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a b s t r a c t

The Ediacaran period was one of the most important times for the evolution of life. However, the scarcity
of well-preserved outcrops of Ediacaran rocks still leaves ambiguity in decoding ambient surface envi-
ronmental changes and biological evolution.

The Ediacaran strata in South China are almost continuously exposed, comprise mainly carbonate
rocks with subordinate black shales and sandstones, and they contain many fossils, suitable for study of
environmental and biological changes in the Ediacaran. We conducted drilling through the Doushantuo
Fm at four sites in the Three Gorges area to obtain continuous, fresh samples without surface alteration
and oxidation. We analyzed 87Sr/86Sr and 88Sr/86Sr ratios of the fresh carbonate rocks, selected on the
basis of microscopic observations and the geochemical signatures of Sr contents, Mn/Sr and Rb/Sr ratios,
and �18O values, with a multiple collector-inductively coupled plasma-mass spectrometer (MC-ICP-MS).

The chemostratigraphy of the 87Sr/86Sr ratios of the drilled samples displays a smooth curve and two
large positive shifts during Ediacaran time. The combination of the detailed chemostratigraphies of �13C,
�18O and 87Sr/86Sr values and Mn and Fe contents enables us to decode the surface environmental changes
and their causes in the Ediacaran. The first large positive excursion of 87Sr/86Sr occurred together with
negative �13C and positive �18O excursions. The higher 87Sr/86Sr values indicate an enhancement of
continental weathering, whereas the positive �18O excursion suggests global cooling. Global regression
due to global cooling enhanced the oxidative decay of exposed marine organic sediments and continental
weathering. Accelerated influx of nutrients promoted primary productivity, resulting in oxidation of
dissolved organic carbon (DOC), whereas active sulfate reduction due to a higher sulfate influx from the
continents caused remineralization of the large DOC, both of which caused a negative �13C anomaly. The
580 Ma Gaskiers glaciation accounts for the close correlation among the positive 87Sr/86Sr, negative �13C
and positive �18O excursions.

The second large positive shift of 87Sr/86Sr firstly accompanied a positive �13C excursion, and contin-
ued through the Shuram �13C negative excursion. The positive correlation of �13C and 87Sr/86Sr values is
consistent with an enhanced continental weathering rate due to continental collisions that built Trans-
Gondwana mountain chains, and with a higher primary activity due to the enhancement of continental
weathering and consequent higher nutrient contents in seawater. The accompanied increase in Mn and
Fe contents implies a gradual decline of the seawater oxygen content due to more active aerobic respira-
tion and oxidation of reductive materials flowing in the oceans. In the Shuram excursion, higher 87Sr/86Sr

values and a transition from increase to decrease in Mn and Fe contents were accompanied by the large

The higher 87Sr/86Sr values are the first compelling evidence for enhanced con-
negative �13C excursion.

tinental weathering, which was responsible for the large �13C anomaly through the remineralization of
the DOC by more active sulfate reduction due to a higher sulfate influx. Higher Mn and Fe contents in
the early and middle stages of the excursion suggest a decline in the oxygen content of seawater due to
oxidative decay of the DOC, whereas in the late stages the decrease in Mn and Fe contents is consistent
with oceanic oxygenation.
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The emergence of Ediacara biota after the Gaskiers glaciation and the prosperity of the latest Ediacaran
is concomitant with the formation of more radiogenic seawater with high 87Sr/86Sr values, suggesting that
enhanced continental weathering, and the consequent higher influx of nutrients, played an important role
in biological evolution.
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. Introduction

The Ediacaran period records one of the most dramatic biolog-
cal episodes in Earth history. Recent paleontological studies have
larified the emergence of two types of animals after the Marinoan
laciation in the Ediacaran of the Neoproterozoic (e.g. Sprigg, 1947;
laessner and Wade, 1996; Brasier and Antcliffe, 2004; Xiao et al.,
998; Li et al., 1998; Chen et al., 2000). The Ediacaran fauna (Ven-
obionts) appeared in Australia, Siberia, Mackenzie Mountains,
estern USA and Newfoundland, whereas cnidarians, sponges and

ossible bilaterians appeared in South China (Li et al., 1998; Chen et
l., 2002, 2004; Xiao et al., 2000; Bengtson and Budd, 2004; Komiya
t al., 2008a). Recent studies also demonstrate the existence of
he Gaskiers glaciation at ca. 580 Ma (Bowring et al., 2003), after
hich most Ediacara fauna appeared (e.g. Narbonne and Gehling,

003). However, the mode and origin of biological evolution are
till ambiguous, because of the scarcity of well-preserved contin-
ous successions of Ediacaran rocks. Many chemostratigraphies of
diacaran age have been reported. However, their application to
ecoding the relationship between the surface environment and
iological activity and evolution is restricted, because of lack of
etailed multiple chemostratigraphy of C, O and Sr isotopes.

The weathering influx from continents is thought to be a major
nfluence on the change in composition of ancient seawater and on
iological evolution. Its flux can be estimated from the 87Sr/86Sr
atio of carbonate rocks. The 87Sr/86Sr composition of seawater
ainly reflects a combination of non-radiogenic strontium derived

rom hydrothermal alteration of oceanic crust and radiogenic input
rom continental weathering. Due to the large isotopic difference
etween these two main sources of strontium, the 87Sr/86Sr compo-
ition of seawater tracks the long-term changes in the weathering
f the continental surface relative to the hydrothermal flux (e.g.
ichter et al., 1992). Shields and Veizer (2002) suggested that the
adiogenic Sr isotope ratio suddenly increased in the Neoprotero-
oic based on the compilation of Sr isotope compositions through
eologic time. Many previous studies of Sr isotope change from the
eoproterozoic to Cambrian vaguely showed that 87Sr/86Sr ratios
ad risen from ca. 0.707 around 635 Ma up to 0.7085 at the Precam-
rian/Cambrian boundary (Jacobsen and Kaufman, 1999; Shields,
999; Melezhik et al., 2001; Kuznetsov et al., 2003; Halverson et
l., 2007). However, 87Sr/86Sr measurements are still sporadic and
nsufficient for detailed discussion of surface environmental change
nd its influence on biological activity during the Ediacaran. No
etailed and continuous 87Sr/86Sr data accompanied by detailed
hemostratigraphies of �13C and �18O have been reported (Fig. 1).

South China is one of the best places to decode surface envi-
onments during the Ediacaran. We carried out on-land drilling of
he Ediacaran Doushantuo Formation in South China, where there
s a complete fossilferous sequence from the Neoproterozoic to the
ambrian, in order to make chemostratigraphies of �13C, �18O, and
7Sr/86Sr ratios. The drill-sampling enabled minimizing the effect
f secondary alteration and oxidation on the surface so that we
ould make a very continuous chemostratigraphy at intervals of

entimeters. This paper presents a new detailed chemostratigraphy
f multi-isotopes of �13C, �18O, and 87Sr/86Sr in the Three Gorges
egion in South China, and their relevance to the change in compo-
ition of the ocean, with respect to changes in biological activity,
urface environment and activity of the solid earth.
© 2009 Elsevier B.V. All rights reserved.

2. Geology of the Three Gorges Region

2.1. Geological setting

Neoproterozoic–Cambrian rocks crop out widely in South
China; the Three Gorges is located ca. 30 km west of Yichang along
the Yangtze River (Fig. 2a and b). The succession contains many
fossils of Neoproterozoic and Cambrian age. In the Three Gorges
region, shallow marine carbonates and deep-sea black shales were
deposited in a palaeo-platform interior (Fig. 2a). Neoproterozoic
and Phanerozoic successions surrounding the Huangling anticline
are present in northwestern Yichang (Fig. 2b). The Neoproterozoic
and Early Palaeozoic sections are especially well exposed along the
Yangtze River cutting through the southern part of the anticline.
Since the recognition of the Yangtze Gorges area as a type locality
of the Sinian (Ediacaran) System (Lee and Chao, 1924; Liu and Sha,
1963), the Sinian sections of the area have been intensively inves-
tigated. The Three Gorges section consists of the Liantuo, Nantuo,
Doushantuo, Dengying, Yanjiahe, Shuijintuo and Shipai Formations
(Fm) in ascending order.

The succession of tillite, called the Nantuo Fm, rests directly on
the Liantuo Fm with a sedimentary gap. The Nantuo Fm mainly
consists of greenish tillite with a red sandstone layer in the mid-
dle. Tillite of the Nantuo Fm corresponds to glacial deposits of the
Marinoan glaciation (Hoffman and Schrag, 2002).

The ca. 250 m thick Doushantuo Fm comprises the following four
members in ascending order: Member 1 (Cap dolostone), Mem-
ber 2 (black shale-dominated), Member 3 (dolostone-dominated)
and Member 4 (black shale). The ∼5 m-thick Member 1 is char-
acterized by unusual sedimentary and diagenetic features such
as stromatactis-like structures, tepee-like structures, sheet cracks,
and barite fans in a cap carbonate (Jiang et al., 2003; Zhou
et al., 2004). This member is divided into three subsequences
in ascending order: a disrupted limestone/dolostone subunit, a
laminated limestone/dolostone subunit, and a laminated silty lime-
stone/dolostone subunit (Jiang et al., 2003). Member 2 contains
many early diagenetic siliceous nodules with varied fossils of ani-
mal embryos, multicellular algae, acanthomorphic acritarchs, and
filamentous and coccoidal cyanobacteria (Yin et al., 2007; Zhou et
al., 2007; McFadden et al., 2008). The 6 m thick Member 4 is com-
posed of black shale and is extremely enriched in organic carbon.
Member 4 in the Miaohe section contains some species of Miaohe
biota, e.g. Enteromorphites siniansis, Sinospongia chenjunyuani and
Sinospongia typica (Xiao et al., 2002; McFadden et al., 2008). The age
of the Doushantuo Fm in the Yangtze Gorges area is constrained
by zircon U–Pb ages of three ash beds by the conventional TIMS
method. The U–Pb zircon dates range from 635.2 ± 0.6 Ma for an
ash bed within Member 1 through 632.5 ± 0.5 Ma for an ash at the
bottom of Member 2, to 551.1 ± 0.7 Ma for an ash from the top of
Member 4 (Condon et al., 2005). The ages of the last two ash beds
were also determined by SHRIMP dates that are comparable with
those of previous workers (Yin et al., 2005; Zhang et al., 2005). In
summary, the Doushantuo Fm spans more than 80 million years,
or roughly 90% of the Ediacaran Period.
The Dengying Fm in the Yangtze Gorges area corresponds to
the top 10% of the Ediacaran Period. Its thickness varies from
∼240 to 600 m (Zhao et al., 1988). It is composed of three Mem-
bers: Hamajing, Shibantan and Baimatuo, in ascending order. The
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Fig. 1. Comparison of the Ediacaran chemostratigraphies of �13C and 87Sr/86Sr ratios in Australia, Oman, Canada, Namibia and Siberia (modified after Amthor et al., 2003;
C é et al
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aylor et al., 1998; Pelechaty, 1998; Pokrovsky et al., 2006; Melezhik et al., 2009). B
13C ratios. Fields, shown as S-1–S-4, mark stratigraphic levels with similar isotopic

amajing Member, ca. 30 m thick, is characterized by massive
ntraclastic and oolitic dolomitic grainstone. The Shibantan Mem-
er, 100–160 m thick, has dark gray, thin-bedded limestones, and
ontains microbial structures, the algal fossil Vendotaenia anti-
ua, an Ediacaran macrofossil Paracharnia dengyingensis, possible
lanolites-like trace fossils, and sponge spicules (Sun, 1986; Zhao
t al., 1988; Steiner et al., 1993; Xiao et al., 2005). The Baimatuo
ember consists of 40–400 m-thick, massive micritic and recrys-

allized dolomite, and in some areas an erosional surface was
ound at the top (Zhu et al., 2003). The tubular fossil, Sinotubulites,
hich may represent the earliest shell-producing metazoan, was

eported in the lower part of the Baimatuo Member (Chen et al.,
981).

The Yanjiahe Fm is composed of an alternation of black lime-
tone, and black dolostone, clastic sediments and black shale. The
anjiahe Fm contains the key Small Shelly Fossils (SSFs), Pro-
ohertzina anabarica and Anabarites trisulcatus for Stage 1 and
ldanella for Stage 2 (proposed by Zhu et al. (2007) and Babcock
nd Peng (2007)). So, the Precambrian/Cambrian boundary is
ocated within the Yanjiahe Formation. Some species of acritarchs
Asteridium–Heliosphaeridium–Comasphaeridium assemblage) are
eported in the middle of the Yanjiahe Fm and the same assem-
lage is also reported from basal Cambrian strata in Tarim (Ding et
l., 1992; Yao et al., 2005; Dong et al., 2009). The Shuijintuo and
hipai Formations mainly consist of black shale, clastic sediments
nd a few carbonates.

.2. Stratigraphy of the Wuhe-Gaojiaxi section

The Ediacaran System in the Yangtze Gorges area was deposited

n the Western Hubei platform. The Wuhe-Gaojiaxi section in the
E of Zigui near Yichang, Hubei Province (Fig. 2b and c), is one of the
est known sections in the Yangtze Gorges region (e.g. Chen, 1987).
he section is located on a north-facing cliff, which is exposed along
he paved road from Zigui to Gaojiaxi in the south of Sandoup-
., 2006; Kaufman et al., 1993, 1997; Narbonne et al., 1994; Grotzinger et al., 1995;
oints and black heavy lines mean excursions of 87Sr/86Sr. Gray-filled circles show
s and patterns of �13C and 87Sr/86Sr ratios (see Section 5.1).

ing. Above the unconformity on the Huangling Granite, the section
comprises the Liantuo, Nantuo (Marinoan-aged tillite), Doushan-
tuo, Dengying, Yanjiahe, Shuijintuo and Shipai Fms in ascending
order. Since 2005 we carried out drilling in this area from the Mari-
noan glaciation to the early Cambrian. Site 1 is about 268 m thick,
and ranges from the bottom of Member 2 of the Doushantuo Fm
through the Hamajing Member to the Shibantan Member of the
Dengying Fm (Fig. 2d). Site 2 is about 130 m thick and ranges from
the Liantuo Fm through the Nantuo Fm and to the bottom of Mem-
ber 2 of the Doushantuo Fm (Fig. 2d); bedding planes dip to the SE
by ca. 10–20◦. The lithostratigraphy of drill-core samples is recon-
structed in apparent thickness, because the difference between true
and apparent thickness is less than 2–5% (Figs. 1, 3, 7 and 9). There
may be missing between drill-core Sites 1 and 2 (Fig. 3).

Site 2 drill core contains the upper part of the Nantuo Fm, which
is composed of tillite with pebbles to boulders (less than 10% in
modal abundance) in a green, reddish, and dark-gray matrix. A Cap
dolostone (ca. 6 m thick) with veins containing dark organic matter
rests on the tillite. Above the Cap carbonate is a predominant black
shale intercalated with lime-sandstone and dolostone (Fig. 3).

The Site 1 drill core comprises the Doushantuo Fm from Member
2 (ca. 120 m thick) of black shale with thin dolostone layers and tiny
pyrite grains, through Member 3 (∼80 m thick) of medium- to thick-
bedded dolostones to Member 4 (∼6 m thick) of black shale with
thin limestone. Two flooding surfaces are identified in the Doushan-
tuo Fm at the Member 2/3 boundary and Member 3/4 boundary in
the Three Gorges area (Zhu et al., 2007). In addition, unconformi-
ties in the Wanjiagou and Xiaofenghe sections near the Three Gorge
area are present around the boundaries of Member 2/3 and Member
3/4 (Zhu et al., 2007). The Dengying Fm rests conformably on the

Doushantuo Fm. The Hamajing Member is composed of an upper
wavy layer and lower stratified dolostones. A black to dark-gray
bedded limestone of the Shibantan Member unconformably over-
lies the Hamajing dolostones, and is enriched in organic carbon
(Fig. 4e).
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Fig. 2. (a) Simplified paleogeographic map of the Yangtze Platform around 600 Ma (modified after Zhu et al., 2003). Large circles indicate our study area. (b) Geological map
of the Yangtze Gorges area, South China, showing our study area along the Yangtze River. (c) Simplified geological map of the Wuhe-Gaojiaxi region, Three Gorge area. Sites
1–4 represent our drilling positions. Sites 1 and 2 extend from the Liantuo Formation in the Cryogenian to the Shibantan Member of the Dengying Formation in the Ediacaran,
whereas Sites 3 and 4 extend from the terminal Ediacaran to the early Cambrian (Ishikawa et al., 2008; Sawaki et al., 2008). (d) Schematic cross-section along line A–B in (c).
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egends in chemostratigraphies of 87Sr/86Sr and �18O values are the same as those in
ere not analyzed for those samples marked as open circles in the Sr content, Mn/S
entioned in Sections 4.1 and 4.2.

.3. Petrography of the studied rock samples

We carefully conducted microscopic observations, and esti-
ated the involvement of clastic and carbonaceous materials, and

ost-depositional oxidation, dissolution and alteration.
Pale gray dolostones of the Cap carbonate (Member 1) con-

ist of anhedral dolomite with minor amounts of organic material
Fig. 4a). The size of dolomite crystals is irregular, up to 50 �m.

e found thin, ca. 10 �m wide, dolomite veins and a few euhe-
ral and anhedral pyrites. The rims of dolomite are still white and
noxidized. But some pyrites have a magnetite rim. Dark gray to
ray dolostones of Member 2 and the lower part of Member 3 of
he Doushantuo Fm contain fine-grained anhedral dolomites with

inor amounts of clay minerals (micas) and detrital grains (e.g.
lagioclase and quartz) less than 10 �m across. The distribution of
rganic material is homogeneous (Fig. 4b). A few pyrites are up to
0 �m across. All pyrites are still preserved even at their rims. Gray
o pale gray dolostones of the upper part of Member 3 are mainly
omposed of abundant anhedral dolomites with minor clay min-
rals (micas) (Fig. 4c). The grain-size of the dolomite varies up to
0 �m. There are a few pyrites, most of which are euhedral, and
he edges of some are altered to magnetite; a few iron hydroxides
ccur along grain boundaries. The distribution of organic material
s homogeneous.

Dolostones in the Hamajing Member are gray to pale gray, and
ainly consist of coarse-grained dolomite with minor clay and
etrital minerals (Fig. 4d). The grain-size of the dolomite varies up
o 70 �m. Dolomites are brownish in places due to the presence of
ron hydroxide along grain boundaries in slightly altered samples.
lack limestones of the Shibantan Member contain fine-grained
nhedral calcites with minor amounts of clay minerals (micas)
, Rb/Sr, �18O and �88Sr of drill-core samples in the Three Gorges area, South China.
. The �18O values are from Tahata et al. (submitted for publication). 87Sr/86Sr ratios

Sr, and �18O panels. Crosses on the marks mean altered samples, as the criteria are

and detrital minerals. The grain-size of the detritus is less than
10 �m across. The distribution of organic material is homogeneous
(Fig. 4e).

3. Sample preparation and analytical methods

We prepared rock powders from carbonate rocks and carbonate-
dominant layers of alternating carbonates and black shales. In
addition, rock powders were prepared by micro-drilling of small
holes, millimeters across, on fresh surfaces of the drill-core samples
of Sites 1 and 2 to avoid visible altered parts and veins of carbon-
ate and quartz. However, extremely small amounts of tiny detritus
may possibly be involved.

The powders were dissolved in 2 M acetic acid at 70 ◦C for 24 h
in order to avoid dissolving the detrital silicate minerals. Ohno et al.
(2008) also prepared rock powders from drill-core samples of Sites
1 and 2. The difference between Ohno et al. (2008) and this study
is the acid: the former used hydrochloric acid, whereas we used
weak acetic acid, the effect of which on dissolved silicate minerals
will be discussed in Section 4.2. After insoluble residues had been
removed from sample solutions, dissolved samples were evapo-
rated and then re-dissolved in 2 M nitric acid. Any insoluble residue
was excluded from the calculation of elemental concentrations.

We obtained Sr, Mn, Al, Si, Fe and K abundances with an induc-
tively coupled plasma-optical emission spectrometer (ICP-OES,
LEEMANS Labs. Ink., Prodigy) at the Center for Advanced Materials

Analysis in the Tokyo Institute of Technology. Rb and Sr contents
were also determined at the Tokyo Institute of Technology with an
inductively coupled plasma-mass spectrometer (ICP-MS), which is
a ThermoElemental VG PlasmaQuad 2 quadrupole-based ICP-MS
equipped with an S-option interface (Hirata and Nesbitt, 1995). The
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Fig. 4. Photographs of thin sections of (a) cap dolostone (fine-grained dolomite with
anhedral and euhedral pyrites), (b) micritic to microspar gray dolostone in the lower
part of Member 3, (c) coarse-grained pale gray dolostone in the upper part of Mem-
ber 3, (d) coarse-grained pale dolostone in the Hamajing Member and (e) micritic
black limestone in the Shibantan Member. Py: pyrite.
search 176 (2010) 46–64 51

elemental abundances were obtained by calibration of peak inten-
sities of sample solutions with an analytical standard solution, NIST
987 (Hirata et al., 1988).

In order to avoid the influence of an isobaric interference on
87Sr, Sr was chemically separated from coexisting matrix elements
(e.g. K, Mg, Ca, and Fe) and Rb using a chromatographic technique
(Ohno and Hirata, 2006; Ohno et al., 2008). In this study, the sam-
ples dissolved in 2 M nitric acid were loaded onto ca. 0.25 ml of
preconditioned Sr Spec column (i.d. 6 mm, height 10 mm, particle
50–100 �m). After matrix elements were removed by 5 ml of 7 M
nitric acid and 3 ml of 2 M nitric acid, Sr were eluted by 5 ml of
0.05 M nitric acid.

Sr isotope compositions of 86Sr, 87Sr and 88Sr were measured
with a MC-ICP-MS (Nu plasma 500, Nu Instrument Ltd., Wrexham,
Wales) at the Tokyo Institute of Technology. The operating con-
ditions, including the torch position, Ar gas-flow rates and lens
settings, were adjusted so as to maximize the signal intensity of
88Sr (Ohno and Hirata, 2006; Ohno et al., 2008). Details of the instru-
ment and the operating parameters are summarized in Table 1. An
axial Faraday collector was used to measure 87 amu.

A correction of the mass discrimination effect is necessary for
MC-ICP-MS measurements in order to obtain precise and accurate
isotopic data. A typical mass discrimination effect of Sr observed in
MC-ICP-MS measurements is 2–3% amu−1. In this study, the mass
discrimination effect was corrected by two correction techniques
based on an exponential law (Russell et al., 1978). One is an inter-
nal correction technique, which provides the radiogenic 87Sr/86Sr
isotope ratios using the non-radiogenic 86Sr/88Sr ratio of the inter-
national convention value determined by Nier (1938) as 0.1194
(Ohno and Hirata, 2006; Ohno et al., 2008). The other technique
is an external correction using Zr, which corrects only the mass
discrimination effect in a mass spectrometer (Ohno and Hirata,
2006; Ohno et al., 2008). Zr of NIST987 was added into both sam-
ple and analytical standard solutions. As a result, we obtained two
isotopic ratios, 87Sr/86Sr and 88Sr/86Sr. The 88Sr/86Sr isotope ratios
were expressed as the relative deviation from the ratio of an iso-

topic standard reference material (NIST NBS987) in terms of delta
notations (�).

�88Sr =
[

(88Sr/86Sr)sample

(88Sr/86Sr)NIST
− 1

]
× 1000

Table 1
Details of the instruments and the operation parameters.

(1) MC-ICP-MS instrument
Nu instruments Nu Plasma

(2) ICP Ion Source
ICP 27.12 MHz
Power 1.35 kW forward, <5 W Ref.

Argon gas-flow rates
Cooling 13 l/min
Auxiliary 0.7 l/min
Nebulizer 1.00–1.02 l/min

(3) Mass Spectrometer
Ion energy 4000 V
Extraction 2400–2480 V
Analysis mode Static
Ion detection Analogue by Faraday
Typical transmission 80 V/(�g g−1)
Integration time 5 s
Scan-settled time 2 s
Number of cycles 40 cycles/run
Total analysis time 200 s/run

(4) Mass bias correction
Internal correction 88Sr/86Sr
External correction 91Zr/90Zr
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The detailed correction techniques are discussed in Ohno et al.
2008). The initial values of radiogenic 87Sr/86Sr isotope ratios were
alculated from the minimum depositional ages, Rb/Sr ratios and
half-life of 87Rb of 4.88 × 1010 years (Tables 2 and 3; see supple-
entary data files).
�13C and �18O data were compiled from the literature, but the

nalyses were carried out using the same rock powders with a Ther-
oquest GasBench II preparation device connected with helium

ow to DELTA Plus XL at the Tokyo Institute of Technology (Tahata
t al., submitted for publication).

. Results

The chemical and isotopic compositions are summarized in
able 2 for Site 2 drill core, and Table 3 for Site 1 drill core. We
stimated the influence of post-depositional alteration and detrital
omponents to obtain primary 87Sr/86Sr values of the rock samples.

.1. Post-depositional alteration

The isotopic compositions of Sr in marine carbonates are often
usceptible to alteration. The processes of alteration may include
arly diagenetic transformations and late diagenetic fluid reactions.
lteration through interaction with clay minerals and groundwa-

er, which have radiogenic isotopic compositions, would increase
he 87Sr/86Sr ratios, whereas interaction with fluids from a juve-
ile volcanic source would decrease the 87Sr/86Sr values. Generally
peaking, 87Sr/86Sr values increase due to post-depositional alter-
tion (Brand and Veizer, 1980, 1981).

Previous workers cited 18O-depletion, very low strontium con-
ent, very high manganese content, high Mn/Sr ratio, and conjugate
ecrease of �13C and �18O as characteristics of diagenetic alter-
tion by meteoric water (Brand and Veizer, 1980, 1981; Banner and
anson, 1990; Jacobsen and Kaufman, 1999; Halverson et al., 2007).

n this study, we also checked correlations among the 87Sr/86Sr
alue, Sr and Mn contents, and �13C and �18O values.

All of the limestones in the Shibantan Member have high Sr and
ow Mn contents, and moderate �18O values (Fig. 5). The geochemi-
al signature of moderate �18O values and no correlation among the
7Sr/86Sr ratio, Sr and Mn contents and �18O value, as well as our
etrographic observations, suggest that the influence of secondary
lteration through interaction with meteoritic fluids on the lime-
tone samples is insignificant. Most samples of Member 2 and the
ower part of Member 3 have high Sr and low Mn contents, moder-
te �18O values and no correlations between 87Sr/86Sr ratios, Sr and
n contents and �18O values, suggesting that most samples pre-

erve their primary 87Sr/86Sr values. However, a dolostone at the
ottom of Member 2 has a very low �18O value, possibly affected by
lteration. There is a slight negative correlation between 87Sr/86Sr
nd Sr contents in Member 1, the upper part of Member 3 of the
oushantuo Fm and the Hamajing Member of the Dengying Fm

Fig. 5). Post-depositional alteration shows such negative correla-
ions (Brand and Veizer, 1980; Halverson et al., 2007), and some
amples, which have very low Sr and very high Mn contents, might
e affected by alteration.

The Mn/Sr ratio is also used for discrimination of diagenetic
lterations, and the maximum Mn/Sr ratio of apparently unaltered
amples ranges from 1 to 3 (Kaufman et al., 1993; Brasier et al.,
996; Kennedy et al., 1998; Jacobsen and Kaufman, 1999). The
eteoric diagenesis model (Banner and Hanson, 1990; Jacobsen
nd Kaufman, 1999) shows that dolostone with very high Mn/Sr
atios from 10 to 40 might suffer isotopic modification of �13C and
18O ratios through interaction with meteoric fluids. In this study,
ost rock samples in Member 2 and the lower part of Member 3 of

he Doushantuo Fm and in the Shibantan Member of the Dengying
search 176 (2010) 46–64

Fm have a low Mn/Sr ratio (<1). On the other hand, the Mn/Sr ratios
in the lowermost of Member 2, upper part of Member 3 and the
Hamajing Member range from 1 to 10 (Fig. 3). Cap carbonates in
Member 1 have quite high Mn/Sr ratios (>10).

However, Mn contents and Mn/Sr ratios change according to the
redox condition in the ocean, and �18O also changes according to
the temperature in the ocean. Fig. 3 represents their stratigraphic
changes to separate sub-trends by post-depositional alteration
from general trends. Sr contents, Mn/Sr ratio and �18O of carbon-
ates display smooth curves. Sr contents increase from ca. 50 ppm
at the bottom of the Doushantuo Fm to ca. 500 ppm at the middle
of Member 2 and gradually decrease down to ca. 40 ppm at around
170 m height. Above that height, Sr contents increase again in the
upper part of the Member 3 and decrease again at the Doushantuo
and Dengying Fms boundary. Limestones of the Shibantan Member
have high Sr contents. Mn/Sr ratios provide a mirror image of the
Sr contents. Mn/Sr ratios decrease from ca. 10 at the bottom of the
Doushantuo Fm to ca. 0.5 in the middle of Member 2, and gradu-
ally increase up to ca. 5 at around 170 m. Afterwards, Mn/Sr ratios
decrease again in the upper Member 3 and increase again at the
boundary between the Doushantuo and Dengying Fms. Limestones
of the Shibantan Member have low Mn/Sr ratios. �18O values in
the cap carbonate and lower part of Member 2 vary between −15
and +1‰. �18O values fluctuate between −3 and +1‰ in the mid-
dle and upper part of Members 2. Two negative �18O anomalies,
down to −7 and −10‰ respectively, are present in Member 3. �18O
values in the Dengying Fm vary between −6 and 0‰. We removed
87Sr/86Sr data points with extremely high Mn/Sr ratios (>4) and/or
low �18O values from the 87Sr/86Sr excursion curve compared with
general trends (Fig. 3), because the samples are potentially affected
by secondary alteration.

4.2. Influence of detrital components

Involvement of detrital materials influences Sr isotope com-
positions, because terrigenous detritus has radiogenic Sr isotopic
compositions. Especially, the involvement of clay minerals and
feldspar originating from continental crust significantly increases
87Sr/86Sr ratios, because they contain high Sr contents. Because clay
minerals and feldspars contain higher Al, Si, K and Rb contents than
carbonate minerals, we checked the correlations between 87Sr/86Sr
ratios and Al, Si and K contents and Rb/Sr ratio to estimate the
influence of a detrital component. The Rb/Sr ratio also reflects
post-depositional alteration. In either case of post-depositional
alteration or involvement of detritus, a high Rb/Sr ratio is unfavor-
able for the preservation of primary 87Sr/86Sr of carbonate rocks.
Previous workers suggested a criterion of Rb/Sr < 0.001–0.01 for
unaltered samples and detritus-free samples (Derry et al., 1989;
Asmerom et al., 1991; Kaufman et al., 1993).

There is no correlation between 87Sr/86Sr ratios and Al, Si and
K contents and Rb/Sr in Member 2, the lower part of Member 3,
and the Shibantan Member, indicating an insignificant influence
of clay minerals and feldspar on 87Sr/86Sr ratios (Fig. 6a–d). On
the other hand, dolostone samples from Member 1 and the upper
part of Member 3 have a faint correlation between 87Sr/86Sr ratios
and Al, Si and K contents and Rb/Sr. Especially, four samples with
higher 87Sr/86Sr ratio than 0.7095 have high Al, Si and K contents
and Rb/Sr ratios. Dolostones of the Hamajing Member also have a
positive correlation between 87Sr/86Sr ratios and Rb/Sr ratios. Pet-
rographic observations show that the modal abundances of detrital
materials are very low, but extremely high Rb/Sr ratios are unsuit-

able for reconstruction of the primary 87Sr/86Sr curve as mentioned
above. So, we selected carbonate rocks with Rb/Sr < 0.01 as the
unaltered and detritus-free samples (Fig. 6d). The influence of the
detrital minerals is insignificant on the carbonate in Member 2,
lower part of Member 3 and the Shibantan Member. No relation-
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Fig. 5. Isotopic and elemental cross-plots of drill-core samples for 87Sr/86Sr vs. Sr contents, Mn contents, Mn/Sr and �18O (a–d). Isotopic cross-plot of �18O vs. �13C (e; data
from Tahata et al., submitted for publication). The symbols are different for each stratigraphic Member. In Fig. 4, Member 3 is separated into lower and upper parts at the
145 m lithostratigraphic height.
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Fig. 6. Isotopic and elemental cross-plots of 87Sr/86Sr ratios and Al, Si and K contents and Rb/Sr ratios of drill-core samples (a–d). Cross-plots of 87Sr/86Sr ratios and ratios
of dissolved amounts to insoluble residue (e). There is no clear correlation between 87Sr/86Sr ratios and these signatures, which indicate minor influence by involvement of
detrital components. The symbols are the same as those in Fig. 4.
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hip between 87Sr/86Sr and the ratio of the dissolved amount to
nsoluble residue also indicates that the influence of the detrital

aterials on the obtained 87Sr/86Sr isotope values is minor (Fig. 6e).
ome dolostones in Member 1 and the Hamajing Member have a
inor influence by involvement of detrital components, and were

eleted (Fig. 6a–d).

.3. Reconstruction of primary 87Sr/86Sr excursion in the
oushantuo and Dengying Formations

We obtained 87Sr/86Sr ratios of the least altered carbonate rocks
rom the Doushantuo and the Dengying Formations as mentioned
bove, and reconstructed the secular change of 87Sr/86Sr values of
ncient seawater during the Ediacaran period (Fig. 7). The 87Sr/86Sr
f carbonate rocks in the Doushantuo Fm gradually increased from
a. 0.708 to 0.709 with some positive and negative shifts. 87Sr/86Sr
alues of the lower part of Member 2 fluctuate around 0.708, and
ecrease to 0.7077 at ca. 100 m height. This is the lowest value

n the Doushantuo Fm. The 87Sr/86Sr increases from 0.7077 to
.7085 at ca. 120 m height of the top of Member 2. Subsequently,
he 87Sr/86Sr value decreases to 0.7077 and increases again to
a. 0.709 through Member 3. The 87Sr/86Sr values of the lime-

tone in the Shibantan Member are constant (ca. 0.7084). Previous
orkers showed a monotonous increase from 0.707 to 0.709 in

7Sr/86Sr ratio (Shields and Veizer, 2002; Halverson et al., 2007),
ut this work found two increases of 87Sr/86Sr ratio in the Edi-
caran.

ig. 7. Lithostratigraphic column and chemostratigraphies of 87Sr/86Sr, �13C, and �18O va
hina. The �13C and �18O values are from the literature (Tahata et al., submitted for publi

n the �13C and �18O chemostratigraphies, solid circles represent the same samples as 87

xtends from 0 to 18 m in the lower part. Capital “FS” means a flooding surface. Capital “U
he �13C and 87Sr/86Sr values. The definitions of Phases 1–4 are described in the text.
search 176 (2010) 46–64 55

It is noteworthy that 87Sr/86Sr, �13C and �18O values show good
correlations (Fig. 7). The Sr isotopic compositions define a relatively
smooth curve as a whole and two major positive shifts of 87Sr/86Sr
are related to two major negative shifts of �13C. We separated the
Doushantuo and the Dengying Fms into four phases based on the
87Sr/86Sr ratio and �13C. Phase-1 (P-1) comprises the lower part of
the Doushantuo Fm and its upper boundary is defined by the begin-
ning of increase in the 87Sr/86Sr ratio (Fig. 7). In the P-1, 87Sr/86Sr
ratios fluctuate around 0.708. There is a faint negative correlation
between �13C and �18O and a negative shift of �13C in the middle.
A large positive excursion of 87Sr/86Sr ratio defines Phase-2 (P-2),
that is by the minimum values on both sides of the excursion. In
P-2, the 87Sr/86Sr ratio displays a sudden positive excursion, accom-
panied by �13C and �18O excursions. The timings of the decrease
of the �13C and increase of the �18O are apparently identical. On
the other hand, the changes in the �13C and �18O values slightly
precede the increase of 87Sr/86Sr around the P-1/P-2 boundary. The
�13C decreases from +5 to −4‰ and the 87Sr/86Sr ratio increases
from 0.7077 to 0.7085. Subsequently, �13C increases up to −1‰ on
the way up to ca. +5‰, and the 87Sr/86Sr ratio suddenly decreases
to 0.7077. A large positive shift in the 87Sr/86Sr ratio and a positive
�13C excursion define Phase-3 (P-3). The bottom boundary of P-3

87 86
is defined by the beginning of an increase in the Sr/ Sr ratio and
the upper boundary of P-3 by the beginning of a decrease in �13C
values. In P-3, the positive correlation between 87Sr/86Sr and �18O
disappears. While 87Sr/86Sr increases from 0.7077 to 0.7087 and
becomes constant, �13C increases to ca. +5‰ and �18O decreases to

lues, and Mn and Fe contents of drill-core samples in the Three Gorges area, South
cation). Symbols in the 87Sr/86Sr chemostratigraphy are the same as those in Fig. 4.
Sr/86Sr analyses. Site 1 extends from 0 to 268 m in the upper part, whereas Site 2
” means unconformity. Sr isotope excursion is separated into four phases based on
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a. −5‰. Phase-4 (P-4) ranges from the upper part of Member 3 to
he Shibantan Member, and its bottom boundary is defined by the
eginnings of a re-increase in 87Sr/86Sr and decrease in �13C values.
n P-4, �13C and �18O decrease down to ca. −9‰ and −8‰, respec-
ively, whereas 87Sr/86Sr values change from 0.7087 to the highest
alue of 0.7091. Subsequently, the �13C value gradually recovers to
5‰ and the 87Sr/86Sr ratios keep to medium values (ca. 0.7085) in
he Dengying Formation.

We also obtained �88Sr from the Doushantuo and the Dengy-
ng Fms (Fig. 3). The �88Sr of carbonate rocks gradually increases
rom ca. −0.7‰ in the cap carbonate to ca. +0.1‰ at the bottom of

ember 2. �88Sr values in the lower part of Member 2 fluctuate
round +0.5‰, and slightly decrease to +0.3‰ at ca. 120 m height.
88Sr varies from +0.1‰ to +0.6‰ through Member 3. The �88Sr val-
es of dolostone in the Hamajing Member are constant (ca. +0.2‰)
ut those of the limestone in the Shibantan Member relatively are
ariable between +0.2‰ to +0.6‰.

. Discussion

.1. Comparison with global excursions

At present the residence time of strontium in the oceans is from
.5 to 4 million years (Elderfield, 1986; Hodell et al., 1990; Richter
nd Turekian, 1993), much longer than the surface and thermo-
aline ocean circulations, ∼103 years (Broecker, 1982). Therefore,

t is expected that the Sr isotopic composition is relatively homo-
eneous in the whole ocean. However, the exact residence time
n the Ediacaran is not yet constrained. Hoffman et al. (1998) sug-
ested that the Proterozoic ocean had higher Sr concentrations and
longer Sr residence time because of the lower Sr/Ca partitioning

n inorganically precipitated carbonates.
�88Sr of carbonate rock is controlled by several parameters: (1)

recipitation temperature of carbonate (Fietzke and Eisenhauer,
006; Rüggeberg et al., 2008), (2) isotope variations of source mate-
ials (Ohno et al., 2008), and (3) the balance between efficiency
f Sr sink and Sr content of seawater Sr, analogous to Ca isotopes
Lemarchand et al., 2004). The �88Sr values in the Ediacaran range
rom 0.3 to 0.6‰, except for some periods (Fig. 3). The lower Cap
arbonate has quite low �88Sr values (Ohno et al., 2008), and the
88Sr values in P-2 and the upper Doushantuo Fm. are relatively

ow (Fig. 3). The quite low values in the Cap carbonate cannot be
xplained by its temperature dependence, because cap carbonate
as formed during a relatively hot period (Hoffman et al., 1998).

he isotopic variation of source materials from continental weath-
ring may account for the low �88Sr values. However, the effect
f isotopic variation of source materials is still ambiguous because
ll terrestrial rocks do not have a low �88Sr. If Ediacaran seawater
ad a similar �88Sr value to modern seawater (ca. 0.35‰, Ohno et
l., 2008; Halicz et al., 2008), the high �88Sr values in Members 2
nd 3 of the Doushantuo and lower Dengying Formations indicate
hat Sr was more efficiently removed from seawater, and that the
sotope fractionation of Sr was small, analogous to the Ca isotopes
Lemarchand et al., 2004; Komiya et al., 2008a). Namely, the high
88Sr values suggest that the Sr concentration of seawater was low
elative to Sr removal so that the residence time of Sr was shorter
n the Ediacaran. On the other hand, the low �88Sr values in some
eriods suggest relatively high Sr contents of seawater, and possibly
igher continental influxes of Sr.

The 87Sr/86Sr compositions of carbonate rocks in the Three

orges region are expected to reflect the global change of 87Sr/86Sr,
ecause the Yangtze platform was connected with an open ocean

n those days (Zhu et al., 2003). Fig. 8 shows a comparison between
his and previous studies in South China (Yang et al., 1999; W. Wang
t al., 2002; Z. Wang et al., 2002; Jiang et al., 2007). Earlier studies
search 176 (2010) 46–64

analyzed Sr isotope compositions of carbonate rocks of outcrops in
the Three Gorges. Our absolute values of the 87Sr/86Sr ratio in the
middle of Member 2, the lower part of Member 3, and the Shiban-
tan Member are consistent with previous studies, but the positive
excursion of 87Sr/86Sr in P-2 and the increase of 87Sr/86Sr in P-3
were not identified previously. However, the scarcity of 87Sr/86Sr
data in previous works suggests that the discrepancy results from
the lack of Sr isotope data. Therefore, the 87Sr/86Sr chemostratig-
raphy of this work is consistent with that of previous studies, and
it displays two new steep positive shifts and one steep negative
shift in the Doushantuo Fm. W. Wang et al. (2002) reported very
high 87Sr/86Sr values at the boundary between the Doushantuo and
Dengying Fms. The high 87Sr/86Sr values are not recorded in our pri-
mary 87Sr/86Sr excursion. However, W. Wang et al. (2002) did not
discuss post-depositional alteration. Our samples also record high
87Sr/86Sr values in the uppermost part of Member 3 and the lower
part of the Hamajing Member, but their high Mn/Sr and Rb/Sr ratios
indicate the effect of post-depositional alteration. Z. Wang et al.
(2002) reported a very low 87Sr/86Sr value (0.7079) in the Hama-
jing Member. The rock sample has a high Rb/Sr ratio (ca. 0.028),
unsuitable for preservation of primary 87Sr/86Sr of a carbonate rock.

Chemostratigraphies of both �13C and 87Sr/86Sr values during
the Ediacaran period were reported in Australia, Oman, Canada,
Namibia and Siberia (Kaufman et al., 1993, 1997; Burns et al.,
1994; Saylor et al., 1998; Pelechaty, 1998; Calver, 2000; Walter
et al., 2000; Le Guerroué et al., 2006; Pokrovsky et al., 2006;
Melezhik et al., 2009, Fig. 1). There are many �13C studies in
the Ediacaran, whereas a detailed 87Sr/86Sr study is still lacking.
Recent �13C studies in the Chinese section clearly showed three
major negative excursions at about 635 Ma in the lower Doushan-
tuo, at 600–580 Ma in the middle of the Doushantuo, and at ca.
575–560 Ma in the upper Doushantuo Formation (Jiang et al., 2007;
Zhou and Xiao, 2007; Zhu et al., 2007; McFadden et al., 2008). A
negative �13C anomaly at about 635 Ma is ubiquitous in Cap car-
bonates in the world (Kaufman and Knoll, 1995; Hoffman et al.,
1998). The last two �13C negative excursions are sporadically pre-
served in other sections in Australia, Oman, Namibia, northwestern
Canada, western USA, Siberia and northern India. Previous work-
ers correlated each other’s data based on their �13C excursions (e.g.
Halverson et al., 2005; Le Guerroué et al., 2006; Jiang et al., 2007;
Zhou and Xiao, 2007; Zhu et al., 2007). For example, Le Guerroué
et al. (2006) compared the upper Doushantuo excursion with the
Wonoka in Australia, Shuram in Oman, Johnnie in Death Valley,
USA, and Kuibis subgroup of the Nama Group, Namibia. On the
other hand, Jiang et al. (2007) correlated it with a negative �13C
anomaly in the Stirling Quartzite instead of the Johnnie Formation,
USA, and correlated the middle Doushantuo excursions with that in
the Johnnie Formation. We compare our results with those of previ-
ous studies by taking into account both �13C and 87Sr/86Sr changes,
because the combination of �13C and 87Sr/86Sr chemostratigraphies
clear shows that the middle and upper Doushantuo excursions have
similar �13C negative values but different 87Sr/86Sr excursions.

The negative �13C values and low 87Sr/86Sr ratios (ca. 0.708) in
the Namibian succession correspond to the negative excursion of
�13C in Phase-2 of this study (Fig. 1; S-1). Similarly, the positive
�13C and medium 87Sr/86Sr ratios (ca. 0.708–0.7085) in Oman are
consistent with those in the lower part of Member 3 (Fig. 1; S-2). In
the S-3, the 87Sr/86Sr ratios in the Three Gorges area change from ca.
0.7087 to 0.709 (Fig. 7). The 87Sr/86Sr ratios in Oman change from
ca. 0.7086 to 0.7090, whereas three data points in the Australian
section have 0.7087–0.7088 in 87Sr/86Sr ratios (Fig. 1). They are

consistent with high 87Sr/86Sr values in the Chinese section during
the Shuram excursion. However, there is a difference in 87Sr/86Sr
variation in the Siberia section (Melezhik et al., 2009). The 87Sr/86Sr
ratios in Siberia are relatively low, from 0.7080 at the early Shu-
ram excursion, but they suddenly increase to 0.7086 in the middle.
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ig. 8. Comparison of chemostratigraphies of �13C and 87Sr/86Sr ratios in South Ch
l., 2007). Solid circles and black heavy lines mean excursions of 87Sr/86Sr values. O

n general, the common characteristics are that Sr isotope values
ncreased around the Shuram excursion, and the maximum value

as over at least 0.7086, but the exact timing of the increase is still
mbiguous and was probably variable among the oceans. Because
here is a variation in 87Sr/86Sr ratios among present river waters
Palmer and Edmond, 1989; Richter et al., 1992), and because the
esidence time of Sr in seawater was shorter in the Ediacaran,
7Sr/86Sr values were possibly more varied especially in shallow
arine environments than at present. However, the high 87Sr/86Sr

>0.7086) and low �13C values are common at the Shuram excur-
ion in Oman, Australia and Siberia, which corresponds to S-3 in
he Three Gorges area.

The positive �13C values and medium 87Sr/86Sr ratios (ca.
.7085) in Namibia and Canada correspond to those in the Shiban-
an Member in our study (Fig. 1; S-4). Because no detailed 87Sr/86Sr
sotopic compositions between the Marinoan glaciation and the
rst negative �13C excursion are available in other areas, it is
till ambiguous to correlate the 87Sr/86Sr ratios in the middle and
ower parts of Member 2 with successions in other areas. The
7Sr/86Sr curve of our work includes the majority of 87Sr/86Sr values
f previous workers and potentially represents a global 87Sr/86Sr
hange in the Ediacaran. Our results demonstrate the first detailed
7Sr/86Sr excursion accompanied by a detailed �13C chemostratig-
aphy during the Ediacaran. In following section, we shall discuss
he environmental changes that caused the two 87Sr/86Sr excur-
ions (together with �13C and �18O changes) in the Ediacaran.

.2. Where are the glacial deposits of the Gaskiers glaciation?

We have tried to constrain the position of the Gaskiers glacia-

ion from the combined chemostratigraphies of �13C, �18O and
7Sr/86Sr. The chemostratigraphy of drill-core samples in the Three
orges region indicates that positive 87Sr/86Sr, negative �13C and
ositive �18O excursions are present around the Members 2–3
oundary (Fig. 7, P-2). The chemostratigraphies of the �13C, �18O
odified after Yang et al., 1999; W. Wang et al., 2002; Z. Wang et al., 2002; Jiang et
rcles and black narrow lines mean excursions of �13C values.

and 87Sr/86Sr ratios indicate the following features in P-2. Firstly,
�13C decreases suddenly and �18O increases gradually from 91 m-
height at almost the same time within the scattering of the data
(Fig. 7). On the other hand, 87Sr/86Sr values increase gradually from
0.7077 at 99 m-height to 0.7085 at 116 m-height. Between ca. 116
and 126 m-height, �13C, �18O and 87Sr/86Sr values fluctuate around
−4‰, 0‰ and 0.7085, respectively. Later, �18O and 87Sr/86Sr simul-
taneously decrease, whereas �13C increase gradually at the bottom
of Member 3.

Generally speaking, post-depositional alteration causes �18O to
decrease, because the �13C of pore fluids is lower than that of sea-
water, and because the diagenetic reaction proceeds at a higher
temperature than the precipitation of carbonate minerals under the
sea. The increase of �18O values and negative correlation between
�18O and �13C variations in the P-2 suggest that our drill-core sam-
ples still preserve the primary signatures of �18O. In this case, the
gradual increase in �18O indicates global cooling (Tahata et al.,
submitted for publication). Many unconformities, correlated with
the negative �13C excursion, are found throughout the world: at
Xiaofenghe and Wangjiagou in the Yangtze region (Zhu et al., 2007),
the Death Valley area (Kaufman et al., 2007), and northern India
(Jiang et al., 2002; Kaufman et al., 2006), suggesting a regression in
the middle Ediacaran. A regression enhances continental weather-
ing because a continental shelf is widely exposed, consistent with a
high 87Sr/86Sr value. In addition, Phanerozoic 87Sr/86Sr studies also
suggest a correlation between 87Sr/86Sr and a glacial period (Blum
et al., 1993). Blum and Erel (1995) suggested that the 87Sr/86Sr ratio
of Sr released at an early stage of weathering is significantly higher
than that at a later stage, and that the 87Sr/86Sr ratio of a global
riverine influx drastically increases at the early stage of glacial-

cycling. Li et al. (2007) suggested that global cooling produced an
increase in marine 87Sr/86Sr ratio since 3.4 Ma, and they emphasize
the importance of low activation energy of mica minerals. The iso-
topic change is consistent with the positive shift of 87Sr/86Sr during
the glaciation.
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In a Phanerozoic analogue, it is expected that a glacioeustatic
ea-level fall would cause a rise in seawater �13C, because organic
urial would be enhanced. The Late Ordovician glaciation, for
xample, is associated with a positive excursion in �13C (Kump
t al., 1999). However, previous studies suggested that the carbon
ystem in the Ediacaran differed from that during the Phanero-
oic in terms of the size of dissolved inorganic carbon (DIC) and
rganic carbon (DOC) reservoirs, and of the efficiency of organic
urials. The DOC reservoir was larger than the DIC reservoir in the
diacaran (Rothman et al., 2003; McFadden et al., 2008), and the
rganic burial was less efficient (Rothman et al., 2003). Under such
carbon system, oxygen generated from accelerated primary pro-
uctivity due to the higher nutrient content would be consumed
y oxidation of the large DOC reservoir, and a higher sulfate influx
rom continents would promote remineralization of the DOC (Fike
t al., 2006; Jiang et al., 2007), which in turn would decrease �13C
n the ocean. In addition, Peltier et al. (2007) proposed a linkage
etween glaciation and a negative �13C excursion and emphasized
he temperature-dependence solubility of oxygen. In their model,
high oxygen solubility during a glaciation leads to promotion of

emineralization of the DOC. Global cooling apparently accounts for
he geochemical correlations among the three isotope systems as
ell as geological evidence for global unconformities in the middle

diacaran.
In summary, the chemostratigraphies of the �13C, �18O and

7Sr/86Sr ratios in P-2 are explained by global cooling. Global
emperature decreased, evident in the positive shift of �18O. The
nhanced primary activity due to high influx of nutrients promoted
xidation of the large DOC reservoir, and active sulfate reduction
ue to higher sulfate influx from continents enhanced remineral-

zation of the DOC reservoir, both which are recorded as a negative
hift of �13C. The positive shift of the 87Sr/86Sr ratio indicates that
he formation of glaciers on continents caused global regression
nd enhanced continental weathering, because of an increase in
he erosional surface of continental crust. After the glaciation, the
lobal temperature recovered, and �13C, �18O and 87Sr/86Sr con-
emporaneously began to recover to the pre-glaciation values.

It is difficult to constrain the Gaskiers glaciation in the Three
orges region, because no glacial deposit, corresponding to the
askiers glaciation, is found in South China. However, Condon
t al. (2005) compiled chemostratigraphies in South China, and
uggested the correlation of a faint negative value around the
–3 Member boundary with negative �13C values of carbonate
ocks above the Gaskiers Glaciation in Newfoundland (Myrow and
aufman, 1999). Zhu et al. (2007) suggested a potential cause of

he Gaskiers Glaciation for the negative excursion in the mid-
le Doushantuo Formation based on compilation of �13C data in
outh China. On the other hand, some previous workers related
he Shuram-Wonoka-upper Doushantuo excursion to the Gask-
ers Glaciation (Le Guerroué et al., 2006; Halverson et al., 2005;
alverson, 2006).

Previous works showed �13C chemostratigraphies of the
eng’an sections, which have negative �13C values at the bot-

om, middle and top of the Doushantuo Formation (Zhou, 1997;
hou et al., 2007; Zhu et al., 2007), and suggested that the neg-
tive �13C excursion around the boundary between Members 2
nd 3 in the Three Gorges area is equivalent to the negative �13C
xcursion in carbonate layers at the top of the lower Doushan-
uo Formation (EN2; nomenclature in Zhou and Xiao, 2007) in the

eng’an area, and that the �13C negative excursion in P-4 of the
hree Gorges area corresponds to the �13C negative excursion in

he upper Doushantuo Fm (EN3) in the Weng’an area based on a
omparison between the Three Gorges and Weng’an areas in terms
f their �13C chemostratigraphy and sequence stratigraphy (e.g.
hou and Xiao, 2007; Zhou et al., 2007; Zhu et al., 2007). In this
ase, the �13C negative excursion of P-2 is possibly placed before
search 176 (2010) 46–64

the 580 Ma Gaskiers Glaciation (Zhou and Xiao, 2007; Zhou et al.,
2007), because a Pb–Pb age of phosphorite above the excursion is
599 ± 4 Ma (Barfod et al., 2002).

However, recent studies showed more complicated �13C vari-
ations in the Weng’an section: the �13C negative excursion at the
middle Doushantuo Fm is split into two (Zhou and Xiao, 2007) or
three parts (Zhu et al., 2007), and there is large and frequent fluctua-
tion between −4 and +1‰ in the upper Doushantuo Fm (Zhou et al.,
2007). In addition, two negative �13C excursions are found between
the EN2 and EN3 (Zhu et al., 2007). Moreover, new chemostrati-
graphic and stratigraphic studies reported much more complicated
�13C chemostratigraphy, and more local exposures of dolograin-
stone layers in the middle to upper Doushantuo Formation (Jiang
et al., 2008). The occurrence of more widespread local exposures
is consistent with a very shallow water environment (Vernhet,
2007; Jiang et al., 2008), possibly susceptible to local sea-level
change. The difference in the patterns and absolute values of the
�13C chemostratigraphies supports the idea that the Weng’an sec-
tion represents a shallow water environment and does not possess
all the global signatures. In addition, the geochronological data of
Barfod et al. (2002) has some ambiguities to evaluate the accuracy of
the calculated dates: the complexity of diagenesis in phosphorites
and the use of leached whole-rock samples that span several meters
of section (Condon et al., 2005). Recently, multicellular algae, ani-
mal embryo fossils and acritarchs fossils, equivalent to those at the
Upper phosphorite unit in the Weng’an area (e.g. Xiao et al., 1998),
were found in the lowest part of Member 2 in the Three Gorge area
(Xiao et al., 1998; Zhou et al., 2007; Yin et al., 2007; McFadden
et al., 2008; Liu et al., 2009). If the biostratigraphies are mutu-
ally correlated, the Upper Member of the Doushantuo in Weng’an
corresponds to the lower Member 2 in the Three Gorges area.

There is no compelling evidence for a single glaciation during
the Ediacaran, but the Gaskiers glaciation is widely accepted as one
of the Ediacaran glaciations. In addition, the �18O values in Mem-
ber 2 are relatively high, but the largest �18O positive excursion is
found in the P-2 (Tahata et al., submitted for publication). The most
distinctive change in the combination of �18O, �13C and 87Sr/86Sr
values is also present in P-2. Although a more severe glaciation than
that of the Gaskiers glaciation can be assumed in the middle Edi-
acaran, the present lines of evidence suggest that the glaciation in
P-2 is the Gaskiers glaciation.

5.3. Enhanced continental weathering and the Shuram negative
carbon isotope excursion

A large negative isotope excursion is found in the middle Edi-
acaran from ca. 575 to 550 Ma, the so-called the Shuram excursion,
in Oman, Australia, Namibia, western United States, northern India,
Svalbard, Siberia and South China (Condon et al., 2005; Halverson
et al., 2005; Saylor et al., 1998; Le Guerroué et al., 2006; Fike et
al., 2006; Pokrovsky et al., 2006; Kaufman et al., 2007; Jiang et al.,
2007; McFadden et al., 2008; Melezhik et al., 2009). The cause of the
Shuram excursion is still controversial. Fike et al. (2006) showed
no correlation between �13Ccarb and �13Corg through the Shuram
excursion, and provided evidence to support the idea of Rothman
et al. (2003) for the existence of a large DOC reservoir. Fike et al.
(2006) also demonstrated a high ��34S through the excursion, and
suggested that an increase in the content of oceanic sulfate derived
from continental weathering due to high atmospheric O2 enhanced
sulfate reduction and caused remineralization of the DOC. In addi-
tion, the beginnings of a positive correlation between �13Ccarb and

�13Corg at a late stage of the excursion suggest the disappearance
of the excess DOC reservoir, namely a fully oxidized state (Fike et
al., 2006).

However, Kaufman et al. (2007) analyzed sulfur isotope ratios of
Ediacaran rocks in Death Valley, USA and pointed out that the sulfur



ian Re

i
a
m
m
o
e
H
d
r
t
l
c
o
a
t
i
n
l
o
U
w
a
D
v
d

o
e
b
n
e
d
r
w
t
e

m
l
i
M
t
a
T
a
i
(
t
t
K
t
F
g
t
S

h
t
m
T
b
a
c
a
i
M

Y. Sawaki et al. / Precambr

sotope excursion was not sufficient to cause the large negative �13C
nomaly; as an alternative they proposed oxidation of fossil organic
aterial trapped in marginal marine sediments and exposed sedi-
ents. The strong negative �13C anomaly results from river input

f oxidized organic material (Kaufman et al., 2007), which is appar-
ntly consistent with high 87Sr/86Sr during the Shuram excursion.
owever, oxygen deficiency of seawater in the early stage, as
escribed in detail below, prefers remineralization of the DOC
ather than input of oxidized organic materials. Recently, assuming
hat the rate of decay of the excess DOC pool was initially set as a
inear function of DOC concentration, Bristow and Kennedy (2008)
alculated the size of the DOC reservoir and inspected the duration
f the negative �13Ccarb anomaly with a nadir of the negative �13C
nomaly at −12‰. The calculation shows a very short duration of
he �13Ccarb change and a quick exhaustion of oxygen and sulfate
n seawater. Bristow and Kennedy (2008) suggested that the large
egative �13C excursion occurred in salinity-stratified basins with

imited marine connections. However, the ubiquitous occurrence
f the Shuram excursion in Oman, Australia, South China, western
nited States, Svalbard, Siberia and northern India is inconsistent
ith a local event in a closed basin. Moreover, it is possible that
much larger DOC reservoir and a slower remineralization of the
OC caused a longer duration of the �13C excursion, because the
alidity of the assumption of a linear relationship between the
ecay rate and the DOC concentration is still ambiguous.

As a result, a remineralization of the DOC due to an enhancement
f the sulfate influx and oxidative weathering of organic carbon in
xhumed sediments still accounts for the large negative �13Ccarb
etter than any other models. However, previous workers showed
o compelling evidence for the enhancement of continental weath-
ring during the Shuram excursion. Our chemostratigraphy clearly
emonstrates a sudden increase in 87Sr/86Sr ratio through the Shu-
am excursion consistent with a rise in continental weathering and
ith the hypothesis that a high continental influx of sulfate caused

he large negative �13Ccarb excursion (Fike et al., 2006; McFadden
t al., 2008).

Sulfate is supplied to the ocean by dissolution of sulfate-bearing
inerals and oxidative weathering of pyrite exposed on land. Ear-

ier workers assumed an increase of oxidative weathering of sulfide
n the Shuram excursion (Fike et al., 2006; Jiang et al., 2007;

cFadden et al., 2008). However, it is still controversial whether
he oxygen content of the atmosphere and seawater increased
round the Shuram excursion (e.g. Bristow and Kennedy, 2008).
he ratio of highly reactive iron such as iron oxide, carbonate
nd sulfide minerals, to total iron (FeHR/FeT) indicates an increase
n the oxygen content of seawater after the Gaskiers glaciation
Canfield et al., 2007, 2008). Although there are only few data,
he Ce anomaly of carbonate rocks suggests that shallow seawa-
er became anoxic after the Gaskiers Glaciation (Yang et al., 1999;
omiya et al., 2008b). The gradual increase of sulfur isotope frac-

ionation between sulfate and sulfide, ��34S (Hurtgen et al., 2005;
ike et al., 2006), was interpreted as an increase of atmospheric oxy-
en through the Ediacaran (Fike et al., 2006). The evidence suggests
hat the oxygen content of seawater did not increase just before the
huram excursion and at an early stage.

The major sources of marine manganese and iron are a
ydrothermal influx from oceanic crust and river input from con-
inental weathering. Major sinks of these elements are authigenic

inerals (oxide and carbonate), absorption and biological intake.
he Mn and Fe contents, generally speaking, are mainly controlled
y the redox condition of the ocean. Mn and Fe are easily oxidized

nd precipitated as oxide and oxyhydroxide minerals under an oxic
ondition, whereas Mn2+ and Fe2+ are stable and accumulate in an
noxic condition. The Mn2+ and Fe2+ are involved in a solid solution
n carbonate minerals. Assuming that the partition coefficients of

n and Fe between seawater and carbonate minerals are constant,
search 176 (2010) 46–64 59

the Mn and Fe contents of carbonate minerals reflect a redox con-
dition; higher Mn and Fe contents under an anoxic condition. Mn
and Fe contents of carbonate rocks decreased just after the Gask-
iers glaciation and then increased, supporting a sudden increase of
the oxygen content after the glaciation based on the FeHR/FeT ratio
(Canfield et al., 2007) and the following decline of oxygen content
based on the Ce anomaly of carbonate (Yang et al., 1999; Komiya et
al., 2008b) (Fig. 7). In the final stages, Mn and Fe contents decreased,
consistent with an increase of oxygen content shown by the begin-
ning of coupling between �13Ccarb and �13Corg and a high ��34S
value (Fike et al., 2006). The above line of evidence suggests that
the rise in atmospheric oxygen was not a trigger for the enhance-
ment of the oceanic sulfate influx and the consequent Shuram �13C
negative excursion.

5.4. A surface environmental change induced by continental
collision

We will now discuss surface environmental changes in P-3 and
P-4 based on the detailed chemostratigraphy of our drill-core sam-
ples in the Three Gorges region (Fig. 7). The 87Sr/86Sr ratio suddenly
increased in P-3, and �13C increased up to +5‰, and �18O decreased.
During P-4, �13C and �18O decreased to their lowest values, and
87Sr/86Sr reached ca. 0.7092, comparable to the 87Sr/86Sr ratio of
present seawater. There was a large positive 87Sr/86Sr shift accom-
panied by a positive �13C shift, and these clearly preceded the large
negative shifts of �13C and �18O, namely the Shuram excursion.
The positive correlation of �13C and 87Sr/86Sr changes is apparently
different from the negative correlation between �13C and 87Sr/86Sr
values at the 580 Ma Gaskiers glaciation, as mentioned above. Gen-
erally speaking, the following processes account for the increase in
the 87Sr/86Sr ratio of seawater: sea-level fall, formation of moun-
tain chains due to continental collision (Richter et al., 1992), a
decrease in the input of mantle Sr due to inactive hydrothermal
activity and volcanism (Shields, 2007), and enhancement of conti-
nental weathering due to global warming. A regression event due
to an extensive glaciation is inconsistent with the low �18O values.
Shields (2007) suggested that a reversible increase in the over-
all continental weathering rates due to tectonic uplift is the most
plausible explanation based on the normalized 87Sr/86Sr curve, a
published seawater �34S curve and atmospheric pCO2. As a mod-
ern analogue, it is well known that the uplift of the Himalaya
and Tibetan Plateau increased continental weathering rates, and
resulted in a more radiogenic Sr isotope ratio of seawater (Richter
et al., 1992). Squire et al. (2006) suggested the convergence of East
and West Gondwana at 650–500 Ma and the consequent formation
of a Transgondwanan Supermountain between the two supercon-
tinents to trigger the biotic and isotopic explosions. The most
extensive development of uplifted mountains started at 590 Ma,
when the East African margin collided with India and Madagascar
(Boger and Miller, 2004; Squire et al., 2006). Continental conver-
gence can explain the sudden increase of 87Sr/86Sr, suggesting that
the formation of a mountain chain between East Africa, India and
Madagascar (590–550 Ma) possibly caused the higher continental
weathering in P-3. The difference between onset of continen-
tal collision (590 Ma) and beginning of 87Sr/86Sr excursion (after
580 Ma) is explained by the fact that 87Sr/86Sr began to change
ca. 10 million years later than the collision (Himalaya and Tibetan
Plateau) in the Cenozoic (Richter et al., 1992). The higher continen-
tal weathering resulted in enhanced primary productivity due to
the consequent high nutrient influx, which is preserved as a positive

shift of �13C.

A large negative �13C anomaly in P-4 corresponds to the Shu-
ram excursion and records a nadir of −12‰, and the �18O value also
reaches ca. −8‰, as mentioned above. Because negative �13C values
below −6‰ (mantle value) cannot be explained by a suppression
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f primary productivity and enhanced volcanism, an injection of
ools of depleted carbon is required such as the dissolution of
ethane hydrates (Dickens et al., 1995), an oxidative decay of

xposed marine organic sediments (Higgins and Schrag, 2006),
nd ocean stagnation and overturn (Knoll et al., 1996; Yang et
l., 1999). Previous workers suggested oxidation of the DOC as
he source (Fike et al., 2006; Jiang et al., 2007; McFadden et al.,
008).

The decrease of Mn and Fe contents, accompanied by a �13C
ositive shift, from the late stage of P-2 to early P-3 suggests oxi-
ation possibly due to the high primary productivity (Fig. 7), and
his supports oxidation based on a decrease in the FeHR/FeT ratio
fter the Gaskiers glaciation (Canfield et al., 2007). The onset of the
ncrease in Mn and Fe contents is concomitant with the beginning
f a plateau of �13C. The increase in Mn and Fe contents continued
ntil the minimum values were reached of �13C and �18O, sug-
esting a gradual decrease of the oxygen content of seawater. The
noxic condition estimated from the high Mn and Fe contents is also
onsistent with the positive or faint negative Ce anomaly of car-
onate rocks (Yang et al., 1999) and carbonate minerals (Komiya et
l., 2008b) in the upper Doushantuo Formation. The combination
f a high �13C and a decrease of the oxygen content of seawater
uggests a high primary productivity and consumption of seawater
xygen by aerobic respiration and oxidation of reductive materi-
ls flowing in the oceans during the period, because a high �13C
alue indicates high primary productivity, and concomitant higher
iological activity. In P-4, �13Ccarb suddenly decreased to a nadir of
9‰. The sudden decrease in �13Ccarb was accompanied by a high

7Sr/86Sr value and high Mn and Fe contents of carbonate rocks, evi-

ence of high continental weathering and a low oxygen content of
eawater. The decrease of the oxygen content due to remineraliza-
ion of the DOC is qualitatively consistent with model calculations
Bristow and Kennedy, 2008). This line of evidence supports the
dea that a higher sulfate influx due to higher continental weath-

ig. 9. Reconstructed oceanic 87Sr/86Sr and �13C changes in the Ediacaran and simplifie
ntcliffe, 2004; Fike et al., 2006). The horizontal age axis of 87Sr/86Sr and �13C are estimate
laciation (ca. 580 Ma), and the top of the Doushantuo Fm (551 Ma).
search 176 (2010) 46–64

ering caused the remineralization of the DOC to DIC through active
sulfate reduction (Fike et al., 2006), and that the remineralization
and oxidative decay of the DOC and aerobic respiration conse-
quently decreased the oxygen content of seawater. These events
continued through the Shuram excursion. In the final stage, the
remineralization ceased so that �13C increased, whereas Mn and Fe
contents decreased. The latter indicates an increase of the oxygen
content of seawater, consistent with late-stage oxidation, evident
in sulfur isotope studies (Fike et al., 2006).

Finally, we summarize the events from the chemostratigraphies
of the �13C and 87Sr/86Sr values and Mn and Fe contents in P-3
and P-4. The formation of mountain chains due to continental col-
lisions increases continental weathering. The erosion of continental
materials supplied more nutrients (e.g. phosphorus and calcium),
and possibly promoted primary productivity. Because of the high
primary productivity, the ocean temporarily became oxic, but the
consumption of O2 by respiration of the expanded biomass, oxida-
tion of reductive materials flowing into the ocean and the oxidation
of the DOC restored the ocean to a reductive condition. Extensive
remineralization of the DOC through sulfate reduction and oxida-
tive decay of the DOC shrank the excess DOC reservoir.

5.5. 87Sr/86Sr excursion against time

We now reconstruct the secular change in the 87Sr/86Sr ratio of
seawater in the Ediacaran, based on geochronology and �13C values.
Recently, Halverson et al. (2007) tried to reconstruct the secular
change of 87Sr/86Sr in the Neoproterozoic based on compilation of
87Sr/86Sr data in Canada, Svalbard, Namibia, Oman and Australia.

A remarkable difference from the previous works is that we can
now obtain the 87Sr/86Sr data from a completely continuous section
in one area in South China, whereas in the past the results were
reconstructed from 87Sr/86Sr data with poorly constrained ages and
sporadically obtained from five areas (Fig. 1).

d biological evolution (modified after Li et al., 1998; Xiao et al., 2000; Brasier and
d based on three points at the bottom of the Doushantuo Fm (635 Ma), the Gaskiers
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The bottom of the Doushantuo Fm is fixed at 635 Ma (Condon et
l., 2005), the negative �13C anomaly in P-2 at the 580 Ma Gaskiers
laciation (Bowring et al., 2003), and the top of the Doushan-
uo Fm at 551 Ma (Condon et al., 2005). We evenly expanded
nd/or reduced the chemostratigraphies among the fixed points to
econstruct the secular change of the 87Sr/86Sr ratio of seawater
Fig. 9). The results show that the oceanic 87Sr/86Sr ratio tem-
orarily increased and decreased at the Gaskiers glaciation, and
hen rose after ca. 575 Ma, in contrast to Halverson and Hurtgen
2007) and Halverson et al. (2007), because these earlier workers
ssumed that the Shuram excursion was caused by the Gask-
ers glaciation and because the timing of the Gaskiers glaciation

as not defined by their chemostratigraphy of �13C. Relatively
igh 87Sr/86Sr ratios (>0.7077) rather than other ages might be
ttributed to formation of a long-term Trans-Gondwana mountain
hain. 87Sr/86Sr ratios in the Ediacaran are generally higher than
hose in pre-Ediacaran (>635 Ma) and post-Cambrian (<490 Ma)
ocks, and a Trans-Gondwana mountain chain probably existed
etween ca. 650 and 500 Ma. So, we speculate that these long-term
igh 87Sr/86Sr ratios during the Ediacaran to Cambrian were a result
f the Trans-Gondwana mountain chain. Some periods with quite
igh 87Sr/86Sr values in late Ediacaran were possibly also caused
y relatively short intervals of continental collisional events during
he formation of the Trans-Gondwana mountain chain. The influ-
nce of continental collisions around the Mozambique and Kuunga
utures (Boger and Miller, 2004) may be preserved in large positive
7Sr/86Sr excursions in P-3 to 4 in the late Ediacaran (this work)
nd around the PC–C boundary (Sawaki et al., 2008), respectively.

After the Gaskiers glaciation, the Ediacara biota began to flourish
rom ca. 575 Ma (Bowring et al., 2003; Narbonne and Gehling, 2003;
iao and Laflamme, 2008). Simultaneously, oceanic organisms pos-
ibly thrived and produced high primary productivity, evident in a
ositive shift of �13C. The enhanced continental weathering dur-

ng the Gaskiers glaciation and subsequent continental collisions
ed to higher essential elements such as phosphorus and calcium
n seawater so higher primary productivity was achieved. In addi-
ion, the higher nutrient content in seawater possibly promoted the
volution of life, namely the emergence of the Ediacara fauna. On
he other hand, oxygen in seawater was consumed by the possi-
ly enhanced respiration of aerobic organisms including Ediacara
iota and the Metazoa, as well as by the oxidation of the DOC and
eductive materials flowing into the ocean. In the Shuram excur-
ion, there was a remarkable negative shift of �13C, accounted for
y the remineralization and oxidation of the DOC, namely a con-
umption of the oxygen content of seawater. At the late stage of
he Shuram excursion, namely the recovery of the �13C anomaly,
he oxygen content of seawater increased again, evident in the
ecrease of Mn and Fe contents and a large sulfur isotope fraction-
tion, ��34S (Fike et al., 2006). The continued higher continental
eathering rate and higher oxygen content, as well as the forma-

ion of shallow marine environments caused by local continental
ifting (Meert and Lieberman, 2008) as a new niche for the Metazoa,
ossibly promoted the biological activity in the latest Ediacaran.

. Conclusions

This work presents the first detailed 87Sr/86Sr and �13C
hemostratigraphies through the Ediacaran. Analyses of drill-core
amples enabled us to compare more closely �13C, �18O and
7Sr/86Sr chemostratigraphies. The 87Sr/86Sr chemostratigraphy
isplays two major positive shifts of 87Sr/86Sr in the Ediacaran, and

etailed comparison among them shows that the lower positive
hift is accompanied by a negative �13C and positive �18O anoma-
ies, whereas the upper began together with a positive �13C shift
efore the Shuram negative �13C excursion and then it continued
hrough the excursion.
search 176 (2010) 46–64 61

The chemostratigraphies of �13C, �18O and 87Sr/86Sr were sep-
arated into four sections from P-1 to P-4 in ascending order based
on their 87Sr/86Sr variations. In P-1, there were negative cor-
relations between �13C and �18O. P-2 is defined by a positive
87Sr/86Sr excursion, accompanied by negative �13C and positive
�18O anomalies. Higher 87Sr/86Sr values indicate an enhancement
of continental weathering, whereas a positive �18O excursion
suggests global cooling. Global regression due to global cooling
enhances oxidative decay of exposed marine organic sediments,
and continental weathering. The latter caused remineralization of
the DOC through active sulfate reduction owing to high sulfate
influx from continents and oxidation of the DOC through increased
primary productivity due to high continental nutrient influx. The
580 Ma Gaskiers glaciation accounts for a close correlation between
positive 87Sr/86Sr, negative �13C and positive �18O excursions. In P-
3, the 87Sr/86Sr value increased together with high �13C values, and
an increase in Mn and Fe contents. The positive correlation of �13C
and 87Sr/86Sr values is consistent with an enhanced continental
weathering rate due to continental collisions between East Africa,
India and Madagascar from 590 to 550 Ma (Boger and Miller, 2004;
Squire et al., 2006). The increase of 87Sr/86Sr and �13C indicates
higher primary activity due to the enhancement of continental
weathering and consequent higher nutrient contents in seawa-
ter, and the accompanied decrease in Mn and Fe contents suggests
oxidation possibly due to the high primary productivity and sub-
sequent increase in Mn and Fe contents implies a decrease in the
oxygen content of seawater due to more active aerobic respira-
tion and reductive materials flowing into the oceans during the
period.

P-4 is defined by a large �13C negative anomaly, the so-called
Shuram excursion, and it possesses higher 87Sr/86Sr values and a
transition from an increase to a decrease in Mn and Fe contents.
The higher 87Sr/86Sr values are the first compelling evidence for
enhanced continental weathering, which caused the large �13C
negative anomaly through the remineralization of the DOC by more
active sulfate reduction due to a higher sulfate influx. Higher Mn
and Fe contents in the early and middle stages of the Shuram excur-
sion suggest a decline in the oxygen content of seawater due to
oxidative decay of the DOC, whereas during the late stage, the
decrease in Mn and Fe contents is consistent with oceanic oxy-
genation (Fike et al., 2006).

The emergence of Ediacara biota after the Gaskiers glaciation
and the prosperity in the latest Ediacaran suggests that enhanced
continental weathering and the consequent higher influxes of
nutrients played an important role in biological evolution.
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