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Abstract

The latest Permian-Triassic time interval is associated with major perturbations in the
global sulphur cycle, expressed as variability in the sulphur isotopic composition (634S)
of seawater sulphate and recorded in sedimentary sulphates of marine origin. Recent
efforts have applied sulphur isotope stratigraphy for the correlation of evaporitic strata
in central Europe and Spain. However, despite the abundance of evaporitic material,
sulphur isotope stratigraphy has yet to see widespread application to the UK late
Permian-Triassic. This thesis presents evaporite-based sulphur isotope (63*Sevap) records
from multiple UK sub-basins, the Larne, East Irish Sea, Wessex, Cleveland, and UK
Southern North Sea (SNS) basins. The data herein expands the geospatial coverage of
the Permian-Triassic sulphur isotope age curve and provides further age-calibration for

sedimentary evaporites with limited biostratigraphic constraint.

534Sevap data from drillcore of the Staithes S-20 borehole, Cleveland Basin,
provides coverage of the uppermost Zechstein, through to the uppermost Mercia
Mudstone Group (MMG) and forms the basis from which to correlate other UK latest
Permian-Triassic 63*Sevap records. The Staithes S-20 profile is correlated with the global
83*Sevap curve to form a composite record, which is assimilated into a sulphur
biogeochemical box model, producing the most complete record of pyrite burial rates

for the latest Permian-Triassic.

An equivalent &34Seyap profile is presented from drill cuttings of well 42/28-2 in
the UK SNS and correlated with the Staithes S-20 record. The successful correlation
demonstrates the potential suitability of drill cuttings for sulphur isotope stratigraphy of
evaporitic lithologies, greatly increasing the number of sites available for sampling,
presenting the potential to expand the geospatial coverage of the Triassic §3*Sevap age
curve. In addition, 634Sevap data from the Bunter Shale and Bunter Sandstone (Sherwood
Sandstone Group — SSG) in both Staithes S-20 and 42/28-2 are within the range for late
Permian seawater. Additional 63*Sevap data from nodular calcium sulphates of drillcore
GT-01 Kilroot, Larne Basin, within an evaporitic siltstone interval at the base of the
Ormskirk Sandstone (SSG), also fall within the range established for Permian seawater.
53%Sevap data from the uppermost SSG in another core within the Larne Basin,

Cairncastle-2, compare well to the &3S of latest Early Triassic seawater sulphate.



Together, these data suggest that in the locations sampled, the position of the Permian-
Triassic boundary should be placed at a currently unconfirmed position within the SSG.
However, uncertainties persist regarding the precise degree of marine vs. terrestrial
influence and additional sampling is necessary to confirm the reproducibility of these

834Sevap data.

Further 83Sevap data were generated from Middle to Late Triassic strata of
110/13-8, East Irish Sea Basin (EISB). Although the 63*Sevap profile exhibits a greater
degree of scatter than the equivalent records of Staithes S-20 and 42/28-2, the broad,
general declining trend established for the Middle-Late Triassic is clearly replicated,
enabling correlation. These data constitute the highest resolution &3*Sevap profile
generated for Triassic strata of the EISB and assist in providing tighter age constraint
beyond that which can be achieved with sparse biostratigraphy alone. Further sampling
of the EISB is required to better confirm the trends observed in the §3*Sevap profile of

110/13-8.

It can be difficult to confidently distinguish between marine and nonmarine
evaporite systems in the geologic record, due to sedimentological and mineralogical
ambiguities. The §34Sevap profiles for the MMG of Carnduff-02 (Larne Basin) and Burton
Row (Wessex Basin) are largely offset from the global composite 634Scvap age curve,
which are interpreted here as evidence for terrestrial deposition and hydrologic
restriction from the seawater sulphate reservoir. When compared with the 63%Seyap
profiles of 110/13-8, Staithes S-20, and 42/28-2, the data imply a spatial distinction in
the degree of marine influence during of the UK Triassic, helping to reconcile apparent

disagreements between sedimentological, mineralogical, and palaeontological data.

A suite of stable isotopic (83*Sevap, 63*Scrs, 8'°Niot, 6'3Corg) and organic
geochemical data were generated from the late Permian Eden Shales, Vale of Eden,
Cumbria. Two stages defined by distinct biogeochemistry can be defined, with Stage 1
spanning evaporite bed A and Stage 2 evaporite beds B and C. The data for Stage 1 is
particularly speculative and requires further refinement. In Stage 2, isotopic and lipid
biomarker data possibly indicate photic zone euxinia. In addition, extreme &%3Corg
enrichments (>0 %o), along with the detection of B-carotane, potentially reflect a

combination of hypersalinity and enhanced primary productivity. The interpretations



put forth here remain speculative, and the generation of additional geochemical data
and further sampling of the Eden Shales should be pursued to further constrain the

palaeoenvironmental conditions during deposition.
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Chapter 1: Introduction

1. Thesis rationale

The late Permian and Triassic time intervals are associated with major environmental
and climatic perturbations (Sun et al., 2012; Cui and Kump, 2015; Trotter et al., 2015;
Wou, et al., 2021), associated with severe shifts within the Earth’s biosphere, including
the End Permian Mass Extinction (EPME) and the End Triassic Extinction (ETE), two of
the ‘Big Five’ mass extinction events (Raup and Sepkowski, 1982; Sepkowski, 1996). Both
extinctions have been linked to major and abrupt volcanic outgassing related to the
emplacement of large igneous provinces (LIPs); the Siberian Traps of the late Permian
(Burgess and Bowring, 2012) and the Central Atlantic Magmatic Province (CAMP) of the

Late Triassic (Wignall, 2001; Ruhl et al., 2011; Davies et al., 2017).

The EPME and the ETE are associated with perturbations in the cycling of various
redox-sensitive elements (e.g., Ruhl et al., 2011; Rothman et al., 2014, Stiieken et al.,
2015a; Newby et al., 2021; Bond et al., 2023). Of particular note is the sulphur isotopic
composition (634S) of seawater sulphate, which exhibits major variability, especially
across the Early Triassic (e.g., Claypool et al., 1980; Bernasconi et al., 2017; Crockford et
al., 2019). Despite this, understanding of the Triassic sulphur cycle has been impeded by
the diagenesis of carbonate associated sulphate (Bernasconi et al., 2017; Johnson et al.,
2021) and the lack of high-resolution long-term &34S records between the EPME and the
ETE. It has been common for work to focus primarily on specific short intervals of time,
such as the Permian-Triassic boundary (PTB) (e.g., Korte et al., 2004; Newton et al., 2004;

Kaiho et al., 2006; Riccardi et al., 2006; Schobben et al., 2015), Early Triassic (e.g., Lyu et



al., 2019; Song et al., 2019) and the Triassic-Jurassic boundary (TJB) (e.g., He et al., 2020;

Tang et al., 2023).

Recent efforts have expanded the coverage of the sulphur isotope record during
the Triassic, with sulphur isotope data from carbonate-associated sulphate (63*Scas)
generated from the Late Permian through to the Middle Triassic (Song et al., 2014).
Despite the relatively good chronostratigraphic coverage of this data, concerns exist
regarding the susceptibility of 63*Scas records to diagenetic overprinting (e.g., Present et
al. 2019). Bernasconi et al. (2017) and Orti et al. (2022) compiled composite 63S records
from sedimentary evaporites (63*Sevap) Of central Europe and eastern lberia, respectively.
While successful in expanding the resolution of the Triassic §3*Sevap age curve, a lack of
chronostratigraphic coverage persists for certain intervals. Despite this, these 63*Sevap

records can provide the basis for the development of further §3*Sevap-based correlations.

During the late Permian-Triassic, the UK was located within the eastern part of
Panagaean supercontinent, at a palaeolatitude of ~20 °N (Newell et al., 2018).
Deposition occurred under a warm and arid to semi-arid climate (McKie and Williams,
2009; Sun et al., 2012; Trotter et al., 2015). The vast expanse of continental landscape
ensured a high degree of continentality and a scarcity of open water sources,
maintaining aridity within the continental interior (Parrish, 1993). Punctuated rifting
episodes through the late Permian and Early Triassic generated a complex network of
interconnected rift basins that propagated through the warm and arid continental
interior (Coward, 1995; Hounslow et al., 2012; McKie, 2014). These rift basins were often
sub-sea level, enabling accommodation space for sediment and the periodic ingress of

marine waters (McKie, 2017). This tectonic setting, in combination with the warm and



arid climate, facilitated the widespread deposition of sedimentary evaporites, which
provide relatively consistent chronostratigraphic coverage of the Late Permian and

Middle-Late Triassic (Hounslow and Ruffell., 2006; McKie, 2017).

Thus, the UK late Permian-Triassic provides the opportunity to generate
additional 834Seyap data and build upon the efforts of previous work (Bernasconi et al.,
2017; Orti et al., 2022), improving the chronostratigraphic coverage of the global 83*Sevap
curve. This thesis focusses on the establishment of robust 834Seyap records from the late
Permian uppermost Zechstein, and Triassic Sherwood Sandstone and Mercia Mudstone
groups of the UK, for which the currently available 634Scvsp data are limited, lacking

spatial and chronostratigraphic coverage (e.g., Taylor, 1983).

In doing so, | aim to establish further chronostratigraphic constraint to the
evaporitic stratigraphy of the UK Permian-Triassic, via the establishment of correlation
schemes between UK 63Sevap records and the global composite §3*Sevap curve. Due to
the arid and often hypersaline nature of the depositional environment, the UK Triassic is
generally impoverished in fossils suitable for biostratigraphy (Warrington et al., 1980;
Hounslow and Ruffell, 2006), and thus a lack of chronostratigraphic constraint persists
(McKie and Williams, 2009). Much of the established correlation schemes for the UK are
based upon lithostratigraphy (e.g., Jackson et al., 1997) and sparse biostratigraphic data
(e.g., Warrington, 1974; Warrington et al., 1980). Thus, the development of high-
resolution 634Seysp records presents the opportunity to constrain and corroborate
established lithostratigraphic correlation schemes between different UK basins, and

between the UK sector and continental Europe.



In addition, through correlation with the global composite §3*Sevap curve and the
application of biogeochemical box modelling, | further refine understanding regarding
the biogeochemical evolution of the Triassic. Long-term 63*Sevap records from the
Middle-Late Triassic Mercia Mudstone Group have the potential to provide valuable
insight regarding the broader trends in biogeochemical change between the EPME and
ETE, particularly for time intervals for which the established 63*Sevap curve currently lacks

chronostratigraphic resolution, such as the Late Triassic (see Bernasconi et al., 2017).

Finally, although there exist clear geochemical distinctions between marine and
nonmarine evaporite systems (Warren, 2010) (see below), it can be difficult to
confidently distinguish between evaporites of marine and terrestrial origin in the
geologic record, due to ambiguities in their sedimentology and mineralogy (e.g., Hardie,
1984; Lowenstein et al., 1989; Chivas, 2007; Warren, 2010; Leitner et al., 2023).
Accordingly, much debate persists regarding the degree of marine influence during
deposition of UK Triassic evaporites (e.g., Taylor, 1983; Andeskie et al., 2018). 63*Seyap
data exhibit sensitivity to marine ‘vs’ terrestrial sulphate inputs. Thus, through
comparison with the global composite 83*Sevap curve, the §34Sevap data presented herein,
provide further constraint to the extent of marine influence during evaporite deposition.
This has the potential to further our understanding of the depositional environment of
UK Triassic evaporites, providing insight valuable for the refinement of Triassic

palaeogeographic reconstruction.

2. Evaporites

Evaporites are ionic salts that form via physicochemical precipitation from

supersaturated saline brines (Hardie, 1991). A state of supersaturation is generally



achieved through evaporative concentration by solar heating, which causes water loss
through vapourisation as water in the brine undergoes transition to a gaseous phase,
concentrating the residual brine and increasing its’ salinity (Warren, 2021). Under certain
circumstances, saturation can also result from temperature changes (cooling or non-
solar heating), degassing and the mixing or brines in diagenetic and hydrothermal
settings (Hardie, 1991; Warren, 2021). The parent brines from which evaporites
precipitate can be fed by marine or nonmarine waters (fluvial runoff, terrestrial
groundwaters, hydrothermal fluids) (Hardie, 1984, 1991; Warren, 2010, 2021), with

many evaporites likely occupying a position between these two end member extremes.

Evaporite minerals contain the major ions Na, Ca, Mg, K, Cl, SO4, CO3 in varying
proportions, depending on the exact evaporite mineral species, and certain evaporitic
precipitates also contain structurally bound H0, as well as B, Ba, Sr, Br, Li, and | (Warren,
2010). The mineralogy of ancient evaporite systems generally includes alkaline earth
carbonates, calcium-sulphates (gypsum and anhydrite), halite and potash salts, including
sylvite, carnallite, polyhalite and epsomite (Warren, 2021), with halite and calcium-
sulphates being the most common (Chivas, 2007). The relative proportions of course
vary between distinct evaporite systems, however these four evaporite mineral
groupings constitute approximately 95 % of Neoproterozoic and Phanerozoic evaporites
globally (Warren, 2010). The remaining 5 % consist largely of sodium carbonate, sodium
sulphate and sodium borate salts, which ordinarily form in continental playa settings

(Chivas, 2007; Warren, 2010).

Due to the important role of solar heating, evaporites are generally associated

with warm and arid climates, providing sufficient heat and aridity to maintain



evaporative conditions (Hardie, 1991). In addition, evaporite deposits generally form
within basins that maintain hydrographic restriction and are unable to form in settings
with a consistent open surface connection to seawater (Warren, 2010). Large
voluminous marine evaporite systems require hydrologically restricted sub-sea level
basins, which in combination with heat and aridity, enable conditions of hypersalinity to
be maintained, while also providing access to fresh brine material (Sloss, 1953; Warren,
2010) (see below). Only certain terrestrial evaporites can form in supra-sea level settings,
however these evaporite systems are far less voluminous, as is the case for terrestrial
evaporites in general (Warren, 2010). Thus, evaporite systems require a combination of
specific climatic, environmental, and tectonic conditions favourable for their formation

(Sloss, 1953; Krijgsman et al., 2006; Warren, 2010).

2.1. Marine evaporites

Marine evaporites are ionic salts that precipitate via the evaporative concentration of
marine-fed saline brines sourced from the inflow of seawater into sub-sealevel basins
(Warren, 2010). The largest ancient evaporites are of marine origin, with such large
evaporite deposits requiring access to a large NaCl pool, which only the ocean reservoir
can provide (Warren, 2010). It should of course be noted that the largest evaporites in
the geologic record (e.g., the Permian Zechstein and Khuff Formation) not only required
a marine mother brine, but also certain climate and tectonic settings. In the case of
Permian evaporites, the continentality of Pangaea (Parrish, 1993), extremes in
temperatures and aridity (Parrish, 1993; Chumakov and Zharkov, 2003), and an
abundance of sub-sealevel rift basins (McKie, 2017) facilitated the formation of

evaporite deposits on such a large scale. In contrast, the modern Earth is characterised



by far smaller marine-fed evaporite systems, as it does not possess the climate
conditions and tectonic configuration favourable to the formation of marine evaporite

deposits on the scale of those observed in the geologic record (Warren, 2010).

In a modern marine evaporite system, assuming the ionic proportions and
composition of Quaternary seawater, precipitation proceeds from calcium carbonate, to
gypsum, then halite, and finally the bittern salts, with this sequential precipitation
progressing with increasing salinity (Babel and Schreiber, 2014; Warren, 2021) (Fig. 1).
Carbonates form at 1.5-3 times the salinity of the original seawater, leaving a residual
brine with excess Ca. This subsequently reacts with sulphate to precipitate
gypsum/anhydrite, which commences at 5-6 times the original salinity, consuming
available Ca and leaving excess sulphate. The onset of halite precipitation begins at 10-
11 times the salinity, and bittern salts subsequently precipitate once the brine reaches
60-70 times the original salinity. Residual sulphate combines with magnesium to form
MgSO0s salts, and eventually KCl salts as Mg concentrations decline (Warren, 2010) (Fig.
1). Halite continues to precipitate during the bittern stage, up to a salinity 90 times that
of the original seawater (Warren, 2021). An evaporite system attains equilibrium when
solute loss via evaporation equals rates of brine influx. Theoretically, this can occur at
any stage along the precipitative sequence, with the point at which this equilibrium is
achieved controlling the dominant evaporite mineral composition of the basin fill

(Warren, 2010).
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Figure 1: Changes in the ionic proportions of a modern seawater brine during the
sequential precipitation of evaporite minerals. The inset displays the sequential
precipitation of potash salts against Mg content within a brine (sourced from Warren,

2021).

The ionic proportions of seawater have of course evolved with time (e.g,
Lowenstein et al., 2001, 2003), and thus assuming Quaternary compositions may be
misleading when attempting to understand ancient evaporite deposits for certain
intervals in the geologic past. For example, the initial ratio of magnesium to calcium
(Mg/Ca) of the original brine material acts to control the carbonate mineral species that
precipitates at the beginning of the reaction series (Warren, 2021). In this way, the
Mg/Ca ratio forms a chemical divide known as the carbonate divide, separating
subsequent possible precipitation pathways according to the initial composition of the
evaporite brine (Babel and Schreiber, 2014). During equilibrium precipitation, the
concentrations of ions for a particular salt (e.g., Ca?* and COs? for calcite) must vary

inversely, with the ion exhibiting the greatest initial abundance undergoing progressive



enrichment, whilst the least abundant ion is depleted until it is consumed beyond
detection (Eugster, 1980; Babel and Schreiber, 2014). Thus, calcium carbonate minerals
precipitate during the initial stages of the precipitative series and will continue to form
until the least abundant ionic component is depleted (Babel and Schreiber, 2014;
Warren, 2021). Modern seawater is rich in Ca, and thus carbonate mineral precipitation
ceases once HCOs is consumed. However, if Ca is consumed, a Type 1 (alkaline) brine
forms (Fig. 2), preventing the subsequent precipitation of gypsum, and promoting the
formation of bittern salts (Eugster, et al., 1980; Warren, 2021). Type 1 brines may have
been prevalent within the hypothesised soda ocean (Kempe and Degens, 1984) or soda

lakes (Stlieken et al., 2015b) of the Archaean.
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Figure 2: The chemical divides that control the evaporation pathway of seawater brines

(sourced from Warren, 2021).

Thus, a chemical divide exists at each precipitation step, controlled by the ionic
proportions of the brine prior to saturation (Harvie et al., 1982). Another chemical
divide, the ‘gypsum divide’, occurs during the precipitation of gypsum (Fig. 2) (Eugster et
al., 1980; Babel and Schreiber, 2014). This is far more relevant to the post-Archaean Earth

(Warren, 2021), due to higher levels of atmospheric oxygen (Lyons et al., 2014).



Assuming HCO3 was depleted during the earlier precipitation of calcium carbonates, the
residual brine experiences an enrichment in Ca or Mg, characterised by a neutral pH
balance (Warren, 2021). Once gypsum precipitation initiates, either Ca or SO4 is
consumed until depletion, depending upon the relative ionic proportions at the
beginning of gypsum formation. If Ca is the first to be consumed, a bittern enriched in
Na, K, Mg, Cl and SO4 will result, facilitating the precipitation of magnesium sulphates
(Fig. 2). In contrast, if SO4 reaches depletion before Ca, the brine will become enriched
in Na, K, Mg, Ca, and Cl, promoting the development of calcium chloride brines and
facilitating the precipitation of potassium chloride and calcium chloride minerals

(Warren, 2021).

While MgSQa-rich bitterns characterise modern saline systems (Warren, 2010), it
is thought that during the Phanerozoic, seawater fluctuated between a state of Ca > SO4
and SO < Ca (Fig. 3) (Lowenstein et al., 2001, 2003). During depletions in seawater
MgSO0a, the Earth’s oceans were enriched in Ca (i.e., Ca > SQ4), and were thus calcitic,
correlating with high seafloor spreading rates, a heightened influx of Ca-rich mid-ocean
ridge hydrothermal brines and high sea levels (Hardie, 1996; Lowenstein et al., 2001).
This of course contrasts with MgSQs-rich aragonitic seas, which characterise the

Permian-Triassic, as well as Quaternary seawater (Warren, 2010).
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Figure 3: Temporal evolution in the relative concentrations of seawater Ca and SO4 over

the past 600 million years (sourced from Warren, 2010).

2.2. Nonmarine evaporites

Nonmarine evaporites are generally less voluminous, forming within hydrologically
closed continental depressions, and do not source brine material from the ocean
reservoir (Warren, 2010, 2021). Instead, the ions required for evaporite precipitation are
sourced from fluvial systems and groundwaters (Warren, 2021). As a result, the ionic
proportions of nonmarine evaporite brines are far less predictable than those of marine
brines and are controlled by the composition of the inflowing waters, which in turn
depend upon the labile lithologies exposed to weathering in the local drainage basin
(Hardie and Eugster, 1970; Eugster, 1980). The weathering reactions involved are diverse
and varied between different settings. Broadly speaking, these reactions include the
dissolution of soluble mineral species, such as gypsum and halite, calcite and silicate
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dissolution, as well as redox reactions involved in the oxidation of sulphides and iron-
silicate dissolution (see Eugster, 1980). The majority of sodium carbonate, sodium
sulphate and sodium borate accumulations are derived from non-marine brines

(Warren, 2021).

Five major brine types can be defined for nonmarine evaporite systems (Hardie

and Eugster, 1970; Warren, 2010):

e Na-COs3-Cl

Na-CO3-S04-Cl

Na-(Ca)-SO4-Cl

Mg-Na-(Ca)-S0s-Cl

Ca-Mg-Na-(K)-Cl

All evaporation pathways begin with the precipitation of alkaline earth
carbonates, including aragonite, low-magnesian calcite, high-magnesian calcite and
dolomite, with the Mg/Ca ratio of the initial brine inflow controlling the specific
carbonate mineralogy (Warren, 2010). This constitutes the first chemical divide during
the precipitative series of nonmarine carbonates, constraining the direction of the
subsequent evaporation pathway by determining whether the residual brine will
experience Ca enrichment relative to carbonate, or vice versa (Eugster, 1980). If the brine
inflow is enriched in HCOs relative to Mg and Ca, then carbonate precipitation will
generate depletions in Mg and Ca, leaving excess HCO3 within the residual brine. As a
result, the precipitative series will progress according to pathway 1 in Fig. 4, as HCO3
reacts with Na to precipitate sodium carbonate minerals. Note that almost no gypsum
can form during this pathway, as the Ca is consumed during initial carbonate

precipitation (Warren, 2010).
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Figure 4: (A) The five major brine types associated with nonmarine evaporite systems;
(B) The three evaporation pathways for nonmarine evaporites (pathways I to Ill)

(sourced from Warren, 2010).

If the initial brine is enriched in Mg and Ca relative to HCO3s, then the reaction
series follows pathway 2 in Fig. 4. Once the initial carbonate precipitation step is
complete, the residual brine is left enriched in Mg and Ca, promoting the precipitation
of abundant sulphates (e.g., gypsum) (Eugster, 1980; Warren, 2010). Gypsum
precipitation of course acts as a chemical divide for Ca and SO4, with pathway 2
subsequently dividing based upon the relative ionic proportions of Ca and SO remaining

after gypsum formation (Fig. 4) (Eugster, 1980).

An initial brine with approximately equivalent concentrations of Mg and Ca
relative to HCO3 will follow pathway 3 in Fig. 4. The formation of abundant alkaline earth
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carbonates constitutes the first step in this reaction pathway, inciting a progressive
enrichment in Mg relative to Ca, which in turn drives the precipitation of high-Mg calcite,
dolomite and magnesite (Eugster, 1980; Warren, 2010, 2021). The brines are
subsequently depleted in either HCO3 or Mg + Ca and can experience gypsum saturation
(Eugster, 1980). The subsequent direction of pathway 3 depends upon the concentration

of Mg + Ca within the residual brine (Fig. 4) (Warren, 2010).
3. The sulphur cycle and isotope system
3.1. The sulphur cycle

The sulphur cycle in Earth’s surface environment is controlled by redox-driven microbial
processes and is intimately linked to the cycles of carbon and oxygen (Habicht et al.,
2002; Gill et al., 2007). On the modern Earth, the marine sulphate reservoir is relatively
large, with a concentration of 28 mM (1.3 x 102! g) (Canfield, 2004; Fike et al., 2015) and
a residence time of ~10 million years (Paytan et al., 2012). The major input of sulphur
into the ocean reservoir is the weathering of Ca-sulphate minerals, and the oxidative
weathering of sedimentary sulphide minerals, especially pyrite (see Fig. 1) (Faure and
Mensing, 2005), the latter of which are unstable in an oxygenated environment (Bottrell
and Newton, 2006). Under neutral pH, pyrite weathering occurs most efficiently in the

presence of molecular oxygen:

2FeS, + 4H,0 + 60, — 2Fe?* + 4H,S0,  [1]

This reaction consumes oxygen, and in conjunction with the oxidation of organic
carbon, imparts a control on atmospheric pO; (Bottrell and Newton, 2006). Upon the

release of sulphur-bearing phases, sulphur is transported by fluvial systems to the
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marine reservoir as sulphate. Riverine sulphur is the primary input flux of sulphate into
the Earth’s oceans, with an estimated magnitude of 1.5 x 10%** g/yr (Burke et al., 2018).
Anthropogenic sulphur contributes to approximately 30-50 % of the modern input flux
(Ilvanov, 1981; Burke et al., 2018). In addition to fluvial weathering, seawater sulphate is
sourced from volcanic outgassing from terrestrial volcanism and hydrothermal vent
systems at mid-ocean ridges, atmospheric dust, biogenic gases, and the biological and

inorganic oxidation of sulphide to sulphate (Fig. 5) (Canfield, 2004; Fike et al., 2015).

The major sinks of marine sulphur include the biological production and burial
of sulphides (foyrite = 4 x 10*3 g/yr) (Fike et al., 2015) (Fig. 5), as well as the incorporation
of sulphate into evaporite, and to a lesser extent, carbonate minerals (fsoa= 6 x 103 g/yr)
(Canfield and Farquhar, 2009; Fike et al., 2015). The difference between the burial of
reduced (sulphide) and oxidised (sulphate) sulphur-bearing species imparts an

additional control on surface redox chemistry (Fike et al., 2015).

ATMOSPHERIC] TERRESTRIAL]
REACTIONS WEATHERING
Sulphide

OCEANIC
REACTIONS

KEY solid species |

gaseous s pecies
quid or disseived species ()

Figure 5: Diagram depicting the sulphur cycle and its biogeochemical relationship with

oxygen (sourced from Bottrell and Newton, 2006).
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In nature, the redox state of sulphur is transformed by microbial processes for
metabolic energy conservation (Fike et al., 2015). These metabolic reactions mediate the
transfer of sulphur between oxic and reduced reservoirs (Strauss, 1997), and thus
contribute to the regulation of Earth’s surface chemistry (Faure and Mensing, 2005; Fike

et al., 2015). One such process is dissimilatory microbial sulphate reduction (MSR):
CH3CO; + S0%™ + 3H* - 2C0, + H,S + 2H,0 [2]

Occurring primarily in anoxic marine sediments, it serves as a major link between
the sulphur cycle and the oxygen and carbon cycles (Fike et al., 2015). It involves organic
carbon remineralization, whereby organic carbon is oxidised to CO, (Jgrgensen et al.,
2019), and is coupled to the anaerobic oxidation of methane (Knittel and Boetius, 2009).
The organic carbon, sourced largely from primary producers, serves as the electron
donor, whilst sulphate is reduced, serving as the electron acceptor (Fike et al., 2015).
During MSR, the internal enzymatic machinery of anaerobic microorganisms reduces
sulphate to sulphide via several intermediate species (Fig. 6) (Fike et al., 2015). Initially,
sulphate is actively transported into the cell by membrane-bound sulphate transporter
proteins. Upon entry into the cell, the reduction of sulphate can follow the APS
(adenosine-5 — phosphosulphate) pathway, whereby sulphate combines with the
enzyme ATP sulfurylase to form APS (Canfield, 2001). The subsequent reduction of APS
to sulphite is facilitated by APS reductase, after which sulphite is reduced to hydrogen
sulphide (H2S) through several biochemical reactions involving the DsrABC complex (Fike

et al., 2015).
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Figure 6: A depiction of the biochemical process of microbial sulphate reduction,
including the major steps and enzymes involved. (1) The transportation of sulphate
through the cell wall into the cytoplasm. (2) Sulphate converted to APS by ATP. (3) APS
reduced to sulphite by the enzyme APS reductase. (4) The reduction of sulphite to
sulphide through reactions involving the DsrABC complex (sourced from Fike et al.,

2015).

Assuming sufficient iron availability, the hydrogen sulphide produced is
scavenged for the formation of sedimentary iron sulphide minerals, such as pyrite
(Strauss, 1997). Due to its stability over geologic time under conditions of anoxia, pyrite
burial represents the most significant sink of sulphur in marine sediments (Jgrgensen et
al., 2019). The initial reaction between hydrogen sulphide and ferric iron yields a number
of different chemical species, including polysulphides, elemental sulphur and pyrite.
Several mechanisms for the formation of pyrite in sediments have been discussed. These
include the H.S pathway (Eq. 3), whereby FeSaq reacts with HS (Thiel et al., 2019), and

the polysulphide pathway (Eq. 4) (Fig. 7), involving reaction between FeS.q and
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nucleophilic polysulphide (Rickard and Luther, 2007; Thiel et al., 2019) and the elemental

sulphur pathway, where FeS,q reacts with elemental sulphur (S°) (Liseroudi et al., 2021):
FeS + H,S — FeS, + H, [3]
FeS + S2~ — FeS, + S22, [4]

The supply of FeS and polysulphide are rate limiting (Ylicel et al., 2010; Jgrgensen
et al., 2019) and local environmental conditions are likely to influence the relative
importance of each pathway (Jgrgensen et al., 2019). For example, the speciation of
sulphide is controlled by pH and redox chemistry, and thus, under acidic and /or anoxic
conditions, the H,S pathway is thought to be more important. Consequently, the H,S
pathway is the dominant mechanisms of pyrite formation in anoxic environments
(including many diagenetic settings) where concentrations of HS" and H,S are relatively
high (Liseroudi et al., 2021). Reactions 4 and 5 occur only in oxic settings under a range
of pH values, with some research suggesting that reaction 5 is most common in oxic
settings (Liseroudi et al., 2021). However, according to the modelling of pyrite formation
in oxidised turbidites, under neutral pH and, the polysulphide pathway dominates
assuming FeS and polysulphide are available in sufficient concentrations (Yicel et al.,
2010). This remains the case until elemental sulphur (necessary for the formation of
polysulphide) is consumed. The H,S pathway then becomes the dominant mechanism

for pyrite formation once elemental sulphur has been exhausted (Jgrgensen et al., 2019).
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Figure 7: Mechanisms proposed for the formation of pyrite (sourced from Rickard and

Luther, 2007).

The process of sulphate reduction can be reversed via sulphide oxidation,
whereby sulphide minerals (including pyrite) and other reduced sulphur species are
oxidised (Fike et al., 2015). This can be pervasive in modern environments (Canfield,
2001), with only a small fraction (1-2%) of biologically synthesised H,S converted to and
buried as pyrite (Finster, 2008). Natural mechanisms are varied and poorly understood,
including inorganic oxidation, as well as biological phototrophic and nonphototrophic
pathways (Canfield, 2001; Zopfi et al., 2004), with some of the relevant microorganisms
coupling this process to metabolic energy conservation (Fike et al., 2015). For sulphide
oxidation to occur, electron acceptors (oxic species), such as O, are required to balance
the oxidation of the reduced sulphur species (Canfield, 2001). Notably, during pathways,
the reduced species serve as electron donors necessary for carbon fixation from CO,,
which balances the oxidation process (Canfield, 2001; Fike et al., 2015), demonstrating

yet another link between the sulphur, oxygen and carbon cycles.

A number of complex enzymatic systems are involved in the oxidation of reduced
sulphur, with the most studied pathways utilising the Sox proteins (Friedrich et al., 2001;

Fike et al.,, 2015). However, chemotrophic and acidophilic bacteria employ different
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enzymatic systems (Friedrich, et al., 2005). Depending on the biological and geochemical
pathways involved, the sulphide may be oxidised directly or through a variety of reactive
S-bearing species of intermediate oxidation states, (Fike et al., 2015), including
polysulphides, thiosulphate, elemental sulphur, sulphite and tetrathionate (Canfield,
2001; Fike et al., 2015; Jgrgensen et al., 2019). The concentrations of oxyanaions in

marine sediments are generally far lower - micromolar or lower (Zopfi et al., 2004).

7

Elemental sulphur (S° is a particularly important intermediary, as its
concentrations in marine sediments is relatively high (Jgrgensen et al., 2019), being
prominent in a number of sedimentary, aqueous and hydrothermal systems. When the
concentrations of oxidants are low relative to sulphide, elemental sulphur can be
produced via abiotic pathways, as well as an intermediate during the two-step oxidising
of sulphide by phototrophic bacteria (Findlay and Kamyshny, 2017). Importantly,
reaction between elemental sulphur and sulphide can yield polysulphide (see Equation
5; Findlay and Kamsyshny, 2017), which is important in a variety of processes of

biogeochemical significance, especially pyrite burial (see above) (Jérgensen et al., 2019).
xS% + HS™ & SZ° [5]

xS0 is elemental sulphur and S,* represents polysulphide species with a range of
chain lengths, in a state of chemical equilibrium. Although the above reaction is
important for the formation of polysulphides, they can also be formed directly via

microbial metabolic processes (Findlay and Kamyshny, 2017).

Sulphide oxidation by chemotrophic bacteria and incomplete MSR can yield
thiosulfate, as can a number of abiotic sulphide oxidation pathways when the oxidant to

sulphide ratio increases. Thiosulfate can be oxidised through abiotic pathways by Fe(lll)
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and MnQO;, yielding tetrathionate (Findlay and Kamyshny, 2017). It is consumed by a
range of microbial communities (Jgrgensen et al., 2019), including chemotrophic and

phototrophic bacteria (Findlay and Kamyshny, 2017).

If the ratio of oxidants to sulphide is high, then sulphite, the most oxidised
intermediate species, can form. It is more reactive than thiosulfate (Jgrgensen et al.,
2019), and is quickly converted to sulphate (Findlay and Kamyshny, 2017). It is also
consumed by a variety of microorganisms, and thus, due to its’ reactivity, rarely

accumulates in natural environments (Findlay and Kamyshny, 2017).

Every intermediate species mentioned above can be reduced, oxidised or
disproportionated (Findlay and Kamyshny, 2017). As discussed above, sulphide can be
oxidised directly to sulphate through a number of intermediate species (Fike et al., 2015;
Jgrgensen et al., 2019). However, a number of metabolisms have evolved to consume
these intermediates. Sulphur disproportionation is a microbiologically driven process
that does not require an external electron donor or acceptor, instead certain strains of
bacteria consume these intermediate sulphur-bearing species, which simultaneously
serve as electron donors and acceptors, yielding hydrogen sulphide and sulphate (Zopfi
et al.,, 2004; Finster, 2008; Fike et al., 2015). The work of Bak and Cypionka (1987)

demonstrated that thiosulfate can be disproportionated under anoxic conditions:
S,03” + H,0 -» S03™ + HS™ + H* [6]

It was found that a group of sulphate reducing microorganisms, Desulfovibrio
sulfodismutans, were responsible for the above reaction. Interestingly, they are also

capable of disproportionating sulphite:
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450%™ + H* - 3502~ + HS™  [7]

Thermodynamic calculations suggest the above reactions can occur under
standard conditions, in which the pH is neutral and the concentrations of reactants and
products are around 1 M (Fike et al., 2015). It was determined that a relatively large
number of strains of sulphur-reducing bacteria conduct these processes (Kramer and
Cypionka, 1989). In addition to thiosulfate and sulphite, elemental sulphur can also be

disproportionated (Fike et al., 2015):
4S° + 4H,0 - 3H,S + SO02~ + 2H* [8]

Unlike the disproportionation of thiosulfate and sulphite, the disproportionation
of elemental sulphur is endogenic (Finster et al., 2008). Thus, thermodynamic
constraints ensure the sulphide produced must remain below 1 mM for elemental
sulphur disproportionation, requiring it to be scavenged by iron (Eq. 9) or manganese

(Finster et al., 2008; Fike et al., 2015):
3S% + 2Fe(OH); — 2FeS + 2H,0 + SO%™ + 2H* [9]

The biochemistry involved in sulphur disproportionation is complex and poorly
understood (Fike et al., 2015). There is some evidence to suggest that enzymes
associated with sulphate reduction are involved with the disproportionation of sulphite
and thiosulfate (Fike et al., 2015), with some suggesting that APS reductase and APS
sulfurylase are utilised to form sulphate via the disproportionation of sulphite and

thiosulfate (Kradmer and Cypionka, 1989).

The intermediate species necessary for sulphur disproportionation are produced

via sulphide oxidation. Although this can occur in anoxic settings, heightened levels of
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sulphide common in anoxic water masses limits the growth of some microbes capable
of S-disproportionation (see above) (Canfield and Teske, 1996). These factors ensure
sulphur disproportionation likely postdates the onset of the oxidative sulphur cycle
(Canfield and Thamdrup, 1994; Fike et al., 2015). However, it is interesting to note that
Philippot et al. (2007) found evidence suggesting the activity of elemental sulphur
disproportionating bacteria in rocks dating to 3.5 Ga. Due to the fact that the
disproportionation of elemental sulphur is theoretically limited at high sulphide
concentrations, it is hard to assess the role of this process before the widespread
oxygenation of Earth’s atmosphere ocean system (Finster, 2008). It is likely that sulphur
disproportionation did not become globally significant until the Ediacaran (Kunzmann et

al, 2017).
3.2. The sulphur isotope system

High-resolution sulphur isotope records can be applied to further elucidate the
geochemical history of the ocean-atmosphere system. There exist four stable isotopes
of sulphur. 32S is the most abundant, accounting for 95% of the sulphur on Earth. In
descending order of abundance, the following most abundant isotopes are 34S, 33S, and
365 (Canfield, 2001). 3%S is 6.2 % greater in mass than 325, facilitating mass-dependent
fractionation (Faure and Mensing, 2005). The ratio of 34S to 32S is most commonly used
for palaeoredox reconstruction, and the degree of fractionation between two
substances, the fractionation factor (a), can be represented mathematically (Marini et

al., 2011):

=G, 1O
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To facilitate inter-laboratory comparison, sulphur stable isotope ratios are
expressed in delta notation (&) in per mil (%o) as deviations from Vienna Canyon Diablo

Triolite (VCDT):

34¢ /32 34¢ /32
S - S
(( i / )sample ( / )standard) + 1000 [11]

34 —
6 Ssample -

The &34S of seawater sulphate exhibits a modern value of +21 %o (Rees et al.,
1978) and is thought to be isotopically homogenous at any given time (Paytan et al.,
2012), as the large size and long residence time of seawater sulphate prevents isotopic
change at rates >0.5 %o/Myr (Kah et al.,, 2004). It is controlled by the respective
contributions and the isotopic composition of the fluxes of sulphur entering and exiting
the ocean reservoir (Paytan et al.,, 2012, 2020; Bernasconi et al., 2017). The isotopic
composition (634S) of fluxes is controlled by the relative contribution of the sources and

sinks, each having their own isotopic signature (Bernasconi et al., 2017).

On the modern Earth, the fluvial input flux of sulphate has an average §34S value
of +4.8 %o, exhibiting a high degree of spatial variability (Burke et al., 2018), depending
upon the isopotic composition of sulphur-bearing phases exposed to the weathering
environment within a drainage basin (Paytan et al., 2012). Volcanism is also a minor
source of sulphur, however due to its’ insignificance relative to other sources and sinks,
it generally has a negligible impact on the 63S of seawater sulphate (Bernasconi et al.,
2017). The incorporation of carbonate associated sulphate (CAS) into carbonate minerals
has little impact on the isotopic composition of sulphate (Burdett et al., 1989; Lyons et
al, 2004). In addition, the evaporation of seawater and the subsequent crystallisation of

gypsum and halite is associated with only a minor degree of fractionation (see below).
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The most significant catalyst for the fractionation of sulphur species is the sulphur
metabolism of anaerobic bacteria (Fike et al., 2015), such as Desulfovibrio desulfuricans
(Faure and Mensing, 2005). This includes microbial processes that transform the
oxidation state of sulphur to provide energy for growth, especially, but not restricted to,
microbial sulphate reduction (Canfield, 2001). The isotopic fractionation that occurs
during this metabolic process is poorly understood (Fike et al., 2015). Research findings
by Rees (1973) suggest the reduction of APS to sulphite, and sulphite to sulphide yields
a fractionation of 25 %o against 34S, whilst the cellular uptake of sulphate is accompanied

by an inverse fractionation of 3 %o, in favour of 34S (Johnston, 2010).

Overall, the bacterial reduction of sulphate yields a sulphide product depleted in
345, preferentially selecting the light isotope (32S) due to its marginally weaker bond when
present in the sulphate molecule (Bottrell and Newton, 2006). Canfield and Teske (1996)
measured a maximum fractionation of 46 %o in pure cultures, however, a later study of
pure cultures measured a maximum fractionation of 66 %o (Sim et al., 2011a), and a
study focusing on natural cultures measured fractionations of 60-70 %o (Canfield et al.,
2010). It appears that several parameters primarily influence the degree of fractionation
during MSR. An association exists between sulphur isotope fractionation during MSR and
a range of environmental factors (Habicht et al., 2002; Pasqiuer et al., 2017; Rennie et
al., 2018), including seawater sulphate concentrations, with greater sulphate
concentrations facilitating higher degrees of fractionation (Habicht et al., 2002). Another
significant factor is the cell-specific sulphate reduction rates (csSRR) associated with the
microorganisms conducting MSR (Fike et al., 2015). Experimental work with sulphur
reducing bacteria have found an inverse relationship between csSRR and sulphur isotope

fractionation (Sim et al., 2011b; Sim et al., 2012; Bradley et al., 2016).
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Due to the relatively minor fractionation associated with the formation of CAS
and evaporitic sulphates, MSR and the burial of pyrite primarily determine the 63S of
marine sulphate (Bottrell and Newton, 2006). As stated previously, much of the sulphide
produced through MSR is reoxidised. When this process is driven by biological systems,
it is associated with negligible sulphur isotope fractionations (Canfield, 2001), between
1 and 2 %o (Fike et al., 2015). It should be noted, however, that under circumstances of
repeated oxidative reworking of sediments, potentially by benthic organisms, oxidative

processes may help to regulate the §3*S of marine sediments (Fike et al., 2015).

Sulphur disproportionation can impart a significant fractionation effect,
generating sulphide and sulphate products with distinct isotopic compositions (Fike et
al., 2015; Crockford et al., 2019). The 34S-depleted sulphide produced by MSR can be
oxidised to S° with negligible fractionation, and subsequent disproportionation of S°
yields sulphate and sulphide, the latter experiencing a 4-9 %o 3*S depletions relative to
SO (Fike et al., 2015). Accordingly, repeated cycles of sulphide oxidation and sulphur
disproportionation can generate sulphide products that are progressively depleted in 34S
(Fig. 8) (Canfield et al., 1998; Fike et al., 2015; Kunzmann et al., 2017). However, it should
be noted that under certain conditions, large fractionations up to ~70 %. can be
produced by sulphate reduction alone (Canfield et al., 2010; Sim et al., 2011a; Wing and
Halevy, 2014). Thus, large fractionations in the geological record could be interpreted to
reflect either MSR, or the combined influence of MSR and bacterial sulphur

disproportionation (Fike et al., 2015).
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Figure 8: The impact of sulphate reduction and subsequent sulphide oxidation, followed
by the disproportionation of sulphur intermediaries on the §*S of sedimentary
sulphides. Blue represents sulphate reduction, green represents sulphide oxidation and

purple represents sulphur disproportionation (sourced from Fike et al., 2015).

3.3. Sulphur isotope effects of evaporite crystallisation

The equilibrium fractionation of sulphur isotopes during evaporite precipitation is
generally considered negligible (see Bernasconi et al., 2017). The available data is
relatively limited; however, it is thought that gypsum and halite formation yield a
precipitate with a minor &34S enrichment when compared to the §34S of sulphate within
the parent brine. Studies focusing on gypsum naturally precipitated from seawater
report a range of fractionation factors (A3*Sprecipitate-sw) between +0.5 and +4.2 %o (Ault
and Kulp, 1959; Thode et al., 1961; Thode, 1964; Thode and Monster, 1965; Holser and
Kaplan, 1966). Experimental data derived from the artificial precipitation of gypsum
under laboratory conditions exhibit a lower range of values, between +1.59 and +2.0 %o
(Thode and Monster, 1965; Holser and Kaplan, 1966; Nielsen, 1978; Raab and Spiro,

1991; Van Driessche et al., 2016).

Thode and Monster (1965) measured the sulphur isotope fractionation during
gypsum precipitation from a solution saturated with CaSO4. Conducted at room
temperature, and under reduced pressure for a duration of 24 months, the experiment

determined a fractionation of +1.65%o. In an experiment using natural seawater and a
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fixed temperature of 30 °C, Holser and Kaplan (1966) determined a A3*Sprecipitate-brine Value
of +1.7 %o for gypsum, comparable to the value of +1.65 %o derived by Nielsen (1978).
Also using filtered natural seawater, Raab and Spiro (1991) conducted a stepwise
evaporation experiment at room temperature (23.5 °C), establishing a mean A3*Sprecipitate-
brine Value of +1.59 %o for gypsum. Due to a Rayleigh distillation effect under closed
system conditions, the 634S of both the brine and precipitate decrease with progressive
evaporation, however a comparable A3*Syrecipitate-brine Value is maintained until the middle

of the halite stability field (Fig. 9).

Interestingly, the sulphur isotopic effect associated with precipitation within the
K- and K-Mg sulphate fields (i.e., at higher salinities) appears distinct (Fig. 9). Unlike for
gypsum and halite, the 84S of the precipitate is lighter than the §34S of the brine (i.e., a
negative A3*Sprecipitate-brine Value), and as a result, Rayleigh distillation yields a progressive
534S enrichment in both the precipitate and the brine with continued evaporation. In
addition, the &34S of the brine exhibits an abrupt increase immediately following the
halite stability field (Fig. 9) (Raab and Spiro, 1991). The authors interpret these data to
suggest a cross-over point at the beginning of the Mg-sulphates field, whereby the §34S
of the precipitate and the 63S of the brine are equal (i.e., a A3*Sprecipitate-brine Value of 0
%o). In addition, the negative A3*Sprecipitate-brine Value suggests a distinct fractionation

factor for the Mg-sulphates and K- Mg-sulphates (Raab and Spiro, 1991).
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Figure 9: The sulphur isotope composition (63*S) of precipitates and parent brines

during a stepwise evaporation experiment of natural seawater, plotted against the

fraction of sulphate remaining in the solute (F). Rayleigh fractionation curves are
included and were calculated using experimentally determined fractionation factors (a)

(sourced from Raab and Spiro, 1991).

The authors suggest the abrupt increase in 63*S brine at the beginning of the Mg-
sulphate stability field simply reflects the small volume of solute remaining at this stage
of evaporation, compared to the amount of precipitate formed, and is thus a
consequence of the analytical procedure (Raab and Spiro, 1991). In addition, it should
be noted that while a distinct fractionation factor for the Mg- and K-, Mg-sulphate fields
is intriguing, the precipitates in these fields contained multiple evaporite mineral
species. Thus, the fractionation factors estimated for these fields are only rough
approximations (Raab and Spiro, 1991). Furthermore, the data resolution is lower from

the Mg-sulphate field onwards (Fig. 9), limiting confidence of interpretation.
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The experimental work yielded comparable results for sulphur isotope
fractionation during gypsum precipitation, however each experiment was conducted at
a fixed temperature and thus did not provide insight into the relationship between
temperature and sulphur isotope fractionation (Thode and Monster, 1965; Holser and
Kaplan, 1966; Nielsen, 1978; Raab and Spiro, 1991). In a more recent effort, Van
Driessche et al (2016) conducted an experimental study to determine the influence of
temperature, salinity and saturation index on the fractionation factor for sulphur
isotopes between aqueous sulphate and gypsum. This work derived a A3*Sprecipitate-brine
value of +2 %o, which is slightly higher than previous studies, yet small enough to still be
considered negligible in natural evaporitic settings. Interestingly, the data suggests a
weak relationship between temperature and sulphur isotope fractionation, in that with
decreasing temperature the precipitate becomes progressively more depleted relative
to the parent brine. However, no temperature dependence was measured under high
salinity (4.5 M NaCl) (Van Driessche et al., 2016). Thus, despite the fact temperature is a
control on the rate of gypsum precipitation (Van Driessche et al., 2011), no clear

relationship between temperature and fractionation factor was measured.

Considering the above discussion, the available data indeed suggest that the
degree of sulphur isotopic discrimination during evaporite mineral crystallisation is
negligible, at least within the gypsum and halite stability fields. The distinct fractionation
factor calculated for the Mg-sulphate and K-, Mg-sulphate stability fields (Raab ad Spiro,
1991) could have implications for interpreting 63*Sevap records in deep time. Caution
should be maintained when interpreting 83*Sevap data from evaporites containing highly
evaporated minerals, as their precipitation may be associated with a distinct sulphur

isotopic discrimination when compared to the precipitation of gypsum and halite.
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3.4. Sulphur isotope stratigraphy

It is generally assumed that for much of the Phanerozoic, the relatively long residence
time of seawater sulphate has enabled it to maintain 634S homogeneity at any given
point in geologic time (Paytan et al., 2012). Thus, time equivalent sedimentary sulphates
of marine origin will exhibit comparable sulphur isotopic compositions. The abundance
of seawater sulphate can prove problematic for isotope stratigraphy, as a large reservoir
is less susceptible to isotopic perturbation, with relatively stable 634S records precluding
high-resolution correlation (Yao et al., 2019; Paytan et al., 2020). However, intervals of
variability in the 63%S seawater sulphate are frequent within the geologic record
(Crockford et al., 2019; Present et al., 2020), enabling stratigraphic correlation between
sedimentary basins, particularly during periods of substantial §3*S variability (Yao et al.,
2019), such as the Early and Middle Triassic (Claypool et al., 1980; Bernasconi et al.,

2017; Crockford et al., 2019; Present et al., 2020).

Sulphur isotope stratigraphy has been widely employed for stratigraphic
correlation using marine evaporites, barite and carbonate associated sulphate (63*Sevap,
53*Sharite and 83*Scas, respectively; see review by Yao et al., 2019). The abundance of
barite within pelagic sediments and its’ relative resistance to diagenesis (Paytan et al.,
1993, 2002, Yao et al., 2019) has enabled the generation of §3*Sparite age curves at high
resolution (Fig. 10) (e.g., Paytan et al., 1998, 2004, 2012, 2020; Turchyn et al., 2009;
Markovic et al., 2015; Yao et al., 2018, 2020; Toyama et al., 2020). However, barite can
generally only provide 634S records suitable for stratigraphic correlation across the
previous 130 million years, as it is predominantly acquired form pelagic marine

sediments (Yao et al., 2019).
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Figure 10: Sulphur isotope age curve for the previous 130 million years from

marine barite (sourced from Paytan et al., 2020).

534Scas records have seen widespread use in reconstructing the ancient sulphur
cycle (e.g., Newton et al., 2004; Luo et al., 2010; He et al.,, 2019; 2020), providing
chronostratigraphic coverage for time intervals with little evaporite deposition
(Kampschulte and Strauss, 2004). However, recent work has emphasised the
susceptibility of §3*Scasto local diagenetic effects (Rennie and Turchyn, 2014; Present et
al., 2015; 2019; Richardson et al., 2019, 2021; Murray et al., 2021; Bryant et al., 2022).
Additionally, analytical errors associated with the incomplete separation of CAS from
isotopically distinct non-CAS phases can contribute to scatter in 63*Scas records (Wotte
et al., 2012). In some instances, comparisons between coeval 83*Sparite, 5>*Sevap and
534Scas suggest the latter can preserve a primary seawater signal (Rennie et al., 2018;
Toyama et al., 2020; Edward et al., 2024). However, in the case of the Permian-Triassic

boundary (PTB), 634Scas exhibits greater variability than 634Sevsp (Fig. 11), attributed to
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the effects of diagenetic overprinting of CAS, whilst evaporitic sulphate appears to

provide a primary seawater signal more consistently (Bernasconi et al., 2017; Johnson

et al,, 2021).
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Figure 11: A comparison between the 63*Sevop and 63*Scas data across the Permian-

Triassic boundary (sourced from Johnson et al., 2021).

One of the major issues with the use of evaporites for the development of
seawater sulphate §3*S curves is the discontinuous nature of evaporite deposits within
the geologic record (Bernasconi et al., 2017). Large scale marine evaporite deposition is
dependent upon specific climatic, environmental, and tectonic conditions (Hardie, 1991;
Warren, 2010), and thus their occurrence within the sedimentary record is often
sporadic. As a result, 6>*Sevap records commonly lack temporal coverage for some

geologic time intervals (Yao et al., 2019). The first attempts to derive long-term &34S
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seawater sulphate (634Ssos) records from marine evaporites utilised discrete §34Sevap
datasets to produce composite 63*Sevap age curves (Holser and Kaplan, 1966; Claypool et
al., 1980). These efforts presented a view of the broad, long-term evolution of seawater
834Ss04 during the Phanerozoic, but lacked the chronostratigraphic coverage necessary
for high-resolution correlation (Fig. 12). Subsequent studies have built upon this,
utilising 63*Sevap datasets available since the publication of the original records, but
issues with temporal coverage persist for certain time intervals (see Crockford et al.,

2019; Present et al., 2020).
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Figure 12: 5°*Seqp age curve for the previous 1 Ga. Solid vertical lines represent the
data of Claypool et al. (1980) and data the authors compiled from published literature

plotted against their most likely age. Dashed vertical lines represent the 63*Seyqp range

34



based upon a small number of analyses. The solid black line is the author’s best
estimate for the 63*S of seawater sulphate based upon the evaporite data and the grey
shading represents the uncertainty associated to the seawater sulphate 534S curve.

(Sourced from Paytan et al., 2020).

An exception to this is the European Permian-Triassic. The sedimentary
environment was largely arid and continental (with episodic marine influence) (Parrish,
1993), facilitating widespread evaporite deposition, with marine evaporites providing
relatively consistent coverage of the Triassic time interval (McKie, 2017). Thus, the
abundance of evaporites within European Triassic strata and their apparent ability to
preserve a primary 634S seawater signal, at least for the PTB (Bernasconi et al., 2017;
Johnson et al., 2021), have motivated the use of &3*Sevap records for high-resolution
correlation of the European Permian-Triassic (Bernasconi et al., 2017; Orti et al., 2014,

2022).

3.5. The Permian-Triassic 63*Seyqp record

The late Permian-Triassic time interval is associated with several major perturbations in
the sulphur cycle, recorded as variability in 634Seyap (Claypool et al., 1980; Bernasconi et
al., 2017). The rate and magnitude of observed &63*Sevap variability permits the
development of Triassic 83*Sevap records suitable for high-resolution stratigraphic
correlation. This is of particular value to the European Triassic, as evaporites typically
lack fossils for biostratigraphy, ensuring much of the European late Permian-Triassic
commonly lacks chronostratigraphic constraint (McKie, 2017). Bernasconi et al. (2017)
produced and compiled 634Sevap data from multiple sedimentary basins, creating a
composite §3*Sevap curve spanning the latest Permian through to the Norian of the Late

Triassic from sulphates of northern Switzerland and the western Tethys (Fig. 13). Their
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efforts greatly expanded the coverage of the 8§34Sevap record across the Anisian, Ladinian

and Carnian (Bernasconi et al., 2017), and demonstrated the suitability of 63*Sevap

records for high-resolution correlation of the European Triassic.
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Figure 13: Global composite §**Seyqp age curve from the Lopingian (Late Permian)

through to the late Norian (Late Triassic). The red points represent the original data of

Bernasconi et al. (2017), while the black and grey symbols are from previously

published literature. The thick light grey line is a visual fit of the data, without including

the depleted 53*Sevap values at the Olenekian-Anisian boundary (OAB). The thin dark
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grey line is a fit of the data assuming the depleted values at the OAB are a global
seawater signal. The inset displays an alternative chronostratigraphy for the

Gipskeuper. (Sourced from Bernasconi et al., 2017).

The PTB and Early Triassic exhibits a major positive 8§3*Sevap €xcursion, recording
an abrupt rise in the 634S of seawater sulphate from values around +12 %o that had been
maintained in a state of relative stability for much of the latest Permian (Claypool et al.,
1980; Crockford et al., 2019; Present et al., 2020), to >+30 %o in the earliest Triassic (Fig.
13) (Bernasconi et al., 2017). The current consensus attributes the primary driver of this
isotopic shift to an enhancement of the pyrite burial flux, as a response to heightened
weather rates and the expansion of anoxia related to the emplacement of the Siberian
Traps Large Igneous Province (Newton et al., 2004; Bernasconi et al., 2017). Although
environmental and climatic change associated with Siberian Traps volcanism was the
likely trigger for the observed positive §3*Sevap €xcursion, it has been suggested that the
large magnitude of the isotopic shift was facilitated by low seawater sulphate
concentrations (Newton et al., 2004; Bernasconi et al., 2017), possibly related to the
deposition of the sulphate-rich Zechstein evaporites during the late Permian (Hay et al.,

2006).

The 63*Sevap record of Bernasconi et al. (2017) suggested two possible scenarios
for the cessation of the Early Triassic §3*Sevap positive excursion. A gradual decline that
continues into the Middle Triassic, or an abrupt negative 634Sevap excursion at the Early-
Middle Triassic boundary that interrupts the otherwise gradual declining trend in
83*Sevap (Fig. 13). It is currently unclear which of these two scenarios is most likely.
However, it should be emphasised that the low 8§34Sevap values (~+17 %o) at the Early-

Middle Triassic boundary reported by Cortecci et al. (1981) and Bernasconi et al. (2017)
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are all from the Carniola di Bovegno Formation, western Southern Alps. As a result, it is
difficult to confidently distinguish between a signal reflecting local depositional

processes and one that records a global signal of seawater sulphate.

If the negative excursion is a primary global signal, then the observed isotopic
depletion was only a transient feature, as 3*Sevap values abruptly recover to ~+25 %o
(Fig. 13) (Bernasconi et al., 2017). Such substantial variability in §3*Sevap would suggest
seawater sulphate concentrations remained low throughout the Early Triassic. However,
if the negative 634Sevap excursion reported is a local signal, then a more gradual decline
in 834Seyap could be evidence to suggest seawater sulphate concentrations recovered
more quickly from a minimum at the PTB, with the recovery beginning before the onset
of the Middle Triassic (Bernasconi et al.,, 2017). Further work should endeavour to
construct additional 63*Sevap records across the Early-Middle Triassic boundary. If the
abrupt decline in 634Seyap reported by Cortecci et al. (1981) and Bernasconi et al. (2017)
can be reproduced through the analysis of time equivalent evaporites in geographically
distinct sedimentary basins, then this would suggest the negative §3*Sevap excursion in
the Carniola di Bovegno Formation is a primary seawater signal useful for stratigraphic

correlation across OAB sections globally.

The 634Sevap record exhibits a more gradual decline through the Middle Triassic,
until achieving relative stability around +15 %o in the early Carnian, Late Triassic (Fig. 13)
(Bernasconi et al., 2017); potentially reflecting an end to the climatic extremes of the
Early Triassic (Sun et al., 2012; Trotter et al., 2015). In addition, modelling efforts suggest

seawater sulphate concentrations were higher by the Middle Triassic (Bernasconi et al.,
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2017; Stebbins et al., 2019), making the sulphate reservoir less susceptible to isotopic

perturbation.

The 634Sevap record of Bernasconi et al. (2017) lacks resolution beyond the
Carnian-Norian boundary. Recently, Orti et al. (2022) produced and compiled 83*Sevap
data to create a composite curve for eastern lberia, spanning the Middle Triassic through
to the Early Jurassic. The authors successfully correlate Iberian sulphates to those of
central Europe through comparison with the record of Bernasconi et al. (2017) and
established a low resolution 63*Sevap record across the Triassic-Jurassic boundary (TJB).
However, this record lacks resolution. The reason for this is the fragmented nature of
the Iberian Triassic stratigraphy, which underwent remobilisation and deformation
during rifting in the Jurassic and Cretaceous, followed by orogenesis in the Miocene
(Pérez-Lopez, 1998). As a result, the authors sampled distinct outcrops, constructing a
composite sulphur isotope curve by calculating an average 63%Sevsp value for each
geologic unit (Orti et al., 2022). This extended the time coverage of the Triassic §3*Sevap
record, however the averaging of 83*Sevap values for each unit ensured the data
resolution was lower than that of Bernasconi et al. (2017), preventing the establishment

of high-resolution §3*Seyap correlation schemes.

Currently, high-resolution 634Sevap records are lacking for the Rhaetian-
Hettangian, including sparse, low-resolution 83*Sevap data from halites of onshore
Morocco (Clement and Holser, 1988), Ca-sulphates of the Anhydrite Zone, Spain (Orti et
al., 2014; 2022) and halites of offshore northeast Canada (Holser et al., 1988). At each
site, the precise position of these data relative to the TJB is poorly understood, due to a

scarcity of fossils for biostratigraphy and an absence of complementary organic carbon

39



isotope (8'3Corg) data. Interestingly, the 83*Sevap records broadly assigned to the TJB
exhibit relative stability (Clement and Holser, 1988; Holser et al., 1988; Orti et al., 2014;
2022), which is intriguing considering the geochemical (Ruhl et al., 2011; He et al., 2020,
2022; Bond et al., 2023) and biotic (Sepkowski, 1996; Wignall and Atkinson, 2020)
perturbations recorded across this time interval. Better age constraint and higher
resolution 83*Sevap records are required before confidant inferences can be made

regarding the sulphur cycle across the Rhaetian and TJB.

Thus, while the established 83*Seyap records for the late Permian-Triassic provide
an excellent basis from which to establish further global correlation schemes, it is clear
in light of the above discussion that gaps in the spatial and temporal resolution still
persist. The UK Triassic is characterised by abundant evaporites, with intervals of bedded
halites commonly interspersed with nodular and bedded gypsum/anhydrite throughout
the latest Permian, as well as the Middle and Late Triassic (e.g., Tucker, 1991; Jackson
and Johnson, 1996; Howard et al., 2008). Episodic marine flooding is evidenced by
marine fossils in various locations (Warrington, 1974; Warrington, 1995; Ambrose and
Wakefield, 2015; Warrington and Pollard, 2021). This and the abundance of evaporitic
material, would suggest the UK Triassic is ideal for the application of sulphur isotope
stratigraphy, providing a clear opportunity to expand the spatial and temporal coverage

of the Triassic §34Sevap age curve.

4. Thesis outline

The research in this thesis is presented in paper format, with chapters 2 through 5 being
manuscripts for publication, each representing a complete study. Thus, they include a

standalone abstract, introduction, methodology, results, discussion, and conclusion.
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These chapters either have, or will be, submitted for publication, and | have noted the
relevant co-authors at the beginning of each. Overall conclusions and suggestions for
future work are presented in Chapter 6. The following section of this introductory

chapter provides a brief synopsis of chapters 2 through 5.

4.1. Chapter 2: An 80-million-year sulphur isotope record of pyrite burial over the

Permian-Triassic

This chapter was published in Scientific Reports, 12, 17370, 2022. Co-authors include

Darren R. Grocke, H.D.R. Ashleigh Cheung, Lee R. Kump, Tom McKie and Alastair Ruffell.

In this chapter, | present a 634Sevap record from drillcore Staithes S-20, Yorkshire
northeast, England. The record spans the uppermost Zechstein, the Bunter Shale and
Bunter Sandstone (Sherwood Sandstone Group), and the Mercia Mudstone Group
(MMG). At the time of publication, these data represent the most complete §3*Sevap
record for the UK Triassic. In addition, a refined global composite 83*Sevap curve is
established, incorporating multiple composite Triassic 63*Sevap age curves as well as
additional 634Seyap data from Triassic evaporites globally. An unconformity, likely the
Hardegsen Unconformity, ensures the record of Staithes S-20 fails to capture the
positive 8§34Seyvap excursion characteristic of the Early Triassic. Otherwise, the data from
Staithes S-20 compare well with the global 83*Seap age curve, enabling correlation and
providing additional chronostratigraphic calibration beyond that which is achievable

based upon sparse biostratigraphy alone.

The establishment of a correlation scheme between Staithes S-20 and the global
composite sulphur isotope age curve enabled the generation of a composite 83*Seyap,
incorporating the global data and that of Staithes S-20. This composite dataset was
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assimilated into the biogeochemical box model of Kurtz et al. (2003), enabling
reconstruction of the pyrite burial flux across the Triassic time interval based upon our

534Sevap data.

4.2. Chapter 3: Sulphur isotope stratigraphy of drill cuttings and stratigraphic correlation

of Permian-Triassic evaporites

This chapter was published in Frontiers in Earth Science, 11, 1216365, 2023. Co-authors

include Darren R. Grocke and Tom McKie.

The chapter presents a 83*Sevap record generated from well 42/28-2, of the
southern North Sea, UK sector. The 634Sevap data span from the uppermost Zechstein,
the Bunter shale and sandstone and through to the uppermost Mercia Mudstone Group.
The 63*Sevap record of 42/28-2 compares well with the 83*Sevap record of Staithes S-20,
enabling stratigraphic correlation. Equivalent gamma ray logs were used for correlation
and compared with the 83*Sevap-based correlation scheme. Not only does this further
confirm the applicability of sulphur isotope stratigraphy for correlating the UK Triassic,
but it is also particularly significant as the sampled interval in 42/28-2 is composed
entirely of drill cuttings. Due to the ubiquity of drill cuttings, their apparent suitability
for evaporite-based sulphur isotope stratigraphy substantially increases the number of
sites available for sampling and sulphur isotope analysis, presenting the potential to

greatly expand the geospatial coverage of the Triassic §3*Sevap age curve.

Finally, 63*Sevap data from the Bunter Shale and Bunter Sandstone of both
Staithes S-20 and 42/28-2 appear to agree well with §3*S range established for late
Permian seawater sulphate. As a result, we propose that the Bunter Shale and lower
Bunter Sandstone could be assigned to the latest Permian towards the basin margins in
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the western Southern North Sea, UK sector. This would of course imply that, in this
location, the Permian-Triassic boundary (PTB) should be shifted vertically to a position
likely within the Sherwood Sandstone Group (SSG). Although due to erosion associated
with the Hardegsen Unconformity, we are unable to establish the precise placement of

the PTB.

4.3. Chapter 4: Sulphur isotope stratigraphy of the Triassic Sherwood Sandstone and

Mercia Mudstone groups, United Kingdom

This chapter is not yet published. However, we intend to submit it for publication in
Depositional Record. Co-authors include Darren R. Grécke, Tom McKie, H.D.R. Ashleigh

Cheung, and Robert Raine.

In this chapter, we further report §3*Sevap data from the SSG of the Larne Basin,
Northern Ireland, as well as the Mercia Mudstone Group of the Larne Basin, East Irish
Sea Basin (EISB) and Wessex Basin. In the case of the §3*Sevap data from the SSG of the
Larne Basin, 634Sevap values from the lowermost SSG of drillcore GT-01 Kilroot appear to
compare well with values for Permian seawater sulphate, whilst §34Seysp data from the
uppermost SSG from drillcore Cairncastle-2 appear to compare well with the composite
8%Sevap curve across the Early-Middle Triassic boundary, the established
chronostratigraphic position of the SSG-MMG lithostratigraphic boundary in this
location. These data would appear to confirm the possible preservation of marine

534Sevap values in the SSG.

For the MMG in the EISB, our 83*Sevap record of 110/13-8 appears to correlate
relatively well with the global composite and the equivalent §34Seyap records of Staithes
S-20 and 42/28-2 and presents the first §3*Sevap curve from the EISB at this resolution.
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Using our 8%*Sevap records, and the available biostratigraphic data, we establish a
correlation scheme between Staithes S-20, 42/28-2, 110/13-8, GT-01 Kilroot,
Cairncastle-2 and the global composite age curve, presenting the highest resolution

834Sevap-based correlation scheme for the UK Triassic.

The 63Sevap data from the MMG of Carnduff-02, Larne Basin, and Burton Row,
Wessex Basin, fail to correlate with the global composite. We suggest this may reflect
hydrologic isolation from the seawater sulphate reservoir during evaporite deposition,
with the 834Sevap signal being overwhelmed by isotopically distinct terrestrial sulphate
inputs. Although far more research is required, our data suggest a state of spatial and
temporal variability in the degree of marine influence during evaporite deposition across

the UK Triassic.

4.4. Chapter 5: Biogeochemical changes within a hypersaline sabkha of the late Permian

Eden Shales, UK: Stable isotopes and organic geochemistry

This chapter is not yet published. However, we intend to submit it for publication in
Organic Geochemistry. Co-authors include Vincent Grossi, Eva E. Stiieken, Balkis Eddhif,

Arnauld Vingon-Laugier, Ross Collin, Tom McKie, and Darren R. Grocke.

The chapter presents a suite of stable isotopic and organic geochemical data
from the late Permian Eden Shales (evaporite beds A, B and C), Vale of Eden, Cumbria,
UK. Two biogeochemically distinct stages can be identified within the stratigraphy. Stage
1 (A Bed) is interpreted to represent deposition within a hydrologically isolated playa
lake system, in line with previous sedimentological and lithostratigraphic
interpretations. Partial denitrification likely generated an enrichment in §*°Not, while
inputs of terrestrial plant biomass, possibly derived from the stratigraphically equivalent
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Hilton Plant Beds, was transported into the paya lake system, inciting an increase in C/N
ratios. The 634Sevap record during Stage 1 exhibits a negative excursion to values < 0 %o.
While we cannot rule out the possibility that this reflects microbially mediated sulphur
cycling during deposition, we suggest the most likely explanation is the late-stage
diagenetic remobilisation of sulphate. This would have formed gypsum veins, which are
rather abundant in A Bed, and may have incorporated isotopically light sulphate derived

from the oxidation of sedimentary sulphides.

We suggest that Stage 2 (beds B and C) may reflect an interval of greater marine
influence, due to the 634Seysp data comparing well with late Permian seawater sulphate.
Variability in the 834S of pyrite sulphide is broadly concomitant with isorenieratane and
okenane, which together may suggest the expansion and photic zone euxinia. In
addition, highly enriched 6%3Corg values (> 0 %o) are broadly concomitant with the
detection of B-carotane and a low Pr/Ph ratio. Together, these data may suggest an *3C-
enrichment in the bulk organic carbon pool due to heightened levels of salinity and

cyanobacterial productivity.
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Despite the extensive use of sulphur isotope ratios (63*S) for understanding ancient
biogeochemical cycles, many studies focus on specific time-points of interest, such as
the end-Permian mass extinction (EPME). We have generated an 80 million-year
Permian-Triassic 63*Sevap curve from the Staithes S-20 borehole, Yorkshire, England.
The Staithes 8*Sevap record replicates the major features of the global curve, while
confirming a new excursion at the Olenekian/Anisian boundary at ~247 million years
ago (~247 Ma). We incorporate the resultant 63%Seyap curve into a sulphur isotope box
model. Our modelling approach reveals three significant pyrite burial events (PBEs) in
the Triassic. In particular, it predicts a significant biogeochemical response across the
EPME, resulting in a substantial increase in pyrite burial, possibly driven by Siberian
Traps volcanism. Our model suggests that after ~10 million years pyrite burial achieves

relative long-term stability until the latest Triassic.

The Permian—Triassic interval has attracted much attention due to significant biological
and geochemical events, including the end-Permian mass extinction (EPME) — the most
catastrophic extinction event of the Phanerozoic (Alroy et al., 2008). The EPME is
associated with a reduction in marine species biodiversity on the order of 80-90% (Payne
and Clapham, 2012), extinction amongst tetrapods, and a possible dieback of terrestrial
vegetation (Benton and Newell, 2014). Driven by volcanism from the Siberian Traps
(Burgess and Bowring, 2015), the EPME is intimately linked with increased CO,, CH4 and
SO; fluxes (Rothman et al., 2014; Cui and Kump, 2015; Wu et al., 2021), heightened
global atmospheric and sea surface temperatures (SST) (Sun et al., 2012), intensified
chemical weathering (Sun et al., 2018), ozone depletion (Broadley et al.,, 2018), a
reduction in marine pH (Jurikova et al., 2020) and an expansion of anoxic, and possibly

euxinic, oceanic water masses (Newby et al.,, 2021; Zhang et al., 2021). It has been
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proposed that the Early Triassic represents a period of climatic, geochemical, and
biological instability, delaying the recovery from the EPME (Payne et al., 2004; Song et
al., 2014; Lyu et al., 2019; Stebbins et al., 2019). Multiple SST changes (Sun et al., 2012;
Trotter et al., 2015) likely coincided with major fluctuations in ocean chemistry expressed
as excursions in the carbon and sulphur isotope geochemistry of marine carbonates and
evaporites (Payne et al., 2004; Bernasconi et al., 2017; Lyu et al., 2019; Stebbins et al.,
2019), followed by conditions of relative stability in the Middle Triassic (Song et al.,

2014).

Despite the biogeochemical significance of the Triassic, robust sulphur isotope
data are sparse, with most studies focusing on specific, short periods of time, such as
the EPME (Kaiho et al., 2012) and the Smithian/Spathian boundary (Lyu et al., 2019;
Stebbins et al., 2019). These records lack temporal coverage and fail to capture long-
term biogeochemical conditions for the Triassic at high resolutions. One exception is by
Song et al. (2014), who compiled a 63S record of carbonate-associated sulphate (CAS)
from the late Permian to Middle Triassic from sections in south China. However, CAS is
prone to diagenetic alteration (Richardson et al., 2019; 2021), with much of the isotopic
heterogeneity of 83*Scas records across the EPME attributed to post-depositional
alteration (Bernasconi et al.,, 2017; Johnson et al., 2021). Bernasconi et al. (2017)
compiled a 34Sevap record from sedimentary evaporites from the late Permian to Middle
Triassic, from multiple sections across several countries in Europe. Although evaporites
are less prone to diagenetic alteration (Bernasconi et al., 2017), their coverage in the
sedimentary record is often sparse and not continuous, thus resulting in a lack of high-

resolution 83*Seyap curves.
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Constructing a high-resolution 63*S record

To address the lack of a single geographic and stratigraphic record, we have generated a
high-resolution &3*Sevap curve from the Staithes S-20 borehole (NZ71NE/14; grid
reference, NZ 476034E 518000N), Yorkshire, England (Fig. 1). The Staithes S-20 borehole
was chosen due to its stratigraphic coverage (~668 meters) of evaporite-bearing strata
that are lithostratigraphically dated between the late Permian to Late Triassic. The
Hardegsen unconformity has removed much of the Early Triassic in the Staithes S-20
borehole, although a palynological age constraint acquired from immediately above the
unconformity is determined to be earliest Anisian in age (Warrington, pers. comm., 2019;

see Supplementary for more information).

A total of 364 individual evaporite samples (e.g., gypsum, anhydrite, and halite)
were collected at regular intervals. For gypsum and anhydrite, a drill was used to produce
a fine powder for isotopic analysis, whilst for halite the sulphate was obtained through

barium sulphate precipitation (see Supplementary for Methodology).

We compiled and recalibrated the global &34Seyvsp curve for the Permian and
Triassic, consisting of ~1000 63*Sevap results (see Supplementary); our new, continuous
record from a single site adds 38% more data to the global curve. All results were double-
checked for their age assignment against a standardised geological timescale (Cohen et
al., 2013). Based upon trends and inflection points in the global 83*Sevap record, we
correlated the Staithes S-20 curve to generate a more robust global §3*Sevap record of the
late Permian—Late Triassic; especially the Middle and Late Triassic (Fig. 2; see Appendix

1).
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Late Permian — Early Triassic sulphur isotope instability

The composite late Permian — Early Triassic 83*Sevap record exhibits substantial variability
(Fig. 2), interpreted as a product of environmental changes possibly induced by Siberian
Traps volcanism (Burgess and Bowring, 2015). The late Permian Zechstein evaporites
have an average 63*Sevap Of ~10.9 %o, before lowering to ~8.2 %o at the PTB. Immediately
following this, §34Sevap values exhibit a sharp increase, reaching a maximum of ~32 %o at
~250 Ma in the Early Triassic (Fig. 2). Possibly facilitated by low sulphate concentrations
(Bernasconi et al., 2017; Stebbins et al., 2019) due to deposition of the late Permian
Zechstein evaporites (Bernasconi et al., 2017), this positive excursion reflects a major
perturbation in the Early Triassic sulphur cycle. In addition, with the assistance of a
palynological age constraint for the Hardegsen unconformity (see Supplementary), and
stratigraphic correlation with the composite 834Sevap curve, a new rapid negative 62*Sevap
excursion (on the order of 15 %) is recorded at the Olenekian/Anisian boundary (OAB)
(~247 Ma). Following this, the 634Sesp record exhibits an abrupt recovery to pre-

excursion values of 29 %o at ~246 Ma.

Middle — Late Triassic sulphur isotope stability

The extreme environmental conditions that persisted during the late Permian and Early
Triassic were more subdued in the Middle Triassic (Song et al., 2014; Bernasconi et al.,
2017; Stebbins et al., 2019). Accordingly, our &3*Sevap record exhibits a gradual and
persistent decline from ~246 Ma in the early Anisian, before stabilising at ~236 Ma in the
early Carnian (Fig. 2). Relative stability is maintained throughout the Carnian and the

majority of the Norian.
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Interestingly, we see no evidence for a substantial change in 63*Seyap during the
Carnian Pluvial Event (CPE), potentially suggesting the environmental changes during the
CPE had little impact on the global sulphur cycle. This is of interest, as the CPE is
associated with major carbon cycle perturbations, the emplacement of the Wrangellian
LIP and a mass extinction event (followed by biotic radiation) (Dal Corso et al., 2020,
2022). It is thus intriguing that our 83*Sevap record maintains relative stability across this
time interval. Higher resolution 83*Sevap records spanning the CPE, accompanied by
further biogeochemical modelling, are required to confirm the apparent disconnect

between the carbon and sulphur cycles during the CPE.

Our new 63*Sevap record also highlights the presence of a small positive §3*Sevap
excursion (~4 %o) prior to the Norian/Rhaetian boundary (Fig. 2), which potentially
coincides with the emplacement of the Angayucham Complex (see below). Additional

data are required to confirm the precise age and magnitude of this 634Seyap excursion.

Sulphur isotope box model and pyrite burial

To explore the mechanisms responsible for the observed trends in the 634Sevap curve, we
incorporated our &34Seyap data (compiled global dataset and the Staithes S-20 borehole
data) into a sulphur isotope box model (Kurtz et al., 2003) (see Supplementary). The
model outputs predict three pyrite burial events (PBEs) during the time interval of this

study, at ~251 Ma, ~246 Ma, and ~213 Ma (Fig. 3).

It should be noted however, that the fractionation factor (A3*S) associated with
microbial reduction of sulphate to sulphide (and subsequent pyrite formation/burial) has
been shown to vary according to a range of biological and environmental factors
(Canfield et al., 2010; Pasqiuer et al., 2017; Bryant et al., 2018). Recent biogeochemical

73



modelling approaches suggest that variability in the §3*S of seawater sulphate during the
Cenozoic can be accounted for by a shift in A34S, reflecting a change in the locus of pyrite
burial to deeper more oxygen-sparse water masses, rather than a simple change in pyrite
burial rates (Rennie et al., 2018). Unfortunately, previous work (Bernasconi et al., 2017)
did not consider a possible change in A3*S when interpreting variability in the &34S of

seawater sulphate observed for the Early Triassic.

We completed a range of sensitivity tests to determine how shifts in the A34S
affected predicted pyrite burial rates (see Supplementary for details). We explored a
range of values for A3*S between -35 %o and -50 %o for the Early Triassic (Fig. 3). Our
results suggest that changing A3*S to more negative values supress the magnitude of the
pyrite burial flux inferred for the PTB and earliest Triassic but does not eliminate it
entirely from the model outputs (Fig. 3). Thus, an increase in the magnitude of sulphur
isotopic fractionation associated with pyrite formation is certainly possible, which is in
line with evidence for an expansion of ocean anoxia during the PTB and Early Triassic
time interval (Algeo et al., 2013; Grasby et al., 2021; Muto, 2021; Newby et al., 2021).
This may have contributed to the positive isotope excursion reported for the Early
Triassic. However, our model outputs also predict that a change in A3*S within the range
tested here would have been insufficient by itself to account for the positive shift in
83%Sevap during the Early Triassic. Thus, the Early Triassic 63*Sevap €xcursion must require
an accompanying and substantial increase in the pyrite burial flux; a prediction in line

with previous work (Newton et al., 2004; Bernasconi et al., 2017).

It has been suggested that elevated CO, and CH4 emissions associated with the

Siberian Traps (Cui and Kump, 2015; Wu et al.,, 2021) increased Earth’s surface
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temperature (Sun et al., 2012; Trotter et al., 2015). Along with the possible dieback of
terrestrial vegetation (Benton and Newell, 2014) and environmental acidity (Algeo and
Twitchett, 2010), this likely increased continental weathering in the latest Permian and
Early Triassic (Korte et al., 2003; Algeo and Twitchett, 2010; Sun et al., 2018; Xie et al.,
2019). Weathering liberates bio-essential nutrients and may have heightened the supply
of nitrogen and phosphorus to the surface oceans (Algeo et al., 2013), stimulating
primary productivity (Shen et al.,, 2015; Muto, 2021), and hence the flux of organic
matter to the seafloor (Muto, 2021). Oceanic oxygen solubility would have been low in
a warm ocean, and combined with increased organic marine snow, this would have
fuelled the expansion of anoxia/euxinia in the late Permian and Early Triassic (Algeo et
al., 2013; Lyu et al., 2019; Newby et al., 2021). Microbial sulphate reduction, encouraged
by heightened nutrient fluxes and low oxygen concentrations would have driven the
conversion of sulphate to sulphide and promote pyrite formation (Wignall et al., 2010)
(and a “pyrite burial event”, PBE) in the presence of reduced iron. With the expansion of
anoxia, pyrite formation may have occurred more readily within the water column
(Wignall et al., 2010; Grasby et al., 2021; Muto, 2021), heightening the magnitude of
isotopic fractionation (Owens et al., 2013; Bryant et al., 2018). As suggested by our
model results, this process would have sequestered isotopically light sulphur (32S) from
the ocean reservoir, contributing to the major positive §34Sevap excursion in the Early

Triassic (Fig. 4).

Our modelling outputs predict the subsequent negative §3*Sevap excursion at the
OAB was preceded by a reduction in pyrite burial to a minimum of ~—~0.02 Tmol/yr at 248
Ma (Fig. 4) (assuming a A34S value of -40 %o). As before, it was necessary to test for the

sensitivity of inferred pyrite burial rates to changes in A%*S, and we thus completed
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several sensitivity tests with a range of values between -25 and -40 %o for the time
interval 249 to 247 Ma (Fig. 3). For the above range of A34S values, estimates for the
pyrite burial flux minima at ~248 Ma varies between -0.03 and -0.02 Tmol/yr,
respectively. Thus, our modelling procedure suggests that the fractionation factor for
sulphate reduction and pyrite formation had little control over the reduction in the pyrite
burial flux across the OAB. The isotopic composition of pyrite (83*Spyr) has been
demonstrated to correlate with sea level fluctuations (Pasqiuer et al., 2017), and is of
interest considering the OAB coincides with a general fall in eustatic sea level (Haqg, 2018)
(Fig. 4). It is intriguing that our modelling output suggests that changes in A3*S provide a
relatively minor contribution to the decline in 834Sevap values we report for the OAB.
Therefore, this time interval may reflect the expansion of anoxia and shallowing of the

chemocline (Leavitt et al., 2013) inferred for much of the Early Triassic.

The available geochemical and sedimentological data fail to highlight any single
mechanism for driving the observed negative 63%Sevsp excursion, and therefore we

propose several mechanisms.

Oxygen isotope data suggest a reduction in SSTs during the latest Spathian and
early Anisian (Fig. 4) (Sun et al., 2012). Cooling of marine waters would have likely been
associated with invigoration of ocean circulation and lessened water column
stratification (Lyu et al., 2019). Under such conditions, and in broad agreement with
cerium-anomaly data for the latest Spathian (Song et al., 2012), the volume of anoxic

water masses would have reduced, causing a decrease in pyrite burial (Fig. 4).

Coincident with the temperature decrease is a general fall in eustatic sea level

(Hag, 2018) that would have exposed either/or previously deposited (1) pyrite-rich
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shales from Early Triassic continental shelves) to weathering, (2) or extensive late
Permian evaporite deposits (Zechstein). The sulphate released from pyrite oxidation
and/or weathering of Permian Zechstein evaporites would be isotopically depleted (in
comparison to Early Triassic 634S values of +32 %o), thus contributing to the negative
834Sevap excursion at the OAB. This is in line with our model outputs, which suggest a
reduction in pyrite burial to ~¥—0.02 Tmol/yr (e.g., negative pyrite burial is equivalent to
pyrite weathering because the model otherwise specifies constant pyrite weathering).
Using either atmospheric oxygen and/or ferric iron as oxidants, the weathering of pyrite
would yield sulphuric acid (Kolling et al., 2019), hence exacerbating weathering rates and

contributing to the high 8’Sr/25Sr values at the OAB (lkeda et al., 2017).

The recovery of 6%*Sevap values to earliest Triassic levels of 29 %o immediately
after the OAB is concomitant with an increase in the pyrite burial flux to ~1.54 Tmol/yr
at ~246 Ma (Fig. 4) (assuming a A3*S value of -40 %o). We propose this reflects a recovery
from the pyrite oxidation/evaporite weathering event responsible for causing negative
534Sevap €XcuUrsion at the OAB. In line with decreasing 87Sr/2Sr values in the early Anisian
(Ikeda et al., 2017; Xie et al., 2019), a relative decline in terrestrial weathering of
sedimentary sulphides and evaporites would have reduced the flux of isotopically light
sulphur into the ocean reservoir. In turn, this would have ensured rates of pyrite burial
outpaced those of pyrite weathering, sequestering isotopically light sulphur from the

seawater sulphate reservoir, facilitating a return to previous long-term 63*Sevap values

(Fig. 4).

Although the predicted pyrite burial rates after the OAB return to positive values,

they are lower than the Early Triassic peak (Fig. 4). This is to be expected, since predicted
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rates of pyrite burial began to decline prior to the weathering event at the OAB. This may
indicate a gradual increase in sulphate concentrations and water column ventilation, in
line with uranium isotope data that suggest a return to more oxygenated conditions in
the early Anisian (Lau et al., 2016). Although organic-rich claystones in the pelagic
Panthalassic Ocean suggest deposition under anoxic conditions (Muto et al., 2018; Muto,
2021), considering the uranium isotope record (Lau et al., 2016), it is likely that anoxia
was restricted to oxygen minimum zones and not the entire ocean as indicated for the
earliest Triassic. In addition, our model outputs are based on long-term records and
changes in the global 83*Sevap curve. Although it is likely that short-term events may
coincide with minor changes in 634S, our long-term 63*Sevap curve and box model outputs

are insensitive to them.

Our Middle—Late Triassic 63*Sevap record from the Staithes S-20 core shows
minimal variability around a consistent value of ~15 %o (Fig. 2); excluding 634Secvap data
that are grouped together from literature sources. In accordance with this, our pyrite
burial model output also exhibits relative stability, with minor fluctuations around steady
state (Fig. 4). The stabilisation observed in 83*Sevap, and inferred for pyrite burial, is likely
related to growth in the seawater sulphate reservoir (Bernasconi et al., 2017; Stebbins
et al., 2019). Hence, more significant environmental perturbations would be required to
disturb the global 634Sevap record. The global, and long-term impact of the Siberian Traps
would have ended, enabling the Earth’s climate system to re-establish more equable
conditions (Sun et al., 2012). Coincident with this, strontium isotope data show a general
decline in the continental weathering flux (Korte et al., 2003; Xie et al., 2019), thus
reducing nutrient fluxes into the ocean, and stabilising the sulphur cycle (Payne and

Kump, 2007).
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Global 63*Sevap data for the Late Triassic are sparse; therefore the §34Sevap curve
and model output rely heavily on the Staithes S-20 record. Towards the Norian/Rhaetian
boundary there is a positive §3*Sevap excursion, which indicates an increase in pyrite
burial from ~0.17 Tmol/yr at ~217 Ma to ~1.2 Tmol/yr at ~213 Ma (Fig. 4) (assuming a
A34S value of -35 %o). Again, sensitivity tests were performed with a range of A34S values
between -25 %o and -50 %o, yielding estimates for pyrite burial between 1.67 and 1.15
Tmol/yr, respectively (see Supplementary). As before, shifting A%*S to more negative
values reduced the magnitude of the predicted increase in pyrite burial; nonetheless, we

still consider it a noteworthy PBE.

The precise mechanism behind this 634Seyap excursion is currently unclear. A likely
candidate is the emplacement of the Angayucham complex (Alaska, USA) at 214 + 7 Ma
(Ernst and Buchan, 2001), which coincides with an oceanic warming event (Trotter et al.,
2015), high CO2 concentrations (Tanner, 2018), and increasing humidity in Eastern
Europe (Haas et al., 2012)°° and the Alps (McKie, 2014). Such environmental responses
would have invigorated the hydrological cycle, thus increasing weathering and nutrient
fluxes (Kump et al., 2000), driving oceanic productivity in surface waters and oxygen
consumption at depth in the water column. These environmental changes would have
stimulated pyrite burial, and hence a positive 63*Sevap excursion. Tighter age constraint
of the Angayucham Complex and additional 83*Sevap records over this time interval are
necessary to ascertain their linkage. Why a 63*Sevap €xcursion is not present during the

similar CPE is unclear and requires further investigation.

A direct comparison between LIP-induced environmental change in the geologic

record and anthropogenic climate forcing is complex and ambitious. However, the fact
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that modern CO; emissions are potentially 14 times greater than peak emission rates
during the EPME (Cui and Kump, 2015; Jurikova et al., 2020) is a matter of grave concern.
The environmental changes recorded in our &34Seyap record and the EPME lasted on the
order of 10 million years before the sulphur and carbon biogeochemical cycles became
stabilised. Current anthropogenic emissions have already shown a measurable impact
on marine ecosystems globally (Cheung and Frélicher, 2020), a reduction in the pH of
surface waters (Orr et al., 2005), a decline in oxygen concentration (Schmidtko et al.,
2017), and an increase in ocean stratification (Li et al., 2020). Understanding the long-
term record of global Earth system perturbations caused by an elevation in greenhouse
gases will improve our understanding of marine anoxia, weathering and pyrite burial

events in the geologic record.
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Figure 1: The location of the Staithes S-20 borehole displayed by the black star, and the
distribution of Permian-Triassic sedimentary basins of NW Europe marked by the blue
tones. The darker tones represent thicker sedimentary sequences that accumulated
along the main rift axes (adapted from McKie, 2017).
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Figure 2: Sulphur isotope records derived from sedimentary evaporites of the Staithes
S-20 borehole, northeast Yorkshire (top). The lithostratigraphy of the borehole is also
displayed. The correlation between the global composite curve and the Staithes record
(middle) is based primarily upon trends and inflection points within the isotope records.
The Staithes record was combined with the global composite to create a single
composite curve (bottom; see Appendix 1).
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Figure 3: Sensitivity of the modelled pyrite burial flux to changes in the fractionation
factor for the chemical reduction of sulphate to sulphide (A3*S), and subsequent pyrite
formation. The bar above each model output displays the value set for A%*S at different
intervals of time. The only parameter changed between each model run is A3*S,
enabling us to test the influence of this specific parameter on the inferred pyrite burial

flux.
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Figure 4: Sulphur and oxygen (Sun et al., 2012; Trotter et al., 2015) isotope records,
modelled pyrite burial flux (Fig. 3a) and environmental and biological changes for the
Permian-Triassic. The sulphur and oxygen isotope data were fitted with a smoothing
spline to produce the curves. The pyrite burial flux was calculated with the use of a
stable isotope box model (Kurtz et al., 2003) (see Appendix 1). The predicted pyrite
burial events are indicated with the abbreviation ‘PBE’. The blue line represents the
calculated values, and the red dashed line illustrates the results assuming steady state.
Environmental and biological events (Chen and Benton, 2012; Saitoh et al., 2013) of
significance are included to display how our isotope records and model outputs relate
to the broader environmental context of the latest Permian and Triassic.
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The stratigraphy of the European late Permian-Triassic commonly lacks
chronostratigraphic constraint due to the scarcity of diagnostic fossils for
biostratigraphy. This is particularly true for the UK, and as a result, stratigraphic
correlation within and between sedimentary basins is primarily reliant on
lithostratigraphy. Evaporitic sulphate can be used to develop time series of 63*Sevap
data that can be utilised for stratigraphic correlation. However, the availability of
continuous drillcore is limited, whilst drill cuttings are commonly acquired but are
widely overlooked for stable isotope stratigraphy. We derive a 63*Sevap record from drill
cuttings from the southern North Sea Basin, and successfully correlate it with an
equivalent published 83*Sey.p record from a continuous drillcore in the Cleveland Basin,
Yorkshire, UK. We have chosen seven points in the 83*Sevp records for stratigraphic
correlation, defining eight packages of isotopically distinct coeval strata. This is
significant, as the ubiquity of drill cuttings presents the opportunity to derive §3*Sevap
curves with high geospatial resolution. Equivalent gamma ray logs were used for
correlation and compared with the 83*Se\sp curves. The correlations agree relatively
well, however, the 63Sc\sp correlation permits the development of more robust
chronostratigraphic constraints. Specifically, the 83*Se\ap records constrain the age of
the Bunter Shale and Bunter Sandstone in the western Southern North Sea to the latest
Permian. This has significant implications for understanding the stratigraphy and
palaeogeographic evolution of UK Permian-Triassic sedimentary basins, and may have
economic implications, since the Bunter Sandstone is being considered as a potential

reservoir for CO; storage in the UK sector.
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1. Introduction

The late Permian and Triassic time intervals have received a great deal of interest over
the past 50 years, due to numerous events of geological significance, most notably the
End Permian Mass Extinction (EPME) and the End Triassic Extinction (ETE) — two of the
‘Big Five’ extinction events (Raup and Sepkoski, 1982; Sepkoski, 1996). Both the
Permian—Triassic boundary (PTB) interval and the ETE are associated with major
biogeochemical perturbations. In particular, the sulphur cycle exhibits significant shifts
in the sulphur isotopic composition (6*S) of seawater sulphate (Newton et al., 2004;
Horacek et al., 2010; Bernasconi et al., 2017; He et al., 2020). Despite this knowledge,
high-resolution 63S records remain sparse between these major extinction events, with
many studies focusing primarily on specific, short intervals of time, such as the PTB
(Newton et al., 2004; Schobben et al., 2015) and the Early Triassic (Lyu et al., 2019; Song
et al., 2019). The sedimentary environment for much of the European Permo-Triassic
was arid and continental (with episodic marine influence) (Kutzbach and Gallimore,
1989; Parrish, 1993), characterised by abundant evaporite-bearing sediments (McKie,
2017). Thus, these evaporitic sedimentary sequences may provide an ideal opportunity

to generate marine §3*Seyap records for correlation.

Stable isotope stratigraphy has been successful in deriving chronostratigraphic
correlations at high resolution (e.g., Jenkyns et al., 2002; Korte and Kozur, 2010; Yao, et
al., 2019; Paytan et al., 2020). Specifically, carbon isotope stratigraphy has been applied
using marine and terrestrial organic matter and carbonate (see Grocke, 2020). In
addition, sulphur isotope stratigraphy has also proved successful for correlation using

marine evaporites, barite and carbonate-associated sulphate (CAS) (63*Sevap, 6>*Sparite,
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53%Scas, respectively: see review by Paytan et al., 2020). Despite the high-resolution
achieved with 634Sparite records (Markovic et al., 2015; Paytan et al., 1998, 2004, 2012;
Yao et al., 2018, 2020), barite is predominantly acquired from pelagic sediments, and
thus only provides insight into the previous 130 million years (Yao et al., 2019). Although
534Scas records have been widely employed to understand the ancient sulphur cycle (e.g.,
Newton et al., 2004; Luo et al., 2010; Song et al., 2014; Crockford et al., 2019; He et al.,
2019, 2020), their suitability as a stratigraphic and palaeoenvironmental tool is under
scrutiny due to issues of diagenesis (Rennie and Turchyn, 2014; Present et al., 2015,
2019; Richardson et al., 2019, 2021; Murray et al., 2021; Bryant et al., 2022). Accordingly,
much of the variability in 83*Scas across the PTB and Early Triassic has been attributed to
post-depositional alteration (Bernasconi et al., 2017; Johnson et al., 2021). Therefore, it
would conclude that evaporites are the most reliable proxy to generate pre-Cretaceous

global marine 634S curves.

The 83%S of marine sedimentary sulphates (e.g., evaporites) is assumed to be
indicative of coeval seawater sulphate. The respective contributions and isotopic
composition of sulphur fluxes entering and leaving the ocean reservoir act to control the
534S of seawater sulphate (63*Ssuphate) Over geologic time (Bernasconi et al., 2017;
Crockford et al., 2019; Paytan et al., 2012, 2020). It is generally assumed that for much
of the Phanerozoic, oceanic sulphate has largely remained well-mixed and isotopically
homogenous (Paytan et al., 2012; Present et al., 2020). Therefore, coeval sedimentary
sulphates will exhibit comparable absolute §34Ssuipnate Values, providing high-resolution
stratigraphic correlation across sedimentary basins, especially over periods of significant
isotopic change (Yao et al., 2019; Paytan et al., 2020): for example, over the PTB interval

(e.g., Claypool et al., 1980; Bernasconi et al., 2017).
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The late Permian—Early Triassic time interval is associated with a major
perturbation in the sulphur cycle, that is characterised by a rapid increase in the §34S of
seawater sulphate (recorded in 634Scas and 834Sevap) from ~+12 %o in the late Permian to
>+30 %o in the earliest Triassic (Newton et al., 2004; Insalaco et al., 2006; Horacek et al.,
2010; Luo et al., 2010; Song et al., 2014; Schobben et al., 2015; Bernasconi et al., 2017).
This major positive §34S excursion has been interpreted as a result of an enhanced pyrite
burial flux, related to the expansion of ocean anoxia after the emplacement of the
Siberian Traps large igneous province in the late Permian (Newton et al., 2004;
Bernasconi et al., 2017; Salisbury et al., 2022). Bernasconi et al. (2017) compiled and
produced a 63*Sevap record from the latest Permian to Middle/Late Triassic from multiple
sedimentary basins. The resultant §34Sevap curve showed that the record was not erratic
in nature, but changed systematically through time, and hence could be used for
stratigraphic correlation: as previously indicated for §3*Sparite (Paytan et al., 1998, 2004,
2012, 2020). Salisbury et al. (2022) produced a high-resolution §34Seysp curve for the
Middle and Late Triassic using evaporitic minerals (e.g., gypsum, anhydrite, halite) from
a continuous drillcore, Staithes S-20 borehole, in Yorkshire, England. This updated
83%Sevap record revealed a new, prominent negative excursion of ~10 %o at the
Olenekian/Anisian boundary (Salisbury et al., 2022). Although the mechanism for this
excursion is currently unclear, one possibility is a weathering pulse, interrupting the
pyrite burial event with an influx of isotopically light sulphur (Salisbury et al., 2022). The
834Sevap curve quickly recovers in the earliest Anisian to pre-excursion values after which
it exhibits a gradual decline for the remainder of the Triassic to the Norian/Rhaetian

boundary (Salisbury et al., 2022). The global §34Sevap curve produced in Salisbury et al.
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(2022) will provide a basis from which to correlate other sedimentary sequences and

basins for the Triassic.

In the Triassic strata of the UK, laterally extensive evaporite beds are used to
correlate within and between sedimentary basins based primarily upon the principles of
lithostratigraphy (Warrington et al., 1980). The validity of this approach, in some cases,
is questionable, especially when correlating between a chain of halite-bearing basins, as
a hydrologically restricted basin cannot, by definition, export brines to an adjacent basin
in the chain (Warren, 2006). This, and the diachroneity of lithostratigraphic boundaries,
limits the validity of lithostratigraphic correlations in deriving a robust
chronostratigraphic framework for the Permian—Triassic in the UK. Boreholes offer a
continuous, unweathered stratigraphic interval and are thus preferable to outcrop (e.g.,
Staithes S-20). However, only partial cores are usually taken, primarily due to limited
time and costs, and the perceived lack of value of information collected outside the
economic target interval. In contrast, drill cuttings, depending on the drilling technique
used, are commonly collected and retained. If one could analyse drill cuttings and create
a similar long-term 634Sevap curve, then it would offer the potential to produce more
stratigraphic records geo-spatially and thus, generate a more robust temporal record for
stratigraphic correlation. Ultimately, this approach could be developed in conjunction
with biostratigraphy, chemostratigraphy (Metzger et al., 2014; Eldrett et al., 2021) and

magnetostratigraphy when possible.

Although promising, drill cuttings present other issues that require consideration,
including sampling density, caving, and contamination. Cuttings are collected in batches

that reflect an average depth interval, which will vary in resolution depending on drilling
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and sampling rates. In addition, the integrity of samples from a specific depth may prove
guestionable, due to the mixing of fragments during the extraction process. Mixing can
occur via caving, whereby cuttings from higher stratigraphic levels combine with those
at a deeper level where the drill bit is located, or through mixing within the drilling fluid
as it is returned to the surface. Drilling fluids may also contaminate samples for specific
types of chemical analyses (Kubo et al., 2016). However, recent studies have
demonstrated the validity of drill cuttings for carbon isotope stratigraphy, in part through
comparison with §3C records from cored intervals and outcrop (Metzger et al., 2014;
Eldrett et al., 2021). Sanei et al. (2020) demonstrated that with sufficient cleaning of drill
cuttings, total organic carbon (TOC) values are comparable to those directly obtained
from cored intervals. To our knowledge, only a single study has demonstrated the
suitability of borehole cuttings for sulphur isotope stratigraphy (Cao et al., 2016),
however, the authors did not demonstrate the validity of drill cuttings for evaporitic

lithologies.

In this study, we targeted drill cuttings from an offshore southern North Sea Basin
borehole (42/28-2) that spans the late Permian to Late Triassic time interval (Figure 1).
This borehole was chosen primarily because lithostratigraphic correlation suggests it
spans a stratigraphic interval equivalent to that of the Staithes S-20 borehole (Salisbury
et al., 2022). The primary aim of this study was to determine if drill cuttings through an
evaporite-bearing sedimentary sequence can be used for sulphur isotope stratigraphy.
We successfully correlate the 63*Sevap curve generated from drill cuttings at site 42/28-2
to the Staithes S-20 curve, demonstrating the validity of drill cuttings for correlation
between sedimentary basins. Thus, although we advise that future studies should always

consider the impact of drilling fluids and post-drilling washing techniques, the excellent

100



correlation between 42/28/-2 and Staithes S-20 suggests they had little effect on 83*Sevap

values (in this study).

2. Geological setting

During the late Permian and Triassic, Britain was located at a palaeolatitude of ~20 °N
(Newell, 2018), and deposition occurred under a largely arid to semi-arid climate (McKie
and Williams, 2009) conducive to evaporite deposition (Fig. 1). Late Permian rifting
provided the Boreal Ocean with restricted access to the subsiding southern Permian
Basin (Smith, 1989; McKie, 2017), facilitating the deposition of the Zechstein carbonate-
evaporite cycles. Ongoing rifting during the Triassic subsequently opened access routes
to the south, allowing ingress of Tethyan seawater into the southern Permian Basin
(McKie, 2017). In this study, we focused on the time interval that spans from the
uppermost Zechstein (Changhsingian — latest Permian) through to the offshore
equivalent of the Keuper Marl of the Mercia Mudstone Group (MMG), the Triton and

Dudgeon formations (Norian, Late Triassic) (Fig. 2).

In total, the Zechstein is composed of seven carbonate-evaporite cycles (Tucker,
1991). In this study, the uppermost Zechstein is represented in both boreholes as thick-
bedded halite. Overlying the Zechstein evaporites are the terminal splay/playa deposits
of the Bunter Shale, followed by the Bunter Sandstone — the offshore equivalent of the
Sherwood Sandstone Group (SSG) of eastern England (Noy et al., 2012). The latter is
predominantly composed of arenaceous sandstones, largely representing a fluvial-
aeolian depositional regime (Ambrose et al., 2014; McKie, 2017). Monsoonal rainfall on
the Variscan mountains and smaller basement massifs fed extensive braided river

systems (Geluk et al., 2018) that flowed towards basin centre playa and sabkha (Fig. 1).
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However, intermittent periods of aridity suppressed fluvial deposition rates and
facilitated aeolian reworking (McKie, 2017). Biostratigraphic age constraints suggest a
Middle Triassic (Anisian) age for the Otter Sandstone (Sherwood Sandstone Group) in
Devon (Holloway et al., 1989; Spencer and Storrs, 2002) and an Early Triassic age for the
Buntsandstein and its’ equivalents in continental Europe (Scholze et al., 2016, 2017).
However, such constraints are lacking for the Bunter Sandstone in the Cleveland and SNS

basins (Warrington et al., 1980).

The SSG is overlain by the MMG (and offshore equivalents), with the boundary
being marked by the transition from sandstones to mudstones (Howard et al., 2008;
Newell et al., 2018). The MMG is composed of green/grey mudstones interbedded with
siltstone, and bedded halite is interspersed with nodular gypsum and anhydrite
throughout the succession. In the UK sector, deposition coincided with the southerly
retreat of the SSG beginning in the Middle Triassic, with fluvial systems replaced by a
hypersaline playa lake and coastal sabkha environment (Howard, 2008) (Fig. 1). This
environmental shift facilitated the deposition of evaporites, including bedded halites
(i.e., the Rot) and nodular sulphates. Episodic marine flooding during the Anisian and
Ladinian is evidenced by acritarchs and lingula in various locations (Warrington, 1974;
Wilson, 1993; Ambrose and Wakefield, 2015; Warrington and Pollard, 2021). Evaporite
formation and deposition continued intermittently until the latest Triassic. During the
latest Triassic, a major marine transgression occurred (Peacock, 2004) leading to the
deposition of the Penarth Group (Lott and Warrington, 1988; Warrington and Ivimey-
Cook, 1992; Gallois, 2009), that is biostratigraphically constrained to the Rhaetian (Lott
and Warrington, 1988; Warrington, 1997; Hounslow and Ruffell, 2006). This interval

represents the transition from marginal marine to fully marine deposition, which
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became well established during the Hettangian with the deposition of the Lias Group

(Wignall and Bond, 2008; Gallois, 2009).

Despite intensive study, the units of the SSG and MMG commonly lack any age-
diagnostic fossils for biostratigraphic constraint and hence, dominantly rely on
lithostratigraphy. Although, the marine Triassic stratigraphy of continental Europe (i.e.,
Muschelkalk) is aided by biostratigraphic constraints (Narkiewicz, 1999; Marquez-Aliaga
et al., 2000; Bachman and Kozur, 2004; Franz et al., 2013; Chen et al., 2019), the UK
sector facies are particularly impoverished in age-diagnostic fossils, in part due to the
lack of marine carbonates when compared with continental Europe (e.g., Horacek et al.,
2010; Boschetti et al., 2011). As a result, it is common for this region to lack sufficient
chronostratigraphic calibration for the Triassic interval (McKie and Williams, 2009).
Therefore, alternative techniques are required to constrain and corroborate the Triassic
lithostratigraphic framework of northwest Europe (especially the UK) with continental
Europe. Due to the presence of evaporite minerals throughout the MMG, sulphur

isotope stratigraphic correlation is an ideal candidate to address this issue.

3. Methods

Gamma ray data were obtained for boreholes Staithes S-20 (NZ71NE/14; grid reference,
NZ 476034E 518000N) and 42/28-2 (54.078556, 0.454889). The onshore Staithes S-20
borehole is located in the Cleveland Basin, England, whereas borehole 42/28-2 is located
offshore in the southern North Sea (Figure 1). The sulphur isotope record of Staithes S-
20 is presented in Salisbury et al. (2022). Borehole drill cuttings from 42/28-2 were
sampled at the British Geological Survey, Keyworth, Nottingham. The washed drill

cuttings were collected at variable depth intervals, providing a total of 50 samples for
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sulphur isotope analysis. The sampling resolution varies throughout the borehole,
depending on the abundance of evaporite minerals suitable for sampling. Each sample
represents a depth range and is thus viewed as a lithological average over that depth

interval.

Each drill cutting sample was inspected under an optical microscope and
individual random chips of gypsum, anhydrite and/or halite were picked and transferred
into 1.5 ml micro-centrifuge tubes. Approximately 1-3 g of evaporite samples were
placed into a 15 ml centrifuge tube with 10 % NaCl solution. Blanks of NaCl produced no
visible barium sulphate (BaSOa.). The evaporites were left to sit in the solution for
between 24-48 hrs and agitated every few hours during the working day. Upon
dissolution, the samples underwent centrifugation for 5 minutes at 3000 rpm, before the
supernatant was poured into 50 ml centrifuge tubes for subsequent BaSO4 precipitation.
Between 15-20 ml of 10 % barium chloride (BaCl;) was added to the evaporite-dissolved
solution. This solution often turned cloudy immediately indicating that BaSO4 was being

precipitated, according to the following equation:
BaCl, + SO%~ — BaSO, + 2ClI*~ [1]

The pH of the solution was reduced to ~1-2 with the addition of 3M HCI to
prevent the precipitation of barium carbonate (BaCOs). The samples were left for at least
24 hrs for BaSO4 precipitation, after which they were centrifuged at 3000 rpm for 5
minutes. The BaCly/HCl supernatant was discarded according to safety regulations for
appropriate waste disposal. The resultant pellet of BaSO4 was rinsed with ~30-40 ml of
deionised water to neutralise the sample. Neutrality was often achieved after three

rinses. The centrifuge tube containing the BaSO4 was placed in a drying oven set at 80°C
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for between 24 and 48 hrs. The BaSO4 was then crushed into a fine powder using an

agate pestle and mortar and archived in a 1.5 ml micro-centrifuge tube.

For sulphur isotope analysis, each sample was weighed out (0.2—0.4 mg) into 6x4
tin capsules. Stable sulphur isotope analysis was performed in the Stable Isotope
Biogeochemistry Laboratory (SIBL) at Durham University using a Thermo Scientific EA
IsoLink™ coupled to a Thermo Scientific Delta V Plus isotope-ratio mass-spectrometer.
Evaporite sulphur isotope ratios are expressed in standard delta (8) notation in per mil

(%o) relative to Vienna Canyon Diablo Triolite (VCDT) according to the following equation:

88 = 34¢ /32

[2]

The 634S data were normalised through calibration against four international
standards (IAEA-S-1, IAEA-S-2, IAEA-S-3, NBS 127), providing a linear range in 63S
between —32.5 %o and +22.6 %o. An internal barium sulphate (Acros Organics silver
sulphate, Catalogue number: 194070100, lot: A0384698) was analysed throughout the
analytical period and produced an average 63*S value of -18.1 %o + 0.25 (1c) (n = 14).
Analytical uncertainty of &3S was #0.15 %o (1 o) for replicate analyses of the
international standards during the production of this dataset. Reproducibility of sample
834Sevap Was the same or better. Total sulphur of the sample is calculated as part of the

isotopic analysis using an internal standard, sulphanilamide (S = 18.619 %).

4. Results/discussion

4.1. Gamma ray correlation

Gamma ray profiles for the Staithes S-20 and 42/28-2 boreholes are presented in Figure
3. The correlation used the diagnostic log motifs of lithological units that are known to
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be persistent over greater distances than the spacing between the two study wells
(Bachman et al., 2010). These log motifs are calibrated against core in other wells within
the basin. In the Permian Zechstein at the base of 42/28-2, gamma ray values are
generally low (~50 API), punctuated by brief peaks to ~200 API. After a final low, gamma
ray values increase to ~150 API at the boundary with the Bunter Shale. Only the top of
the Zechstein was cored in Staithes S-20. Gamma ray values fall to around ~0 API at
~3500 ft, corresponding to an interval of bedded halite, before increasing to ~130 API at
the base of the Bunter Shale (similar to borehole 42/28-2), enabling correlation between

the two boreholes.

Both the Staithes S-20 and 42/28-2 boreholes show relatively stable gamma ray
profiles during the lower Bunter Shale (around ~110 API). Gamma ray profiles exhibit a
more erratic response during the upper Bunter Shale, beginning at 3100 ft in Staithes S-
20 and ~7700 ft in borehole 42/28-2. This marks the base of the Rogenstein Member,
which includes interbedded sandstones that contribute to the erratic behaviour in
gamma ray data. In both records, the boundary between the Bunter Shale and Bunter
Sandstone is marked by a sharp upwards decrease in gamma. The Bunter Sandstone
exhibits relatively stable but low gamma ray values, around ~60 API, and is particularly
distinct in the 42/28-2 borehole record. The Bunter Sandstone terminates with a sharp
increase in gamma ray, corresponding to an unconformity at ~2080 ft in Staithes S-20
and ~6200 ft in 42/28-2. Evidence for a hiatus in sedimentation is observed directly in
the core of Staithes S-20 but is only inferred in borehole 42/28-2 based on gamma ray
records and regional correlation (Bachman et al., 2010). Throughout the overlying MMG,
the gamma ray record is slightly elevated in Staithes S-20. This offset may be a product

of different tools or calibration and both records remain relatively stable. Brief lower
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gamma Mercia Mudstone packages likely mark the position of greater evaporite
proportion, as the low potassium content of the rock reduces the background gamma

API values.

4.2. Preservation of primary &**Sevap signals

The precipitation of gypsum is associated with a minor fractionation factor (A3*Sprecipitate-
brine), With experimental studies reporting a range between +1.59 and +2 %o (Thode and
Monster, 1965; Holser and Kaplan, 1966; Nielsen, 1978; Raab and Spiro, 1991; Van
Driessche et al., 2016). Although the 634S of both the brine and precipitate decrease
progressively with continued evaporation, the results of Raab and Spiro (1991) suggest
relatively similar A3*Sprecipitate-brine Values are maintained until the middle of the halite
stability field. Thus, it is generally assumed that the §3*S of a marine Ca-sulphate is
indicative of the isotopic composition of the brine from which it precipitated (Schreiber
and Tabakh, 2000). Considering that we exclusively sampled calcium-sulphates and
halite, it is unlikely that changes in mineralogy and/or sulphur isotope reservoir effects
associated with prolonged restriction had a major impact on the §3*Sevap records from

boreholes 42/28-2 and Staithes S-20.

The 834Sevap correlation presented in this study is surprising in that the 42/28-2
sediments have been exposed and saturated with drilling fluids: unfortunately, there is
no record of what drilling fluids were used when coring. Samples can be fully covered in
fluids during the drilling process and washing them away entirely is difficult (Kubo et al.,
2016), thus potentially impacting the integrity of sample geochemistry (e.g., Stuckman
et al., 2019; Sanei et al., 2020). 6*Sevap values in drill cuttings are vulnerable to

contamination by drilling fluids, which can be characterised by a range of different
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chemical compositions (Ball et al., 2012). However, the similarity between both the
Staithes S-20 and 42/28-2 634Sevsp records in this study would suggest that the drilling
fluids used had little to no effect on the sedimentary sulphate. Despite this, future
studies should always be aware that the type of drilling fluid used may impact the

sulphur isotope record.

Evaporites form in hydrographically isolated marginal marine basins with
restricted circulation (Warren, 2010). Local depositional and diagenetic (i.e., post-
depositional) processes can alter a global marine 634Sevsp signal recorded in evaporites
(Lu et al., 2001; Crockford et al., 2019), potentially limiting the use of 8*Seap data for
stratigraphic correlation. Local effects include riverine inputs of continental sulphate
from weathered pyrite and/or evaporites (Lu et al., 2001; Bottrell and Newton, 2006),
reservoir effects associated with evaporite precipitation during periods of prolonged
restriction (Raab and Spiro, 1991), and microbial sulphur cycling (e.g., microbial sulphate
reduction) and subsequent pyrite burial (Bernasconi et al., 2017). Diagenetic effects
include syn-sedimentary dissolution/precipitation of halite, the replacement of halite
with gypsum (and vice versa) soon after burial (Schreiber and Tabakh, 2000), microbial
sulphate reduction below the sediment-water interface (Jorgensen et al., 2019) and a
cycle of diagenesis during burial and uplift (Orti et al., 2022). The latter involves the
formation of anhydrite from the dehydration of primary gypsum at moderate to deep
burial depths, followed by the rehydration of anhydrite to form secondary gypsum
during uplift (Orti et al, 2022). The sulphur isotopic effect of the
dehydration/rehydration of Ca-sulphates associated with burial and uplift is not well

understood. Current evidence suggests it is associated with only minor sulphur isotope
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fractionation (see Orti et al., 2022 for details), and is unlikely to have imparted any major

effect on our 63*Seyap records.

During burial to temperatures exceeding 120°C, thermochemical sulphate
reduction can occur, involving the chemical reduction of sulphate to sulphide, and the
sulphurisation of organic matter (see review by Cai et al., 2022). This process has been
associated with significant sulphur isotope fractionations in metal sulphide deposits (Cai
et al.,, 2022). However, only a minor degree of sulphur isotope fractionation occurs
between sulphate and sulphide in most petroleum-related sour gas settings (Worden et
al., 1997; Cai et al., 2022), likely due to the complete reduction of any anhydrite that
dissolves, with sulphate dissolution being rate limiting (Meshoulum et al., 2016; Cai et
al., 2022). It is understood that diagenetic fluids exhibit a high degree of spatial isotopic
heterogeneity and will produce more scattered 84S values in rocks that have interacted
with diagenetic fluids, limiting the stratigraphic reproducibility of &3*Sevap records
between different basins (Metzger et al., 2014). Thus, a high degree of stratigraphic
reproducibility in §34S is generally considered to be evidence of a global isotopic signal
(Metzger et al., 2014). The 834Sevap curve from Staithes S-20 has been shown to represent
a global record of marine sulphate (Salisbury et al., 2022). The small degree of scatter
and/or minor offsets between the 834Sevsp curves of Staithes S-20 and 42/28-2 may
reflect local depositional and minor diagenetic effects, but the robust correlation
between them (Figure 4), as well as their agreement with the global §34Sevap record
(Salisbury et al., 2022), suggest that the long-term trends in the 83*Sevap data represent

a global marine sulphur isotope signal.
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4.3. Sulphur isotope correlation

The 634Sevap record from borehole 42/28-2 is presented alongside Staithes S-20 (Salisbury
et al., 2022) in Figure 4. Clear stratigraphic trends are apparent in both §3*Seyap records
even at different sample resolutions. The principles of sulphur isotope stratigraphy and
isotope correlation are based on; (1) the assumption that the sulphur isotope
composition of the ocean is isotopically homogenous at any given time, and hence, the
absolute 634Sevap value; (2) the trend in the 834Seysp is directly comparable (i.e., positive
versus negative); and (3) inflection points in §3*Se.ap represent a shift from one slope to
another. It would be appealing to correlate all the trends and inflections points in Figure
4, however, caution needs to be exercised due to the different sampling resolution
between the boreholes. Thus, in Figure 4 we have only chosen to correlate seven points
through the latest Permian to Late Triassic time interval. In addition, we have chosen to

use one lithostratigraphic correlation which will be discussed below.

During the correlation process between borehole 42/28-2 and Staithes S-20, the
stratigraphy is assumed to be proportionally equivalent and each stratigraphic element
(apart from truncation by the unconformity) is assumed to expand or contract at a
similar rate (see left-hand side Figure 4). If a comparable sample resolution was obtained
for borehole 42/28-2, then the correlation between the boreholes (core versus cuttings)
would have been stronger. However, this was not possible due to the stratigraphic
resolution of the drill cuttings collected and the fact that many cutting samples did not
contain any evaporitic minerals for isotopic analysis. Similar concerns (e.g., stratigraphic

thickness and time, as well as sample resolution) were highlighted by Grocke (2020)
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when performing carbon isotope stratigraphy for correlation. The same issues apply for

all types of correlation using isotope stratigraphy.

Cyclic variability in 83*Seyap is observed through the Zechstein and lower Bunter
Shale intervals in Staithes S-20 (3100 to 3500 ft: Figure 4). This apparent cyclicity is not
observed in the equivalent interval of borehole 42/28-2 (7700 to 9680 ft), although this
may be in part due to lower sample resolution (Figure 4a and 4b). If the cyclicity observed
in Staithes S-20 reflects global changes in the sulphate isotopic reservoir, then the cycles
may prove very useful in high-resolution correlation of the Zechstein throughout Europe.
Future sulphur isotope studies of the Zechstein should be performed at high resolution
to assess reproducibility of the apparent cyclicity observed in Staithes S-20. After this
period of cyclicity, §34Sevap gradually increases throughout the Bunter Shale and Bunter
Sandstone from approximately +8 %o to +15 %o in both boreholes. This range in 63*Sevap
constrains the age of these stratigraphic units to the latest Permian (Claypool et al., 1980;
Crockford et al., 2019; Present et al., 2020; Salisbury et al., 2022), suggesting the
placement of the PTB in this part of the Southern Permian Basin should be shifted from
the upper boundary of the Zechstein evaporites to a point within the Bunter Sandstone
(Figure 5). This is significant, due to its’ apparent conflict with biostratigraphic constraints
for an Early to Middle Triassic age for Bunter Sandstone equivalents in southern England
and Germany (see above). Although, this part of the record is more difficult to accurately
correlate based on principles (2) and (3) described above, a late Permian age for the
lower Bunter in the SNS Basin suggests that towards the basin margins, the Bunter
stratigraphic motif is aliased by an older continental clastic system. By extension, it is
also possible that the lower parts of the onshore Sherwood Sandstone Group in northern

England also extend into the late Permian.
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Due to erosion associated with the Hardegsen unconformity in the Early Triassic
(Bachman et al., 2010), the 834Sevap curves of Staithes S-20 and 42/28-2 fail to record the
large positive 63*Sevap excursion characteristic of the Early Triassic. The entire evaporite-
based stratigraphic interval of the Staithes S-20 borehole hinges on the constraint of a
single palynological age (earliest Anisian), which is obtained from immediately above the
unconformity (see Salisbury et al., 2022). 834Sevap values of > +15 %o above the
unconformity in Staithes S-20 also support an Anisian age when compared with the
global composite record as discussed in Salisbury et al. (2022). Based on absolute 634Sevap
values at this point it is evident that borehole 42/28-2 records the Anisian recovery to
pre-excursion 834Seap values in the Olenekian prior to the negative excursion (see Figure
4). 834Sevap values in borehole 42/28-2 show a declining trend, similar to that which is
recorded in Staithes S-20, for the remainder of the Triassic — ending with 83*Seyap values

of ~ +12 %o in the Norian.

As shown in Figure 4 the correlation is somewhat more uncertain when there are
larger gaps in the 634Sevap record (e.g., Bunter Sandstone) from borehole 42/28-2. This is
to be expected, as lower resolution records will fail to capture the full extent of isotopic
variability (especially short-term changes), creating the false impression of greater
isotopic heterogeneity between sedimentary basins (Metzger et al., 2014). It is thus
unclear whether the lack of cyclicity at the base of 42/28-2 (discussed above) reflects a
difference in the evolution of the sulphur cycle between the Cleveland and southern
North Sea basins during this time interval. We present two potential correlations (see
Figure 4a and 4b) between Staithes S-20 and borehole 42/28-2 during the latest
Permian. Figure 4a assumes that the lithostratigraphic boundary between Z5 and the

Bunter Shale is age equivalent in both boreholes (dashed correlation line). In contrast,
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Figure 4b displays a correlation scheme based entirely upon the 634Se.ap data, thus
suggesting a different age for the boundary between Z5 and the Bunter Shale in each
borehole, taking account of the possible diachroneity of lithostratigraphic boundaries.
Each of these correlations are plausible but highlight the issue when performing sulphur
isotope correlation during time intervals with little isotopic variability (akin to strontium
isotope stratigraphy). Additional techniques such as evaporite palynology (Gibson &
Wellman, 2021) may help to constrain age and sulphur isotope correlation during the
late Permian Zechstein. Despite this, the correlation between 42/28-2 and Staithes S-20

looks exceptionally good, even with different sampling resolutions.

It should be noted that data resolution is not the only factor to consider when
attempting to derive robust, high-resolution isotope stratigraphic correlations. As briefly
discussed above, the rate and magnitude of sulphur isotope variability are of crucial
importance (see Yao et al.,, 2019). Between the depths of 6760 ft and 5940 ft in the
borehole 42/28-2 dataset, robust correlations can be achieved with the Staithes S-20
record, despite the relatively low sample resolution of 42/28-2. This is due to the abrupt
and significant shift in the §34Sevap record during this depth interval (see Figure 4), which
is also reflected in the global §34Sevap curve (see Salisbury et al., 2022). Therefore, if the
time-interval studied exhibits high sulphur isotopic variability, a sample resolution
comparable to our Staithes S-20 record may not be essential. This study has thus
demonstrated that drill cuttings can be confidently used for §34Sevp stratigraphic

correlation of sedimentary sequences between sedimentary basins.
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4.4. Wireline log-based lithostratigraphy versus &**Sevap correlation

To compare the gamma ray and sulphur isotope correlations, we used the gamma ray
correlation lines shown in Figure 3 to correlate the 634Sevap curves from Staithes S-20 and
borehole 42/28-2 (Figure 6). Seven confident gamma ray motifs were correlated based
on their visual similarity. An additional gamma ray correlation was tentatively assigned
in the middle Bunter Shale (see Figure 3, dashed line) at the shift from moderate scatter
to high scatter in the record. Based on these correlation lines, the 634Seyap curves are also
strikingly similar, however, there are some key differences. For example, based on
gamma ray correlation, borehole 42/28-2 extends further back in time in Zechstein cycle
Z5. Thus, using gamma ray stratigraphy only the top 4 samples in Z5 from borehole

42/48-2 correlate with the Staithes S-20 6*Seyap record (Figure 6).

Another key difference is in the correlation of the R6t Halite Member (Triassic).
Gamma ray correlation would erroneously imply that the R6t Halite Member extends
into the Ladinian, whilst the sulphur isotope correlation constrains it to the Anisian
(Figures 7). It is plausible this may reflect errors in the application of lithostratigraphy
during the original logging process. In the case of the Staithes S-20 borehole, the lack of
clear halite intervals defining both the Rot and Muschelkalk halites, and the facies
transition from the limestone-prone Muschelkalk into clastic basin margin facies, has
made the log motifs ambiguous. This demonstrates how 8*Seyap records provide a critical
constraint on the validity of lithostratigraphy for stratigraphic correlation, particularly
where the lithostratigraphic data exhibit greater ambiguity, such as basin margin

settings.
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Published data provide further contrasting age estimates. Previous
lithostratigraphic correlations suggest an Olenekian age for the Ro6t Halite Member
(Warrington et al., 1980), while more recent work suggests an early Anisian age, in broad
agreement with our 634Seysp record (Bachmann et al., 2010). Isotopic analysis of fluid
inclusions suggests a late Early Triassic age for the R6t in the Netherlands, Germany and
Poland, reporting §34S values between +27.1 %o and +32 %o (Kovalevych et al., 2002). In
contrast, we only record 83*Sevap values between +18.5 %o and +25.4 %o (Figure 4). The
reason for this difference is currently unclear, however, it should be noted that
Kovalevych et al. (2002) used a different analytical method for sulphur isotope analysis
(e.g., offline SO, generation versus online continuous flow IRMS at SIBL). Furthermore,
the R6t may have formed earlier to the east of the UK and SNS. Additional sulphur
isotope analyses of the Rot Halite Member are required to constrain its’ age and

determine if this lithostratigraphic unit is diachronous or synchronous across basins.

Correlations using gamma ray and &*Seyap data suggest that the successions in
each well are broadly comparable across the Cleveland and SNS basins (Figure 7). This
can be clearly seen in the Anisian interval (Figure 7). The position of the Hardegsen
unconformity can be located using the gamma ray logs (Figure 3) and the Anisian exhibits
a high rate and magnitude of sulphur isotopic variability (Figure 4), enabling a robust
correlation to be made. Interestingly, the correlation schemes exhibit greatest
disagreement during the Ladinian, Carnian and Norian (Figure 7). In particular, the
sulphur isotope correlation suggests the top of the Mercia Mudstone in borehole 42/28-
2 extends into the Carnian—Norian, while the gamma ray correlation suggests it extends
until just below the Norian—Rhaetian boundary, possibly reflecting issues with depth

averaging between the gamma ray and 63*Sevap records. In this case the sulphur isotope
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correlation scheme would be favoured, demonstrating the capacity for sulphur isotope

stratigraphy to capture lithofacies diachroneity.

The 834Sevap correlation based on gamma ray is quite robust but has limitations
when compared to the sulphur isotope correlation, which is independent of
lithostratigraphy (Figure 7). Due to the ‘layer cake’ appearance of the Triassic southern
North Sea, lithostratigraphy assumes that the deposition of one facies is “time-
equivalent” to the same facies in another basin. When using gamma ray to correlate
83%Sevap One is forcing it to fit in line with the principles of lithostratigraphy. The
deposition of an evaporite in one basin may not be time equivalent to the deposition of
an evaporite in a nearby basin, and hence, wireline log correlations of apparently similar
log motifs could cross time boundaries. The stability and residence time of sulphur in the
ocean precludes crossing time boundaries as at any given time the ocean will have a
homogenous 83*Seap signature (Paytan et al., 2012). Therefore, as time changes, so will
the 63%Scvap signature of the ocean. In Figure 6 it is assumed that the gamma ray
correlation is a timeline and hence, only four §34Sevap data from borehole 42/28-2 are
correlatable to the Staithes S-20 record for the Z5 lithology (see Figure 4a). However, if
we consider that the Z5 evaporite sequence in borehole 42/28-2 is “time-equivalent” to
the base of the Bunter Shale in the Staithes S-20 core/basin, then this would create a
very different correlation curve (see Figure 4b). Thus, a significant strength of sulphur
isotope stratigraphy is that it provides independent validation on whether straight
lithostratigraphic correlations are accurate, differentiating between log motifs that

appear similar but represent strata of distinct ages.
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The above discussion reflects the importance of sample resolution and isotopic
variability in deriving robust stratigraphic correlations (see Yao et al., 2019 for further
discussion). The 634Scvap data from the Zechstein and the base of the Bunter Shale lack
the sample resolution and isotopic variability to facilitate high-resolution correlations. In
contrast, although the sample resolution is comparable in the Mercia Mudstone Group,
the greater isotopic variability enables high-resolution correlations to be made using
834Sevap alone (Figures 4 and 7). For intervals where high sampling resolution cannot be
achieved, or where the &3*S record exhibits relative stability through time, we suggest a
multidisciplinary approach, integrated with wireline log stratigraphy, to produce a global
534S evaporite curve for correlation. With further research, it is anticipated that the 634S
curve from evaporites may become comparable to how strontium isotope stratigraphy
is used for global correlation of marine sediments. More importantly, placing evaporite-
bearing strata into more constrained stratigraphic timelines will increase our knowledge

of these extreme environments in Earth’s history.

4.5. Implications for carbon capture and storage

As discussed, our §3*Seyap records from the Staithes S-20 and 42/28-2 boreholes provide
further chronostratigraphic constraint for the late Permian—Triassic strata of the
Cleveland and UK SNS basins. In particular, the base of the Bunter Sandstone has been
assigned to the latest Permian, suggesting the PTB may occur within the Bunter
Sandstone at these locations (Fig. 5). This enables the degree of Hardegsen erosion to
be better constrained stratigraphically (i.e., when it initiated and stopped in a basin). This
will help to develop more accurate palaeogeographic maps for the latest Permian and

Triassic of the UK. This is of particular significance due to the interest in the Bunter
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Sandstone as a potential reservoir for carbon capture and storage (CCS) (Holloway et al.,

2006; Newell and Shariatipour, 2016; Alshakri et al., in press).

The use of geological reservoirs for the storage of sequestered carbon dioxide
(CO,) as a super-critical fluid is thought to be a key technology for addressing
anthropogenic climate change (Bickle, 2009). The Bunter Sandstone and other
equivalents within the Sherwood Sandstone Group are considered suitable candidates
for CO; storage (Brook et al., 2003; Holloway et al., 2006). This is due to the Bunter
Sandstone’s favourable reservoir properties (Chadwick et al., 2008; Dobbs et al., 2018),
with fair to good porosity and permeability (Noy et al., 2012), and suitable stratigraphic
position, whereby it is sealed by a durable caprock, the overlying saliferous Mercia
Mudstone Group (Armitage et al., 2013). In addition, its supposed sheet-like geometry

is predicted to be conducive to effective pressure dissipation and reliable injectivity.

It should be noted, however, that an accurate understanding of the regional
stratigraphic framework is essential for reliably estimating the suitability of a reservoir
for CO; storage. For example, the spatial variability in properties (Ringrose, 2020) such
as sand:shale ratios, porosity, and permeability within the Bunter Sandstone can be
mapped for assessing its’ suitability for CO, storage. These assessments are likely
erroneous if our revised stratigraphic framework for the western margin SNS is correct,
as authors of previous research will have contoured the properties from sandstones of
different ages. In addition, although drillcore can provide useful insights, it is common
for analogous facies to be studied at outcrop to provide a broader view of the
heterogeneities present within reservoir zones (e.g., Newell and Shariatipour, 2016).

However, such studies commonly focus on the onshore Sherwood Sandstone outcrops,
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which were deposited by large river systems during the Early Triassic, a time interval
characterised by a warmer and wetter climate than the late Permian (Trotter et al.,
2015). Thus, if the base of the Bunter Sandstone in the western margin SNS is truly latest
Permian in age then the depositing rivers would have experienced lower volume
discharges leading to different reservoir architectures and heterogeneities (Issautier et
al., 2014). As a result, alternative analogue facies may need to be found from more
ephemeral fluvial systems. These issues will impact the reliability of dynamic models
used to predict the outcome of different scenarios, such as injection rates, well counts
and locations (e.g., Noy et al., 2012; Williams et al., 2013; Tucker, 2018; Ringrose, 2020).
This could lead to suboptimal developments, financial implications and a potential to fail

contractual obligations.

5. Conclusions

Sulphur isotope stratigraphy using evaporites has the potential to enhance
chronostratigraphic constraints for Permian—Triassic strata of the UK and continental
Europe. Unfortunately, complete drill cores are uncommon and thus, determining
whether drill cuttings are suitable for constructing 63*Sevap records is essential. A 634Sevap
record was produced from drill cuttings of borehole 42/28-2 in the southern North Sea
basin. This 634Seyap record was compared to the onshore Staithes S-20 borehole. Our
findings show that &3%Sevsp records derived from drill cuttings can be used for
stratigraphic correlation, although we advise that during periods of relative stability in
83%Sevap @ multidisciplinary approach is adopted (i.e., coupled with gamma ray
stratigraphy). Based on our 634Seysp records between the Cleveland Basin and southern

North Sea Basin in this study, the deposition of the Bunter Shale and Bunter Sandstone
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is determined to have initiated in the latest Permian, while the youngest age of the MMG
is Anisian (Middle Triassic). Neither §34Sevap curves record the Early Triassic due to erosion
associated with the Hardegsen unconformity. Our findings thus suggest that the PTB
should be defined somewhere within the Bunter Sandstone, and not at the upper
boundary of the Zechstein evaporites in the Cleveland and Southern North Sea basins.
This implies that our current understanding of the regional lithostratigraphy is likely
overly simplistic and fails to capture the full extent of facies diachroneity, particularly on
the basin margins. This is especially noteworthy for the Bunter Sandstone, due to interest

in its’ possible suitability as a reservoir for CO; storage in the UK.
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Figure 1: Palaeogeographic context of the stratigraphic units discussed in the text. The
location of each borehole is marked with a star. See top left figure for labels.
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Figure 2: The established lithostratigraphic framework for the UK Southern North Sea

(SNS), and neighbouring regions with equivalent strata, including the Netherlands,

northern Germany, and Poland. The major lithostratigraphic units are provided, along

with the regional names and stratigraphic position of rock formations. H marks the
position of the Solling (Hardegsen) Unconformity. EK | and Il denote the early
Kimmerian unconformities. Chronology follows Salisbury et al. (2022).
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Figure 3: Correlation of the Staithes S-20 and 42/28-2 boreholes based upon gamma
ray logs. The wells are vertical, and depths are measured along hole. The Hardegsen
Unconformity is marked by the irregular line. A star (*) denotes a palynological age
constraint (see Salisbury et al., 2022). Lad — Ladinian, C-N — Carnian-Norian, R —
Rhaetian, SSG — Sherwood Sandstone Group, MMG — Mercia Mudstone Group, M —
Muschelkalk. Chronology follows Salisbury et al. (2022).
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Figure 4: Sulphur isotope stratigraphy of borehole 42/28-2 compared and correlated to
Staithes S-20 (Salisbury et al., 2022). Seven correlation lines were determined based
primarily upon trends and inflection points within the sulphur isotope records. One

correlation based on lithostratigraphic relationships is marked by the dashed line. Two

possible correlation schemes for the base of the sulphur isotope records are presented
(A and B). (left) The 63*Sevap record of 42/28-2 (black and white dots) stretched and
compressed within the correlation lines and overlain onto the equivalent record of
Staithes S-20 (blue and white dots). (right) The raw 63*Sevap record of 42/28-2 (black

filled dots) without being stretched and/or compressed.
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Figure 6: Sulphur isotope stratigraphy of 42/28-2 compared and correlated with the
equivalent record of Staithes S-20 (Salisbury et al., 2022). Nine correlation lines were
drawn according to the correlation scheme based on gamma ray logs (see Figure 3).
(left) The 63Sevap record of 42/28-2 (black and white dots) stretched and compressed
within the correlation lines and overlain onto the equivalent record of Staithes S-20
(blue and white dots). (right) the raw 63*Sevap record of 42/28-2 (black filled dots)
without being stretched and compressed.
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Figure 7: Comparison between the sulphur isotope and gamma ray correlation
schemes. (left) Stratigraphic correlation based upon the sulphur isotope records, as
presented in Figure 4. The lithostratigraphic boundaries for Staithes S-20 are based on
the original log, while those for 42/28-2 are adjusted based upon the correlation
schemes with Staithes S-20. (middle) The correlation scheme based upon the gamma
ray logs. (right) The 63*Sevap record of Staithes S-20 and 42/28-2 based on the sulphur
isotope and gamma ray correlation schemes. Stratigraphic intervals within which the
correlation schemes are in relative agreement are marked with the white shading,
while the grey shading represents stratigraphic intervals within which the correlation
schemes disagree.
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Evaporite-prone, dryland continental basin-fills, such as the UK Triassic, lack abundant
fossil control on their chronostratigraphy and tend to rely on other techniques, such
as heavy mineral correlation and magnetostratigraphy, for correlation and age dating.
Here we report on the novel use of evaporite-based sulphur isotope (634Sevap) profiles
for the Sherwood Sandstone and Mercia Mudstone groups, from the Larne, East Irish
Sea, and Wessex basins. Through comparison with the established global composite
5%%Sevap age curve, our 63%Se..p profiles assist in providing further localised
chronostratigraphic constraint to evaporitic strata of the UK Triassic, beyond which is
achievable with sparse biostratigraphy alone. We report 63%Sevap values from the
lowermost Sherwood Sandstone Group that appear to align well with those of
Permian seawater, potentially in agreement with previous research that reported
comparable 83%Sevap values from the Sherwood Sandstone of the Cleveland and UK
southern North Sea basins. Our 63*Scap data from the Larne Basin provide further
chronostratigraphic calibration to the Sherwood Sandstone-Mercia Mudstone
boundary, agreeing well with the age assignment of this lithostratigraphic boundary
within the established stratigraphic framework for this region. In addition, we provide
the first high-resolution 63%S.,.p profile from halites and evaporitic mudstones of the
East Irish Sea Basin, providing additional chronostratigraphic constraint to a basin

which is especially impoverished in fossil content.

Our 83*Seyap profiles from the Mercia Mudstone Group of the Wessex Basin and
the Glenstaghey and Knocksoghey formations of the Larne Basin, are largely offset
from Triassic seawater 83*Se\sp age curve, which we interpret as an overwhelming
terrestrial %S sulphate signal. Thus, through comparison with the global composite

634Sevap curve, we apply our 834Seap data to provide further insight into the degree of
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marine influence during evaporite deposition, helping to reconcile the long-standing
controversy over the marine vs continental origin of UK Triassic evaporites, leading

the way to an enhanced understanding of the sedimentary dynamics of these basins.

1. Introduction

Sulphate (SO4%) is the second most abundant anion in modern seawater. It’s sulphur
isotopic composition (634S) has fluctuated over geologic time and is primarily controlled
by the isotopic composition and relative magnitude of sulphur fluxes entering and
exiting the ocean reservoir (Paytan et al., 2020). Due to the relatively large residence
time of seawater sulphate, it is generally assumed that for much of the Phanerozoic,
seawater sulphate has maintained sulphur isotopic homogeneity at any given point in
geologic time (Paytan et al., 2012). Thus, time equivalent marine sedimentary sulphates
are likely to exhibit similar 63*S compositions, enabling stratigraphic correlation
between sedimentary basins, particularly during periods of substantial §3*S variability
(Yao et al., 2019), such as across the Early and Middle Triassic (Claypool et al., 1980;

Bernasconi et al., 2017; Salisbury et al., 2022).

The sedimentary environment of the European Permian-Triassic was largely arid
and continental (with episodic marine influence) (Parrish, 1993), facilitating widespread
evaporite deposition, with evaporites providing relatively consistent spatial and
temporal coverage of the Triassic (McKie, 2017). In addition, the Triassic time interval
includes several major perturbations in the global sulphur cycle, recorded by variability
in 834Sevap (Claypool et al., 1980; Bernasconi et al., 2017; Salisbury et al., 2022). Recent
work compiled composite Triassic 63*Sevap profiles from evaporites of central Europe

(Bernasconi et al., 2017) and Spain (Orti et al.,, 2014, 2022). Their efforts greatly
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expanded the chronostratigraphic coverage of the §3*Sevap curve across this time interval

and demonstrated the suitability of 634Sevap records for correlation.

The abundance of evaporitic sulphate within the UK (Warrington and Ivimey-
Cook, 1992; McKie, 2017) presents the opportunity to further expand the coverage of
the global 83Sevap age curve and provide additional chronostratigraphic constraint to
the UK Triassic, which is particularly impoverished in fossil content (Warrington et al.,
1980; Hounslow and Ruffell, 2006; McKie and Williams, 2009). The &3S analysis of Ca-
sulphates within the Mercia Mudstone Group (MMG) of the Cleveland Basin and UK
southern North Sea (SNS) enabled the generation of high-resolution §34Seyap profiles for
the UK Middle-Late Triassic (Salisbury et al., 2022, 2023). These efforts have provided
better localised chronostratigraphic constraint to the Mercia Mudstone Group and have
expanded the coverage of the Middle-Late Triassic 63*Sevap age curve at a high resolution
(Salisbury et al., 2022, 2023). Despite this initial success, 634Sevap stratigraphy has yet to
be applied widely to the UK Triassic and many basins continue to lack
chronostratigraphic calibration beyond lithostratigraphic correlation with sparse dated

sections.

Evaporites are known to form in both continental and marine depositional
settings (see Warren, 2010), with evaporites of the UK Triassic often lacking features
unique to a particular marine or continental setting. Accordingly, much debate persists
regarding the degree of marine influence during deposition of the MMG (e.g., Wills,
1970; Taylor, 1983; Ruffell and Shelton, 1999; Hounslow and Ruffell, 2006), with
apparent conflicts between sedimentological (Andeskie et al., 2018; Milroy et al., 2019),

palaeontological (Warrington, 1995; Baranyi et al., 2019) and geochemical data (Taylor,
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1983; Leslie et al., 1993; Salisbury et al., 2022, 2023). This uncertainty regarding the
mode of formation for the evaporites of the MMG precludes a more complete
understanding of the environmental and palaeogeographic evolution of the UK Triassic,

as well as the dynamics of the basin-fill.

Data presented here from multiple localities in the UK offer the potential to
further expand the coverage of the Triassic 63*Sevap record, providing much needed
chronostratigraphic constraint to biostratigraphically barren evaporitic strata across
distinct UK sedimentary basins. In addition, through comparison with the established
Triassic 83*Sevap age curve of Salisbury et al. (2022), our 634Seyap profiles provide further
insight into the degree of marine influence during the deposition of the Mercia
Mudstone Group, offering a solution to apparent contradictions between existing

datasets.

2. Geological setting

During the Late Carboniferous Variscan Orogeny, tectonic reconfiguration resulted in
the coalescence of Earth’s continental landmasses, heralding the formation of the
Pangaean supercontinent (Peacock, 2004; Hounslow et al., 2012). Pangaea exhibited
signs of instability soon after, with the initiation of rifting along the Norwegian-
Greenland Rift beginning in the Late Carboniferous (Peacock, 2004), followed by
punctuated rifting through the Permian and Triassic (Coward, 1995; McKie, 2014).
During the mid to late Permian, the Norwegian-Greenland Rift propagated southwards
into the central North Sea and along the Atlantic seaboard of the UK and Ireland
(Hounslow et al., 2012). Rifting also propagated northward from the Tethys, into the

central North Sea and Southern Permian Basin (McKie, 2014). The continued breakup of
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Pangaea incited further rifting episodes in the Early and Late Triassic, generating the
Hardegsen and Early Cimmerian unconformities, respectively (Bachmann et al., 2010).
These rifting episodes formed a series of sub-sea level fault-bound rift basins (Howard
et al., 2008; McKie and Williams, 2009; Newell, 2018) that provided accommodation

space for sediment, and episodic access for marine waters (McKie, 2017).

During the Triassic, Britain was located within the eastern part of the
supercontinent Pangaea, occupying a palaeolatitude of ~20 °N (Newell, 2018), and
deposition occurred under a warm and arid to semi-arid climate (McKie and Williams,
2009; Sun et al., 2012; Trotter et al., 2015). Precipitation patterns followed a monsoonal
seasonality originating from the Panthalassa and Tethys oceans (Parrish, 1993). Aridity
of the continental interior was maintained by the vast expanse of continental landscape,
ensuring a high degree of continentality and scarcity of open water sources (Parrish,
1993). Saline waters accumulated within sub-sea level rift basins that propagated
through the warm and arid continental interior, via direct marine flooding or
groundwater seepage from adjacent marine basins (Hounslow et al.,, 2012; McKie,
2017). During the Middle Triassic, a local increase in humidity may have accompanied
the Muschelkalk marine incursion, represented in NW Europe by the limestones of the
Muschelkalk (Hounslow et al., 2012). However, this incursion did not extend west
beyond the easternmost southern North Sea, UK sector (Hounslow et al., 2012). Further
west, deeper within the rift system, the UK Triassic is absent of any Muschelkalk-
equivalent formations, with evidence of sustained aridity and consistent evaporite

deposition (McKie, 2014).
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Sedimentation progressed from largely fluvial/aeolian facies of the Sherwood
Sandstone Group (SSG) in the late Permian-Early Triassic (Salisbury et al., 2023), through
to evaporitic playa mudstones of the Mercia Mudstone Group (MMG), of the Middle-
Late Triassic (Howard et al., 2008) (Fig. 1). The boundary between the SSG and MMG is
generally placed at the upward transition from sandstone to mudstone (Ambrose et al.,
2014), however its precise chronostratigraphic position remains poorly constrained.
Magnetostratigraphy from south Devon suggests an Anisian-Ladinian age for the SSG-
MMG boundary (Hounslow and MclIntosh, 2003), yet the palaeontological data are
insufficient to confirm an age-assignment beyond a broader Anisian age, with the
chronostratigraphic position of the boundary likely being diachronous across distinct UK
sub-basins (see below). Fossil content provides evidence for intermittent marine
flooding during the deposition of the SSG in the Early Triassic (Warrington and Pollard,
2021) and during the Anisian and Ladinian of the Middle Triassic MMG in various
locations (Warrington, 1974, 1995; Wilson, 1993; Jackson et al., 1995; Ambrose and
Wakefield, 2015; Warrington and Pollard, 2021). The evaporites in the MMG largely
occur as intervals of bedded halite, interspersed with nodular gypsum and anhydrite,
providing relatively consistent chronostratigraphic coverage of the Middle-Late Triassic

(Warrington and Ivimey-Cook, 1992; Salisbury et al., 2023).

The precise volume and stratigraphic arrangement of the salt differs between
distinct UK sub-basins. In SW England, the sandstones of the SSG likely extend into the
Middle Triassic based upon biostratigraphic data (see below) and magnetostratigraphy
(Hounslow and Mclntosh, 2003), and are overlain by anhydritic mudstones/siltstones of
the Sidmouth Mudstone Formation (Whittaker and Green, 1983; Howard et al., 2008;

Ambrose et al., 2014). In the centre of regional sub-basins, mudstones are replaced by
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bedded halite of the Somerset Halite Formation (Whittaker, 1972; Whittaker and Green,
1983; Howard et al., 2008) of Carnian-age (Fig. 2), which has been lithostratigraphically
correlated across multiple sub-basins within the region (Gallois, 2002; 2004), extending
to the south in the subsurface beneath the Channel Basin (Harvey and Stewart, 1983).
Overlying the Somerset Halite, anhydritic mudstones/siltstones return with the
Branscombe Mudstone and Blue Anchor formations (Fig. 1) (Whittaker and Green, 1983;
Howard et al., 2008). Recent efforts in applying magnetostratigraphy have assisted in
providing further age constraint to the MMG of Devon, southwest England, and have
enabled broader correlation with equivalent strata internationally (see Hounslow and

Gallois, 2023 for details).

To the northwest in the East Irish Sea Basin (EISB), the MMG is represented by
interbedded evaporitic mudstones and laterally extensive formations of clean and
argillaceous halite (Fig. 1) (Jackson and Johnson, 1996; Jackson et al., 1997). The cyclic
deposition of evaporitic mudstones and halite could reflect repeated phases of basin
flooding and drying (Stuart, 1993) within a depositional environment possibly
comparable to the contemporary Rann of Kutch (Jackson et al., 1995). The halite
members pinch-out towards the southern margin of the basin, grading into undivided
mudstones (Jackson and Johnson, 1996). In both southwest England and the EISB,
evaporitic mudstones are overlain by shales of the Blue Anchor Formation (Whittaker

and Green, 1983; Jackson and Johnson, 1996; Howard et al., 2008).

In Northern Ireland, the MMG is divided into six formations: the Lagavarra,
Craiganee, Glenstaghey, Knocksoghey, Port More, and Colin Glen formations (Fig. 1)

(Mitchell, 2004). At the base of the MMG, anhydritic mudstones are interbedded with
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sandstones (Wilson and Manning, 1978), with the Lagavarra Formation being the
transitional unit between the SSG and MMG (Mitchell, 2004). In overlying units, the
MMG is characterised by anhydritic mudstones, with intervals of bedded halite
occurring within the Craiganee, Glenstaghey and Knocksoghey formations (Wilson and
Manning, 1978). The overlying Port More and Collin Glen formations are represented by
brown mudstones and green calcareous mudstones, respectively (Wilson and Manning,
1978). Both are devoid of evaporitic material (Wilson and Manning, 1978; Mitchell,
2004) and the Collin Glen is considered a regional equivalent of the Blue Anchor

Formation (Warrington et al., 1980).

During the Rhaetian, additional rifting and the expansion of connecting seaways
incited a marine incursion, precluding further widespread evaporite deposition in NW
Europe (Peacock, 2004, Wignall and Bond, 2008). Mudstones of the MMG were replaced
by the Penarth Group in the UK (Lott and Warrington, 1988; Warrington and Ivimey-
Cook, 1992), which has been classified as ‘quasi-marine’, due to the absence of certain
fully marine fossil groups (Wignall and Bond, 2008). It is likely that the Penarth Group
was deposited within a lagoonal and/or shallow marine environment (Jackson et al.,
1995). The trend to fully marine deposition continued into the Early Jurassic, with the
deposition of the overlying limestones of the Hettangian Lias Group (Cope et al., 1980;

Mitchell, 2004; Wignall and Bond, 2008).

2.1. Biostratigraphy

Despite extensive study, the MMG of the UK Triassic commonly lacks
chronostratigraphic calibration, due to a scarcity of age-diagnostic fossils. In continental

Europe, the presence of the marine Muschelkalk provides additional biostratigraphic
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constraint for the Middle Triassic (Narkievicz, 1999; Marquez-Aliaga et al., 2000; Franz
et al., 2013; Chen et al., 2019). However, the absence of the Muschelkalk west of the
southern North Sea, and a general lack of marine carbonates when compared with
continental Europe (e.g., Feist-Burkhardt et al., 2008; Orti et al., 2022), ensures the UK
is particularly deprived of age-diagnostic fossils for biostratigraphy. Thus, it is common
for the UK Triassic to lack chronostratigraphic calibration (McKie and Williams, 2009).
The cores sampled in this work are particularly impoverished in fossil content, with only
Burton Row and Staithes S-20 having any direct biostratigraphic constraint. The
biostratigraphy of the prior will be discussed below, for Staithes S-20 see Salisbury et al.
(2022). Fossils appropriate for biostratigraphy are known from elsewhere in the basins

studied here, and act to constrain our §34Seyap correlation schemes.

While biostratigraphic constraints suggest an Early Triassic age for the base of
the Buntsandstein and its equivalents in continental Europe (Scholze et al., 2016; 2017),
no palaeontological data exist for the position of the PTB and the base of the SSG in
Britain (Warrington et al., 1980). In the Wessex basin, biostratigraphic constraints are
sparse for the SSG, with the Burton Row borehole failing to provide suitable sample
material from the Upper and Lower sandstones of the SSG (Warrington in Whittaker and
Green, 1983). However, at outcrop along the Devon coast, biostratigraphic data suggest
a Middle Triassic age for the Otter Sandstone (SSG) (Benton, 1997; Spencer and Storrs,
2002). The fauna includes reptiles, amphibians and fish (Benton, 1997), and enable age
correlation with Anisian-age formations globally (Benton, 1997; Lucas, 1998; Spencer
and Storrs, 2002). Available biostratigraphic data from various locations suggest a
diachronous SSG-MMG boundary across UK sub-basins (Warrington et al., 1980;

Ambrose et al.,, 2014). For example, the SSG in the more northerly Cheshire Basin
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includes a miospore assemblage assigned to the Early Triassic, as well as reptilian
remains of Anisian age (Warrington, 1970), suggesting the SSG is likely older in Cheshire

than in Devon.

In the EISB, the SSG is particularly impoverished in fossil content suitable for
biostratigraphy, with an almost complete absence of biostratigraphic age constraints
(Meadows, 2006). Further west in Northern Ireland, the biostratigraphic constraints are
also limited, however sparse miospore assemblages suggest an Olenekian (Early Triassic)

age in the middle-upper SSG and an Anisian age for the upper SSG (Warrington, 1995).

Much of the biostratigraphic constraint for the MMG of the Wessex Basin is
derived from palynomorph assemblages of land plant origin (Warrington, 1997). At a
depth of 691.50 m in the Burton Row borehole, near the top of the Somerset halite
Formation, a specimen tentatively identified as Ovalipollis pseudoalatus was recovered
(Warrington in Whittaker and Green, 1983). Kiirschner and Herngreen (2010) assign this
an age range of Ladinian to Rhaetian, however palynomorph assemblages suggest a
Carnian age for equivalent saliferous beds within the nearby Puriton borehole
(Warrington, 1980). Accordingly, a Carnian age may be most appropriate for the
Somerset Halite Formation in the Burton Row borehole (Warrington in Whittaker and

Green, 1983).

Recent work on outcrops within the Wessex Basin report Carnian-age
palynomorphs (Camerosporites secatus, Partitisporites and Duplicisporites species,
Enzonalasporites spp., Vallasporites ignacii and Patinasporites densus.) from the top of
the Sidmouth Mudstone Formation, the Dunscombe Mudstone Formation (equivalent

to the Somerset Halite) and the base of the overlying Branscombe Mudstone Formation
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(Baranyi et al.,, 2019). The presence of Julian miospores Patinasporites densus,
Partitisporites maljawkinae and Partitisporites novimundanus and the absence of
Tuvalian Ricciisporites or Classopollis spp. suggests a Julian age for the Dunscombe
Mudstone Formation, with the boundary between the underlying Sidmouth Mudstone
Formation placed within the early Julian (Baranyi et al., 2019). If the Dunscombe
Mudstone Formation is indeed time equivalent to the Somerset Halite (Howard et al.,
2008), then this would support a Carnian age for the Somerset Halite Formation.
However, the only known direct biostratigraphic age constraint for this formation is the
palynomorph reported by Warrington in Whittaker and Green (1983), which as stated,
was only tentatively identified as Ovalipollis pseudoalatus. Thus, age constraint for the

Somerset Halite Formation within the Burton Row borehole remains limited.

At ~496 m depth within the Burton Row borehole, the miospore assemblages
Classopollis torosus and ?Ricciisporites tubercalatus were recovered, suggesting a
Rhaetian age. In addition, another Rhaetian miospore assemblage, Rhaetipollis
germanicus, was recovered at ~474 m depth (Warrington in Whittaker and Green, 1983).
This places the Norian-Rhaetian boundary below the base of the Blue Anchor Formation
within the Burton Row borehole. For the majority of the Blue Anchor Formation in the
Wessex Basin, the fossils suitable for biostratigraphy are miospores (Warrington, 1974,
1980; Warrington and Whittaker, 1984), which have a greater affinity with those of the
overlying Penarth Group than the underlying MMG (Warrington in Whittaker and Green,
1983), and are assigned a Rhaetian age (Warrington et al., 1995; Warrington, 1997). An
increase in assemblage diversity is seen through the uppermost Blue Anchor Formation,
along with the occurrence of acritarchs and dinoflagellate cysts (e.g., Warrington, 1980;

Warrington in Whittaker and Green, 1983; Warrington et al., 1995), which may suggest
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an increase in the degree of marine influence as the Blue Anchor Formation transitions

into the Penarth Group (Warrington and Whittaker, 1984).

Biostratigraphic constraints are particularly limited in the MMG of the EISB and
consist primarily of miospore assemblages (Jackson and Johnson, 1996). The
preservation potential of the miospores is generally poor, and for those that are present,
the diversity and abundance is low (Jackson and Johnson, 1996). Much of the established
palynology is reliant upon comparison with equivalent stratigraphy in the adjacent
offshore Kish Bank Basin (Naylor et al., 1993) and onshore West Lancashire and Cheshire
basins (Earp and Taylor, 1986; Warrington in Wilson and Evans, 1990; Jackson and

Johnson, 1996).

In the Irish offshore Kish Bank Basin, the miospore assemblages Spinotriletes
echinoides, Striatoabietites aytugii and Jugasporites conmilvinus were recovered from
well 33/17-1 and suggest an Early Triassic age for the lowermost MMG, while the
youngest halite beds here yielded Alisporites grauvogeli and Microcachrydites sittleri,
providing an Anisian upper age limit for the halite in this basin (Naylor et al., 1993). In
addition, Olenekian miospores Densosporites nejburgii and Endosporites papillatus have
been recovered from the MMG in well 33/21-1 (Geochem Group, 1992, biostratigraphic
report). The Olenekian miospores are intriguing and could imply the Early-Middle
Triassic boundary should be placed within the lowermost MMG in the Kish Bank Basin,
suggesting the SSG-MMG boundary is diachronous between the Kish Bank and onshore

Lancashire, where miospores constrain the base of the MMG to the Anisian (see below).

However, the vast majority of the palynomorphs recovered from the MMG

halites of 33/21-1 are of Anisian age (Stellpollenites thiergartii, Minutosaccus potoniei,
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Microcachryidites sittleri, Densosporites nejburgii, Taenisporites noviaulensis and
Striatoabieites balmei), with the latter three forms being reported from the base of the
MMG (Geochem Group, 1992, biostratigraphic report). Naylor et al. (1993) report
Striatoabietites aytugii, Triadispora spp. and Lundbladispora spp. from the underlying
Ormskirk Sandstone in 33/17-1. While Lundbladispora spp. is Early Triassic (Kurschner
and Herngreen, 2010), Triadispora spp. is now considered to be at least Anisian in age
(Kiirschner and Herngreen, 2010; Hochuli et al., 2020). A separate report of 33/17-1
reports Anisian Chordosporites and Alisporites at the top of the Ormskirk and Anisian
Triadaspora plicata, Microcachryidites spp and Apiculatasporites spp. in the overlying
MMG halitic interval (Geochem Group, 1992, biostratigraphic report). In the 33/17-1,
the gypsiferous claystones overlying the halitic intervals yielded Anisian and Ladinian
miospores; Lueckisporites triassicus, Microcachrydites fastidiosus and Microcachrydites
sittleri, respectively (Naylor et al., 1993). Thus, the Olenekian miospore assemblages
could indicate an Early Triassic age for the lowermost MMG in the Kish Bank (and
possibly the EISB), however they could also be a product of contamination or the
reworking of Olenekian palynomoprhs. In addition, the age ranges for miospore
assemblages Densosporites nejburgii and Endosporites papillatus reported from 33/21-
1 are thought to extend into the Anisian (Johnson et al., 1994), and therefore these

palynomorphs may be present as their youngest expression.

Palynomorphs recovered from biostratigraphic surveys of boreholes in the
onshore Lancashire region suggest an Anisian to Ladinian age for the MMG in this region
(Warrington in Wilson and Evans, 1990). The MMG up to the base of the Preesall Halite
is at least largely Anisian in age, determined by the recovery of Stellapollenites

thiergartii, Perotrilites minor and Angustisulcites spp. from the Hambleton Mudstones,
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Singleton Mudstones and Thornton Mudstones (Warrington in Wilson and Evans, 1990),
broadly equivalent to the Leyland Formation of the EISB (Jackson and Johnson, 1996).
Stellapollenites thiergartii has been recovered from the Coat Walls Mudstone, which is
broadly correlative to the base of the Dowbridge Mudstone Formation of the EISB
(Warrington in Wilson and Evans, 1990; Jackson and Johnson, 1996). This constrains the
Preesall Halite Formation to the Anisian, with the Anisian-Ladinian boundary in the EISB
being placed in the base of the overlying Dowbridge Mustone Formation (Jackson and
Johnson, 1996). Miospores Retisulcites perforates, O. pseudoalatus, and Echinitosporites
iliacoides are reported from the overlying Breckells Mudstone (Warrington in Wilson
and Evans, 1990), which is broadly equivalent to the upper Dowbridge and lower Warton
Halite formations in the EISB (Jackson and Johnson, 1996). O. pseudoalatus first occurs
in the Ladinian, disappearing in the late Rhaetian (Kiirschner and Herngreen, 2010),
while R. perforates and E. iliacoides are thought to extend from the Ladinian into the

Carnian (Warrington in Wilson and Evans, 1990; Kiirschner and Herngreen, 2010).

Thus, the available biostratigraphic data provide a minimum age of Ladinian for
the majority of the Dowbridge Mudstone Formation, with Jackson and Johnson (1996)
assigning the overlying Warton Halite Formation to the Carnian and the Elswick
Mudstone Formation to the Carnian-Norian. They report assemblages containing one or
more of Camerosporites secatus, Retisulcites perforatus, Ovalipollis pseudoalatus and
Echinitosporites iliacoides within the Dowbridge, Warton and Elswick formations
(Jackson and Johnson, 1996), ranging from Ladiniain to Rhaetian age (Kirschner and
Herngreen, 2010). However, the authors do not provide details regarding the

stratigraphic and geographic position of such assemblages, and thus the palynology of
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the higher formations of the MMG in the EISB is especially speculative (Jackson and

Johnson, 1996).

In west Lancashire, organic-walled microplankton have been recorded
throughout the MMG, while prasinophyte algae and acritarchs have been reported
within specific stratigraphic intervals (Warrington, 1970b; Warrington in Wilson and
Evans, 1990). These biostratigraphic data suggest a marine connection to west
Lancashire and possibly the EISB (Wilson, 1990; Warrington in Wilson and Evans, 1990),
supporting a possible marine origin for the brines from which the halites formed

(Warrington in Wilson and Evans, 1990).

Miospore assemblages recovered from deep boreholes provide biostratigraphic
age constraint to the MMG in the Larne Basin of Northern Ireland (Warrington, 1995;
Mitchell, 2004). Verrucosisporites thuringiacus and Guttulapollenites hannonicus
suggest the Lagavarra Formation and the lower Craiganee Formation are likely Anisian
in age (Warrington, 1995). The miospore assemblage Stellapollenites thiergartii indicate
an Anisian age for at least the lower parts of the Glenstaghey Formation, while
Retisulcites perforatus and Echinitosporite iliacoides indicate a Ladinian age for the top
of the Glenstaghey Formation. Thus, the overlying Knoscksoghey Formation is at least
Ladinian, and possibly Carnian, in age (Warrington, 1995). The presence of Triassic
acritarchs, Cymatiosphaera and Micrhystridium, while unable to provide age constraint,
suggest marine influence during the deposition of the MMG in Northern Ireland

(Warrington, 1995).

The overlying Penarth Group has yielded miospores, dinoflagellate cysts,

acritarchs, foraminifera test linings, bivalves, and fish (Warrigton in Whittaker and

158



Green, 1983; Lott and Warrington, 1988; Warrington, 1997). The miospore assemblages,
principally Classopollis spp., confidently constrain the Penarth Group to the Rhaetian in
multiple locations (Lott and Warrington, 1988; Warrington, 1995; Warrington, 1997;

Hounslow and Ruffell, 2006).

3. Methodology

3.1. Sampling

This study is based upon the sulphur isotope analysis of evaporitic samples acquired
from well cores (drillcore and drill cuttings) in the United Kingdom. The well cores
sampled include GT-01 Kilroot, Carnduff-02 and Cairncastle-2 from the Larne Basin,
Northern Ireland; 110/13-8 from the East Irish Sea Basin (EISB); and Burton Row of the
Wessex Basin, SW England. The methods employed in this work closely follow those of
Salisbury et al. (2022, 2023) used to generate the 83*Sevap profiles of Staithes S-20 and
42/28-2. Many of the samples were taken from calcium sulphate (gypsum/anhydrite)
nodules and massive beds, while others were acquired from bedded and displacive
halite. Fibrous gypsum was generally avoided, due to its’ association with diagenetic
secondary precipitation. However, in the case of Kilroot GT-01, most of the Ca-sulphate

available for sampling was fibrous and was sampled for comparative study.

Drillcore from Burton Row and drill cuttings from 110/13-8 were sampled at the
British Geological Survey, Keyworth, Nottingham, while drillcore of GT-01 Kilroot,
Carnduff-02 and Cairncastle-2 were sampled at the geological Survey of Northern
Ireland, Belfast. For Burton Row, GT-01 Kilroot, Carnduff-02, and Cairncastle-2,
anhydrite nodules and beds were sampled at regular intervals, providing consistent
stratigraphic coverage across depths where the evaporites are present. In Burton Row
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and Carnduff-02, dominantly halitic intervals are present and were sampled in the same
manner. A total of 42 samples were acquired from GT-01 Kilroot, 250 from Carnduff-02,

7 from Cairncastle, 157 from 110/13-8, and 214 for Burton Row.

With regards to 110/13-8, drill cuttings were sampled at variable depth intervals.
The sampling resolution varies throughout the borehole, depending on the abundance
of evaporite minerals suitable for sampling. Each drill cuttings sample represents a
depth range and is thus viewed as a lithological average over that depth interval. Drill
cuttings were viewed under an optical microscope, and chips of gypsum, anhydrite and

halite were transferred into 1.5 ml micro-centrifuge tubes.

3.2. Petrography

Select samples from drillcore of Burton Row were chosen at regular stratigraphic
intervals. A representative slice of 1 to 1.5 cm thickness and standard size (26 x 46 mm)
was cut from each sample. Each slice was subsequently reduced to 30 microns thickness
and bonded to a glass slide (26 x 76 mm). Petrographic observations included mineral
composition, colour, sedimentary textures and structures, diagenetic features, fossils,

and notable contacts.

3.3. Sulphur isotope analysis of sulphate

The sulphur isotope analysis of sulphate was performed on gypsum, anhydrite, and
halite. Gypsum and anhydrite are composed of ~20 wt % sulphur, and thus contain a
high concentration of sulphate. Accordingly, the process of sulphate extraction for the
gypsum/anhydrite nodules and beds from Burton Row, GT-01 Kilroot, Carnduff-02 and

Cairncastle-2, simply involved the use of a dentists’ drill to produce a fine powder.
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In contrast, sulphate is only a trace constituent in halite and therefore requires
concentration before sulphur isotope analysis can be performed. In addition, tests
suggest the need to concentrate sulphate when using drill cuttings, even when dealing
with gypsum/anhydrite. Thus, halite from Burton Row and Carnduff-02, as well as drill
cuttings from 110/13-8, underwent sulphate concentration via barite (BaSOa)
precipitation. The samples were crushed into a fine powder using an agate pestle and
mortar. Approximately 1-5 g of evaporitic material were transferred into 50 ml (halite)
and 15 ml (drill cuttings) centrifuge tubes and submerged in a 10 % NaCl DI H;O solution
to facilitate evaporite dissolution. Blanks of NaCl produced no visible BaSOa4. The samples
were left to dissolve for 24-48 hours and agitated every few hours during the working
day. Once the dissolution process was complete, the samples underwent centrifugation
at 3500 rpm for 3 minutes, before 50 % of the supernatant was decanted into 50 ml
(halite) and 15 ml (drill cuttings) centrifuge tubes. Approximately 25 ml (bedded halite)
and 7.5 ml (drill cuttings) of 10 % barium chloride (BaCl;) was mixed with the saline
solution for each sample. A few drops of 3M HCl were added, reducing the pH to 1-2 and
preventing the precipitation of barium carbonate (BaCOs). It was common for the

solution to turn cloudy immediately, indicating the precipitation of BaSOa:
BaCl, + SO~ — BaS0, + 2CI?~ [1]

The samples were left for >24 hours to ensure the BaSO4 precipitation process
reached completion, after which they underwent centrifugation at 3000 rpm for 5
minutes. The acidic supernatant was discarded according to safety regulations for
appropriate waste disposal. For each sample, the pellet of BaSO4 was rinsed with

approximately 50 ml (bedded halite) or 15 ml (drill cuttings) of DI H,O to neutralise the
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sample. A neutral pH balance was achieved upon three rinses. The BaSOs was
subsequently placed in a drying oven set to ~80 °C for ~48 hours. Once dry, it was

crushed into a fine powder using an agate pestle and mortar.

For each sample, 0.2-0.4 mg were weighed into 5 x 3.5 tin capsules. Sulphur
isotope analysis was performed in the Stable Isotope Biogeochemistry Laboratory (SIBL),
Durham University, using a Thermo Scientific EA Isolink™ coupled to a Thermo Scientific
Delta V Plus isotope-ratio mass-spectrometer. Evaporite sulphur isotope ratios are
expressed in standard delta (8) notation in per mil (%o) relative to Vienna Canyon Diablo

Triolite (VCDT) according to the following equation:

8345 — |/ LA * 1000 [2]

The &3S data were normalised through calibration against four international
standards (IAEA-S-1, IAEA-S-2, IAEA-S-3, NBS 127), providing a linear range in 634S
between -32.5 %o and +22.6 %o. An internal barium sulphate standard (Acros Organics
silver sulphate, Catalogue number: 194070100, lot: A0384698) was analysed throughout
the analytical period and produced an average 63*S value of -18.1 %o + 0.25 (10) (n =
14). Analytical uncertainty of §3%S is typically 0.2 %o for replicate analyses of the
international standards. Reproducibility of the sample §34Sevap data was the same or
better. Total sulphur content (wt %) of the samples is calculated as part of the isotopic

analysis with the use of an internal standard, sulphanilamide (S =18.619 %).

162



4, Results

4.1. Petrography

Samples from Burton Row underwent petrographic analysis and were exclusively chosen
from the nodular anhydritic mudstone/siltstone facies (Fig. 3). The majority of the
samples have diffuse and irregular boundaries between the anhydrite nodular masses
and the surrounding matrix (Fig. 3A, 3B, 3C, 3D, 3F, 3H, 3J). This is particularly apparent
in a sample at 599 m depth, where small nodular masses of anhydrite exhibiting a felted
texture, surround an adjacent lithic clast (Fig. 3D). The anhydrite nodules largely exhibit
felted (Fig. 3A, 3B, 3C, 3D, 3E, 3F, 3G), or felted mixed with fascicular (Fig. 3B, 3H) and
granular (31, 3J), fabrics, defined according to the classification of Maiklem et al. (1969)
and Kasprzyk and Orti (1998). While the felted texture commonly exhibits varied
orientations, the elongate crystals are generally not orientated randomly (Fig. 3C, 3D,
3F, 3G, 3H). Particularly strong orientation is observed in a sample at 810 m depth (Fig.
3G). The crystals are commonly smaller and orientated sub-parallel with the nodule
margins (3F, 3H). A mixed texture is particularly apparent in an anhydrite nodule at 829.5
m depth, which exhibits mosaic-shape euhedral to subhedral crystals with well-
developed boundary faces, alongside lathe-shaped bladed, elongate crystals, exhibiting

an aligned-feltic texture (Fig. 31, 3J).

4.2. Sulphur isotope data

4.2.1. Larne Basin

The 83*Sevap profile of GT-01 Kilroot spans from the lower SSG to the Craiganee

Formation of the MMG (Fig. 4). We report §3*Sevap data from Ca-sulphate nodules in the
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lower SSG from between 777.6 and 795.4 m depth, that range from +8.7 to +10.5 %eo.
534Sevap values from veined sulphates of the upper SSG (254.4-255.8 m depth) scatter
between +13.2 and +28.9 %o.. From Ca-sulphate nodules of the lowermost Lagavarra
Formation, we report 634Sevap data between +24.8 and +28.5 %o within a depth range of
251.2 to 251.9 m. 83%Seap data from veined sulphate of the Lagavarra Formation range
between +18.5 and +26.4 %o.. These data exhibit a general declining trend, from +26.4
%o at the base of the Lagavarra Formation at 251.7 m, to +19.3 %o just below the
Lagavarra-Craiganee boundary at 53.2 m. We report §3*Seyap data from sulphate veins in
the overlying Craiganee Formation that exhibit relative stability within a range between

+18.3 and +20.4 %o, between the depths of 26.6 and 49.8 m.

The 63*Sevap data from Cairncastle-2 were derived from nodular calcium
sulphates that span a limited stratigraphic range across the SSG-MMG boundary, which
is assigned to the early Anisian according to the established lithostratigraphic framework
(Fig. 1). We report 83*Seyap data from a depth of 627.5 to 631.2 m within the Ormskirk
Sandstone Formation (uppermost SSG), that range between +22.3 and +23.8 %o (Fig. 4).
In the overlying Lagavarra Formation, we measure 83*Seyap data from +25.03 to +27.1 %o
(Fig. 4), within the depth range of 622.8 to 625.9 m. We also report a single §34Sevap value
from a gypsum vein at 624.7 m depth within the Lagavarra Formation of +27.3 %o (Fig.

4).

The 83*Sevap profile of Carnduff-02 extends from the Larne Halite Member of the
Glenstaghey Formation through to the uppermost Knocksoghey Formation (Fig. 4), a
stratigraphic interval that likely spans from the latest Anisian through to the Carnian-

Norian (Fig. 1). For the Middle Triassic Glenstaghey Formation, we report §34Seysp data
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within a range of +10.5 to +17.6 %o (Fig. 4). In general, the 834Scyap profile for the
Glenstaghey Formation is isotopically lighter than the global composite curve for the
late Anisian-Ladinian. In the overlying Knocksoghey Formation, we report 634Seap values
between +9 to +16.4 %o (n = 106) (Fig. 4). In the lower Knocksoghey Formation, the
534Sevap profile exhibits a negative excursion from +15.5 %o at the boundary with the
underlying Glenstaghey Formation at 536.1 m depth, to +9 %o at 501.5 m. Subsequently,

the §3*Sevap profile rebounds to +16.4 %o at 420.5 m depth (Fig. 4).

4.2.2. East Irish Sea Basin

The 634Sevap profile of 110/13-8 extends from the lower Leyland Formation, through to
the Warton Halite Formation (Fig. 5), spanning a chronostratigraphic range from the
Anisian of the Middle Triassic to the Carnian of the Late Triassic according to the
established lithostratigraphic framework (Fig. 1). Overall, the 83*Sevap profile exhibits a
steady declining trend, from a maximum value of +24.1 %o at the base of the Leyland
Formation, to a minimum of +14.2 %o in the Warton Halite Formation (Fig. 5). For the
Leyland Formation, the 634Sevap data vary between +17.4 and +24.1 %o, within a depth
range of 716.2 to 1243.5 m, with the lowest 634Seyap value of +17.4 %o measured from
the Blackpool Mudstone Member at 1130.8 m. According to the global §34Sevap curve,
this is lower than expected for the Middle Anisian. For the overlying Preesall Halite
Formation, the 83%Se,ap data range between +18.26 and +20.80 %o and exhibit a general

declining trend from 688.8 to 579.1 m (Fig. 5).

In the Dowbridge Mudstone Formation, the §34Seyap data vary between +15.8 and
+18.3 %o (Fig. 5), broadly in line with the global composite §34Sevap curve for the Ladinian

time interval. The declining §34Sevap trend is less apparent in this formation, with values
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decreasing from +18.3 %o at the base of the Dowbridge Mudstone at 560.8 m, to +15.8
%o in the middle of the formation at 487.7 m. The 63*Sevap values then increase to +16.9
%o at the boundary with the overlying Warton Halite Formation at 411.5 m (Fig. 5).
Despite this, the §34Seyap data still fit well within the long-term declining trend exhibited
by the overall §3*Sevap profile of 110/13-8. For the Warton Halite Formation, the §3*Sevap
data exhibit a declining trend from a maximum 634Seyap value of +16.9 %o at the base of
the formation at 381 m, through to +14.2 %o at 152.4 m, close to the upper boundary

with the Elswick Mudstone Formation (Fig. 5).

4.2.3. Wessex Basin

The 83*Sevap profile reported for the Burton Row borehole provides relatively consistent
stratigraphic coverage from the SSG, through to the Blue Anchor Formation of the
uppermost MMG (Fig. 5), which spans a chronostratigraphic range between the early
Anisian to the early Rhaetian (Fig. 1). For the SSG, we report 634Sevap data from Ca-
sulphate nodules that range between +7.4 and +13.7 %., from a depth of 958.7 to 907.8
m, exhibiting a relatively high degree of variability, with no apparent stratigraphic trends
(Fig. 4). In the overlying Sidmouth Mudstone Formation, we report 634Seyap values that
range between +6.5 and +12.1 %o and exhibit an overall increasing trend from +6.9 %o
at 897 m depth, near the lower boundary with the SSG, to +11.6 %o at 795.9 m. The
53%Sevap data from the Somerset Halite Formation exhibits a relatively large degree of
scatter, within a range of +9.8 to +17.4 %o, between 680.1 and 751.3 m depth, with the
most isotopically enriched values occurring between 698 and 712.7 m (Fig. 5). For the
overlying Branscombe Mudstone Formation, the 634Seyap data ranges between +8.5 and

+11.3 %o, from 670 to 615.7 m depth. Between the depths of 607 and 459 m within the
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Branscombe Mudstone Formation, the §34Sevsp profile exhibits an increasing trend from
+11.6 to +15.6 %o. In the overlying Blue Anchor Formation, this increasing trend in

834Sevap continues, reaching a maximum value of +20.5 %o at 425.3 m depth (Fig. 5).

5. Discussion

5.1. Preservation of primary 6*Seyap signals

Gypsum precipitation is associated with a minor sulphur isotope fractionation factor
(A3*Sprecipitate-brine), With experimental studies reporting a range between +1.6 and +2 %o
(Thode and Monster, 1965; Holser and Kaplan, 1966; Nielsen, 1978; Raab and Spiro,
1991; Van Driessche et al., 2016). Without further seawater replenishment, the §34S of
both the brine and precipitate progressively decrease with continued precipitation,
however the data available suggest that similar A3*Sprecipitate-brine Values are maintained
until the end of the halite stability field (Raab and Spiro, 1991). Thus, it is commonly
assumed that the §34S of marine calcium sulphates and halite is indicative of the §34S of
the seawater brines from which they precipitate (Schreiber and Tabakh, 2000).
Considering we exclusively sampled calcium-sulphates and halite, it is unlikely that
variability exhibited by our 834Seyap profiles can be attributed to changes in mineralogy

alone.

Calcium sulphates are known to undergo a cycle of diagenesis during burial and
uplift. This cycle involves the initial precipitation of primary gypsum from concentrated
evaporite brines, the subsequent formation of diagenetic anhydrite through the
dehydration of primary gypsum during mid to deep burial, and the rehydration of this
anhydrite to secondary gypsum during uplift (Murray, 1964; Warren, 1991). The impact
of this diagenetic cycle upon the isotopic composition of evaporitic sulphate is poorly
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understood (see overview by Orti et al., 2022). Worden et al. (1997) analysed the 634Seyap
of anhydrite from the Khuff Formation, which has undergone 5000 m of burial, and
provide no evidence for any substantial alteration of §34Scvap due to the generation of
diagenetic anhydrite, with the authors suggesting 634S of the anhydrite is representative
of the primary gypsum from which the anhydrite formed. The impact of diagenetic
anhydrite rehydration to secondary gypsum on 634Seyap has received little direct study,
however Triassic secondary gypsum from the Betic Cordillera, southern Spain, display
Triassic marine 83*Svaes (Orti et al.,, 2014) and Eocene diagenetic anhydrite and
secondary gypsum largely records seawater 63*S values while also displaying little offset

in 634Sevap between each other (Carillo et al., 2014).

As stated previously, for this study we sampled both gypsum and anhydrite. In
the case of Burton Row, the nodular anhydrite shows little evidence of late-stage
diagenesis (Machel and Burton, 1991), with the diffuse boundaries, sub-parallel crystal
orientation near the boundaries and felted (and possibly fascicular) fabrics (Fig. 3)
associated with displacive growth in the host sediment during near-surface
syndepositional diagenetic precipitation (Kasprzyk and Orti, 1998; Aleali et al., 2013).
Considering the above discussion, the available data suggest it is unlikely that the
formation of diagenetic anhydrite or the subsequent rehydration to secondary gypsum
would have imparted a substantial offset between the &3S of sulphate within the
original hypersaline brines and the §3*Sevap Of the gypsum and anhydrite analysed for

this study.

Evaporites can form in terrestrial and marine environments (Warren, 2010). In

the prior, the 634Sevap would not be expected to exhibit a marine signal (see below), with
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the isotopically distinct terrestrial sulphate input flux likely imparting a dominant control
on the &34Sevap Of evaporitic precipitates (Playa et al., 2000). While marine evaporites are
likely to record a marine 634Sevap signal, this is not guaranteed. Marine evaporites form
in marginal marine environments with potentially varying degrees of hydrologic
restriction (Warren, 2010). Local depositional factors can in theory alter an otherwise
marine 63*Sevap signal. Such factors include riverine inputs of continental sulphate from
weathered pyrite and/or evaporites (Bottrell and Newton, 2006), reservoir effects
associated with evaporite precipitation during periods of prolonged restriction (Raab
and Spiro, 1991), and microbial sulphur cycling (e.g., microbial sulphate reduction) and
subsequent pyrite burial (Bernasconi et al., 2017). Although the 834S of evaporitic
sulphate appears less susceptible to diagenetic alteration than the &3S of carbonate-
associated sulphate (Bernasconi et al., 2017; Johnson et al., 2021), diagenetic processes
after deposition can offset the 634S of sulphate within an evaporite precipitate from the
sulphate within the original brine source. Diagenetic effects include the synsedimentary
dissolution/precipitation of halite, the replacement of halite with gypsum (and vice
versa) (Schreiber and Tabakh, 2000) and microbial sulphate reduction within pore

waters below the sediment-water interface (Jorgensen et al., 2019).

Broadly speaking, the 83*Sevap records of Staithes S-20 (Salisbury et al., 2022),
42/28-2 (Salisbury et al., 2023), 110/13-8, GT-01 Kilroot and Carincastle-2 (this study)
exhibit excellent reproducibility. The upper Sherwood Sandstone of Cairncastle-2
(+22.30 to +24.94 %o) and lower Lagavarra Formation of both Cairncastle-2 (+25.03 to
+27.10 %o) and GT-01 Kilroot (+24.84 to +28.46 %o) (Fig. 4) exhibit 63*Sevap values in line
with the global composite 834Sevap curve for the Early and Middle Triassic for which the

upper Sherwood and Lagavarra are assigned. It should be noted that the established
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depositional model for the Sherwood Sandstone Group is a fluvial/aeolian system
(Ambrose et al., 2014; McKie, 2017), and thus the degree of marine/terrestrial influence
is difficult to confidently establish (see section 5.2. for details). The 8§3%Sevap profile of
110/13-8 from the Leyland Formation to the Warton Halite Formation exhibits a long-
term declining trend (+24.09 to +14.09 %.) (Fig. 5), comparable to that observed in the

global composite Middle to Late Triassic §3*Sevap record (see below for details).

Diagenetic fluids are likely to exhibit a high degree of spatial isotopic
heterogeneity and will produce a greater degree of &3S scatter in rocks that have
interacted with diagenetic fluids, limiting the degree of stratigraphic reproducibility in
isotope profiles across distinct sedimentary basins (Metzger et al., 2014). In addition,
the 84S of the riverine sulphate is influenced by the §3*S of the local bedrock exposed
to weathering and is thus likely to vary considerably across distinct sedimentary basins.
(Burke et al., 2018). Accordingly, a high degree of stratigraphic reproducibility between
temporally equivalent strata across distinct sedimentary basins is generally considered
evidence for a global primary seawater signal (Metzger et al., 2014). Thus, the small
degree of scatter and/or minor offsets between the §3*Sevap records of Staithes S-20,
42/28-2, 110/13-8, GT-01 Kilroot and Cairncastle-2 may be a product of local
depositional and/or diagenetic effects, but the robust correlation between them and
the global composite curve appear to suggest that the broad and dominant trends in the
534Sevap records are a primary signal, with the evaporitic sulphate being derived from a
common seawater source. It should of course be noted that the lower data resolution
of the 63Sevap records from GT-01 Kilroot and Cairncastle-2 ensures that any

interpretations should be made with greater caution.
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5.1.2. The 63*Sevap Of secondary fibrous gypsum

The formation of displacive and fibrous gypsum veining is known to form through
sulphate remobilisation during the dehydration of gypsum or rehydration of anhydrite,
or alternatively through precipitation from connate waters rich in sulphate (Holliday,
1970; Tabakh et al., 1998). Generally, such fibrous sulphate forms in extensional veins
(Machel, 1985; Tabakh et al., 1998), or in association with slickensides that occur due to
repeated wetting and drying of a sediment body (see Milroy et al., 2019). Fibrous
sulphate is present throughout the Lagavarra and Craiganee formations within the
drillcore of GT-01 Kilroot (Fig. 4). In general, we report little offset between the 83*Seyap
of nodular Ca-sulphates and fibrous gypsum veins and the 634Seysp of veined sulphate
within the Lagavarra and Craiganee formations largely appear to compare well with the
global 834Seyap curve for the early Middle Triassic (Fig. 4). Thus, our 634Sevap data suggests
that in most cases, the remobilisation of sulphate during gypsum vein formation was not
accompanied by a noteworthy sulphur isotopic effect. This is in line with the results of
Tabakh et al. (1998), who report §3*Sevap and 6*0evap values from fibrous gypsum that
are entirely within the range reported for the evaporites of the Passaic Formation, from

which the sulphate within the veins was likely derived.

An exception to this can be seen in gypsum veins within the upper Sherwood
Sandstone Group between depths of 254.77 and 255.76 m within GT-01 Kilroot,
whereby the 634Sevap values vary considerably between +13.19 and +28.90 %o (Fig. 4).
This degree of variability is not a feature of the global composite §34Sevap curve for the
early Middle Triassic (Crockford et al., 2019; Salisbury et al., 2022) and are likely to be a

diagenetic 63*Sevap signal. If the veins were formed soon after deposition as slickensides,
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as has been observed in the MMG of the Wessex Basin (Milroy et al., 2019), then the
enrichments observed in both §34Scyap may be a product of diagenetic microbial sulphate
reduction, which can produce enrichments in the 634S of sulphate (Boschetti et al.,
2011). However, we cannot confidently confirm whether the veining can be associated
with slickensides, and thus if the veins formed long after deposition, then the
enrichments could be a product of sulphate recycling during repeated remobilisation

(see Moragas et al., 2013).

The sulphate veins within the upper SSG which exhibit lighter 834Sevap values
could reflect a distinction in sulphate source, a different generation of sulphate
remobilisation and veining, with lighter §34Se\ap values possibly being closer to those of
primary sulphates, or interaction with isotopically light meteoric fluids. In addition,
sulphide reoxidation is associated with a relatively small degree of sulphur isotope
fractionation (see Fike et al., 2015). Thus, in theory, the reoxidation of sedimentary
sulphides during sulphate remobilisation could contribute to the relatively light §3*Seyap
values exhibited by some of the gypsum veins in this stratigraphic interval, providing a

source of isotopically light sulphate during gypsum vein formation.

As stated, the 83%Sevap Of the veins within the overlying Lagavarra Formation
appear to match the global curve for the Anisian well, enabling the establishment of a
possible correlation scheme. However, while the apparent correlation between these
data and the Anisian interval of the global composite is at first view intriguing, it could
just be coincidental. This is of course particularly important to consider due to the
diagenetic origin of veined gypsum. In addition, the fact that the sulphate has been

remobilised ensures that we cannot confidently determine the original stratigraphic
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position of the sulphate source, with the remobilised sulphate potentially having
travelled along fractures to higher or lower positions within the stratigraphy, as is the
case in Watchet, Somerset (Philipp, 2008). This, along with the potential diagenetic

alteration of the &34S of veined gypsum, preclude their use for stratigraphic correlation.

5.2. 6%*Sevap profiles for stratigraphic correlation of the UK Triassic

The &3%Sevap profiles of 110/13-8, Cairncastle-2 and GT-01 Kilroot are presented
alongside equivalent 6*Sevap records from Staithes S-20 (Salisbury et al., 2022) and
42/28-2 (Salisbury et al., 2023), as well as the global composite 634Sevap curve of Salisbury
et al. (2022) in Fig. (6). The 863*Sevap correlation schemes between Staithes S-20, 42/28-
2, and the global composite §3*Sevap curve were established in Salisbury et al. (2022,
2023). Clear stratigraphic trends are apparent across all the §34Seap profiles presented
here, even with differences in sampling resolution and stratigraphic coverage (Fig. 6).
The principles of sulphur isotope stratigraphy are based upon the assumptions that; (1)
the &34S of seawater sulphate is homogenous at any one point in geologic time, and (2)
trends in 834Sevap profiles are directly comparable. During correlation, the stratigraphy
of distinct sections is assumed to be proportionally equivalent, and each stratigraphic

element is assumed to expand or contract at a comparable rate.

For Cairncastle-2, we sampled nodular Ca-sulphates across the boundary
between the Sherwood Sandstone Group and Lagavarra Formation (basal MMG), and
for GT-01 Kilroot we sampled nodular Ca-sulphates at the base of the Lagavarra
Formation. Together, they provide a composite 63*Sevap record across the SSG-MMG
boundary in the Larne Basin (Fig. 4). The established position for the upper boundary of

the SSG in this region is the earliest Anisian of the lower Middle Triassic (Mitchell, 2004).
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Interestingly, our 634Sevap data from the upper SSG of Cairncastle-2 range from +22.30
to +24.94 %o (Fig. 4), which is in line with the §3*Seap of the global composite curve for
the earliest Anisian, as the composite 634Sevap record abruptly increases, recovering from
a negative excursion at the Early-Middle Triassic boundary (Bernasconi et al., 2017;
Salisbury et al., 2022). Thus, this would in theory enable correlation between Caincastle-
2 and the global composite age curve, placing the upper Sherwood Sandstone Group
within the earliest Anisian, in agreement with the established age assignment (Mitchell,

2004).

However, recent work has suggested the presence of an unconformity between
the SSG and MMG in the Larne Basin, due to the apparent absence of the Ormskirk
Sandstone Formation (English et al., 2024). If correct, the local absence of the upper SSG
would ensure that correlating our 834Seyap data from the SSG of Cairncastle-2 with the
global composite 634Sevap curve across the earliest Anisian is inappropriate. Our §34Seyap
data from the SSG of Cairncastle-2 could instead be correlated to the upward limb of the
Early Triassic positive §3*Sevap excursion within the global curve (Bernasconi et al., 2017;
Salisbury et al., 2022). However, in doing so the uppermost SSG in the Cairncastle-2 core
would then be assigned to the Induan of the earliest Triassic, which would suggest the
majority of the Early Triassic is absent in Cairncastle-2, and thus the Larne Basin. This is
unlikely as it conflicts with known biostratigraphic data from the region which assigns
the middle to upper SSG to the Olenekian, with additional data suggesting the
uppermost SSG may extend into the Anisian (Warrington, 1995). The latter would of
course also disagree with the placement of an unconformity between the SSG and
MMG, as suggested by English et al. (2024), who loosely assign the upper boundary of

the SSG to the late Olenekian.
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Considering that the suggested presence of an unconformity is based upon the
apparent absence of the Ormskirk and not defined by any direct age constraint (see
English et al., 2024), the absence of the Ormskirk could instead be a product of
lithofacies diachroneity, rather than the presence of an unconformity. In this case, the
assignment of the upper SSG as earliest Anisian would remain most reasonable based
on our 634Sesp data, and would conveniently agree with available biostratigraphy

(Warrington, 1995).

The apparent preservation of primary seawater §*S values from nodular Ca-
sulphates within the SSG deserves further discussion. The established depositional
model for the SSG is a terrestrial fluvial-aeolian system (Ambrose et al., 2014; McKie,
2017). Thus, the extent of marine influence during the formation of evaporitic material
within the SSG is even more uncertain than for the overlying MMG. Despite this, the fact
that evaporites at the top of the SSG in Cairncastle-2 exhibit 83*Sevap values in close
agreement with those of the global composite §3*Sevap curve during the earliest Anisian,
and thus the time interval to which the upper SSG is assigned in the Larne Basin
(Mitchell, 2004), is noteworthy and should not be overlooked. Previous work reported
534Sevap values from the stratigraphically equivalent Buntsandstein of northern
Switzerland between +17 and +23 %o (Bernasconi et al., 2017). The values at the lower
end of this range, between +17 and +18 %o from the Kaisten drillcore, are admittedly a
little depleted when compared to the global composite, however the values between
+20 and +23 %o from the Weiach and Schafisheim localities are in line with the global
composite for the earliest Anisian (Bernasconi et al., 2017). The authors did not include
834Sevap data from the Buntsandstein within their global compilation due to concerns

regarding possible terrestrial influence.
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However, palaeontological and sedimentological evidence exists for at least
intermittent marine influence during the deposition of the Sherwood Sandstone and
Buntsandstein (Ireland et al., 1978; Polard and Steel, 1978; Heunisch and Rohling, 2016;
Szulc, 2019; Becker et al., 2020; Warrington and Pollard, 2021). Recent studies present
834Sevap records from the SSG from Staithes S-20 (onshore UK) and 42/28-2 (see Salisbury
et al., 2022; 2023). The 8*Sevap values fall within the range for established Permian
seawater (+9 to +13 %eo; Crockford et al., 2019; Salisbury et al., 2022), with the record of
Staithes S-20 rising to ~+17 %o, seemingly recording the slight rise in §34Sevap recorded
across the PTB (Bernasconi et al., 2017). The authors interpreted this to suggest that
towards the basin margins, the base of the SSG in the Cleveland and UK SNS basins is
latest Permian in age (Salisbury et al., 2023), while the established framework assigns

the SSG to the Early Triassic (Warrington et al., 1980).

Considering the lack of direct biostratigraphic constraint for the position of the
PTB in the UK Triassic (Warrington et al., 1980), this is certainly possible, and the
excellent correlation between the §34Sevap records could suggest that the sulphate was
derived from a common (likely seawater) source. 634Sevap values between +8.72 and
+10.54 %o in a anhydritic siltstone interval of the lower SSG within GT-01 Kilroot of the
Larne Basin (Fig. 4) also compare well with the §34Se,ap data reported for the SSG by
Salisbury et al. (2022; 2023) (Fig. 6). When viewing the 634Sevap values from the SSG of
GT-01 Kilroot and Cairncastle-2 together, the lower SSG appears to exhibit Permian
534Sevap values, while the upper SSG appears to exhibit values in line with those for Early
and Middle Triassic seawater. This could in theory agree with Salisbury et al. (2022,
2023), potentially providing evidence for a Permian age for at least the lower SSG in the

Larne Basin. In addition, the relatively enriched §3*Se.ap data from the upper SSG of
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Caincastle-2 appear to agree with the biostratigraphy, which suggests the SSG may
extend into the Early-Middle Triassic within the Larne Basin (Warrington, 1995). This
contrasts with the 634Sevap records of Salisbury et al. (2022, 2023), which appear to
indicate an almost entirely Permian age for the SSG in the Cleveland Basin and UK, SNS.
Considering the spatial §34S variability exhibited by modern riverine sulphate (Burke et
al.,, 2018), it may be surprising to observe such comparable §34Se.ap values between
datasets from geographically distinct sedimentary basins without a common source of
seawater sulphate. However, it should be noted that similarly to Salisbury et al. (2022;
2023) we do not specifically determine the extent of marine ‘vs’ terrestrial influence
during evaporite formation, as we have used sulphur isotope data alone, and not in

combination with other proxies sensitive to marine ‘vs’ terrestrial inputs.

Our 8*Sevap profile from nodular Ca-sulphates of GT-01 Kilroot exhibits a
declining trend at the base of the Lagavarra Formation, declining from +28.46 to +24.84
%o (Fig. 4). The equivalent data of Cairncastle-2 range between +25.03 and +27.10 %o,
and while they do largely exhibit a declining trend, at the top of the §3*Seyap record, the
uppermost two datapoints display an increasing trend from +25.03 to +26.01 %o (Fig. 4).
This, however, could just be considered noise, emphasised by the relatively low data
resolution. The 83*Sevap data from the Lagavarra Formation of GT-01 Kilroot and
Cairncastle-2 compare well with the global composite §34Sevap curve for the early Middle

Triassic, correlating with the declining 634Sevap trend established for the Anisian (Fig. 6).

This is in broad agreement with the established stratigraphic framework for the
Larne Basin, which assigns the Lagavarra Formation to the Anisian, early Middle Triassic

(Mitchell, 2004). The biostratigraphic constraint for this age assignment is based upon a
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single Anisian palynomorph, Guttulapollenites hannonicus, recovered from the lower
Lagavarra Formation (Warrington, 1995). The biostratigraphy is thus of low resolution,
and while the palynomorph Cycloverrutriletes presselensis constrains the underlying SSG
to the Early Triassic (Warrington, 1995), the available biostratigraphic data is insufficient
to confidently determine the chronostratigraphic position of the SSG-MMG boundary.
Thus, through correlation with the global 834Seyap of Salisbury et al. (2022), our 834Sevap
profiles of GT-01 Kilroot and Cairncastle-2 provide further confirmation that the
lowermost MMG in the Larne Basin can be placed within the Anisian (Fig. 6). Admittedly,
our 83*Sevap records for the lower MMG provide limited stratigraphic coverage (hence
the dashed correlation lines on Fig. (6), as nodular and bedded evaporites do not extend
beyond the lower Lagavarra Formation in GT-01 Kilroot and Cairncastle-2. Future studies
concerning the lower MMG in the Larne Basin should endeavour to generate 63*Sevap
profiles with a higher stratigraphic coverage, facilitating the establishment of more

confident correlation schemes and tighter age assignment.

The 83*Sevap profile of well 110/13-8 expands the coverage of our 83*Sevap
compilation to include the evaporites of the East Irish Sea Basin (EISB). Here we sampled
drill cuttings, due to the limited number of complete drillcores available from offshore
wells. Through comparison with the global composite §3*Sevap curve, we have chosen six
points in the 634Sevap records, defining five packages of isotopically distinct coeval strata
(Fig. 6). The correlation scheme we propose is based on both the §34Seyap records, as well

as the available biostratigraphic data.

The 634Sevap profile of 110/13-8 exhibits the general declining trend observed in

the global composite 83*Sevap curve for the Middle and Late Triassic (Salisbury et al.,
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2022). The steep decline in the 8§3*Sevap profile at the base of the Leyland Formation,
enables us to assign the Ross Halite Member and the lower Blackpool Mudstone
Member to the early-middle Anisian. Although it should be noted that a value of +17.40
%o at 1130 m is lighter than the composite curve (Fig. 5, 6), which could be a product of
terrestrial influence or caving. The biostratigraphy for the base of the MMG in the EISB
is controversial, with Naylor et al. (1993) reporting Early Triassic palynomorphs from the
base of the MMG. This would appear to contradict with our §34Seyap correlation scheme
and other biostratigraphy reports which cite Anisian age palynomorphs at the same
stratigraphic interval in the EISB (Geochem Group, 1992, biostratigraphic report) and
equivalent strata of the adjacent onshore Lancashire region (Warrington in Wilson and
Evans, 1990). When viewing the biostratigraphy alone, this would suggest that the Early
Triassic palynomorphs reported by Naylor et al. (1993) were a product of the reworking,
or that an unexpected degree of lithofacies diachroneity exists for the SSG-MMG

boundary within the MMG across the EISB and onshore Lancashire.

However, the §34Seyap profile of 110/13-8 provides further confirmation to the
majority of the biostratigraphic data, which implies an Anisian age for the lowermost
MMG in the EISB. Interestingly, several of the palynomorphs reported by Naylor et al.
(1993) from the base of the MMG (Densosporites nejburgii and Endosporites papillatus)
are thought to extend into the Anisian (Johnson et al.,, 1994) and may therefore be
present at their youngest expression. Thus, when viewing our §3*Seyvap profile alongside
the majority of the available biostratigraphic data, an Anisian age for the base of the
MMG in the EISB is most reasonable. This demonstrates how 634Seyap profiles can enable

chronostratigraphic constraint at a higher resolution than sparse fossil content,
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providing further confirmation to biostratigraphic age assignments and resolve

apparent conflicts between biostratigraphic datasets.

We have assigned the entirety of the Leyland Formation and the Preesall Halite
Formation to the Anisian (Fig. 6), condensing ~740 m of strata into a ~3.1-million-year
time interval. Based upon the 834Sevap records, it would be appealing to extend the
Preesall Halite Formation into the Ladinian, however this would conflict with known
biostratigraphic data (Jackson and Johnson, 1996) and the established stratigraphic
framework, which cites a general lack of halite within northwest Europe during the
Ladinian (Feist-Burkhardt et al., 2008; McKie, 2017). Although direct biostratigraphic
constraint is limited in the EISB, Anisian palynomorphs have been recovered from the
Coat Walls Mudstone, onshore Lancashire, which is broadly equivalent to the Dowbridge
Mudstone Formation of the EISB (Jackson and Johnson, 1996). Thus, assuming this
biostratigraphic framework can be applied to the adjacent EISB, the Anisian is the most

appropriate upper age limit for the Preesall Halite Formation.

However, due to the paucity of direct biostratigraphic constraints within the
EISB, the placement of the lithostratigraphic boundary between the Preesall Halite and
Dowbridge Mudstone formations at the Anisian-Ladinian time boundary by Jackson and
Johnson (1996) is likely arbitrary, as the biostratigraphy is too poorly resolved to enable
tight age constraint around this lithostratigraphic boundary. Thus, in theory, the Preesall
Halite could extend into the Ladinian, however our 634Seyap data alone is insufficient for
challenging the established stratigraphic framework. In addition, while large scale
marine flooding occurred across northwest Europe during the Anisian, evidence for

changes in climate and a greater degree of hydrologic restriction between the EISB and
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Tethyan marine waters during the Ladinian (McKie, 2017) suggests large-scale marine
halite deposition within the EISB during this period is unlikely. A terrestrial halite deposit
is certainly possible, however our 634Seyap data from the Preesall Halite fall within the
range expected for Middle Triassic seawater (Fig. 6), implying a likely marine origin and

thus making an Anisian age more reasonable.

Therefore, here we choose to confine the Leyland and Preesall Halite formations
to the Anisian, as this enables a valid 63*Sevap correlation between the §34Seyap profile of
110/13-8 and the global composite of Salisbury et al. (2022), while avoiding any
disagreement with the available biostratigraphy (Jackson and Johnson, 1996) and the
established stratigraphic framework and depositional history of northwest Europe
(McKie, 2017). Further studies should aim to sample the MMG at high resolution from
additional drillcore across the EISB, to confirm the reproducibility of our §34Seysp data,

and potentially provide tighter age constraint for lithostratigraphic boundaries.

The 83%Sevap data for the Dowbridge Mudstone Formation consists of only five
datapoints across 150 m of strata (Fig. 5), precluding the establishment of a confident
correlation scheme based upon the 634Seyap data alone. For the overlying Warton Halite
Formation, the 8*Sevap is better resolved (Fig. 5), likely reflecting a greater abundance
of evaporitic material in a dominantly halitic interval. Biostratigraphy of the onshore
Lancashire region includes palynomorphs Retisulcites perforates, O. pseudoalatus, and
Echinitosporites iliacoides, from the Breckells Mudstone (Warrington in Wilson and
Evans, 1990). This formation is broadly equivalent to the upper Dowbridge Mudstone
and lower Warton Halite of the EISB (Jackson and Johnson, 1996). All three

palynomorphs are assigned an age range beginning in the Ladinian, while R. perforates
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and E. iliacoides are thought to extend from the Ladinian into the Carnian (Warrington
in Wilson and Evans, 1990; Kirschner and Herngreen, 2010). Thus, we have assigned the
Dowbridge Mudstone Formation an age range from the base of the Ladinian through to
the early Carnian (Fig. 6), which is marginally distinct from that of Jackson and Johnson
(1996), who assign the entirety of the Dowbridge Mudstone to the Ladinian. Our §34Seyap
data from the Dowbridge Mudstone compare well with the global composite §3*Sevap
curve for the Ladinian-early Carnian time interval, and thus suggest the age model
informed by the biostratigraphy is valid. However, the relatively low resolution of our
834Sevap data from the Dowbridge Mudstone ensures it is difficult to establish confidant

age calibration based upon isotope data.

For the overlying Warton Halite Formation, we have assigned an age range from
the early to the late Carnian (Fig. 6). The 834Seyap data we present for the Warton Halite
ranges from +14.17 and +16.91 %o, and although it exhibits a steeper declining trend
than the global composite §3*Sevap curve, it does fall within the 634S range established
for Carnian seawater sulphate (Fig. 6). The relative stability exhibited by the composite
83%Sevap curve for the Late Triassic limits the confidence at which correlation schemes
can be established. In theory, the §3*Se.ap data for the Warton Halite in 110/13-8 could

be correlated with any point in the global composite from the Carnian to the late Norian.

The available biostratigraphy is particularly sparse for the Late Triassic of the EISB
but does provide additional limited age constraint. Jackson and Johnson (1996) report
assemblages containing one or more of Camerosporites secatus, Retisulcites perforatus,
Ovalipollis pseudoalatus and Echinitosporites iliacoides within the Dowbridge, Warton

and Elswick formations, ranging from Ladiniain to Rhaetian in age (Kurschner and
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Herngreen, 2010). Jackson and Johnson (1996) do not provide details regarding the
location or stratigraphic position of the palynomorphs but assign the Warton Halite to
the Carnian and the Elswick Formation to the Carnian-Norian. Here, we apply this age
model to our dataset, as our 83¥Scy,p data enable a valid correlation within the
constraints of this age model and are currently insufficient to challenge the established
stratigraphic framework. The correlation for the upper boundary of the Warton Halite is
drawn as a dashed line in Fig. (6), as the biostratigraphic data are too poorly resolved to
tightly constrain its’ chronostratigraphic position, and as stated, the §34Se,ap data from
this formation could be stretched further into the Late Triassic. Thus, the placement of
the boundary between the Warton Halite and Elswick formations is currently uncertain,

lacking age calibration.

With regards to Carnduff-02 of the Larne Basin and Burton Row of the Wessex
Basin, the 63*Sevap profiles are offset from the global composite 634Sevap for the Middle-
Late Triassic in terms of absolute §3*Sevap values and stratigraphic trends (Fig. 7). These
isotopic offsets may reflect a non-marine 83*Seap signal (see below) and preclude the
application of the Carnduff-02 and Burton Row 63*Sevap profiles for stratigraphic
correlation and age calibration. Thus, the age models we apply to the sampled intervals
from Carnduff-02 and Burton Row are reliant upon pre-existing stratigraphic data for
age calibration. Due to the low-resolution of the available biostratigraphic data, the age
calibration applied here is poorly constrained, and thus the correlation lines in Fig. (7)

are dashed to emphasise the uncertainty associated with the age calibration.

For Carnduff-02, the age calibration is dependent upon available biostratigraphic

data (see above for details). Miospore assemblages indicate an Anisian age for the

183



Lagavarra and Craiganee formations (Warrington, 1995; Mitchell, 2004). Miospore
assemblages from the overlying Glenstaghey Formation sampled here for &3*Seyap
analysis suggest an Anisian to Ladinian age (Warrington, 1995; Mitchell, 2004). Thus, we
stretch the 634Sevap record for the Glenstaghey Formation from the late Anisian through
to the late Ladinian (Fig. 7). Miospores from the Knocksoghey Formation suggest a
minimum age of Ladinian, with the formation possibly extending into the Carnian
(Warrington, 1995). Accordingly, we have assigned the Knocksoghey Formation to the
late Ladinian-early Carnian (Fig. 7). Little direct palaeontological age constraint is
available for the upper Knocksoghey (Warrington, 1995), and therefore the §34Sevap data
for this formation could, in theory, be stretched further unto the Late Triassic. However,
our 634Sevap data does not refute or confirm this, and thus we apply a more conservative

age assignment.

The age assignment we apply to Burton Row is based upon both biostratigraphy
and magnetostratigraphy. Recent magnetostratigraphic data from the MMG of south
Devon suggest a Ladinian age (Hounslow and Gallois, 2023), which is compatible with
available biostratigraphic data which suggests the underlying SSG is Anisian-age
(Benton, 1997; Spensor and Storrs, 2002), and magnetostratigraphy of the SSG which
indicates an Anisian-Ladinian age for the SSG-MMG boundary within the region
(Hounslow and Mcintosh, 2003). Accordingly, we have assigned the base of the
Sidmouth Mudstone sampled here to the latest Anisian (Fig. 7). Biostratigraphic data
imply a Julian age for the upper Sidmouth Mudstone (Baranyi et al., 2019), broadly in
line with magnetostratigraphy (Hounslow and Gallois, 2023). Thus, we stretch the
83%Sevap profile for the Sidmouth Mudstone from the latest Anisian through to the

earliest Carnian (Fig. 7).
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We assign the overlying Somerset Halite Formation to the Carnian (Fig. 7), in line
with miospore assemblages from the Somerset Halite and equivalent halitic strata
within the region (Warrington, 1980; Warrington in Whittaker and Green, 1983).
Carnian-age miospores from the Dunscombe Mudstone Formation (Warrington, 1971;
Baranyi et al., 2019) and the base of the overlying Branscombe Mudstone Formation
(Baranyi et al., 2019) suggest that the boundary between the Somerset Halite Formation
and the overlying Sidmouth Mudstone could be placed within the Carnian. However,
magnetostratigraphy from the Dunscombe Mudstone suggests it should extend to the
earliest Norian, with the authors questioning the accuracy of the Carnian age
assignment for the reported miospores (Hounslow and Gallois, 2023). Considering the
Somerset halite is viewed as broadly equivalent to the Dunscombe Mudstone (Howard
et al., 2008), we could, in theory, assign the top of the Somerset Halite to the earliest
Norian based upon the magnetostratigraphy. However, magnetostratigraphy has not
been applied to the Somerset Halite Formation, and no direct constraint is available for
the age of the upper boundary with the Branscombe Mudstone Formation. Thus, we
apply the age model suggested by the available miospore assemblages from the
Somerset Halite Formation and equivalent halite units in the region, restricting the

Somerset halite to the Carnian (Fig. 7).

Rhaetian-age miospores from the Burton Row borehole place the Norian-
Rhaetian boundary within the lowermost Blue Anchor Formation (Warrington in
Whittaker and Green, 1983) (see above) and the overlying Blue Anchor Formation is well
constrained to the Rhaetian (Warrington et al., 1995; Warrington, 1997). Considering
this, we assign the Branscombe Mudstone Formation an age range from the latest

Carnian through to the earliest Rhaetian (Fig. 7). Magnetostratigraphy from Devon
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suggests two possible stratigraphic positions for the placement of the Norian-Rhaetian
boundary, one of which, NRB1, places the Rhaetian boundary uppermost Haven Cliff
Mudstone Member (Hounslow and Gallois, 2023), a local subdivision of the uppermost
Branscombe Mudstone Formation (Gallois, 2001). Thus, our placement of the Rhaetian
boundary within the uppermost Branscombe Mudstone Formation is broadly in line with

NRB1 proposed for Devon, SW England (see Hounslow and Gallois, 2023).

Future work should endeavour to further apply evaporite-based sulphur isotope
stratigraphy to the UK Triassic, to better assess the reproducibility of our §34Seyap profiles
and expand the geospatial coverage of the 63%Scysp record, providing further
chronostratigraphic constraint to the UK Triassic. In addition, 634Sevap stratigraphy could
be employed in combination with other stratigraphic methods, such as organic carbon
isotope stratigraphy (e.g., Hesselbo et al., 2002; Miller et al., 2017; Caruthers et al., 2018;
Baranyi et al., 2019; Hounslow et al., 2022) and magnetostratigraphy (e.g., Hounslow
and Mclntosh, 2003; Hounslow et al., 2022; Zhang et al., 2022; Hounslow and Gallois,
2023). When applied alongside evaporite-based sulphur isotope stratigraphy, such
methods could help to refine 83*Sevap-based correlations and enable tighter age
constraint, while also providing a means of stratigraphic correlation under
circumstances where 83Se.ap data fail to exhibit a seawater signal, as is the case for

Carnduff-02 and Burton Row (see below).

5.3. Marine influence during deposition of the Mercia Mudstone Group

The origin and depositional environment of the Mercia Mudstone Group have been
widely debated, with the degree of terrestrial or marine influence being poorly

constrained (Wills, 1970; Warrington et al., 1980). Some have suggested that the volume
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of salt present within the Mercia Mudstone Group is indicative of marine deposition
(Evans et al., 1968; Ruffell and Shelton, 1999). In line with this interpretation,
Warrington (1970b) suggested deposition within an epeiric hypersaline sea, likely fed by
Tethyan seawater. However, it is common for the halites to exhibit stratigraphic
separation from carbonates and calcium sulphates in the MMG, distinct from the cyclic
arrangement of carbonates and evaporites in the marine late Permian Zechstein
(Tucker, 1991), which has led some to question an entirely marine origin (Wills, 1970).
Accordingly, some posit that deposition occurred within a terrestrial playa lake system
(Tucker, 1977; Andeskie et al., 2018; Milroy et al., 2019), while others propose periodic
flooding of peneplains or inland lake systems by seawater (Wills, 1970; Arthurton, 1980;

Jackson et al., 1995).

As previously discussed, marine fossil groups have been recovered from the
MMG across multiple UK sub-basins, possibly suggesting at least intermittent marine
inundation (Warrington, 1970b; 1974; 1995; 1997; Wilson, 1990; 1993; Warrington in
Wilson and Evans, 1990; Jackson et al., 1995; Mitchell, 2004; Ambrose and Wakefield,
2015; Baranyi et al., 2019; Warrington and Pollard, 2021). However, an abundance of
fossil content associated with terrestrial flora and fauna (Warrington, 1970b; 1974;
1995; 1997; Warrington in Whittaker and Green, 1983; Earp and Taylor, 1986;
Warrington in Wilson and Evans, 1990; Naylor et al., 1993; Johnson et al., 1994; Jackson
and Johnson, 1996; Baranyi et al., 2019; Dawson et al., 2022) appear to contradict with

a marine depositional model implied by the marine fossil groups.

It can be particularly difficult to confidently distinguish marine vs terrestrial

deposition for ancient evaporite deposits using sedimentological and palaeontological
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observations alone (Leitner et al., 2023), with geochemical methods likely being
required to definitively determine the sources of the original water feeding the
evaporite brines (Playa et al., 2000; Schreiber and Tabakh, 2000). Initial stable isotope
data (63%Sevap, 633Ccarb, 6'80carb) suggest both a marine and non-marine origin for the
evaporites in Staffordshire and Nottinghamshire, depending on location and
formational subdivision (Taylor, 1983). Recent studies report high-resolution 83*Seyap
profiles for the MMG from the Cleveland and UK SNS basins, and through comparison
with the Triassic seawater §3*Sevap age curve, suggest a consistent marine sulphate
source throughout the deposition of the MMG in these locations (Salisbury et al., 2022;
2023). Variability in Mg?* concentrations, §*80carb values and illite clays in the MMG of
south-west Britain have been interpreted to reflect changes in the degree of marine or
terrestrial influence, with concomitant increases in Mg?* and 6*0Qcar indicating marine
water inputs (Leslie et al., 1993). However, others have favoured a diagenetic model for

the origin of the Mg-clays involving terrestrial groundwaters (Wright and Sandler, 1994).

Interestingly, high-resolution 834Seyap profiles presented here from the MMG of
Carnduff-02 (Larne Basin) and Burton Row (Wessex Basin) do not compare well with the
global composite 834Sevap age curve (Fig. 7). It is possible that the lack of stratigraphic
reproducibility in §3*S between Carnduff-02, Burton Row and the global curve suggests
the 83*Sevap data of the cores sampled are recording a dominantly non-marine &3S
signal, with the terrestrial input flux providing sulphate which is isotopically distinct
(usually lighter) from the 834S of seawater sulphate (Bottrell and Newton, 2006; Burke

et al., 2018).
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As detailed above, biostratigraphic constraints suggest an Anisian to Ladinian-
Carnian age (Warrington, 1995) for the interval of the MMG sampled from Carnduff-02.
Our 8*Sevap data, with the exception of the upper Knocksoghey Formation, exhibit a
consistently lighter sulphur isotopic composition and do not record the downward
534Sevap trend observed in the global composite during the Anisian-Ladinian (Fig. 7). For
the Glenstaghey and lower Knocksoghey formations we report a relatively stable 634Seyap
record with values between +9.0 and +17.6 %o, while the global composite §3*Sevap curve
exhibits a general decline from +19.8 to +12.3 %o (Fig. 7). It is likely that the offset
between our §34Sevap profile of Carnduff-02 and the global composite age curve reflects
the input of terrestrial sulphate derived from riverine systems and groundwater. This is
in line with miospore assemblages associated with terrestrial vegetation (Warrington,
1995), and the sedimentological evidence for terrestrial deposition and subaerial

exposure (Mitchell, 2004; Andeskie et al., 2018).

Previous authors have suggested that the deposition of thick halite bodies,
particularly the Larne Halite Member of the Glenstaghey Formation, likely required
marine water inputs (Ruffell and Shelton, 1999). The Triassic rift basins within which
deposition of the MMG occurred were likely sub-sea level (McKie and Williams, 2009),
which would have facilitated at least intermittent seawater inundation (McKie, 2017),
potentially explaining the presence of marine fossil groups in the MMG of the Larne
Basin (Warrington, 1995). However, when viewing all the available sedimentological and
palaeontological data, along with our 834Sevap profile, a largely terrestrial depositional
regime seems most reasonable. Thus, it is likely that the deposition of the evaporites in
the Glenstaghey and Knocksoghey formations occurred within a dominantly terrestrial

saline lake environment, as suggested by Andeskie et al., (2018). Intermittent marine
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inundation is certainly possible and could account for an apparent contradiction
between the sedimentological evidence for terrestrial deposition (Andeskie et al., 2018),
the recovery of miospores form terrestrial flora, and the presence of marine fossils

(Warrington, 1995).

However, it should be noted that marine microfossils do not necessarily confirm
direct marine influence. Some authors have proposed that marine microfossils within
the evaporitic MMG may be aeolian-sourced, transported within aerosols from down-
wind marine evaporite systems (Hounslow and Ruffell, 2006; Baranyi et al., 2019), such
as the southern North Sea where there is an abundance of marine evaporites (Hounslow
and Ruffell, 2006). Considering the lack of a discernible marine signal in the 63*Seyap
profile of Carnduff-02 (Fig. 7), an aeolian source for the marine microfossils in the MMG
of the Larne Basin may be most appropriate. Alternatively, it is conceivable that the
frequency of marine inundation events decreased with distance inland and therefore
the Larne Basin experienced very few marine inundations relative to freshwater inputs
as it was at the inland limit within the rift system. In this case, the marine fossils could
still represent direct marine inundations, with their scarcity reflecting the infrequency
of direct marine ingress. Either way, our sulphur isotope data suggest marine influence
was likely restricted and transient, ensuring that the marine sulphate input flux was
sufficiently limited to prevent a marine 83*Sevap signal from being imparted upon the

stratigraphy, with the §34Seyap sighal being overwhelmed by terrestrial sulphate inputs.

In theory, marine inundation could account for an increase in 634Sevap Observed
in the upper Knocksoghey formation, with values ranging between +13.7 and +16.4 %o,

in line with the global 634Seyap curve during the early Carnian (Fig. 7). However, microbial
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sulphate reduction in a hydrologically restricted basin could also lead to isotopic
enrichment (Hardie, 1984), ensuring that the observed increase in §34Sevap can only be

cautiously attributed to marine inundation based upon sulphur isotope data alone.

The Mercia Mudstone Group of the Wessex Basin exhibits less palaeontological
evidence for marine influence than the Larne Basin. Marine acritarchs have been
recovered from the MMG in Worcestershire (Warrington, 1967) but have scarcely been
recovered further south. Recent work from the Wessex Basin reports marine acritarchs
(Micrhystridium sp.) from the Arden Sandstone Member of the MMG (Baranyi et al.,
2019), which is possibly associated with the Carnian Pluvial Event (Burley et al., 2023)
and may be broadly time equivalent to the Somerset Halite Formation (Howard et al.,
2008). Baranyi et al. (2019) also report freshwater algae (P. moesellanum) from the
stratigraphically equivalent Dunscombe Mudstone Formation, which would appear to
conflict with the marine acritarchs. Bivalves, brachiopods and shark teeth have been
reported from the Arden Sandstone further north in Worcestershire, but in many cases,
it could not be definitively established as to whether they are marine or aquatic species
(Old et al., 1991). Overall, most of the fossil content recovered from the region are
miospore assemblages from terrestrial vegetation (Warrington in Whittaker and Green,

1983; Warrington, 1997).

Our 8*Sevap profile from Burton Row fails to display any trends that are
comparable with the global composite 634Sevap curve. In fact, whilst the global record
exhibits a general decline through the Middle and much of the Late Triassic (Salisbury et
al., 2022), the 634Seysp profile of Burton Row displays an increasing trend with

stratigraphic height (Fig. 7). This of course precludes correlation with geographically
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distinct and temporally equivalent evaporites, while suggesting a disconnection
between the evaporites of the Wessex Basin and the seawater sulphate reservoir. This
is in line with the generally established model for the origin of the MMG in south-west
Britain, whereby deposition took place within a terrestrial playa lake system (Tucker,
1977; Milroy and Wright, 2000; Porter and Gallois, 2008; Milroy et al., 2019; Dawson et
al., 2022). For the depth interval of 897 to 795.9 m within the Sidmouth Mudstone
Formation, our 83*Se.ap data range from +6.5 to +12.1 %o. Thus, at this depth range,
evaporites exhibit §34Sevap values that are isotopically lighter than the global composite
834Sevap curve during the Middle and Late Triassic (Fig. 7), possibly reflecting the isotopic

influence of isotopically light riverine and groundwater sulphate sources.

Between the depths of 751.3 and 680.1 m, the 634Scysp profile for the Somerset
Halite Formation overlaps with the global composite during the Carnian, whilst
exhibiting a greater degree of 6*S variability, fluctuating between extremes of +9.8 and
+17.4 %o that are beyond the established range for Carnian seawater (Fig. 7). It is
plausible that the rise in §3*Sevap from values lighter than the seawater curve in the
underlying Sidmouth Mudstone Formation to higher 63%Sevap values in the Somerset
Halite Formation could reflect an increase in the degree of marine influence during halite
deposition, with the 83*Sevap variability possibly reflecting a mixed terrestrial-marine
isotopic signal. The presence of thick bedded halite could certainly suggest a marine
origin for the Somerset Halite Formation, as the hydrochemistry of marine brines would

provide an abundant source of NaCl (Warren, 2010).

Previous authors have struggled to reconcile the presence of large Carnian-age

halite deposits and a lack of evidence for either a marine water source in the SPB or
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marine flooding through the known possible ingress routes for seawater brines
(Hounslow and Ruffell, 2006). During the Carnian, the rift network underwent further
expansion, which likely established additional routes for possible Tethyan seawater
ingress into the continental interior (McKie, 2017). Rifting along the Atlantic and Biscay
regions incited the formation of sub-sea level rift basins that extended from the Bay of
Biscay through to the UK Western Approaches (McKie, 2017). Halite bodies appear to
follow these rift basins, extending from northern Spain, through the Bay of Biscay into
the UK Western Approaches (Chapman, 1989; McKie, 2017). It has been suggested that
these halite deposits were formed from marine brines as Tethyan seawater migrated
along the south through the chain of sub-sea level rift basins (McKie, 2017). In theory,
marine brines may have continued migrating into the Wessex Basin, EISB and west of

Ireland.

However, apart from the halite bodies themselves, little direct sedimentological
evidence for marine flooding through Carnian rift basins is known (McKie, 2017). In
addition, the Carnian-age halites extending from the Biscay region and into the UK
Western Approaches have not been subjected to detailed geochemical study to
constrain the brine source. Furthermore, although our &3*Sevap profile of 110/13-8
suggests consistent marine sulphate inputs during deposition of the Carnian Warton
Halite Formation (Fig. 6), our 834Seyap profile of the Somerset Halite does not exhibit a
clear marine &3S signal (Fig. 6) and thus does not provide direct evidence for the
northward migration of Tethyan seawater brines form the Bay of Biscay through to the

Wessex Basin.
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As stated, the variability exhibited by our §3*Se,ap data from the Somerset Halite
Formation could reflect a mixed sulphate input flux, with different sulphate sources
having distinct isotopic compositions (Bottrell and Newton, 2006), thus contributing to
the scatter in 63*Sevap. The input of marine sulphate via the aeolian transport of salt
aerosols from marine-fed evaporite systems in adjacent basins has been suggested
previously (Hounslow and Ruffell, 2006) to reconcile the presence of large Carnian halite
bodies with a lack of direct evidence for seawater ingress. This process has been
observed to occur readily in modern saline lake settings, such as Lake Eyre in Australia
and Bristol Dry Lake in California (Clark and Smith, 1981; Dare-Edwards, 1984; Rosen,
1991). It is likely that an aerosol source of sulphate was active during the deposition of
the Somerset Halite, possibly through deflation of evaporites in seawater-fed saline
lakes within the North Sea (Hounslow and Ruffell, 2006). Despite this, it should be noted
that while our 8*Sevap data allow for this input flux, they do not directly confirm it. In
addition, it is not possible to confidently constrain the magnitude of the aerosol input
flux with the data available, however considering the volume of salt present in Carnian
halite deposits, it seems unlikely that the aerosol flux could have been the sole input of

salt.

Inputs of sulphate via groundwater seepage and fluvial systems would have
certainly contributed during the deposition of the Somerset Halite, just as we suggest
for the anhydritic mudstones above and below the halitic interval in Burton Row,
contributing isotopically light sulphate to the local sulphate pool. The bedded halite and
mudstones layers would have likely required multiple flooding events (Hounslow and
Ruffell, 2006), which could have been achieved through riverine flooding, similarly to

contemporary saline lake systems, Bristol Dry Lake and Lake Eyre (Handford, 1982;
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Magee et al., 1995). Halite-rich beds in the Wessex Basin are associated with
depressions related to reactivated Variscan faults (Gallois, 2004) and could have formed
as salt pans in the centre of inland playa systems, as proposed for the Permian Eden
Shales (Worley, 2005). This would seemingly account for the lack of a consistent marine
834Sevap signal. However, the distribution of stratigraphically equivalent halite-rich beds
has been confirmed within the centre of the Somerset Basin and across the Wessex
Basin (Gallois, 2004) and thus, the halite in south-west Britain covers a far greater spatial
extent when compared to the halite of the Eden Shales. Despite controversy regarding
the specific routes for seawater ingress during the Carnian, it is conceivable that marine
waters could intermittently flood a terrestrial playa lake system but be insufficient to

impart a consistent marine 634Sevap signal (see Legler and Schneider, 2008).

In the case of the Somerset Halite Formation in Burton Row, the scatter we
observe in the 834Seyap data may reflect a mixed isotopic signal, with contributions from
aerosols, fluvial flooding, groundwater seepage, and direct marine flooding. With the
data available, the relative magnitude of each flux cannot yet be confidently
ascertained. However, considering the size of the seawater sulphate reservoir, the
degree of scatter in §34Sevap profile would suggest that inputs of marine sulphate were
insufficient in magnitude and/or consistency to maintain a consistent marine signal

during the deposition of the Somerset Halite Formation.

Between the depths of 670 and 574.5 m within the Branscombe Mudstone
Formation, the 834Seyap data of Burton Row range between +8.53 to +11.9 %o (excluding
an outlier of +15.8 %o) and are thus isotopically lighter than the global composite §3*Seyap

curve for the Late Triassic (Fig. 7). The dominant facies at this stratigraphic depth interval
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are red/brown mudstones and siltstones with abundant anhydrite nodules (Fig. 4). The
nodules would have likely formed displacively within the sediment body, near the top
of the water table (Warren, 1991; Kasprzyk and Orti, 1998). A comparable facies is
reported from the Twyning drillcore of the Wessex Basin (Milroy et al., 2019). As stated,
Milroy et al. (2019) interpret the MMG of the Wessex basin to have formed within a
non-marine continental setting but did not apply any stable isotope systems. In some
cases, nodular anhydrite can form within terrestrial playa settings in a manner that is
indistinguishable to anhydrite which forms in marine sabkhas (Kendall, 1978),
empbhasising the need for geochemical investigation. The offset between our §3*Seyap
data from the Sidmouth Mudstone and Branscombe Mudstone (670 and 574.5 m)
formations, and the global composite §3*Sevap curve could be a product of hydrologic
disconnection with the seawater sulphate reservoir. Thus, our 83*Sevap data from the
Sidmouth Mudstone and Branscombe Mudstone formations provide further
confirmation to previous sedimentological analyses that suggested a possible terrestrial
origin for the MMG in south-west Britain but lacked the geochemical data necessary for
a more confidant determination (Tucker, 1977; Milroy and Wright, 2000; Porter and

Gallois, 2008; Milroy et al., 2019; Dawson et al., 2022).

It should be noted that a comparable anhydritic mudstone/siltstone facies is
present within the MMG of the Staithes S-20 drillcore between approximately 530 and
415 m depth (Fig. 6). Despite the lithologic similarities, the Staithes S-20 83*Seyap profile
exhibits a consistent marine signature, confirmed through correlation with another
834Sevap record from equivalent strata within the region (Salisbury et al., 2023), as well

as the global composite 634Sevap curve (Salisbury et al., 2022).
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In addition, between the depths of 640 and 516 m in Staithes S-20, we observe
a facies of thinly laminated silty mudstones with dolomite interbeds and occasional
anhydrite nodules and gypsum veining (Fig. 6). A comparable facies has been reported
from the Wessex Basin by Milroy et al. (2019). In both cases, bleached dolomitic
siltstones are interbedded with dark grey silty mudstones. Ripple laminae are abundant,
particularly within the silty mudstones, with occasional desiccation features and
abundant tepee structures (Fig. 6). Milroy et al. (2019) suggest a terrestrial depositional
origin, but as previously stated, did not employ geochemical methodologies to constrain
the source of any constituent evaporites. The desiccation cracks, tepee structures and
wavy bedding would imply repeated cycles of wetting and drying and would thus be

commonly associated with a terrestrial depositional setting (e.g., Milroy et al., 2019).

Thus, our 634Sevsp data from Staithes S-20 enable us to suggest a consistent
marine source for the evaporites in this location, despite the sedimentological features
of ambiguous origin. Likewise, we observe a comparable anhydritic mudstone facies that
is common to both Burton Row and Staithes S-20, yet the 634Sevap record of the prior
suggests terrestrial deposition, whilst the 83%Sevap record of Staithes S-20 implies
consistent marine deposition. This geochemical contrast of course persists in spite of
the sedimentological similarities, potentially highlighting the difficulty emphasised by
previous authors in determining the degree of marine influence involved with evaporite

formation based upon sedimentology alone (see Leitner et al., 2023).

From a depth of 583 m within the Branscombe Mudstone Formation, the 634Seyap
profile of Burton Row exhibits an increasing trend, achieving relative stability in 63*Seyap

between +11.9 and 16.8 %o, from 576 to 459 m depth (Fig. 4). It is possible that this
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enrichment in 83*Sevap could reflect a progressive increase in the degree of marine
influence through the Late Triassic. Between 576 and 459 m depth, the 834Seap data do
correlate relatively well with the composite §34Sevap curve for the Late Triassic (Fig. 7),
which also maintains relative stability during the Late Triassic until the onset of a positive
excursion in the Late Norian (Salisbury et al., 2022). Admittedly, we do not observe such
an excursion in our 634Sey,p profile, however this could simply be a product of insufficient
data resolution and/or imprecise age determination for the global composite and does

not necessarily refute a marine &3*S signal.

We observe a facies shift from predominantly reddish brown anhydritic
siltstones to interbedded reddish brown and greenish grey anhydritic mudstones,
however this occurs at a depth of around 482 m, above the depth at which the increase
in 8634Sevap first occurs (Fig. 4). Thus, we cannot directly relate the observed 63*Seyap
enrichment with the facies shift. This, however, does not refute the possibility of an
increase in marine influence, as transitions between coastal and inland playa
environments are not necessarily associated with major changes in sedimentological
character (see Leitner et al., 2023), with Legler and Schneider (2008) reporting §3*Sevap
evidence for marine flooding during the deposition of the Permian Rotliegend, without

an associated lithological shift.

The 634Sevap data from the Blue Anchor Formation, between 447 and 425 m depth
in Burton Row, exhibits a sharp increasing trend from +16.7 to +20.5 %o (Fig. 4). The
recovery of the palynomorphs Classopollis torosus and Rhaetipollis germanicus from the
underlying uppermost Branscombe Mudstone Formation within Burton Row

(Warrington in Whittaker and Green, 1983), constrain the Blue Anchor to the Rhaetian,
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however the composite 83*Sevap curve for the Rhaetian does not record such an
excursion, remaining stable around an average of +14.4 %o (Salisbury et al., 2022). It
should be noted though, that the resolution of the global composite §3*Sevap curve for
the Rhaetian is particularly poor. Thus, in this case, the lack of an increasing trend in the
global 83*Seyap record during this time interval does not necessarily suggest the positive

excursion in the 63*Seyap profile is a non-marine signal.

Previous work suggests the Blue Anchor Formation in south-west Britain
represents a transitional environment between the MMG and Penarth Group, with playa
lake systems of the Late Triassic potentially experiencing increases in salinity during the
late Norian-Rhaetian, inciting further gypsum formation (Hounslow et al., 2012).
Sedimentological and palaeontological evidence suggest an increase in marine influence
during the deposition of the upper Blue Anchor Formation (Mayall, 1981; Hounslow et
al., 2012). However, it is within the uppermost Blue Anchor Formation where we report
the most enriched 83*Sevap value of +20.5 %o in Burton Row, exhibiting the greatest

degree of offset from the Rhaetian §34Sevap average (Fig. 7).

Pre-existing stable isotope work report §3*Seyap values of +15 and +16.6 %o from
nodular gypsum in the Blue Anchor Formation of Somerset (Taylor, 1983), in line with
the global composite. Taylor (1983) argue the lighter value of +15 %o likely reflects a
mixed continental-marine signal, while the value of +16.6 %o reflects an increase in
marine influence, however in the context of subsequent studies, the lighter value is still
in line with the global composite for the Rhaetian (see Salisbury et al., 2022 and
references therein). Thus, the lower §3*Se.ap values we report from the Blue Anchor

Formation, between +14 and +17 %o are in line with Rhaetian seawater. However, when
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viewed within the context of the pre-existing Rhaetian 834Scysp data (Taylor, 1983;
Salisbury et al., 2022), we cannot confidently attribute the 834Seyap data >+17 %o to
marine sulphate inputs. It is possible that the 634Sevap excursion we report is a product
of microbially-mediated sulphur cycling, such as microbial sulphate reduction,
sequestering isotopically light sulphate (Jorgensen et al., 2019) and enriching the local
sulphate pool. This could occur under conditions of marine deposition, potentially
reconciling the sedimentological evidence for marine sedimentation in the upper Blue
Anchor of the Wessex Basin (Mayall, 1981; Hounslow et al., 2012) and the isotopic offset
we observe between the most enriched §34Sevap values of Burton Row and Rhaetian

seawater.

With regards to the EISB, the broad long-term stratigraphic trends in the §*Seyap
profile of 110/13-8 appears to correlate relatively well with the global composite curve
of Salisbury et al. (2022) (Fig. 6). Thus, our 634Seysp data imply a relatively consistent
seawater 634S signal, and thus suggest persistent marine influence. Rare marine fossils
and isotopic signatures from broadly equivalent playa facies within the EISB, Irish Sea
and adjacent onshore UK sub-basins also suggest at least intermittent marine influence
(Warrington, 1970; Warrington, 1970b; Taylor, 1983; Naylor et al., 1989; Warrington in
Wilson and Evans, 1990; Wilson, 1990; Thompson and Meadows, 1997). However, these
data are of low resolution and/or from distinct sub-basins, while our 83*Seyap profile of
110/13-8 constitutes the highest-resolution &3*Sevap record derived directly from the

EISB.

Admittedly, while the 83*Sevap profile of 110/13-8 broadly agrees with the

composite 634Seyap curve for the Middle-Late Triassic, the &3*Sevap data from the
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Blackpool Mudstone Member exhibits a greater degree of variability than expected for
the Anisian time interval (Fig. 6). This could reflect diagenetic effects, local depositional
factors, such as a localised increase in the flux of terrestrial sulphate, or the
redistribution of material via caving during the drilling process. The latter is a problem
inherent to the use of drill cuttings in stable isotope stratigraphy. Metzger et al. (2014)
tested for caving by selecting samples across intervals of isotopic variability (i.e., a
positive or negative excursion) and analysed individual chips of material from each
sample for 63Ccarb analysis. Unfortunately, individual evaporite chips were too small for

BaSO4 precipitation, and thus this methodology could not be applied in this case.

Despite the 63*Sevsp variability observed within the Blackpool Mudstone
Formation, as stated the broad stratigraphic trend within the §3*Seyap profile of 110/13-
8 agrees well with the global composite 83*Sevap curve (Fig. 6). With regards to the
Anisian halites of the EISB, marine influence likely originates from marine ingress via a
complex post-Hardegsen pathway, facilitating marine seepage from the SPB (McKie,
2017), with thinly bedded limestones and subaqueously deposited shales providing
evidence for marine influence along the possible ingress route (Arthurton, 1980; McKie,
2017). The Carnian halites of the EISB were likely separated from the SPB (Hounslow et
al., 2012) and the EISB halite bodies likely were likely fed via Tethyan marine ingress
routes through rift systems along the Atlantic and Biscay regions (McKie, 2017). Future
studies should endeavour to sample material from additional wells in the EISB to

determine the reproducibility of the trends in our §3*Seyap profile for 110/13-8.

Overall, our 634Seysp data suggest a nuanced view of the degree of marine

influence during the deposition of the MMG across the UK. Although the MMG in many
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UK sub-basins contains palaeontological evidence for marine deposition (see above), the
fossils are commonly of low resolution and do not definitively determine the dominant
source of the sulphate within the evaporite brines. As discussed above, we observe an
offset between our §34Seyap profiles for Carnduff-02 and Burton Row with each other and
the global composite. This, however, contrasts with the evaporites of northeast England
(Staithes S-20), the UK southern North Sea (42/28-2), and the East Irish Sea Basin
(110/13-8), for which the 634Sevsp profiles exhibit close agreement with the global

composite §3*Sevap curve (Fig. 6).

One possible interpretation for this contrast is a spatial and temporal distinction
in the extent of marine influence during evaporite deposition. A hydrologic
disconnection between the Larne Basin, the Wessex Basin and seawater during MMG
deposition would have prevented sulphate within the local brines from recording global
perturbations in the &S of seawater sulphate. In addition, the terrestrial sulphate
reservoir is smaller than the seawater sulphate reservoir and is thus more susceptible
to perturbation driven by local isotopic variability, controlled primarily by the §34S of the
sulphur bearing lithologies exposed to the local weathering environment (Bottrell and
Newton, 2006). This could possibly explain why the §34Seyap profiles of Carnduff-02 and
Burton Row are distinct from each other as well as the global composite age curve. In
contrast, the 83*Sevap profiles of Staithes S-20, 42/28-2 and 110/13-8 exhibit trends
comparable with the global composite curve, enabling correlation (see above). This
suggests the variability in their isotope profiles records global perturbations in seawater
sulphate (Salisbury et al., 2022; 2023), and thus the brines and their constituent sulphate

likely had a largely marine origin.
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Therefore, while our 83*Sevap data from Carnduff-02 and Burton Row broadly
agree with recent work that propose a terrestrial depositional model for the evaporites
of the Larne and Wessex basins (Andeskie et al., 2018; Milroy et al., 2019), the
proposition by Andeskie et al. (2018) that this model can be applied to the MMG more
broadly is likely overly simplistic. Instead, our §3*Se,ap data suggest a more nuanced view,
in that the degree of marine influence varied across distinct UK sub-basins during the
deposition of the MMG, with apparently conflicting models of deposition potentially
coexisting between locations. By providing direct insight into the likely source of the
sulphate (marine or terrestrial) within the evaporite brines, §34Sevap data can assist in
addressing apparent conflicts between different datasets (i.e., sedimentological, and
palaeontological), providing greater clarity to the overall depositional model for an
evaporite system. For example, as discussed above, marine microfossils do not provide
definitive proof of direct marine influence (Hounslow and Ruffell, 2006; Baranyi et al.,
2019). However, if the 634Seysp data provide a dominantly non-marine signal, this would
suggest a direct marine source for the microfossils is less likely, or that the marine
inundations that deposited the fossils were very infrequent. In the latter case, the
flooding events would likely have left very little depositional record beyond the marine
fossils themselves, as opposed to relatively continuous continental conditions with
higher aggradation rates. Either way, 83*Sevap data can provide greater confidence to
interpretations regarding the degree of marine influence that would otherwise remain

equivocal, based upon the sedimentological and palaeontological data alone.

It should be noted however, that although our 8§3*Seap data has provided further
clarity regarding the extent of marine influence during deposition of the MMG,

uncertainties remain. This is largely due to the fact that while the §34S of sulphate within
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an evaporite basin is strongly influenced by the relative magnitude of the terrestrial and
marine sulphate input fluxes, other factors impart a control on the overall 634Seyap signal
(Hardie, 1984). Thus, the possibility that the increase in 634Sevap at the top of the
Knocksoghey Formation in Carnduff-02 and the progressive increase in 634Seyap values
through the Branscombe Mudstone Formation in Burton Row are indicative of
increasing marine influence cannot be definitively proven with our 634Seyap data alone.
For example, an increase in the degree of hydrologic restriction during evaporite
deposition, along with microbial sulphate reduction could incite a localised enrichment
in 83Sevap (Hardie, 1984). Future studies could endeavour to apply additional
geochemical proxies such as CI/Br and &6%0evsp, Which are also sensitive to
marine/terrestrial influence during evaporite deposition (Hardie, 1984; Playa et al.,
2000). In addition, organic geochemical proxies, such as MTTC and pristane/phytane
ratios can be applied in combination as a proxy for palaeosalinity in deep time (Luo et
al., 2019), and could thus be employed as a tool for constraining degrees of hydrologic

restriction during evaporite deposition.

Strontium isotopes have been successfully applied in mapping the degree of
marine influence during evaporite deposition in the Spanish Triassic (Playa et al., 2000),
however their applicability to the UK Triassic remains questionable. The 87Sr/8Sr system
is more sensitive to terrestrial inputs than 534S, due to differences in the terrestrial and
marine reservoir sizes of strontium and sulphate (Denison et al., 1998). While the
Triassic evaporites of Spain were in close direct connection with the Tethys Ocean, the
UK was further west within the rift system (McKie, 2017), and thus any marine Sr inputs
would likely be overwhelmed by the terrestrial input flux. This can be observed in the

Permian Rotliegend of Germany, where 83*Se.ap data imply intermittent seawater
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ingress, while 87Sr/%6Sr data suggest an apparently conflicting and consistent terrestrial

model of deposition (Legler and Schneider, 2008).

6. Conclusions

Evaporite-based sulphur isotope stratigraphy has the potential to enhance the
chronostratigraphic constraint of evaporite-bearing sedimentary rocks that are
particularly abundant within the UK Triassic. Here, we apply this methodology to the
Larne, East Irish Sea and Wessex basins, generating high-resolution 634Seyap records from
evaporitic sulphate. Through comparison with 634Seyap records published previously
from the Cleveland and UK, southern North Sea basins, our efforts assist in expanding

the coverage of the §34Sevap record in the UK Triassic.

Through comparison with the established global composite 63*Sevap age curve,
and with additional constraints imposed by the available biostratigraphic data, we have
derived correlation schemes between the §3*Seap profiles of the lowermost MMG in the
Larne Basin, the MMG of the EISB and the global age curve, as well as the 634Seyap records
of Staithes S-20 and 42/28-2. This has enabled us to derive tighter age constraint for
several subdivisions of the MMG across distinct UK sedimentary basins, that generally

lack robust biostratigraphic age constraint.

In addition, characterising the §3*S of evaporitic sulphate, has provided further
insight into the degree of marine influence during evaporite deposition in the UK
Triassic. Our §3*Sevap data from the lowermost MMG in the Larne Basin, and the MMG in
the EISB, Cleveland and southern North Sea basins provide relatively consistent marine
isotopic signatures, suggesting hydrologic connection between the evaporite brines and
the seawater sulphate reservoir during deposition. In contrast, offsets between the
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834Sevap profiles of Burton Row Carnduff-02 of the Wessex and Larne basins, respectively,
suggest prolonged periods of hydrologic disconnection between the evaporite brines
and seawater sulphate during deposition. When viewed in the context of other
palaeontological and sedimentological data, our 634Seyap profiles enable the mapping of
marine influence during deposition of the MMG across the locations sampled as part of
this study. In doing so, our results assist in reconciling apparent conflicts between
biostratigraphic and sedimentological/mineralogical data and provide greater clarity for

the depositional model of the sampled evaporite systems.

It should be noted, however, that the 634Sevap compilation of this study is not
exhaustive, and sampling sites were at times irregularly distributed stratigraphically and
spatially. Further sample sites should be selected for 634Seyap analysis within the basins
sampled here, to better assess the local reproducibility of the isotopic trends we
observe. In addition, evaporite-based 634S stratigraphy should be more widely applied
to the UK Triassic, as many basins have yet to be targeted for 634Sevap analysis. Future
studies should also endeavour to apply other stratigraphic techniques, such as §*3Corg
stratigraphy and magnetostratigraphy, alongside the generation of §3*Sevap records. In
doing so, this will help to enhancing the confidence of the resulting stratigraphic
correlation schemes, while providing a means of establishing enhanced
chronostratigraphic calibration in instances where the §3*Sevap profiles fail to exhibit a
primary seawater signal. Due to the sensitivity of sulphur cycle to various forcings,
subsequent work could also focus on applying 83*Sevap records with 8'80eyap, Cl/Br and
organic geochemical data to constrain the degree of marine influence during evaporite

deposition with greater confidence.
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Figure 1: The established lithostratigraphic framework for the UK Triassic in the regions
considered as part of this study. The major lithostratigraphic units are provided, along
with the regional names and stratigraphic position of rock formations. The grey shaded
intervals are those from which samples were analysed for this study. Abbreviations: Sst.
= sandstone; Mdst. = mudstone; Fm. = formation; Grp. = group; S.H.F. = Somerset
Halite Formation; D.M.F. = Duncombe Mudstone Formation; N.C.S.M. = North Curry
Sandstone Member; B.S.M. = Butcombe Sandstone Member. The lithostratigraphy of
the Larne Basin, East Irish Sea Basin (EISB), Wessex Basin, and UK Southern North Sea
(SNS) are based upon Mitchell (2004), Jackson and Johnson (1996), Howard et al.
(2008) and Salisbury et al. (2023), respectively.

229



Early Carnian

[ | Playaclaystones [ | Fluvial sandstones Marine influenced

[ open marine [ Marl [ Anhydritic claystones
BN Halite

Figure 2: Palaeogeography of northwest Europe during the early Carnian (Late
Triassic). Sample site locations: Purple star represents the locations of GT-01 Kilroot,
Cairncastle-2 and Carnduff-02, due to the close geographic proximity of these sample
sites. The red star represents 110/13-8 of the East Irish Sea Basin (EISB), the grey star
Burton Row of the Wessex Basin, the black star Staithes S-20 of the Cleveland Basin and
the white star 42/28-2 of the UK Southern North Sea (SNS).
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Figure 3: Thin section views of the nodular anhyritic siltstone/mudstone facies of the
Mercia Mudstone Group, Burton Row borehole. (A) An anhydrite nodule and contact
with matrix (10 x magnification) at 429.5 m depth in transmitted light; (B) An anhydrite
nodule and contact with matrix (5 x magnification) at 429.5 m depth in cross-polarised
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light; (C) Small anhydritie nodules (2.5 x magnification) at 599 m depth in transmitted
light; (D) Small anhydrite nodules (5 x magnification) at 599 m depth in transmitted
light; (E) A large anhydrite nodule (10 x magnification) at 622 m depth in transmitted
light; (F) anhydrite nodule and contact with matrix (2.5 x magnification) at 622 m
depth in cross-polarised light; (G) Anhydrite nodule (10 x magnification) at 810 m depth
in cross-polarised light; (H) Anhydrite nodule and contact with matrix (2.5 x
magnification) at 810 m depth in cross-polarised light; (1) Anhydrite nodule (5 x
magnification) at 829.5 m depth in cross-polarised light; (J) Anhydrite nodule and
contact with matrix (2.5 x magnification) at 829.5 m depth in cross-polarised light.
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Figure 4: The 5*Seyqp profiles of GT-01 Kilroot (left), Cairncastle-2 (middle) and Carnduff-02 (right). For GT-01 Kilroot, the 63*Sevqp values from
nodular Ca-sulphates are represented by the filled symbols, while 63*Seyqp values from veined Ca-sulphate are represented by empty symbols.

The stratigraphic log for GT-01 Kilroot is based upon the original drillers report, the log for Cairncastle-2 is based upon our own observations

and the log for Carnduff-02 is based upon the original drillers report and the log of Andeskie et al. (2018).
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The Eden Shales are largely composed of evaporitic mudstones and siltstones,
deposited during the late Permian, a time interval associated with major biological and
climatic perturbations. The evaporitic lithology of the Eden Shales is characteristic of
the warm and arid palaeoenvironment of the late Permian and has been inferred to
represent deposition within a playa lake system. However, it can be difficult to
confidently distinguish between evaporites of marine and nonmarine origin, with the
model of deposition for the Eden Shales remaining a subject of debate. Here, we
present a suite of stable isotopic and molecular geochemical data to refine our
understanding of the biogeochemical conditions of the palaeoenvironment during
deposition. While our interpretations remain speculative, we define two intervals
characterised by distinct biogeochemistry, Stage 1 spanning the A Bed evaporite, and
Stage 2, including evaporite beds B and C. We suggest that Stage 1 may represent
deposition within a playa lake system, in line with the established depositional
framework. This, however, remains somewhat speculative, in part due to possible
diagenetic overprinting of 63%Sevap. In Stage 2, we suggest a possible increase in the
degree of marine influence, with 63*S..,, data in close comparison with values
established for late Permian seawater. In addition, we report extreme enrichment in
613Corg (>0 %0), broadly concomitant with a decline in 6%°Nq, highly variable 63%Scgs
values, a low Pr/Ph ratio (0.48) and the detection of saturate and aromatic carotenoids
associated with cyanobacteria and phototrophic sulphur bacteria, respectively. We
suggest the 8%3C,; enrichments, declining 6°Ni: and presence of a saturate
carotenoid, B-carotane, reflect phototrophic productivity under conditions of

hypersalinity, while variable 8§3*Scrs and the presence of aromatic carotenoids indicate
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sulphate limitation and the expansion of photic zone euxinia, possibly within microbial

mat communities.

1. Introduction

The Late Permian and Triassic have received much attention over the previous 50 years
due to numerous events of geological significance, including the End Permian Mass
Extinction (EPME), one of the ‘Big Five’ extinction events (Sepkoski, 1996). The
depositional environment of the UK Late Permian and Triassic was largely arid and
continental (Parrish, 1993), with frequent and repeated marine influence, facilitating
widespread evaporite deposition (McKie, 2017). Recent advances in the application of
evaporite-based sulphur isotope (63*Sevap) records for stratigraphy have seen success in
establishing further age calibration for evaporites of the UK Triassic (Salisbury et al.,
2022; Salisbury et al., in prep.), while also assisting in further constraining the degree of
marine influence during evaporite deposition across distinct UK sub-basins (Salisbury et

al., in prep.).

The late Permian evaporitic stratigraphy of the Vale of Eden, northwest England,
presents the opportunity to generate additional 63*Sevap records to establish further
chronostratigraphic constraint to late Permian UK evaporites. In addition, much
controversy persists regarding the specific environmental and biogeochemical
conditions that characterised the deposition of the Eden Shales, with the degree of
marine influence continuing to lack constraint (Holliday et al., 1993; Hughes, 2003;
Worley, 2005). The currently established model involves initial evaporite deposition
within terrestrial saline lakes (Worley, 2005), followed by an expansion in the spatial

coverage of the evaporitic facies and a possible increase in marine influence (Burgess
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and Holliday, 1974; Hughes, 2003); This, however, lacks any robust geochemical
constraint. It can be particularly difficult to distinguish between marine and nonmarine
evaporites based upon sedimentology alone (e.g., Leitner et al., 2023), and thus, there
is a need to better establish the nature of the palaeoenvironment during deposition of

the Eden Shales via geochemical methodologies.

Evaporites form under extreme conditions, often being deposited in arid and
warm climates. They exhibit high degrees of salinity and can be characterised by
extremes in acidity or alkalinity (Warren, 2010; 2021). As a result, they have been
associated with unique isotope systematics, often mediated by communities of
halotolerant organisms adapted to the inhospitable evaporitic environment, with
extreme enrichments in carbon (e.g., Schidlowski et al., 1984; Stiller et al., 1984; Birgel
et al., 2015; Dorador et al., 2018) and nitrogen isotopes (e.g., Isaji et al., 2019). The
evaporitic depositional environment of the Eden Shales, and the presence of structures
tentatively identified as microbial mats throughout the stratigraphy (Arthurton, 1971;
Burgess and Holliday, 1974; Hughes, 2003), present the opportunity to study the
biogeochemistry and geobiology of hypersaline environments in deep time. Here, we
apply a range of geochemical tools, including stable isotope systems and lipid biomarker
analysis, to provide further constraint to the biogeochemical evolution of the Eden

Shales.

2. Geological setting

The Vale of Eden is a small N-S-trending fault-bounded basin (Ruffell et al., 2006) that
likely formed in an intermontane setting during early Permian extension along the

Pennine and Dent fault systems (Underhill et al., 1988; Hughes, 2003). Permian strata
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rest unconformably upon the Carboniferous, with the unconformity a product of erosion
that was initiated during the late carboniferous Variscan Orogeny and continued into the
early Permian (Ruffell et al., 2006). In most parts of NW England, including the Vale of
Eden, the Permian stratigraphy is divided into the Appleby and Cumbrian Coast groups
(Hughes, 2003; Ruffell et al., 2006) (Fig. 1). They are overlain by the Early Triassic St Bees
Sandstone of the Sherwood Sandstone Group (SSG); however, the precise stratigraphic
position of the Permian-Triassic boundary is unclear (Arthurton, 1971) (see below). The
gradual northward movement of the Gondwanan-Laurasian landmass (Ruffell et al.,
2006) and, in the late Permian, a general warming trend in Earth’s climate (Chumakov
and Zharkov, 2003), contributed to warm and arid to semi-arid conditions (Macchi,

1981), facilitating widespread evaporite deposition (Fig. 2).

The boundary between the Penrith Sandstone Formation and the late Permian
Eden Shales in the Vale of Eden shows evidence of diachroneity, with a sharp contact in
the north and centre of the basin, and a gradational boundary in the south (Arthurton
and Wadge, 1981; Ruffell et al.,, 2006). The Eden Shales exhibit substantial spatial
lithologic variability, including mudstones, siltstones, fine- to coarse-grained sandstones
and conglomerates, along with dolomite and an abundance of evaporites, including
gypsum/anhydrite nodules, beds and late diagenetic displacive gypsum veins, as well as
localised volumes of halite (Burgess and Holliday, 1979; Hughes, 2003; Worley, 2005). In
addition, stromatolitic layers and Esteria have also been reported from particular
stratigraphic intervals (Arthurton, 1971; Ruffell et al., 2006). Units of abundant evaporitic
material have been designated as evaporite beds A through to D, with a dolomitic
interval known as the Belah Dolomite occurring beneath D Bed (see Burgess and

Holliday, 1979; Arthurton and wadge, 1981; Hughes; 2003 for details).
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A Bed has a restricted spatial extent of approximately 20 km? (Hughes, 2003;
Worley, 2005), and grades laterally to the south into the Hilton Plant Beds, an interval of
laminated sandstones, with calcareous/dolomitic mudstones and siltstones, scattered
Ca-sulphate nodules, stromatolitic layers and transported plant material (Burgess and
Holliday, 1979; Hughes, 2003; Ruffell et al., 2006). The overlying evaporite beds, along
with the Belah Dolomite, are sufficient in thickness and distribution to act as
stratigraphic markers for lithostratigraphic correlation beyond the Vale of Eden (Holliday,
1993; Holliday et al., 2001; Hughes, 2003). Overlying the D Bed evaporites, the Eden
Shales transition into sandstones of likely aeolian origin (Burgess and Holliday, 1979),
before gradually grading vertically into fluvial sandstones of the St Bees Sandstone

(Sherwood Sandstone Group) (Hughes, 2003; Ruffell et al., 2006).

The environment of deposition for the Eden Shales is generally viewed as a
continental playa lake system, with Burgess and Holliday (1979) reporting a variety of
sedimentary structures throughout the Eden Shales of the Hilton Beck borehole,
including fluvial cross-lamination, mud flake conglomerates, soft-sediment deformation,
desiccation cracks and adhesion ripples. Along with the evaporites, these features have
been viewed as representative of a terrestrial depositional regime, in which evaporites
were deposited within continental playa lakes, with fluvial influence and intermittent
aeolian reworking (Burgess and Holliday, 1979; Hughes, 2003; Worley, 2005; Ruffell et
al., 2006). Possible marine influence, and its’ extent if present, remains speculative. The
small spatial extent of A Bed has reinforced the view that it should be defined as an
evaporite-bearing facies of continental origin (Arthurton et al., 1978), infilling a
depression within the pre-existing strata directly underlying the Cumbrian Coast Group

(Worley, 2005; Hughes, 2003; Ruffell et al., 2006). In addition, there is no evidence for
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direct flooding from the Brakavellia Sea of the East Irish Sea Basin (EISB) at this time, nor
does it seem likely that a cross-Pennine connection had yet been established with the
Southern North Sea (Ruffell et al., 2006). Thus, it has been suggested that the playa lake
was fed by a fluvial system (Hughes, 2003; Worley, 2005), and that the Ca-sulphates and
halite formed in a terrestrial setting. Accordingly, the laterally equivalent Hilton Plant
Beds likely represent a sheet flood deposit, formed at the periphery of the A Bed saline
lake system, and deposited from the fluvial system feeding the lake (Burgess and

Holliday, 1979; Hughes, 2003; Ruffell et al., 2006).

In contrast, some have suggested the overlying evaporites formed through the
ingress of marine groundwaters (Burgess and Holliday, 1979; Hughes, 2003).
Lithostratigraphic correlation between the Vale of Eden, EISB, west Cumbria, the Carlisle
Basin, and the southern North Sea (Holliday, 1993; Holliday et al., 2001), has been
interpreted to suggest a cross-Pennine connection with the marine evaporites of the SNS
since the deposition of beds B and C, relating the evaporites of the Eden Shales within
the Vale of Eden to sea level high stands in the SNS (Holliday, 1993). In addition, sparse
marine microfossils have also been recovered from the EZ1 in the Annan sub-basin north
of the Vale of Eden (Holliday et al., 2001). However, subsequent findings reveal another
possible seawater ingress route along the west of the UK, generated during Late Permian
extension along the Norwegian-Greenland Rift, which propagated south along the
Atlantic Margin and into the Irish Sea (Coward, 1995; McKie, 2017). Zechstein-equivalent
evaporitic sabkha and halite are present in West Orkney (Hitchen et al.,, 1995) and
continue south to the west of Ireland (McKie, 2017). In addition, there exists a well-
developed clastic fringe along the basin margin of the UK SNS, including sandy fluvial

fans, marking the westerly edge of marine deposition within the basin (Moscariello,
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2005; McKie, 2017). Thus, assuming marine influence was active during deposition of
the Eden Shales, it seems the most likely route for seawater ingress would have been
along the west of the UK, with a cross-Pennine connection, if present, accounting for a

relatively minor contribution.

It should be stressed that lithostratigraphic correlation and marine microfossils
do not directly confirm marine inundation and there have currently been no attempts to
directly constrain the source of the evaporite brines with geochemical methods. Thus,
other than the Belah Dolomite, there exists no direct confirmation of marine inundation

during the deposition of the Eden Shales.

2.1. Biostratigraphy and age assignment

Due to the hypersaline and arid nature of the depositional environment, the Permian
stratigraphy of the UK is impoverished in fossil content suitable for biostratigraphy
(Smith et al., 1972). The Permian stratigraphy of the Vale of Eden is no exception to this,
and with a particular scarcity of age-diagnostic fossils, a lack of precise age-calibration
persists (Hughes, 2003). The age assignment for the Appleby Group is based primarily
upon sporadic vertebrate tracks and miospores (Ruffell et al., 2006). Vertebrate tracks in
the Penrith Sandstone identified as Chelichnus have been recorded from Penrith and
suggest a Late Permian age for much of the Appleby Group (see Holliday et al., 2004 for
details). Miospores recovered from the Penrith Sandstone where it interfingers with the
base of the overlying Eden Shales are comparable to those found in the Eden Shales, and
thus further constrain the uppermost Penrith Sandstone to the Late Permian (Holliday

et al., 2004; Warrington, 2008).
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For the Eden Shales of the Cumbrian Coast Group, miospore assemblages of Late
Permian (Wuchiapingian or Changhsingian) age for the strata below and including the
Belah Dolomite (Holliday et al., 2004; Warrington, 2008). The overlying uppermost
Cumbrian Coast Group have failed to yield fossil material from which an age assignment
can be established (Ruffell et al., 2006). However, lithostratigraphic correlation based
upon geophysical log signatures suggests that strata ~35m above the Belah Dolomite can
be recognised as correlatives of the Brockelscheifer Member (Holliday et al., 1993). Thus,
the uppermost Cumbrian Coast Group could be assigned to the Early Triassic (Ruffell et
al., 2006) (Fig. 1), although it should be emphasised that there are no biostratigraphic

data to confirm this.

3. Methodology

3.1. Sampling

Samples were acquired from the latest Permian Eden Shales of drillcore KT1153, drilled
near Kirkby Thore, Cumbria, NW England. 1 m intervals of core were powdered and
homogenised by British Gypsum, and thus each sample represents a lithological average

over a 1 m stratigraphic interval.

3.2. Sulphur isotope analysis of sulphate and sulphide

The samples underwent sulphate concentration via barium sulphate (BaSOa)
precipitation. Approximately 3-5 g of powdered sample were submerged in ~50 ml of a
10 % NaCl deionised water solution to facilitate the dissolution of evaporitic material.
Blanks of NaCl produced no visible BaSO4. The material was left to sit in solution for 24-

48 hours and agitated every few hours during the working day. Upon dissolution, the

245



samples underwent centrifugation at 3,500 rpm for 5 minutes. Approximately 50 % of
the saline solution for each sample was transferred into a 50 ml centrifuge tube. 20-25
ml of 10 % barium chloride (BaCl;) was added, with the solution often turning cloudy
immediately, indicating BaSO4 precipitation. The pH of the solution was reduced to ~1-2
with the addition of 3M HCI to prevent the precipitation of barium carbonate (BaCOs3).
The samples were left for ~24 hours to ensure the BaSO4 precipitation process reached
completion. The BaSO4 underwent centrifugation at 3,500 rpm for 3 minutes, after which
the BaCl,/HCl supernatant was discarded according to safety regulations for appropriate
waste disposal. The resultant pellet of BaSO4 was rinsed with ~30-40 mL of deionised
water to neutralise the sample. Neutrality was often achieved after three rinses. The
BaSO4 was placed in a drying oven set at 80°C for between 24 and 48 hours. Once dry, it
was then crushed into a fine powder using an agate pestle and mortar and archived in a

1.5 ml centrifuge tube.

Sulphide was extracted from 1-1.5 g of untreated powdered sample following a
sequential chromium reduction method modified from Canfield et al. (1986). Sulphur is
first liberated as hydrogen sulphide (H2S) from acid-volatile sulphides (AVS), such as
greigite, mackinawite, troilite, pyrrhotite, marcasite, sphalerite, via reaction with HCl.
Subsequently, pyrite sulphur is released using a chromium(ll) chloride solution. Over a
hot plate and under a distillation line in a nitrogen atmosphere, we reacted our samples
with ~20 ml of 6M HCI to release sulphur from AVS components and left the sample to
react for ~1-1.5 hours. The resultant H,S was trapped using a silver nitrate solution,
converting the sulphur into silver sulphide (NH4(OH)). Subsequently, ~20 ml of the 1M
chromous chloride solution was added to the sample and HCl and was left to react over

the hot plate for ~3 hours. Again, the resultant H,S was trapped using a AgNOs.The Ag,S
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precipitate was cleaned using 1M ammonium hydroxide (NH4(OH)) and subsequently
rinsed with ultra-pure (18 MQ-cm) water. The Ag,S was then separated from the
supernatant via filtration through a vacuum filter system using cellulose nitrate
membrane filters. The samples were subsequently dried in a drying oven and crushed

into a fine powder using an agate pestle and mortar.

For sulphur isotope analysis, each sample was weighed into 5 x 3.5 mm tin
capsules, with a desired weight range of 0.2-0.4 mg for BaSO4 and 0.1-0.15 mg for CRS
and AVS. In some cases, the AVS yield was too small to separate the precipitate from the
filter paper and as a result, it was common for AVS to be combusted along with the filter
paper during isotopic analysis. This prevents an accurate calculation of sulphur content
(wt %) but has no impact on the sulphur isotope data. Stable sulphur isotope analysis
was performed in the Stable Isotope Biogeochemistry Laboratory (SIBL) at Durham
University using a Thermo Scientific EA IsoLink™ coupled to a Thermo Scientific Delta V
Plus isotope-ratio mass-spectrometer. Sulphur isotope ratios are expressed in standard
delta (6) notation in per mil (%o) relative to Vienna Canyon Diablo Triolite (VCDT). The
534S data were normalised through calibration against four international standards
(IAEA-S-1, IAEA-S-2, IAEA-S-3, NBS 127), providing a linear range in S between -32.5
%o and +22.6 %o. An internal barium sulphate (Acros Organics silver sulphate, catalogue
number: 194070100, lot: A0O384698) was analysed throughout the analytical period and
produced an average 63S value of -18.1 %o * 0.25 (1 o) (n = 14). Analytical uncertainty
of &3%S is typically +0.2 %o (2 o) for replicate analyses of the international standards.
Reproducibility of the sample §34Seyap data was the same or better. Total sulphur content
(wt %) of the samples was calculated as part of the isotopic analysis with the use of an

internal standard, sulphanilamide (S = 18.619 wt %).
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3.3. Carbon isotope analysis of bulk organic matter

Powdered samples underwent acidification to remove carbonate phases and isolate the
organic matter for subsequent carbon isotope analysis. Approximately 5 g of powdered
sample were acidified with ~50 ml of 3M HCl at room temperature. The samples were
left to acidify for ~24 hours, after which they underwent centrifugation at 3,500 rpm for
3 minutes. In an effort to assess potential biases in the measured 3Corg values due to the
presence of dolomite in the samples, aliquots of a sample at 40.58 m depth were also
acidified either with phosphoric acid at room temperature or with 6M HCl heated to ~60
°C. The acidic solution was discarded, and the samples were neutralised with ~50 ml of
Dl-water, with neutralisation being achieved after 5 rinses. The samples were
subsequently placed in a drying oven set to ~55 °C and left for ~48 hours. Once dry, the
decalcified residues were homogenised using an agate pestle and mortar and transferred

into 1.5 ml centrifuge tubes for storage.

For carbon isotope analysis, the samples were weighed into tin capsules, with a
desired weight range between 1 and 70 mg depending on TOC (wt %) content. Isotope
analysis was performed in SIBL at Durham University using a Costech Elemental Analyser
(ECS 4010) coupled to a Thermo Finnigan Delta V Advantage isotope-ratio mass-
spectrometer. Carbon isotope ratios were corrected for 7O contribution and reported in
standard delta (8) notation in per mil (%o) relative to Vienna Pee Dee Belemnite (VPDB).
The 6%3Coy data were normalised through calibration against four international
standards (USGS 40, USGS 24, IAEA 600, IAEA CH6), providing a linear range in §'3C
between +2 and -47 %o.. Analytical uncertainty for §'3Corg was typically +0.1 %o (2 o) for

replicate analyses of the international standards and typically <0.2 %o for replicate
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sample analyses. The elemental analyser was set to “no dilution mode” and all analyses
produced a CO3 signal > 800 mV, providing maximum confidence in the 63C values. Total
organic carbon content (wt %) was calculated as part of the isotopic analysis using an

internal standard, glutamic acid (C = 40.82 wt %).

3.4. Nitrogen isotope analysis

Untreated (raw) powdered sediment samples were weighed into tin capsules, with a
desired weight range of 20-70 mg. Isotope analysis was performed in SIBL at Durham
University using a Costech Elemental Analyser (ECS 4010) coupled to a Thermo Finnigan
Delta V Advantage isotope-ratio mass-spectrometer. The Costech Elemental Analyser
was fitted with a carbosorb trap to prevent acidic gases, such as CO3, from entering the
mass spectrometer. In addition, the elemental analyser was set to macro-oxygen to
ensure complete combustion of the sample, liberating all available nitrogen. Total
nitrogen content (wt %) was calculated as part of the isotopic analysis. Nitrogen isotope
ratios were reported in standard delta (§) notation in per mil (%o) relative to air. The §°N
data were normalised against four international standards (IAEA-600, IAEA-N1, IAEA-N2,
USGS 40). Isotopic analyses were performed in “no dilution mode”, with all analyses
producing an Ny signal >800 mV, providing maximum confidence in 6*°N. Analytical
accuracy in 8°N was better than 0.3 %0 (20) based on standards and replicate sample

analyses.

3.5. Lipid biomarker analysis

Ten untreated (raw) powdered samples were selected for lipid biomarker analysis at
regular intervals, to ensure representative stratigraphic coverage. For each sample,
approximately 15 g of rock powder were extracted using a sonicator with a solvent
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mixture of dichloromethane (DCM): methanol (MeOH) (4:1 v/v). The sample
subsequently underwent centrifugation at 4000 rpm for 3 minutes. The solvent extract
was pipetted out, and the sonication process was repeated three times for a total of four
extractions. The total lipid extract (TLE) was reduced to a few mL under a stream of
nitrogen and filtered into 15 ml vials. To remove the asphaltenes, the remaining solvent
was evaporated to dryness under nitrogen before the addition of 250 ul of DCM,
followed by the gradual addition of 10 ml of heptane under magnetic stirring. The
mixture was stirred for 30 minutes and left overnight at room temperature to ensure
complete precipitation of the asphaltenes. The asphaltene precipitate was then removed
via filtration and the asphaltene-free TLE was separated into three distinct fractions by
column chromatography over 4g of silica gel (Kieselgel 60). An aliphatic fraction was
eluted with 40 ml of hexane, followed by an aromatic fraction with 40 ml of hexane: DCM
(1:1, v/v), and a polar fraction with 40 ml of DCM: MeOH (3:1, v/v). Elemental sulphur

was removed from each fraction using copper curls activated with 2M HCI.

Aliphatic and aromatic lipid fractions were analysed by gas chromatography
equipped with a flame ionisation detector (GC-FID; Agilent 6890N) or coupled to mass
spectrometry (GC-MS; Agilent 7890B GC coupled to a 5977B MSD) for the semi-
guantification and identification of the different compounds, respectively. The GC were
equipped with an on-column injector and compound separation was achieved with a
HP5 MS Ul capillary column (30 m x 0.25 mm, film thickness 0.25 um). The helium carrier
gas was set to a constant flow of 1 mL/min. The GC oven was programmed at 60 °C (0.5
min hold), heated to 130 °C at 20 °C/min, then 320 °C at 4 °C/min, with the final

temperature being held for 20 minutes. The MS was used at 70 eV with an m/z range
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from 50 to 700. Compounds were identified on the basis of their mass spectral

characteristics and retention times using synthetic standards.

4. Results

4.1. Chemostratigraphy

The 63*Sevap (i.€., the 834S of sulphate) data for A Bed range between -3.61 %o and +10.57
%o (Fig. 3). Between the depths of 98.35 m and 86.69 m, the &3*Sevap values scatter
between +1.06 %o and +8.35 %., before showing a negative excursion to a minimum of -
3.61 %o at 84.36 m depth. The data abruptly increase from -2.43 %o at 80.20 m, to +7.34
%o at 79.60 m depth, and subsequently oscillate between +6.27 %o and +10.57 %o to a
depth of 68.57 m (Fig. 3). As is the case for all data in this study, we do not report 63*Seyap
data between beds A and B, as the drillcore within this depth interval was disposed of
prior to sampling. From a depth of 48.82 m at the base of B Bed, through to 35.38 m, the

834Sevap data range between +8.15 %o and +12.12 %o (Fig. 3).

For sedimentary sulphides, we report 63*S data for chromium-reduced sulphide
(634Scrs) and acid-volatile sulphides (83*Savs) (Fig. 3). At the base of A Bed, §3*Scrs values
exhibit a declining trend from -4.72 %o at 98.35 m, to -39.31 %o 87.69 m. The &3*Scrs data
subsequently oscillate between -37.87 %o and -28.62 %o between 86.69 m and 69.17 m
depth. Within A Bed, &*Savs data range between -22.6 %o and +6.5 %o, generally
maintaining a state of isotopic enrichment when compared with §34Scgs. An exception to
this occurs at a depth of 89.93 m, where we observe a §3*Scrs value of -19.85 %o and a
534Savs of -20.52 %o. Between 48.82 m and 35.38 m, including both B bed and C bed, the

534Scrs data exhibit large variations, between -37.49 %o and -0.30 %o. On the other hand,
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the 863*Savs do not show as much variation, oscillating between -11.03 %o and +4.72 %o

and maintaining a state of isotopic enrichment compared to 634Scgs (Fig. 3).

The &8N0t data for A Bed range from +4.98 %o to +10.86 %o, exhibiting a positive
excursion from +7.14 %o at 98.35 m depth to a maximum value of +10.86 %o at 86.50 m,
subsequently decreasing to +5.31 %o at 68.57 m. Across beds B and C, within a depth
range of 48.82 m and 35.38 m, the 6Nt data are more poorly resolved but exhibit a
declining trend from +8.07 %o to +4.01 %o (Fig. 3). The C/N and &Nt data exhibit
comparable stratigraphic trends. The C/N data for A Bed exhibit a sharp increasing trend
from 7.71 at 98.35 m through to 31.34 at 86.69 m and is thus broadly coincident with
the increase in 8%°Nit. In addition, the negative excursion in 6Nt across evaporite beds

B and Cis concomitant with a decline in C/N values from 19.5 to 6.1 (Fig. 3).

The 8'3Corg data exhibit relative stability around -24 %0 within A bed, except for a
minor positive excursion to -20.42 %o around 90 m (Fig. 3). Between 48.82 m and 35.38
m which includes B and C beds, the 8'3Cor profile exhibits more variability but shows
two positive shifts within B and C beds, reaching maximum values of around -5 %o and

+1.64 %o, respectively (Fig. 3).

4.2. Molecular analyses

Preliminary GC-MS analysis of the aliphatic and aromatic hydrocarbon fractions of
selected samples showed a varying content and degree of preservation of the soluble
organic matter, which depends on the OM content of the samples. Figure 4 illustrates an
example of a GC-MS chromatogram of an aliphatic fraction of the sample at 40.58 m
containing >3% TOC within the massive anhydrite C-bed. Linear hydrocarbons ranging
from Ci6 to C37 and with a dominant distribution of the Czs-Cs3 are observed in addition
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to the acyclic isoprenoids pristane (Pr) and Phytane (Ph) and a series of bacterial
hopanes. This sample also shows the significant presence of the saturated carotenoid -
carotane and of the weak but unambiguous presence of three aromatic carotenoids
isorenieratane, B-isorenieratane and okenane, the presence of which was confirmed by
the co-injection of standards (Fig. 4). These aromatic carotenoids, specific of anoxygenic
phototrophic bacteria, were not detected in samples from other Beds, but B-carotane,
characteristic of oxygenic phototrophs, was also present just below, within a mass of

bedded anhydrite within A Bed (Figs. 3, 5).

The pristane/phytane (Pr/Ph) ratio, potentially indicative of variable redox and/or
salinity conditions, could be calculated in 4 of the ca. 10 samples investigated for their
lipid biomarker composition. In spite of the low stratigraphic resolution, values of this
ratio range from 0.68 to 0.99 between 84.36 m and 79 m depth in A bed, and from 0.88
to 0.48 between 45.02 m and 40.58 m depth in beds B and C, the lowest Pr/Ph value

being observed within evaporite bed C (Fig. 3).

5. Discussion

5.1. Biogeochemical evolution during deposition of the Eden Shales

On the basis of our high-resolution isotope records from KT1153, we present a detailed
view of the biogeochemical evolution of a saline lake/sabkha environment during
deposition of the Eden Shales. Two clearly distinct stages (stage 1 and stage 2) can be
defined, with stage 1 persisting throughout the deposition of A Bed and stage 2 during

the deposition of beds B and C (Fig. 3).
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5.1.1. Biogeochemical conditions during deposition of A Bed

Sulphur isotopes can provide insight into the biogeochemical evolution of the Eden
Shales evaporite system and are most likely controlled by microbial sulphate reduction
(MSR), whereby sulphate is chemically reduced to sulphide via several intermediate
species (Fike et al., 2015). MSR strongly discriminates against 34S, with a maximum
isotopic depletion of 66 %o reported in pure cultures (Sim et al., 2011) and 70 %o in
natural cultures (Canfield et al., 2010). The degree of fractionation is controlled by
physiological and environmental/depositional factors, including redox and sulphate
availability (e.g., Canfield et al., 2010; Gomes and Hurtgen, 2015; Pasquier et al., 2017;
Bryant et al., 2018; Rennie et al., 2018; Jovovic et al., 2020). It is expressed exactly as
emsg, the in-situ fractionation during MSR, or as A3‘S, the degree of isotopic offset
between initial sulphate and sulphide (Canfield, 2001), with the difference between evsr
and A3%S controlled largely by sulphate availability (see Gomes and Hurtgen, 2015 for

details).

Our &3*Scgs data exhibits a consistent 3*S-depletion relative to 63*Says (Fig. 3), as
has been reported previously (e.g., Zaback and Pratt, 1992; Weber et al., 2016),
suggesting the constituent sulphide within the AVS was characterised by a smaller A34S
(between initial sulphate and AVS) during formation. In sediments, AVS is commonly
associated with iron sulphide minerals such as greigite and mackinawite (Rickard and
Morse, 2004), although the specific source of the AVS in our samples cannot be precisely
confirmed. However, assuming that much of the AVS is sourced from minerals such as
greigite and mackinawite, then the relative 34S-enrichment of AVS in KT1153 could

suggest that such mineral species formed under more reducing and sulphate-limited
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conditions than pyrite (the dominant source of CRS), such as at greater sediment depths
or within isolated micro-environments, likely after pyrite formation during early
diagenesis. Such conditions would have reduced the net A3*S between initial sulphate
and AVS. While ewusr likely remained constant, a Rayleigh distillation effect would have
generated a 3%S-enrichment of pore-water sulphate, facilitating the progressive 34S-

enrichment of pore-water sulphide with continued MSR (Fike et al., 2015) (Fig. 6).

The 634Scrs data exhibit rather depleted values (< -30 %o) for much of A Bed (Fig.
3), suggesting strong MSR and sufficient sulphate availability. This is intriguing
considering the established depositional model for A Bed, which assigns the depositional
environment to that of a saline lake, likely isolated from the seawater reservoir (Hoilliday
et al., 1993; Worley et al., 2005). It is of course possible that the established depositional
model for A Bed is incorrect, as it is based primarily based upon the relatively small
spatial coverage of A Bed when compared to beds B and C (Hughes et al., 2003). If this is
the case, then the light 63*Scrs data could be facilitated through conditions of abundant
sulphate provided by a direct connection to the seawater reservoir. However, currently
our geochemical data are insufficient to confirm either way and we will thus maintain

the established depositional model.

In theory, one may expect hydrologic isolation of a saline lake system to be
associated with closed-system sulphur isotope systematics, whereby Rayleigh distillation
effects generate 3*S-enrichments of sedimentary sulphides, as has been reported for
Jurassic saline lakes (Stieken et al. 2019). In modern environments, enriched
sedimentary sulphides have been reported from sediments below sulphidic and

sulphate-poor waters, whereby the release of 3*S-enriched sulphate from anoxic
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porewaters is a primary sulphate source, generating an enrichment in the &3S of
sedimentary sulphides forming from the reduction of porewater-derived sulphate
(J@rgensen et al., 2004; Canfield et al., 2010). However, MSR can still be associated with
large emsr values even under relatively low sulphate concentrations (see Canfield et al.,
2010), with depleted 63*Scrs values being reported from low-sulphate environments

(e.g., Habicht et al., 2002; Canfield et al., 2010; Weber et al., 2016).

Even if the system was hydrologically restricted and possibly characterised by
suboxic redox conditions, it is conceivable that a sufficient abundance of sulphate was
available for microbial sulphate reducers at the sediment/water depths at which MSR
was active. Indeed, the abundance of bedded anhydrite within A Bed, which would have
likely formed as primary gypsum, suggests a consistent supply of sulphate for the

deposition of bedded calcium sulphates.

A possible sulphate source could be weathering-derived sulphate, which would
likely be the primary sulphate source for a terrestrial saline lake system isolated from
seawater. In theory, this sulphate could be transported via groundwater seepage and/or
direct fluvial discharge (Fig. 7), as occurs in modern continental evaporite systems (e.g.,
Magee et al., 1995). Terrestrial inputs could also contribute to the elevation in C/N values
concomitant with the light 63*Scgs values and enrichment in 6*°Niot (Fig. 3) (see below),

providing not only a source of terrestrial sulphate, but also terrestrial biomass.

It is worth noting that 83*Sevap values down to ~-3 %o are extremely depleted,
even if the dominant sulphate source is derived from the terrestrial weathering
environment. By comparison, the global average 83*S value for sulphate in modern fluvial

systems is +4.8 %o (+4.9 %o) (Burke et al., 2018) while seawater at that time had a
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composition between approximately +10 and +14 %o (Claypool et al., 1980; Salisbury et
al., 2022). While we do not measure any biomarkers indicative of sulphide oxidising
bacteria, sulphide oxidation could have occurred elsewhere in the basin, generating a
source of isotopically light sulphate which was subsequently transported to the
evaporitic lake via a fluvial system. Much of the known major sources of sulphide within
the region were likely buried during deposition of the Eden Shales (Stone et al., 2010), it
is of course very difficult to constrain the material exposed to the weathering

environment at the time of deposition.

Another source of 634Scsp depletion could be late-stage diagenetic sulphate
remobilisation. The Eden Shales of KT1153 do include abundant fibrous gypsum veins,
which form during the dehydration of gypsum, usually as extensional veins (El Tabakh et
al., 1998) or in association with slickensides (e.g., Milroy et al., 2019). It is common for
the constituent sulphate of gypsum veins to exhibit a 634Ssos comparable to that of the
evaporite from which the remobilised sulphate was sourced (Moragas et al., 2013;
Salisbury et al., in prep.). When fractionation does occur, it usually takes the form of a
53%Ss04 enrichment in response to a Rayleigh distillation effect associated with repeated
cycles of remobilisation under closed system conditions with respect to the supply of
sulphate (Moragas et al., 2013). However, it is conceivable that considering the relatively
high concentration of sedimentary sulphides within A Bed (see Appendix 2), during the
late-stage diagenetic remobilisation of sulphate, sulphides could have undergone abiotic
oxidation during interaction with diagenetic fluids. This would have generated a flux of
isotopically light sulphate, mixing with sulphate remobilised from pre-existing evaporites

and drawing down the 8§3*Sso4 of gypsum veins which subsequently precipitated.
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Concomitant with the negative §34Sevap excursion, 8'°Niot values exhibit a positive
excursion, increasing from ~+7 %o at the base of A Bed, to a maximum of +10.86 %o at a
depth of 86.5 m. Several mechanisms for 6°Nit enrichment are known (Fig. 7) and will

be discussed individually.

One possible mechanism for 8Nt enrichment occurs under conditions of
alkalinity, whereby ammonia can exhibit volatility (Bastos et al., 2022). Ammonia is
sourced from the partitioning of diagenetically-derived ammonium, a process that
heavily discriminates against °N (Stieken et al., 2019). The *N-enriched ammonia
subsequently escapes to the atmosphere, generating an isotopic enrichment in the
residual ammonium pool (Stiieken et al., 2019; Bastos et al., 2022). This mechanism
could also explain the high C/N values (>30) we report concomitant with the observed
increase in 8Nt (Fig. 3). Ammonia is less readily incorporated into clay minerals, and
thus the diagenetic transformation of ammonia from ammonium would likely generate
a preferential loss of N (relative to carbon) from the sediments, inciting an increase in

C/N ratios (Stieken et al., 2019).

However, while this mechanism appears to fit the geochemical data (§*°Niot and
C/N), there are several issues which we argue ensure it is an unlikely mechanism in this
instance. Firstly, while the 8%°Nt values are enriched, reaching a maximum of +10.86
%o, high pH conditions have been associated with even more extreme enrichments >+15
%o (Stiieken et al., 2019) with enriched 8% Nt values >+15 %o (up to +28 %o) reported
from modern alkaline lakes (Lent et al., 1995; Menzel et al., 2013) and 8N values of
~+30 %o reported from Archean alkaline lakes (Stlieken et al., 2015). Furthermore, the

lithology of the section cored in KT1153 also suggests a high pH may in fact be unlikely
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in this instance, as the Ca-sulphates (nodular and bedded) present would be unlikely to

form in such abundance from alkaline brines (Warren, 2010, 2021).

An alternative possible mechanism for generating the observed &%Niot
enrichment relates to high salinity levels, with ammonium experiencing **N-enrichment
in response to hypersalinity (Isaji et al., 2019; Bastos et al., 2021). Under conditions of
hypersalinity, nitrification is inhibited, causing an associated suppression in rates of
denitrification and anammox. As a result, efficient recycling of ammonium occurs
amongst purple sulphur bacteria and cyanobacteria, stimulating high rates of primary
productivity and generating °N-enriched ammonium (lIsaji et al., 2019). In addition,
under hypersalinity, gaseous ammonia can escape to the due to a decrease in gas
solubility with increasing salinity. During this process, *N-rich ammonia preferentially
escapes, causing a *>N-enrichment of ammonium within the saline brines (interpretation

Ain Fig. 7) (see Isaji et al., 2019 for details).

It is plausible that this mechanism was active during deposition of A Bed,
generating our observed increase in 8Nit, and has been invoked to explain 8'°N
enrichments reported from the Permian Irati and Whitehill formations (Bastos et al.,
2021). The ammonium recycling processes that occur in the absence of nitrification and
suppression of denitrification and anammox were reported from modern microbial mat
structures (lsaji et al., 2019). Although no such structures have been reported from
KT1153, possible mat structures have been found elsewhere within A Bed (Worley, 2024,
pers. comm.), and thus an additional source of *>N-enriched ammonium could be derived

from such mat structures. In addition, the escape of volatile ammonia could also
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contribute to the observed increase in C/N ratios concomitant with the positive 8> Niot

excursion (Fig. 3).

The Pr/Ph ratios for A Bed range between 0.68 and 1, with 0.68 being reported
during the peak of the 8> Ny increase (Fig. 3). While the presence of B-carotane could
indicate high salinity, as it is produced by many halotolerant organisms (Fazeli et al.,
2006), the Pr/Ph values most indicative of high salinity occur above in C Bed (Fig. 3). In
addition, under high salinity, it would be expected for intense evaporation to incite
concomitant enrichments in 83Ccarb and 80 (Stiller et al., 1984; Stieken et al.,
2019), as the evaporation of water favours 1°0 (Stlieken et al., 2019) and CO> solubility
and escape under hypersalinity incites a loss of *2C (Stiller et al., 1984). In contrast to
this, our 83Ccarb and 8'®0carp data within A Bed exhibit relatively depleted values, and
gentle declining trends concomitant with the 8'°Niot excursion, falling to a minimum of -
8.11 %o for &3Cear, and -6.01 %o for 680, (see supplementary). Furthermore,
enrichments in 83Co; have been reported under evaporative conditions (e.g.,
Schidlowski et al., 1984; Birgel et al., 2015; Dorador et al., 2018) (see below), while our

8'3C,rg data for A Bed remain relatively stable between -25 %o and -20 %o (Fig. 3).

It is of course worth noting that the volume of gypsum present in A Bed, and the
halite reported from elsewhere within the basin (Worley, 2005), would suggest
consistent salinity and evaporative conditions. Although our 6*3Ccarb and §*80carb data do
not exhibit signals associated with hypersalinity, it should be noted that all samples
analysed for 6'3Ccar, were bulk powders, and we thus did not analyse pristine carbonate
beds. As a result, the origin of the carbonate subjected to isotopic analysis cannot be

confirmed. Thus, although we do not observe a strong correlation between &'3Ccar, and
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5'80carb OF carbonate content (wt. %) (see Appendix 2), we cannot confidently overlook
the possible diagenetic origin of the carbonate material, and thus any interpretation of
the carbonate data must be made with caution. Also, while 8§'3Corg enrichments have
been linked to hypersalinity (Schidlowski et al., 1984), other factors such as microbial
productivity are thought to play a major role in generating 6'3Corg enrichments (see
below and Schidlowski et al., 1994; Birgel et al., 2015), and thus, a lack of *C-enriched
bulk organic carbon in A Bed does not necessarily confirm a lack of hypersalinity.
However, the absence of additional independent geochemical data beyond the §'°Niot
and C/N records to confirm hypersalinity, ensures that it is difficult to invoke this

mechanism for generating the observed increase in 8> Niot.

A final possible mechanism for this °N-enrichment is partial denitrification,
whereby dissolved N-rich nitrate is utilised instead of oxygen as an electron acceptor
during organic matter oxidation, and commonly occurs under suboxic conditions where
02 availability is limited (Jenkyns et al., 2001; Mettam and Zerkle, 2021). During this
process, nitrate undergoes chemical reduction, yielding an isotopically light gaseous N3
product (Bastos et al., 2021). Quantitative denitrification would yield no net isotopic
effect, as little nitrate would remain to yield a relative **N-enrichment within the system
(Jenkyns et al., 2001; Mettam and Zerkle, 2021). However, under suboxic conditions, a
N-enriched residual nitrate pool remains as *N-rich gaseous N, escapes to the
atmosphere (Jenkyns et al., 2001). The residual nitrate is subsequently assimilated by
organisms, generating °N-enriched biomass (see interpretation B in Fig. 7) (Bastos et al.,

2021).
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Concomitant with the positive §°Niot excursion, we report Pr/Ph values between
0.68 and 1, with the prior being reported at 84.36 m depth, within the depth interval
with the highest 6Nt values (Fig. 3). In addition, we report the occurrence of B-
carotane, and although they are in lower abundance than above in Stage 2 (Fig. 5), their
preservation within the geologic record would require reducing conditions, due to the
susceptibility of their precursor molecules to oxidation (Hebting et al., 2006). Thus, when
viewed together, the available geochemical data suggest the 86Nt enrichment could

have been generated via partial denitrification under suboxic conditions.

In addition, if A Bed is indeed a terrestrial saline lake, then it may have been
susceptible to abundant terrestrial biomass inputs. In fact, an abundance of
carbonaceous plant debris reported from clastic facies associated with evaporite beds A,
B and C are indicative of a rich community of flora around the flanks of the evaporite
basin (Arthurton, 1971). The A Bed evaporite grades laterally into the Hilton Plant Beds,
a likely source of terrestrial plant material, which could have been weathered and
transported by fluvial systems feeding the playa lake system (Burgess and Holliday, 1979;
Hughes, 2003; Ruffell et al., 2006;) Thus, plant material could have contributed to the
increase in C/N ratios, as terrestrial biomass generally has a higher C/N ratio than marine
organic matter due to a relative abundance of N-poor compounds associated with
structural tissues (Lent et al., 1995). Our §3Cor data from A Bed range between -20 %o
and -25 %o (Fig. 3), in line with 8'3Corg values reported from Late Permian vegetation
(Mishra et al., 2019; Aggarwal, et al., 2019). We do observe a relatively minor increase
in 8633Corg t0 -20.42 %o at 89.93 m within A Bed, however this is accompanied by stability
in C/N at low values around 7 (mol/mol), with the heightened C/N ratios occurring

above, where 8'3Corg values exhibit stability at ~-23 %o (Fig. 3). Thus, it seems that if the
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observed increase in C/N ratios is a product of increased inputs of terrestrial biomass,

this had little impact on the 8'3C of bulk organic carbon.

Thus, we suggest the observed increase in 8Nyt was most likely generated
through partial denitrification under suboxic conditions, with the increase in C/N values
reflecting a high relative abundance of terrestrial biomass. Future work should
endeavour to generate further organic geochemical data to better constrain parameters
such as redox, the relative contributions from marine ‘vs’ terrestrial biomass, and salinity

during deposition of the Eden Shales.

5.1.2. Biogeochemical conditions during deposition of beds B and C

The stratigraphy of KT1153 transitions upwards into evaporite beds B and C, where we
report geochemical evidence for distinct biogeochemical conditions, defined here as
Stage 2. The 6Nt data, although of a lower resolution than the nitrogen isotope record
for the underlying A Bed, exhibits a declining trend from +8.07 %o to +4.01 %o (Fig. 3).
This decline suggests an enhancement of nitrogen fixation, whereby diazotrophs utilise
a nitrogenase enzyme to assimilate atmospheric or dissolved di-nitrogen, chemically
reducing it to the more bioavailable form, ammonium (Fig. 7) (Stieken et al., 2016;
Mettam and Zerkle, 2021). The ammonium can be subsequently utilised by non-
diazotrophs, with nitrogen fixation and ammonium recycling only being associated with
a small degree of isotopic fractionation (Mettam and Zerkle, 2021). The most common
nitrogenase enzyme (Mo-based) is associated with an average fractionation of -1 %o
(Stieken et al., 2016), and thus under conditions in which the dominant N sources are

nitrogen fixation and ammonium recycling, organic matter will exhibit a nitrogen isotopic
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composition close to that of atmospheric nitrogen (6'°N = 0 %o + 2 %o) (Mettam and

Zerkle, 2021).

Therefore, an increase in nitrogen fixation rate during Stage 2 would act to draw
down the 8N of sedimentary biomass, in line with the declining trend in §*°Niot across
beds B and C (Fig. 3). Certain nitrogenase enzymes (Fe- and V-nitrogenase) are less
efficient and are associated with larger fractionations between -8 %o and -6 %o (Zhang et
al., 2014). However, these nitrogenase enzymes are less common (Stiieken et al., 2016),
and even if they were active in this case, they would have only contributed to further
reducing the 8°N of biomass in evaporite beds B and C. The activity of nitrogen fixation
in contributing to the declining 6Nt trend is further supported by the detection of a
high concentration of B-carotane (Fig. 4, 5), a saturated carotenoid derived from the
diagenetic degradation of B-carotene and commonly associated with cyanobacteria (Ma
and Cui, 2021). Many cyanobacteria are diazotrophs, capable of directly assimilating
atmospheric nitrogen, and while we do measure B-carotane below in A Bed, the
concentrations are far lower (Fig. 5). Thus, the presence of B-carotane, but lack of

negative 8'°Niot signal in A Bed, is not in this case contradictory.

The Pr/Ph ratio of 0.48 that we report from a depth of 40.58 m (Fig. 3), is
indicative of deposition under conditions of anoxia and hypersalinity (ten Haven et al.,
1987). This is also broadly coincident with a progressive increase in 80 between
47.89 and 35.38 m depth (see Appendix 2), which may indicate severe evaporation
(Stueken et al., 2019). An increase in the degree of anoxia concomitant with increasing
salinity is conceivable, considering the lower solubility of dissolved oxygen at high

salinity (Stiieken et al., 2019). This aligns well with our interpretation for the >Nt trend
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during Stage 2, with increases in nitrogen fixation rates commonly associated with anoxic
nitrate-deficient waters (Bastos et al., 2021). Furthermore, spikes in the TOC (wt %)
content of insoluble residues are observed in Stage 2 (see Appendix 2), potentially
providing further evidence of at least localised anoxia, which would have increased the
preservation potential of organic matter. The potential increase in salinity, along with
heightened rates of primary productivity as evidenced by the high concentration of -
carotane, could have potentially generated extreme 3C-enrichments of bulk organic
matter, expressed as 63Corg values up to a maximum of +1.64 %o (Fig. 3). The heightened
volatility of CO; under conditions of hypersalinity, in combination with high rates of
productivity among photoautotrophs (Fig. 7), suppressed the degree of isotopic
discrimination against 13C during photosynthesis (Schidlowski et al., 1994), causing

extreme 8'3Corg enrichments (see below for details).

In addition to the low Pr/Ph ratio, we also report the presence of aromatic
carotenoids at 40.58 m depth, including isorenieratane, B-isorenieratane and okenane
(Fig. 5). These carotenoids are associated with brown green sulphur bacteria and purple
sulphur bacteria, respectively (Ma and Cui, 2021). Both undertake anoxygenic
photosynthesis, oxidising sulphide for its’ use as an electron donor during the fixation of
carbon dioxide (Frigaard and Dahl, 2008). Thus, their detection in the sedimentary record

is considered evidence for photic zone euxinia (PZE).

Throughout Stage 2, we also report highly variable §3*Scrs data, ranging between
-37.49 %o and -0.3 %o (Fig. 3). Such an extreme degree of variability in the &S of
sedimentary sulphides would indicate repeated changes in the degree of sulphate

availability during MSR, with the light values of §3*Scgs (< -30 %o) representing intervals
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of greater sulphate availability. In contrast, the heavy 63*Scrs values likely represent
instances where the microbial sulphate reducers had access to a more restricted pool of
sulphate, likely resulting from closed system conditions and limited supply of sulphate,
causing a Rayleigh distillation effect during MSR (e.g., Jovovic et al., 2020). Itis plausible
that the extreme scatter in 83*Scgs values relates to changes in the abundance of
hydrogen sulphide (Fig. 7). However, the biomarker data are of low stratigraphic
resolution, with the aromatic carotenoids only being measured at a depth of 40.58 m,
and thus we cannot definitively link every fluctuation in 63*Scrs to an expansion or
retraction in euxinia. What can be said, is that biomarkers indicative of PZE are broadly

concomitant with extreme variability in §3*Scgs.

Interestingly, 634Sevap values for evaporite beds B and C exhibit relative stability
between +8.15 %o and +12.12 %o (Fig. 3), which are within the range established for late
Permian seawater (Claypool et al., 1980; Bernasconi et al., 2017; Crockford et al., 2019;
Salisbury et al., 2022). This would suggest that the basin was connected, at least to a
certain extent, to the seawater sulphate reservoir and/or that sulphate concentrations
were sufficiently high to buffer the local sulphate reservoir from isotopic perturbation.
Accordingly, isorenieratane is commonly recorded from sediments associated with open
water depositional settings and restricted basins, whilst okenane rarely occurs in open
marine settings, being limited largely to euxinic lakes and lagoonal settings (Ma and Cui,
2021). Thus, their co-occurrence within Stage 2, could be viewed as evidence for
deposition within a restricted marine environment. Previous work suggested evaporite
beds B and C are more likely to be marine in origin than the underlying A Bed, but this
inference was based mainly upon lithostratigraphic correlation, without additional

geochemical constraint (Burgess and Holliday, 1974; Holliday et al., 1993; Hughes, 2003).
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Our 83%Sevap data, along with the detection of the aromatic carotenoids isorenieratane
and okenane, thus provide the first direct geochemical evidence of a likely marine origin

for the evaporites of B and C bed within the Eden Shales.

The stability in §34Sevap would seemingly contradict with the variability exhibited
by the 634Scrs record, as the microbial sulphate reducers would have been sequestering
sulphate from a sulphate pool which appears to have maintained isotopic stability. One
possible explanation for this would involve the MSR largely taking place within sediments
or microbial mat structures below the evaporite brines. In addition, the PZE may also be
largely restricted to the sediment/microbial mat structures. Anoxygenic phototrophs are
commonly found within microbial mats in surface sediments and stromatolites (e.g., Arp
et al., 2012). Under a shallow water column, sunlight contacting the sediment can
penetrate and facilitate the development of chemical gradients, within which different
microbial communities can establish niches (Ma and Cui, 2021). For example, it is
common for anoxygenic phototrophs to inhabit layers of microbial mats where sunlight
can still penetrate, underlying the initial oxic zone within which cyanobacteria are active,
oxidising sulphide which diffuses upwards after being generated by microbial sulphate

reducers occupying layers below (Birgel et al., 2015).

Thus, it is conceivable that the apparent contradiction between §34Sey,p stability
and the instability in 634Scrs and biomarker evidence for PZE can be reconciled by
microbial sulphur cycling taking place largely within the sediment or microbial mats
underlying the saline brines. Even though sulphate reducers will still be sourcing
sulphate from the overlying brines, if the concentration of sulphate within the brines

was high, as the abundance of bedded Ca-sulphates suggest it would have been, then
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the sulphate reservoir could have maintained resistance to perturbations in §34S. In fact,
hypersalinity as suggested by the low Pr/Ph ratio of 0.48, would imply high rates of
evaporation, further concentrating the sulphate within the overlying brines, enhancing
its’ resistance to isotopic perturbation. Thus, while the scatter in the §3*Scgs is possibly
recording the response of microbial sulphate reducers to fluctuations in sulphate
availability within microbial mats or within the upper layers of sediment, the 83*Sevap
stability reflects the maintenance of a large and highly concentrated sulphate reservoir,

sustained by seawater sulphate inputs.

The main issue with this hypothesis, is the lack of confirmation regarding the
presence of microbial mat structures in evaporites beds B and C. While structures clearly
associated with microbial mats have been reported from A Bed, the presence of mat
structures within the overlying B and C beds is more controversial (Worley, 2024; pers.
comm.). Arthurton (1974) reported features possibly associated with microbial mat
structures within A Bed and at the base of B Bed, comparing them to features found in
the intertidal zones of contemporary sabkhas. In addition, layered structures which may
have microbial affinity are present also within C Bed (Worley, 2024; pers. comm.).
However, no such features have been identified from the drillcore of KT1153, and those
that have been reported elsewhere have not been subjected to detailed geochemical
analysis. Thus, we must admit that the presence of microbial mat structures within the
Eden Shales is still debated, however there are features which could be tentatively
associated with a microbial origin throughout the stratigraphy. Thus, it is possible that
we present geochemical data indicative of elemental cycling within microbial mat
communities, without reporting direct sedimentological evidence. Future studies should

endeavour to sample the layered structures tentatively assigned a microbial affinity and
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subject them to petrographic and geochemical study to see whether comparable
geochemical signals can be observed directly from structures of possible microbial

origin.

5.2. Pathways of *3C-enrichment in bulk organic matter

Isotopic compositions of bulk organic carbon (> -10 %0 and up to +1.64 %o), reported
here within evaporite beds B and C (Fig. 3), are extremely enriched for the organic carbon
pool, which is generally *3C-depleted when compared with the inorganic carbon pool,
due to kinetic isotope effects associated with the biological assimilation of inorganic
carbon (Des Marais, 1995; Schidlowski, 2001). Extreme 3C-enrichments have been
reported from organic carbon phases within modern microbial mat structures under
evaporative conditions. Canfield and Des Marais (1994) observe a substantial reduction
in the degree of isotopic distinction between the §'3C of microbial mat structures and
dissolved inorganic carbon (DIC) in tidal flats and seawater evaporation ponds. Small *3C-
enrichments (> -15 %o) have been observed in blue green algal mats of Baffin Bay, Texas
(Behrens and Frishman, 1971) and 8'3Corg values between -8.4 %o and -4.4 %o, and -16.8
%o and -6.1 %o were reported from microbial mats in Solar Lake and Gavish Sabkha,
respectively (Schidlowski et al., 1984). Subsequent work reported 8'3Corg values from -
20 %o to -5 %o within microbial mats of Lagoa Salgada, Brazil (Birgel et al., 2015) and
recent work presents 83Cog data with enrichments > -10 %o from microbial mat
structures in Laguna Puilar, Salar de Atacama, Chile (Dorador et al., 2018). In addition,
13C-enrichments in inorganic carbon phases have also been reported (Stiller and

Magaritz, 1974; Stiller et al, 1984; Gu et al., 2004; Lacelle et al., 2009; Planavsky et al.,
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2009; Birgel et al., 2015) and are in some instances observed in direct association with

813Corg enrichments (Birgel et al., 2015).

It has been common for §3Ccarn, enrichments to be explained by the activity of
methanogens and/or photoautotrophs (Stiller and Magaritz, 1974; Gu et al., 2004;
Lacelle et al., 2009; Planavsky et al., 2009; Birgel et al., 2015). Birgel et al. (2015) report
13C-enrichments in both organic carbon and carbonate from Holocene microbial mat
structures, arguing these isotopic signatures cannot be attributed to photosynthetic
carbon fixation alone, invoking a mechanism dependent upon the activity of
methanogens. Methanogenesis, a process by which methanogenic archaea, in the
absence of oxygen, convert carbon dioxide or organic matter to biomass, energy and
methane (Thauer, 1998; Ferry, 2010). Although there exist three biochemical pathways

by which methane is produced biotically (Ferry, 2010), they are all thought to yield a
methane product depleted in 13C relative to the inorganic carbon pool (Londry et al.,

2008).

In the model proposed by Birgel et al. (2015), sulphate replete conditions and
suppressed microbial sulphate reduction rates increase the flux of organic carbon to
methanogens, which produce isotopically light methane that escapes to the atmosphere
under evaporative conditions. Methanogenesis and subsequent methane escape
generate a 3C-enriched residual inorganic carbon pool (also see Gu et al., 2004), which
is then fixed by photoautotrophs, yielding a flux of isotopically enriched biomass (Birgel
et al.,, 2015). In support of this model, Birgel et al. (2015) report high methane
concentrations, associated with archaeal membrane lipid biomarkers, which are

characteristic of the activity of methanogens (Kates, 1993). While it is of course plausible
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that methanogenesis, along with methane escape and photoautotrophic fixation, could
have been responsible for the §'3Corg enrichments observed in the Eden Shales, we still

have no direct evidence to support this.

The samples analysed in our study are too old for membrane lipids of
methanogenic archeae to have been preserved through geological time. However, the
strong presence of phytane, a possible lipid biomarker of methanogens, in the C bed,
may still indicate the presence of methanogenic archaea. The compound-specific carbon
isotope data of this compound is currently being investigated to better constrain the
biological origin of phytane. In addition, we also do observe a concomitant increase in
813Cearb Within C Bed (see Appendix 2), but as stated, the primary origin of the carbonate
phases analysed for this study cannot be confirmed. While Birgel et al. (2015) were able
to confirm low sulphate concentrations in Lagoa Salgada, our 634Seysp data from beds B
and C suggest that sulphate concentrations remained relatively constant during Stage 2
(see above). In general, high sulphate concentrations are thought to limit rates of
methanogenesis in marine sediments, with much of the organic matter flux being
consumed through MSR (Jgrgensen et al., 2019). However, in saline lakes, MSR and
methanogenesis have been observed to overlap, with methanogens utilising
uncompetitive substrates under conditions of hypersalinity (Giani et al.,, 1984; Oren,

1999).

In addition, under high sulphate conditions, it is possible that methane produced
within the sediment or microbial mat structures (if present) would be subsequently
consumed through the anaerobic oxidation of methane (AOM). Anaerobic

methanotrophic archaea (ANME), in consortium with microbial sulphate reducers,
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oxidise methane for energy generation, utilising sulphate as the final electron acceptor
(Nieman and Elvert, 2008; Knittel and Boetius, 2009). Microbial communities associated
with AOM appear ubiquitous in anoxic marine sediments with sufficient concentrations
of both methane and sulphate (Niemann and Elvert, 2008), including saline lake
environments (Joye et al., 1999). It could therefore be argued that any methane
produced via the activity of methanotrophs, would likely be consumed via AOM before
release to the atmosphere, thus limiting extreme enrichments in 8'3Cors. However,
evidence does exist to suggest that rates of AOM can be suppressed under conditions of
hypersalinity (Joye et al., 2009). In addition, at a depth of 40.58 m, the absence of lipid
biomarkers specific of anaerobic methanotrophs (ANME) such a pentamethylicosane

(PMI) does not argue for the occurrence of AOM during deposition of C Bed.

The presence of isorenieratane, B-isorenieratane and okenane could reflect a
localised and temporary expansion in the concentration of hydrogen sulphide and
anoxia, with an associated reduction in sulphate concentrations. As discussed above,
these aromatic carotenoids are broadly concomitant with extreme variability in §3*Scgs,
which indicates fluctuations in sulphate availability during MSR, and may exhibit a direct
association with expansions in PZE. Under such conditions, rates of AOM would be
suppressed, potentially facilitating a greater methane flux, as has been suggested for
periods of low seawater sulphate concentrations at various points throughout Earth
history (e.g., Hall et al., 2018; He et al., 2020). This could potentially explain the detection
of aromatic carotenoids at the same stratigraphic depth as the most enriched §*3Corg

value of +1.64 %o (Fig. 3, 4).
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While we do not report direct geochemical evidence for methanogenic activity,
we do detect [-carotane, a saturate carotenoid associated with the activity of
photoautotrophs, such as cyanobacteria (Ma and Cui, 2022). The highest concentration
of this biomarker was found at 40.58 m depth, along with isorenieratane, -
isorenieratane, okenane and the highest reported 8'3Corg value (Fig. 5). Cyanobacteria fix
carbon via the C3 photosynthetic pathway, with naturally occurring communities within
microbial mat structures producing an average 8'3Corg value of -16 %o (Schidlowski,
2000). Of course, cyanobacteria, along with brown coloured green sulphur bacteria and
purple sulphur bacteria could, as suggested by Birgel et al. (2015), have fixed CO; from a
13C-enriched DIC pool, producing a relatively 3C-enriched organic carbon flux.
Measurement of the 3C composition of B-carotane is currently underway and will help
us to confirm or refute the proposed model for the enriched 6*3Corg values observed in

beds B and C.

Another possibility involves CO; volatility during evaporation, which has been
invoked to explain enrichments in §'3Ccarb and 8'3Corg (Schidlowski et al., 1984; Stiller et
al., 1984; Horton et al., 2016). Under conditions of hypersalinity and high temperatures,
often associated with saline lake/sabkha environments, CO; can exhibit greater volatility
due to a reduction in its’ solubility, inciting CO»-limited conditions (Schidlowski et al.,
1985). During CO-limitation, the step of CO; diffusion into the cell of a
photosynthesising microbe becomes rate-limiting (Schidlowski et al., 1985; Des Marais,
1995). CO; fixation via the C3 photosynthetic pathway is generally associated with a large
degree of isotopic fractionation (-20 %o to -40 %o), with the RuBP carboxylase reaction
strongly favouring discrimination against 13C (Schidlowski et al., 1984). In contrast, the

diffusive step is only associated with a maximum fractionation of approximately -4 %o
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(Schidlowski et al., 1984), and thus, a shift towards the latter becoming rate limiting will
ensure a suppression of CO; fixation as the primary source of isotopic discrimination,
reducing fractionation (Schidlowski, 2000). Indeed, at 40.53 m depth, a 633Corg value of
+1.64 %o and a 8'3Ccarp value of +2.02 %o (Fig. 3 and see supplementary) would suggest
a very minor degree of isotopic discrimination during the biological assimilation of
inorganic carbon. However, the possible diagenetic origin of carbonate phases ensures

interpretation of the carbonate data must be made cautiously.

This C Bed depth interval is also associated with a low Pr/Ph ratio of 0.48 (Fig. 3),
which could reflect heightened levels of salinity, and thus potentially CO; volatility. In
addition, the high abundance of B-carotane could itself indicate salinity, with previous
work providing evidence that with increasing salinity, an increase in the relative
production of B-carotene (the precursor to B-carotane) is seen from halotolerant

organisms (Ben-Amotz and Avron, 1983; Gomes et al., 2003; Fazeli et al., 2006).

It should also be noted that several studies have provided evidence to suggest
that salinity may not be the primary constraint in generating 3C-enrichments in biomass
(Des Marais et al., 1989; Schidlowski et al., 1994). In addition to salinity, primary
productivity appears to impart a control over 3C-enrichment, with higher rates further
depleting the local DIC pool and generating conditions of CO»-limitation (Schidlowski et
al., 1994; Schidlowski, 2000). In turn, this would ensure that the isotopically
indiscriminate diffusion step becomes rate limiting during CO; assimilation (Schidlowski
et al., 1994). Accordingly, the most enriched &'3Corg value is reported at the same depth
interval as the highest concentrations of saturate and aromatic carotenoids, potentially

suggesting that the 3C-enricnment of biomass was concomitant with high levels of
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productivity amongst photoautotrophs. However, beyond these lipid biomarkers, we
have no independent means for assessing rates of productivity, and no method for

confidently estimating concentrations of dissolved CO,.

Efforts should be made to generate additional organic geochemical data from the
Eden Shales, with a particular focus towards the detection of lipid biomarkers,
particularly those associated with methanogenic, methanotrophic and
photoautotrophic activity. The detection of biomarkers associated with methanogenic
(archaea) and methanotrophic (bacteria) activity would provide direct evidence for the
local production and consumption of methane, respectively. Biomarkers associated with
photoautotrophs will allow a better assessment of the rates of primary productivity
during deposition. In addition, attempts to generate MTTC ratios will enable their
utilisation alongside the Pr/Ph ratio as a more robust palaeosalinity proxy for assessing

degrees of salinity and CO; limitation.

6. Conclusions

Here, we report a high-resolution geochemical dataset, including a range of stable
isotopic records (863*Sevap, 634Scrs, 6°Nitot, 613Corg), accompanied by preliminary organic
geochemical data. These data have enabled us to define two phases of distinct
biogeochemical character, Stage 1 during the deposition of A Bed, and Stage 2 during
the deposition of beds B and C (Fig. 3). Stage 1 is currently the most poorly understood,
however we suggest deposition occurred within a hydrologically isolated saline lake
system, with sulphate and biomass inputs largely being sourced from the terrestrial
weathering environment, with much of the terrestrial biomass possibly being sourced

from a rich community of flora surrounding the flanks of the evaporite basin. While the
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53*Scrs data suggest sulphate was present in sufficient abundances to enable large net
A3%S during MSR, the 83*Sevap record appears to be overprinted by a diagenetic signal,
possibly related to the late-stage diagenetic remobilisation of sulphate. An increasing
trend in 8°Nwot could be related to either partial denitrification under suboxia, or the

loss of *N-rich ammonia under evaporative conditions.

In contrast, Stage 2 is characterised by evidence for greater expansions in anoxia,
PZE and heightened salinity levels. Declining trends in 6Nt concomitant with the
maximum concentration of B-carotane reported within KT1153, indicate increases in
nitrogen fixation, associated with an enhancement of cyanobacterial productivity. In
addition, highly enriched 8'3Corg values (up to +1.64 %o) are likely a response to increased
salinity levels in combination with heightened productivity amongst phototrophs,
suppressing the degree of 3C-discrimination during photosynthetic carbon fixation. We
also suggest that methanogenic activity could have contributed to the observed §'3Corg
enrichments, but the lack of sufficient lipid biomarker data prevents us from confirming
the involvement of such a mechanism at this stage. Highly variable &3*Scgrs values
(between -37.49 %o and -0.3 %o) suggest fluctuations in the degree of sulphate
availability during MSR, and possibly relate to the presence of PZE, for which we report
evidence from the presence of aromatic carotenoids charatecteristics of phototrophic

sulphur bacteria (isorenieratane, B-isorenieratane and okenane).

The extreme variability in 63*Scrs appears to directly contradict the 63*Sevap
record, which maintains relative stability between +8.15 %o and +12.12 %o, in line with
values for late Permian seawater (e.g., Salisbury et al., 2022). Thus, while the §3*Scrs data

suggest marked variability in sulphate limitation, the 834Sevap record indicates a relatively
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constant sulphate reservoir, potentially sourced primarily from seawater ingress. We
suggest this apparent contradiction reflects a stratified system, in which microbial
sulphate reducers are reducing sulphate in restricted environments within mat
structures or the underlying sediment, within which PZE would expand and contract,
while the sulphate maintained isotopic stability within the overlying saline brines, fed by
the vast seawater sulphate reservoir. The close comparison between the §3*Seap data we
report and the established range for Permian seawater is significant, providing the first
direct geochemical evidence for a hydrologic connection to seawater during deposition
of evaporites beds B and C, which until now had only been inferred based upon the
results of lithostratigraphic analysis (Burgess and Holliday, 1974; Holliday et al., 1993;

Hughes, 2003).

Additional organic geochemical data should be gathered to better constrain
environmental parameters, such as salinity, redox and the relative contributions from
terrestrial and marine (phytoplanktonic, archaeal and bacterial) biomass sources. In
doing so, it may be possible to better constrain the degree of hydrologic restriction
during A Bed deposition, which currently remains unclear, while also providing insight
into the most likely mechanism for generating the observed 8Nt enrichment during
Stage 1. Furthermore, compound-specific carbon and nitrogen isotope analyses could
prove very informative, assisting in further constraining the nature of carbon and
nitrogen cycling during deposition of the Eden Shales. Efforts should also be made in the
detection of biomarkers indicative of methanogenic and/or methanotrophic activity,
which in combination with more robust palaeosalinity proxies, may facilitate a better
understanding of the microbially-mediated carbon cycle dynamics responsible for

generating the extreme 8'3Corg enrichments during Stage 2.
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Figure 1: The established lithostratigraphic framework for the late Permian and earliest
Triassic of the Vale of Eden, Cumbria. The major lithostratigraphic units are provided,
along with subdivisions of the Eden Shales Formation. The dashed line for the position

of the Permian-Triassic chronostratigraphic boundary reflects the uncertainty regarding
its’ precise placement above the D Bed evaporite. The grey shaded intervals are those
from which samples were analysed for this study. Abbreviations: Grp. = group; Fm. =

formation; S.5.G. = Sherwood Sandstone Group; H.P.B. = Hilton Plant Beds; Dol. =
dolomite. The lithostratigraphy is based upon Hughes (2003) and Ruffell et al. (2006).
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Figure 2: Palaeogeographic context of the latest Permian. The location of drillcore
KT1153 sampled for this study is marked with a black star. Adapted from Salisbury et al.
(2023).
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Figure 3: Geochemical data presented against a simplified lithological log. The two biogeochemically distinct stages (Stage 1 and Stage 2)
established and discussed in the text are marked on the right. The lithostratigraphy is based on the original drilling log, provided courtesy of
British Gypsum.
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Figure 4: (A) Total lon Chromatogram (TIC) and partial m/z 125 fragmentogram of the
saturated hydrocarbon fraction from a sample within C Bed evaporite at a stratigraphic
depth of 40.58 m showing the strong presence of B8-carotane. (B) The identification of
isorenieratane, B-isorenieratane and okenane in the aromatic fraction of this sample is
also presented.
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Figure 5: Partial mass fragmentograms (m/z 125) of 8 samples across the sampled
interval of drillcore KT1153. The GC-MS traces are displayed stratigraphically, with the
stratigraphic depth of each sample provided. 8-carotane is marked with a star (*)
above the traces for the samples within which it was detected.
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Figure 6: Schematic diagram of the reservoir effect on the A**S associated with sulphide
formation. The concentration (left) and &*S (right) of the sulphide (H2S, red) and
sulphate (SO4%, blue) are plotted with depth in the water column and underlying

sediment. The model presented assumes sulphide formation is occurring diagenetically

within the sediment body. A sharp reduction in the concentration of sulphate below the
suboxic-anoxic boundary within the sediment, causes a Rayleigh distillation effect and
the 3*S-enrichment of both sulphide and sulphate. Approximate 634S for pyrite and acid-
volatile sulphide (AVS) are marked with black arrows. The magnitude of the A3S
between initial sulphate and sulphide is represented by black-filled circles and dashed
lines. AVS is associated with a smaller net A3*S, as its formation occurs deeper within
the sediment where sulphate concentrations are lower. For further details, see Gomes

and Hurtgen (2015).
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Figure 7: Schematic diagram of the biogeochemistry during deposition of late Permian
Eden Shales. Two distinct biogeochemical stages are presented, Stage 1 (A bed) and
Stage 2 (beds B and C). For Stage 1, two potential interpretations for the observed
increase in 8" Nyt are presented. Interpretation A involves partial denitrification and
the loss of 1*N-rich gaseous N (see Jenkyns et al., 2001; Mettam and Zerkle 2021).
Interpretation B involves the °N-enrichment of ammonium conditions of hypersalinity.
In this case, the inhibition of nitrification suppresses rates of denitrification and
annamox, facilitating efficient microbial recycling of ammonium. In addition, under
hypersalinity, ammonia experiences volatility, with 1*N-rich ammonia escaping to the
atmosphere. Together, ammonium recycling and ammonia volatility, generate a 1°N-
enriched ammonium pool (see Isaji et al., 2019). During Stage 2, seawater inflow
provides a source of marine sulphate. Expansion in the extent of photic zone euxinia
(PZE), possibly within the uppermost sediment, microbial mat structures, or at
particular depths within the brine system, led to localised sulphate limitation and the
34s-enrichment of sulphides via a Rayleigh distillation effect. Efficient N fixation
amongst cyanobacteria generates a reduction in the §*°N of total nitrogen.
Furthermore, CO; volatility under conditions of hypersalinity, in combination with
hypersalinity, generate an extreme 3C-enrichment of organic matter (see Schidlowski

et al., 1994).
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Chapter 6: Conclusions

The late Permian-Triassic has seen extensive study, with particular focus applied to
understanding the End Permian Mass Extinction Event (EPME) and the End Triassic
Extinction (ETE). These extinction events represent major shifts in the Earth’s biosphere
(Sepkoski, 1996) and are associated with perturbations in the isotopic composition of
seawater sulphate (Claypool et al., 1980; Bernasconi et al., 2017; He et al., 2020;
Salisbury et al.,, 2022). The success of isotope stratigraphy in developing robust
correlations at a high resolution is, in part, dependent upon isotopic variability (see Yao
et al., 2019). The perturbations recorded in the §34S of seawater sulphate across the late
Permian-Triassic are ideal for the establishment of sulphur isotope correlation schemes.
Recent studies have successfully applied evaporite-based sulphur isotope (83*Sevap)
stratigraphy to the Triassic of central Europe (Bernasconi et al., 2017) and eastern Spain
(Orti et al., 2022). However, until the work presented here, 5§3*Sevap-based stratigraphy
has seen little application to the UK Triassic, despite the abundance of evaporitic

material.

This thesis presents 83*Sevap records from five distinct Permian-Triassic UK
sedimentary basins, in order to establish further chronostratigraphic constraint to
biostratigraphically barren evaporites (chapters 2, 3 and 4); provide additional insight
into the degree of marine influence during the UK Triassic evaporite deposition (chapter
4); and to further elucidate the biogeochemical evolution of the Permian-Triassic, either
on a long-term global scale (chapter 2) or on the scale of a single evaporite system

(chapter 5).
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The thesis is presented as a series of manuscripts for publication, two of which
have already been published (Salisbury et al., 2022, 2023), while two are included in
currently unpublished forms and are being finalised for publication (chapters 4 and 5).
Accordingly, a detailed conclusion is included at the end of each chapter. Here, |
consolidate and summarise the conclusions of each, while finally suggesting potential

avenues for future research.

1. Establishing a UK Triassic 634Sevap record and modelling of the sulphur cycle

The sulphur isotope analysis of evaporitic material (ca-sulphates and halite) from the
Staithes S-20 borehole, Yorkshire, England, enabled the generation of a §2*Seyap record
extending from the uppermost Zechstein, through the Bunter Shale and Bunter
Sandstone (Sherwood Sandstone Group — SSG), to the upper Mercia Mudstone Group
(MMG) (Fig. 2.2). At the time of publication, the Staithes S-20 83*Sevap represents the
most high-resolution sulphur isotope record for the UK Triassic, with previously

published data lacking temporal and spatial resolution (e.g., Taylor, 1983).

The compilation of various 8*Sevap datasets from evaporites globally enabled the
generation of a global composite 63*Sevap record, assumed to represent the temporal
evolution in the §3S of seawater sulphate. The close comparison between the Staithes
S-20 63*Sevap record and the global composite age curve enabled correlation, establishing
the highest resolution 83*Sevap correlation scheme between evaporites of the UK late-
Permian-Triassic, and temporally equivalent evaporites in continental Europe and
further afield. At the base of the sampled interval in Staithes S-20, the 634Sevap data
appear to exhibit cyclicity through the uppermost Zechstein and through to the lower

Bunter Shale, which could in theory be employed for the purposes of stratigraphy,
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assuming it is a signal of global significance. For the remainder of the Bunter Shale and
overlying Bunter Sandstone, the 834Seyap data exhibit values (~+10-12 %o) comparable to

those of Permian seawater sulphate (Claypool et al., 1980; Crockford et al., 2019).

In the earliest Anisian, the Staithe S-20 83*Sevap record exhibits an abrupt decline
to ~+15 %o. This compares to the 8§3*Sevap values (¥+17 %o) reported from the earliest
Anisian in the southern Alps (Cortecci et al., 1981; Bernasconi et al., 2017). Due to low
data resolution, and the fact that both studies report this isotopic depletion from the
same formation, Bernasconi et al. (2017) were unable to confidently determine whether
this represents a global seawater signal or local depositional processes. However, the
fact that we report a comparable negative 63*Sevap excursion in the earliest Anisian would
suggest this may indeed be a primary seawater signal and may thus prove useful for the

correlation of sections across the Early-Middle Triassic boundary globally.

The Staithes S-20 634Sevap record and the global composite exhibit relative
stability around +15 %o beginning in the Carnian. This stability is maintained until the
uppermost Mercia Mudstone Group (latest Norian) within Staithes S-20, where we
measure a relatively minor positive 634Sevap excursion to ~+19 %o, which can be
correlated to an excursion of comparable magnitude exhibited by the global composite

during the latest Norian.

The establishment of a correlation scheme between Staithes S-20 and the global
composite sulphur isotope age curve enabled the generation of a composite §3*Sevap,
incorporating the global data and that of Staithes S-20. This composite record was
assimilated into the sulphur biogeochemical box model of Kurtz et al. (2003), generating

the most complete record of pyrite burial for the Triassic. For much of the record, the
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model outputs agree well with previous publications, suggesting a substantial increase
in the pyrite burial flux during the Early Triassic (see Newton et al., 2004; Bernasconi et
al.,, 2017), and a possible weathering event as a driver of the Early-Middle Triassic

negative 634Seyap excursion (see Bernasconi et al., 2017).

However, a possible positive excursion in 634Seysp in the latest Norian has not
been widely reported before. Our model outputs suggest an increase in the pyrite burial
flux would have been capable of inciting an 634S enrichment of this magnitude in the
seawater sulphate reservoir. In addition, the emplacement of the Angayucham large
igneous province (LIP), located today in northwestern Alaska, likely occurred within the
late Norian (Ernst and Buchan, 2001), coinciding with an oceanic warming event inferred
by oxygen isotope records (Trotter et al., 2015). However, it must be emphasised that
the positive excursion in the late Norian of the global composite is derived from data
with poor age constraint (Cortecci et al., 1981; Utrilla et al., 1992). In addition, no
independent biostratigraphic age constraints exist for this depth interval within the
Staithes S-20 drillcore. Thus, the signal in Staithes S-20 could be a product of local
depositional factors and the excursion in the late Norian of the global composite could
be a product of imprecise dating. As a result, we cannot confirm a late Norian positive

534Sevap xcursion with the data currently available.

2. Expanding the UK 63*Seyap curve

Building upon the success of the Staithes S-20 634Sevsp record, sulphur isotope
stratigraphy was applied across additional UK Triassic sedimentary basins. The trends in
both exhibited by the Staithes S-20 and global composite records were replicated from

42/28-2 in the Southern North Sea, UK sector (see Chapter 3), enabling stratigraphic
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correlation. This is particularly significant, as the sampled interval in 42/28-2 is
composed entirely of drill cuttings. In addition, 63*Sevap data from 110/13-8 of the EISB
(see Chapter 4), while exhibiting a greater degree of scatter, still exhibits the gradual
declining trend characteristic of the Middle-Late Triassic, facilitating stratigraphic
correlation. The scatter exhibited by the §34Seyap record of 110/13-8 could be a product
of caving, although this is currently unclear. Despite this, the correlation schemes
established with the 634Seyap records of 42/28-2 and 110/13-8 demonstrate the potential
suitability of drill cuttings for the sulphur isotope stratigraphy of evaporites. This is
noteworthy, as the ubiquity of drill cuttings greatly increases the number of sites
available for sampling, providing the potential to expand the geospatial coverage of the

composite Triassic §34Sevap record.

Similarly to the 6*Sevap data of Staithes S-20, the 63*Sevap record of 42/28-2
exhibits values in line with those of later Permian seawater within the Bunter Shale and
Bunter Sandstone formations (see Salisbury et al., 2023 and Chapter 4). This is
significant, as it could suggest that the lower Bunter Sandstone is of Permian age along
the western margins of the Southern Permian Basin, and thus the Permian-Triassic
boundary in the locations sampled here should be shifted to a currently undefined

position within the SSG.

Interestingly, 634Sevap data from the SSG and the lowermost MMG (Lagavarra
Formation) in the Larne Basin appear to provide a comparable signal (see Chapter 4).
Data from the lower SSG in drillcore of GT-01 Kilroot range between +8 %o and +11 %o
and are thus comparable to late Permian seawater. In addition, §34Seyap data from the

lowermost Lagavarra Formation compare well with the global composite curve in the
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early Anisian. 83*Sevap data of Cairncastle-2 (also the Larne Basin) from the uppermost
SSG range between +22 %o and +24 %o and are thus consistent with &34Seyap values
established for seawater sulphate during the latest Early Triassic. When viewed together,
these data suggest the lowermost SSG should also be assigned a late Permian age in the
Larne Basin, and that the PTB could be placed at a position within the SSG. It should be
stressed though, that these data from the Larne Basin are of low resolution due to the
low abundance of evaporitic material in the SSG, preventing a precise placement of the

PTB and limiting the confidence of any interpretations.

The 6*Sevap-based correlation scheme established for 110/13-8 is broadly in line
with the established biostratigraphy and lithostratigraphic framework (see Chapter 4).
The 63*Sevap data suggest the upper boundary of the Preesall Halite could be shifted into
the Ladinian. While it is of course true that the biostratigraphy is of low resolution and
does not provide precise constraint to the chronostratigraphic position of this
lithostratigraphic boundary, our 634Sevap data from a single core in the EISB is likely
insufficient to challenge the established framework, which assigns the uppermost
Preesall Halite to the Anisian. Thus, the 634Secvp-based correlation assigns the
stratigraphy from the lower boundary of the MMG to the upper boundary of the Preesall
Halite to the Anisian. The Warton Halite is assigned to the Carnian, and although the
534Sevap data would allow for this formation to be stretched into the Norian, the available
biostratigraphy suggests this is unlikely (see Jackson and Johnson, 1996). Thus,
considering that an entirely Carnian age for the Warton Halite also facilitates reasonable
834Sevap correlation with the global composite, the Warton Halite is assigned to the

Carnian in the 634Sevap correlation scheme presented here.
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The 83*Sevap data for Carnduff-02 (Larne Basin) and Burton Row (Wessex Basin)
are offset from the global composite, attributed to a possible overwhelming terrestrial
sulphate flux, and thus a terrestrial depositional model (see below). The age models for
these cores are thus based upon available biostratigraphy (e.g., Warrington, 1995;
Baranyi et al., 2019) and, in the case of Burton Row, magnetostratigraphy (e.g., Hounslow
and Gallois, 2023). Despite the difficulties in establishing 634Sevap-based correlations for
Carnduff-02 and Burton Row, broader application of evaporite-based sulphur isotope
stratigraphy to UK Triassic has been successful in the EISB and southern North Sea, as
well as in the Larne Basin for the SSG and lowermost MMG. Accordingly, the results of
83%Sevap-based stratigraphy presented in this thesis justify the further application of this

methodology throughout the UK Permian-Triassic and further afield.

3. Marine influence during deposition of Mercia Mudstone evaporites

The difficulty in confidently distinguishing between marine and nonmarine evaporites in
the geologic record has long been recognised and results from possible ambiguities in
the sedimentology and mineralogy of marine and nonmarine evaporite deposits (e.g.,
Hardie et al.,, 1984; Lowenstein et al., 1989; Warren, 2010; Leitner et al., 2023).
Accordingly, much debate persists regarding the degree of marine influence during
deposition of evaporites within the UK Triassic Mercia Mudstone, with apparent
contradictions in sedimentological (Andeskie et al., 2018; Milroy et al.,, 2019),
palaeontological (Warrington, 1995; Baranyi et al., 2019) and geochemical data (Taylor,
1983; Salisbury et al.,, 2022; 2023). Recent studies interpret mineralogical and
sedimentological data from the MMG as evidence for deposition within terrestrial playa

lake systems (Andeskie et al., 2018; Milroy et al., 2019). However, Andeskie et al. (2018)
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and Milroy et al. (2019) did not employ geochemical methods, relying solely on

petrographic and sedimentological observations.

534Sevap data are sensitive to the relative magnitudes of marine ‘vs’ terrestrial
inputs during deposition (e.g., Playa et al.,, 2000; Legler and Schneider, 2008).
Interestingly, 63*Sevap records for the MMG of 110/13-8 (East Irish Sea Basin - EISB),
Staithes S-20 (Cleveland Basin) and 42/28-2 (southern North Sea, UK) compare well with
the global composite 834Sevap age curve for the Triassic (see Chapter 4). This likely
suggests that during evaporite deposition, sulphate was received from a common
seawater source, which would maintain spatial isotopic homogeneity, thus explaining
the correlation between these sample sites and the global composite Triassic 63*Sevap

curve.

In contrast, the 634Sevap records for Carnduff-02 (Larne Basin) and Burton Row
(Wessex Basin) exhibit an apparent offset between each other and the global composite,
precluding the establishment of 63*Sevap-based correlations (see Chapter 4). The most
likely explanation for this isotopic offset, is an overwhelming influx of isotopically distinct
terrestrial sulphate during evaporite deposition. Considering the large size of the
seawater sulphate reservoir (Fike et al., 2015), the observed isotopic offset would
suggest a high degree of hydrologic isolation from seawater. In addition, the §3*Seyap data
for Carnduff-02 and Burton Row are generally depleted relative to the global composite,
which is what would be expected if the &3*Sevsp data were recording a dominantly
terrestrial signal, as the 634S of terrestrial sulphate is often depleted relative to seawater

(e.g., Burke et al., 2018).
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Thus, the 63%Scvsp records presented here suggest a spatial (and possibly
temporal) variability in the degree of marine influence during evaporite deposition
within the UK Triassic. The particularly close comparison between the records of Staithes
S-20 and 42/28-2 and the global composite may reflect the palaeogeographic position
of these sample sites, maintaining closer proximity to the Southern Permian Basin, which
experienced direct marine inundations (McKie, 2017). During the Anisian and the
deposition of the Preesall Halite, the most likely source of marine waters for the EISB
was via the Southern Permian Basin, which was itself experiencing inundation by Tethyan
seawater (McKie, 2017). In the Carnian, rifting opened ingress routes through the Bay of
Biscay (Chapman, 1989), potentially providing a source of seawater sulphate during the

deposition of the Carnian Warton Halite Formation.

While the 83*Seap data from Carnduff-02 and Burton Row appear to agree with
the terrestrial depositional model suggested by Andeskie et al. (2018) and Milroy et al.
(2019), it should be noted that many of the sedimentological features reported in the
MMG of the Larne and Wessex basins, were also reported in Staithes S-20 (see Chapter
4). Thus, the 83%Sevsp data presented in this thesis appear to provide a means to
determine the degree of marine influence during evaporite deposition more confidently,
despite ambiguities in the sedimentology, reconciling apparent contradictions between

sedimentological, palaeontological, and geochemical datasets.

4. Biogeochemistry of the Eden Shales, Vale of Eden

In Chapter 5, a suite of stable isotopic and organic geochemical data is presented from
drillcore KT1153 for the late Permian Eden Shales Formation, Vale of Eden, Cumbria.

While these data remain incomplete, and the interpretations speculative, we establish
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two stages defined by distinct biogeochemistry. Stage 1 spans the stratigraphic range of

A Bed and Stage 2 spans evaporite beds B and C.

Previous lithostratigraphic analyses have suggested that A Bed represents
deposition within a terrestrial playa lake system (Holliday, 1993; Hughes, 2003; Worley,
2005). The 83*Sevap data exhibit a negative excursion to values < 0 %o, which possibly
reflect sulphide oxidation during sulphate remobilisation, with secondary sulphates
incorporating a source of isotopically light sulphur. Interestingly, 63*Scrs data exhibit a
depletion to values < -30 %o, suggesting abundant sulphate availability during microbial
sulphate reduction. An increase in 8°Niot to ~+10 %o is considered a response to partial
denitrification and an increase in C/N ratios to values > 30 may reflect the input of
terrestrial plant matter into the local evaporite system. This would fit well within the
model of a terrestrial playa lake environment, with fluvial systems potentially
transporting terrestrial plant biomass from the stratigraphically equivalent Hilton Plant
Beds, providing an input flux of organic matter with high C/N ratios. Despite this, it
should be emphasised that these data are insufficient to confirm terrestrial deposition

and the biogeochemical model for Stage 1 remains speculative.

In Stage 2 (evaporite beds B and C), the §3*Sevap data compare well with the range
established for late Permian seawater, and thus potentially suggest marine influence
during deposition. This is in line with previous work that suggest while A Bed may
represent a terrestrial playa, beds B and C may in fact be marine in origin (Burgess and
Holliday, 1979; Holliday, 1993; Hughes, 2003). It should be noted that until now, this
interpretation was based primarily on lithostratigraphic analysis, and thus the data

presented here constitutes the first geochemical evidence for a possible marine origin
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of beds B and C. Although the data resolution in 6°Nyt is lower than for the underlying
A Bed, during Stage 2, we report a declining trend to ~+4 %o. This is interpreted to
represent an increase in nitrogen fixation rates, possibly driven by cyanobacteria.
Broadly concomitant with the 86Nt decrease is a detection of the saturate carotenoid
B-carotane, a lipid biomarker associated with cyanobacterial productivity, and thus its
presence provides further evidence that the 8Nyt signal is related to nitrification by

cyanobacteria.

During Stage 2, the 8%3Cor; data exhibit substantial variability, reaching a
maximum value of +1.64 %o, coincident with the lowest Pr/Ph value of 0.48. While
extreme !3C-enrichments in bulk organic matter have been reported from modern
evaporative settings (e.g., Schidlowski et al., 1984; Birgel et al., 2015; Dorador et al.,
2018), comparable 63Corg signals have scarcely been reported from ancient evaporites.
Birgel et al. (2015) suggest 3C-enrichments in Holocene stromatolites were generated
through methanogenesis, subsequent methane escape and the assimilation of 3C-
enriched CO, by phototrophs. While this is considered as a possible pathway of 3C-
enrichment, in this case, direct evidence for methanogenic activity and high methane
concentrations within the evaporite brine is currently lacking. Thus, here it is suggested
that a combination of hypersalinity, as possibly indicated by the low Pr/Ph ratio, and high
rates of productivity amongst phototrophs, as indicated by the abundance of B-carotane,
together incited a 3C-enrichment in bulk organic matter, as has been suggested by

previous work in modern evaporative settings (Schidlowski, et al., 1994).

Concomitant with the variability in §'3Corg values, the 634Scgs data exhibit extreme

variability, between extremes of -40 %o and 0 %.. Within Stage 2, the aromatic
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carotenoids isorenieratane, B-isorenieratane and okenane are detected, and are lipid
biomarkers associated with brown-green sulphur bacteria and purple sulphur bacteria,
respectively. Such bacteria oxidise sulphide during anoxygenic photosynthesis, and thus
the detection of these aromatic carotenoids indicates the presence of photic zone
euxinia (PZE). Thus, although the biomarker data is currently of low stratigraphic

resolution, the variability in §3*Scrs may be related to expansions and contractions in PZE.

The stability in §34Sevap and variability in 83*Scgrs may initially appear contradictory.
To reconcile this, it is suggested here that the stability in 8§3*Sevqp is related to a locally
abundant sulphate pool, maintained by seawater inputs, and enhanced through
evaporative concentration. If the brown and purple sulphur bacteria occupied microbial
mat structures, or the upper layers of sediment, then their presence may reflect the
expansion of PZE within the mat structures, not the overlying brines. Thus, the
fluctuations observed in 8§3*Scrs may reflect variability in the availability of sulphate
during microbial sulphate reduction within mat structures, while the sulphate in the
overlying brine maintained &34S stability. In addition, it should be noted that all the 3C-
enrichments in bulk organic matter have also been reported from modern microbial mat
structures. That being said, the main issue for this hypothesis is the lack of direct
evidence for microbial mats within KT1153. However, microbial mat structures have
been reported within the Eden Shales (Arthurton, 1971; Hughes, 2003; Worley, 2024;
pers. comm.), and thus the data presented here may be indicative of microbial-mediated
sulphur and carbon cycling within mat structures, in the absence of direct

sedimentological evidence.
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5. Future research

The results of the work presented here present many avenues for future research. Firstly,
the box modelling employed in Chapter 1 is relatively simple and could be expanded
upon to provide further insight into the dynamics of sulphur cycling across the Permian-
Triassic. For example, it is suggested that changes in the pyrite burial flux as predicted by
the model outputs is primarily related to fluctuations in ocean redox with time. This is a
reasonable assumption, particularly considering the established model the 34S-
enrichment of seawater sulphate across the PTB and Early Triassic (see Newton et al.,
2004; Bernasconi et al., 2017). While the current modelling approach allowed for testing
the role of changes in A34S during microbial sulphate reduction and pyrite formation in
possibly generating the observed variability in 834Sevap, the simplicity of the model
limited the range of sensitivity tests that could be completed. A major limitation of the
model is the fact that it does not directly consider the availability of reactive iron when
calculating the pyrite burial flux. While ocean redox is a constraint on pyrite formation,
so is the availability of reactive iron (Canfield and Farquhar, 2009). This is particularly
significant here, as previous work suggests a possible reduction in the influx of reactive
iron to the ocean reservoir across the PTB, related to an increase in continental
weathering rates (see Schobben et al., 2015). Thus, future work could endeavour to
expand the modelling approach employed here, by incorporating the cycling of iron into
the model framework. Of course, this would be best accompanied with iron isotope data
from Staithes S-20 and further afield, to help further constrain the modelling approach

with geochemical data.
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The apparent cyclicity exhibited by §34Sevap through the uppermost Zechstein and
lower Bunter Shale in Staithes S-20 deserves further investigation. It is currently unclear
whether this cyclicity represents a global seawater signal or isotope effect associated
with local depositional factors. In particular, future studies should generate 63*Sevap
records across the late Permian Zechstein and Zechstein-equivalent sequences to test
the reproducibility of this 634Sevap signal. If the cyclicity can be reproduced from distinct
sedimentary basins, then this would suggest it likely represents a primary seawater
signal and could thus be utilised for high-resolution correlation of Zechstein and
Zechstein-equivalent sequences, particularly if used in combination with biostratigraphy

(see Gibson and Wellman, 2021).

The potential that nodular evaporites within the SSG are recording a seawater
signal is of course intriguing. However, considering the terrestrial depositional model of
the SSG, concerns remain regarding the precise contribution of marine and terrestrial
sulphate sources during evaporite formation and the possibility of producing a mixed
isotopic signal. Future studies should attempt to generate additional 8§3*Sevap data from
the SSG and equivalent strata in continental Europe, to test the reproducibility of the
apparent marine signals observed in this work. If they can be widely reproduced across
distinct basins, then this would provide further evidence that the sulphate within the
evaporites was derived from a common seawater source, as terrestrial sulphate
commonly exhibits a high degree of spatial 63*S variability (see Burke et al., 2018). In
addition, future work should endeavour to generate §'®0evap data, from the nodular
evaporites of the SSG. Oxygen isotopes of evaporitic sulphate are also sensitive to marine
‘vs’ terrestrial influx (e.g., Playd et al., 2000) and thus could help to further constrain the

degree of marine influence.
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The 834Sevap record from 110/13-8 of the EISB is successful in establishing a
correlation scheme between the Triassic stratigraphy of the EISB and the global
composite 634Sevap curve. However, the record exhibits a degree of scatter which limits
the confidence of any correlations established here. In fact, the §3*Sevap record of 110/13-
8 exhibits far more scatter than the record of 42/28-2 from equivalent strata in the UK
southern North Sea. Of course this may simply be a product of distinct sampling
resolutions, with the lower resolution of 42/28-2 potentially smoothing the §3*Sevap
curve. However, the effects of caving during the drilling process, the diagenetic alteration
of 63*Sevap signals and terrestrial sulphate inputs cannot be conclusively discounted in
this case. Future work should endeavour to generate §'80evap data to better constrain
the extent of possible diagenetic alteration (see Boschetti et al.,, 2011) and
marine/terrestrial influence. Furthermore, 634Sevap records should be generated from
additional cores within the EISB. In doing so, this will help to determine the
reproducibility of the trends observed in the &63*Seap record of 110/13-8, while
potentially providing a means of mapping the spatial variability of marine influence
across the EISB. If a consistent marine &34S signal can be reported form cores across the
basin, then if more widely applied, 634Scvap stratigraphy has the potential to provide
better age-calibration of the Triassic stratigraphy of the EISB, which is particularly

impoverished in biostratigraphic constraint.

The possible routes of marine ingress during Carnian evaporite deposition
remain poorly constrained and have led some to suggest a terrestrial depositional model
of formation (e.g., Hounslow et al., 2012). Rifting is thought to have generated a possible
ingress route for Tethyan seawater from the Bay of Biscay, through the Western

Approaches and into the EISB (McKie, 2017). Future studies should sample the
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evaporites of the Bay of Biscay and Western Approaches for 83*Sevsp stratigraphy. If
evaporites in these locations preserve a marine 634S signal, this would imply that the
sulphate within these evaporite systems was derived from seawater, thus providing
direct geochemical evidence that the rift system through the Bay of Biscay was in fact an

ingress route for seawater into the UK Triassic.

The 834Sevap records of Carnduff-02 and Burton Row have been interpreted to
reflect nonmarine evaporite deposition within basins hydrographically isolated from the
seawater reservoir. Future work should endeavour to generate complementary §'®0eyap
data, to better constrain the potential role of diagenetic overprinting. In addition, while
the halites of Carnduff-02 have been subjected to detailed petrographic study (Andeskie
et al., 2018), the halites of Burton Row have yet to receive comparable attention. Thus,
the scatter observed in the 6%*Sevap could, in theory, represent contributions from
sulphate sourced from secondary fluid inclusions, rather than a possible mixed
terrestrial-marine signal as suggested in Chapter 4. Thus, future efforts should involve a
more detailed petrographic analysis of the halites in Burton Row, to better characterise

the constituent fluid inclusions.

With regards to the application of 83*Seyap records to evaporite stratigraphy, one
further suggestion is that this methodology be more widely applied to Triassic basins,
not just in the UK, but further afield. There is an abundance of evaporitic material of
Permian-Triassic age in continental Europe (Feist-Burkhardt, et al., 2008), which has not
yet been subjected to sulphur isotope analysis. Preliminary data suggests a possible
correlation scheme could be established between the Carnian Grabfeld Formation of

Germany and the global composite curve, and thus by extension, the UK Triassic (see
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Appendix 3). This is extremely promising and suggests 63*Seap stratigraphy should be

applied more widely to the German Triassic.

In addition, Orti et al. (2022) derived a 83*Sevap-based correlation scheme
between evaporites of eastern |beria and the composite record of Bernasconi et al.
(2017). Although promising, the 83*Sevap record from Triassic evaporites of Spain is
currently of relatively low resolution and deserved further attention. In theory, §3*Sevap
stratigraphy could enable the establishment of correlation schemes between the Triassic
basins of the UK, and continental Europe, at a higher resolution than has been achieved
previously. In addition, effort should be made to combine this approach with
independent means of correlation, such as 8'3Corg stratigraphy (e.g., Hesselbo et al.,
2002; Caruthers et al., 2018; Baranyi et al., 2019), biostratigraphy (e.g., Baranyi et al.,
2019) and magnetostratigraphy (e.g., Zhang et al., 2022; Hounslow and Gallois, 2023).
This will enable the establishment of correlations with greater confidence, while also
providing a means of stratigraphic correlation under circumstances where §34Seyap data

fail to exhibit a seawater signal, as is the case for Carnduff-02 and Burton Row.

It would also be beneficial to target evaporite-bearing strata that span the
Triassic-Jurassic boundary for sulphur isotope stratigraphy. Abundant evidence exists for
biogeochemical perturbations across this major time boundary (e.g., Ruhl et al., 2011;
Larina et al., 2013; Bond et al., 2023), including variability in §3*Spyrite (€.g., Williford et
al., 2009; Luo et al., 2018). Despite this, the 5§3S of seawater sulphate across this time
interval remains poorly constrained. Currently, the available §34Ssos records are limited
to low resolution &34Seyap records (e.g., Strauss, 1997; Crockford et al., 2019; Orti et al.,

2022) and a small number of §34S profiles from carbonate-associated sulphate (8§34Scas)
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(He et al., 2020; Tang et al., 2023). Both the &3Scas records exhibit major positive
excursions, however, the magnitude of the isotopic shifts and the broader stratigraphic
trends in the 83*Scas data are distinct (He et al., 2020; Tang et al., 2023), potentially
reflecting the susceptibility of 3*Scas data to local diagenetic and depositional factors

(e.g., Rennie and Turchyn, 2014; Present et al., 2019; Rose et al., 2019).

While evaporite deposition in the UK and northwester Europe largely ceased by
the Rhaetian of the Late Triassic (Warrington and Ivimey-Cook, 1992; Wignall and Bond,
2008; McKie, 2017), it continued in Spain, North Africa and the Atlantic Margin, with
evaporites spanning the TIB in these locations (e.g., Holser et al., 1988; Afenzar and
Essamoud, 2020; Orti et al., 2022). Preliminary 6*Sevap data from the Lecera Formation
of Spain (see Appendix 4) show relative stability and do not exhibit the variability
reported for 634Scas. The cause of this distinction is currently unclear and warrants
further investigation. Thus, there exists an opportunity to sample evaporites of the TIB
to generate further 63*Sevap records at a higher resolution than previously achieved. In
addition to sulphur isotope stratigraphy, organic carbon isotope stratigraphy should be
applied as well, in case the stability of the 83*Sevap record from the Lecera Formation is
characteristic of the TJB evaporite record broadly, thus enabling the establishment of the
stratigraphic position of the TJB via means independent of the sulphur isotope data. In
doing so, this will facilitate comparative study between the §34Sevap and 834Scas records,

enabling further refinement of the sulphur cycle across the TIB.

At the time of writing, the suite of geochemical data discussed in Chapter 5
presents the most detailed geochemical analysis of the late Permian Eden Shales.

Despite this, the dataset remains insufficient and as a result, many of our interpretations
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remain speculative, particularly regarding the biogeochemical model suggested for A
Bed. A negative 63*Sevap excursion has been interpreted here to reflect sulphide oxidation
during late-stage diagenetic sulphate remobilisation, however this cannot be confirmed
with the data currently available. Future work should endeavour to generate 6%0ecyap
data to better constrain the source of sulphate. The 8'°Niot increase in A Bed is viewed
here as a product of partial denitrification. However, another mechanism of °N-
enrichment involving ammonia volatility under conditions of hypersalinity is also
considered. While this work favours the prior mechanism, the current suite of data does
not provide a means of confidently determining salinity levels. Pr/Ph ratios should be
plotted against MTTC ratios, which together will provide a more robust means of
estimating paleosalinity (see Luo et al., 2019). Furthermore, compound-specific nitrogen
isotope analysis could also be employed to better assess the source of the observed

8Nt enrichment (see Isaji et al., 2019).

Future efforts could also test for the presence of biomarkers indicative of
terrestrial biomass. If lipid biomarker data were to show an increase in relative
abundance of terrigenous biomass during the increased C/N values observed, then this
would lend further credence to the hypothesis that the increase in C/N values was a

response to an increase in organic matter of land plant origin.

While the biogeochemical model proposed for Stage 2 (beds B and C) is less
speculative than Stage 1, additional geochemical data is required to constrain
interpretations presented in this work. It is suggested that the variability in §3*Scrs is a
product of changes in the degree of sulphate availability during microbial sulphate

reduction, related to expansions and retractions in photic zone euxinia. The presence of
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the aromatic carotenoids isorenieratane, B-isorenieratane and okenane, further suggest
the presence of photic zone euxinia, broadly concomitant with the variability in §3*Scgs.
However, the lipid biomarker data is currently of low resolution and thus we cannot
definitively link every fluctuation in 634Scgs to an expansion or retraction in euxinia. The
low stratigraphic resolution of these data could be overcome through the application of
iron isotopes, which are also sensitive to euxinia (see Lyons et al., 2009). It would likely
be possible to generate iron isotope data at a much higher stratigraphic resolution when
compared to the lipid biomarker data and would thus provide better constraint on the

variability in photic zone euxinia during Stage 2.

The extreme 3C-enrichments in bulk organic matter reported in this work have
been tentatively attributed to CO, volatility under conditions of hypersalinity and
enhanced primary productivity, as has been suggested by previous studies (e.g.,
Schidlowski et al., 1994). However, this remains somewhat speculative. The possibility
of hypersalinity is based primarily on a low Pr/Ph ratio of 0.48, which of course is not a
particularly robust proxy for palaeosalinity. Thus, as suggested for Stage 1, the
application of MTTC ratios could provide a more robust measure of salinity levels during
evaporite deposition. In addition, the model of 3C-enrichment proposed by Birgel et al.
(2015) could be investigated further in this case, through attempts to detect lipid
biomarkers indicative of methanogenic and/or methanotrophic activity within the depth
interval of 6%3Cog enrichments. Furthermore, it would be worthwhile attempting
compound-specific carbon isotope analysis, to better understand the dynamics of local
microbially-mediated carbon cycling (see Birgel et al., 2015). If implemented, these
suggestions for future work would enable additional refinement of the proposed model

for extreme enrichments in 633Corg.
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Regional geologic setting

Tectonic reconfiguration during the Palaeozoic and Mesozoic heralded the formation of
the Pangaean supercontinent during the Variscan orogeny in the Late Carboniferous
(Peacock, 2004; Hounslow et al., 2012). Rifting episodes began soon after in the Late
Carboniferous with the propagation of the Norwegian-Greenland rift (Peacock, 2004),
and continued during the Permian and Triassic, facilitating the development of linked
fault-bound rift basins (Howard et al., 2008; McKie and Williams, 2009; Newell, 2018).
These basins were separated by intrabasinal highs and massifs, and further subdivided
by basement highs into an arrangement of sub-basins distributed throughout NW
Europe (McKie and Williams, 2009; McKie, 2017). The formation of rift basins provided
accommodation space for sediment, and seasonal monsoons sourced sediment for
basin infills (McKie, 2017). Further rift propagation enhanced fault connectivity,
providing marine waters episodic access to the intracratonic basins, facilitating

evaporite deposition (McKie, 2017).

During the Late Permian and Triassic, Britain was located at a palaeolatitiude of
~20°N in eastern Pangaea (Newell, 2018). Deposition occurred under a dominantly arid
climate regime throughout the Late Permian (McKie and Williams, 2009) due to the
extent of continental aggregation and lack of open water bodies (Parrish, 1993; McKie,
2017). Prior to the Zechstein transgression, the Permian strata of Britain are
characteristic of a desert depositional environment (Smith, 1989). In the Late Permian,
tectonic adjustments in West Orkney and the Viking Graben opened a pathway between
two rift structures through which the Boreal Ocean gained periodic access to the

subsiding Southern Permian Basin (SPB) (Smith, 1989; McKie, 2017). The Zechstein
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deposits that formed as a result are characterised by seven carbonate-evaporite
sequences (Z1 through to Z7) (Tucker, 1991). The Early to Middle Triassic Sherwood
Sandstone Group (SSG) is largely representative of a fluvial depositional regime,
predominantly composed of brown, red, green/grey, and yellow arenaceous sandstones
(Ambrose et al., 2014). It can be subdivided into different lithofacies, including fluvial
channel facies, dryland terminal splay complexes, and mixed fluvial-aeolian facies
(McKie and Williams, 2009; McKie, 2017). Braided river systems were fed by monsoonal
rainfall on the Variscan mountains (Brookfield, 2008; Ambrose et al., 2014; Geluk et al.,
2018), and were interrupted by periods of relative aridity that suppressed rates of fluvial

sediment supply and facilitated aeolian reworking (McKie, 2017).

There is a cluster of late Early Triassic unconformities and disconformities
identified across NW Europe that have been traced from Poland to Ireland and from
onshore Germany/Netherlands into the southern and central North Sea (Bachmann et
al., 2010, Bourquin et al., 2011). The largest of these occurs at the base of the Solling
Formation in Germany and is variously described as the Base Solling or Hardegsen
unconformity. The erosional truncation of stratigraphy (and merging of unconformities)
is most pronounced on basin margins, such as the location of the Staithes S-20 well
where a single truncation surface is preserved. In this onshore UK region Medici et al.
(2019) estimate removal of at least 150 m of Early Triassic stratigraphy. The truncation
appears to be gentle and can be traced from several hundred kilometres offshore to the
east via the progressive removal of the Hardegsen and Detfurth formations in offshore
regions and downcutting into the Early Triassic when approaching the onshore UK region

(McKie, 2017).
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Through the Early and Middle Triassic, the southern Permian basin was a
uniformly and gently subsiding thermal sag basin with persistent stratigraphic motifs
expressed on seismic by parallel reflectivity and persistent well log motifs that preserve
their character over distances of hundreds of kilometres. Although individual wells tend
to have sporadic biostratigraphic recovery the persistence of the stratigraphic units
mean they can be traced between calibration points with high confidence. Tracing well
logs from east to west the progressive truncation of the Bunter stratigraphy below the
unconformity, and onlap of the Rot above allows the position of the unconformity in the
Staithes S-20 well to be identified.

The SSG is overlain by the Middle—Late Triassic Mercia Mudstone Group (MMG),
with the boundary being placed at the transition from sandstones to mudstones
(Howard et al., 2008; Newell et al.,, 2018). The MMG is composed of green/grey
mudstone interbedded with siltstone, with thick halite deposits and nodular calcium-
sulphates — gypsum/anhydrite (Howard et al., 2008). Deposition and preservation of
organic material is minimal in the strata of the UK Permian and Early Triassic.
Accordingly, the evaporite samples from the Staithes S-20 borehole contain very little
organic matter, and thus have no impact on the generation of the sulphur isotope data
in this study (see below). Deposition coincided with the southerly retreat of the SSG
beginning in the Middle Triassic, as fluvial systems were replaced by a hypersaline playa
lake and mudflat environment (Howard et al., 2008). A greater marine influence during
the deposition of Middle to Late Triassic deposits in NW Europe is likely (Newell et al.,
2018). Evaporite deposition ceased during the Rhaetian coinciding with a marine
transgression (Peacock, 2004) and the deposition of the Penarth Group (Warrington and

Ivimey-Cook, 1992; Gallois, 2009). Biostratigraphic age constraints enable the Penarth
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Group to be confidently assigned to the Rhaetian (Lott and Warrington, 1988; Hounslow
and Ruffell, 2006), marking the transition to marine deposition that becomes well-

developed in the Hettangian (Wignall and Bond, 2008; Gallois, 2009).

Methods

Sampling

364 evaporite samples were collected at regular intervals from the Boulby Mine,
Staithes S-20 borehole (Grid Ref: 476024, 517997, Yorkshire, England. This borehole was
chosen due to its stratigraphic coverage (~668 meters) of evaporite-bearing strata that

is lithostratigraphically constrained from the late Permian to Late Triassic.

Sulphur isotope analysis of sulphate

Sulphur isotope analysis of evaporitic sulphate was performed on gypsum, anhydrite,
and halite. Due to the high concentration of sulphate in gypsum and anhydrite (20 wt %
sulphur), the process for sulphate extraction simply involves the use of a dentist’s drill
to produce a fine powder. In contrast, sulphate is only a trace constituent in halite and
must be concentrated. For each sample, ~1-5 g of crushed halite was submerged in 30
ml of a 10 % solution of sodium chloride — blanks of NaCl produced no visible BaSOa. The
halite was left to sit in the solution for 24—48 hours, and agitated every few hours during
the working day. Upon the dissolution of halite, the solution underwent centrifugation
for 5 minutes at 3000 rpm, before the supernatant was decanted into a 50 ml centrifuge
tube for subsequent barium sulphate (BaSOa4) precipitation. Approximately ~20 ml of

barium chloride (BaCl;) was mixed with 30 ml of the saline solution to extract the
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sulphate through the precipitation of barium sulphate, according to the following

equation:
BaCl, + SO~ — BaSO, + 2CI*>~ [S1]

The pH of the solution was reduced to ~1-2 with the addition of 3M HCI to
prevent any carbonate precipitation. The solution was left for >24 hrs to precipitate
BaSO., after which it was centrifuged at 3000 rpm for 5 minutes. The supernatant was
subsequently discarded for waste disposal and the BaSO4 was rinsed with ~50 ml of
deionised water to neutralise the acidity. After three rinses, the BaSO4 was dried in an
oven at 80°C for at least 24-48 hrs, and subsequently ground into a fine powder using

an agate mortar and pestle.

For each sample, 0.3—0.5 mg was placed into tin capsules, with tungstic oxide
(WO3) added as a combustion-agent. Stable sulphur isotope analysis was performed in
the Stable Isotope Biogeochemistry Laboratory (SIBL) at Durham University using a
Costech Elemental Analyser (ECS 4010) coupled to a Thermo Scientific Delta V Plus
isotope-ratio mass-spectrometer. Evaporite sulphur isotope ratios are expressed as
standard delta (86) notation in per mil (%o) relative to the Vienna Canyon Diablo Triolite
(VCDT) according to the following equation:

((34 /?E’Z%S)sample - (%ﬁ%s/%ﬁis)standard)

(345 / 325 ) standard

53*Sepap = «1000 [S2]

The &3S data were normalised through calibration against four international
standards (IAEA-S-1, IAEA-S-2, IAEA-S-3, NBS 127), providing a linear range in 634S

between -32.49 %o and +22.62 %o. Analytical uncertainty of §34S is typically +0.2 %o for
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replicate analyses of the international standards. Total sulphur is calculated as part of

the isotopic analysis using an internal standard, sulphanilamide (S = 18.619 wt %).

Age assignment and data compilation

The 634Sevap data of sulphate from Late Permian and Triassic marine evaporites include
1001 measurements from 54 references. Three published data compilations (Bernasconi
et al., 2017; Crockford et al., 2019; Present et al., 2020) were used, and the age model
of Bernasconi et al. (2017) was employed for the latest Permian and Triassic. Absolute
age estimates from radiometric dating were maintained by the original source.
However, absolute age estimates were sparse for Permian and Triassic data sets, with
many studies relying upon lithostratigraphic and/or biostratigraphic age assignments.
With this in mind, the age estimates were either maintained from the above
compilations and/or adjusted based upon the most up-to-date available stratigraphic
information. When adjustments to age were necessary, the International Commission
on Stratigraphy 2020/03 (Cohen et al.,, 2013; updated) was used. However, if the
sequence in question had biostratigraphic age constraints, the stratigraphic timescale of

Ogg et al. (2016) was used instead.

Some studies included in their compilations, sulphur isotope values from
aqueous brines that had acquired sulphate through the dissolution of local evaporite-
bearing strata; we avoided such data, as it was difficult to confidently assign accurate
age estimates for when that occurred. We have also excluded data from non-marine
evaporites. However, if the sulphur isotope ratios (and the coupled oxygen isotope data
when available) correlated well with coeval seawater §3*S from other sources, the data

was included even if the sedimentological and petrographic evidence suggested a non-
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marine and/or mixed marine/terrestrial origin. It should be stressed that despite this, a
cautious approach was taken when including published data, so if there was any

uncertainty as to the source of the sulphate, the sulphur isotope data was not included.

When compiling our dataset, we tried to include sulphur isotope data that
capture as broad a geographic coverage as possible. This was of course limited by the
published data available but was necessary to minimise the influence of local
depositional and geochemical factors that may offset 634S from the global seawater §34S
composition. Our compilation includes data from basins in northwest, central, southern,
and eastern Europe, as well as Turkey, the Middle East, and North America. Admittedly,

this presents a slight bias towards European basins.

The sulphur isotope analysis of 364 evaporite samples from the Staithes S-20
borehole, Yorkshire, England, provides one of the most high-resolution sulphur isotope
curves for the latest Permian and Triassic. A sharp unconformity marking the boundary
between the SSG and the MMG (Fig. S1) ensures that our record fails to capture much
of the Early Triassic. Despite this unconformity, our 634Sevap record provides excellent
stratigraphic coverage of the latest Permian and Triassic; sufficient for stratigraphic
correlation. Biostratigraphic data are almost entirely absent, with the exception of one
palynological age constraint just above the unconformity, dated to be earliest Anisian
(Warrington, 2019, pers. comm.) (Fig. S2). Thus, correlation between the Staithes S-20
borehole and evaporite-bearing sequences globally is largely based upon the sulphur
isotope data. Based upon general trends and inflection points in our record, we were
able to correlate our 834Seysp curve from Staithes with our global composite record. Using

this successful correlation, we divided the Staithes 83*Sevap record according to the
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subdivisions of the Triassic. Thus, for the data within each subdivision, we derived lower
and upper age estimates based upon the ages given to the subdivision boundaries. For
each 83%Sevap value, a numerical age estimate was then estimated based upon the depth
of the associated sample relative to the thickness of strata within the relevant Triassic

subdivision and the duration of time represented by such strata.

The palynology only provides an age estimate for strata above the unconformity,
not below it. Thus, a biostratigraphic age constraint for the length of time represented
by the unconformity is absent. This provides us with two options; the unconformity
represents either a major time gap, or a relatively minor time gap (Fig. S3). We therefore
determined two age models for the Staithes S-20 63*Sevap curve accordingly. One
significant difference between the two age models is the absence of an Early Triassic
negative excursion if it is assumed the unconformity represents a minor time gap (Fig.
S3B). If applied, this would have a major impact on our understanding of the response
of the sulphur cycle to the End Permian Mass Extinction, and the results of the
geochemical modelling. It is clear when viewing Figure S3A that a better correlation is
attainable with the age model that assumes the unconformity represents a major time
gap. According to Figure S3B, there is a large offset between the Staithes S-20 curve and
the global composite for in the Early Triassic, in terms of both the timing and magnitude

of the positive §3*Sevap €xcursion.

It is also important to consider the sedimentology of the unconformity when
assessing the suitability of either age model. The unconformity marks the boundary
between the SSG and the MMG. It forms an abrupt transition from the arenaceous

sandstone of the SSG and the Esk Evaporite Formation of the MMG (Fig. S1). We
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consider this change in lithology sufficient to support the assessment that the
unconformity represents a major time gap (see discussion above). Thus, the
sedimentological data, in conjunction with the correlation of the Staithes $-20 83*Sevap
curve, suggests the age model including a major time gap in the Early Triassic is most

appropriate.

Preservation of geochemical signals

The precipitation of gypsum and halite is associated with a fractionation factor that
ensures a slight enrichment in the precipitate relative to the residual brine, between the
range of 1.6 %o and 2.0 %o according to experimental studies (Thode and Monster, 1965;
Holser and Kaplan, 1966; Nielsen, 1978; Raab and Spiro, 1991; Van Driessche et al.,
2016). Beyond the halite stability field, an apparent change in the fractionation factor
ensures a depletion of up to 4 %o in the precipitate relative to the residual brine (Raab
and Spiro, 1991). Despite this, we are confident that the fractionation associated with
mineral precipitation (below the halite stability field) has not obscured the primary
seawater signal of our sulphur isotope record, as the isotopic enrichment of
gypsum/anhydrite and halite is sufficiently small to be considered negligible in evaporite
basins. In addition, we avoided sampling potash deposits, and focused entirely on
calcium-sulphates and halite. Considering this, it is highly unlikely that the fractionation
driven by evaporite mineral precipitation can explain the variability exhibited by our

534Sevap Curve.

The sulphur isotope geochemistry of evaporites is considered less susceptible to
diagenetic alteration than the carbonate equivalent, carbonate associated sulphate

(CAS) (Johnson et al., 2021; Bernasconi et al., 2017). Despite this, evaporites are not
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entirely immune to diagenesis (Schreiber and Tabakh, 2000), with microbes being
capable of inducing changes in the geochemistry and mineralogy of evaporite deposits
(Davis and Kirkland, 1979). For example, biologically-driven conversion of primary
marine gypsum to elemental sulphur (Feely and Kulp, 1957) and the subsequent
precipitation of secondary gypsum can be associated with the fractionation of sulphur

isotopes (Feely and Kulp, 1957; Schreiber and Tabakh, 2000).

Calcium sulphates in evaporite deposits undergo a cycle of diagenesis during
burial and uplift. Initially, primary gypsum precipitates from a saturated salt-water brine
undergoing evaporation. Upon moderate to deep burial, gypsum dehydrates to
replacement or pore-filling anhydrite. Subsequent uplift to near-surface depths can
facilitate the rehydration of anhydrite to form secondary gypsum (Murray, 1964; Hardie,
1967; Orti et al., 2022). In environments conducive to the precipitation of primary of
very early diagenetic anhydrite, the cycle is limited to the rehydration of anhydrite to
secondary gypsum (Orti et al., 2022). As discussed previously, the initial formation of
primary gypsum is accompanied by a negligible degree of sulphur isotope fractionation
(Raab and Spiro, 1991). Unfortunately, due to the difficulties involved with precipitating
primary anhydrite under experimental conditions, the associated fractionation remains
poorly understood (Hardie, 1967; Orti et al., 2022). Interestingly, data from the Khuff
Formation, Abu Dhabi, suggests the dehydration of primary gypsum to anhydrite and
thermochemical sulphate reduction at depth is associated with negligible sulphur
isotope fractionation (Worden et al., 1997). The impact of the dehydration of diagenetic
anhydrite on the sulphur isotopic composition of secondary gypsum has received little
attention, and thus the fractionation factor is not well established (Orti et al., 2022).

However, studies analysing gypsum and anhydrite of equivalent age suggest no
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apparent offset in the isotopic composition between either mineral phase (Utrilla et al.,
1992; Carrillo et al., 2014). Thus, we consider it unlikely that the Calcium sulphate
diagenetic cycle obscured the primary seawater signal of the Ca-sulphates sampled as

part of this study.

It should also be noted that evaporite deposition occurs in isolated basins with
restricted access to the open ocean (Warren, 2010). Due to this, it is possible that the
geochemistry of highly saline brines in evaporite basins does not reflect the
geochemistry of seawater in the open ocean (Bernasconi et al., 2017), especially during
periods of low seawater sulphate concentrations, which could ensure greater isotopic
heterogeneity. Local sedimentary and geochemical processes, including riverine inputs,
Rayleigh fractionation in a closed basin (Raab and Spiro, 1991), and the aforementioned
microbial sulphur isotope fractionation, could theoretically yield an isotopic offset
between sulphate in an evaporite basin and the sulphate reservoir of the global ocean.
Despite this, we consider it unlikely that local depositional and diagenetic effects had a
significant impact on the trends exhibited by our global composite curve, or our §3*Seyap
record from the Staithes S-20 borehole. The data presented in our global curve exhibit
a relatively small degree of scatter, and thus, we are confident that the consistent
pattern of the 83*Sevap measurements suggests that our global curve provides a global
record for the latest Permian—Triassic seawater sulphate. The small degree of scatter
may reflect minor influences from local effects, or possible difficulties with age
constraint/correlation, but the average trend presents a robust primary signal. The
record from the Staithes S-20 borehole exhibits no major, sudden shifts in §3*S, which
suggests: (1) no significant unconformities (i.e., time gaps) except for that discussed

above and in the main paper; (2) no diagenetic alteration of the sulphur isotope
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signature of these evaporites; (3) evaporite mineralogy had no effect on the 634Sevap
curve; and (4) the evaporative basin in Yorkshire was still connected to the marine

sulphate reservoir during the latest Permian and Triassic.
Model of the sulphur cycle

To explore the mechanisms responsible for the observed variability in the Triassic §3*S
curve, we employed the box model of Kurtz et al. (2003). This is a reverse-driven model
and is controlled by our composite §3*Sevap record. We establish boundary conditions
(see Table S1), and the model yields an estimate for the pyrite burial flux with time (10*®

moles S/m.y.).

The mass of sulphur in the ocean reservoir is controlled by the balance between
the sulphur input fluxes and output burial fluxes (Gill et al.,, 2011). Biogeochemical
perturbations that yield imbalances between the flux rates of sulphur can induce
changes in the mass of marine sulphate over time. In the model, this relationship is

represented by the following equation:

dMm3
dt = Fjy — (Egyp + pr) [S3]

The mass of marine sulphur is represented by Mg. The input fluxes of sulphur
into the ocean reservoir via continental weathering and volcanic degassing are
represented by a single variable, F\SN, and set to a constant value (see Table S1). Output

fluxes include the burial of gypsum (Fgyp) and pyrite (Fpy).

Similarly, the isotopic composition of oceanic/atmospheric sulphate is primarily
controlled by the respective contributions and isotopic composition of the sulphur fluxes
entering and exiting the ocean reservoir (Paytan et al., 2011; Bernasconi et al., 2017).
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Therefore, variation in the stable sulphur isotopic composition of rocks and sediments
is generally considered to be a product of perturbations in the biogeochemical cycling
of sulphur (Richardson et al., 2019), such as changes in the rates of weathering and
pyrite burial (Gill et al., 2007). This relationship is expressed in our model through the
following equation, derived from multiplying the terms for the reservoir (i.e., its mass)

and sulphur fluxes in Equation S3 by their isotopic compositions:
d o ses S &S S S
a (Mo 50) = Fy by — Egyp5o - pr(5o + As) [S4]

The sulphur isotopic composition of the marine reservoir is represented by 8(5). It
should be noted that the minor fractionation associated with gypsum precipitation
(Raab and Spiro, 1991) is ignored here, and thus 8(5) also describes the isotope
geochemistry of Fgp. The burial of biomass associated organic sulphur, although
significant in modern and ancient anoxic marine environments (Bauer et al., 2022), is
accompanied by very little sulphur isotope fractionation (Anderson and Pratt 1995;
Werne et al., 2003). Bauer et al. (2022) provide few constraints, with the authors simply
invoking it as needed. As previously stated, our samples from the Staithes S-20 borehole
contain very little organic material, preventing us from providing any constraints
ourselves. The burial of biomass associated organic sulphur is thus considered, in the
context of the model, to be isotopically indistinguishable from the burial of evaporites.
In addition, the isotopic composition of sulphurised organic matter is comparable to
sedimentary pyrite burial (although slightly more 3*S enriched) (Anderson and Pratt,
1995), and is important within anoxic water masses of modern and ancient marine
environments (Raven et al., 2019; Bauer et al., 2022). However, due to the scarcity of

organic material within the evaporites sampled from the Staithes S-20 borehole, no
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additional constraints are available to separate the two. Therefore, we have not
included the sulphurisation of organic matter in our modelling procedure, as it would
have limited to no impact on the output results. Although we encourage further
research into this. Asis the isotopic offset between seawater sulphate and sedimentary
pyrite, induced during microbial sulphate reduction (MSR). The fractionation factor
associated with MSR is far more significant than the fractionation during gypsum burial,
and is thus set to values appropriate for the redox-state of the ocean (see Table S1). S\SN
represents the sulphur isotopic composition of the riverine input flux. Derived from the
chemical weathering of material in the terrestrial reservoir, the isotopic signal is mixed
between sulphur sourced from the weathering of evaporites and the oxidative
weathering of sedimentary sulphides. Here we use a modern value of 4.8 %o (Burke et
al., 2018) (Table S1), as we have no means for accurately estimating a value specific to

the Triassic.

It was necessary for the model to estimate the change in the sulphur isotope
geochemistry of the ocean reservoir for a given period of time without assuming steady-
state conditions (Kurtz et al., 2003; Gill et al., 2011). To achieve this, Equation S3 was

substituted into Equation S4 to derive Equation S5 as follows:

dés  Fy (83, —63) —E,, A
0 — W( w (;) py=sS [SS]
dt My

Where Fgyp has been omitted from Equation S5 for the reasons discussed above.
Although Equation S5 can be solved for steady state, it does not necessarily assume such
a condition. One assumption it does make, however, is homogeneity in the §34S of ocean

sulphur at any one point in time (Kurtz et al., 2003).

347



Conditions of steady state ensure that there is no instantaneous change in the
isotopic composition and mass of the sulphate reservoir in response to variations in the
sulphur input flux, as the latter is balanced by complementary changes to the output
fluxes of sulphur (Kurtz et al., 2003). However, due to the relatively long residence time
of sulphur in the ocean (>10 Myrs) (Paytan et al., 2012), an assumption of steady-state
is not appropriate when modelling the sulphur cycle over short periods of time, equal
to, or less than 10 Myrs (Kurtz et al., 2003). This is significant, as some components of
the sulphur isotope curve are characterised by rapid isotopic variability, with durations
less than the residence time of marine sulphur. Thus, it was necessary for us to derive
Equation S5 that does not necessarily assume steady state. This ensures that the model
allows for adjustments in the mass and isotopic composition of the sulphur reservoir in
response to changes in the input and output fluxes of sulphur (Kurtz et al., 2003).
Equation S5 can be rearranged to Equation S6, which models the pyrite burial flux over

a given period without assuming conditions of steady state:

dsg 4 s

pr - AS

[S6]

Modelled rates of pyrite burial are subject to uncertainty because of the
assumptions made during the modelling procedure, including variability in the degree
of isotopic fractionation and the continental weathering flux, both of which can
influence the 634S of seawater sulphate. In addition, conditions of rapid isotopic change
where steady state cannot be assumed, act to contribute to further uncertainty (Kurtz

et al., 2003). To address this, it was necessary to complete a range of sensitivity tests to
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better constrain the true cause of the biogeochemical instability characterising our

isotope record.

Changes in the degree of isotopic fractionation (A3*S) during processes such as
microbial sulphate reduction (MSR) can occur and are constrained by a number of
environmental and physiological factors (Canfield et al., 2010; Fike et al., 2015; Pasquier
et al., 2017; Bryant et al., 2018; Rennie et al., 2018; Pasquier et al., 2021). In theory, if
such changes did occur, this would influence the interpretation of our sulphur isotope
record. Habicht et al. (2002) demonstrated that the fractionation factor for MSR is
sensitive to ocean sulphate concentrations and reported very low A34S values. However,
this is likely only the case under conditions of very low sulphate (<200 uM) characteristic
of the Archean ocean and is thus not likely to have had an impact on the isotopic
variability of the Permian-Triassic §34Sevap record. We conducted a sensitivity test that
enabled us to calculate the degree to which A3*S would have to vary to reasonably
attribute the observed variability in our 834Seyap record to changes in A34S alone. Figure
S4 demonstrates that the Permian—Triassic 63*S record would require an unrealistic
degree of variability for A3*S. Thus, we can say with relative confidence that A3*S did not

exert a substantial influence on the §3*S of Permian—Triassic seawater sulphate.

It is of course possible that changes in A34S, although alone not likely capable of
inciting the variability observed in our &3*Se.ap record, may have been a contributing
factor along with changes in the magnitude and isotopic composition of sulphur input
fluxes, such as weathering and pyrite burial. We conducted additional sensitivity tests
to assess modelled pyrite burial flux to the value set for A34S. For the Early Triassic

positive 834Sevap excursion, increasing A34S subdued the modelled pyrite burial flux
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predicted to have incited this excursion. Similarly, if the A34S value is shifted to account
for a reduction in the magnitude of isotopic fractionation during the time interval
associated with the negative 834Sevap excursion, the magnitude of the predicted decrease
in pyrite burial/increase in pyrite weathering is marginally subdued (Fig. 3 of main text).
The implications of this are discussed further in the main text. We also applied this
sensitivity test to the positive 634Sevap €xcursion near the Norian/Rhaetian boundary. For
a range of A3*S values between -35 %o and -50 %o: if the magnitude of fractionation is
increased (i.e., A3*S becomes more negative), the predicted increase in pyrite burial
necessary to account for the positive excursion is lessened (Fig. S5). This suggests that
although changes in A3*S may have contributed to driving the observed &3*Sevap
variability, accompanying changes in the rates of pyrite burial and weathering were
likely required to account for the full extent of the isotopic variability of seawater

sulphate during this time interval.

The sulphur isotopic composition of the riverine input flux (8w®) is constrained
by the relative contributions from the terrestrial weathering of sedimentary pyrite and
gypsum, which is largely unknown for any point in the geologic past (Kurtz et al., 2003).
Due to the fractionation factor for the formation of pyrite, if all other parameters are
held constant, a reduction in the sulphur weathering flux would yield an associated
increase in the §3*S of marine sulphate, assuming no coincident change in the pyrite
burial flux (Kurtz et al., 2003). Therefore, under such conditions, an increase in the
riverine input flux (Fw®) would likely incite an isotopic enrichment of seawater sulphate.
In this way, changes in the magnitude and isotopic composition of sulphate entering the
ocean reservoir are capable of driving variability in the 634S of seawater sulphate (Fike

et al.,, 2015).
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To assess whether the magnitude of the riverine sulphur input flux could have
exerted a dominant control over the variability present in the Permian—Triassic §3*Sevap
record, we rearranged Equation S4 to solve for Fw® and held the pyrite burial flux
constant. Figure S6 shows that for the weathering flux to have a dominant control over
the variability in the 83*Sevap record during the Permian/Triassic boundary (PTB) and
earliest Triassic, a preceding reduction in Fw® to -1.94 Tmol/yr at 252 Ma would be
necessary. A reduction in weathering is in conflict with the available proxy data, which
suggests a substantial increase in continental weathering rates during the latest Permian
and Early Triassic (Korte et al., 2003; Sun et al., 2018). Considering this, and that negative
weathering rates are mathematically equivalent to pyrite burial, the model outputs
confirm that the weathering flux alone could not have incited the variability observed
across the PTB and Early Triassic §34Sevap record. In contrast, the sensitivity test suggests
weathering rates would need to rise to ~2.93 Tmol/yr at ~248 Ma to account for the
negative 63*Sevap excursion observed at the Olenekian/Anisian boundary (OAB). This is
only marginally higher than the modern riverine sulphur flux derived from pyrite and
sulphate weathering of ~2.8 Tmol/yr (Burke et al., 2018). Although we propose multiple
possible mechanisms for the negative §3*Sevap excursion at the OAB, this sensitivity test
suggests an increase in sulphur weathering could have contributed to the variability in

the sulphur isotopic composition of seawater sulphate across this time interval.

During the model runs, the riverine input flux (Fw®) set to a chosen value. In this
case we set the Fw® to 1.5 Tmol/yr (Kump and Garrels, 1986; Kurtz et al., 2003; Gill et al.,
2011; Owens et al., 2013). Research on the modern sulphur cycle presents an estimate
for the modern value for Fw® of ~2.8 Tmol/yr when anthropogenic contributions are not

considered (Burke et al., 2018). An alternative estimate for Fw® of 3.5 Tmol/yr was used
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by Rennie et al. (2018) when modelling the Cenozoic carbon and sulphur cycles. We thus
considered it necessary to test for the sensitivity of our model to the value given to the
riverine input flux. Raising the value to either 2.8 or 3.5 Tmol/yr changes the magnitude
of the variability in pyrite burial necessary to account for the variability exhibited by the
834Sevap record (Fig. S7). Despite this, the trends in the record of inferred pyrite burial
rates remain relatively unchanged, and thus although their magnitude is different, the
number of pyrite burial events are not altered. This ensured that our overall

interpretations are not impacted by a change in the value of Fw® within the tested range.

To explore the sensitivity of the model outputs to ocean sulphate
concentrations, the model was run assuming different values for the concentration of
sulphate (Fig. S8). Three model runs were conducted for this test, the first assumed
sulphate concentrations set to the values displayed in Table S1 and Fig. S9 (Fig. S8a), the
second assumed a constant sulphate concentration of 12.5 mM (Fig. S8b) estimated for
the Middle Triassic (Bernasconi et al., 2017), and third assumed a value of 28 mM (Fig.
S8c), the modern concentration of seawater sulphate. As expected, the pyrite burial flux
exhibits greater variability when sulphate concentrations are fixed at the Middle Triassic
and modern values. A larger sulphate reservoir is less susceptible to perturbations, and
thus larger changes in pyrite burial are required to incite the variability observed in the

534Sevap record.
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Supplementary figures

Figure S1: Cored material from Staithes S-20. The sharp unconformity can be seen

separating the dark brown, laminated arenaceous sandstone of the Sherwood
Sandstone Group, and the overlying gypsiferous silt-mudstone of the Mercia Mudstone
Group (see arrow for way-up indicator).
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Figure S2: Staithes S-20 borehole §*Seyqp record. References (1 = Woods, 1973; 2 =
Jeans, 1995; 3 = Warrington, 2019, pers. comm.).

* = palynology sample assigned an earliest Anisian age (Warrington 2019, pers.
comm.).
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Figure S3: Comparison between the age model with a major time gap (A) and a minor
time gap (B) based upon their correlation with the global composite 634Seyqp curve.
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Figure $4: Modelled changes in A3*S required to incite the observed variability in the
Permian—Triassic 63*S record.
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Figure S5: Sensitivity of the modelled pyrite burial flux to changes in the fractionation
factor for the chemical reduction of sulphate to sulphide (A3*S) during the Late Triassic.
The bar above each model output displays the value set for A3*S at different intervals of
time. The only parameter changed between each model run is A3*S. The grey line marks

the position of the Norian/Rhaetian boundary (NRB).
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Figure S6: Modelled changes in the riverine sulphur weathering flux required to incite
the observed variability in the Permian—Triassic 6**S record.
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Figure S7: The sensitivity of the modelled pyrite burial flux to the value set for the
weathering input flux (FWS). (a) displays the model output when FWS is set to 1.5
Tmol/yr (Kump and Garrels, 1986; Kurtz et al., 2003; Gill et al., 2011; Owens et al.,
2013), and is the pyrite burial record used in the main text. (b) shows the inferred pyrite
burial flux when FWS is set to the value estimated for the modern sulphur cycle of 2.8
Tmol/yr (Burke et al., 2018), and (c) displays the model output when FWS is set to 3.5
Tmol/yr (Rennie et al., 2018).
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Figure S8: The sensitivity of the modelled pyrite burial flux to seawater sulphate
concentration. The model was run assuming the sulphate concentrations (a) displayed
in Table S1. A second model run (b) assumed the sulphate concentration was fixed at
the value estimated for the Middle Triassic of 12.5 mM (Bernasconi et al., 2017), and a
third (c) assumed the modern concentration of 28 mM. No other parameters were
changed between model runs.
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Figure S9: The pyrite burial flux predicted for the late Permian—Triassic plotted
alongside seawater sulphate concentrations used during the modelling procedure.
Unfortunately, high-resolution modelling only exists for the Early Triassic (Bernasconi et
al., 2017; Stebbins et al., 2019). Horita et al. (2002) analysed fluid inclusions in halite to
derive estimates for seawater sulphate concentrations for the late Permian. Few
estimates exist for the Middle and Late Triassic, however Bernasconi et al. (2017)
provide estimates for the early Middle Triassic. See Table S1 for the specific values used
for seawater sulphate concentrations.
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Supplementary tables

Parameter Values applied Source
Mo® Late Permian: Horita et al. (2002)
16 mM S04 (275-254 Ma)
8 mM SO4% (254-252.5
Ma)

Bernasconi et al. (2017)
PTB through Early Triassic
(252.5-246.3 Ma):
2-6 mM SO4*

Early Middle Triassic (Early
Anisian) (246.3-244 Ma):
6-9.3 mM SO4*
Bernasconi et al. (2017)
Middle through Late
Triassic (244-201 Ma):
10-15 mM SO4*

Fw® 1.5x10*8mol m.yr. Kurtz et al. (2003)
dw® 4.8 %o Burke et al. (2018)
As -35 %o Gill et al. (2011)
-40 %o for anoxia Owens et al. (2013)
Fayo 0.5x108 mol Myr Gill et al. (2011)
Foy 1.0x10%8 mol Myr Gill et al. (2011)

Table S1: Values for parameters used in the sulphur isotope box model.
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Methods

Carbon and oxygen isotope analysis of carbonate

The bulk sediment stable carbon and oxygen isotopic composition of the carbonate

fraction were determined at LGL-TPE (Université Claude Bernard Lyon 1) using a dual-
inlet GV Isoprime® mass spectrometer coupled to a Multiprep autosampler.
Between 2 and 9 mg of untreated bulk sediment were placed in Labco vials and

reacted with anhydrous oversaturated phosphoric acid at 90 °C for 20 minutes.
Carbon and oxygen isotope ratios were reported in standard delta (6) notation in per mil
(%o) relative to Vienna Pee Dee Belemnite (VPDB). The 6'3C and 680 data were adjusted
against the international reference material NIST NBS 18 and an internal Carrara Marble
reference material. Since 2019, overall reproducibility of the in-house standard Carrara
Marble is +0.077 %o for §'3C (2 SE, n = 595) and +0.101 %o for 80 (2 SE, n = 1356). For
NIST NBS 18, the reproducibility is +0.103 %o for §'3C (2 SE, n = 595) and +0.158 %o for

580 (2 SE, n =595), with mean §'3C and 680 values of -5.014 %o and -23.200 %o (VPDB).

Results

613Cearp and 580carp records

The 8'3Ccar data exhibit an initial negative excursion at the base of A bed, reducing from
-1.19 %o at 98.35 m depth to -7.55 %o at 94.70 m. Subsequently, the §%3Ccrp profile
remains relatively stable between depths of 93.69 m and 71.88 m, oscillating within a
8%3Cearb range of -8.11 %o to -5.59 %o, before the §'3Cearb profile increases to -3.48 %o at
69.77 m (Fig. S1). Across beds B and C, the §'3C.rb data exhibit an initial negative

excursion from -1.35 %o at 48.82 m to -4.52 %o at 48.46 m, after which the 8'3Ccarb profile
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displays an abrupt increasing trend to a maximum value of +2.02 %o at 40.58 m, before
abruptly reducing to -4.67 %o at 35.38m (Figure S1). The 60 profile within A bed
oscillate between -6.01 %o and +0.01 %o, with a gradual increasing trend from -3.41 %o
at 81.40 m to +0.01 %o at 69.77 m. Across beds B and C, the 680 data exhibit
substantial variability (Fig. S1), with an initial negative excursion from -1.88 %o at 48.82

m to -10.18 %o at 47.89 m, before abruptly increasing to +2.82 %o at 35.38 m.
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Figure $10: 5'3Ccarb and 6*80cars records plotted stratigraphically. These data are
included within the supplementary rather than the main body of the manuscript due to
concerns over the potential for diagenetic overprinting of the isotopic data.
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Appendix 3

Preliminary 83%Sevap from the Dp Morsleben 52a/95 drillcore, Germany.
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Figure $14: Correlation scheme proposed for Dp Morsleben 52a/95 (Germany), Staithes
S-20 (NE England) and the global composite 5>*Sevap age curve. The 63*Seyqp data from

the Grabfeld Formation appear to correlate well with both Staithes S-20 and the global
composite. However, data from the overlying Wesser Formation are offset, possibly

reflecting diagenetic overprinting or inputs of terrestrial sulphate.

378



Appendix 4

Preliminary 63*Sevap and 8'3Cors data from the Lecera Formation (Triassic-
Jurassic boundary).
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Figure $14: The 6**Sevap and 6'3Corg profiles for the Lecera Formation, Alacén Borehole,
Spain. The §**Sevqp data exhibit relative stability, in a pparent conflict with the published
634Scas records of He et al. (2020) and Tang et al. (2023). To the right, the top 100m of
the 613Corg record is expanded to better display the variability observed in the
carbonaceous facies. The lithostratigraphy is based upon (1) Bordonaba, A.P. (2003)
Evolucion sedimentaria del Jurdsico Inferior (Hettangiense-Pliensbachiense) en el sector
centro- oriental de la Cordillera Ibérica. Dpto. Ciencias de la Tierra, Universidad de
Zaragoza, pp. 417. Abbreviations: C. L. Fm. - Cuevas Labradas Formation, R. P. Fm. - Rio
Palomar Formation, SPCIE - Sinemurian Positive Carbon Isotope Excursion.
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