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Early diagenetic silicification and phosphatization of the Ediacaran Doushantuo Formation (ca. 635 to 551Ma) in
South China offer extraordinary taphonomic windows into the early evolution of multicellular eukaryotes, in-
cluding various algal groups and potentially animals. In order to understand how the ecological and taphonomic
distribution of these Ediacaran eukaryotes was controlled by oceanic redox conditions, it is critical to reconstruct
the redox architecture of the sedimentary basin. Recently two alternative redox models have been proposed to
account for the geochemical and sedimentary features of the Doushantuo Formation. One argues that the unit
was deposited on a continental marginwhere ametastable sulfidic wedgewas dynamicallymaintained by a sul-
fate concentration gradient between shelf and basinal environments. The other contends that the sulfidic water
mass was largely restricted to the intra-shelf basin behind a rimmed margin. These two models make different
predictions about the stratigraphic completeness and correlation of theDoushantuo Formation. To test these pre-
dictions, we generated high-resolution time-series trends of multiple isotopic and elemental tracers, including
δ34S, 87Sr/86Sr and Ce/Ce*, to facilitate an integrated chemostratigraphic correlation between inner shelf
(Xiaofenghe), intra shelf (Jiulongwan), and outer shelf (Yangjiaping and Zhongling) sections. Our correlations
suggest that both the inner and outer shelf sections are stratigraphically incomplete relative to the intra shelf sec-
tion. The euxinicwedgemodel should be reconsidered insofar as it is based on amiscorrelation between sections.
Viewed from our revised chemostratigraphic framework, euxinic conditions on the platform appear to have been
largely restricted to the intra shelf basin. Carbonates in the upper Doushantuo Formation at Jiulongwan and their
stratigraphic equivalents are characterized by a profound negative carbon isotope anomaly (i.e., the Shuram Ex-
cursion) coincident with a drop in pyrite sulfur isotope values and a significant rise in 87Sr/86Sr from 0.7080 to
0.7090. The integrated stratigraphic data from South China suggest that the onset of the Shuram Excursion is as-
sociated with enhanced oxidative continental weathering that delivered radiogenic strontium, as well as sulfate,
to the Ediacaran basin.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The unrestricted Modern ocean is pervasively oxygenated from the
surface to the abyssal deep (with oxygen content ranging from 3.5 to
7 mL/L depending on the salinity and temperature of various ocean
masses) with the exception of oxygen minimum zones where the
remineralization of particulate organic matter by aerobic bacteria
draws the breathing gas to its lowest concentration (ca. 0.2 mL/L)
(Deutsch et al., 2011). Nitrate can also become limiting in these zones
as denitrifying bacteria use the oxidant for respiration. Animals living
in oxygen minimum zones must either have a reduced metabolic rate
or be very efficient at extracting O2 from seawater. Some of these ani-
mals have evolved to have large gill surface areas, resulting in short dif-
fusion distances from the water to the blood. Given that even the
simplest animals require a few percent of present atmospheric levels
(Mills et al., 2014) andmore complex organisms needmuchmore to en-
gage in more active life styles, it is important to understand the redox
state of the water column and how oxygen contents in shallow marine
ecosystems might be modified by future global warming (Mora et al.,
2013).

Determining the redox architecture of ancient oceanmargins is par-
ticularly important in the Ediacaran Period (635 to 541 Ma) when the
first large complex life forms (including animals) evolved (Xiao and
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Laflamme, 2009), assuming the Ediacara biota requiredO2 for theirmet-
abolic activities and acquired the gas through diffusion (Laflamme et al.,
2009). Most, if not all, fossils of the Ediacara biota appear in the
sedimentary record following a profound negative carbon cycle anoma-
ly known as the Shuram Excursion (Grotzinger et al., 2011; Macdonald
et al., 2013) named after strata in Oman where the event was first
described (Burns andMatter, 1993). During this event the carbon isoto-
pic compositions of bedded carbonates, including some oolitic and
stromatolitic facies (cf. Melezhik et al., 2009; Lu et al., 2013), fell to a
nadir of less than −10‰ and stabilized for millions of years before
returning to pre-event conditions. This profound negative carbon
cycle anomaly has been interpreted in variousways, including 1) modi-
fication of global seawater compositions through oxidation of dissolved
organic compounds in the oceans (Rothman et al., 2003), fossil organic
carbon exposed on land (Kaufman et al., 2007), ormethane in clathrates
(Bjerrum and Canfield, 2011), 2) mixing of normal seawater precipi-
tates with authigenic carbonates of anomalous isotopic composition
formed through anaerobic metabolic activities (Schrag et al., 2013), or
3) alteration of carbonate sediments through interactionwith diagenet-
ic fluids of terrestrial origin (Knauth and Kennedy, 2009; Derry, 2010).

The Shuram Excursion is well developed in Ediacaran successions
throughout South China (Jiang et al., 2007, 2011; Zhu et al., 2007;
McFadden et al., 2008; Wang et al., 2012; Lu et al., 2013; Zhu et al.,
2013; Tahata et al., 2013), including thewell-studied intra-shelf section
near Jiulongwan (Fig. 1A, B)where the onset of the carbon isotope event
occurs in dolostone and limestone facies immediately above a thick
cherty horizon (McFadden et al., 2008). Notably, in both the proximal
inner shelf section at Xiaofenghe, as well as the distal outer shelf sec-
tions at Zhongling and Yangjiaping, the Shuramcarbon isotope anomaly
is missing altogether, or is very poorly expressed (Zhu et al., 2007; Li
et al., 2010; Kunimitsu et al., 2011; Xiao et al., 2012; Liu et al., 2013;
Zhu et al., 2013). Based on iron-speciation analyses and a clear sulfur
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Fig. 1. (A) Geological map of China, with the Yangtze Craton highlighted in color. (B) Reconstru
dots mark the location of the four sections discussed in this paper. (C) Open shelf model with a
trations and a gradient of sulfate concentration between shallow and deep environments (Li et a
and deep basin settings (Jiang et al., 2011; Wang et al., 2012; Sahoo et al., 2012). (E) Distance
isotope contrast between sections in the uppermost Doushantuo For-
mation at Jiulongwan and Zhongling (believed at the time to represent
deep water deposition on the continental slope), Li et al. (2010) pro-
posed that a metastable euxinic wedge was maintained dynamically
across the ramp by a gradient of sulfate concentration between shallow
and deep settings (Fig. 1C). Such redox modeling is based on the as-
sumption that sections of the Doushantuo Formation in inner shelf
Jiulongwan and outer shelf Zhongling section are continuous and well
correlated (see Fig. S7 of Li et al., 2010). Sedimentary facies analyses,
however, suggest that the sections at Zhongling and nearby Yangjiaping
accumulated in shallow waters along an elevated margin rim, suggest-
ing that euxinic conditions on the platform may have been restricted
to an intra shelf setting (Zhu et al., 2007; Jiang et al., 2011; Zhu et al.,
2013). Similar conditions may have also characterized deep-water
slope settings distal from the rimmed shelf based on the preponderance
of framboidal relative to euhedral pyrite preserved in the sediments and
abundances of redox-sensitive trace elements (Fig. 1D; Sahoo et al.,
2012; Wang et al., 2012). These observations suggest that euxinia may
have been patchy across Doushantuo margin environments, and that
the wedge model needs to be reconsidered in light of improved strati-
graphic correlation and integrated geochemical data.

To search for the Shuram Excursion in the outer shelf environments
preserved at Zhonging and Yangjiaping (~90 km to the southwest of
Jiulongwan) where phosphorite is abundant in the upper reaches of
the Doushantuo Formation, and to test the hypothesis that the shoal
complex in this setting is stratigraphically incomplete, we applied
time-series δ13C, δ34S, and 87Sr/86Sr isotope data from four sections
(with Ce/Ce* from two of these) that span across the platform margin
(Fig. 1E). The integrated results provide a systematic framework of
chemostratigraphic correlations that allow us to test the two competing
redox reconstructions for the Ediacaran basin. In addition, the time-
series trends provide environmental context for the Laggerstätten of
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unicellular and multicellular eukaryotes preserved in the Doushantuo
Formation, and also allow us to evaluate the role of continental
weathering at a time of rising atmospheric oxygen as a critical driver
of the Shuram Excursion.

2. Geologic setting

Ediacaran successions in South China that blanket the Yangtze block
include the richly fossiliferous Doushantuo and Dengying formations.
Abundant three-dimensionally preserved eukaryotes, including multi-
cellular algae, sponge, putative animal embryos, and acritarchs, have
been discovered fromphosphorites and chert nodules of theDoushantuo
Formation (Xiao et al., 1998, 2014; Liu et al., 2014;Muscente et al., 2015;
Yin et al., 2015),while Dengying strata containmacroscopic Ediacara fos-
sils and trace fossils (Chen et al., 2013, 2014; Meyer et al., 2014). The
basal Doushantuo Formation is underlain by the Nantuo diamictite and
begins with a ca. 635 Ma cap carbonate (Condon et al., 2005). In the
Yangtze Gorges area, this formation is informally divided into four dis-
tinct members (McFadden et al., 2008) and is typically capped by black
shale below massive dolostone of the Dengying Formation (Jiang et al.,
2011). The boundary between the two formations is constrained in age
to be b551 Ma (Condon et al., 2005), suggesting that the Doushantuo
carbonate platform accumulated over a period of 84 Ma or more.
Hence, the Doushantuo Formation is remarkably thin for the geological
time it occupies. The mixed shale and carbonate in the inner shelf
Jiulongwan section, which is well exposed along a road cut during the
construction of the Yangtze Gorges Dam, has a thickness of only
~160 m. In contrast, the carbonate-rich outer shelf section at Zhongling
and Yangjiaping have thicknesses of 260 and 180 m, respectively (Zhu
et al., 2007; Jiang et al., 2011; Muscente et al., 2015). Continental slope
and basinal environments of the Doushantuo Formation further to the
southeast are significantly thinner and are dominated by fine-grained
siliciclastics with only thin carbonate turbidite interbeds (Jiang et al.,
2007; Zhu et al., 2007).

The Doushantuo Formation formed in two stages, with an open ramp
shelf environment building up to a rimmed shelf protecting an intra-shelf
lagoon (Jiang et al., 2011). Paleogeographic reconstructions of strata on
the Yangtze Platform indicate an increase in the water depth from prox-
imal intertidal environments in the northwest to distal deep basinal set-
tings in the southeast. Three platform facies belts are apparent, including
proximal inner shelf peritidal carbonates, an intra-shelf lagoon containing
mixed carbonate and shale, and an outer shelf shoal complex (Fig. 1B).
The Doushantuo section at Zhongling previously studied by Li et al.
(2010) is representative of the shoal complex facies, as is the Yangjiaping
section some four kilometers distant that was sampled in this study. At
Zhongling and Yangjiaping, the Doushantuo Formation is mainly com-
posed of interbeded shale and carbonate, with an increasing preponder-
ance of intraclastic and oolitic facies up-section, indicating shallower and
higher-energy depositional environments. The Doushantuo in the shoal
complex is terminated by several phosphorite horizons that occur just
below the overlying Dengying Formation (Fig. 2; Jiang et al., 2007; Jiang
et al., 2011; Kunimitsu et al., 2011), which is characterized by massive
dolostone deposited in peritidal environments.

3. Methods

3.1. Field sampling

In this study, the uppermost 100 m of the Doushantuo Formation at
the Yangjiaping section and the entire Doushantuo Formation at the
Zhongling section near the town of Hupingshan were sampled at a
high resolution for petrographic observation and time-series elemental
and isotope analysis. At the Yangjiaping section, the lower part of the
section is poorly exposed beneath thick vegetation and was not sam-
pled. The upper part of the Doushantuo is characterized by organic-
rich oolitic limestone (Fig. 2I), with a thin interval containing shale
and interbedded phosphorite breccia (Fig. 2K), which is immediately
overlain by cherty dolostone of the Dengying Formation (Zhu et al.,
2007). The Zhongling section (Fig. 2M, N, O) is lithostratigraphically
similar, with oolitic (Fig. 2G, H) and intraclastic carbonates (Fig. 2D, E,
F) near the top of the Doushantuo Formation, which are overlain by a
prominent phosphorite horizon (Fig. 2D). All samples collected from
these two sectionswere analyzed and archived in the Geochemical Lab-
oratories at the Department of Geology, University of Maryland.

3.2. Elemental analyses

Approximately 5–7 mg of micro-drilled sample powders were
weighted and dissolved in 2 mL distilled 0.4 M HNO3. The resulting so-
lutions were centrifuged and 1 mL of the supernatants were pipetted
and diluted with distilled 3 mL 0.4 M HNO3 for elemental analysis.
Major, trace, and REE concentrations were determined with a Thermo
Scientific® iCAP-Q ICP-MS (Inductively Coupled Plasma — Mass Spec-
trometry) at the Carnegie Institution for Science. Calibration curves
were created usingmulti-elemental standardsmade frompure element
solutions (Alfa Aesar®). Both standard and sample solutions were
doped with 4 ppb In to correct for instrumental drift. Precision of the
analyses determined by repeated analyses of a house standard carbon-
ate were better than 5% (2σ) for major elements with high concentra-
tions and better than 10% (2σ) for the REEs.

3.3. Carbonate carbon and oxygen isotope analyses

Carbonate carbon and oxygen isotopes were measured by continu-
ous flow isotope ratio mass spectrometry in the University of Maryland
Paleoclimate CoLaboratory using a refined method for the analysis and
correction of carbon (δ13C) and oxygen (δ18O) isotopic compositions
of 100 μg carbonate samples (Fig. S1; Spötl, 2011). Up to 180 samples
loaded into 3.7 mL Labco Exetainer vials and sealed with Labco septa
were flushed with 99.999% Helium and manually acidified at 60 °C.
The carbon dioxide analyte gas was isolated via gas chromatography,
and water was removed using a Nafion trap prior to admission into an
Elementar Isoprime stable isotopemass spectrometer fitted with a con-
tinuous flow interface. Data were corrected via automated Matlab
scripting on theVienna PeeDee Belemnite and LSVEC LithiumCarbonate
(VPDB-LSVEC) scale (Coplen et al., 2006) using periodic in-run mea-
surement of international reference carbonate materials and/or in-
house standard carbonates, from which empirical corrections for signal
amplitude, sequential drift, and one or two-point mean corrections
were applied. Precision for both isotopes is routinely better than 0.1‰.
Including acidification, flush fill, reaction and analysis, true throughput
exclusive of correcting standards is 2–3 samples/h, or up to 144 samples
over a 40-hour analytical session.

3.4. Organic matter carbon and pyrite sulfur isotope analyses

The organic carbon and pyrite sulfur isotope compositions were
measured by combustion to CO2 or SO2with a Eurovector elemental an-
alyzer in-line with a second Elementar Isoprime isotope ratio mass
spectrometer (Fig. S1). Approximately 10 g of sample trimmed with a
rock saw to remove weathered surfaces and secondary veins was
crushed to 200 mesh and finer, and then repeatedly acidified with 3 M
HCl and washed with ultra-pure Milli-Q water until the solution
reached neutral pH. Decalcified residues were dried overnight and
quantified to determine carbonate percentages, and then accurately
weighed and folded into small tin cups.

For pyrite sulfurmeasurements, V2O5wasmixedwith the decalcified
residues (assuming pyrite S≫ organic S) to enhance combustion to SO2.
The tin cups were sequentially droppedwith a pulsed O2 purge of 12mL
into a catalytic combustion furnace operating at 1030 °C. The frosted
quartz reaction tube was packed with high purity reduced copper wire
for quantitative oxidation and O2 resorption. Water was removed from
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the combustion products with a 10-cm Mg(ClO4)2 column, and the SO2

was separated from other gases with a 0.8-m PTFE GC column packed
with Porapak 50–80 mesh heated to 115 °C. The effluent from the ele-
mental analysis (EA) was introduced in a flow of He (80–120 mL/min)
to the IRMS through a SGE splitter valve that controls the variable open
split. Timed pulses of SO2 reference gas (Air Products 99.9% purity,
∼3 nA) were introduced at the beginning of the run using an injector
connected to the IRMS with a fixed open ratio split. The isotope ratios
of reference and sample peaks were determined by monitoring ion
beam intensities relative to background values. The cycle time for these
analyses was 210 s with reference gas injection as a 30-second pulse
beginning at 20 s. Sample SO2 pulses begin at 110 s and return to baseline
values between 150 and 180 s, depending on sample size and column
conditions. Sulfur isotope ratios were determined by comparing inte-
grated peak areas of m/z 66 and 64 for the reference and sample SO2

pulses, relative to the baseline that is approximately 1 × 10−11A.
The background height was established from the left limit of the sample
SO2 peak. Isotopic results are expressed in the delta notation as per
mil (‰) deviations from theVienna CanyonDiablo Troilite (V-CDT) stan-
dard. TwoNBS127 barite standards and two IAEANZ1 silver sulfide stan-
dards were measured between each set of 10 samples and uncertainties
for each analytical session based on these standard analyses were deter-
mined to be better than 0.3‰.

Measurements for organic carbon abundance and isotope composi-
tion with the elemental analyzer and isotope ratio mass spectrometer
were similar to those of sulfur, except that the reaction column was
packed with chromium oxide and silvered cobaltous/cobaltic oxide and
heated to 1040 °C and the analyte also flows through a second column
at 1040 °C packed with high purity reduced copper wire for quantitative
reduction of NO2 and N2O and O2 resorption. The CO2 was separated
from other gases with a 3-m stainless steel GC column packed with
Porapak-Q heated to 60 °C. Timed pulses of CO2 reference gas (Airgas
99.999% purity, ∼6 nA) were introduced at the beginning of the run
using an injector connected to the IRMS with a fixed open ratio split.
The isotope ratios of reference and sample peaks were determined by
monitoring ion beam intensities relative to background values. The
cycle time for these analyses was 430 s with reference gas injection as
two a 30-s pulse beginning at 15 and 60 s. Sample CO2 peaks begin at
200 s and return to baseline around 240 s. Carbon isotope ratioswere de-
termined by comparing integrated peak areas of m/z 45 and 44 for the
reference and sample CO2 pulses, relative to the baseline that is approx-
imately 2 × 10−11 A. The background height was established from the
left limit of the sample CO2 peak. Isotopic results are expressed in the
delta notation as permil (‰) deviations from theVienna PeeDee Belem-
nite (V-PDB) standard. Two urea standards were measured between
each set of 10 samples and uncertainties for each analytical session
based on these standard analyses were determined to be better than
0.1‰.

3.5. Strontium isotope analyses

For analysis of strontium isotopic (87Sr/86Sr) composition, only lime-
stone/calcite samples were selected for extraction and measurement.
Micro-drilled powders (ca. 5–10 mg) were leached three times in
0.2 M ammonium acetate (pH ∼ 8.2) to remove exchangeable Sr from
non-carbonate minerals, and then rinsed three times with Milli-Q
water. The leached powder was centrifuged, decanted, and acidified
with doubly distilled 0.5 M acetic acid overnight to remove strontium
from the carbonate crystal structure. The supernatant was centrifuged
to remove insoluble residues and then decanted, dried, and subsequent-
ly dissolved in 200 μL of 3 M HNO3. Strontium separation by cation ex-
change was carried out using a small polyethylene column containing
∼1 cm of Eichrom®Sr specific resin. The column was rinsed with
400 μL of 3 M HNO3 before the dissolved sample was loaded onto the
column. After loading, the sample was sequentially eluted with 200 μL
of 3 M HNO3, 600 μL of 7 M HNO3, and 100 μL of 3 M HNO3 to remove
the Ca, Rb and REE fractions; the Sr fraction adsorbs strongly to the
resin in an acidic environment. The Sr fraction was removed by elution
with ∼800 μL of 0.05 M HNO3 and the resultant eluate collected and
dried. Approximately 200–300 ng of the dried sample was transferred
onto a degassed and pre-baked (∼4.2 A under high vacuum)high purity
Re filament with 0.7 μL of Ta2O5 activator. The prepared filaments were
measured using the VG Sector 54 thermal ionizationmass spectrometer
in the TIMS facility of the University of Maryland Geochemistry Labora-
tories (Fig. S1). Filaments were transferred to a sample carousel, heated
under vacuum (∼10−7 to 10−8 atm) to a temperature between 1450
and 1650 °C, and analyzed when a stable signal (N1.0 V) was detected
on the mass 88 ion beam. Approximately 100 87Sr/86Sr ratios were col-
lected for each sample. Final data have been corrected for fractionation
using the standard value 86Sr/88Sr = 0.1194. The fraction of 87Sr
resulting from in situ decay from 87Rb was removed by measurement
of rubidium abundance at mass 85. Repeated analysis of the NBS
SRM987 standard yields an average value of 87Sr/86Sr = 0.710245 ±
0.000011 (2σ) during the analytical window.

4. Results

In this study, we systematically measured carbonate (wt.%, major
and trace element concentrations, δ13Ccarb, δ18O, and 87Sr/86Sr), or-
ganic matter (wt.% and δ13Corg), and pyrite (wt.% and δ34Spyrite) com-
positions in samples from the upper part of Doushantuo Formation at
the Yangjiaping section (Fig. 3; supplemental data Table S1). Carbon-
ate abundance of most bulk sample powders were N80% with the ex-
ception of a few samples near the bottom and top of the succession.
Based on element ratios all samples have very lowMn/Sr ratio (rang-
ing from 0.01 to 0.18), Fe/Sr (ranging from 0.18 to 17.17), and Rb/Sr
(ranging from 0.0002 to 0.0154). Rare earth element concentrations
were low as expected for carbonates, and were normalized to PAAS
(Post Archean Australian Shale) in order to calculate the magnitude
of Ce anomalies Ce/Ce* = CePAAS / ([Pr]2PAAS / [Nd]PAAS) as presented
by Ling et al. (2013). The Ce/Ce* ratios of the Yangjiaping samples
ranged from 0.3 to 0.9 with significant oscillations through the suc-
cession, including a noted increase in values from samples in the up-
permost 30 m. Carbon isotope compositions of micro-drilled
powders are relatively invariant with δ13C values of +5‰ in most
of the Yangjiaping section except in the three samples from the up-
permost 10 m; these reveal a decreasing trend from ca. +5‰ to a
nadir value of −6.8‰. Similarly, the δ18O values of the limestone
samples are relatively invariant. Organic carbon isotope data
(δ13Corg) range between −20 and −30‰ with a slight deceasing
trend at the top of the section. Based on the measured carbonate car-
bon and organic carbon isotope values in individual samples, we cal-
culated the magnitude of carbon isotope fractionation (Δδ13C). The
Δδ13C values average around 30‰ through most of the measured
section, with the exception of a slightly decreasing trend to ~22‰
in the upper 30 m. Pyrite sulfur isotope data show highly positive
values (average ca. +20‰) throughout the section. Strontium iso-
tope (87Sr/86Sr) data reveal steady values of ~0.7080 throughout
most of the succession, except in the upper 20 m where 87Sr/86Sr ra-
tios rise up to a maximum of 0.7085 as recorded in phosphatic
limestones.

The Zhongling sampleswere also analyzed for organic carbon, pyrite
sulfur and strontium isotope compositions, in order to test regional var-
iations and to facilitate chemostratigraphic correlation with the
Yangjiaping section. The data are presented in supplemental data
Table S2. Organic carbon isotope data in Zhongling show consistent
values of ca. −25‰ in most of the section, except some more negative
values (ca. −30‰) in the basal cap carbonate. Pyrite sulfur isotope
data range between +20‰ to +40‰, with a slight decrease to ca.
+20‰ near the top. Strontium isotope data shows consistent value of
ca. 0.7080 in most of the section, with a sudden rise to 0.7083 in the
upper 20 m.
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5. Discussion

5.1. Diagenesis

To evaluate the degree of preservation of the Yangjiaping and
Zhongling samples, we investigated the petrography, elemental
and isotope geochemistry of the samples, which were collected in a
sedimentological and stratigraphic context. These measurements
and observations allow for field and laboratory tests of the fidelity
of the time-series isotope records. First, the outcrop samples used
in this study were primarily composed of fine-grained limestone, al-
though in the upper 20m of the section at Yangjiaping dolostone and
phosphatic limestone were also sampled. Various phases were
micro-sampled from polished billets to avoid weathered surfaces,



Doushantuo Formation in outer shelf Yangjiaping section

0-10 10

δ13Ccarb

0-10 10

δ18Ocarb

500 100

CaCO3%
-20-30 -10

δ13Corg

3020 40

Δδ13C δ34Spyrite

0 m

10

20

30

40

60

70

80

50

100

110

90

D
o

u
sh

an
tu

o
   

 F
o

rm
at

io
n

D
Y

0 20 40

TS%
0 1 2

87Sr/86Sr

.7080 .7085

Ce/Ce*
0.60.3 0.9

Fig. 3. Integrated time-series elemental and isotopic data from the middle-upper Doushantuo Formation at the outer shelf Yangjiaping section.

53H. Cui et al. / Chemical Geology 405 (2015) 48–62
secondary veins, and areas with visible silt and clay. Geochemical
tests of diagenesis included the comparison of carbonate carbon
and oxygen isotope abundances relative to the meteoric alteration
trend defined by Knauth and Kennedy (2009). Our micro-samples
fell away from this trend, and furthermore were rich in Sr (ranging
from 286 to N1600 ppm in all specimens) and had very low Mn/Sr,
Fe/Sr, and Rb/Sr ratios (Fig. 4) as expected for well-preserved phases.
It is nonetheless clear that the development of the phosphorite
horizon(s) (likely to be early diagenetic in origin) in the uppermost
Doushantuo Formation at Yangjiaping and Zhongling are associated
with the isotope shifts, and thus complicates our interpretation of
secular variations in seawater chemistry across the basin. The sam-
ples from the upper interval are petrographically fine-grained and
organic-rich, in comparison with bedded limestone lower in the suc-
cession these are geochemically well preserved.

5.2. Chemostratigraphic correlations of the platform sections

If the lithological and isotope shifts at the top of the Yangjiaping sec-
tion are widespread and reflect changes in the redox and isotope archi-
tecture of the Doushantuo basin, they should also be present at the
nearby Zhongling section (Figs. 5–9; Zhu et al., 2007; Li et al., 2010)
and at the more proximal sections at Jiulongwan (McFadden et al.,
2008) and Xiaofenghe (Xiao et al., 2012; Liu et al., 2013; Zhu et al.,
2013). The Zhongling section is located 4 km from the Yangjiaping sec-
tion and both are lithostratigraphically similar. At Zhongling, the
Doushantuo Formation begins with 5 m of cap carbonate atop the
Nantuo glacial diamictite, followed by interbedded shale and carbonate,
~20 m of black shale, and finally ~140 m of limestone. The uppermost
50 m of the Doushantuo Formation at Zhongling is dominantly
composed of micritic, intraclastic, and oolitic dolostone and organic-
Fig. 2. Sedimentological observations of the Doushantuo Formatoin at outer shelf Zhongling and
at Zhongling, about 120 m above the Nantuo diamictite. The geological hammer is circled as
Doushantuo/Dengying (DST/DY) boundary at Zhongling. (C) Phosphorite (12ZL-45.4) about 4
about 1.3 m below the DST/DY boundary at Zhongling. (E) Intraclastic dolostone about 22 m
dolostone (12ZL-21.6) about 21.6m below theDST/DY boundary at Zhongling. (G) Oolitic dolos
of oolitic dolostone (12ZL-21)with calcite cements under plane polarized light. Samplewas coll
oolitic limestone (Yd-21) under plane polarized light. Samplewas collected about 26mbelow th
(12ZL-42) under plane polarized light. Sample was collected about 42 m below the DST/DY bou
larized light. Samplewas collected from the uppermost Doushantuo Formation at Yangjiaping. (
was collected from the uppermost Doushantuo Formation at Zhongling. (M, N, O) Time-serie
stratigrahic heights above the Nantuo diamictite. The marker pen is circled as a scale. The low
shale, and above ~200m height, more andmore light-colored dolostonewith intraclasts and oo
in petrographic images (H–L) are 2 mm. Coins in (C) and (F) are 24 mm and 17 mm in diamet
rich shale with three prominent levels of phosphorite (Fig. 2). The
shale and phosphorite horizons are believed by some researchers
to be correlative with the uppermost Doushantuo throughout the
basin. Pyrite sulfur and carbon isotope trends at the Zhongling section
(Li et al., 2010; new data in this study) are remarkably similar to those
in the Yangjiaping section (Fig. 6).

The most accessible and well-studied section of the Doushantuo
Formation is near Jiulongwan, where the succession consists of
mixed carbonate and shale facies deposited in an intra-shelf envi-
ronment (Figs. 5–9). There the lower half of the succession above
the Nantuo diamictite includes the ca. 635 Ma cap dolostone (Mem-
ber I) and a thick interval of argillaceous dolostone and mudstone
(Member II). The upper half of the unit consists of medium-bedded
dolostone overlain by interbedded dolostone and limestone (Mem-
ber III), which is in turn overlain by black shale with large carbonate
concretions (Member IV). No thick phosphorite is present in the
upper Doushantuo Formation at this locality although there is
minor phosphate enrichment in dolostone facies (McFadden et al.,
2008). Sedimentary textures include ribbon rock, microbialaminite,
grainstone, and intraclastic packstone, suggesting deposition in shal-
low subtidal marine environments. The Jiulongwan section pre-
serves three negative carbon isotope excursions, including EN1
(down to −5‰) in the cap carbonate, EN2 (ca. −5‰) at the top of
Member II and associated with rapid shallowing of facies (Jiang
et al., 2007), and EN3 (ca. −10‰), which is remarkably stable and
continues for nearly 50 m through the upper half of Member III and
large carbonate concretions in Member IV (Fig. 5; Zhou and Xiao,
2007; McFadden et al., 2008). Based on the shape of this δ13C excur-
sion, we follow McFadden et al. (2008) and use the subdivisions of
EN3a, EN3b and EN3c to represent the decreasing, stable, and recov-
ery intervals of the EN3 δ13C excursion, respectively. This
Yangjiaping sections. (A) Thin bedded, dark gray limestone of the Doushantuo Formation
a scale. (B) Intraclastic phosphorite interbedded with black shale about 42 m below the
5.4 m below the DST/DY boundary at Zhongling. (D) Intraclastic phospharite (14ZL-1.3)
below the DST-DY boundary at Zhongling. The pencil is circled as a scale. (F) Intraclastic
tone about 18.5m below theDST-DY boundary at Zhongling. (H) Petrographic thin section
ected about 21mbelow theDST/DY boundary at Zhongling. (I) Petrographic thin section of
eDST/DY boundary at Yangjiaping. (J) Petrographic thin section of intraclastic phosphorite
ndary at Zhongling. (K) Petrographic thin section of phosphorite (Yd-26) under plane po-
L) Petrographic thin section of phosphorite (12ZL-0.9) under plane polarized light. Sample
s samples from the Doushantuo and Dengying formations at Zhongling. Numbers mark
er ~200 m of the Doushantuo Formation mainly consists of dark-colored carbonates or
ids dominated the upper section, indicating shallower, higher-energy environment. Scales
er respectively.
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geochemical event is widely regarded as correlative with the globally
expressed carbon cycle anomaly known as the Shuram Excursion (Fike
et al., 2006; Zhu et al., 2007; Grotzinger et al., 2011; Lu et al., 2013; Zhu
et al., 2013). Time-series pyrite δ34S values associated with EN3 at
Jiulongwan record a negative trend from 0‰ to as low as −10‰
(Fig. 6), with a similar magnitude decreasing trend in the δ34S composi-
tion of carbonate associated sulfate (McFadden et al., 2008).

The stark contrast in the time-series δ34S compositions between the
uppermost beds at Jiulongwan and Zhongling was used to support the
sulfate gradient model (Fig. 1C; Li et al., 2010) for the Doushantuo
ocean margin, with the assumption that the Doushantuo Formation in
Zhongling section is continuous and can be fully correlated with the
Jiulongwan section (see Fig. S7 of Li et al., 2010). However, the Shuram
Excursion at Zhongling is poorly expressed, and in our section at
Yangjiaping carbonate δ13C values decline to a low value of −7‰ at
the top of the section (Fig. 5), which is likely equivalent to EN3a. It
appears possible that both EN3b and EN3c are missing in both of the
shoal complex localities, either due to stratigraphic truncation of the
upper Doushantuo Formation, or to the diachronous nature of the
Doushantuo/Dengying boundary. If the latter is true, the Shuram Excur-
sion should be expressed in the lower Dengying Formation at these
localities.

To further evaluate correlations between the inner and outer shelf
sections of the Doushantuo Formation, we compared 87Sr/86Sr trends
constructed from well preserved high-Sr limestone samples (Fig. 7).
At the intra-shelf Jiulongwan section, 87Sr/86Sr values are consistently
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low (ca. 0.7080) through most of the section, with a notable rise up to
0.7090 during the Shuram Excursion (Sawaki et al., 2010). Sawaki
et al.'s (2010) data are replotted in Fig. 7, with the omission of their
whole rock ICP-MS Sr isotope data from impure carbonates with high
Mn/Sr (rejection criteria: carbonate wt.% b 60 andMn/Sr N 1). Although
Sawaki et al.'s data were derived from analyses of both dolostones and
limestones and our TIMS analyses were exclusively from micro-
sampled limestone samples, the stratigraphic patterns of 87Sr/86Sr are
similar at Jiulongwan, Zhongling, and Yangjiaping (Fig. 7), with the ex-
ception of values N0.7085 in EN3b and EN3c at Jiulongwan that are
missing in the shoal complex localities. Considering that a stratigraphic
rise in 87Sr/86Sr from0.7080 to 0.7090 also occurs across the ShuramEx-
cursion at its type locality in Oman (Burns et al., 1994; LeGuerroué et al.,
2006), it is likely that the 87Sr/86Sr profile (and the stratigraphy) at
Jiulongwan is more complete than those at Zhongling and Yangjiaping.

Two possible interpretations can account for the incomplete
Shuram-equivalent EN3 intervals in the outer shelf sections. (1) EN3b
and EN3c may have been stratigraphically truncated during a sea level
fall, so that these chemostratigraphic features were removed through
erosion from the shoal complex facies; this interpretation is consistent
with independent sedimentological evidence at these localities, which
are dominated by phosphatic intraclasts and oolitic carbonates deposited
in shallow high-energy environments (Fig. 2). (2) Alternatively, the
lithostratigraphic boundary between the Doushantuo and Dengying for-
mations may be diachronous, so that EN3b and EN3c in the rim sections
were instead preserved in dolostone of the lower Dengying Formation.
Support for this view comes from strongly negative δ13Ccarb data from
the lower Dengying Formation at the Yangjiaping section (Figs. 5–7;
Zhu et al., 2007; Ader et al., 2009; Ader et al., 2014). This possibility
needs to be further tested by other high-resolution chemostratigraphic
data (e.g., 87Sr/86Sr if limestone facies are preserved)which are currently
unavailable.

In earlier publications (Xiao et al., 2012; Zhu et al., 2013), we came to
a similar conclusion about the truncation of strata for the Doushantuo
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Formation at the Xiaofenghe section, which was deposited in shallower
inner shelf facies. The northern Xiaofenghe section (NXF) consists of a
basal cap dolostone overlain by a succession of shale, phosphatic
packstone or grainstone, and cherty dolostone passing upward into ar-
gillaceous limestone (Fig. 5). According the Zhu et al. (2013b), the
NXF can be traced to the southern Xiaofenghe section (SXF) where
the succession, composed of shale and dolostone, continues upward.
Regardless, neither the NXF nor SXF successions reveal carbon, sulfur,
or strontium isotopic evidence of the Shuram Excursion (Fig. 5).

In this study, we additionally employed time-series Ce anomaly (Ce/
Ce*) as a tool for stratigraphic correlation and to evaluate redox changes
through the stratigraphic package (Fig. 8). Although REE concentrations
in marine carbonates are notoriously low, and may easily be contami-
nated by the presence of high-REE clayminerals, we used a significantly
diluted leach acid (0.4 M HNO3) to avoid any admixture of non-
carbonate phases. The time-series Ce/Ce* trend reported by Zhou et al.
(2012) from the Jiulongwan section reveals a continuous increase
from 0.4 to 0.8 through EN3a, followed by a plateau of 0.8 values in
EN3b (Fig. 8).We find a similar trend in the top 50mof the Doushantuo
Formation at Yangjiaping, with a steady increase in Ce/Ce* from 0.4 to
0.8 in our interpreted EN3a; the stabilized 0.8 plateau through EN3b at
Jiulongwan is missing at Yangjiaping due to the inferred stratigraphic
incompleteness of the section.

In summary, the integrated chemostratigraphic correlation of the
Doushantuo Formation using δ13C–δ34S–87Sr/86Sr–Ce/Ce* suggests that
the shallow inner shelf section (Xiaofenghe) and the outer shelf sections
(Yangjiaping and Zhongling) are incomplete, with the preserved strata
equivalent to the lower 1/2 and 3/4, respectively, of the well-studied
Jiulongwan section that accumulated in intra-shelf lagoonal facies
(Figs. 5–8).

5.3. Redox and isotopic architecture of the Doushantuo ocean margin

In light of the integrated chemostratigraphic correlations that sug-
gest either stratigraphic truncation of the uppermost Doushantuo For-
mation in the inner and outer shelf sections, or diachroneity of the
Doushantuo/Dengying boundary in the rimmed margin environments,
the euxinic wedge model should be reconsidered given that it is based
on a stratigraphic miscorrelation. The Shuram Excursion with associat-
ed 34S depletion in pyrite and CAS (McFadden et al., 2008) and elevated
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Fepy/FeHR (Li et al., 2010) is well preserved in the intra shelf basin suc-
cession at Jiulongwan. These indicators suggest that the enxinic water
mass on the platform was largely restricted to the intra shelf lagoon,
and may not be indicative of a euxinic wedge across the basin margin.
While it remains possible that there was a strong surface-to-deep sul-
fate gradient across the Doushantuo platform, the data currently avail-
able do not require a euxinic wedge above a ramp geometry shelf.

Our time-series REE analyses provide additional constraints on
changing redox conditions in the Doushantuo basin. Cerium exists in
two redox states in marine environments: Ce(III) and Ce(IV). Trivalent
Ce can be oxidized into tetravalent Ce in oxic environments, and then
be scavenged by Mn-oxides and hydroxides and removed from the
ocean. Thus, in oxygenated seawaters, tetravalent Ce is preferentially re-
moved from the system, leaving the seawaters with a Ce negative
anomaly in REE patterns. In contrast, Ce is more soluble in reduced en-
vironments, resulting in relatively high Ce/Ce* values. Therefore, Ce
anomalies (Ce/Ce*) can be used to trace oxygenation changes in seawa-
ter (Ling et al., 2013). Our data show that, while the Ce/Ce* ratios
oscillate in the middle-upper Doushantuo Formation at Zhongling
there is a significant shift in Ce/Ce* from 0.4 to 0.8 starting at about
60 m below the top of the formation (Fig. 8). Notwithstanding a single
anomalous outlier, the overall Ce/Ce* trend preserved in the upper
Doushantuo Formation at Yangjiaping is coupled with the declining
trend in δ13Ccarb related to EN3a. This is consistent with similar patterns
observed at Jiulongwan (Fig. 8) that support the view that negative δ13C
anomalies are related to widespread anoxia in a stratified depositional
basin with enhanced production of 13C-depleted authigenic carbonates
(Higgins et al., 2009; Schrag et al., 2013).

Stratification of the Doushantuo seaway, including a pronounced
surface-to-deep δ13C gradient has previously been suggested from the
carbonate record (Jiang et al., 2007; Ader et al., 2009). The stratified
redox model suggests that the surface ocean preserves the primary sig-
nal of carbonate carbon isotope variations; on the other hand, deep
ocean sedimentsmay have included amixture of carbonate transported
by pelagic rain or turbidites from shallow environments, as well as 13C-
depleted authigenic carbonates (cf. Schrag et al., 2013) that formed in
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associationwithmicrobially-mediated iron or sulfate reduction in anox-
ic environment.

Based on our detailed analysis of platform sections, we additionally
note that there may have been a gradient of seawater organic carbon
isotope compositions across the basin, with 13C enrichment of up to
5‰ in the outer shelf section at Yangjiaping and Zhongling relative to
the inner shelf sections at Xiaofenghe and Jiulongwan (Fig. 9). This or-
ganic carbon gradient may persist into the late Ediacaran Period and is
recorded in multiple sections of the Dengying Formation (Wang et al.,
2014). It is possible that these differences reflect a depth-dependent
DOC pool with variable biological sources of organic matter, or alterna-
tively that there was a buildup of 13C-poor respired CO2 in the intra-
shelf lagoon that was subsequently incorporated by photoautotrophs
and buried as organic carbon.

5.4. Implications for the Shuram Excursion

Members III and IV of the Ediacaran Doushantuo Formation at
Jiulongwan provide the clearest window into the Shuram Excursion in
South China. However, the duration of this event, which is preserved
through about 50 m of strata, is poorly constrained. The event was
clearly over by 551± 0.7 Ma (Condon et al., 2005) based on a U–Pb zir-
con age for a volcanic ash at the stratigraphic contact between the
Doushantuo and Dengying formations, but there is no radiometric
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constraint for the onset of the excursion in the middle of Doushantuo
Member III. An imprecise Re–Os age of 595 ± 22 Ma (Zhu et al., 2013)
was recently determined from an organic-rich shale horizon at the
base of Member IV, but this age provides only a minimum constraint
of ca. 35 Myr for the duration of the event. With the caveat that strati-
graphic thickness does not necessarily equate to time, Le Guerroué
et al. (2006) applied a thermal subsidencemodel to the N400mof strata
encompassing the Shuram Excursion in Oman to suggest the event
lasted at least 50Myr. Here, we consider that the rise in 87Sr/86Sr during
the Shuram event may provide an alternative estimate on the duration
of the profound carbon cycle anomaly.

At Yangjiaping and Zhongling, our high-[Sr] limestone samples from
the upper Doushantuo reveal a rise in 87Sr/86Sr compositions from a
plateau of values near 0.7080 lower in the succession to 0.7085.
Measurements of 87Sr/86Sr compositions in the upper Doushantuo at
Jiulongwan, which captures the entirety of the Shuram Excursion, sug-
gest that values may rise as high as 0.7090 (Sawaki et al., 2010) during
the event. Confidence that the upper Doushantuo 87Sr/86Sr shift at
Yangjiaping and Zhongling is primary and related to changes in
seawater composition comes from our petrographic and geochemical
observations, as well as regional and global comparisons (Fig. 10), in
particularwith the oolitic and stromatolitic limestoneswith remarkably
high Sr abundances from the PatomUplift of southern Siberia (Melezhik
et al., 2009). There 87Sr/86Sr values through the lower half of the Shuram
Excursion rise monotonically from 0.7080 to 0.7085. A similar trend
is recorded in Oman, where 87Sr/86Sr compositions rise steadily from
0.7080 to 0.7090 through the carbon cycle anomaly (Burns et al.,
1994; Le Guerroué et al., 2006). As an analogue, a similar rise in
87Sr/86Sr (0.0005) is noted in the Cenozoic from the Oligocene to the
middleMiocene associatedwith the rise of theHimalayas and the Tibet-
an plateau (McArthur et al., 2012). Assuming the Cenozoic event mon-
itors the maximal possible rate of Sr isotope change, the duration of
the Shuram Excursion would minimally be 15 Myr if values rose only
to 0.7085, but would extend to 30 Myr if they climbed to 0.7090.

The driving force behind the Cenozoic and Ediacaran rise in 87Sr/86Sr
recorded in seawater proxies is considered by many to be the result of
enhanced delivery of radiogenic 87Sr from theweathering of continental
crust (DePaolo and Ingram, 1985; Derry et al., 1992; Richter et al., 1992;
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Kaufman et al., 1993; Paytan et al., 1993). Alternatively, the Sr isotope
shift might also reflect a decrease in mantle Sr inputs or an increase in
the 87Sr/86Sr of exposed rocks undergoing weathering (Shields, 2007).
Based on: 1) the range of Sr isotope compositions of riverine sources
today (Palmer and Edmond, 1992), 2) measurements of the isotopic
composition of detrital Sr in shales (Goldstein, 1988), and 3) the unlike-
ly scenario that seafloor spreading rates decreased during an interval of
rapid continental reorganization, it is unlikely that either hydrothermal
inputs of Sr decreased or that the radiogenic composition of exposed
continental rocks increased (Shields, 2007) in the middle Ediacaran Pe-
riod. Accepting this argument, the most likely explanation for the
Shuram rise in 87Sr/86Sr remains an overall increase in continental
weathering rates.

Support for the weathering hypothesis comes from coupled
measurements of carbonate carbon and sulfur (both pyrite and CAS)
isotope compositions in samples from Ediacaran successions in Oman
(Fike et al., 2006), the western USA (Kaufman et al., 2007) and South
China (McFadden et al., 2008), each of which reveals pronounced δ34S
negative isotope shifts (Fig. 10) suggesting enhanced delivery of sulfate
into the ocean. The effects of weathering would have been enhanced if
the Shuram Excursion was coincided with a stepwise rise in the redox
state of the Ediacaran ocean and atmosphere (aka Neoproterozoic
Oxidation Event or NOE) (Fike et al., 2006; Canfield et al., 2007;
Shields-Zhou and Och, 2011; Och and Shields-Zhou, 2012).
6. Conclusions

Our integrated basin-wide chemostratigraphic correlations of the
Ediacaran Doushantuo Formation based on time-series carbon, sulfur,
strontium isotope and Ce anomaly measurements suggest that the
Doushantuo Formation in shallow marine environments at both proxi-
mal and distal rimmed settings are stratigraphically incomplete to var-
iable degrees compared with the well-studied intra shelf Jiulongwan
section. Such incompleteness can be explained by possible stratigraphic
truncation in shallow environments. Alternatively, our time-series re-
sults may indicate that the lithostratigraphic boundary between the
Doushantuo and Dengying formations may be diachronous across the
platform. This view must be considered in geochemical models of the
redox architecture of this (and other) Ediacaran basin(s), as well as
our understanding of the distribution of early multicellular eukaryotes
preserved in these ancient sedimentary archives.
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