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The early Toarcian of the Early Jurassic saw a long-term positive carbon-isotope excursion (CIE) abruptly 
interrupted by a significant negative excursion (nCIE), associated with rapid global warming and an 
oceanic anoxic event (T-OAE, ∼183 Ma). However, the detailed processes and mechanisms behind 
widespread ocean deoxygenation are unclear. Here, we present high-resolution carbonate-associated 
sulfate sulfur-isotope (δ34SCAS) records spanning the late Pliensbachian–Toarcian (Pl–To) interval from the 
Tibetan Himalaya. We observe a large positive sulfur-isotope excursion (SIE) from ∼20� (around the Pl–
To boundary) to ∼40� (around the end of the T-OAE nCIE), attributed to large-scale burial of reduced 
sulfur (pyrite and sulfurized organic matter) under widespread anoxic/euxinic conditions. Importantly, 
high δ34SCAS values were maintained into the mid–late Toarcian, even when global anoxic conditions 
diminished. The δ34S data confirm significant spatial heterogeneity in seawater δ34S compositions 
during the whole of the Toarcian, and provide strong evidence for a two-phase pattern of ocean 
deoxygenation. Upwelling of 34S-enriched equatorial deep water, affected by significant reduced-sulfur 
burial, likely caused the greatly amplified SIE in the formerly adjacent Tibetan area. By contrast, the 
dampened magnitude of the Toarcian SIE in Europe is attributed to a smaller, local reduced-sulfur sink. 
Box-modeling results indicate that the persistent post-T-OAE positive δ34S values were likely maintained 
because of a global reduction in Ca-sulfate (gypsum and anhydrite) burial driven by declining and 
continuously low seawater sulfate concentrations during and after the T-OAE. This geochemical pattern, 
albeit markedly reducing the total amount of global pyrite sequestration, increased the proportion of 
reduced to oxidized sulfur burial needed to generate the observed positive δ34S values.

© 2023 Elsevier B.V. All rights reserved.
1. Introduction

Episodes of rapid global warming, known as hyperthermals, 
have punctuated Earth history and are typically associated with 
the expansion and intensification of oxygen-depleted waters in the 
world ocean. Such events in the Mesozoic, termed Oceanic Anoxic 
Events (OAEs), have been recognized and well documented in 
the early Toarcian, early Aptian and at the Cenomanian–Turonian 
boundary (e.g., Jenkyns, 2010; Hu et al., 2020). Although the OAE 
concept was introduced in the nineteen-seventies based on the 
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coeval occurrence of black shales worldwide and the associated 
typical positive carbon-isotope signatures (Jenkyns, 2010), under-
standing of the processes and mechanisms behind deoxygenation 
remains incomplete.

The Toarcian OAE (T-OAE) of the Early Jurassic is one of the 
most widely recognized examples of this phenomenon because 
of the global distribution of coeval organic-rich black shales from 
both epicontinental and pelagic settings across both hemispheres 
(Jenkyns, 1988, 2010; Kemp et al., 2022a). In stratigraphically com-
plete sequences, the T-OAE is characterized by an overarching pos-
itive carbon-isotope excursion (T-OAE pCIE) incised by an abrupt 
and stepped negative excursion (nCIE; Fig. 1A), the latter conven-
tionally linked to the introduction of 13C-depleted carbon from the 
Karoo-Ferrar Large Igneous Provinces (LIPs), thermogenic methane 
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Fig. 1. Toarcian characteristic carbon-isotope stratigraphy and global palaeogeography and geological sketch map of the Himalaya. A. Uppermost Pliensbachian–Lower Toarcian 
carbon-isotope stratigraphy is from the Mochras borehole (Wales, UK) with a complete succession and well-constrained ammonite biostratigraphy (Xu et al., 2018a). Note 
that the onset of the classic T-OAE pCIE pre-dates the nCIE, which has been mistaken for the OAE. B. Geological setting of the Himalaya showing the two studied sections, 
modified after Hu et al. (2016). C. Palaeogeographic map, showing the studied area and key locations, is adapted from Scotese (2021). The black shaded band represents 
the equatorial high-productivity zone tentatively identified as the major carbon and reduced-sulfur sink during the T-OAE. Abbreviations: A-Alberta, Canada; Y-Yorkshire, P-
Peniche, Portugal; M-Monte Sorgenza, Apennine Carbonate Platform; I-Inuyama, Japan; Am. zone = Ammonite zone; Plien. = Pliensbachian; Toar. = Toarcian; Spi. = Spinatum; 
Tenu. = Tenuicostatum.
and/or methane hydrate dissociation (Hesselbo et al., 2000; Kemp 
et al., 2005; Jenkyns, 2010; Burgess et al., 2015; Xu et al., 2018a). 
Large-scale carbon injection from multiple sources into the global 
ocean–atmosphere system would have driven rapid global warm-
ing, ocean acidification, enhanced continental weathering and as-
sociated nutrient input and accelerated primary productivity in the 
oceans (Jenkyns, 2010; Percival et al., 2016; Kemp et al., 2020; 
Müller et al., 2020). These phenomena represent important feed-
back mechanisms reducing atmospheric CO2 and thereby poten-
tially sowing the seeds of climatic recovery, offsetting the effects 
of greenhouse-gas introduction from volcanic and other processes.

Organic-carbon burial and sequestration has been widely ob-
served in northern Europe (Jenkyns, 2010), and locally in Japan, 
and in the Koryak Highland and Kamchatka Peninsula of eastern 
Russia, in exotic terrains representing deep-sea environments be-
low the carbonate compensation depth (CCD) during the T-OAE 
(Jenkyns, 1988; Gröcke et al., 2011; Ikeda et al., 2018; Filatova 
et al., 2022). However, organic-rich sediments are more limited 
over the entire southern Tethyan margin (e.g., Jenkyns and Clay-
ton, 1986; Hesselbo et al., 2007; Jenkyns, 2010; Trecalli et al., 
2012; Han et al., 2018) as well as in some basins in marginal ar-
eas of Panthalassa (western North and South America and Japan 
(Caruthers et al., 2011; Fantasia et al., 2018; Kemp et al., 2022a). 
Furthermore, coeval redox proxies are spatially heterogeneous be-
cause they were typically influenced by local as well as global 
factors (McArthur et al., 2008). Notably, evidence from thallium 
isotopes (ε205Tl) from Europe and Canada, and global patterns of 
organic-matter burial, indicate that widespread deoxygenation be-
gan around the Pliensbachian–Toarcian (Pl–To) boundary time and 
underwent a second pulse coincident with the recovery interval 
the T-OAE nCIE, with the development of expanded oxygen min-
ima likely continuing into the latest early and middle Toarcian 
(post-nCIE; Them et al., 2018; Silva et al., 2021). The relationship 
between the carbon-cycle perturbations and deoxygenation pro-
2

cesses, and their terminations, are therefore poorly constrained for 
the T-OAE.

The biochemical sulfur cycle plays a key role in regulating the 
Earth’s surface redox state via the metabolic activities of sulfate 
reduction, disproportionation, and sulfide oxidation: processes that 
are intimately associated with the global carbon cycle and climatic 
and environmental change (e.g., Garrels and Lerman, 1981). Exam-
ination of the ancient sulfur cycle thus offers an effective way to 
trace oceanic redox conditions and associated climatic and envi-
ronmental changes. The few previous studies on the Toarcian sulfur 
cycle were based on localities in northern Europe and the west-
ern and eastern Tethys in an attempt to explore the extent of 
oceanic anoxia/euxinia and seawater sulfate concentrations using 
sulfur isotopes (δ34SCAS) in carbonate-associated sulfate (Gill et al., 
2011a; Newton et al., 2011). However, there are still uncertainties 
on the veracity of data from the Tibetan Kioto Platform because of 
the extremely high δ34SCAS values compared with those from Euro-
pean sections (Gill et al., 2011a). Here, we present high-resolution 
δ34SCAS data from two Tibetan carbonate-platform sections (Wö-
long and Nianduo), previously investigated by Han et al. (2016, 
2018, 2021, 2022a, 2022b), to constrain the dynamics of the sulfur 
cycle and the implications for detailed reconstructions of oceanic 
environmental changes in the Toarcian.

2. Geological setting and stratigraphy

The study sites are located in the Tethys Himalaya, bordered 
by the Yarlung Zangbo Suture Zone to the north and the Greater 
Himalaya to the south (Fig. 1B). During the Jurassic, the Tethys Hi-
malaya was located on the northern margin of the Indian continent 
at low southern latitudes (21.8◦S to 26.1◦S) in the southeastern 
Neotethys (Fig. 1C; Huang et al., 2015). Over that time interval, the 
Tethys Himalaya was a mature passive margin that was character-
ized by deep-water silty shales, calcareous shales, and marls in the 
northern zone and by shallow-water siliciclastics and carbonates in 
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the southern zone (Liu and Einsele, 1994; Jadoul et al., 1998; Han 
et al., 2016).

Carbonate deposits on the so-called Kioto Platform were exten-
sively developed during the Pliensbachian to Toarcian interval in 
the southern zone of the Tethys Himalaya. This interval has been 
well studied in the Nianduo and Wölong sections, and has been 
traditionally subdivided into two units, from the bottom to top: 
the Pupuga and Nieniexiongla Formations (Jadoul et al., 1998; Han 
et al., 2016, 2022a, 2022b). The Pupuga Formation is dominated 
by bioclastic grainstones/packstones laid down on a shallow-water 
carbonate platform. The overlying lower Nieniexiongla Formation 
is characterized by finer-grained micrites alternating with common 
coarser grained storm-generated beds, whereas the upper member 
of the Nieniexiongla Formation is characterized by more common 
siltstone (Jadoul et al., 1998; Han et al., 2016, 2018). The Pupuga 
Formation is dated as Pliensbachian to lowest Toarcian based on 
the biostratigraphy of Lithiotis bivalves, larger benthic foraminifera 
and carbon-isotope chemostratigraphy (Han et al., 2018, 2021). In 
particular, the T-OAE has been placed at the Pupuga–Nieniexiongla 
transitional interval, suggested by the occurrence of the character-
istic negative CIE, evidence for significant sea-level rise, carbonate-
platform crisis, and common storm-generated layers (Han et al., 
2016, 2021). Additionally, the upper member of the Nieniexiongla 
Formation was inferred to be Bajocian in age from ammonite bios-
tratigraphy (Jadoul et al., 1998). Consequently, if complete, the 
lower Nieniexiongla Formation should encompass the Toarcian and 
probably part of the Aalenian.

3. Materials and methods

3.1. CAS and reduced-sulfur extraction

Samples in this study were collected from the upper Pupuga 
Formation from both sections. At Nianduo, the whole of the lower 
Nieniexiongla Formation was sampled, whilst at Wölong sampling 
only took place up to the lower part of the lower Nieniexiongla 
Formation. Weathered surfaces and crusts were removed from 
hand samples before powdering using a mechanical agate disc mill. 
A modified and miniaturized procedure developed by He et al. 
(2019) was applied to extract carbonate-associated sulfate (CAS) 
from these samples. Approximately 6–8 g of powdered bulk car-
bonate was bleached in an excess of 5% NaOCl solution for 72 h 
to fully oxidize the reduced-sulfur phases, including sulfide miner-
als and organic sulfur, into sulfate. After filtration through 0.25 μm 
Polypropylene membrane syringe filters, 6 M HCl was added to the 
bleached solution to decrease the pH, followed by addition of su-
persaturated BaCl2 solution to precipitate BaSO4 over at least one 
week. The solid residue of each sample was washed three times 
using ultrapure water (18.2 M�.cm), and then immersed in 10% 
(wt/vol) NaCl solution for 24 h with constant agitation. This H2O-
NaCl rinsing step was repeated five times to fully remove the solu-
ble sulfate from the oxidation of reduced-sulfur compounds caused 
by the NaOCl rinsing step. After these steps, an additional five 
rinses of the bleached solid residues with ultrapure water were 
carried out to completely remove residual soluble sulfate and NaCl. 
No BaSO4 precipitation was observed to have formed by adding 
BaCl2 to the final rinse filtrate. The leached solid residue of each 
sample was treated with an excess of 6 M HCl to release the CAS 
in the carbonate lattice; this was subsequently centrifuged and fil-
tered immediately to minimize the possibility of oxidation of sur-
viving reduced sulfur during carbonate dissolution. The acidified 
samples were filtered to separate the solid residues and solution. 
To the latter, 2 ml supersaturated BaCl2 was added to precipi-
tate BaSO4. The resulting NaOCl- and CAS-BaSO4 precipitates of 
each sample were washed and centrifuged repeatedly until the pH 
3

reached neutral values, and were finally extracted, dried and then 
weighed for sulfur-isotope determination.

3.2. Sulfur-isotope and elemental concentration measurement

Sulfur-isotope analysis was performed on an Elementar vario 
PYRO cube coupled to a GV Isoprime mass spectrometer in contin-
uous flow mode at the University of Leeds. Dried BaSO4 powders 
(0.130–0.220 mg) were weighed into tin cups, and flash-combusted 
into SO2 in the presence of excess pure O2 at 1050 ◦C. Excess O2
from the gas stream was consumed by reaction with pure copper 
wire at 850 ◦C, and water was removed using a Sicapent trap. The 
resulting SO2 was separated from other gases by a temperature-
controlled trap and purge column. The δ34S value was obtained 
using the integrated mass 64 and 66 signals from the SO2 pulse 
relative to those in a reference gas. These results were calibrated 
to the international Vienna-Canyon Diablo Troilite (V-CDT) stan-
dard using a chalcopyrite inter-laboratory standard (CP-1) and a 
seawater-derived laboratory standard (SWS-3), with assigned val-
ues of −4.56� and +20.3� respectively. These laboratory stan-
dards were calibrated using the following international reference 
standards (assigned values in brackets): NBS-123 (17.01�), NBS-
127 (20.3�), IAEA S-1 (−0.30�) and IAEA S-3 (−32.06�). The 
precision, based on repeated analysis of a laboratory barium sul-
fate check standard, was ±0.3� (1 SD) or better.

An aliquot of the HCl-leachate solution, taken before adding 
BaCl2, was retained to analyze the concentration of sulfur and 
metal elements (Ca, Mg, Mn, and Sr) using a Thermo Fisher iCAP 
7400 radial Inductively Coupled Plasma Optical Emission Spec-
trometer (ICP-OES). Samples and calibration standards were inter-
nally standardized by using 1 mg L−1 Y and Lu. The analytical 
precision for these elements is better than 3�.

4. Results

4.1. Sulfur isotopes

Data from both sections record a gradual positive sulfur-isotope 
excursion (SIE) with a magnitude of ∼20� and final maximum 
values of ∼40� (Fig. 2), agreeing well with that reported from 
the Yunjia section (∼500 m away from Wölong) described by New-
ton et al. (2011). In the Nianduo section, with a well-constrained 
T-OAE nCIE, the positive SIE begins around −8 m stratigraphi-
cally below the onset level of the T-OAE nCIE at −2 m. Recently, 
foraminiferal and chemostratigraphic constraints allow the interval 
at the top of the Pupuga Formation to be referred to as the upper-
most Pliensbachian to lowermost Toarcian (Han et al., 2018, 2021). 
Consequently, the SIE onset (Wölong: −3 m and Nianduo: −8 m), 
which corresponds to a small negative CIE in δ13CTOC at Nianduo 
(∼ −12 to −5 m), may be assigned to around the Pl–To boundary.

Pre-SIE δ34SCAS values mainly vary between 16.8 to 23.0�, 
with an average of ∼19.8� for the Nianduo section (∼ −28.6 to 
−10.6 m; Fig. 2), figures that are relatively close to those in the 
same interval (∼ −36.4 to −4.2 m) of the Wölong section (Han et 
al., 2022a), with a range and average of 17.7 to 23.0� and 20.9�, 
respectively. A positive excursion of ∼20� is observed in both 
sections, and the highest values are attained approximately at the 
end of the recovery interval of the T-OAE nCIE, leveling off with a 
range and average, respectively, of 33.6 to 41.8� and 39.8� for 
Nianduo (∼23.4 to 45.4 m) and of 38.5 to 43.9� and 41.9� for 
Wölong (∼20.9 to 29.9 m).

4.2. Elemental concentration

The whole-rock CaCO3 concentrations mainly range from 75% to 
95%, with an average value of ∼88.0% for the Nianduo section and 
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Fig. 2. Chemostratigraphy of the upper Pliensbachian–Toarcian interval from the Wölong (A) and Nianduo (B) sections, and Phanerozoic seawater sulfate δ34S (C), superim-
posed upon the late Pliensbachian–Toarcian δ34S data of Tibet (brown zone). The black lines through the δ13CTOC data are 3-point moving average values from the Nianduo 
and Wölong sections, excluding the data points identified as non-primary (Han et al., 2018). δ34SCAS and δ34Sbleach data (hollow circles) of the lower Wölong section are 
from Han et al. (2022a). Note that each unit scale bar below and above ∼55 m of the Nianduo section represents 5 and 15 m, respectively. The two horizontal bars correlate 
the two major Toarcian positive phases. Compiled Phanerozoic δ34S data are from Algeo et al. (2015) and Tibetan data from Han et al. (2022a) and this study (Figs. 2 and 
3). Sulfur isotopes of Tibet are illustrated with representative microfacies (D): 1 (black data points): Mudstone; 2 (purple data points): Wackestone/Packstone; 3 (blue data 
points): Grainstone.
of ∼90.1% for the Wölong section (Fig. 3). The CAS sulfur content 
in both sections is relatively low, ranging from 3 to 40 ppm with 
an average of ∼14.8 ppm. Carbonate Mg/Ca and Mn/Sr ratios range 
predominantly between 0.005 to 0.01 and 0.05 to 0.4, respectively.

5. Discussion

5.1. Preservation and diagenetic evaluation of δ34SCAS

The sulfur-isotope ratio of structurally incorporated carbonate-
associated sulfate (CAS) in the carbonate lattice is commonly con-
sidered to record the coeval isotopic composition of global sea-
water sulfate, if not modified by diagenetic processes (Gill et al., 
2008; Fike et al., 2015) and/or experimental contamination dur-
ing the CAS extraction (Marenco et al., 2008; Wotte et al., 2012). 
In this study, thorough NaOCl bleach and consecutive NaCl rinses 
4

have been applied to remove non-CAS sulfur, and steps have been 
taken to minimize the possibility of reduced-sulfur oxidation dur-
ing the acid dissolution of the carbonate (see section 3.1). The 
results show that the δ34SCAS of all samples displays much higher 
values than that of paired δ34Sbleach (Fig. 2A–B), and there was no 
or only weak correlation observed between the two parameters in 
Nianduo and Wölong, respectively (Fig. 3A). Furthermore, all the 
analyzed samples were checked under the microscope and visible 
pyrite was only present in very minor quantities. Hence, reduced-
sulfur phases should have been largely removed during the NaOCl 
bleaching, and the δ34SCAS values are not likely to have been in-
fluenced by the oxidation of residual sulfide minerals during CAS 
extraction. Only one data point (50.4 m, Nianduo section) has both 
low δ34Sbleach and δ34SCAS values compared to stratigraphically ad-
jacent samples and might have suffered contamination due to oxi-
dation of reduced-sulfur compounds during CAS extraction.
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Fig. 3. Cross-plots of carbonate isotopic values and elemental concentration for Nianduo (blue) and Wölong (green) sections. (A) δ34SCAS (�)-δ34Sbleach (�) (R2 = 0.0537 
and 0.2984), (B) δ34SCAS (�)-Carbonate content (%) (R2 = 0.0202 and 0.0972), (C) δ34SCAS (�)-[CAS] (ppm) (R2 = 0.0239 and 0.0267), (D) δ34SCAS (�)-Mg/Ca (w/w) (R2 = 
0.0192 and 0.0025), (E)δ34SCAS (�)-Mn/Sr (w/w) (R2 = 0.2086 and 0.2558), (F) δ34SCAS (�)-δ18Ocarb (�) (R2 = 0.0005, δ18Ocarb data from Han et al. (2018).
5
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Different carbonate components (micrite, sparite and fossils) 
and different depositional conditions can lead to large variability 
in δ34SCAS (Present et al., 2015; Richardson et al., 2019; Rose et 
al., 2019). No correlation is observed between δ34SCAS and HCl-
leachable carbonate content in the Tibetan sections (Fig. 3B). Fur-
thermore, petrographic analyses of the studied samples show three 
characteristic microfacies types, each with a wide range of δ34SCAS
values (Fig. 2A–B and D). In both sections, the proportion of mi-
crite is overall similar throughout the Nieniexiongla Formation, 
while this interval shows a significant rise in δ34SCAS. Notably, 
the intergranular pores of grainstones in the upper Pupuga For-
mation are filled with sparite (Han et al., 2016), which is gen-
erally considered to be secondary. However, the circumgranular 
cement rims (sparite) of carbonate grains (microfacies 3) gener-
ally suggest a marine-phreatic and marine vadose environments 
(Han et al., 2016) and thus could still record a seawater signal. 
This supposition is supported by the fact that δ34SCAS datapoints 
from microfacies 3 characterized by sparry cements do not show 
unique values compared to adjacent datapoints with different mi-
crofacies. Combined, these observations suggest that facies had 
negligible influence on δ34SCAS across the studied archives. Addi-
tionally, dolomitization and diagenetic alteration can alter δ34SCAS
(Gill et al., 2008; Present et al., 2015; Fichtner et al., 2017). In this 
study, δ34SCAS data show no correlation with Mg/Ca (as proxy for 
dolomitization), and [CAS], Mn/Sr and δ18Ocarb (proxies for diage-
nesis) (Fig. 3C–F). Furthermore, no visible dolomitic samples have 
been observed under the microscope in the Pl–To interval (Han 
et al., 2016). Importantly, the high-resolution δ34SCAS trends from 
the two Tibetan sections are very similar and the trend of gradu-
ally increasing values corresponds well to those from Europe, albeit 
with a significant difference in magnitude (Fig. 4; Gill et al., 2011a; 
Newton et al., 2011). Consequently, the δ34SCAS of the studied sam-
ples are taken to record primary sulfur isotopic values for at least 
(supra)regional seawater sulfate.

Only two individual data points at 10.4 m and 37.4 m of the 
Nianduo section have lower δ34SCAS values compared to strati-
graphically adjacent samples (Fig. 2B), with corresponding abnor-
mal δ18Ocarb and Mg/Ca values (Fig. 2A and F), respectively, point-
ing to probable diagenetic alteration and/or dolomitization. There-
fore, these two data points are omitted from data interpretation 
in addition to the sample (50.4 m, Nianduo section), excluded 
because of potential transfer from the reduced-sulfur pool as dis-
cussed above.

5.2. Amplified sulfur-isotope spatial heterogeneity

Because the Tethyan shallow-water carbonate platforms locally 
can lack characteristic Lower Jurassic carbon-isotope excursions 
(e.g., Trecalli et al., 2012; Han et al., 2018; Ettinger et al., 2021), 
we additionally use the δ34SCAS records combined with biostratig-
raphy, carbon isotopes, facies change and Lithiotis extinction for 
correlation. The Nianduo and Yorkshire correlating with carbon 
isotopes and biostratigraphy means that the δ34S excursion in both 
places happened at the same time. Although the Wölong section 
does not have the characteristic nCIEs during the Pl–To bound-
ary and early Toarcian intervals (Han et al., 2018), the similar δ34S 
records and relatively close distance with the Nianduo section al-
low the direct correlation combined with the facies change and 
Lithiotis extinction. The correlation with Monte Sorgenza is less 
certain, but the facies change, Lithiotis extinction and the onset of 
the T-OAE nCIE could act as useful markers. Notably, the Nianduo 
section has a well-defined and globally comparable T-OAE nCIE in 
organic carbon and higher resolution δ34S data, and is hence used 
as the primary reference for the Tibetan record. The onset of the 
positive SIE in Tibetan sections occurs around the Pl–To boundary, 
thus preceding the onset of the T-OAE nCIE, as is also observed 
6

in Yorkshire, UK (Fig. 4; Gill et al., 2011a; Newton et al., 2011). 
However, in the platform carbonates of the southern Apennines 
(Italy), the onset of the SIE and T-OAE nCIE appears to be almost 
synchronous, possibly an artefact of the relatively low-resolution 
δ34S data or minor local erosive modification. Although the in-
creasing trends are comparable globally, the positive SIE magnitude 
(∼20� in Tibet versus ∼5� in Europe) during the T-OAE, as well 
as post-T-OAE values (∼40� in Tibet versus ∼22� in Europe) 
are significantly different. The Tibetan δ34S positive excursion orig-
inally observed by Newton et al. (2011) was suggested to represent 
a modified geochemical signal due to a major difference in the 
magnitude shift in δ34SCAS relative to the European realm (Gill et 
al., 2011a). However, multiple proxies and the reproducibility of 
the signal across the two sections studied here indicate that the 
high-resolution δ34SCAS data of Tibet likely represent a primary 
seawater signal. Consequently, the observed and amplified spatial 
heterogeneity in marine Toarcian sulfur isotopes questioned by Gill 
et al. (2011a) is here confirmed as genuine.

Importantly, high δ34SCAS values (∼40�) as observed for the 
post-SIE in the Tibetan sections have previously only been ob-
served for the Late Proterozoic and Cambrian (Fig. 2C; e.g., Kamp-
schulte and Strauss, 2004; Gill et al., 2011b). Although the Tibetan 
δ34SCAS values could theoretically have derived from extremely 
restricted settings related to the presence of geographic barriers 
that resulted in a unique δ34SCAS evolution during the Toarcian 
in this region, such hypothesis is not supported by the regional 
palaeogeography. The Jurassic Tibetan Himalaya was located in a 
relatively narrow linear zone on the northern Indian margin, with 
the studied area directly connected to the open Tethys Ocean. The 
close affinity of bivalve and foraminiferal species between the Ti-
betan Himalaya and western Tethys (Han et al., 2021) and simi-
lar absolute δ34SCAS values during the pre-T-OAE interval (Han et 
al., 2022a) suggest that water masses were relatively well mixed 
before the event, thereby excluding the existence of such major 
geographical barriers. Additionally, evidence for significant global 
sea-level rise and enhanced storm activity likely characterized the 
entire tropic/subtropic Tethys in the early Toarcian (Hallam, 1981; 
Krencker et al., 2015; Han et al., 2018). Such conditions would have 
favored improved watermass exchanges compared to earlier times. 
Alternatively, and possibly more likely, extremely low seawater sul-
fate concentrations (0.6–5 mM), due to widespread evaporite and 
pyrite burial during the Early Jurassic, have been suggested as the 
cause for such distinct spatial differences in sulfur-isotope ratios in 
seawater across early Toarcian ocean basins (Newton et al., 2011; 
Xu et al., 2018b; Han et al., 2022a and references therein). When 
global seawater sulfate concentrations fall to a level such that the 
seawater sulfate residence time is shorter than or equal to global 
average oceanic mixing time, δ34S records are more prone to being 
affected by local/regional processes, and thus are also more likely 
to show different values and trends between geographically sepa-
rated ocean basins (Newton et al., 2011; Han et al., 2022a).

5.3. Modeling the Toarcian sulfur cycle

The large-magnitude positive SIE of the early Toarcian was in-
terpreted as representing a global increase in pyrite burial under 
geographically expanded anoxic/euxinic oceanic conditions (Gill et 
al., 2011a; Newton et al., 2011). Such conditions could have been 
favorable for microbially mediated organic-matter remineralization, 
sulfate reduction and pyrite burial. Increasingly, studies have in-
dicated that the burial of sulfurized organic matter could have 
played a significant role in carbon and sulfur burial and thus had 
important feedbacks for the carbon cycle, although to date these 
studies have focused on the Cenomanian–Turonian oceanic anoxic 
event (OAE 2) (e.g., Hülse et al., 2019; Raven et al., 2019). It is 
possible that organic-sulfur burial was also an important process 
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Fig. 4. Global chemostratigraphic correlation of δ13C and δ34SCAS during the Pliensbachian–Toarcian interval. The correlation is based on the onset, end and phase of the 
positive sulfur-isotope excursion. Isotope data of Monte Sorgenza (Italy) are from Gill et al. (2011a) and Newton et al. (2011), and of Yorkshire (UK) from Cohen et al. (2004); 
Kemp et al. (2005); Littler et al. (2010); Gill et al. (2011a) and Newton et al. (2011). The red dashed line illustrates the abrupt boundary between bioclastic grainstones 
(below) and deeper water micrites (upper) and also the disappearance of the Lithiotis Fauna. Note: (1) The δ13CTOC data of Monte Sorgenza are used for chemostratigraphy, 
rather than δ13Ccarb data, because the onset of the T-OAE CIE identified from δ13CTOC data broadly corresponds well with the disappearance of reef-building Lithiotis, as 
observed in other Tethyan carbonate platforms; (2) The change in the y-axis scale in the Nianduo, Monte Sorgenza and Yorkshire plots at 55, 215 and 60 m, respectively is 
due to a reduction in sampling resolution.
during the early Toarcian, although this idea remains to be tested 
as records of organic-sulfur burial are currently lacking. Both pyrite 
and organic sulfur are relatively enriched in 32S, so the effect 
of enhanced reduced-sulfur burial of either of these geochemical 
species during the early Toarcian would have driven seawater δ34S 
to more positive values. The rising limb of the SIE is estimated to 
be ∼1.4–1.5 Myr in duration (Fig. 5; see Supplementary material), 
thereby indicating long-term global oceanic deoxygenation and an 
enhanced reduced-sulfur burial flux beginning around the Pl–To 
boundary and continuing throughout the early Toarcian. Given the 
sulfur-isotope heterogeneity of the oceans during the Toarcian con-
firmed by the data in this study, there is an inherent difficulty in 
determining a quantitative global picture of the sulfur cycle from 
any single isotope record. Here, application of a sulfur-cycle box 
model (see Supplementary material) based on that used in Witts 
et al. (2018) can reproduce the signals seen in Tibet or Europe 
using a pulse of increased reduced-sulfur burial of between 2–4 
times that of the background fluxes during the SIE interval, and 
with sulfate concentrations of between 1 and 5 mM, respectively 
(see Supplementary material; Fig. S1).

Notably, such a model, with consistently high seawater sulfate 
concentration values, fails to reproduce the extended period (likely 
∼8 Myr until the end-Toarcian; see Supplementary material; Fig. 
S1) of observed, prolonged positive δ34Sseawater values after the T-
OAE both in Tibet and Europe. Whilst the absolute δ34S values dif-
fer between Tibet and Europe, this long mid-late Toarcian plateau 
is a persistent feature of both sulfur-isotope records. Maintaining 
a globally high reduced-sulfur burial flux throughout this period 
could theoretically have resulted in this feature and there may be 
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some support for this from Tl isotopes that suggest that anoxia 
(and therefore enhanced reduced-sulfur burial) persisted into the 
middle Toarcian (Fig. 6; Them et al., 2018). However, organic-
carbon isotopes in a stratigraphically expanded succession from 
the Mochras borehole in Wales (UK), and other time-equivalent 
successions, suggest that enhanced organic-carbon burial did not 
persist beyond the middle Toarcian (Fig. 1A; e.g., Xu et al., 2018b).

To closely reproduce prolonged positive δ34Sseawater values in 
sulfur cycle box-model simulations, without invoking persistently 
elevated reduced-sulfur burial requires rather specific conditions, 
with the proportion of marine sulfate buried globally as Ca-sulfate 
(gypsum plus anhydrite) at very low values. This scenario can 
be achieved if seawater sulfate and/or calcium concentrations are 
lowered to such an extent that it is difficult for evaporation to 
concentrate seawater past the Ca-sulfate saturation point. A near 
cessation of global Ca-sulfate deposition during the T-OAE would 
have forced an increase in the relative proportion of total reduced 
sulfur, because these two major burial pathways were coupled, 
and mutually regulated. Such a mechanism would have allowed 
the absolute amount of reduced-sulfur burial to fall after the T-
OAE nCIE, whilst maintaining a positive plateau in the seawater 
sulfate-δ34S composition, which would be maintained as long as 
sulfate concentrations remained below the Ca-sulfate precipitation 
threshold. A similar mechanism has been proposed for the carbon-
isotope system, where a decreased carbonate weathering flux to 
the ocean can result in higher proportional organic-carbon burial, 
and a long-term change to more positive carbonate-δ13C composi-
tions (Shields and Mills, 2017). This scenario is broadly consistent 
with wider evidence of reduced seawater sulfate concentrations 
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Fig. 5. Long-term sulfur-cycle model for the late Pliensbachian to Toarcian interval. Panels show changes in weathering inputs of Ca-sulfate and reduced sulfur. (A), seawater 
[SO2−

4 ] (B), and paired burial outputs (C) and seawater δ34S (D). Dashed lines show default model where weathering inputs of sulfur do not change, and solid lines show 
model where weathering inputs decrease and [SO2−

4 ] drops below the Ca-sulfate deposition threshold, causing a rise in δ34S. Panel E shows the Tibetan δ34S data calibrated 
against the numerical time scale that is determined in the Supplementary material; PTB: Pl–To boundary (∼183.7 Ma).

Fig. 6. Multiple early Toarcian geochemical records illustrating the relationship between different environmental perturbations. For Nianduo (Tibet), δ13CTOC data are from Han 
et al. (2018); For East Tributary of Bighorn (Canada), δ13CTOC data are from Them II et al. (2017), ε205Tl data (ocean deoxygenation) from Them et al. (2018) and 187Os/188Os 
data (continental weathering) from Them et al. (2017); For Peniche (Portugal), δ13Ccarb data are from Hesselbo et al. (2007) and δ13O data (sea-surface temperature) of 
brachiopods from Suan et al. (2008) and Müller et al. (2020); For Karoo-Ferrar LIP (Large Igneous Province) activity data are from Burgess et al. (2015); Percival et al. (2015); 
Xu et al. (2018a) and Al-Suwaidi et al. (2022); For Mochras (UK), the stratigraphic position of siderite occurrence is from Xu et al. (2018b). SIE: sulfur-isotope excursion.
8
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across the event: the T-OAE has been linked to low ocean sulfate 
via the rate of change in the CAS-isotope record and by the ap-
pearance of abundant siderite in some European sections (Fig. 6), 
geochemical patterns that coincide with, and in some instances 
start earlier than the nCIE interval (Gill et al., 2011a; Newton et 
al., 2011; Xu et al., 2018b; Han et al., 2022a). Importantly, there 
is evidence of extensive evaporite deposition in the proto-Atlantic 
during the Late Triassic to Early Jurassic (Turner and Sherif, 2007), 
which provides a mechanism of significant sulfate drawdown prior 
to the T-OAE.

To test this hypothesis, we first modified the model of Witts 
et al. (2018) by adding a logistic function, which curtails reduced-
sulfur burial when marine sulfate concentrations approach zero, 
to prevent sulfate concentrations becoming negative. We further-
more impose a rule on the model that Ca-sulfate deposition stops 
at seawater sulfate concentrations of 1 mM. This threshold is 
chosen arbitrarily to represent the point at which Ca-sulfate de-
position in evaporite systems becomes negligible. In Fig. S2 of 
Supplementary material, we experiment with changing this value. 
Further work modeling the 3D distribution of Early Jurassic sea-
water chemistry would be necessary to define this more precisely 
but is outside the scope of this study as the qualitative mecha-
nism we wish to demonstrate does not depend on the quantities 
chosen. We assume that seawater sulfate in the run-up to the T-
OAE has been significantly lowered by declining weathering fluxes 
of both reduced-sulfur and Ca-sulfate (Fig. 5A–B). Reduced con-
tinental weathering is consistent with the records of long-term 
strontium-isotope decline from the Late Triassic onwards (Jones et 
al., 1994; McArthur et al., 2020), a Phanerozoic low point in clas-
tic sediment deposition in the Early Jurassic (Hay et al., 2006), and 
colder late Pliensbachian temperatures well before the onset of the 
SIE (Korte et al., 2015). Additionally, the long-term enhanced de-
position of evaporite sulfate during the Late Triassic–Early Jurassic 
(Turner and Sherif, 2007) would have hastened the decrease of sul-
fate concentrations towards the Ca-sulfate precipitation threshold 
during the Toarcian.

A greatly reduced ocean sulfate reservoir and depressed Ca-
sulfate burial flux in the early Toarcian implies that a much 
smaller amount of reduced-sulfur burial is required than previ-
ously modeled to generate the observed range of increases in 
δ34S (Fig. 5C–E). Furthermore, altering the threshold in our model 
at which Ca-sulfate burial becomes negligible can alter the δ34S 
value at which the system plateaus (Fig. S2). It is worth noting 
that the enhanced reduced-sulfur flux needed to drive the sys-
tem below the Ca-sulfate deposition threshold is small relative to 
modern fluxes (∼0.8x1012 mol yr−1 vs 1.9x1012 mol yr−1; Bot-
trell and Newton, 2006) because of the much smaller size of the 
early Toarcian sulfate reservoir and so does not require any en-
hancement of the reactive iron flux to the oceans. Such a scenario 
may indeed better match the likely scale of marine anoxia needed 
to explain the more limited nature of the biotic response (Sep-
koski, 1982). Whilst the absolute value for seawater sulfate that 
controls the Ca-sulfate deposition threshold remains to be more 
accurately determined, the proposed mechanism also strongly sug-
gests that the sulfate concentration during the T-OAE was at the 
lower end of previous estimates. This result is consistent with 
evidence of enhanced siderite deposition from Mochras (UK) dur-
ing the tenuicostatum and exaratum subzones of the early Toar-
cian (Fig. 6; Xu et al., 2018b) and decreases the upper limit of 
reduced-sulfur fluxes needed to create either the European or Ti-
betan seawater δ34S response. Whilst siderite could theoretically 
be the result of TOC limitation, this is not the case for this inter-
val of the Mochras core (average TOC of 1.05 wt%), suggesting that 
low seawater sulfate, which limits reduced-sulfur production dur-
ing the mineralization of organic matter, favored the reaction of 
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dissolved iron and carbonate ions during early diagenesis (Xu et 
al., 2018b and references therein).

5.4. Stepwise ocean deoxygenation and its termination

The high-resolution δ34S data and extended T-OAE CIE interval 
(∼30 m) of the Tibetan sections (primarily referring to Nianduo, 
as mentioned above), allow us to explore the deoxygenation pro-
cesses through time. There are two significant phases (I and II) 
in the observed overall SIE towards exceptionally heavy isotopic 
values in the eastern Tethys (Fig. 4). The first begins around the 
Pl–To boundary and ends at the decreasing limb of the T-OAE nCIE, 
and the second starts at the increasing limb and finally culmi-
nates at the end of the nCIE. These observations suggest that ocean 
deoxygenation and the accompanying increase in reduced-sulfur 
burial were triggered before the traditionally defined T-OAE start-
ing at the mid-tenuicostatum Zone of the earliest Toarcian (Fig. 1A; 
Jenkyns et al., 2002; Xu et al., 2018a) and overall experienced 
two major phases. This pattern is broadly consistent with the two 
shifts to higher ε205Tl in the East Tributary of the Bighorn sec-
tion in Canada (Fig. 6; Them et al., 2018). Additionally, the δ34S 
data of Nianduo allow us to infer a geologically synchronous cou-
pling between deoxygenation and carbon-cycle evolution. Phase I 
correlates closely with an interval characterized by a negative CIE 
around the Pl–To boundary extending to the onset level of the 
T-OAE nCIE that was recorded globally and interpreted as being 
driven by the release of isotopically light carbon associated with 
the onset of Karoo-Ferrar LIP activity (Fig. 6; Hesselbo et al., 2000; 
Kemp et al., 2005; Burgess et al., 2015; Percival et al., 2015; Ruhl 
et al., 2022). The coupled sulfur- and carbon-isotope systems in 
this interval broadly correspond with the idea of elevated weather-
ing rates and seawater temperature indicated by 187Os/188OS and 
δ18O from belemnites and brachiopods respectively (Fig. 6; Suan 
et al., 2008; Korte et al., 2015; Müller et al., 2020). Thus, the 
deoxygenation of phase I may have been mediated by transient 
global warming reducing the solubility of oceanic oxygen and/or 
weathering-driven enhanced primary production by increased flu-
vially derived nutrients, and an associated elevated organic-carbon 
flux to the seabed, consuming oxygen and creating an expanded 
oxygen minimum zone. The ensuing phase II may have had the 
similar causes as deoxygenation in phase I, because of the over-
all correspondence with the positive and negative plateau values 
of 187Os/188Os and δ18O, respectively.

The Tibetan δ34SCAS record reaches peak values around the 
end of the rising limb of the T-OAE nCIE, consistent with those 
observed from European records (Fig. 4). These observations sug-
gest that the termination of ocean deoxygenation and associated 
reduced-sulfur burial was broadly synchronous with the end of 
globally enhanced organic-carbon burial rates. Additionally, the 
termination of the increasing trend in δ34S also marks the point at 
which the sulfur cycle reaches a new steady state with a negligi-
ble Ca-sulfate deposition flux driving an increase in the proportion 
of the total sulfur flux from the ocean deposited as reduced sulfur, 
thereby maintaining the long-term elevated seawater δ34S values 
(Fig. 5).

5.5. Drivers of high Tibetan δ34SCAS and spatial heterogeneity

The Tibetan SIE starts in shallow-water platform carbonates 
(∼ −10 to 0 m; Fig. 2), which are dominated by grainstones in-
cluding lumps, oncoids and ooids with abundant benthic fauna, 
suggesting relatively turbulent oxygenated waters (Han et al., 2016, 
2021). Although the ensuing SIE (>0 m in the sections) is encoded 
in deeper water ramp facies that developed due to sea-level rise 
during the T-OAE, the TOC level is rather low (∼0.1%wt; (Newton 
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et al., 2011; Han et al., 2018). Additionally, in the southern Apen-
nines (Italy), the SIE also starts in oolitic and bioclastic grainstones, 
continues in clay-rich carbonates, and ends in oolitic grainstones 
(Gill et al., 2011a). These observations suggest that the positive SIE 
of the Kioto and southern Apennine Platforms, respectively on the 
eastern and western Tethyan continental margins, did not initiate 
in anoxic/euxinic conditions and was therefore not driven by in 
situ enhanced reduced-sulfur burial. The SIE observed in these two 
sites was therefore more likely to have been affected in different 
ways by (supra)regional factors under conditions of extremely low 
sulfate concentrations.

Notably, appreciable TOC and reduced-sulfur burial have been 
observed in several far-traveled thrust slices of the Panthalassan 
sea floor (Japan and eastern Russia), which represent the deep-
sea sediments (principally made up of radiolarian cherts) deposited 
below the calcite compensation depth (Fig. 1C; Gröcke et al., 2011; 
Ikeda et al., 2018; Filatova et al., 2022). In a recent study of a deep 
peri-equatorial Panthalassan site, TOC values, trace elements, iron-
speciation data and sulfur isotopes in pyrite suggest anoxic/euxinic 
conditions across an interval from the Pl–To boundary to the T-OAE 
(Chen et al., 2022, 2023; Kemp et al., 2022b). Substantial discrete 
increases in organic matter and pyrite concentration at the Pl–To 
boundary and during the T-OAE nCIE suggest enhanced deep ocean 
burial of sulfur and carbon at these times (Chen et al., 2022, 2023; 
Kemp et al., 2022b). Additionally, positive δ34Spyrite excursions with 
magnitudes of > 10� were observed in these two key intervals. 
These excursions were interpreted as due to enhanced organic-
carbon supply and/or preservation on the seafloor that fueled bac-
terial sulfate reduction (BSR), causing the positive sulfur-isotope 
shift in pyrite (Chen et al., 2022). These two intervals of positive 
δ34Spyrite shift broadly correspond to the positive phase I and II 
of δ34SCAS (Fig. 4), respectively. In the Early Jurassic, these deep-
sea localities were at low latitudes between 10◦N and 10◦S based 
on palaeomagnetic and palaeontological data (Ando et al., 2001), 
although the number of studies is rather limited because Lower 
Jurassic oceanic crust, and thus the open-ocean pelagic cover, has 
largely been subducted. The classical Cretaceous OAEs in the early 
Aptian (OAE1a) and at the Cenomanian–Turonian boundary (OAE2) 
do have an impressive black-shale record across the deep-sea floor 
of low-latitude zones of Panthalassa (Jenkyns, 2010). Therefore, a 
major deep-water carbon and reduced-sulfur sink during the T-
OAE may have similarly developed in low-latitude zones of high 
organic productivity, which were close to the site of the Tibetan 
sections located in the open southeastern Tethys (Fig. 1C). The 
much higher Tibetan δ34S values are thus inferred to have been 
related to upwelling and mixing of 34S-enriched low-latitude deep 
waters that were affected by open-ocean reduced-sulfur burial ad-
jacent to the Tethys Himalaya.

The pattern of enhanced reduced-sulfur burial in low-latitude 
deep-sea settings could also reasonably explain the apparent dis-
crepancy in absolute δ34SCAS values during the syn- and post-
T-OAE intervals between Tibet and Europe. The north European 
shelf-sea basins recording the T-OAE were locally stratified and 
restricted, as indicated by biomarkers and multiple geochemical 
proxies (e.g., McArthur et al., 2008; Dickson et al., 2017). The rise 
in δ34SCAS started abruptly, well after the rise in TOC, sedimentary 
pyrite concentrations and total sulfur content seen in sections from 
the European shelf-sea basins (Jenkyns and Clayton, 1997; Newton 
et al., 2011; Xu et al., 2018b), suggesting that local anoxia/eux-
inia and associated enhanced reduced- sulfur burial could have 
driven this SIE. Therefore, a uniform magnitude for the positive SIE 
would be expected only in local watermasses of the European shelf 
basins. However, this is not the case for the similarly sized posi-
tive SIE present in the better ventilated southern Apennines that 
was situated on the western Tethyan continental margin (Gill et 
al., 2011a). This similar geochemical response in varied European 
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settings could have been caused by the much larger reduced-sulfur 
burial sink in the low-latitude zones that may have dwarfed the 
same process elsewhere.

6. Conclusions and implications

Two δ34SCAS profiles reported from the Tibetan Himalaya of 
the southeastern Tethys show similar signatures and their increas-
ing trend parallels those previously documented in Toarcian sed-
iments from the western Tethys and northern Europe. However, 
the positive SIE (with a magnitude of ∼20� in Tibet versus ∼5�
in Europe) beginning around the Pl–To boundary and culminat-
ing around the end of the T-OAE nCIE interval, and persistent 
post-T-OAE positive δ34S values (∼40� in Tibet versus ∼22�
in Europe), are significantly different, which confirms a spatially 
heterogeneous ocean with respect to seawater δ34S at that time. 
A long-term sulfur-cycle box model suggests that: (1) The persis-
tent post-nCIE positive δ34S was likely maintained by a long-term 
downwards shift in the relative proportion of oxidized (Ca-sulfate) 
to reduced sulfur (pyrite and organic sulfur) burial; (2) A shift to 
negligible Ca-sulfate precipitation was likely driven by the forcing 
of global seawater to low sulfate conditions caused by a long-term 
decline in the weathering flux to the oceans and massive burial 
of evaporite sulfate throughout the Late Triassic and Early Jurassic, 
followed by enhanced reduced-sulfur burial associated with Toar-
cian anoxia.

The Tibetan high-resolution and stratigraphically extended 
δ34SCAS data reveal two major phases of ocean deoxygenation in 
the early Toarcian. The first began around the Pl–To boundary and 
continued up to the onset of the T-OAE nCIE, whilst the second 
began at the recovery phase and terminated around the end of the 
T-OAE nCIE. The termination of deoxygenation also marks the point 
where the sulfur cycle reached a new steady state with a negligible 
Ca-sulfate burial flux. The upwelling of 34S-enriched deep water, 
affected by reduced-sulfur burial could have caused the greatly 
amplified SIE in Tibet, which at that time was directly adjacent to 
the equatorial zones, whereas the dampened magnitude in Europe 
could be attributed to a smaller local reduced-sulfur sink.

The links between low sulfate, Ca-sulfate burial and the main-
tenance of elevated seawater sulfate-δ34S established in this study 
may well apply to other time periods with similar sulfur-isotope 
records. Further work to establish links between the major ion 
composition of seawater and the rate of Ca-sulfate deposition 
should allow an independent approach to estimating seawater sul-
fate during times when seawater sulfate is low and there is evi-
dence of its isotopic heterogeneity. Observed heterogeneity in sea-
water sulfate-δ34S poses challenges for estimating global reduced-
sulfur burial fluxes and the extent of oceanic anoxia. However, such 
constraints will improve insights into links between the global car-
bon and sulfur cycles, and global temperature evolution during 
LIP-induced warming events.
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