volume fraction contribution for each min-

eral constituent was calculated as described in (8), which

implements XRD mineralogy and MIP porosity data for the

calculation. The data are displayed in terms of partial

volume fractions associated with silt INCs (quartz, feldspar

and others), 2:1 clays (mainly illite and smectite), kaolinite,

and other clays. The contribution from the porosity mea-

sured by MIP experiments is also included in the overall

volume. The inspection of Fig. 14a reveals a diverse

compositional makeup for the different shale materials,

especially varying amounts of clay minerals: for examle,

shales S3, S4, and the Pierre shale are 2:1 clay dominated,

whereas shale S7 and the Dark shale exhibit similar volume

fractions of 1:1 and 2:1 clays.

The compositional descriptions of the seven shales in

Fig. 14a are compared to the statistical indentation results

presented in Fig. 14b. With the focus on elasticity, the

figure displays the means and standard deviations of the

two measured indentation moduli associated with the PC

phases of each shale material. The indentation M1 corre-

sponds to the experiment performed parallel to the natural

bedding planes observed in the bulk shale sample, whereas

M3 corresponds to the normal to bedding direction (which

is the direction for all our experiments reported in Table 5).
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Fig. 13 Cluster modeling of a grid WDS and b grid indentation data for the surface S7-1. The coupled experiments were performed over the

same location for the EPMA imaging studies (S7–X1) presented in Fig. 11. The interpretation of statistical clustering of WDS data recognizes

four types of chemical constituents associated with clay (clusters 1–6), quartz (clusters 7, 8), quartz-clay mixture (clusters 9), feldspar-clay

mixture (cluster 10). The interpretation of statistical clustering of indentation data recognizes the characteristic three types of mechanical

responses: porous clay (cluster 1), composites (cluster 2, 3), and inclusion (cluster 4). c and d Display the clustering results of the grid WDS and

indentation experiments in their spatial distributions over the probed surface
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The indentation data are arranged as a function of the clay

packing density, which neatly synthesizes the composition

and porosity information into one parameter. Considering

the overall macroscopic composition of shale (level II) as

the total contributions of clay f clay, silt INCs f inc, and

porosity / volume fractions, the clay packing density is

defined as:

g ¼ f clay

1� f inc
¼ 1� /

1� f inc
ð9Þ

The clay packing density (or alternatively, the nanoporosity

/ ¼ 1� g) becomes the scaling parameter for the

mechanical response of the PC COMP (level I), as it nor-

malizes the volumetric contributions of the clay and

porosity by the silt INC material present in the shale

sample. Each solid data point in Fig. 14b corresponds to

the mean clay packing density estimated from two different

assessments of porosity (directly measured through MIP

or inferred from density values) and mean indentation

modulus (M1
l or M3

l) obtained from cluster modeling of

grid indentation experiments. The anisotropic indentation

moduli and clay packing density display a remarkable

global trend where increasing modulus values correspond

to increasing packing densities. A solid percolation

threshold exists at packing densities near g & 0.5 follow-

ing this trend toward small modulus values. The apparent

percolation threshold suggests a nanogranular behavior for

the PC COMP, and can be related to microstructural fea-

tures of the clay fabric such as particle orientations and

shapes [47]. The mechanics of the PC for the asymptotic

case of g! 1 implies the response of an effective solid

clay that is anisotropic and that displays elasticities well

below those reported for single clay minerals (with

M1 [ M3 [ 46 GPa, see review in [7]). The order of

magnitude for the inferred in situ clay response agrees with

previous experimental and modeling studies. Prasad et al.

[48] measured an elastic modulus for dickite, which atomic

structure closely resembles that of kaolinite, of 6.2 GPa

using AFM testing. Bathija et al. [4] measured indentation

moduli for two montmorillonite samples between 4 and 14

GPa. Katti et al. [30] conducted atomistic simulations on

pyrophyllite, a precursor of other minerals in the smectite

group. The derived elastic modulus of 13.2 GPa was

attributed to the effect of interlayers in the clay unit. The in

situ properties of solid clay at micrometer scales inferred

from Fig. 14a represent the response of agglomerated clay

units comprising the mechanical contributions of clay

platelets, interlayer materials (absorbed water, hydrated

cations) and interparticle contacts.

The scaling between indentation moduli and clay

packing density emphasizes the effect of the nanoporosity

as a main driver of the anisotropic elastic behavior of the

PC in shale. This global trend between mean stiffness (Mi
l)

and overall composition (consolidated in the g parameter)

already reported in [6, 56] represents a new level of

refinement in the poromechanics understanding of shale.

The classical empirical relations at the macroscopic scale

between modulus (e.g. acoustic velocities or Young’s

modulus) and the overall porosity are now complemented

by the in situ nanomechanics of the porous clay shown in

Fig. 14b. The analysis of the Mi
l - g relationship and the

overall compositional characteristics of each shale material

in Fig. 14a establishes that the clay packing density con-

trols the mechanics of the PC in shale at the microscales.

Furthermore, the poor correlations between indentation

response and clay mineralogy highlight the secondary role

of the latter. As a result, the mechanical effects of different

clay mineralogies, which contribute with different stiffness

properties to the matrix, are modulated by the compliant

natures of nanopores, interlayer materials, and interparti-

cle contacts. This description is restricted to the elastic-

ity behavior of shale, as clay mineralogy is key to
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Fig. 14 a Compositions of seven shale materials given in volume

fractions of kaolinite, 2:1 clays (illite–smectite), other clays, silt

inclusions (quartz, feldsar), and porosity (measured by MIP exper-

iments). b Porous clay stiffness and clay packing density values for

shale materials in a. The stiffness corresponds to the indentation

moduli inferred from cluster modeling of grid indentation data.

Indentation experiments were performed in the parallel to bedding

(M1) and normal to bedding (M3) directions. Linear regressions are

included to emphasize the experimental trends
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describe other physical phenomena such as swelling and

permeability.

Our coupled chemomechanical studies further enhance

the descriptions of global trends for the in situ mechanics

of the PC fabric. Figure 15a shows diagrammatically a data

point presented in Fig. 14b. The mean indentation modulus

(solid data point) is supplemented by the variability in

modulus values estimated by the statistical cluster model-

ing (vertical bar covers two standard deviations). Using

experiments S3–I1 and S7–I1 as illustration, Fig. 15b, c

display the histograms of the indentation data measured for

the PC in those experiments (clusters 1 in Figs. 4a, 13b,

respectively) and the associated cluster modeling results

(normal distributions with M3
l, M3

r properties defined in

Table 5). The coupled chemomechanical information

generated for these shale materials allows exploring the

nature of the variation in mechanical properties captured in

the grid experiments. The grid WDS data associated with

the clay matrix properties for experiments S3–W1 and S7–

W1 (clusters 1–6 in Fig. 5b and clusters 1–6 in Fig. 13a,

respectively) are replotted in Fig. 15d, e. In addition to the

data of single WDS experiments, the mean chemical

properties in the K ? Ca ? Na - Al/Si elemental space for

the modeled clay clusters and the literature data for clays

(see Fig. 2b) are also displayed in the figures. Qualita-

tively, the mean properties for the clay clusters are in good

agreement with the clay mineralogies reported in XRD

experiments (Table 2), in which 2:1 clays are dominant in

shale S3 and similar proportions of 1:1 and 2:1 clays are

found in shale 7. The relative proportions of these clay

families for the latter sample are deduced from Fig. 15e

through the positions of the clay clusters between the poles

of 1:1 and 2:1 clays. These results from statistical WDS

imply a solid mixture of these minerals at the scale of the
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Fig. 15 Diagram of a data point presented in Fig. 14b showing the mean (solid point) and standard deviation (vertical bar) of the indentation

modulus of the porous clay measured in grid experiments. b and c Indentation modulus M3 data for shales S3 and S7 displayed in histograms.

The accompanying normal distributions employ the cluster modeling results for clusters 1 in experiments S3–I1 and S7–I1 from Table 5. d and

e Grid WDS data associated with clay components. Data in circles correspond to the mean chemical properties of the clay components identified

through cluster modeling. Other data correspond to common compositions from the open literature of 1:1 and 2:1 clay minerals (see Fig. 2b)
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WDS experiment of micrometer resolution. The novel

information about compositions of shales S3 and S7 is the

quantifiable variability of the chemistry of their clay

matrices. A corollary of this observation is the potentially

different local mechanical responses in the clay matrix due

to different clay crystal elasticities. Another possible

source of mechanical variability within the clay fabric in

shale in addition to varying local chemistries is the pres-

ence of varying local porosities contained within the mic-

rovolumes probed in indentation experiments. In contrast

to the chemical variability quantified in Fig. 15d, e, the

variability in local porosities is only a postulate given the

difficulty in measuring the void space of micrometer-sized

material volumes experimentally. Having brought forward

these two observations for the varying local mechanics of

the PC phase, Fig. 16 displays the standard deviations of

modulus values Mi
r as functions of the clay packing density

for the different shale materials covered in Fig. 14. The

standard deviation values are normalized by the mean

indentation modulus values Mi
l to account for the different

magnitudes of elasticity observed for the global trend

Mi
l - g in Fig. 14b. The analysis of Fig. 16 shows that the

normalized standard deviation values fall within a narrow

range between Mi
r/Mi

l = [0.2, 0.4] with no evident scaling

with the clay packing density. Consequently, the local

variabilities in clay chemistry observed in experiments S3–

W1 and S7–W1 (Fig. 15d, e) do not dictate alone the

mechanical signatures for the ranges of PC properties. In

general, local variabilities in chemistry and porosity, which

cannot be recapitulated separately at micrometer scales,

may be at the source of the mechanical variations within

the clay fabric response in shale. However, the overall

stiffness captured by a mean indentation modulus is

controlled by the clay packing density representative of the

particular shale material despite its clay composition.

6 Conclusions

The nanomechanics of shale quantified by statistical

indentation has been strengthen in this work by an

experimental investigation of its chemical makeup at

similar length scales. The coupled chemomechanical

analysis of grid indentation and WDS experiments con-

firmed that the PC mechanical phase in shale inferred by

the statistical indentation method corresponds to the clay

mineral phase defined strictly on chemical grounds. The

PC characteristic stiffness and hardness behaviors are

realized spatially in regions removed from silt INCs of

quartz and feldspar. The higher mechanical properties of

the silt INCs alter the mechanical behavior of the clay

matrix near the grain boundaries. This COMP behavior

sensed by indentation is captured by mechanical compo-

nents inferred from cluster modeling which display mod-

ulus and hardness properties between those of the two

bounding solids (i.e. the compliant PC and the stiff silt

INCs). At the length scale of micrometers shared by both

indentation and WDS experiments, there exists a chemo-

mechanical signature for the PC that is consistent across

shale materials with little organic matter. For the elastic

behavior, the clay packing density (or alternatively the

nanoporosity) modulates the on-average magnitude of the

stiffness response of the porous clay fabric. The complex

heterogeneous nature of this phase is observed in the local

variabilities of indentation properties and chemistries,

although these behaviors are of second order compared to

the trends observed for mean mechanical properties and

nanoporosity. The mechanical response of the PC phase

determined by the statistical indentation technique

becomes valuable experimental evidence for the bench-

marking of multi-scale models for shale. In particular, the

development of predictive theoretical schemes relying on

orientation distributions and single-crystal elasticities of

clay minerals could benefit from the direct mechanical

assessments of stiffness and hardness offered by grid

indentation experiments at micrometer and sub-micrometer

length scales. In addition, the grid WDS technique

implemented here for applications on shale rock proves to

be a robust methodology for interpreting EPMA data. The

combination of large datasets of WDS tests and the ade-

quate design of the cluster analysis variables provides a

means to investigate the chemical signature of the material

of interest with heterogeneous microstructure. Such an

approach, combined with indentation experiments, is well

suited for the chemomechanical study of geomaterials such

as oil shales and acidified carbonates.
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