The Bowland Shale Formation in the Blacon Basin:
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Abstract: We conducted a high-resolution multi-disciplinary analysis of two core sections in the borehole
Ellesmere Port-1, Cheshire, UK. Biostratigraphic analysis indicates that the core sections are Kinderscoutian
and late Arnsbergian—Chokierian in age, respectively. Both cores are assigned to the Bowland Shale Formation
(Holywell Shale). Coupled core scan and discrete geochemical analysis enables interpretation of syngenetic
processes at a high stratigraphic resolution. Both cores exhibit the classic cyclicity of limestones, calcareous
to non-calcareous mudstones and siltstones, interpreted to represent sediment deposition during fourth-order
sea-level fluctuation. Machine learning of the well log data coupled to the core scan data enabled prediction
of the key lithofacies through the entire Bowland Shale interval in Ellesmere Port-1. The machine predictions
show that the Bowland Shale is interfingered with three turbiditic leaves of the Cefn-y-Fedw Sandstone Forma-
tion and contains at least 12 complete fourth-order cycles. The Bowland Shale exhibits high radiogenic heat
productivity in comparison with other sedimentary rocks, due primarily to relative U enrichment under inter-
mittently euxinic conditions. Thermal modelling, however, shows that the radiogenic heat productivity of
the Bowland Shale contributes a negligible source of additional heat at the scale of hundreds of metres.

Supplementary material: Discrete bulk geochemical datasets (appendix A) , details of the calculations used
Q2 for the heat flow box modelling (appendix B) and original TOC (appendix C) are available at https://
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Organic and metal-rich mudstones, herein termed
black shales, represent an important sedimentary
rock type as archives of environmental perturbations
(e.g. Wignall 1994; Algeo 2004; Meyer and Kump
2008; Kidder and Worsley 2010); sources and
resources of hydrocarbons (e.g. Tissot and Welte
1984; Jarvie 2012a, b), ligands (e.g. Kendrick
et al. 2002) and metals (e.g. Gadd er al. 2020);
seals for injected CO, (e.g. Worden et al. 2020);
and as sources of in situ sedimentary heat (e.g.
Rybach 1976; Beardsmore et al. 2010). The UK
Late Mississippian—Early Pennsylvanian Bowland
Shale Formation represents a relatively thick black
shale succession in the UK (e.g. Waters et al
2007) with equivalent units in Europe (Kerschke
and Schulz 2013; Zijp et al. 2017), and is a proven
unconventional hydrocarbon resource in the UK

(Andrews 2013; Clarke er al. 2018). Here we focus
on the Bowland Shale Formation in the Ellesmere
Port-1 well, drilled for unconventional hydrocarbons
in 2014.

Palpable microseismicity (Clarke et al. 2019),
uncertainty related to connectivity to shallow aquifers
(e.g. Loveless et al. 2018) and recoverable hydrocar-
bons (Whitelaw ez al. 2019) and overarching net-zero
goals (e.g. IPCC 2014) suggest that the Bowland
Shale is unlikely to be extensively developed as an
unconventional hydrocarbon resource. Despite this,
the Bowland Shale Formation remains an important
conventional hydrocarbon source rock, for example
in the North Sea (Monaghan et al. 2019). The Bow-
land Shale is a component of at least one geothermal
play in the UK where it is a seal for interdigitating
sandstone aquifers (Gluyas et al. 2018) and it caps
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and buries several granitic intrusions in the UK
(Leeder 1982; Busby and Terrington 2017), poten-
tially enhancing this geothermal play. The Bowland
Shale is a candidate source of base metals (Pb—Zn,
Cu) (Parnell and Swainbank 1990; Kendrick et al.
2002; Juerges et al. 2016; Emmings et al. 2020b)
and is a borderline highly enriched metalliferous
black shale (Emmings er al. 2020c). Weathering of
the Bowland Shale may release redox-sensitive met-
als and semi-metals into the environment, potentially
impacting groundwater, soil quality and the health of
livestock (Brogan et al. 1973; Parnell et al. 2016).
The relatively high U content in the Bowland Shale
(Emmings et al. 2020c) implicates it as a source of
Rn, derived primarily from the decay of ***U,
which may contribute to the known Rn hazard in
areas such as the Ribble Valley (Miles et al. 2007)
or in deep groundwater aquifers. Finally, the Bow-
land Shale spans the mid-Carboniferous (Mississip-
pian—Pennsylvanian) boundary and extinction event
(Saunders and Ramsbottom 1986), representing a
period of extreme climatic and oceanic conditions
of interest to a range of deep time palacoenvironmen-
tal and modern climate research questions (e.g. van de
Velde et al. 2020).

Here we integrate sedimentological, geochemical
and petrophysical observations through two cored
sections of the Bowland Shale (historically recog-
nized as the Holywell Shale in North Wales) in Elles-
mere Port-1 to develop a high-resolution syngenetic
and early diagenetic facies framework through the
Bowland Shale. We utilize these observations to
build on the idealized sea-level faunal/salinity and
sedimentary stacking patterns recognized by Rams-
bottom et al. (1962) and Holdsworth and Collinson
(1988). Using machine learning of wireline data
aligned to core scan X-ray fluorescence (XRF)
data, we translate core-scale observations into pre-
dictions of sedimentological facies through the
entirety of the Bowland Shale in Ellesmere Port-1,
representing a c¢. 324 m thick succession spanning
from the Arnsbergian (c. 329 Ma) to the Marsdenian
or Yeadonian (c. 317 Ma). The facies framework and
interpreted stacking patterns are relevant for any
drilling activity into, or through, the Bowland
Shale Formation. Finally, we provide new con-
straints on the radiogenic heat productivity (RHP)
and heat flow through the Bowland Shale in Elles-
mere Port-1. In an accompanying paper, Hennissen
et al. (2024) explore the Bowland Shale in Ellesmere
Port-1 in the context of hydrocarbon prospectivity.

Geological setting

Blacon Basin structure

Oblique collision between Gondwana and Laurussia
during the Carboniferous (Warr 2000) prompted

crustal back-arc extension across central and northern
England and North Wales, within a seaway that
extended from present-day North America to Poland
(e.g. Davies et al. 1999). Extension generated a series
of graben and half-graben separated by shelves and
highs (Fig. 1), termed a ‘block-and-basin’ topogra-
phy, aligned along inherited pre-Carboniferous struc-
tures and bounded by the Southern Uplands in the
north and Wales—Brabant Massif (WBM) in the
south (Leeder 1982; Fraser and Gawthorpe 1990,
2003; Waters and Davies 2006). This array of inter-
connected basins gradually merged owing to post-rift
thermal subsidence through the Namurian, and are
collectively defined as the Pennine Basin, represent-
ing a long-lived depocentre during most of the Car-
boniferous (Waters and Davies 2000).

Ellesmere Port-1 is situated on the NE margin of
the Blacon Basin in North Wales and Cheshire, a
sub-basin of the Pennine Basin (Andrews 2013),
which was possibly linked to the Widnes Basin of
Fraser et al. (1990) (Fig. 1). The Blacon Basin is
bounded in the south by the Bryneglwys fault (the
Bala Lineament) and WBM, in the west by the Nerc-
wys—Nant-figillt Fault Zone, Vale of Clwyd Fault
and North Wales Shelf, and in the NE by the Great
Ewloe Fault, Edgerley—Waverton Fault Zone (EFZ)
and ultimately the Central Lancashire High (Fig. 1)
(Smith et al. 2005). The locus of deposition in the
Blacon Basin was consistently centred immediately
to the north of the Bala Lineament (on the down-
thrown hanging wall block), as evidenced by: (1) a
thick Early Carboniferous carbonate succession
(Smith et al. 2005); (2) thickening of Minera Forma-
tion (Brigantian) sandstones into the basin (Davies
et al. 2004); (3) early Namurian (Pendleian) mega-
sliding on the southwestern fringe of the basin (Kirk-
ham 2021); (4) an expanded Namurian succession in
the Blacon East-1 well in the Blacon Basin (Davies
et al. 2004; Andrews 2013; Waters et al. 2021); (5)
pinch-out of the Namurian succession on the margin
of the North Wales Shelf in the west (Williams and
Eaton 1993); and (6) a highly condensed Namurian
succession in the Erbistock-1 well on the emergent
landmass in the south (Andrews 2013) (Fig. 1). A
condensed Namurian succession is also proven in
the Milton Green-1 well (Andrews 2013) on the
nearby Milton Green High (Smith ez al. 2005).

During the Brigantian (regional substage in the
latest Visean), widespread ramp-to-shelf carbonates
of the Clwyd Limestone Group, including the Cefn
Mawr Limestone Formation and Minera Formation,
indicate development of shallow water carbonate
platform and slope conditions (Somerville 1979;
Davies et al. 2004, 2011; Waters et al. 2021). The
Cefn Mawr Limestone Formation exhibits
shoaling-upward sequences of wackestone, pack-
stone and crinoidal limestone, often capped by
karstic surfaces, soils and calcrete horizons. The
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Fig. 1. Brigantian block-and-basin structures and key borehole and outcrop sections across central Britain, with
emphasis on the vicinity of the Blacon Basin. BL, Bala Lineament; BLW-E, Blacon East-1 well; CLH, Central
Lancashire High; CRO, Croxteth-1 well; EFZ, Edgerley—Waverton Fault Zone; ERB, Erbistock-1 well; GEF, Great
Ewloe Fault; HH, Holme High; LRR, Llyn-Rossendale Ridge; MGH, Milton Green High; MIL, Milton Green-1 well;
NFZ, Nercwys—Nant-figillt Fault Zone; PF, Pendle fault; RB, Rossendale Basin. Source: after Andrews (2013), Fraser
and Gawthorpe (1990, 2003), Fraser et al. (1990), Pharaoh et al. (2020), Smith et al. (2005), Waters and Davies

(2006) and Waters et al. (2007, 2009, 2011, 2020, 2021).

sequences were primarily driven by eustatic sea-
level fluctuation overprinted by late synrift tecto-
nism, including subaerial platform exposure during
lowstands (Somerville 1979). The Minera Forma-
tion, defined by cyclic sequences of mudstone, pack-
stone, wackestone and calcareous sandstone,
represents a fully subaqueous, proximal, sand-rich
equivalent to the Cefn Mawr Limestone (Davies
et al. 2004). Off-platform and distal to detrital sand
input, the Brigantian succession grades laterally
into the deep-water argillaceous carbonate slope
apron facies of the Prestatyn Limestone Formation
and the succeeding Teilia Formation (Warren et al.
1984; Davies et al. 2011). Initially shallow waters
probably covered the LIyn—Rossendale Ridge (Jack-
son et al. 1997; Smith et al. 2005). This high, repre-
senting the northern limit to the Blacon Basin, was
probably connected to the Central Lancashire High
(Fig. 1; sensu. Fraser and Gawthorpe 1990; DECC
2013) as the manifestation of the southwestern end
of the Pendle fault system (Pharaoh er al. 2020).
The presence of the Prestatyn Limestone and Teilia
Formation near the NE margin the North Wales
Shelf suggests that the LIyn—Rossendale Ridge was
a discontinuous feature, enabling weak connectivity
between the Blacon Basin and distal Craven Basin
(Davies et al. 2004; Waters et al. 2007; Andrews
2013; Juerges et al. 2016).

A transition from the Clwyd Limestone Group to
the Craven Group at the Visean—-Namurian boundary
indicates an important regional shift from active rift-
ing to thermal subsidence (Leeder 1982; Waters
et al. 2009), and, as a consequence, a switch from
a carbonate to siliciclastic depositional system (e.g.
Fraser and Gawthorpe 2003). Cessation of active
rifting and onset of thermal subsidence prompted
progressive infill of the inherited Visean basin struc-
tures during the Namurian (Fig. 1). Assuming rela-
tively sheltered conditions (Peters and Loss 2012),
the inherited platforms and highs probably initially
exhibited a water depth of less than 50 m. Taking
the proximal Craven Basin as an analogue (Emmings
et al. 2020a), the water depth in the Blacon Basin
probably ranged from c¢. 100 to 200 m on the flanks
and highs (Holdsworth and Collinson 1988; Davies
2008) to several hundred metres in the deepest part
of the basin (Davies ef al. 1993).

Namurian stratigraphy

The Pentre Chert Formation represents the basal part
of the Craven Group in the Blacon Basin (Fig. 2),
which unconformably overlies the Clwyd Limestone
Group (Davies et al. 2004). The Pentre Chert is
defined as a sponge spicule- and radiolarian-bearing
chert deposited in relatively deep water, below storm
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wave base (Davies er al. 2011). The Pentre Chert
probably represents the condensed counterpart of
Pendleian (E,) siliceous mudstones of the Bowland
Shale Formation in the Craven Basin (Emmings
et al. 2020a, b). During the Pendleian, most of the
siliciclastic sediment was sourced from the Pendle
delta system in the north of the Craven Basin (Fraser
and Gawthorpe 1990, 2003; Waters and Condon
2012), ensuring that the Blacon Basin remained iso-
lated from detrital sediment. Deposition of siliceous
sediments in the Blacon Basin during the Pendleian
is consistent with: (1) development of widely hyp-
oxic or intermittently anoxic bottom water condi-
tions, favouring colonization by sponges (e.g.
Schuster et al. 2021); (2) water column conditions
that favoured colonization by radiolarians (Emmings
et al. 2020a, c), perhaps associated with elevated riv-
erine nutrient-loading and/or silica input (Dunham
and Wilson 1985); and (3) increased influx of detrital
mud onto platforms (potentially a distal extension of
the Pendle delta), prompting regional termination of
carbonate production (Davies et al. 2004).

The Pentre Chert is overlain by the Bowland
Shale Formation (herein Bowland Shale), a highly
heterogeneous, mudstone-dominated succession
spanning from the mid-late Pendleian (c. 329 Ma)
to Marsdenian or Yeadonian in Ellesmere Port-1 (c.
317 Ma; Fig. 2) (Davies et al. 2011; Waters and Con-
don 2012). The Bowland Shale definition adopted
(Waters et al. 2009) encompasses the Holywell
Shale in North Wales (e.g. Davies et al. 2004; New-
port et al. 2016). The onset of third- to fourth-order
sea-level fluctuation (Mitchum and Van Wagoner
1991; Waters and Condon 2012) coupled to thermal
subsidence prompted deposition of the Bowland
Shale across a wide range of basinal, prodelta and
periodically emergent shelfal environments (Davies
et al. 2004). The Pentre Chert and Bowland Shale
grade laterally southwards into the Cefn-y-Fedw
Sandstone Formation of the Millstone Grit Group
derived primarily from the WBM (Fig. 2) (Davies
et al. 2004; Waters et al. 2009, 2021). The Cefn-y-
Fedw Sandstone comprises coarsening—upward
cycles of quartzitic sandstones interbedded with sub-
ordinate mudstone and coal beds, interpreted as flu-
viodeltaic progradational sequences (Davies et al.
2004; Waters et al. 2021). In the Blacon Basin,
three turbidite sand packages within the Bowland
Shale represent the distal extensions of the Lower,
Middle and Upper Cefn-y-Fedw Sandstone units
(Davies et al. 2004; Waters et al. 2021). The Cefn-
y-Fedw Sandstone is analogous and equivalent to
sands of the Morridge Formation in the Widmerpool
Gulf and Edale Gulf (Waters et al. 2009; Morton et al.
2015; Hennissen et al. 2017); both are associated
with delta systems shed from the WBM in the south
(Fraser and Gawthorpe 1990; Waters et al. 2021).
The Bowland Shale grades into, and is overlain by,

the fluviodeltaic Gwespyr Sandstone Formation
(also Millstone Grit Group). Waters et al. (2021)
showed that the Gwespyr Sandstone Formation
derives from a combination of provenances from
the south, north and west.

Marine bands. Marine transgressions and associated
maximum flooding surfaces in the Bowland Shale
are manifested as carbonate-rich, typically
macrofauna-bearing sedimentary packages termed
‘marine bands’ (e.g. Ramsbottom 1977). Sea-level
cyclicity in the Namurian was probably driven by
far-field glaciation on Gondwana (Veevers and Pow-
ell 1987). The amplitude of sea-level fluctuation is
estimated at 42 m (Maynard and Leeder 1992) or
60-100 m (Church and Gawthorpe 1994; Rygel
et al. 2008). Marine bands on shelves mark the
base of cyclothemic ‘Yoredale’ limestone—shale—
sandstone triplets commonly capped by coal (e.g.
Hampson 1997; Davies et al. 2004; Waters et al.
2007; Dean et al. 2011). Basinal marine bands are
typically 1-5 m thick and are often overlain by an
asymmetrical sequence of: (1) non-bioclastic, hemi-
pelagic (lenticular) mudstone; and (2) turbidites,
hybrid beds and debrites (Martinsen et al. 1995;
Emmings et al. 2020a). Lowstands were associated
with localized to extensive basinal sand deposition
depending on proximity to delta systems (Millstone
Grit Group). The third- and fourth-order marine
band cycles may be superimposed onto 1.1-
1.35 Myr duration Namurian ‘mesothem’ cycles
(Ramsbottom 1979), associated with 17 major base-
level falls (Waters and Condon 2012) and shifts in
the loci of sediment deposition (Martinsen et al.
1995). Salinity fluctuations from fully marine (trans-
gressions) to brackish or freshwater conditions are
also widely recognized in the Bowland Shale on
the basis of volumetric calculations (Holdsworth
and Collinson 1988), macrofauna and microfauna
such as conodonts (Ramsbottom et al. 1962; Holds-
worth and Collinson 1988), biomarkers (Gross et al.
2015; Sims et al. 2024), sedimentology (Holdsworth
and Collinson 1988; Gross et al. 2015; Emmings
et al. 2020a, c) and inorganic geochemistry (Leeder
et al. 1990; Maynard et al. 1991; Emmings et al.
2020c).

Coupled to sea-level and salinity fluctuation,
palaeoredox proxies show that the Bowland Shale
was deposited under fluctuating oxic, anoxic and at
least intermittently sulfidic (euxinic) conditions
(Leeder et al. 1990; Gross et al. 2015; Riley et al.
2018; Emmings et al. 2019, 2020c), a phenomenon
probably driven by euhaline phytoplankton produc-
tivity. Euxinia in the Bowland Shale (and younger
Carboniferous rocks) is most strongly associated
with transgressions and maximum flooding, whereas
reduced basin accommodation is linked to increased
bottom water ventilation (Bloxam and Thomas 1968;
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Leeder et al. 1990; Maynard et al. 1991; Fisher and
Wignall 2001; Pearce ef al. 2010; Gross et al. 2015;
Emmings et al. 2020c¢). Considering the evidence for
significant freshwater discharge from delta systems,
shelfal anoxia (as opposed to basinal anoxia) was
possibly caused by upwelling of marine anoxic bot-
tom waters trapped beneath a freshwater lid (Algeo
et al. 2008). By contrast trace-element quotas in the
basinal shales favour the development of anoxia in
weakly restricted, thermally stratified and highly
productive water column conditions (Riley er al.
2018; Emmings et al. 2020c). Euxinia was poten-
tially confined to mid-depth waters, potentially
part of one or more linked regional-scale oxygen
minimum zones that developed in the late Devo-
nian (Kabanov and Jiang 2020; Emmings et al.
2022).

Macrofauna associated with the marine bands
form the basis of a high-resolution biostratigraphic
framework through the Namurian (Ramsbottom
and Saunders 1985; Holdsworth and Collinson
1988). Marine bands and overlying mudstones
exhibit the following idealized faunal sequence
(phases 6 to 1): thick-shelled ammonoids (6);
thin-shelled ammonoids (5); molluscan spat (4); Lin-
gula (3); Planolites (2); fish remains (1); and barren
zones (Ramsbottom et al. 1962; Baines 1977; Rams-
bottom 1977). These faunal phases are thought to
indicate cycling between euhaline (6) and freshwater
conditions (1) (Ramsbottom et al. 1962; Holdsworth
and Collinson 1988), although preservation or
absence of bioclasts is also dependent on early diage-
netic porewater conditions (Emmings et al. 2020c).
The Bowland Shale in North Wales spans all the
regional Namurian substages, from the Pendleian
(E;) to Yeadonian (G;) (Davies et al. 2011). Marine
bands exhibit an average periodicity of 111 kyr
(Waters and Condon 2012), indicative of fourth-
order cycles (Mitchum and Van Wagoner 1991).
Elcl, E232’ E2b3’ Hlas H2bl’ R]b$ R]c4$ R2al, RZbl’
Rs.1, Gy,1 and Gyp1 peak flooding events are recog-
nized in North Wales (Davies et al. 2011), probably
related to third-order forcing (Mitchum and Van
Wagoner 1991; Waters and Condon 2012). Multiple
flooding surfaces are recognized for many of the
marine bands, potentially linked to sub-100 kyr pre-
cession or obliquity cycles (Waters and Condon
2012).

Burial and uplift

Pb-Zn mineralization on the North Wales Shelf sug-
gests thermal maturation and dewatering of adjacent
basinal sediments in the latest Namurian (Juerges
et al. 2016). During the late Pennsylvanian, closure
of the Rheic—palaco-Tethys seaway associated with
the Variscan Orogeny (e.g. Leeder 1982) prompted

a major depositional hiatus and the inversion of
many basin structures across central England (e.g.
Smith et al. 2005). In the Pennines, inversion com-
bined with a relatively high basinal heat flow (in con-
trast to North Wales) enhanced basin dewatering and
led to protracted Pb—Zn—F mineralization on blocks
(Bouch er al. 2006; Hollis and Walkden 2012).
Inverted structures in the vicinity of the Blacon
Basin include the anticlines on the Bala Lineament
and EFZ (Smith e al. 2005) and the M6on—Deem-
ster—Ribblesdale fold belt in the north (Arthurton
1984; Pharaoh et al. 2020). The Cheshire Basin, par-
tially superposed on the Blacon Basin, developed in
response to renewed extension during the Permo-
Triassic (Davies et al. 2004). The Permo-Triassic
in the Cheshire Basin comprises aeolian and fluvial
sediments (Sherwood Sandstone Group); Fe—Cu
mineralization on the adjacent North Wales Platform
may derive from charging by Permo-Triassic oxi-
dized brines (Juerges er al. 2016) or from basinal
Carboniferous fluids (Parnell and Swainbank
1990). Maximum burial of the Blacon Basin was
probably attained in the Late Cretaceous, prior to
Tertiary uplift (Williams and Eaton 1993; Green
et al. 1997; Pharaoh et al. 2019).

Materials and methods
Logging and sampling

Two 17.8 m cored sections through the borehole
Ellesmere Port-1 (53° 17 43.3841” N, 02° 54’
21.13091” W; 339629 mE 378016 mN, British
National Grid), drilled by IGas Energy in 2014,
were logged and sampled at the National Geoscience
Data Centre (NGDC) core repository, British Geo-
logical Survey. Sedimentological structures and
facies were logged prior to major- and minor-
element XRF core scanning and sampling. The
reported absolute core depths were aligned with the
reported wireline absolute depth by matching fea-
tures observed in core to the borehole image logs
(Figs 2 & 3). For validation, we compared synthetic
(derived from discrete XRF) and measured
gamma-ray curves (Fig. 2). The wireline gamma
ray tends to smooth across thin beds exhibiting par-
ticularly high or low true (synthetic) gamma-ray val-
ues, but overall, the synthetic and wireline
gamma-ray datasets are strongly correlated
(Fig. 2d). This assessment indicated an offset of
1.6 and 1.76 m between the downhole absolute
depth and reported cored depth, for core 1 and core
2, respectively. The synthetic total gamma ray was
estimated from bulk U, Th and K concentrations
using the approximation of Ellis and Singer (2007)
(equation 1):

GR(API) = 4Th + 8U + 16K (1)
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transport deposit.

Core scan XRF measurements were collected
using an Itrax MC core scanner (Cox Analytical Sys-
tems) in the Core Scanning Facility at the British
Geological Survey, Keyworth. This dataset is

available under Open Government Licence (BGS
Core Scanning Facility 2022). Before core scanning,
fragments of the split core were aligned with a level-
ling tool to ensure optimal alignment of the detector.
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XRF was measured at a 1 cm step-size and 30 s inte-
gration time. For each core section, an initial surface
scan was performed to compute the trajectory of the
XREF detector. The Itrax MC core scanner automati-
cally produces an XRF sum spectrum for each core
section, which was peak-fitted using the processing
software Q-Spec version 8.6 (Cox Analytical Sys-
tems, Sweden). A single fitting template was used
to fit most of the core data. Core horizons that
showed high Ca, Fe or Cl elemental abundances
were refitted accordingly. These fitted XRF data
were exported as elemental peak areas (counts) for
processing in R. Data were aggregated into the two
core runs and assigned a true core depth. The dataset
was cleaned to remove erroneous data points, for
example spanning cracks, missing core sections
and intervals of generally poor core quality.

Bulk geochemistry

A total of 110 samples, split between core 1 (57 sam-
ples) and core 2 (53 samples), were selected for bulk
major- and trace-element geochemistry, Rock-Eval
pyrolysis, palynology (see Hennissen et al. 2024)
and stable isotope analysis. Discrete XRF major-
and trace-element data were acquired on fused
beads (using ignited sample powders) and powder
briquettes at the University of Leicester, using a
PANalytical Axios Advanced XRF spectrometer
and default PANalytical SuperQ conditions (Mal-
vern PANalytical, Malvern, UK). Repeat analyses
of reference materials and prior Bowland Shale sam-
ples indicate an XRF accuracy of +5% for major
elements and + 5% for trace elements, and a preci-
sion of up to +5% (but commonly + 1%, 20) for
major elements and +10% (but commonly + 5%)
for trace elements (Emmings 2018; Emmings et al.
2020c).

Total sulfur (TS) content was determined via a
Flash 1112 elemental analyser coupled to an isotope
ratio mass spectrometer at the National Environmen-
tal Isotope Facility (NEIF) laboratory at the British
Geological Survey. TS accuracy and precision are
estimated at +15% and +0.2 wt% S, respectively,
based on repeat analyses and independent measure-
ment via LECO elemental analysis (Emmings ef al.
2020c). Trace-element enrichment factors (EFs;
e.g. Tribovillard er al. 2006) were utilized using
Post—Archean Average Shale (PAAS) (Taylor and
McLennan 1985) (equation 2) and local mean con-
centrations (sensu Emmings et al. 2020c¢). Pyrolysis
was conducted in standard mode using a Rock-Eval
6 apparatus (Vinci Technologies, Nanterre, France)
at the British Geological Survey. Accuracy is typi-
cally 1-2% for most Rock-Eval parameters, based
on repeat analyses of the IFP Rock-Eval standard.
Repeat analyses of similar Bowland Shale samples
indicate a precision (20) of +0.11 mgHC g™

(S1), +0.44 mgHC g~ ' (S2) and +0.03 wt% total
organic and inorganic carbon (total organic carbon;
TOC, inorganic/mineral carbon; MINC). Derived
Rock-Eval parameters include the oil saturation
index (OSI) and hydrogen index (HI) (Lafargue
et al. 1998).

EFctement = (X/ADgampte/(X/ADpaas  (2)

The original TOC (TOC,) was calculated for pal-
ynological samples using the method of Jarvie
(2012a) and values are reported in Hennissen et al.
(2024). TOC,, was extrapolated for all discrete sam-
ples (n = 110) via a linear regression between the
calculated TOC, and present-day TOC (TOC,gq, r?
=0.99; see Supplementary material; equation 3),
where:

TOC, = 1.16 TOCpq — 0.16 3)

On the basis that the core sections are oil to mar-
ginally gas-mature (Hennissen e al. 2024), TOC,
was preferred over TOC,q for a more robust S/TOC
palaeosalinity proxy (Raiswell and Berner 1987).

Stable isotopes. All stable isotope data are reported
in standard delta (8) notation as per mil (%o) varia-
tions. Bulk S isotope ratios were measured using a
Thermo Fisher Delta Plus XL isotope ratio mass
spectrometer interfaced with a Flash 1112 elemental
analyser. 84S, values are reported on the Vienna-
Canyon Diablo Troilite standard (VCDT) scale. S
isotope ratios were calibrated using a linear fit
through TAEA-S-1 (—0.3%o0), IAEA-S-2
(+22.67%c) and TAEA-S-3 (—32.3%o). & *Spui
reproducibility is +1.2%0 (20) based on
repeat analyses.

Bulk C isotope analyses were performed by com-
bustion in a Costech ECS4010 Elemental Analyser
on-line to a VG TripleTraP and Optima dual-inlet
mass spectrometer, with 8'C values calculated to
the Vienna Peedee Belemnite (VPDB) scale using
within-run laboratory standards calibrated against
the NBS-19 and NBS-22 (VPDB) scale, using
within-run laboratory standards (NBS19 +1.95%0
and NBS22 —30.03%c). 8"C,y reproducibility is
+<0.1%0 (10). C/N ratios are calibrated against
a Broccoli standard (BROC2). Replicate analysis
of well-mixed samples indicated a precision of
+ <0.1%eo.

Data manipulation and analysis

All data manipulation and statistical analysis was
coded in R using RStudio (R Core Team 2018).
XRF core scan, discrete analyses (conventional
XRF, stable isotopes, Rock-Eval pyrolysis) and
wireline data were manipulated using the following
R packages: ggplot2 (Wickham 2009), gridExtra


https://doi.org/10.6084/m9.figshare.c.6911105

Bowland Shale: processes, patterns and heat flow 69

(Auguie 2016), zoo (Zeileis and Grothendieck
2005), plyr and dplyr (Wickham and Francois
2016), data.table (Dowle and Srinivasan 2020), com-
positions (van den Boogaart et al. 2020), ggtern
(Hamilton 2017) and caret (Kuhn 2020). Chemofa-
cies were determined by hierarchical cluster analysis
(HCA) of principal component analysis (PCA)
scores (e.g. Emmings er al. 2022) using selected
core scan XRF major and minor elements (Mg, Al,
Si, P, K, Ca, V, Mn, Fe, Ni, As, Sr, Zr, Mo and
Ba). These elements were selected on the basis of rel-
atively high abundances, and as proxies for detrital
phases (Al, Si, K, Zr; e.g. Hild and Brumsack
1998; Emmings et al. 2020a), Fe oxides (Fe, As;
e.g. Tribovillard 2020), autochthonous input includ-
ing biogenic and diagenetic carbonates (Si, Ca, Mn,
Mg, Sr, Ba, P) and palaeoredox (Fe, Mn, Mo, V, Ni,
As; e.g. Tribovillard et al. 2006). Processed count
data were not converted to absolute concentrations;
this approach circumvents closed data effects that
require transformation prior to statistical analysis
(e.g. centred log-ratio; Aitchison 1986). PCA was
conducted on the correlation matrix (scaled and cen-
tred data). The first six principal components were
selected on the basis of assessment of the hinge
point on the scree plot. HCA of the sample scores
for the first six principal components was conducted
via the sum of squares (Ward clustering) and Euclid-
ian distance matrix.

Machine learning. We explored the potential of
machine learning to aid in extrapolating the core
scan clusters (e.g. chemofacies) through the Bow-
land Shale Formation. Ahead of machine learning,
the seven chemofacies were aggregated into four
classes: limestones (A); weakly to moderately cal-
careous mudstones and siltstones (C-E); claystone
density flow deposits (B, F); and siltstone to sand-
stone density flow deposits (G). Simplification into
four classes for machine learning was justified on
the basis of (1) experimentation to optimize the
balance between the accuracy and complexity of
predictions and (2) the thickness of beds and
co-occurrences with other chemofacies: specifically,
laminae of siderite-cemented claystone or siltstone
are not directly resolvable in the well log data,
but commonly co-occur with the claystone chemof-
acies (F).

The k-nearest neighbour (kNN) algorithm was
selected for machine learning based on superior accu-
racy compared to linear discriminant analysis (LDA),
classification and regression trees (CART), support
vector machine (SVM) and random forest methods.
The four simplified chemofacies classes were
matched to the nearest, depth-aligned well log
datum. The models were trained and deployed
using the following well log data: compensated neu-
tron porosity (CN); compressional wave slowness

(DTC); shear wave slowness (DTS); spectral
gamma-ray (U, Th, K); photo-electric (PE); and cal-
culated formation bulk density (ZDEN). We trialled
three approaches: (1) kNN using raw wireline data
(87% accuracy at 0.05 P-value, optimal k = 7); (2)
kNN using standardized (scaled and centred z-score)
wireline data (89% accuracy at 0.05 P-value, optimal
k = 5); and (3) kNN using standardized data and with
null well log values (—9999) removed (87 % accuracy
at 0.05 P-value, optimal k = 5). Training, verifica-
tion and accuracy estimation was determined on a
4:1 training-to-verification split. It is beyond the
scope of this chapter to further refine the machine
learning algorithms, but future work could impute
null values (e.g. Dmitrijeva et al. 2020) as a compro-
mise between methods (2) and (3). The trained mod-
els were deployed on the entire Bowland Shale
section at Ellesmere Port-1 (1443 to 1767 m below
surface) to delineate limestone, calcareous mudstone,
claystone and siltstone to sandstone (density flow).

RHP and heat flow

RHP (in uyW m™>) was calculated using the equation
of Rybach (1976) (equation 4):

RHP = (1000p)(107%)[(9.52U)
+(2.56 Th) + (3.48 K)] @)

where U, Th and K concentrations are in ppm,
ppm and wt%, respectively, and p is the bulk density
(g cm™>). We assume p = 2.6 g cm > for the Bow-
land Shale (Clarke et al. 2018). The temperature gra-
dient through the Bowland Shale was modelled
using the equation of Beardsmore er al. (2010),
where T is the temperature at the base of the given
sedimentary package, Ty is the temperature at the
top of the package, Q is the surface heat flow (W
m~2), K, is the thermal conductivity (W m K™Y,
A, is RHP (in W m~%) and S is the thickness of the
sedimentary package (m), and inversely proportional
to the thermal conductivity (K in W m K™Y, as
defined by equation (5):

T[°Cl = To + [(Qox S)/K,] — (A)IS*/2K,)] (5)

Results and discussion
Syngenetic processes

Based on macrofaunal (ammonoid) biostratigraphy,
cores 1 and 2 are assigned to the Late Kinderscou-
tian (Rjcl) and late Arnsbergian—Chokierian
(Hy,1-H;,3) biozones, respectively (Figs 4 & 5).
Thus, core 2 spans the onset of the mid-Carbonifer-
ous boundary (Saunders and Ramsbottom 1986),
although the presence of intervening faults and a
paucity of diagnostic Arnsbergian macrofauna does
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not preclude the potential for hiatuses beneath the calcareous, non-bioclastic to bioclastic mudstones,
H,,1-H;,3 interval. The core sections comprise often interbedded with thin limestone beds, overlain
packages of (1) massive, weakly to strongly by (2) thinly laminated or chaotic, non-calcareous
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claystone beds (Figs 4 & 5). The calcareous, bioclas-
tic mudstones are often macrofauna-bearing and are
collectively interpreted as basinal marine band
facies, characteristic of the Bowland Shale, depos-
ited during fourth-order marine transgressions and
highstands (e.g. Martinsen et al. 1995; Waters and
Condon 2012).

The overlying non-calcareous claystone pack-
ages represent deposition from a range of turbulent,
hybrid and laminar flows (e.g. Talling et al. 2012)
during falling basin accommodation (Figs 4 & 5).
In some cases the non-calcareous claystone packages
contain pyritized organic matter and pyrite nodules,
similar to the Bowland Shale in the Craven Basin,
suggestive of intermittently non-steady-state sulfidic
pore water conditions (Emmings et al. 2020c¢). In
many cases, consecutive, stacked chaotica suggest
that the claystone packages were transported en
masse, potentially as discrete, metre-scale blocks
rafted within debris flows (e.g. mass transport depos-
its; MTDs). Towards to the top of both core sections,
the non-calcareous claystones are capped by thinly
to thickly laminated, interbedded, bioturbated silt-
stone and sandstone facies, probably deposited dur-
ing lowstands. In core 1, the contact between
the siltstones and the underlying claystones is
faulted; thus, the sequence stratigraphic relationship
is unclear.

Zr/Al aliases the heavy mineral (zircon) compo-
nent and is interpreted as a local proxy for the detrital
grain size in this system (e.g. silt- to sand-fraction;
Dowey and Taylor 2020; Emmings et al. 2020a).
This is consistent with the observed relationship
between Zr/Al and sedimentary facies; the marine
band, claystone and siltstone facies exhibit low,
medium and high to very high Zr/Al, respectively
(Figs 4 & 5). Mo is a redox-sensitive metal that is
fixed under at least intermittently sulfidic pore
water conditions (e.g. Tribovillard et al. 2006). Ele-
vated Mo/Al within the marine band packages (in
both core sections) suggests the development of
anoxic and intermittently sulfidic conditions coupled
to sea-level rise. This 1is consistent with a
productivity-driven, weakly restricted model for
anoxia during deposition of the Bowland Shale
(Emmings er al. 2020c). Arsenic is also redox-
sensitive in the marine environment, but interpreta-
tion in terms of palacoredox is generally complex
(Tribovillard 2020). In this system, As/Al tends to
co-vary with Mo /Al (Figs 4 & 5); this suggests oper-
ation of a strong Fe-Mn (oxyhydr)oxide shuttle dur-
ing deposition (Tribovillard 2020), analogous to the
model for anoxia in the adjacent Craven Basin
(Emmings er al. 2020c). As/Al enrichment tends
to span a wider depth interval compared to Mo/Al,
and As/Al sinuosity, particularly in core 1, suggests
generally high sensitivity to intermediate redox con-
ditions compared with Mo/Al Thus, high As/Al

coupled to low Mo/Al is interpreted to indicate fer-
ruginous water column conditions overlying non-
sulfidic pore waters (Figs 4 & 5).

Finally, the palacosalinity measure Sr/Ba (Wei
and Algeo 2020) shows that conditions were gener-
ally marine and intermittently brackish. Whilst the
Sr/Ba salinity proxy is limited to non-carbonate-
bearing lithologies, the presence of euhaline macro-
fauna within the marine band facies permits a com-
prehensive reconstruction of the palaeosalinity
variation throughout both cores (Figs 4 & 5). Several
of the interpreted falling stage to lowstand sedimen-
tary packages exhibit Sr/Ba <(0.5; this suggests
deposition under at least intermittently brackish
conditions during periods of reduced basin accom-
modation. Sr/Ba shows that reduced salinity was
more prevalent in the late Kinderscoutian section
(core 1) compared to the generally more saline
Arnsbergian—Chokierian section (core 2); this is con-
sistent with the increasing proximity (i.e. prograda-
tion) of the Cefn-y-Fedw delta system towards the
top of the Bowland Shale.

Cluster analysis of selected XRF core scan major
and minor elements delineates seven chemofacies
(A-G), interpreted as: limestone deposited under sul-
fidic conditions (A); siderite-cemented claystone or
siltstone deposited under mixed redox conditions
(B); bioclastic, moderately to strongly calcareous
mudstone deposited under sulfidic conditions (C);
weakly to moderately calcareous phosphatic mud-
stone deposited under mixed redox conditions (D);
weakly bioclastic, weakly calcareous mudstone
deposited under weakly sulfidic to non-sulfidic con-
ditions (E); claystone deposited under oxic or sub-
oxic conditions (density flows) (F); and siltstone to
sandstone deposited under oxic or suboxic condi-
tions (density flows) (G). Thus, the chemofacies
are an objective measure for lithological variation,
supplementary to the conventional sedimentological
descriptions (Figs 4 & 5). The XRF core scan che-
mofacies are generally consistent with the conven-
tional sedimentary descriptions, although there are
some discrepancies, particularly in the assignment
of calcareous and non-calcareous sediments. This
is best explained by the difficulty in the visual esti-
mation of the fraction of carbonate (e.g. reaction
with a small amount of HCI).

A pseudo-compositional ternary plot of the core
scan XRF data indicates most intervals are argilla-
ceous, and less commonly quartz or carbonate-rich
(Fig. 6). Carbonate-bearing, siliceous mudstones
are rare (Fig. 6); this is consistent with the absence
of silica cementation in the two cored sections. The
discrete quantitative XRF analyses support this
observation; dual Si v. Al (Fig. 7a) and Si v. Zr
(Fig. 7b) biplots of Emmings er al. (2020b) show
that biogenic silica is negligible in the two cored
intervals. Thus, it is clear the cored sections are not
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comparable to, or transitional from, the underlying
Pentre Chert and do not contain reworked biogenic
silica. By extension, the lack of pervasive cementa-
tion shows that the cored sections in Ellesmere
Port-1 are not comparable to key intervals in the Cra-
ven Basin, such as: (1) the siliceous mudstones of the
Upper Bowland Shale (Emmings et al. 2020b); and
(2) the calcareous and siliceous mudstones and lime-
stones of the Lower Bowland Shale (e.g. Fauchille
et al. 2017, 2018; Newport et al. 2018). Instead,
the observed pattern of interfingering argillaceous
and carbonate marine band facies is more compara-
ble to the Bowland Shale in other paralic basins,
such as the Widmerpool Gulf (Konitzer er al
2014; Hennissen et al. 2017).

Each discrete sample spans c¢. 2 cm stratigraphic
thickness. Taking a local mean sediment accumula-
tion rate (MSAR) of c¢. 22 mm kyr’l (Emmings
et al. 2020b, after Davies et al. 2004) and 55% com-
paction (Emmings et al. 2020a), each sample repre-
sents a c. 2 kyr duration. This is a first-order estimate
since the compaction ratio and mSAR are dependent
on sedimentary facies (e.g. Shanmugam and Moiola
1982; Droxler and Schlager 1985; Emmings et al.
2020a). Enrichment factors for discrete XRF analy-
ses support the interpretations based on the core
scan XRF dataset. The strongly to weakly carbonate-
bearing chemofacies (A—E) are consistently enriched
in a suite of redox-sensitive elements, including Se,
Mo, U, Zn, V, Ni and Fe (Fig. 8). Se enrichment is
a prominent and unusual characteristic of the Bow-
land Shale that is best explained by ashfall inputs
from far-field active volcanic centres (e.g. Brandon
et al. 1995; Spears et al. 1999) or derived from
weathering of volcanic rocks in the hinterland, fol-
lowed by trapping under sulfidic conditions (Parnell
et al. 2016). Parnell et al. (2022) show that Se, Mo
and, to a lesser degree, As are complexed with
organic matter and contained within pyrite in the
Bowland Shale. By contrast Cu and U, other impor-
tant redox-sensitive elements, are primarily hosted
within recalcitrant (e.g. silicate or refractory kero-
gen) phases.

Chemofacies A limestones are fine grained, lack
bioclasts and exhibit high concentrations of ele-
ments that proxy for carbonate, including Ca, Mg
and Ba (Fig. 8). The limestone beds also lack inter-
nal sedimentary structures, suggestive of an early
diagenetic origin (e.g. spherulitic limestones;
Emmings et al. 2020c). Enrichment in redox-
sensitive elements suggests early diagenetic precip-
itation via anaerobic oxidation of methane (Mazzini
et al. 2004), similar to Pendleian spherulitic lime-
stones observed in the Craven Basin (Emmings
et al. 2020a). Siderite-cemented beds (chemofacies
B) are most commonly interbedded with the clay-
stone facies and exhibit relatively high concentra-
tions of Mg, Fe and Mn, and moderate Ca

(Fig. 8), consistent with dolomite and/or siderite
cementation. The marine band packages are domi-
nated by bioclastic calcareous mudstones (chemofa-
cies C and D), interpreted as hemipelagic muds
interbedded with subordinate calci-turbidites. The
phosphatic chemofacies D is rare in core 1 and
more common in core 2, consistent with phosphate
input or fixation associated with generally more
marine and productive conditions during the Arns-
bergian (e.g. fish debris, authigenic phosphate).
The marine band packages are typically overlain
by chemofacies E, F and/or G, interpreted as falling
sea-level and/or lowstand deposits.

The low §**Spu and large offset from 84S of
contemporaneous seawater sulfate of c¢. 13—15%o
(Kampschulte ef al. 2001; Kampschulte and Strauss
2004) in chemofacies A-E suggests precipitation of
solid sulfides under open system conditions (e.g.
Mossmann et al. 1991). In contrast, chemofacies F
and G lack enrichment in redox-sensitive elements
and exhibit variable, relatively high &*Spu
(Fig. 8). High 83*Spuic in chemofacies F and G is
best explained by precipitation of pyrite under closed
system (i.e. relatively late diagenetic) conditions
and/or quantitative sulfate. Any sulfate in chemofa-
cies F and G is likely to be finely disseminated in the
sedimentary matrix. Leached zones along the mar-
gins of the conjugate faults at ¢. 1537.73 m in core
1 (Fig. 5) exhibit 8**Syuy of +19.8 to +22.6%0;
this is best explained by the presence of secondary
sulfate that precipitated during the passage of late
diagenetic oxidizing fluids.

Mississippian terrestrial OM typically exhibits
—23.9%0 (Peters-Kottig et al. 2006) to —25.1%¢
813COrg (Konitzer et al. 2016), whereas amorphous
organic matter (AOM; of probable marine origin)
is usually close to c¢. —29.1%0 (Lewan 1986).
8]3C0rg exhibits a consistent range between— 27%o
and- 24%o in all sedimentary facies (Fig. 8), favour-
ing a generally mixed to terrestrial origin for the
organic matter (see Hennissen et al. 2024 for further
discussion). The C/N ratio is relatively wide ranging
(C/N 5-25). The marine, hemipelagic, anoxic che-
mofacies (A-D) have higher C/N than the oxic, den-
sity flow chemofacies (F-G). Considering C/N as a
proxy for organic matter type, the C/N ratios are
counter-intuitive because cellulose, abundant in Cs
and C, land plants, is N-deficient. Thus, fresh land
plant material typically has a C/N >20 whereas
marine algal and bacterial sources have a C/N
<10 (Meyers 1994). Yet the reverse is observed in
the two core sections: chemofacies F-G, comprising
abundant Type III terrestrial organic matter (Hennis-
sen et al. 2024), have relatively low C/N, whereas
the marine facies have high C/N (Fig. 8). This dis-
crepancy shows that C/N is a poor measure for
organic matter type in these rocks (consistent with
e.g. Mercuzot er al. 2021 and references therein).
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Low C/N in argillaceous sediments (chemofacies F—
Q) is best explained by a quantitative contribution
from inorganic (clay-bound) NHF (Lindgreen
1994), whereas high C/N in the anoxic facies is con-
sistent with the preferential degradation of nitrogen-
rich amino acids under suboxic conditions (Van
Mooy et al. 2002).

Finally, dual assessment of S/TOC, and Sr/Ba
palaeosalinity proxies (Berner and Raiswell 1984;
Wei and Algeo 2020), Mo v. U enrichment factors
(Algeo and Tribovillard 2009; Tribovillard et al.
2012) and Mo v. TOC, (Algeo and Lyons 2006)
(Fig. 9a—c) provides further support for a weakly to
moderately restricted, productivity-driven model for

J. F. Emmings ef al.

anoxia (Fig. 9d-g). Two samples exhibit S/TOC,
<0.1 at 1533.00 and 1536.36 m in core 1 (Figs 5 &
9a), which suggests the development of at least inter-
mittently fully fresh bottom water conditions. The
results of palynological analysis (Hennissen er al.
2024) support the sequence stratigraphic framework
and model for anoxia. Marine transgressions often
show a step-change from (1) proximal or marginal,
(sub)oxic shelf edge palynofacies in the underlying
lowstand packages into (2) anoxic shelf to basin
palynofacies in each marine band package (Figs 4
& 5). The bioturbation analysis of Hennissen et al.
(2024) is also consistent with the interpreted
palaeoredox cyclicity.

(a)2 Uikl (b)1k (c)
! : Likely marine, 100
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Fig. 9. Geochemical proxies for bottom water salinity and redox. (a) S/TOC (Berner and Raiswell 1984) and Sr/Ba
(Wei and Algeo 2020) palaeosalinity proxies. Fields are bounded by the thresholds for salinity as defined in Wei and
Algeo (2020), favouring the more widely established S/TOC proxy. Conflict zones could indicate decoupling
between the S/TOC and/or Sr/Ba proxies, likely due to diagenetic effects. Circled data points exhibit inorganic C
>0.3 wt%, a local threshold for Sr-bound and/or Ba-associated carbonate. In these cases, the Sr/Ba palaeosalinity
proxy is invalid (Wei and Algeo 2020). (b) Mo v. U enrichment factors (EFs) (Algeo and Tribovillard 2009;
Tribovillard ef al. 2012) suggest fluctuation between oxygenated and weakly to moderately anoxic, intermittently
sulfidic particulate shuttle conditions. (¢) Mo v. TOC suggests deposition under weakly to moderately restricted
bottom water conditions (Algeo and Lyons 2006). See ‘Methods’ for calculation of EFs and derivation of original
TOC (TOC,). (d—g) Interpreted redox and salinity response to fourth-order sea-level fluctuation, assuming
productivity-driven anoxia in a weakly to moderately restricted basin (sensu Emmings et al. 2020c). The fourth-order
cyclicity is partially overprinted by progradation of the Cefn-y-Fedw delta system. AMO, anaerobic oxidation of

methane; TOC, total organic carbon.
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Overall, the sedimentological observations, pat-
terns of redox-sensitive metals and semi-metals
both in core scan (Figs 4 & 5) and discrete (Fig. 8)
samples, S and C stable isotopes, C/N and palynol-
ogy (Fig. 8; Hennissen et al. 2024) support a model
of productivity-driven marine anoxia (Emmings
et al. 2020c). Anoxia was probably driven by pro-
ductive marine phytoplankton and the export of
highly labile organic matter into bottom waters, in
a weakly to moderately restricted basin (Emmings
et al. 2020c¢). Falling sea-level induced progradation
of a freshwater lid into the Blacon Basin, a process
that led to the shut—-down in photic zone marine pro-
ductivity and consequent basin ventilation, while
generally sustaining normal marine or moderate
salinities in bottom waters. Thus, the palaeosalinity
record often lags the palaeoredox signal (Fig. 9).
Based on S/TOC,, bottom waters were fully desali-
nated only once, during a well-developed lowstand
in the upper part of the Kinderscoutian section
(core 1) (Fig. 5).

Stacking patterns and basin fill

Three kNN machine learning algorithms were
deployed to predict siltstone and sandstone (chemof-
acies G), claystone and siderite (chemofacies F, B),
calcareous mudstone (chemofacies C, D and E)
and limestone (chemofacies A) through the Bowland
Shale Formation in Ellesmere Port-1 (Fig. 10).
Importantly, differentiation of non-calcareous and
calcareous mudstone facies helps to interpret the suc-
cession in the context of syngenetic processes
(Fig. 9d—g) and, ultimately, sequence stratigraphy.
Based on these predictions, the Bowland Shale For-
mation comprises c¢. 18% siltstone and sandstone,
37% non-calcareous mudstone, 42% calcareous
mudstone and 3% limestone. The unit comprises
12 complete fourth-order cycles, and is interfingered
with the three distal Lower, Middle and Upper units
(leaves) of the Cefn-y-Fedw Sandstone Formation
(Davies et al. 2004; Waters et al. 2021).

Using the ammonoid biozonation in the two core
sections together with the known age ranges of each
of the distal turbidite leaves of the Cefn-y-Fedw
Sandstone (Davies et al. 2004), it is possible to
infer the key index regional marine bands (Davies
et al. 2011) in the Blacon Basin. Like the observa-
tions in the core sections, generally sharp transitions
from non-calcareous to calcareous mudstones are
interpreted to indicate deposition during marine
transgressions. Eight of the 12 cycles exhibit resolv-
able thin limestone beds, which probably coincide
with the maximum rate of transgression and/or
early part of the sea-level highstand. Thus, the Bla-
con Basin apparently preserves a largely complete
Namurian succession, analogous to the Craven
Basin (Saunders and Ramsbottom 1986). In all

cycles, the calcareous mudstones are progressively
or abruptly replaced with non-calcareous mudstones
and/or siltstone to sandstone facies. We interpret
these shifts from calcareous to siliciclastic facies
to represent deposition during falling sea-level, cul-
minating in lowstands. The abrupt transitions from
calcareous to non-calcareous mudstones are analo-
gous to observations in core (Figs 4 & 5):
metre-scale cohesive debris flows shed from the
basin margins. The Lower, Middle and Upper
units of the Cefn-y-Fedw Sandstone Formation
plausibly occupy the lowstands of multiple cycles
and are potentially associated with erosional basal
surfaces that cut into the underlying strata. We inter-
pret deposition of the Middle Cefn-y-Fedw Sand-
stone unit to span and/or to have incised through
the entirety of the Alportian in the Blacon Basin.
Thus, the mass transport deposit underlying the
H,,1 marine band in core 2 (Fig. 4) probably repre-
sents a precursor or the first pulse of the Middle
Cefn-y-Fedw Sandstone unit. Similarly, the siltstone
facies at the top of the Kinderscoutian section (core
1) is interpreted as the base of the Upper Cefn-y-
Fedw Sandstone unit (Fig. 5).

We integrated the sequence stratigraphic inter-
pretations, based on the core scan observations
and machine learning, with observations from
other key wells in the Blacon Basin (Fig. 11). The
results constrain the sedimentary architecture in
the Blacon Basin. Ellesmere Port-1 is not located
in the deepest part of the basin; it is located on the
NE flank of the basin. Taking a basin-wide perspec-
tive shows the importance and influence of the
Cefn-y-Fedw delta system; except for the relatively
thin marine band facies, the Bowland Shale in the
Blacon Basin is relatively expanded and totally
dominated by prodeltaic mud (Fig. 11). This is con-
sistent with the dominance of Type III organic mat-
ter (including large plant fragments) in both core
sections (Hennissen er al. 2024). This contrasts
with the Bowland Shale in the Craven Basin; whilst
also supplied by a large delta system, the succession
in the Craven Basin represents deposition from a
more balanced mixture of competing hemipelagic
(biogenic) and allochthonous components (Clarke
et al. 2018; Newport et al. 2018; Emmings et al.
2020a, b, c). The relatively expanded, clay-rich
and poorly cemented mudstone succession (Fig. 6)
is also in contrast to the economically important,
broadly time-equivalent Barnett Shale Formation
(Loucks and Ruppel 2007). Ultimately, the structur-
ally complex, collisional intercontinental setting
explains why many of the US gas shales are poor
analogues for the Bowland Shale. Structural com-
plexity offers a direct challenge to unconventional
hydrocarbon extraction from the Bowland Shale
(Anderson and Underhill 2020), but is also impli-
cated in the compartmentalization of key cemented
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(kNN method 2 is displayed). Prominent sand packages probably correspond to lower, middle and upper extensions
of the Cefn-y-Fedw Sandstone (CSF) (Waters et al. 2021) coincident with three periods of regional channel incision
(Waters and Condon 2012). Biostratigraphic ammonoid zones observed in core (bold), other inferred major flooding
events and biozones (italicized, from Davies ef al. 2011) and interpreted substages and extrapolated ages (Waters and

Condon 2012) are also indicated.

lithofacies and the encroachment of delta systems
linked to an uplifting hinterland.

The stratigraphic analysis delineates an inflection
point immediately above the Middle Cefn-y-Fedw
Sandstone turbidite package at c. 1615 m below sur-
face, at or near the base of the Kinderscoutian
(Fig. 10). The Pendleian and Arnsbergian cycles
exhibit relatively low temporal frequency and a rela-
tively low mSAR (e.g. condensed) and are more
strongly asymmetrical, which is suggestive of depo-
sition under the combined influence of eustatic
sea-level fluctuation and basin subsidence (e.g. Mar-
tinsen et al. 1995). Waters et al. (2021) showed
that, during the Pendleian—Arnsbergian, detrital

sediments entered the Blacon Basin via the Cefn-y-
Fedw delta systems in the SW (Fig. 11). Sediment
flows were potentially aligned parallel to the long
axis of the combined Blacon and Widnes basins
(Fig. 1), analogous to the Gainsborough Trough
(Palci et al. 2020). Whilst the age of the Middle
Cefn-y-Fedw Sandstone turbidite package is poorly
constrained (Waters ez al. 2021), it: (1) is potentially
Chokierian, Alportian and/or earliest Kinderscou-
tian in age, and therefore must span or juxtapose
one or more significant hiatuses; (2) overlies the
H;,.1 biozone, and therefore probably occurs within
the mid-Carboniferous (Mississippian—Pennsylva-
nian) eustatic event (Saunders and Ramsbottom
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Fig. 11. Summary of interpreted Namurian sedimentary architecture in the Blacon Basin, with major flooding events
of Davies et al. (2011) and general stratigraphy after Magraw and Ramsbottom (1957), Davies et al. (2004), Smith
et al. (2005), Waters ef al. (2009, 2021) and Andrews (2013). The shelf-edge delta wedge of the Late Pleistocene Po
River (Adriatic Sea, offshore central Italy) may represent a partial (albeit short-lived) modern analogue (Pellegrini

et al. 2017; Patruno and Helland-Hansen 2018). Gamma-ray well logs for Croxteth-1, Ellesmere Port-1 (this study),
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Yeadonian marine flooding surface (e.g., G; marine band) within the Gwespyr Sandstone. See Figure 1 for line of
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1986); and (3) is succeeded by a return to mud-
dominated deposition in the early Kinderscoutian.
Deposition of sand and the presence of hiatuses is
consistent with the development of protracted low
eustatic sea-level during the mid-Carboniferous
event, which potentially shifted the main depocentres
into deeper basins (e.g. the Craven Basin in the Irish
Sea). Thus, the Middle Cefn-y-Fedw Sandstone could
represent a turbidite lobe deposited during third-order
sea-level regression associated with the mid-
Carboniferous eustatic event, although the role of
local controls such as fault reactivation is unresolved.

The lithostratigraphic analysis shows that the
Blacon Basin became re-established as a major depo-
centre for mud during the Kinderscoutian. The well
correlation together with heavy mineral analysis of
Waters et al. (2021) suggests the Blacon Basin con-
tinued to receive detrital sediment from a single
source via the Cefn-y-Fedw delta system, located
in the south or SW. The Kinderscoutian to Yeado-
nian cycles apparently exhibit higher temporal
frequency. Additionally, the Kinderscoutian—Yea-
donian succession was deposited under a relatively
high mSAR and the cycles are slightly more sym-
metrical, which probably reflects increasing proxim-
ity to the Cefn-y-Fedw delta front (Fig. 11). By the
Yeadonian, sediment supply into the Blacon Basin
became more complex, with provenances from the
SW, SE, NW and NE (Waters et al. 2021).

RHP and heat flow

RHP calculations for the Bowland Shale in borehole
Ellesmere Port-1 indicate bulk RHPs of 2.6 +
1.3 uW m ™ (Fig. 12). Similarly high RHPs are also
observed in the Bowland Shale in the Craven Basin.
The Bowland Shale RHPs are significantly higher
than the global shale mean of ¢. 1.5 uW m™ reported
by Vila et al. (2010), and approach the RHPs of gra-
nitic intrusions, targeted for geothermal energy in the
UK (Gluyas er al. 2018). RHP derives from the decay
of U, K and Th, in descending order of importance
(Rybach 1976). The U, K and Th data (Fig. 12c) indi-
cate that the high RHPs are primarily due to relatively
high U concentrations, whereas Th and K concentra-
tions are broadly in line with the global average. The
U contents are relatively but not absolutely high; for
example, the Alum Shale (Sweden) exhibits U con-
centrations between 100 and 300 ppm (Lecomte
et al. 2017), an order of magnitude greater than
those found in the Bowland Shale.

The relatively high U in Carboniferous sedimen-
tary rocks is additionally important because U can
become mobile in groundwater or produced waters
(Smedley et al. 2006), and the decay of U contributes
to Rn risk areas where the rocks crop out (Miles ez al.
2007). However, it should be noted the vast majority
of UK groundwaters exhibit U concentrations far
below the World Health Organization provisional



80 J. F. Emmings ef al.
U Bowland Shal b)
= pper Bowland Shale T :
E‘ | (Emmings et al. 2020c) <}
‘% Calcareous mudstone |
o Cal * 1
° alcareous mudstone : ‘].-
3 Claystone ==
- Limestone - ;
Bowland Shale ; :l:
(Newport, 2019) ]
Granite T
Claystone*
Siltstone-sandstone ——‘
Kimmeridge Clay ®j>'= Bowland Shale
Siltstone-sandstone* “ median (this study):
Holywell Shale D:‘:h::, ------- Wireline - —- Samples
(Newport et al. 2016) D | ----UK sedimentary mean
Limestone* ‘ i
Mudrock{ <>
Metamorphic{ [ T 0T
Wacke G:E[> I
Other sedimentary G:D]>—Jl—-
Sandstone <]:]:[>v i
Other igneous{ [ him=r=t=
Carbonate] ([[P=— |
25 7.5 .0 25 5.0 7.5 10.0
RHP [uW/m?] RHP [uW/m?]
(c)
Upper Bowland Shale :
(Emmings et al. 2020b) d“-’ 4:[:{3 4“
Calcareous mudstone 4“»—
Calcareous mudstone* 1“.' <H|
Claystone. .—— +
Limestone! @i o aq=
Bowland Shale D: (]]]: l ®>
(Newport, 2019) i
Granite —_——— —=<l:]:[>—
Claystone* : -—#
Siltstone-sandstone ”— -‘—
Kimmeridge Clay- (ﬂj}-— r:ﬁ[[)
Siltstone-sandstone* .4
Holywell Shale
(Newport ot . 2016)| LB= i
Limestone* - | : l i
Mudrock] {4+ <{]b= (P
Metamorphic [D:D?- % C|:|]3>—
wecke| @b | D -
Other sedimentary [[[[>°: ED:[;>—— G:IJ>-
Sandstone (]D>T d]:D;> <ﬂ>}>—
Other igneous []])—“1‘- [D:lﬁ>— ED:,':I:>—
Carbonate{ > | P> —
0 10 20 300 10 20 30 40 500 2 4 6 8
U [ppm] Th [ppm] K [wt. %]
Fig. 12. Comparison of RHPs and U, Th and K concentrations for a range of rock types. (a) Calculated RHPs

through the Bowland Shale based on the spectral gamma-ray well log data superimposed on the machine predictions.
(b, ¢) RHPs and U, Th and K concentrations for limestone, claystone, calcareous mudstone and siltstone—sandstone
facies in the Bowland Shale in Ellesmere Port-1, based on spectral gamma-ray and discrete XRF analysis (the latter
indicated by asterisks). The UK RHP sedimentary mean (Rollin 2002; Busby and Terrington 2017) and RHPs for the
Bowland Shale in the Craven Basin (Newport 2019; Emmings ez al. 2020c¢), the Kimmeridge Clay (Elm Tree Farm,
Yorkshire, J.F.E. unpublished borehole data/analyses), Holywell Shale (Newport ez al. 2016) and italicized baseline

data (Vila er al. 2010) are also shown.



Bowland Shale: processes, patterns and heat flow 81

guideline value for U in drinking water (15 pg 17"
(Smedley et al. 2006). Additionally, the relatively
high U contents in UK groundwaters commonly
derive from sandstone red-beds, rather than Carbon-
iferous shales, and U mobility is dependent on the
mineral host and speciation (e.g. Smedley et al.
2006; Phan et al. 2015). From a regional perspective,
U in the Bowland Shale is primarily hosted in recal-
citrant mineral or organic phases (Parnell et al. 2022,
see below) and is therefore likely to be relatively
immobile.

The relatively high U contents observed in the
Bowland Shale are potentially explained by three fac-
tors. Firstly, high U concentrations are a general fea-
ture of Devonian—Carboniferous shales globally
(Mehra et al. 2021), suggesting a first-order, funda-
mental change in the availability and/or fixation
pathway of U in marine sediments during this time
interval. Secondly, a productivity-driven model for
anoxia and high mSARs related to proximity to
multiple delta systems probably promoted under-
consolidation of seabed sediments during deposition
of the Bowland Shale. Since U is primarily
fixed within porewaters, rather than bottom waters
(Tribovillard et al. 2006), under-consolidation could
plausibly promote U drawdown due to generally
enhanced shallow sediment porosity and diffusivity
with bottom waters. Finally, the siltstone and sand-
stone facies in the Bowland Shale also exhibit
high RHPs above the global sandstone average
(Fig. 12). This strongly suggests an important role
of provenance; granitic rocks were present in the hin-
terland (Waters ef al. 2021) and the siltstones in Elles-
mere Port-1 are compositionally immature, consistent
with a granitic provenance. Specifically, silt and sand
in the Bowland Shale is enriched in a suite of detrital
minerals that are important hosts of U in granite (Nash
1979), including heavy minerals, mica and especially
detrital magnetite (Emmings ez al. 2020c).

We modelled a range of scenarios using the heat
flow box model equations of Beardsmore er al.
(2010), assuming complete isotropy and negligible
convective heat transport. Conductive heat flow is
controlled by two parameters (Beardsmore et al.
2010): in situ RHP (Rybach 1976) and the thermal
conductivity of constituent phases. Carbonates,
clay minerals and unsaturated or saturated pores
are thermal insulators, whereas pyrite and quartz
are important thermal conductors (Midttgmme
et al. 1998; Midttgmme and Roaldset 1999). The dis-
tribution of these phases in black shales is synergisti-
cally linked to redox conditions during deposition
and diagenesis and is therefore predictable (Fig. 9)
(Emmings et al. 20200, c).

The models show that heat flow is highly sensi-
tive to thermal conductivity and is minimally
affected by RHP (supplementary material B, see fol-
lowing discussion). Thus, black (‘hot’) shales are

unlikely to represent a credible, direct target for geo-
thermal energy. However, the Bowland Shale could
act as an effective thermal blanket to underlying geo-
thermal reservoirs (e.g. Nunn ez al. 1999). This effect
is potentially manifested as the Bowland Forest heat
anomaly described by Lee et al. (1987), although the
anomaly is not identified in more recent mapping
(e.g. Busby 2014). Maintaining the same arbitrary
surface heat flow (S0 Wm™°) and RHP (3 uW
m™?), box modelling shows that the base of a
1 km-thick claystone unit is ¢. 17°C warmer than at
the base of a 1 km-thick siliceous, pyritic mudstone
unit. This is because clay minerals are insulators
whereas quartz and pyrite are conductors of heat.
In these models, we assumed the same in situ RHP
of 3 uW m ™~ (Fig. 12b), which results in a relativelP/
small excess temperature gradient of 0.75°C km™
However, adopting an in siru RHP of 10 uyW m™
that is more comparable to high-RHP granite (Vila
et al. 2010) imparts an excess temperature gradient
of 2°Ckm™'. Thus, RHP becomes quantitively
important where it is consistently high in a large
rock volume (e.g. granite batholiths), a feature that
is unlikely to be observed in sedimentary basins
because it requires the presence of extremely thick
metalliferous black shale packages. Whilst these
modelling exercises are not entirely realistic, this
approach helps to demonstrate the importance of
understanding mudstone lithofacies as a control on
subsurface heat flow.

In another exercise, we fitted two different, simi-
larly accurate (but not necessarily realistic) tempera-
ture gradient models through the Bowland Shale in
Ellesmere Port-1 (Fig. 13; supplementary material
B). Whilst the measured borehole temperatures in
Ellesmere Port-1 are unlikely to be equilibrated
with the surrounding rock, the data delineate the
key inflection at ¢. 1615 m interpreted as related to
the mid-Carboniferous eustatic event and delta pro-
gradation (see prior discussion). This inflection dif-
ferentiates geothermal gradients of ¢. 25°C km™'
and 18°C km™', respectively. Model 1 is based on
a single, homogeneous, low-conductivity claystone
package with low RHP (1.5 uW m™), 5% total
porosity (Clarke er al. 2018), 80% clay minerals,
10% quartz and 5% carbonate minerals. Model 1
requires relatively low heat flows of 62 and 42 mW
m~2, above and below 1615m below surface,
respectively, to match the observed borehole temper-
ature profile. Model 2 is based on the calculated
RHPs and machine predicted thicknesses and com-
position of each discrete package within the Bow-
land Shale (Figs 10 & 13), and is therefore
considered more realistic. In model 2, thermal con-
ductivities are higher in all facies, which necessitate
higher heat flows of 75 and 55 mW m_z, above and
below 1615 m below surface, respectively. Thus,
based on the observations coupled to modelling,
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Fig. 13. Measured v. modelled temperature gradients through the Bowland Shale Formation in Ellesmere Port-1. It
should be noted the borehole temperatures are unlikely to represent true, equilibrated values and therefore probably

represent minimum estimates.

the Bowland Shale in Ellesmere Port-1 is not neces-
sarily an effective thermal ‘blanket’ since it com-
prises c¢. 18% siltstone and sandstone, and instead
may conduct heat at a faster rate (i.e. high thermal
diffusivity) than pure claystones or condensed
organic-rich shales. Again, these models are likely
to be overly simplistic but demonstrate the impor-
tance of understanding the fractions of different
mudstone facies within a given ‘shale’ package.
The models do not consider the effect of organic
matter (particularly coal) and are limited to the clas-
ses (lithologies) observed in the two cored sections.
In particular, coals were not observed in either core
section, but coal exhibits a very low thermal conduc-
tivity (Nunn and Lin 2002) and coal seams are pre-
sent in the Bowland Shale in North Wales (Davies
et al. 2004).

The Blacon Basin, in addition to many other sedi-
mentary basins, is filled by hundreds of metres of
Carboniferous mudstone. Important UK geothermal
plays include granites (Gluyas et al. 2018) and kar-
stified Carboniferous limestones (Busby 2014). Car-
boniferous limestone-mudstone cyclothems cap
granites on several blocks (e.g. proven in the Ray-
dale and Rookhope boreholes; Dunham and Wilson
1985) and cap lower Carboniferous limestones in the

UK (e.g. Fig. 10; Dunham and Wilson 1985; Busby
2014). Additionally, basinal Carboniferous mud-
stones may cap granites beneath local intrabasin
highs (Bott 1988; Donato 2020). Yet, our ability to
explore for deep geothermal energy in sedimentary
basins is limited by a lack of understanding of how
different types of shales control heat flow. Efficient
heat diffusion is also important for the safe geologi-
cal storage of radioactive waste (Rutqvist 2020), and
the design of heat pumps is dependent on the thermal
properties of the storage medium (Busby ez al. 2009;
Parkes et al. 2021). Simple box modelling together
with previous work (e.g. Midttgmme er al. 1998)
shows that the efficiency of the sedimentary thermal
blanket is highly dependent on mudstone mineralogy
and, by extension, lithofacies. Therefore, future
work should seek to: (1) measure the key thermal
properties for a range of mudstone microfacies; (2)
better understand the role of depositional processes,
basin type and age as controls on mudstone facies
coupled to thermal conductivity; (3) constrain the
effect of diagenesis on mudstone thermal properties;
(4) link the thermal properties of mudstones to one or
more holistic, predictive frameworks (e.g. sequence
stratigraphy); and (5) investigate the potential for
convective fluid flow through fracture networks,
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which are more likely to be developed within rela-
tively brittle mudstone microfacies (e.g. siliceous
and carbonate-cemented marine band facies).

Conclusions

We conducted a high-resolution multi-disciplinary
analysis of two core sections in the borehole Elles-
mere Port-1, Cheshire, UK. Biostratigraphic analysis
indicates the core sections are Kinderscoutian and
late Arnsbergian—Chokierian in age, respectively.
Both cores are assigned to the Bowland Shale For-
mation. Coupled core scan and discrete geochemical
analysis enables interpretation of syngenetic pro-
cesses at a relatively high temporal resolution (c.
1-2 kyr). Both cores comprise cycles of limestone,
calcareous to non-calcareous mudstone and siltstone
that are characteristic of the Bowland Shale in the
UK. The cycles are interpreted to represent sediment
deposition during fourth-order, glacioeustatic sea-
level fluctuation. Palaeoredox and palaeosalinity
geochemical proxies support a model for productiv-
ity—driven anoxia in a weakly to moderately
restricted basin. Coupled Mo/Al and As/Al core
scan ratios support a model for intermittently euxinic
bottom waters overlain by relatively thick ferrugi-
nous intermediate waters. Falling sea-level led to
waning marine productivity; euxinic bottom waters
were progressively replaced with ferruginous waters,
followed by the development of fully suboxic or
oxic conditions during the late falling stage and
lowstands.

Unlike the Pendleian Bowland Shale in the Cra-
ven Basin, the cored Bowland Shale successions in
Ellesmere Port-1 are not siliceous and are instead
dominated by argillaceous mudstones. Marine band
facies are interpreted to represent deposition during
marine transgressions and highstands. Falling sea-
level is linked to the progressive or abrupt replace-
ment of calcareous mudstones with siliciclastic
(non—carbonate-bearing) claystones. The siliciclastic
mudstones are commonly laminated and often
exhibit chaotic sedimentary structures, suggestive
of deposition from a range of density flow types,
including potential for en masse transport within
debris flows. Laminated siltstone and sandstone
packages occasionally cap the siliciclastic claystones
and are interpreted to represent deposition during
lowstands, where bottom water conditions were
unambiguously oxygenated, brackish and at least
intermittently freshwater.

Cluster analysis of the XRF core scan data cou-
pled to machine learning of the well log data enabled
prediction of limestone, calcareous mudstone, silici-
clastic (non-carbonate) claystone, and siltstone and
sandstone facies through the entire Bowland Shale
interval in Ellesmere Port-1. The machine

predictions show that the Bowland Shale is interfin-
gered with the three turbiditic leaves of the Cefn-y-
Fedw Sandstone and contains 12 complete fourth-
order cycles resolvable in the well log data. The
Bowland Shale comprises c¢. 18% siltstone and sand-
stone, 37% non-calcareous mudstone, 42% calcare-
ous mudstone and 3% limestone. A step-change in
the symmetry and thickness of cycles at c. 1615 m
below surface probably corresponds to an important
regional shift in the rate of sediment supply from the
Cefn-y-Fedw delta system, above the mid-Carbonif-
erous boundary.

The Bowland Shale exhibits high RHP in com-
parison to other sedimentary rocks, due primarily
to relative enrichment in U. Despite this, box
model heat modelling calibrated to borehole tem-
perature measurements show that heat flow is min-
imally influenced by the high RHP in the Bowland
Shale. Modelling suggests that it is not necessarily
appropriate to assume that the Bowland Shale acts
an insulating blanket over subsurface heat flow.
Simple box modelling shows that the efficiency of
the sedimentary thermal blanket is highly dependent
on mudstone mineralogy and facies. The Bowland
Shale in the Blacon Basin is relatively expanded
and does not represent a highly condensed black
shale unit. Based on the compositional (XRF) anal-
ysis, the Bowland Shale microfacies in the UK are
likely to be more conductive than a simple clay-
stone lithology. Considering the potential impor-
tance of Carboniferous mudstones as caprocks to
buried granite and limestone geothermal plays in
the UK, further work should: (1) measure the ther-
mal properties of a range of mudstone microfacies;
and (2) link the findings to established depositional
and lithostratigraphic models to better understand
the extent to which mudstone units act as thermal
blankets.
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