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ARTICLE INFO ABSTRACT

Editor: Dr. Karen Johannesson The sulfur (S) isotope composition of carbonate associated sulfate (CAS) in carbonate rocks has been used to
assess variations in paleo-oceanographic redox conditions and its relationship to biotic changes in Earth’s his-

Keywords: tory, including the Smithian — Spathian transition. However, previous CAS studies of the Olenekian are mostly

:lslllafur isotopes based on nearshore continental shelf sections and report highly variable §3*S values mostly offset from those of

contemporaneous evaporites, casting doubt on the utility of the CAS proxy during this interval. The current study
Seawater sulfate presents new CAS isotopic data from three well-dated carbonate successions which were deposited in continental
Marine redox shelf (Qiakong) and offshore marine (Wadi Musjah and Jebel Aweri) environments during the Olenekian
CAS (Smithian — Spathian). The aim of the study was to constrain the temporal and spatial variations in sulfur cycling
and its relation to marine redox and faunal changes across the Smithian — Spathian transition (ca. 250.5-248.8
Ma). The CAS dataset is complemented by rare earth element (REE) concentration data and thin section
petrography. Using a suite of optical and geochemical techniques, the preservation of near-primary CAS isotopic
information in the studied samples is evaluated. Results indicate that of the three sections investigated, the
offshore sections mostly preserve near-primary marine sulfate S-isotope compositions while the continental shelf
Qiakong section suffers from post-depositional alteration of CAS. Comparisons of our new, as well as previously
published CAS 5*S data, with the evaporite 5°*S record suggests that although Olenekian CAS 5*S values may
have been modified by diagenetic processes, a global and primary seawater 5°*S trend can be delineated as
follows: seawater 5>*S values increased across the middle Smithian and Smithian — Spathian boundary (SSB).
Based on our new CAS data, this increase was in the order of 9 %o over ca. 1.14 million years. Other short-term
variability in the CAS 8%4S record most likely reflects diagenetic processes. The middle Smithian to SSB 534S
increase is attributed to a global increase in microbial sulfate reduction and pyrite burial associated with
decreasing ocean dissolved oxygen during this time. Calculations of the rate of sulfur cycling and box modeling
constraints indicate that Olenekian marine sulfur cycle perturbations occurred while the seawater sulfate
reservoir only had between 10 and 25% of the modern marine sulfate inventory. Furthermore, results from the
current study suggest that variations in ocean dissolved oxygen levels, inferred from the 5°*S and REE data, are
not consistently correlated with nektonic faunal changes during the Olenekian in the studied sections. As such,
faunal turnover during the Olenekian is unlikely to be explained exclusively by abiotic factors such as ocean-
atmosphere oxygenation levels.

Sulfur cycle

1. Introduction proxy for reconstructing changes in the oxygen content of the ocean-
atmosphere system, marine redox evolution, and the chemical compo-
The sulfur (S) isotope composition of marine sulfate is a widely used sition of the ocean (Holser and Kaplan, 1966; Claypool et al., 1980;
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Berner, 1987; Strauss, 1997; Kampschulte et al., 2001; Bottrell and
Newton, 2006; Turchyn and DePaolo, 2019). The sulfate ion (SO%_) is
the second most abundant anion in seawater (Millero, 2013) and serves
as an electron acceptor for the anaerobic breakdown of organic matter
(OM) by microbes in marine systems (Habicht and Canfield, 1996;
Bottrell and Newton, 2006; Jgrgensen et al., 2019). This process,
commonly referred to as microbial sulfate reduction (MSR), is the most
important anaerobic pathway for OM respiration in the oceans
(Jorgensen, 1982). MSR produces reduced sulfur (HS™), which in the
presence of reactive iron, forms pyrite (Strauss, 1997) and together with
organic carbon, is subsequently buried in marine sediments. This burial
process leaves oxidized products in the ocean-atmosphere system and
impacts the oxygen cycle (Berner, 1987; Halevy et al., 2012). As such,
the marine sulfur cycle is connected to that of carbon and oxygen and
impacts the oxygenation state of the oceans and atmosphere and hence,
the ability of Earth’s marine environments to support biological function
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and diversity. Variations in the S-isotope composition of seawater sul-
fate are governed by relative changes in input and output fluxes of
marine sulfur, which involve the transfer of sulfur between different
reservoirs (Strauss, 1997; Bottrell and Newton, 2006; Gill et al., 2007).
Specifically, the input fluxes of marine sulfur (i.e., sulfide weathering,
volcanic degassing) are usually 3*S-depleted relative to the marine sul-
fate pool, resulting in decreased seawater 5>*S as these input fluxes in-
crease (Wortmann et al., 2001). In contrast, the output fluxes such as
sulfide burial and microbial sulfate reduction (MSR) preferentially
deplete 328 in the marine sulfate pool, resulting in a >*S enrichment of
seawater sulfate (Kah et al., 2004; Stebbins et al., 2019b). Consequently,
investigating the variations in the S-isotope composition of marine sul-
fur may help inform on the causes of ancient environmental and biotic
upheavals such as during the Early Triassic (e.g., Payne et al., 2004;
Galfetti et al., 2007b; Orchard, 2007; Romano et al., 2013).

Marine barites (Strauss, 1993; Paytan et al., 1998) and evaporites
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Fig. 1. Compilation of published Smithian to Spathian CAS §3*S profiles, as well as 5!3C profiles for a) Mineral Mountains section, USA, b) Jesmond section, Canada,
¢) Mud section, Spiti Valley, India, d) West Pingdingshan section, South China, e) South Majiashan section, South China, f) Shitouzhai section, South China, g) lower
Guandao section, South China, and h) Jiarong section, South China. Data sources are as follows: Mineral Mountains — Thomazo et al. (2019), Mud - Stebbins et al.
(2019a), West Pingdingshan and Jiarong — Lyu et al. (2019), South Majiashan — Du et al. (2022), Guandao — Song et al. (2014), Shitouzhai — Zhang et al. (2015),
Jesmond - Stebbins et al. (2019b). Sm. = Smithian, C.Z. = conodont zone, N.w. = Novispathodus waageni, Ns. = Neospathodus, N.p. = Novispathodus pingdingshanensis,
Tr. Ho. = Triassospathodus homeri, Ns. Crass. = Neospathodus crassatus, Ds. d. = Discretella discrete, Par. = Parachirognathus, Ic. = Icriospathodus.
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(Claypool et al., 1980; Cortecci et al., 1981; Strauss, 1997) have been
used to reconstruct the marine §>*S evolution through geological time.
However, these rocks are rare and do not permit high-resolution studies
of variations in the marine 8°%S record (Burdett et al., 1989; Hurtgen
et al., 2002; Newton et al., 2004). Marine carbonates are, however,
much more common as they occur in a wide range of depositional en-
vironments. As such, the S-isotope composition of carbonate associated
sulfate (CAS) — trace amounts of sulfate which substitutes for carbonate
ions in carbonates (Kaplan et al., 1963) — provides a higher resolution
54 record compared to evaporites and is widely used for investigating
the evolution of the marine S cycle (Burdett et al., 1989; Hurtgen et al.,
2002). The utility of CAS as a proxy for marine 5>*S evolution is based on
the understanding that CAS is in isotopic equilibrium with seawater
sulfate and that there is almost no isotopic fractionation during the
incorporation of sulfate into the calcite crystal lattice (Burdett et al.,
1989; Kampschulte et al., 2001; Paris et al., 2014; Barkan et al., 2020).
Furthermore, different studies have demonstrated that CAS sulfur is
resistant to meteoric and burial diagenesis (e.g., Lyons et al., 2004; Gill
et al., 2008; Marenco et al., 2008; Fichtner et al., 2017) and faithfully
records seawater S-isotope evolution as recorded by evaporites and
barites (Kampschulte and Strauss, 2004; Rennie et al., 2018; Toyama
et al., 2020). Nevertheless, this robustness has been challenged by other
studies (e.g., Present et al., 2015; Bernasconi et al., 2017; Johnson et al.,
2021), which show that compared to evaporites, CAS isotopic data may
display considerable scatter/variability within samples and study sites.

The Smithian — Spathian (Olenekian) was a significant interval of the
Early Triassic, characterized by notable environmental, climatic, and
biotic perturbations. These perturbations are recorded in the biogeo-
chemical cycles of carbon, oxygen, sulfur, mercury, as well as the largest
biotic crises for marine nekton during the entire Early Triassic (Payne
et al., 2004; Orchard, 2007; Stanley, 2009; Romano et al., 2013; Algeo
et al., 2019; Shen et al., 2019; Song et al., 2019; Edward et al., 2024b).
Different studies have investigated the evolution of marine §°*S during
this interval (Fig. 1; Song et al., 2014; Zhang et al., 2015; Lyu et al.,
2019; Song et al., 2019; Stebbins et al., 2019a; Stebbins et al., 2019b;
Thomazo et al., 2019; Du et al., 2022), providing insights on climatic
and marine paleoenvironmental conditions which potentially impacted
the evolution of marine faunas during the Olenekian. Song et al. (2014)
suggested that seawater sulfate was depleted in 3*S within the eastern
PaleoTethys during the Griesbachian to Smithian, and that Early Triassic
marine sulfate variations were probably driven by climate change. Based
on a CAS 5%*S record from a shallow marine section in South China,
Zhang et al. (2015) proposed that oceanic upwelling related to circu-
lation changes due to cooling was responsible for a short-lived marine
productivity increase and expansion of “thermoclinal anoxia” at the
Smithian — Spathian boundary (SSB). The notion of climatic cooling and
enhanced oceanic overturning circulation driving marine §°*S pertur-
bations across the SSB has been supported by recent studies of marine
sections in South China (Lyu et al., 2019; Song et al., 2019), the northern
Gondwanan margin (Stebbins et al., 2019a), and mid Panthalassa
(Stebbins et al., 2019b). In contrast, Thomazo et al. (2019) ascribed
sulfur isotope variations across the late Smithian to early Spathian in the
shallow-water marine Mineral Mountains section, USA, to local sedi-
mentological factors. Finally, a recent study (Du et al., 2022) proposed
that sulfur and carbon cycle changes recorded during the late Smithian
and across the SSB are related to early to middle Smithian volcanic
activity.

However, excepting the Jesmond section (Stebbins et al., 2019b),
none of the published Smithian — Spathian §3*Scas profiles record
offshore marine depositional environments, and hence might be influ-
enced by local terrestrial fluxes. Moreover, the Jesmond section only
spans the latest Smithian to Spathian (Stebbins et al., 2019b), precluding
a comparison of pre-SSB 6>#S,g trends between offshore carbonate and
continental shelf successions. In addition, Early Triassic CAS records
display large °*S variability in individual sections (Fig. 1) and are often
offset to higher values relative to contemporaneous evaporites
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(Bernasconi et al., 2017), casting doubt on the reliability of CAS for
reconstructing Early Triassic marine sulfur cycle variations.

In the current study, variations in the marine sulfur cycle during the
Olenekian (middle Smithian to Spathian) and its relation to marine
redox and faunal changes are investigated based on CAS extracted from
three marine successions deposited in the PaleoTethys and NeoTethys
oceans. The studied sections represent deep-water continental shelf
(Qiakong section, South China) and shallow- to deep-water offshore
(Jebel Aweri and Wadi Musjah sections, Oman) marine environments,
respectively (Widmann et al., 2020; Leu et al., 2023). As such, the cur-
rent study differs from previous studies covering the SSB in that we
report CAS isotopic data from both deep-water continental shelf and
offshore marine carbonate sections, permitting a more detailed com-
parison of CAS S-isotope records between these depositional environ-
ments during the Olenekian. In addition, the Qiakong section is
exceptionally well-constrained by U—Pb zircon absolute ages (Wid-
mann et al., 2020), permitting absolute age-resolved evaluations of the
Olenekian marine sulfur cycle. Finally, published Smithian-Spathian
CAS 8%4S records from around the world are compiled within an abso-
lute age framework and compared with the Olenekian evaporite record
(as compiled by Present et al., 2020) to assess global secular marine 533
trends during the Olenekian.

2. Sample Localities

Three marine sections: Qiakong (Nanpanjiang Basin, South China),
Wadi Musjah and Jebel Aweri (offshore carbonate build-up blocks
deposited in the NeoTethys) were studied (Fig. 2). The Qiakong (QIA)
section is situated within the Pingtang syncline, in the northeastern edge
of the Nanpanjiang Basin of South China (Fig. 2) (Bagherpour et al.,
20205 Leu et al., 2022). This section was deposited in deep-water con-
tinental shelf environments and comprises an expanded middle Smi-
thian to Spathian marine sedimentary succession belonging to the Daye
and Loulou formations, respectively (Widmann et al., 2020; Leu et al.,
2022). The Daye Fm. consists of thin-bedded limestone beds that are
considered to represent slope deposits (Widmann et al., 2020). In QIA,
the Luolou Fm. contains dark mudstones and black shale units inter-
bedded with thin limestone beds within the late Smithian to basal
Spathian (unit IVb). Thereafter, a sharp lithological change (indicative
of a hiatus) to thicker nodular limestone units characterizes the rest of
the Spathian (Widmann et al., 2020; Leu et al., 2022). Volcanic ash beds
are found throughout the Smithian and Spathian units of this succession
(Widmann et al., 2020).

The QIA section has been extensively studied in terms of its
biostratigraphy, U—Pb zircon geochronology, as well as the carbon
isotope and mercury record (Widmann et al., 2020; Leu et al., 2022;
Edward et al., 2024b). As such, this section is chronostratigraphically
well-constrained via U—PDb zircon absolute ages and conodont unitary
association zones (UAZs) (see Widmann et al., 2020 and Leu et al., 2022
for details). The SSB in this section is constrained within the interval of
separation between UAZ 7 and UAZ 8 (Leu et al., 2022), with the ash bed
within this interval (QIA 7 T) having an absolute age of 249.292 +
0.063 Ma (Widmann et al., 2020). Further details on the facies
description and paleodepositional environment of this section are
included in the supplementary information.

The Wadi Musjah (WMJ) section represents a condensed (4.6 m-
thick) Hallstatt-type limestone succession deposited in relatively deep
water as an isolated oceanic carbonate build-up on seamounts in the
NeoTethys ocean during the Early Triassic (Brithwiler et al., 2012; Baud,
2013; Leu et al., 2023). The WMJ section spans the middle Smithian to
Spathian based on conodont and ammonoid biochronology and in the
present-day, is located about 75 km from Muscat, Oman (Briithwiler
et al., 2012; Leu et al., 2023). This section contains conodont- and
ammonoid-rich carbonate strata that consist of peloidal grainstone and
cemented bivalve coquina biostromes, as well as brachiopod biostromes
(Baud et al., 2001). Similarly, the Jebel Aweri (JA) section was
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Fig. 2. A) Early Triassic paleogeographic map after the Panalesis model (Vérard, 2019), showing the studied successions (yellow circles). Mollweide projection of the
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of this article.)

deposited as an exotic build-up block on a seamount within the Neo-
Tethys. Today, the JA exotic block is situated within the Batain plains of
northeastern Oman (Fig. 2f), having been redeposited as an olistostrome
among Middle Jurassic-aged strata of the Guwayza Formation and the
Ad Daffah conglomerate (Schreurs and Immenhauser, 1999; Hauser
etal., 2001). Unlike WMJ, the JA succession represents an expanded late
Smithian to Spathian 30 m-thick sedimentary succession. This exotic
block is a shallow water offshore reefal succession containing shell-
supported biostrome, cemented lime clasts and microbialite bioherm

(Leu et al., 2023). Both the WMJ and JA successions are temporally well-
constrained through conodont and ammonoid biostratigraphy
(Brithwiler et al., 2012; Leu et al., 2023). As such, the SSB for both
successions is also well-constrained, not only based on an intercalibra-
tion of conodont and ammonoid biostratigraphy, but also the carbon
isotope record, which situates this boundary within the interval of
separation between UAZs 3 and 4 (Leu et al., 2023).



O. Edward et al.

3. Methods

Carbon isotope compositions and major and trace element concen-
trations for the investigated sections were previously analyzed (Leu
et al., 2022, 2023; Edward et al., 2024b). For the current study, bulk
rock samples from 81 carbonate strata from the three studied sections
(QIA = 28, WMJ = 21, JA = 32) were processed for CAS extraction and
isotope analyses at the University of Lausanne (UNIL).

3.1. CAS and CRS extraction

CAS extraction was based on the extraction protocol used at UNIL
(Bagnoud-Velasquez et al., 2013), which was modified following the
recommendations of Wotte et al. (2012). Briefly, 50 to 80 g of powdered
samples (n = 99) were leached with 10% NaCl solution for at least 8 h to
remove NaCl-soluble sulfur. This step was followed by the decantation
of the supernatant, after which the leaching step was repeated four
times. The samples were then washed with excess Milli-Q water five
times to remove any traces of NaCl before dissolution in 37% HCI to
release CAS. Samples were acidified at room temperature within 2 h,
maintaining the pH of the slurry above 3 to avoid pyrite oxidation, and
then filtered through 0.45 pm nitrocellulose filters. The pH of the filtrate
was lowered to ~2, followed by heating to 95 °C for 3 h. Subsequently,
excess 12% BaCl, solution was added, and the solution left to cool and
precipitate BaSO4 at room temperature over three days. The solution
containing the precipitated BaSO4 was filtered over a 0.2 pm nitrocel-
lulose filter to collect the precipitated BaSO4, which was then washed
with warm Milli-Q water and dried at 50 °C for 24 h. The total amount of
recovered BaSO4 was weighed before isotopic analysis. Further details
on the BaSO4 precipitation process and purification are provided in
Spangenberg et al. (2022). CAS concentrations were calculated from the
amount of recovered precipitate and its sulfur content determined by
EA/IRMS (see supplementary information).

The chromium reducible sulfur (CRS) was extracted from a subset of
middle Smithian to Spathian-aged samples which were previously
treated for CAS extraction. The solid residue from CAS extraction was
washed thoroughly with deionized water until a neutral pH was ach-
ieved. Only QIA samples (n = 16) were extracted for CRS; JA and WMJ
samples, containing generally >99% carbonate, did not yield sufficient
solid residue for CRS separation after the acid treatment. The washed
residues of QIA samples were dried at 50 °C for >3 days and weighed.
CRS (found to be only pyrite) was extracted from 1 to 3 g of the dried
residue using a modified chromium reduction method (Canfield et al.,
1986). In short, the sample powder was treated with ethanol to disag-
gregate the powder and then boiled with freshly prepared acidic chro-
mium (II) chloride 1 M solution under a continuous flow of clean
nitrogen, releasing H,S gas from pyrite. A zinc acetate solution trapped
the evolved HjS gas as ZnS. The ZnS was converted to Ag»S by adding
AgNOs to the (ZnS-containing) trapping solution and stored at room
temperature in the dark for at least 1 day. The AgsS precipitate was
filtered through a 0.2 pm nitrocellulose filter, rinsed with 5% ammonia
solution and Milli-Q water, and dried at 40 °C for 48 h before isotopic
analysis.

3.2. Sulfur and oxygen isotope analyses

Sulfur isotope measurements were performed via elemental analysis-
isotope ratio mass spectrometry (EA/IRMS), using a Carlo Erba 1108
elemental analyzer connected to a Thermo Fisher Delta V Plus isotope
ratio mass spectrometer following the procedures outlined in Spangen-
berg et al. (2022). Aliquots of 2-3 mg BaSO, (for §*Scas) or 0.3-0.5 mg
AgoS (for 53*Scrg) were weighed into tin capsules in duplicates and
sealed. Analytical precision for §>*Scas was monitored by repeat ana-
lyses of international reference materials (IAEA-SO-5, IAEA-SO-6 and
NBS 127) and internal standards (Fx-sulfate and UVA-sulfate, with
634SVCDT values of 17.82 + 0.22 %o and 12.73 + 0.21 %o, respectively
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(Spangenberg et al., 2022)). For 634SCRS, analytical precision was
monitored by replicate measurements of international reference mate-
rial: IAEA-S3 (silver sulfide), as well as internal standards: UNIL-Cin
(cinnabar) and UNIL-PyE (pyrite). Analytical uncertainty was gener-
ally 0.30 %o or better for 5°*S based on repeat analyses of NBS 127.
634SCA5 and 634SCR5 values are reported as mean values of replicate
analyses (+ 10) in per mille (%0) notation relative to Vienna-Canyon
Diablo Troilite (VCDT).

For CAS §'%0 analysis, 0.25-0.3 mg of extracted BaSO, was weighed
into silver capsules, alongside 0.15 mg of pulverized graphite and
sealed. Isotopic compositions were analyzed using a Thermo Scientific
FlashSmart CHNS/O Elemental Analyzer coupled to a Thermo Finnigan
MAT 253 isotope ratio mass spectrometer at UNIL. The reactor of the
Elemental Analyzer was held at a temperature of 1350 °C, and the
evolved gas of the samples passed over a gas chromatograph (GC) at
80 °C using a helium flow rate of 100 ml/min. Analytical precision was
monitored by replicate measurements of international reference mate-
rials: NBS 127 and OGS (barium sulfate), IAEA-601 (benzoic acid), as
well as internal standards: SAAS and ANZO (water). Analytical precision
was 0.51 %o (1o) or better based on replicate analysis of IAEA-601.
Results are reported as mean values of replicate analyses (+ 1c) in per
mille (%o) relative to VSMOW. For samples without replicates, analytical
uncertainty is reported using that of the standard material with the
highest standard deviation (i.e., IAEA-601: 0.51 %o).

3.3. Rare earth elements (REE) analysis

Rare earth elements (REE) concentrations of carbonate samples from
WMJ (n = 23) were measured by quadrupole ICP-MS (Agilent 7700) at
the ICP Centre of the University of Geneva. The samples were digested
overnight using concentrated HNOs in sealed Teflon vials on a hotplate.
Instrumental uncertainty was <5% for REE concentrations below 100
ppb. NIST Nd elemental standard was regularly measured at 10 ppb and
100 ppb and yielded relative standard deviation (RSD) of <3%. A
mixture of Re and Rh was used as internal standards. REE concentrations
were normalized relative to Post Archean Australian Shale (PAAS)
(Taylor and McLennan, 1985). The cerium (Ce) and europium (Eu)
anomalies (Lawrence et al., 2006; De Baar et al., 1985) were calculated
based on the PAAS-normalized values as follows:

Ceunom = CeN/(PrNZ/NdN) (@)
Etaom = 2 % Eux/(Smy + Gdy) @

where y = REE values normalized relative to PAAS.

3.4. Thin section petrography

The textural properties of QIA rock samples were investigated by
thin section petrography. Thin sections were prepared from hand sam-
ples corresponding to strata investigated for CAS extraction and isotopic
analyses at the Paleontological Institute, University of Zurich. Thin
section petrography for WMJ and JA strata have been published by Leu
et al. (2023).

3.5. Stratigraphic correlation framework

The three studied sections (QIA, WMJ, JA) were correlated using the
biostratigraphical correlation framework of Leu et al. (2023), which is
based on conodont and ammonoid faunas found in Oman and South
China (Fig. 3). Absolute age constraints are based on U—Pb zircon ages
for conodont unitary association zone boundaries in the QIA section,
which is the most expanded U—Pb zircon dated Smithian — Spathian
section so far (Widmann et al., 2020). Note that the conodont UAZ
numbering for QIA by Widmann et al. (2020) has been updated by Leu
et al. (2022), and that the latter UAZ numbering is applied herein.



O. Edward et al.

Chemical Geology 649 (2024) 121984

o ° Conodont 5
. [$)
E g Ammonoid faunas Conodont faunas UA SR
2 B a® zones o s
QL = > a ©
5 8 @95 South South South| %
o n . . .
n 2 £ | Oman China Oman China Oman|China 73
@ :
Ko
3 S
g 0
= L9 10
o c S E
= £ O s
Kol
Q.
» Neo. haugi
&
= c
£ o U P B 248.846
5§ % Hellenites N \%{\9
1) g Nl Nv.
() — 1. (\Q . . 8
© Y S @ o | triagularis
B EIEIE gl|S
E 2l EllS 2012
Q allsl|® NIEIRS g 9
8 NS I 7
8 = N Q [ 1%}
= L — | & s| R o
> early IProcolumbites| < =2 S 6
S Spathi Tirolites " kS
S pathian olumbitis || 5 249.120
Tirolitid n. gen Al L[ 2] 4 8
Sbh i Rh bbb i g — 249.292
% New Zone prasbrevissimus|| | % 3
L g Glyptophiceras Z@JNV. abruptus| 2 7
«© '€ / Xenoceltites £ 249.519
B | pnasibirites|Anasibirit Hadrodontina| § Hadrodontina 1 6 :
nasiirites | Anasibirites / Sc. milleri | S|L_/Sc. milleri 249 857
-QE, )
C
c|l & ] _ o
2 £ Owenites | Owenites S5lleu b _
= = koenei || @ u. bransoni
UE) %] 5 ||Ur- unicoma 5
2  |Nammalites || @
k=) S| 250.038
£ z|2
— 4
early Flemingites Flemingites [ Ev Famadal 3
Smithian Baidit Kashmirites i3
aidites kapla I | 2 2512

Fig. 3. Biostratigraphic correlation framework based on ammonoid and conodont faunas of Olenekian marine successions of Oman and South China after Leu et al.
(2023). Vertical blue lines indicate the stratigraphic extent of sporadic occurrences of the associated conodont faunas in some successions of the study region.
Abbreviations are as follows: Ic: Icriospathodus, Eu: Eurygnathodus, Gu: Guanxidella, Neo: Neospathodus, Nv: Novispathodus, Sc: Scythogondolella, Tr: Triassospathodus,
Ur: Urdyella, UA: Unitary Association. U—Pb zircon ages in blue correspond to the ages of the Induan — Olenekian boundary and Olenekian — Anisian boundary,
which are taken from the International Chronostratigraphic Chart 2023 (Cohen et al., 2013; updated). Other U—Pb zircon ages are from Widmann et al. (2020). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

An absolute age for every sample was estimated based on linear
interpolation between the oldest and youngest known ages relative to
the stratigraphic position of each sample. For QIA, using the conodont
UAZ boundary ages determined by Widmann et al. (2020) as tie-points,
the ages of samples between two tie-points were calculated by linear
interpolation using a Python script based on the publicly available
NumPy library (Harris et al., 2020) (see supplementary information). To
determine an absolute age for the stratigraphically youngest (top of
section) and oldest (bottom of section) samples, linear sedimentation
rates (LSRs, Shen et al. (2019)) were calculated based on the strati-
graphic thickness and duration of the stratigraphically closest interval
bracketed by conodont UAZ boundaries with assigned absolute ages.

LSR = stratigraphic thickness / duration (m Myr’l) (3)

The age of the oldest sample (Ag) (i.e., the sample at the base of the

section) and that of the youngest sample (A;) (i.e., the sample at the top
of the section) were calculated as follows:

A = Ty + (sdy/LSR) C)]
A, = T,—(sd; /LSR) (5)

where Ty = absolute age of the oldest sample stratigraphically above
sample corresponding to Ay, sdg = the difference of the stratigraphic
heights of the samples corresponding to Ag and Ty, T; = absolute age of
the youngest sample stratigraphically below sample corresponding to
A;, and sd; = the difference of the stratigraphic heights of the samples
corresponding to A; and Tj.

In addition to the biostratigraphical correlation framework for Oman
and South China (Fig. 3), the globally recognized carbon isotope ex-
cursions (CIEs): N3, P3 and N4 (Song et al., 2013) spanning the middle
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Smithian and Spathian, were used to further refine the stratigraphic
correlation between QIA, WMJ and JA, as well as correlations to other
sections in the literature. To ensure consistency in the delineation of the
SSB between the current study and previously published CAS §*S re-
cords (Fig. 1), the midpoint of the transition from the N3 to P3 CIE was
used to correlate the SSB (as suggested by Zhang et al. (2019b)). How-
ever, it should be noted that the P3 peak is usually associated with a
hiatus of variable duration (Widmann et al., 2020). The SSB was
assigned the absolute age of 249.29 Ma after Widmann et al. (2020) and
the N3 minimum was assigned the absolute age of 250.038 Ma based on
its correlation to the base of UAZ 5 in QIA (Fig. 4). Based on the tie-
points and the reported stratigraphic heights in the relevant literature,
LSRs, Ag and A; were calculated for each section, as well as linearly
interpolated ages for samples between each tie-point.

4. Results

The CAS concentration and isotopic data (6®*Scas, 5*Scrs, and
SISOCAS), as well as REE data generated for this study are presented in
the supplementary data file (Edward et al., 2024a) and visualized in
Figs. 4 to 6.

4.1. Sulfur isotopes

The exceptional age control available for the studied sections
(Widmann et al., 2020; Leu et al., 2022; Leu et al., 2023) enables the
current CAS &°*S results to be evaluated within a precise chronostrati-
graphic framework. 5%*Scag values within the studied interval have a
wide range for QIA (21-39 %o) relative to WMJ (22-28 %o) and JA
(24-31 %o). CAS 53*S within the middle to upper Smithian of QIA show
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an overall decreasing trend. However, a positive excursion is recorded
across the SSB (Fig. 4). This positive 53*Scag excursion is also observed in
52*Scrg and coincides with the globally recorded P3 positive CIE (Song
et al., 2013). Difference in the 5°*S values of co-occurring CAS and CRS
(A%*Scas.crs), assumed to be pyrite, has a range between 25 and 54 %o.
A34SCAS_CRS values increase in tandem with 634SCAS across the SSB
(Fig. 4f) and have a positive correlation with 53*Scag (Spearman’s r =
0.76, p = 0.00), suggesting that A3*Scas.crs variation is mainly driven by
8%*Scas-

For JA, which has the most expanded late Smithian record (~ 20 m)
and no apparent SSB unconformity (Leu et al., 2023), a gradual change
of about +7 %o for §>*Scag is recorded within the entire late Smithian
(UAZ 1 to UAZ 3; Fig. 5). Here, maximum values (ca. 31 %o) are recorded
within the SSB interval of separation (Fig. 5). This late Smithian to SSB
positive trend is succeeded by a 3 %o decrease in the basal Spathian (UAZ
4 to base of UAZ 5). Thereafter, 634SCA5 values remain around 27 %o for
the rest of the JA Spathian record. The WMJ section records a gradual
overall 6 %o increase in 634SCAS values across the middle Smithian to SSB,
also reaching maximum values within the SSB interval of separation
(Fig. 6). This increasing trend is interrupted by a ca. 4 %o 5>*Scag decline
at the basal Spathian (i.e., within UAZ 4). Afterwards, a return to SSB
52*Scag values of ca. 27 %o is recorded before a final decline to lower
values (ca. 22 %o) at the top of UAZ 7.

4.2. Oxygen isotopes

For QIA, CAS 5'80 values have a range between 11 and 20 %o,
whereas JA and WMJ have a range between 14 and 25 %o and 12-26 %o,
respectively. CAS 880 values prior to the SSB for QIA (Fig. 4d) are
relatively constant between 15 and 17 %o (except sample Q133 with
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5180 value of ca. 20 %o) and display an increasing trend across the SSB.
Subsequently, a decrease in values by 4 %o is recorded in the early
Spathian (Fig. 4d), followed by a recovery to background values of about
16 %o as noted prior to the SSB. Both WMJ and JA display an overall
SISOCAS increase during the Smithian towards the SSB similar to the
53Scag record. Also, both sections show a general decrease in 5'%0 in
the early Spathian, similar to the decrease in §'80¢as values for QIA,
albeit somewhat further above the SSB.

4.3. CAS concentrations

CAS concentrations were stoichiometrically calculated from the
amount of recovered precipitate following CAS extraction. The calcu-
lated CAS content was then normalized to total sulfur (TS) content
determined by EA/IRMS (e.g., Witts et al., 2018), as pure barite has
13.74 wt% S. The TS content of recovered CAS-BaSO4 was on average
8.83 wt%, indicating that not all recovered precipitate was indeed
barite. We tentatively attribute this discrepancy between expected and
measured TS content to BaCl, reprecipitation due to the excess 12%
BaCl; solution used for CAS extraction. However, this requires further
study. Calculated CAS concentrations for QIA, JA and WMJ have a range
between 85 and 423 ppm, 2 and 2283 ppm, and 2 and 2089 ppm,
respectively. These CAS contents show no correlation to either CAS 534S
or 5'%0 (Fig. 7, Fig. §15), suggesting that CAS concentrations have no
measurable influence on CAS isotopic compositions in the present study.

4.4. REE concentrations

Analyzed samples have a REE pattern consistent with that of modern
seawater, displaying a prominent negative Ce anomaly (Fig. 8A), and a
mean Euanom value of 1.01 (German and Elderfield, 1990; Alibo and
Nozaki, 1999). Total REE concentrations are between 0.2 and 5.8 ppm,
except for sample WMJ 17C (303.4 ppm) and are generally lower in the
Smithian relative to the Spathian. Ce,nom values have a range between
0.21 and 1.09 ppm, with the Smithian being characterized by higher
values (between 0.7 and 1 ppm) relative to the Spathian (< 0.7 ppm).

5. Discussion
5.1. Assessing the preservation of primary CAS isotopic information

Primary marine CAS §°*S and 6!%0 values have the potential to be
altered by post-depositional diagenetic processes (e.g., increasing sedi-
mentary burial, dolomitization, carbonate dissolution and recrystalli-
zation in diagenetic pore fluids) or sample contamination during
laboratory CAS extraction (Marenco et al., 2008; Wotte et al., 2012;
Present et al., 2015; Fichtner et al., 2017). Different techniques are
commonly applied in assessing the preservation of primary CAS com-
positions. These include the evaluation of Mn/Sr ratios and cross-plots of
CAS isotope and geochemical data (e.g., Hurtgen et al., 2002; Gill et al.,
2008; Marenco et al., 2008; Johnson et al., 2021; Du et al., 2022; Kwon
et al., 2022), as well as statistical smoothing of CAS isotope curves to
elucidate overall trends and attenuate the impact of outliers (e.g.,
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Kampschulte and Strauss, 2004; Song et al., 2014). Furthermore, sig-
nificant heterogeneity of 634SCAS values (> 5 %o) within individual bulk
carbonate samples may result from diagenetic alteration and/or the
mixing of CAS from different carbonate components such as micrite,
skeletal fragments and calcite cements (Present et al., 2015; Johnson
et al., 2021). In addition, diagenetic modification of CAS 5%4s may be
expressed by an inverse relationship between CAS concentrations and
534S values (Johnson et al., 2021).

Mn/Sr ratios for most strata in the present study are <2 and have no
correlation to 634SCAS values (Fig. 7c, e). Also, Mg/Ca ratios are <0.1
and have no correlation to §*Scas nor 8'80¢as, and no correlation is
observed between CAS concentrations (depicted as 1/[CAS]) and
5%*Scas (Fig. 7c¢). Furthermore, 5%*s and 5'®0 values determined by
multiple analyses of individual samples are similar, mostly varying by
<4 %o. However, three samples: Q146, Q148, and JA 34C show differ-
ences as large as 7.2 %o (for 6180CA5) and 9.5 %o (for 634SCA5), suggesting
that non-primary CAS isotopic values are also recorded by these
samples.

Although of very limited stratigraphic resolution, existing evaporite
data indicate that the Olenekian was characterized by §3*S values be-
tween 24 and 32 %o, although lower values of ca. 17 %o are recorded at
the Olenekian — Anisian boundary (Claypool et al., 1980; Cortecci et al.,
1981; Insalaco et al., 2006; Marenco et al., 2008; Horacek et al., 2010;
Bernasconi et al., 2017). The main Smithian — Spathian range of evap-
orite 534S values (24-32 %o) is similar to 53*Scag values recorded for JA
(24-31 %o) and WMJ (22-28 %o) (Figs. 5-6), suggesting that these two
sections preserve near-primary Olenekian seawater 5%*S values.
Furthermore, the WMJ section displays REE characteristics similar to
that of modern seawater (Fig. 8A; Section 4.4) and the Sr isotope records

of WMJ and JA are consistent with the global Sr isotope trend and ab-
solute values for the Early Triassic (Edward et al., 2024b). In addition,
WMJ and JA strata mostly consist of biogenic calcite components
(Fig. 9), a carbonate phase known to reliably record seawater S-isotope
compositions (Kampschulte and Strauss, 2004). These considerations
strongly support the inference that the Oman offshore sections preserve
near-primary seawater geochemical information.

In contrast, QIA samples have a wider range of absolute 534S values
(21-39 %) relative to the evaporite record, suggesting that 53*S trends
recorded for this section may not all be near-primary. Also, thin section
photos indicate that unlike WMJ and JA, QIA samples have a low
biogenic calcite component and instead are occasionally composed of a
combination of carbonate and clastic material (Fig. 9D, supplementary
information). Also, partial dissolution of the carbonate and replacement
with clastic material or sparry calcite is evident in many QIA samples
(see facies description in the supplementary information). Hence, QIA
samples are likely to incorporate sulfate from both seawater and
terrestrial sources, consistent with the wider range of CAS §>*S values
for this section.

5.2. Comparison of global Olenekian CAS 53*S records

A compilation of previously published CAS 84S records spanning the
Smithian — Spathian enables an assessment of the general CAS §>4S trend
during the Olenekian (Fig. 10). The compiled data indicates that Ole-
nekian CAS §%S values have a wide range (i.e., between 15 and 47 %s;
Fig. 8B; Fig. 10A), which is a factor of 4 higher than that of the relatively
sparse evaporite record (24-32 %o; Present et al., 2020 and references
therein). Offset between evaporite and CAS §°*S values have previously
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been reported for the late Changhsingian to Induan (Permian — Triassic
transition), as well as other intervals of the Phanerozoic (Bernasconi
et al., 2017; Present et al., 2020; Johnson et al., 2021). The offset be-
tween these two archives, as well as observed 534S variability between
coeval CAS samples (Fig. 8B) have been attributed to post-depositional
alteration and/or an effect of different constituents (e.g., micrite, skel-
etal allochems, cements) of individual carbonate samples having
different 54S values (Marenco et al., 2008; Present et al., 2015, 2020;
Bernasconi et al., 2017). Considering thin section petrography obser-
vations from QIA samples (Fig. 9D) and the discordance between CAS
534S values for QIA relative to the offshore WMJ and JA successions, we
endorse this interpretation.

Nevertheless, a spatially consistent 53*S trend discernible from the

10

Olenekian CAS record upon (i) comparison of 5%4S records from indi-
vidual sections (Fig. 1) or (ii) fitting a locally weighted scatter plot
smoothing (LOWESS) model to the compiled CAS data (Fig. 10A) is that
534S values increase across the middle Smithian to SSB, followed by a
gradual decrease during the Spathian. Also, a positive correlation be-
tween carbonate 8'3C and CAS %S trends between the Smithian and
early Spathian interval is observable. Hence, the increase in 634SCA5
values across the Smithian — Spathian transition is considered a primary
global %S trend during the Olenekian. Notably, this pattern is consis-
tent with the sparse Olenekian evaporite record, which seems to indicate
an increase in 53*S between the middle and late Smithian followed by a
Spathian decline towards the Anisian (Fig. 10B; see also Fig. 5 of Ber-
nasconi et al., 2017). Furthermore, an increasing trend in Early Triassic
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evaporite 534S was previously documented by earlier workers, although
with lower resolution age calibration (e.g., Holser, 1977; Claypool et al.,
1980; Holser et al., 1988). Consequently, it is proposed that although
some Olenekian CAS §%*S values may have been altered by late diage-
netic processes, primary global trends in seawater §>*S evolution over
the Olenekian are still preserved by this archive. Our JA and WMJ
§3*Scas records are overall consistent with the inferred global trend for
the Olenekian (Fig. 5, Fig. 6). Similarly, the QIA section records a trend
of increasing §%4Scas values across the SSB.

5.3. Interpretation of the Olenekian CAS isotope records

Given the long residence time of seawater sulfate in the modern
oceans, i.e., 13-20 Myr (Claypool et al., 1980; Walker, 1986), primary
changes in seawater S-isotope compositions can be expected to only be
observable within this temporal resolution. However, very rapid
changes (< 10 Myr) in seawater 5°4S have been documented for
different intervals of geologic time including the Devonian and Early
Triassic (e.g., Holser, 1977; Claypool et al., 1980; Kampschulte and
Strauss, 2004). As such, it has been suggested (e.g., Bottrell and Newton,
2006) that the oceanic residence time of sulfate was shorter in the
geologic past. This suggestion is supported by different evaporite fluid
inclusion studies (e.g., Horita et al., 2002; Lowenstein et al., 2003),
which indicate that ancient oceans had lower sulfate concentrations
than is the case for modern oceans.

Changes towards lower marine 5>#Scag values can be explained by
increased inputs of sulfide-derived sulfur from weathering of continental
sediments (typically 534S values of 0 to 10 %o; Paytan et al., 1998) and/
or of magmatic rocks or even direct volcanic sulfur inputs (534S values:
0 to 3.5 %o; Paytan et al., 1998). In addition, upwelling and oxidation of
H,S-rich bottom waters have been invoked to explain decreasing 5>*Scag
trends (e.g., Zhang et al., 2015; Song et al., 2019). Alternatively, a
decrease in the burial of reduced sulfur species in sediments or
decreasing MSR rates may account for a trend towards lower 834SCA5
values (Bottrell and Newton, 2006; Halevy et al., 2012; Schobben et al.,
2016). Primary CAS isotopic compositions can be altered via the reox-
idation of reduced sulfate produced by MSR during early diagenesis, as
well as the mixing of different CAS phases in an individual sample
(Bottrell and Newton, 2006; Johnson et al., 2021).

The short-term 53*S variability recorded for QIA prior to and after
the SSB (Fig. 4), at odds with the global increasing CAS 5%4s trend
(Fig. 10), may be explained by post-depositional incorporation of
terrestrial sulfide-derived sulfur or the reoxidation of reduced sulfur
species during early or late diagenesis. Inferred alteration of primary
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seawater CAS S-isotope compositions by the incorporation of terrestrial
reduced sulfur species during diagenesis is also compatible with the
nearshore continental shelf paleo-depositional environment of the QIA
succession (Widmann et al., 2020; Leu et al., 2022) as well as enhanced
continental weathering fluxes during the Olenekian (Sedlacek et al.,
2014; Edward et al., 2024b). Previous studies indicate that the SSB in the
PaleoTethys was associated with a ca. 10 %o CAS 5°*S increase over
500-600 kyr (Lyu et al., 2019; Stebbins et al., 2019b; Du et al., 2022).
However, the SSB of the QIA succession is characterized by a rapid in-
crease in 534S values of 17 %o within ca. 55 kyr if the most extreme values
around the SSB are considered (i.e., Q136C: 22.70 %o, Q51: 24.40 %o and
Q53: 39.25 %o). Although consistent with an overall increase in 534
across the Smithian — Spathian transition, the magnitude and speed of
the QIA 8°4S increase is very unlikely to represent a primary seawater
5%s change. However, if the extreme &°*S values at the SSB are not
considered, an increase in §°*S values is still recorded (i.e., 9 %o increase
within ~400 kyr) which is more consistent with CAS records from other
Tethyan localities. Nevertheless, the wide 5°*S range of the QIA suc-
cession (up to 20 %o), as well as the rapid short-term changes in the CAS
record of this section point to a significant influence of diagenetic pro-
cesses on this CAS record. As such, the QIA section may be unsuitable for
reliable interpretations of global 5S changes during the studied
interval.

In contrast with the QIA section, the WMJ and JA 8#Scag records,
considered together, indicate a trend of increasing marine 634SCA5 values
from the middle Smithian to SSB (Fig. 5, Fig. 6, Fig. S14B), consistent
with the inferred global trend (Fig. 10). The middle Smithian to SSB
5%*Scas increasing trend can be explained by a decrease in continental
weathering of sulfides, or by globally increased rates of net MSR and
pyrite burial in Olenekian oceans (e.g., Stebbins et al., 2019a). Consid-
ering that the middle to early late Smithian was characterized by a warm
climate regime (Hermann et al., 2011; Goudemand et al., 2019),
elevated continental weathering fluxes (Sedlacek et al., 2014) and
hence, an increase in nutrient and organic carbon delivery to the oceans
(Widmann et al., 2020), the preferred interpretation for the middle
Smithian to SSB §%*Scas trend is an increase in net marine MSR.
Increased marine productivity over this interval likely facilitated dis-
solved oxygen depletion in the water column and increase in MSR. This
inference is consistent with the Ce anomaly record for WMJ (Fig. 6),
which shows that relative to the Spathian, the Smithian is characterized
by higher Ceznom values (i.e., close to 1), indicative of a poorly
oxygenated water column (Liu et al., 2021). In addition, the inference of
low dissolved oxygen in Smithian oceans is consistent with previous
suggestions of expanded middle to late Smithian oceanic anoxia based
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Fig. 9. Representative thin section images of hand samples from the studied sections. A) Sample 13C, Jebel Aweri, late Smithian — early Spathian. Shell-supported
biostrome sample with various skeletal fragments. B) Sample 29C, Jebel Aweri, late Smithian. Shell-supported biostrome sample with densely packed skeletal
fragments. C) Sample 13C, Wadi Musjah, middle Smithian. Bivalve coquina biostrome sample with abundant echinoderm shell fragments. D) Sample 145C, Qiakong,
Spathian. Nodular marly limestone with sponge spicules and brown silty-clay seams. Abbreviations — sc. = sparry calcite, ech. = echinoderm shell, br. = brachiopod
shell, ms. = mollusc shell. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

on uranium isotope data (Zhang et al., 2018; Zhang et al., 2019),
although it should be noted that there is no evidence for oceanic anoxia
during the deposition of the Oman offshore carbonates themselves (Leu
etal., 2023). Increase in MSR usually results in higher §'%0 values, albeit
to a lower extent compared to 534S (Mizutani and Rafter, 1973; Fichtner
et al., 2017). Enhanced MSR rates across the middle Smithian to SSB is
thus, also supported by the 5'80¢ag record, which displays an increasing
trend during this interval in the studied sections.

The WMJ §%*Scag profile (Fig. 6) is thus, at odds with previous
suggestions that the middle Smithian negative CIE (N3) was associated
with a trend towards lower §3*S values due to causes related to climatic
warming (e.g., Song et al., 2014). Similarly, the positive middle Smi-
thian to SSB §°*S trend for WMJ indicates that an increasing 634SCAS
trend during the Olenekian is not restricted to an interval of climatic
cooling e.g., across the SSB. Enhanced nutrient delivery to marine en-
vironments across the middle to late Smithian resulted in increased
accumulation and burial of OM on continental shelves, as evidenced by
black shale deposition during the late Smithian (Widmann et al., 2020;
Leu et al., 2022). However, increased OM accumulation and burial
during the latest Smithian occurred within a cooling climate regime. As
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such, increased marine productivity across the SSB was probably facil-
itated by enhanced oceanic circulation and upwelling of nutrients from
deeper ocean waters (Song et al., 2019). The consequent increased ox-
ygen demand for OM respiration resulted in less oxygenated waters and
would have favored increased MSR and pyrite burial in the oceans, as
can be inferred from the global positive 8'3C and §>*S excursions across
the SSB (Fig. 10; Stebbins et al., 2019b).

The SSB increasing §°*S trend for JA and WMJ was followed by a
sharp 5°*S decrease at the base of the Spathian (UAZ 4) followed by a
muted recovery (to higher values but still lower than during the SSB
positive excursion) in UAZ 5 (Figs. 5, 6). Based on correlations with the
QIA section, the WMJ and JA basal Spathian 534S decrease is estimated
to have spanned ca. 180 kyr and predates the eventual 5°*S decrease
recorded for other sections during the early Spathian (Fig. 1; Fig. 10).
Two hypotheses may explain this negative 5>*S trend: 1) localized up-
welling of HyS-rich cold waters in the NeoTethys around the SSB or 2)
Post-depositional alteration of the CAS S-isotope compositions of these
samples. Several studies have suggested that the SSB was characterized
by climatic cooling-mediated oceanic overturning circulation in contrast
to the relatively stagnant ocean circulation of the middle Smithian (Lyu
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Fig. 10. A) Absolute age calibrated compilation of previously published Olenekian 8'*C and &3S records and data from the current study. Literature 8'3C and &%*S
values are taken from the same sources given in Fig. 1. B) Olenekian evaporite 5*S record as compiled by Present et al. (2020). Absolute ages for the Smithian and
Spathian are based on Widmann et al. (2020), Induan — Olenekian boundary and Olenekian — Anisian boundary ages are taken from the International Chro-
nostratigraphic Chart 2023 (Cohen et al., 2013; updated). The nomenclature: N3, N4, P3, P4 depicts globally recognizable carbon isotope excursions after Song et al.
(2013). In. = Induan, An. = Anisian. Dashed red lines on the CAS 534S record depict the range of Olenekian evaporite 534S values (Present et al., 2020 and references
therein). The thick grey lines represent a Lowess regression fit to the data, and the associated grey band represents the 95% confidence interval of the Lowess fit (see
supplementary information for details on the implementation of the Lowess fit). The green vertical dashed line in B) depicts the median evaporite 5>*S value for the
Olenekian (26.7 %o). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

et al., 2019; Song et al., 2019; Zhang et al., 2015). Both WMJ and JA
successions were deposited on offshore topographic highs (i.e., sea-
mounts) (Brithwiler et al., 2012; Leu et al., 2023). As such, the disrup-
tion of the flow of offshore currents as they encountered submarine
topographic features like seamounts or ridges may have resulted in the
upwelling of nutrient- and HyS-rich deep waters to the surface during
the earliest Spathian. Moreover, the Ceznom record for WMJ (Fig. 6)
strongly supports an early Spathian ocean oxygenation event, consistent
with an inference of oxidation of upwelled HyS-rich waters producing
the 84S decline recorded. A similar scenario was proposed by Zhang
et al. (2015) to explain the negative 534S excursion recorded at the SSB
for the Shitouzhai section. However, this interpretation is argued against
by the fact that the basal Spathian 5**S decline is not recorded in other
sections (except perhaps, Mud; Fig. 1), which should be the case
considering that Early Triassic seawater sulfate concentrations are
considered to have been much lower than that of the present day (e.g.,
Song et al., 2014; Bernasconi et al., 2017; Stebbins et al., 2019b). Hence,
it is probably more likely that this negative trend reflects post-
depositional alteration of CAS (e.g., via sulfide oxidation or incorpora-
tion of different CAS phases during late diagenesis; Johnson et al.,
2021). Regardless of the actual explanation of this negative basal Spa-
thian 534S trend, what is clear is that it is not a global marine §3*S trend.
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5.4. Seawater sulfate concentrations during the Olenekian

Quantitative estimates of ancient oceanic sulfate concentrations can
be obtained by considering the fractionation between sulfate and sulfide
(A34ssu1fate_su1ﬁde) during MSR (the MSR-trend method), as well as the
rate of change of sulfate 534S over a time interval of interest (the rate
method; Song et al., 2014; Algeo et al., 2015). The rate method allows
for an estimate of the maximum likely [SOZ 1sw concentration within a
time interval of interest, whereas the MSR-trend method enables an
estimate of mean [SO%’]SW values (Algeo et al., 2015). An estimate of
ancient seawater sulfate concentrations based on A*Sgifate-sulfide (MSR-
trend method), however, requires an evaluation of the origin of the
analyzed pyrite contained in the bulk rock (i.e., whether pyrite is
cogenetic or not, and if its isotopic composition is of only local signifi-
cance). In addition, A34Ssu1fate_su1ﬁde is dependent on factors other than
sulfate concentrations such as organic matter type, sulfate reduction
rates and variability between sulfate reducing microbes (Song et al.,
2014 and references therein). Alternatively, sulfate concentrations in
ancient seawater can be estimated from fluid inclusions in evaporite
rocks (e.g., Horita et al., 2002; Lowenstein et al., 2003; see also Turchyn
and DePaolo, 2019).

Based on the rate method, Griesbachian — Smithian [SO3 ]gw con-
centration within the eastern PaleoTethys was estimated to between 0.5
and 4.2 mM (Song et al., 2014), with the upper limit of this range being
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identical to previous estimates for the Permian — Triassic transition (Luo
et al.,, 2010). Using Griesbachian — Dienerian evaporite 5%4s data,
[SOF 1sw values between 2 and 6 mM were estimated for the Early
Triassic using the rate method (Bernasconi et al., 2017). More recently,
mean [SOF lgw values between 2.5 and 9.1 mM based on the MSR-trend
method have been proposed for the Smithian — Spathian transition using
CAS 8°%S data for the Jesmond section (Stebbins et al., 2019b).

The absolute age constraint available for our studied sections
(Widmann et al., 2020; Leu et al., 2023) permits an estimate of the rates
of change of marine §3*S values during the Olenekian. The WMJ and JA
dataset considered together (Fig. S14), indicate a 5°*S change of ca. +9
%o within 1.14 Myr (i.e., between the middle Smithian to SSB), implying
a rate of 5%*S change of ca. 8 %o Myr’l. As there are no 8>*Scgg mea-
surements for these sections, a A34SCAS_CRS value of ca. 25 %o is assumed
based on data for the Jesmond section, considering that this section was
deposited in similar paleo-depositional environments as JA and WMJ (i.
e., on offshore seamounts, Stebbins et al., 2019b). Based on the esti-
mated rate of 5°4S change (8 %o Myr’l) and a A34SCA5_CRS value of 25 %o,
the rate method is applied to reconstruct Olenekian [SO% Isw values.
Using a pyrite burial flux (Fpy) of 4 x 10'2 g yr™! (Song et al., 2014;
Algeo et al., 2015) and 1 x 104 g yr’1 (Kah et al., 2004), we obtain
[SOZ 1sw values between 2.8 mM and 7.0 mM, respectively for Olene-
kian seawater. Consequently, it is estimated that Olenekian seawater
sulfate concentrations were between 2.8 and 7 mM or between 10 and
25% of the modern [SO3 Jgw value. This estimated [SOF lgw range is
identical to that previously proposed for the Early Triassic based on
evaporite S-isotope data and using the rate method (2-6 mM; Bernasconi
et al., 2017). The similarity between the CAS- and evaporite-based es-
timates strengthens the robustness of our estimated Olenekian [SOF Isw
concentrations.

Reliable evaporite fluid inclusion estimates of Early Triassic
[SO?{]SW concentrations are so far lacking (Horita et al., 2002), pre-
cluding a direct comparison of our CAS-based Olenekian [SO%’]SW
concentration estimates with those from coeval evaporite fluid inclusion
data. However, estimates of [SO%’]SW concentration based on SO?{
content of fluid inclusions in halite deposits suggest that Middle Triassic
(Ladinian) and Late Triassic (upper Carnian) seawater had minimum
[SO‘Z(]SW concentrations of 14 and 13 mM, respectively (Horita et al.,
2002; Lowenstein et al., 2003). Considering the upper threshold of our
Olenekian [SO3 lsw concentration estimate (7 mM), [SOF lgw con-
centrations may have doubled between the Early Triassic (early Spa-
thian, ca. 249 Ma) and Middle Triassic (Ladinian, ca. 240 Ma).

A question that arises given low Olenekian [SO%_]SW estimates is
whether there would have been enough sulfate in Olenekian oceans to
sustain MSR and pyrite burial over the middle Smithian to SSB, an in-
terval of ca. 1.1 Myr. However, Olenekian Sr isotope records as well as
increased clastic deposition during the middle to late Smithian (Sedlacek
etal., 2014; Song et al., 2015; Widmann et al., 2020) suggest that sulfate
input fluxes via continental weathering likely increased during this in-
terval. Also, mercury records (Shen et al., 2019; Edward et al., 2024b)
and volcanic ash occurrence (Ovtcharova et al., 2006; Galfetti et al.,
2007a; Widmann et al., 2020) are consistent with a scenario of increased
volcanic sulfur input to the ocean-atmosphere system across the Smi-
thian — Spathian transition. Furthermore, it has been suggested that the
rate of change of oceanic S-isotope composition need not necessarily be
coupled to sulfate concentrations if open ocean environments are the
locus of pyrite burial instead of shelf settings (Rennie et al., 2018).
However, it is currently unclear if this was the case during the Early
Triassic. In addition, A3*Scas.crs data from the open ocean Jesmond
section suggest that [SO%’]SW concentrations remained constant across
the SSB (Stebbins et al., 2019b). Based on these considerations, we
suggest that seawater sulfate depletion due to MSR and pyrite burial was
probably offset by sustained sulfate input fluxes during this interval.
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5.5. Sulfur cycle box modeling constraints

To quantitatively constrain potential controls on the Olenekian ma-
rine sulfur cycle variations as recorded in the current study, simple
sulfur cycle box model experiments were conducted to 1) explore the
magnitude of change in the input and output fluxes of the sulfur cycle
that are compatible with the magnitude and duration of the Olenekian
5%4s changes recorded, 2) evaluate the extent of sulfate-sulfide frac-
tionation (A34ssu1fate_su1ﬁde) that is compatible with the recorded CAS
534S trend and 3) assess the seawater sulfate concentrations that are
consistent with the 5>4S variations. The box model used is a simple time-
dependent sulfur cycle model described in Witts et al. (2018), which
solves a system of two differential equations for the concentration and
isotopic composition of marine sulfate as follows:

oS
= = Weyr + Woyp — Bpyr — Bayp (6)

ot
o(S x 8S)

e WeyrSpyr + WaypSoyp — Bpyr(8s — AS) — Bgypds

@)

Whyr is the weathering flux of pyrite (0.7 x 10'2 mol/yr; He et al.,
2020), Wgyp is the weathering flux of gypsum (1 x 10'? mol/yr; He etal.,
2020), Bpyg is the burial flux of pyrite (varied in experiments, initial set

to Wpyr value), Bgyp is the burial rate of gypsum (Weyp (ﬁ) ), Ssteady 18

the oceanic sulphate concentration at equilibrium (varied in experi-
ments), Spyr and Sgyp are the respective isotopic compositions of pyrite
and gypsum (Spyr = —20 %o, Paytan et al. (1998); §gyp = 20 %o, Holser
and Kaplan, 1966), and AS is the sulfur enrichment factor (varied in
experiments).

Eq. (6) represents the input and output fluxes of marine sulfate via
burial and weathering. The S-isotope composition of seawater sulfate is
resolved by computing S = % (Witts et al., 2018). Egs. (6) and (7)
are solved in Python using a 4th order Runge-Kutta method. In the
model experiments, we use A3*Scas crs to represent the fractionation
between sulfate and sulfide (i.e., AS in the model). Two scenarios are
tested, using AS = 25 %o (Stebbins et al., 2019b) and AS = 44 %o (median
A3*Scas.crs value for the QIA dataset). Seawater sulfate concentrations
(the model parameter: Sgieaqy) were varied between 2.8 mM and 14 mM
(i.e., the lower limit from our rate method calculations and the Middle
Triassic evaporite fluid inclusion estimate). Results from the model ex-
periments are presented in Fig. 11.

We also estimated the expected increase in organic carbon burial
during the late Smithian using the §'3C record after Kump and Arthur
(1999) based on the following equation:

6w—§carb
Jorg = A,

®

forg = fraction of buried organic carbon, 6, = mantle 513C (=5 %eo;
Kump and Arthur, 1999), 8.4 = carbonate 613C, and Az = difference
between organic and carbonate §'3C (for QIA = —29 %o; Widmann,
2019). Based on the 6 %o positive CIE across the late Smithian to early
Spathian (Widmann et al., 2020), organic carbon burial can be estimated
to have increased by 200% by the SSB. Considering that the rates of
organic carbon and pyrite burial in non-euxinic marine sediments (such
as those herein studied) have a constant ratio (Berner and Raiswell,
1983), pyrite burial would have increased at most by a factor of 3 during
the late Smithian.

In this case, model simulations indicate that an overall 9 %o 534S
increase over 1.14 Myr recorded for the Oman offshore sections within
the middle Smithian to SSB are only compatible with seawater sulfate
concentrations around 2.8 mM and AS of 25 %o considering pyrite burial
rate increase of 200% as estimated during this interval (Fig. 11).
Alternatively sulfate concentrations closer to 7 mM are required for AS
of 44 %o with the same rate of pyrite burial increase. As such, modeling
constraints indicate that with either estimated A34ssulfate_sulﬁde of 25 %o
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Fig. 11. Sulfur cycle box modeling results showing the changes in pyrite burial fluxes required to reproduce the middle Smithian to Smithian — Spathian boundary
(SSB) 534S increase recorded. The horizontal, blue, dashed lines mark the 84S peak value relative to equilibrium 84S values predicted by the model for AS = 25 %o
(13.8 %o0) and AS = 44 %o (21.6 %o). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

or values closer to that of average modern seawater (i.e., around 40 %o;
Bernasconi et al., 2017 and references therein), a much lower marine
sulfate reservoir (in this case, 2.8-7 mM) is required for the magnitude
and duration of the observed §°S increase. Consequently, given the
compatibility of the rate method seawater sulfate concentration esti-
mates with results from box model simulations, we propose that
seawater sulfate concentrations during the Olenekian in the Tethys were
at maximum ~7 mM or < 25% of the modern seawater value. This
[SO3 1sw value is similar to the upper limit of the [SOF 1sw range (2-6
mM) proposed for the Early Triassic based on evaporite 5**S data
(Bernasconi et al., 2017).

5.6. Implications for Olenekian marine faunal perturbations

Previous studies have suggested a causal link between faunal
extinction around the SSB and the development of oceanic anoxia (e.g.,
Sun et al., 2015; Song et al., 2019). However, nekto-pelagic organisms,
like conodonts and ammonoids, seem to have been less affected by late
Smithian extinction than benthic communities (Stanley, 2007, 2008).
Even marine level-bottom communities were likely not primarily
impacted by marine environmental perturbations during the Early
Triassic. Instead, the diversification pattern of most taxa and guilds
shows an initial Early Triassic lag phase followed by a hyperbolic di-
versity increase during the early middle Anisian and was mainly driven
by the intensity of biotic interactions (Friesenbichler et al., 2021).

Comparison of the current §*S record with the most recent analysis
of conodont diversity in the studied successions (Leu et al., 2022; Leu
et al., 2023) indicates that phases of increased nektonic faunal extinc-
tion and diversification alike coincide with the global middle Smithian
to SSB 534S increase (interpreted as reflecting continuous depletion of
water column dissolved oxygen, Figs. 4-6). Also, black shale deposition
(suggestive of more reducing conditions) in QIA and coeval sections in
the Nanpanjiang Basin, South China (Widmann et al., 2020; this study)
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coincides with both a conodont extinction phase and the onset of a
diversification pulse at the end of the black shale interval (Fig. 4; Leu
et al., 2022). Furthermore, the middle Smithian was marked by climatic
warming followed by cooling at the SSB, as evidenced by sea surface
temperature records (Romano et al., 2013; Goudemand et al., 2019).
However, the warm middle Smithian interval was also characterized by
a peak in Early Triassic ammonoid diversity (Brayard et al., 2006;
Brithwiler et al., 2010; Brosse et al., 2013). These observations are at
variance with the notion that oceanic anoxia or seawater temperature
changes alone can explain faunal turnover during the Olenekian.
Although, faunal diversification in the earliest Spathian did coincide
with ocean oxygenation (Fig. 6) and seawater temperature decrease
(Goudemand et al., 2019). It is important to note that various abiotic
(and biotic) factors, apart from dissolved oxygen levels, can act as
stressors and impact the diversification rates of conodonts and their
paleobiogeographic distribution (Goudemand et al., 2019; Leu et al.,
2019). A recent study by Herrmann et al. (2015) indicates that the
distribution of conodont biofacies was influenced by more physico-
chemical properties than dissolved oxygen levels, such as salinity and
nutrients. Furthermore, it has been suggested that Early Triassic cono-
dont biodiversity changes were predominantly impacted by both sea
level and sea temperature fluctuations (Leu et al., 2019; Ginot and
Goudemand, 2020). Additionally, Jattiot et al. (2018) proposed that
sedimentary facies and depositional environment (i.e., vertically diverse
graben-horst structures vs. vertically homogenous continental shelf
areas) were the main influencers of the taxonomic composition of
Smithian ammonoid assemblages. Taken together, the above enumer-
ated considerations, as well as our data, suggest that marine dissolved
oxygen levels alone are unlikely to explain the faunal perturbations that
characterized the Smithian to Spathian transition. Instead, a combina-
tion of biotic and abiotic factors (such as nutrients, predation stress,
intraspecific competition, and sea-level changes) probably influenced
the Smithian — Spathian transition marine faunal perturbations, in
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agreement with previous similar suggestions (e.g., Herrmann et al.,
2015; Jattiot et al., 2018; Goudemand et al., 2019).

6. Conclusions

The evolution of marine 534S across the middle Smithian to Spathian
(Olenekian) are documented in the current study from continental shelf
(QIA) and offshore (WMJ and JA) carbonate successions. Detailed as-
sessments of the preservation of primary CAS isotopic information
within the studied successions as well as comparisons with the sparse
evaporite 534S record, allow us to conclude that the CAS isotopic com-
positions for the QIA section suffer from post-depositional alteration.
However, near primary marine S-isotope compositions are mostly pre-
served by the offshore carbonates., In addition, an assessment of pub-
lished Olenekian CAS &°%S records relative to contemporaneous
evaporite data suggests that the Olenekian CAS record only partially
reflects primary seawater 5°*S values. The CAS record nonetheless
preserves a primary global trend of increasing seawater 534S values
across the middle Smithian to SSB followed by a gradual §>*S decline
during the Spathian. The middle Smithian — SSB global increasing 534S
trend, observed also in our studied sections, is consistent with a global
decrease in ocean dissolved oxygen and an increase in microbial sulfate
reduction and pyrite burial. Other short-term variability in the CAS
isotopic data, including a sharp §°*S decrease at the basal Spathian
observed for WMJ and JA, are interpreted as most likely reflective of
post-depositional alteration of CAS.

Based on sulfur cycling rate calculations and box modeling experi-
ments, the inferred global sulfur cycle perturbations occurred within the
context of a Olenekian seawater sulfate inventory that was between 10
and 25% (2.8-7 mM) of that of modern seawater. Furthermore, results
from the current study suggest that variations in oceanic dissolved ox-
ygen levels, inferred from the 5°*S and REE data, are not consistently
correlated to nektonic faunal changes during the Smithian to Spathian
interval in the studied sections.
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