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A B S T R A C T

The Pliensbachian-Toarcian (Pl-To) boundary was marked by an extinction event in marine organisms, and 
localised ocean anoxia – resulting in the deposition of black shales. Negative isotopic excursions in bulk organic 
carbon in many of these black shales, are widely believed to indicate that a global carbon cycle disruption 
accompanied this extinction event. The Pl-To preceded a period of more intense global carbon cycle disruption 
that occurred during the Toarcian Oceanic Anoxic Event (T-OAE) by around a million years. It is evident from 
targeted carbon isotopic analyses of marine and terrestrial organic matter that simultaneous disruptions to the 
marine and terrestrial carbon cycles occurred during the T-OAE. However, it remains a matter of debate whether 
the main source of carbon emissions was a climate-sensitive methane reservoir, or volcanic processes. No records 
of terrestrial carbon cycle disruption exist for the latest Pliensbachian, and so the causal mechanisms behind 
localised anoxia in this stage of the Lower Jurassic are poorly constrained. We present a record of concomitant 
isotopic depletion in short and long-chain n-alkanes derived from a thin black shale (the Lower Sulphur Band – 
LSB) deposited during the latest Pliensbachian (located in Yorkshire, UK). A key argument is that simultaneous 
isotopic depletions in these different compound classes implies the presence of a brief global hyperthermal event 
in the latest Pliensbachian, with a timescale too short to have been captured by previous analyses of the 
Yorkshire section. We discuss the relevance of our data to the stratigraphic record of the Lower Jurassic sedi
ments of Yorkshire, highlighting, in particular, the need for better constraint on the ammonite biostratigraphy of 
the study section. We further argue that the brief climate disruption that occurred in the latest Pliensbachian 
made the shallow marine environment vulnerable to the development of more widespread marine anoxia, during 
the succeeding Toarcian stage.

1. Introduction

1.1. The T-OAE and Pl-To

The early Jurassic period was characterised by instability in global 
climate (notably between 200 and 175 Ma), with alternating greenhouse 
and icehouse states, and episodes of widespread oxygen depletion in the 
shallow marine environment (Pálfy and Smith, 2000; Dera et al., 2011; 
Korte and Hesselbo, 2011; Suan et al., 2011; van de Schootbrugge et al., 
2013; Korte et al., 2015; Gómez et al., 2016; Ruebsam et al., 2019, 
2020a). These episodes of oxygen depletion are marked by frequent 

intervals of increased organic carbon (Corg) preservation in shallow 
marine sediments (Silva et al., 2021), which are also often associated 
with extinction events of varying severity (Little and Benton, 1995; Dera 
et al., 2010).

The Pliensbachian stage of the Lower Jurassic was characterised by 
significantly cooler global temperatures than the preceding Sinemurian, 
and the following Toarcian stages. This is indicated by the heavier δ18O 
of shelly macrofauna recovered from sediments of this age, such as the 
Cleveland Ironstone Formation (Yorkshire, UK; Korte and Hesselbo, 
2011; Korte et al., 2015), and the Rodiles Formation of the Asturian 
Basin (Northern Spain; Gómez et al., 2016). In addition, the occurrence 
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of glendonites in upper Pliensbachian sediments from Germany and 
Siberia (Suan et al., 2011; Teichert and Luppold, 2013; Merkel and 
Munnecke, 2023; Rogov et al., 2023) strongly imply that the high lati
tudes reached temperatures below 4 ◦C. Episodes of mantle-upwelling 
induced uplift in the North Sea are likely to have limited circulation of 
warm ocean waters to the high latitudes during the Pliensbachian and 
Toarcian (Korte et al., 2015; van de Schootbrugge et al., 2020).

This stage of the Lower Jurassic ended with an extinction event 
(notably for ammonites) at the Pliensbachian-Toarcian boundary (Pl- 
To) ca. 184.2 Ma (Little and Benton, 1995; Dera et al., 2010; Caruthers 
et al., 2013; Vasseur et al., 2021). This event precedes the later Toarcian 
Oceanic Anoxic Event (T-OAE), by approximately one Myr (based on the 
best estimate for the base of the Serpentinum Zone; Hesselbo et al., 
2020), and has been suggested to be genetically linked to it (Littler et al., 
2010). Well characterised Corg rich black shale successions associated 
with the T-OAE include the Posidonia Shale of Southern Germany (Röhl 
et al., 2001) and the Mulgrave Shale Member of the Whitby Mudstone 
Formation, in the Cleveland Basin (Yorkshire, UK; Hesselbo and Jen
kyns, 1995; Simms et al., 2004; Powell, 2010). A negative excursion in 
the isotopic signature of the Corg content of marine sediments (δ13Corg) 
with a magnitude of ~1.5 ‰ is also associated with the Pl-To (hereafter 
Pl-To CIE), and is observed at many sites across Europe (Littler et al., 
2010; Hesselbo and Pieńkowski, 2011; Percival et al., 2015; Fantasia 
et al., 2019), the Arctic (Suan et al., 2011), Africa (Bodin et al., 2016), 
and South America (Fantasia et al., 2018). While there is some doubt as 
to the level of stratigraphic completeness of this excursion at many sites 
(Suan et al., 2008, 2011; Bodin et al., 2016, 2023) it is nonetheless likely 
that this marks a widespread perturbation to the carbon cycle.

The T-OAE was an interval of widespread oxygen depletion in 
shallow marine ecosystems that occurred ca. 183.16 Ma, in the early 
Toarcian stage of the early Jurassic (Schlanger and Jenkyns, 1976; 
Hesselbo et al., 2020). It is associated with a prominent negative δ13Corg 
excursion of − 5 to − 6 ‰, lasting 0.5 to 1.5 Myr (hereafter T-OAE CIE; 
Thibault et al., 2018), and has been tied to a disruption of the global 
exogenic carbon cycle (Hesselbo et al., 2000; French et al., 2014). The 
ultimate source of the injected 12C is a matter of debate, with suggestions 
including methane hydrates (Hesselbo et al., 2000; Kemp et al., 2005; 
Izumi et al., 2018), thermogenic methane produced by volcanism in the 
Karoo-Ferrar large igneous province (LIP; McElwain et al., 2005; Sven
sen et al., 2007; Heimdal et al., 2021), wetlands (Them et al., 2017), and 
permafrost destabilisation at the close of the icehouse state that char
acterised the late Pliensbachian (Ruebsam et al., 2019, 2020a).

If indeed the Pl-To (like the later T-OAE) was characterised by global 
disruption to the surface carbon cycle (as suggested by carbon isotope 
analyses and earth system modelling; Fleischmann et al., 2022), then it 
is probable that it was accompanied by a hyperthermal event (Clapham 
and Renne, 2019). While existing belemnite calcite δ18O records from 
the Pl-To of the Cleveland basin do not indicate any major changes in 
sea-surface temperature (SST) in this region (Korte and Hesselbo, 2011; 
Korte et al., 2015), it is likely that these datasets do not capture suffi
ciently high-resolution variability in SST across the stage boundary to 
rule out a coeval, short, sharp temperature rise. Indeed, organic 
geochemical analysis of tetraether lipids (GDGTs) recovered from 
Pliensbachian-Toarcian sequences in southern Spain implies that the Pl- 
To was accompanied by a temperature anomaly of +5 ◦C (Ruebsam 
et al., 2020b). Due to the best available δ18O datasets for the Cleveland 
Basin being of lower resolution than this record, and potentially influ
enced by more factors than SST (e.g. palaeosalinity), it is unclear 
whether or not the temperature curve of Ruebsam et al. (2020b) is re
flected here as well.

A brief interval of CO2 production (the driver for this hyperthermal 
event) could have been a consequence of the intrusion of lavas in the 
Karoo-Ferrar LIP prior to the main phase of eruption (McElwain et al., 
2005; Svensen et al., 2007). However, the pCO2 level predicted by 
purely volcanogenic δ13C does not agree with pCO2 reconstructions 
using leaf stomata data recovered from pre – T-OAE CIE sediments 

(Ruebsam et al., 2020a). It is more likely that any pCO2 increase during 
the Pl-To would have been due to the destabilisation of a climatically 
sensitive methane reservoir (e.g. Kemp et al., 2005; Them et al., 2017; 
Ruebsam et al., 2019). The 100-kyr short eccentricity signal observed in 
δ13Corg records from the lower Jurassic further implies this (Huang and 
Hesselbo, 2014; Ait-Itto et al., 2018; Ruebsam et al., 2019; Storm et al., 
2020).

1.2. Limitations of the bulk δ13C record

Despite the widespread usage of bulk δ13Corg analysis in studies of 
the Pl-To and T-OAE CIEs, the reliability of δ13Corg as a proxy for exo
genic carbon cycle dynamics is sometimes complicated by the presence 
of multiple carbon pools within the depositional environment, each 
bearing a distinct δ13C signature (van de Schootbrugge et al., 2013). If 
the Corg content of a black shale is derived solely from marine matter, 
then the δ13Corg signal would be equivalent (notwithstanding any effects 
in the circulation regime of the basin) to that of the primary marine 
carbon fixers. However, Corg derived from different (e.g. terrestrial) 
sources, was often in sync with a different δ13C reservoir at the time it 
formed. If, therefore, land plant material makes a significant contribu
tion to the sediment Corg, the resulting δ13Corg signature would be shifted 
away from the value of marine organic matter (Jasper and Gagosian, 
1990). This is compounded by the fact that terrestrial plants fractionate 
12C to a greater degree than marine organisms (− 20 to − 37 ‰ as 
opposed to − 18 to − 25 ‰; Popp et al., 1998; Hayes, 2001; Kohn, 2010).

When first discovered in Tethyan systems in Southern Europe 
(Jenkyns, 1988) the T-OAE CIE was attributed to the localised upwelling 
of 13C depleted waters (Küspert, 1982; Sælen et al., 1996). However, 
Sælen et al. (2000) detected isotopic depletion in the C29 n-alkane (by 
− 28.0 to − 32.0 ‰), in the black shales of the Whitby Mudstone For
mation, via compound-specific isotopic analysis (CSIA). The wax lipid 
carbon isotope signature was 0.7–2.1 ‰ lighter than the concomitant 
bulk organic matter δ13Corg trend and correlated with it (R2 = 0.97). 
While this was attributed mainly to the preservation of marine organic 
matter, the C29 n-alkane (as well as the C27 and C28 n-alkanes) is 
commonly derived from epicuticular leaf wax (Eglinton and Hamilton, 
1967). Since the δ13C signal of leaf wax cuticles derived from these 
plants was in near sync with the δ13C signal of the atmosphere in which 
the plant grew (notwithstanding an offset of 5–6 ‰; Pancost and Boot, 
2004), a targeted δ13C analysis of marine sediments (containing suffi
cient terrestrially derived Corg) can provide a record of 12C sequestration 
in the contemporaneous terrestrial environment. In a study of the 
Whitby Mudstone Formation, and of the upper Bagå Formation (south- 
western Bornholm, Denmark), Hesselbo et al. (2000), also found 
concomitant negative δ13C excursions in both bulk TOC, and macrofossil 
wood particles (Jet, in the Whitby Mudstone Formation), strongly 
implying a wider carbon-cycle influence on the T-OAE CIE. Further CSIA 
of the Toarcian aged Posidonia Shale (SW Germany) has also revealed 
simultaneous depletion in short and long chain n-alkanes, which have 
here been interpreted as reflecting the combined effect of an increased 
terrestrial Corg flux, and wider carbon cycle disruption (Schouten et al., 
2000; Ajuaba et al., 2022).

1.3. Geological setting and the Lower Sulphur Band

The Lower Jurassic sediments of the Whitby Mudstone Formation (in 
the Cleveland Basin) consist of laminated and massive, frequently 
organic carbon (Corg) rich mudstone, with frequent calcareous concre
tions (Hesselbo and Jenkyns, 1995; Simms et al., 2004; Powell, 2010). 
Three decimeter-scale black shale units within the Grey Shale Member 
of the Whitby Mudstone Formation, as well as in the Cleveland Ironstone 
Formation (see the stratigraphic column in Fig. 1) – the “Sulphur Bands” 
– remain relatively understudied, compared to the isotopically depleted 
black shales of the Mulgrave Shale Member (Little and Benton, 1995; 
Sælen et al., 1996, 2000; Hesselbo et al., 2000; Kemp et al., 2005; 
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Fig. 1. Map of the study area, with photographs of the sampling locality (54◦27′13.27″N, 0◦32′3.38″W), and a graphic log of the lower Toarcian mudstones. The LSB 
and Middle Sulphur Band (MSB) are highlighted in the photographs (along with other stratigraphically important features), and their corresponding positions on the 
log are indicated. Corresponding bed numbers (from Howarth, 1955, 1973), formation (and member) names and chronozones are also shown to the left of the log, 
with beds belonging to the Cleveland Ironstone Formation highlighted in grey. The estimated location of the Pl-To (based on Howarth’s inference; 1973) within the 
succession is also indicated. Map adapted from Caswell et al. (2009). Abbreviations of chronozone names: H – Haswskerense; C – Clevelandicum. Abbreviations of 
formation names: C. I. – Cleveland Ironstone Formation.
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Wignall et al., 2005; Danise et al., 2013; French et al., 2014; Slater et al., 
2019; Atkinson et al., 2023). The name “Sulphur Bands” is a vernacular 
term and refers to the sulphureous appearance of these units when 
weathered, due to their high pyrite content. The ammonite biostratig
raphy of the succession (Howarth, 1955, 1973, 1992; Hesselbo and 
Jenkyns, 1995; Simms et al., 2004) places the upper two Sulphur Bands 
within the lower Tenuicostatum Zone. The lowest of the three Sulphur 
Bands – the Lower Sulphur

Band (hereafter LSB) – is 0.15 m thick, and a unit of the Cleveland 
Ironstone Formation (Spinatum Zone, Hawskerense Subzone; Howarth, 
1955; Simms et al., 2004, pp. 265; 267; but see below). The processes 
responsible for the formation of this unit may foreshadow the later 
development of more extensive black shale deposition (in the Mulgrave 
Shale Member), and the widespread extinctions in the benthic commu
nity associated with the T-OAE (Little and Benton, 1995; Danise et al., 
2013; Atkinson et al., 2023). Given its position in the stratigraphy of the 
Cleveland Basin, it is probable that the LSB is equivalent to the Organic 
Matter Preservation Interval (OMPI) associated with the Pl-To (OMPI P- 
Toa) of Silva et al. (2021).

Littler et al. (2010), reported two δ13Corg excursions in the upper 
Spinatum, and lower Tenuicostatum zones (an interval encompassing 
the LSB), reaching − 28.5 ‰, and − 27.8 ‰, respectively. Limited δ13C 
data derived from macrofossil wood corroborated the observed trend. By 
comparison of the δ13Corg profile to a similar dataset from Peniche 
(Portugal; Hesselbo et al., 2007, see section 4), it was suggested that the 
excursions were caused by an event that affected at least the western 
European Epicontinental Seaway (EES), and that the excursion might 
serve as a stratigraphic marker for the Pl-To boundary (see discussion). 
Precise correlation of the LSB with the Pl-To, is however hampered by 
alternative placements of the first appearance datum (FAD) of Dacty
lioceras (Eodactylites) pseudocommune within the Cleveland Basin. 
D. pseudocommune appears together with Dactylioceras (Eodactylites) 
simplex at the GSSP for the Toarcian stage boundary at Peniche 
(Portugal; Hesselbo et al., 2020), the FAD of the latter ammonite being 
the (biostratigraphic) definition of the Pl-To. Precisely determining this 
boundary in the Cleveland Basin is less straightforward than for Euro
pean sections (e.g., in Spain and Germany), due to the lower fossil 
content (Page, 2003), which results in differing estimates in the litera
ture for its stratigraphic height in the section with respect to Howarth’s 
bed numbering system (Howarth, 1955, 1973; Hesselbo and Jenkyns, 
1995; Simms et al., 2004 pp. 265; 267). Crushed specimens of Dacty
lioceras sp. are found in situ in bed 3 of the Grey Shale series (Howarth, 
1955), implying that it was deposited during the earliest Toarcian. 
However, a loose D. pseudocommune was recovered from an abandoned 
ironstone quarry near Saltburn (6.2 km to the SEE of Redcar) by 
Howarth (1973), and the occurrence of oolitic ironstone on the spec
imen implies it was reworked from beds 27, or 44, of the Cleveland 
Ironstone Formation. Based on this find, Hesselbo and Jenkyns (1995), 
place the base of the Tenuicostatum zone in bed 43 of the Cleveland 
Ironstone Formation (i.e. the LSB), whereas Simms et al. (2004) retain 
placement in bed 3 of the Grey Shale Member, based on the lowest 
known occurrence of in-situ Dactylioceras sp.. In lieu of better constraint 
on the true FAD of D. pseudocommune, (or D. simplex) we place the Pl-To 
around bed 44 of the Cleveland Ironstone Formation, following 
Howarth’s inference. However, given that the lowest recorded in-situ 
Dactylioceras sp. are in bed 3, we caution that this placement is provi
sional, and that it is also possible that the true Pl-To is concomitant with 
the MSB (rather than the LSB). In addition to underlying the lowest 
known occurrence of in-situ Dactylioceras sp., this unit also has a 
depleted isotopic signature (Littler et al., 2010), and while the LSB has 
been correlated to the Pl-To CIE (based on δ13Corg chemostratigraphy; 
Littler et al., 2010; Boulila and Hinnov, 2017; Thibault et al., 2018; Xu 
et al., 2018; Fantasia et al., 2019; Ruebsam et al., 2019; Ruebsam and Al- 
Husseini, 2020), so has the MSB (Al-Suwaidi et al., 2010). In addition to 
open questions on the biostratigraphy of the sediments encompassing 
the LSB, assigning a duration with a precision of less than two thousand 

years to this unit is likely impossible due to the frequent presence of mm- 
scale hiatuses (Ghadeer and Macquaker, 2011, 2012; Kemp et al., 2018). 
Nonetheless, rough estimates can be derived using age models based on 
ammonite biostratigraphy (12.5 Kyr), spectral analysis of the δ13Corg 
record from the overlying Whitby Mudstone Formation (8–20 Kyr), and 
inorganic/isotopic geochemistry (5–10 Kyr; see supplementary mate
rials for calculations). We therefore estimate that the LSB was formed 
over a period of time on the order of 10 Kyr.

While it is widely suggested that the latest Pliensbachian was char
acterised by a hyperthermal event, and global carbon cycle disruption, 
the inherently mixed bulk isotopic signatures of many shallow marine 
successions mean that δ13Corg records alone are not sufficient to support 
these arguments. While CSIA datasets exist for the T-OAE (Sælen et al., 
2000; Schouten et al., 2000; French et al., 2014; Xu et al., 2017; Rueb
sam et al., 2020a; Ajuaba et al., 2022), few such records have been 
evaluated for a unit from the latest Pliensbachian (i.e. Burnaz et al., 
2024). Here, we present a CSIA record derived from the LSB. We aim to 
test whether the δ13Corg excursion of Littler et al. (2010) can be attrib
uted to local water mass changes, a carbon cycle perturbation, or, 
perhaps, both processes working in concert.

2. Methods

Blocks of the LSB were collected from a wave-cut platform at 
Hawsker Bottoms (6.28 km to the SW of Whitby; sampling location 
54◦27′13.27″N, 0◦32′3.38”W; see Fig. 1). These were then sampled at a 
resolution of around two samples per cm for TOC (see supplementary 
materials). The sample material collected for the CSIA was also used for 
a complementary organic geochemical analysis (in prep.), which 
involved a total lipid extraction. This dataset has a sampling resolution 
of one sample per cm (see supplementary materials for details).

Extraction of the bituminous component of the samples was carried 
out using a Büchi Speed Extractor E914 pressurized solvent extractor, 
with a 93:7 mix of DCM and methanol, at 75 ◦C and at a pressure of 50 
bar. Bitumen extracts were separated in an LCTECH automated SPE 
system into aliphatic, aromatic, and polar fractions via silica gel-column 
chromatography (6 mL SPE column, 2.8 g Silica 60, 25–40 μm). 
Aliphatic hydrocarbons were eluted with n-hexane. Activated copper 
turnings were also added to the aliphatic hydrocarbon fraction for the 
removal of elemental sulphur. The aliphatic fraction was then spiked 
with two internal standards; A 0.1 mg/g extract of D50 tetracosane (for 
quantification of acyclic compounds such as n-alkanes and isoprenoids), 
and a 0.025 mg/g extract of D4 cholestane (for quantification of cyclic 
compounds such as hopanes and steranes).

Gas chromatograph mass spectrometry (GC–MS) analysis of the 
aliphatic fraction was performed on an Agilent 7890 gas chromatograph 
(GC) coupled to a Chromtech Evolution mass spectrometer (MS). The GC 
was fitted with a DB-1MS capillary column (Agilent DB1-HT; 30 m 
length, 0.25 mm inner diameter, 0.25 μm film thickness), and helium 
was used as the carrier gas (flow rate of 1.2 mL/min). Aliphatic hy
drocarbons were constituted to a concentration of 1 mg/mL, and 1 μL 
was injected by a COMBI PAL liquid autosampler into a split/splitless 
injector operated in splitless mode at a temperature of 310 ◦C. The GC 
oven temperature program used was: a 5-min isothermal hold at 70 ◦C, 
followed by a 10 ◦C/min increase to 140 ◦C, then a 3 ◦C/min increase to 
325 ◦C, and finally a 15-min isothermal hold at 325 ◦C. The MS was 
operated in EI mode with an ionization energy of 70 eV and a scanning 
range from 50 to 600 Da. The ion source was maintained at 300 ◦C and 
the transfer line at 320 ◦C. The quadrupole mass spectrometer was 
operating in full scan mode from 50 to 750 Da at an energy of 70 eV. 
Integration of peak areas from the resulting chromatograms was carried 
using the Agilent Chemstation software (version E.02.02.1431), and the 
Agilent Masshunter software, for verification of compound identifica
tions and peak area data. No co-elution with the n-alkanes of interest 
was detected, and so the untreated aliphatic fractions were selected for 
CSIA.
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Aliphatic fractions, were evaluated via gas chromatography com
bustion isotope ratio mass spectrometry (GC-C-IRMS). This analysis was 
conducted using an Agilent Industries 7890A gas chromatograph 
coupled to an IsoPrime 100 mass spectrometer. Samples were intro
duced via a split/splitless injector in splitless mode (purge time 2, purge 
flow 15) onto a 50 m × 0.32 mm fused silica capillary column coated 
with a HP-1 stationary phase (100 % polysiloxane, Agilent, 0.17 μm). 
The GC oven temperature program was set to hold at 50 ◦C for 2 min, 
followed by a gradient increase to 300 ◦C at 5 ◦C min− 1 followed by an 
isothermal hold for 10 min. Helium was used as a carrier gas and 
maintained at a constant flow of 2 mL min− 1. The combustion chamber 
was maintained at 850 ◦C, and consisted of a quartz tube packed with 
copper oxide pellets. An external FAME standard mixture (C11, C13, C16, 
C21, and C23), of known isotopic composition was included in the runs. 
δ13C values are determined from the 12C/13C data, as compared with the 
Vienna Pee Dee Belemnite (VPDB), and calibrated against a CO2 refer
ence gas of known isotopic composition. Instrument error was ±0.3 ‰, 
and greater than the variability of replicate analyses. Data processing 
was carried out using the Ion Vantage software (version 1.6.1.0 
IsoPrime).

3. Results

Total Organic Carbon (TOC) increases in the LSB from 0.88 to 6.71 
wt% to 4.67–8.36 wt% (with the exception of a decrease to near zero 
concomitant with a silty lamina at 60 mm; Fig. 2). A suite of n-alkanes 
from n-C12 to n-C40 were identified in the LSB, along with pristane and 
phytane (see Figs. 3 and S1 for representative chromatograms). Both 
hopanes and steranes also contribute to the aliphatic fraction, with 
hopanes being much more abundant than steranes (Fig. 3). The n-al
kanes are far more abundant than both hopanes and steranes, and none 
of the n-alkanes of interest show co-elution with cyclic aliphatic hy
drocarbons. The δ13C values of both short and long-chain n-alkanes are 
lower than the δ13C values of both bulk TOC (Δδ13C 6–10 ‰). 
Compound-specific δ13C values of n-alkanes in the upper Grey Shale and 
Mulgrave Shale Members, which have been attributed to exogenic car
bon cycle perturbation (French et al., 2014), exhibit a Δδ13C of 2–6 ‰ 
(Fig. 4). The long-chain n-alkane 13C values are also consistently lower 
than concomitant δ13Corg of bulk organic matter (Littler et al., 2010) by 
3.3–10.6 ‰ (Fig. 2)

4. Discussion

4.1. Isotopic depletion in terrestrial carbon pools

Littler et al. (2010) noted in their discussion of the bulk δ13Corg re
cord from Hawsker Bottoms that this proxy record may reflect both 
changes in the carbon isotopic composition of the atmosphere, and the 
relative contribution of different organic matter types to the sedimen
tary organic matter pool. They suggested that the isotopic composition 
of the most organic matter rich intervals of the Cleveland Ironstone 
Formation, and Grey Shale Member of the Whitby Mudstone Formation, 
may be further investigated, to better constrain these factors – a goal 
which our work achieves. Our CSIA data of short and long chain n-al
kanes implies that during the deposition of the LSB, both the marine and 
terrestrial carbon pools were isotopically depleted (Fig. 2). While vital 
effects may have played a role in setting the δ13C of the long chain n- 
alkanes, it is probable that the changing isotopic composition of the 
atmosphere was the more important factor. Under persistently arid, or 
fluctuating wet/arid conditions, the δ13C of C3 plant tissues is positively 
shifted from the atmospheric value (Kohn, 2010; Schubert and Jahren, 
2012; Cernusak et al., 2013), and a decline in the δ13C signature of n- 
alkanes derived from leaf wax cuticle could therefore reflect a shift to a 
more humid climate at constant pCO2 levels (Kohn, 2010). However, 
analysis of the distribution of fossil leaf types, combined with the dis
tribution of climatically sensitive lithologies (e.g. coal, evaporites) im
plies that the northern EES was relatively humid for most of the lower 
Jurassic (Rees et al., 2000), and so changes in the δ13C signature of leaf 
wax cuticles are likely to mainly reflect changes in other palae
oenvironmental variables. Humid climate shifts in the geological past 
are also frequently associated with elevated pCO2 levels (e.g., the Car
nian Pluvial Event; Dal Corso et al., 2011), and if such high pCO2 levels 
are the result of depleted carbon release, a decline in the δ13C of leaf wax 
cuticle would reflect the influence of two linked palaeoenvironmental 
changes (humidity and high pCO2). Furthermore, the effect of elevated 
atmospheric pCO2 on plant δ13C is more pronounced in gymnosperms 
than in angiosperms and terrestrial animals, and of greater magnitude 
than the effect of precipitation change (Hare et al., 2018). Given that 
angiosperms were (probably) absent in the Toarcian (Bateman, 2020; 
Sauquet et al., 2022), and the assumption that the contribution of 
terrestrial animal-derived n-alkanes to the aliphatic fraction is low, δ13C 

Fig. 2. CSIA dataset compared with the published δ13Corg record from the Cleveland Basin (Littler et al., 2010). The corresponding TOC values for these samples are 
also plotted (superimposed in our TOC dataset in the LSB). Black lines represent the TOC trends (both ours and that of Littler et al.), and red lines represent the δ13Corg 
trend of Littler et al. (2010). Dashed lines in other colours represent the up-section trend of lighter carbon-specific isotopic values (C17–19), and solid lines represent 
the trend of heavier values (C27–29). A simplified stratigraphic column is also included on the far left. In the plot of our TOC data, circles indicate samples taken from 
the block coded LSB1, crosses from LSB3, boxes from LSB5, and triangles from LSB6. Abbreviations; S. - Spinatum, C. I. - Cleveland Ironstone. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of long-chain n-alkanes in the sample can be taken as roughly equivalent 
to the δ13C of gymnosperm-derived organic carbon. Consequently, we 
argue that the δ13C of long-chain n-alkanes in our samples is a function 
of atmospheric (depleted) carbon injection.

It is possible that migration of short chain n-alkanes occurred within 
the sediment pore space, given that the section is comprised of subaer
ially exposed oil-prone black shales. The sediments of the Hawsker 
Bottoms section have moderate thermal maturity (with Tmax values 
between 431 and 439; Sælen et al., 2000), and free oil is sometimes 

observed within the Serpentinum Zone (e.g. within ammonites from the 
Cannon Ball Doggers). However, the TOC content of the LSB is lower 
than that of the black shales of the Serpentinum Zone by 4–11 wt% 
(compare Figs. 2, 4), and the up-section distribution of n-alkanes per μg 
of sediment does not deviate greatly from that of TOC (see regression 
analysis in Fig. 5). So, while it is probable that post-depositional 
migration occurred (especially with the lighter n-alkanes), we suggest 
that it only effected the up-section variability of the CSIA data, and that 
the light isotope values still reflect isotopic depletion in the long-chain n- 

Fig. 3. Gas Chromatography-Mass spectrometry (GC–MS) traces of total ion currect (left) and characteristic mass fragments (right) from a representative aliphatic 
fraction derived from the LSB (LSB1.8B) with the n-alkanes of interest indicated. Note the absence of co-elution n-alkanes (m/z = 85, black trace) with either hopanes 
(m/z = 191, blue trace), or steranes (m/z = 217, orange trace). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Fig. 4. A comparison of published TOC, δ13Corg, and CSIA datasets for the uppermost Grey Shale and Mulgrave Shale Members of the Whitby Mudstone Formation. 
The same colour scheme used in Fig. 2 is applied here, and the reader is referred to this figure for the key.
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alkanes prior to deposition.
Although we demonstrate synchronous isotopic depletion in marine 

and terrestrial carbon pools, our sampling methodology is highly 
stratigraphically constrained, focusing only on the LSB (i.e., prioritizing 
resolution over completeness). The fact that large jumps in the up- 
section δ13C trends were not observed is probably due to this method
ology, and it is possible that if our sampling interval is extended further 
down or up, different δ13C values could be encountered. This means that 
our up- section plots of specific isotopic signatures are difficult to place 
in a wider stratigraphic context. However, our data are nonetheless 
collected from a unit in the uppermost Pliensbachian, and its deposition 
was likely soon followed by the Pl-To event (based on the biostratig
raphy of the basin; Howarth, 1973; Hesselbo and Jenkyns, 1995). The 
fact that simultaneous isotopic depletion in marine and terrestrial n-al
kanes is observed within the LSB (Fig. 2), strongly ties the causal factors 
behind this short (~10 kyr) period of oxygen depletion to global carbon 
cycle disruption. This could be related to the Pl-To event, or possibly the 
late Pliensbachian Spinatum negative event (de Lena et al., 2019; Mer
cuzot et al., 2019; Storm et al., 2020) - although Howarth’s (1973)
inferred biostratigraphy implies the former. It is also likely that the 
Spinatum negative event was triggered by the recycling of 13C depleted 
water masses (and potentially the remineralisation of sedimentary Corg) 
by enhanced ocean circulation during the late Pliensbachian Icehouse 
(Mercuzot et al., 2019; Storm et al., 2020). Inorganic geochemical 
markers such as Mn enrichment imply, by contrast, that the LSB was 
deposited under highly restricted and stratified conditions, (McArthur 
et al., 2008; McArthur, 2019).

If the marine environment was strongly stratified (as suggested by 
the occurrence of high TOC values, and Mn enrichment), then primary 
producers in the photic zone would have acquired the carbon needed to 
synthesise short-chain (C17–19) n-alkanes from an isotopically depleted 
pool recycled from below the chemocline by episodic upwelling. Such a 
mechanism has been invoked to explain the prominent negative δ13Corg 
excursion in the Exaratum Subzone (Sælen et al., 1996, 2000), and 
possibly contributed to the depleted isotopic signatures of the short 
chain n-alkanes (although this model has been questioned; van Breugel 
et al., 2006a, 2006b). However, the concomitant δ13C signatures of 
terrestrial n-alkane pools in the LSB are also consistently isotopically 
depleted with respect to existing bulk δ13C data (by 3.3–10.6 ‰; Littler 

et al., 2010; Fig. 2), which indicates that terrestrial primary producers 
incorporated depleted carbon as well. As argued by Hesselbo et al. 
(2000), the presence of prominent, concomitant δ13C excursions in 
marine and terrestrial carbon reservoirs is highly unlikely to be coinci
dental, given the network of interactions between the atmosphere, 
terrestrial and marine ecosystems in the surface carbon cycle.

4.2. Comparison with the Peniche GSSP

The sediments of the upper Cleveland Ironstone and lower Whitby 
Mudstone Formations can be correlated with the Lemede (which in
cludes the Toarcian GSSP) and Cabo Carvoeiro formations at Peniche, 
due to common (ammonite) biostratigraphic markers, and similar ge
ometry of the δ13Corg records at these two localities. D. simplex occurs 
together with D. pseudocommune at the Peniche GSSP (da Rocha et al., 
2016; Hesselbo et al., 2007) – although, as discussed previously, there 
are currently alternative placements for the FAD of D. pseudocommune in 
the Cleveland Basin. The FAD of D. pseudocommune in the Peniche sec
tion occurs within bed 15e (da Rocha et al., 2016). This bed is coincident 
with a negative δ13Corg excursion of − 4 ‰, 9.75 m below the − 7 ‰ 
δ13Corg CIE associated with the T-OAE (Fantasia et al., 2019), and co
incides with the base of the Polymorphum Zone. Despite the use of 
different regional ammonite biostratigraphy, the Polymorphum Zone in 
the Mediterranean is widely accepted as being laterally equivalent to the 
Tenuicostatum Zone of the subboreal realm (Littler et al., 2010), and the 
occurrence of the associated ammonite fauna across the northern and 
southern EES is likely to be near coincidental (Page, 2017). Belemnite 
(Hesselbo et al., 2007; Littler et al., 2010), brachiopod (Suan et al., 
2008), bulk carbonate, macrofossil wood (Hesselbo et al., 2007), and 
bulk Corg (Fantasia et al., 2019) δ13C records have all been evaluated 
through the Peniche GSSP, and all show a negative excursion in bed 15e 
of − 2.5 to − 4 ‰. However, given that bed 15e represents a lithological 
transition from micritic carbonate mudstone towards more siliciclastic 
marlstone (Duarte, 2007; Littler et al., 2010; da Rocha et al., 2016), and 
evidence for a concomitant carbonate factory collapse linked to ocean 
acidification (Suan et al., 2010; Müller et al., 2020; Vasseur et al., 2021 – 
but see Li et al., 2021; Slater et al., 2022), it is possible that the negative 
δ13Ccarb excursion is due in part to the cessation of carbonate production 
during the Pl-To (Bodin et al., 2016). While a CSIA of n-alkanes has 

Fig. 5. Regression plots of n-alkane content through the sample interval versus the nearest TOC value. The left plot is for n-C17–19, and the left plot shows the trends 
for n-C27–29. Regression equations and corresponding R2 values are shown for each line (see also supplementary data).
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never been conducted for the Peniche GSSP, Hesselbo et al. (2000, 
2007), and Littler et al. (2010) argued for an influence of global carbon 
cycle disruption on the δ13C records from both Peniche and Yorkshire, 
based on parallel negative δ13C excursions observed in macrofossil wood 
particles (Jet, in the Cleveland Basin). While some workers have sug
gested that impregnation of macrofossil wood material by isotopically 
depleted marine Corg hampers its accuracy as an accurate marker for 12C 
injection into the exogenic carbon cycle (Küspert, 1982), the low Corg 
content and low thermal maturity of the sediments of the Peniche sec
tion (Fantasia et al., 2019) implies that the influence of these diagenetic 
effects on the Peniche δ13Cwood record is minimal. Our data from the 
Hawsker Bottoms section are also strongly indicative of the addition of 
isotopically depleted carbon to the atmosphere, and furthermore, CSIA 
of n-alkanes circumvents isotopic heterogeneity effects altogether, since 
heavier, non-marine n-alkanes are specifically targeted (Poole et al., 
2004).

Despite containing mutually corroborating records of carbon cycle 
disruption, hiatal surfaces – indicating episodes of sediment bypass – are 
widespread in sections spanning the Pl-To (Ruebsam and Al-Husseini, 
2020; Bodin et al., 2023), due in part to a regressive-transgressive 
couplet that affected sedimentation in localities across the EES 
(Hesselbo, 2008). This was likely related to the termination of the 
Pliensbachian icehouse (Ruebsam and Schwark, 2021). While conden
sation is recognised in bed 16a of the Peniche section (Hesselbo et al., 
2020; Bodin et al., 2023), given that it does not encompass the defined 
boundary in bed 15e, nor the FADs of D. simplex and D. pseudocommune, 
da Rocha et al. (2016) determined that bed 15e can still be considered 
the GSSP for the Toarcian. Cryptic hiatal surfaces are recognised in the 
Cleveland Basin record as well (Ghadeer and Macquaker, 2011, 2012; 
Kemp et al., 2018; Bodin et al., 2023), and the frequent occurrence of 
scour marks and cross-stratification within the sedimentary texture of 
the LSB (Wignall, 1994, p. 92) imply that our record is also likely 
affected by these. However, the significance of the record of depleted 
isotopic signatures of terrestrial organic matter that we present here is 
not diminished by this fact. It is likely that disruption to the global 
carbon cycle occurred during the deposition of the LSB, regardless of 
whether or not the temporal coverage of the record is affected by 
stratigraphic condensation.

Overall, the simultaneous depletion in marine and terrestrial isotope 
records that we present here, strongly implies that the LSB is at least a 
local marker for disruption of the exogenic carbon cycle in the latest 
Pliensbachian. Furthermore, by comparison with the Peniche GSSP, we 
speculate that it is possible that the LSB was deposited synchronously 
with the Pl-To stage boundary – although this interpretation is provi
sional, and subject to review pending determination of the true level of 
the FAD of D. pseudocommune within the succession. Again, this critical 
biostratigraphic marker has alternative placements within the Lower 
Jurassic sediments of the Cleveland Basin. Further macro
palaeontological study of the uppermost Cleveland Ironstone Formation, 
and the lowermost Grey Shale Member of the Whitby Mudstone For
mation is arguably needed in order to precisely place the stage bound
ary, and, therefore, accurately determine the event(s) responsible for the 
isotopic depletion observed in the LSB.

4.3. Climate change in the latest Pliensbachian

The δ13Corg shifts expressed in the Cleveland Basin (including the 
minimum of − 23.5 ‰ associated with the LSB; Littler et al., 2010) can be 
correlated with 100 kyr short eccentricity maxima (Ruebsam et al., 
2019), and it is, therefore, likely that the destabilisation of a climatically 
sensitive methane reservoir was responsible for the release of 13C 
depleted carbon during these events. This does not, however, necessarily 
rule out an association between volcanic activity, and carbon cycle 
disruption: a slight temperature rise in the high latitudes would have 
been required to initiate the destabilisation of climatically sensitive 
methane reservoirs, and this could have been achieved by volcanic 

degassing of CO2 (Caruthers et al., 2013; Percival et al., 2015; Xu et al., 
2018; Ruebsam et al., 2020a). It is probable that global temperatures 
were raised due to volcanogenic carbon emissions from the Karoo-Ferrar 
LIP (which was active at the time; Pálfy and Smith, 2000; Jourdan et al., 
2005; Riley et al., 2016), with the subsequent destabilisation of 
permafrost (and thereby, the major disruption to global climate) being 
triggered by orbital forcing (Ruebsam et al., 2019). Although existing 
SST proxy data for the Cleveland Basin (Korte and Hesselbo, 2011; Korte 
et al., 2015) do not indicate a marked warming in the latest Pliensba
chian – of around 10 Kyr in duration – it is likely that these datasets lack 
sufficient temporal resolution to capture a hyperthermal event of this 
length. The nearest two δ18O samples from the datasets of Korte and 
Hesselbo (2011) and Korte et al. (2015) undershoot and overshoot the 
LSB by 0.16 m and 0.45 m, respectively.

While the redox state and biodiversity of the shallow marine envi
ronment of the Cleveland Basin recovered relatively quickly following 
the extinction event associated with the Pl-To (Danise et al., 2013), the 
Cleveland Basin would witness more widespread anoxia one Myr later 
(during the T-OAE) together with an extinction of many groups of ma
rine organisms (Little and Benton, 1995; Atkinson et al., 2023). The 
release of CO2 in the latest Pliensbachian was shorter lived than that 
occurring during the T-OAE, with the hyperthermal event probably 
lasting on the order of 10 kyr (based on our estimate for the duration of 
the deposition of the LSB), and with carbon emissions likely being due to 
the destabilisation of climatically-sensitive cryosphere reservoirs. It is 
possible that during the latest Pliensbachian, CO2 removal mechanisms 
such as continental weathering (Percival et al., 2016) and Corg burial 
(Bodin et al., 2023), were able to scale with, and eventually outpace CO2 
injection. Furthermore, it is possible that by the early Toarcian, these 
CO2 removal mechanisms were overwhelmed, and therefore, the Earth 
System was less capable of counteracting the effect of the subsequent 
release of CO2 during the T-OAE.

5. Conclusion

During the deposition of the LSB, both marine and terrestrial primary 
producers obtained their carbon from isotopically depleted reservoirs, 
indicating isotopic depletion in atmospheric carbon. Despite limitations 
in the ammonite biostratigraphy of the succession at Hawsker Bottoms, 
the close association between these two carbon-cycling processes 
strongly implies that the oxygen depletion responsible for the formation 
of the LSB was the regional expression of a global climate perturbation in 
the latest Pliensbachian. It is probable that this perturbation was due to 
the destabilisation of a climatically sensitive methane reservoir. It is 
possible that this geologically brief interval of global climate change 
(lasting on the order of 10 Kyr) limited the capacity of the Earth System 
to buffer the effect of a longer lasting, and more severe period of carbon 
emission, one Myr later.
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