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Abstract

The potential of the Holywell Shale as a source-rock reservoir was explored using a
multidisciplinary approach which focused on understanding the depositional setting
of the Holywell Shale within the UK Namurian (mid-Carboniferous) Pennine Basin. The
deposition of the Holywell Shale was examined to understand the supply and preservation
of organic matter and detrital input into the basin both temporally and spatially. Both
outcrop and borehole material was sampled and analysed using organic geochemical (e.g.
total organic carbon, carbon isotopes, and RockEval™), inorganic geochemical (e.g. X-ray

fluorescence) techniques in combination with detailed petrographic analysis.

Organic matter content of the Holywell Shale was highly variable (0.1 wt % to 10.3 wt %),
with an average 2.0 wt % and predominantly Type Il kerogens present. Carbon isotopes
revealed a change in supply of organic matter to the basin from the strongly marine
influenced Lower Holywell Shale (-31.1 %o to -25.6 %o, average -28.8 %o; containing some
Type Il kerogen) to the terrestrial dominated Upper Holywell Shale (-28.0 %o to -22.4 %o,
average -24.5 %o; containing some Type IV kerogens). Trace element and RockEval™
pararmeters indicate that the Holywell Shale was deposited under predominantly oxic
conditions with some periods of hypoxia. This resulted in relatively poor preservation of

organic matter (low HI values < 301 mg/g and high Ol values < 121 mg/g).

There is no clear relationship between organic matter source, quantity and quality within the
Holywell Shale. The highest organic matter quantity with greatest preservation occurs
within fossiliferous, clay-rich lithofacies associated with marine highstands. Although, the
small-scale variability and heterogeneity of both organofacies and lithofacies mean that the

reservoir quality of the Holywell Shale is inherently difficult to predict.
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Figure 6-4: Thin section images of borehole samples (left; A = Point of Ayr — POAG,
185 m; C = Point of Ayr — POA7, 189 m) and outcrop samples (right; B = Pen-Y-Maes
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— PYMS1H5; D = Warren Dingle — WDS1H4) described after Macquaker & Adams
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graded bedding (fining upwards), terrestrially sourced minerals (including plagioclase
feldspars) and fragments of terrestrial organic matter. Samples C and D show clay-rich
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bedding. An abundance of goniatite microfossils and larger fragments of shells occur in
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Introduction & Aims

1.1: Background

Over the last decade the development in production of hydrocarbons from
unconventional sources has significantly expanded, specifically the shale-gas
and shale-oil plays of the United States have become a significant hydrocarbon

resource (Aplin & Macquaker, 2011; Jarvie, 2012).

Shale is a name commonly used to describe a broad range of fine grained rocks which
are fissile. However, the fissile nature of a rock is a characteristic dependent on the
degree of weathering and therefore the term shale should not be used as a group
classification term for fine-grained sedimentary rocks which may or may not be fissile
(Aplin & Macquaker, 2011; Lazar et al., 2015a). The term mudstone is a more suitable
term to describe fine-grained sedimentary rocks where > 50 % of particles are less than
62.5 um in size by weight/volume and encompasses a wide variation of composition,
porosity, thickness and heterogeneity (e.g. Folk, 1980; Hart et al., 2013; Lazar et al.,
2015a; Milliken, 2014). These variations develop as a result of provenance (origin of
material), depositional environment (i.e. marine settings, estuaries, lakes), and post
depositional alteration processes (including compaction, cementation, mineral

authigenesis and dissolution, and organic matter maturation) (Hart et al., 2013).

Mudstones commonly form source rocks for conventional hydrocarbon exploration. In
a source rock the process of maturation of organic material (kerogen) with increase in
temperature (oil window circa 50-150 °C, gas window circa 150-200 °C) and pressure
(increasing with depth) generates hydrocarbons over time. In a conventional system,
these hydrocarbons are then expelled where they typically migrate along permeable
pathways until they reach an impermeable layer (sealing or cap-rock), become trapped

and form an accumulation. However, mudstones are vertically anisotropic and have low
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permeability (< 0.1 mD) which results in trapped hydrocarbons held within the rock,
and without either natural or induced fractures (using methods such as hydraulic
fracturing) hydrocarbons cannot be extracted at economic rates. Unlike conventional
hydrocarbon systems where the source, reservoir and seal are typically different rock
types; in unconventional shale-gas and shale-oil systems, the mudstone acts as source,

reservoir and seal, resulting in the term source-rock reservoir (Hart et al., 2013).

Within the UK the main targets for the development of source-rock reservoirs are the
Carboniferous Bowland-Hodder Formation and the Jurassic Weald Basin (Andrews,
2013). This study focuses on the Carboniferous mudstones of northeast Wales
(Holywell Shale). The term Holywell Shale has been made obsolete and is now
incorporated within the term Bowland Shale Formation (BGS Lexicon of named rock
units). However, the term ‘Bowland Shale Formation’ covers a series of mudstones
which were deposited diachronously within different basins and sub-basins across
northern England, northeast Wales, and the English midlands. To avoid confusion
when referring specifically to the Bowland Shale Formation where it occurs in

northeast Wales (the study area for this thesis), the term Holywell Shale will be used.

1.2: Aims

This thesis investigates the potential of the Holywell Shale as a source-rock reservoir
through analysis of the depositional setting (i.e. organic matter flux to the basin, type of
organic matter present, mineralogy present and the lithofacies which occur). The aim in
undertaking this research is to identify sedimentary facies and organic matter variations
at and around biostratigraphic markers (marine bands) across the Holywell Shale. This
will provide greater insight into the varying depositional settings which occurred within

the basin during the Namurian, in particular, identify which settings provided the most



Introduction & Aims

favourable conditions for optimum source-rock reservoir deposition. The identification

of the varying depositional settings and conditions will help to further enhance the

ability to predict the prospectivity of source rock reservoirs not only for the Holywell

Shale but also across the Carboniferous basins of the UK. This requires a complex

approach of combining petrographic imaging at varying scales with organic and

inorganic geochemical techniques. The material used within this study was collected

from both outcrop and core material of the Holywell Shale (Arnsbergian 326Ma —

Yeadonian 314.5Ma) at the southwest edge of the Namurian Pennine Basin (UK). In

order to achieve the principle aim of this project the following objectives will be

addressed:

The lithofacies of the Holywell Shale will be investigated and described, after
Macquaker & Adams (2003), using optical and scanning electron microscope
techniques. Combining the lithofacies descriptions with geochemical data
(including Total Organic Carbon, RockEval"", carbon isotope values, XRF and
C/N ratios) to determine the depositional environment, mineralogy and supply
of organic matter for each lithofacies. This approach will allow the relationship
(if any) between lithofacies and organic matter to be investigated and to
determine the spatial and temporal variations which occur.

Organic matter characteristics will be obtained using organic geochemical
techniques including TOC, 813C and RockEval™ to characterise the kerogen
type, source (terrestrial vs marine) and maturity of the Holywell Shale. This will
allow the hydrocarbon generation potential of the Holywell Shale to be
deduced.

The quality of data obtained from outcrop material will be compared to data

from material collected from ‘legacy’ core using identical analytical techniques
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over the same stratigraphic interval (marine bands) to assess whether any
variations which occur. The use of outcrop samples in geochemical studies of
fine grained mudstones is common (e.g. Davies et al., 2012; Macquaker et al.,
2007) by assessing the quality of the data compared to core material it will
determine the suitability of this material within these studies as well as
determine the reliability of comparisons between outcrop and borehole material,

using the Holywell Shale as a case study.

1.3: Thesis outline

This thesis includes three main chapters (4, 5 & 6) which contain independent data,
interpretations, and conclusions. These chapters have been written in the style of a
scientific journal article with Chapter 4 in review and Chapters 5 and 6 in preparation

for submission to separate academic journals. The thesis structure is as follows:

Chapter 2: An overview of the research problem, including a literature review of what
is known about the mudstones of northeast Wales. The geological and

palaeogeographical context of the study area is discussed.

Chapter 3: Detailed scientific methodologies used within Chapter 4, 5 and 6 of the
thesis are outlined here. Details of specific methodologies specifically with regards to

sampling procedures are discussed in more detail within the chapters.

Chapter 4: (manuscript submitted to Marine and Petroleum Geology in July 2015)
discusses geochemical and petrographic data collected from outcrops of the Holywell
Shale. A change in the source of organic matter from marine to terrestrial was shown
using 8"3C isotopes. A negligible relationship between lithofacies and organic matter
type/amount was observed. This results in the reservoir quality of the Holywell Shale

being inherently difficult to predict.



Introduction & Aims

Chapter 5: (manuscript pending submission to Journal of the Geological Society,
London) examines the petroleum generation potential of the Holywell Shale using
samples from boreholes. Samples were characterised principally using RockEval™ to

determine the quantity, quality and preservation of organic matter.

Chapter 6: (manuscript in preparation to submit to Geochemistry, Geophysics,
Geosystems — G°) results from samples analysed in Chapters 4 and 5 were used to
examine the differences between using samples from boreholes (differences between
results from core and cuttings) and outcrops. The samples collected provide the ability
to correlate marine bands between outcrops, core and cutting samples over a relatively

short distance.

Chapter 7: provides a synthesis of all the material discussed within the chapters of the
thesis and present findings, outcomes and conclusions. This chapter also poses
questions and problems which have arisen as a result of this work, including
suggestions for further work. There was also a further research approach which was
adopted and became unfeasible throughout the time of this thesis, progress, findings

and problems which arose are discussed.
Appendices: including complete data tables.

References: all references cited within the thesis will be included at the end.
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2.1: Introduction

The success of shale gas in the United States of America has led to attempts being
made to replicate the successes in parts of Europe and the UK. However, the
depositional and tectonic setting of the basins in the UK is much more complex
(deposition within much smaller tectonically active basins). Understanding the
deposition of organic mudstones within these basins is critical to being able to predict
reservoir properties and therefore reservoir quality. Both industry and academics are
working within mudstones to create a predictive tool to be able to identify mudstone
characteristics which can be used for shale gas exploration. Within this thesis a
combination of methods and techniques are used in an attempt to predict where organic

rich mudstones occur and establish links to other rock properties.

2.2: Characteristics of shale gas systems

From the assessment criteria of successful shale gas plays mainly within the US, which
make them good prospects for shale gas production, a broad range of parameters have
been suggested to indicate a potential ‘good’ shale gas play. Some of these parameters

are essential to ensure the success as a shale gas play whilst others are just desirable.

2.2.1: Organic Matter Quantity

The quantity of organic matter present within a mudstone is measured using total
organic carbon (TOC). The TOC values (at present day) for a suitable shale gas target
must exceed 1 wt % (Jarvie, 2012), whilst many authors suggest that a value at least 2
wt % is required (e.g. Andrews, 2013; Charpentier & Cook, 2011; Gilman & Robinson,

2011).
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2.2.2: Organic Matter Type

The organic matter within mudstones is present as several organic compounds; kerogen
(the portion of organic matter which is not soluble in both aqueous alkaline and
common organic solvents; Dow, 1977; Tissot & Welte, 1984) normally represents 95%
or more of the total organic matter in sedimentary rocks (in the absence of migrant
hydrocarbons; Tyson, 1995). Another common organic constituent of sedimentary
rocks is bitumen, a term which refers to long-chain soluble hydrocarbons which have
the ability, with heat and pressure over time, to be broken down into other smaller
chain hydrocarbons. The amount of bitumen (including asphaltenes and resins) present
within the rock can be determined from gas chromatography- mass spectrometry (GC-
MS; Tissot & Welte, 1984). Free hydrocarbons (gas and oil) also contribute to the TOC
value, and can be present in cracks, pores or adsorbed to the surface of minerals and
other organic matter compounds; the amount of free hydrocarbons can be determined

from RockEval™ using the S1x100/TOC (Jarvie & Baker, 1984).

There are three basic types of kerogen, Types I, Il and IlI, originally defined from a
study of coal macerals (van Krevelen, 1950). Within this thesis kerogen type was
identified using RockEval™ pyrolysis parameters (Section 3.4). Successful shale gas
systems in the US have organic matter composed predominantly of Type Il kerogens

(Jarvie, 2012).

e Type | kerogens are derived mainly from algal components (and bacterial
components) dominated by amorphous liptinite macerals. They are typically
deposited within a marine or lacustrine environment and upon maturation they

produce mainly waxy oils (Dembicki, 2009). Type | kerogens can be identified
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using RockEval™ pyrolysis as when they are thermally immature they have
hydrogen indices greater than 600 mg/g (hydrocarbon/TOC).

Type Il kerogens are derived from algal and bacterial organic matter dominated
by liptinite macerals such as exinite and sporinite. They are typically deposited
within a marine environment (although not exclusively) and upon maturation
they are oil-prone. Type II kerogens can be identified using RockEval™
pyrolysis as when they are thermally immature they have hydrogen indices in
the range of 300 to 600 mg/g.

Type 1ll kerogens are generally derived from higher plant organic matter
dominated by vitrinite macerals. They are typically deposited within a paralic
marine environment (although not exclusively) and upon maturation they are
gas-prone. Type III kerogens can be identified using RockEval™ pyrolysis as
when they are thermally immature they have hydrogen indices in the range of

50 to 200 mg/g.

There are two further types of kerogen, Type IV and Type IS kerogens.

Type IV kerogens are dominated by inert organic matter that was recycled or
extensively oxidised during deposition, and they have no hydrocarbon potential
(Tissot & Welte, 1984). Type IV kerogens have low initial H/C ratios indicating
the presence of oxidised and degraded organic matter. Type IV kerogens can be
identified using RockEval™ pyrolysis, when thermally immature they have
hydrogen indices below 50 mg/g.

Type 11S kerogens are