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Abstract: Variability in the Lower Bowland shale microstructure is
investigated here, for the first time, from the centimetre to the
micrometre scale using optical and scanning electron microscopy (OM,
SEM), X-Ray Diffraction (XRD) and Total Organic Carbon content (TOC)
measurements. A significant range of micro-textures, organic-matter
particles and fracture styles was observed in rocks of the Lower Bowland
shale, together with the underlying Pendleside Limestone and Worston
Shale formations encountered the Preese Hall-1 Borehole, Lancashire, UK.
Four micro-texture types were identified: unlaminated quartz-rich
mudstone; interlaminated quartz- and pyrite-rich mudstone; laminated
quartz and pyrite-rich mudstone; and weakly-interlaminated calcite-rich
mudstone. Organic matter particles are classified into four types
depending on their size, shape and location: multi-micrometre particles
with and without macropores: micrometre-size particles in cement and
between clay minerals; multi-micrometre layers; and organic matter in
large pores. Fractures are categorized into carbonate-sealed fractures;
bitumen-bearing fractures; resin-filled fractures; and empty fractures.
We propose that during thermal maturation, horizontal bitumen-fractures
were formed by overpressuring, stress relaxation, compaction and
erosional offloading, whereas vertical bitumen-bearing, resin-filled and
empty fractures may have been influenced by weak vertical joints
generated during the previous period of veining. For the majority of
samples, the high TOC (>2 wt%), low clay content (<20wt%), high
proportion of quartz (>50wt%) and the presence of a multi-scale fracture
network support the increasing interest in the Bowland Shale as a
potentially exploitable oil and gas source. The microtextural
observations made in this study highlight preliminary evidence of fluid
passage or circulation in the Bowland Shale sequence during burial.
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Abstract

Variability in the Lower Bowland shale microstructure is investigated here, for the first time, from
the centimetre to the micrometre scale using optical and scanning electron microscopy (OM, SEM),
X-Ray Diffraction (XRD) and Total Organic Carbon content (TOC) measurements. A significant
range of micro-textures, organic-matter particles and fracture styles was observed in rocks of the
Lower Bowland shale, together with the underlying Pendleside Limestone and Worston Shale
formations encountered the Preese Hall-1 Borehole, Lancashire, UK. Four micro-texture types were
identified: unlaminated quartz-rich mudstone; interlaminated quartz- and pyrite-rich mudstone;
laminated quartz and pyrite-rich mudstone; and weakly-interlaminated calcite-rich mudstone.
Organic matter particles are classified into four types depending on their size, shape and location:
multi-micrometre particles with and without macropores: micrometre-size particles in cement and
between clay minerals; multi-micrometre layers; and organic matter in large pores. Fractures are
categorized into carbonate-sealed fractures; bitumen-bearing fractures; resin-filled fractures; and
empty fractures. We propose that during thermal maturation, horizontal bitumen-fractures were
formed by overpressuring, stress relaxation, compaction and erosional offloading, whereas vertical
bitumen-bearing, resin-filled and empty fractures may have been influenced by weak vertical joints
generated during the previous period of veining. For the majority of samples, the high TOC (>2
wit%), low clay content (<20wt%), high proportion of quartz (>50wt%) and the presence of a multi-
scale fracture network support the increasing interest in the Bowland Shale as a potentially
exploitable oil and gas source. The microtextural observations made in this study highlight

preliminary evidence of fluid passage or circulation in the Bowland Shale sequence during burial.
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1. Introduction

Characterization of the properties of shales is an essential process in the estimation of their gas and
oil resource potential. Important shale gas and oil resources are believed to exist in Western Europe
(EIA 2013) and in particular in the UK (EIA 2015a). In order to understand and quantify the
properties of this potential resource, the geology of the Bowland and Hodder mudstone formations
has been investigated throughout the last decades at the basin-scale (Gawthorpe 1987; Davies et al.
1989; Hampson et al. 1997; Fraser & Gawthorpe 2003; Waters & Davies, 2006; Davies et al. 2008;
Waters & Condon 2012; Andrews 2013), and more recently at the nanometre scale (Ma et al.
2016). In general, the most commonly investigated properties of shale have been the lithology,
sedimentary architecture, total organic matter carbon content (TOC), kerogen type, thermal
maturity and oil and gas expulsion potential, the mineralogical composition, diagenetic conditions
and the presence of natural fracture networks (Curtis 2002; Rossi et al., 2002; Montgomery et al.
2005; Jarvie et al. 2007; Ross & Bustin 2007, 2008; Perri, 2008; Carraciolo et al., 2013; Jarvie
2014; Abrams et al. 2014; Raji et al. 2015; Perri et al., 2008, 2016). The evaluation of shale
resources is complicated because of the heterogeneous nature of the fine-grained strata and their
intricate, small-sized pore networks, which are strongly dependent on the above geological factors
(Yang & Aplin, 1998; Dewhurst et al. 1999a, b; Ross & Bustin 2007; Chalmers & Bustin 2007;
Mckernan et al. 2017). From the millimetre to the nanometre scale, shale gas is stored as free gas in
natural fractures, within both intergranular and intra-granular porosity and adsorbed onto kerogen
and clay-particle surfaces. It may also be dissolved in kerogen and bitumen (Curtis 2002). The
microstructure directly influences the distribution of gas and its transport properties through the
porous network. Knowledge of the microstructure of shale is consequently required. However,
there is still a very limited understanding of the processes giving rise to pore networks, fractures,
and organic and mineral properties in British Shales. In particular, data are sparse for the Bowland

and Hodder Shales, despite forming an important potential oil and gas resource. Detailed
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petrographic studies of these shales are required to allow a better comparison with other shale
formations, especially the relatively well understood shale reservoirs from northern America.

The major goal of this study is to present the first multi-scale (centimetre to micrometre) and
petrologic characterization of the different microtextures of Bowland shale encountered in the
Preese Hall-1 borehole, a significant and recent exploration borehole in Lancashire, NW England,
using optical and scanning electron microscopy in combination with XRD and TOC analysis. Due
to the coarse resolution of sampling within our study, we recognize that potential stratigraphic
variability between samples implies that microtextures other than those identified in our study

could potentially be present within the borehole.

2. Geological Settings and Sampling

In this study, eleven centimetric-sized samples of mudstone were collected from the Preese Hall-1
borehole core repository at the British Geological Survey (Nottingham, UK). Preese-Hall-1 is
situated in the Carboniferous basin Bowland Shale Formation, which extends across a large part of
central Britain (Fig. 1). Drilling of the Preese Hall-1 borehole was initiated in August 2010. It is
situated on the Fylde coast of NW Lancashire at 53° 49° 19.006”N; 2° 56°56.576 W”, near to

Blackpool, north-west England.
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Fig. 1. Location of the Preese Hall-1 borehole in: (a) the United Kingdom and (b) the Bowland

Basin (adapted from Evans & Kirby 1999; mapsofworld 2015).

Preese Hall-1 is the first dedicated unconventional shale gas borehole in the UK and Europe (de
Pater & Baisch 2011), and was drilled to a depth of 2745 meters. Preliminary hydraulic
stimulations of this borehole were performed by Cuadrilla Resources Ltd in 2011 (Eisner et al.

2011; de Pater & Baisch 2011; Clarke et al. 2014).

Within the Bowland basin, the rocks of the Bowland-Hodder group encountered in the Preese Hall-
1 borehole are divided into an upper unit characterised by some 150 m of shale (Upper Bowland
Shale) and a lower, more variable unit (Lower Bowland Shale) containing almost 500 m of shale
interbedded with clastic and carbonate deposits due the influence of glacio-eustatic sea level

changes and tectonic events (Gawthorpe 1987; Andrews 2013). The Bowland Shale Formation
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(Upper and Lower Bowland shales) corresponds to ages between the end of the Visean (Brigantian)
and the beginning of the Namurian (Pendleian) (Waters et al. 2009) (Fig. 2). The Pendleside
Limestone Formation lies below the Bowland Shale Formation and marks the bottom of the
Bowland Shale sequence (Waters et al. 2009). Beneath, the Worston shale group forms a further
150 m thick unit of shales. The top of the Bowland shale group passes into the Millstone Grit
Group (Pendleian). The Bowland shale, Pendleside limestone and Worston shale are all included in

the Bowland-Hodder Unit corresponding to the whole Visean period (Andrews, 2013).

The samples used for the present study were taken predominantly (Fig. 2) from the lower Bowland
Shale Formation (samples B1 through B10). Sample B11 was taken from the Pendleside limestone

Formation and B13 from the lower part of the Worston Shale Formation (there is no B12).
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Fig. 2. Bowland basin stratigraphy in the Preese Hall-1 borehole, showing the stratigraphic

locations of the samples studied, which lie within the Bowland-Hodder group.
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In general, the organic content of the Bowland Shales lies between 1 and 3 wt% (Spears & Amin

1981; USEIA 2011), but can reach 5-8% (iGas 2012; Andrews 2013; EIA 2015).

3. Material Preparation and Methods

The mineralogy of all samples was semi-quantified by X-Ray diffraction (XRD) on a Bruker D8
Advance diffractometer, equipped with a Gobel Mirror and Lynxeye detector. The X-ray tube
provided CuK,; X-rays with a wavelength of 1.5A. Sample preparation involved grinding ~0.1g of
sample material mixed with ~1ml of amyl acetate. Samples were scanned between 5 and 70°0, with
a step size of 0.02° and a count time of 0.2s per step.

Total organic carbon (TOC) was measured with an experimental uncertainty of + 0.02% TOC using
100 mg powder samples in a Leco carbon analyzer (Michigan, United States) at the University of
Newcastle (UK), after rock acidification and organic matter combustion.

All samples were vacuum impregnated with epoxy resin and mechanically polished as thin sections
for optical and scanning electron microscopy. Optical microscopy was performed using an
Olympus SZX16 stereomicroscope to obtain low magnification images of the general textures from
cm- to mm-scale. Low magnification observations were also made with a JEOL JSM 6610LV SEM
equipped with a back-scattered electron detector and semi-quantitative EDS analyser. The
accelerator voltage was 20 kV and the working distance 10mm. To confirm the nature of minerals,
EDS point analysis and mapping was used with AZtec© software. High magnification observations
were performed with a SEM FEI Quantax FEG 650, with an accelerator voltage of 10 kV. Apart
from macropores, pore types are not described here because of the resolution of the study. The
differentiation between impregnation resin and organic matter under SEM was achieved using a

combination of three criteria:

(a) the morphology: organics have smooth faces at boundaries, whereas resin has clear boundaries
with the material due to its viscosity. The resin contains clear cracks at some places, formed

by the local heating by the electron beam at high energy (20 kV).
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(b) the peak intensity of carbon in EDS analysis. In our case, the organic matter particles show a
peak of carbon for energy much higher than 15 cps.eV™* | in contrast to the resin.
(c) the presence of chloride. Araldite 2020 resin contains a few percent of chloride which is

enough to be detected by EDS, in contrast to organic particles.

The small sizes of the samples available for this study precluded the measurement of bulk

porosity and permeability.
4. Results
4.1. Bulk composition and TOC

The samples are mainly composed of quartz, calcite, ankerite, muscovite, kaolinite, albite and
pyrite, based on XRD quantification (Table 1, Fig. 3). Two examples of the XRD patterns are given
in Fig. 3. These mineral assemblages determined by XRD were confirmed by SEM observations,

especially for clay minerals.

Proportions (wt%o)

8 o 2
Samples Depth Facies % % § é PE; é E 8
(meters) & 3 8 5( a8 § < F
Bl 207334 ‘panwed 0 58 15 13 2 9 3 14
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T Ljqulartz_-rlchd
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3 § B8 249527 S 18 52 3 11 2 5 9 11
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; laminated
S B10 250049 Guented 5 56 18 5 10 5 20
PL' BIl1 258629 ‘ammed 1 23 69 2 1 2 2 05
W.s? B13 271040 - 5 73 6 0 1 11 4 56

Table 1. Mineral proportion obtained by X-Ray Diffraction and Total Organic Content

measurements for all samples (1 : Pendleside limestone, 2 : Worston shale)
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Fig. 3. XRD patterns corresponding to the samples (a) B8 and (b) B5.

All Bowland-Hodder mudstone samples in this study are quartz-rich (>50 wt%) and clay-poor (<20
wt%) in contrast to sample B11, which is calcite-rich (>68wt%) (Table 1). Kaolinite is the only
clay mineral detected by XRD across all of the samples. The proportion of kaolinite is very low (<7
wt%) for all samples except B8 (18 wt%). Except for sample B11, all shale samples also contain
various proportions of carbonates (from 6 to 71 wt%), such as calcite and ankerite. Quartz and
calcite are also the most variable phases, with the least variation being seen in clay minerals (except

B8 with 18 % of kaolinite), muscovite, albite and pyrite (Fig. 4a).
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Fig. 4. (a) Variability of mineralogical composition of all samples, and (b) Mineralogy of all

samples represented on a ternary diagram plotting proportions of clays, quartz and carbonates.

Despite the variation in mineral proportions (Fig. 4a), all shale samples display quartz-rich and
calcite-rich mineralogies, independently of their TOC (Fig. 4b). The TOC values vary from 0.5 to
6.1 wt% for all the shales and the majority of samples have a TOC higher than 2 wt%, which is
usually considered the lower level for potential oil and gas plays (Table 1) (Charpentier & Cook
2011). The TOC measurements were performed on centimetre-scale samples and are mean
measurements, therefore local variability of organic matter content at smaller scales cannot be

excluded.

4.2. Textural variability at the cm to um scale

Micro-texture types were defined according to the thin section observations, on the basis of (a) the
absence or presence of laminae, (b) lamina thickness, (c) grain type (mineralogy), (d) grain
properties (e.g. size, orientation) and (e) the structure, content and nature of organic matter

particles. Four main types were defined: unlaminated quartz-rich mudstone (type 1), interlaminated

10
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quartz-rich mudstone (type 2), laminated quartz-rich mudstone (type 3) and weakly interlaminated
calcite-rich mudstone (type 4). For each micro-texture type, one sample was selected to illustrate
the microstructure. At the centimetre scale, the samples present various colors such as dark (B6),
light to dark grey (B11, B1, B5, B8) or dark brown (B2), principally reflecting their organic matter

contents (Fig. 5).

Centimetre scale Millimetre scale

1cm

(1) Cluster of carbonates (4) Calcite vein

(2) Quartz-rich lamina (5) Empty fractures [ ] Trace of bedding planes
(3) Organic and pyrite-rich lamina  (6) Pyrite-rich lamina

Fig. 5. Variability of mudstone micro-texture types of Bowland Shale from at the cm and mm

scales : macroscopic views (a-f) and optical images (g-I).

The samples show variations of texture due to the presence of laminae (B5, B8), fractures sealed by

carbonates (B6, B8), carbonate and quartz clusters (B2), and brittleness with open fractures (B8).

11
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Fig. 6. Variability of mudstone micro-texture types of Bowland Shale at the pum scale by back-
scattered electron (BSE) images under SEM : (a,b) unlaminated quartz-rich mudstone, (c,d)
weakly interlaminated calcite-rich mudstone, (e-i) interlaminated quartz-rich mudstone, (j-0)
laminated quartz-rich mudtone.

[Cal: calcite, Qz: quartz, Ank: ankerite, Om: organic

matter, Qz: quartz, Pyr: pyrite, Cem: cement, Kaol: kaolinite, Alb: albite].

Micro-texture type 1: Unlaminated quartz-rich mudstone (Samples B1 and B6)

Sample B6 forms a homogeneous unit from the centimetre to the millimetre scales. Calcite veins
are present in B6 (Figs 5 d, j and 6 a, b). From the mm to um scales, the grains of quartz and
carbonates are dispersed within a fine crystalline quartz cement. The sizes of clastic grains vary
from 10 um to 50 pm in diameter. The quartz grains are in contact, unlike the carbonates and other

grains. They are rounded with irregular shape, in contrast to the ankerite and muscovite grains
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which are idiomorphic (Fig. 6 a, b). This micro-texture type contains mainly lithoclasts and does
not possess any bioclasts. Quartz grains are divided in two types: the primary quartz in the
lithoclasts, which probably results from the deposition of sediment, and the secondary quartz
included in the cement and which fills in holes in carbonate grains and organic matter. The organic
matter particles are randomly located at the mm scale (Fig. 6b). They are mainly micrometre-scale
isolated particles and submicron particles mixed in the cement at the um scale. Clay minerals

(kaolinite) are located between the micrometre grains of quartz in the cement.

Micro-texture type 2: Interlaminated quartz-rich and pyrite-rich mudstone (B5, B2, B7)

At the centimetre scale, the interlaminated quartz-rich mudstone (Fig. 5 e-i) is heterogeneous due to
the presence of periodic laminae, and the variation of their thickness and continuity. Two types of
laminae are identified: (B5-a) grey quartz-rich lamina of millimetric thickness, and (B5-b) black
organic and pyrite-rich lamina of around 100 pum thickness. The thickness of quartz-rich laminae is
up to ten times that of the organic-rich laminae.

In B5-a (Fig. 6 e, f), the grains of quartz and carbonate display very various sizes (up to 100 um).
Quartz is particularly well-rounded and equant, unlike calcite which shows irregular shapes. Quartz
and ankerite do not exhibit any evident shape preferred orientation. The largest calcite (>50 pum)
and muscovite grains are elongate and oriented parallel to the bedding planes. The grains are held
in a fine quartz cement in which detrital quartz grains are contiguous. Pyrite grains occur in
randomly located framboid structures, with some assembled inside and/along the boundaries of
calcite grains, parallel to bedding. The cement appears organic matter-poor at the pum scale.

In B5-b (Fig. 6 g-i), the grains of quartz and carbonates have qualitatively similar properties in
terms of shape and orientation as B5-a, but their size is significantly smaller (around 10 pum). The
pyrites are assembled into framboids which form dense and elongate layers hundreds of um long,
and lying parallel to the bedding planes. These assemblages of pyrite are interlaced with elongate

micrometric organic matter particles, confirmed by their opacity under crossed polars OM (Fig. 5i).
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Many submicron and elongate particles of organic matter are interlaced with submicron grains of

quartz and clay minerals (Fig. 6 h, 1).

Micro-texture type 3: Laminated quartz-rich mudstone (B8)

From the cm to the mm scales, the laminated quartz-rich mudstone is heterogeneous due to the
presence of millimetre-size periodic laminae (Figs 5 e, k and 6 j-0). The laminae are quartz- (B8-a)
and organic-rich (B8-b) but their mineralogy is different than the samples B6 and B5, previously
described. These laminae are intersected by ankerite and calcite veins that cross-cut the bedding
(Fig. 5j). The transition between laminae is progressive or sharp, which could be interpreted as
gradual and rapid changes of depositional conditions, respectively.

B8-a is composed of large grains of quartz, feldspars (albite), muscovite, ankerite, calcite and
framboidal pyrites. B8-a is strictly a siltstone and lithologically close to a sandstone, with grains of
quartz and feldspar with a mean diameter between 50 and 100 um, within a fine cement of quartz
(Fig. 6j). Albite is altered and replaced by kaolinite, and filled by quartz cement, which suggests
that this type of quartz is probably diagenetic (Bjorlykke and Egeberg, 1993; Schieber, 1996). B8-a
contains large amounts of crystalline kaolinite (with no particular orientation), mixed with quartz
and calcite grains in the cement (Fig. 6k). A few idiomorphic ankerite grains are present on and in
replacement of calcite in veins. The organic matter is dispersed as submicron particles in the quartz
cement, and in micrometric particles on pyrite boundaries. B8-a is organic-matter poor over the mm
to um scales. The concentration of large particles of organic matter increases in the transition of
B8a to B8b (Fig. 6 I,m).

B8-b forms a heterogeneous unit with a lower mean quartz grain size (<30 pm), and multiple sizes
and aspects of organic matter particles (Fig. 6 n, 0). B8-b is feldspar-poor. The organic matter
particles are present as very large (up to 100 um) and elongate particles in the cement, orientated

parallel to the trace of bedding, and as submicron particles between clay minerals (Fig. 6 n,0). The

14
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220  Aninventory of the different types of organic matter particles is shown in Figure 7.
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Oml : Micrometre particles

(@) Om I-a : without (b)Om 1-b: with

macropores macropores

(d) (¢)
Om3 : Particles < pm Om4 : in oversize
in cement and clays
R

(c)

Om2 : Micrometre layer

Fig. 7. Various types of organic matter particles in Bowland shale under SEM: (a) micrometric
particles of organic matter without macropores (Om1-a); (b) micrometric particles of organic matter
with macropores (Om1-b); (c) micrometric layers of organic matter (Omz2); (d) Sub-micrometric

organic matter particles in cement (Om3); (e) organic matter in oversize pores.

In the range of all mudstone samples, the organic matter particles are divided into four main types,

as a function of their size and shape, the presence of macropores and their location:

Om1l: micrometric particles. These particles are divided in two sub-types according to the
presence or absence of macropores: Oml-a are organic matter particles of micrometric size and
mainly equant and rounded, without macropores at the um scale (Fig. 7a), and Om1-b which are
organic matter particles of generally more than 10 um size, with random shape and macropores at

the um scale (Fig. 7b). They are partially cemented by quartz and calcite. Their shapes and the

16



233

234

GRrWNPEF

21242

23
24243
25
26244
27

28745
29

30
31246
32
33247
34
35
36248
37
38249

40
41
415250
43
44
45251
46
47
48252
49
50
2,253
52
53
54
55
56
57
58
59
60
61
62
63
64
65

presence of macropores suggest that they probably result from primary deposits of algal cysts
(Leckie et al., 1990; Schieber, 1996). Om1-b pores are filled by diagenetic quartz (Schielber et al.,
2000).

Om2: micrometre layers (Fig. 7c). Om2 is structured in dense layers (20-200 um) parallel to the
bedding trace and divided into a multiple set of lamellar and fibrous structures with a length up to a
few hundred pm. It does not contain macropores. Pyrite is commonly present inside and on the
boundaries of Om2 layers. Om2 is sometimes combined with Om1-a.

Oma3: submicron particles between quartz and clays (Fig. 7 d). Om3 is composed of very small
and elongate organic matter particles lying parallel to the bedding trace, in the quartz cement or in
the clay matrix. Their orientation and shape suggest that they come from the same primary deposit
as Om2.

Om4: organic matter in oversize (larger than average) pores (Fig. 7e). Om4 is present in
abnormal and very irregular macropores larger than 10 um. In samples B5 and B11, the shapes of
these features could suggest that they result from mineral dissolution during burial, which allows
them to behave as preferential pathways for organic matter during maturation. However, no gradual
concentration of particular element deposits were found around these oversize pores to confirm this

hypothesis.

4.4. Diagenetic precipitation of carbonate veins

Mineral vein features

Carbonate (calcite and ankerite) veins are present in samples B2, B4, B6 and B8. Most veins lie

either perpendicular (B4, B6, B8) or parallel to bedding (B2, B8) (Fig. 8).
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Fig. 8. SEM-BSE images of features attributable to fluid circulation in Bowland shale (examples
from samples B6 and B8): (a) two veins of calcite perpendicular to bedding planes in sample B6;
(b) fractures in vertical calcite vein in sample B6; (c) horizontal calcite vein in sample B8; (d) and
(e) vertical veins of calcite which cross organic Om1-a and Om2 in sample B8; (f) close-up of the

organic matter in (e). [Cal: calcite, Qz: quartz].

A few inclined veins are also found in sample B6 (Fig. 5j). These veins are 50 to 300 um thick and
a few centimetres long. Veins occur in a small number of thick fractures in B6 and B2 and in a set
of abundant and narrow fractures in sample B8, separated by a few ten um. The veins contain
micrometre vertical and horizontal fractures in sample B6 (Fig. 8b). Figure 8 c-e shows that the

calcite veins cross micrometric organic matter particles (Om1).
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Ankerite and chlorite have partially replaced calcite in the veins of B8 and B6. Moreover, quartz
cement is seen to have filled voids in calcite veins (Fig. 8b), demonstrating that quartz cementation
has occurred after veining or that quartz co-precipitated with calcite (Fisher and Byrne, 1987,
Fischer et al., 2009). Vein boundaries are sometimes associated with chlorite minerals in the

laminated facies (B8) (Fig. 9 a, b).

Fig. 9. SEM BSE images of (a) micrometric chlorite and altered albite on the boundaries of a
calcite vein ; (b) well-shaped micrometric chlorite on the boundary of a calcite vein. [Chl: chlorite,

Alb: albite, Qz: quartz, om :organic matter].

Where present, chlorite occurs as micrometric crystals around the margins of the calcite veins and
within the quartz cement between feldspars and kaolinite (Fig. 9 a, b). The crystals are most
commonly oriented parallel to the bedding planes. Their location around the veins suggests a

formation subsequent to or contemporary with veining.

The calcite veins are partially filled by metal oxide deposits such as rutile, especially in sample B8

where the frequency of calcite veins is highest (Fig. 10 a, b).
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Fig. 10. SEM BSE images of (a) rutile inclusions in a calcite vein perpendicular to bedding planes

in B8 at low magnification; (b) enlarged area of a) at high magnification ; (c) detrital rutile grain

[Chl: chlorite, Alb: albite, Qz: quartz].

The rutile inclusions have irregular and smooth shapes with diameters varying between 2 and 10
pum (Fig. 10b). These inclusions are also present on the boundaries of veins, in the quartz cement
around the veins and as trace minerals within aluminosilicates, especially in kaolinite. Titanium is
also present as detrital rutile minerals in the cement (Fig. 10c). The presence of such titanium
inclusions in calcite veins proves an authigenic formation by precipitation after veining. These vein

inclusions also suggest that Ti-bearing fluid transport event occurred.

4.5. Mineral alteration and neoformation

Association of crystalline kaolinite and altered albite

Primary deposits of clays in shale are usually oriented with basal planes sub-parallel to the trace of
bedding planes due to sedimentation and compaction. However, the kaolinite in sample B8 has no
preferred orientation and displays large crystalline assemblages (greater than 10 um) that are often

associated with feldspars and quartz cement in quartz-rich laminae (Fig. 11 a, b).
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Fig. 11. (a) Randomly orientated kaolinite and muscovite mixed with albite and quartz; (d) large
crystalline assemblage of kaolinite with phosphate inclusions in the quartz-rich laminae of B8.

[Kaol: kaolinite, Alb: albite, Mus: muscovite, Cal: calcite, Qz: quartz, om: organic matter].

Albites are typically heavily altered, contain many holes partially filled by authigenic quartz, and
are bordered by multi-micrometre “booklets” of kaolinite and muscovite. The frequent association
of altered albite with authigenic kaolinite and quartz suggests the neoformation of kaolinite from

the alteration of albite during burial (Oberlin and Couty, 1970; Boles and Franks 1979).

Idiomorphic ankerite

All shale samples except B2 contain, in various proportions and sizes, very well-formed crystallites
of ankerite within the quartz cement, and mixed with calcite in veins. An example from sample B1
is shown in Figure 12a. The size of the ankerite crystals qualitatively varies from a few um (B7,
B8) to 20 um (B1, B6, B5, B9, B10). The strongly idiomorphic shapes of ankerite and their random
orientations suggest that they developed authigenically. Moreover, they crosscut the calcite veins,
demonstrating that the ankerite crystals were formed subsequent to veining (Fig. 12 b, c). Quartz
cement composed of multi-micrometric grains of quartz partially fills the calcite veins, and
crosscuts or surrounds ankerite (Fig. 12 a, d), suggesting that ankerite formation was probably

followed by a period of quartz cementation.
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Fig. 12. SEM BSE images of: (a) well-formed ankerite crystallites in the quartz cement of B1; (b)
ankerite crossing calcite vein in B6 sample ; (c) magnified view of of b) ; (d) quartz cement
crossing well-formed ankerite crystallites and a calcite vein in B6 . [Kaol: kaolinite, Ank: ankerite,

Mus: muscovite, Cal: calcite, Qz: quartz, Cem: cement].
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4.6. Variability of fractures

Knowledge of the fracture network is important for effective hydraulic treatment design (Gale and
Holder, 2010). Natural fractures and mechanical discontinuities in general can affect the
propagation of hydraulic fractures through delamination for example, which eventually causes
opening of pathways under high pressure (Warpinski and Teufel 1987; Zhang et al. 2007; Gale et

al. 2007; Gale and Holder, 2010).
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Fig. 13. Fractures (arrows) in Bowland shale. BSE images of : (a) calcite-sealed fracture F1; (b)
horizontal bitumen-filled fracture (F2) and empty fracture (F4) along F2; (c) assemblage of thin F2;

(d) horizontal and vertical F2; (e) F1 crossed by a bitumen-filled and empty fractures ; (f) inclined
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349

F2 crossing F1 corresponding to the magnified view of (e); (g) vertical empty fracture in F1 in the
continuity of F2; (h) resin-filled fractures (F3); (i) empty fractures along organic matter and micas;

(j) empty fractures at the extremities of organic matter particles (Oma3) in quartz cement.

In this study, four types of fractures were found in Bowland shale:

F1: Mineral-sealed fractures (Figs 8 and 13a). During post-compaction diagenesis, veins were
formed as fractures filled with precipitated solids. In this case, the vein-filling phase is mainly
calcite and ankerite, and can be termed calcite-sealed fractures. Note that the calcite veins
previously described and the calcite-sealed fractures correspond to the same features. The majority
of these sealed fractures lie perpendicular to bedding planes but inclined and horizontal fractures
are also present. Gale and Holder (2010) showed that Barnett and New Albany shale (USA)
samples with natural calcite-sealed fractures display tensile strengths less than 50% of that
measured in samples without veins, and will always tend to fail along available fracture planes. Lee
et al. (2015) also demonstrated that fractures preferentially refract in the middle of calcite veins
during semicircular bending tests on Marcellus Shale. Calcite-sealed fractures are considered to be
weak joints because calcite grows between non-carbonate grains without any cement with the
border grains (Gale and Holder, 2010; Lee et al. 2015). Despite this tendency, Montgomery et al.
(2005) considered that natural calcite-sealed fractures are insignificant for production in the Barnett
shale (USA). Shales have usually undergone large amounts of compaction and porosity loss during
progressive burial. Thus when vertical planar veins crosscut bedding their formation must have
occurred post-compaction strain, when the rock became sufficiently brittle to host fractures.

F2: Natural fractures partially filled by organic matter (Fig. 13 a, b, ¢, d). The majority of these
fractures lie parallel to bedding planes (Fig. 13 b, ¢), although a significant proportion is inclined or
vertical (Fig. 13 a, d, e, f). The horizontal fractures are present in the cement along the boundaries
of quartz, calcite, feldspar and mica grains, sometimes crosscutting calcite grains and detrital

muscovite. They occur either as discontinuous thin, individual fractures from 1-2um aperture,
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continuous and individual fractures of 5-6 um aperture (Fig. 13 b), or as a set of thin fractures
forming a multi-micrometre fracture assemblage (Fig. 13 c) in the prepared samples. Sample B8
contains the greatest number of calcite veins examined, and a significant number of vertical
fractures partially filled by bitumen and impregnation resin (Fig. 13 e-g). The bitumen-bearing
fractures mostly lie within the organic-rich laminae, but some are also located along and inside
calcite veins in the quartz-rich laminae (Fig. 13 e-g). Their aperture is very variable, from <lum to
approximately 25 um at the studied scales. A small number of fractures show brecciated aspects
with a locally higher concentration of small grains of quartz and broken grains of micas, ankerite

and calcite (Fig. 13 d).

F3: Fractures filled by resin (Fig. 13 h). These fractures are located in and on the boundaries of
calcite veins, and in the quartz cement. Some of these fractures cut quartz and feldspars, and show
brecciated aspects. These fractures transect calcite veins in sample B2, demonstrating that their
formation was subsequent to veining. Because they became filled by resin and the sample was cut
after impregnation, they could have been formed whilst the rock at depth. They are also likely to
have been formed by release of in-situ stresses during extraction from the borehole. Their apertures
are generally larger (several micrometres) and more homogeneous than the bitumen-filled fractures.
Many of these fractures are connected (Fig. 13 h).

F4: “Empty” fractures (Fig. 13 b, g, i, j). Many of these fractures are horizontal, but vertical
empty fractures are also observed. The horizontal empty fractures are located alongside or at the
ends of organic matter particles (Om3) in the cement (Fig. 13 b), and at the boundaries of quartz or
micas (Fig. 13 i, j). Their aperture is generally less than 1 um . Figure 11 j shows a high rate of
occurrence of these fractures in the cement of B8, but they appear discontinuous and unconnected
in 2D. Empty fractures also occur as a continuation of bitumen-filled fractures (Fig. 13 e, ),
following the direction of pre-existing fractures and cleavages in calcite veins. They may have been
produced by stress release during sample recovery from depth, or during handling, but were too

small to give easy access to the impregnation resin.
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5. Interpretation and Discussion

5.1. Variability of microtexture

Implications for anisotropy and mechanical properties

The samples analyzed in this study display heterogeneous microstructures in terms of mineralogy,
texture and TOC (Table 1, Figs 3,4). Even though the mean mineral proportions determined by
XRD may be similar for all shale samples studied (e.g. all are quartz-rich), they have very variable
microstructures owing to the presence of variable developments of periodic laminae from the um to
mm scale, which should be expected to cause strong and variable mechanical anisotropy. The
comparison between the XRD, TOC, OM and SEM results thus emphasises the fact that XRD
results alone are insufficient to classify the different shale samples. Petrographic observations can
sometimes be superior to bulk analyses because the local variability of a range of parameters can be
evaluated (Hackley and Cardott 2016). Key properties such as organic content, gas content and
strength depend on such local variations of individual sedimentary facies (Cuss et al. 2015).

It is relatively well-known that the mechanical properties (strength, elastic properties, dilatancy,
creep...) of shale are dependent on several parameters such as mineralogy, grain shape and
orientation, or porosity related to the orientation of bedding (Bjerlykke and Hgeg 1997), and
become apparent during unconfined or triaxial compression testing, or during thermal stimulation
(Niandou et al. 1989; Ibanez and Kronenberg 1993; Naumann et al. 2007; Gutierrez et al. 2008;
Sone and Zoback, 2013; Masri et al. 2014; Cuss et al. 2015; Bonnelye et al. 2016 a,b; Keller et al.,
2017). The samples of Lower Bowland shale studied here are very anisotropic with a mineralogic
banding plus shape and crystallographic preferred orientation of clays (organic-rich laminae), pyrite
and individual organic particles, contrasting with silica-rich laminae. Furthermore, the development
of a vertical spatial variability of micro-texture types with variable mineralogy and texture in the
sequence of Lower Bowland Shale also induces a coarser vertical degree of development of

anisotropy. The laminae have different thickness, from the um to mm, and may be continuous or

27



405

406

O wWNPEF

21414

23
24415

25
26
27416
28
29
30417
31
32
33
34
35419
36

37420
38

418

39
40421
41
424722
43

44
45423
46
47424
48
49
50
51
52
53426
54
55

56427
57

58
59428
60
61429

425

63
64
65

discontinuous, which can lead to local variations of mechanical behavior. Laminae and micro-
texture changes induce discontinuities and weak regions that can focus stress concentrations
according to corresponding variations in elastic moduli (Lan et al. 2010, Amann et al. 2011), and
may provide preferential ways for fracture growth. Variable degrees of development of clay
mineral preferred orientation were observed, especially in the laminated micro-texture, ranging
from kaolinite mineral grains that are randomly and horizontally arranged in quartz-rich and
organic-rich laminae of the laminated mudstones, to laminae in which clay crystallites are strongly
oriented as a result of mechanical compaction.

The studied Lower Bowland shale samples therefore display very anisotropic microstructures, but
the degree of anisotropy varies with the micro-texture, mainly manifested as a variability of clay

orientation and the thickness of laminae.

Primary depositional variability

The Lower Bowland shale samples correspond to hybrid shale in which elements of organic-pyrite-
rich mudstone, organic sandstone (quartz-rich laminae of B8 for example) and organic siltstone are
intimately interlayered. Turbidite facies have also been found in samples of Bowland shale
retrieved from other boreholes (Waters and Davies 2006; Gross et al. 2015). The description of
Lower Bowland microfacies herein has shown a wide variation of clastic and carbonate particle
sizes and modal proportions, and also of TOC values. These observations reflect a primary
variability of depositional controls within the basin, arising from glacio-eustatic fluctuations and
tectonic events (Gross et al. 2015; Gawthorpe 1987; Holdsworth and Collinson 1988; Fraser and

Gawthorpe 2003; Waters and Condon 2012; Gross et al. 2015).

5.2. High TOC and TOC variability in Lower Bowland shale

The majority of the studied shale samples have TOC higher than 2 wt%, between 1.1 and 6.1 wt%
and with an average of 2.88 wt%. The presence of organic matter-rich samples confirms analyses

reported in other recent studies (DECC 2010a; Charpentier and Cook 2011; iGas 2012; Andrews
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2013). However, the alternation between organic matter-rich and -poor laminae probably acts to
decrease the mean value of TOC and clay content at the cm and larger scales. As a consequence,
the laminated samples (B7, B8) are classified as low TOC (<2 wt%) shales despite the presence of
organic matter-rich laminae. In the same way, the local TOC values at the mm scale could be much
higher than the results obtained by bulk TOC measurements at the cm scale for the samples
displaying interlaminated facies (B5). SEM observations highlight the fact that the Bowland shale
samples in this study contain narrow units (<1 mm) of higher-than-background TOC (but not
quantified in this paper) from the um to the mm scale, and qualitatively confirms the conclusions of
Andrews (2013). Similarly, Maynard et al. (1991) measured TOC of two thin Namurian shales
from the Upper Carboniferous basin of Northern England with local TOC up to 10 to 13 wt%, but

these bands were interbedded within strata of 2 to 3 wt% TOC, which leads to a lower mean TOC.

5.3. Quartz-rich and clay-poor Lower Bowland shale

In this study, all shale samples examined are quartz-rich and clay-poor in comparison with some
other samples of Bowland shales (ARI 2013; Andrews 2013; EIA 2015; Gross et al. 2015; Ma et al.
2016). Moreover, the clay minerals detected here are mainly kaolinite, whereas other Bowland
shale samples may also contain a significant quantity of illite (Gross et al. 2015; Ma et al. 2016)
and mixed layer minerals (Gross et al. 2015). In general, shale is predominantly composed of very
fine grained particles within an indurated matrix, with or without laminations (Spears 1980; Bates
and Jackson 1984; Jackson et al. 2007; Passey et al. 2010; Sondergeld et al. 2010a). Shale is formed
by the compaction of clay minerals together with mud or silt-sized framework minerals (Bates and
Jackson 1984), and associated with a substantial loss of porosity and development of fissility. A
simple definition of shale for gas plays refers to a productive fissile rock containing a significant
amount of organic matter from fine-grained rocks which can be carbonate, silica or clay-rich rocks
such as the Haynesville, Barnett, Woodford, and Marcellus shales (USA) (Milner et al., 2010;

Hammes et al.,, 2011; Chalmers et al., 2012). Loucks and Ruppel (2007) described shales
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containing less than one-third clay minerals as siliceous mudrocks. Various definitions are found in
the literature (e.g. Ougier-Simonin and Renard 2016) and the finest grains do not necessarily
correspond solely to clay minerals. In the present study, the fine and detrital microstructure of all
samples also includes various types of organic matter particles, giving mean whole-rock TOC
higher than 2 wt%. Our samples were thus considered as shales even if their clay contents were to
be less than 20 wt%. In these rocks, the detrital grains are mixed in a quartz cement rather than a
clay matrix, although lenses of clays were also identified in some samples (B5, B8). A low
proportion of clay minerals (<35%) is considered to be an advantage to facilitate hydraulic
fracturing and gas extraction, because high proportions of tectosilicates (quartz), carbonates and
other non-swelling minerals act to limit the rock ductility and to enhance brittleness (Jarvie 2014;
Raji et al. 2015). However, Montgomery et al. (2005) and Ross and Bustin (2008) find an inverse
relation between silica content and porosity in some areas of Muskwa and Besa River shales,
demonstrating that silica content and ability to fracture should be considered alongside other
characteristics while estimating potential resource capacities.

Canadian shale from the Muskwa and the Lower Besa River shales in northern British Columbia
display similar bulk mineralogy to the Bowland samples used in this study (Ross and Bustin 2008).
They are silica-rich (from 58 to 93 wt%), TOC-rich (up to 5 %), and the lowest quartz contents are
associated with carbonates such as dolomite (around 40 wt%). Moreover, clay minerals represent
only 1 to 25 wt%. As with Besa River and Muskwa shales, Bowland shale samples are composed
substantially of detrital silica, but subsequent cementation and replacement crystallization of quartz
can make the identification of primary silica grains difficult. Consequently, the origin of some of
the silica (quartz) is difficult to explain for the Bowland shale samples presented here. The presence
of organic matter derived from algal cysts demonstrates a marine depositional environment, but the
absence of siliceous fossils such as radiolaria and other microfossils suggests that the high quartz
content is not due to biogenic activity.

5.4. Fluid passage and temperature-driven reactions during burial
30
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Using the cross-cutting principle, different events identified can be qualitatively ordered in time
sequence. There are (a) feldspar alteration and neoformation of kaolinite, (b) calcite veining, (c)
ankeritization of calcite, (d) quartz cementation and (e) organic matter migration through fractures.
These features demonstrate a likely late or post diagenetic circulation within or passage of fluids
through these Bowland shale samples, accompanied by veining and mineral alteration at low
temperatures. It was followed by a second circulation of hydrocarbon-bearing fluids at higher
temperatures. These events were not necessarily followed precisely one by the other, but could be
partially concurrent in some cases. The description of these events (below) provides preliminary
qualitative data on the burial conditions and maturation of Bowland shale in the Preese-Hall-1
borehole, but these conditions must be further studied on a significant quantity of samples from

various locations before being generalized for the Bowland shale basin.

Veining episode

Calcite-veins (F1) crosscut all types of laminae, indicating a displacement of fluids subsequent to
primary sediment deposition and compaction. Silica-bearing fluids are presumably expelled from
greater depths in the sediment pile as a result of the final stages of compaction and diagenetic
reactions. The general planar orientation of veins normal to the compaction fabric demonstrates that
the veining occurred in the fully-compacted and indurated host-rock. Experimental observations of
mechanical compaction and study of natural shale-bearing basins shows that most compaction is
completed by much less than 1 km of burial (Rutter et al. 2017). The orientations observed of the
calcite veins suggest a simple, transversely isotropic stress field arising from compaction under the
weight of overburden. In the range of samples studied, the majority of veins lie perpendicular to
bedding planes, forming a vertical polygonal network (although some horizontal and inclined veins
are present), indicating that the maximal principal stress arose from the vertical load. Compaction-
induced pore fluid overpressuring occurs when the fluid pressure rises to become very close or

equal to the least principal stress during burial. In transversely isotropic loading there is little
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difference between the least and the intermediate principal stresses in the horizontal plane. In low
permeability rock such as shale, fluid cannot be rapidly expelled from the pores, therefore pore
pressure may rise sufficiently to cause vertical hydrofracture formation, perhaps assisted by
horizontal crystallization pressure if minerals grow in the veins from locally supersaturated
solutions. The possibility of penecontemporaneous fracture along bedding planes can also arise,
allowing the formation of horizontal calcite veins in shale owing to the lower fracture toughness for
bedding-parallel fracture. It can result of the bedding anisotropy coupled with a low differential
stress as a consequence of creep deformation, also promoted by a high pore fluid pressure (Stoneley
1983). However, the absence of organic matter inside the calcite veins (at the um scale), and the
dominance of vertical veins suggest that a relatively high vertical principal stress suppressed
significant formation of bedding-parallel veins. Horizontal calcite veins can also form in rocks via
the Poisson ratio effect when differential stresses have been relaxed by creep and there is a degree
of vertical depressurization through an erosional episode.

The Visean shales of the Bowland basin were deposited during the syn-rift stage of a Lower
Carboniferous back-arc basin, and are restricted to graben and half-graben separated by platforms
and tilt-block highs (Leeder 1982, 1988; Warr 2000; Waters and Davies 2006). The Namurian
shales were deposited in the subsequent thermal subsidence stage (Leeder 1988; Waters and Davies
2006), which is emphasized at small scales with localized extension and compression episodes in
the Pennine Basin in Northern England (Waters et al. 1994). Rocks of the Craven group, which
includes Visean and Namurian shales in the Bowland sequence elsewhere in the basin, was
subjected to tectonic activity during the late Chadian to early Arundian and from the late Asbian
until the early Brigantian stages. Evidence of hydrothermal precipitation is very poorly documented
within the scientific literature on the Bowland sequence, and it is difficult to discern how long after
deposition the carbonate veining occurred. Isotopic and dating measurements of calcite minerals

would be required to resolve this question.
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In shales, the formation of calcite veins usually occurs at temperatures between 20 and 60°C at
shallow to intermediate burial depths (up to hundreds of meters deep) (Al-Aasm et al. 1992), but
formation of calcareous mineralization at up to 2.3 km depth has been inferred for some shale
formations, such as the middle Devonian shale from the Appalachian plateau (USA) (Evans 1995).

Clay minerals

Quartz-rich laminae within laminated facies contain significant quantities of altered albite, together
with micrometric kaolinite with “booklet” shapes. Alteration of detrital albite to authigenic
kaolinite in shale is commonly due to a temperature-dependent reaction and pore fluid interactions
during burial (Boles and Franks, 1979; Tieh et al., 1986). This reaction occurred in Wilcox shale at
temperatures between 100 to 120 °C (Boles and Franks 1979). In the present study, the samples
show that a first type of kaolinite resulted from primary deposition (oriented crystals in organic-rich
laminae) and a second type (randomly oriented authigenic kaolinite in quartz-rich laminae) that

corresponds to the alteration of feldspars (albite).

Ankerite neoformation and quartz cementation

At temperatures higher than 100 °C, iron and magnesium in solution may react with kaolinite to
produce chlorite, and/or with calcite to produce ankerite (Boles and Franks 1979). Iron and
magnesium generally originate from illitization. Ma et al. (2016) found 23 wt% of illite and 2 wt%
of kaolinite in Bowland shale sourced from the Swinden borehole in the west of the Bowland basin.
Ilite is not present in the XRD analyses of the samples studied here, whereas a few illite grains are
seen in a small number of SEM images (in B5 for example). As a result, the sources of iron and
magnesium are not yet understood. In general, ankerite is more abundant in sequences of thin
sandstones associated with thick shale layers, than it is in thick sandstone layers (Boles and Franks
1979). This generalization was confirmed to be the case for the Bowland shale in Preese Hall-1 by
the laminated and interlaminated micro-texture types, and agrees with the observations and

inferences of Waters and Davis (2006) and Andrews (2013). Their strong crystallographic forms
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and their location in veins as a calcite substitute suggest an authigenic origin and formation
subsequent to veining.

Quartz cement partially infills calcite veins and crosscuts authigenic ankerite minerals, revealing
that quartz cementation was a late event, occurring after veining and ankerite formation. The
presence of veins, crystalline quartz cement and crystalline kaolinite, plus Ti and Fe oxides inside
veins, may also imply a passage or circulation of fluids through these laminae, and may partially
explain the feldspar alteration to kaolinite.

The quartz cementation is particularly present in quartz-rich laminae of the laminated mudstones
which are siltstone to sandstone according to their grain size, and in the unlaminated mudstone
samples. In relatively porous, quartz-rich sandstones, large volumes of water can pass through the
pore system, permitting cementation in areas where pressure solution is absent (Boles and Franks
1979). Siltstone, sandstone and mudstone are usually studied independently but in our case, they
are dispersed periodically and vertically throughout the sample set. In the Wilcox sequence in
Texas (USA), the majority of pore waters derived from the original compaction of shale moved
through the (more permeable) interbedded sandstones, despite shales representing the majority of
the stratigraphic section (Burst 1969). Waters passing from shales to siltstone and sandstones
during diagenesis should facilitate chemical component transfers, which may enable the formation
of sandstone cement (Curtis 1978; Boles and Franks 1979). The laminated mudstone microtextures
of the Bowland shale samples presented here are composed of organic-rich laminae, wherein
detrital grains are mixed in a fine cement of quartz and clay lenses, interbedded with quartz-rich
laminae, which appear similar to quartz-cemented siltstone and sandstones. These quartz-rich
laminae are composed of large grains of quartz cemented by fine-grained quartz grains. Following a
hypothesis of Curtis (1978), water could pass from the organic-rich to quartz-rich laminae and its
transfer could facilitate the quartz cementation. The very low clay content in Bowland shale
samples allows us to admit this hypothesis as possible. However, a low content of primary clay
minerals does not necessarily mean that porosity and permeability are high enough to permit this
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process. Porosity and permeability data are few for Bowland shale (Andrews 2013), but are
commonly very low in shale formations (e.g. Rutter and Mecklenburgh 2017), hence the latter
hypothesis could also explain the quartz cementation. The SEM observations suggest that the
quartz cementation occurs late, after the veining and ankerite formation (if there is only one period

of cementation).

5.5. Organic matter migration during thermal maturation

Migration through fractures

The samples studied here show a high variability of fracture types, in terms of their content
(carbonate, bitumen, resin, empty), orientation and size. The opening of fractures generated by the
expansion of organic matter is traditionally thought to be caused by pore fluid overpressuring
through organic decomposition and petroleum generation, which happens in the 80-150 °C
temperature range (Bjarlykke 2010; Kobchenko et al., 2011; Goulty et al., 2012). Very low heating
rates between 1-2 °C/Ma have been inferred, but sometimes reaching as high as 10 °C/Ma
(Bjorlykke 2010). The late bitumen-filled fractures F2 crosscut the shale microfabric, ankerite
grains, quartz cement and carbonate veins, showing the migration of organic-matter occurred

subsequently to the formation of all these features.

Fracture orientation

In shales in general, bitumen-bearing horizontal fractures are significantly more common than
vertical fractures. For example, horizontal bitumen-filled fractures are found in the clay matrix of
organic-rich laminae in the lower half of the Upper Devonian Dunkirk Shale alongside a smaller
population of vertical bitumen-filled fractures (Lash and Engelder 2005). These fracture
populations also typify the Oligocene Frio shale (Capuano 1993) and Upper Devonian Strachan
shale in the Alberta basin (Marquez and Mountjoy 1996) in the USA. The majority of their

bitumen-filled fractures are oriented parallel to the bedding planes. This is an important initial
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anisotropy caused by the horizontal laminae and clay grain fabric and by many kerogen grains lying
flattened parallel to bedding, which can correspond to Om2 and Om3 in our case. When
interconnected, these horizontal fractures may aid the migration of hydrocarbons into reservoir
rocks (Momper 1978; du Rouchet 1981; Talukdar et al. 1987; Ozkaya 1988; Capuano 1993;
Marquez and Mountjoy 1996; Lash and Engelder 2005).

The Upper Devonian Strachan shale in the Alberta basin (USA) and the black shale of the Bluefish
basin (Canada) also feature many horizontal fractures (Al-Aasm et al. 1992; Marquez and
Mountjoy 1996). Diagenesis generates vertical compaction and smaller induced horizontal stresses
during burial, but the horizontal stresses may become larger than the vertical stress as a result of
differential stress relaxation during creep, coupled with removal of overburden through erosion,
which will facilitate the formation of late horizontal fractures along bedding planes (Turcotte and

Schubert 2002; du Rouchet 1981; Spencer 1987).

The Bowland shale samples contain horizontal bitumen-filled (F2) and empty fractures (F4) which
are very similar to those observed by Lash and Engelder (2005). However, the samples also contain
a significant number of vertical bitumen-filled fractures, especially in dense calcitic-vein areas as in
sample B8, and unlike the North American shales described above. Moreover, the vertical bitumen-
bearing fractures (F2) systematically crosscut calcite veins and isolated calcite grains in the cement.
These late, radially distributed, vertical bitumen-bearing fractures were interpreted to have formed
from fractures branching from pre-existing calcite veins owing to reduced fracture toughness at

their margins.

6. Conclusions

In this study the variability of the microstructure of the Lower Bowland shale was highlighted from
the cm to um scale using the traditional techniques of microscopy combined with XRD and TOC
measurements. The samples show a high variability of : (i) micro-texture types (unlaminated,

interlaminated and laminated quartz-rich mudstones and weakly interlaminated calcite-rich
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mudstone), (ii) mineralogy, (iii) TOC (from 0.5 to 6.1 wt%), (iv) organic-matter particles
(micrometric particles with and without macropores, multi-micrometre layers, submicrometre
particles in the cement and particles in oversize pores), and (v) fractures which are organized in a
complex network (calcite-sealed, bitumen-filled, empty and resin-filled fractures). The planar
geometry of the vertical veins means that the rock was compacted and lithified prior to the
formation of the carbonate-sealed fractures. The vertical bitumen-bearing fractures were interpreted
as being due to the influence of weak joints generated by the previous carbonate veining episode,
which increases the brittleness of the shale. Moreover, the microstructural and mineralogical
hetereogeneities in areas heavily affected by veins may preferentially facilitate formation of open
fractures (resin-filled and empty) during specimen recovery and handling.

The majority of samples are quartz-rich and high TOC (>2 wt%). Some samples have low overall
TOC but their microstructure shows local cyclicity between organic-rich and organic-poor laminae.
This confirms the presence of narrow (<1 mm) and periodic, qualitatively organic-rich deposits in
Bowland shale as has been previously suggested in the literature. The low clay content (<20wt%),
the high detrital and cemented quartz content (>50wt%), and the presence of a complex and multi-
scale fracture network support the developing interest in the Lower Bowland shale as a potential
hydrocarbon resource.

The planar geometry of the vertical calcite veins means that the rock was already compacted and
lithified before the carbonate-sealed fractures could form. Subsequently, mineral replacements and
authigenic growths of clay minerals and secondary carbonate grains (calcite and ankerite) formed.
Later, horizontal bitumen-bearing fractures provided routes for hydrocarbon migration and may
have formed as maximum principal stress became horizontal as a result of stress relaxation during
creep coupled with erosional offloading. The vertical bitumen-bearing fractures were interpreted as
being due to the influence of weak joints generated by the previous carbonate veining episode,

which increases the brittleness of the shale. The microstructural and mineralogical hetereogeneities
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in areas heavily affected by veins may have preferentially facilitated formation of open fractures
(resin-filled and empty) during specimen recovery and handling.

The identification of various micro-texture types and their heterogeneities in terms of mineralogy
and structure (fractures, laminae) will aid the selection of specific types of samples for 2D and 3D
high-resolution imaging in the cement and clay lenses, and for geomechanical characterization. In
the same way, the description of the various organic matter particles should guide the selection of
key particles for characterization of the pore network within kerogen and bitumen-filled fractures.
Evidence of a range of geological episodes such as carbonate-veining, feldspar alteration to
kaolinite, ankerite neoformation and bitumen-driven fracturing highlight periods of fluid passage or
circulation within the Bowland sequence and temperature-driven reactions occurring during burial,
for over the temperature range between approximately 30 and 150 °C. The evidence presented here
provides new aspects to aid understanding of the geological history of the Lower Bowland
sequence, which should aid in the development of a more generalized understanding of the
sequence through future studies across larger sample quantities.

In future studies of Lower Bowland Shale microstructure, a regular separation distance between the
samples should be taken and further observations of the cement should be made to evaluate the
connectivity of the various fractures, especially the numerous horizontal micrometer-scale empty

fractures F4, and to make a better estimation of mineralogy and modal fraction of clays present.
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Figure captions

Fig. 1. Location of the Preese Hall-1 borehole in: (a) the United Kingdom and (b) the Bowland Basin
(adapted from Evans & Kirby 1999; mapsofworld 2015).

Fig. 2. Bowland basin stratigraphy in the Preese Hall-1 borehole, showing the stratigraphic locations of the
samples studied, which lie within the Bowland-Hodder group.

Fig. 3. XRD patterns corresponding to the samples (a) B8 and (b) B5.

Fig. 4. (a) Variability of mineralogical composition of all samples, and (b) Mineralogy of all samples
represented on a ternary diagram plotting proportions of clays, quartz and carbonates.

Fig. 5. Variability of mudstone micro-texture types of Bowland Shale from at the cm and mm scales :
macroscopic views (a-f) and optical images (g-1).

Fig. 6. Variability of mudstone micro-texture types of Bowland Shale at the um scale by back-scattered
electron (BSE) images under SEM : (a,b) unlaminated quartz-rich mudstone, (c,d) weakly interlaminated
calcite-rich mudstone, (e-i) interlaminated quartz-rich mudstone, (j-0) laminated quartz-rich mudtone. [Cal:
calcite, Qz: quartz, Ank: ankerite, Om: organic matter, Qz: quartz, Pyr: pyrite, Cem: cement, Kaol: kaolinite,
Alb: albite].

Fig. 7. Various types of organic matter particles in Bowland shale under SEM: (a) micrometric particles of
organic matter without macropores (Om1-a); (b) micrometric particles of organic matter with macropores
(Oma1-b); (c) micrometric layers of organic matter (Om2); (d) Sub-micrometric organic matter particles in
cement (Om3); (e) organic matter in oversize pores.

Fig. 8. SEM-BSE images of features attributable to fluid circulation in Bowland shale (examples from
samples B6 and B8): (a) two veins of calcite perpendicular to bedding planes in sample B6; (b) fractures in
vertical calcite vein in sample B6; (c) horizontal calcite vein in sample B8; (d) and (e) vertical veins of
calcite which cross organic Oml-a and Om2 in sample B8; (f) close-up of the organic matter in (e). [Cal:
calcite, Qz: quartz].

Fig. 9. SEM BSE images of (a) micrometric chlorite and altered albite on the boundaries of a calcite vein ;
(b) well-shaped micrometric chlorite on the boundary of a calcite vein. [Chl: chlorite, Alb: albite, Qz: quartz,
om :organic matter].

Fig. 10. SEM BSE images of (a) rutile inclusions in a calcite vein perpendicular to bedding planes in B8 at
low magnification; (b) enlarged area of a) at high magnification ; (c) detrital rutile grain [Chl: chlorite, Alb:
albite, Qz: quartz].

Fig. 11. (a) Randomly orientated kaolinite and muscovite mixed with albite and quartz; (d) large crystalline
assemblage of kaolinite with phosphate inclusions in the quartz-rich laminae of B8. [Kaol: kaolinite, Alb:
albite, Mus: muscovite, Cal: calcite, Qz: quartz, om: organic matter].

Fig. 12. SEM BSE images of: (a) well-formed ankerite crystallites in the quartz cement of B1; (b) ankerite
crossing calcite vein in B6 sample ; (c) magnified view of of b) ; (d) quartz cement crossing well-formed
ankerite crystallites and a calcite vein in B6 . [Kaol: kaolinite, Ank: ankerite, Mus: muscovite, Cal: calcite,
Qz: quartz, Cem: cement].

Fig. 13. Fractures (arrows) in Bowland shale. BSE images of : (a) calcite-sealed fracture F1; (b) horizontal
bitumen-filled fracture (F2) and empty fracture (F4) along F2; (c) assemblage of thin F2; (d) horizontal and
vertical F2; (e) F1 crossed by a bitumen-filled and empty fractures ; (f) inclined F2 crossing F1
corresponding to the magnified view of (e); (g) vertical empty fracture in F1 in the continuity of F2; (h)
resin-filled fractures (F3); (i) empty fractures along organic matter and micas; (j) empty fractures at the
extremities of organic matter particles (Oma3) in quartz cement.

Table 1. Mineral proportion obtained by X-Ray Diffraction and Total Organic Content measurements for all
samples (1 : Pendleide limestone, 2 : Worston shale).
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Abstract

Variability in the Lower Bowland shale microstructure is investigated here, for the first time, from
the centimetre to the micrometre scale using optical and scanning electron microscopy (OM, SEM),
X-Ray Diffraction (XRD) and Total Organic Carbon content (TOC) measurements. A significant
range of micro-textures, organic-matter particles and fracture styles was observed in rocks of the
Lower Bowland shale, together with the underlying Pendleside Limestone and Worston Shale
formations encountered the Preese Hall-1 Borehole, Lancashire, UK. Four micro-texture types were
identified: unlaminated quartz-rich mudstone; interlaminated quartz- and pyrite-rich mudstone;
laminated quartz and pyrite-rich mudstone; and weakly-interlaminated calcite-rich mudstone.
Organic matter particles are classified into four types depending on their size, shape and location:
multi-micrometre particles with and without macropores: micrometre-size particles in cement and
between clay minerals; multi-micrometre layers; and organic matter in large pores. Fractures are
categorized into carbonate-sealed fractures; bitumen-bearing fractures; resin-filled fractures; and
empty fractures. We propose that during thermal maturation, horizontal bitumen-fractures were
formed by overpressuring, stress relaxation, compaction and erosional offloading, whereas vertical
bitumen-bearing, resin-filled and empty fractures may have been influenced by weak vertical joints
generated during the previous period of veining. For the majority of samples, the high TOC (>2
wit%), low clay content (<20wt%), high proportion of quartz (>50wt%) and the presence of a multi-
scale fracture network support the increasing interest in the Bowland Shale as a potentially
exploitable oil and gas source. The microtextural observations made in this study highlight

preliminary evidence of fluid passage or circulation in the Bowland Shale sequence during burial.
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1. Introduction

Characterization of the properties of shales is an essential process in the estimation of their gas and
oil resource potential. Important shale gas and oil resources are believed to exist in Western Europe
(EIA 2013) and in particular in the UK (EIA 2015a). In order to understand and quantify the
properties of this potential resource, the geology of the Bowland and Hodder mudstone formations
has been investigated throughout the last decades at the basin-scale (Gawthorpe 1987; Davies et al.
1989; Hampson et al. 1997; Fraser & Gawthorpe 2003; Waters & Davies, 2006; Davies et al. 2008;
Waters & Condon 2012; Andrews 2013), and more recently at the nanometre scale (Ma et al.
2016). In general, the most commonly investigated properties of shale have been the lithology,
sedimentary architecture, total organic matter carbon content (TOC), kerogen type, thermal
maturity and oil and gas expulsion potential, the mineralogical composition, diagenetic conditions
and the presence of natural fracture networks (Curtis 2002; Rossi et al., 2002; Montgomery et al.
2005; Jarvie et al. 2007; Ross & Bustin 2007, 2008; Perri, 2008; Carraciolo et al., 2013; Jarvie
2014; Abrams et al. 2014; Raji et al. 2015; Perri et al., 2008, 2016). The evaluation of shale
resources is complicated because of the heterogeneous nature of the fine-grained strata and their
intricate, small-sized pore networks, which are strongly dependent on the above geological factors
(Yang & Aplin, 1998; Dewhurst et al. 1999a, b; Ross & Bustin 2007; Chalmers & Bustin 2007;
Mckernan et al. 2017). From the millimetre to the nanometre scale, shale gas is stored as free gas in
natural fractures, within both intergranular and intra-granular porosity and adsorbed onto kerogen
and clay-particle surfaces. It may also be dissolved in kerogen and bitumen (Curtis 2002). The
microstructure directly influences the distribution of gas and its transport properties through the
porous network. Knowledge of the microstructure of shale is consequently required. However,
there is still a very limited understanding of the processes giving rise to pore networks, fractures,
and organic and mineral properties in British Shales. In particular, data are sparse for the Bowland

and Hodder Shales, despite forming an important potential oil and gas resource. Detailed
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petrographic studies of these shales are required to allow a better comparison with other shale
formations, especially the relatively well understood shale reservoirs from northern America.

The major goal of this study is to present the first multi-scale (centimetre to micrometre) and
petrologic characterization of the different microtextures of Bowland shale encountered in the
Preese Hall-1 borehole, a significant and recent exploration borehole in Lancashire, NW England,
using optical and scanning electron microscopy in combination with XRD and TOC analysis. Due
to the coarse resolution of sampling within our study, we recognize that potential stratigraphic
variability between samples implies that microtextures other than those identified in our study

could potentially be present within the borehole.

2. Geological Settings and Sampling

In this study, eleven centimetric-sized samples of mudstone were collected from the Preese Hall-1
borehole core repository at the British Geological Survey (Nottingham, UK). Preese-Hall-1 is
situated in the Carboniferous basin Bowland Shale Formation, which extends across a large part of
central Britain (Fig. 1). Drilling of the Preese Hall-1 borehole was initiated in August 2010. It is
situated on the Fylde coast of NW Lancashire at 53° 49° 19.006”N; 2° 56°56.576 W”, near to

Blackpool, north-west England.
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Fig. 1. Location of the Preese Hall-1 borehole in: (a) the United Kingdom and (b) the Bowland

Basin (adapted from Evans & Kirby 1999; mapsofworld 2015).

Preese Hall-1 is the first dedicated unconventional shale gas borehole in the UK and Europe (de
Pater & Baisch 2011), and was drilled to a depth of 2745 meters. Preliminary hydraulic
stimulations of this borehole were performed by Cuadrilla Resources Ltd in 2011 (Eisner et al.

2011; de Pater & Baisch 2011; Clarke et al. 2014).

Within the Bowland basin, the rocks of the Bowland-Hodder group encountered in the Preese Hall-
1 borehole are divided into an upper unit characterised by some 150 m of shale (Upper Bowland
Shale) and a lower, more variable unit (Lower Bowland Shale) containing almost 500 m of shale
interbedded with clastic and carbonate deposits due the influence of glacio-eustatic sea level

changes and tectonic events (Gawthorpe 1987; Andrews 2013). The Bowland Shale Formation
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(Upper and Lower Bowland shales) corresponds to ages between the end of the Visean (Brigantian)
and the beginning of the Namurian (Pendleian) (Waters et al. 2009) (Fig. 2). The Pendleside
Limestone Formation lies below the Bowland Shale Formation and marks the bottom of the
Bowland Shale sequence (Waters et al. 2009). Beneath, the Worston shale group forms a further
150 m thick unit of shales. The top of the Bowland shale group passes into the Millstone Grit
Group (Pendleian). The Bowland shale, Pendleside limestone and Worston shale are all included in

the Bowland-Hodder Unit corresponding to the whole Visean period (Andrews, 2013).

The samples used for the present study were taken predominantly (Fig. 2) from the lower Bowland
Shale Formation (samples B1 through B10). Sample B11 was taken from the Pendleside limestone

Formation and B13 from the lower part of the Worston Shale Formation (there is no B12).

Depth
(meters)
1800 - z _
E g Millstone
= é Grift group
Z|
- _: o Upper __| Bl
- B4
oz =
|2 | € B3
E o Eﬂ Bowland shale
ol = .
g ; = formation 4 B6
§ 2 Z Lower BT
2400 - < = Al B8
2 Pendleside limestoneL\B1 0
- B11
£ | Worston shale
2700 - % formation ,/313
= ]

Fig. 2. Bowland basin stratigraphy in the Preese Hall-1 borehole, showing the stratigraphic

locations of the samples studied, which lie within the Bowland-Hodder group.
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In general, the organic content of the Bowland Shales lies between 1 and 3 wt% (Spears & Amin

1981; USEIA 2011), but can reach 5-8% (iGas 2012; Andrews 2013; EIA 2015).

3. Material Preparation and Methods

The mineralogy of all samples was semi-quantified by X-Ray diffraction (XRD) on a Bruker D8
Advance diffractometer, equipped with a Gobel Mirror and Lynxeye detector. The X-ray tube
provided CuK,; X-rays with a wavelength of 1.5A. Sample preparation involved grinding ~0.1g of
sample material mixed with ~1ml of amyl acetate. Samples were scanned between 5 and 70°0, with
a step size of 0.02° and a count time of 0.2s per step.

Total organic carbon (TOC) was measured with an experimental uncertainty of + 0.02% TOC using
100 mg powder samples in a Leco carbon analyzer (Michigan, United States) at the University of
Newcastle (UK), after rock acidification and organic matter combustion.

All samples were vacuum impregnated with epoxy resin and mechanically polished as thin sections
for optical and scanning electron microscopy. Optical microscopy was performed using an
Olympus SZX16 stereomicroscope to obtain low magnification images of the general textures from
cm- to mm-scale. Low magnification observations were also made with a JEOL JSM 6610LV SEM
equipped with a back-scattered electron detector and semi-quantitative EDS analyser. The
accelerator voltage was 20 kV and the working distance 10mm. To confirm the nature of minerals,
EDS point analysis and mapping was used with AZtec© software. High magnification observations
were performed with a SEM FEI Quantax FEG 650, with an accelerator voltage of 10 kV. Apart
from macropores, pore types are not described here because of the resolution of the study. The
differentiation between impregnation resin and organic matter under SEM was achieved using a

combination of three criteria:

(a) the morphology: organics have smooth faces at boundaries, whereas resin has clear boundaries
with the material due to its viscosity. The resin contains clear cracks at some places, formed

by the local heating by the electron beam at high energy (20 kV).
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(b) the peak intensity of carbon in EDS analysis. In our case, the organic matter particles show a
peak of carbon for energy much higher than 15 cps.eV™* | in contrast to the resin.
(c) the presence of chloride. Araldite 2020 resin contains a few percent of chloride which is

enough to be detected by EDS, in contrast to organic particles.

The small sizes of the samples available for this study precluded the measurement of bulk

porosity and permeability.
4. Results
4.1. Bulk composition and TOC

The samples are mainly composed of quartz, calcite, ankerite, muscovite, kaolinite, albite and
pyrite, based on XRD quantification (Table 1, Fig. 3). Two examples of the XRD patterns are given
in Fig. 3. These mineral assemblages determined by XRD were confirmed by SEM observations,

especially for clay minerals.

Proportions (wt%b)

Depth % ‘E = § S % S 0
Samples Facies S s 2 ¢ T g8 @ O
(meters) 5 8, 8 5: S § < F
Bl 207334 Gmwed 0 58 15 13 2 9 3 14
Transition un- to

o B2  2081.27 interlaminated 5 53 17 1 8 11 5 41

= quartz_-rich
2 5 B4 208983 el 5 65 4 5 4 11 6 17
5 2 B5 2091.69 'Mramnaed g 56 12 6 6 10 4 32

o < ' quartz-rich '

é § B6  2344.70 ‘{]”u';‘{;‘;__”r?;ﬁd 7 70 6 2 1 10 3 61
2 s B7 248884 "pmnia< 3 68 10 3 2 10 4 15
3 § B8 249527 [t g 52 3 11 2 9 11
< B9 249692 Unkmntd g 52 21 3 5 4 21

E quanz_-rlch
S B10 250049 Gente! 5 56 18 5 10 5 20
PL' B11 258629 ‘fpgmraed 3 23 69 2 1 2 2 05
W.S?> BI13 2710.40 - 5 73 6 0 1 11 4 56

Table 1. Mineral proportion obtained by X-Ray Diffraction and Total Organic Content

measurements for all samples (1 : Pendleside limestone, 2 : Worston shale)
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Fig. 3. XRD patterns corresponding to the samples (a) B8 and (b) B5.

All Bowland-Hodder mudstone samples in this study are quartz-rich (>50 wt%) and clay-poor (<20
wt%) in contrast to sample B11, which is calcite-rich (>68wt%) (Table 1). Kaolinite is the only
clay mineral detected by XRD across all of the samples. The proportion of kaolinite is very low (<7
wt%) for all samples except B8 (18 wt%). Except for sample B11, all shale samples also contain
various proportions of carbonates (from 6 to 71 wt%), such as calcite and ankerite. Quartz and
calcite are also the most variable phases, with the least variation being seen in clay minerals (except

B8 with 18 % of kaolinite), muscovite, albite and pyrite (Fig. 4a).
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Fig. 4. (a) Variability of mineralogical composition of all samples, and (b) Mineralogy of all

samples represented on a ternary diagram plotting proportions of clays, quartz and carbonates.

Despite the variation in mineral proportions (Fig. 4a), all shale samples display quartz-rich and
calcite-rich mineralogies, independently of their TOC (Fig. 4b). The TOC values vary from 0.5 to
6.1 wt% for all the shales and the majority of samples have a TOC higher than 2 wt%, which is
usually considered the lower level for potential oil and gas plays (Table 1) (Charpentier & Cook
2011). The TOC measurements were performed on centimetre-scale samples and are mean
measurements, therefore local variability of organic matter content at smaller scales cannot be

excluded.

4.2. Textural variability at the cm to um scale

Micro-texture types were defined according to the thin section observations, on the basis of (a) the
absence or presence of laminae, (b) lamina thickness, (c) grain type (mineralogy), (d) grain
properties (e.g. size, orientation) and (e) the structure, content and nature of organic matter

particles. Four main types were defined: unlaminated quartz-rich mudstone (type 1), interlaminated

10
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quartz-rich mudstone (type 2), laminated quartz-rich mudstone (type 3) and weakly interlaminated
calcite-rich mudstone (type 4). For each micro-texture type, one sample was selected to illustrate
the microstructure. At the centimetre scale, the samples present various colors such as dark (B6),
light to dark grey (B11, B1, B5, B8) or dark brown (B2), principally reflecting their organic matter

contents (Fig. 5).

Centimetre scale Millimetre scale

1cm

(1) Cluster of carbonates (4) Calcite vein

(2) Quartz-rich lamina (5) Empty fractures [ ] Trace of bedding planes
(3) Organic and pyrite-rich lamina  (6) Pyrite-rich lamina

Fig. 5. Variability of mudstone micro-texture types of Bowland Shale from at the cm and mm

scales : macroscopic views (a-f) and optical images (g-I).

The samples show variations of texture due to the presence of laminae (B5, B8), fractures sealed by

carbonates (B6, B8), carbonate and quartz clusters (B2), and brittleness with open fractures (B8).

11
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Fig. 6. Variability of mudstone micro-texture types of Bowland Shale at the pum scale by back-
scattered electron (BSE) images under SEM : (a,b) unlaminated quartz-rich mudstone, (c,d)
weakly interlaminated calcite-rich mudstone, (e-i) interlaminated quartz-rich mudstone, (j-0)
laminated quartz-rich mudtone. [Cal: calcite, Qz: quartz, Ank: ankerite, Om: organic

matter, Qz: quartz, Pyr: pyrite, Cem: cement, Kaol: kaolinite, Alb: albite].

Micro-texture type 1: Unlaminated quartz-rich mudstone (Samples B1 and B6)

Sample B6 forms a homogeneous unit from the centimetre to the millimetre scales. Calcite veins
are present in B6 (Figs 5 d, j and 6 a, b). From the mm to um scales, the grains of quartz and
carbonates are dispersed within a fine crystalline quartz cement. The sizes of clastic grains vary
from 10 um to 50 pm in diameter. The quartz grains are in contact, unlike the carbonates and other

grains. They are rounded with irregular shape, in contrast to the ankerite and muscovite grains

12
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175

which are idiomorphic (Fig. 6 a, b). This micro-texture type contains mainly lithoclasts and does
not possess any bioclasts. Quartz grains are divided in two types: the primary quartz in the
lithoclasts, which probably results from the deposition of sediment, and the secondary quartz
included in the cement and which fills in holes in carbonate grains and organic matter. The organic
matter particles are randomly located at the mm scale (Fig. 6b). They are mainly micrometre-scale
isolated particles and submicron particles mixed in the cement at the um scale. Clay minerals

(kaolinite) are located between the micrometre grains of quartz in the cement.

Micro-texture type 2: Interlaminated quartz-rich and pyrite-rich mudstone (B5, B2, B7)

At the centimetre scale, the interlaminated quartz-rich mudstone (Fig. 5 e-i) is heterogeneous due to
the presence of periodic laminae, and the variation of their thickness and continuity. Two types of
laminae are identified: (B5-a) grey quartz-rich lamina of millimetric thickness, and (B5-b) black
organic and pyrite—rich lamina of around 100 pum thickness. The thickness of quartz-rich laminae is
up to ten times that of the organic-rich laminae.

In B5-a (Fig. 6 e, f), the grains of quartz and carbonate display very various sizes (up to 100 pum).
Quartz is particularly well-rounded and equant, unlike calcite which shows irregular shapes. Quartz
and ankerite do not exhibit any evident shape preferred orientation. The largest calcite (>50 um)
and muscovite grains are elongate and oriented parallel to the bedding planes. The grains are held
in a fine quartz cement in which detrital quartz grains are contiguous. Pyrite grains occur in
randomly located framboid structures, with some assembled inside and/along the boundaries of
calcite grains, parallel to bedding. The cement appears organic matter-poor at the pum scale.

In B5-b (Fig. 6 g-i), the grains of quartz and carbonates have qualitatively similar properties in
terms of shape and orientation as B5-a, but their size is significantly smaller (around 10 pum). The
pyrites are assembled into framboids which form dense and elongate layers hundreds of pum long,
and lying parallel to the bedding planes. These assemblages of pyrite are interlaced with elongate

micrometric organic matter particles, confirmed by their opacity under crossed polars OM (Fig. 5i).

13
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Many submicron and elongate particles of organic matter are interlaced with submicron grains of

quartz and clay minerals (Fig. 6 h, 1).

Micro-texture type 3: Laminated quartz-rich mudstone (B8)

From the cm to the mm scales, the laminated quartz-rich mudstone is heterogeneous due to the
presence of millimetre-size periodic laminae (Figs 5 e, k and 6 j-0). The laminae are quartz- (B8-a)
and organic-rich (B8-b) but their mineralogy is different than the samples B6 and B5, previously
described. These laminae are intersected by ankerite and calcite veins that cross-cut the bedding
(Fig. 5j). The transition between laminae is progressive or sharp, which could be interpreted as
gradual and rapid changes of depositional conditions, respectively.

B8-a is composed of large grains of quartz, feldspars (albite), muscovite, ankerite, calcite and
framboidal pyrites. B8-a is strictly a siltstone and lithologically close to a sandstone, with grains of
quartz and feldspar with a mean diameter between 50 and 100 um, within a fine cement of quartz
(Fig. 6j). Albite is altered and replaced by kaolinite, and filled by quartz cement, which suggests
that this type of quartz is probably diagenetic (Bjorlykke and Egeberg, 1993; Schieber, 1996). B8-a
contains large amounts of crystalline kaolinite (with no particular orientation), mixed with quartz
and calcite grains in the cement (Fig. 6k). A few idiomorphic ankerite grains are present on and in
replacement of calcite in veins. The organic matter is dispersed as submicron particles in the quartz
cement, and in micrometric particles on pyrite boundaries. B8-a is organic-matter poor over the mm
to um scales. The concentration of large particles of organic matter increases in the transition of
B8a to B8b (Fig. 6 I,m).

B8-b forms a heterogeneous unit with a lower mean quartz grain size (<30 pm), and multiple sizes
and aspects of organic matter particles (Fig. 6 n, 0). B8-b is feldspar-poor. The organic matter
particles are present as very large (up to 100 um) and elongate particles in the cement, orientated

parallel to the trace of bedding, and as submicron particles between clay minerals (Fig. 6 n,0). The

14
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217  of um to 100 um. The quartz grains are divided into roughly equidimensional rounded grains and

220  Aninventory of the different types of organic matter particles is shown in Figure 7.
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Oml : Micrometre particles

(@) Om I-a : without (b)Om 1-b: with

macropores macropores

(d) (¢)

Om3 : Particles < pm Om4 : in oversize

(c)

Om2 : Micrometre layer

Fig. 7. Various types of organic matter particles in Bowland shale under SEM: (a) micrometric
particles of organic matter without macropores (Om1-a); (b) micrometric particles of organic matter
with macropores (Om1-b); (c) micrometric layers of organic matter (Om2); (d) Sub-micrometric

organic matter particles in cement (Om3); (e) organic matter in oversize pores.

In the range of all mudstone samples, the organic matter particles are divided into four main types,

as a function of their size and shape, the presence of macropores and their location:

Om1l: micrometric particles. These particles are divided in two sub-types according to the
presence or absence of macropores: Oml-a are organic matter particles of micrometric size and
mainly equant and rounded, without macropores at the um scale (Fig. 7a), and Om1-b which are
organic matter particles of generally more than 10 pm size, with random shape and macropores at

the um scale (Fig. 7b). They are partially cemented by quartz and calcite. Their shapes and the
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presence of macropores suggest that they probably result from primary deposits of algal cysts
(Leckie et al., 1990; Schieber, 1996). Om1-b pores are filled by diagenetic quartz (Schielber et al.,
2000).

Om2: micrometre layers (Fig. 7c). Om2 is structured in dense layers (20-200 um) parallel to the
bedding trace and divided into a multiple set of lamellar and fibrous structures with a length up to a
few hundred pm. It does not contain macropores. Pyrite is commonly present inside and on the
boundaries of Om2 layers. Om2 is sometimes combined with Om1-a.

Oma3: submicron particles between quartz and clays (Fig. 7 d). Om3 is composed of very small
and elongate organic matter particles lying parallel to the bedding trace, in the quartz cement or in
the clay matrix. Their orientation and shape suggest that they come from the same primary deposit
as Om2.

Om4: organic matter in oversize (larger than average) pores (Fig. 7e). Om4 is present in
abnormal and very irregular macropores larger than 10 um. In samples B5 and B11, the shapes of
these features could suggest that they result from mineral dissolution during burial, which allows
them to behave as preferential pathways for organic matter during maturation. However, no gradual
concentration of particular element deposits were found around these oversize pores to confirm this

hypothesis.

4.4. Diagenetic precipitation of carbonate veins

Mineral vein features

Carbonate (calcite and ankerite) veins are present in samples B2, B4, B6 and B8. Most veins lie

either perpendicular (B4, B6, B8) or parallel to bedding (B2, B8) (Fig. 8).
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Fig. 8. SEM-BSE images of features attributable to fluid circulation in Bowland shale (examples
from samples B6 and B8): (a) two veins of calcite perpendicular to bedding planes in sample B6;
(b) fractures in vertical calcite vein in sample B6; (c) horizontal calcite vein in sample B8; (d) and
(e) vertical veins of calcite which cross organic Om1-a and Om2 in sample B8; (f) close-up of the

organic matter in (e). [Cal: calcite, Qz: quartz].

A few inclined veins are also found in sample B6 (Fig. 5j). These veins are 50 to 300 um thick and
a few centimetres long. Veins occur in a small number of thick fractures in B6 and B2 and in a set
of abundant and narrow fractures in sample B8, separated by a few ten um. The veins contain
micrometre vertical and horizontal fractures in sample B6 (Fig. 8b). Figure 8 c-e shows that the

calcite veins cross micrometric organic matter particles (Om1).
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Ankerite and chlorite have partially replaced calcite in the veins of B8 and B6. Moreover, quartz
cement is seen to have filled voids in calcite veins (Fig. 8b), demonstrating that quartz cementation
has occurred after veining or that quartz co-precipitated with calcite (Fisher and Byrne, 1987,
Fischer et al., 2009). Vein boundaries are sometimes associated with chlorite minerals in the

laminated facies (B8) (Fig. 9 a, b).

Fig. 9. SEM BSE images of (a) micrometric chlorite and altered albite on the boundaries of a
calcite vein ; (b) well-shaped micrometric chlorite on the boundary of a calcite vein. [Chl: chlorite,

Alb: albite, Qz: quartz, om :organic matter].

Where present, chlorite occurs as micrometric crystals around the margins of the calcite veins and
within the quartz cement between feldspars and kaolinite (Fig. 9 a, b). The crystals are most
commonly oriented parallel to the bedding planes. Their location around the veins suggests a

formation subsequent to or contemporary with veining.

The calcite veins are partially filled by metal oxide deposits such as rutile, especially in sample B8

where the frequency of calcite veins is highest (Fig. 10 a, b).

19



280

QOO ~NOUAWNE

=

11281
12
13782
14
15
16283
17
18
19284
20
21
22
23
24286
25

26787
27

285

28
29288
30

31289

33

34
35290
36
37
38291
39
40

4159
42

43
44293
45

46294

76295
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

Fig. 10. SEM BSE images of (a) rutile inclusions in a calcite vein perpendicular to bedding planes

in B8 at low magnification; (b) enlarged area of a) at high magnification ; (c) detrital rutile grain

[Chl: chlorite, Alb: albite, Qz: quartz].

The rutile inclusions have irregular and smooth shapes with diameters varying between 2 and 10
pum (Fig. 10b). These inclusions are also present on the boundaries of veins, in the quartz cement
around the veins and as trace minerals within aluminosilicates, especially in kaolinite. Titanium is
also present as detrital rutile minerals in the cement (Fig. 10c). The presence of such titanium
inclusions in calcite veins proves an authigenic formation by precipitation after veining. These vein

inclusions also suggest that Ti-bearing fluid transport event occurred.

4.5. Mineral alteration and neoformation

Association of crystalline kaolinite and altered albite

Primary deposits of clays in shale are usually oriented with basal planes sub-parallel to the trace of
bedding planes due to sedimentation and compaction. However, the kaolinite in sample B8 has no
preferred orientation and displays large crystalline assemblages (greater than 10 um) that are often

associated with feldspars and quartz cement in quartz-rich laminae (Fig. 11 a, b).
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Fig. 11. (a) Randomly orientated kaolinite and muscovite mixed with albite and quartz; (d) large
crystalline assemblage of kaolinite with phosphate inclusions in the quartz-rich laminae of B8.

[Kaol: kaolinite, Alb: albite, Mus: muscovite, Cal: calcite, Qz: quartz, om: organic matter].

Albites are typically heavily altered, contain many holes partially filled by authigenic quartz, and
are bordered by multi-micrometre “booklets” of kaolinite and muscovite. The frequent association
of altered albite with authigenic kaolinite and quartz suggests the neoformation of kaolinite from

the alteration of albite during burial (Oberlin and Couty, 1970; Boles and Franks 1979).

Idiomorphic ankerite

All shale samples except B2 contain, in various proportions and sizes, very well-formed crystallites
of ankerite within the quartz cement, and mixed with calcite in veins. An example from sample B1
is shown in Figure 12a. The size of the ankerite crystals qualitatively varies from a few um (B7,
B8) to 20 um (B1, B6, B5, B9, B10). The strongly idiomorphic shapes of ankerite and their random
orientations suggest that they developed authigenically. Moreover, they crosscut the calcite veins,
demonstrating that the ankerite crystals were formed subsequent to veining (Fig. 12 b, c). Quartz
cement composed of multi-micrometric grains of quartz partially fills the calcite veins, and
crosscuts or surrounds ankerite (Fig. 12 a, d), suggesting that ankerite formation was probably

followed by a period of quartz cementation.
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Fig. 12. SEM BSE images of: (a) well-formed ankerite crystallites in the quartz cement of B1; (b)
ankerite crossing calcite vein in B6 sample ; (c) magnified view of of b) ; (d) quartz cement
crossing well-formed ankerite crystallites and a calcite vein in B6 . [Kaol: kaolinite, Ank: ankerite,

Mus: muscovite, Cal: calcite, Qz: quartz, Cem: cement].
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4.6. Variability of fractures

Knowledge of the fracture network is important for effective hydraulic treatment design (Gale and
Holder, 2010). Natural fractures and mechanical discontinuities in general can affect the
propagation of hydraulic fractures through delamination for example, which eventually causes
opening of pathways under high pressure (Warpinski and Teufel 1987; Zhang et al. 2007; Gale et

al. 2007; Gale and Holder, 2010).
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Fig. 13. Fractures (arrows) in Bowland shale. BSE images of : (a) calcite-sealed fracture F1; (b)
horizontal bitumen-filled fracture (F2) and empty fracture (F4) along F2; (c) assemblage of thin F2;

(d) horizontal and vertical F2; (e) F1 crossed by a bitumen-filled and empty fractures ; (f) inclined
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F2 crossing F1 corresponding to the magnified view of (e); (g) vertical empty fracture in F1 in the
continuity of F2; (h) resin-filled fractures (F3); (i) empty fractures along organic matter and micas;

(j) empty fractures at the extremities of organic matter particles (Oma3) in quartz cement.

In this study, four types of fractures were found in Bowland shale:

F1: Mineral-sealed fractures (Figs 8 and 13a). During post-compaction diagenesis, veins were
formed as fractures filled with precipitated solids. In this case, the vein-filling phase is mainly
calcite and ankerite, and can be termed calcite-sealed fractures. Note that the calcite veins
previously described and the calcite-sealed fractures correspond to the same features. The majority
of these sealed fractures lie perpendicular to bedding planes but inclined and horizontal fractures
are also present. Gale and Holder (2010) showed that Barnett and New Albany shale (USA)
samples with natural calcite-sealed fractures display tensile strengths less than 50% of that
measured in samples without veins, and will always tend to fail along available fracture planes. Lee
et al. (2015) also demonstrated that fractures preferentially refract in the middle of calcite veins
during semicircular bending tests on Marcellus Shale. Calcite-sealed fractures are considered to be
weak joints because calcite grows between non-carbonate grains without any cement with the
border grains (Gale and Holder, 2010; Lee et al. 2015). Despite this tendency, Montgomery et al.
(2005) considered that natural calcite-sealed fractures are insignificant for production in the Barnett
shale (USA). Shales have usually undergone large amounts of compaction and porosity loss during
progressive burial. Thus when vertical planar veins crosscut bedding their formation must have
occurred post-compaction strain, when the rock became sufficiently brittle to host fractures.

F2: Natural fractures partially filled by organic matter (Fig. 13 a, b, ¢, d). The majority of these
fractures lie parallel to bedding planes (Fig. 13 b, ¢), although a significant proportion is inclined or
vertical (Fig. 13 a, d, e, f). The horizontal fractures are present in the cement along the boundaries
of quartz, calcite, feldspar and mica grains, sometimes crosscutting calcite grains and detrital

muscovite. They occur either as discontinuous thin, individual fractures from 1-2um aperture,
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378

continuous and individual fractures of 5-6 um aperture (Fig. 13 b), or as a set of thin fractures
forming a multi-micrometre fracture assemblage (Fig. 13 c) in the prepared samples. Sample B8
contains the greatest number of calcite veins examined, and a significant number of vertical
fractures partially filled by bitumen and impregnation resin (Fig. 13 e-g). The bitumen-bearing
fractures mostly lie within the organic-rich laminae, but some are also located along and inside
calcite veins in the quartz-rich laminae (Fig. 13 e-g). Their aperture is very variable, from <lum to
approximately 25 um at the studied scales. A small number of fractures show brecciated aspects
with a locally higher concentration of small grains of quartz and broken grains of micas, ankerite

and calcite (Fig. 13 d).

F3: Fractures filled by resin (Fig. 13 h). These fractures are located in and on the boundaries of
calcite veins, and in the quartz cement. Some of these fractures cut quartz and feldspars, and show
brecciated aspects. These fractures transect calcite veins in sample B2, demonstrating that their
formation was subsequent to veining. Because they became filled by resin and the sample was cut
after impregnation, they could have been formed whilst the rock at depth. They are also likely to
have been formed by release of in-situ stresses during extraction from the borehole. Their apertures
are generally larger (several micrometres) and more homogeneous than the bitumen-filled fractures.
Many of these fractures are connected (Fig. 13 h).

F4: “Empty” fractures (Fig. 13 b, g, i, j). Many of these fractures are horizontal, but vertical
empty fractures are also observed. The horizontal empty fractures are located alongside or at the
ends of organic matter particles (Om3) in the cement (Fig. 13 b), and at the boundaries of quartz or
micas (Fig. 13 i, j). Their aperture is generally less than 1 um . Figure 11 j shows a high rate of
occurrence of these fractures in the cement of B8, but they appear discontinuous and unconnected
in 2D. Empty fractures also occur as a continuation of bitumen-filled fractures (Fig. 13 e, ),
following the direction of pre-existing fractures and cleavages in calcite veins. They may have been
produced by stress release during sample recovery from depth, or during handling, but were too

small to give easy access to the impregnation resin.
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5. Interpretation and Discussion

5.1. Variability of microtexture

Implications for anisotropy and mechanical properties

The samples analyzed in this study display heterogeneous microstructures in terms of mineralogy,
texture and TOC (Table 1, Figs 3,4). Even though the mean mineral proportions determined by
XRD may be similar for all shale samples studied (e.g. all are quartz-rich), they have very variable
microstructures owing to the presence of variable developments of periodic laminae from the um to
mm scale, which should be expected to cause strong and variable mechanical anisotropy. The
comparison between the XRD, TOC, OM and SEM results thus emphasises the fact that XRD
results alone are insufficient to classify the different shale samples. Petrographic observations can
sometimes be superior to bulk analyses because the local variability of a range of parameters can be
evaluated (Hackley and Cardott 2016). Key properties such as organic content, gas content and
strength depend on such local variations of individual sedimentary facies (Cuss et al. 2015).

It is relatively well-known that the mechanical properties (strength, elastic properties, dilatancy,
creep...) of shale are dependent on several parameters such as mineralogy, grain shape and
orientation, or porosity related to the orientation of bedding (Bjerlykke and Hgeg 1997), and
become apparent during unconfined or triaxial compression testing, or during thermal stimulation
(Niandou et al. 1989; Ibanez and Kronenberg 1993; Naumann et al. 2007; Gutierrez et al. 2008;
Sone and Zoback, 2013; Masri et al. 2014; Cuss et al. 2015; Bonnelye et al. 2016 a,b; Keller et al.,
2017). The samples of Lower Bowland shale studied here are very anisotropic with a mineralogic
banding plus shape and crystallographic preferred orientation of clays (organic-rich laminae), pyrite
and individual organic particles, contrasting with silica-rich laminae. Furthermore, the development
of a vertical spatial variability of micro-texture types with variable mineralogy and texture in the
sequence of Lower Bowland Shale also induces a coarser vertical degree of development of

anisotropy. The laminae have different thickness, from the um to mm, and may be continuous or
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discontinuous, which can lead to local variations of mechanical behavior. Laminae and micro-
texture changes induce discontinuities and weak regions that can focus stress concentrations
according to corresponding variations in elastic moduli (Lan et al. 2010, Amann et al. 2011), and
may provide preferential ways for fracture growth. Variable degrees of development of clay
mineral preferred orientation were observed, especially in the laminated micro-texture, ranging
from kaolinite mineral grains that are randomly and horizontally arranged in quartz-rich and
organic-rich laminae of the laminated mudstones, to laminae in which clay crystallites are strongly
oriented as a result of mechanical compaction.

The studied Lower Bowland shale samples therefore display very anisotropic microstructures, but
the degree of anisotropy varies with the micro-texture, mainly manifested as a variability of clay

orientation and the thickness of laminae.

Primary depositional variability

The Lower Bowland shale samples correspond to hybrid shale in which elements of organic-pyrite-
rich mudstone, organic sandstone (quartz-rich laminae of B8 for example) and organic siltstone are
intimately interlayered. Turbidite facies have also been found in samples of Bowland shale
retrieved from other boreholes (Waters and Davies 2006; Gross et al. 2015). The description of
Lower Bowland microfacies herein has shown a wide variation of clastic and carbonate particle
sizes and modal proportions, and also of TOC values. These observations reflect a primary
variability of depositional controls within the basin, arising from glacio-eustatic fluctuations and
tectonic events (Gross et al. 2015; Gawthorpe 1987; Holdsworth and Collinson 1988; Fraser and

Gawthorpe 2003; Waters and Condon 2012; Gross et al. 2015).

5.2. High TOC and TOC variability in Lower Bowland shale

The majority of the studied shale samples have TOC higher than 2 wt%, between 1.1 and 6.1 wt%
and with an average of 2.88 wt%. The presence of organic matter-rich samples confirms analyses

reported in other recent studies (DECC 2010a; Charpentier and Cook 2011; iGas 2012; Andrews
28
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2013). However, the alternation between organic matter-rich and -poor laminae probably acts to
decrease the mean value of TOC and clay content at the cm and larger scales. As a consequence,
the laminated samples (B7, B8) are classified as low TOC (<2 wt%) shales despite the presence of
organic matter-rich laminae. In the same way, the local TOC values at the mm scale could be much
higher than the results obtained by bulk TOC measurements at the cm scale for the samples
displaying interlaminated facies (B5). SEM observations highlight the fact that the Bowland shale
samples in this study contain narrow units (<1 mm) of higher-than-background TOC (but not
quantified in this paper) from the um to the mm scale, and qualitatively confirms the conclusions of
Andrews (2013). Similarly, Maynard et al. (1991) measured TOC of two thin Namurian shales
from the Upper Carboniferous basin of Northern England with local TOC up to 10 to 13 wt%, but

these bands were interbedded within strata of 2 to 3 wt% TOC, which leads to a lower mean TOC.

5.3. Quartz-rich and clay-poor Lower Bowland shale

In this study, all shale samples examined are quartz-rich and clay-poor in comparison with some
other samples of Bowland shales (ARI 2013; Andrews 2013; EIA 2015; Gross et al. 2015; Ma et al.
2016). Moreover, the clay minerals detected here are mainly kaolinite, whereas other Bowland
shale samples may also contain a significant quantity of illite (Gross et al. 2015; Ma et al. 2016)
and mixed layer minerals (Gross et al. 2015). In general, shale is predominantly composed of very
fine grained particles within an indurated matrix, with or without laminations (Spears 1980; Bates
and Jackson 1984; Jackson et al. 2007; Passey et al. 2010; Sondergeld et al. 2010a). Shale is formed
by the compaction of clay minerals together with mud or silt-sized framework minerals (Bates and
Jackson 1984), and associated with a substantial loss of porosity and development of fissility. A
simple definition of shale for gas plays refers to a productive fissile rock containing a significant
amount of organic matter from fine-grained rocks which can be carbonate, silica or clay-rich rocks
such as the Haynesville, Barnett, Woodford, and Marcellus shales (USA) (Milner et al., 2010;

Hammes et al.,, 2011; Chalmers et al., 2012). Loucks and Ruppel (2007) described shales
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containing less than one-third clay minerals as siliceous mudrocks. Various definitions are found in
the literature (e.g. Ougier-Simonin and Renard 2016) and the finest grains do not necessarily
correspond solely to clay minerals. In the present study, the fine and detrital microstructure of all
samples also includes various types of organic matter particles, giving mean whole-rock TOC
higher than 2 wt%. Our samples were thus considered as shales even if their clay contents were to
be less than 20 wt%. In these rocks, the detrital grains are mixed in a quartz cement rather than a
clay matrix, although lenses of clays were also identified in some samples (B5, B8). A low
proportion of clay minerals (<35%) is considered to be an advantage to facilitate hydraulic
fracturing and gas extraction, because high proportions of tectosilicates (quartz), carbonates and
other non-swelling minerals act to limit the rock ductility and to enhance brittleness (Jarvie 2014;
Raji et al. 2015). However, Montgomery et al. (2005) and Ross and Bustin (2008) find an inverse
relation between silica content and porosity in some areas of Muskwa and Besa River shales,
demonstrating that silica content and ability to fracture should be considered alongside other
characteristics while estimating potential resource capacities.

Canadian shale from the Muskwa and the Lower Besa River shales in northern British Columbia
display similar bulk mineralogy to the Bowland samples used in this study (Ross and Bustin 2008).
They are silica-rich (from 58 to 93 wt%), TOC-rich (up to 5 %), and the lowest quartz contents are
associated with carbonates such as dolomite (around 40 wt%). Moreover, clay minerals represent
only 1 to 25 wt%. As with Besa River and Muskwa shales, Bowland shale samples are composed
substantially of detrital silica, but subsequent cementation and replacement crystallization of quartz
can make the identification of primary silica grains difficult. Consequently, the origin of some of
the silica (quartz) is difficult to explain for the Bowland shale samples presented here. The presence
of organic matter derived from algal cysts demonstrates a marine depositional environment, but the
absence of siliceous fossils such as radiolaria and other microfossils suggests that the high quartz
content is not due to biogenic activity.

5.4. Fluid passage and temperature-driven reactions during burial
30
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501

Using the cross-cutting principle, different events identified can be qualitatively ordered in time
sequence. There are (a) feldspar alteration and neoformation of kaolinite, (b) calcite veining, (c)
ankeritization of calcite, (d) quartz cementation and (e) organic matter migration through fractures.
These features demonstrate a likely late or post diagenetic circulation within or passage of fluids
through these Bowland shale samples, accompanied by veining and mineral alteration at low
temperatures. It was followed by a second circulation of hydrocarbon-bearing fluids at higher
temperatures. These events were not necessarily followed precisely one by the other, but could be
partially concurrent in some cases. The description of these events (below) provides preliminary
qualitative data on the burial conditions and maturation of Bowland shale in the Preese-Hall-1
borehole, but these conditions must be further studied on a significant quantity of samples from

various locations before being generalized for the Bowland shale basin.

Veining episode

Calcite-veins (F1) crosscut all types of laminae, indicating a displacement of fluids subsequent to
primary sediment deposition and compaction. Silica-bearing fluids are presumably expelled from
greater depths in the sediment pile as a result of the final stages of compaction and diagenetic
reactions. The general planar orientation of veins normal to the compaction fabric demonstrates that
the veining occurred in the fully-compacted and indurated host-rock. Experimental observations of
mechanical compaction and study of natural shale-bearing basins shows that most compaction is
completed by much less than 1 km of burial (Rutter et al. 2017). The orientations observed of the
calcite veins suggest a simple, transversely isotropic stress field arising from compaction under the
weight of overburden. In the range of samples studied, the majority of veins lie perpendicular to
bedding planes, forming a vertical polygonal network (although some horizontal and inclined veins
are present), indicating that the maximal principal stress arose from the vertical load. Compaction-
induced pore fluid overpressuring occurs when the fluid pressure rises to become very close or

equal to the least principal stress during burial. In transversely isotropic loading there is little
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difference between the least and the intermediate principal stresses in the horizontal plane. In low
permeability rock such as shale, fluid cannot be rapidly expelled from the pores, therefore pore
pressure may rise sufficiently to cause vertical hydrofracture formation, perhaps assisted by
horizontal crystallization pressure if minerals grow in the veins from locally supersaturated
solutions. The possibility of penecontemporaneous fracture along bedding planes can also arise,
allowing the formation of horizontal calcite veins in shale owing to the lower fracture toughness for
bedding-parallel fracture. It can result of the bedding anisotropy coupled with a low differential
stress as a consequence of creep deformation, also promoted by a high pore fluid pressure (Stoneley
1983). However, the absence of organic matter inside the calcite veins (at the pum scale), and the
dominance of vertical veins suggest that a relatively high vertical principal stress suppressed
significant formation of bedding-parallel veins. Horizontal calcite veins can also form in rocks via
the Poisson ratio effect when differential stresses have been relaxed by creep and there is a degree
of vertical depressurization through an erosional episode.

The Visean shales of the Bowland basin were deposited during the syn-rift stage of a Lower
Carboniferous back-arc basin, and are restricted to graben and half-graben separated by platforms
and tilt-block highs (Leeder 1982, 1988; Warr 2000; Waters and Davies 2006). The Namurian
shales were deposited in the subsequent thermal subsidence stage (Leeder 1988; Waters and Davies
2006), which is emphasized at small scales with localized extension and compression episodes in
the Pennine Basin in Northern England (Waters et al. 1994). Rocks of the Craven group, which
includes Visean and Namurian shales in the Bowland sequence elsewhere in the basin, was
subjected to tectonic activity during the late Chadian to early Arundian and from the late Asbian
until the early Brigantian stages. Evidence of hydrothermal precipitation is very poorly documented
within the scientific literature on the Bowland sequence, and it is difficult to discern how long after
deposition the carbonate veining occurred. Isotopic and dating measurements of calcite minerals

would be required to resolve this question.
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In shales, the formation of calcite veins usually occurs at temperatures between 20 and 60°C at
shallow to intermediate burial depths (up to hundreds of meters deep) (Al-Aasm et al. 1992), but
formation of calcareous mineralization at up to 2.3 km depth has been inferred for some shale
formations, such as the middle Devonian shale from the Appalachian plateau (USA) (Evans 1995).

Clay minerals

Quartz-rich laminae within laminated facies contain significant quantities of altered albite, together
with micrometric kaolinite with “booklet” shapes. Alteration of detrital albite to authigenic
kaolinite in shale is commonly due to a temperature-dependent reaction and pore fluid interactions
during burial (Boles and Franks, 1979; Tieh et al., 1986). This reaction occurred in Wilcox shale at
temperatures between 100 to 120 °C (Boles and Franks 1979). In the present study, the samples
show that a first type of kaolinite resulted from primary deposition (oriented crystals in organic-rich
laminae) and a second type (randomly oriented authigenic kaolinite in quartz-rich laminae) that

corresponds to the alteration of feldspars (albite).

Ankerite neoformation and quartz cementation

At temperatures higher than 100 °C, iron and magnesium in solution may react with kaolinite to
produce chlorite, and/or with calcite to produce ankerite (Boles and Franks 1979). Iron and
magnesium generally originate from illitization. Ma et al. (2016) found 23 wt% of illite and 2 wt%
of kaolinite in Bowland shale sourced from the Swinden borehole in the west of the Bowland basin.
Ilite is not present in the XRD analyses of the samples studied here, whereas a few illite grains are
seen in a small number of SEM images (in B5 for example). As a result, the sources of iron and
magnesium are not yet understood. In general, ankerite is more abundant in sequences of thin
sandstones associated with thick shale layers, than it is in thick sandstone layers (Boles and Franks
1979). This generalization was confirmed to be the case for the Bowland shale in Preese Hall-1 by
the laminated and interlaminated micro-texture types, and agrees with the observations and

inferences of Waters and Davis (2006) and Andrews (2013). Their strong crystallographic forms
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and their location in veins as a calcite substitute suggest an authigenic origin and formation
subsequent to veining.

Quartz cement partially infills calcite veins and crosscuts authigenic ankerite minerals, revealing
that quartz cementation was a late event, occurring after veining and ankerite formation. The
presence of veins, crystalline quartz cement and crystalline kaolinite, plus Ti and Fe oxides inside
veins, may also imply a passage or circulation of fluids through these laminae, and may partially
explain the feldspar alteration to kaolinite.

The quartz cementation is particularly present in quartz-rich laminae of the laminated mudstones
which are siltstone to sandstone according to their grain size, and in the unlaminated mudstone
samples. In relatively porous, quartz-rich sandstones, large volumes of water can pass through the
pore system, permitting cementation in areas where pressure solution is absent (Boles and Franks
1979). Siltstone, sandstone and mudstone are usually studied independently but in our case, they
are dispersed periodically and vertically throughout the sample set. In the Wilcox sequence in
Texas (USA), the majority of pore waters derived from the original compaction of shale moved
through the (more permeable) interbedded sandstones, despite shales representing the majority of
the stratigraphic section (Burst 1969). Waters passing from shales to siltstone and sandstones
during diagenesis should facilitate chemical component transfers, which may enable the formation
of sandstone cement (Curtis 1978; Boles and Franks 1979). The laminated mudstone microtextures
of the Bowland shale samples presented here are composed of organic-rich laminae, wherein
detrital grains are mixed in a fine cement of quartz and clay lenses, interbedded with quartz-rich
laminae, which appear similar to quartz-cemented siltstone and sandstones. These quartz-rich
laminae are composed of large grains of quartz cemented by fine-grained quartz grains. Following a
hypothesis of Curtis (1978), water could pass from the organic-rich to quartz-rich laminae and its
transfer could facilitate the quartz cementation. The very low clay content in Bowland shale
samples allows us to admit this hypothesis as possible. However, a low content of primary clay
minerals does not necessarily mean that porosity and permeability are high enough to permit this
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process. Porosity and permeability data are few for Bowland shale (Andrews 2013), but are
commonly very low in shale formations (e.g. Rutter and Mecklenburgh 2017), hence the latter
hypothesis could also explain the quartz cementation. The SEM observations suggest that the
quartz cementation occurs late, after the veining and ankerite formation (if there is only one period

of cementation).

5.5. Organic matter migration during thermal maturation

Migration through fractures

The samples studied here show a high variability of fracture types, in terms of their content
(carbonate, bitumen, resin, empty), orientation and size. The opening of fractures generated by the
expansion of organic matter is traditionally thought to be caused by pore fluid overpressuring
through organic decomposition and petroleum generation, which happens in the 80-150 °C
temperature range (Bjarlykke 2010; Kobchenko et al., 2011; Goulty et al., 2012). Very low heating
rates between 1-2 °C/Ma have been inferred, but sometimes reaching as high as 10 °C/Ma
(Bjorlykke 2010). The late bitumen-filled fractures F2 crosscut the shale microfabric, ankerite
grains, quartz cement and carbonate veins, showing the migration of organic-matter occurred

subsequently to the formation of all these features.

Fracture orientation

In shales in general, bitumen-bearing horizontal fractures are significantly more common than
vertical fractures. For example, horizontal bitumen-filled fractures are found in the clay matrix of
organic-rich laminae in the lower half of the Upper Devonian Dunkirk Shale alongside a smaller
population of vertical bitumen-filled fractures (Lash and Engelder 2005). These fracture
populations also typify the Oligocene Frio shale (Capuano 1993) and Upper Devonian Strachan
shale in the Alberta basin (Marquez and Mountjoy 1996) in the USA. The majority of their

bitumen-filled fractures are oriented parallel to the bedding planes. This is an important initial
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anisotropy caused by the horizontal laminae and clay grain fabric and by many kerogen grains lying
flattened parallel to bedding, which can correspond to Om2 and Om3 in our case. When
interconnected, these horizontal fractures may aid the migration of hydrocarbons into reservoir
rocks (Momper 1978; du Rouchet 1981; Talukdar et al. 1987; Ozkaya 1988; Capuano 1993;
Marquez and Mountjoy 1996; Lash and Engelder 2005).

The Upper Devonian Strachan shale in the Alberta basin (USA) and the black shale of the Bluefish
basin (Canada) also feature many horizontal fractures (Al-Aasm et al. 1992; Marquez and
Mountjoy 1996). Diagenesis generates vertical compaction and smaller induced horizontal stresses
during burial, but the horizontal stresses may become larger than the vertical stress as a result of
differential stress relaxation during creep, coupled with removal of overburden through erosion,
which will facilitate the formation of late horizontal fractures along bedding planes (Turcotte and

Schubert 2002; du Rouchet 1981; Spencer 1987).

The Bowland shale samples contain horizontal bitumen-filled (F2) and empty fractures (F4) which
are very similar to those observed by Lash and Engelder (2005). However, the samples also contain
a significant number of vertical bitumen-filled fractures, especially in dense calcitic-vein areas as in
sample B8, and unlike the North American shales described above. Moreover, the vertical bitumen-
bearing fractures (F2) systematically crosscut calcite veins and isolated calcite grains in the cement.
These late, radially distributed, vertical bitumen-bearing fractures were interpreted to have formed
from fractures branching from pre-existing calcite veins owing to reduced fracture toughness at

their margins.

6. Conclusions

In this study the variability of the microstructure of the Lower Bowland shale was highlighted from
the cm to um scale using the traditional techniques of microscopy combined with XRD and TOC
measurements. The samples show a high variability of : (i) micro-texture types (unlaminated,

interlaminated and laminated quartz-rich mudstones and weakly interlaminated calcite-rich
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mudstone), (ii) mineralogy, (iii) TOC (from 0.5 to 6.1 wt%), (iv) organic-matter particles
(micrometric particles with and without macropores, multi-micrometre layers, submicrometre
particles in the cement and particles in oversize pores), and (v) fractures which are organized in a
complex network (calcite-sealed, bitumen-filled, empty and resin-filled fractures). The planar
geometry of the vertical veins means that the rock was compacted and lithified prior to the
formation of the carbonate-sealed fractures. The vertical bitumen-bearing fractures were interpreted
as being due to the influence of weak joints generated by the previous carbonate veining episode,
which increases the brittleness of the shale. Moreover, the microstructural and mineralogical
hetereogeneities in areas heavily affected by veins may preferentially facilitate formation of open
fractures (resin-filled and empty) during specimen recovery and handling.

The majority of samples are quartz-rich and high TOC (>2 wt%). Some samples have low overall
TOC but their microstructure shows local cyclicity between organic-rich and organic-poor laminae.
This confirms the presence of narrow (<1 mm) and periodic, qualitatively organic-rich deposits in
Bowland shale as has been previously suggested in the literature. The low clay content (<20wt%),
the high detrital and cemented quartz content (>50wt%), and the presence of a complex and multi-
scale fracture network support the developing interest in the Lower Bowland shale as a potential
hydrocarbon resource.

The planar geometry of the vertical calcite veins means that the rock was already compacted and
lithified before the carbonate-sealed fractures could form. Subsequently, mineral replacements and
authigenic growths of clay minerals and secondary carbonate grains (calcite and ankerite) formed.
Later, horizontal bitumen-bearing fractures provided routes for hydrocarbon migration and may
have formed as maximum principal stress became horizontal as a result of stress relaxation during
creep coupled with erosional offloading. The vertical bitumen-bearing fractures were interpreted as
being due to the influence of weak joints generated by the previous carbonate veining episode,

which increases the brittleness of the shale. The microstructural and mineralogical hetereogeneities
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in areas heavily affected by veins may have preferentially facilitated formation of open fractures
(resin-filled and empty) during specimen recovery and handling.

The identification of various micro-texture types and their heterogeneities in terms of mineralogy
and structure (fractures, laminae) will aid the selection of specific types of samples for 2D and 3D
high-resolution imaging in the cement and clay lenses, and for geomechanical characterization. In
the same way, the description of the various organic matter particles should guide the selection of
key particles for characterization of the pore network within kerogen and bitumen-filled fractures.
Evidence of a range of geological episodes such as carbonate-veining, feldspar alteration to
kaolinite, ankerite neoformation and bitumen-driven fracturing highlight periods of fluid passage or
circulation within the Bowland sequence and temperature-driven reactions occurring during burial,
for over the temperature range between approximately 30 and 150 °C. The evidence presented here
provides new aspects to aid understanding of the geological history of the Lower Bowland
sequence, which should aid in the development of a more generalized understanding of the
sequence through future studies across larger sample quantities.

In future studies of Lower Bowland Shale microstructure, a regular separation distance between the
samples should be taken and further observations of the cement should be made to evaluate the
connectivity of the various fractures, especially the numerous horizontal micrometer-scale empty

fractures F4, and to make a better estimation of mineralogy and modal fraction of clays present.
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Figure captions

Fig. 1. Location of the Preese Hall-1 borehole in: (a) the United Kingdom and (b) the Bowland Basin
(adapted from Evans & Kirby 1999; mapsofworld 2015).

Fig. 2. Bowland basin stratigraphy in the Preese Hall-1 borehole, showing the stratigraphic locations of the
samples studied, which lie within the Bowland-Hodder group.

Fig. 3. XRD patterns corresponding to the samples (a) B8 and (b) B5.

Fig. 4. (a) Variability of mineralogical composition of all samples, and (b) Mineralogy of all samples
represented on a ternary diagram plotting proportions of clays, quartz and carbonates.

Fig. 5. Variability of mudstone micro-texture types of Bowland Shale from at the cm and mm scales :
macroscopic views (a-f) and optical images (g-1).

Fig. 6. Variability of mudstone micro-texture types of Bowland Shale at the um scale by back-scattered
electron (BSE) images under SEM : (a,b) unlaminated quartz-rich mudstone, (c,d) weakly interlaminated
calcite-rich mudstone, (e-i) interlaminated quartz-rich mudstone, (j-0) laminated quartz-rich mudtone. [Cal:
calcite, Qz: quartz, Ank: ankerite, Om: organic matter, Qz: quartz, Pyr: pyrite, Cem: cement, Kaol: kaolinite,
Alb: albite].

Fig. 7. Various types of organic matter particles in Bowland shale under SEM: (a) micrometric particles of
organic matter without macropores (Om1-a); (b) micrometric particles of organic matter with macropores
(Om1-b); (c) micrometric layers of organic matter (Om2); (d) Sub-micrometric organic matter particles in
cement (Om3); (e) organic matter in oversize pores.

Fig. 8. SEM-BSE images of features attributable to fluid circulation in Bowland shale (examples from
samples B6 and B8): (a) two veins of calcite perpendicular to bedding planes in sample B6; (b) fractures in
vertical calcite vein in sample B6; (c) horizontal calcite vein in sample B8; (d) and (e) vertical veins of
calcite which cross organic Oml-a and Om2 in sample B8; (f) close-up of the organic matter in (e). [Cal:
calcite, Qz: quartz].

Fig. 9. SEM BSE images of (a) micrometric chlorite and altered albite on the boundaries of a calcite vein ;
(b) well-shaped micrometric chlorite on the boundary of a calcite vein. [Chl: chlorite, Alb: albite, Qz: quartz,
om :organic matter].

Fig. 10. SEM BSE images of (a) rutile inclusions in a calcite vein perpendicular to bedding planes in B8 at
low magnification; (b) enlarged area of a) at high magnification ; (c) detrital rutile grain [Chl: chlorite, Alb:
albite, Qz: quartz].

Fig. 11. (a) Randomly orientated kaolinite and muscovite mixed with albite and quartz; (d) large crystalline
assemblage of kaolinite with phosphate inclusions in the quartz-rich laminae of B8. [Kaol: kaolinite, Alb:
albite, Mus: muscovite, Cal: calcite, Qz: quartz, om: organic matter].

Fig. 12. SEM BSE images of: (a) well-formed ankerite crystallites in the quartz cement of B1; (b) ankerite
crossing calcite vein in B6 sample ; (c) magnified view of of b) ; (d) quartz cement crossing well-formed
ankerite crystallites and a calcite vein in B6 . [Kaol: kaolinite, Ank: ankerite, Mus: muscovite, Cal: calcite,
Qz: quartz, Cem: cement].

Fig. 13. Fractures (arrows) in Bowland shale. BSE images of : (a) calcite-sealed fracture F1; (b) horizontal
bitumen-filled fracture (F2) and empty fracture (F4) along F2; (c) assemblage of thin F2; (d) horizontal and
vertical F2; (e) F1 crossed by a bitumen-filled and empty fractures ; (f) inclined F2 crossing F1
corresponding to the magnified view of (e); (g) vertical empty fracture in F1 in the continuity of F2; (h)
resin-filled fractures (F3); (i) empty fractures along organic matter and micas; (j) empty fractures at the
extremities of organic matter particles (Om3) in quartz cement.

Table 1. Mineral proportion obtained by X-Ray Diffraction and Total Organic Content measurements for all
samples (1 : Pendleide limestone, 2 : Worston shale).
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