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ABSTRACT: Shale host rock and containment potential are
largely determined by the connected pore network in the rock, and
the connection between the pore network and the naturally present
or mechanically induced fracture network together determines the
total bulk permeability. Pore connectivity in shales is poorly
understood because most of the porosity is present in sub-
micrometer-sized pores that are connected through nanometer-
sized pore throats. We have used a number of different techniques
to investigate the microstructure and permeability of Early Jurassic
shales from the UK (Whitby Mudstone), under intact and
fractured conditions. Whitby Mudstone is a clay matrix-rich rock
(50−70%), with different mineralogical layers on the sub-
millimeter scale and very low natural permeability (10−19 to
10−22 m2), representative of many gas shales and caprocks present in Europe. Artificial fracturing of this shale increases its
permeability by 2−5 orders of magnitude at low confining pressure (5 MPa). At high confining pressures (30 MPa), permeability
changes were more sensitive to the measuring direction with respect to the bedding orientation. Given the distinct lack of well-
defined damage zones, most of the permeability increase is controlled by fracture permeability, which is sensitive to the coupled
hydro-chemo-mechanical response of the fractures to fluids.

1. INTRODUCTION

Shales and mudstones are of major interest as potential host
formations for radioactive waste disposal and as sealing
horizons for CO2 storage.1−3 Understanding possible fluid
pathways in shales is a critical step toward assessing the
potential risks for fluid leakage along (pre-existing) faults or
fractures.4−7 Furthermore, shales are unconventional reservoirs
for natural gas,8 and understanding fluid pathways helps to
predict their reservoir potential. Fluid flow in the context of
containment integrity and gas shale production is largely
determined by the connected pore network present in the
intact rock, and the connection between this pore network and
the pre-existing, or induced, fracture network.9−13 Pore
connectivity in shales is poorly understood because most of
the porosity is present in the form of sub-micrometer-sized
pores that are connected through nanometer-sized pore
throats,14−21 making them difficult to study. Faults in shales
are known to act as seals, and they form more permeable fluid
pathways in reservoirs.12,22−24 In general, faults consist of a
fine-grained low-permeable core surrounded by a permeable
damage zone.25−28 In shale-rich formations, fault zones tend to
have a thin fault core and damage zone, leading to a narrow
fault zone width.25 However, the complex microstructure of
shales and fast weathering of shale faults in outcrop29 makes
that fluid flow through fractured shales is still poorly
understood.12,22

Induced faults and fractures alter the physical structure of
reservoirs and cap rocks, thereby changing the (local) transport
properties.13,30 However, the geometry of the fracture network
will depend on the orientation of the stress regime with respect
to the bedding or could be related to strain localization around
heterogeneities in the microstructure.31 To assess fracture
network geometry and the influence of bedding orientation
thereon, and permeability changes due to fracture network
development, we performed direct shear experiments to induce
fractures, for varying bedding geometries, and measured bulk
(gas) permeability pre- and post-deformation, as a function of
mean stress. We used the clay-rich Whitby Mudstone, an
analogue for many caprocks, source rocks, and shale gas plays
in Europe comparable to the Posidonia Shale.32 Whitby
Mudstone is a clay-rich rock (50−70% clay matrix, mainly
illite20), with distinct mineralogical layering on the sub-
millimeter scale, an average TOC content of about 4%, and
very low natural matrix permeability (10−19 to 10−22 m2).33

The fracture network was imaged using X-ray micro-
tomography and scanning electron microscopy (SEM).
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2. MATERIALS AND METHODS

2.1. Sample Material. All samples originated from the
same layer of Whitby Mudstone (UK) and were collected from
the wave cut platform located circa 3 m below the
Whalestones, striving for a homogeneous mineralogy between
different samples.20,34,35 The samples were transported and
stored in sealed containers filled with local sea water to avoid
drying. Five cores were prepared for this study with a 25 mm
diameter (30−43 mm length), with different bedding
orientations: bedding-perpendicular (WMF500A, ), bed-
ding-parallel (WMF500C/-D/-E, ), and oblique to bedding
(65° angle, WMF500B, ). Immediately after wet-coring of
the samples, the samples were sleeved in fluorinated ethylene
propylene (FEP) to avoid drying-induced breakage. The
samples were left to dry in an oven at 50 °C for about a
week prior to the experiments.
2.2. Experimental Approach. Permeability measurements

were performed to assess the bulk permeability of the intact
and fractured material, respectively. The transient step method
was employed, using argon gas as the pore fluid36−38 to avoid
swelling effects often observed when using other fluids such as
water or CO2.

39−42 The lowest measurable permeability using
the argon permeameter (see the Supporting Information, S1.1)
is approximately ∼10−22 m2, limiting permeability measure-
ments on lower permeable samples.36,43 After determination of
the intact shale permeability, the samples were deformed in
direct shear12 to create a fracture network. All deformation
experiments were performed dry, at room temperature, at a
confining pressure of 30 MPa, and an axial strain rate of ∼10−5
s−1. Load was increased until failure occurred, as indicated by a
loss of differential stress across the sample (see the Supporting
Information, S1.2). Subsequently, the permeability of the
fractured samples was measured. Note that sample WMF500E

was not deformed but manually split along its axis using a
sharp knife, simulating a tensile fracture.

2.3. Image Analyses. We used X-ray micro-tomography
imaging to visualize the fracture network (20−25 μm voxel
resolution12,44−49). Fractures with a sufficiently wide aperture
(≫20−25 μm) were filtered out using a simple threshold
method, while narrower fractures were segmented manually.
To obtain detailed images of the fracture network, at higher
resolutions than the computed tomography (CT) images, the
samples were impregnated with Araldite2020 epoxy resin and
cut in half lengthwise. One half of the sample was mechanically
polished and used to prepare thin sections. The other half was
used to prepare broad-ion-beam (BIB)-polished sections out of
selected areas of the fracture system (Precision Ion Polishing
System; Fischione, model 1060). For comparison, undeformed
Whitby Mudstone formation (WMF) material of the same
block was also sectioned. Visual inspection of pre- and
postexperiment material was performed using a scanning
electron microscope (JEOL Neoscope II JCM-6000, FEI
HELIOS nanolab DualBeam 3G). Both secondary electron
(SE) and backscatter electron (BSE) modes were used to
image fractures, mineralogy, and porosity.20,33 Details of all
methods can be found in the Supporting Information Section
S1.

3. RESULTS

3.1. Intact Whitby Mudstone. The intact material is
characterized by a clear alternation of darker and lighter layers,
easily recognized in thin section (Figure 1a). The darker layers
are richer in organic matter and clay matrix, while the lighter
layers are more quartz- and carbonate-rich and show a coarser
average grain size (cf. Figure 1b−e vs f,g). It should be noted

Figure 1.Microstructure Whitby Mudstone of the undeformed sample. (a) Thin section overview showing clearly the alternating darker and lighter
layers. (b-g) Higher magnification microstructures of the different layers present in the thin section. Differences in clay matrix amount, organic
matter amount, and amount of silt-sized grains define the different microstructures encountered.
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that fractures roughly following the bedding orientation are
visible in all samples even prior to active fracturing.
Argon gas permeability of intact WMF was measured at

effective confining pressures Pe of 3−28 MPa (Pe is equal to
the applied confining pressure, Pc, minus pore pressure, Pp), as
shown in Figure 2a. When increasing Pe from 3 to 28 MPa,
sample permeability decreased by 2−4 orders of magnitude
(from 2 × 10−16 to 3 × 10−19 m2 at low Pe, to 9 × 10−19 to 3 ×
10−22 m2 at high Pe). Upon decreasing confinement,
permeability increased again, although it never reached the
initial permeability values. This Pe−κ behavior was maintained
upon subsequent confinement cycling (see sample WMF500D
in Figure 2a). Samples with gas flow parallel to bedding had
the highest permeability, despite an approximately 1 order of
magnitude variation in permeability between samples with the
same bedding orientation (cf. WMF500C/D/E, Figure 2a). At
high confining pressures (Pe = 28 MPa), bedding-parallel
samples showed permeability values between 9 × 10−19 and 9
× 10−20 m2, while bedding-perpendicular permeability was
measured to be an order of magnitude lower (κ = 5 × 10−21

m2). For the bedding-oblique sample, permeability was too low
to measure at Pe of more than 13 MPa (i.e., <10−22 m2, Figure
2a).
3.2. Fractured Whitby Mudstone. Samples WMF500A−

D were deformed in direct shear to generate a shear fracture
network (Supporting Information S1.2). Peak differential stress
upon failure ranged from 40 to 55 MPa for all four samples
(Figure S4), with samples WMF500B and -C being the
weakest and -D being the strongest. Upon loading, all samples
showed a near-linear increase in differential stress with
increasing axial strain. Following peak stress, displacement
was continued to shear strains of 1.2−3.4% (i.e., 0.5−1.5 mm
displacement). Shear-fractured sample permeability values
showed similar trends to those measured for the intact
material (cf. Figure 2a,b). The initial permeability (at Pc = 5
MPa) for the fractured cores (WMF500A−D) was higher after
deformation, but as soon as the core had experienced an
effective pressure of almost 30 MPa, the permeability after
fracturing was similar to the permeability before fracturing
(WMF500A , C , and D ). Permeability values measured
after the maximum Pe had been reached did not go back to the
initial permeability values both before and after fracturing. In
terms of the effect of bedding orientation, the largest increase
in permeability was observed for the bedding-oblique sample
(WMF500B, ) both at low and high Pe, displaying a 3−5

orders of magnitude permeability increase (from 3 × 10−19 to 3
× 10−22 to 9 × 10−16 to 1 × 10−18 m2). For the bedding-
perpendicular sample (WMF500A, ), fracturing also
increased permeability, but only up to 3 orders of magnitude
at low Pe (from 2 × 10−19 − 5 × 10−21 to 1 × 10−16 − 2 ×
10−20 m2). For fractured, bedding-parallel material, perme-
ability was the least affected (WMF500C/-D; ), displaying
only a factor of 1 to 3 increase in permeability (from 2 × 10−16

− 7 × 10−20 to 6 × 10−16 − 9 × 10−20 m2). Note that the
bedding-parallel samples WMF500C and D were deformed in
direct shear at parallel and perpendicular directions to the
shear plane, respectively. After deformation, WMF500C
showed an overall slight increase in permeability, whereas
WMF500D only showed a permeability increase at low Pe (3−
15 MPa) and a similar permeability at high Pe (28 MPa;
Supporting Information, S2.1) compared to the initial, intact
permeability at the same Pe. Note that for the split (tensile
fractured) sample WMF500E ( ), permeability after fracturing
was very similar overall and even marginally lower than for the
intact material under all Pe-conditions (Table S1).

3.3. CT-Imaging of the Fracture Network. On the
sample scale, visual inspection and CT imaging of the cores
confirmed that deformation of samples WMF500A−D led to
the development of shear fractures in all four cores. However,
it appeared that on the core scale, not all large fractures were
through-going from top to bottom, as observed for samples
WMF500A, D. Typically, fractures emerge from the sample-
piston contact, cross-cutting, and/or following the bedding
orientation. All created shear fractures tend to rotate from the
sample-piston contact toward the circumference of the core
(Figure 3). The angle at which the bedding is cross-cut by the
formed fractures changes with distance from the sample-piston
contact. Furthermore, for cores WMF500D ( ) and
WMF500E ( ), CT images were taken before and after
fracturing (Figure 3d−h). For the samples deformed in direct
shear (WMF500A−D), the fracture networks consist of an
anastomosing fracture system containing several fracture
branches (see Figure 3), while in addition, interactions
between pre-existing drying fractures and newly induced
fractures can be observed in samples WMF500D-E comparing
the before and after CT images (see Figure 3). In line with the
visual inspection, samples WMF500B ( ) and WMF500C
( ) showed the clear development of a fracture network
throughout the entire core. In samples WMF500A ( ) and
WMF500D ( ) also, new fractures formed, but these did not

Figure 2. Permeability data vs. effective confining pressure for samples A to E. (a) Intact samples. (b) Fractured samples.
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extend throughout the entire sample, connecting top and
bottom. It should be noted that for sample WMF500A, an
increase in permeability was observed post-fracturing, despite
the shear fractures not connecting both sample ends. For all
CT images, it should be taken into account that given their
20−25 μm resolution, it is likely that smaller cracks,
contributing to the percolating network, are not visualized.
3.4. Detailed SEM Imaging of the Damage Zone.

Typically, a fracture damage zone is defined as a zone
surrounding the main fracture(s), exhibiting grain size
reduction, visible grain breakage, changes in clay mineral
orientation, and/or an increase in crack density.50,51 In general,

in the mechanically damaged Whitby Mudstone samples,
observed fault zones within the samples are composed of
multiple gouge-filled fractures up to tens of micrometers wide
forming anastomosing patterns, where the transition from the
damage zone to undisturbed host rock is mostly abrupt (Figure
4; Supporting Information, S3) except for layers with more silt-
sized grains where a damage zone is present [e.g., Figure
4(a2)]. The main fractures are flanked by subsidiary, branching
fractures, separated by slivers of relatively intact material
[Figure 4(a3)]. In highly clay-rich zones, the fractures are
narrow [up to 20 μm; Figure 4(a1,b4); Supporting
Information, S3] to barely visible (Figure 4(a1,c7); Supporting
Information, S3) with fracture widths up to several micro-
meters. Fractures localize in the fine-grained clay and organic
matter-rich layers and mainly form around more competent
grains, such as quartz and pyrite. When more competent larger
minerals are present (e.g., quartz or carbonate) in the silt-sized
layers, more damage is seen in the zones between different
fractures, with obvious grain fracturing in larger grains [Figure
4(a2); Supporting Information, S3].
WMF500A ( ) shows an anastomosing fracture network

that changes orientation and a damage zone width depending
on the mineralogy of the layer (i.e., dark, organic matter/clay-
rich vs. light, quartz- or carbonate-rich), with a higher angle of
the fracture, with respect to the bedding, observed when
fractures are entering a more competent (light) layer
(Supporting Information, S3). Figure 4(a1) shows a narrow
damage zone at the centre of the image (approx. 5 μm wide)
where a coarse- and fine-grained layer meet, whereas the
damage zone broadens when two fine-grained or two coarse-
grained layers meet. Figure 4(a2) displays a broader damage
zone (>100 μm wide) in a coarse-grained layer where the
fracture core exists of fault gouge and broken up grains. Figure
4(a3) shows a broader (>50 μm wide) damage zone in a fine-
grained layer, where branching fractures are present.
WMF500B ( ) displays a fracture network of narrow
fractures filled with fault gouge (Supporting Information,
S3), where the mechanically induced fracture is a single
fracture that interacts with bedding parallel fractures to form a
fracture network connecting top and bottom of the sample.
Figure 4(b4−b6) shows the fracture filled with gouge (20−100
μm wide), where the border between the undamaged
microstructure and the fracture is very abrupt showing a
fault gouge-filled fracture. The damage zone in WMF500C ( )
is broader than that in cores WMF500A ( ) and B ( ),
existing of lots of fractures mostly running semiparallel along
the bedding (Supporting Information, S3; Figure 4c).
Shear displacement (up to tens of micrometers) along the

main fractures is evidenced in samples WMF500A, B, and C by
bending and breaking of phyllosilicates (Figure 5a,c−g), offsets
seen in organic material particles (Figure 5b), breaking of
mineral grains (Figure 5e), shearing of pyrite framboids
(Figure 5f,h), and shear opening of fractures (Figures 4(b4−
b6); 5b,f,h).
Overall, our experiments show most deformation (intro-

duced fractures and surrounded damage zones) in the portion
of the core driven by the stainless-steel semicylinder loading
block (Figures 3, 4). The direct shear deformation experi-
ments, coupled with CT imaging, show that the orientation of
the bedding planes had a marked influence on fracture
orientation, distribution, and extent. The shear fractured cores
WMF500A−D showed 0.5−1.5 mm of displacement, and
intended displacement along the fracture for core WMF500E

Figure 3. Volume rendering of the CT data for samples WMF500A to
E, before (BF) and after shear (ASF) and manual (AF) fracturing.
Note that the red dotted lines indicate roughly the orientation of the
expected shear fracture, while the blue lines indicate the actual
fractures observed in the samples before and after fracturing. (a−c)
Cores WMF500A-C after fracturing. (d) CoreWMF500D, showing
pre-existing fractures present in the sample before deformation. (e,f)
Core WMF500D after fracturing, where (e,f) are views of the core
with a 90° angle in between. (g) Core WMF500E before splitting of
the sample, displaying pre-existing fractures. (h) Core WMF500E
after splitting of the sample.

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c00557
Environ. Sci. Technol. 2020, 54, 9564−9572

9567

http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c00557/suppl_file/es0c00557_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c00557/suppl_file/es0c00557_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c00557/suppl_file/es0c00557_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c00557/suppl_file/es0c00557_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c00557/suppl_file/es0c00557_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c00557/suppl_file/es0c00557_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c00557/suppl_file/es0c00557_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c00557/suppl_file/es0c00557_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c00557/suppl_file/es0c00557_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c00557/suppl_file/es0c00557_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00557?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00557?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00557?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00557?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c00557?ref=pdf


was zero mm for this split cylinder crack. From the SEM
images, the maximum displacement observed was about 60
μm.

4. DISCUSSION AND IMPLICATIONS

As shown by other studies as well,12,47,51 fracture networks
extending from one sample end to the other are more easily
achieved in samples with the bedding parallel to the loading
axis (conform sample WMF500C), with the bedding acting as
a point of weakness52 (Figures 3 and 4; Supporting
Information S3). This is also seen in sample WMF500B,
which shows a connected fracture network because of a
fracture that formed partly along the bedding. As is typically
observed for intact33,53,54 and fractured12,46 shales, perme-
ability decreases with increasing effective confining pressures
and permeability measured perpendicular to the bedding is
lower than the permeability measured parallel to the bedding.
For intact shale, this suggests that a better-connected pore/
fracture pathway is present parallel to the bedding prior to
deformation. Furthermore, as shown in our study, after
fracturing of bedding-parallel material and after fracturing at
an angle to the bedding, permeability measured at an angle to
the bedding approaches the permeability measured parallel to
the bedding. The largest permeability increase at high Pe was
observed for sample WMF500B, which is assumed to be due to
the formation of a fully connected fracture network throughout
the whole of the core. This is in contrast to samples
WMF500C and E (both bedding-parallel), which also showed
fractures running from the top to the bottom of the cores but
show hardly any change in permeability before and after
fracturing at high Pe. This suggests that pre-existing bedding-
parallel permeability in intact shales does not get significantly
enhanced by the generation of bedding-parallel fractures, likely

as connectivity between higher permeability parts does not get
enhanced much by fracturing. These results indicate that
permeability along the bedding is in value very similar to the
fracture permeability when the fractures are formed parallel to
the bedding. This is in contrast to the effect fractures can be
having when induced in bedding-oblique or -perpendicular
cored material, as in those instances, induced fractures
increased the permeability of the core at low and high Pe. By
contrast, the core WMF500E ( , split) barely showed a
permeability change before and after deformation, and
permeability actually dropped slightly at all effective confine-
ments, suggesting that we rather made the fracture surface
smoother and/or the fracture aperture smaller by core-splitting
and then mating of the cylinder halves.
Creep tests on quartz- and carbonate-rich shales (Haynes-

ville, Barnett and Eagleford shale) demonstrated that more
creep is obtained during compression of samples perpendicular
to bedding, compared to parallel to the bedding.54

Furthermore, these creep tests demonstrated that more clay-
and organic matter-rich samples will display more creep.55,56

As for most materials, creep of shales is suggested to follow a
power-law function with time, although the amount of ductile
creep and brittle strength of the material roughly scales with
the elastic modulus of the rock. The clay- and organic matter-
rich Whitby Mudstone has a Young’s modulus of 8−20
MPa,57,58 which means that the Whitby Mudstone falls in the
highest creep compliance segment (>3 × 10−5 MPa−1),59

compared to the more brittle Barnett, Haynesville, and Eagle
Ford shales. The hysteretic behavior of our fractured shale
samples could therefore be explained by permanent
compaction of the cores during the first cycle of confining
pressure increase.

Figure 4. CT images of the fractured WMF500 cores (a) A, (b) B, and (c) C, together with an image of the thin sections and detailed SEM images
of relevant sections of the fault zones. FG = fine-grained matrix; CG = coarse-grained matrix; F = fracture and damage zone; yellow line [a(A1)]
indicating the border between two distinctly different bedding layers; red lines indicating a fracture; and damaged zones are indicated with a red
see-through color. For more microstructural images of samples WMF500A, B, and C, please see the Supporting Information S3 Figures S5−S7.
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Whitby Mudstone is, because of its organic matter content
(0−20%),34 an unconventional source for hydrocarbon
recovery. Mineralogically and microstructurally, the Whitby
Mudstone is very similar to the Opalinus clay19,33,34 that is a
possible host rock for the storage of radioactive waste and
CO2,

1 where the main difference between the two mudstones
is the organic matter content. The type of fractures generated
in our study are opening and shear fractures with very small
displacements. They could represent fractures that form in an
excavation damage zone surrounding a cavity used for
radioactive waste storage. Although the fracture density and
permeability close to the excavation is typically higher than
what we measured in our experiments,60 our experiments
would represent the zone about 1 m away from the excavation.
The results shown here imply that when dealing with a rock
with >60% clay matrix, permeability of the excavation damaged
zone about 1 m distance into the wall,1,60 when the effective
hydrostatic stress is >10 MPa (burial depth over 500 m deep),
is very similar to the permeability of undamaged rock; hence,
the deeper the radioactive waste repository, or the CO2
sequestration site is buried, the less influence fractures have
on the permeability increase of the host shale rock.

In the context of unconventional gas production, the
fractures studied here could represent smaller fractures
associated with hydraulic fracturing. Likewise, our results
suggest that induced fracturing of an unconventional reservoir
with the >60% clay matrix does not significantly increase rock
permeability at Pe > 10 MPa. At least, the small fractures
generated will not significantly help to increase the
permeability of the rock when the reservoir is buried deeper
than about 500 m (burial depth of the Posidonia Shale in the
Dutch subsurface is 1−3 km34), if they remain unpropped
during the fracturing processes. In addition, Pe will increase
over time in an unconventional reservoir because of the fact
that upon extraction of the fluid from the pores/fractures, pore
fluid pressure will drop, meaning that permeability will
decrease over time during production with increasing Pe. It
should be noted that the reduction in pore pressure may lead
to desorption of water and gas from some of the clays, which
could lead to shrinkage and the enhancement of perme-
ability.42

The extraction of fluids (in the case of unconventionals) or
the injection of fluids (CO2 storage) affects the permeability of
the rock in general due to sorption-related processes impacting
the matrix,42,61 regardless of fractures being present or not.
Extraction of fluid from the matrix affects the permeability of
the rock by a change in the pressure gradient between the pore
pressure and the overburden pressure and the swelling or
shrinkage of the matrix.42 On the other hand, the presence of
water, whether in the liquid or vapor form, causes swelling of
the matrix of Whitby Mudstone on the order of 0.6−2.2%.42
Furthermore, studies61 on Opalinus clay have shown that
introducing CO2 can cause swelling of shales, even at low
swelling clay content (∼5% for Opalinus clay), impacting
fracture permeability, especially when the initial water activity
of the clay is lower than the water activity of the injected CO2.
In addition, introduction of CO2 can cause chemical changes
to the rock such as wettability alteration.56 This interplay
between hydraulic behavior, chemical interactions, and
mechanical response to stress and swelling makes the
production or leakage potential of fractured shales difficult to
predict, especially since water saturation levels affect the
Whitby Mudstone strength. The more water-saturated the
Whitby Mudstone, the weaker it becomes, when strength of
the rock is measured perpendicular to the bedding.62 The work
presented here shows that when no fluid rock interaction is
assumed, the permeability of a dry shale with >60% clay matrix
does not change significantly when the burial depth is >500 m.
The fact that Whitby Mudstone weakens when water-saturated
implies that we expect the permeability to change less under in
situ conditions, since the rock will be saturated with fluids in
the reservoir/repository.
Since in our experiments a substantial damage zone appears

to be largely absent, that is, no identifiable fractures are visible
outside the main fracture(s), it is possible to make a rough
estimate of the permeability of the main fracture, assuming that
the matrix permeability has not changed significantly. For this
rough estimate, we assume that the main fracture can be simply
represented by a parallel plate with a single aperture, allowing
for laminar flow.63−67 Note that the flow rate measured
through a fractured core is a combination of the flow rate in
the fracture and the flow rate in the matrix. For a simple
fracture geometry, such as that displayed in sample WMF500A,
this would mean that flow in the fractured portions of the
sample is controlled by the fractures, while for the shortest

Figure 5. High-resolution SEM images of the fault zones in cores A,
B, and C, where the scale bar = 5 μm. (a) Shearing of phyllosilicate
minerals into the damage zone; (b) breaking and offsetting of an
organic material particle; (c) breaking of a phyllosilicate, part of the
phyllosilicate is present in the damage zone, whereas the other part is
present in the undamaged microstructure adjacent to the damage
zone; (d) bending of a phyllosilicate into the damage zone; (e)
bending and kinking of a phyllosilicate into the damage zone and
breakage of some minerals; (f) bending and kinking into the damage
zone of a phyllosilicate and an FeO mineral; (g) breakage and
displacement of a phyllosilicate; and (h) shearing of pyrite framboids.
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distance between the two fractures, the flow rate will be
controlled by the undeformed matrix. Assuming that the

fracture permeability (kf) can be approximated by k w
f 12

2

= ,

through the hydraulic fracture aperture (w),65 then it is
possible to make a rough prediction of the fracture
permeability and fracture width. Accounting for the fracture
angle, and hence the geometry of the shortest flow path
between the top and the bottom of the sample, this means that
under the highest confinement used in the experiments
presented here (28 MPa), the fracture permeability is on the
order of 10−15 m2, with a hydraulic fracture aperture of several
100 nm. It should be taken into account that, given the
assumptions on fracture geometry and flow paths, the
predicted fracture apertures and fracture permeability are
only rough estimates and should be rather viewed as order of
magnitude estimates. Therefore, although fracture permeability
is relatively high (6 orders of magnitude higher when
compared to the undeformed matrix), the limited amount of
fractured rock and the narrow fracture widths limit the
permeability increase at the centimeter scale to 3 orders of
magnitude. Logically, the deeper the rock is buried, the more
fracturing-induced permeability changes depend on the extend,
connectivity, and width of the fractures present in the
produced fracture network, with shearing47 potentially aiding
in permeability enhancement.
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