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Abstract

The microstructure of a highly laminated Lower Band Shale sample is characterized at
the micron- to millimeter scale, to investigate hseuch characterization can be utilized for
microstructure-based modelling of the shale’s gedraeical behavior. A mosaic of scanning
electron microscope (SEM) back-scattered electBBE( images was studied. Mineral and
organic content and their anisotropy vary betweamirhae, with a high variability in
fracturing and multi-micrometer aggregates of fplts, carbonates, quartz and organics. The
different microstructural interface types and hegeneities were located and quantified,
demonstrating the microstructural complexity of 8ewland Shale, and defining possible
pathways for fracture propagation. A combinationcotinting-box, dispersion, covariance
and 2D mapping approaches were used to determanéhth total surface of each lamina is 3
to 11 times larger than the scale of heterogemsergtative to mineral proportion and size.
The dispersion approach seems to be the prefdreaeithnique for determining the
representative elementary area (REA) of phase fesietdon for these highly heterogeneous
large samples, supported by 2D quantitative mappfripe same parameter. Representative
microstructural models were developed using Vordassgellation using these characteristic
scales. These models encapsulate the microstruéatares required to simulate fluid flow

through these porous Bowland Shales at the mesoscal
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Highlights

The microstructure of the Lower Bowland Shale waslied quantitatively.

The presence of multi-scale microstructural inteefasupports hydraulic fracturing
potential in the Bowland Shale.

The dispersion approach is the most suitable mettiodlefine representative
elementary areas.

2D mapping of phase area fraction supports theedsggn approach.

A representative model of the geometry of the nsittature based on Voronoi

tessellation was generated.
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1. Introduction

Significant shale gas and oil resources are baliggeexist in Western Europe (EIA, 2013)
and in particular in the UK (EIA, 2015a), such asdarboniferous and Jurassic-Age shale
formations. One example is the Bowland Basin, m west portion of the Pennine Basin,
close to Blackpool, Lancashire, Northern EnglandA(E2015). The Bowland Shale is
generally divided into two units: the Upper BowlaBthale composed of thick layers of
marine-deposited organic matter-rich mudstone, sththe Lower Bowland Shale is
composed of thinner alternating layers of organatter-poor and organic-matter rich

mudstone (Andrews, 2013).

The Upper Bowland Shale demonstrates similaritesNorth American shale gas plays,
whereas relatively few regions in the Lower parivehabeen identified as potentially

productive. The Lower Bowland Shale is still laggehdrilled and its geographical extent is
currently uncertain (Andrews, 2013). Despite tlaskl of data, the potential of the Lower
Bowland Shale is considered to be important, alvét a higher uncertainty than the Upper
Bowland Shale (Andrews, 2013). Shale gas potedgglends on the oil and gas retention
capacity of the system, which is directly relatedtlie microstructure: the nature and the
specific adsorption of organic and inorganic phatiesr structural relationships, and those
of the pore and fracture networks. Moreover, gignty the relationships between porosity,
permeability, pore size distribution and brittlemés combination with the mineralogy and

rock fabric is essential for the estimation of shajas potential (Josh et al., 2012).
Microstructural heterogeneities such as variatimingrain size, shape, mineralogy, elasticity,
anisotropy and stiffness, together with preexistidgfects can create local stress
concentrations. Such stress concentrations infeiéme initiation and behavior of fractures in

shales, such as hydraulic fractures (Keneti and g\@B10), mechanical fractures (Van de
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Steen et al.,, 2003) and desiccation fractures (hlextaal., 2012; Fauchille et al., 2016;
Figueroa Pilz et al., 2017) in response to thelletrass field. In a general sense, Sone and
Zoback (2013) and Amann et al., (2014) have showw $ignificantly the microstructure can
impact upon the mechanical properties of shale.aAdirect result, the microstructure
therefore influences the gas retention processn@dret al., 2010). Despite the strong
interest in the Lower Bowland Shale in the UK, ip®trophysical properties and
heterogeneities are still poorly understood, batexpected strongly to influence yield during

any gas production.

Due to the sub-micrometer scale of shale componsaénning electron microscopy (SEM)
and transmission electron microscopy (TEM) are roftased to characterize the
microstructural features of shales (Ma et al., 20Hbuben et al., (2014, 2016) and Klaver et
al., (2015) constructed mosaics of high resoluts®M images to quantify the morphology
and size distribution of pores, clay and organicttenaparticles in the Opalinus Clay
(Switzerland) and Posidonia Shale (Germany), amdntiicrostructure of European Early
Jurassic Shales. However, in light of the well-knoleterogeneity of such rocks and the
dependence of large-scale features (clay mineoatmnics) on the structure of fine-scale
features (clusters of inorganic grains, clay phasetures), the size of the field of view is
often limited by the compromise between sample sind spatial resolution. Fracture
initiation may depend on heterogeneities down rthnometer scale if differential stresses
are high enough, but fracture propagation is agédty multi-scale heterogeneities (Griffith,
1924; Jaeger and Cook, 1976). Consequently, thexctesization of “low-scale” (meso- and

macro-scales) heterogeneities should be considerfeacture propagation studies.

Mechanical behavior of shale at the macroscalegrangly dependent on the behavior at
smaller scales, for example due to the primarycstre and arrangement of particles

(anisotropy), and also to the variability of smsdiale components such as organic matter,
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rigid inclusions and clay minerals (Sayers, 199&ng, 2012; Wang et al. 2015, Bonnelye et
al., 2017 a, b). As a consequence, understandmgnibroscale structure may aid detailed
comprehension of the macroscale behavior and hemi&econstitutive relations. To predict

strain location and fracturing behavior at the roacale, simple models of grain-based
microstructure taking into account microstructupgrameters such as grain size, shape,
proportion, elongation ratio and orientation radi@ required (van den Eijnden et al., 2015,

2016, 2017).

This study we investigates the variability of m&troictural parameters (phase area fraction,
grain size, shape, elongation and orientation) ftbenmm to pum scales in a sample of the
Lower Bowland Shale, with a millimeter mosaic of MMEmages at sub-micrometer

resolution where two laminae were identified. Tloalg of the study are:

) to quantitatively characterize the spatial varigbbf mineral phases of the Lower
Bowland shale;

i) to describe the heterogeneity of the microstructisieg several methods allowing
guantifications of representative elementary areas;

i) to establish a simple representative model of thmwvdr Bowland shale
microstructure based on the approach of van demdé&mn et al. (2015-2017),

which takes into account (i) and (ii).

2. Geological Setting and Sampling

The Carboniferous Bowland Shale occurs across é@mec and north of England. Its
occurrence extends from Merseyside to Humbersidé Boughborough to Pickering

(Andrews, 2013). It is divided into an upper unithwthick and continuous (a few hundreds
of meter thick) shale formations, and a lower waittaining shale interbedded with clastic

and carbonate deposits, explained by the influeiggacio-eustatic sea levels changes and
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tectonic events (Gawthorpe, 1987; Andrews, 2018y. this study, one sample of Lower
Bowland Shale was collected from the Preese HalwEhole at a depth of 2495.27 meters,
supplied by the British Geological Survey (BGS)Nottingham (UK). The Preese Hall-1
borehole was drilled in 2010 on the Fylde coasN®f Lancashire at 5349’ 19.006"N; 2
56'56.576” near to Blackpool, north-west Englanded3e Hall-1 was the first dedicated
unconventional shale gas borehole drilled in thedwid Europe (de Pater and Baisch, 2011).
The sample chosen for this study corresponds tplgaB8 in Fauchille et al. (2017). The
sample has a laminated microtexture and the meganmr content (TOC) is 1.1 wt %,
measured with a Leco carbon analyzer using 100 owgder samples, at the University of
Newcastle (UK). Centimeter—size samples were usedrmiaking the powder samples, to
ensure several laminae are included in the powslerording to bulk XRD measurements
(the accuracy of quantification of XRD results @mrhs of modal proportions is around 1%),
the sample is composed of 51.7 wt% quartz, 18.4 kadtinite, 11.1 wt% ankerite, 8.6 wt%
albite, 5.1 wt% muscovite, 3.5 wt% calcite and W86 pyrite. The intact sample was
vacuum impregnated with low-viscosity epoxy resfraldite 2020) at room temperature
(20°C) and mechanically polished as a thin sectwith carbide and diamond products for

scanning electron microscopy.

3. Methods Employed

3.1. Scanning electron microscope (SEM) mosaic imagcquisition

A mosaic of 411 back-scattered electron (BSE) images each o® X®60 pixels was
acquired from the carbon-coated polished specinem r@solution of 0.4 pm.pixél(Jeol
JSM-6610LV) with 23% overlap (Klaver et al., 20Mrges and Morales, 2014; Fauchille,
2015). The mosaic is 4204 8128 pixels (8bit) covering 1.68 3.25 mm. The working

distance (WD) was 10 mm and the beam acceleratiigge was 20 kV. A magnification of
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250X proved to be a good compromise between spadblution, field of view and
acquisition time, and minimized drift of the incideelectron beam and scanning lens.
Contrast and brightness were adjusted to havertfaiz matter particles in black (0) and the
heavy minerals in white (255). The parameters vegrimized to obtain a histogram with
distinct peaks to facilitate mineral segmentati®né{ et al., 2010a; Robinet et al., 2012,

Fauchille, 2015).
3.2. Correction and segmentation of images

All images were drift-corrected to produce a honmmagris histogram across all images of the
mosaic. A linear gray level drift was observedhe x direction (horizontal) on each image,
due to slight shadowing of the incident beam catsetthe low-vacuum aperture of the pole-
piece. Images were corrected in vertical sectidn800x 960 pixels to balance the gray
levels, producing consistent histograms with weparated peaks (see Fig. 1). No significant

shift was detected in thedirection (vertical).

0.08 :
---B8 1-1 no correction

—BS8 1-1 correction

e
=
>N

e
o
=

Normalized Frequency [-]
S

S

Grey levels [-]

Fig. 1. Gray level histogram of the first image ofmosaic B8 1-1 (this image corresponds

to the first column and first line of the mosaic) lefore and after drift correction.

The mineral phases were segmented on the BSE im&sgye$ a combination of filters and

gray level thresholding using in-house codes wrifir Visual Studio, Matlab and ImageJ
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(Peters, 2009; Prét et al., 2010a,b; Robinet gf@12; Khan et al., 2014). The organic matter
and fractures (om+fractures), feldspars (feldskedte, calcite (carb) and heavy minerals (h-
min) were only segmented by gray levels with Imadéwe gray levels used for thresholding
were: 0 to 64 for organic matter and fracturest®6%33 for clays and quartz cement, 134 to
147 for quartz inclusions, 148 to 163 for micasf 1% 192 for feldspars and ankerite, 193 to
218 for calcite and 219 to 255 for heavy miner&lge to their similar silica contents, the
segmentation of quartz and micas was performedyubim gray level histogram and a local
variance filter (Prét et al., 2010a, Robinet et 2012). In ImageJ software, the value of the
variance was chosen at 10 to detect the homogeareas of quartz, according to the BSE
images. Owing to the small size of kaolinite paescand their silica content being close to
the background, clays were removed in the sameephashe quartz cement to form the
“binder” of the sample. To improve the segmentataindividual grains, the 1-pixel
boundaries of quartz and feldspars grains, wereech@® the background. This implies that
the segmentation of grains may be underestimatdédbbtier separated for calculating
morphological parameters. The segmentation, shawrFig. 2 takes into account the
separation between the large grains of quartz &edcement, but cannot differentiate
between organic matter particles and fracturedh lobtwhich present the same gray scale
value (black) on BSE images. The fractures segrmdemtethe mosaic are filled by organic
matter or empty. Fractures can be generated by fhaceoverpressuring through organic
decomposition and petroleum generation, by the haiigration of organic matter. Open
cracks can be produced as a result of sample depizstion during recovery and during the
sample preparation (Fauchille et al., 2017). Thera fracture filled by ankerite (top right

part in Figure 2), which was therefore segmenteah&grite minerals (carbonates).

DRAFT Feb 2018 - 9



139

140

141

142

143

144

145

146

147

r B
zZ
Gradual 0.5
organic-poor
lamina (1)
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Organic-rich
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Fig. 2. (a) Mineral phase segmentation on the wholmosaic of SEM-BSE images of the
Bowland Shale sample. (b) Magnified view of a regio of (a). (c) Original

(unsegmented) back-scattered electron image correspding to (b).

3.4. Image analysis

Microstructural parameters

The anisotropy of the microstructure was studieithgushe 2D microstructural parameters
used on shale (Robinet et al., 2012; Fauchilld.eP@14, 2016). These are the area fraction

(ratio between the number of pixels of a grain tymel the total number of pixels in the
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calculation window), the grain size (humber of éx@ one grain), the elongation ratio and
the orientation, calculated with the ellipsoid pfugn ImageJ software. The ellipsoid axial
ratio and orientation of each grain with respectthe reference horizontal axis was

calculated, but only for grains larger than 10 [sxan order to avoid any resolution artefacts.
Determination of correlation lengths of the microstucture

The estimation of a representative elementary @R2A) (also called homogenization
surface) of a material for a specific property,lscand resolution (Bear, 1972; Bear and
Bachmat, 1984; Grolier et al., 1991; Al-Raoushlgt2®10), can be problematic in shales due
to their well-known multi-scale and multi-modal &eigeneities. However, the
characterization of heterogeneities and the ideatibn of REAs are crucial for upscaling
and modelling studies. In theory, a surface isas@ntative of a parameter at a specified scale
when this parameter becomes independent of the cfizihe field of view, including
statistically all types of structural heterogerest{Bear, 1972; Kanit et al., 2003; Al-Raoush
et al., 2010). In this paper, three methods weeel @asid compared to estimate representative
elementary surfaces of the microstructure andeatity its heterogeneities: (i) the counting-
box method, (ii) the dispersion approach, and (¢ covariance. All calculations were
performed with in-house codes in Visual-Studio (@&)d Matlab. Other methods and
parameters were used to extract correlation lenfjfire an image, such as the entropy
method (Boger et al., 1992) and the percolatiorhot{Cosenza et al., 2015), but they are

not taken into account in this paper.
Counting box method

A simple way to approximate the REA is the “cougtlbox method”, that considers a
succession of increasing-size domains until thearmpater measured is constant

(VandenByggaart and Protz, 1999; Kameda et al.6;280uben et al., 2014), plus or minus a
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defined confidence limit which was chosen to be 1@%ur case, consistent with previous
studies on geological materials (VandenByggaart Riodz, 1999; Houben et al., 2014; Vik
et al., 2014). In this study, each lamina was aefiaver an area of 44043302 pixels (1.76
x 1.32 mm), and the domains betweenxl@0 pixels (4x 4 pum) to 3302x 3302 pixels
(2.32x 1.32 mm) were used for this method. The first donvgas chosen in the center of

each lamina, in order to have the maximum numbeossible domains.
Dispersion approach

The dispersion approach was introduced by Kanél.et(2003). Applied to a 2D image, it
involves dividing the image into equal subsamples,which a chosen parameter is
calculated. The goal of this approach is to deteenthe number of subsamples needed limit

to an acceptable level the relative error of tleisameter for the set of subsamples.

The mosaic of BSE images was divided into indepehgguare domaind from 10x 10 to
1876 1876 pixels (4x 4 and 750 750 unf, respectively) (Kanit et al., 2003; Keller et al.,
2013). Kanit et al., (2003) used this approachiwdd random and Voronoi mosaics into a
finite number of cells. In this paper, the domalbsare the finite square cells of the
experimental mosaic. This mosaic cannot be extetiteedfore the number of D decreases as
their size increases. Each domain is thus a subeaofighe mosaic and contains a finite
number of grains. The pixels of the domains arepethdent from one domain to another, but
it is possible that long or large grains (such asas) Fig. 2b) can be included in multiple
neighboring domains. The standard deviatmonpf the phase area fractidy (x, z) on each
lamina as a function of domain siZ2 was used to quantify the heterogeneity of the

microstructure (Equations 1 and 2) with a statdtapproach.
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G(n,m) (1)

194 P, (x,z)is the area fraction of a defined phase (exampleartbonates, quartz,

195 cement/clays...) in a domail), centered atx(z). P(x, z) varies between 0 and D. is the
196 size of the domain in pixels (and is always an ndohber).G is a binary function (0 or 1§
197 =1 when the pixeln; m) corresponds to the chosen phase, and 0 wherixblecprresponds
198 to a different phase. For example, when the aizifm of calcite is calculatedy,, ) =1 if

199 the pixel 6, m) corresponds to calcite, and O if the mineralasaalcite.

200 To have a whole view of the dispersion of areativacvalues,P, (x,z) was mapped in 2D

201 increments by 1 pixel in theandz directions over the mosaic. The standard deviatjoof

202 Pp(x,z) was then calculated as a function of domain dEzpiétion 2):

Op =

N(Pp(x,2) = Pp)? 2
Np
203 E is the mean value of the phase area fractionlidahainsD and N, is the number of

204 domains D.

205 This dispersion approach allows us: (i) to identlfg¢ minimum size of a representative area
206 of area fraction withop, < 0.1; (ii) to map in 2D the area fraction to presentieect
207 visualization of microstructural variability andsiimulti-scale heterogeneities; and (iii) to
208 investigate the evolution of the variange® as a function ob in order to estimate the effect

209 of the randomness of the microstructure on the hubsaic. The characterization of
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heterogeneities and REAs will be used for micrattmal modelling afterwards. Other
parameters of grains, such as the size, the rapetse ellipse axial ratio or its long axis
orientation can be investigated to map the spatahbility of microstructure, but the area
fraction was chosen here as a good indicator ofrtleeostructure, and it is commonly used
in 2D and 3D texture analysis (VandenByggart et1&199; Madi et al., 2005; Houben et al.,

2014; Fauchille, 2015; Klaver et al., 2015).
Covariance

The covariance approach is commonly used to deterchiaracteristic scales and to quantify
the anisotropy of 2D microstructure (Berryman andi3 1986; Stoyan et al., 1995; Jeulin,
2001; Kanit et al., 2003; Degallaix and llschned0?2; Rolland du Roscoat et al., 2007;
Rudge et al., 2008; Gaboreau et al., 2016). Theeipde of covariance is the measurement of
how well one image matches a spatially shifted cagy itself. The covariogram
C(X,h) measures the intersection of a 2D imageand the translated image &f by a

distanceh (Kanit et al., 2003) (Equation 3):

COXR) = f cG)c(x + h) dx 3
wherec(x) is the phase detection function, defined by :

lifxeX
0 else

c(x) = {

The dispersion of the state of two poimisandx, between the imag¥ and the imageX
translated byh can therefore be quantified (Kanit et al., 200Bhr a non-periodic
microstructure, correlations between points deereasth increasingh. When h is
sufficiently large, there is no correlation anymdretween the points of the two images.

Consequently,C(X,h) describes an asymptotic behaviour limited at theamn phase
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proportion,P?, of the whole image. When the asymptote is nathed, the points included in
the image are partially correlated, and therefdre image size is not considered to be
representative of its content. The distahceorresponding to the scale beyond which the
asymptote matches will be therefore consideredchasdicator for defining an adequate scale
of microstructure. The covariograms of the partsesponding to each lamina (independent
areas of 4404 3302 pixels) were calculated. All phases werd @iosidered independently

in the calculation.

3.5. Numerical model for microstructure and mineralgeometry

A simple model for convex grains, based on Vorotiajrams (Sellers and Napier, 1997,
Fan et al., 2004; van den Eijnden et al., 2015728 used to reproduce the microstructure.
Previously this model has been used to generat@lesimnicrostructures in a periodic
representative elementary volume with straightfedaite element discretization (van den
Eijnden, 2015), and to model the microstructura @allovo-Oxfordian claystone (van den
Eijnden et al. 2017). Here, the model is used vestigate microstructures with geometrical
properties matching those of the different laminh¢he studied Bowland shale. The model
applies Voronoi tessellation on a set of randondyegated sites and uses the resulting
diagram as a geometrical model of the microstrectitreferred orientations and grain
elongation are introduced by stretching the dordaiing tessellation by an amouatwhich
thereby becomes a model parameter for the graipesbantribution to total anisotropy. The
model calibration is by a minimization of the rooean-square error between the model
distributions and experimental distributions ofatajrain elongatio. and orientatior8 (see
Fig. 6). As the model is based on Voronoi tesseHatthere is little flexibility in the grain
size distribution without a strong distortion ofetlyrain geometry distributions. For this
reason, no attempt was made to reproduce the giz@rdistributions, and the emphasis here

is on reproducing the correct distributions of €lpngation (also called length ratio), (2)

DRAFT Feb 2018 - 15



255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

grain orientation and (3) area fraction of all nmadegroups (including organic matter and
fractures). Calibration of the model has indicdteat grain circularity corrections, as part of
the model in van den Eijnden et al., (2017), arenmeeded to capture the grain geometry

distributions of the shale.

Distributions of grain orientation and elongatioor fthe different mineral types can be
reproduced reasonably well using simple Vorono$dkation while slight manipulation of
the sites and stretching of the domain is appliedngd the tessellation operation. Based on
the parameter distributions and area fractions haf different mineral types, mineral

properties can be assigned. Their parameter disivifis are then approached in the model.

The distributions of orientation and elongation aratched in an average distribution of all
phases combined (quartz, carbonates, feldsparsasmiseavy minerals, organics and
fractures). In the microstructure model, the phases scattered as a function of their
experimental area fraction. The cement and clay iest divided into random cells but
their boundaries were then merged to form a ungjese. van den Eijnden et al., (2017)

provide further details on the method of develogimgmicrostructure model.

According to the experimentally determined areatiom of mineral phases, the mineral
types were assigned following the conditional ptolitg P,,(m;|L, ) to meet specified
orientation and elongation properties, matchingdiséributions in Fig. 11m is the type of
mineral phasel the elongation ang the orientation, which is the direct applicatioh o
Bayes’ theorem to derive a conditional probabilityth an additional correction factor to
account for grain-size dependency of the modelr{@elo and Smith, 2001; Berger, 2013).

This probability is defined by Equation 4:
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ab (L, Bl f5 (my)
al(L,B) ‘ (4)

Py (my|L,B) =

with £ (m;) being the area fraction of mineral phasg(fwilowing Table 1),g5 (L, 8Im;) is
the bivariate distribution of and g in the data for phase typm and g (L, ) is the
bivariate distribution oL and 3 of all phases in the modad. is a ratio to correct for the
influence of the correlation between grain size grain geometry in the model on the final
area fractions of the minerals. The values;oéire defined theoretically as the ratio of the
resulting model area fraction over the expectea #m&ction of the assigned materials, and
requires the distribution of model grain size afuraction of L and 3. However, here the
ratiosc; have been determined based on the resulting exeiohs of the model and updated

iteratively to obtain the required area fractiovialues forc; range between 0.6 and 1.25.

4. Results

4.1. Vertical variability of phase content

Fig. 3 shows the vertical variation of all areactrans, for independent horizontal domains of
200 pmx 1.682 mm. A width of 200 um was chosen as a gawdpcomise to show
guantitatively the vertical variability of area &t@ons including different types of

microstructural heterogeneities.
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Fig. 3. Vertical variability of the area fraction of each mineral along the z axis of the

mosaic, based on horizontal domains of 5004204 pixels (200 pmx 1.682 mm).

Three different regions were identified:

(1) Organic-poor laminae (z = 0-0.80 mm andz = 2.8-3.25 mm). These laminae are
characterized by an area fraction of cement angsdiawer than 50 % with a near zero
content of organics and fractures. The detritakrigugrains represent 40 to 50 % of area, and
heavy minerals (mostly pyrite), micas and calcite an the order of a few percent. The

proportion of feldspars and ankerite is around 8410
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(2) Organic-rich lamina (z = 1.4-2.8 mm). This lamina is 1.4 mm thick, and cosgab of

60 to 70 % of area as cement and clays with a higrganic and fracture content between
1.7 to 7 %. The proportion of detrital quartz igvieen 10 and 30 %. The heavy mineral
content is also higher than in the organic-matteorplamina with variable proportions
between 2 and 5 %. Feldspars and ankerite arectesmon with area fractions between 2
and 6 %. Calcite and micas are still scarce, ahqeaks of micas and calcite were detected
due to very large micas at=1.2 mm and the presence of an horizontal calciie &tz =

2.7 mm.

Transition (1)-(2): This is the transition between organic-poor andaoigrich laminae
(z=0.80-1.4 mm). It is marked by a progressive inggegn cement and clay area content
from 40 to 62 %, and a decreasing proportion ofitdétquartz grains from 50 to 30 %.
Feldspars/ankerite variability is less marked dtwben 6 and 2 %. The proportion of heavy
minerals increases from 2 to 5 %. However, thesitenm between the organic-poor and the
organic-rich laminae arourd = 2.8 mm is very abrupt with sharp jumps in cemeaifs]
organic-matter/fractures, quartz and heavy minegpabportions. The proportion of
cement/clays falls from 70 to 38 % over 240 pumvleeinz =2.68 to 2.92 mm), while quartz

content dramatically increases from 9 to 49 % i@ @ (betweez=2.76 to 2.92 mm).

In order to ensure a sufficient dataset for siaish sections 4.3 to 4.5 below, the organic-
poor and one part of the transition £ 0-1.28 mm) zones were taken together to form a
gradual organic-poor lamina (1°), in order to comg#@s microstructure with the that of the

organic-rich lamina (2)z(=1.48-2.76 mm).

4.2. Spatial variability of phase content

2D maps ofP are shown as Fig. 4 for cement and clays, quigitdspars and carbonates, and

organics and fractures for=N200, 500, 1250 and 1876 pixels, i.e. for, 80, ZuW and 750
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325 um respectively (Fig. 4P = 1 means that the domald consists 100 % of the phase

326 considered whereas 0 (purple) means it is completedent.

D

750 pm

wur ST

Feldspars+
carbonates

327

328 Fig. 4. 2D maps of phase area fractions with varide domain sizes for: (a-d)

329 cement+clays, (e-h) quartz, (i-I) feldspars+carbortas, (m-p) Om+fractures. [Each of
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the three laminae [(1) organic-poor lamina, (1') gadual organic-poor lamina, (2)

organic-rich lamina] are labelled on (a).

The organic-rich lamina 2 is clay and cement-rieimd detrital quartz, feldspar and
carbonate-poor (Fig. 4 a-l). The organic-matter xadtures are heterogeneously distributed
due to the variable sizes of particles and frast(Féy. 4 m-p). The organics and fractures are
nearly absent in the organic-poor lamina (1) (Biga-p). The gradual organic-poor lamina 1’
is quartz, feldspar and carbonate-rich (Fig. 4. €Fhe heterogeneities relative B are
defined by local higher or lower phase area fractian the mean phase area fraction of each
map (local concentration of red or blue colors dgample). For all phases abdsizes, the
area fraction is spatially heterogeneousxithorizontal) andz (vertical) directions on the
whole mosaic, mainly due to the presence of a sealiany lamination (Fig. 2a), but also to a

heterogeneous distribution of mineral phases insai# lamina.

ForD =80 um, local high concentrations of quartz, feldspearbonates and organics (red
areas in Fig. 4 e,i,m, first column) defined thaigrshapes visible on the mosaic in Fig. 2.
The phase heterogeneities are thus relative tgrne-size scale fod =80 pum, due to the
small value ofD including a low number of grains. Therefore thisile shows interfaces
between relatively large grains and the phase dnegucement and clays. Fbr =200 um,
the organic-rich lamina contains circular clay areiment-rich areas and a discontinuous
vertical line with a lower concentration (Fig. 4mainly due to the presence of quartz (Fig.
4f). Scattered feldspar and carbonate-rich areas wetected in the gradual organic-poor
lamina with a concentration gap around 0.15-0.20 wespect to the background. However,
the organic-poor lamina contains a continuous Vit a higher concentration of feldspars
and carbonated?(> 0.15), mainly due to the presence of calcite mgirfblack arrow in Fig.
4j) . This scale highlights the areas rich in |lapgeticles of organics and large fractures in the

organic-rich lamina (Fig. 4n). The maps show thieserfaces between clusters and grain-
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poor areas with the background at the scal® ef 200 um. FoD =500 pum, cement and
clay proportion heterogeneities are averaged, iadubeir surface fractions in both laminae
(Fig. 4c), whereas larger clusters of feldsparghaaates, and quartz are highlighted (Fig. 4
g, K). A continuous vertical line of quartP & 0.25) is present in the organic-rich lamina
(black arrow in Fig. 49). The organics and fractuaee divided in two separate clusters with
P > 0.06 in the organic-rich lamina (Fig. 40). Hor=500 pm, the domain® contain thus
more grains and average the phase area fractionttaid heterogeneities relative to
individual and clusters of grains at larger scaéles1D < 500 um. FoiD =750 um, phase
area fraction maps show the progressive and almapgitions between the different laminae
(Fig. 4 d, h, I, p, last column). They highlightetimterfaces between sedimentary laminae,
and the maps fdd =500 show heterogeneities for extended clustergl@beginning of the

detection of laminae at an intermediate scale bat\We=200 and 750 pum.

The multi-scale mapping of phase area fractionswshdhree different types of
microstructural heterogeneities relative to thrééeient scales: (i) the interfaces between
rigid inclusions (quartz, feldspars, carbonateganics) and the phase cement/clays, (ii) the
interfaces between clusters of rigid inclusions #émel background and (iii) the interfaces
between laminae. These maps highlight the highiracdtle variability of microstructure,

based on the area fraction parameter.
4.3. Variability of microstructural parameters

The grain size, grain number per size, length ratid orientation of grains were calculated
for each of laminae 1’ and 2 (labelled on Fig. #handependent areas of 42843200 pixels

(1.682x 1.280 mmn) (Fig. 5).

Variability of grain size
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The grain size distribution (GSD) is an importardrgmeter to help understand the
sedimentation conditions. As expected in shale,gtian size distributions (Fig. 5 a, b, ¢),
follow a power-law for both laminae for quartz,depars, carbonates, organic matter and
fractures, micas and heavy minerals (not showngirTtiactal dimensions on the studied
areas are shown. In both laminae 1’ and 2, the @SIeldspars, carbonates and quartz are
similar for grain surfaces below 200 pixels (Fig,5c) and differ significantly above 200 and
300 pixels respectively, especially for feldspangl @arbonates (Fig. 5a). This difference is
interpreted as a result of a large proportion ofjdagrains (surface above 200 pixels) of
feldspars and carbonates in the organic-poor laifitita 5b) alongside the presence of grain
clusters (aggregates of grains, red grains in Zay. The GSD for feldspars and carbonates
describes a dual power law, thus large grains arsders contribute heavily to the total phase
proportion of the gradual organic-poor lamina. Qu&SD differ for grains larger than 200
pixels but the effect is less pronounced than Idsfgars and carbonates (Fig. 5c), whereas
guartz clusters are more easily visible in Figbué grains). The number of independent
guartz segments is fewer by 18 % in the graduamiogpoor lamina 1’ than the organic-rich
lamina 2 (Fig. 5d), despite Fig. 2a suggestingapeosite. This can be explained by the fact
that the quartz clusters are significantly lardeamt the feldspar and carbonate clusters, hence
their number and frequency are consequently muebrlan the gradual organic-poor lamina
1’, quartz regions are relatively small and indefment, whereas they are larger and arranged
in clusters in the organic-rich lamina 2. The atustdecrease the number of individual quartz

segments, which minimize their impact on the GSI.(5 c,d).

Organic matter and fractures show very close GSb&bh laminae 1’ and 2 (Fig. 5 e) but
the number of segmented features is until 4.8 timgler in the organic-rich lamina 2 than

the gradual organic-poor lamina 1’ (Fig. 5 d).
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407 Fig. 6. Elongation and orientation distributions fa a), b) organic matter particles and
408 fractures, c), d) quartz, e), f) feldspars and carbnates, on the organic-rich (black plots)
409 and the gradual organic-poor (gray plots) laminae Zand 1’ respectively. Only grains

410 larger than 10 pixels were considered.
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For both laminae, the microstructure of the Bowl&ithle sample is anisotropic due to
horizontally-elongated quartz, feldspars, carba)ateganic matter particles and fractures
(Fig 6 a-g). The elongation distributions of quarfeldspars, carbonates, organics and
fractures do not change significantly between ttaslgal organic-poor and the organic-rich
laminae (Fig. 6 a,b,c). However, the orientatiostribution of organics, fractures, feldspars
and carbonates differ between the organic-rich anb the gradual organic-poor lamina
(Fig. 6 e,g). Organics, fractures, feldspars antbaraates are more elongated horizontally
(long-axis highest orientations at 0 and 180 degyjree. parallel to the trace of bedding) in
the organic-rich lamina contrary to detrital quartmerals which do not show any variation
of orientation between the two laminae (Fig. 6fsBd on these two criteria, the variation of
anisotropy is mainly due to a variation of orieittatof fractures and feldspars, carbonates,
organic matter particles and fractures. Note tHas tmeasure of anisotropy ignores
contributions from any preferred crystallographi@ptation of grains (other than micas) that

might exist and oriented cracks smaller than mmwpg resolution.

4.4. Quantitative description of the microstructure

Figs. 3 to 6 have shown that the microstructurepitially variable. However, even if the
microstructure is variable, microstructure modegjlis required to predict strain localisation
and potential sites of fracture initiation in roc{san et al., 2012; van den Eijnden et al.,
2016). In this section, three methods are usedusmtify representative elementary areas of
the measured microstructure, based on the surfeoogion of phases, and as applied to
polycrystalline and heterogeneous materials (Kandl., 2006; Madi et al., 2005) and rocks
(Klaver et al., 2012; Houben et al., 2014; Vik bt 2014). These methods can quantify how
representative are the microstructural models geeérfrom the microstructural parameters

of the mosaic.

Counting-box approach
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Fig.7. (a and b) Ratio between the local phase ardiaaction P and the mean phase area

fraction P as a function of the size of calculation domai® for the organic-rich lamina

where b) is a magnified view of the dashed-line bax a) for D<400um. (c and d) show

similar features for the gradual organic-poor lamina, where d) is a magnified view of the

dashed-line box in c) for B<400um.

The starting point of the counting box method s tlenter of each lamina image, in order to

take into account the maximum number of diffed®ntalues.P is the mean area fraction of

the phase ifD andP is the mean phase area fraction in the whole ino&giee lamina. In the

organic-rich lamina, the ratidd/P for cement-clays (gray circles in Fig. 7 a,b) afidigid

inclusions (gray diamonds in Fig. 7a,b) start toilte at 1+0.10 foD close to 50 um and
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320 um, respectively. However, the raBigP of all phases separately considered is stable at
1+0.10 forD > 1 mm. This result is interpreted as being a baaeffect between the
different mineral phase fractions. In the graduaganic-poor lamina 1’ (Fig. 7 c, dp/P
varies at 1+0.10 foD > 120 um for the cement-clays (oscillation arourg) @nd the overall
grain phase (oscillation around 1.1). However,phlhse area fractions taken independently
are stable foD > 600 um, except organics and fracture®at 1.1 mm due to small and
elongated units (Fig. 5f, 6d) and a low mean araetibn on the whole image. Consequently,
P/P reaches 1+0.10 foD > 1.2 mm for all phases separately considered. The
homogenization areas are larger for the graduarocgpoor lamina than the organic-rich
lamina due to higher grain sizes and larger clastand the scattering of small and low

frequency phases such as organics and fractures.

Dispersion of phase proportion

Each lamina was divided into a numb@f, of independent domaing), to calculate the
standard deviation, (D), variances,?(D) and relative errog,.;(D) (Fig. 8) of each phase
area fractiorP as a function ob (Kanit et al., 2003) (Equation 5, Fig. 8, Table®)1:
20p(D)

PVN

with P the mean phase area fraction between 0 and 1.

Erel(D) = ()

In Kanit et al., (2003)N is the number of cells on theoretical Voronoi nesan this study,

N is the number of cells, called domains, of theegixpental mosaic. A domain can therefore
be considered as a 2D rock subsample of the whaoleaim of the Bowland Shale. The

experimental mosaic has a limited size, so the mumobdomains is also limited to a finite

value.
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The fitting of relative uncertainty,.; by a power lawe,,, = a.D® (Table 1)allows the

guantification ofe,,; for the surface corresponding to each type of lanfkig. 8, table 1).

On each lamina, the number of calculation domasns function of the domain’s size follows
the law:N =2.1F.D® with b =2.05 (F=0.9993) forD between 10 and 1250 pixels (4 and
500 pum respectively). Data with fewer than 10 darmavere not considered (Kanit et al.,
2003), i.e domains above 4Q@n. As expected, the dispersion®idecreases when the size
of D increases for phases segmented. The relativeseofoall phase area fractions were

calculated as a function &f for both laminae according to equation 5 (see fei@).
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Fig. 8. Relative uncertainty, &,;, of area fraction as a function ofD for a) the organic-

rich lamina and b) the gradual organic-poor lamina,for N=1.
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479 Considering all phases combined together in bathinae,e,.;= 0.11 and 0.09 for square
480 domains of 1.3% 1.32 mnf and 1.76x 1.76 mni respectively (gray crosses in Fig. 8),
481 whereas,,; » 0.1 for the phases segmented independently for €anBased on the surface
482 proportion, the areas used to characterize thensmicrostructures are representative with
483 ag,, around 10% when all mineral phases are considegsther in a unique phase, but not

484 separately, at the study resolution.

Gradual Om-poor a b R
Om+fractures 103 0.626 0.97
All grains 5.80 0.556 0.99
Cement+clays 7.54 0.556 0.99
Quartz 10.8 0.610 0.99
Feldpars+Carbonates 29.1 0.635 0.99
Heavy minerals 154 0.906 0.98
Micas 218 0.952 0.90

Om-rich

Om-+fractures 39.8 0.658 0.95
All grains 9.19 0.619 0.99
Cement+clays 4.39 0.619 0.99
Quartz 13.9 0.551 0.99
Feldpars+Carbonates 81.9 0.908 0.91
Heavy minerals 36.6 0.706 0.99
Micas 71.5 0.73¢ 0.9¢

485

486 Table 1. Parameters of the power law fitting£,;, as a function ofD corresponding to

487 both laminae.
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N=1 N=5 N=10
&rel 0.15 0.1 0.05 0.15 0.1 0.05 0.15 0.1 0.05
Cement+clays| 0.233  0.449 1.38 0.063 0.122 0.375 360.00.070 0.214
5 Grains 0.746 1.44 4.40 0.203 0.391 1.20 0.116 0.2P3%85
3 Quartz 3.71 7.75 27.2 0.861 1.80 6.33 0.459 0.95937 3
‘€ Feld+Carb 1.03 1.62 20.4 0.426  0.666 143 0.291 59.40.975
% H-min 2.41 4.28 114 0.771 1.37 3.6b 0.472 0.838242.
O Om+fractures 4.83 8.94 25.4 1.42 2.63 7.%5 0.839 55 1. 4.46
Micas 4.24 7.35 18.8 1.42 2.47 6.3p 0.892 154 3.95

Cement+clays 1.15 2.38 8.28 0.270  0.560 1.5 0.145300 1.04

_ § Grains 0.715 1.482 5.16 0.168 0.349 1.21 0.090 70.18.650
T 2 Quartz 1.10 2.14 6.68 0.295 0.573 1.19 0.167 0.32601
3 2 Feld+Carb 4.02 7.61 22.7 1.13 2.14 6.38 0.655 1.23.70
0 8 H-min 2.12 3.32 7.14 0.874 1.37 2.94 0.596 0.932032.
O Omt+fractures 33.8 64.7 196 9.36 17.9 5411 5.38 10.31.1
Micas 2.10 3.21 6.66 0.901 1.38 2.86 0.626  0.95997 1.

Table 2. REA values in mm, calculated for differentnumber of domains and for the

phases of each lamina.

REA were calculated for a number of samples of dnd 10 and fog,,; = 0.05, 0.1 and 0.15
(Table 2) according to Table 1 and Fig. 8. Eqy << 0.05, unrealistically high values of
REA were found, significantly greater than laminaltlv. Therefore, these values were not
considered to be realistic. The REA calculated dgr= 0.1 andN = 1 are millimetric
surfaces. However, the maximum possible laminaiwigted to calculate the microstructural
parameters is only 1.5 mm due to natural sedimgndtnucture (Fig 2). As such, the
calculations folN = 10 andge = 0.1 are more realistic than fdbhk= 1 or 5 because the REA
are below 1.5 mm for all phases, except organicdsfiattures in the gradual organic-matter

poor lamina owing to their small quantities andttsrad structure.

Randomness of phase distribution

The variance of phase area fraction describes difegr law as a function dD for both

laminae (Fig. 9, equation 6).
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504 Fig. 9. Fitting of Log (6*(D)) as a function of Log D) for the mineral phases of a) the

505 organic-rich lamina and b) the gradual organic-poorlamina.

Log(c?) = —aLog(D) + k
(6)
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a in Equation 6 is an indicator of the randomnesthefdistribution of the physical parameter
studied, which isP in this study (Cailletaud et al., 1994; Kanit &t 2003;). According to
these authors? was considered to be randomly distributedder 1+0.15.¢ >1 means that
the variance increases rapidly with increasing doni@, whereas: < 1 when the variance

decreases with increasing domadin,

In the organic-rich lamina, the proportions of dmaand cement-clays are distributed
randomly enough foD =24 to 400 pm (lod})=1.38 to 2.6) andD = 12 to 400 pm
(log(D)=1 to 2.6) respectively, unlike the other phagdg.(9a). In the gradual organic-poor
lamina, only the fraction of cement-clays is rantiomistributed forD =48 to 200 um
(log(D)=1.68 to 2.3) whereas all other phases are hetasmysly scattered, with>> 1 for

a domain larger than 48 um. For all phases, théficeats a are higher in the gradual
organic-matter poor lamina than in the organic-araith lamina. Therefore, the variance of
their fractions increases more rapidly with increg® in the gradual organic-poor lamina
than in the organic-rich lamina. The gradual organatter poor lamina contains more large
grains and clusters (especially quartz, feldspad @arbonates), and consequently, their
number per domain is lower than if they were smajtains. It thus requires a larger domain,
D, to generate a homogeneous phase area fractiarfiorte surface. In the whole range of
D, log(c ?) of area fraction for all phases show affine lawboth laminae, especially visible
in the gradual-organic matter poor lamina. An exi@ngpgiven for the organics and fractures
(Fig. 9 a, b). For organics and fracturess< 1 forD < 60 pm (logD)=1.78), whilea >> 1

for D > 60 pm. FoD < 60 um, the resolution is not sufficient to captime different sizes of
organics and fractures. However, domains larger @aum include various sizes of particles
heterogeneously scattered and/or with insufficraeain fraction to cause a sharp increase of
variance as a function &. The log-linear law is divided in two slopes, cadidy a scaling

effect due to various particle sizes, but a fixesbfution.
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531 Covariance

532 In order to compare the different covariogramsy te plotted minus the square of the mean
533 phase area fraction in each lamina in Figure 10.
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534
535 Fig. 10. Covariograms of a) organic-matter and fratures in the Om-rich lamina; b)
536

organic-matter and fractures in the gradual Om-poorlamina; c) quartz in the Ome-rich
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lamina; d) quartz in the gradual Om-poor lamina; e) feldspars and carbonates in the

gradual Om-poor lamina; and f) feldspars and carboites in the Om-rich lamina.

Organic-matter and fractures become homogeneoaatiesed foD > 100 um, except in the
0° orientation withD > 200 um, due to horizontal fractures and elongatadicles of
organics in the organic-matter rich lamina (Figa,108). Under the study conditions, domains
smaller than 100 um can be considered as heterogerseales for the organic-poor lamina,
and 200 um for the organic-rich lamina. The cowgnams of quartz reach the asymptote for
domains D> 75 pum in the organic-matter rich lamina and 120 iprthe gradual organic-
poor lamina (Fig. 10 c, e). The higher heterogesesmale relative to quartz in the gradual
organic-poor lamina is mainly due to the preserfcaggregates which contribute towards an

increase in the size of quartz heterogeneities.

In the gradual organic-poor lamina, the covariogrash feldspars and carbonate reach the
asymptote foD close to 100 um in all directions, showing a mstnacture close to isotropic
for these phases at the resolution of the studyeder, this is not the case for the organic-
rich lamina. The asymptote is reachedB300 pm in the horizontal direction (0°) contrary
to the other directions (asymptotes at 75 um),tdumaller, more elongate and horizontally-
elongate feldspars, as well as horizontal calaiééng within a vein in the organic-rich lamina
(bottom part of the lamina, Fig. 2). Therefore, thminae have different scales of textural
heterogeneities. For the microstructure models pdr@ameters are calculated over a surface
of 1.32x 1.76 mnf; at least 3 to 11 times the size of the minimahbgeneous surfaces
determined by the covariograms (considering alkedions). In the sample of Lower
Bowland Shale used here, the variability of mianosure thus causes a variability of the
minimum size of the homogeneous scale. Covariogr@sts indicate that the anisotropy of

the microstructure is mainly caused by the orgamidter particles, fractures, feldspars and
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carbonates in the organic-rich lamina (Fig. 10, &)cThe microstructure is more isotropic in

the gradual organic-poor lamina (Fig. 10 b, d, f).
5. Microstructural modelling

The total grain geometry of the model was calilwtatgainst the geometry of all mineral
types combined. This calibration, performed agadtstributions of elongation ratio and
orientation, leads to the total distribution of pHases in the model, including the ones that
eventually make up the cement and clays. Resultsisffirst step are given in Fig. 11. The
overall properties are calibrated &t 1.3 in the organic-rich lamina arid= 1.1 in the
gradual organic-poor laming.is higher for the organic-rich lamina because artiples that
are more horizontally-elongated in the organitri@mina which therefore cause a greater

stretching of the modelled microstructure.

a) b)
T 0.12 T 0.12
2 Om-rich z G. Om-poor
= =
: e
= 0.08 g 0.08
@ &
- -
= >
= -
S 0.04 S 0.04
= =
E -@ Exp E -@ Exp
K —e—\Mod = —o—Mod
< 0 Z 9 , :
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
0 Elongation [-] d) Elongation [-]
T 012 — 0.12
< Om-rich = G. Om-poor
g T
. g
g 0.08 = 0.08
= =
= 2
= =
S 2 2eal
g 0.04 & 0.04
=
s © Exp = -@ Exp
7z —8—Mod 5 —o—Mod
0 z 0
0 45 90 135 180 0 45 90 135 180
Orientation [degrees] Orientation [degrees]|

Fig. 11. Result of the model calibration of all modl grains against the data of all phase
units combined [quartz + (feldspars,carbonates) + mwas + heavy-minerals +

(organics,fractures)]: a) elongation distributions of the organic-rich lamina; b)
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elongation distribution of the gradual organic-poorlamina; c) orientation distribution
of the organic-rich lamina; and d) orientation distibution of the gradual organic-poor

lamina.

The distributions for elongation and orientationtle¢ microstructure model match well the
experimentally observed distributions in the caSallophases combined (Fig. 11). Only the
distribution of the elongation of the grains in tleganic-rich lamina appears poorly
calibrated (Fig. 11a), but this can be correctedifothe model through proportionally

assigning mineral properties.

Figure 12 shows two resulting periodic microstroes) reproducing the distributions of
elongation, orientation and surface fractions @&f ¢hadual organic-matter poor lamina (Fig.
12a) and the organic-matter rich lamina (Fig. 1Zhither periodic microstructures are given
in Appendix 1 and the distributions of elongati@tio and orientation for each mineral type

are shown in Appendix 2.

Gradual Om-poor lamina Om-rich lamina
v v V) v

I Feldspars + carbonates
[ Heavy minerals

[ Micas

I Organic-matter + fractures
I Quartz

Cement + clays
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Fig. 12. Geometrical microstructure models of a) tB gradual organic-poor lamina, b)
the organic-rich lamina. The models were generatedrom 1000 cells of all phases

combined.

In a numerical sense, a scale bar should not h@agiesd with the microstructure model.
However, shales are multi-scale materials with comepts and properties varying over this
same range of scales. The scale is therefore immonn order to determine which
phenomena can be studied with these models, bedaushale materials phenomena
associated with one scale can exhibit controls ®etraviors on larger scales. The models
presented here are at the mesoscopic scale, eéfigcthicrometric rigid inclusions within a
“binder” composed of clays and quartz cement. Aeseaas qualitatively calculated for the
microstructure models in Fig. 12. Considering theam cell size for each phase and 1000
cells in total, the scale value suggested and shonvirig. 12 is around 370 pum for both

laminae.

6. Discussion

6.1. Variability of interfaces relative to phase aea fraction, from the um to

mm scale

Microstructural defects influence the initiatiorrppagation and aperture of fractures within
shales (Montes et al., 2002; Hedan et al., 201dclkile et al., 2014, 2016; Wei et al., 2016).
The maps of phase area fractions highlight thetiocaf three types of interface: the limits
between (1) individual grains and the cement aray @hases (micrometer scale), (2)
discontinuous phase aggregates and the backgreendrél tens of micrometer scale), and
(3) the transitions between laminae (millimeterlscaThese interfaces are detected as a

function of the size of the calculation domain, @vhiis directly correlated to the scale
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investigated. The capture of these different iateg is only possible with a large mosaic of
images in high resolution, which allows a multilecanvestigation of the microstructure.
Multi-scale 2D mapping allows the detection of he¢eneities and interfaces which may not

be obvious when only examining at the initial mosaspecially for aggregate boundaries.

The Lower Bowland Shale has a complex and multiescatural fracture network (Fauchille
et al.,, 2017). The Lower Bowland Shale sample stlidiere may have also an interesting
potential for “artificial” (such as hydraulic sinatlon) fracture propagation in multiple

directions, due to the variability of interfacetatere to the microstructure.

The transport properties of shales are controliethb structure and arrangement of potential
transport pathways (Keller et al., 2011), partidylat the nanoscale (McKernan et al., 2017).
Microcrack location and properties are important émy bottom-up prediction of the
transport properties of shales. The quantificatmn strain concentrations at specific
interfaces using digital image or volume correlatioay present an interesting way forward
in the development of predictive models of fractumgiation and propagation, and in the

understanding of scale factors controlling thetireec mechanisms.

6.2. Contrasting vertical microstructural properties in the Lower Bowland

Shale, from the um to mm scale

According to previous studies, the qualitative ability of microtexture of Bowland Shale
from Preese-Hall-1 lies at the borehole scale w#hious microtexture types (Andrews,
2013; Fauchille et al., 2017). Here, we demonsujaentitatively that it is also variable at the
sample scale, from the mm to the um at the reswmlutised. The alternation of
mineralogically and texturally variable laminae isates periodic changes of depositional

controls during the sedimentation process.
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With different mineral content, grain propertiesdaanisotropy, the laminae may have
markedly different mechanical properties and frantubehavior, both within each layer, but
perhaps particularly at their transitions, whiclke amooth or abrupt, but necessarily
elastically contrasting. These different propertiad behavior could influence the production
and orientation of microcracks that are likely tontrol permeability and contribute

significantly to anisotropy (McKernan et al., 201The organic-poor lamina is quartz-rich
(detrital quartz and cement), unlike the organotriiamina. A relatively low proportion of

clay minerals (<35%) (Andrews, 2013) and high prtpa of non-swelling minerals is

considered to be favorable for hydraulic fracturougting across the layering (Jarvie, 2012,
2014), depending on the in-situ stress state, amtenfor potential gas extraction. High
proportions of quartz or carbonates that are cantig limit ductility and enhance the

brittleness of the rock (Jarvie 2014; Raji et 2D15). Microtextural changes across layers
induce discontinuities and weak regions, producilogalized stresses, and strain
incompatibilities under mechanical simulations (ledral., 2010 ; Amann et al., 2011) which

aid in the development of pathways for fracturengho

However, the presence of a laminated structureacato limit the vertical extent of fractures
by blunting cracks propagating across the layertage of formation of shear steps parallel
to laminae further acts to inhibit vertical fracugrowth by blocking upward flow paths for
hydraulic fracture fluid (Rutter and MecklenburgbQ17). The presence of rather thin
laminae increases the number of interfaces relativihick beds, and thereby improves the
number of potential pathways for fracturing. At lsuarger scales, in the Austin Chalk for
example, the vertical connectivity of fracturesamtrolled by the vertical alternation of chalk
and shale layers due to different microstructuraifgsize), fracture toughness and maximum
compressive stress (Warpinski and Teufel, 198%eRijand Cooke, 2001). According to

previous studies, the Bowland Shale contains lamthand interlaminated microtexture
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types with laminae less than millimeter-thick. Nobat the thickness of laminae is much
smaller and periodic in the interlaminated micratee than the laminated microtexture.
Thinner shale layers have lower resistance todrax compared to thick beds (Rijken and
Cooke, 2001). The characterization of the mechamiehavior of each type of lamina will

aid understanding of the impact of the laminationtiee vertical propagation of hydraulic

fractures in the Bowland Shale.

6.3. Comparison of various methods for estimatinghie homogeneous scales

of the Bowland Shale microstructure

The counting-box and the covariance methods arnereasd faster to perform than the 2D
mapping and dispersion approaches of Kanit ef{2003) which are more time-consuming
due to the requirement for incremental calculatiemsnillions of pixels. Even if the center of
the first domain can be chosen randomly, the caogrbox method gives a local
approximation of the representative area of thal wirface investigated, for specific physical
parameters, scale and resolution. Neverthelessrebalts depend strongly on the final
surface because the comparative surfaces oveda@x@ample, the domains of 1 and 1.2 mm
have an overlap of 83.3% (1801/1.2= 83.3 %). As the calculation domain becomes closer
to the final surface (i.e. 1.7& 1.32 mm in this case), the probability that theygatal
parameter (area fraction here) measured on thaudabs is close to the mean parameter of

the entire surface increases and reaches 1.

In the dispersion approach, or mosaic scatterimg,nosaic is divided into tens to several
thousands of independent domains which give a cseiffi set of data for statistical

interpretation. The domains are compared to eabhrotather than to a mean parameter
measured over the whole surface. However, the mreeint for this substantial number of

subareas does not allow the use of areas largar4B@x 400 um in our case, whereas
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calculations are performed for millimeter-scaleaaren the counting-box and covariance
approaches. The dispersion approach thereforeslitmét maximum size of the subareas used.
The representative areas are thus determined bgpekation using a power law and not

directly from experimental data.

For each phase unit considered independently freothers, the homogeneous surfaces of
phase area fraction are obtained at 1-1.2 mm wittladive error of 10% with the counting
box, whereas they are 7 to 9 mm with the disperafproach. For all phase units combined,
the homogeneous areas are much smaller due tamckadffect caused by the mixing of low
proportion phases. REA are in the range of 150360 with the counting box method,
whereas they are around 1.44 mm with the disperspproach for all phases combined to
form a single phase. As per previously, the REAwurdo 9 times larger with the dispersion
approach than with the counting box. The 2D quatinge maps (Figure 4, Appendix A)
confirm that the homogeneous surfaces are largar #0x 500 um for the organic-rich
lamina, and larger than 750750 um for the organic-poor lamina, which suppming the
dispersion approach to estimate the REA. The cogriiox was found to underestimate the
size of the representative elementary surface. Abemapping of phase area fraction
provides a direct method of viewing the parameteten consideration, therefore is useful in

the comparison of methods.

The homogeneous surfaces determined by the coeariapproach are much smaller than
those obtained by the counting box and dispersiethads (Rolland du Roscat et al., 2007,).
Indeed, the covariance is used to define homogereddtive to the size of objects compriing

the image (Fig. 2b), i.e., the characteristic langt heterogeneities, in addition to their area
fraction. The size of the homogeneous scales detethby the dispersion approach appears
proportional to the number of heterogeneities, waitbtharacteristic length determined by the

covariance (Rolland du Roscat et al., 2007).
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Therefore, we recommend using the dispersion appraden the surface is large enough to
have several sizes of subareas, in order to extitgpBREASs at different relative errors. This
is supported by the 2D quantitative maps showirag the counting box and the covariance
approaches are not sufficient to define a homogeneoale of the area fraction on a large
surface. The covariance gives a minimum size ofdgeneous scale which is important in

the case that a larger surface cannot be investigat

The counting-box and covariance methods are widségd in image analysis, and geoscience
generally. On the other hand, the dispersion meihimdduced by Kanit et al., (2003) has not
been very commonly applied in geoscience, and quaatily to shales, except for recent
studies from Klaver et al., (2012), Keller et §2013) and Houben et al., (2014). The results
previously explained have shown that this methaolsist enough to be applied to a natural
and complex material such as shale, and can bédgdpl numerical and artificial materials

as well as natural materials.

The comparison of the phase area fractions foouarsizes of domain can also be compared
with XRD results, to quantify if the mesoscale d@nrepresentative of the macroscale. XRD
analyses are performed on a 100 mg powder, bupdigler comes from a centimeter-size
sample in order to represent as well as possildentacroscale. Area fractions from SEM
images represent the mesoscale. However, to comyeght and volume data from XRD
with area fractions from SEM images, an accuratecB&racterization of the microstructural
anisotropy is ideally required. 3D microstructuiddta are poorly documented at the
mesoscopic scale for the Bowland Shale, despitentework at the microscale (Ma et al.,

2016). This comparison was not possible in thigcas

6.4. Using the geometrical microstructure models
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The geometrical models generated in this studyessmt the mesoscale of two laminae of a
sample of the Lower Bowland Shale, in which inahmsi of quartz, feldspars, carbonates,
micas, heavy minerals, organic matter and fractareembedded in a clay matrix and quartz
cement. The cement, clays, organics and microfrestaefine a porous network which
provides potential pathways for gas transport feily fracturing stimulation. Frey et al.,
(2012) and van den Eijnden et al., (2016, 2017)susé microstructures to model the micro
and macroscale hydro-mechanical behavior of shatefinite element squared (§Enodel,
attributing mechanical and petrophysical properteeg. stiffness, hydraulic conductivity) to
each phase. With microstructural parameters, Howteal. (2014), Lan et al., (2010) and
Guo et al., (2013) also modeled the microstructidirghales and brittle rocks, by quantitative

approaches or by using a distinct element codenergte a deformable microstructure.

The model of microstructure of the Bowland Shalespnted here can potentially act as a
basis for similar hydraulic transfer modeling i tBowland Shale at the mesoscopic scale. It
can be used to upscale the hydromechanical beh&eior the microstructure scale to the

macroscale taking into account the anisotropy efsimall components of the shale material.

Moreover, the geometry of the microstructural madeludes two scales: the scale relative to
individual grains and the scale of grain aggregaliesan therefore be used with whole
representative images or divided in small subafeasiller “REA”) to study the influence of

microstructural heterogeneities (aggregates, iddai grains in the cement, grains of

feldspars and quartz stacked together...) on theonyelchanical behavior of the material.

6.5. Potential of image mosaics and representativaicrostructure models

for upscaling

Microstructural data are collected at an infiniteslly smaller scale than the size of the

Bowland Basin, qualitatively estimated at the kikier scale (Andrews, 2013). It is mainly
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due to the fact that microstructural features ameremtly visible with high resolution
techniques such as microscopy and tomography, wioatot allow the observation of larger
samples than the centimeter-size. However, nunarodels for hydraulic fracturing require
representative microstructural data from the paadesto hundreds of meters, which makes
upscaling a real challenge. Averages of microstinattparameters at a defined scale can be
calculated on representative areas of smaller scale implemented into numerical
calculations at a larger scale (e.g. Wen and J&womez-Hernandez, 1996; Zhang et al.,
2012; Peng et al, 2015). Different methods sudho&sogenization or multiscale asymptotics
can be applied during the approach of upscalingaliKret al., 2012; Kazemi et al., 2012;
Davit et al., 2013).The geometrical models of thecrastructure determined from
representative experimental areas have the saradraaion and the same distributions for
grain elongation ratio and orientation. Howeveg\tlilo not have the same grain structure
(layout). The dispersion method could thereforevigl® the quantification of the variability
of grain layout in those REAs. A standard deviatdarticle layout could be used to define
a standard of deviation of the upscaled data mdulom these models. A few example

geometrical models are given in Appendix.

7. Conclusions

The microstructure of a laminated sample of LowewBnd Shale from the Preese-Hall 1
borehole was mapped using a mosaic of 2D-SEM imagethe mesoscopic scale. The
guantitative characterization of the sample’s nstmcture demonstrates a high vertical
variability of mineral content, grain propertiesdagrain shape anisotropy at the millimeter
scale from a gradual organic-matter poor laminart@rganic-rich lamina. Quartz, feldspars
and carbonate aggregates act to increase thelsgatability inside each lamina. The multi-

scale 2D mapping of phase area fraction highlightsdti-scale interfaces of area fractions,
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781 which are potentially of importance to the underdtag of fracture initiation and

782 propagation. The Lower Bowland Shale sample chbsea might have potential for multiple
783 direction fracture propagation due to the high afaility of microstructure heterogeneities
784 and interfaces (subject to the anisotropy of theiant stress field), in addition to a complex

785 natural fracture network that might be re-stimudate

786 The counting-box, dispersion, covariance and 2D pimap approaches were compared to
787 estimate the representativeness of the microsteiciueach lamina, based on the phase area
788 fraction parameter. 2D phase mapping supports #e af the dispersion approach to
789 calculate the REA in such heterogeneous rock amge Isurface. Nevertheless the covariance
790 allows the quantification of a minimum homogenesudace relative to the size of particles.
791 The models of the geometry of the microstructuresvimiilt with parameters calculated from
792 thousands of grains on a surface of 1.28D.682 mm, which is 3 to 11 times larger than the
793 maximum size of microstructural heterogeneitiesoatiog to the four methods. This
794  microstructure model has been shown to be as muEEs/e as is possible from a sample of
795 this scale, and could be used as a starting poitita improvement of our understanding of

796 fluid flow through the porous phase in the Bowl&ithle at the mesoscopic scale.
797
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814  Appendix 2 : Example models of the geometry of theicrostructure in the Lower Bowland Shale: A,B,C ae random

815 microstructures for the organic-rich lamina and D,EF for the organic-poor lamina.
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Figure captions

Fig. 1. Gray level histogram of the first imagenmebsaic B8 1-1 (this image corresponds to
the first column and first line of the mosaic) befand after drift correction.. SRS C
Fig. 2. (a) Mineral phase segmentation on the wimotsaic of SEM- BSE images of the
Bowland Shale sample. (b) Magnified view of a regad (a). (c) Original (unsegmented)

back-scattered electron image corresponding t0. ()..........ccoeeviiriiiiiii e, 10
Fig. 3. Vertical variability of the area fractiom @ach mineral along the z axis of the mosaic,
based on horizontal domains of 50@204 pixels (200 punrx 1.682 MmM). .....cccccevvereeeeeeeennnn. 18

Fig. 4. 2D maps of phase area fractions with véialomain sizes for: (a-d) cement+clays,
(e-h) quartz, (i-1) feldspars+carbonates, (m-p) @mawstures. [Each of the three laminae [(1)
organic-poor lamina, (1’) gradual organic-poor lagi(2) organic-rich lamina] are labelled

(0] 3 ) SRR 20
Fig. 5. Grain size and grain number distributioos gach of laminae 1’ (gradual om-poor)
=T o 2 (o] o T o PSP UPPPPPPPRRPRPR 24

Fig. 6. Elongation and orientation distributions fa), b) organic matter particles and
fractures, c), d) quartz, e), f) feldspars and cadbes, on the organic-rich (black plots) and
the gradual organic-poor (gray plots) laminae 2 &ncespectively. Only grains larger than
10 pixels Were CONSIAEIEM. ..........ooiiiieceeeeeeeeti e e e e e e e e e e e e e e e eeeas 25
Fig.7. (a and b) Ratio between the local phase &eedion P and the mean phase area
fraction P as a function of the size of calculation dom&infor the organic-rich lamina
where b) is a magnified view of the dashed-line box) for D<400um. (c and d) show
similar features for thgradual organic-poorlamina, where d) is a magnified view of the
dashed-line box in C) fFOr DAOOIM. .o 27
Fig. 8. Relative uncertaintgrel, of area fraction as a function Bf for a) the organic-rich
lamina and b) the gradual organic-poor laminaNerl. ...........ccccovviiiiiiiiiiiiiiinn e 29
Fig. 9. Fitting of Log ¢%(D)) as a function of LogL¥) for the mineral phases of a) the
organic-rich lamina and b) the gradual organic-gantina..............cccceeeeieiiiieeeeeeeiivieeeeens 32
Fig. 10. Covariograms of a) organic-matter andténas in the Om-rich lamina; b) organic-
matter and fractures in the gradual Om-poor lam@)aguartz in the Om-rich lamina; d)
guartz in the gradual Om-poor lamina; e) felds@ard carbonates in the gradual Om-poor
lamina; and f) feldspars and carbonates in the @mkamina. ............cccccceeiiiiiinii v, 34
Fig. 11. Result of the model calibration of all nebdrains against the data of all phase units
combined [quartz + (feldspars,carbonates) + micagavy-minerals + (organics,fractures)]:
a) elongation distributions of the organic-rich laey b) elongation distribution of the
gradual organic-poor lamina; c) orientation disttibn of the organic-rich lamina; and d)
orientation distribution of the gradual organic-ptamina. ............ccccceeeeeiiiiiiiiiiiiiceennnn. 36
Fig. 12. Geometrical microstructure models of & gradual organic-poor lamina, b) the
organic-rich lamina. The models were generated ft060 cells of all phases combined. ... 38

Table captions
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Table 1 : Parameters of the power law fittingrel, as a function oD corresponding to both
= T 01 = TP 30
Table 2 : REA values in mm, calculated for diffdranmber of domains and for the phases

(o) l=T: (o] g =10 a1 T VTP UPTRT 31
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Gradual Om-poor a b R?
Om+fractures 103 0.626 0.97
All grains 5.80 0.556 0.99
Cement+clays 7.54 0.556 0.99
Quartz 10.8 0.610 0.99
Feldparst+Carbonates 29.1 0.635 0.99
Heavy minerals 154 0.906 0.98
Micas 218 0.952 0.90

Om-rich
Om+fractures 39.8 0.658 0.95
All grains 9.19 0.619 0.99
Cement+clays 4.39 0.619 0.99
Quartz 13.9 0.551 0.99
Feldparst+Carbonates 81.9 0.908 0.91
Heavy minerals 36.6 0.706 0.99
Micas 71.3 0.738 0.99




REA [mm]

N=1 N=5 N=10
Erel 0.15 0.1 0.05 0.15 0.1 0.05 0.15 0.1 0.05
Cement+clays | 0.233  0.449 1.38 0.063 0.122 0375 | 0.036 0.070 0.214
S Grains 0.746 1.44 4.40 0.203  0.391 1.20 0.116 0.223 0.685
5 Quartz 3.71 7.75 27.2 0.861 1.80 6.33 0.459 0.959 3.37
= Feld+Carb 1.03 1.62 20.4 0.426  0.666 1.43 0.291 0.455 0.975
% H-min 2.41 4.28 11.4 0.771 1.37 3.65 0.472 0.838 2.24
O  Om-+fractures 4.83 8.94 25.6 1.42 2.63 7.55 0.839 1.55 4.46
Micas 4.24 7.35 18.8 1.42 2.47 6.32 0.892 1.54 3.95
Cement+clays 1.15 2.38 8.28 0.270  0.560 1.95 0.145 0.300 1.04
_ § Grains 0.715 1.482 5.16 0.168  0.349 1.21 0.090 0.187 0.650
S 2 Quartz 1.10 2.14 6.68 0.295 0.573 1.79 0.167 0.325 1.01
g-g Feld+Carb 4.02 7.61 22.7 1.13 2.14 6.38 0.655 1.24 3.70
6 8 H-min 2.12 3.32 7.14 0.874 1.37 2.94 0.596 0.932 2.03
5 Om-+fractures 33.8 64.7 196 9.36 17.9 54.1 5.38 10.3 31.1
Micas 2.10 3.21 6.66 0.901 1.38 2.86 0.626 0.959 1.97




