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Abstract: In Britain, thick limestones of early Carboniferous (Mississippian: 359—323 Ma) age are present in two provinces,
respectively south and north of the Wales-Anglo-Brabant landmass. In the southern province, early Carboniferous lime-
stones were deposited upon a southward-deepening shelf, laterally continuous from Ireland to the Rhineland. They now
occupy a number of discrete minibasins as a consequence of Variscan orogenic thrusting and significant post-Carboniferous
erosion. In the northern province, local tectonic controls led to the development of a mosaic of deepwater basins, ramps and
platforms in response to Mississippian extensional stress. The interaction with glacioeustatic sea-level change led to the
development of complex carbonate system tracts on these ramps and platforms.

Given favourable conditions of palacokarst development and fracturing, hydraulic transmissivity could be sufficient to
allow development as a geothermal resource. Deep geothermal prospectivity is controlled by a hierarchy of factors, operat-
ing on scales ranging from provincial (1000—100 km) down to outcrop (1000—100 m), reflecting processes operating on the
lithospheric down to sub-basinal scale respectively. On the scale of the individual prospect, these factors include the mode
of carbonate deposition, particularly depth of water and angle of depositional slope, which are tectonically controlled; the
history of synsedimentary exposure, erosion and karstification, strongly influenced by sea-level change; by the diagenetic
history and subsequent basin evolution; by deformation and fracturing during Variscan basin inversion; and by the post-
Carboniferous history of subsidence, uplift and karstification.

The contrasting impact of these various processes upon hydraulic transmissivity in the two provinces is reviewed, and a
preliminary assessment of the geothermal prospectivity of each is presented. The most prospective areas for deep geothermal
exploitation are considered to be basins, shelves and platforms lying at depths of 2 to 5 km below sea level. Deepwater ba-
sins are considered less prospective because of the lack of thick limestones, except in the hanging wall at fault-bounded
margins, where Waulsortian mud-mounds with good residual porosity and fault-zones with polyphase history are likely
present. Granite underpinned highs in N England, where Carboniferous limestones are typically at crop, and shallow basins
of Carboniferous age lying on the Wales-Anglo-Brabant Massif, are considered less prospective in the deep geothermal
context.

Keywords: Mississippian, limestone, Britain, palacokarst, fracturing, deep geothermal prospectivity

1. Introduction

Early Carboniferous limestone (ECL) of Mississippian age
is present in the subsurface over large areas of southern and
central Britain and was identified as a promising deep geo-
thermal play by Doug Holliday (1986), alongside other low
enthalpy deep geothermal resources such as Permo-Triassic
clastic-filled sedimentary basins. The latter were investi-

*Addresses of the authors:

gated during the first round of research on the low enthalpy
resource in the 1980’s, resulting in only one development, at
Southampton (Fig. 1), which has been contributing to an ur-
ban district heating scheme since the early 1980’s. No fur-
ther investigation of ECL has been carried out, despite suc-
cessful exploration and exploitation of the resource else-
where, e.g. in Belgium (Delmer et al. 1996; Bos & Laenen
2017) and The Netherlands (Reijmer et al. 2017; Mijnlieff
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2020). In the context of this paper, ‘deep geothermal’ is de-
fined as lying within the depth range of 500-5000 m below
ground surface. Low enthalpy resources shallower than this,
e.g. water from flooded mines, may be exploited using
ground source heat pumps, but are not assessed here; neither
are high enthalpy systems, at deeper levels.

The ECL can be a productive aquifer (Abesser et al. 2005;
Abesser & Smedley 2008; Narayan 2019; Narayan et al.
2021), hosting deep hydrothermal circulation systems which
source thermal waters at Bath, Bristol, the Taff Valley and
Buxton (Darling 2019) (Fig. 1). With an estimated contained
accessible subsurface resource of up to 328 x 10" Joules
(Busby 2014), this direct-use geothermal heat could make a
significant contribution to the decarbonisation of heating (At-
kins 2013). Although less predictable than other deep geo-
thermal resources, ECL has the advantage that it occurs at
depths in the range 5004000 m beneath many UK conurba-
tions, and hence could supply significant energy to urban dis-
trict heating schemes. Successful exploitation of geothermal
aquifers generally requires good effective porosity (>20 %),
permeability (>0.5—1 D), and thickness (>20 m), preferably
overlain by an insulating unit (‘thermal blanket’) with low
thermal conductivity (Holliday 1986), e.g. mudstone. Flow
rates of 50 to 100 m?/h are required in each well (Rockel et al.
1997). In contrast, ECL generally has significantly lower po-
rosity (<1-1.3 %), lower permeability (1-10 mD) and insig-
nificant intergranular flow (Downing & Gray 1986; Abesser
et al. 2005) but given favourable circumstances, transmissiv-
ity could be significantly higher (Narayan et al. 2018, 2021).
Market considerations are also a significant factor in develop-
ment. The aquifer temperature should be >100 °C for power
generation; >50 °C for heat production; and >20 °C for bal-
neological and horticultural applications.

Groundwater flow in ECL is controlled by the develop-
ment of secondary permeability, e.g. associated with fault-
ing, karstification, dissolution of evaporites or dolomitisa-
tion (Juerges et al. 2016; Narayan et al. 2018, 2021). The key
to successful exploitation of the ECL resource is the pres-
ence of aquifers in which hydraulic transmissivity has been
significantly enhanced by the interaction of these various
phenomena, as has been demonstrated at Saint Ghislain and
Mol in Belgium, and near Venlo in The Netherlands (Berck-
mans & Vandenberghe 1998; Dusar & Lagrou 2008; Bos &
Laenen 2017; Reijmer et al. 2017; Van der Voet et al. 2018;
Broothaers et al. 2021, this issue). To date, the only drilling
of ECL in Britain has been to address the contribution from
a high heat production granite underlying the Alston Block
(Manning et al. 2007). A further borehole at Science Central,
University of Newcastle-Upon-Tyne, tested clastic strata of
Mississippian age and fault prospectivity, but not ECL fa-
cies. The Southampton geothermal borehole, mentioned
above, exploits water from the Sherwood Sandstone Group
(Triassic), not the Old Red Sandstone (Devonian) clastic
facies reached at terminal depth (TD). The latter strata
have very low porosity (<3 %) and average permeability
(<0.2 mD) (Burgess et al. 1981).

This paper reports preliminary findings on geothermal
prospectivity of the ECL, from a study using sub-surface
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mapping and play fairway analysis, currently being under-
taken by BGS (Jones et al. 2021). Basins in Scotland and
northern England containing ‘Yoredale’ facies of Mississip-
pian age are dominated by clastic strata and contain thin,
if any, limestones. For example, the Seal Sands Borehole
(Fig. 1) in the Stainmore Basin, penetrated 3442 m of Mis-
sissippian strata containing only two limestones thicker than
30 m (Chadwick et al. 1995). These strata are not part of the
Carboniferous Limestone Supergroup, and, like the unpro-
spective pre-Carboniferous rocks underlying the Wales-
Anglo-Brabant Massif (WABM), are specifically excluded
from this study.

2. Mississippian palaeogeography

In early Carboniferous (Mississippian: 359—323 Ma) time,
Britain lay at equatorial latitudes and carbonate sediment
accumulated in warm shallow shelf seas surrounding the
WABM, a persistent late Palacozoic palacogeographic
feature (Pharaoh 2018), stretching from Wales to Belgium
(Fig. 2). The southern arm of this sea formed part of the Rhe-
nohercynian Shelf lying to north of the Rheic Ocean, and
subsequently the incipient Variscan Orogen. Thin transgres-
sive sequence tracts preceding maximum flooding surfaces
(MFS) on the WABM may have been eroded subsequently.
Numerous and widespread palaeokarst and palaeosol hori-
zons in the adjacent marine platforms testify to intermittent
uplift and erosion (Walkden 1987; Wright 1990). In addition
to local tectonism, these basins were affected by glacioeus-
tatic changes in sea level, as the planet gradually moved to-
wards Icehouse conditions (Davies & Fielding 2008). Lime-
stones deposited during this period are associated with plat-
forms, ramps and shelf-slope areas. Clastic sedimentary
rocks dominate deeper-water shelf or turbiditic successions.

NW Europe was part of a tectonically active equatorial
seaway which subsequently became filled by a clastic deltaic
river system, predominantly from the north (Waters & Davies
2006; Kombrink et al. 2010; Kearsey et al. 2019). The inter-
play of sedimentation and local tectonics created a very vari-
able set of depositional environments (Fig. 2), with different
types of basin-fill, subsidence rate and inversion structures
developing to the south and north of the WABM (Figs. 1, 2).
These two provinces are referred to subsequently in the text
as the southern and northern ECL provinces. The major Mis-
sissippian stratigraphic units, and their correlation with the
strata of the NW European basins, are shown in Fig. 3.

3. Depositional settings

Carbonate platform facies

Carbonate successions are developed on platforms and
shelves across England (Davies & Fielding 2008). These are
most substantial fringing the WABM and around the Market
Weighton High (Figs. 1, 2). For instance, in the Grove 3
Borehole there is a virtually continuous 1200 m thick section
of carbonate strata. However, in the numerous microbasins
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Fig. 1: Map of ECL subcrop in southern and central Britain. The location of sections in later diagrams is shown in red. Key to ECL basin
abbreviations: ASH — Askern-Spital High; BRCH — Bristol Channel; EHG — Edale Half-graben; EKCF — East Kent Coalfield; FDCF —
Forest of Dean Coalfield; GHG — Gainsborough Half-graben; HMPC — Central Hampshire subcrop; HMPN — North Hampshire subcrop;
MWH — Market Weighton High; SHP — South Humber Platform; SNG — North Somerset & Gloucestershire subcrop; SSC — Central Som-
erset subcrop; SSWS — South Somerset & North Wiltshire subcrop; SSXC — Central Sussex subcrop; SSXN — North Sussex subcrop; SSXS
— South Sussex subcrop; SSXW — West Sussex subcrop; ST — Stainmore Trough; SWCE — South Wales Coalfield East; SWCS — South
Wales Coalfield South; SWCW — South Wales Coalfield West; WHG — Widmerpool Half-graben; WLTS — South Wiltshire. Key to bore-
holes in well transect diagrams, linked by red lines: 1 — Maesteg 1; 2 — Knap Farm (Cannington Park); 3 — Fifehead Magdalen 1; 4 —
Ashton Park; 5 — Farley South 1; 6 — Ashour 1;7 — Netherhampton 1; 8 — Egbury 1; 9 — Stockbridge 1; 10 — Herriard 1; 11 — Wallcrouch 11;
12 — Cambridge; 13 — East Ruston 1; 14 — Somerton 1; 15 —53/12-2; 16 — 53/18-1; 17 — Alrewas 1; 18 — Long Eaton 1;19 — Ironville 5; 20
— Grove 3; 21 — Welton 1; 22 — Broomfleet 1; 23 — Kirby Misperton 1. Key to other boreholes and locations mentioned in the text: BO —
Bolney 1; BR — Bruton; CT — Cleethorpes 1; DZ — Devizes 1; EA — Eakring 146; EG — Egmanton 68; FB — Foudry Bridge 1; FW — Farleigh
Wallop 1; HA — Hathern 1; HC — Hester’s Copse 1; HD — Herriard 1, HG — Humbly Grove X1; HT — Hardstoft 1; HY — Hellingly 2; IC —
Inwood Copse; MF —Meggot Farm; MG — Milton Green 1; MN — Middleton 1; NF —Nooks Farm 1; NM — Nettleham 2; PC — Paddleworth
Court; PH — Penshurst 1; RD — Raydale; RH — Rookhope; RW — Roddlesworth 1;RO — Rotherfield; SO — Southampton 1; SY — Saltfleetby
1; SS — Seal Sands 1; WH — Westham 1; WM — Warlingham; WN — Weeton 1; WS — Wessenden 1. Key to thermal springs: Bl — Bristol-Bath
area; Bn — Buxton; Mk — Matlock; TW — Taff’s Well.
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on the northern edge of the WABM there is very close juxta-
position between carbonate platforms and clastic basinal
sediments. To the south of the WABM the carbonates are
thinner, but part of an originally more continuous shelf.
These have been shown to have different morphotectonic
settings; inner, mid-and outer parts of a southward-dipping
shelf ramp complex (Wright 1986).

Shale dominated basin facies

In the basin areas, such as the Bowland and Cleveland ba-
sins, the sediment is dominated by mudstones and thin sand-
stone beds (Fig. 2). However, even in these basinal environ-
ments carbonates are present in up to 10 m thick beds. These
are thought to be carbonate turbidity and slope deposits
which carried material from the platform into the basin areas
(Newport et al. 2018; Waters et al. 2020, Narayan et al. 2021).

Mixed shelf carbonate and deltaic facies

In Northumberland, the Midland Valley of Scotland and the
North Sea, most carbonate is associated with the ‘Yoredale
Facies’ (Tucker et al. 2003; Kearsey et al. 2019). The lime-
stones in these successions tend to be 1-5 m thick, interbed-
ded in an upward-coarsening succession of marine mudstone
and sandstone, and capped by a coal layer (Fig. 2; Kearsey et
al. 2019, Booth et al. 2020). These limestones are formed by
marine transgressions in response to glacio-eustatic sea-level
changes (Davies & Fielding 2008).

4. Southern ECL province

The Carboniferous Limestone Supergroup (Mississippian)
was deposited in carbonate ramp environments, forming part
of a marine shelf extending from Ireland to the Rhineland
(Bless et al. 1976), subsequently tectonically incorporated
within the ‘Rhenohercynian’ or ‘Externide Zone’ of the Vari-
scan Orogen. The supergroup crops out around the margins
of the South Wales Coalfield, Forest of Dean Coalfield, Bris-
tol-Somerset Coalfield and in the Mendip Hills. This region
is notable for the development of thermal springs (Fig. 1)
formed in association with deep groundwater path-
ways through the ECL underlying synclinal coalfield basins,
of which the thermal aquifer at Bath is perhaps the best ex-
ample, known since Roman times.

Outcrop in the Avon Gorge—Mendip region (Fig. 3) com-
prises up to 1000 m of limestone and dolomite assigned to
the Avon and Pembroke Limestone groups (Waters et al.
2011). ECL were deposited in a ramp environment with wa-
ter depths generally increasing to the south. Microbialite
mud mounds (“Waulsortian Reef” facies) are known from
distal slope facies (Berry Slade Formation) farther west in
Pembrokeshire (Waters et al. 2011). The lower, mudstone-
rich Avon Group (formerly Lower Limestone Shales) of
Tournaisian age, passes upwards into the Pembroke Lime-
stone Group (Tournaisian-Visean).

The maximum preserved thickness of the latter is around
800 m, but is highly dependent on the degree of post-Vari-
scan erosion. The muted geophysical log response (Fig. 5)
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with generally low gamma-ray and sonic travel times belies
lithological heterogeneity comprising oolitic limestone bod-
ies, bioclastic limestones, muddy offshore bioclastic lime-
stones, shales and chert, reef mounds, peritidal limestones
and minor volcanic rocks.

The presence of palaeokarst in the limestones (Fig. 4)
likely facilitates the passage of water to the Bath occurrence
(Gallois 2007). Unfortunately, few of the existing 2D seis-
mic reflection data, optimised to image the hydrocarbon-
prospective Mesozoic section, provide a clear image of the
structure in the late Palacozoic strata. However, it is very
likely that they are involved in fold-thrust nappes, compara-
ble to those of the Dinant Syncline of Belgium, close to the
front of the Variscan Orogen (Fig. 2). Underlying strata of
Old Red Sandstone facies, as proven by the Southampton
and Marchwood boreholes, perhaps 2 km thick, have low
porosity and permeability and are not considered prospective
for deep geothermal exploitation (Downing & Gray 1986).

Dolomitic limestone predominates toward the base of the
group, while siliciclastic sandstones occur near the top. Sea-
level lowstands at the end of Courceyan and early Chadian
time, resulted in the development of several discordances
marked by palacokarstic horizons with palacosols that can be
correlated over large areas (Wright 1986; Faulkner et al.
1990), e.g. at the base and top of the Gully Oolite (Fig. 3).
Supratidal sabkha-type algal microbialites are present in
South Wales (Caswell Bay Mudstone Formation: Arundian)
and in the Avon Gorge (Concretionary Beds Member: Holke-
rian) (Wright 1986; Kirkham 2005). These are comparable
(in both lithology and age) to late Visean (Livian-Warnan-
tian) evaporite-bearing sequences in Belgium (Muchez &
Peeters 1987), whose dissolution has given rise to the spec-
tacular collapse breccia/olistostrome of regional extent
known as the ‘Grande Bréche’ (Fig. 3).

East of the Mississippian crop, ECL dip beneath a thick
Mesozoic cover, extending in a belt on the southern flank of
the WABM, from Somerset to Sussex (Fig. 1). The seismic
mapping here by Jones et al. (2021) took ECL subcrop limits
provided by Pullan & Butler (2019) as a starting point. The
ECL is more restricted than represented in some earlier map-
pings (e.g. Smith 1985). ECL has been proven in a large num-
ber of oil exploration boreholes at depths of 800-2000 m be-
low sea level, although most penetrate only a few metres.
Fig. 5 shows the few boreholes with significant penetration
and geophysical logs which facilitate well correlation. The
maximum proven thickness is nearly 1000 m (Knap Farm,
Cannington Park Borehole), comparable to the thickness at
outcrop in the Mendip-Avon Gorge region. Many other bore-
holes fail these criteria, usually only penetrating a few metres
of ECL, as this was regarded as the top of ‘economic base-
ment’ during the drilling of exploration wells in the Mesozoic
basins in the 20" Century. Although the geophysical logs are
sparse, the data available (Fig. 5) suggest comparable strati-
graphic thickness and character across the southern province,
as noted by Whittaker et al. (1985).

Little detailed biostratigraphical work has been done on
any of these provings, and the following age attributions are
those from the well composite logs. Westham 1, Warlingham



232 Tim Pharaoh et al.
" SEQUENCE
STRATIGRAPHY
. o BRISTOL, MENDIPS
Menning | U-Pb ages UK > AND ! BELGIUM
etal. (2006)| ~ (Ma) - |CHRONOSTRAT- S SCHEMATIC | WABM CHRONOSTRAT
Timescale IGRAPHY 3 LITHOLOGY
e
SUBSTAGE BASIN SHELF GROUP FORMATION MEMBER SUB-STAGE
THERMAL
NAM.
{parej | PENDLEIAN INVEFSION /_m
_33 1 INVERSION|
UPPER CROMHALL
SANDSTONE
=z
B BRIGANTIAN EC6 <
=
EC5 OXWICH HEAD/ <
RIFTING — HOTWELLS =
~ ) ™ LIMESTONE o
<
A ASBIAN T o =
S MIDDLE CROMHALL
EC4 3 SAND STONE
— o
334.5 <Z( (G) Concretionary Beds >
0 | olkerian w CLIFTON DOWN <
H g 4 LIMESTONE Seminula Oolite S
e S
— 3375 %)
w LOWER CROMHALL Z
A ARUNDIAN 000 EC3 - g SANDSTONE <
RIFTING — - Q
O w <
-340.5 v CLIFTON DOWN [ Goblin Coombe Oolite b
-~ = (@) MUDSTONE ) . 4
oc HighTor Limestone o)
C CHADIAN EC2 Q Coswell Box Mudstone =
3425 o oy
o
|_346.7 GULLY OOLITE -
NSRS NSNS AN AN SR AN <
5
I } =
< BLACK ROCK
2 LIMESTONE Bryozoan Bed
——348 Z r——1
=) COURCEYAN
= =
g
o
AVON GROUP
H % (UNDIVIDED) %
> <
< SHIREHAMPTON T
—358.9 =
<3
ZT |FAMENNIAN PORTISHEAD BEDS
S g RIFTING
=

Fig. 3: Sequence stratigraphy for Mississippian strata in the NW European area: (a) Central and Southern Britain on either flank of the
WABM (left hand side of diagram), with transgressive/regressive sequence tracts in blue and orange respectively. (b) Hainaut and Campine
basins flanking the Brabant Massif (BM) in Belgium (right hand side of diagram). GB is the horizon of the Grande Bréche (Livian, V3a)
in the Hainaut Basin. Compiled from Menning et al. (2006), Gradstein et al. (2012) and Cohen et al. (2012). Local stratigraphic schemes
after Fraser & Gawthorpe (1990), Kirkham (2005), Poty et al. (2006), Waters et al. (2011), Licour (2014), Rorive & Licour (2014, 2015),

Poty (2016) and Lagrou & Laenen (2012, 2014).

and Fifehead Magdalen 1 (Courceyan), Humbly Grove X1
(1), A1 (2), B1 (3), Herriard 1, Hesters Copse 1, and possibly
dolomitic limestones at Farley South 1, are all of likely Tour-
naisian age. Penshurst 1 (Arundian-Holkerian), Farleigh Wal-
lop 1 and Rotherfield 1 (Holkerian?), Netherhampton 1 (As-
bian) and Inwood Copse 1 are of Visean age. In general the

degree of erosion increases southward into the orogen,
although a notable reversal of this trend is at Middleton 1
(Fig. 1), where Coal Measures are presumed to overlie ECL.
Watson et al. (2020) have reviewed the potential for repur-
posing some of the above wells and oilfields for geothermal
use.
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Fig. 3: cont.

Foudry Bridge Borehole (Fig. 1) within the concealed
Berkshire Coalfield proved a very thin sequence of ECL im-
mediately north of the Variscan Front. A further isolated
subcrop of ECL underlies the East Kent Coalfield syncline
(Fig. 1), which extends beneath the Dover Strait to the Nord-
Pas de Calais Coalfield of northern France (Laurent et al.
2021, this issue). In Kent, a relatively thin (c. 140 m) se-
quence of ECL, including Tournaisian strata lies at a rela-
tively shallow depth of about 400-600 m below sea level and
are therefore a less valuable target for geothermal explora-
tion. However, some coal exploration boreholes (e.g. Meggot

Farm Borehole) show that ECL of Holkerian age are sepa-
rated from overlying Westphalian strata by a zone of karstifi-
cation with fissures up to 1.4 m deep. This evidence may be
valid for the province as a whole, where Pennsylvanian and
late Mississippian strata have largely been removed by post-
Variscan erosion.

Seismic interpretation suggests that the ECL occupies the
footwall synclines of a series of thrust sheets (Fig. 1), each
truncated by the overlying klippen. Although the seismic im-
age is rarely clear, structural dips appear to be mostly low,
although dips of up to 75° were observed in core from Bol-
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ney 1 Borehole (Fig. 1), where an asymmetrical fold/thrust
may be present (Composite Log). The boreholes which
prove ECL are clustered around the Mesozoic Pewsey and
Weald basins, in both the footwall highs to the north of the
major W-E controlling normal faults (Fig. 6) and on the in-
clined flanks of the major hanging-wall depocentres.

The ECL subcrop in a series of minibasins is a com-
plex function of the original shelf depositional pattern, north-
directed Variscan thrusting and folding, a prolonged phase of
late Carboniferous to Triassic subaerial erosion, and subse-
quent normal faulting and development of the extensional
basins. Both at outcrop and in the subsurface, the ECL has a
complex onlap relationship with Permo-Triassic and early
Jurassic strata where these are superimposed across the
Variscan Unconformity, on both local and regional scales
(Figs. 6, 7). The Mercia Mudstone Group (Triassic) shows
large thickness variations reflecting both the progressive in-
fill of post-Variscan topography and the development of ex-
tensional fault-bounded basins and highs. Marine transgres-
sion (and in particular the mixing of marine- and fresh-wa-
ter) in latest Triassic/earliest Jurassic time (Lovegrove et al.
2021) is known to have been an important factor in the de-
velopment of palaecokarstic systems in topographic massifs
of ECL prior to their total burial in early Jurassic time.

5. Northern ECL province

In the Midlands and northern England, the depth of ECL
ranges from surface outcrop to 5500 m below sea level. The
outcrops of ECL in North Wales, the Peak District of Derby-
shire, the central Pennines of Yorkshire, the Dales of West
Yorkshire, and the northern Pennines of Cumbria, Durham
and Northumberland, comprise some of Britain’s most dra-
matic landscapes. They provide analogues for lithological

and structural features that control geothermal prospectivity
at depth, such as palacokarstification and emergence sur-
faces, stylolite development, fracturing, faulting and miner-
alisation. The areas of ECL outcrop also experienced signifi-
cant karst development during Quaternary time, as well as in
the preceding Cenozoic period (Walsh et al. 2018). However,
they lie too shallow for deep geothermal exploitation (as de-
fined above), as well as being remote from potential markets,
and will not be further considered here. In addition to map-
ping published in various Subsurface Memoirs of the British
Geological Survey, mapping for the Carboniferous Bowland
Shale gas study (Andrews 2013) has been used as a proxy for
Top ECL, particularly in East Yorkshire.

Areas where platformal ECL are buried at greater depths
(>500 m) are more prospective, and in many cases underlie
urban conurbations, i.e. areas with high heat demand. These
situations could include burial beneath thick Permian-Meso-
zoic sequences, as in the Cheshire Basin, and the flanks of
the East Irish Sea and Southern North Sea basins; or beneath
thick later Carboniferous strata, as in the Stoke-on-Trent
area.

The margins of several basins rim the northern edge of the
WABM. These include the Stafford, Needwood and Knowle
basins in the west; and the Hathern Shelf, marginal to the East
Midlands basin complex, in the east (Fig. 1). No systematic
remapping of these marginal basins has been carried out.
However, because their location coincides with the maximum
thickness of Coal Measures in the ‘bull’s eye’ of maximum
thermal subsidence (Fraser & Gawthorpe 1990), there may be
places where ECL are buried deeply enough to be of interest
e.g. in the Etruria Valley, where Stoke-on-Trent city council
aspire to geothermal input to their nascent district heating net-
work (http://www.gtenergy.net/projects/projects/etruria-val-
ley-stoke-on-trent/the-project). The geophysical logs pre-
sented in Fig. 8 are representative of ECL sequences in these
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Fig. 8: Borehole transect for ECL across the NE edge of the WABM, towards the southern North Sea. Location of transect shown on
Fig 1. Depths shown are drilled depths (MD). The geophysical logs are gamma ray (GR) in API units (on left), and sonic transit time (DT)
in microseconds per foot (on right).
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basins marginal to the WABM. The offshore Hewett Plat-
form, which extends across the southern North Sea towards
The Netherlands, also finds a minor expression onshore on
the coast of North Norfolk (Fig. 1). The thin and shallow se-
quence of ECL in the Cambridge Basin (Fig. 1) is clearly not
of interest in the present context. In North Norfolk, the north-
ern edge of the WABM likely experienced persistent uplift
and emergence during Carboniferous time (Pharaoh et al.
2011), as well as the development of a sub-Cretaceous weath-
ering profile. The latter has played a significant part in the
development of palacokarst in southern Belgium, south of the
WABM (Dusar & Lagrou 2008; Reijmer et al. 2017). The
onshore/offshore transition across the Hewett Platform repre-
sented by the boreholes in Fig. 8, may have some potential,
although once again, a market is presently lacking.

In the northern province, the Mississippian basins exhibit
two principal structural styles. In the south (East Midlands
region), the style and geometry of the basins is controlled by
the structural grain and composition of the underlying Cale-
donide basement. Reactivation of basement thrust structures
in response to early Carboniferous extension led to the for-
mation of a mosaic of lozenge-shaped basins (Fig. 1) in Mis-
sissippian time, and their subsequent inversion in later Car-
boniferous time in response to Variscan orogenic compres-
sion (Pharaoh et al. 2011). Most of the basins are half-graben
structures, with tilt-block geometry which significantly in-
fluenced the nature of carbonate deposition. In this region,
Mississippian strata are largely concealed beneath a cover of
Westphalian Coal Measures, or Permo-Triassic strata. In the
north (Northern Pennine region), the style and geometry is
different, as a consequence of the presence of large batho-

Tinker Lane-1
(along strike)
Grove-3

kmo (along strike)

Clarborough-1

Everton-1

Tim Pharaoh et al.

liths of granite emplaced late in the Caledonian Orogeny.
These had the effect of annealing earlier fault fabrics within
the basement, as well as buoyantly supporting the resulting
crustal blocks (Bott 1967, 1987). As a consequence, the lat-
ter formed highs e.g. the Lake District, Weardale and Che-
viot blocks during Mississippian extension and deposition
(Kirby et al. 2000), separated by rather linear basins e.g. the
Bowland Basin and Stainmore Trough (Fig. 1). The granite-
underpinned blocks remain buoyant crustal features to this
day, reflected in a thin Permo-Triassic cover and the present-
day landscape, with Mississippian strata outcropping across
the northern Pennines.

Throughout the province, platformal areas are juxtaposed
with deep basins of the same age, in which carbonate facies
may be partially or completely replaced by less prospective
argillaceous or clastic facies (Fraser & Gawthorpe 1990;
Smith et al. 1995; Van Hulten 2012). The Gainsborough,
Edale and Widmerpool half-grabens are deep water basinal
structures largely concealed by Permian and younger strata
(Pharaoh et al. 2011). A generalised cross-section across the
Gainsborough Half-graben is presented in Fig. 9 and shows
the typical features of such basins. The lateral distribution of
carbonates on the basin edge is complicated, with ‘reefs’
feeding carbonate debris to low energy debris-flows nearer
the basin centre (Newport et al. 2018). Carbonate ramps
build up on the footwall dip-slope, and exhibit a complex
structure (Fig. 3) as a result of transgressive and regressive
cycles reflecting glacioeustatic sea-level change on a par-
tially glaciated planet (Davies & Fielding 2008). Fraser &
Gawthorpe (1990) recognise three transgressive systems
tracts, developed following pulses of extension in Famenn-

N

Springs Road-1 Belton-1

Basinal facies

Platform facies

- Permian & Triassic
Coal Measures

Millstone Grit

Talus & debris flows

Carboniferous
Limestone

Carbonate build-up

Late Devonian/Tournaisian

- Bowland Shale
alluvial fan

Pre-Carboniferous ‘basement’

S
0

Fig. 9: Generalised S—N cross-section across the Gainsborough Trough. Modified from a depth converted seismic profile (IGas Energy plc
2019). Vertical exaggeration x 2.5. The boreholes Grove 3 and Tinker Lane 1 lie slightly off the line of section (<1 km). Location of cross-

section is shown on Figs. 1 and 11.
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facies mud-mounds are shown schematically. The location of 2D seismic reflection sections illustrated in the text is shown.

ian-Courceyan, Arundian and late Asbian time (Fig. 3). In-
tervening regressive system tracts in Chadian, early Asbian
and Brigantian times, associated with sea-level lowstands,
are reflected in emergence surfaces and palaecokarst develop-
ment in the marginal platforms. In the Bowland Basin of
Lancashire, basinal facies crop out, and contain a consider-
ably reduced proportion of limestone (Waters et al. 2011).
During Tournaisian time, carbonate platforms in the
equatorial belt worldwide e.g. in N America and China

hosted ‘Waulsortian’ microbial mud-mounds (Muchez et al.
1991; Bridges et al. 1995). In the British Isles, spectacular
examples crop out in the Isle of Man, but are under-repre-
sented in the drilling record in northern England because few
boreholes here are sufficiently deep to penetrate Tournaisian
strata (Fig. 10).

The Waulsortian ‘mud-mounds’ are of great interest in
the present context because of their internal structure and
diagenetic history. They comprise cores dominated by cri-
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noids and bryozoa, which although incapable of providing a
rigid organic framework like coral reefs, were nevertheless
able to trap and stabilise micritic muds. The mud-mounds are
localised at platform edges where major basin-bounding
faults provide conduits for the venting of basinal fluids.
Post-depositional exposure, dolomitisation and/or collapse
of such structures can lead to the development of significant
secondary porosity as seen in the Williston Basin of North
Dakota and Saskatchewan where Waulsortian limestones
form prolific hydrocarbon reservoirs (Kupecz et al. 1996;
Miller & Krause 2006). Such porous structures present an
attractive target for geothermal exploration, e.g. around the
margins of the Gainsborough Half-graben, where they would
lie at depths between 2.5-4 km (Fig. 9). Although difficult to
recognise on 2D seismic lines, recent developments in seis-
mic technology (Hendry et al. 2021) may eventually allow
their recognition in 3D seismic data. In Ireland, Waulsortian
‘mud-mounds’ are an important geothermal target due to
their propensity for dolomitisation and karstification, par-
ticularly in strongly faulted zones (Blake et al. 2016; Vaz et
al. 2018; Pracht et al. 2021, this issue) and are the source of
most thermal springs. Some basins contain Tournaisian strata
with significant evaporite-rich sections e.g. the Hathern
Shelf (Fraser & Gawthorpe 1990), and the Northumberland-
Solway Basin (Chadwick et al. 1995; Millward et al. 2019).
The presence of evaporite minerals such as halite, gypsum
and anhydrite enhances transmissivity, both by dissolution,
creating locally significant porosity e.g. as in the Livian
(= Holkerian) age Grande Bréche of Belgium (Fig. 3), and
by the conversion of carbonate to dolomite during the migra-
tion of basinal brines.

Following diagenesis, the ECL of the northern province
experienced a number of tectonic events which have in-
creased permeability of the limestones. The completion log
for the Nettleham 2 Borehole describes a karstified top of the
ECL beneath Westphalian strata (Narayan et al. 2018, 2021).
Namurian strata are absent over a wide area around Lincoln
(Pharaoh et al. 2011). Karstified interfaces between the ECL
and onlapping Namurian strata can be observed in outcrop in
the Peak District (Ford 1989, 1996; Gutteridge 2002). Sig-
nificant production of warm water from the oil reservoirs at
Nettleham and Welton (Jon Gluyas pers. comm. 2019) is
likely linked to such intersecting fracture systems. The po-
lygonal framework of extensional faults described earlier
was reactivated during Variscan inversion in latest Westphal-
ian and Stephanian time (Pharaoh et al. 2011). The most sig-
nificant reverse displacements were on pre-existing master
faults orientated on NNW-SSE and NW-SE orientations,
e.g. at Eakring to NNE of Nottingham, at Nocton and Net-
tleham near Lincoln (Figs. 11, 12). At the same time, a new
generation of antithetic faults and associated damage zones
was created, allowing the passage of hydrocarbons, brines
and mineralising fluids through fracture networks, and creat-
ing a new generation of hypogene karst. At Eakring, the heat
flow locally exceeds 70 mW/m?, significantly in excess of
the estimated background value (Gasiewicz et al. 2010). This
has been attributed to regional eastward movement of
groundwater from the Pennines (Bullard & Niblett 1951;
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Downing & Howitt 1969), with upwelling at the Eakring-
Glinton basement lineament (Chadwick & Evans 2005;
Pharaoh et al. 2011).

6. Preliminary analysis of deep
geothermal prospectivity in the ECL
of the UK

The preliminary analysis of ECL deep geothermal prospec-
tivity is based on an analysis of Fig. 13, which shows calcu-
lated temperature at the top ECL surface, using regional av-
erage values for the geothermal gradient and mean annual
surface temperature. This procedure is considered to provide
more meaningful temperature values than individual bottom-
hole temperature, as the latter are known for being rather
unreliable (subject to both measurement errors and correc-
tion method errors) which lead to a wide range of uncertainty
when plotting individual temperatures on the map. The geo-
thermal gradients are calculated from data in the UK Geo-
thermal Catalogue (Rollin 1987), using corrected bottom-
hole temperatures in 209 wells penetrating ECL. For the
north, the gradient is 28.5 °C/km and surface temperature is
10.1 °C; for the south, the gradient is 32.8 °C/km and surface
temperature is 10.9 °C. Further details of the calculation pro-
cedure are presented by Jones et al. (2021). Temperature data
are available across most of the area of interest. They are
sparse near ECL outcrop (e.g. the Peak District) and in un-
der-explored areas such as the Bowland Basin. They tend to
cluster in well explored areas, such as the East Midlands
Platform in the vicinity of Lincoln (Narayan et al. 2021).

It is possible to take a hierarchical approach to the analy-
sis of the factors affecting the deep geothermal prospectivity
of ECL. In order of scale and area of impact, these controls
are as follows:

(1) First order Depositional Control creates major pro-
vincial variation (on a scale of 1000—100 km), and is driven
by lithospheric and global eustatic scale processes. Thus, ar-
eas of non-deposition of ECL, in particular the WABM, deep
water, mud-dominated basins such as the Bowland, Gains-
borough and Widmerpool basins; and basins with largely
clastic Yoredale facies in the north, are rejected from the
analysis. Regional uplift and/or sea-level fall associated with
glaciation may cause province-wide uplift and emergence,
karstification and pedogenesis.

(2) Second order Tectonic Control (on a scale of 100—
10 km) affects the post-depositional regional disposition of
the ECL, and varies between the two provinces, still with a
significant lithospheric component. Fig. 13 clearly shows
that in the northern province, the ECL are disposed on either
flank of the north—south trending Pennine Axis. The latter is
reflected in the outcrop of ECL within the Peak District. On
the western side, the ECL are rapidly taken deeper by subsid-
ence following Permo-Triassic extension on the flank of the
Irish Sea Basin, up to 5000 m deep in the Cheshire Basin. On
the eastern flank, the gradient down towards the southern
North Sea Basin is less steep, and the ECL are at a maximum
depth of 3000 m at the coast in east Yorkshire. A further com-
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Fig. 13: Calculated temperature at the top of the ECL plotted on a map of depth to ECL (in metres, relative to mean sea-level) in southern
Britain. See text for detail of the calculation. Outcrop of ECL highlighted in solid green colour.

ponent of uplift occurred on the axis in Cenozoic time. In the (3) Third order Basin Morphology affects the disposi-
southern province, the dominant tectonic controls are Vari-  tion of tectonic elements, such as platforms, shelves and
scan thrusting and post-Variscan extension, which dissected  ramps within individual basins, resulting in significant local
the Mississippian Shelf into a number of isolated minibasins ~ (10—1 km scale) variations in elevation e.g. as seen on the
(Fig. 13). margins of the Gainsborough Half-graben (Fig. 9). On this
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scale, control from pre-depositional elements in the crust,
such as zones of structural heterogeneity, shear-zones and
granite plutons, becomes significant.

(4) Fourth order Carbonate Facies are controlled by the
basin morphology and subsidence rate (depositional slope,
orientation, exposure) established by the above controls, and
may have a significant impact on porosity and permeability
within carbonate sequences.

(5) Fifth order effects such as Faulting, Evaporite Dis-
solution, Dolomitisation and Mineralisation occur on the
outcrop (1000-1 m) scale, but are particularly associated
with basin-bounding fault structures which allow migration
of basinal brines and the formation of hypogene karst.

(6) Sixth order effects such as Fracturing and Dissolution
occur on the scale of outcrop to hand specimen (1-0.1 m).

Further work needs to be done to assess all the uncertainties
and risks associated with exploration and exploitation, and is
the subject of a play-fairway analysis currently in progress at
BGS (Jones et al. 2021): depth of aquifer; seal integrity; ther-
mal conductivity and thickness of cover (thermal blanket);
reservoir properties; dolomitisation; and faulting/fracturing
etc all require more detailed appraisal, possibly using inno-
vative geophysical techniques and technology (Hendry et al.
2021). On the scale of the individual prospect, the uncertain-
ties include the mode of carbonate deposition, particularly
depth of water and angle of depositional slope, which are
tectonically controlled; the history of synsedimentary expo-
sure, erosion and palacokarst development, strongly influ-
enced by sea-level change; by the diagenetic history and sub-
sequent basin evolution; deformation and fracturing during
Variscan basin inversion; and the post-Carboniferous history
of subsidence, uplift and karstification. Specific locations of
interest discussed in the following text are shown in Fig. 14.

The northern province comprises a number of discrete
basins, each with its unique pattern of subsidence, carbonate
deposition and inversion, although broad comparisons on
their evolution can be drawn (Fraser & Gawthorpe 1990).
The most prospective areas are presently considered to be
carbonate platforms and their margins buried at depths be-
tween 2 and 4 km (coloured light blue). These areas underlie
a number of cities within the ‘Northern Powerhouse’, such
as Liverpool, Manchester, Blackburn, Leeds and Wakefield
and extending as far north as York (Fig. 14). The major con-
urbations of East Lancashire (Oldham, Burnley) and SW
Yorkshire (Bradford, Halifax, Huddersfield) lie not far from
ECL outcrop, in the vicinity of the Pennine inversion axis,
and thus at a comparatively high structural level. The scant
bottomhole temperature data in this region are compatible
with the use of ECL as a source of water in urban district
heating schemes. Concealed ECL also lie at relatively shal-
low depth along the Hathern Shelf between Stoke and Derby
(Fig. 13), beneath the Peak District, and the Holme High be-
tween Manchester and Leeds. Moving away from the ECL
outcrop, seal integrity provided by the blanket of mudstones
in overlying Namurian and Westphalian sequences is ex-
pected to increase, as demonstrated by the hydrocarbon sys-
tems in the province. It is likely that the highest bottomhole
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temperatures will be attained in the Cheshire Basin, where
the ECL is most deeply buried (between Chester and Stoke-
on-Trent on Fig. 13). The floor of the basin was strongly
eroded prior to deposition of Permian strata, and the disposi-
tion of ECL and overlying seals is poorly known, and there-
fore a major targeting risk. A very limited number of released
boreholes penetrate the deepest part of the basin.

Moving eastward, the increasing thickness of cover pro-
vided by younger Carboniferous, Permian and Mesozoic
strata means that the Market Weighton Platform as far north
as York, the Humber Platform and the offshore extension
onto the Hewett Shelf, offer prospects in the vicinity of King-
ston upon Hull (Fig. 13). A borehole drilled at Cleethorpes
(Fig. 1), near Grimsby during the previous investigation of
the low enthalpy resource in the 1980’s, encountered a tem-
perature of 64 °C in basal Permian Yellow Sands at 1860 m
depth (Downing & Gray 1986). The margin of the Hewett
Shelf in North Norfolk (Hickling) and Lincolnshire might of-
fer greater geothermal prospectivity if accessed by deviated
wells drilled from onshore, but a significant market is pres-
ently lacking.

The margins of the deepwater basins of the East Mid-
lands and northern England offer prospects with lower tar-
geting risks. Here a detailed coverage of relatively good
quality seismic reflection data enables potential deep geo-
thermal prospects to be defined e.g. on the margins of the
Gainsborough Half-graben near Doncaster and Worksop in
the 2.5 to 4 km depth range, and to the east, in the Lincoln
district (Fig. 14). Numerous boreholes drilled into the largely
Westphalian reservoirs of the many oilfields in the area (Fig.
13) yield bottomhole temperatures exceeding 50 °C. Namu-
rian strata are absent here (Pharaoh et al. 2011) and the mud-
rich Westphalian succession provides the regional seal. Lo-
cally, as at Eakring and Egmanton, enhanced prospectivity
may result from patterns of deep hydraulic flow within indi-
vidual basins. In the deepwater basins themselves, e.g. the
Widmerpool and Edale Half-graben, and in the Bowland Ba-
sin, the reduced content and thickness of limestone and
strong Variscan inversion significantly reduce the prospec-
tivity. The same is true in the Northumberland-Solway Basin
(of Northumberland and North Cumbria) where the early
Carboniferous sequence is dominated by clastic strata of
“Yoredale Facies’ in which limestones are sparse, thin or ab-
sent. Even here, the presence of thick dissolution-prone
evaporite sequences within ECL age-equivalent strata may
encourage geothermal exploration. Basins within the WABM
(coloured light green) are considered to be too shallow to be
prospective for Deep Geothermal, except in the south (South
Wales, North Somerset and Kent coalfields) where thicker
sequences of limestone are buried to greater depth. Tempera-
tures recorded by boreholes in the East Kent Coalfield are
low and may be unduly influenced by the presence of
adjacent flooded mine workings. The absence of a regional
seal/thermal blanket is also a likely problem in these shallow
areas.

Greatest uncertainty (but possibly good potential) lies in
the concealed basins south of the Variscan Front. The strati-
graphic and structural position of ECL in the southern prov-
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ince is comparable to those of the Hainaut Basin in Belgium,
and stratigraphic equivalents in northern France. Like them,
they occupy the Rhenohercynian shelf extending along the
southern margin of the WABM, forming the original conti-
nental margin of the Laurussia Palacocontinent, with the
Rheic Ocean lying to south. The subsurface mapping in pro-
gress by BGS (Jones et al. 2021) reveals that the original
components of this shelf have been significantly dislocated
by Variscan thrusting, as part of the Rhenohercynian Exter-

nide Zone. As a consequence, the ECL have become com-
partmentalised into a number of relatively small subcrop
patches (‘minibasins’), and deeply eroded, so that Visean
strata are largely removed. Nevertheless, the local preserva-
tion of a few hundred metres of Tournaisian strata, possibly
containing enhanced porosity from the dissolution of origi-
nal evaporites (as in the Hainaut Basin) at depths up to
3000 m; the demonstration of widespread palacokarst sur-
faces, of both intra-Carboniferous and late Triassic age; and
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the presence of working geothermal systems, at Bath and
Humbly Grove, all provide encouragement to further explo-
ration. The area around Salisbury and Winchester (Fig. 14)
may offer a potential geothermal resource at a depth of 2.5 to
3 km with temperatures approaching 70 °C. Fig.13 also in-
cludes some temperature values from the underlying Devo-
nian strata, e.g. in the Southampton district, which augment
the ECL data. As noted above, the Devonian strata them-
selves are unlikely to be prospective. Further potential may
exist near Crawley and Littlehampton, on the margins of the
Weald Basin (Fig. 14). The nature of potential regional seals
needs further investigation, as the Variscan basement is over-
stepped by a variety of clastic to mudstone formations, rang-
ing in age from Permian (in the SW) to late Triassic and or
early Jurassic (in the north and east).

7. Conclusions

Early Carboniferous limestones were deposited in different
environments on either flank of the Wales-Anglo-Brabant
landmass. In the southern province, Mississippian strata
were deposited on a shelf which stretched along the margin
of the Laurussia Palacocontinent, from Ireland to Germany,
and can be correlated with the Hainaut Basin of Belgium.
The stratigraphy appears to show limited variation across the
province. The ECL subcrop occupies a series of discrete
minibasins which were formed by Variscan thrusting and
post-Variscan erosion. In the northern province, local tec-
tonic controls combine with glacio-custatic sea-level varia-
tion, to generate complex depositional environments on car-
bonate ramps, with significant and rapid stratigraphic varia-
tion. A complex mosaic of small basins, mostly comprising
asymmetrical tilt-blocks, overlies a heterogeneously de-
formed pre-Carboniferous basement. These basins link via
the Hewett Shelf across the southern North Sea to compara-
ble structures in the Campine Basin of Belgium and The
Netherlands. In northern England, the presence of granite-
underpinned blocks at crop, and basins filled with Yoredale
facies rather than ECL, significantly reduces prospectivity.
The factors affecting deep geothermal prospectivity can
be ranked in hierarchical order, ranging from the provincial
(1000 km) down to outcrop (1 m) scale. These reflect the
operation of processes working on lithospheric, crustal, basi-
nal and sub-basinal scales. In both ECL provinces, the pres-
ence of palacokarst systems, formed at times of uplift and
erosion, and the dissolution of evaporite minerals, signifi-
cantly enhance permeability. At present, drilling evidence is
insufficient to confirm the contribution of Waulsortian facies
to improved porosity, but the presence of such structures at
the margins of deepwater basins in all surrounding countries
certainly gives grounds for optimism. The hunt for such
drilling targets will be considerably facilitated by the acqui-
sition of wide and multi-azimuth 3D seismic data. Linkage
of palacokarst features by fracture systems and fault damage
zones, is crucial to the development of enhanced deep ther-
mal circulation systems. Where transmissive ECL lie at
depths of 2 km or more, and are overlain by a regional seal/
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thermal blanket, they have the potential to provide a deep
geothermal resource applicable to a variety of markets.

The first oil discovery in Britain was made in the ECL by
the Hardstoft No. 1 Borehole in 1919 (Craig et al. 2014). So,
it would be wholly appropriate if, one century on, the ECL
were to be the first deep geothermal resource to contribute
significantly to the decarbonisation of heating in the UK.
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