
Contents lists available at ScienceDirect

Palaeogeography, Palaeoclimatology, Palaeoecology

journal homepage: www.elsevier.com/locate/palaeo

A Mississippian black shale record of redox oscillation in the Craven Basin,
UK
Joseph F. Emmingsa,b,∗, Simon W. Poultonc, Christopher H. Vanea, Sarah J. Daviesb,
Gawen R.T. Jenkinb, Michael H. Stephensona, Melanie J. Lenga,d, Angela L. Lamba,
Vicky Moss-Hayesa
a British Geological Survey, Keyworth, Nottingham, NG12 5GG, UK
b School of Geography, Geology and the Environment, University of Leicester, Leicester, LE1 7RH, UK
c School of Earth and Environment, University of Leeds, Leeds, LS2 9JT, UK
d Centre for Environmental Geochemistry, Sutton Bonington Campus, University of Nottingham, Sutton Bonington, Leicestershire, LE12 5RD, UK

A R T I C L E I N F O

Keywords:
Palaeoredox
Diagenesis
Epicontinental
Bowland shale

A B S T R A C T

Early diagenetic redox oscillation processes have been rarely recognised in the ancient rock record but poten-
tially exert an important control on mineral authigenesis, hydrocarbon prospectivity and supply of metals and/or
reduced S as part of associated mineral systems. The upper unit of the Mississippian Bowland Shale Formation is
a candidate record of diagenetic redox oscillation processes because it was deposited under a relatively high
sediment accumulation rate linked to a large delta system, and under dominantly anoxic and intermittently
sulphidic bottom-water conditions. In order to characterise the syngenetic and early diagenetic processes, se-
dimentological and geochemical data were integrated through the Upper Bowland Shale at three sites in the
Craven Basin (Lancashire, UK). Organic matter (OM) comprises a mixture of Type II, II-S, II/III and III OM.
‘Redox zones’ are defined by patterns of Fe-speciation and redox-sensitive trace element enrichment and split
into two groups. ‘Sulphidic’ zones (EUX, AN-III, AN-I and AN-IT) represent sediments deposited under conditions
of at least intermittently active sulphate-reduction in bottom-waters. ‘Non-sulphidic’ zones (OX-RX, OX-F and
OX) represent sediments deposited under non-sulphidic (oxic to ferruginous anoxic) bottom-waters. Operation of
a shelf-to-basin ‘reactive Fe’ (FeHR) shuttle, moderated by sea level fluctuation and delta proximity, controlled
the position and stability of redoxclines between zones of Fe and sulphate reduction, and methanogenesis. Early
diagenetic redoxclines were capable of migration through the shallow sediment column relatively quickly, in
response to sea level fluctuation. Preservation of syngenetic and early diagenetic geochemical signals shows
redoxclines between Fe and sulphate reduction, and the upper boundary of sulphate-methane transition zone,
were positioned within decimetres (i.e., 10 s cm) of seabed. Falling sea level and increasing FeHR supply is
recognised as a switch from zones EUX (high sea level), AN-III and ultimately AN-I and AN-IT (low sea level).
Zone AN-I defines the operation of ‘redox oscillation’, between zones of Fe and sulphate reduction in shallow
porewaters, associated with enhanced degradation of OM and complete dissolution of primary carbonate.
Preservation of OM and carbonate, in this system, was a function of changing bottom and pore water redox
processes. Redox oscillation operated in a siliciclastic, prodeltaic environment associated with a relatively high
sediment accumulation rate and high loadings of labile organic matter and metal oxides. These findings are
important for understanding Late Palaeozoic black shales in the context of hydrocarbon and mineral systems.

1. Introduction

Organic-rich marine sediments subject to intense physical re-
working and in receipt of a large supply of metal oxidants, such as in
the modern Amazon fan, are prone to early diagenetic ‘redox oscilla-
tion’ (Aller, 1998; Aller and Rude, 1988; Michalopoulos and Aller,

2004). Redox oscillation describes the vertical migration of redoxclines
bounding zones in the shallow sedimentary column (e.g., Burdige,
2006), where O2, NO3

− (nitrate), Mn4+, Fe3+ and/or SO4
2− (sulphate)

may be the dominant terminal electron acceptors (Froelich et al., 1979),
and/or the zone where methanogenesis dominates (Claypool and
Kaplan, 1974). Redox oscillation greatly enhances the rate of organic
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matter (OM) remineralisation in marine sediments (Aller, 1994, 1998;
Burdige, 2007; Sun et al., 2002) by increasing the exposure time to
oxidants yielding the highest free energy, particularly oxygen (Hartnett
et al., 1998).

In oxygen-deficient conditions, bacterial metabolism dominates OM
remineralisation, first utilizing NO3

− (denitrification), followed by
Mn4+, Fe3+, sulphate, and ultimately CO2. Methanogens, utilizing
acetate and CO2 as the two major substrates, are usually out-competed
by sulphate-reducers in shallow marine sediments (Jorgensen, 1982).
Suboxic to anoxic, low pressure and temperature seabed conditions also
support abiotic reduction of NO3

− and metal oxides (Mn4+, Fe3+, e.g.,
Burdige, 2006). This dual operation of biological and abiotic NO3

− and
metal oxide reduction pathways at typical seabed conditions com-
presses the zones of denitrification and Mn/Fe reduction in near-surface
sediments (Burdige, 2006). These processes typically ensure, under
anoxic marine conditions, dominance of sulphate reduction in shallow
porewaters (Thamdrup, 2000).

Under oxic bottom-water conditions, redox oscillation is stimulated
by bottom-currents and bioturbation, which enhance physical re-
working and increase exposure to O2 in shallow sediments (Aller,
1994). Aerobic bacteria, coupled to the use of O2 by enzyme cofactors,
are capable of degrading a wide range of complex organic compounds
(e.g., Fenchel et al., 2012) and remineralisation of OM via hydrolysis
and/or oxidative cleavage. Under more oxygen-limited conditions,
bottom-current reworking and metal oxide loading also stimulate redox
oscillation processes, typically between zones of Mn4+, Fe3+ and sul-
phate reduction (Aller, 1998). Metal oxide reduction (Thamdrup, 2000)
and co-oxidation processes (Aller, 1994; Bianchi, 2011; Canfield, 1994)
enhance OM remineralisation under these conditions.

As a consequence of these processes, rapid and permanent OM
burial beneath the sulphate-methane transition zone (e.g., Claypool and
Kaplan, 1974; Scotchman, 1989; Krajewski et al., 2001; Malinverno and
Pohlman, 2011) will promote OM preservation. This likely proceeds via
‘selective preservation’ (Tegelaar et al., 1989) of non-hydrolisable
biopolymers (Henrichs, 1992), accumulation of bacterial ‘biomass’
(Gong and Hollander, 1997) perhaps protected by authigenic or detrital
minerals (Bennett et al., 1999; Keil and Mayer, 2014; Mayer, 1994),
‘classical’ geopolymerisation reactions (Nissenbaum and Kaplan, 1972),
and/or cross-linking by heteroatoms such as S (Sinninghe Damsté et al.,
1987; Tegelaar et al., 1989) and N (Knicker, 2004). This complexity of
early diagenetic processes combined with other factors, such as pro-
ductivity, explains why the oxygen content of bottom-waters is not
necessarily correlated with an improved hydrocarbon source rock po-
tential (Ganeshram et al., 1999).

Early diagenetic redox oscillation processes have been rarely stu-
died or recognised in the ancient rock record (e.g., Lash, 2015), but
potentially exert an important control on mineral authigenesis (Curtis,
1977), hydrocarbon prospectivity (Espitalie et al., 1977) and supply of
metals and/or reduced S, with relevance, for example, in carbonate-
hosted Zn–Pb mineral systems (e.g., Ashton et al., 2016). The record of
redox oscillation is particularly likely in siliciclastic, prodeltaic and
deltaic mudstones associated with relatively high mean sediment ac-
cumulation rates and high loadings of both OM and metal oxides. The
upper unit of the Mississippian Bowland Shale Formation is a candidate
record of diagenetic redox oscillation processes, because it was; de-
posited under a relatively high mean sediment accumulation rate as
part of a remotely linked delta system (Emmings et al., 2019a), and;
deposited under dominantly anoxic and intermittently sulphidic
bottom-water conditions (Emmings et al., 2019b). The Upper Bowland
Shale is a prodeltaic succession, recognised for significant spatial and
temporal compositional heterogeneity driven by fourth-order sea level
cyclicity (e.g., Clarke et al., 2018; Emmings et al., 2019a; Waters et al.,
2019). The Bowland Shale and equivalents are the targets for un-
conventional hydrocarbon exploration in the UK (Andrews, 2013;
Clarke et al., 2018; Waters et al., 2019).

In order to address the role of redox oscillation processes,

sedimentological observations, organic and inorganic geochemistry and
stable isotopes were integrated from three sections of the Upper
Bowland Shale in the Craven Basin (Lancashire, UK). We expand on the
model for anoxia proposed by Emmings et al. (2019b), who related the
distribution of palynofacies and organic sulphur to changing syngenetic
and early diagenetic redox conditions in the Bowland Shale. Here we
explore a wider geochemical dataset which shows the state and stability
of bottom-water and pore-water redoxclines exerted a key control on
the type and distribution of OM, diagenetic mineral suites and metals
through this black shale succession.

2. Geological setting

The Bowland Shale Formation was deposited in a series of epi-
continental basins as part of the Rheic-palaeo-Tethys palaeoequatorial
seaway spanning from present-day North America to Poland (e.g.,
Davydov et al., 2012). This seaway developed in response to oblique
collision between Gondwana and Laurussia (Warr, 2000), including
phases of rifting, thermal subsidence, strike-slip and compression tec-
tonism. Mississippian extension (Leeder, 1982) generated a series of
graben and half-graben structures, separated by platform ‘blocks’ and
‘highs’, referred to as a ‘block-and-basin’ topography (Fig. 1a; e.g.,
Waters and Davies, 2006). Transition from active rifting to thermal
subsidence broadly coincides with subdivision of the Bowland Shale
Formation into lower and upper units at the Visean-Serpukhovian
boundary (Bisat, 1923; Davydov et al., 2012; Earp, 1961; Menning
et al., 2006; Waters et al., 2009). The Upper Bowland Shale was de-
posited from the early to late Pendleian (∼330–329.7Ma; Gastaldo
et al., 2009; Waters and Condon, 2012) in the Craven Basin (Fig. 1d).

The switch from rift to thermal sag, coupled with the advance of
Pendle fluviodeltaic systems from the north (Fig. 1a; e.g., Waters et al.,
2014; Bijkerk, 2014), produced an interdigitating succession of hemi-
pelagic and siliciclastic facies in the Craven Basin (Fig. 1d). The Upper
Bowland Shale was deposited relatively rapidly (Fig. 1b), defining a key
prodeltaic transition between the carbonate-dominated Lower Bowland
Shale (Newport et al., 2018) and the overlying siliciclastic, deltaic
Millstone Grit Group (including the Pendleton Formation; Fig. 1; Waters
et al., 2009).

Emmings et al. (2019a) interpreted ‘lenticular’ mudstones, common
in the Upper Bowland Shale, primarily as ‘densite’ mud mixed with
subordinate hemipelagic mud. This texture is best explained by the
transport and deposition of mud rip-up intraclasts in the bedload of
density currents (see Schieber et al., 2010) that is mixed with hemi-
pelagic and turbiditic mud. Mud intraclasts were likely sourced from
nearby highs and blocks proximal to the Pendle delta, suggesting the
Upper Bowland Shale was ‘remotely linked’ to the prograding Pendle
delta system (Emmings et al., 2019a).

Siliciclastic facies also include a variety of turbidites, hybrid beds,
debrites and the partially injected Hind Sandstone Member (Aitkenhead
et al., 1992; Emmings et al., 2019a; Kane, 2010; Moseley, 1952, 1962).
Deposition of the Bowland Shale was followed by deposition of delta-
top facies on the Askrigg Block and the Pendle Grit basinal submarine
turbidite fan complex as part of the Pendleton Formation (Fraser and
Gawthorpe, 1990, 2003; Kirby et al., 2000; Waters et al., 2007, 2009)
(Fig. 1d). Estimates for water depth in the Craven Basin range from
∼100 to 200m (Davies, 2008; Holdsworth and Collinson, 1988), to
several hundred metres (Davies et al., 1993).

2.1. Condensed sections

Hemipelagic sediments in the Bowland Shale include discrete,
macrofauna-bearing, commonly carbonate-rich sedimentary packages
termed ‘marine bands’ (e.g., Ramsbottom, 1977, Fig. 1d). Marine bands
are interpreted as ‘condensed sections’; sediments starved of terrige-
nous material deposited during periods of the maximum rate of trans-
gression (Posamentier et al., 1988) and/or at maximum marine
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flooding (Martinsen et al., 1995). Marine band cyclicity in the Na-
murian was likely a response to far-field ice-sheet volume on Gondwana
(Veevers and Powell, 1987).

Marine bands typically include thick- and thin-shelled body fossils
hosted within a weakly to moderately lenticular, typically carbonate-
rich, mud-rich matrix (Emmings et al., 2019a). Macrofaunal body fos-
sils, particularly ammonoids, are used to differentiate marine bands
from intervening mudstones and permit a high-resolution biostrati-
graphic framework (Ramsbottom and Saunders, 1985). The Upper
Bowland Shale in the study area contains four index marine bands, E1a1
to E1c1, which correspond to the base of four ammonoid (sub)zones,
Cravenoceras leion, Cravenoceras bradoni, Tumulites pseudobilinguis and
Cravenoceras malhamense, respectively (e.g., Brandon et al., 1998). The
E1a1 marine band is an important marker package at the Lower-Upper
Bowland Shale contact (Fig. 1d). Marine bands and overlying mud-
stones may exhibit a complete faunal succession (phases 6 to 1); thick
shelled goniatites (6), thin shelled goniatites (5), molluscan spat (4),
lingula (3), planolites (2), fish remains (1), as well as barren zones
(Ramsbottom, 1977). These faunal phases are thought to indicate cy-
cling between euhaline (6) and freshwater conditions (1) (Holdsworth
and Collinson, 1988; Ramsbottom et al., 1962).

Marine bands are interpreted as fourth-order sequences (Mitchum
and Van Wagoner, 1991). E1a1 and E1c1, thought to represent peak
highs associated with the ∼400 ka eccentricity cycle (Maynard and
Leeder, 1992; Waters and Condon, 2012). Multiple flooding surfaces
are recognised for E1a1 (a, b and c) and E1b2 (a and b) marine bands
(Waters and Condon, 2012), which may represent higher-frequency sea
level fluctuations (Fig. 1d). Estimates for the amplitude of sea level
cycles ranges between 42m (Maynard and Leeder, 1992) to 60–100m
(Church and Gawthorpe, 1994; Rygel et al., 2008). The Upper Bowland
Shale and overlying Pendleton Formation form part of the N1 me-
sothem (Ramsbottom, 1973, 1977), a candidate third-order sequence
(Mitchum and Van Wagoner, 1991, Fig. 1d).

Variscan inversion of the Craven Basin, primarily during the
Pennsylvanian (Late Westphalian to Stephanian; e.g., Pharaoh et al.,
2019), resulted in the development of a set of north-east south-west
trending folds, thrust-folds and monoclines. These structures are col-
lectively defined as the Ribblesdale Fold Belt (Arthurton, 1984; Gaw-
thorpe, 1987, Fig. 1c).

3. Materials and methods

Three localities in the Craven Basin were selected for geochemical
analysis; the outcrop at Hind Clough (53°58′25.4″N 2°32′37.6″W,
WGS1984) and boreholes Marl Hill 4 (MHD4; 53° 54′ 57.17″N 2° 29′
50.68″W) and Cominco S9 (54° 4′ 2.08″N 2° 12′ 54.93″W; Fig. 1c). The
stratigraphic framework for these sections was based on ammonoid
biozones P2c-d to E1c1 (see geological setting) identified by Brandon
et al. (1998), Riley (1988) and Arthurton (1972), respectively. Sedi-
mentary facies descriptions and bioturbation index (BI) are based on
the method of Lazar et al. (2015). BI is defined on a scale of increasing
bioturbation intensity, where 0 indicates the sample is not bioturbated
and 5 indicates complete churning by infauna.

3.1. Rock-Eval pyrolysis and n-alkanes

Subsamples were crushed and milled to a fine powder prior to
geochemical analysis. Pyrolysis was conducted on 193 whole-rock bulk
powders in a Rock-Eval 6™ apparatus (Vinci Technologies) in standard
mode. This included pyrolysis of 8 samples following extraction of bi-
tumen (Soxhlet extraction; Appendix A). Gas chromatography (GC)
analyses were conducted on n-alkane extracts from 30 immature to
early oil-mature samples from Hind Clough and MHD4. Powders (10 g)
were spiked with tetracosane-D50, squalene and hexatriacontane-D74
at 10 ng/μL and allowed to equilibrate for 3 h. Powders were then
mixed with clean sand (43 g) and copper powder (6 g), prior to ex-
traction with dichloromethane (DCM)/methanol (9:1 v/v) at 75 °C and
750 psi using an accelerated solvent extraction system (ASE, Dionex
200; e.g., Newell et al., 2016). Extracts were reduced to dryness using a
TurboVap and reconstituted in a minimum volume of DCM for column
chromatography. Saturated hydrocarbons were separated using a glass
pipette alumina oxide column (Al2O3-5x0.5 cm) eluted with 4ml n-
hexane/DCM (9:1 v:v) then reconstituted in 0.5 mL volume of n-hexane
for GC analysis.

Saturates were analysed on a Hewlett Packard 6890 series GC-FID
system fitted with an Agilent J&W DB-1 column (60m length, 0.25mm
internal diameter, 0.1 μm film thickness), 1 μL was injected at 280 °C in
splitless mode for 0.7 min, split 1:30 thereafter. Helium carrier gas was
supplied at 1mL/min. The oven temperature program ramped from
60 °C (isothermal for 1min) to 320 °C (isothermal for 15min) at 10 °C/
min. Peak area integrations were determined using Clarity software.
Extracts included identification of isoprenoids pristane (Pr) and phy-
tane (Ph). The terrigenous/aquatic n-alkane ratio (TAR; Eq. (1)) was
used to assess the relative contributions of terrestrial and marine OM
(Bourbonniere and Meyers, 1996). Data and chromatograms are pre-
sented in Appendix B.

TAR = (nC27+ nC28+nC29)/(nC15+ nC17+nC19) (1)

3.2. Major and trace elements

Total carbon (C) and sulphur (S) concentrations were measured on
110 samples using a LECO CS 230 elemental analyser. Major and trace
element concentrations were measured on fused beads (109 samples)
and powder briquettes (108 samples) with a PANalytical Axios
Advanced X-Ray Fluorescence (XRF) spectrometer using default
PANalytical SuperQ conditions. Data, including estimates for accuracy
and precision, are reported in Appendix C. Trace element enrichment
factors (EFs; e.g., Tribovillard et al., 2006) were utilised (Eq. (2)), using
Post-Archaean Average Shale (PAAS) (Taylor and McLennan, 1985). As,
Sb and Se were normalised to Upper Continental Crust (McLennan,
2001) in the absence of PAAS values. ‘Excess Si’ was calculated
(Emmings et al., 2019a) using Si/Al≤ 2.5 as the local detrital signal
(sensu Sholkovitz and Price, 1980, Eq. (3)) and interpreted primarily as
a pelagic and biogenic (radiolarian) signal that did not migrate sig-
nificantly during diagenesis (Emmings et al., 2019a). FeT, S, Mo and U
data were previously reported by Emmings et al. (2019b).

Fig. 1. a) Inherited Visean regional basin structure, modified from Waters et al. (2007). Hind Clough (A), MHD4 (B) and Cominco S9 (C). Pendle delta and feeder
system extent based on Fraser and Gawthorpe (1990, 2003), Waters et al. (2014) and Bijkerk (2014) and references therein. Late E1c1 incised valley (Bearing Grit)
extent from Bijkerk (2014). Major Pendleian fluvial systems, including the compound fill of the Rogerley Channel, from Waters et al. (2014). b) Mean sediment
accumulation rate (SAR) versus time span for siliciclastic sedimentary systems after Sadler (1981, 1999) and Sadler and Jerolmack (2014), assuming 400 ka timespan
of deposition. Plotted with median values and 1σ (thick), 2σ (medium) and 3σ (thin) percentiles. c) Location map with main structural elements (after Fraser and
Gawthorpe, 2003) Hind Clough (A), MHD4 (B) and Cominco S9 (C). Outcrop extent data based on DigMapGB-625, with permission of the British Geological Survey.
British National Grid projection. Contains Ordnance Survey data © Crown Copyright and database rights. d) Generalised Visean-Serpukhovian lithochronostrati-
graphy, including the Upper Bowland Shale (this study) and Hind Sandstone Member (HS), from Emmings et al. (2019a). Age control fromWaters and Condon (2012)
after Gastaldo et al. (2009) and Davydov et al. (2010). Estimated areal extent for marine bands from Waters and Condon (2012). Diagnostic ammonoid faunal zones
from Riley et al. (1993) and mesothem definitions from Ramsbottom (1973, 1977). Craven Basin composite after Newport et al. (2018) and Brandon et al. (1998).
The Pendleton Formation includes the Pendle Grit Member (PG), Surgill Shale (S), Warley Wise Grit (W) and Bearing Grit incised valley infill (BG).
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EFelement = [X/Al]sample/[X/Al]PAAS (2)

Siexcess = Si – (2.5xAl) (3)

3.3. Iron speciation

Fe speciation analyses were reported by Emmings et al. (2019b),
and were conducted via sequential extraction to determine carbonate-
associated Fe (Fecarb), ferric (oxyhydr)oxides (Feox) and magnetite
(Femag) (Poulton and Canfield, 2005). Fe-speciation data plotted versus
depth are provided in Appendix D. The precision of Feox, Femag and Feox
was determined as< ±0.01 wt%, based on two standard deviations
(2σ) of repeat analyses. Pyrite Fe (Fepy) was estimated via extraction of
chromium-reducible S, which followed extraction of acid-volatile sul-
phide (Canfield et al., 1986). The precision of Fepy was determined
as± 0.11 wt%. The sum of Fecarb + Feox + Femag + Fepy defines a
‘highly reactive’ (FeHR) pool (Poulton et al., 2004a), consisting of Fe
mineral phases considered to be reactive towards dissolved sulphide
(Canfield et al., 1992; Poulton et al., 2004b). FeHR/FeT (total Fe) and
Fepy/FeHR were compared with established redox thresholds (Poulton
and Canfield, 2011; Poulton and Raiswell, 2002; Raiswell and Canfield,
1998). Facies H–I FeHR is presented on a Femag-free basis, due to the
presence of detrital Femag (i.e., Facies H–I are compositionally im-
mature; see Emmings, 2018; Emmings et al., 2019a).

3.4. Organic sulphur

Organic S (Sorg) data were previously reported by Emmings et al.
(2019b). 37 sample powders (∼1 g) were washed for 24 h in 200ml
10 wt/vol % NaCl in order to leach free sulphate (Kampschulte et al.,
2001). Total S measured on NaCl-washed residues was compared with
the total S of untreated powders, yielding an estimate for the sulphate S
(Ssul) fraction, after correction for the mass loss assuming leaching of
pure CaSO4 (see Emmings et al., 2019b). In most cases, estimated Ssul
was within or close to± 0.08wt % (2σ) of the total (untreated) S (i.e.,
the long-term analytical precision). Therefore Ssul was negligible for
most samples. Sorg content was estimated by subtraction of Spy (Fepy x
1.15) and Ssul from total S (Eq. (4); e.g., Tribovillard et al., 2001).
Propagating the precision of TS, Spy and Ssul in quadrature yields a
precision estimate of± 0.12 wt % (2σ) for Sorg.

Sorg= S – Spy – Ssul (4)

3.5. Stable isotopes

All stable isotope data are reported in standard delta (δ) notation as
per mille (‰) variations. Stable C isotope analyses of OM (δ13Corg) were
determined on decarbonated powders by combustion in a Costech
ECS4010 elemental analyser and GV Optima isotope ratio mass spec-
trometer. Reported δ13Corg values are reported on the Vienna Pee Dee
Belemnite (VPDB) scale, using a within-run laboratory standard,
BROC2 (−27.5‰), which is calibrated against international standards
NBS19 (+1.95‰) and NBS22 (−30.03‰). δ13Corg reproducibility
is± 0.1‰ (2σ). S isotope ratios for chromium-reducible (pyrite S) ex-
tracts (as Ag2S) were measured using a Thermo Delta Plus XL isotope
ratio mass spectrometer interfaced with a Flash 1112 elemental ana-
lyser. δ34Spy values are reported on the VCDT scale. δ34Spy data are
reported in Emmings et al. (2019b) and Table 1. S isotope ratios were
calibrated using a linear two-point fit through IAEA-S-1 (−0.3‰) and
IAEA-S-3 (−32.3‰). IAEA-S-2 (+22.67‰) was also analysed as an
unknown. δ34Spy reproducibility is± 1.0‰ (2σ) based on repeat ana-
lyses.

The C and O stable isotope composition of carbonate (δ13Ccarb and
δ18Ocarb) was measured on a VG Optima dual inlet mass spectrometer
using samples pre-treated with 5% sodium hypochlorite to oxidise

reactive organic material. Prior to analysis the samples were reacted
overnight in vacuo with anhydrous phosphoric acid at 25 °C, and the
liberated CO2 was separated cryogenically from water vapour under
vacuum. δ13Ccarb and δ18Ocarb values are reported on the VPDB scale
using a within-run laboratory standard, MCS (−0.95‰ δ13C, −9.17‰
δ18O), calibrated against international standards NBS19 (+1.95‰
δ13C, −2.20‰ δ18O) and NBS18 (−5.01‰ δ13C, −23.2‰ δ18O).
Repeat analyses indicate reproducibility of± 0.12‰ (2σ) and±
0.02‰ (2σ), for δ13Ccarb and δ18Ocarb, respectively. Selected δ13Corg,
δ13Ccarb and δ18Ocarb isotopic data are reported in Appendix E. All data
are available in the accompanying supplementary files and stored in an
open-access data repository (Emmings et al., 2019c). All data (with the
exception of δ13Ccarb and δ18Ocarb) were first reported in Emmings
(2018) [PhD thesis under embargo until late 2020].

4. Results

Sections were logged and sampled. Sedimentary facies A-J were
defined and interpreted by Emmings et al. (2019a). Facies A are thin-
bedded spherulitic limestones present at the base of the E1a1 marine
band. Facies B–C are siliceous, calcareous, bioclastic (B) to non-bio-
clastic (C) lenticular argillaceous mudstones deposited dominantly
under hemipelagic conditions during periods of high sea level (‘marine
band’ packages). Facies D-E are siliceous, calcareous, argillaceous
mudstones interpreted as a variety of density flow deposits including
calciturbidites (D) and silici-turbidites, debrites and hybrid flows (E)
deposited during falling and low sea level. Facies Em represent the ‘mud
cap’ equivalent of Facies E hybrid beds. Facies F are siliceous lenticular
argillaceous mudstones deposited under hemipelagic conditions with
enhanced bedload transport of mud clasts during periods of falling sea
level.

Facies G are argillaceous, strongly lenticular mudstones that lack
quartz and carbonate cement. Organic-rich laminae in Facies G were
interpreted by Emmings et al. (2019a) and Emmings et al. (2019b) as
the fragments of sulphide-oxidising microbial mats. Facies H-J are a
variety of siliciclastic sediments, including argillaceous mudstones (H),
siltstones (I) and rare sandstones (J), deposited primarily from density
flows. Facies G-J were deposited during the late stages of basin infill as
part of the Pendle prodelta, prior to deposition of the Pendleton For-
mation (Emmings et al., 2019a). Sedimentary logs and selected data
from Hind Clough, MHD4 and Cominco S9 are presented in Figs. 2–3
and Tables 1–4.

4.1. Organic geochemistry

Plotting Tmax versus hydrogen index (HI) demonstrates that samples
from Hind Clough and MHD4 are immature to early oil mature,
whereas most Cominco S9 samples are oil mature (Fig. 4a). TOC and HI
are typically highest in Facies A-F, and A-C (i.e., marine bands), re-
spectively (Figs. 2–3, 4a-c, Table 1). A pseudo-van krevelen plot (e.g.,
Espitalie et al., 1977; Peters, 1986, Fig. 4b) demonstrates samples from
Hind Clough and MHD4 plot closest to the Type I maturation pathway.
Facies D-E and H–I are positioned near the Type III pathway. OI is low
in Facies A-C (marine bands) and F-G, and highly variable in Facies D-E
and H–I. Plotting S2 versus TOC demonstrates that most samples plot
within the mixed Type II/III to Type III OM fields (Fig. 4c). Facies A-C
and F are differentiated along HI=200mg HC/g TOCpd (Fig. 4c) and
the ratio of pyrolised to residual organic C (PC/RC=0.2; Fig. 4d).
Facies D and E plot along PC/RC=0.2. Facies A-C and Em-I mudstones
plot above, and below, this line, respectively. The E1c1 marine band at
Cominco S9 exhibits decreased Tmax compared to adjacent Facies H–I
mudstones above and below (Fig. 2). At Hind Clough and MHD4, Tmax

is lowest in Facies F (∼433 °C) and highest in Facies B and G (∼440 °C;
Table 1; Fig. 3).

Extracted n-alkanes are generally dominated by relatively short
chains (Fig. 4e) and exhibit an average ACL of ∼18.7 and TAR of 0.10
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(Table 2; Fig. 4e). n-alkanes exhibit average Pr/C17, Pr/C18, Pr/Ph, Pr/
(Pr + Ph), CPI25-34 and OEP21-25, of 1.15, 0.75, 1.58, 0.61, 0.91 and
1.03, respectively (Table 2). Facies E samples tend to exhibit a slightly
larger abundance of relatively long alkanes (C28 to C33) and therefore
higher ACL and TAR (Table 2), compared to the other facies (Fig. 4e).

4.2. Palaeoredox zones

Redox-sensitive trace elements, such as Mo, U, V and Ni, are en-
riched in all Facies A-F mudstones relative to PAAS (Figs. 2–3; Tables 1,
3 and 4; Emmings et al., 2019b). Facies G-I mudstones typically lack (or
exhibit marginal) enrichment in redox-sensitive trace elements relative
to PAAS. FeHR/FeT, Fepy/FeHR and redox-sensitive trace element con-
tent are used to define seven ‘redox zones’ within these sedimentary
packages (oxic-ferruginous, ‘OX’; ferruginous-euxinic, ‘AN’, or; euxinic,
‘EUX’, bottom-waters). Suffixes I and III are an adaptation of V and Ni
fixation pH-Eh regimes I and III of Lewan (1984). Zone EUX is
equivalent to pH-Eh regime II of Lewan (1984) (see Discussion for
further details). Zones EUX, AN-III, AN-I and AN-IT exhibit FeHR/
FeT > 0.38, the threshold for delineation of anoxic conditions (Poulton
and Canfield, 2011; Poulton and Raiswell, 2002; Raiswell and Canfield,
1998). These zones also exhibit Fepy/FeHR typically 0.7–0.8, spanning
the threshold for recognition of euxinic conditions (Poulton and
Canfield, 2011; Poulton and Raiswell, 2002; Raiswell and Canfield,
1998). Therefore Emmings et al. (2019b) interpreted that these
packages were deposited under anoxic, ferruginous and at least inter-
mittently euxinic, conditions.

Zones OX-RX and OX-F exhibit FeHR/FeT close to 0.38 and minimal
redox-sensitive trace element enrichment. Therefore these packages
were deposited under (sub)oxic (RX) to ferruginous anoxic (F), but
dominantly non-sulphidic, bottom-water conditions. Zone OX exhibits
FeHR/FeT < 0.38 and lacks redox-sensitive trace element enrichment.
Emmings et al. (2019b) suggested these packages were deposited under
oxic to sub(oxic) conditions.

Redox-sensitive trace element fixation is largely coupled to the
availability of free sulphide in bottom-waters and/or porewaters (e.g.,
Tribovillard et al., 2006). Therefore element EFs relative to the ‘sul-
phidic’ and ‘non-sulphidic’ (oxic to ferruginous) mean trace element
concentrations (Table 3), rather than PAAS values, were utilised in
order to delineate patterns of trace element enrichment. Thus EFs for
samples deposited under at least intermittently sulphidic pore and/or
bottom-waters (EUX, AN-III, AN-I and AN-IT zones) are based on the
‘sulphidic’ mean (Table 3; Fig. 5a, c, e). EFs for samples deposited under
dominantly non-sulphidic, oxic to ferruginous conditions (OX-RX, OX-F
and OX zones) are based on the ‘non-sulphidic’ mean (Fig. 5b, d, f).

Zone EUX defines Facies A-C samples with enrichment, to some
degree, in all redox-sensitive trace elements (Figs. 5–6a, b), FeHR/FeT
typically close to 1 and Fepy/FeHR typically> 0.7 (Fig. 7b), and fine
pyrite framboids and euhedra in the matrix (Fig. 8a; Emmings et al.,
2019a, b). V, Se, Cr, Cu, Zn, Ba and Ni exhibit significant enrichment
above the ‘sulphidic’ mean concentration (Table 3; Fig. 5a). Zone EUX is
identified at the base of the E1a1 marine band at MHD4 (Fig. 3b) and at
the base of the E1b2 marine band at Hind Clough (Fig. 3a). Zone AN-III
defines Facies A-C and rarely F samples with significant V, Se and Cr
enrichment and Ni, Pb, Co, FeT and As depletion relative to the ‘sul-
phidic’ mean (Table 3; Fig. 5c), elevated Mo enrichment compared to U
(Fig. 6c), FeHR/FeT>0.38 and highly variable Fepy/FeHR (Fig. 7c), and

fine framboidal pyrite in the sedimentary matrix (Fig. 8b). This zone
overlies zone EUX in the E1a1 marine band at MHD4 (Fig. 3b) and
defines most Facies B–C (marine band) samples at Hind Clough (Fig. 3a)
and Cominco S9 (Fig. 2).

Zone AN-I defines Facies F samples with Cu, Mo, Ni, Pb, Co, FeT and
As enrichment and V, Se, Cr, Mg, Zn, Mn, Sc, C, P and Ca depletion
relative to the ‘sulphidic’ mean (Table 3; Fig. 5e). Zone AN-I exhibits
elevated Mo enrichment compared to U (Fig. 6d), FeHR/FeT>0.38 and
Fepy/FeHR close to 0.75 (Fig. 7d). Zone AN-I samples also exhibit mixed
microcrystalline and framboidal pyrite in the sedimentary matrix
(Fig. 8c). This zone is present above the E1a1 marine band, and above
and below the E1b2 marine band, at Hind Clough (Fig. 3a). Zone AN-IT
exhibits trace element and Fe speciation enrichment patterns that is
transitional between zones AN-III and AN-I (Figs. 5, 6e and 7e) but
exhibits interlocking pyrite crysts along coarse mud to sand-sized la-
minae within Facies D-Em interbedded mass transport deposits at Hind
Clough (Figs. 3a and 8d).

Zone OX-RX defines Facies G samples above the E1b2 marine band at
Hind Clough (Fig. 3a), with marginal enrichment in S, As, Sb, Se, U, Cu,
V, Pb, Ni and Mo relative to the ‘non-sulphidic’ mean (Table 3; Fig. 5b).
Zone OX-RX exhibits Mo and U enrichment that is proportional (in log-
log space; Fig. 6f), Fepy/FeHR close to 0.75 and FeHR/FeT close to 0.38
(Fig. 7f). Zone OX-RX contains pyritised burrows and relatively large
framboids, aggregates and nodules (Fig. 3a; 8e; Emmings et al., 2019a).
Zone OX-F defines several Facies H samples below the E1c1 marine band
at Cominco S9 (Fig. 2). This zone exhibits marginal enrichment in S, As
and Pb relative to the ‘non-sulphidic’ mean, and slightly elevated en-
richment in Mo compared to U (Fig. 6g). Zone OX-F also exhibits FeHR/
FeT > 0.38 and Fepy/FeT close to 0.7 (Table 3; Fig. 5d) and contains
aggregated pyrite euhedra. Zone OX defines all other Facies H–I sam-
ples at Cominco S9 (Fig. 2), which exhibit redox-sensitive trace element
depletion relative to the ‘non-sulphidic’ mean (Table 3; Fig. 5f), and
proportionally low Mo and U content (Fig. 6h). Zone OX exhibits FeHR/
FeT < 0.38 and Fepy/FeT < 0.25, bioturbation and contains rare,
scattered pyrite euhedra (Fig. 2; 8f).

4.3. Integrated geochemistry

FeHR/FeT and Fepy/FeHR and V and Ni EFs readily delineate organic
geochemical heterogeneity (Fig. 9a–b; 10a-b). Samples plot along a
mixing line from Zone EUX (high FeHR/FeT, Fepy/FeHR and high HI) to
Zone OX (low FeHR/FeT, Fepy/FeHR and low HI; Fig. 9a–b). Zones AN-I
and OX-F deviate from this mixing line towards relatively low HI and
moderate to high FeHR/FeT and Fepy/FeHR. Inorganic C, and the ratio of
pyrolised inorganic C (pyroMINC) to oxidised inorganic C (oxiMINC),
versus HI also delineates most sedimentary facies and redox zones
(Fig. 9c–d). Inorganic C and oxiMINC are highest in Facies A-B, mod-
erate to low in Facies C-E and very low to trace in Facies F–I (Table 1,
Figs. 2–3).

Zone EUX (Facies A-C) exhibits moderate to high enrichment in
both V and Ni, and moderate to high HI (Fig. 10a–b). Zone AN-III
(Facies A-C and rarely F) exhibits high V and low Ni enrichment, and
relatively low to moderate HI. Zones AN-I and AN-IT (Facies D-F) ex-
hibit low V and high Ni enrichment, and low HI. Zones OX and OX-F
(Facies H–I) are depleted in both V and Ni, and exhibit low HI.

Zone AN-I (Facies F) mudstones have low δ34Spy and low
V/(V + Ni), and plot on two mixing lines, connecting zones EUX and

Fig. 2. Sedimentary log, facies and bioturbation index through the Upper Bowland Shale, borehole Cominco S9, from Emmings et al. (2019a). Plotted with total
organic carbon (TOC), inorganic C, excess Si and basin accomodation from Emmings et al. (2019a); organic S (Sorg), RockEval pyrolysis Tmax, Mo and U enrichment
factors (EFs), δ34Spy, and Fe speciation (FeHR/FeT and Fepy/FeHR) from Emmings et al. (2019b); RockEval pyrolysis production index (PI), pyrolised C (PC), residual C
(RC), hydrogen index (HI), oxygen index (OI) and As, Ni and V (EFs) (this study). *FeHR excluding Fecarb. **FeHR excluding Femag, considered appropriate for Facies
H–I samples because these likely contain a significant detrital Femag fraction (i.e., Facies H–I are compositionally immature; see Emmings, 2018; Emmings et al.,
2019a). Fe speciation palaeoredox fields from Poulton and Raiswell (2002) and Raiswell and Canfield (1998). See Results for definition of redox zones. Sedimentary
facies key includes symbology on Figs. 4–7 and 9-11.
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AN-III (Facies A-C) with moderate δ34Spy and high V/(V + Ni), and
zones OX and OX-RX (Facies G-H) with high δ34Spy and moderate high
V/(V + Ni) (Fig. 10c). Zone AN-IT (Facies D-E) tends to exhibit variable
V/(V + Ni) and low to moderate δ34Spy. Low V/Ni delineates Sorg-rich
Facies E-G (Fig. 10d).

Three Facies A limestone samples (from Zone EUX in MHD4) exhibit
δ13Ccarb of −1.13, −7.83 and −1.49‰ and δ18Ocarb of −6.73, −5.70
and −6.38‰, respectively. Facies B mudstones have a mean δ13Corg of
−27.92‰ (±2.47 2σ). This is similar to the Facies B-G average
δ13Corg of −28.16‰ (±0.44 2σ). Facies H–I mudstones have a mean
δ13Corg of −25.86‰ (±0.46 2σ). Facies A δ18Ocarb equates to an es-
timated calcite precipitation temperature between 20 and 37 °C, using
the palaeotemperature equation of Kim and O'Neil (1997) and assumed
δ18Ow between −1.8‰ (Stephenson et al., 2010) and −4‰ (VSMOW)
(see Discussion and Appendix F for further details).

5. Discussion

5.1. Organic matter type

Relatively high HI, high PC/RC and low OI suggests Facies A-G bulk
organic matter (OM) is mixed Type II/III (e.g., Fig. 4b–d) (Espitalie
et al., 1977; Tissot and Pelet, 1981). Several Facies B and D-G mud-
stones exhibit a bulk Sorg/TOC molecular ratio of> 0.04, indicative of
Type II-S kerogen (Fig. 10d) (Emmings et al., 2019b; Orr, 1986). Facies
A-F n-alkane parameters TAR and ACL (Table 2) suggest the solvent-
extractable OM is likely marine and algal in origin (Bourbonniere and
Meyers, 1996; Peters et al., 2005). Slightly higher TAR and ACL in
Facies E (Table 2; Fig. 4e) indicates an increased proportion of terres-
trial OM. This is plausible considering Facies E are interpreted as a suite
of subaqueous density flow deposits (Emmings et al., 2019a) expected
to contain a greater component of allochthonous OM. On the basis of
relatively low HI and high OI, Facies H–I bulk OM is interpreted as Type
III OM (terrestrial OM such as wood supplied primarily from the Pendle

Fig. 3. Sedimentary log, sedimentary facies and bioturbation index through the Upper Bowland Shale at outcrop Hind Clough (a) and in borehole MHD4 (b), from
Emmings et al. (2019a). Plotted with total organic carbon (TOC), inorganic C, excess Si and basin accomodation from Emmings et al. (2019a); organic S (Sorg),
RockEval pyrolysis Tmax, Mo and U enrichment factors (EFs), δ34Spy, and Fe speciation (Fe/FeT and Fepy/FeHR) from Emmings et al. (2019b); RockEval pyrolysis
production index (PI), pyrolised C (PC), residual C (RC), hydrogen index (HI), oxygen index (OI) and As, Ni and V (EFs) (this study). *FeHR excludes Fecarb. **FeHR

excludes Femag, considered appropriate for Facies H–I samples because these likely contain a significant detrital Femag fraction (i.e., Facies H–I are compositionally
immature; see Emmings, 2018; Emmings et al., 2019a). Fe speciation palaeoredox fields from Poulton and Raiswell (2002) and Raiswell and Canfield (1998). See
Results for definition of redox zones. See Fig. 2 for key. TOC, inorganic C, PC, HI and OI values higher than the scale limits are labelled in [] parentheses.

Table 2
Selected n-alkane parameters.

Sample Location Depth/Height
[m]

Facies Pr/n-C17 Ph/n-C18 Pr/Ph Pr/(Pr + Ph) TAR ACL CPI25-34 OEP21-25

HC02_20 HC 21.8 A 1.59 0.97 1.83 0.65 0.00 18.29 1.14 1.04

HC02_2 HC 0.68 B 1.19 0.69 1.80 0.64 0.12 18.86 0.91 1.04
SSK60774 MHD4 12.9 B 1.77 0.89 2.06 0.67 0.13 18.73 0.89 1.02
HC02_14 HC 12.9 B 1.34 0.82 1.79 0.64 0.04 17.74 0.79 1.05
SSK60787 MHD4 16.55 B 1.20 0.61 2.06 0.67 0.07 17.77 0.82 1.01
SSK60788 MHD4 16.99 B 0.95 0.64 1.52 0.60 0.10 19.41 1.09 1.00
HC02_23 HC 22.58 B 1.35 0.75 1.65 0.62 0.16 19.49 0.93 1.05
HC02_25 HC 23.32 B 1.87 1.07 1.61 0.62 0.15 19.51 0.83 1.01
HC02_27 HC 24.16 B 1.41 0.80 1.68 0.63 0.13 19.22 0.90 1.03

SSK60772 MHD4 12.06 C 1.88 0.92 1.99 0.67 0.15 18.85 0.83 1.02
SSK60781 MHD4 14.8 C 1.48 0.75 2.12 0.68 0.11 18.69 0.90 1.02
HC02_31 HC 25.52 C 1.03 0.62 1.69 0.63 0.15 19.00 0.91 1.03
HC02_32 HC 26.2 C 0.80 0.53 1.60 0.62 0.06 17.93 0.87 1.02

HC02_11 HC 5.9 D 0.71 0.52 1.50 0.60 0.05 18.34 0.91 1.03
HC02_49A HC 35.37 D 0.96 0.78 1.53 0.60 0.00 16.40 1.31 1.00
HC02_58 HC 39.5 D 1.02 0.82 1.38 0.58 0.11 18.64 0.83 1.03
HC02_63 HC 43 D 1.15 0.82 1.37 0.58 0.18 19.82 0.94 1.03

HC02_67 HC 44.77 E 0.95 0.68 1.38 0.58 0.19 19.65 0.89 1.01
HC02_75 HC 48.82 E 1.02 0.72 1.44 0.59 0.21 19.88 0.96 1.02
HC02_73 HC 48.14 Em 1.20 0.79 1.43 0.59 0.22 19.89 0.95 1.01

HC02_33 HC 26.83 F 0.97 0.66 1.22 0.55 0.13 19.70 0.87 1.02
HC02_37 HC 28.7 F 0.96 0.67 1.56 0.61 0.06 17.99 0.98 1.02
HC02_40 HC 30.3 F 1.18 0.73 1.61 0.62 0.08 18.53 0.90 1.03
HC02_43 HC 32.1 F 1.03 0.70 1.44 0.59 0.07 18.49 1.01 1.03
HC01_10B HC 33.58 F 0.95 0.85 1.29 0.56 0.01 17.61 0.79 1.05
HC02_51 HC 36.1 F 1.01 0.78 1.28 0.56 0.03 18.44 0.75 1.03
HC01_04B HC 37.37 F 0.84 0.75 1.42 0.59 0.01 17.00 0.71 1.12
HC02_57 HC 39 F 0.95 0.80 1.34 0.57 0.05 18.28 0.80 1.03
HC02_61 HC 40.95 F 0.79 0.61 1.38 0.58 0.04 18.44 0.92 1.01
HC02_62 HC 41.5 F 0.93 0.67 1.43 0.59 0.09 19.09 0.84 1.02

Average 1.15 ( ±
0.62)

0.75 (±
0.25)

1.58 (±
0.49)

0.61 ( ±0.07) 0.10 ( ±
0.12)

18.66 (±
1.71)

0.91 ( ±
0.24)

1.03 (± 0.04)

Notes: Sedimentary facies from Emmings et al. (2019a).
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delta; Fig. 4b–c).
Reversal in Tmax through the E1c1 marine band (Fig. 2) is most likely

due to a change in OM type, from terrestrial (gas-prone, high Tmax) to
marine (oil-prone, low Tmax) (e.g., Tissot and Welte, 1984). Alter-
natively, changing clay mineralogy, from mica, chlorite and kaolinite-
rich Facies H–I, to illite and/or illite-smectite-rich Facies B in the E1c1
marine band (Emmings et al., 2019a), potentially promoted hydro-
carbon retention (Espitalie et al., 1980) or catalysed thermal matura-
tion (Bu et al., 2017) as ‘matrix effects’.

Mississippian amorphous OM (AOM; of probable marine origin)
exhibits an average δ13Corg of −29.1‰ (Lewan, 1986), whereas ter-
restrial OM typically exhibits −23.9‰ (Peters-Kottig et al., 2006) to
−25.1‰ δ13Corg (Könitzer et al., 2016). Therefore δ13Corg is a proxy for

the bulk OM composition (e.g., Stephenson et al., 2008; Könitzer et al.,
2016; Hennissen et al., 2017). The Facies B-G δ13Corg average of
−28.2‰ corroborates the interpretation that OM in these mudstones is
dominantly marine and/or bacterial in origin, which is mixed with
subordinate terrestrial OM. Similarly, Facies H–I mean
δ13Corg=−25.9‰ supports the interpretation that OM in these facies
is dominantly terrestrial in origin.

5.2. Syngenetic and early diagenetic processes

Coupling of bottom-water anoxia and presence of aerobic and eu-
haline fauna which likely inhabited the euphotic zone, such as radi-
olaria (e.g., Casey, 1993), suggests the Craven Basin was primarily

Table 3
Summary of mean and 2σ major and trace element concentration data.

Major (wt. %) n Si Ti Al Fe Mn Mg Ca Na K P S C

Mean (all) 109 25.11 0.32 7.55 3.63 0.04 1.03 5.29 0.14 1.42 0.12 2.50 4.53
±8.21 ± 0.11 ± 2.54 ± 2.9 ± 0.05 ± 1.49 ±6.14 ± 0.11 ± 0.54 ± 0.23 ± 2.52 ± 2.13

Mean (sulphidic) 88 25.57 0.22 4.84 3.20 0.04 1.18 7.77 0.14 1.15 0.13 2.65 5.49
±10.39 ± 0.12 ± 2.72 ± 3.52 ± 0.06 ± 2 ±8.33 ± 0.09 ± 0.59 ± 0.29 ± 2.87 ± 2.59

Mean (non-sulphidic) 21 24.18 0.54 12.98 4.50 0.02 0.73 0.32 0.14 1.95 0.09 2.18 2.61
±2.38 ± 0.09 ± 2.05 ± 1.24 ± 0.02 ± 0.14 ±0.29 ± 0.15 ± 0.38 ± 0.05 ± 1.56 ± 0.9

Trace (ppm) n As Ba Ce Co Cr Cs Cu Ga La Mo Nb Nd

Mean (all) 107 35.30 241.10 68.20 19.10 91.20 16.30 48.20 18.10 34.60 18.20 10.60 33.70
±47.3 ± 131.2 ± 29.4 ± 14.7 ± 62.9 ± 10 ±30.4 ± 6.9 ± 14.7 ± 20.8 ± 3.5 ± 16.4

Mean (sulphidic) 86 41.70 228.10 48.20 16.50 72.30 12.90 50.20 11.50 25.90 25.10 7.90 26.50
±53.8 ± 162.4 ± 30.8 ± 17.2 ± 63.6 ± 10 ±36 ±7 ±15.4 ± 26 ±3.8 ± 17.2

Mean (non-sulphidic) 21 22.40 267.10 108.20 24.20 128.90 23.00 44.30 31.30 52.20 4.40 16.20 48.10
±30.1 ± 48.1 ± 25.7 ± 8.1 ± 61.1 ± 9.9 ±15.5 ± 6.7 ± 13 ±7.1 ± 2.6 ± 14.3

Trace (ppm) n Ni Pb Rb Sb Sc Se Sr Th U V Y Zn

Mean (all) 107 72.90 78.10 84.90 5.60 16.80 15.90 236.10 8.80 9.30 212.80 29.30 77.80
±50.7 ± 92.8 ± 33 ±5.9 ± 8.6 ± 24.4 ±189.9 ± 3.1 ± 6.6 ± 200.2 ± 19.1 ± 175.4

Mean (sulphidic) 86 70.70 94.90 68.50 7.40 16.10 22.30 261.50 5.80 10.50 233.20 29.20 93.00
±60 ±117.4 ± 37.8 ± 5.9 ± 10.7 ± 31.1 ±224.4 ± 3.2 ± 7.5 ± 258.9 ± 23.5 ± 231.4

Mean (non-sulphidic) 21 77.30 44.60 117.70 2.00 18.20 3.00 185.20 14.70 6.80 172.00 29.40 47.60
±25.8 ± 27.2 ± 20.2 ± 6 ±3.3 ± 6.6 ±97.8 ± 2.6 ± 4.2 ± 43.8 ± 7.5 ± 26

Notes: ‘Sulphidic’: Facies A-F. ‘non-sulphidic’: Facies G-I. Sedimentary facies from Emmings et al. (2019a).

Table 4
Summary of mean and 2σ major and trace element enrichment factors (using PAAS).

Major (wt. %) n Si Ti Al Fe Mn Mg Ca Na K P S C

Mean (all) 109 1.5 0.7 1.0 1.3 1.8 2.5 70.7 0.3 0.7 5.2 75.3 77.9
±1 ±0.1 ±0 ±1.4 ±2.6 ± 3.3 ±128 ±0.3 ± 0.2 ± 13.7 ± 97.9 ± 116

Mean (sulphidic) 88 1.9 0.7 1.0 1.5 2.6 3.5 105.9 0.4 0.8 7.4 100.1 113.9
±1.3 ± 0.2 ±0 ±1.8 ±3.5 ± 4.5 ±175.9 ± 0.4 ± 0.2 ± 18.7 ± 124.7 ± 158.6

Mean (non-sulphidic) 21 0.6 0.7 1.0 0.7 0.2 0.4 0.3 0.1 0.5 0.8 25.7 6.1
±0.2 ± 0.1 ±0 ±0.3 ±0.2 ± 0.1 ±0.4 ± 0.2 ± 0.1 ± 0.4 ± 26.2 ± 2.4

Trace (ppm) n As Ba Ce Co Cr Cs Cu Ga La Mo Nb Nd

Mean (all) 107 41.20 0.70 1.20 1.20 1.30 1.50 1.70 1.10 1.30 39.20 0.80 1.60
±56.7 ± 0.7 ±0.6 ± 1.3 ±1.1 ± 0.9 ±1.2 ± 0.2 ± 0.7 ± 48.1 ± 0.2 ± 1.1

Mean (sulphidic) 86 56.10 0.80 1.30 1.40 1.50 1.60 2.20 1.10 1.50 56.90 0.80 1.90
±69.9 ± 0.9 ±0.7 ± 1.6 ±1.3 ± 1.1 ±1.5 ± 0.3 ± 0.8 ± 63.3 ± 0.3 ± 1.4

Mean (non-sulphidic) 21 11.50 0.30 1.00 0.80 0.90 1.10 0.60 1.10 1.00 3.60 0.60 1.10
±21.5 ± 0.1 ±0.2 ± 0.4 ±0.6 ± 0.4 ±0.3 ± 0.1 ± 0.2 ± 7.8 ± 0.1 ± 0.3

Trace (ppm) n Ni Pb Rb Sb Sc Se Sr Th U V Y Zn

Mean (all) 107 2.30 8.20 0.80 63.80 4.40 0.80 3.30 0.80 5.70 2.90 2.00 2.50
±2.2 ± 14.3 ±0.2 ± 59 ±10.7 ± 1.1 ±5.3 ± 0.3 ± 5.2 ± 2.3 ± 1.9 ± 7.3

Mean (sulphidic) 86 2.90 11.40 0.90 91.50 6.10 1.20 4.70 0.80 7.70 3.90 2.60 3.60
±2.8 ± 19 ±0.3 ± 70.4 ±14.7 ± 1.5 ±7.2 ± 0.3 ± 6.7 ± 3.1 ± 2.5 ± 9.9

Mean (non-sulphidic) 21 1.00 1.70 0.60 8.40 0.80 0.00 0.70 0.70 1.60 0.80 0.80 0.40
±0.5 ± 1.6 ±0.1 ± 28.7 ±0.1 ± 0.1 ±0.3 ± 0.1 ± 1.2 ± 0.2 ± 0.2 ± 0.2

Notes: ‘Sulphidic’: Facies A-F. ‘non-sulphidic’: Facies G-I. Sedimentary facies from Emmings et al. (2019a).
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Fig. 4. RockEval pyrolysis (a–d) and n-alkane biomarker analyses (e). a) Hydrogen index (HI) versus Tmax plotted with typical ‘oil window’ range. b) HI versus
oxygen index (OI) pseudo-van Krevelen plot with typical maturation pathways. c) S2 versus total organic carbon (TOC, present day) with typical Type I-IV OM
compositional fields (e.g., Tissot and Pelet, 1981). d) Pyrolised C (PC) versus residual C (RC), PC/RC delineates most Facies A-C and Facies D-I samples. e) n-alkane
concentration data normalised to the total yield for Facies A-F, including average across all facies, and 2σ facies-specific population uncertainty where applicable. See
(a) for key to sedimentary facies.
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Fig. 5. Trace element enrichment factors (EFs) using mean ‘sulphidic’ element concentrations for redox zones EUX, AN-III and AN-I (a, c, e) and mean ‘non-sulphidic’
(oxic-ferruginous) element concentrations for redox zones OX-RX, OX-F and OX (b, d, f). Elements are ordered as a monotonic decrease in element enrichment in
zones AN-III (a, c, e) and OX-RX (b, d, f), respectively. See Results for definition of redox zones and Table 3 for mean concentration data. See Fig. 4a for sedimentary
facies key. Element distribution in Zone AN-IT (not shown) is transitional between zones AN-III and AN-I.
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temperature-stratified (i.e., a freshwater lid, if present, did not directly
overlie anoxic waters). The Craven Basin was apparently only weakly
restricted (i.e., connected to a much larger marine reservoir), on the
basis of high Mo/TOC (Algeo and Lyons, 2006) and Mo and U EFs
(Tribovillard et al., 2012) indicate a relatively short deep water re-
sidence time (Fig. 6a). The Cariaco Basin (offshore Venezuela) is a
potential modern analogue. Bottom-water and porewater anoxia fixed a
variety of redox-sensitive trace elements in the sediment (typically ‘2+’
cations when reduced, such as Cu, Ni, Mo, Zn, As, Pb, Co, but also U, V,
Cr; e.g., Figs. 2–3; 5; e.g., Tribovillard et al., 2006). Free sulphide

induces low redox-potentials (Eh) that promote reduction of many
redox-sensitive trace element species (see Tribovillard et al., 2006).
Reduction reactions are also pH dependent and therefore some reac-
tions are acid-catalysed, including via active surface minerals, such as
kaolinite (Erickson and Helz, 2000). The degree of fixation of redox
sensitive trace elements is therefore dependent on bottom and pore

Fig. 7. FeHR/FeT and Fepy/FeHR cross-plot for sedimentary facies (a) and redox
zones EUX, AN-III, AN-I, AN-IT, OX-RX, OX-F and OX (b–h), respectively, with
palaeoredox fields from Poulton and Canfield (2011) after Poulton and Raiswell
(2002) and Raiswell and Canfield (1998). *Facies H–I FeHR excludes Femag

because these facies likely contain a significant detrital Femag fraction (i.e.,
Facies H–I are compositionally immature; see Emmings, 2018; Emmings et al.,
2019a). See Fig. 4a for sedimentary facies key.

Fig. 6. Mo and U enrichment factors (EFs) plotted for sedimentary facies (a)
and redox zones EUX, AN-III, AN-I, AN-IT, OX-RX, OX-F and OX (b–h), re-
spectively. Mo versus U palaeoredox fields from Tribovillard et al. (2012). Mo/
TOC (a, subset) fields from Algeo and Lyons (2006). See Fig. 4a for sedimentary
facies key. The SW line represents the present-day Mo/U molar ratio of sea-
water (SW) of 3.1, as defined by Tribovillard et al. (2012). Multiples of the
modern SW Mo/U line (0.3x, 3x) are also plotted.
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water Eh and pH conditions, and is potentially a proxy for the stability
of early diagenetic redoxclines.

5.3. Zone EUX: euxinic conditions

Enrichment in all redox-sensitive trace elements in Zone EUX
(Fig. 5a) is interpreted to indicate persistently euxinic bottom-waters
(i.e., ‘stable’ chemocline). This is supported by Fepy/FeHR consistently
close to 0.8 in Zone EUX (Figs. 7b and 9b; Emmings et al., 2019b), the
upper threshold for identification of persistent water column euxinia
(Poulton and Canfield, 2011; Poulton and Raiswell, 2002; Raiswell and
Canfield, 1998). Low Eh and abundant supply of carriers for trace
elements in bottom-waters (e.g., sulphide, OM) negated competition for
fixation. This is analogous to Regime II of Lewan (1984). Relatively low
Mo/U in Zone EUX (Figs. 2–3; 6b; Emmings et al., 2019b) also suggests
the Fe–Mn oxyhydroxide ‘particulate shuttle’ to seabed was relatively
weak (Tribovillard et al., 2012), consistent with the interpretation that
the chemocline was positioned permanently in the water column.

The δ34Spy record in Zone EUX is also consistent with euxinic

conditions. Bacterial sulphate reduction to sulphide depletes seawater
sulphate 32S relative to 34S (Chambers et al., 1975; Habicht and
Canfield, 1997; Kaplan and Rittenberg, 1964; Kemp and Thode, 1968).
δ34Spy and δ34Sseawater values in an anoxic Phanerozoic open system are
typically offset by up to ∼48‰, although larger fractionations are
possible (e.g., up to 70‰; Canfield and Teske, 1996; Canfield et al.,
2010). Therefore sedimentary δ34Spy indicates whether pyrite formed in
an open system, via exchange with seawater sulphate during syngenesis
or early diagenesis, or within a ‘closed system’ (usually relatively late
diagenesis; e.g., Nissenbaum et al., 1972; Mossmann et al., 1991;
Canfield et al., 1992). Pendleian seawater sulphate δ34S was ∼13.0‰
(Kampschulte et al., 2001), indicating δ34Spy of −40 to −30‰ in Zone
EUX (Fig. 10c) represents a significant offset with the contemporaneous
seawater sulphate. This suggests precipitation of pyrite in a (semi)-open
system. Abundant fine framboids (with ∼5 μm Ø) in Zone EUX also
supports the interpretation of euxinic conditions (Fig. 8a) (Emmings
et al., 2019a).

Zones EUX Facies A limestone δ18Ocarb and δ13Ccarb data plot on a
mixing line between contemporaneous biogenic carbonate (Mii et al.,

Fig. 8. Scanning electron (a–f) and reflected light (d and f, insets) microphotographs for redox zones EUX, AN-III, AN-I, AN-IT, OX-RX and OX (b–f), respectively.
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2001; Stephenson et al., 2010) and a relatively low δ18O composition,
comparable to modern authigenic carbonates associated with anaerobic
methane oxidation (AMO; Appendix F) (Loyd et al., 2016; Mazzini
et al., 2004) and/or dissolved inorganic C sourced from local de-
gradation of δ13Corg (e.g., Claypool and Kaplan, 1974). Assuming a
mixture of locally dissolved unaltered or slightly altered primary car-
bonate and/or seawater (δ18Ocarb=−6.81‰, δ13Ccarb= 0‰), and
carbonate sourced from AMO (δ18Ocarb= 0‰, δ13Ccarb=−47‰), this
equates to 2%, 8% and 17% contributions to Facies A limestones using
dissolved inorganic C derived from AMO (see Appendix F). These values
are consistent with the fraction of AMO-derived dissolved inorganic C
in several modern and ancient methane seeps (Joseph et al., 2013; Loyd
et al., 2016; Nesbitt et al., 2013; Tong and Chen, 2012).

Early diagenetic porewaters likely inherited a composition between
δ18Ow = −1.8‰ VSMOW (Stephenson et al., 2010) and −4.3‰
VSMOW (due to biogenic silica recrystallization; see Appendix F for

details). Using the palaeotemperature equation of Kim and O'Neil
(1997), a bottom-water temperature of 18 °C as observed in the modern
Cariaco Basin (Alvera-Azcárate et al., 2011) and a local basinal geo-
therm of 24 °C/km during the Carboniferous (based on the nearby
Thistleton-1 well; Andrews, 2013), this suggests Facies A limestones
formed between ∼775m (assuming δ18Ow=−1.8‰ VSMOW) and
∼31m (assuming δ18Ow=−4.3‰ VSMOW) below seafloor. Spher-
ules likely precipitated within ∼800 ka, on the basis this is the esti-
mated timespan of deposition from E1a1 to the top of the (several
hundreds of metres thick) overlying Pendle Grit (Waters and Condon,
2012; Waters et al., 2009).

Two key observations favour a relatively shallow depth of spherule
precipitation closer to ∼31m (i.e., significantly shallower than 775m).
Firstly, the radial, fan-shaped spherule geometry (Emmings et al.,
2019a) suggests precipitation under minimal overburden stress. Sec-
ondly, high biogenic silica content and quartz cement infilling shelter-

Fig. 9. Integrated organic and inorganic geochemistry. a) Hydrogen index (HI) versus FeHR/FeT plotted with sedimentary facies and approximate positions of each
redox zone. b) HI versus Fepy/FeHR plotted with sedimentary facies and approximate positions of each redox zone. *Facies H–I FeHR excludes Femag because these
facies likely contain a significant detrital Femag fraction (i.e., Facies H–I are compositionally immature; see Emmings, 2018; Emmings et al., 2019a). c) HI versus
inorganic C (MINC, measured via RockEval pyrolysis) content plotted with sedimentary facies and approximate positions of each redox zone. See Discussion for
description of pathways 1–4. d) HI versus the ratio of pyrolised inorganic C (pyroMINC) to oxidised inorganic C (oxiMINC) measured via RockEval pyrolysis, plotted
with sedimentary facies and approximate positions each redox zone. pyroMINC/oxiMINC is used as an approximation for the ratio of siderite to calcite and/or
dolomite. See Fig. 4a for sedimentary facies key.
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porosity (i.e., early diagenetic) in adjacent Facies B mudstones (see
Appendix F; Emmings et al., 2019a) suggests porewater δ18Ow com-
position was closer to −4.3‰ VSMOW. Taken together, this favours
carbonate precipitation close to the sediment-seawater interface and
likely under conditions dominated by sulphate reduction, near or
within the sulphate-methane transition zone (e.g., Claypool and Kaplan,
1974; Scotchman, 1989; Krajewski et al., 2001; Malinverno and
Pohlman, 2011; Meister, 2013). Porewater supersaturation of key me-
tals (Ca, Mg) and high alkalinity were additional requirements for
precipitation of Facies A limestones (e.g., Braissant et al., 2003;
Mercedes-Martín et al., 2016). Such high alkalinity is linked to shallow
AMO (Moore et al., 2004). Thus Facies A limestones are possibly ana-
logous to modern deep-water authigenic carbonate ‘slabs’ associated
with diffuse methane seeps in the Black Sea (Mazzini et al., 2004;
Yurchenko, 2014). This is distinct from relatively late diagenetic car-
bonate-filled fractures in the Bowland Shale (Clarke et al., 2018).

Since sulphate-reducing bacteria are typically more competitive
than methanogens (e.g., Burdige, 2006), relatively early onset of

methanogenic conditions suggests sulphate and/or labile OM required
for sulphate-reducing bacteria was rapidly exhausted near seabed.
Perhaps this was driven by a high rate of OM flux into the bottom-
waters, coupled with a high mean sediment accumulation rate
(Emmings et al., 2019a) (Fig. 1b). Once a vigorous (i.e., near seabed)
AMO front was established, it is likely that sulphate was further ex-
hausted via sulphate-reduction coupled to AMO (Milucka et al., 2012).
Thus δ34Spy values closer to −30‰ and presence of fine pyrite euhedra
in Zone EUX, compared to Zones AN-III and AN-I (Fig. 10a; Table 1), is
interpreted to indicate exceptionally fast exhaustion of porewater sul-
phate during transition into the zone of methanogenesis.

An elevated thermocline during periods of high sea level likely
promoted widespread dysoxia on shelves (e.g., Tyson and Pearson,
1991). Trace element enrichment in Namurian marine bands on shelves
(Spears and Amin, 1981) suggests shelfal bottom-waters were also at
least partially euxinic during periods of high sea level (Fig. 11a). Su-
perestuarine stratification (Algeo et al., 2008) is a possible mechanism
for euxinia in this setting. Assuming anoxic to euxinic conditions

Fig. 10. Integrated organic and inorganic geochemistry. a) V versus Ni enrichment factors (EFs) with each data point scaled to hydrogen index (HI). b) HI versus V/Ni
(EFs) plotted with sedimentary facies. c) Extracted pyrite stable S isotope analyses (δ34Spy) versus V/(V + Ni) using enrichment factors (EFs), plotted with sedi-
mentary facies and approximate positions of each redox zone. See Discussion for explanation of closed versus open system conditions. d) The ratio of organic S (Sorg)
to total organic carbon (TOC) versus V/Ni (EFs), plotted with sedimentary facies and Type II-S field from Orr (1986) and with fitted regression with 2σ confidence
ellipse. All plots include the approximate positions of each redox zone. See Fig. 4a for sedimentary facies key.
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extended onto shelves, FeHR was mostly fixed in bottom-waters as sul-
phide. This effectively immobilised a pool of FeHR, triggering syn-
chronous basinal Fe-limitation. This mechanism may explain why
marine bands generally record more sulphidic conditions (Figs. 6–7),
although a higher rate of input of labile OM (therefore increased rates

of sulphide production) could also explain this feature. Consistent n-
alkane composition across zones EUX, AN-III and AN-I (Fig. 4e) suggest
the type of input OM did not change significantly during deposition
across these redox zones. It is therefore unlikely that euxinia was trig-
gered by input of a radically different type of OM.

5.4. Zone AN-III: fluctuating chemocline

Falling sea level and/or uplift of adjacent shelves displaced the
shelfal, sulphidic sink for FeHR with ferruginous anoxic, suboxic and
ultimately oxic conditions. This switch probably remobilized a fraction
of previously sequestered FeHR in shelfal sediments, enhancing the ‘Fe
shuttle’ (Lyons and Severmann, 2006) into the basin during periods of
lower sea level (Fig. 11b). The relatively low and highly variable Fepy/
FeHR record in Zone AN-III (Fig. 7c) is consistent with enhanced Fe-
oxyhydroxide input to seabed and reduced precipitation of Fe-sulphide
in bottom-waters. Fluctuation in the position of the water column
chemocline activated the ‘particulate shuttle’, enhancing Mo enrich-
ment compared to U (Figs. 3 and 6c; Algeo and Tribovillard, 2009;
Emmings et al., 2019b). Increased FeHR input promoted fluctuation in
the position of the water column chemocline separating ferruginous and
sulphidic conditions, whilst sediment porewaters remained highly sul-
phidic.

Negative Eh and limited production of acids in Zone AN-III shallow
sediment porewaters ensured V, Se and Cr remained competitive for
fixation compared to Ni (Fig. 12), and to a lesser degree Pb, Co and As,
which were likely largely recycled back into the water column. The V
shuttle was possibly also larger compared to Ni under the intermittently
non-sulphidic (bottom-water) conditions (Algeo and Maynard, 2004;
Calvert and Pedersen, 1993).

5.5. Zone AN-I: early diagenetic redox oscillation

The transition from Zone AN-III to Zone AN-I is associated with a
distinctive switch in enrichment between V, Se and Cr, and Ni, Pb, Co
and As, respectively (compare Fig. 5c, e). For V and Ni this relationship
is highly competitive and is bimodal (Fig. 10a). Zone AN-III porewaters
were probably analogous to Regime III of Lewan (1984), whereas Zone
AN-I porewaters were comparable to Regime I. This switch was driven
by changing pH and/or Eh in porewaters during falling sea level linked
to increasing supply of FeHR as a buffer for sulphide (Fig. 12).

Continued falling sea level and sustained FeHR supply to the basin
sufficiently buffered sulphide so that ferruginous conditions inter-
mittently intersected the seabed during deposition of Zone AN-I. A
lower sulphate concentration in Mississippian marine seawater com-
pared to present day (Algeo et al., 2015; Horita et al., 2002) and/or
increasing proximity to freshwater supplied from the Pendle delta,
potentially promoted expansion of ferruginous conditions. A large flux
of Mn–Fe-oxyhydroxides is consistent with continued ‘particulate
shuttle’ conditions (Fig. 6d). Together with evidence of enhanced
physical reworking during deposition of Facies F lenticular mudstones
(Emmings et al., 2019a), this process triggered redox oscillation be-
tween zones of sulphate and Fe reduction (e.g., Aller, 1998).

Zone AN-I sediments were analogous to a partially fluidised bed
reactor (e.g., Aller, 1998), associated with intense sediment reworking
and high frequency redox oscillation between zones of Fe and sulphate
reduction. Free sulphide was strongly buffered by FeHR and porewaters
were likely acidic (e.g., Li and Schieber, 2015). Zone AN-I porewaters
were sufficiently acidic to completely dissolve primary carbonate
(Fig. 9c), despite the presence of moulds of body fossils. Redox oscil-
lation promotes carbonate dissolution due to long-lived and slow rates
of sulphate reduction (Meister, 2013; Soetaert et al., 2007) and/or di-
rectly via the oxidation of H2S or solid sulphides (e.g., pyrite) to pro-
duce sulphuric acid (Aller, 1982; Ku et al., 1999). Presence of the
aragonite polymorph, such as ammonoid tests (e.g., Flügel, 2004), po-
tentially enhanced this process. Presence of sulphate-bearing laminae in

Fig. 11. Proposed models for anoxia in the Craven Basin during deposition of
the Upper Bowland Shale, after Emmings et al. (2019b), during sea level
maximum flooding and highstands (a), falling sea level during early basin fill
(b), and falling and low sea level during late basin fill (c). Regimes I-III are
adaptations of the V–Ni regimes defined by Lewan (1984). See Discussion for
further details. SC = Stable chemocline (positioned permanently in the water
column). FC = Fluctuating chemocline. SR-Me= sulphate reduction-metha-
nogenesis transition zone. PD = Pendle delta system. Sorg=Organic S.
Ssul = solid sulphate precipitation. See Fig. 4a for sedimentary facies key.

Fig. 12. Eh-pH diagram for V and Ni species and sulphide ions at expected
bottom water concentrations, 25 °C and 1 ATM, redrawn from Lewan (1984)
©1984, with permission from Elsevier. The dashed outline represents the nat-
ural stability field for marginal and open marine sediments (see Lewan, 1984
and references therein). The shaded areas delineate N–Ni Regimes I, II and III,
as defined by Lewan (1984). The likely ranges of zones EUX, AN-III and AN-I at
expected bottom and/or porewater Eh and pH are also indicated.
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Facies F (Emmings et al., 2019a) suggests pyrite oxidants, such as
Mn4+, Fe3+ and Mn3+ (Aller and Rude, 1988), were intermittently
available and promoted local gypsum/anhydrite (i.e., Ssul) precipitation
(Blanchet et al., 2012; Pirlet et al., 2010). Fe3+ liberated from pyrite
oxidation was likely fixed as Feox, migrated into high alkalinity mi-
croenvironments that promoted Fecarb precipitation, or was reduced
and formed secondary pyrite. This is consistent with presence of mul-
tiple pyrite forms (microcrystalline, euhedra, framboids) in Zone AN-I
(Fig. 8c). Fepy/FeT > 0.7 in Zone AN-I mudstones suggests bottom-
waters were intermittently euxinic (Fig. 7d). However, if Fe sourced
from pyrite oxidation locally migrated through porewaters, and sub-
sequently reacted with sulphide, this is a mechanism to locally and
diagenetically enrich Fepy/FeHR.

During redox oscillation, trace elements Mo, Ni, As, Pb and Co,
together with S, initially fixed by sulphide, were probably recycled
within porewaters multiple times, prior to fixation primarily in pyrite.
Emmings et al. (2019b) suggested S cycling within porewaters, and
generation of reactive intermediate S species, was a key mechanism for
sulphurization (Type II-S) and relatively low δ34Spy (i.e., close to
−40‰) in Zone AN-I (Fig. 9d; 10c). A relatively high Femag content in
Zone AN-I (Appendix D) also suggests the concentration of porewater
sulphide was not sufficiently high to dissolve Femag (Canfield and
Berner, 1987).

V, Se and Cr, plus P, Zn and Ba (Fig. 5e), hosted primarily by solid-
sulphides, phosphate, carbonate or possibly authigenic clay minerals,
remained unfixed during Zone AN-I early diagenesis, due to unsuitable
porewater pH, Eh, cation saturation and/or uncompetitive oxidation
state associated with redox oscillation. These elements were likely re-
cycled back into the water column or migrated into adjacent carbonate-
rich packages. This effect was particularly influential on V fixation,
which under moderate to high (less negative) Eh (Fig. 12), is out-
competed by Ni (Fig. 10a) for metalation in porphyrins (Lewan, 1984).
V enrichment despite a lack of carbonate and phosphate in the ‘tran-
sitional’ AN-III package above the E1a1 marine band at Hind Clough
(Fig. 3a) demonstrates porphyrins were likely an important host for V.

5.6. Zones OX-RX, OX-F and OX: bottom water ventilation

Gradual advance of the Pendle delta from the north promoted at
least partial desalination in the Craven Basin (from the E1b2 marine
band onwards; Emmings et al., 2019a). This is supported by TOC/
S > 10 in Facies H–I at Cominco S9, suggesting fresh or brackish water
conditions (Berner and Raiswell, 1984). Facies H–I exhibit an average
Sr/Ba of ∼0.4 (± 0.1 2σ), suggesting dominantly brackish conditions
(Wei and Algeo, 2019). An extended or thickened freshwater lid po-
tentially occluded euhaline macrofauna and euhaline plankton from the
euphotic zone and therefore substantially reduced the export of OM to
the seabed (Emmings et al., 2019b). Productivity shutdown decreased
the rate of OM consumption in bottom-waters and gradually promoted
bottom-water oxygenation as zones OX-RX, OX-F and OX.

Zone OX-RX represents the first period of sustained bottom-water
ventilation (Fig. 11c), triggering development of oxic and/or suboxic
conditions, on the basis of absence of enrichment in most redox-sensi-
tive elements (Figs. 5b and 6f) and FeHR/FeT close to 0.38 (Fig. 7f).
Porewaters near or at seabed were likely highly sulphidic, on the basis
of marginal and selective enrichment in redox-sensitive trace elements
(Figs. 5b and 6f) and pervasive pyritisation of burrows (Emmings et al.,
2019a). High δ34Spy (Fig. 10c), presence of early diagenetic pyrite no-
dules (Fig. 8e) and lack of Femag (Emmings et al., 2019a, 2019b) sug-
gests sulphidic porewater conditions in a closed system (Canfield and
Berner, 1987; Canfield et al., 1992). A lack of carbonate in Zone OX-RX
(Figs. 3 and 9c) suggests porewaters were also highly acidic, perhaps
also associated with the oxidation of sulphide near or at the seabed,
similar to Zone AN-I. Emmings et al. (2019b) suggested cycling of re-
active S species across the high redox gradient near the seabed (e.g.,
Aplin and Macquaker, 1993) may also explain fixation of Sorg (Type II-

S) in Zone OX-RX. This was associated with the expansion of microbial
mats (Emmings et al., 2019a,b), as sulphide-oxidisers (e.g., Grunke
et al., 2011).

Enrichment in U in Zone OX-RX (Figs. 5b and 6f) supports the in-
terpretation that U is fixed primarily in porewaters (e.g., Tribovillard
et al., 2006). Marginal enrichment in As, Sb, Se, Cu, V and Pb (Figs. 3
and 5b) suggests these elements are fixed primarily within porewaters
(rather than bottom-waters), migrated together with upward-diffusing
sulphide, or were shuttled to bottom-waters under suboxic conditions.
Similarly, marginal enrichment in As and Pb in Zone OX-F compared to
Zone OX (Figs. 2 and 5d) suggests these elements responded to ferru-
ginous water column conditions, and were likely shuttled to the seabed
with Fe–Mn-oxyhydroxides (e.g., Tribovillard et al., 2006). This is
consistent with FeHR/FeT > 0.38 in Zone OX-F (Fig. 7g). High δ34Spy
(Fig. 10c) and presence of aggregated and rare, isolated pyrite euhedra
(Fig. 8f) in Zones OX-F and OX is consistent with relatively late di-
agenetic precipitation. Absence of enrichment in all redox-sensitive
elements (Figs. 5f and 6h), presence of bioturbation (Emmings et al.,
2019a) and FeHR/Fepy < 0.38 (Fig. 7h) in Zone OX suggests deposition
under non-sulphidic and at least intermittently oxygenated bottom-
waters.

5.7. Synthesis

Fig. 13 delineates the seven syngenetic and early diagenetic redox
zones as a function of basin evolution (E1a1 to E1c1 marine bands) and
depth above and below seabed (∼cm to m; e.g., Mossmann et al.,
1991). Whilst diagenetic reactions will ultimately favour terminal
electron acceptors with the highest free energy gained (Emerson and
Hedges, 2004; Mazzullo, 2000), diagenetic systems are highly complex.
Fig. 13 is a simplification, and assumes closed-system and low perme-
ability conditions dominated following early diagenesis.

Preservation of HI and carbonate, in this system, was a function of
changing bottom and pore water redox processes. Marine transgressions
and maximum flooding surfaces (Posamentier et al., 1988), attributed
to Zone EUX, exhibit high HI because OM remineralisation within se-
diment pores was limited to a single, and probably short-lived, period of
sulphate-reduction prior to burial into the zone of methanogenesis
(Fig. 13). Similarly these packages are carbonate-rich because acidity
generated during early diagenesis was sufficiently buffered by primary
carbonate. This robust buffering capacity was likely a result of in-
creased input of primary carbonate and reduced supply of FeHR. In-
creased supply of FeHR towards the end of sea level highstands (Zone
AN-III), sea level fall (Zone AN-I) and low sea level (mostly Zone AN-IT)
promoted redoxcline instability and ultimately redox oscillation in
porewaters. This process enhanced remineralisation of OM, therefore
reducing HI, and generated considerable acidity that completely dis-
solved primary carbonate. During deposition of Zone AN-III, the sul-
phate-methane transition zone probably expanded, prior to becoming
compressed and deeper during deposition of AN-I (Fig. 13).

Proximity to sources of freshwater input promoted bottom-water
ventilation and development of OX-RX, OX-F and OX packages domi-
nated by terrestrial OM. It is likely the freshwater conditions recorded
in Cominco S9 indicate freshwater input local to the Pendle delta, ra-
ther than basin-wide desalination (Emmings et al., 2019a). TOC/
S < 10 in contemporaneous mudstones in the Widmerpool Gulf (Gross
et al., 2015), suggests marine conditions persisted in areas distal to the
Pendle delta.

Early diagenetic redoxclines were capable of migration through the
shallow sediment column relatively quickly, in response to sea level
fluctuation, at a frequency of ∼133 ka (Waters and Condon, 2012).
This implies that the redoxclines between Fe and sulphate reduction,
and the upper boundary of sulphate-methane transition zone, were
positioned within decimetres (i.e., 10 s cm) of seabed. This is consistent
with modern observations that suggest the majority of sulphate re-
duction proceeds within this shallow zone (Jorgensen, 1982).
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Preservation of syngenetic and early diagenetic geochemical signals
demonstrates significant resistance to overprint by early diagenetic
oxidative ‘burn-down’ (sensu Cowie et al., 1995; Prahl et al., 2003) and
late diagenetic processes. An exception is the ‘transitional’ AN-III in-
terval overlying the E1a1 marine band, which exhibits enrichment in
trace elements associated with low porewater Eh and yet lacks carbo-
nate (Fig. 3a). This is possibly explained by downward diffusion of acids
generated during deposition of the overlying AN-I package. Siderite and
sulphate nodules above the base of the E1b2 marine band (Emmings
et al., 2019a) were also potentially formed in response to rapid dee-
pening of oxidation fronts during deposition of the overlying zones AN-I
and/or OX-RX (Fig. 13).

Resistance to late diagenetic alteration is consistent with the inter-
pretation that sulphides host many redox-sensitive trace elements
(Tribovillard et al., 2006). Thermal maturation of OM can promote
migration of trace metals, such as V and Ni, into bitumen (Filby, 1994;
Lewan, 1984). The low thermal maturity of the studied sites (Fig. 4a)
precludes full assessment of the effect of late diagenetic processes.
However, at least to the ‘oil window’ (∼60 °C; Tissot and Welte, 1984),
sediments were apparently ‘locked-in’ to a consistent and uniform di-
agenetic pathway and with minimal evidence for pore fluids per-
meating across early diagenetic redox zones (i.e., veins are rare;
Emmings et al., 2019a).

5.8. Implications for hydrocarbon and mineral systems

Sedimentary delivery mechanism imparts an important diluting or
concentrating effect on TOC. Thus TOC tends to be lower in sediment
density flow deposits (Facies D-E; Figs. 2–3, 4c). Phases of increased
(OM-lean) mud clast supply during deposition of Facies F also likely
promoted dilution of TOC. Similarly, periods of high sea level were
potentially associated with higher rates of primary productivity and
therefore OM export to bottom-waters. Autodilution (e.g., by radi-
olaria) was also likely an important control on TOC during periods of
high euphotic zone productivity. Buried OM was then subject to partial
consumption and repackaging as part of the anoxic food web (e.g.,
Burdige, 2006).

Pores that develop within oil-prone (i.e., Type I or II) OM are pos-
sibly an important variable for understanding shale gas prospectivity
(e.g., Jarvie et al., 2007; Loucks et al., 2009) with periods of enhanced
preservation of Type I or II particulate OM more likely to be relatively
prospective. Productive water column conditions and Fe-limitation
during periods of high sea level (i.e., marine bands, zones EUX and AN-
III) promoted the concentration and/or preservation of Type I or II OM.
Marine bands, particularly on basinal highs (e.g., MHD4; Fig. 3b), are
likely to be the most suitable intervals in terms of organic pore devel-
opment during catagenesis. Marine bands are also likely considered
prospective due to pervasive carbonate and silica cements (Passey et al.,
2010). Sorg exerts an important control on hydrocarbon prospectivity,
as a catalyst for early thermal maturation (e.g., Lewan, 1998) and ex-
pulsion of S, including H2S (e.g., Aizenshtat et al., 1995). High Sorg
content is associated with periods of diagenetic redox oscillation and
manifested as candidate microbial mats on the transition from anoxic to
oxic bottom-waters (Fig. 13; Emmings et al., 2019b).

Palaeoredox cycles can be recognised solely using Rock-Eval pyr-
olysis parameters. Euxinia promoted OM preservation (Zone EUX;
Fig. 9c). Porewater acidity, triggered by high FeHR loadings, promoted
dissolution of primary carbonate (pathways 1 and 2; Fig. 9c). In most
cases, this was associated with enhanced OM degradation, which low-
ered HI (zones AN-III, then AN-I; pathway 2; Fig. 9c). During and/or
following carbonate dissolution, high porewater alkalinity and metal
(Ca, Mg) supersaturation promoted local carbonate precipitation
(mostly dolomite and/or siderite) primarily in relatively porous facies
(Zone AN-IT, Facies E; pathway 3; Fig. 9c). Spherulitic limestones
linked to shallow AMO plot along pathway 4 (Zone EUX; Facies A;
Fig. 9c).

The distinctive switch in carbonate phases through each redox zone
(pyroMINC; siderite, versus oxiMINC; calcite, dolomite) is delineated
using the ratio of pyrolised inorganic C to oxidised inorganic C (Fig. 9d;
sensu Lafargue et al., 1998; Pillot et al., 2014). Samples plot on a
spectrum passing through each redox zone. Zone EUX exhibits low
pyroMINC/oxiMINC and high HI because euxinic conditions promoted
preservation of primary carbonate and OM. Increasing destabilisation
of redoxclines through zones AN-III to AN-I(T), associated with in-
creasing input of FeHR, is recognised by increased pyroMINC/oxiMINC
and reduced HI. This is best explained by enhanced OM degradation
and acid generation via redox oscillation, which dissolved primary
carbonate and ultimately promoted local precipitation of Fe-carbonate
phases (including dolomite and siderite). Zone OX associated with low
productivity, freshwater and oxygenated conditions, is defined by
samples with high pyroMINC/oxiMINC and very low HI. This is inter-
preted as a combination of reduced input of primary carbonate, en-
hanced fixation of FeHR in diagenetic carbonate under S-limited con-
ditions (i.e., dolomite, siderite) and increased input/preservation of
Type III OM.

The presence of interlocking carbonate, quartz and sulphide crystals
along silt-to-sand-sized laminae and beds in Zone AN-IT (Fig. 8d) sug-
gests these layers were a conduit for relatively late advection of metal-
rich sulphidic fluids. This is supported by relatively high δ34Spy
(Fig. 10c; Table 1). This mode of mineralisation is possibly analogous to
the model described by Pedersen et al. (2003). Thus redox oscillation
potentially provides a mechanism for the temporary solution of key
metals in porewaters, such as Zn, prior to migration into, and con-
centration and precipitation in, adjacent facies if sufficiently perme-
able.

Patterns of redox-sensitive trace element enrichment (Fig. 5), sen-
sitive to changing pH and Eh conditions, are a potential chemostrati-
graphic proxy (e.g., Riley et al., 2016) that delineates bottom-water
redox cyclicity. V and Ni competition (Fig. 10a; 12) was apparently
particularly vigorous during deposition of the Bowland Shale. Variable
V/Ni also highlights the complexities of these elements as a source rock
fingerprint in oils (e.g., Filby, 1994; Gao et al., 2017). The highly
competitive nature of V and Ni in this system is probably linked to the
relatively high sediment accumulation rate (Fig. 1b; Emmings et al.,
2019a) that promoted fixation within sediments rather than the water
column. Zone EUX is associated with relatively stable euxinic condi-
tions and is therefore an exception to this rule, perhaps due to a lower
sediment accumulation rate (i.e., maximum flooding surface) and/or
increased rate of sulphide production. Competition was potentially also
promoted by dominance of a single host phase, such as free-base por-
phyrins sourced from chlorophyll (e.g., Pratt and Davis, 1992; Filby,
1994). Therefore V and Ni competition in the Bowland Shale was so
pronounced perhaps because sediments received a relatively large input
of chlorophyll, consistent with the interpretation of a large flux of au-
tochthonous OM (Emmings et al., 2019b).

OM was clearly highly prone to degradation under anoxic condi-
tions, particularly under redox oscillation conditions. This process im-
pacted strongly on the hydrocarbon prospectivity and metal distribu-
tion through the Bowland Shale, including reduction of HI and
complete dissolution of primary carbonate. Redox oscillation promoted
dissolution of carbonate in shallow sediments, activating this part of the
inorganic C cycle. Redox oscillation is linked to metal (incl. Fe) oxide-
rich conditions, a high mean sediment accumulation rate and input of
highly labile OM. The capacity for temporary storage and shuttling of
reactive Fe was apparently enhanced by water-column chemocline
fluctuation, in response to sea level fluctuation, within a highly com-
plex and variable bathymetric setting. Redox oscillation is linked to an
enhanced shelf-to-basin Fe shuttle, specifically during periods of falling
sea level, where ventilation of shelves likely promoted re-mobilisation
of reactive Fe. Therefore seaways defined by inherited block-and-basin
rift structures are likely to be particularly prone to redox oscillation
processes.
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Input of readily hydrolysable cellular OM, likely including abundant
extracellular polymeric substances (EPS), is consistent with high rates
of sulphide production. Perhaps these compounds were sourced from
cyanobacteria, radiolaria or another presently unresolved primary
producer of the late-Palaeozoic ‘Phytoplankton Blackout’ (Riegel, 1996,
2008; Tappan, 1970). This suggests colonisation by labile primary
producers in late-Palaeozoic epicontinental basins was a key pre-
conditioning requirement for the development of redox oscillation in
this black shale succession.

6. Conclusions

Sedimentological observations, organic and stable isotope geo-
chemistry and palaeoredox proxies were integrated through the Upper
Bowland Shale at three sites in the Craven Basin (Lancashire, UK) in
order to constrain syngenetic and early diagenetic processes. Organic
matter (OM) in the Upper Bowland Shale comprises a mixture of Type
II, II-S, II/III and III OM. ‘Redox zones’ are defined by patterns of Fe-
speciation and redox-sensitive trace element enrichment. Fluctuating
sea level moderated the efficiency of the shelf-to-basin reactive Fe
(FeHR) shuttle. This was a key control on the position and stability of
redoxclines between zones of Fe and sulphate reduction, and metha-
nogenesis. Falling sea level and increasing FeHR supply is recognised as
a switch from zones EUX (transgressive and early highstand systems
tracts), AN-III (late highstand systems tracts) and ultimately AN-I and
AN-IT (falling stage and lowstand systems tracts).

Preservation of HI and carbonate, in this system, was a function of
changing bottom and pore water redox processes. OM was highly prone
to degradation under anoxic conditions, particularly under oscillatory
redox conditions. Zone EUX is carbonate-rich and exhibits high HI be-
cause OM remineralisation within sediment pores was limited to a
single, and probably short-lived, period of sulphate-reduction prior to
transition into the zone of methanogenesis. Increased shelf-to-basin
supply of FeHR during sea level fall destabilised redoxclines and ulti-
mately triggered redox oscillation between Fe and sulphate reduction in
porewaters (Zone AN-I). This process enhanced remineralisation of OM,
significantly reduced HI and generated acidity that completely dis-
solved primary carbonate. Redox oscillation is linked to the following
conditions; input of OM prone to degradation under anoxic conditions;
weak basin restriction; metal-rich conditions; a relatively high ‘pro-
deltaic’ mean sediment accumulation rate; high-frequency sea level
fluctuation; and a complex bathymetric setting. These findings are
important for understanding ancient biogeochemical cycles and Late
Palaeozoic black shales in the context of hydrocarbon and metal sys-
tems.
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