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ABSTRACT

In terminal Ediacaran strata of South China, the onset of calcareous biomineralization is preserved in the
paleontological transition from Conotubus to Cloudina in repetitious limestone facies of the Dengying Forma-
tion. Both fossils have similar size, funnel-in-funnel construction, and epibenthic lifestyle, but Cloudina is
biomineralized, whereas Conotubus is not. To provide environmental context for this evolutionary milestone,
we conducted a high-resolution elemental and stable isotope study of the richly fossiliferous Gaojiashan
Member. Coincident with the first appearance of Cloudina is a significant positive carbonate carbon isotope
excursion (up to +6%,) and an increase in the abundance and 3*S composition of pyrite. In contrast, 3**S val-
ues of carbonate-associated sulfate remain steady throughout the succession, resulting in anomalously large
(>70%,) sulfur isotope fractionations in the lower half of the member. The fractionation trend likely relates to
changes in microbial communities, with sulfur disproportionation involved in the lower interval, whereas
microbial sulfate reduction was the principal metabolic pathway in the upper. We speculate that the coupled
paleontological and biogeochemical anomalies may have coincided with an increase in terrestrial weathering
fluxes of sulfate, alkalinity, and nutrients to the depositional basin, which stimulated primary productivity, the
spread of an oxygen minimum zone, and the development of euxinic conditions in subtidal and basinal
environments. Enhanced production and burial of organic matter is thus directly connected to the carbon iso-
tope anomaly, and likely promoted pyritization as the main taphonomic pathway for Conotubus and other
soft-bodied Ediacara biotas. Our studies suggest that the Ediacaran confluence of ecological pressures from
predation and environmental pressures from an increase in seawater alkalinity set the stage for an unprece-
dented geobiological response: the evolutionary novelty of animal biomineralization.
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INTRODUCTION famed  Precambrian palcontolgglst P.rcston .Cloud
(1912-1991) and preserved in terminal Ediacaran
One of the earliest animals to have developed a biomineral- (ca. 550-541 Ma) sedimentary successions worldwide

ized carbonate exoskeleton is Cloudina—named after the

(Conway Morris et al., 1990; Sour-Tovar et al., 2007,
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Gaucher & Germs, 2009; Cortijo et al., 2010; Zhuravlev
et al., 2012). This animal, which is suggested to be an
ancient cnidarian-grade (Grant, 1992; Cortijo et al., 2010)
or lophotrochozoan animal (Hua et a/., 2005; Zhuravlev
et al., 2015), constructed a high-Mg calcitic tubular shell
with nested funnels, had an epibenthic lifestyle with its
apex attached to the substrate (Grant, 1990; Zhuravlev
et al., 2012; Cai et al., 2014), and may have had both sex-
ual and asexual reproductive strategies to aid in its broad
ecological dispersal (Cortijo et al., 2015). Cloudina was
associated with microbial reefs and may have been a reef
builder like modern-day corals that inhabit oligotrophic
shelf environments where they band together in search of
hard substrates and for protection against predators (Penny
et al., 2014; Wood & Curtis, 2015).

Biomineralization of Cloudina is widely considered to
have been a response to predation given the significant num-
ber of borings found on its fossil shells (Bengtson & Zhao,
1992; Hua et al., 2003; Porter, 2011). In addition, some
also have considered terminal Ediacaran biomineralization as
a (toxico-)physiological response to regulate calcium con-
centrations in circulatory fluids (Simkiss, 1977, 1989;
Kempe et al., 1989; Brennan et al., 2004), or to environ-
mental perturbations involving oscillations in atmospheric
pCO, and seawater chemistry (Knoll, 2003a; Knoll & Fis-
cher, 2011). Environmental drivers, however, are particu-
larly difficult to assess insofar as these should also have a
broad effect on general biotic diversification and vice versa
(Knoll, 2003b; Gaidos et al., 2007; Butterfield, 2009,
2011; Lenton et al., 2014; Erwin, 2015). Insofar as there is
a metabolic cost to biomineralization, the biological benefits
to the organisms, including protection against predation and
the physiological response of organisms to rapidly changing
seawater chemistry in the terminal Ediacaran Period, should
be balanced (Knoll, 2003a; Xiao, 2014).

To this end, we investigated a Lagerstitte of Ediacaran
animals in the Gaojiashan Member of the Dengying
Formation in South China (Fig. 1) (Hua ez al, 2007; Cai
et al., 2010). Within the member’s repetitious limestone
facies, the first appearance of Cloudina is immediately pre-
ceded by Conotubus, a soft-bodied antecedent exquisitely
preserved through pyritization with similar construction,
size, and lifestyle (Cai et al, 2011, 2014). To explore this
unique paleontological juxtaposition and provide environ-
mental context for the earliest examples of animal biomin-
eralization and pyritization, we sampled the Gaojiashan
Member at high stratigraphic resolution for elemental and
isotopic compositions. Our chemostratigraphic investiga-
tion reveals that these evolutionary and taphonomic events
are associated with profound biogeochemical shifts in both
the carbon and sulfur cycles, and speculate that they may
have been facilitated by profound environmental perturba-
tions in the marine realm ultimately driven by enhanced
oxidative weathering of the continents.

© 2016 John Wiley & Sons Ltd
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STRATIGRAPHIC AND GEOCHRONOLOGICAL
CONSTRAINTS

Carbonates of the Dengying platform are sandwiched
between the Ediacaran Doushantuo Formation (ca.
635-551 Ma) (Jiang et al., 2011) and the early Cambrian
Kuanchuanpu Formation (Steiner et al, 2004) in the
southern Shaanxi region (Fig. 1). The Dengying Forma-
tion at Gaojiashan is subdivided into three intervals,
including the Algal Dolomite, Gaojiashan, and Beiwan
members (Fig. 1C), which are generally correlated with
Hamajing, Shibantan, and Baimatuo members, respectively,
in the Yangtze Gorges area (Zhou & Xiao, 2007; Zhu
et al., 2007; Duda ez al., 2015). Based on the 551 Ma
U-Pb zircon depositional age of a volcanic ash at the top
of the Miaohe Member, which has historically been corre-
lated with Doushantuo Member IV (Condon et al., 2005),
and an estimated 541 Ma age for the Ediacaran—Cambrian
boundary (Amthor et al., 2003; Chen et al., 2015), the
>650 m thick Dengying Formation represents the last 10
million years of the Ediacaran Period. However, a recent
chemostratigraphic study of the Miaohe Member (An
et al., 2015) demonstrates that the 551 Ma ash bed lies
between the Hamajing and Shibantan members of the
Dengying Formation and is thus not relevant to the
biogeochemical anomaly (i.e., Shuram excursion) preserved
in the upper Doushantuo Formation (¢f: Kaufman, 2005).

At the studied section, the Gaojiashan Member is 55 m in
thickness, including a siltstone interval in the lower part, rep-
etitious siltstone—mudstone-limestone facies with cryptalgal
crinkly laminations in the middle part, and a coarse sand-
stone/conglomerate at the top (Fig. 2) (Cai et al., 2010).
The lower Gaojiashan Member contains the enigmatic fossil
Shaanxilithes ningqiangensis preserved in siltstone facies
(Meyer et al., 2012). The middle Gaojiashan Member con-
tains Conotubus hemiannulatus and Gaogiashanin cyclus pre-
served in thin, normally graded calcisiltite—siltstone beds
interpreted as distal event deposits (Cai et al., 2010),
followed by the first appearance of the biomineralized animal
Cloudina preserved in intraclastic limestones approximately
40 m above the base of the succession (Fig. 1). A distinctive
horizon with bedded gypsum occurs in the upper part of the
Gaojiashan Member (Figs 1D, 2F,G).

METHODS

In this study, the Gaojiashan Member was systematically
sampled at high resolution for integrated chemostrati-
graphic and geochronological investigations. Geochemical
analyses were conducted in the Paleoclimate CoLaboratory
at University of Maryland. Details of the methods used in
the CoLaboratory can be found in previous publications
(e.g., McFadden ez al., 2008; Zhelezinskaia et al., 2014,
Cui et al., 2015), but are briefly outlined below.
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Fig. 1 (A) Tectonic framework of China, with the Yangtze Craton highlighted in yellow. (B) Ediacaran depositional environments on the Yangtze Craton
(liang et al., 2011). (C) §"Ccayp record of the Dengying Formation in the Gaojiashan section. GJS = Gaojiashan, KCP = Kuanchuanpu, GJB = Guojiaba, Cryo
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46.5 m above the base of the Gaojiashan Member. (E) Cloudina in the Gaojiashan Member ca. 42 m above the base. (F) Pyritized tubular fossil Conotubus
hemiannulatus (Cai et al., 2011). (G) Enigmatic body fossil Shaanxilithes ningqgiangensis (Meyer et al., 2012).

Carbon and oxygen isotope analysis

Rock samples were cut and polished for detailed petro-
graphic observation and micro-drilling to obtain powders
from the least-altered, least-recrystallized, and purest phases
for carbonate carbon (SISCcarb) and oxygen (818Omb) iso-
tope analysis. The powders were measured with a Multicarb
inlet device in-line with an Elementar Isoprime continuous-
flow isotope ratio mass spectrometer, and precision for both
isotopes was routinely better than 0.19.

Elemental analyses

Major and trace elemental abundances in carbonates were
analyzed to better evaluate the degree of diagenetic alter-
ation. Aliquots of the micro-drilled carbonate powders
were dissolved in 0.4 M HNOj; and centrifuged. The puri-
fied solutions were isolated prior to analysis. Petrographic
observations indicate that these powders were largely free

of siliciclastics; any clays, if present, would not have been
dissolved by the dilute acid. The resulting solutions were
analyzed on a Thermo Scientific® (Waltham, MA, USA)
iCAP-Q ICP-MS (Inductively Coupled Plasma—Mass
Spectrometry) at the Carnegie Institution of Washington.
Precision of these analyses as determined by repeated mea-
surements of a house standard carbonate was <5% (20) for
major elements with high concentrations and <10% (20)
for the REEs.

Organic carbon and paired sulfur isotope analyses

The organic carbon (813C0rg), total sulfur (834ST5 of pyrite
and trace amount of organic S) isotope compositions were
measured by combustion of the decalcified residuals to
CO, or SO, with a Eurovector elemental analyzer in-line
with a second Elementar Isoprime isotope ratio mass spec-
trometer. Bulk carbonate powders were used for extraction
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of carbonate-associated sulfate (CAS). For the former,
~15 g of bulk crushed sample was acidified with 3 m HCL.
These acidified residues were washed with ultra-pure Milli-
Q (18 MQ) water, centrifuged, decanted, and dried. For
the latter, ~100 g of crushed bulk sample were repeatedly
leached with 10% NaCl solutions. To minimize the con-
tamination of soluble non-CAS sulfate (Marenco et al.,
2008; Wotte et al, 2012; Peng et al, 2014; Schobben
et al., 2015), bulk powders were leached with 10% NaCl
solutions for at least 10 times (~2 h each), and then
washed with Milli-Q water for at least three times prior to
acidification of the leached powders with 3 m HCIl. CAS
precipitates were then collected as BaSOy three days after
BaCl, was added to the solution. The acidified residues
and the BaSOy4 precipitates were packed into folded tin
cups with V,05 for total sulfur and CAS sulfur isotope
analysis, respectively. Uncertainties for carbon and sulfur
isotope measurements determined by multiple analyses of
standard materials during analytical sessions are better than
0.1% and 0.39,, respectively.

Detrital zircon dating

For all aspects of zircon dating, we followed the proce-
dures described in Martin ez al. (2015). Zircon grains were
isolated using conventional mineral separation techniques
including rock pulverization by hand using a mortar and
pestle, removal of silt and clay by hand panning in water,
removal of magnetic grains using a Frantz magnetic barrier
separator, and density separation using methylene iodide.
Zircon grains were then poured onto double-sided tape
and cast in an epoxy disk along with approximately 10
shards of the Sri Lanka zircon standard (564 + 3 Ma)
(Gehrels et al., 2008). After hand polishing to expose the
interiors of the grains, we produced backscattered electron
and cathodoluminescence images using the JEOL JXA-
8900R electron probe microanalyzer at the University of
Maryland.

The cores of 49 and 175 zircon grains were dated from
samples 09G-35.3 and 09G-37.9, respectively, by laser
ablation-inductively coupled plasma-mass spectrometry in
the Arizona LaserChron Center at the University of Ari-
zona, taking care to avoid multiple cathodoluminescence
zones, inclusions, and cracks. Ablation of the zircon was
performed using a New Wave UP193HE Excimer laser
and a spot diameter of 30 um. The ablated zircon was car-
ried in helium into the plasma source of a Nu Plasma HR
multicollector mass spectrometer, and analyses followed
the protocols described in Martin ez al. (2015).

Corrections for interelement fractionation of Pb/U and
common Pb, as well as other data reduction, were per-
formed off-line using an Excel program developed at the
Arizona LaserChron Center. We removed from further
consideration analyses with: (i) high 2°*Pb, (ii) greater than

© 2016 John Wiley & Sons Ltd
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5% error on the 2°°Pb/?%’Pb date, (iii) greater than 5%
error on the °°Pb/?*¥U date, (iv) greater than 25% nor-
mal discordance or 8% reverse discordance, (v) high U
concentration, or (vi) high U/Th ratio. The remaining
analyses were used in our interpretations (Table SI;
Fig. 3). Isoplot was used to calculate weighted means and
to produce concordia and probability density plots (Lud-
wig, 2008).

206pp /238U dates are usually more precise than
206pp, /297ply dates for zircon younger than about 1.4 Ga,
whereas the reverse is true for older grains. However,
206pp /297Ph dates are only minimally affected by recent
lead loss, so in most cases, they more closely indicate the
time of crystallization for zircon older than about 1 Ga.
Therefore, during interpretation, we used 2°°Pb/?*¥U
dates for grains younger than 1 Ga and 2°°Pb/?°"Pb dates
for older zircon grains.

RESULTS

Detrital zircon from two closely spaced siltstone beds at
16.7 m (sample 09G-35.3) and 14.1 m (sample 09G-
37.9) above the base of the Gaojiashan member yielded a
youngest population of four U-Pb ages ranging from 543
to 550 Ma from sample 09G-37.9, with a weighted mean
age of 548 + 8 Ma (MSWD = 0.11) (Fig. 3, Table S1).
This maximum depositional age based on detrital zircon
measurements is consistent with the 551 Ma age estimate
for the Miaohe Member beneath the Gaojiashan-equivalent
Shibantan Member of the Dengying Formation based on
U-Pb zircon age from the bedded ash layer (Amthor et al.,
2003; Condon ez al., 2005; Chen et al., 2015). However,
most of the detrital zircons in this study had ages between
750 and 850 Ma, with a scattering of solitary dates span-
ning from 1300 to 2700 Ma.

In total, 113 limestone and calcareous siltstone samples
from the Gaojiashan Member were analyzed for elemental
abundances and isotopic compositions (Figs 4-5; Tables
§2-S4). Carbonate percentages in the samples are generally
high (>90%), except in the lower member where limestones
and siltstones are interbedded. The stratigraphic trend of
8'3Cu, variations reveals a positive carbon isotope excur-
sion (up to +69,) in the upper part of the Gaojiashan Mem-
ber, coinciding with the fossil transition from Conotubus to
Cloudina. Coupled with the positive 313Car, event, 813C0rg
data reveal a negative excursion (down to —309,,); calculated
carbon isotope fractionations (Aé“Cmb,org) show peak val-
ues up to +369%, in this interval. Pyrite S isotope (634Spyrite)
values measured from bulk acidified residues (assuming pyr-
ite S > organic S) show a wide range from —309%, to
+309%, in the Gaojiashan Member, with more negative val-
ues in the lower half of the section, and more positive values
in the upper half. On the contrary, sulfur isotope composi-
tions of carbonate-associated sulfate (534SCAS) remain
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Fig. 2 Field photographs of the Gaojiashan Member. Hammers or pencils for scale and meterages above the base of the unit. (A, B) An overview of the
upper and lower section (each ca. 25 m in thickness). (C) Boundary between the Beiwan and Gaojiashan members. (D) Conglomerate in the uppermost inter-
val. (E) Bedded limestone at 48 m. (F, G) Gypsum pseudomorphs at 46.5 m where crystals have been dissolved and replaced by calcite. (H, 1) Organic-rich
limestones with abundant microbial mats corresponding to the peak of the carbon isotope excursion at ca. 43 m. (J) Interbedded siltstone and limestone at

14 m. (K, L) Siltstones in the lower Gaojiashan Member.

generally invariant around ca. +409%, throughout the Gao-
jiashan Member. Both total sulfur (TS) and total organic
carbon (TOC) are relatively low through most of the suc-
cession, but are elevated in the cloudinid interval. Mg/Ca
ratios show the dominance of limestone in the Gaojiashan
Member, with higher Mg/Ca, Mn/Sr, and Rb/Sr ratios
found only in dolostones interbedded with siltstones in
the lower Gaojiashan Member. Sr/Ca ratios reveal a posi-
tive excursion in the upper section, mimicking the 33Ceart
anomaly, whereas Ce/Ce* ratios through the section
remain constant at values near to 0.5, with the exception

of two samples at the top of the Gaojiashan Member with
higher values.

DISCUSSION

Diagenesis

Confidence in our ability to interpret environmental
changes associated with the paleontological transitions in
the Gaojiashan requires that we evaluate the degree of
alteration of the limestone samples. Based on the low

© 2016 John Wiley & Sons Ltd
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Fig. 3 (A) Field photograph showing the position of the two detrital zircon samples (09G-35.3, 09G-37.9) in the lower Gaojiashan Member. The view is
about 3 m wide. (B) Close view of bed 09G-37.9. (C) Separated and mounted detrital zircon from sample 09G-37.9. (D) Histogram and relative probability
plot for detrital zircon ages from sample 09G-37.9. Best age is 2°°Pb/?*®U date for grains younger than 1 Ga and 2°°Pb/?°’Pb date for older zircon. His-
togram bars represent 50 Ma intervals. Inset: 2°°Pb/?*3U ages for the four youngest analyses with uncertainties that overlap at the 1-sigma level. The
weighted mean of these four ages is 548 + 8 Ma (MSWD = 0.11) from which we interpret a maximum possible depositional age of 560 Ma.

Mn/Sr and Rb/Sr, and the smooth temporal trends in
other geochemical indicators defined by high-resolution
sampling, the limestones appear to be especially well pre-
served (Fig. 4). However, insofar as carbonates are suscep-
tible to isotopic exchange with meteoric or hydrothermal
fluids after burial, stable isotope compositions of carbonate
phases might reflect diagenetic overprints over depositional
signatures. For example, the lithification of marine carbon-
ates associated with the flushing of meteoric fluids could
cause coupled depletions in both '*C and 'O, assuming
the alkalinity was sourced from soil respiration (Knauth &
Kennedy, 2009). Isotopic coupling in carbonates might
also result from burial diagenesis (Derry, 2010; Bristow
et al., 2011) assuming hot fluid temperatures and alkalinity
formed through anaerobic processes. In either case, the
carbonates would be predictably recrystallized or con-
tain appreciable amounts of neomorphic calcite. These
petrographic features are not observed in the fine-grained
Gaojiashan limestones, which reveal a significant positive

© 2016 John Wiley & Sons Ltd

313Ceart excursion, whereas 318041 values remain steady.
A cross-plot of the carbon and oxygen isotope abundances
in these samples reveals no positive correlation (Fig. 5,
lower panel). Insofar as oxygen isotopes would be more
likely to be altered during water-rock interactions (Jacob-
sen & Kaufman, 1999), the 313Cearp excursion recorded in
the Gaojiashan Member is likely to reflect true secular
changes in seawater composition.

The degree of carbonate preservation may also be evalu-
ated through the analyses of CAS abundances and sulfur
isotope compositions. Published studies have shown that
CAS in marine carbonates may be affected by secondary
processes related to pyrite oxidation (Marenco et al.,
2008), which could occur in the outcrop or in the labora-
tory, or the addition of secondary atmospheric sulfate
(SAS) to carbonates exposed in desert environments (Peng
et al., 2014). On the other hand, CAS studies of modern
carbonate sediments where there was active pore-water sul-
fate reduction indicate minimal alteration of bulk carbonate
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sulfur isotope compositions (Lyons ez al, 2004). While
Gaojiashan CAS abundances are generally low (ranging
from near 0 to 150 ppm), their 8**Scag values are invari-
ant at ca. +409, throughout the succession (Fig. 5F,G),
suggesting excellent preservation of primary signals (Gill
et al., 2008). The sulfur isotope invariance, which is nota-
bly consistent with 83*S ulare analyses of bedded anhydrites
(ca. +409,,) in equivalent terminal Ediacaran strata from
Oman (Fike & Grotzinger, 2008), supports the view that
the Gaojiashan carbonates are exceptionally well preserved
and likely reflective of global seawater conditions.

To further evaluate diagenesis in the Gaojiashan Member
samples, we compared abundances of TOC and pyrite
against each other, as well as with their carbon and sulfur
isotope compositions, respectively. In neither case do we
see a systematic relationship (Fig. 5 lower panel), although
the two samples with the highest TOC do have the lowest
3'3C signatures. TOC might change by either microbial
(Borowski et al., 1996, 2013; Jorgensen et al., 2004; Ries
et al., 2009) or thermochemical (Cai ez al, 2001, 2003,
2004) sulfate reduction after deposition, which could
result in progressive **S-enrichment of product sulfide pre-
served as pyrite. However, the sedimentary rocks have not
been buried deeply enough to drive the thermal reactions.
Furthermore, we find no systematic relationship in TOC-
TS or TOC-3**S cross-plots, suggesting that these

secondary processes did not significantly impact the Gaoji-
ashan samples.

Redox constraints for the Gaojiashan Member

Multiple lines of evidence suggest that the paleontological
transition in the middle Gaojiashan Member is accompa-
nied by strong ocean stratification (Figs 5 and 6). Support
for this interpretation comes from the negative excursion
in the *C abundance of TOC — which mirrors the positive
313C o excursion — resulting in the greatest magnitude of
A3'3C values in the Clondina interval (Fig. 5A-C). In
light of the abundance of microbial fabrics in both the
Gaojiashan Member (Cai et al., 2010) and the Nama
Group (Bouougri & Porada, 2007), these decoupled
chemostratigraphic carbon isotope trends could plausibly
have resulted from organic matter derived from benthic
microbial mats where anaerobic chemoautotrophs utilized
locally recycled '3C-depleted DIC to form biomass with
lower Blscorg values (Des Marais, 1990; Hayes, 1993;
Falkowski et al., 2008; Houghton et al., 2014). Alterna-
tively, there may have been an enhanced flux of organic
matter derived from anoxygenic photoautotrophs such as
green and purple sulfur bacteria that utilize H,S as a
source of electrons during photosynthesis (Johnston et al.,
2009). These photoautotrophs typically exist along redox

© 2016 John Wiley & Sons Ltd
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Fig. 5 Integrated litho-, bio-, and chemo-stratigraphy of the Gaojiashan Member, including fossil occurrences of Conotubus and Cloudina, as well as
geochemical profiles of carbonate carbon (8"*Cearb, %, V-PDB) and organic carbon (8"Cyg, %, V-PDB) isotopes, carbon isotope fractionations (A8"Carb-org), PYr-
ite sulfur (8**Srs, %, V-CDT) and CAS sulfur (3"*Ccas, %, V-CDT) isotopes, sulfur isotope fracionations (A8>*Scas.pyite), total organic carbon content (TOC), total
sulfur content (TS, dominated by pyrite with trace amount of organic S), carbonate-associated sulfate concentration ([CAS] in ppm). The cross-plots below the
main figure show the relationships of 8">Cearty3"®Ocarby TOC-TS, 8">Corg-TOC, 83*Srs-TOC, §**Srs-TS, §'*Cea-Sr/Ca. BW = Beiwan, AD = Algal Dolomite.

chemoclines and utilize respired CO,, which is typically
depleted in '*C relative to its atmospheric equivalent (e.g.,
Brocks et al., 2005). In either case, the spread of anoxic/
euxinic conditions across the platform would have pro-
moted organic matter burial (Hayes ez al., 1983) and the
positive 8'3Cp excursion. High abundances of organic S
compounds, indicative of euxinic conditions, are also
revealed by biomarker studies of the Gaojiashan-equivalent
Shibantan Member (Duda et al., 2014). Further evidence
for the spread of anoxia associated with the decoupled
8'3C excursions is found in the profoundly negative §*33U
signatures of Gaojiashan limestones (Zhang et al., 2015),
and our sulfur isotope measurements.

Chemostratigraphic analyses of the Gaojiashan Member
reveal a profound rise in 83’4‘SpyritC values from as low as
—309, in the lower half of the member to peak values near
+309, between 35 and 40 m before falling rapidly to val-
ues averaging around +109, in the Cloudina-bearing beds
(Fig. 5G). In contrast, the 3**S of CAS remain steady at
values of ca. +409, throughout the Gaojiashan Member.
The calculated sulfur isotope contrasts (A3**S) range
widely in the lower half of the succession, with a maximal

© 2016 John Wiley & Sons Ltd

value of 729, but in the upper half A§**S is relatively con-
stant at ca. 30-359%, (Fig. 5H). Interpreting the environ-
mental significance of these remarkable stratigraphic
variations requires the recognition that the 83*Scas and
(3348pyritc signatures are inherited from different parts of
the depositional basin. Sulfate incorporation into primary
carbonate sediments would occur within the water column,
whereas pyrite would form either in euxinic bottom waters
or within sediments. Considering this spatial separation,
local sulfate availability could dictate the §**S isotopic dif-
ference between CAS and pyrite, particularly if pyrite is
formed in non-bioturbated and microbially sealed sedi-
ments where the water—sediment interface represents a sig-
nificant diffusion barrier (Bottjer et al., 2000; Bouougri &
Porada, 2007; Fike et al., 2008, 2009). While such a sce-
nario might apply to discrete intervals within the Gaoji-
ashan—including the Shaanxilithes and Conotubus zones
(Fig. 5H)—other parts of the succession have measured
A3**S differences that are significantly larger. Furthermore,
the constancy of the §**Scag values through the Gaoji-
ashan suggests that the perturbation in the terminal Edi-

acaran sulfur cycle did not involve changes in the marine



352 H. CUl et al

SULFATE, NUTRIENT,
ALKALINITY

. enhanced primary productivit
oxic B 1ygp A1

WEATHERED INFLUX —3p»-

Oxygen Minimum Zone
anoxia (euxinia?)

MSR

enhanced organic C and pyrite burial
organic C recycling ("°C, -depleted)
authigenic pyrite (34Spy-enriched)

...... ?*

euxinic

syngenetic pyrite (*S_ -depleted)

higher §°C_ TOC%

organic C burial pyrite burial

AN oMzand T
Euxinia
T T
sulfate, nutrient, and sulfate reduction
fossil
pyritization

[ ] atmosphere [ hydrosphere [Jili] biosphere [Ji] taphonomy
—» Ccycling —» S cycling

atmospheric
oxygenation

alkalinity influx
via oxidative weathering

_ Mmetazoan UMM predation
biomineralization

Fig. 6 Conceptual weathering and biogeochemical model for the Gaojiashan Member. (A) During Stage 1, the basin was stratified with oxic surface water
above euxinic deepwater. Bacterial S disproportionation (BSD) may be an important contributor to the sulfur cycle. (B) During Stage 2, the basin was strongly
influenced by the spread of an oxygen minimum zone (OMZ) beneath oxic surface waters. This likely occurred as a result of sea level regression and
enhanced continental weathering, which resulted in a larger sulfate pool in the ocean, elevated ocean alkalinity, and microbial sulfate reduction (MSR) as the
dominant pathway for microbial sulfur cycling. (C) Biogeochemical feedback that links the carbon and sulfur cycles to atmospheric oxygenation, animal evolu-

tion, and fossil preservation.

sulfate isotopic composition. Thus, the ~60%, shift in 5°*S
of pyrite from the lower to the upper Gaojiashan Member
may require a change in biologically induced fractionations
involving both the reductive and oxidative paths of the sul-
fur cycle (i.e., bacterial S disproportionation, or BSD)
(Canfield & Thamdrup, 1994), or microbial sulfate reduc-
tion (MSR) with very low sulfate reduction rates (SRR)
(Canfield et al., 2010; Leavitt et al, 2013; Wu & Far-
quhar, 2013; Wing & Halevy, 2014).

In the case of BSD, sulfur is recycled via both reductive
and oxidative pathways. On the reductive side, the magni-
tude of kinetic sulfur isotope fractionation (esg) has been
observed to correlate directly with extracellular sulfate con-
centrations. Experiments from pure cultures of sulfate
reducers indicate maximal fractionation of 669, at sulfate
concentrations similar to modern seawater at 28 mm (Sim
et al., 2011), while esg may be suppressed at very low sul-
fate abundances (<200 pm) (Habicht ez al., 2002). On the
oxidative side, the sulfide produced through MSR is typi-
cally re-oxidized to elemental sulfur, which is subsequently
disproportionated to sulfate and sulfide, by coupling with
the reduction of O,, NOj3, or iron and manganese com-
pounds (Canfield & Thamdrup, 1994). Disproportionation
reactions thus can significantly augment the fractionations
induced during MSR, resulting in isotopic contrasts
between reactant sulfate and product sulfide of >70%,
(Fig. 5H).

Alternatively, very low rates of MSR may also lead to
large fractionations. Recent studies of lacustrine euxinic

systems indicate that >709,, fractionations are achievable by
both isolated and natural populations of sulfate reducers
(Canfield ez al., 2010; Gomes & Hurtgen, 2015). Further-
more, environmentally controlled experiments suggest that
MSR-related fractionation could be strain specific (Bradley
et al., 2016), or related to SRR that are dependent on the
availability of organic substrates as electron donors (Can-
field et al., 2010; Leavitt et al., 2013; Leavitt, 2014; Wing
& Halevy, 2014; Gomes & Hurtgen, 2015). In this case,
the magnitude of fractionation is inversely correlated with
the rate of sulfate reduction (e.g., Xiao et al., 2010). With
these constraints in mind, the A8**S >70%, in the lower
interval of the Gaojiashan may reflect BSD coupled with
MSR, or result solely from MSR with very low SRR. The
former scenario is consistent with sulfide oxidation occur-
ring along a chemocline above euxinic deep waters
(Fig. 6A), which is our preferred interpretation for this
marginal marine basin.

Based on systematic studies of modern environments
and Phanerozoic shales (Berner & Raiswell, 1983, 1984),
very low C/S ratios might indicate euxinic marine condi-
tions. Although the C/S proxy is not well calibrated for
carbonates, the preponderance of Gaojiashan limestones
with values <1 (Fig. 5 lower panel) suggests the possibility
of euxinic conditions in the depositional basin. This view is
consistent with the high Ce/Ce* values in the upper
Gaojiashan samples (Fig. 4H), although carbonates have
notoriously low REE abundances and should thus be inter-
preted with caution.

© 2016 John Wiley & Sons Ltd



Global indicators of dynamic redox conditions

Chemostratigraphic  comparison of terminal Ediacaran
successions in South China, Oman, and Namibia reveals
both similarities and differences, suggesting local overprint
of global signals in some basins (e.g., Loyd et al, 2013;
Wood et al., 2015) (Fig. 7). Global conditions appear to
be reflected in the similarity in the magnitude and direc-
tion of isotope trends in South China and Oman. For
example, in the uppermost Buah Formation of Oman,
paired CAS-pyrite measurements reveal large magnitude
sulfur isotope fractionations (with maximal A§%**S ~ 509%,)
prior to the first occurrence of Cloudina (Conway Morris
et al., 1990), just as we document for the lower Gaoji-
ashan Member. The large fractionation seen in two basins
suggests the dominance of sulfur disproportionation reac-
tions (Fike et al., 2006; Fike & Grotzinger, 2008), which
is supported by a recent multiple sulfur isotope study indi-
cating enhanced sulfide re-oxidation in the uppermost
Buah (Wu ez al, 2015). In this interval, disproportionation
reactions likely dominated over MSR insofar as the latter
would be discouraged if there was active photoautotrophic
sulfide oxidation (Fig. 6A) (Habicht & Canfield, 2001).
Stratigraphically higher in the Ara Formation where Clond-
ina occurs in carbonates interbedded with evaporites, the
3**S compositions of pyrite and CAS are notably invariant
with a smaller magnitude of fractionation (ca. 309,) (Fike
2008), again
observations from the upper Gaojiashan. The **$ enrich-

&  Grotzinger, exactly matching our

ments in pyrite and the smaller sulfur isotope differences
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between reduced and oxidized phases are best explained by
high rate of MSR, which we view as the dominant sulfur
metabolism associated with the spread of anoxic bottom
waters (Fig. 6B,C). In sum, the correlated observations
from South China and Oman indicate a global environ-
mental control on biological sulfur fractionations.
To the contrary, chemostratigraphic data
Cloudina-bearing strata of the Nama Group in southern

from

Namibia provide a completely different pattern of 3*S
enrichments and fractionation. In this case, strongly posi-
tive 834Spyrit€ values are most-often paired with anoma-
lously low and scattered 53*Scag values, resulting in
inversely fractionated A&**S values (Ries ez al, 2009).
Stratigraphically coherent CAS results are only seen in the
Omkyk Member where there is a positive 53%Scag shift
from ca. +10 up to +409,, which is similar to the trend
encompassing the transition to the Cloudina-bearing beds
in Oman and South China (Fig. 7), and in the uppermost
the
boundary. In this case, however, the CAS sulfur isotope

Spitzkop  Member  below Ediacaran—Cambrian
compositions are depleted in **S by ~20%, relative to
equivalent upper Ara strata in Oman. Based on our experi-
ence with quantitative preparation techniques, it would
appear that the Namibian CAS samples were not ade-
quately leached of non-CAS components. In contrast to
our extensive efforts to remove the non-carbonate fraction
(see Methods), Ries et al. (2009) leached the CAS
powders with Milli-Q water only once, and this is unlikely
to have quantitatively removed sulfate on mineral surfaces
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Fig. 7 Integrated carbon and sulfur isotopic profiles from late Ediacaran strata in Oman (Fike & Grotzinger, 2008) and Namibia (Ries et al., 2009). The
remarkable difference in sulfur isotope trends between Oman and Namibia may result from effects of local conditions (e.g., different organic carbon flux,
sulfate concentration) on microbial sulfate reduction rate and sulfur isotope fractionations, but may also reflect analytical issues (see text).
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formed through pyrite oxidation (Marenco et al., 2008) or
SAS (Peng et al., 2014). The presence of these contami-
nants would cause 83*Scag values to be more negative and
hence would not reflect depositional signatures (Wotte
et al., 2012). In our view, the inversely fractionated sulfur
isotopes from this succession should be interpreted with
caution, although they do highlight the potential redox
differences between equivalent terminal Ediacaran basins.

In addition, there are notable contrasts in carbon isotope
anomalies among the terminal Ediacaran successions in
South China, Oman, and Namibia. Chemostratigraphic
data from the Dengying Formation suggest the possibility
of three separate positive excursions (Fig. 1), with their
different stratigraphic thicknesses likely associated with
varying sediment accumulation rates. In contrast, there is
significant 33Ceat variability in the evaporite-rich succes-
sion from Oman (Fike & Grotzinger, 2008; Wu et al.,
2015), including negative anomalies within the cloudinid
interval interspersed with at least two positive excursions
(Fig. 7). In Namibia, there is only one post-Shuram posi-
tive 813C..yp, excursion followed by a long plateau of mod-
erately positive (ca. +1 to +3%,) values leading up to the
Ediacaran—Cambrian boundary (Fig. 7) (Ries et al., 2009).
Other terminal Ediacaran successions, including those in
northern India, also reveal significant differences in carbon
isotope stratigraphic profiles (Kaufman ez al., 2006). Taken
together, the interbasinal variations in carbon and sulfur
isotope compositions likely reflect redox differences in the
depositional environments of the various basins. If correct,
the Ediacaran experiment in animal life must have been
spread across a dynamic environmental landscape, which
may help to explain the distribution of geographically
unique assemblages (Narbonne ez al., 2014).

Enhanced alkalinity in the terminal Ediacaran ocean

Compared with carbonates in the underlying Doushantuo
Formation (e.g., McFadden ez al, 2008), the generally
lower TOC contents of the Gaojiashan limestones are
notable, and may reflect either depositional or early diage-
netic processes. For example, pervasive water column or
sediment recycling of organic matter may have decreased
original organic carbon contents in sediments. In addition,
the anaerobic conversion of simple organic compounds to
alkalinity could have resulted in the formation of ubiqui-
tous authigenic carbonates (Higgins et al, 2009; Schrag
et al., 2013). Driven by iron or sulfate reduction of avail-
able organic substrates, the addition of authigenic carbon-
ate to the sediments would, however, have resulted in a
negative (rather than a positive) carbon isotope excursion.
Alternatively, the generally lower TOC values may reflect
significant dilution by abundant carbonate formed from
highly alkaline seawater. In this case, the source of the
alkalinity was more likely to be from terrestrial weathering,

as indicated by the significant rise in 37Sr/*Sr in the ter-
minal Ediacaran Period (Kaufman ez al, 1993, 1997,
Halverson et al., 2007; Sawaki et al., 2010; Cui et al.,
2015). The abundance and carbon isotopic composition of
river-derived alkalinity in the Ediacaran Period was likely to
be highly variable, depending on the differential weather-
ing of bedrock lithologies (e.g., carbonates vs. silicates). In
the absence of land plants or extensive microbial surfaces,
terrestrial sources of alkalinity need not have been signifi-
cantly depleted in '*C. Elevated seawater alkalinity at this
time is consistent with the presence of aragonite crystal
fans preserved in the time-equivalent Nama Group in
Namibia (Grotzinger, 2000; Grotzinger ez al., 2005; Hall
et al., 2013), which records a singular Ediacaran positive
813C.., excursion (Kaufman et al,, 1991; Saylor et al.,
1998). Overall high alkalinity is also consistent with the
dominance of carbonate in terminal Ediacaran successions
worldwide and may explain the extremely high accumula-
tion rate estimated for the Dengying (i.e., >650 m in
~10 million vyears), as compared with the underlying
Doushatuo (i.e., <200 m in ~84 million years) (Fig. 1).

Enhanced terminal Ediacaran alkalinity may also be
interpreted from our elemental results from the Gaoji-
ashan, as well as interbasinal and intrabasinal equivalents.
In particular, the [Sr] and Sr/Ca data measured from the
Gaojiashan limestones reveal positive excursions in step
with the positive 33Cearty anomaly (Fig. 8). A similar [Sr]
excursion coincident with peak 5'*C compositions of car-
bonates is noted in the Gaojiashan-equivalent Shibantan
Member in the Yangtze Gorges areca (Sawaki et al.,
2010). A rise in [Sr] is also noted in the broadly equiva-
lent Nama Group in southern Namibia (Ries ez al., 2009)
although this geochemical anomaly postdates the first
appearance of Cloudina and the singular positive §'3C
excursion in the thick sedimentary succession. The appar-
ent [Sr] rise in Namibia is potentially complicated by the
addition of Sr from siliciclastics admixed with the carbo-
nates due to the use of aqua regia (Ries et al. 2009),
which would attack both carbonate and siliciclastic com-
ponents during dissolution. Nonetheless, all sections show
positive [Sr] excursion in Cloudina-bearing intervals. For
the Gaojiashan, the invariantly low Mg/Ca values of sam-
ples suggest that dolomitization played no role in the ele-
mental excursion (Fig. 4).

Given that the dominant source of Sr in the ocean is
from the chemical weathering of the continental crust
(Shields, 2007; McArthur ez al., 2012), including both sili-
cates and carbonates, enhanced [Sr] and Sr/Ca values sup-
ports the view that terrestrial weathering and the delivery
of alkalinity through riverine inputs buffered shallow ocean
basins to variable degrees in the terminal Ediacaran Period.
The weathering of Ca silicate minerals can be simply
represented by the overall reaction (Berner, 2004):
CO, + CaSiO3 — CaCOjz + SiO,, which over geological

© 2016 John Wiley & Sons Ltd
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Fig. 8 Integrated litho-, bio-, and chemo-stratigraphy of the terminal Ediacaran Gaojiashan Member in the study area, Yangtze Gorges area, and Namibia,
including geochemical profiles of carbonate carbon isotopes (3"*Cearp, %, V-PDB), strontium concentration ([Sr] in ppm, plotted in log scale), and 3*4/#2Ca (%,).
Ca isotope ratios are given relative to NIST SRM 915a. Data for the section in Yangtze Gorges area are from Sawaki et al. (2010, 2014). Data for the section in
Namibia are from Ries et al. (2009). Note that the Sr concentrations are measured using different acids in different studies. The negative 5**Ca excursion in the
Gaojiashan-equivalent Shibantan Member has been interpreted to reflect high Ca concentration in terminal Ediacaran seawater (Sawaki et al., 2014).

time scales sequesters atmospheric CO, into carbonate graphic interval represented by the Gaojiashan Member
minerals by liberating Ca** and HCOj3 ions that are then would seem to preclude this possibility. On the other,
carried to seawater by rivers. While terrestrial carbonate the [Sr] excursion might result from postdepositional
weathering is not a geological sink for atmospheric CO,, diagenesis, through which Sr was preferentially flushed
the resultant flux of alkalinity does effect overall carbonate from specific horizons in the Gaojiashan Member during
saturation state (e.g., Kump er al, 1999; Hoffman & neomorphic aragonite-to-calcite transformations (Katz
Schrag, 2002; Higgins & Schrag, 2003). et al., 1972). However, given the excellent petrographic
Associated with higher alkalinity and higher carbonate and oxygen isotopic preservation of the samples, the
saturation, it should be noted that Sr/Ca may also be con- absence of dolomitization, and smooth carbon and sulfur
trolled by precipitation rate. For biogenic carbonates (e.g., isotope trends, we attribute the elevated Sr/Ca ratios in
coccoliths), the ratio of Sr to Ca has been widely used as a the Cloudina interval to (i) elevated Sr flux from the
productivity proxy (e.g., Stoll & Schrag, 2001; Stoll & continents to contemporaneous seawater and/or (ii)
Bains, 2003) insofar as there is a strong link between Sr/ enhanced precipitation rate in a carbonate over saturated
Ca, export production, and calcification rate (Stoll & ocean.
Schrag, 2001). Similarly, laboratory experiments reveal that Emerging support for weathering-induced high alkalinity
rapid precipitation rates induce greater Sr partitioning into in terminal Ediacaran seawater may come from Ca isotope
abiotic calcite (Lorens, 1981; Tesoriero & Pankow, 1996; (8**Ca) measurements of the Gaojiashan-equivalent
Tang et al., 2008; DePaolo, 2011). Thus, the precipitation Shibantan Member. In this unit, a sharp negative 3**Ca
rate of carbonate in either Cloudina or in inorganic micrite excursion (down to 0.3%,) has been interpreted to reflect
may have additionally influenced the Sr/Ca ratios of the anomalously high seawater Ca concentrations. The Ca iso-
Gaojiashan limestones. tope system has been used to make inferences regarding
Variable partitioning of strontium by aragonite and the seawater Ca cycle in deep time (DePaolo, 2004; Niel-
calcite relative to seawater may also have resulted in the sen et al., 2011), with a special emphasis on perturbations
observed variations of Sr/Ca in the Gaojiashan samples. of 3*Ca during chemical weathering events. Enhanced
Strontium has a crystal ionic radius larger than that of chemical weathering in the Cenozoic (between 40 and
Ca®* and thus prefers the more open octahedral crystal 10 Ma), for example, has been interpreted based on the
structure of aragonite over the smaller hexagonal struc- presence of negative 8**Ca excursions (De La Rocha &
ture of calcite (Wray & Daniels, 1957; Lorens, 1981). DePaolo, 2000; DePaolo, 2004). Similarly, a Cretaceous
Thus, on the one hand, the enhancement in [Sr] in the negative 5**Ca excursion believed to be related to
Gaojiashan limestones and their equivalents might reflect enhanced weathering (Blittler et al., 2011) coincides with
a secular change from calcite to aragonite-dominated seas a positive 8'3C anomaly and an Oceanic Anoxic Event, all
(e.g., Stanley & Hardie, 1998), although the short strati- of which match our observations of the Gaojiashan.
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In concert, the sedimentological and geochemical
observations of Cloudina-bearing strata in South China
and elsewhere suggest that the terminal Ediacaran ocean
was highly alkaline. If correct, high concentrations of Ca
and alkalinity well may have enabled the earliest example of

calcareous biomineralization by animals.

Environmental context of pyritization and
biomineralization

Based on our chemostratigraphic observations of the
Gaojiashan Member, the first appearance of Clondina
coincided with the development of anoxic and episodically
cuxinic conditions across the shelf environment. It is likely,
however, that this first biomineralized metazoan lived in
the oxidized shallower water column and was swept into
deeper anoxic settings by storm events (Cai ez al, 2010)
(Fig. 5B). In contrast, our geochemical results suggest that
Conotubus and other soft-bodied Ediacara biotas thrived at
a time of more generally oxidizing conditions within the
water column prior to the peak of the 3'3C excursion. In
the equivalent Shibantan Member in the Yangtze Gorges
region, the soft-bodied organisms are preserved in subtidal
environments and are closely associated with abundant
bilaterian burrows, suggesting moderate levels of bioturba-
tion (Chen et al., 2013, 2014; Meyer et al.,, 2014). It is
notable that Conotubus and many Ediacara remains, as well
as the microbial surfaces, were preserved in these environ-
ments through pyritization (Gehling, 1999; Schiftbauer
et al., 2014). In the ‘death mask’ model, pyritization of a
decomposing metazoan would stabilize its surface and
allow the external form of the organism to be imprinted
with exquisite detail; in the case of the Gaojiashan Mem-
ber, similar pyritization process may have also molded
Conotubus tubes from inside. Based on in situ SIMS %S
analyses, it has been proposed that pyritization of
Conotubus was tueled by the degradation of labile organic
tissues through MSR (Schiffbauer ez al., 2014) near the
sediment-water interface. Consistent with pyritization as a
widespread fossilization pathway, many soft-bodied fossils
and associated microbial surfaces in the Gaojiashan and
Shibantan exposures are coated with iron oxides and jaro-
site (an iron-bearing sulfate mineral) that are the oxidative
weathering products of early diagenetic pyrite (Hall ez al.,
2013).

The balance between the ecological pressures and physi-
ological responses that resulted in the biomineralization of
Cloudina is nicely viewed from the Gaojiashan Member
and its equivalents in South China. On the one hand, Hua
et al. (2003) highlighted the large number of drill holes
on Cloudina shells in the Dengying Formation and
hypothesized that predation tipped the balance toward
calcification as a means of protection. On the other hand,
our results emphasize clear temporal changes in seawater

chemistry that are associated with this evolutionary
milestone. We interpret the geochemical trends to reflect
enhanced terminal Ediacaran chemical weathering that
introduced nutrients, which drove primary productivity,
the spread of anoxia, and higher rates of organic carbon
burial. Chemical weathering would also have delivered
alkalinity and cations including calcium to seawater, pro-
moting rapid carbonate accumulation in shallow marine
settings. In addition, sulfate delivery would have further
stimulated MSR, which would provide an additional
source of seawater alkalinity depending on the extent of
water column anoxia. Biomineralization could then have
been a means to remove excess calcium from the newly
developed circulatory systems of evolving metazoans (Sim-
kiss, 1977) in the context of higher overall secawater alka-
linity in the terminal Ediacaran Period (Grotzinger et al.,
2005).

Studies of Phanerozoic biomineralization further high-
light the effect of secawater chemistry on calcification.
Although the secretion of biominerals often occurs in
internal environments isolated from seawater (Weiner &
Dove, 2003), seawater chemistry could indirectly deter-
mine skeletal mineralogy by affecting the physiological
costs of biomineralization (Knoll, 2003a), thus resulting in
distinct patterns of skeleton evolution through Earth his-
tory. Indeed, extensive compilation of non-skeletal carbon-
ates and hypercalcifying animals in the Phanerozoic reveals
that the Mg/Ca and [Ca] of seawater during periods of
aragonite or calcite-dominated seas had a strong influence
on skeletal mineralogy (Stanley & Hardie, 1998; Stanley,
2006; Porter, 2010). High-Mg calcite and aragonite shells
appear to have dominated under aragonite seas, while
shells composed of low Mg calcite dominated under calcite
seas. This pattern is also seen in the Cambrian Period when
the first massive biodiversification of skeletal animals
occured (Porter, 2007). In the terminal Ediacaran, the
widespread appearance of seafloor aragonite fans (Grotzin-
ger, 2000; Grotzinger et al., 2005; Hall et al., 2013) and
rapid accumulation of carbonates supports the aragonite
sea hypothesis, and is consistent with the inferred high-Mg
calcite mineralogy of Cloudina (Grant, 1990; Zhuravlev
et al., 2012).

Temporal growth in the oceanic sulfate reservoir

Projected to the world stage and viewed through the long
lens of Earth history, paired sulfur isotope data in the ter-
minal Ediacaran Gaojiashan Member stand out among the
highest 3%*S e values (up to +409,) and largest S iso-
tope fractionations (ca. +70%,) for the whole Precambrian
(Fig. 9). This pattern may reflect a strongly stratified ocean
(e.g., Jiang et al., 2007; Shen et al., 2008, 2010, 2011; Li
et al., 2010), which would be particularly meaningful dur-
ing the terminal Ediacaran when a putative atmospheric
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and oceanic oxygenation event occurred (i.e., Neoprotero-
zoic Oxygenation Event, or NOE) (Kaufman et al., 1993;
Shields-Zhou & Och, 2011; Och & Shields-Zhou, 2012;
Lyons et al., 2014; Liu et al., 2016).

Growth of the Ediacaran sulfate pool has been hypothe-
sized to be associated with the NOE (Fike et al., 20006),
which occurred in the aftermath of the Marinoan ice age (ca.
635 Ma). A recent quantitative model analysis based on sul-
fur isotope trends through the Ediacaran Period suggests
that oceanic [SO?[] was low (<5 mMm) in the aftermath of
the Marinoan glaciation, but then rose (>5 mm) across the
Ediacaran—-Cambrian boundary (Algeo et al., 2015). The
inflection of sulfate concentrations may well have coincided
with the middle Ediacaran Shuram excursion, a profound
negative carbon isotope anomaly (Grotzinger et al., 2011)
recognized in multiple sections across the globe including
Shuram Formation in Oman and the upper Doushantuo
Formation of South China (Cui ez al., 2015). Sulfur isotope
profiles in both regions reveal a parallel decrease in both
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338 yrie and 8%*Scas (Cui et al, 2015) that likely reflect
the significant growth of the Ediacaran sulfate pool (Fike
et al., 2006; Halverson & Hurtgen, 2007; Kaufman ez al,
2007; McFadden et al., 2008). Consistent with this view,
psuedomorphs of gypsum are found in the Shuram equiva-
lent Wonoka Formation in South Australia (Calver, 2000)
and in the Doushantuo (Lu et al., 2013). Above the Shu-
ram, an increasing number of bedded evaporite horizons
have been discovered in terminal Ediacaran successions,
including the Dengying (Siegmund & Erdtmann, 1994;
Duda ez al., 2015; and this study) and Ara formations (Fike
& Grotzinger, 2010), as well as the Hanseran Evaporite
Group in northwestern India (Strauss ez al., 2001; Mazum-
dar & Strauss, 20006).

The trigger for the terminal Ediacaran rise in seawater
sulfate remains a question of considerable debate. It has
been proposed by Canfield & Farquhar (2009) that the
emergence of bioturbation near the Ediacaran—Cambrian
boundary was the proximate cause insofar as sediment
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mixing would result in enhanced sulfide oxidation and
recycling (Bottjer et al., 2000; Meysman et al, 20006;
Rogov et al., 2012; Chen et al., 2014). While bioturbation
clearly modified ecosystems in the Fortunian Stage of the
Cambrian Period (Bottjer et al., 2000; Meysman et al.,
2000), there is little support for deep penetration by ani-
mals into sedimentary layers dominated by microbial mats
in the Shuram or terminal Ediacaran intervals (e.g., Car-
bone & Narbonne, 2014; Meyer ¢t al., 2014). Moreover,
recent investigations have demonstrated that the mixing of
sediments on marine shelves remained limited until at least
the late Silurian, 120 million years after the Precambrian—
Cambrian transition (Tarhan & Droser, 2014; Gingras &
Konhauser, 2015; Tarhan ez al., 2015).

Alternatively, it is likely that the increase in Ediacaran sul-
fate concentrations was driven by enhanced oxidative weath-
ering of pyrite in continental and oceanic sediments exposed
by sea level regression (Kaufman er al., 2007; Wang et al.,
2016). This scenario is consistent with the profound increase
in seawater 8”Sr/%%Sr (from ca. 0.7080 to 0.7090) recorded
globally in carbonates deposited during the Shuram excur-
sion (Burns et al, 1994; Calver, 2000; Melezhik et al.,
2009; Sawaki ez al., 2010; Cui et al., 2015). The Sr isotope
shift most likely accompanied enhanced silicate weathering
(Kaufman ez al., 1993; Halverson et al., 2007; Cui et al.,
2015), which led to an increase in the delivery of nutrient
and sulfate to the oceans. By stimulating photosynthesis,
these continental fluxes would on the one hand result in the
oxidation of surface environments, while on the other, the
remineralization of organic matter along marginal marine
settings would simultancously resulted in the expansion of
oxygen minimum zones (OMZs). Oceanic redox stratifica-
tion would have simultaneously stimulated the oxidative side
of the sulfur cycle through widespread sulfur disproportion-
ation along chemoclines (Canfield & Thamdrup, 1994; Fike
et al., 2006; Wu et al, 2015) and the reductive side
through MSR within the anoxic plumes. Both microbial pro-
cesses would have delivered *?S sulfur as pyrite into the sedi-
ments and thereby drove oceanic sulfate compositions to
positive 3**S extremes (Canfield, 2004).

CONCLUSIONS

Terminal Ediacaran strata of the Gaojiashan Member pre-
serve a record of dynamic carbon and sulfur cycling ulti-
mately driven by tectonic forces, a rise in atmospheric
oxygen, and enhanced chemical weathering of the exposed
continents. Data from South China suggest that the atten-
dant flux of nutrients and alkalinity increased oceanic pro-
ductivity and carbonate saturation state, resulting in a
redox stratified ocean basin where animals evolved to form
calcareous shells, through the combined ecological pressure
of predation and the environmental pressure of high car-
bonate saturation, for the first time in Earth history.
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