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Abstract Analyzing the development of fracture networks in shale is important to understand both
hydrocarbon migration pathways within and from source rocks and the effectiveness of hydraulic
stimulation upon shale reservoirs. Here we use time-resolved synchrotron X-ray tomography to quantify in
four dimensions (3-D plus time) the development of fractures during the accelerated maturation of an
organic-rich mudstone (the UK Kimmeridge Clay), with the aim of determining the nature and timing of crack
initiation. Electron microscopy (EM, both scanning backscattered and energy dispersive) was used to
correlatively characterize the microstructure of the sample preheating and postheating. The tomographic
data were analyzed by using digital volume correlation (DVC) to measure the three-dimensional
displacements between subsequent time/heating steps allowing the strain fields surrounding each crack to
be calculated, enabling crack opening modes to be determined. Quantification of the strain eigenvectors
just before crack propagation suggests that the main mode driving crack initiation is the opening
displacement perpendicular to the bedding, mode I. Further, detailed investigation of the DVC measured
strain evolution revealed the complex interaction of the laminar clay matrix and the maximum principal
strain on incipient crack nucleation. Full field DVC also allowed accurate calculation of the coefficients of
thermal expansion (8 × 10�5/°C perpendicular and 6.2 × 10�5/°C parallel to the bedding plane). These
results demonstrate how correlative imaging (using synchrotron tomography, DVC, and EM) can be used
to elucidate the influence of shale microstructure on its anisotropic mechanical behavior.

Plain Language Summary Understanding the fracture of shale mudstones is important for
determining how hydrocarbons form and move within shales, and it also helps us understand the
environmental impact of extracting those hydrocarbons. Although we cannot see into shales, using the
powerful X-rays from a synchrotron, we can take tomograms (a 3-D image like computer-aided tomography
scans) of a shale every second or so, giving us a 4-D image (3-D plus time). 4-D imaging not only reveals
the fractures but also allows us to quantify how the texture of the minerals and organics in the shales
moves with time (called digital volume correlation or DVC). This DVC technique lets us calculate the strains
around the fractures before they form and as they grow. These strain fields help us understand where
fractures will form, how they grow, and characterize the crack opening mode (or state of applied stress and
strain) causing them to form. The correlative imaging technique developed was used to watch fractures
form in a shale during accelerated maturation (aging over time and temperature). This demonstration shows
how correlative imaging (using synchrotron tomography, DVC, and electron microscopy) can be used to
elucidate the influence of shale microstructure on its fracturing properties.

1. Introduction

Production from unconventional shale reservoirs has increased significantly over the last decade as a result of
improved technology and increased economic viability [Durham, 2008; Biewick, 2013]. Understanding the tim-
ing, initiation, and development of natural fracture networks within shale reservoirs is critical. These networks
provide pathways for fluids to reach the wellbore contributing directly to the location of potential sweet spots
[Pervukhina et al., 2015]. Quantifying the mechanisms of natural fracture generation could provide an insight
into development of hydraulically induced fractures during production, as they control the extraction of hydro-
carbons from organic-rich mudstones [Druyff, 1991; Duhailan and Sonnenberg, 2014]. Fracture studies on
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recovered core material from shale reservoirs are problematic, as organic matter (OM) within the sample has
undergone at least partial maturation and the rock experiences depressurization that could result in artificial
fracture development. However, studying the development and mechanisms of fracture development under
experimental maturation of immature organic-rich shale from outcrop sources can minimize these issues.

During maturation, temperature-dependent mechanisms take place, driven by the transformation of
kerogen into hydrocarbons, especially gas, that result in the formation of cracks [e.g., Michels et al., 1994].
Horizontal cracks propagate at subcritical stresses due to the strong microstructural fabric and the
associated anisotropy in mechanical properties. This anisotropy is due to both the layered deposition and
geometrical characteristics of the kerogen laminar inclusions [e.g., Ozkaya, 1988; Engelder and Lash, 2008].
Further, the path by which cracks propagate is directly linked to the in situ stress and strain field, as sug-
gested by Lash and Engelder [2005]. Two-dimensional analytic models have been proposed to estimate
the stress and strain required to propagate collinear crack opening under a single mode of fracturing
[Wackertapp et al., 2000; Olson, 2004; Jin et al., 2010]. However, there is a paucity of data to validate these
models. A few prior studies have qualitatively described the microstructure and crack dynamics by using
ex situ scanning electron microscopy (SEM) observations [Uvarova et al., 2014], mineralogy investigations
[Pervukhina et al., 2015], and synchrotron X-ray tomography (sCT) data [Yurikov et al., 2013; Patrusheva
et al., 2014], but in situ quantitative data are lacking.

In situ radiography [Lee and Hunt, 1997] and synchrotron X-ray tomography (sCT) have become key tools and
are now regularly used to quantify crack and other defect formation in a wide range of fields. These include
metallic alloy micromechanics to granular flow and even the cracking of high-temperature semisolid metals
[Kareh et al., 2014; Karagadde et al., 2015]. They have also been used in a number of geological applications,
such as observing the influence of fabric in soils to shear band formation [Fonseca et al., 2013].

The use of time-resolved synchrotron X-ray tomography on samples ranging from 1 to hundreds of milli-
meters and resolutions as good nearing 1μm offers the unique advantage of being able to quantify struc-
tures and even strain development during fracturing. The evolution of the strain field during deformation
can be quantified via analyzing 4-D sCT images by using digital volume correlation (DVC), a three-
dimensional extension of digital image correlation [Bay, 2008]. Using DVC it is possible to correlate fluctua-
tions in displacement with changes in microstructure during sample deformation. This method avoids the
use of complex X-ray diffraction approaches [Réthoré et al., 2011].

In the context of shales, Kobchenko et al. [2011] and Panahi et al. [2012] used synchrotron tomography to
characterize and describe the dynamics and patterns of cracks at microscale. Their work demonstrated the
potential power of sCT in such field and how the data can be used to model the fracture behavior during
heating overpressuring [Teixeira et al., 2017]; however, no 3-D strain mapping was performed.

In this study, synchrotron tomography coupled with digital volume correlation was used to quantitatively
investigate fracture phenomena during a simulated maturation of a Kimmeridge Clay sample. For the first
time, the magnitude and the direction of the principal strains around fractures were quantified in 3-D to
elucidate the opening modes as the maturation progressed. These results are used to advance our
understanding of crack initiation and propagation mechanisms. A brief description of the experimental
setup, followed by an in-depth description of the DVC technique, is presented first. The sCT results are then
correlated to SEM and transmitted light microscopy data to provide new insights into the relative roles of
organic and inorganic phases upon fracture nucleation.

2. Material and Methods
2.1. Material
2.1.1. Kimmeridge Clay
An outcrop sample of Kimmeridge Clay, from the Blackstone Band, east of Kimmeridge Bay (Dorset), UK, was
selected for this study due to the following: (i) its high organic content and primarymud-rich lithology; (ii) its rela-
tive thermal immaturity (burial to a lower temperature than the oil window); and (iii) it is one of the most prolific
source rocks in Europe, sourcing much of the North Sea reserves [Faber and Stahl, 1984; Fishman et al., 2012].

Kimmeridge Clay is an Upper Jurassic organic-rich mudstone deposited in a series of basins from eastern
Greenland, Canada to Norway, and south of England [Dore et al., 1985]. Kimmeridge Clay exhibits a wide
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range of total organic carbon (TOC), from below 2wt % to 60wt % in some cases [van Kaam-Peters et al., 1998;
Tyson, 2004]. Continuous and elongated organic particles are present in low TOC intervals, whereas the
organic matter is structured in thick laminations in high TOC samples [Boussafir et al., 1995]. The
microstructure of Kimmeridge clay rocks varies with the location and the facies, but it is usually seen as an
alternation of mudstones, limestones, bituminous and oil shale, and sandy facies [Oschmann, 1988].
Amorphous organic matter is dominant [Tyson, 1989], but sharp flakes, heterogeneous flocks, and opaque
aggregates can also be present [Boussafir et al., 1995]. The abundance of OM is variable and shows micro-
cycles, mainly due to a balance between the nature of deposited biomass and variable deposition conditions
[Ramanampisoa and Disnar, 1994; Boussafir et al., 1995; Desprairies et al., 1995].

The sample chosen in this study is from the shaly oil facies and has a size of 3 × 3× 7mm3. For outcrop litho-
facies, the Kimmeridge Clay is usually composed of 20–65% of clay minerals (mainly illite, kaolinite, and lower
contents of smectite and chlorite), quartz or fine-grained sand (12–40%), carbonates (15–40%), pyrites, and
kerogen [Morgans-Bell et al., 2001; van Dongen et al., 2006].
2.1.2. Sample Preparation
Before the sCT experiment, a subset of the sample was prepared as a thin section and analyzed by using
transmitted light and scanning electron microscopy (SEM) with standard polishing products. After the simu-
latedmaturation and in situ sCT experiment, the surface effects of maturation on the heated sample were first
optically imaged, then the sample was mounted in epoxy resin on a glass slide, and approximately third of
the sample volume was removed (1 × 1× 6mm3) through polishing, using standard mechanical thin-section
polishing techniques. A large mosaic of high-resolution backscattered electron SEM images was then
acquired at 20 kV with a magnification of 2000 and a resolution of 0.16μmpixel�1 to investigate the micro-
structure after heating. The mineral phases (tectosilicates, carbonates, organic matter, and clay matrix) are
visible under SEM, but only groups of minerals are visible with phase contrast in sCT scans due to lower
resolution (0.81μmvoxel�1).

2.2. Methods
2.2.1. Synchrotron Maturation Experimental Setup
The unconfined maturation experiment was performed at the Diamond Manchester Branchline, Diamond
Light Source (Figure 1a). A high-temperature furnace designed for in situ tomography [Puncreobutr et al.,
2012, 2013] was used. The sample was held in a rotating ceramic holder with ceramic wool as packing and
placed inside the furnace (Figure 1b). Once in position, the temperature was increased from 20°C to 400°C
at a rate of 2°C/min without interruption. The temperature was monitored by a thermocouple mounted at
the inner top corner of the furnace.

The distance between the scintillator and the furnace was set to 60mm. A high-resolution camera (PCO Edge)
was used with 4X magnification. An effective pixel size of 0.81μm in a field of view of 2.1 × 1.8mm2 was
achieved. The tomography data sets consisted of 1800 projections taken using monochromatic X-rays
(20 keV) over a 180° rotation angle. Acquisition time was 2min, and tomograms were taken every 50°C until

Figure 1. (a) Schematic of sCT experimental setup. (b) Cross section of the high-temperature furnace showing the sample
in rotation stage for tomography.
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200°C, and then every 10°C above this temperature. Radiography was used to observe sample behavior
between tomographs.

A filtered back projection algorithm [Titarenko et al., 2010; Kyrieleis et al., 2011] was used to reconstruct
the 3-D tomographic data sets. Each reconstructed data set consisted of an 8-bit grey scale volume
of 1000 × 770× 1215μm3. The rigid body motion was eliminated using a 3-D registration method
[Schneider and Eberly, 2002] in Avizo 8.1 (FEI, USA).
2.2.2. Digital Volume Correlation
Digital volume correlation (DVC) is a technique for noncontact displacement and strain measurement and
can be considered a three-dimensional extension of digital image correlation [Bay, 2008]. The DVC process
for calculating displacement fields involves three main steps: (i) the discretization of the tomographic data
into many subvolumes, each tracked by using a central point (forming a point cloud) (Figures 2a and 2d);
(ii) the determination of the motion of each individual point and its local subvolume by using the cross
correlation of the volumetric images (Figures 2a and 2b); and (iii) the estimation of relative displacement
and strain fields for each volumetric elements [Bay et al., 1999]. In this work, we selected a region of interest
of 770 × 690× 365μm3 and a mesh with 115,000 randomly distributed nodes in the point cloud. The average
distance between the nodes of the mesh was 13μm (Figures 2c and 2d). Each point was considered the
center of a cubic subvolume with an edge length of 26μm; hence, each subvolume was approximately
50% overlapped.

The relative displacements were calculated with an in-house DVC code and used to evaluate the Green-
Lagrange finite strain tensor (F) [Bay et al., 1999]. The deformation tensor contains the principal strains
(e1, e2, and e3) which are independent of the orientation of the coordinate system. The directions (eigenvec-
tors) in which these strains act were also determined. Finally, the volume change (εV) was calculated from the
volumetric strain by using the Jacobian of the transformation tensor from Green-Lagrange formulation
[Bazant, 1996]:

εv ¼ det Fð Þ ¼ 1þ e1ð Þ 1þ e2ð Þ 1þ e3ð Þ (1)

Figure 2. Schematic of the DVC method. (a) Reference volumetric image with a single subvolume and (b) deformed
volumetric image. The labels x and x* refer to the coordinates of the subvolumes in the reference and deformed
configurations. The label u(x) is used to describe the displacement field, and f and g are the grey scale values of the
reference and deformed states, respectively. (c) 3-D rendering of Kimmeridge Clay sample with the selected region of
interest (ROI). (d) A subsection of the point cloud used to track local subvolumes.

Journal of Geophysical Research: Solid Earth 10.1002/2016JB013874

FIGUEROA PILZ ET AL. MATURATION OF SHALE UNDER TOMOGRAPHY 2556



As part of the DVC process, the
objective function was calculated
with a normalized sum of square
differences, C(x):

C xð Þ ¼ ∬ Q x�ð Þ � P Xð Þ½ �2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∬ Q x�ð Þ � P Xð Þ½ �2

q (2)

This function is represented by a non-
negative value that quantifies the
degree of match of a given subvo-
lume (s) between the reference, f(x),
and deformed state, g(x*) [Bay,
2008]; it tends to converge toward 0
when the difference between f and
g is small. The uncertainty was then
calculated by computing the relative
changes between tomographic
data sets taken at the same tempera-
ture and by determining the stan-
dard deviations of the histograms of
displacement.

The increase in the objective function
C(x) is reflected by a widening of the
histogram and an increment in the
standard deviation of its distribution.
The maximum objective function
value at 370°C was calculated as
0.01 [Réthoré et al., 2011]. The calcu-
lated displacements and strains were
converted into color-scaled volu-
metric images and superimposed
onto grey scale tomographic data.
The measurements at local disconti-
nuities are less accurate; therefore,
values along the border of cracks
should be taken as estimates
[Poissant and Barthelat, 2009].

The concentration of carbonates
and clays was also color mapped as
estimated from the X-ray attenua-
tion values in the volumetric image
[Wallisch et al., 2014], allowing corre-
lation of the distribution of minerals
and clays to the DVC-calculated dis-
placements and strains as a function
of temperature.

3. Results and Discussion
3.1. Microstructural
Characterization

Petrology of the unheated sample is shown in Figure 3. The total organic carbon (TOC) content of the sample
analyzed was 36wt %, which is similar to a previous study on The Blackstone Band of the Kimmeridge Clay

Figure 3. Microstructure and fabric of the Kimmeridge Clay sample before
maturation: (a) low-magnification plane-polarized light (PPL) image show-
ing a laminar fabric orientated in the bedding direction (horizontal) and
(b and c) medium magnification PPL images showing pyrite (py) and
organic matter (OM): orange-red and black elongate laminar grains, orien-
tated parallel to bedding. Clay minerals are also present: clay mineral lamina
(cmla) and clay mineral lens (cmle).
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[van Dongen et al., 2006]. Different
phase groups were identified as
organic matter, clay minerals, carbo-
nates, and pyrite. The predominant
amorphous phase is organic mat-
ter (OM) present as orange-red
elongated laminated zones
(Figures 3b and 3c) parallel to bed-
ding (20–300μm long, 5–20μm
thick). Organic matter boundaries
are marked by subtle color differ-
ences between grains and the pre-
sence of other detrital or authigenic
minerals. Clay minerals are inter-
bedded with organic matter and
oriented parallel to bedding. Clay
minerals are present in two forms
(Figures 3b and 3c): clay mineral
lamina (cmla) and clay mineral lens
(cmle). The carbonates are agglomer-
ated in elongated clusters, and their
origin was interpreted as carbonate-
cemented foraminifera (Figures 3a–3c).
The pyrites have a framboidal mor-
phology within carbonate clusters
and clay mineral and organic matrix
(Figures 3b and 3c).

After heating, the microstructure was
studied using scanning electron
microscopy (SEM) with backscattered
electron (BSE) at a resolution of
0.16μmpixel�1 (Figure 4). The
phases were confirmed by using
electron diffractive spectroscopy
(EDS). Macroscopic (whole specimen)
SEM analysis revealed a rough sur-
face, with open fractures (~2000μm
long) from the top edge of the
sample oriented along bedding
(Figure 4a). Higher magnification
images (Figures 4b and 4c) highlight
two different types of horizontal frac-
ture, both parallel to the bedding
planes: (1) large, lenticular, ellipsoidal

cracks ~20–100μm long and 5–30μm high (note, most are filled with resin) and (2) thin, narrow cracks (less
than 5μm) (Figures 4c and 4d). In many cases the cracks were directly correlated between the CT and SEM
images (Figure 4d). This allowed observation of the opening and closing of lenticular fractures from the
CT time series: a phenomenon hypothesized to result from organic matter gas formation and release during
heating. The cracks (2) are thin and tortuous and appear to be unfilled by the resin, suggesting that they are
not well connected to the sample boundaries or large lenticular fractures. Moreover, Figure 4d shows that
these cracks (2) were present during maturation and did not result from sample preparation for SEM imaging.

Organic matter observed before the experiment underwent pyrolysis. This was confirmed with EDS by a
decrease of sulfur and carbon and may indicate sulfur dioxide release during pyrolysis. Due to experimental

Figure 4. (a) SEM-SE observation of sample surface roughness after matura-
tion, (b) SEM-BSE micrographs of large fracture on the surface of the sample
after maturation, (c) lenticular fracture on sample surface under SEM-BSE,
and (d) side-by-side comparison between sCT and SEM-BSE image of
a fracture.
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factors (cooling from 380°C chan-
ged the structure of the sample),
only an approximate manual
matching of the SEM images to the
sCT tomographic data was possible.
Major features on the same plane
could be matched (Figure 4d), but
a full correlation was not possible.
Comparison between SEM and sCT
data shows that cracks generated
during maturation are located in
the organic matter and clay mineral
matrix, or at the interface between
these phases and the inorganic
phase. Cracks were observed at
the boundaries of mineralogical
heterogeneities such as at the inter-
face between large, coarse grains
of carbonate and pyrite where
local variations in mechanical pro-
perties cause stress concentrations
(Figure 4d). The fractures are
tortuous and discontinuous in the
2-D SEM images.

3.2. Strain Measurement: Crack
Initiation and Propagation

A set of sCT tomographic slices
perpendicular to the bedding at
temperatures from 360°C to 380°C
are shown in Figures 5a–5c. Below
200°C, grey scale changes in the
sCT volumetric images are subtle.
Above 200°C, thermal expansion is
visible, but only at 360°C is fractur-
ing prevalent at the scale and reso-
lution used in this study. Comparing
2-D slices from the tomographic
volume data sets at 360°C and
370°C reveals small fractures open
at 370°C (Figures 5a and 5b). Line
plots of the attenuation intensity
from these two temperatures are
compared in Figure 5g, with
regions of incipient fractures hav-
ing lower attenuation intensities
(marked with A and B). The offset
of the peaks from the more attenu-
ating mineral phases shows the

dilation of the sample between temperatures. Between 370°C and 380°C, the sample undergoes rapid defor-
mation and a distinct set of new fracture surfaces forms (Figures 5d–5f).

The average displacements for temperatures from 200°C and 370°C are shown in Figure 6. Note that the displa-
cements due to the very large fracture displacements at 380°C were too great for effective DVC displacement

Figure 5. Single attenuation slices at different temperatures: grey scale
tomographic slices at (a) 360°C, (b) 370°C, and (c) 380°C, respectively; (d–f)
enlarged 220 × 190 μm box of Figures 5a–5c images, respectively; and (g)
line plots of attenuation intensity at 360°C and 370°C corresponding to the
portion crossed by the red line in Figures5d and 5e. The locations A and B
point to an area where the crack nucleates, and this behavior is reflected by a
decrease in the attenuation values.
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tracking; i.e., the maximum fracture
opening (~70μm) exceeds the aver-
age edge length of the selected
subvolume (26μm). Above 200°C,
gases are evolving, driving volu-
metric expansion. Expansion is
preferentially accommodated per-
pendicular to bedding due to the
horizontal layering of organic
matter and clay minerals. The
volume expands until ~320°C,
slowly at first. Above 250°C, the rate
of expansion increases—at this
temperature, fractures were seen
to form and grow (as observed in
the real-time radiography). Above
320°C, these fractures collapsed
occasionally, presumably as gas is
released to the exterior surface, fre-
quently reforming. This is thought

to cause the fluctuations in expansion. We hypothesize that these cracks form due to increasing pressure from
kerogen decomposition, with differential expansion providing nucleation cites at the interfaces between
phases. The fluid pressure in the pore space of kerogen may also influence crack formation [Zargari et al.,
2016], but was difficult to investigate in our study.

Quantifying the regions of high strain can be used as an indicator to predict crack locations. During the crack
expansion, the strain maps can also be used to track the local deformation around the cracks. Figure 7a is a
plot of the volumetric strain in a selected region of interest and the averagemaximum principal strain (ε1). For
each temperature, the strain pattern is given in Figures 7b–7e.

Figures 7b–7e show small subvolumes (100 × 100 × 90μm) of an observed fracture at high temperatures.
The figure displays values of integrated strain greater than 0.01 as a cloud plot with increasing tempera-
ture. These strain maps show the highly localized nature of the strain. The coefficient of thermal expansion
is directly calculated from the average strain. It has the value of 8 × 10�5/°C perpendicular to bedding and
6.2 × 10�5/°C parallel to the bedding plane over the temperature range of 100–350°C (until fracture expan-
sion and collapse occurred). Comparison of the strain contours with the attenuation image shows that
strain is concentrated in the clay mineral phase (light grey). Due to the shale fabric, the strain is elongated
in the plane of the bedding. As the temperature increases (Figures 7b–7e), we track the growth of the
region of high strain. The evolution of strain within the different mineral/organic phases is thus mapped
before the fracture forms, allowing temperature-dependent mechanisms leading to fracture initiation to
be observed.

During the heating phase between Figures 7b and 7c (200–330°C) the volume of high strain has grown
significantly as internal gas pressure builds. At 350°C (Figure 7d) the strain in this volume is reduced, which
matches the reduction in total strain (Figures 6 and 7a). This reduction in the principal strain is interpreted
to be caused by the initial release of gas to the exterior of the sample, based on radiograph observation
of the opening and closing of fractures at temperatures above 360°C. This interpretation is further supported
by the thermogravimetry measurements by Kobchenko et al. [2011] in a Green River Shale, where organic
matter transformation into volatile hydrocarbons initially occurred in a temperature range of 350–370°C.

The increment in strain between 350°C and 370°C, due to partial release of gas pressure, matches well with
the measurements by other authors of a slight increase in fracture toughness with temperature, owing to
increased inter-granular friction as the clay matrix dehydrates [Ibanez and Kronenberg, 1993]. At 370°C, cracks
appear in the attenuation image (Figures 7e and 5b) and the maximum principal strain calculated from DVC
increases significantly (Figure 7a). Peak strains were localized around the crack opening, and the direction of
the eigenvectors driving the opening mode is predominantly perpendicular to the bedding plane (Figure 7f).

Figure 6. Progression of the calculated average DVC displacement (absolute
value, integrating displacements due to both thermal expansion and
cracking) in the three directions x1, x2, and x3, described by the subvolumes
in the region of interest.
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Therefore, we suggest that the main mode driving fracture nucleation is opening displacements perpendicu-
lar to the bedding (mode I), although the shear parallel to the crack and the out-of-phase displacement per-
pendicular to the bedding (modes II and III) are also involved. Previous models have considered mode I as the
main fracture opening driver to establish analytical relationships for subcritical propagation [Wackertapp
et al., 2000; Holder et al., 2001; Jin et al., 2010], and here we present a combination of tools to effectively vali-
date this hypothesis in situ.

Figure 7. Progression of the average maximum principal strain in a small subvolume. The volumetric strain of the region of
interest is presented to show the change in values throughout the maturation. (a) Maximum principal strain and volumetric
strain. Cloud plot of the ε1 in a selected subvolume of 100 × 100 × 90 μm with a cut-out of 0.05 at (b) 200°C, (c) 310°C,
(d) 350°C, and (e) 370°C. The markers represent some of the scanning temperatures when sCT data were acquired.
(f) Eigenvector components at 370°C.
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The DVC measurement of principal
strain also aided in the segmentation
process for isolating and quantifying
the final fractures (Figure 8).
Significant difficulties in shale
segmentation due to the low
variation in attenuation contrast
have been previously reported
[Kanitpanyacharoen et al., 2013]. By
correlating the regions of high-
integrated principal strain at 370°C
from DVC maps to the attenuation
data and mineral distribution maps,
the regions of both developed frac-
tures and also those of incipient
cracks (defined as having a maxi-
mum opening thickness of 5μm)
could be identified via thresholding
(Figure 8a). Segmented cracks at
370°C (Figure 8a) appear to nucleate
preferentially in the laminated
organic matter. This is probably due
to increasing gas pressure between
layered mineral clusters during
maturation. Once nucleated, the
cracks often grow as thin features
around mineral interfaces. These
segmented cracks at 370°C can be
also compared in location with the
fracture planes at 380°C (Figure 8b).
This suggests that fracture propaga-
tion occurs through the coalescence
of smaller cracks parallel to bedding
(Figures 7e and 5c, 5e, and 5f).
Comparison of Figures 8c and 8d
highlights the difference in resolu-
tion between sCT and SEM-BSE.
Figure 8c is an SEM-BSE image,
which provides a higher resolution
image but only in 2-D. If we superim-
pose the strain calculated by using
DVC on the sCT images on this
image, it allows us to further corre-
late the areas of strain and incipient
cracking to the local microstructure
and its fabric. Using correlative ima-
ging, we can extract the region of
highest strain and display it in 3-D
from the sCT images as shown in
Figure 8d. Surface rendering distin-
guishes carbonate minerals (purple),
clay laminae (grey), and organic
phases (invisible). A contour with
strain values of 0.25 (green) occurs

Figure 8. (a) Cracks imaged in a sample heated at 370°C by using DVC strain
to aid segmentation. Some of the cracks grow at mineral interfaces (A and B),
but most of the cracks are penny shaped (C) and grow in the laminar organic
matter. (b) Fracture plane imaging at 380°C. (c) Superimposed maximum
principal strain ε1 at 370°C with attenuation values in a slice parallel to
bedding plane. (d) 3-D distribution of carbonates-clays and maximum
principal strain.
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within the organic and clay mineral phases and is present at the interface between these phases and inor-
ganic carbonate minerals but is not found within the carbonates. Figures 4–8 demonstrate how correlative
imaging using sCT, DVC, and SEM can be used to qualitatively and quantitatively characterize the deforma-
tion and fracture behavior of the organic-rich shale, Kimmeridge Clay.

4. Conclusions

In this study, a sample of Kimmeridge Clay (UK) was imaged by using time-resolved synchrotron X-ray tomo-
graphy while being subjected to an accelerated maturation process between 20 and 380°C. Correlative ima-
ging using scanning electron microscopy was performed before and after maturation. Three-dimensional
strain mapping and fracture development were quantified by digital volume correlation during the matura-
tion to quantify the sample’s deformation and fracturing. In combination with SEM data, the application
of DVC techniques to sCT data provides a powerful tool to unravel the complex anisotropic behavior
in shales during unconfined simulated maturation. During heating the Kimmeridge Clay was shown to
behave anisotropically, with distinct coefficients of thermal expansion measured parallel (8 × 10�5) and
perpendicular (6.2 × 10�5) to bedding. Quantification of eigenvector directions before crack propagation
suggests that the main mode driving the crack initiation is the opening displacement perpendicular to the
bedding (mode I). The location of the incipient cracks indicates that they nucleate preferentially in the
laminated organic matter between layered mineral clusters. These incipient cracks merge to form horizontal
fractures, following the path of maximum principal strain through the clay mineral matrix. Fracture formation
was quantified in three dimensions including the mapping of the surrounding strain field. The fractures and
strain field were correlated to the mineral and organic phases. Further application of this combination of
techniques will provide a powerful tool to extract real-time information about fracture behavior in shales dur-
ing simulated loading scenarios.
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