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Abstract: Compared with Phanerozoic strata, sulfate minerals are relatively rare in the Precambrian record; this is probably due
to the lower concentrations of sulfate in dominantly anoxic oceans. Here, we present a compilation of sulfate minerals that are
stratigraphically associated with the Ediacaran Shuram excursion (SE) – the largest negative δ13C excursion in Earth history.
We evaluated 15 SE sections, all of which reveal the presence of sulfate minerals and/or enriched carbonate-associated sulfate
concentrations, suggesting a rise in the sulfate reservoir. Notably, where data are available, the SE also reveals considerable
enrichments in [Ba] relative to pre- and post-SE intervals. We propose that elevated seawater sulfate concentrations during the
SE may have facilitated authigenesis of sulfate minerals. At the same time, the rise in Ba concentrations in shelf environments
further facilitated barite deposition. A larger sulfate reservoir would stimulate microbial sulfate reduction and anaerobic
oxidation of organic matter (including methane), contributing to the genesis of the SE. The existence of sulfate minerals
throughout the SE suggests that oxidant pools were not depleted at that time, which challenges previous modelling results. Our
study highlights the dynamic interplay of biogeochemical C, S and Ba cycles in response to the Shuram oxygenation event.
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Sulfate minerals are a class of minerals that include the sulfate ion
SO4

2– within their structure and often occur within Phanerozoic
strata (Claypool et al. 1980; Jewell 2000; Crockford et al. 2019b;
Warren 2021). Common examples include gypsum (CaSO4·2H2O),
anhydrite (CaSO4), barite (BaSO4) and celestine (SrSO4) (Arndt
2015). In the modern oxygenated ocean, sulfate is the second most
abundant anion at a concentration of 28 mM and plays a critical role
in organic matter remineralization within sediments (Berner and
Berner 2012). With such a high concentration today, sulfate is well
mixed due to its long residence time (>11 Myr) relative to the
mixing time of the ocean (Berner and Berner 2012; Paytan and Gray
2012). Compared with Phanerozoic strata, sulfate minerals are
relatively rare in Precambrian sedimentary archives (Warren 2021).
This uneven distribution of sulfate minerals in the geological record
is typically explained as a consequence of much lower sulfate

concentrations in Precambrian seawater (Grotzinger and Kasting
1993; Kah et al. 2004; Canfield and Farquhar 2009; Bristow and
Grotzinger 2013; Algeo et al. 2015; Blättler et al. 2020). Wherever
they occur in Precambrian marine strata, sulfate minerals are often
used as direct mineralogical evidence for a transient increase in
sulfate levels indicative of an increasingly oxygenated environment
(Kah et al. 2001; Melezhik et al. 2005; Schröder et al. 2008;
Reuschel et al. 2012; Turner and Bekker 2016; Blättler et al. 2018;
Prince et al. 2019).

Sulfate minerals have been widely used to infer the evolution of
ocean chemistry in deep time (Holland 1984). Gypsum precipitates
before halite (NaCl) and becomes supersaturated when the ion
product (IPCaSO4) exceeds 23 mM2 (Holland 1984). The IPCaSO4 in
the Precambrian may have been significantly lower than that in the
modern ocean (280 mM2). Assuming that the concentration of Ca2+
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over the last 550 Myr (10 to 40 mM, Horita et al. 2002) also applies
to the Precambrian, SO4

2– levels of around 0.5–2 mM would have
been required to achieve a condition with IPCaSO4 > 23 mM2

(Canfield and Farquhar 2009). If sulfate concentrations are below
this level, or if IPCaSO4 is < 23 mM2, gypsum is less likely to form,
requiring highly restricted environments with high net evaporation.
Barite has also been widely used as a proxy for ocean productivity
and isotopic compositions of seawater (Paytan and Griffith 2007;
Ma et al. 2014; Bao 2015; Carter et al. 2020; Yao et al. 2020; Wei
et al. 2021a). Therefore, investigating the abundance and origin of
these sulfate minerals in Precambrian strata has the potential to offer
important insights into the biogeochemistry of the environments in
which these archives were deposited.

One of the most prominent examples of inferred oxygenation
events in the Ediacaran Period coincided with the Shuram Excursion
(SE) –a negative stratigraphic carbon isotope (δ13C) excursion from
+5‰ down to a nadir of −12‰ (Fike et al. 2006; McFadden et al.
2008; Lu et al. 2013; Shields et al. 2019; Zhang et al. 2019; Li et al.
2020b). The SE lasted for around 7 Myr (Gong and Li 2020; Rooney
et al. 2020) and is widely regarded as one of the most profound
carbon cycle anomalies in Earth history (Grotzinger et al. 2011). In
the past few decades, the SE has been reported in Ediacaran strata
around the world. The pattern and stratigraphic position of the
globally distributed SE provides compelling evidence that this
middle Ediacaran event represents an oceanographic perturbation of
the deep-time carbon cycle (Grotzinger et al. 2011; Husson et al.
2015), as opposed to a post-depositional phenomenon (cf. Knauth
andKennedy 2009; Derry 2010; Zhao et al. 2020). In most cases, the
SE immediately precedes the first appearance of macroscopic
organisms (Xiao et al. 2016; Xiao and Narbonne 2020) with only
one exception in NW Canada (Macdonald et al. 2013). Therefore,
the SE may have played an important environmental role in the long
evolution of animals (Darroch et al. 2018).

Despite its significance, direct mineralogical evidence of redox
conditions in the form of oxidized phases – for example, the
presence of sulfate minerals – is still limited. To actively search for
the potential evidence of sulfate minerals within the SE, we
evaluated 15 SE-equivalent sections distributed around the world,
including the Doushantuo Formation in South China, the Shuram
Formation in Oman, the Wonoka Formation in southern Australia,
the Krol B + C intervals in northern India, the Nama Group in
southern Namibia, the Rainstorm Member in the western USA, the
upper Clemente Formation in northwestern Mexico, and the
Nikol’skaya, Alyanchskaya and Kholychskaya formations in
Siberia (Figs 1 and 2; Table 1). Our petrological investigation in
this study is focused on the Doushantuo Formation in South China.

Our compilation (Tables 1–3) shows that many SE-equivalent
sections do preserve mineralogical evidence of authigenic sulfate
minerals and/or concentration enrichment in carbonate-associated
sulfate ([CAS]). We further review stratigraphic trends in barium
concentrations ([Ba]), and present new [Ba] data across three SE-
equivalent sections, including the Doushantuo Formation at
Yangjiaping in South China and the Clemente Formation at two
localities in northwestern Mexico. Our findings suggest coupled C,
S and Ba cycles in an increasingly oxygenated Earth surface
environment during the SE, which may have played a pivotal role in
the genesis of the largest globally recorded δ13C negative excursion
in Earth history.

Geological background

The Ediacaran Doushantuo Formation in the Yangtze block of
South China overlies the Nantuo diamictite and begins with a
c. 635 Ma Marinoan cap carbonate (Fig. 2) (Condon et al. 2005;
Zhu et al. 2007b; Jiang et al. 2011). Stratigraphically overlying the
Doushantuo Formation is the dolostone-dominated Dengying

Formation. The age of the Doushantuo–Dengying boundary was
originally constrained to be c. 551 Ma (Condon et al. 2005; Zhu
et al. 2013), but was later proposed to be slightly older on the basis
of a different stratigraphic correlation (An et al. 2015; see also Zhou
et al. 2017 for a different interpretation). The more recent age
constraints suggest that the SE probably terminated at c. 560 Ma
(Gong and Li 2020; Rooney et al. 2020).

Deposition of the Doushantuo Formation in the Yangtze block
can largely be divided into two stages, beginning with an open ramp
shelf that gradually transitioned into a rimmed shelf protecting an
intra-shelf basin (Jiang et al. 2011; Cui et al. 2015). Stratigraphic
data and palaeogeographic reconstructions indicate an increase in
water depth from proximal intertidal environments in the west and
NW to distal deep basinal settings in the SE. Three platform facies
belts have been proposed, including a proximal inner shelf
dominated by peritidal carbonates, an intra-shelf basin containing
mixed carbonates and shales, and a rimmed outer shelf shoal
complex consisting of carbonates and phosphorites (Fig. 2) (Jiang
et al. 2011). A more nuanced depositional model has also been
proposed for the Doushantuo Formation, featuring two depositional
mega-sequences and multiple stages of deposition (Zhu et al.
2007b; 2013; 2021).

The SE is widely reported from the upper Doushantuo Formation,
which is also referred to as N3 (Negative 3) (Jiang et al. 2007;Wang
et al. 2016), EN3 (Ediacaran Negative 3) (Zhou and Xiao 2007;
McFadden et al. 2008) or DOUNCE (Doushantuo negative carbon
isotope excursion) (Zhu et al. 2007a; 2013; Lu et al. 2013). Six
sections of the Doushantuo Formation with the N3/EN3/DOUNCE
( = SE) on top were investigated in this study, including the inner
shelf Dongdahe section (Yunnan Province), the intra-shelf
Jiulongwan section (Hubei Province), the outer shelf Yangjiaping,
Zhongling and Nanbeizhen sections (Hunan Province) and the
upper slope Siduping section (Hunan Province) (Figs 1 and 2;
Table 2). The Nanbeizhen section is located very close to the
Zhongling section to the SW. These broadly correlative sections
represent a range of water depths from shallow to deeper
environments. Chemostratigraphic studies reveal that the SE is
recorded in the uppermost intervals of these sections, although the
stratigraphic completeness of some successions has been questioned
(Cui et al. 2015). Detailed investigations of these sections can be
found in previously published papers on the Dongdahe section (Zhu
et al. 2007b; Lu et al. 2013), the Jiulongwan section (Jiang et al.
2007; 2011; McFadden et al. 2008; Zhou et al. 2012; Ling et al.
2013; Zhu et al. 2013), the Zhongling and Yangjiaping sections
(Zhu et al. 2007b; Jiang et al. 2011; Cui et al. 2015; 2017) and the
Siduping section (Jiang et al. 2011;Wang et al. 2016; Li et al. 2017;
Shi et al. 2018).

The inner-shelf Dongdahe section is located near the Dongdahe
reservoir, 5 km east of Chengjiang county, Yunnan Province
(Fig. 2b). The δ13C profile of this section reveals a large negative
excursion in the upper part of the Doushantuo Formation (i.e.
DOUNCE) that has been correlated with the SE (Zhu et al. 2007b;
Lu et al. 2013). Lenticular limestone beds with an edgewise
structure in this section indicate frequent storm-wave influence in a
shallow basin. The dark-grey dolomitic limestone shows distinct
calcite pseudomorphs after gypsum (Fig. 3a, b), which are
indicative of a restricted inner-shelf environment.

The EN3 interval at intra-shelf Jiulongwan has been further
divided into EN3a, EN3b and EN3c on the basis of the
characteristics of the δ13C profiles (Fig. 1j) (McFadden et al.
2008). The EN3a interval shows a decrease in δ13C from 0 to −9‰,
whereas the EN3b shows largely consistent δ13C values of c. −9‰.
The EN3c interval represents a recovery of the SE from −9‰ to
0‰, as documented in carbonate concretions in Member IV black
shales (McFadden et al. 2008). It should be noted that the basin-
scale correlation of the Member IV shale interval at Jiulongwan (i.e.
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EN3c) has been questioned, and appears to be increasingly
controversial (An et al. 2015; Zhou et al. 2017; Bridger et al. 2021).

A striking feature of the upper Doushantuo Formation at
Zhongling and Yangjiaping is the occurrence of strongly 13C-
depleted authigenic calcite nodules and cements with carbonate
δ13C (δ13Ccarb) values down to −37‰ (Fig. 1k, 1l) (Macouin et al.
2004; Ader et al. 2009; Kunimitsu et al. 2011; Furuyama et al.
2016; Cui et al. 2016a; 2017). It is notable that similar methane-
derived δ13Ccarb signals have also been reported from the cap
carbonate interval in the basal Doushantuo Formation, with
controversial origins that could be either early authigenic (Jiang
et al. 2003a; 2006a; 2006b; Wang et al. 2008; Peng et al. 2015;
Zhou et al. 2016) or post-depositional (Bristow et al. 2011; Lin et al.
2011; Cui et al. 2019c). In contrast, based on multiple lines of
sedimentological and geochemical evidence, the authigenic calcite
in the upper Doushantuo Formation of outer shelf sections has been
interpreted as an early diagenetic phase formed in shallow marine
sediments (Macouin et al. 2004; 2012; Ader et al. 2009; Furuyama
et al. 2016; Cui et al. 2016a; 2017). Our conceptual model in this
study on biogeochemical S and Ba cycles during the SE is
independent of the interpretations of these enigmatic methane-
derived calcites.

The precise stratigraphic position of the EN3/DOUNCE interval
at Zhongling and Yangjiaping remains unclear. Given the much
more scattered and expanded δ13Ccarb values (including methane-
derived signals) in the upper part of these two sections (Fig. 1k, l), it
is challenging to pinpoint the EN3 or SE using the δ13Ccarb profiles
alone. It has recently been proposed that the highly negative δ13Ccarb

signals may represent an atypical expression of the SE in response to
various local redox conditions across the basin (Cui et al. 2017;
2019b). The potential for a stratigraphic hiatus has also been
proposed in the upper part of the Doushantuo Formation (Kaufman
2005; Zhu et al. 2007b; Cui et al. 2015; Zhou et al. 2017).
Nevertheless, this uncertainty in the exact chemostratigraphic
correlation does not affect the interpretation presented here.

In addition to the Doushantuo Formation in South China, we also
evaluate mineralogical and geochemical data in correlative sections
worldwide (Fig. 1; Table 2). Detailed geological descriptions and
chemostratigraphy of these sections have been published for the

Wonoka Formation in South Australia (Calver 2000), the Clemente
Formation in northwestern Mexico (Stewart et al. 1984; Loyd et al.
2012; 2013; Li et al. 2020b), the Nama Group in southern Namibia
(Wood et al. 2015), the Johnnie Formation in the western USA
(Corsetti and Kaufman 2003; Kaufman et al. 2007; Bergmann et al.
2011), the Krol Group in northern India (Jiang et al. 2002; 2003b)
and the Nikol’skaya, Alyanchskaya and Kholychskaya formations
in the Bol’shoy Patom section, Siberia, Russia (Melezhik et al.
2009; Zhang et al. 2019).

Samples and methods

Sample sets

In this study, ten samples from the EN3/DOUNCE interval of the
upper Doushantuo Formation at Jiulongwan were examined for
sulfate minerals or pseudomorphs after sulfates. Each sample was
prepared as a 2.5-mm-diameter glass thin section or epoxy mount
for detailed secondary ion mass spectrometry (SIMS)-SEM
investigation. Detailed SIMS results of these ten samples can be
found in Cui et al. (2021). Among the ten samples, four reveal the
presence of diagenetic barite (Table 2). The sample numbers and
stratigraphic positions of these four barite-bearing samples are
SSFT39.6 (110.6 m), HND9.1 (121.9 m), HND18.05 (130.9 m)
and HND27.75 (140.55 m). Together, they cover the full range of
the EN3b interval of the Jiulongwan section (Fig. 1j).

In addition to a mineralogical investigation, we also present new
[Ba] data for three SE-equivalent sections, including the upper
Clemente Formation at the CR-1 and CR-2 sections, northwestern
Mexico (Fig. 1f, g), and the upper Doushantuo Formation at the
outer shelf Yangjiaping section (Fig. 1k), South China. The
Yangjiaping and Clemente sample sets for [Ba] analysis were
described in the studies by Zhu et al. (2007b) and Loyd et al.
(2012), respectively.

SEM

The thin sections and epoxy mounts of the Jiulongwan EN3/
DOUNCE samples in this study were prepared at the Department of
Geoscience, University of Wisconsin–Madison. Petrographic

Fig. 1 Carbonate carbon isotope (δ13Ccarb) chemostratigraphy, sulfate mineral distribution and [CAS] or [Ba] enrichment of the Ediacaran SE. The SE in the
upper Doushantuo Formation of South China is also widely referred to as EN3 (Jiang et al. 2007; Zhou and Xiao 2007; McFadden et al. 2008) or
DOUNCE (Zhu et al. 2007a; 2013; Lu et al. 2013). The y axes of all sections represent the thickness in metres. Yellow background shading shows SE/
EN3/DOUNCE intervals. Blue triangles mark the horizons with potential gypsum (CaSO4·2H2O) or anhydrite (CaSO4). Red triangles mark the horizons
with authigenic barite (BaSO4). The orange triangle represents celestine (SrSO4). Field and petrographic images of these marked sulfate-bearing intervals
can be found in Figures 3–13. (a) Shuram Formation of the Miqrat-1 drill hole in the South Oman Salt Basin, Oman. (b) Wonoka Formation, Bunyeroo
Gorge section, Southern Australia. (c) Krol Group at the Nigalidhar section. (d) Nama Group, Grens section, Witputs Sub-Basins, Namibia. (e) Rainstorm
Member at Winters Pass Hills, Death Valley, western USA. (f ) Upper Clemente Formation at the CR-1 section, Cerro Rajón, Sonora State, Mexico. (g)
Upper Clemente Formation at the CR-2 section, Cerro Rajón, Sonora State, Mexico. (h) Nikol’skaya, Alyanchskaya, and Kholychskaya formations,
Bol’shoy Patom section, Siberia, Russia. (i–m) Broadly correlative sections of the upper Doushantuo Formation that record EN3/DOUNCE in South China.
Sections are listed from left (towards land) to right (towards the deep basin). (i) Upper Doushantuo Formation at the inner-shelf Dongdahe section. ( j)
Upper Doushantuo Formation at the intra-shelf Jiulongwan section. (k) Upper Doushantuo Formation at the outer-shelf Yangjiaping section. (l) Upper
Doushantuo Formation at the outer-shelf Zhongling section. (m) Upper Doushantuo Formation at the upper-slope Siduping section. The palaeogeographic
map shows the locatilites of Shuram sections at the global scale. Key sections for the SE are indicated by filled circles (Shuram; Wonoka; Doushantuo;
Johnnie; Clemente; Nama; Siberia) and the positions of other potential sections that may correlate with the SE are shown as open circles. Red circles
represent the localities discussed in this study. RP, Rio de La Plata; SF, São Francisco. The map is modified from Pisarevsky et al. (2008); Grotzinger et al.
(2011), and Gong and Li (2020). The δ13C data are from: Shuram Formation (Fike et al. 2006); Wonoka Formation (Calver 2000); Krol Group (Kaufman
et al. 2006); Nama Group (Wood et al. 2015); Rainstorm Member (Kaufman et al. 2007); Clemente Formation (Loyd et al. 2012, 2013); Siberia (Melezhik
et al. 2009); Doushantuo at Dongdahe (Zhu et al. 2007b; Lu et al. 2013); Doushantuo at Jiulongwan (Jiang et al. 2007; McFadden et al. 2008);
Doushantuo at Yangjiaping (Zhu et al. 2007b; Ader et al. 2009; Kunimitsu et al. 2011; Cui et al. 2015; Furuyama et al. 2016); Doushantuo at Zhongling
(Cui et al. 2015, 2017); Doushantuo at Siduping (Li et al. 2017). Source of sulfate minerals: Khufai Formation at the WS section (Le Guerroué 2006);
Wonoka Formation (Calver 2000); Krol Group (Jiang et al. 2002); Nama Group (Kaufman et al. 2015; Wood et al. 2015; this study); Siberia (Melezhik
et al. 2009); Doushantuo at Dongdahe (Lu et al. 2013); Doushantuo at Jiulongwan (Cui et al. 2017; this study); Doushantuo at Yangjiaping (Cui et al.
2016a; this study); Doushantuo at Zhongling (Cui et al. 2017; this study). The concentration enrichment data are from: [CAS] enrichment in the Shuram
Formation (Fike et al. 2006); [CAS] enrichment in the Rainstorm Member (Kaufman et al. 2007); [Ba] enrichment in the Clemente Formation (this study);
[CAS] enrichment at Jiulongwan (McFadden et al. 2008; Li et al. 2010; Shi et al. 2018); [Ba] enrichment at Jiulongwan (Cui et al. 2017; Zhang et al.
2019; Wei et al. 2021b); [Ba] enrichment at Siduping (Cao et al. 2020). See Appendix A for abbreviations.
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imaging was conducted in the SEM and energy-dispersive
spectrometry (EDS) laboratory at the PARI (Plateforme d’Analyses
haute Résolution) platform of IPGP (Institut de Physique du Globe
de Paris), Université de Paris. Backscattered electron (BSE) images
of samples were acquired with an SEM EVO MA10 Zeiss coupled
with EDS. SEM images were acquired using an accelerating voltage
of 15 keVat aworking distance of c. 10 mm.Currents of 30 and 3 nA
were used for mapping and quantitative analysis, respectively.

Micro X-ray fluorescence

High-resolution elemental abundance maps of the polished sample
surfaces were produced using the M4 Tornado micro X-ray
fluorescence (μXRF) scanner (Bruker nano GmbH, Berlin, Germany)
at the Vrije Universiteit Brussel, Belgium. The μXRF mapping was
performed along a 2D grid with 25 μm spacing, a spot size of 25 μm
and an integration time of 1 ms per pixel. The X-ray source was
operated under maximum energy settings (600 μA, 50 kV) with no
source filters. This μXRF mapping approach resulted in qualitative
element concentration distributions in the form of elemental maps.

[Ba] analyses

The [Ba] of three SE-equivalent sections are newly analysed in this
study, including the upper Clemente Formation at the CR-1 and CR-2
sections, Mexico (Fig. 2f, g), and the upper Doushantuo Formation at
the outer shelf Yangjiaping section, South China (Fig. 2j). The [Ba] of
both formations was analysed via dilute acid extraction: 0.4 M HNO3

for the Doushantuo Formation and 1 M HCl for the Clemente
Formation. Detailed analytical methods of the [Ba] analyses follow the
studies of Liu et al. (2016) and Liu et al. (2021) for the Doushantuo
samples, and Zhang et al. (2019) for the Clemente samples.

Different concentrations of acid can extract barium phases (e.g.
carbonate-associated barium, witherite, barite) to different degrees.
To better evaluate the [Ba] data of SE-equivalent sections, we
compared the different methods used for [Ba] analyses in published
studies (Table 4). In this study, all of our plotted [Ba] data were
determined through dissolution using dilute acids with concentra-
tion <1 M (shown as [Ba]dilute acid hereafter). In what follows we
tentatively set a somewhat arbitrary threshold value of [Ba]dilute acid
= 50 ppm to differentiate background (<50 ppm) and elevated
(>50 ppm) [Ba] throughout the text.

Fig. 2 Maps and stratigraphic columns. (a) Geological map of China, with the Yangtze block in yellow. (b) Reconstructed Ediacaran depositional
environments on the Yangtze block (Jiang et al. 2011). Red dots denote the locations of upper Doushantuo sections discussed in this study (see Appendix
A for abbreviations). (c) Simplified litho-, bio- and chrono-stratigraphy of the Ediacaran Doushantuo and Dengying formations in South China. The yellow
highlighted interval shows the stratigraphic position of EN3/DOUCE, which is correlative to the SE on a global scale. Thickness is not to scale. Note that
the 551 Ma age was initially placed at the Doushantuo–Dengying boundary by Condon et al. (2005), but was later reassigned to the Shibantan Member of
the Dengying Formation on the basis of a more recent chemostratigraphic study (An et al. 2015), although it remains a matter of debate (Zhou et al. 2017).
Figure modified from Chen et al. (2013) and Cui et al. (2017). Radiometric ages are from Condon et al. (2005) and Schmitz (2012).
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Table 1 Sulfate mineral content and [CAS] and [Ba] enrichment in the sections of the Ediacaran SE investigated in this study

Section SE Stratigraphy Section Palaeoenvironment
δ13Ccarb

profile
Nadir δ13C
value (VPDB)

Sulfate
minerals or
textures

[CAS]
enrichment

[Ba]
enrichment Sources

1 Oman Shuram Fm Miqrat-1 drill
hole

Carbonate ramp Figure 1a −12.0‰ N.A. ✓ N.A. (Fike et al. 2006)

2 Australia Wonoka Fm Bunyeroo Gorge Shallow shelf Figure 1b −11.2‰ ✓ N.A. N.A. (Calver 2000)
3 India Krol B and C intervals Nigalidhar Shallow subtidal to

carbonate sand shoal
Figure 1c −8.8‰ ✓ N.A. N.A. (Jiang et al. 2002)

4 Namibia Kanies and Mara members,
Dabis Fm, Nama Group

Grens Shallow inner ramp Figure 1d −7.2‰ ✓ N.A. N.A. (Wood et al. 2015)

5 Namibia Mara Member, Dabis Fm,
Nama Group

Pockenbank Carbonate ramp N.A. N.A. ✓ N.A. N.A. This study

6 USA Rainstorm Member, Johnnie
Fm

Winters Pass
Hills

Carbonate ramp Figure 1e −10.8‰ N.A. ✓ N.A. (Kaufman et al. 2007)

7 Mexico Upper Clemente Fm CR-1 section Carbonate shoal Figure 1f −8.6‰ N.A. ✓ ✓ (Loyd et al. 2012, 2013); This study
8 Mexico Upper Clemente Fm CR-2 section Carbonate shoal Figure 1g −9.6‰ N.A. N.A. ✓ (Loyd et al. 2012, 2013); This study
9 Russia Nikol’skaya, Alyanchskaya,

and Kholychskaya fms
Bol’shoy Patom
section

Carbonate ramp and
peritidal rimmed shelf

Figure 1h −10.7‰ ✓ N.A. N.A. (Melezhik et al. 2009)

10 China Upper Doushantuo Fm Dongdahe Inner shelf Figure 1i −13.3‰ ✓ ✓ ✓ (Zhu et al. 2007b; Lu et al. 2013)
11 China Upper Doushantuo Fm Jiulongwan Intra-shelf Figure 1j −9.0‰ ✓ ✓ ✓ (McFadden et al. 2008); This study
12 China Upper Doushantuo Fm Yangjiaping Rimmed outer-shelf shoal Figure 1k −27.6‰ ✓ N.A. ✓ (Macouin et al. 2004, 2012; Ader et al. 2009; Cui

et al. 2015, 2016a, 2017; Furuyama et al.
2016); This study

13 China Upper Doushantuo Fm Zhongling Rimmed outer-shelf shoal Figure 1l −37.2‰ ✓ N.A. N.A. (Cui et al. 2017); This study
14 China Upper Doushantuo Fm Nanbeizhen Rimmed outer-shelf shoal N.A. N.A. ✓ N.A. N.A. This study
15 China Upper Doushantuo Fm Siduping Upper slope Figure 1m −8.3‰ N.A. N.A. ✓ (Li et al. 2010; Shi et al. 2018; Cao et al. 2020);

This study

Fm, Formation; N.A., not available.
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Table 2 Sections of the upper Doushantuo Formation in South China

Part of the Doushantuo
Formation

Original sample code
(McFadden et al. 2008)

Sample number
(Cui et al. 2021)

Height above
Nantuo diamictite
(m)

Stratigraphic
position Lithology

δ13Ccarb

(VPDB) Sulfate minerals
[CAS]
enrichment

[Ba]
enrichment

Inner-shelf Dongdahe
section (Fig. 1i)

N.A. Uppermost
Doushantuo Fm

Limestone and
dolostone

−2.7‰ Pseudomorph of evaporite minerals
(Fig. 3a, B)

N.A. N.A.

Intra-shelf Jiulongwan
section (Fig. 1j)

SSFT39.6 Sample S4 110.6 EN3b, Mb. III Dolomitic limestone −8.9‰ Diagenetic barite, disseminated pyrite
(Fig. 10)

✓ ✓

HND9.1 Sample S5 121.9 EN3b, Mb. III Dolomitic limestone −9.1‰ Diagenetic barite, disseminated and euhdral
pyrite (Fig. 11)

HND18.05 Sample S7 130.9 EN3b, Mb. III Dolomitic limestone −8.6‰ Barite, pyrite pseudomorphs of evaporite
minerals (Figs 9 and 12)

HND27.75* Sample S8 140.55 EN3b, Mb. III Dolomitic limestone −8.4‰ Barite veins, disseminated (Fig. 13)
N.A. N.A. 145–155 EN3b, Mb. IV Shale with early

diagenetic carbonate
nodules

c. −5.0‰ Authigenic barite crystal fans surrounding
early diagenetic carbonate nodules
(Fig. 3e and f)

Outer-shelf
Yangjiaping section
(Fig. 1k)

Uppermost
Doushantuo Fm

Limestone and
phosphorite

c. −5.0‰ Calcite nodules and lenses after gypsum;
chicken-wire texture (Fig. 4f–h,7)

N.A. ✓

Outer-shelf Zhongling
section (Fig. 1l)

Uppermost
Doushantuo Fm

Dolostone and
phosphorite

c. −7.3 to
−26.0‰

Calcite nodules and lenses after gypsum;
chicken-wire texture (Fig. 4d–e,6, 7)

N.A. N.A.

Outer-shelf
Nanbeizhen section

Uppermost
Doushantuo Fm

Carbonate and
phosphorite

N.A. Calcite nodules and lenses after gypsum
(Fig. 4a–c)

N.A. N.A.

Upper-slope Siduping
section (Fig. 2m)

Uppermost
Doushantuo Fm

Carbonates −7.3‰ N.A. N.A. ✓

*There are no micro-drilled data for sample HND27.75. The value of −8.4‰ presented in the table was measured from sample HND 27.1, which is stratigraphically 0.6 m below sample HND27.75. More petrographic results for sulfate minerals are available in the
Supplementary material.
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Table 3 Global distribution of sulfate minerals in Ediacaran and early Cambrian strata

Period Sulfate minerals Stratigraphy Country Source

Early Cambrian
Early Cambrian Barite nodules Yurtus Fm China (Zhou et al. 2015)
Early Cambrian Barite and witherite deposits Liujiaping Fm China (Wang and Li 1991; Xu et al.

2016)
Early Cambrian Gypsum and barite Niutitang Fm China (Tang et al. 2014)
Ediacaran (after the SE)
Ediacaran
(post-SE)

Calcite pseudomorphs after gypsum Gaojiashan Member,
Dengying Fm

China (Cui et al. 2016c, 2019a)

Ediacaran
(post-SE)

Celestine and abundant organic sulfur Shibantan Member,
Dengying Fm

China (Matsu’ura et al. 2021)

Late Ediacaran
(post-SE)

Calcite pseudomorphs after gypsum Algal Dolomite Member,
Dengying Fm

China (Ding et al. 2019)

Ediacaran
(post-SE)

Calcite pseudomorphs after gypsum; collapse
breccia and dissolution vugs of former evaporites

Hamajing and Baimatuo
members, Dengying Fm

China (Duda et al. 2015)

Ediacaran
(post-SE)

Platy and acicular gypsum Dengying Fm China (Peng et al. 2017)

Ediacaran
(post-SE)

Calcite pseudomorphs after gypsum and anhydrite Dengying Fm China (Luo et al. 2017)

Ediacaran to early
Cambrian
(post-SE)

Anhydrite Hormuz evaporites Iran, Qatar, UAE
and Saudi
Arabia

(Smith 2012)

Ediacaran to early
Cambrian
(post-SE)

Anhydrite Hansen Evaporite Group/
Salt Range Fm

Pakistan and
India

(Smith 2012)

Ediacaran to early
Cambrian
(post-SE)

Anhydrite Ara Group Oman (Fike and Grotzinger 2008, 2010;
Smith 2012; Grotzinger and Al-
Rawahi 2014)

Ediacaran
(post-SE)

Fenestrae with gypsum, or partially filled with
mega-quartz with anhydrite inclusions

Buah Fm Oman (Wright et al. 1990)

Ediacaran
(post-SE)

Gypsum pseudomorphs with swallowtail
morphologies; fenestral mudstone with spar-
filled fenestrae and anhydrite laths or gypsum
rosettes

Buah Fm Oman (Bergmann 2013; Cantine et al.
2020)

Ediacaran
(post-SE)

Calcite or chert pseudomorphs after anhydrite Buah Fm Oman (Gorin et al. 1982)

During the SE
Ediacaran (SE) Gypsum Wonoka Fm Australia (Calver 2000), Figure 5a and b
Ediacaran (SE) Evaporite crystals Uppermost Doushantuo Fm

at Dongdahe
China (Lu et al. 2013); This study

(Fig. 3a and b)
Ediacaran (SE) Barite crystal fans; diagenetic barite cements or

veins; pyrite pseudomorphs of evaporites
Uppermost Doushantuo Fm
at Jiulongwan

China (Cui et al. 2017); This study (Figs
3c, d, 8–13)

Ediacaran (SE) Sulfate dominated by CAS, with a minor
contribution from gypsum (based on XANES
analysis)

Uppermost Doushantuo Fm,
Three Gorges section

China (Matsu’ura et al. 2021)

Ediacaran (SE) Calcite lenses and nodules after gypsum Uppermost Doushantuo Fm
at Nanbeizhen (close to
Zhongling)

China This study (Fig. 4a–c)

Ediacaran (SE) Barite cement; calcite lenses and nodules after
gypsum

Uppermost Doushantuo Fm
at Yangjiaping and
Zhongling

China (Cui et al. 2016a); This study
(Figs 4 and 7)

Ediacaran (SE) Calcified chicken-wire texture Uppermost Doushantuo Fm
at Zhongling and
Yangjiaping

China (Cui et al. 2017); This study
(Fig. 6)

Ediacaran (SE) Gypsum cast Krol B, Krol Group India (Jiang et al. 2002)
Ediacaran (SE) Calcified gypsum nodule Mara Member, Nama Group,

Pockenbank
Namibia (Kaufman et al. 2015); This study

(Fig. 5)
Ediacaran (SE) Evaporitic texture Mara Member, Grens

section:
Namibia (Wood et al. 2015)

Ediacaran (SE) Celestine and strontianite in oolitic limestone Alyanchskaya Fm Russia (Melezhik et al. 2009)
Ediacaran (SE) Desiccation cracks and probable evaporite casts Rainstorm Member, Johnnie

Fm
USA (Summa 1993)

Before the SE (pre-SE)
Ediacaran
(pre-SE)

Silicified anhydrite rosettes with anhydrite
inclusions

Khufai Fm Oman (Wright et al. 1990)

Ediacaran
(pre-SE)

Centimetre-thick lenses of chertified evaporite Khufai Fm Oman (Le Guerroué 2006), (Fig. 5j)

(continued)
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Table 3 (Continued)

Period Sulfate minerals Stratigraphy Country Source

Ediacaran
(pre-SE)

Fenestral mudstone with evaporite lathes; silicified
beds with evaporite molds

Khufai Fm Oman (Osburn et al. 2014)

Ediacaran
(pre-SE)

Evaporite collapse breccias associated with
anhydrite

Khufai Fm Oman (Gorin et al. 1982)

Ediacaran
(pre-SE)

Barite nodules Doushantuo Fm (Member II) China This study

Early Ediacaran Barite mamelons and veins Jbéliat Group (cap
carbonate)

Mauritania (Shields et al. 2007)

Early Ediacaran Barite fans Doushantuo Fm (cap
carbonate)

China (Bao et al. 2008; Zhou et al.
2010; Peng et al. 2011;
Killingsworth et al. 2013)

Early Ediacaran Barite fans Sete Lagoas Fm (cap
carbonate)

Brazil (Crockford et al. 2018; Okubo
et al. 2020)

Early Ediacaran Dolomite pseudomorph after gypsum Puga cap carbonate Brazil (Santos et al. 2021)
Early Ediacaran Barite fans Ravensthroat Fm (cap

carbonate)
Canada (Macdonald et al. 2013;

Crockford et al. 2016)
Early Ediacaran Barite fans Nyborg Fm (cap carbonate) Norway (Crockford et al. 2018)
Early Ediacaran Barite fans Ol Fm (cap carbonate) Mongolia (Bold et al. 2016)

XANES, X-ray absorption near-edge structure.

Fig. 3 Sedimentological evidence of sulfate minerals in the SE-equivalent upper Doushantuo Formation, inner-shelf Dongdahe section and intra-shelf
Jiulongwan section, South China. The stratigraphic positions of these sulfate minerals can be found in Figure 1i (Dongdahe) and Figure 1j (Jiulongwan).
(a, b) Massive gypsum cements in the uppermost Doushantuo Formation at the inner-shelf Dongdahe section, Yunnan Province, South China. Coin for
scale (20.5 mm in diameter). (c) Field image showing a metre-scale carbonate nodule (arrow) in the Member IV shale interval of the Doushantuo Formation
at Jiulongwan. Geological hammer for scale. Note the warping laminations surrounding the carbonate nodule, indicating that this nodule is syndepositional,
and formed before sediment compaction. (d) Massive barite crystals (arrow) surrounding the carbonate nodule shown in (c). Images are from: a and b (Zhu
et al. 2007b; Lu et al. 2013); c and d (Cui et al. 2017). See Appendix A for abbreviations.
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Compilation of sulfate minerals

In this study, we actively searched for sulfate minerals in 15 SE-
equivalent sections worldwide (Table 1). Both published results (e.g.
EN3/DOUNCE at the Dongdahe section, Wonoka at the Bunyeroo
Gorge section) and new results (e.g. all the SEM and μXRF images
in this study) are compiled (Tables 1–3). Owing to the high solubility
of gypsum and anhydrite in Earth surface environments, direct
evidence for gypsum or anhydrite precipitates in SE-equivalent strata
has not been found. Instead, we found a variety of pseudomorphs or
textures that are indicative of original sulfate mineral precipitation, as
summarized below (Figs 3–13). Our compilation is based on both
literature surveys and lab investigations, with the latter primarily
focused on the Doushantuo Formation in South China.

Doushantuo Formation at the inner shelf

Calcite pseudomorphs of evaporite minerals have been reported in
carbonate intervals of the uppermost Doushantuo Formation at the
inner-shelf Dongdahe section (Figs 1i, 3a, b) (Lu et al. 2013). The
δ13Ccarb profile of the upper Doushantuo Formation at Dongdahe
shows a large negative excursion from +5‰ down to −13.3‰
(Fig. 1i) (Zhu et al. 2007b; Lu et al. 2013), suggesting a correlation
between sulfate minerals and the SE.

Doushantuo Formation at the outer shelf

The chemostratigraphy of the uppermost Doushantuo Formation at
the outer-shelf Zhongling and Yangjiaping sections has been
established in multiple published studies (Fig. 1k, l) (Zhu et al.
2007b; Ader et al. 2009; Kunimitsu et al. 2011; Cui et al. 2015;
Furuyama et al. 2016). Calcite nodules and lenses have been found
at three outer-shelf sections, including the Zhongling, Yangjiaping
and Nanbeizhen sections in Hunan Province, South China (Fig. 4).
Constraining the origin and paragenesis of these calcite nodules and
lenses requires detailed field observations and fabric-specific
geochemical analysis. These calcite nodules and lenses are typically
horizontally aligned with respect to the sedimentary bedding
surface, and are not associated with any late cross-cutting veins. The
Nanbeizhen section notably preserves delicate textures with calcite
lenses surrounded by fine warping phosphatic dolomite laminations
(Figs 4a–c, S1–2), which strongly suggest that these lenses were
formed before sediment compaction. Most, if not all, of the calcite
nodules and lenses show silica rims. The silica rims often preserve
elongate crystal shapes that are probably pseudomorphs of pre-
existing sulfate minerals (Fig. 7). Extremely negative δ13Ccarb

values down to c.−37‰ (VPDB), as well as 87Sr/86Sr ratios that fall
within the typical Ediacaran seawater values (c. 0.7080 to 0.7083;
see fig. 17 in Cui et al. 2020), were found in these authigenic calcite
nodules and lenses. These observations suggest a significant carbon
contribution from the oxidation of biogenic methane during early
diagenesis (Cui et al. 2017).

At the Zhongling and Yangjiaping sections, chicken-wire
textures indicative of original gypsum precipitation were observed
in phosphatic carbonates (Fig. 6). This mosaic texture of loaded and
compressed nodular gypsum in some samples (Fig. 6a–f, i–o) is
typical in evaporative environments (Hardie 2003). Elemental maps
produced by μXRF reveal the white-coloured phase to be calcite,
often cemented by quartz as the ‘chicken wire’ (Fig. 6j–o). In
addition, discrete horizontal layers of calcite with vertically aligned
boundaries have also been found (Fig. 6g, h), which resemble the
so-called ghost gypsum texture and indicate a subaqueous gypsum
precursor (Warren 2016).

Petrographic observations via optical microscopy reveal barite
crystal fans and quartz pseudomorphs of sulfate minerals (Fig. 7). It
has been noted that, ‘gypsum, celestite, and barite can be extremely T
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Fig. 4 Sedimentological evidence of sulfate minerals in the SE-equivalent strata at outer-shelf sections of the upper Doushantuo Formation. The
stratigraphic positions of these sulfate minerals can be found in Figure 1k (Yangjiaping) and Figure 1l (Zhongling). (a) A fallen outcropt showing calcite
lenses and nodules after gypsum, uppermost Doushantuo Formation, outer-shelf Nanbeizhen section. The Nanbeizhen section is located very close to the
Zhongling section to the SW. (b, c) Closer views of the dashed boxes marked in (a) and (b), respectively. Note the warping laminations surrounding the
nodules, indicating that the nodules formed before sediment compaction. The nodules and lenses (arrows) now consist of mostly calcite, with thin quartz
rims. Enlarged photos of (c) can be found in the Supplementary material. (d) Calcitized gypsum lenses (arrows) within dolostones, Zhongling section,
South China. Stratigraphic position: 30 m above the Doushantuo–Dengying boundary (i.e. the uppermost phosphorite interval). (e) Calcitized gypsum
nodules (arrows) within dolostones of the upper Doushantuo Formation, Zhongling section, South China. Stratigraphic position: 210 m in Figure 1l. (f, g)
Authigenic barite and calcite in the phosphorite interval of uppermost Doushantuo Formation at the outer shelf Yangjiaping section, South China. The
δ13Ccarb values of micro-drilled powders of phosphatic dolostone matrix and calcite nodule in this sample are −1‰ and −34.0‰, respectively (Cui et al.
2016a). Sample number: YJP-R4 in Cui et al. (2016a); stratigraphic position: 105 m in Figure 1k. (h) A scanned thin-section image of the sample shown in
(g). Note that the barite crystals grow centripetally towards the calcite nodule, suggesting that they formed before or simultaneously with the calcite.
Petrographic images of barite in this thin section can be found in Figure 7. Images are from: a–c, f (this study); d, e (Cui et al. 2017); g, h (Cui et al.
2016a). See Appendix A for abbreviations.
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difficult to differentiate from each other in thin sections’ (Scholle
and Ulmer-Scholle 2003). They all have low relief and
birefringence (grey to white). All three sulfate minerals can
form elongate, fibrous or bladed crystals, as well as aggregates of
crystals (Scholle and Ulmer-Scholle 2003). Barite and gypsum
can also form crystal rosettes (Scholle and Ulmer-Scholle 2003).
Therefore, in this study, we do not differentiate between gypsum,
celestite and barite pseudomorphs. It is notable that the barite and
quartz pseudomorphs of sulfate minerals at the Zhongling and
Yangjiaping sections are often associated with authigenic calcite
that is highly depleted in 13C (Fig. 1k, l) (Cui et al. 2016a;
2017). Petrographic observation shows that the barite crystals or

quartz pseudomorphs often grow centripetally towards calcite
nodules, suggesting that they formed before, or simultaneously
with, the calcite (Cui et al. 2016a; 2017).

Doushantuo Formation at the intra-shelf basin

We report a new finding here: pyrite pseudomorphs after sulfate
minerals in the EN3/DOUNCE interval at the intra-shelf
Jiulongwan section (Fig. 9a–h). These pyrite pseudomorphs show
a radial texture that resembles the morphology of modern gypsum
analogues (Fig. 9i–l) (Tang et al. 2014), although original barite or
celestine precipitation is also possible. Despite the uncertainty in the

Fig. 5 Sedimentological evidence of sulfate minerals associated with the SE in Australia, Oman and Namibia. The stratigraphic positions of these sulfate
minerals can be found in Figure 1a (Oman), Figure 1b (Wonoka) and Figure 1d (Nama). (a, b) Petrographic images of gypsum from Member 4 and
Member 5 of the Wonoka Formation, Bunyeroo Gorge section, southern Australia (Calver 2000). (c) Outcrops of the Mara Member, Nama Group,
Pockenbank section, southern Namibia. (d–i) Calcitized gypsum nodules or lenses within dolostones, Mara Member, Nama Group, Pockenbank section,
southern Namibia. Arrows in (d–f ) and (i) denote the calcitized gypsum nodules or lenses. Note that similar to the Doushantuo nodules in the outer-shelf
environment (Fig. 4), these Mara calcite nodules or lenses (white) are all surrounded by thin quartz rims (brownish) and have highly negative δ13Ccarb

values (Kaufman et al. 2015). (g–i) Calcitized gypsum nodules or lenses within dolostones, Mara Member, Nama Group, Pockenbank section, southern
Namibia. ( j) Centimetre-thick lenses of chertified evaporite, Khufai Fromation, WS section, Huqf area, Oman. Images are from: a and b (Calver 2000); c–i
(this study); j (Le Guerroué 2006).
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exact mineral, we regard this observation as indirect evidence for the
presence of sulfate minerals during the SE.

Four samples from the Jiulongwan EN3/DOUNCE interval
reveal petrographic evidence of diagenetic barite (Figs 8, 10–13).
Together with our field observations (Fig. 3c, 3d), four distinct
types of barite can be summarized.

(1) Relatively large diagenetic barite with grain size >100 μm
(Figs. 10a, b, 11a, 12a). These barite crystals often show
sharp crystal boundary (Fig. 10a, c, 11a) and are associated
with zoned dolomite (Figs. 10a, c, 11a, 12a) and quartz
(Figs 10a, 12a) crystals.

(2) Disseminated diagenetic barite inclusions within quartz
(Fig. 12c, e, g). The size of these quartz-hosted barite
inclusions can be as small as 1 or 2 μm, or up to 30 μm. The
barite-bearing quartz precipitates normally show irregular
shapes, are randomly distributed within the calcite matrix
and are often far away from each other.

(3) Diagenetic barite veins (Fig. 13). It is worth noting that
vertical barite veins in limestone sample HND27.75
(Fig. 13; height = 140.55 m at the Jiulongwan section,
δ13Ccarb =−8.4‰) cross-cut a dolomite-rich stylolite,
suggesting the occurrence of barite precipitation after
deposition. Although no clear evidence for hydrothermal
alteration was found in the EN3/DOUNCE outcrop, it is
possible that these vertical barite veins formed via local
hydrothermal fluids that intruded into the partially
dolomitized limestone strata.

(4) Large barite crystal fans have also been found at the
outcrops of the uppermost Doushantuo Formation at the
Jiulongwan section (Fig. 3d) (Cui et al. 2017). The barite
crystal fans in the EN3c interval of the Jiulongwan section
are often associated with early diagenetic carbonate nodules
(Fig. 3c). The warping laminations surrounding the
carbonate nodules indicate that these nodules are
syndepositional, and formed before sediment compaction
(Fig. 3c).

SE beyond China

Sulfate minerals or evaporative textures that are closely associated
with the SE have also been found in Oman, Australia, India,
Namibia and Russia.

(a) Oman. Although no sulfate mineral has been directly
reported from the Shuram Formation, both the underlying
Khufai Formation and the overlying Buah Formation show
evidence of gypsum. Silicified anhydrite rosettes with
anhydrite inclusions (Wright et al. 1990), silicified gypsum
laminae (Fig. 5j) (Le Guerroué 2006), and fenestral
mudstone with evaporite lathes (Osburn et al. 2014) were
found in the Khufai Formation. Stratigraphically upward,
the Buah Formation show fenestrae with gypsum, or
partially filled with mega-quartz with anhydrite inclusions
(Wright et al. 1990). In addition, massive anhydrite deposits

Sedimentological evidence of sulfate minerals associated with Shuram excursion (SE): Beyond South ChinaSedimentological evidence of sulfate minerals associated with Shuram excursion (SE): Beyond South ChinaSedimentological evidence of sulfate minerals associated with Shuram excursion (SE): Beyond South ChinaSedimentological evidence of sulfate minerals associated with Shuram excursion (SE): Beyond South China

DolDolDol
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(g)(g)(g) (h)(h)(h)

Massive calcite nodules with quartz rims
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were preserved in the Ara Group in Oman (Fike and
Grotzinger 2008, 2010; Smith 2012; Grotzinger and Al-
Rawahi 2014).

(b) Australia. Unambiguous petrographic evidence of gypsum
has been reported from the Unit 4 and Unit 5 of theWonoka
Formation at the Bunyeroo Gorge section, southern
Australia (Fig. 5a, b), which shows typical SE with a
nadir δ13Ccarb value of −11.2‰ (Fig. 1b) (Calver 2000).

(c) India. Gypsum casts have been reported from the Krol B
interval at the Nigalidhar section, northern India (Fig. 1c)
(Jiang et al. 2002), where a SE-like δ13Ccarb negative
excursion with a nadir value of −8.8‰ was preserved in the
Krol B and the overlying Krol C intervals (Kaufman et al.
2006).

(d) Namibia. Evaporite textures have also been reported from a
limestone/grainstone interval of the Lower Mara Member,

Fig. 6 Chicken-wire texture in the uppermost Doushantuo Formation ( = SE) at the Zhongling and Yangjiaping sections (rimmed outer-shelf environment),
South China. Note the contorted stringers at the nodule boundaries. (a–g) Samples collected from the Zhongling section. (h–i) Samples collected from the
Yangjiaping section. ( j–o) Elemental maps of slabs in image J generated by µXRF. Note that the white-coloured phases are now calcite or quartz, which
probably formed via dissolution and replacement of original sulfate minerals by calcite and quartz. Detailed δ13Ccarb and

87Sr/86Sr values of the Yangjiaping
and Zhongling samples measured via micro-drilling can be found in Cui et al. (2016a) and Cui et al. (2017), respectively. These calcites show extremely
negative δ13Ccarb values down to −37‰ (Fig. 1k, l) and 87Sr/86Sr values within the range of typical Ediacaran seawater signals (i.e. 0.7083), suggesting an
early authigenic origin via sulfate-driven AOM (Cui et al. 2017). The stratigraphic positions of these samples can be found in Figure 1k (Yangjiaping) and
Figure 1l (Zhongling), respectively. Sample codes and stratigraphic positions: a–d (14ZL-4.5, 254.5 m, Zhongling), e (14ZL-3.5, 255.5 m, Zhongling),
f (14ZL-6.5, 252.5 m, Zhongling), g (14ZL-7.5, 251.5 m and14ZL-6.6, 252.4 m, Zhongling), h and i (105 m, Yangjiaping), j (14ZL-4.5, 254.5 m,
Zhongling). See Appendix A for abbreviations.
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Nama Group at the Grens section, Witpus Sub-Basin,
southern Namibia, where a δ13Ccarb negative excursion with
a nadir value of −7.2‰ is preserved (Fig. 1d) (Wood et al.
2015).
In this study, we also report calcite lenses and nodules
throughout the Mara Member. These Mara calcite nodules
and lenses (white colour) are mostly surrounded by thin
quartz rims (brownish colour) (Fig. 5), and show highly
negative δ13Ccarb values (Kaufman et al. 2015). Both the
sedimentological and geochemical features of these Mara
nodules are similar to what we found in the upper
Doushantuo Formation at the outer shelf sections (Fig. 4),
indicating the same early diagenetic origin after evaporites.

(e) Russia. Celestine (SrSO4) and strontianite (SrCO3) have
been reported in oolitic limestones of the Alyanchskaya
Formation, Siberia, Russia (Melezhik et al. 2009). These
minerals are coupled with remarkably high concentrations
of Sr (>25 000 ppm) in the host limestones (Melezhik et al.
2009). The δ13Ccarb value of the celestine-bearing oolitic
limestone sample is−8.0‰, which is consistent with signals
during the SE (Fig. 1h) (Melezhik et al. 2009).

Geochemical profiles

In addition to field and petrographic investigations of sulfate
minerals, we compiled published data for [CAS] and [Ba] in the SE-
equivalents worldwide (Figs 14 and 15; Table 4). New [Ba] data of
three SE sections are also provided in this study (Fig. 15n, q, r, u).

[CAS] enrichment and 34S depletion

Published [CAS] profiles of five SE-equivalent sections are
revisited in this study, including the Shuram Formation (Oman),
the Doushantuo Formation at Jiulongwan and Siduping (China), the
Clemente Formation (Mexico) and the Rainstorm Member (USA)
(Fig. 14). Among all these sections, the SE intervals show higher
[CAS] than pre- or post-SE intervals. The pyrite sulfur isotope
(δ34Spyrite) profiles of these sections, when available, show
progressively lower values (<−5‰, VCDT, Fig. 14c, g, k). The
CAS sulfur isotope (δ34SCAS) profiles often show much larger
sample-to-sample variability (Fig. 14g, k, n), which might result
from diagenetic alteration (Peng et al. 2014) or potential
contamination by pyrite oxidation (Marenco et al. 2008).

Fig. 7 Petrographic images of sulfate minerals from the upper Doushantuo Formaiton, Yangjiaping and Zhongling sections (rimmed outer-shelf
environment), South China. Red arrows denote the crystal directions of sulfate minerals (or their pseudomorphs when they are silicified). (a–f ) Barite
crystals associated with 13C-depleted calcite. Note the undulatory extinction of barite crystals. (g–p) Quartz pseudomorphs of sulfate minerals. Sample
codes and stratigraphic positions: a–f (YJP-R4, 105 m, Yangjiaping); g and h (YJP-R5, 105 m, Yangjiaping); i–n (14ZL-4.5, 254.5 m, Zhongling); o and p
(12ZL-21.6, 237.4 m, Zhongling). Images in o and p are from Cui et al. (2017); all the other images are new in this study. See Appendix A for
abbreviations.
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Regardless, general decreasing trends are still evident in many
δ34SCAS profiles of the SE sections (Fig. 14).

[Ba] enrichment

In this study, only [Ba]dilute acid are plotted and discussed. The
[Ba]dilute acid profiles of five SE-equivalent sections include the upper
Doushantuo Formation at the Jiulongwan, Siduping and Yangjiaping
sections, and the upper Clemente Formation at the CR-1 and CR-2
sections (Fig. 15). All of these sections are dominated by carbonates.
It is notable that these five sections all show significant enrichment in
barium within the SE intervals (Fig. 15). Based on the [Ba]dilute acid

profiles, a threshold value of [Ba]dilute acid = 50 ppm is tentatively
chosen to differentiate background (<50 ppm) and elevated
(>50 ppm) [Ba], and this is denoted by the vertical dashed line in
Figure 15. Some plots show extremely high [Ba]dilute acid values that
dwarf the other [Ba]dilute acid data (Fig. 15j, q), therefore results are
also shown in a log scale (Fig. 15c, k) or replotted across a smaller
range (Fig. 15l, r) to better display the details of [Ba]dilute acid variation
across the SE. Generally, the pre- and post-SE intervals show

[Ba]dilute acid < 50 ppm, whereas the SE intervals often show
[Ba]dilute acid considerably higher than 50 ppm (Fig. 15).

Given that the adopted method of dilute-acid extraction should
mostly dissolve the carbonate phase, the excess of Ba in the Ba-
enriched intervals is probably derived from carbonate-hosted
barium, instead of barite. It was recently proposed that the potential
existence of witherite (BaCO3) in the EN3/DOUNCE interval may
account for the Ba enrichment (Wei et al. 2021b), although
supporting XRD or petrographic evidence is still lacking. In this
study, no clear evidence of witherite has been found at the
Jiulongwan section after a thorough SEM-EDS investigation. It is
likely that the leached barium is from the calcium carbonate lattice
(i.e. carbonate-associated barium), and therefore the measured
[Ba]dilute acid variation reflects dissolved [Ba] in seawater and/or
porewater.

The above interpretation assumes that dilute acid with concentra-
tions <1 M should only extract barium from carbonates. Caution
should be taken when interpreting the [Ba] data analysed by various
concentrations of acid (Table 4). Increasing concentrations of acid
would progressively attack barite during sample dissolution.

Fig. 8 Chemostratigraphy and sulfate mineral distribution of the Ediacaran SE in the Doushantuo Formation at the intra-shelf Jiulongwan section, Hubei
Province, South China. The SE in the upper Doushantuo Formation of South China is also widely referred to as EN3 (Jiang et al. 2007; Zhou and Xiao
2007; McFadden et al. 2008) or DOUNCE (Lu et al. 2013; Zhu et al. 2013). Green, yellow and red background colours denote EN3a, EN3b and EN3c,
respectively. (a) Chemostratigraphic δ13Ccarb profile based on δ13Ccarb values of micro-drilled powders. (b) Carboante content. (c) Total organic carbon
(TOC) content. (d) Glass thin sections of the four samples with diagenetic barite. Each glass thin section is mounted with WiscSIMS calcite and dolomite
standard materials for SIMS analysis. Detailed SIMS data of samples S1 to S10 can be found in Cui et al. (2021). SIMS samples S9 and S10 are carbonate
concretion samples, hence they have high carbonate contents but low TOC compared with adjacent black shale samples. Data are from: Chemostratigraphic
data (McFadden et al. 2008); images of glass thin sections (Cui et al. 2021); stratigraphic distribution of sulfate minerals (this study). See Appendix A for
abbreviations.
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Therefore, the measured [Ba] and δ138Ba values may reflect a
mixture of both dissolved barium in seawater and barite within
sediments. The finding of vertical barite veins that cut across
dolomite-rich stylolites in sample HND27.75 (height 140.55 m,
δ13Ccarb =−8.4‰, Fig. 13) may further complicate the interpret-
ation of the [Ba] and δ138Ba data. We interpret these vertical barite
veins as being caused by post-depositional Ba-rich fluids. The
impact of these post-depositional Ba-rich fluids on the strata
remains to be further evaluated.

Discussion

Mechanisms of C, S and Ba cycling

The coupled C, S and Ba anomalies presented in this study (Figs 15
and 16) indicate a dynamic interplay of the C, S and Ba cycles
during the SE. Before we interpret the data, a brief review of
biogeochemical C–S–Ba cycles in modern marine environments is
necessary.

In modern marine environments where sulfate concentrations
remain at around 28 mM, sulfate diffuses into shallow sediments
and decreases in concentration at greater depths (Fig. 16a). In such
environments, microbial sulfate reduction is the main mechanism
by which organic matter is consumed, including methane (Bowles
et al. 2014). Typically, the downward diffusing sulfate reacts with
the upward diffusing methane, leading to the highest rate of
anaerobic oxidation of methane (AOM) in the sulfate–methane
transition zone (SMTZ) (Fig. 16a) (Jørgensen and Kasten 2006).

2CH2O þ SO4
2– ! 2HCO3

– þ Hþ þ HS– (1)

CH4 þ SO4
2– ! HCO3

– þ HS– þ H2O (2)

Microbial sulfate reduction is a key factor in mediating carbonate
mineral precipitation in sediments because it provides the majority
of the alkalinity required for authigenic mineralization (Turchyn
et al. 2021). During this process, alkalinity accumulates in pore
fluids, leading to widespread mineralization of authigenic carbo-
nates that often show highly negative δ13Ccarb signals (Meister et al.
2007). It has been estimated that authigenic carbonate precipitation
accounts for at least 10% of global carbonate accumulation,
representing a non-negligible component of the global carbon
cycle in modern oceans (Sun and Turchyn 2014).

Ca2þ þ 2HCO3
– ! CaCO3 þ CO2 þ H2O (3)

Similar to the above interactions between sulfate and methane,
downward diffusing sulfate and upward diffusing barium also react
at a certain depth, forming the so-called authigenic barite front
(Fig. 16b) (Torres et al. 1996; Dickens 2001; Dickens et al. 2003;
Jørgensen and Kasten 2006; Riedinger et al. 2006).

Ba2þ þ SO4
2– ! BaSO4 (4)

Integrated profiles of dissolved [Ba2+], dissolved [SO4
2–] and

barite contents in marine sediments show that authigenic barite is
most abundant at the base of the sulfate reduction zone, and starts to
dissolve at a greater depth where sulfate is close to complete
exhaustion (Gingele et al. 1999; Jørgensen and Kasten 2006). The
complete depletion of porewater sulfate leads to an undersaturation
condition with respect to barite and to its subsequent dissolution

Fig. 9 Evidence of sulfate minerals from the upper Doushantuo Formation in South China and modern hot springs in Russia. (a–h) Pyrite pseudomorphs of
sulfate minerals in limestone sample HND18.05 (stratigraphic height: 130.9 m, δ13Ccarb =−8.6‰) of the EN3/DOUNCE interval, upper Doushantuo
Formation, intra-shelf Jiulongwan section, South China. More detailed SEM-EDS results are available in the online supplementary material. (i–l) Modern
gypsum analogues from the Kamchatka volcanic hot springs, Uzon Caldera, Kamchatka Peninsula, Russia (Tang et al. 2014). Note that the pyrite
pseudomorphs show textures that are very similar to the modern gypsum crystals reported in Kamchatka Peninsula, Russia. Considering that gypsum,
celestite and barite can show very similar textures in thin sections, we do not differentiate between these three minerals for pseudomorphs in this study. Data
are from: δ13Ccarb value (McFadden et al. 2008); images a–h (this study); images i–l (Tang et al. 2014).
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(Von Breymann et al. 1992; Torres et al. 1996; Gingele et al. 1999).

BaSO4 ! Ba2þ þ SO4
2– (5)

It has been argued that barite cannot form in euxinic conditions
(Wei et al. 2021b). In fact, euxinic conditions alone do not prohibit
barite precipitation. It is necessary to note that undersaturation and
dissolution of barite in porewater or seawater occur only when
sulfate is quantitively exhausted (Gingele et al. 1999; Jørgensen and
Kasten 2006). Based on the petrographic results for barite within the
Jiulongwan EN3/DOUNCE interval (Figs 10–13), it is likely that
dissolution and remobilization of barite occurred after deposition.

Redox zonation in deep time

With the above framework in mind, it is necessary to note that, in
contrast to the modern environment, the ocean in most of the
Precambrian was dominated by anoxic redox conditions (Lyons
et al. 2014). Therefore, biogeochemical C, S and Ba cycles may
have functioned in a different fashion. In light of this, a non-
actualistic view is crucial to gain insight into the functioning of
biogeochemical cycles in deep time (Schrag et al. 2013; Meister
2015).

Compared with modern analogues, it is likely that the depths of
the sulfate reduction zone, SMTZ and authigenic barite front could

Fig. 10 Petrographic evidence of authigenic barite and pyrite in limestone sample SSFT39.6 (height above the Nantuo diamictite: 110.6 m) from the EN3/
DOUNCE interval ( = SE) at the Jiulongwan section, South China. The corresponding δ13Ccarb value of this limestone sample is −8.9‰ based on
measurements of the micro-drilled powder. Images (a), (c), (e) and (g) are BSE images, and all others are EDS elemental maps. Note that barite and pyrite
in EDS images appear as an orange colour, which results from the superimposition of yellow (Ba or Fe) and red (S) colours. Data are from: δ13Ccarb value
(McFadden et al. 2008); all of the SEM-EDS results are newly presented in this study. See Appendix A for abbreviations. More detailed SEM-EDS results
are available in the online supplementary material.
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have been much shallower in Precambrian sediments than in
modern marine sediments (Fig. 16c, d). This inference is largely
derived from evidence and arguments for much lower concentra-
tions of sulfate (Habicht et al. 2002; Kah et al. 2004; Canfield and
Farquhar 2009; Algeo et al. 2015) and much higher concentrations
of barium (Crockford et al. 2019a; Wei et al. 2021a) in a
dominantly anoxic Precambrian ocean. The potential for a
shallower sulfate reduction zone in the Precambrian ocean opens
the possibility of the continuous syndeposition of authigenic
carbonates, which would no longer occur after the rise of sulfate
to a modern level and the emergence of bioturbation – except in
local cold seep environments (Cui et al. 2017). Quantitative
modelling for the Jiulongwan EN3 interval estimates that seawater
sulfate concentrations in intra-shelf environments increased from
3.5 mM to c. 8.7 mM, and possibly up to 14.5 mM (Shi et al. 2018).
Therefore, the SE may have witnessed a progressive deepening of
the SMTZ (Cui et al. 2017).

Following the scheme of a largely low-sulfate, high-barium and
increasingly oxygenated Precambrian ocean, it is possible that past
oceans could havewitnessed episodes of transient increases in barite
mineralization driven by a progressive growth of the seawater
sulfate reservoir (Fig. 16e). Indeed, a recently published compil-
ation of time-series [Ba] data based onmudstone records throughout

Earth history reveals a notable peak in [Ba] during the Ediacaran–
Cambrian transition (Fig. 17) (Wei et al. 2021a). This [Ba] peak is
remarkably consistent with the view of an increasingly oxygenated
Earth surface environment based on Ce/Ce* and δ34S proxies
(Fig. 17).

Large sulfate and barium reservoirs during the SE

On the basis of the finding of sulfate minerals and higher [CAS] and
[Ba]dilute acid during the SE (Figs 1, 3–15; Tables 1–4), we propose
that seawater sulfate and barium concentrations during the SE may
have been significantly elevated, at least for transient episodes.
Higher seawater sulfate concentrations during the SE not only
promoted the deposition of gypsum and anhydrite, but also appear
to have facilitated barite mineralization and burial. Our interpret-
ation is consistent with published geochemical profiles that show
lower δ34S, higher 87Sr/86Sr and more positive δ238U signals during
the SE (Figs 14 and 15). The progressively lower δ34S and higher
[CAS] values during the SE suggest a rise in sulfate concentrations
with a considerable input of a 34S-depleted source (probably from
pyrite oxidation). Higher 87Sr/86Sr ratios reflect enhanced silicate
weathering and a larger riverine flux (Burns et al. 1994; Melezhik
et al. 2009; Sawaki et al. 2010; Li et al. 2017), which could bring

Fig. 11 Petrographic evidence of authigenic barite and pyrite in limestone sample HND-9.1 (height above the Nantuo diamictite: 121.9 m) from the EN3/
DOUNCE interval ( = SE) at the Jiulongwan section, South China. The corresponding δ13Ccarb value of this limestone sample is −9.1‰ based on
measurements of the micro-drilled powder. Images (a), (c) and (e) are BSE images, and all others are EDS elemental maps. Note that barite or pyrite in
EDS images appear as an orange colour, which results from the superimposition of yellow (Ba or Fe) and red (S) colours. Data are from: δ13Ccarb value
(McFadden et al. 2008); all the SEM-EDS results are newly presented in this study. See Appendix A for abbreviations. More detailed SEM-EDS results are
available in the online supplementary material.
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more sulfate and dissolved barium to the ocean. The rapid shift of
δ238U towards higher values strongly argues for an oceanic
oxygenation event on a global scale (Zhang et al. 2019; Li et al.
2020b). Taken together, the overall more oxidizing conditions may
have promoted widespread oxidation of terrestrial pyrite, leading to
the rapid growth of the marine sulfate reservoir at that time.

The finding of a close coupling between sulfate minerals and the
SE may shed light on the origin of this profound δ13Ccarb negative
excursion. Multiple 13C-depleted reduced carbon reservoirs have
been invoked to explain the SE, including (listed in chronological
order of publication) dissolved organic carbon in a stratified ocean
(Fike et al. 2006; McFadden et al. 2008), terrestrial fossil organic

carbon (Kaufman et al. 2007), methane hydrate (Bjerrum and
Canfield 2011), biogenic methane or other organic matter within
shallow marine sediments (Schrag et al. 2013; Cui et al. 2017) and
expelled petroleum from deep subsurface source rocks (Lee et al.
2015). All of these hypotheses require an essential trigger – a large
flux of oxidant that can oxidize these purported reduced carbon
sources to drive the δ13C of dissolved inorganic carbon towards
lower values, either in globally distributed basins or in the open
ocean.

Besides atmospheric oxygen, potential oxidants for the SE also
include SO4

2–, iron oxide (Fe2O3), and manganese oxide (MnO2).
However, the availability and significance of the oxidant budget for

Fig. 12 Petrographic evidence of authigenic barite in limestone sample HND18.05 (height above the Nantuo diamictite: 130.9 m) from the EN3/DOUNCE
interval ( = SE) at the Jiulongwan section, South China. The corresponding δ13Ccarb value of this limestone sample is −8.6‰ based on measurements of the
micro-drilled powder. Images (a), (c), (e) and (g) are BSE images, and all others are EDS elemental maps. Authigenic barite crystals in (c), (e) and (g) are
mostly hosted within authigenic quartz, suggesting a diagenetic origin. Note that barite in EDS images appears as an orange colour, which results from the
superimposition of yellow (Ba) and red (S) colours. Dara are from: δ13Ccarb value (McFadden et al. 2008); all the SEM-EDS results are newly presented in
this study. See Appendix A for abbreviations. More detailed SEM-EDS results are available in the online supplementary material.
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the SE remains a matter of debate (Bristow and Kennedy 2008; Shi
et al. 2017). It has been proposed that a larger flux of sulfate derived
either from pyrite oxidation (Kaufman et al. 2007; Li et al. 2010) or
from evaporite recycling (Shields et al. 2019) may have contributed
to the SE. Here, we provide petrographic and geochemical evidence
for elevated sulfate concentrations associated with strata that
preserve the SE, which supports the hypothesis that a larger
sulfate influx may have played an essential role in oxidizing a large
reduced carbon reservoir during the SE (Kaufman et al. 2007;
Shields et al. 2019). Enhanced oxidative weathering, evaporite

recycling, microbial sulfate reduction and pyrite burial may have
formed a biogeochemical loop with positive feedback, contributing
to the long-lasting oxygenation event recorded by the SE. The
existence of sulfate minerals (this study) and Fe oxides (Bergmann
2013; Song et al. 2017) in the SE-equivalent strata suggests that
oxidants were not depleted during the SE, which challenges the
modelling results of Bristow and Kennedy (2008).

The finding of sulfate minerals associated with the SE also
calls for a reappraisal of sulfate concentrations in the Ediacaran
basins. A sulfate gradient model has been proposed largely on the

Fig. 13 Petrographic evidence of authigenic barite in sample HND27.75 (height above the Nantuo diamictite: 140.55 m) from the EN3/DOUNCE interval
(= SE) at the Jiulongwan section, South China. The corresponding δ13Ccarb value of this limestone sample is not available. The value −8.4‰ presented in
the figure was measured from a nearby sample HND 27.1, which is stratigraphically 0.6 m below sample HND27.75. Images (a), (c), (e) and (g) are BSE
images, and all others are EDS elemental maps. Barite in EDS images appears as an orange colour, which results from the superimposition of yellow (Ba)
and red (S) colours. Note that barite in this sample is shown as vertical veins that cut across a dolomite-rich stylolite. Considering that no clear evidence for
hydrothermal alteration is found in the EN3/DOUNCE interval, it is likely that these barite veins formed via barite dissolution and reprecipitation during
burial diagenesis. Data are from: δ13Ccarb value (McFadden et al. 2008); all the SEM-EDS results are newly presented in this study. See Appendix A for
abbreviations. More detailed SEM-EDS results are available in the online supplementary material.
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basis of the Doushantuo Formation at the Jiulongwan and
Zhongling sections (Li et al. 2010). In this model, sulfate
concentrations show a gradual decrease from intra-shelf environ-
ments to outer-shelf environments (Li et al. 2010; Shi et al.

2018). This model has been applied to explain the heterogeneous
δ13Ccarb excursions in the uppermost Doushantuo Formation (Li
et al. 2017). However, if our interpretation of the chicken-wire
evaporites at Zhongling and Yangjiaping (Fig. 6) is correct, it

Fig. 14. Chemostratigraphy of the sections that record the Ediacaran SE. The SE in the uppermost Doushantuo Formation of South China is also widely
referred to as EN3 (Jiang et al. 2007; Zhou and Xiao 2007; McFadden et al. 2008) or DOUNCE (Lu et al. 2013; Zhu et al. 2013). Intervals shaded in
yellow show coupled negative δ13C values and lower δ34Spyrite values (<−5‰). (a–d) Khufai and Shuram formations in South Oman salt basin, Oman.
(e–h) Upper Doushantuo Formation at the intra-shelf Jiulongwan section, South China. Red triangles show the horizons with authigenic barite described in
this study. (i–k) Upper Doushantuo Formation at the upper-slope Siduping section, South China. (l–n) Upper Clemente Formation at the CR-1 section,
Cerro Rajón, Sonora State, Mexico. (o–q) Rainstorm Member at Winters Pass Hills, Death Valley, western USA. Note the elevated CAS concentrations
during the SE in (b), (f ) and (m). The close coupling of the higher sulfate concentrations, lower δ34Spyrite values (<−5‰) and higher 87Sr/86Sr ratios during
the SE suggest a causal link between biogeochemical carbon and sulfur cycling in a period with enhanced chemical weathering. Data are from: Oman
(Burns et al. 1994; Fike et al. 2006); Jiulongwan (McFadden et al. 2008; Li et al. 2010; Sawaki et al. 2010; Shi et al. 2018), Siduping (Li et al. 2017;
Shi et al. 2018), Mexico (Loyd et al. 2012), Death Valley (Kaufman et al. 2007). See Appendix A for abbreviations.
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seems that the seawater sulfate concentration in the outer-shelf
environment was much higher than previously inferred; the
interpretations of the δ34S chemostratigraphy of some Ediacaran
sections should therefore be revisited (Wang et al. 2021).
Currently, most of our knowledge about the purported
Ediacaran sulfate gradient model is based on the studies of the
Doushantuo Formation (Li et al. 2010; Shi et al. 2018). More
studies that compare correlative sections at different water depths
are needed to test the sulfate gradient model in South China and
other Ediacaran sedimentary basins.

Distribution of sulfate minerals

It is worth noting that not all the SE-equivalent sections preserve
sulfate minerals. In fact, sulfate minerals have not been reported in
most of the published SE-equivalent sections. There may be several
reasons for this phenomenon. First, given the high solubility of
gypsum and anhydrite, searching for these minerals in Precambrian
strata is particularly challenging. It is possible that many evaporite
sulfate minerals, once precipitated, may have soon dissolved away
(Prince et al. 2019; Shields et al. 2019).

Fig. 15 Chemostratigraphy of the SE in South China and Mexico. The SE in the uppermost Doushantuo Formation of South China is also widely referred to
as EN3 (Jiang et al. 2007; Zhou and Xiao 2007; McFadden et al. 2008) or DOUNCE (Lu et al. 2013; Zhu et al. 2013). All of the [Ba] data were generated
via dilute acid dissolution (shown as [Ba]dilute acid). Intervals shaded in yellow denote Ba enrichment with [Ba]dilute acid higher than 50 ppm. Note that all the
SE profiles are closely coupled with an increase in δ238U and Ba concentrations, which are interpreted as a direct response to enhanced sulfate concentration
in a more oxygenated ocean. Some data are plotted on log scales to show the full range of variation (e.g. c, k), and also in a smaller scale (e.g. l, r) to
visualize the variation in [Ba]dilute acid across the SE. (a–g) Upper Doushantuo Formation at the intra-shelf Jiulongwan section, South China. (h–l) Upper
Doushantuo Formation at the upper-slope Siduping section, South China. (m–n) Upper Doushantuo Formation at the outer-shelf Yangjiaping section, South
China. (o–r) Upper Clemente Formation at the CR-1 section, Cerro Rajón, Sonora State, Mexico. (s–u) Upper Clemente Formation at the CR-2 section,
Cerro Rajón, Sonora State, Mexico. Data are from: cyan dots in a (McFadden et al. 2008); red dots in a (Ling et al. 2013); yellow dots in a (Zhou et al.
2012); b (Zhang et al. 2019); c and d (Cui et al. 2017; Zhang et al. 2019); e and f (Wei et al. 2021b); g (Li et al. 2010); h (Li et al. 2017); i–l (Cao et al.
2020); m (Zhu et al. 2007b; Ader et al. 2009; Kunimitsu et al. 2011; Cui et al. 2015; Furuyama et al. 2016); o and s (Loyd et al. 2012, 2013); p and t (Li
et al. 2020b); n, q, r and u (this study).
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Second, given the generally lower sulfate concentrations in
Precambrian oceans relative to their modern counterparts, high
sulfate levels were probably limited to restricted basins. Although
multiple lines of evidence suggest a rise in sulfate during the
Ediacaran–Cambrian transition, published chemostratigraphic
studies indicate that the oxygenation events at that time might be
local, transient and episodic (McFadden et al. 2008; Loyd et al.
2012; Sahoo et al. 2016; Cui et al. 2018; Wei et al. 2018; Zhang
et al. 2018, 2019; Tostevin et al. 2019); and the complete ventilation
of the deep ocean may have occurred much later (Sperling et al.
2015; Lu et al. 2018; Stolper and Keller 2018; Wei et al. 2021a).

Third, even in the modern marine environment with much higher
levels of seawater sulfate (28 mM), the deposition of evaporite
sulfate minerals strongly relies on local or regional hydrologic
conditions, and is therefore not ubiquitous. Generally, local net
evaporative conditions are required to concentrate seawater sulfate.
This might explain why evaporative sulfate minerals in the
Doushantuo Formation have only been found at relatively shallow
water depths, including both the inner shelf (Fig. 3a, b) and rimmed
outer-shelf shoal (Figs 4, S1–2) sections.

Nevertheless, sulfate minerals are largely associated with the SE
and can occur below, within and/or above the SE interval (Fig. 1).
What complements this scattered mineralogical dataset and
reinforces the notion of increased sulfate concentrations during
the SE is the high-resolution chemostratigraphic [CAS] and [Ba]
profiles (Figs 14 and 15). These chemostratigraphic datasets show

clear enrichments during the SE, and therefore support the view of a
larger sulfate (and possibly Ba) reservoir at that time. A larger
sulfate pool in the Ediacaran ocean may have played an essential
role (as an oxidizer) in the genesis of the SE.

Barium cycle during the SE

In this study, all of the [Ba]dilute acid profiles reveal higher values
during the SE compared with the pre- and post-SE intervals. This Ba
enrichment is potentially consistent with higher concentrations of
dissolved Ba2+ in Ediacaran seawater, and probably requires an
increased barium influx to maintain the barium mass balance.
However, the origin and source of this enhanced barium flux to both
maintain higher marine [Ba] and an increased outflux to sediments
remain unclear. Several hypotheses are conceivable and need
further testing.

First, the higher [Ba]dilute acid values during the SE could result
from an enhanced riverine Ba flux during a period of intensive
chemical weathering. This scenario is supported by the higher
δ138Ba and higher 87Sr/86Sr signals in the EN3/DOUNCE interval
relative to pre-SE intervals, which have been interpreted as
reflecting a considerable contribution from a riverine source (Wei
et al. 2021b).

Second, the higher [Ba]dilute acid values during the SE could be a
local phenomenon triggered by upwelling events. In this scenario, a
significant amount of dissolved Ba2+ accumulated in the anoxic

Fig. 16. Conceptual models for the biogeochemical carbon, sulfur and barium cycles. (a) [SO4
2–] and methane [CH4] profiles below the SWI in the modern

marine environment. The interval shaded yellow shows the SMTZ, where the enhanced rate of sulfate-driven AOM typically leads to the mineralization of
authigenic carbonate with extremely low δ13Ccarb signals. (b) [SO4

2–] and dissolved barium [Ba2+] profiles below the SWI in the modern marine
environment. Typically, barite is most abundant in the base of the sulfate reduction zone (yellow interval), and is subjected to dissolution at a greater depth
where sulfate is depleted (Torres et al. 1996; Gingele et al. 1999; Jørgensen 2006). (c, d) Hypothesized concentration profiles for marine sediments in the
Precambrian ocean, where sulfate concentration was arguably much lower than that of the modern ocean. Note that the SMTZ and authigenic barite front
are maintained at a much shallower depth due to the overall low concentration of seawater sulfate. (e) Hypothesized first-order trend in marine barium and
sulfate concentrations throughout Earth history. Note that the y axis is deep time. Owing to the overall anoxic redox conditions of the Precambrian ocean,
the dissolved barium concentration could be much higher than that in the modern ocean (Crockford et al. 2019a; Wei et al. 2021a). Therefore, a gradual
increase in seawater sulfate concentration during the Ediacaran–Cambrian transition may have promoted barite deposition at that time (yellow interval; see
also a mudrock-based study in Wei et al. 2021a for a comparison). When the seawater sulfate concentration reaches a modern level, dissolved barium in the
ocean becomes depleted due to the quantitative removal of dissolved barium by sulfate. Short-term fluctuations in [CAS] and [Ba] – as found during the SE
in this study – add more nuance to this first-order trend. See Appendix A for abbreviations.
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Fig. 17. Time-series Ce/Ce*, δ34S and [Ba] data throughout Earth history. The grey interval represents the low-sulfate, high-barium ocean during most of
the Precambrian. The yellow interval represents a period with increasing sulfate influx to the ocean and enhanced barite burial. The blue interval represents
a period with a modern-style high-sulfate, low-barium ocean. (a) Compilation of Ce anomaly data. Note the reversed y axis of this panel. The red line
indicates the best fit for 100 Ma intervals using the local polynomial regression curve fitting method. Estimated partial pressures of atmospheric oxygen,
pO2 (% PAL), throughout Earth history are also provided (Liu et al. 2021). (b) Compilation of δ34S values of sulfate (empty squares) and sulfide (empty
circles) in sedimentary records. (c) Excess [Ba] values based on a compilation of mudstones in Earth history. These values are calculated on the basis of
measured [Ba] substracted by the Ba component of a detrital source (Wei et al. 2021a). (d) A closer view of the mudstone-based [Ba] record since the
beginning of the Cryogenian Period. In light of this study (i.e. a carbonate-based compilation specifically for the SE), the Ediacaran Period may have
witnessed at least two episodes of enhanced barite precipitation on a global scale: during the deposition of the cap carbonate (Hoffman et al. 2011) and
during the SE (this study). Both of the above-mentioned episodes are characterized by negative δ13Ccarb signals and enhanced barite mineralization, which
was probably driven by enhanced sulfate influx into an increasingly oxygenated ocean. Data are from: Ce/Ce* data and estimated pO2 (Liu et al. 2021);
δ34S data (Canfield 1998; Canfield and Raiswell 1999; Canfield and Farquhar 2009; Och and Shields-Zhou 2012; Sahoo et al. 2012; Cui et al. 2016b,
2016c; Crockford et al. 2019b); [Ba] data (Wei et al. 2021a); age constraint for the GOE (Luo et al. 2016); age constraint for the two Snowball Earth
glaciations (Rooney et al. 2015); age constraints for the SE (Rooney et al. 2020). See Appendix A for abbreviations.
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deep basin might be transferred to shallow shelf environments via
upwelling during the SE. Here, Ba2+ and nutrient-rich waters may
have stimulated intense primary productivity and allowed signifi-
cant transport of barium to sediments via barite formation associated
with organic matter (Horner et al. 2017). This scenario is appealing
because it also explains the low δ13C signals during the SE. The
oxidation of a putative large dissolved organic carbon (DOC)
reservoir could transfer a significant amount of light carbon from the
deep basin to shallow to seawater, leading to the SE (Rothman et al.
2003; Fike et al. 2006; McFadden et al. 2008; Shields et al. 2019).

Third, following on from the second hypothesis and considering
that barite has been widely used as a proxy for palaeoproductivity
(Dymond et al. 1992; Carter et al. 2020; Yao et al. 2020), it is
possible that enhanced local primary productivity during the SE
facilitated barite mineralization and burial at that time. However, the
use of barite as a palaeoproductivity proxy is based on studies of the
highly oxygenated, sulfate-rich, modern-style ocean (Dymond et al.
1992). Whether these dynamics directly translate to Precambrian
oceans requires further study. Therefore, caution needs to be
exercised when applying this proxy to the Precambrian strata.

Fourth, it has been proposed that a gas hydrate reservoir could
potentially store a large amount of dissolved barium (Dickens et al.
2003), essentially serving as a barium capacitor. Oxidizing this
potential barium reservoir could release both light C and dissolved
Ba2+ to the ocean, leading to coupled C and Ba anomalies. The
massive release of methane from clathrate hydrates has been invoked
for both the Paleocene–Eocene Thermal Maximum event (Dickens
et al. 2003) and the SE (Bjerrum and Canfield 2011). How it affected
the Ba cycle in the case of the SE remains to be determined.

Fifth, enhanced phosphate levels in the Ediacaran ocean during
the SE may have also played a role in facilitating barite
mineralization. It has been shown that barite saturation and
mineralization can occur in microenvironments where barium
binds to phosphate groups (Martinez-Ruiz et al. 2019). In such a
microenvironment, barium sorbs onto phosphate, which is then
slowly substituted by sulfate, leading to the genesis of barite crystals
(Horner et al. 2017; Martinez-Ruiz et al. 2019). This phosphate-
shuttle mechanism is particularly appealing given that enhanced
phosphogenesis has been found during the SE (Muscente et al.
2015; Cui et al. 2016a).

Sixth, upwelling or discharge of a euxinic water mass that is rich
in both sulfide and barium could have caused enhanced barite
deposition in the ocean (Jewell 2000). This mechanism could
explain the concentration enrichments of both [CAS] and [Ba]
during the SE. Oxidation of such a sulfide- and barium-rich water
mass along chemocline is also consistent with the view of a redox-
stratified Ediacaran ocean at that time (Li et al. 2010, 2015, 2020a;
Ader et al. 2014).

It is worth mentioning that the above hypotheses are not mutually
exclusive. It is possible that multiple controlling factors may have
played a role in this coupled Ba and C cycle. Open questions about
whether these potential processes occur at a local, regional or global
scales, and in restricted or open oceans, still remain. More studies
are therefore needed to test these hypotheses.

Barium burial in Earth history

Here, based on the secular trends of Ce/Ce*, δ34S and [Ba]
compilations (Fig. 17), three stages of barite burial can be
recognized. (1) Before the Neoproterozoic, the ocean was largely
anoxic, with a low concentration of sulfate. This is evidenced by
relatively high Ce/Ce* in carbonates, limited S isotope fractionation
between sulfate and sulfide and low barite burial. The dissolved
barium concentration in Precambrian times could have been much
higher than that of the modern ocean due to the more anoxic redox
conditions (Crockford et al. 2019a). It was recently estimated that

the marine dissolved Ba reservoir during the Neoproterozoic was
potentially three orders of magnitude larger than that of the modern
ocean (Wei et al. 2021a); however, this hypothesis requires further
evaluation.

(2) The Ediacaran–Cambrian transition may havewitnessed a rise
in sulfate concentrations and barite mineralization that were locally
amplified in an increasingly oxygenated ocean. The evidence for
this scenario comprises increasingly lower Ce/Ce* in carbonates,
much larger S isotope fractionation between sulfate and sulfide, and
significantly enhanced barite deposition. Enhanced chemical
weathering potentially tied to oxygenation during the Ediacaran–
Cambrian transition could also bring a larger Ba flux into the ocean,
further contributing to enhanced barite burial.

Together with the published compilation of barite within early
Ediacaran cap carbonates (Shields et al. 2007; Bao et al. 2008; Zhou
et al. 2010; Hoffman et al. 2011; Peng et al. 2011; Killingsworth
et al. 2013; Macdonald et al. 2013; Bold et al. 2016; Crockford
et al. 2016, 2018; Okubo et al. 2020), our study suggests that the
Ediacaran Period witnessed at least two episodes of enhanced barite
burial on a global scale: during the deposition of the cap carbonate,
and during the SE (Fig. 17d) (Table 3). Both episodes are
characterized by negative δ13Ccarb excursions and enhanced barite
mineralization, which are probably driven by intensive oxidative
weathering and greater influx of sulfate and barium into the
depositional basin.

The model of enhanced barite burial is potentially consistent with
positive shifts in δ138Ba during the EN3/DOUNCE (Fig. 15f ). This
positive shift in δ138Ba has been interpreted as resulting from
enhanced riverine Ba fluxes into the intra-shelf basin (Wei et al.
2021b). Alternatively, given that barite is the major sink of light Ba
(Horner et al. 2017; Horner and Crockford 2021) and that barite
cements do exist within the EN3/DOUNCE interval (Figs 3c, d, 10–
13), enhanced burial of barite during EN3/DOUNCE may have
promoted the removal of light Ba from the intra-shelf environment,
driving the seawater δ138Ba of the intra-shelf basin towards
increasingly higher values.

(3) For the last c. 400 Ma years, the ocean may have evolved to a
modern-style, fully oxygenated, high-sulfate and low-barium
conditions. The low Ce/Ce* signals in carbonates, much lower
δ34S values and limited barite content in the rock record are
evidence of this stage. Statistical evaluations of global datasets
throughout Earth history will be essential to test this inferred
evolution (Farrell et al. 2021; Mehra et al. 2021).

Conclusions

To test the potential role of sulfate in the SE, we revisited 15 SE-
equivalent sections, including the upper Doushantuo Formation in
South China, the Shuram Formation in Oman, the Wonoka
Formation in Australia, the Krol B + C intervals in India, the
Nama Group in Southern Namibia, the Rainstorm Member in the
western USA, the upper Clemente Formation in Mexico and the
Nikol’skaya, Alyanchskaya and Kholychskaya formations in
Siberia. All of the above sections show sulfate minerals and/or
enrichment in [CAS] in the SE intervals. The δ34S values of sulfate
and sulfide in the SE intervals, when available, show progressively
decreasing values, suggesting a larger marine sulfur reservoir with
enhanced input from a 34S-depleted source.

In addition, we also actively searched for barite minerals and
explored [Ba] in three SE sections. Detailed SEM-EDS investiga-
tion revealed that diagenetic barite is present in the most typical SE-
equivalent interval (i.e. the Jiulongwan EN3 interval) in South
China. Where [Ba] data are available, they show considerable
enrichment within the SE.

On the basis of the close coupling of C, S and Ba signatures, we
propose that enhanced weathering may have caused elevated
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seawater sulfate and barium concentrations during the SE. A larger
sulfate pool in the Ediacaran ocean may have facilitated the
precipitation of sulfate minerals, microbial sulfate reduction and
anaerobic oxidation of organic matter (including methane), leading
to the SE. The existence of sulfate minerals in SE-equivalent strata
suggests that oxidant pools were not depleted at that time, which
challenges previous modelling results by Bristow and Kennedy
(2008). Our study highlights the dynamic interplay of the
biogeochemical C, S and Ba cycles in an increasingly oxygenated
Earth surface environment.
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Appendix

Appendix A: Abbreviations used

AOM, anaerobic oxidation of methane; Brt, barite; BSE, back-
scattered electron; Cal, calcite; Cam, Cambrian; CAS, carbonate-
associated sulfate; Cryo, Cryogenian; DOUNCE, Doushantuo
negative carbon isotope excursion; DDH, Dongdahe section; Dol,
dolomite; EDS, Energy-dispersive spectroscopy; EN, Ediacaran
negative excursion; EP, Ediacaran positive excursion; GOE, Great
Oxygenation Event; JLW, Jiulongwan section; NBZ, Nanbeizhen
section; NOE, Neoproterozoic Oxygenation Event; PAL, present
atmospheric level; Phos.Dol, phosphatic dolomite; PPL, plane
polarized light; Py, pyrite; Qz, quartz; SDP, Siduping section; SE in
text, Shuram excursion; SE in SEM images, secondary electron;
SEM, scanning electron microscope; SMTZ, sulfate–methane

transition zone; SWI, sediment–water interface; TOC, total
organic carbon; VCDT, Vienna Canyon Diablo Troilite; VPDB,
Vienna Pee Dee Belemnite; XPL, cross polarized light; XRD, X-ray
diffraction; YJP, Yangjiaping section; ZL , Zhongling section;
μXRF, micro X-ray fluorescence.
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