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Abstract

After a hiatus of more than two decades, there is now a renewed interest in the exploration
of deep geothermal resources in the UK as the country strives towards reaching net-zero
greenhouse gas emissions. The Lower Carboniferous Fell Sandstone Formation (Mississippian)
and laterally equivalent strata beneath Newcastle Upon Tyne was postulated to be one such
deep geothermal system, heated by the inflow of high temperature brines along the Ninety-
Fathom Fault and several of its footwall splay faults. In 2011 a consortium led by Newcastle
University commenced with the drilling and testing of the Science Central Deep Geothermal
Borehole (Science Central Borehole, recently renamed Helix) to examine whether low
enthalpy geothermal energy might be recoverable from the Fell Sandstone. The Science
Central Borehole proved the presence of the Fell Sandstone and a temperature of 73.3°C at
1740m however, low hydraulic conductivity within the formation did not allow for

commercial production (Younger et al., 2016).

The findings of Younger et al. (2016) highlight the need to gain a better understanding of the
reservoir properties of deep geothermal aquifers like the Fell Sandstone. This study further
investigates the Fell Sandstone Formation across northern England, comparing petrographic
data obtained from both outcrop and borehole samples. Well logs, optical microscopy,
scanning electron microscope (SEM) analysis and statistical analysis are utilised to identify
lateral changes in both the lithology and diagenetic history of the Fell Sandstone and examine
what impacts these variations have had reservoir quality. An estimate of the geothermal

resource within the Fell Sandstone Formation has been calculated based on these findings.

A lateral trend of decreasing net to gross down the paralic palaeo-river system combined with

diagenetic compaction and pervasive cementation has resulted in significantly reduced



porosities and permeabilities within the subsurface Fell Sandstone, compared to values
obtained from outcrop. Despite these poor porosities and permeabilities the high
temperatures recorded at Science Central prove that if future endeavours are able to
intersect the Ninety-Fathom Fault, then there is still the opportunity for geothermal resource

development.
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Chapter 1 — Introduction

1.1 Project Rationale

Heating accounts for half of all energy consumption in the UK and over 30% of its greenhouse
(Gluyas et al., 2018). In 2019, the UK the amended its long-term emissions targets from an
80% cut to net-zero emissions by 2050 in adherence to the Paris Agreement (Averchenkova
et al., 2021). In order to achieve net-zero by 2050 the UK must decarbonise its heating. With
this goal in mind, a review, conducted by Gluyas et al. (2018), of the country’s geothermal
potential has shown that the UK is host to a substantial geothermal heat resource. With
estimated geothermal source regions overlapping with or adjacent to major population
centres (Fig. 1.1), it is technically possible to utilise low-enthalpy geothermal heat for space
heating. The drilling of the Eastgate (l) borehole in 2004 proved that the Weardale Granite,
part of the North Pennine Batholith located in Northeast England, is one such potential
geothermal resource (Manning et al., 2007; Younger et al., 2016; Gluyas et al., 2021), located
south of the city of Newcastle-upon-Tyne (NZ220682). Following on from the Eastgate
borehole projects (Eastgate 1 and Eastgate 2), the Weardale Granite continues to be the
subject of geothermal investigation. This study focuses on the aquifer and geothermal
potential, of the Lower Carboniferous Fell Sandstone Formation, located in the
Northumberland Basin. The Fell Sandstone has long been exploited as a potable aquifer in
northern Northumberland (Hodgson & Gardiner, 1971; Bell, 1978; Turner et al. 1993;
Younger, 1995, 1998; Younger et al., 2016). Analysis of samples taken from outcrops between
Rothbury and Berwick-upon-Tweed vyielded porosity values of up to 20-30% (Bell, 1978;
Younger, 1992). Such high porosity, along with transmissibility and recharge values (lab

determined permeability of 1.74 x 10® m/s from core samples taken from the Shirlawhope
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Well, Longframlington; Bell, 1978) mean that the Fell Sandstone is potentially one of the most
important/promising aquifers within the Carboniferous sequence (Hodgson & Gardiner,
1971; Jones et al., 2000). It is for these reasons that the Fell Sandstone was chosen as the
target for a deep geothermal well drilled at Science Central in Newcastle by Newcastle and
Durham universities, Newcastle County Council and the British Geological Survey (BGS)
(Younger et al., 2016). The rationale behind the project was that the Fell Sandstone reservoir,
if present beneath Newcastle, was potentially being heated via geothermal convection
associated with the Weardale Granite and therefore could be utilised as a geothermal
resource. The well, drilled to 1821m, did encounter 376.5m of the Fell Sandstone as predicted
and proved a temperature of 73°C at 1740m. With a calculated heat flow of 88 + 1 mMWm™, a
value considerably higher than average background heat flow values for the UK (~*50 mWm;
Fig. 1.1) (Younger et al., 2016), the Fell Sandstone is potentially a significant geothermal heat
resource. However, the well failed to flow upon testing. It is unclear whether the low
transmissivity recorded at the Science Central Deep Geothermal Borehole is the result of local
influences or representative of the Fell Sandstone at depth. There are a number of possible

reasons behind the Fell Sandstone’s low transmissivity:

e Formation porosity could have been reduced as a result of local cataclasis in
association with the nearby Ninety Fathom Fault system.

e Pore space could potentially have been infilled/occluded by the precipitation of barite
from brines flowing along the Ninety Fathom Fault. Evidence of fault associated barite
cementation is seen in the Permian Yellow Sands at Cullercoats Bay to the east of
Newcastle (Younger et al., 2012).

e Damage caused during drilling could have negatively affected the formation’s

production capabilities.
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e The intrinsic aquifer properties of the Fell Sandstone in this area may be poorer than
elsewhere.

More information on the porosity and transmissivity of the Fell Sandstone at depth is needed

in order to determine whether it could be utilised as a deep geothermal resource. This is the

focus of this thesis.
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Figure 1.1: (A) a map showing the locations of UK sedimentary basins and
granite batholiths; (B) heat flow across the UK (from the British Geological
Survey) (modified from Gluyas et al., 2018).

1.2 Project Aims

This project’s main aim is to ultimately map the reservoir properties, namely porosity and
permeability, of the Fell Sandstone across its range in Northumberland and Cumbria using a
combination of sample, well and seismic data. Up to 60% of the cost of a geothermal project

is spent on the drilling phase (Arup, 2011; Hirst et al., 2015). If the controls on reservoir
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properties can be further understood, better predictions regarding reservoir quality can be

made in the future, helping to reducing the risk associated with geothermal development in

the Northeast.

Key project aims include:

1.

2.

3.

To better understand the lithology and reservoir properties of the Fell Sandstone at
depths greater than 1km, specifically aspects such as cementation, porosity and
permeability. The Formation has long been exploited as a public fresh water supply
North of Rothbury where it is found near the surface, however, a greater
understanding of its intrinsic properties at depth is needed. This will be achieved
through petrographic analysis of borehole cuttings and samples collected during
fieldwork as well as well flow performance data.

The analysis of borehole cuttings, from the Science Central Borehole, for the presence
of barite cement. The determination of whether barite cement is present within the
Fell Sandstone at this location may help to shed light on the reasons behind the failure
of the Science Central Borehole.

To evaluate the importance of secondary porosity development at Science Central in
order to compare to data from existing boreholes. Well reports, from other boreholes
that penetrate the Fell Sandstone, will be analysed as part of this project to determine
whether the varying development of secondary porosity is a significant influence on

formation porosity and permeability in England.
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1.3 Area of Study

This project focuses on the Fell Sandstone within the Northumberland Trough, an extensional
half-graben, comprising of the Northumberland, Tweed and Solway basins, which extends
across Northern England and into the Central North Sea. The Fell Sandstone has been
penetrated by a number of both terrestrial and offshore boreholes within this Carboniferous
basin (Kearsey et al., 2018), evidencing that it is laterally persistent. The borehole data,
examined in this project, are taken from sites across Cumbria and Northumberland as well as
the Central North Sea. Physical samples taken from the Science Central and Errington 1
boreholes, stored at the British Geological Survey Core Store, are also investigated in this
study. In addition to these BGS samples, physical samples have also been collected through
fieldwork at Bowden Doors, an outcrop of Fell Sandstone located to the west of Belford,

Northumberland (Fig. 1.2).

Figure 1.2: The Fell Sandstone as seen at outcrop at Bowden Doors in
Northumberland (Fig. 1.3).
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Figure 1.3: A palaeogeographical map of the onshore Northumberland Trough,
separated into the Northumberland, Solway and Tweed Basins. The southern margin
of the basin is bounded by upland Lake District Block (SW) and the Alston Block,
underlain by the North Pennine Batholith (modified from Younger et al., 2016 and
Howell et al., 2019). A-A! represents the cross section represented in Fig. 2.1.

1.4 Nomenclature

In order to adhere to previous UK literature, the traditional NW European Carboniferous

chronostratigraphic subdivisions have been adopted. The Carboniferous succession of the
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Northumbrian Trough has been the subject of research articles for the best part of a century.
During that time the nomenclature for the Fell Sandstone Formation, along with the
Carboniferous succession as a whole has been subject to change. The current

lithostratigraphical nomenclature is outlined in Waters e