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A B S T R A C T

The Smithian-Spathian substage boundary (SSB) in the Early Triassic was an important time interval during the
protracted recovery of marine faunas and ecosystems following the end-Permian mass extinction event.
Although some Tethyan SSB sections have been studied, little information is available regarding environmental
conditions in the Panthalassic Ocean, which comprised ~85% of the Early Triassic global ocean, during the
Smithian-Spathian transition. Understanding changes in the carbon and sulfur cycles during the Early Triassic is
important for deciphering the pattern and controls on the marine recovery. Our understanding of the Early
Triassic sulfur cycle, in particular, is incomplete. In this study, we report carbonate carbon and oxygen, car-
bonate-associated sulfate (CAS) sulfur and oxygen, and pyritic sulfur isotopic ratios from the Jesmond section,
Cache Creek Terrane, western Canada. This section, which formed as a tropical carbonate atoll in the middle of
the Panthalassic Ocean, spans the latest Smithian to middle Spathian. Both δ34SCAS and δ18OCAS increased
through the SSB transition before decreasing in the early Spathian, matching variation in the δ13Ccarb profile. We
hypothesize that the sharp increase in δ34SCAS and δ18OCAS at the SSB reflects a global increase in the amount of
microbial sulfate reduction (MSR) and pyrite burial. Driving this increase in MSR and pyrite burial were cooling
temperatures, increasing primary productivity, and increasing organic matter availability. The decreasing trend
immediately following the SSB indicates that these environmental changes reached maxima and began to di-
minish or reverse in the early Spathian. The difference between δ34SCAS and δ34Spyr values (Δ34SCAS-pyr) remained
relatively stable from the latest Smithian through the middle Spathian. This stability provides an estimate of
MSR sulfur-isotope depletion allowing us to estimate paleo-seawater sulfate concentrations. Using the “MSR-
trend” method, we estimate that Early Triassic seawater sulfate concentrations were between 2.5 and 9.1 mM.
These estimates are higher than previously published values for the Permian-Triassic boundary, suggesting an
overall increase in seawater sulfate by the late Early Triassic.

1. Introduction

The Smithian-Spathian substage boundary (SSB) of the Early
Triassic was a major turning point in the recovery from the Permian-
Triassic boundary (PTB) crisis. Zircon UePb dating places the SSB
about 1.3 Myr (250.6 Ma; Ovtcharova et al., 2006) after the PTB
(251.9 Ma; Burgess et al., 2014). The SSB witnessed major changes in
marine environmental and global climatic conditions as well as a partial
recovery of marine ecosystems (Fig. 1). The late Smithian was a time of

hyperwarming, as documented by conodont oxygen isotopes (Sun et al.,
2012; Romano et al., 2013), triggering a crisis among ammonoids
(Brayard et al., 2006; Brühwiler et al., 2010; Stanley, 2009), conodonts
(Orchard, 2007; Stanley, 2009), some benthic communities (Hofmann
et al., 2014; Foster et al., 2017), and a size reduction (Lilliput effect)
occurred among surviving conodont taxa (Chen et al., 2013). Terrestrial
ecosystems also experienced turnover at that time (Galfetti et al., 2007;
Hermann et al., 2012; Hochuli et al., 2016). Recovery from the late
Smithian crisis began in the earliest Spathian, as exemplified by the
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newly discovered and diverse Paris Biota from the western U.S.
(Brayard et al., 2017). At that time, global cooling (Sun et al., 2012;
Romano et al., 2013) led to a steepening of the latitudinal temperature
gradient and a contraction of the paleolatitudinal range of surviving
ammonoid taxa (Brayard et al., 2006). Speculatively, these changes
marked a major reduction in levels of magmatic activity within the
Siberian Traps Large Igneous Province (Grasby et al., 2015; Shen et al.,
in review).

Carbon cycle changes at the SSB are well documented: marine
carbonate carbon-isotope records show a rapid (~100 kyr), large
(~5‰) positive excursion across this boundary (Payne et al., 2004;
Corsetti et al., 2005), from the late Smithian N3 minimum to the early
Spathian P3 maximum (per the terminology of Song et al., 2013; Fig. 1).
In contrast, the Early Triassic sulfur cycle has received much less at-
tention to date. To help further decipher marine environmental con-
ditions during the Early Triassic recovery, we combined detailed
knowledge of the carbon cycle with a growing understanding of the
sulfur cycle.

The sulfur cycle of the Permian-Triassic has been investigated for
certain time windows, such as the Late Permian through Dienerian and
parts of the Middle Triassic (Luo et al., 2010; Song et al., 2014;
Schobben et al., 2015; Bernasconi et al., 2017, and references therein).
On the other hand, the sulfur cycle during the Smithian-Spathian
transition has received little attention to date. Evaporite δ34S data,
compiled at the substage level for the Smithian and Spathian, exhibit a
wide range of values (Holser, 1984; Marenco, 2007; Marenco et al.,
2008; Horacek et al., 2010; Bernasconi et al., 2017), which may reflect
large changes in sulfur cycling at that time. High-resolution evaporite
δ34S profiles for these substages are rare, however (Horacek et al.,
2010; Bernasconi et al., 2017), and the few temporally resolved CAS
studies from the eastern Paleo-Tethys (South China) and southern Neo-
Tethys (Spiti Valley, India) do not clearly define global substage trends

(Song et al., 2014; Zhang et al., 2015; Stebbins, 2018; Stebbins et al.,
2018).

Relatively little is known about the massive Panthalassic Ocean,
which comprised> 85% of the global ocean during the Early Triassic.
Most information originates from four areas: (1) the western Pangean
continental margin in western U.S. and Canada (Schoepfer et al., 2012;
Schoepfer et al., 2013; Hofmann et al., 2014; Olivier et al., 2016;
Brayard et al., 2017; Zhang et al., 2017, and references therein); (2) the
mid-Panthalassic deep ocean in Japan (Isozaki, 1997; Algeo et al.,
2010; Wignall et al., 2010; Algeo et al., 2011; Takahashi et al., 2015;
Zhang et al., 2017, and references therein); (3) shallow atoll carbonates
in Japan (Sano and Nakashima, 1997; Horacek et al., 2009; Isozaki,
2009; Zhang et al., in press, and references therein); and (4) the
southwestern continental slope in New Zealand (Aita and Spörli, 2007;
Takemura et al., 2007; Yamakita et al., 2007; Hori et al., 2011;
Takahashi et al., 2013). The Jesmond section represents a shallow-
water carbonate succession in the Cache Creek Terrane of western
Canada (Sano et al., 2012). For this study, we analyzed the sulfur-iso-
tope ratios of carbonate rocks from the Jesmond section to reconstruct
paleoenvironmental conditions recorded in the central Panthalassic
Ocean during the SSB transition. Our main goal is not to reconstruct
local events at Jesmond but to identify and interpret the global long-
term variation of seawater sulfate isotope values across the SSB.

2. Marine carbon‑sulfur cycles

Microbial sulfate reduction (MSR) links the marine sulfur and
carbon cycles. Tracking temporal changes in both cycles can provide
important information for paleoenvironmental reconstruction. One of
the more insightful tools for tracking changes to the sulfur cycle is the
sulfur-isotope composition of seawater sulfate and pyrite (Claypool
et al., 1980; Strauss, 1997). MSR occurs in a series of steps where the
lighter 32S isotope is more favorably incorporated into reduced sulfur
species relative to the heavier 34S isotope (e.g., Rees, 1973; Brunner and
Bernasconi, 2005). The final hydrogen sulfide product of MSR can have
δ34S values> 60‰ less than the residual sulfate (Sim et al., 2011). The
actual fractionation is mainly based on the rate of MSR (Leavitt et al.,
2013) or sulfate concentrations (Algeo et al., 2015). Depending on
environmental conditions much of the hydrogen sulfide produced by
MSR will oxidize back into the sulfate pool (Jorgensen, 1982). This
returns its lighter isotopic composition to the seawater sulfate pool.
Hydrogen sulfide that is not re-oxidized can remain in the water-
column creating inhospitable euxinic conditions (e.g., Kump et al.,
2005; Schobben et al., 2016a) or be removed from the system through
the formation and burial of pyrite. Therefore, increases in the amount of
MSR and pyrite burial increase seawater sulfate δ34S. Other major
factors that influence the δ34S value of seawater sulfate include
weathering and volcanism fluxes (Fig. 2). Both of these inputs are ty-
pically 32S-enriched compared to the marine sulfate pool so increased
fluxes will lower seawater sulfate δ34S values (Bottrell and Newton,
2006). Additionally, during most steps of MSR, the oxygen isotopes of
seawater sulfate fractionate similarly to sulfur isotopes (Mizutani and
Rafter, 1969; Brunner et al., 2005). However, unlike sulfur, the oxygen
isotopes of various intermediate species can exchange oxygen atoms
with ambient water through an equilibrium isotope effect (Mizutani
and Rafter, 1973; Fritz et al., 1989). This difference can provide further
paleoenvironmental constraint (e.g., Schobben et al., 2015).

In the geologic record, we can use the isotope values of carbonate-
associated-sulfate (CAS) and pyrite as a proxy for the seawater sulfate
δ34S and δ18O and hydrogen sulfide δ34S. CAS is a trace amount of
sulfate that structurally substitutes into the carbonate lattice (Takano,
1985). CAS faithfully records the sulfate δ34S and δ18O composition of
the fluids from which the carbonate precipitated (Kampschulte and
Strauss, 1998; Kampschulte and Strauss, 2004; Bottrell and Newton,
2006, and references therein). Whole-rock δ34SCAS, δ18OCAS, and δ34Spyr
represent an average isotope composition of all CAS or pyrite within the

Fig. 1. Generalized patterns of global environmental conditions across the SSB.
A relatively wider bar suggests an increase in that environmental condition and
vice versa. For example, ocean stratification was strongest during the late
Smithian, weakened through the SSB, and increased again in the early Spathian.
Data: δ13Ccarb (Song et al., 2013); sea-surface temperatures (SST; Sun et al.,
2012; Romano et al., 2013); stratification and productivity (Song et al., 2013);
weathering (Song et al., 2015); redox conditions (Song et al., 2012; Grasby
et al., 2013a; Tian et al., 2014; Wei et al., 2015; Wignall et al., 2015; Clarkson
et al., 2016; Huang et al., 2017).
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sample. For CAS isotopes, different carbonate components can vary in
their S- and O-isotopic compositions due to early or burial diagenesis
such that the whole-rock average may not correspond exactly to con-
temporaneous seawater sulfate values (Present et al., 2015; Fichtner
et al., 2017). For example, Bernasconi et al. (2017) found that δ34SCAS
values around the PTB were 34S-enriched compared to age-equivalent
δ34Sevaporite values, but both proxies recorded a similar first-order trend
in the earliest Triassic. A careful evaluation of potential alteration to
whole-rock δ34SCAS values is necessary prior to interpretation of de-
positional trends. Similarly, whole-rock δ34Spyr values include pyrite
formed during different stages of diagenesis (i.e., open versus closed
porewater systems; Gomes and Hurtgen, 2015). “Open system” and
“closed system” refer to the endmember scenarios defined by sulfate
diffusion and availability in the MSR zone. Limited diffusion and
availability of seawater sulfate occurs under closed-system conditions,
resulting in increased δ34S of H2S and pyrite due to Rayleigh isotope
distillation (Fig. 2; e.g., Chambers and Trudinger, 1979). Rayleigh
isotope distillation does not affect δ34S in open systems due to the
unlimited availability of sulfate. If a sample incorporates any amount of
closed-system pyrite, the resulting whole-rock δ34Spyr will be relatively
higher than the open-system ratio. Under closed-system conditions,
residual sulfate that is strongly enriched in 34S due to Rayleigh isotope
distillation can also be incorporated into the whole-rock δ34SCAS value.
However, whole-rock δ34SCAS can potentially be buffered against this
contribution and retain original seawater sulfate isotope values (Lyons
et al., 2004; Rennie and Turchyn, 2014), although this is not always the
case (Present et al., 2015). This is important for interpretations of pa-
leoenvironmental data. For example, when using the difference be-
tween δ34SCAS and δ34Spyr (Δ34SCAS-pyr) as a proxy for the isotopic de-
pletion due to MSR (e.g., Algeo et al., 2015). If δ34Spyr reflects primarily
open-system conditions, then Δ34SCAS-pyr records MSR depletion
(Fig. 2). However, since CAS and pyrite form in different parts of the
water-column or porewaters, it is also possible that Δ34SCAS-pyr records
an “apparent depletion” value (Fig. 2; Lyons et al., 2004; Riccardi,
2007; Rennie and Turchyn, 2014; Gomes and Hurtgen, 2015). Apparent
depletion values are influenced by open- versus closed-system condi-
tions, which depend on the depth below the sediment-water interface at
which MSR occurs, the connectedness of the sediment pore system with
the overlying water-column, and porewater redox conditions (Gomes
et al., 2016).

3. Geologic background

3.1. The Jesmond section

The study area is in the Cache Creek Terrane, which is an accre-
tionary terrane of the Canadian Cordillera (Monger et al., 1991). The
terrane became part of the western margin of North America during the
Jurassic and contains stratigraphically discontinuous Mississippian to
Jurassic aged deposits (Monger et al., 1991; Orchard et al., 2001; Struik
et al., 2001; Sano et al., 2012). Although the exact location of the Cache
Creek Terrane within the Early Triassic Panthalassic Ocean is uncertain
(e.g., Johnston and Borel, 2007), it was probably between 0 and 30°N
and closer to the western boundary of Pangea than to the eastern
boundary (Fig. 3B). The Marble Range area of southern British Co-
lumbia, western Canada contains many Triassic carbonate sections
(Beyers and Orchard, 1989, 1991) including Jesmond (Fig. 3A; Sano
et al., 2012).

The Jesmond section is a 91-m-thick composite of carbonate-
dominated outcrops exposed in the northern end of the Marble Range
(Figs. 3A, 4; Sano et al., 2012). The section was divided into three li-
thologic units by Sano et al. (2012) based on a detailed facies analysis
(Fig. 4). The lower unit, from the base of the outcrop to about 17m,
consists mostly of peloidal grainstone, packstone, and mudstone-
wackestone. All three facies represent deposition on an intertidal
mudflat (Sano et al., 2012). Thin calcareous shale at 12.5 to 14m may
represent a short interval of subaerial exposure (Fig. 4). Thick beds of
dolomicrite dominate the middle unit, from about 17 to 61.5m, with
minor beds of flat-pebble conglomerates, stromatolitic bindstones, pe-
loidal bindstones, skeletal limestone, and oolitic grainstone (Fig. 4).
The dolomicrite is fine-grained and formed by syngenetic growth with
no signs of supratidal deposition (Sano et al., 2012). The dolomicrite
represents an intertidal mudflat environment, and the flat-pebble con-
glomerates are indicative of intermittent storm deposits (Sano et al.,
2012). The other facies of the middle unit suggest shallow subtidal
mudflats or sand bars. The upper unit, from 61.5 m to the top of the
section at 91m, contains thick beds of peloidal mudstone and packstone
with minor intercalations of skeletal limestones and flat-pebble con-
glomerates. Microgastropods occur throughout the entire section and
smaller foraminifers are scattered in the middle and upper units. The
carbonate microfacies of the study section are consistent with (1) de-
position on a tropical atoll, mainly within a low-energy central lagoon
that was intermittently disturbed by storms; (2) repeated shallowing of
the lagoon, producing a sequence of 12 shallow subtidal to (occasion-
ally) intertidal cycles; (3) an overall increase in water depths from the
lower to the upper unit; (4) great distance from any landmasses, as

Fig. 2. (A) Simplified geologic sulfur cycle showing
seawater sulfate inputs (volcanic, hydrothermal, and
weathering) and outputs (pyrite, carbonate, and
evaporite burial). The δ34S values are estimates of
modern values to exemplify the differences between
the inputs and outputs (modified from Fike et al.,
2015). (B) A simplified sediment-water interface
with various locations of pyrite formation (modified
from Gomes and Hurtgen, 2015). The different lo-
cations of pyrite formation result in different pro-
portions of open- vs. closed-system pyrite that de-
termine the whole-rock δ34Spyr value. The resulting
Δ34S will vary based on the open or closed nature of
pyrite formation. The apparent depletion recorded
by Δ34SCAS-pyr in the geologic record will be smaller
than the depositional MSR fractionation (εMSR) if it
incorporated any closed-system pyrite.
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shown by a near-lack of terrigenous material; and (5) no indication of
oxygen limitation (Sano et al., 2012).

3.2. Placement of the SSB at Jesmond

The Jesmond section has moderately good biostratigraphic control.
The conodonts Pachycladina obliqua, Parapachycladina peculiaris, and
Pachycladina sp. were found sparsely distributed within the lower unit
(Fig. 4; Sano et al., 2012). These fossils are of late Smithian age, and the

SSB was placed directly above this level, close to or within a subaerial
exposure horizon between about 12 and 14m (Sano et al., 2012). For
the middle to upper units, Triassospathodus homeri, T. symmetricus, and
Neospathodus sp. are distinctive members of the early Spathian T. homeri
group (Sano et al., 2012). The earliest Spathian Novispathodus ping-
dingshanensis and the Icriospathodus collinsoni zones, which predate the
T. homeri Zone in some SSB sections (Kozur, 2003; Chen et al., 2015),
were not identified at Jesmond. The top of the Jesmond section is re-
garded as mid-Spathian in age (Sano et al., 2012).

Carbon-isotope stratigraphy supports these age assignments, while
allowing a refined placement of the SSB (Fig. 4). Globally, the SSB
corresponds closely to the midpoint of the positive carbon-isotope ex-
cursion (CIE) from the late Smithian minimum (N3) to the earliest
Spathian maximum (P3) (Zhang et al., in review; note: numbering of
Early Triassic CIEs per Song et al., 2013, 2014). At Jesmond, the po-
sitive N3-to-P3 CIE that straddles the SSB is present between 3 and 8m,
with a midpoint value at 7.1m (Fig. 5). Although it is unclear whether
the δ13Ccarb values of ~0‰ at the base of the Jesmond section record
the absolute N3 minimum, they are likely to be close to it because
another shallow-water mid-Panthalassic section (Kamura, Japan) yields
a well-defined N3 minimum of ~0‰ (Horacek et al., 2009; Zhang
et al., in press). Carbon-isotope stratigraphy limits the placement of the
SSB at Jesmond to no higher than 8m, i.e., the level of the P3 δ13Ccarb

maximum, which is slightly younger than the SSB. The midpoint of the
N3-to-P3 CIE is at 7.1 m, which is our estimate of the location of the
SSB, and which is ~5 to 7m lower than the SSB of Sano et al. (2012).

The age of the top of the Jesmond section can be approximately
constrained based on C-isotope chemostratigraphy. A negative global
CIE (P3-to-N4) that occurred during the early to mid-Spathian T. homeri
Zone (Song et al., 2013, and references therein) makes up most of the
Jesmond δ13Ccarb profile, beginning at the P3 level (8 m) and extending
to the top of the section. δ13Ccarb values appear to reach a minimum
(0–1‰) at 88m, although the trend in the upper part of the section (at
88–92m) is not well-defined, so it is uncertain whether the 88-m level
actually corresponds to the N4 CIE minimum. However, δ13Ccarb values
of 0–1‰ are typical of the N4 minimum (e.g., Tong et al., 2007; Song
et al., 2013), so the top of the Jesmond section is likely to be quite close
to the N4 CIE if it is not at 88m. Thus, C-isotope stratigraphy is con-
sistent with conodont biostratigraphic data suggesting a mid-Spathian
age for the top of the Jesmond section.

4. Methods

Unless otherwise noted, all extractions and analyses were performed

Fig. 3. (A) Geologic map of the Cache Creek Terrane in southern British Columbia, Canada (after Sano et al., 2012). The star marks the location of the Jesmond
section within the Marble Range. (B) Paleogeographic map of the Early Triassic world (modified from Colorado Plateau Geosystems image, updated by Ron Blakey,
2018). The locations of the Cache Creek Terrane (CC) in the Panthalassic Ocean is approximate; also shown are the Spiti Valley (SV) and South China (SC).

Fig. 4. The age designation, generalized lithology, and conodont fossils for the
Jesmond section (after Sano et al., 2012). Their preliminary placement of the
Smithian-Spathian boundary (SSB) at ~14m was based on conodont bios-
tratigraphic data, but the present study suggests a lower placement of the SSB
(at 7.1 m) based on a high-resolution δ13Ccarb profile.
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at the Environmental Analytical Facility of the School for the
Environment at the University of Massachusetts Boston.

4.1. Carbonate-associated sulfate and pyrite extractions

We used the extraction protocol of Wotte et al. (2012) to extract
carbonate-associated-sulfate. We leached between 75 and 150 g of
powdered whole-rock sample, except sample 9–9 at 48 g, with 10%
NaCl for 24-h intervals. This dissolved any NaCl-soluble sulfate. We
precipitated the NaCl-soluble sulfate as BaSO4 by adding 10% BaCl2
solution. We repeated this leaching step until no further precipitation of
BaSO4 occurred. Subsequently, we dissolved the samples with 25% HCl
until the reaction was complete. We precipitated any sulfate released
during carbonate dissolution as BaSO4. We weighed the BaSO4 pre-
cipitate to stoichiometrically calculate the CAS concentration as SO4

2−.
Using a modified chromium reduction method (Canfield et al.,

1986; Sullivan et al., 2000), we isolated chromium reducible sulfur
from 3 g of whole-rock powder. We assume that all product from
chromium reduction is pyrite. In short, we gently boiled the reaction for
1 h under continuous N2 flow, and we trapped the product as ZnS using
a zinc acetate solution. We converted the ZnS to Ag2S by adding silver
nitrate. We weighed the Ag2S to stoichiometrically determine pyritic
sulfur concentrations (Spyr).

4.2. Sulfur and oxygen isotope measurements

For sulfur-isotope analyses (δ34SCAS and δ34Spyr), we weighed
0.3–0.4 mg of BaSO4 or Ag2S into tin capsules with five to ten times
vanadium pentoxide to aid in combustion. We used a Costech Elemental
Analyzer ECS 4010 paired to a Thermo Delta V+ Isotope Ratio Mass
Spectrometer to measure the isotopic compositions. We expressed the
isotopic compositions in per mille notation (‰) relative to Vienna
Canyon Diablo Troilite (VCDT). We ran isotopic standards every 12
unknown samples to correct δ34SCAS and δ34Spyr values to the VCDT
reference scale. We used the BaSO4 standards, IAEA-SO-5 (+0.49‰),

IAEA-SO-6 (−34.05‰), and NBS-127 (+21.1‰), and a check stan-
dard, IA-R025 (+8.53‰), to determine the scale calibrated δ34S values
of each BaSO4 unknown sample. We determined the precision, on
average across all runs, to be<0.35‰ based on replicate measure-
ments of the IAEA and NBS standards. For each Ag2S unknown sample,
we used the Ag2S standards, IAEA-S-1 (−0.3‰), IAEA-S-2 (+22.67‰),
and IAEA-S-3 (−32.55‰), and a BaSO4 check standard, NBS-127
(+21.1‰), to determine the scale calibrated δ34S values. We de-
termined the precision, on average across all runs, to be<0.25‰
based on replicate measurements of the IAEA standards. We calculated
the Δ34SCAS-pyr values as the difference between paired δ34SCAS and
δ34Spyr values. We measured eight samples (12-6, 13-1, 13-2, 13-5, 13-
7, 14-2, 14-5, and 14-6) in triplicate to estimate the heterogeneity of the
CAS and pyrite extraction products for δ34S values (Section S2; note: “S”
indicates material in the Supplemental file).

For oxygen-isotope measurements of CAS (δ18OCAS), we weighed
0.3–0.4mg of BaSO4 into silver capsules. We measured the isotope ra-
tios using a Thermo Scientific TC/EA connected to a Thermo Delta V+
Isotope Ratio Mass Spectrometer. Instrument parameters included a
reactor temperature of 1450 °C, a GC temperature of 80 °C, and a he-
lium flow rate of 90mLmin−1. We expressed the isotope ratios in per
mille relative to Vienna Mean Ocean Water (VSMOW). We used two
IAEA BaSO4 standards, IAEA-SO-5 (+12.13‰) and IAEA-SO-6
(−11.35‰), and a check standard, NBS-127 (+8.59‰), to determine
the scale calibrated δ18O values of each unknown sample. We de-
termined the precision to be< 0.45‰ for δ18O values based on re-
plicate measurements of the IAEA standards.

4.3. Carbonate carbon and oxygen isotope measurements

Stable C and O isotopic compositions of carbonates were analyzed at
the University of Kentucky Environmental Research Training
Laboratory using a GasBench-II peripheral coupled to a DeltaPlusXP
isotope ratio mass spectrometer. Samples (450 ± 50mg) were equili-
brated at 40 °C for 24 h before analysis. Average precision for δ13C

Fig. 5. Stratigraphic trends (A) δ13Ccarb, the larger markers (gray) represent samples extracted for CAS and pyrite. The smaller markers (black) represent carbonate
samples not extracted for CAS or pyrite. The white markers represent screened samples (Section 6.1.1). We updated the SSB location based on the δ13Ccarb values
(Zhang et al., in review). The N3, P3, and N4 nomenclature follows Song et al. (2013); “?” indicates uncertainty whether the C-isotope minima at the base and top of
the section are the true N3 and N4 minima. (B) δ34S values of CAS (circles) and pyrite (diamonds). (C) δ18OCAS values. Dotted line is an unmeasured interval. (D)
Δ34SCAS-pyr values. The dashed line and box represent the average ± standard deviation of the entire Δ34SCAS-pyr dataset. The black line in A is a five-point moving
average, and in B-D a three-point moving average to identify the long-term patterns. Our estimated error for δ34SCAS (S.D.= 1.23‰) and δ34Spyr values
(S.D.=1.06‰) is smaller than the marker size (Section S2). The error of individual Δ34SCAS-pyr values is the propagated error from paired δ34SCAS and δ34Spyr values
(Section S2). Abbreviations: Sm. = Smithian, SSB=Smithian-Spathian boundary.
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(+1.95‰) and δ18O (−2.2‰) of NBS-19 calcite standard was 0.05‰
and 0.05‰, respectively, for the entire dataset. Average precision for
δ13C and δ18O of unknowns was 0.02‰ and 0.05‰, respectively. All
results are reported in per mille notation (‰) relative to Vienna Pee
Dee Belemnite (VPDB).

4.4. Carbonate elemental concentrations

To isolate trace elements only associated with the carbonate fraction
of the rock samples, we digested 100mg of powdered sample using
trace grade 1M acetic acid under constant agitation for 24 h (Nothdurft
et al., 2004). We quantified elements (Mg, Ca, Sr, Mn, and Al) on a
Perkin Elmer Optima 3000 XL Inductively Coupled Plasma Optical
Emission Spectrometer. We completely digested the carbonate stan-
dards NIST 1d limestone and NIST 88b dolomitic limestone using a
sequential acid sequence of 3 to 1 HNO3 to HF, 3 to 1 H2O2 to HNO3,
and just HNO3. We used a three-point serial dilution of the NIST 1d
standard to calibrate unknown samples, and a 10 times dilution of NIST
88b as a check standard. Standards and blanks were run every 10 un-
known samples. We measured each sample in triplicate with relative
standard deviations (RSD) generally within 5%. The check standard
values were within 5% difference of known values for all elements.
Furthermore, we extracted the same sample five times to assess the
method's reproducibility (Section S2). For another method test, we di-
gested a subset of samples and standards using 1M HCl to test the re-
producibility of different acids (Section S2).

4.5. Carbon concentrations

Carbon concentrations were measured using an Eltra 2000C—S
analyzer at the Department of Geology of the University of Cincinnati.
Data quality was monitored via multiple analyses of USGS SDO-1
standard, yielding an analytical precision (2σ) of± 2.5% of reported
values. An aliquot of each sample was digested in 2 N HCl at 50 °C for
12 h to dissolve carbonate minerals, and the residue was analyzed for
organic carbon (Corg). The concentrations of total inorganic carbon
were determined by difference.

4.6. Pyrite morphology

Using the HCl insoluble residues remaining after the CAS extraction,
we examined pyrite morphology on a JEOL JSM-6010LA IntouchScope
Scanning Electron Microscope in back scatter electron mode. We esti-
mated the relative abundance of framboidal and euhedral pyrite within
each sample, and used energy dispersive spectrometry to determine any
significant Spyr loss due to subaerial oxidative weathering.

5. Results

The mean total inorganic carbon concentration is 12.1 ± 0.5%,
Corg is 0.14 ± 0.03%, and whole-rock Al concentration is
0.60 ± 0.18%. All three analytes show little variation suggesting very
pure carbonate throughout the section. The carbonate component ele-
mental concentrations from the 1M acetic acid digestion were highly
reproducible and yielded similar results to the 1M HCl digestions
(Section S2). Carbonate Mg/(Mg+Ca) molar ratios range from 0.02 to
0.46. Carbonate component Mn/Sr molar ratios are mostly less than one
except for three samples that are less than two. Carbonate Al con-
centrations are much lower compared to the whole-rock values and
range from 64 to 499 ppm. A significant relation (Spearman's rho; r)
exists between the whole-rock and acetic acid Al values (r=+0.65;
p < 0.001). Using Al as a proxy for clay suggests that samples with
higher whole-rock Al concentrations were more likely to contaminate
the digestion for the carbonate component. However, differences in
carbonate Al concentrations, used as a proxy for clay contamination,
did not systematically affect measured Sr or Mn concentrations

(r≤ ±0.26; p≥ 0.09) but did affect Ca (r=−0.42; p=0.005) and
Mg values (r=+0.30; p= 0.047).

The carbonate‑carbon (δ13Ccarb), CAS (δ34SCAS and δ18OCAS), and
pyrite (δ34Spyr) isotope profiles record very similar and clearly defined
long-term trends (Fig. 5). The variability in all three isotope profiles is
much larger above 10m. In all four isotope profiles, values generally
increased from the base of the section until a max at about 10m before
broadly decreasing for the remainder of the sampled section (Fig. 5).
δ13Ccarb values generally increased from about 0 to +3.6‰ before
decreasing to values around +1‰. A positive correlation exists be-
tween δ13Ccarb and δ18Ocarb values for all carbonate samples
(r=+0.70; p < 0.001; Fig. S1A). δ34SCAS values range by about 21‰
with values increasing from about +30‰ to +39‰ before decreasing
to +30‰ again. δ18OCAS values range by about 4‰ and increased from
about +21‰ to +24‰ before decreasing to +21‰. δ34Spyr values
exhibit a range of about 17‰. δ34Spyr values increased from about +5
to +10‰ to about +20‰ before broadly decreasing to about +5‰.
δ34SCAS values correlate significantly with both δ18OCAS values
(r=+0.64; p < .001; Fig. S1D) and δ34Spyr values (r=+0.46;
p=0.002). δ34SCAS values do not correlate with whole-rock Al con-
centrations (r=−0.04; p=0.80; Fig. S1B). As the trends in δ34Spyr
and δ34SCAS are similar, this led to a fairly stable Δ34SCAS-pyr profile.
Δ34SCAS-pyr values range from 14.2 to 33.4‰ (mean of 24.9 ± 3.9‰).
For the eight samples we measured in triplicate for δ34S values, the
average standard deviation was 1.06‰, 1.23‰, and 1.77‰ for δ34Spyr,
δ34SCAS, and Δ34SCAS-pyr respectively (Section S2). We use these errors
to estimate the per mille error of each individual sample. CAS con-
centrations range from 10 to 1063 ppm, and Spyr concentrations range
from 184 to 665 ppm. Lastly, we found only rare occurrences of eu-
hedral pyrite, if any, within the Jesmond samples, and there were no
signs of pyritic sulfur loss due to oxidative weathering.

6. Discussion

6.1. Screening and evaluation of primary origin of CAS signal

Our goal is to reconstruct as closely as possible the original CAS
isotope pattern recorded at Jesmond. However, since CAS values at a
given site can be shifted from the contemporaneous global mean and/or
altered diagenetically (e.g., Present et al., 2015), it is important to as-
sess if a given study section potentially records original, global values
and screen for any altered values beyond sample-to-sample variability
that may not reflect the global pattern. Altered CAS values may result
from local environmental overprints, post-depositional alteration, or
contamination from reduced sulfur sources during analytical extraction.

6.1.1. Screening of individual Jesmond samples
We began by identifying and screening out six samples whose iso-

topic compositions are likely to have been altered from their original
values (12-3, 12-4, 16-5B2, and 16-9), or which may represent a local
event (2-4 and 2-6). To identify altered samples, we used Grubbs' out-
lier test (Grubbs, 1950; Grubbs, 1969). The Grubbs' test considers the
dataset as a whole, taking into account the difference between each
sample and the mean value of the dataset as well as the variability
within the dataset. Therefore, Grubb's outlier test identifies extreme
values that exceed random sample-to-sample variability in the dataset.
We did not specifically test the CAS isotope values but, rather, other
diagnostic variables (pyr/CAS and δ18Ocarb) that can indicate potential
alteration of samples. This procedure helped to identify and screen out
samples that do not preserve the original, global CAS pattern at Jes-
mond (Fig. 5). The reasons for removal were:

(1) Sano et al. (2012) described a calcareous shale bed in the lower unit
as “an exceptional facies within the carbonate rocks of the Jesmond
succession” and suggested that it may represent a subaerial ex-
posure surface. Additionally, rapid and short-term fluctuations in
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δ13Ccarb, especially when paired with sharp lithologic changes,
likely do not mimic the global pattern (e.g., Schobben et al.,
2016b). We interpret the rapid negative excursion in δ13Ccarb values
within the calcareous shale (13.5 to 15m) as a local signal (Fig. S2).
This interval contains three samples (2-4, 2-5, and 2-6), two of
which (2-4, 2-6) were extracted for CAS and pyrite.

(2) We used a CAS extraction process optimized to reduce pyrite oxi-
dation during the carbonate dissolution steps (Wotte et al., 2012).
However, samples that record low CAS concentrations relative to
pyrite (pyr/CAS ratios) are inherently more susceptible to δ34SCAS
alteration due to pyrite oxidation (Schobben et al., 2015). We used
Grubbs' outlier test to identify outliers in the pyr/CAS ratios. The
Grubb's test identified samples 16–9 (pyr/CAS= 12.52, Z-
score= 5.138, p-value<0.01) and 12–4 (pyr/CAS=5.38, Z-
score= 1.729, p-value< 0.05) as outliers with high pyr/CAS va-
lues. The pyrite concentrations for both samples are close to the
average for the entire section (~300–350 ppm), but their CAS
concentrations are extremely low (28 and 56 ppm) compared to the
rest of the section (100–1000 ppm). Thus, the high pyr/CAS ratios
of these two unique samples are due to low CAS concentrations. The
δ34SCAS values of both samples are 32S-enriched by> 7‰ compared
to their nearest neighbors (Figs. 5 and S1C). The low CAS con-
centrations of these samples may have failed to buffered them
against δ34S shifts due to oxidation of minor amounts of pyrite
during the CAS extraction process. Alternatively, their low CAS
concentrations may have allowed an unidentified local/diagenetic
process to alter the isotopic compositions of these samples. In either
case, their δ34SCAS values are unlikely to reflect a global signal.
δ18OCAS values can help identify contamination during the extrac-
tion process since any reduced sulfur species that are oxidized gain
most of their oxygen from the laboratory water (Witts et al., 2018).
The δ18OCAS value of sample 16–9 is the lowest of the entire section,
but we do not know the δ18OCAS of the laboratory water to confirm
this as direct evidence for contamination. The low CAS concentra-
tion of sample 12–4 did not allow measurement of δ18OCAS.

(3) A few Jesmond samples record anomalously low δ18Ocarb values,
ranging from −7 to −14‰, versus from −2 to −5‰ for other
samples (Fig. S1A). We used Grubbs' outlier test to identify outliers
in the δ18Ocarb dataset. The Grubb's test identified samples 13-3 and
12-2 (p-value< 0.05) and samples 16-5B2, 12-3, 8-5, and 6-1 (p-
value< 0.01) as outliers. These anomalously low δ18Ocarb values
likely reflect post-depositional alteration. We extracted two of these
samples (12–3 and 16-5B2) for CAS and pyrite isotope values.

6.1.2. Evaluation of primary origin of CAS signal
Whole-rock δ34SCAS values are generally not strongly affected by

factors such as meteoric diagenesis (Gill et al., 2008), early marine
diagenesis (Lyons et al., 2004), sedimentation rates (Rennie and
Turchyn, 2014), carbonate recrystallization rates (Rennie and Turchyn,
2014), and burial temperatures (Fichtner et al., 2017). From these
studies, it seems that these processes create sample variability in
δ34SCAS of ~4‰ relative to seawater sulfate δ34S. However, other case
studies suggested dolomitization by incorporating continental weath-
ering products (Marenco et al., 2008) or early diagenetic MSR (Present
et al., 2015) can alter δ34SCAS by 9 to 15‰ relative to coeval δ34S
seawater and overprint the original marine signal. Based on high Mg/
(Ca+Mg) ratios of ~0.4 for the unscreened samples, it is clear that
dolomitization affected the Jesmond samples. However, the in-
corporation of substantial continentally derived sulfur is not a concern
for Jesmond due to its mid-Panthalassa paleolocation and lack of ter-
rigenous clastic material (Sano et al., 2012). Furthermore, using whole-
rock Al concentrations as a proxy for clay material, there is no sig-
nificant relationship between the unscreened whole-rock Al con-
centrations and δ34SCAS (r=−0.21; p= 0.20). However, a positive
correlation between δ13Ccarb and δ18Ocarb for unscreened samples
(r=+0.56; p < 0.001) may indicate some meteoric influence (e.g.,

Knauth and Kennedy, 2009). Since the Jesmond δ13Ccarb pattern mat-
ches the global δ13Ccarb long-term trend through the Smithian-Spathian
transition (e.g., Song et al., 2013), the potential meteoric influence
cannot have completely overprinted the original marine carbonate
signals. CAS-isotope values can also potentially be buffered against the
effects of meteoric diagenesis (Gill et al., 2008). Furthermore, the
parallel trends in δ13Ccarb and δ34SCAS at Jesmond (Fig. 5) have also
been reported from Lower Triassic sections in South China (Song et al.,
2014) and thus may be indicative of contemporaneous global changes
in seawater chemistry.

Carbonate recrystallization processes that occur at burial tempera-
tures higher than 100 °C can increase δ18OCAS by up to 6‰ (Fichtner
et al., 2017). These same processes do not alter δ34SCAS. High carbonate
Mn/Sr ratios can be used as a proxy for burial diagenesis and re-
crystallization of the carbonate lattice (e.g., Brand, 2004). Molar ratios
less than one suggest data likely reflect original seawater chemistry
(Brand, 2004). Only two samples at Jesmond (2-1 and 8-1) yielded Mn/
Sr ratios> 1 and these values are still < 2. The Mn/Sr data are con-
sistent with limited alteration of the Jesmond samples. The degree of
diagenetic alteration of carbonates correlates somewhat with burial
temperatures, for which conodont color alteration index (CAI) is a
proxy (Epstein et al., 1977). CAI values were not measured in this
study, but the typical values for the Triassic of the Cache Creek Terrane
are between 4 and 5, suggesting burial temperatures between 200 and
300 °C (Orchard, 1984). These burial temperatures may have shifted
Jesmond samples to higher δ18OCAS values relative to the original
seawater sulfate (Fichtner et al., 2017). The range of δ18OCAS at Jes-
mond (+20.3 to +23.9‰) is comparable to lowermost Triassic sec-
tions in Iran (+21 to +25‰; Schobben et al., 2015). The Iranian
sections record CAI values between 1 and 1.5, corresponding to burial
temperatures below the 100 °C threshold (Schobben et al., 2014). The
similar δ18OCAS ranges of the Jesmond and Iranian sections suggest that
Jesmond δ18OCAS data have not been significantly altered from their
original marine sulfate values.

Comparing δ34SCAS with contemporaneous evaporite δ34S values
can help decipher if the absolute δ34SCAS values are reasonable. For
example, δ34SCAS values from three different PTB sections (Newton
et al., 2004; Song et al., 2014; Schobben et al., 2015) were found to be
mostly 34S-enriched compared to coeval δ34Sevaporite values (Bernasconi
et al., 2017). Few temporally constrained evaporite deposits dating to
the SSB have been reported (e.g., Bernasconi et al., 2017), although
there is substantial low-resolution data for the Smithian and Spathian
substages. Late Smithian evaporites record δ34S of ca. +32‰, and
Spathian samples yield δ34S of ca. +27 to +35‰ (Holser, 1984;
Marenco, 2007; Horacek et al., 2010; Bernasconi et al., 2017). The
δ34SCAS record for Jesmond, with values mostly between +30 to
+39‰, is thus consistent with the evaporite data.

In summary, the Jesmond CAS dataset appears to show, at most,
limited modification of its primary marine δ34S signature and, thus, is
likely to record global seawater sulfate δ34S trends during the Smithian-
Spathian transition. Some influence of local MSR (Present et al., 2015,
Fitchtner et al., 2017) cannot be ruled out at this time and may have
contributed to the sample-to-sample variability in the Jesmond section.
This variability would have been driven by different degrees of local
MSR and/or different capacities of individual samples to buffer against
alteration. However, the similarity of the Jesmond whole-rock δ34SCAS
data to coeval δ34Sevaporite records suggests that local MSR did not
completely overprint the original values. However, trends in our da-
taset are probably more reliably interpreted than the absolute CAS
isotope values.

6.2. Secular variation in seawater sulfate

6.2.1. A global or local signal at Jesmond?
Redox conditions during deposition of the Jesmond section were

consistently oxic based on both petrographic and geochemical proxies
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(Sano et al., 2012). Scarce fossils of small microgastropods, bivalves,
ostracods, and crinoids were found scattered throughout the section
along with limited vertical burrows. Sano et al. (2012) inferred stressed
environmental conditions in a peritidal setting but not a lack of oxygen
availability. The overall lack of pyrite framboids and limited euhedral
pyrite found in this study provides secondary evidence for oxic de-
position (e.g., Bond and Wignall, 2010), consistent with previous con-
clusions (Sano et al., 2012). From sections in Japan, the deep waters of
the mid-Panthalassa were likely dysoxic to anoxic during the Smithian
and early to middle Spathian (Isozaki, 1997; Wignall et al., 2010).
However, the deeper oxygen-depleted mid-Panthalassic waters did not
penetrate the ocean-surface layer, in which the Jesmond section accu-
mulated, and therefore, were unlikely to overprint potential global CAS
values with a local redox signal. A general lack of variation in Δ34SCAS-
pyr also suggests that the sulfur system did not respond to local organic
matter availability. This factor would likely alter Δ34SCAS-pyr, which can
be used as a proxy for the apparent depletion during MSR. Furthermore,
we can rule out substantial local changes in continental weathering
based on the paleo-location within the mid-Panthalassa and a lack of
coarse terrigenous grains (Sano et al., 2012). This leads us to conclude
that δ34SCAS and δ18OCAS values were potentially responding to larger
scale regional to global changes in sulfur cycling, but the most com-
pelling evidence of a global signal is a comparison of δ34S and δ18O
values and trends from other locations.

Based on comparisons with CAS profiles from two other areas
(southern Neo-Tethys and eastern Paleo-Tethys; Fig. 3B) and available
δ34Sevaporite data, we infer that the Jesmond isotopic profiles likely re-
present global signals for Early Triassic seawater (Fig. 6). The Shi-
touzhai section from the eastern Paleo-Tethys (South China) also spans
the SSB, but the global δ34SCAS signal was likely overprinted by a local
upwelling process (Zhang et al., 2015). Our goal is to reconstruct global
signals, so we do not include the Shitouzhai data with the Lower
Guandao section for South China. Through the global SSB positive CIE,
the key feature at Jesmond and Spiti Valley was a concurrent increase
in δ34SCAS values (Spiti Valley: from +28 to +35‰; and Jesmond:
from +30 to +38‰; Fig. 6). A broad increase (+20–25 to +30‰;
Fig. 6) can also be identified at Lower Guandao but with less confidence
due to a gap in carbonate deposition and higher sample-to-sample
variability. Subsequently, as δ13Ccarb began to decrease from the early

Spathian to the middle Spathian, δ34SCAS also decreased at Jesmond
(+38 to about +30‰) and with less confidence on the exact timing of
the decrease at Lower Guandao (+30 to about +25‰). Comparing the
δ34SCAS profiles of these three locations illustrates the inherent varia-
bility typical of whole-rock δ34SCAS. This again highlights the need to
focus on the overall pattern of change and not on sample-to-sample
variation. Importantly, despite this variability, we can identify com-
parable trends at the different locales, e.g., at Spiti Valley and Jesmond
and, with less confidence, at Lower Guandao, that reflect a global
δ34SCAS signal (Fig. 6).

Further confidence that δ34SCAS likely represents a global signal is
the similarity to the available δ34Sevaporite data. The substage evaporite
record broadly identified a late Early Triassic peak in δ34S around the
SSB (Bernasconi et al., 2017, and references therein). This provides
confidence that the peak defined by δ34SCAS at the SSB, concurrent with
the global δ13Ccarb peak, represents the most likely global δ34S pattern
to date for the SSB (Fig. 6). This shifts the likely relative δ34S maximum
of the late Early Triassic to a younger age within the earliest Spathian.
More CAS and evaporite isotope data from other locations are still
necessary to identify the global signals with complete confidence.

Secondary evidence of a global pattern recorded in CAS are the si-
milarities between δ34SCAS and δ18OCAS at Spiti Valley and Jesmond
(Fig. 6). For both sections there is a statistically significant and positive
correlation between δ34SCAS and δ18OCAS (Jesmond: unscreened sam-
ples: r=+0.61; p < 0.001; Fig. S1D; Spiti Valley: r=+0.44;
p=0.029). In terms of absolute values of δ18OCAS, the δ18OCAS values
of Spiti Valley through the SSB transition vary around +20‰, which
agrees with the values at the start of the δ18OCAS increase at Jesmond
(Fig. 6). There is no δ18Oevaporite data bracketing the SSB available for
comparison that we know of. Lastly, there is a clear increase in δ18OCAS

across the SSB at Jesmond, but the increased variability within the SSB
interval at Spiti Valley makes the trend there less distinct. However, at a
minimum, δ18OCAS values within the SSB transition at Spiti Valley were
higher than late Smithian values.

While multiple sections globally exhibit similar trends in δ34SCAS
across the SSB, there are significant differences in their absolute values.
Local or regional variation in isotopic signals was not unique to the SSB,
as it also occurred, for example, around the PTB (Newton et al., 2004;
Song et al., 2014; Schobben et al., 2015; Bernasconi et al., 2017). The

Fig. 6. Comparisons of δ13Ccarb, δ34SCAS, and δ18OCAS between globally distributed sections. The bar marks the SSB positive carbon isotope excursion at each section.
The N3, P3, and N4 nomenclature follows Song et al. (2013); “?” indicates uncertainty whether the C-isotope minima at the base and top of the section are the true N3
and N4 minima. The solid lines are five-point moving averages for δ13Ccarb and three-point moving averages for δ34SCAS and δ18OCAS. Data for Lower Guandao from
previously published papers (Payne et al., 2004; Song et al., 2014) and Spiti Valley from Stebbins (2018) and Stebbins et al. (2018). Screened samples for Jesmond
(Section 6.1.1) are not included. Abbreviations: Sm. – Smithian and Sp. – Spathian.
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differences between the SSB sections are likely due to locally variable
diagenetic overprints altering δ34S from the global value (Present et al.,
2015; Fichtner et al., 2017) or depositional conditions, such as redox or
organic matter availability (e.g., Schobben et al., 2017). Some local
δ34S variability is to be expected based on measurements of δ34S of
modern seawater sulfate from globally distributed unrestricted-bio-
genic sediments (opal and carbonate ooze; Schobben et al., 2017, and
references therein). This compilation of modern data suggested that
sulfate sources (aqueous porewaters, CAS, barite) within unrestricted-
biogenic sediments exhibit a standard deviation of± 2.73‰ around
the modern seawater sulfate δ34S value (n=141 measurements). As-
suming a similar amount of local variability for the SSB explains some
proportion of the differences in absolute δ34SCAS between sites. If dif-
ferences in absolute CAS values are eventually proven to be a primary
signal, instead of due to diagenetic alteration, then local variation was
likely related to low seawater sulfate concentrations at the SSB (2.5 to
9.1 mM; Section 6.3) as well as in older Early Triassic substages (0.6 to
6mM; Luo et al., 2010; Song et al., 2014; Bernasconi et al., 2017;
Schobben et al., 2017). Low marine sulfate concentrations would have
permitted greater regional heterogeniety in seawater sulfate isotopic
compositions between watermasses, as proposed for the Early Jurassic
when seawater sulfate concentrations were ~1–5mM (Newton et al.,
2011). Overall, more work is necessary to decipher exactly what caused
the differences in absolute δ34SCAS between sections and whether they
are offset from contemporaneous δ34Seavporite but, importantly, the
long-term trends in these sections are similar.

6.2.2. Paleoenvironmental drivers of secular variation
The nature of changes in global marine environmental conditions

across the SSB can be inferred from the Jesmond CAS records. The
strong relationship between δ34SCAS and δ18OCAS at Jesmond
(unscreened samples: r=+0.61; p < 0.001; Fig. S1D) limits the type
of global driver that controlled CAS-isotope variation. This covariation
is also recorded at Spiti Valley around the SSB (r=+0.44; p= 0.029;
Stebbins, 2018; Stebbins et al., 2018). Two possible global drivers were
variation in riverine sulfate inputs due to volcanism or weathering, and
variation in the net MSR rates and net pyrite burial fluxes. Both riverine
sulfate inputs are typically 32S- and 16O-enriched compared to the
marine sulfate pool, which is 34S- and 18O-enriched owing to MSR and
pyrite burial (e.g., Bottrell and Newton, 2006; Fig. 2). Therefore, the
riverine source flux and pyrite sink flux change the isotope values of
seawater sulfate in opposite ways, but changes in either flux can gen-
erate covariation between δ34S and δ18O. However, the change riverine
source or pyrite sink flux must have been temporary to account for the
peaks in the isotope profiles.

Either global volcanic or weathering inputs can cause a relative
decrease in δ34SCAS and δ18OCAS. In theory, cyclical decreases in the
amount of volcanism or weathering may account for the SSB peak in
δ34SCAS and δ18OCAS. Volcanism is potentially a logical driver based on
temperature reconstructions that suggest a transient cooling interval
around the SSB (Sun et al., 2012; Romano et al., 2013). Mercury con-
centrations in NW Pangea from shale and siltstones suggest a pulse of
volcanism occurred from the late Smithian CIE minimum through the
SSB positive CIE (Grasby et al., 2013b, 2015; Shen et al., in review). The
high concentrations of mercury recorded in the latest Smithian would
link volcanism to the lower δ34SCAS and δ18OCAS during this interval.
However, mercury concentrations did not increase after the SSB posi-
tive CIE when δ34SCAS and δ18OCAS values decreased again. An alter-
native view using U—Pb dating suggests the majority of Siberian Traps
volcanism ended well prior to the SSB (Burgess and Bowring, 2015).
Both views suggest volcanism was not the primary control on the CAS-
isotope trends. Similarly, for global weathering fluxes, modeling of
changes from the Zal, Iran section suggests there was a single drastic
decrease across the SSB (Sedlacek et al., 2014). No subsequent increase
is recorded again in the early to middle Spathian to reflect the cyclical
nature of the CAS-isotope peak. On the other hand, Sr isotopes at South

China suggests there was a small peak in weathering, but the increase
was coeval with the SSB positive CIE (Song et al., 2015). This is op-
posite of the expected result.

CAS-isotope trends were most likely the result of the net flux of MSR
and pyrite burial. Decreases in the net MSR flux and pyrite burial leads
to a decrease in δ34SCAS and δ18OCAS values and vice versa (e.g., Bottrell
and Newton, 2006). Our data suggest that the net MSR flux and pyrite
burial increased across the SSB concomitant with the positive CIE. A
scenario linked to δ13Ccarb which reflect increased primary productivity
and weakened ocean stratification (Song et al., 2013). The decrease in
temperatures across the SSB likely started the chain of events (Sun
et al., 2012; Romano et al., 2013). Cooling temperatures across the SSB
resulted in weakened oceanic stratification, increased cycling of nu-
trients to stimulate productivity, and increased availability of organic
matter to facilitate the net increase in MSR and pyrite burial. Song et al.
(2014) suggested this chain of events for the majority of the Early
Triassic, but the SSB may have been unique (e.g., Zhang et al., 2015).
The data from Jesmond proposes that the SSB to early Spathian also
experienced the environmental scenario suggested for the majority of
the Early Triassic. This environmental scenario advocates that more
MSR occurred when marine biota recovered (Stanley, 2009; Brayard
et al., 2017; Foster et al., 2017, and references therein), a scenario also
noted for the initial recovery interval following the end-Cretaceous
extinction event (Witts et al., 2018). Although the SSB ocean was still
much hotter than prior to the end-Permian mass extinction (Sun et al.,
2012), the slight decrease from the extremes of the late Smithian may
have facilitated the recovery interval across the SSB.

During the early to middle Spathian global signals in CAS isotopes,
δ13Ccarb (e.g., Song et al., 2013), and other environmental variables like
temperature and oxygenation (e.g., Sun et al., 2012; Grasby et al.,
2013a) returned toward late Smithian values. The late Smithian ex-
perienced a crisis for conodonts, ammonoids, and some benthic com-
munities (Brayard et al., 2006; Orchard, 2007; Stanley, 2009; Hofmann
et al., 2014), and the trend back toward these values suggests potential
for a similar crisis. Furthermore, evidence for a middle to late Spathian
crisis exists for conodonts and ammonoids (Stanley, 2009). In this
sense, the SSB did not mark a unique time interval as it was one of the
many transient recovery periods and sulfur cycle perturbations during
the Early Triassic (Stanley, 2009; Song et al., 2014).

6.3. Seawater sulfate concentrations during the SSB

The quantitative reconstruction of seawater sulfate and changes
over time furthers our understanding of Earth's past seawater chemistry
(Kah et al., 2004; Algeo et al., 2015). Algeo et al. (2015) provided two
methods to quantitatively reconstruct paleo-seawater sulfate: (1) the
MSR-trend method and (2) the rate method. The MSR-trend method
relies on the relation between the isotope depletion due to MSR and
seawater sulfate concentrations (Fig. 7), and the rate method relies on
seawater sulfate δ34S variation. Importantly, the rate of change method
provides a maximum estimate of seawater sulfate concentrations while
the MSR-trend method produces a mean estimate (Algeo et al., 2015).

The Δ34SCAS-pyr values can be used as a proxy for the isotope de-
pletion due to MSR in order to use the MSR-trend method for pa-
leoenvironmental studies. The Jesmond Δ34SCAS-pyr recorded no overall
change across the SSB (Fig. 5D). We can rule out a Δ34SCAS-pyr control by
temperature as this changed across the SSB (Sun et al., 2012; Romano
et al., 2013). The paleolocation of Jesmond rules out any substantial
local effects due to continental weathering and local redox conditions
remained consistently oxic (Sano et al., 2012). The lack of Δ34SCAS-pyr
change also suggests that local MSR and pyrite deposition occurred
under relatively uniform conditions and did not vary between open-
and closed-system conditions. Ruling out these drivers suggests that
Δ34SCAS-pyr likely reflects the apparent depletion due to MSR. Jesmond
is therefore a strong candidate for the MSR-trend method to reconstruct
SSB seawater sulfate concentrations (Algeo et al., 2015). Using a
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Jesmond mean Δ34SCAS-pyr value of 25.4 ± 3.6‰ for unscreened
samples, we produce a mean estimate of 5.0mM with a range of 2.5 to
9.1 mM for the latest Smithian to early Spathian (Fig. 7). An important
caveat, as noted for the Permian-Triassic boundary interval by
Bernasconi et al. (2017), is potential 34S-enrichment of CAS relative to
the δ34S of coeval seawater sulfate (as proxied by δ34Sevaporite). At the
Permian-Triassic boundary, the 34S-enrichment was around +5 to
+10‰ (Bernasconi et al., 2017). Incorporating an offset between
δ34SCAS and δ34Sevaporite into the MSR-trend method would result in a
lower estimate of seawater sulfate concentrations. However, based on
available data to date, the δ34Sevaporite values around the SSB broadly
match the δ34SCAS of Jesmond (Section 6.1.2), so more δ34Sevaporite data
will be needed to evaluate any potential offset.

Invariant Δ34SCAS-pyr values through the SSB interval suggest that
seawater sulfate concentrations did not change appreciably. However,
an increase in pyrite burial rates probably accounted for the increase in
δ34SCAS values across the SSB (see Section 6.2.2). We speculatively
hypothesize two potential scenarios, but more work is needed to con-
firm either suggestion. First, higher pyrite burial rates would have been
accompanied by a decrease in seawater sulfate concentrations to some
degree if not countered by a change in sulfate input fluxes such as
continental weathering. Possible sources include: (1) decreased eva-
porite formation, (2) increased volcanic sulfate inputs, or (3) increased
weathering sulfate fluxes. Evaporite formation likely increased across
the SSB due to a change from relatively more humid to drier climatic
conditions based on spore to pollen ratios (Galfetti et al., 2007;
Hermann et al., 2012). Furthermore, evidence for massive volcanism
suggests that it peaked in the latest Smithian not across the SSB (Grasby
et al., 2015; Shen et al., in review; Section 6.2.2). The likely source was
a temporary increase in continental weathering across the SSB. Based
on global modeling of Sr isotopes (Song et al., 2015) as well as a few
studies based on local depositional conditions (e.g., Lehrmann et al.,
2015), it is possible that a short-term increase in continental weathering
occurred during the SSB and early Spathian. The likely mechanism
leading to increased weathering around the SSB stemmed from the
short-term cooling event (Sun et al., 2012; Romano et al., 2013) and a
subsequent sea-level fall at the SSB (Snedden and Liu, 2010). Previously
deposited but newly exposed fine-grained sediment would have been
remobilized and pyrite oxidation rates would have spiked, increasing
sulfate inputs to the marine sulfate pool. A similar mechanism has been
used to explain features of the Pleistocene global sulfur record during
glacial periods (Markovic et al., 2015). Alternatively, there may have
been a short-term decrease in seawater sulfate concentrations at the SSB

that has not been recognized owing to the limited stratigraphic re-
solution of the existing datasets.

Our estimate for mean seawater sulfate at the SSB (2.5 to 9.1 mM)
can be compared to published values for the Permian-Triassic boundary
(PTB) and Middle Triassic (Fig. 8). Using the same MSR-trend method,
Schobben et al. (2017) estimated a range of 0.6 to 2.8 mM for the PTB
in the western Paleo-Tethys. For a similar time interval, Luo et al.
(2010) estimated< 1mM based on the relationship between δ13Ccarb

and δ34SCAS for the eastern Paleo-Tethys. Moving slightly younger into
the Griesbachian through Smithian substages and using the rate
method, Song et al. (2014) estimated a maximum concentration<
4.2mM for the eastern Paleo-Tethys. Alternatively, using the rate
method on evaporite δ34S, Bernasconi et al. (2017) calculated a max-
imum range between 2 and 6mM for the Griesbachian through Die-
nerian substages. Our conservative mean estimate from Jesmond in the
mid-Panthalassa for the even younger SSB is higher than most of these
estimates (Fig. 8). This suggests that through the course of the Early
Triassic, there was a net increase in seawater sulfate. Following the SSB,
the δ34S values of Middle Triassic CAS and evaporites stabilized (Song
et al., 2014; Bernasconi et al., 2017). The decreased rates of change
suggest even further growth in the seawater sulfate pool during the
Spathian and Middle Triassic. Maximum estimates following the SSB
based on the rate method are between 10 and 15mM (Bernasconi et al.,
2017). Therefore, at the SSB, Jesmond recorded intermediate seawater
sulfate between the low concentrations of the PTB and relatively higher
concentrations of the Middle Triassic.

7. Conclusions

We draw the following conclusions from the carbon‑sulfur isotope
study of the mid-Panthalassa Jesmond section:

(1) Based on the high-resolution δ13Ccarb, the midpoint value of the
positive CIE associated with the SSB occurred at 7.1m. This con-
strains the highest possible stratigraphic location of the SSB at
Jesmond. The new boundary location is slightly below the pre-
viously suggested location based on the conodont fossil record.

(2) Both the δ34SCAS and δ18OCAS increased across the SSB at Jesmond.

Fig. 7. Determination of SSB seawater sulfate concentrations (mM) using the
MSR-trend method (Algeo et al., 2015). We use the relation between Δ34Ssulfate-
sulfide and [SO4

2−]SW (solid line) with confidence intervals (dashed lines) to
calculate the mean and range of SSB sulfate concentrations based on the
mean ± standard deviation of measured Δ34SCAS-pyr.

Fig. 8. Estimates of paleo-seawater sulfate concentrations for the PTB, Early
Triassic, and the beginning of the Middle Triassic. The box edges mark the age
range and concentration range for each study. Reconstructions are based on
either the MSR-trend (average estimate; *) or rate method (maximum estimate;
#) of Algeo et al. (2015). Data from: [1] - Schobben et al. (2017); [2] -
Bernasconi et al. (2017); [3] - Song et al. (2014); [4] – this study. Abbreviation:
M. Trias. – Middle Triassic, L. Perm. – Late Permian.
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This increase occurred at the same time as the SSB positive CIE. A
trend that occurred in δ34SCAS at two other locations suggesting a
global signal. The environmental mechanism responsible for the
increase in δ34SCAS and δ18OCAS was an increase in MSR and the net
pyrite burial flux. The conditions associated with the marine sulfur
cycle perturbation at the SSB were temporary as the excursions in
δ34SCAS and δ18OCAS began to relax toward pre-perturbation values
rapidly after the SSB.

(3) We calculate a mean estimate of the seawater sulfate concentration
for the SSB between 2.5 and 9.1mM using the MSR-trend method.
Sulfate concentration does not change measurably from the latest
Smithian through the earliest Spathian. These values were inter-
mediate to PTB and Middle Triassic values and suggest an overall
growth in the sulfate pool through the Early Triassic.
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