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The Ediacaran-Cambrian transition, one of the most critical intervals in Earth's history, is marked by dramatic
biological, oceanic and geochemical turnovers. Here high-resolution carbon and sulfur isotopic data respec-
tively for organic carbon and pyrite, and iron speciation data are presented from the deep-water Liuchapo
and Niutitang Formations on the Yangtze block, South China. The carbon isotopic data, together with biostrat-
igraphic and radiometric dating, offer the compelling evidence for the placement of Ediacaran-Cambrian
boundary within the Liuchapo Formation (chert succession), and for its correlation with shallow-water
equivalents elsewhere. In this context, iron speciation and sulfur isotopic data further suggest a predominant
anoxic and ferruginous deep ocean over the transitional time until the middle Early Cambrian (Atdabanian or
Stage 3) when the deep ocean was rapidly oxygenated. Coincidently, during this interval, large-body meta-
zoans (i.e., sponges) abruptly appeared in the deep ocean, which was temporally associated with the highly
diversified large-body skeletonized animals (i.e., Chengjiang Biota) which colonized in shallow-water niches
particularly in southwestern China. This scenario suggests a causal link between deep oceanic oxygenation
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and the explosive diversification of large-body skeletonized organisms in the Early Cambrian.
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1. Introduction

During the Ediacaran-Cambrian (E-C) transition, remarkable bio-
logical, oceanic and geochemical changes co-occurred simultaneously
(e.g., Knoll and Carroll, 1999; Kimura and Watanabe, 2001; Amthor et
al., 2003; Marshall, 2006); the most remarkable of these was the dis-
appearance of Ediacaran fauna at the end of Neoproterozoic and sub-
sequent explosive radiation of skeletonized animals from the Early
Cambrian (Marshall, 2006). Animals, especially large animals, have a
requirement of enough oxygen to sustain their life through aerobic
metabolism (e.g., Graham et al, 1995; Knoll and Carroll, 1999;
Marshall, 2006; Payne et al., 2009). Many studies suggested a rise in
atmospheric oxygen concentration and subsequent oxygenation of
ocean from the Ediacaran (Fike et al., 2006; Canfield et al., 2007);
however, recent studies provided a different scenario and contended
a view of an anoxic ocean, notably in the deep ocean in some areas
(e.g., South China) during the E-C transition (Goldberg et al., 2007;
Canfield et al. 2008; Chang et al., 2009).

At or near Earth's surface, the global carbon and sulfur cycles are
intimately linked through biotic and abiotic processes, through
which partitioning between the reduced (organic carbon, sulfide)
and oxidized (carbonate, sulfate) reservoirs of carbon and sulfur is
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the primary control on atmospheric oxygen concentration (Berner,
1989). Perturbations in these cycles, such as enhanced burial of or-
ganic matter and pyrite or weathering, can be tracked by their isoto-
pic compositions in sedimentary records (Gill et al., 2007). The iron
(Fe) speciation has been extensively used in ancient fine-grained sed-
iments to evaluate the redox conditions of the water column (e.g.,
Poulton et al., 2004; Canfield et al., 2008; Shen et al., 2008). Previous
studies showed that the oceanic anoxic state can be further specified
by Fe speciation data as either euxinic or ferruginous (e.g., Poulton et
al., 2004; Canfield et al., 2008; Li et al., 2010). The euxinic ocean is rich
in hydrogen sulfide (or sulfidic) in the water column, while the ferru-
ginous ocean contains excessive dissolved ferrous Fe. Therefore, to
better understand the deep oceanic changes during the E-C transi-
tion, we carried out high-resolution chemostratigraphic investiga-
tions in this study and presented more expanded and complete
carbon and sulfur isotopic records and Fe speciation data in the
deep-water E-C boundary succession (Liuchapo and Niutitang For-
mations) in western Hunan, South China (Fig. 1).

2. Geological setting and stratigraphy

During the E-C transition, the Yangtze block gradually evolved
from a rift to a passive continental margin basin (Wang and Li,
2003). Carbonate platforms were developed on palaeohighs likely in-
duced by block tilting in the context of extensional tectonism, which
were surrounded by deeper siliceous slope-to-basinal environments
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Fig. 1. Lithofacies paleogeographic map of Yangtze block during the Ediacaran-Cambrian
transition. Note the deep-water depositional setting of studied section (Longbizui).

off the marginal zones (Fig. 1) (Chen et al., 2009; Wang et al., 2012).
These platforms were subsequently drowned by a deep muddy shelf
system in the Early Cambrian as a result of large-scale transgression
(or relative sea-level rise) (e.g., Goldberg et al., 2007). The deep-
water regimes were generally well connected outwards. In this
study, a well-exposed outcrop section, located at Longbizui, Guzhang
County in western Hunan, was selected for the chemostratigraphic
study. Paleogeographically, it was located in the deep-water lower
slope to basinal setting southeast of the Middle Yangtze Platform
(Fig. 1) (e.g., Chen et al., 2009; Wang et al., 2012). At this locality,
the E-C boundary succession, overlying the uppermost black shale
of the Doushantuo Formation (Zhu et al., 2003), includes the Liuchapo
and Niutitang Formations in ascending order. The Liuchapo Forma-
tion, equivalent of the shallow-water Dengying Formation (mostly
dolostones), is composed of dark gray to black, thin- to medium-
bedded chert deposits, locally intercalated with thin layers of black
shales. The Niutitang Formation consists of a lower unit of siliceous-
phosphorous shales (~10 m thick) with thin intercalations of phos-
phorite, and an upper thicker succession of black shale and mudstone.
Sedimentological evidence for re-sedimentation by sediment gravity
flow or contour currents is not observed. The Liuchapo Formation and
the lower part of Niutitang Formation are generally fossil-poor. In con-
trast, the upper part of Niutitang Formation contains abundant sponges
and/or sponge spicules, which likely belong to the Protospongiidae sp.
(pers. comm. S. Xiao) (Fig. 2).

3. Methods

Fresh samples were collected and crushed into powder for analy-
ses of total organic carbon (TOC), pyrite content, isotopic composi-
tions of organic carbon (8'3Corg) and sulfide (6>*S,y), and Fe species.

Aliquots (200 mg) for TOC analysis were firstly treated with 10%
(volume) hydrochloric acid (HCI) at 60 °C to remove carbonate, and
then washed with distilled water to remove HCI. Afterwards, the sam-
ples were dried overnight (50 °C) and then analyzed using a LECO CS-
400 analyzer. Sample splits (300 mg to 1.5 g) for 813C0rg analysis were
firstly dissolved with 6N HCl in a centrifuge beaker to remove carbon-
ates. The decalcified samples (30-100 mg) + CuO wire (1g) were
added to a quartz tube, and combusted at 500 °C for 1 h and 850 °C
for another 3 h. Isotopic ratios were analyzed using cryogenically pu-
rified CO; in a Finnigan MAT-253 mass spectrometer, and reported in
standard 6-notation relative to Vienna Peedee Belmnite (VPDB)

Fig. 2. Articulated sponge body (likely Protospongia) (within dashed line) and sponge
spicules on the bedding planes of black shale from the upper section studied (see
Fig. 3 for the stratigraphic occurrence). Scale bar equals 1 cm.

standard. Analytical precision for §'*C,g is better than =4 0.06%.. Pyrite
extraction was carried out by using chromium reduction method
(Canfield et al.,, 1986). Powdered samples (1-2 g) were reacted with
100 ml CrCl, 4+ 10 ml alcohol solution. The liberated hydrogen sulfide
was immediately purged by the N; stream, and was trapped and collect-
ed in the 2% AgNOs solution to precipitate Ag,S, then filtered, rinsed,
dried and weighed. The reproducibility of replicate analyses was gener-
ally better than 1%. The dried Ag,S was mixed with V,05 and combusted
up to 1050 °C to convert to SO, gasses. Sulfur isotopic ratios were mea-
sured using purified SO, in the Finnigan Delta-S mass spectrometer, and
reported in 6-notation relative to Canon Diablo Troilite (CDT) standard.
The analytical precision is better than 4 0.2%..

The ocean redox states during the E-C transition are explored by
the Fe speciation in the deep-water sediments. The highly reactive
Fe (Feyr) is broadly apportioned into four different pools: carbonate
Fe (Fecam), oxide Fe (Feoy), magnetite Fe (Fen.g) and pyrite Fe
(Fep); the sum of these pools represents the total concentration of
highly reactive Fe (Fepr = Fecar, + Feox + Femag + Fepy) (Poulton and
Canfield, 2005; Poulton and Canfield, 2011). Fe.y, was extracted
from iron carbonate minerals with sodium acetate solution adjusted
to pH=4.5 by addition of trace-metal grade acetic acid; Fe,x was
extracted from iron oxide/oxyhydroxide phase using a 50 g/L sodium
dithionite solution buffered to pH=4.8 with 0.2 M sodium citrate
and trace-metal grade acetic acid; Fen,,, was extracted from magne-
tite by a 0.2 M ammonium oxalate and 0.17 M oxalic acid solution.
All extracts were diluted and then analyzed by atomic absorption
spectroscopy for their Fe contents (Poulton and Canfield, 2005;
Poulton et al., 2010). Fep was calculated by stoichiometry from
Cr-reduction pyrite (Canfield et al., 1986). Fer was analyzed by auto-
matic X-ray fluorescence spectrometer (XRF-1500) on fused glass
disks. In this study, Feyr/Fer and Fep/Fey ratios are used as the indi-
cators of water column redox and sulfidicity, respectively (e.g.,
Poulton et al., 2004; Canfield et al., 2007, 2008; Poulton et al., 2010).

4. Results

Results of §'3C,; and 534S ,, as well as Fe species are given in Fig. 3
and Table 1. The 613C0,g values generally vary from —37.31 to
—32.75%. VPDB (average —34.61%.) through Liuchapo to Niutitang
Formations (Table 1), and four major positive (P1-P4) and negative
(N1-N4) excursions are identified, of which the largest negative
spike (N2) is pinned at the middle of Liuchapo Formation (at
~40 m) (Fig. 3). A less prominent positive shift (P5) can also be recog-
nized in the mid-upper part of Niutitang Formation (at ~110-120 m)
(Fig. 3). The §34S,,, values vary in a wide range between — 10.8 and
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Fig. 3. Vertical variations in 813C0rg, 634Spy and Fe speciation across the E-C boundary succession (from Liuchapo to Niutitang Formations) at Longbizui section, western Hunan,
South China. Dashed lines mark at 0.80 of Fep/Fey ratio and 0.38 of Feyg/Fer ratio, respectively. DST, Doushantuo Formation.

33.0% CDT (average 18.5%) (Table 1). Generally, the §**S,, values
roughly follow the variation tracks of 8'3Cy, values, showing, more
or less, coupled carbon and sulfur cycling but decoupled at the
upper part of the section (at ~110 m and farther upwards) by a sud-
den decrease in §3*S,, values (Fig. 3).

Most samples, except two samples near the base of Niutitang
black shales, have Fep/Feyy ratios lower than 0.80 (average 0.36), in
which those in Liuchapo chert deposits are lower (average 0.19). On
the other hand, most samples, except four samples in the uppermost
of Niutitang black shale, have Feyg/Fer ratios ranging from 0.50 to
1.00, greater than 0.38 (Table 1; Fig. 3).

5. Discussion
5.1. Constraints on stratigraphic correlation

Owing to sparse availability of reliable biostratigraphic and radio-
metric dating data, the stratigraphic subdivision and correlation of
deep-water E-C boundary strata with the shallow-water equivalents
were not well constrained. Previous stratigraphic works have demon-
strated that an organic-rich (TOC>10% locally) black shale horizon
(generally <2 m thick) occurs across the boundary between Doushan-
tuo and Liuchapo (or Dengying) Formations, and is widely traceable
from the platform to the basinal successions (Zhu et al., 2003; Jiang
et al,, 2006; Chen et al.,, 2009); it is thus considered as the reliable
basal marker bed of the E-C boundary successions in South China
(Jiang et al., 20073, 2007b). An age of 551.1 4- 0.7 Ma from this marker
bed was determined by the U-Pb zircon age (Condon et al., 2005;
Zhang et al., 2005). Above this horizon, whatever the deep-water Liu-
chapo chert deposits or the shallow-water Dengying carbonates, they
all are overlain by the Niutitang Formation (black shale-mudstone
series) of the Lower Cambrian (Zhu et al., 2003; Chen et al., 2009).
A new SHRIMP U-Pb zircon age of 532.3+ 0.7 Ma was determined
in the lowermost black shale of the Niutitang Formation, i.e., in Gui-
zhou Province, southwestern China (Jiang et al., 2009), which is ap-
parently younger than the E-C boundary age of 542.040.3 Ma
(Amthor et al., 2003). In view of more continuous deposition in the

deep-water slope-to-basin setting, the E-C boundary thus should be
logically placed at a level within the Liuchapo Formation. This place-
ment is consistent with the case that the small shelly fossils (SSFs),
the indicator for the approximate onset of Cambrian (Steiner et al.,
2007), locally occur in the more muddy part of the uppermost Liu-
chapo chert (Qian and Yin, 1984). This further affirms that the
deep-water Liuchapo Formation straddles across the E-C boundary,
although the exact placement is waiting for further confirmation.

In general, the lower part of Niutitang Formation (or equivalents)
bears a very few fossils. However, the upper part of Niutitang Forma-
tion (or equivalents) commonly contains relatively abundant fossils,
i.e., the assemblage of hexactinellid sponges and questionable demos-
ponges, and some organic tissues and mineralized spicules in Hunan
(Steiner et al., 2005), eodiscid trilobites Hubeidiscus, Sinodiscus and
Megaredlichia in Guizhou (Yang et al., 2003), and trilobites such as
Hunanocephalus, Hupeidiscus, and Hsuaspis in Anhui and Zhejiang (Li
et al., 1990; He and Yu, 1992), thus this horizon is proposed to be cor-
related approximately with the Atdabanian stage (Stage 3) (e. g, Yuan
et al.,, 2002; Steiner et al., 2005; Goldberg et al., 2007). In this context,
the lower part of Niutitang Formation should be placed immediately
below the Atdabanian stage (Stage 3), within the Tommotian stage
(Stage 2), based on the vertical stacking relationship. The radiometric
age derived from this interval, as documented above, also reconcile
this placement.

At studied section, abundant sponges and/or sponge spicules
occur in the upper Niutitang Formation which are probably correlated
temporally with the Chengjiang-type fauna in southwestern China
(e.g., Steiner et al., 2005) (Fig. 3). Thus it is reasonable to correlate
this horizon with the Atdabanian as well. In summary, as a whole,
the E-C succession from the Liuchapo Formation to the upper fossil-
bearing Niutitang Formation are supposed to span from the terminal
Ediacaran (~551 Ma) to the Atdabanian in the Early Cambrian. Carbon
isotope chemostratigraphy can provide further constraints on the
stratigraphic divisions within this succession and their correlation.

Carbon isotopic chemostratigraphy have been proven as a power-
ful tool for the global correlation, particularly in the fossil-deficient
Neoproterozoic-Cambrian successions (e.g., Knoll and Walter, 1992;
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Table 1
813C0,g, 834Spy and Fe speciation data across the E-C boundary succession (from Liuchapo to Niutitang Formations) at Longbizui, western Hunan, South China.
Sample  Depth  $"Corg 89Sy TOC Pyrite  Spy/ Fer Feoxide Fe€cars  Femag  Fep Feur Fep/ Feur/
(m) (% VPDB) (%, CDT) (wt%) (wt%) TOC (wt%)  (wt%) (wt%) (wt%) (wt%) (wt%) Fepr Fer
Niutitang Formation =~ LBZ-103 1452  —33.13 —10.8 0.58 1.83 1.68 4.66 0.56 0.09 0.07 0.85 157 054 034
LBZ-102 1402  —33.65 —-0.8 1.23 <0.01 <0.01 0.83 0.07 <0.01 0.01 <0.01 0.08 0.01 0.10
LBZ-101  135.1 —33.84 —-9.2 1.46 0.08 0.03 097 0.17 0.01 0.01 004 023 016 024
LBZ-100  130.1 —33.83 03 0.89 <0.01 <0.01 0.84 0.17 <0.01 0.01 <0.01 0.17 <0.01 021
LBZ-99 1278  —33.65 7.5 1.38 <0.01 <0.01 1.02 0.53 <0.01 0.01 <0.01 0.54 <0.01 053
LBZ-98 1104 —32.75 125 4.82 0.78 009 141 1.02 <0.01 0.02 037 140 026 099
LBZ-96 107.6  —33.76 33.0 539 0.35 0.03 0.62 0.45 <0.01 0.02 016  0.64 026 1.04
LBZ-94 1048 —33.76 31.0 5.26 1.23 013 273 141 0.65 0.11 058 274 021 1.00
LBZ-93 102.7 —33.76 29.6 6.82 2.69 021 284 1.08 066  0.11 125 3.10 040 1.09
LBZ-91 992  —3333 25.5 8.19 0.53 003 1.21 0.70 0.08  0.03 025 1.06 023 0388
LBZ-89 97.1 —3345 274 7.08 1.51 011 253 1.86 089 0.12 070  3.57 020 141
LBZ-88 957  —3347 24.2 6.34 0.49 0.04 0.90 0.51 0.06  0.06 023 086 027 095
LBZ-84 944  —3354
LBZ-82 929 —3362 24.0 6.50 337 028 3.00 0.55 013  0.05 157 229 069 0.76
LBZ-80 909 —33.66 22.5 2.52 0.90 019 0.73 0.22 0.01 0.02 042 0.67 0.63 091
LBZ-78 89.1 —33.73 26.4 6.62 2.76 022 225 0.76 0.08  0.06 129 219 059 0.98
LBZ-76 86.8 —33.87
LBZ-75 86.1 —34.11 11.9 6.19 2.06 018 1.62 0.84 0.04 0.06 096  1.89 051  1.17
LBZ-73 839 —3444 16.7 6.00 1.64 0.15 151 0.65 0.01 0.03 077 147 052 097
LBZ-71 825 —3432 16.8 7.09 2.56 019 272 1.36 042 0.1 1.19  3.08 039 113
LBZ-69 80.7  —3447 135 7.13 1.19 0.09 295 1.07 016  0.11 0.55 1.89 029 0.64
LBZ-67 783  —34.52 15.5 8.94 2.98 0.18 340 1.84 039 0.12 139 374 037 1.10
LBZ-64 762  —34.64
LBZ-63 757  —34.65 18.6 6.60 5.86 047 281 032 0.09 0.04 274 318 0.86 1.13
LBZ-59 742  —33.88 20.5 3.71 0.14 0.02 029 0.20 <0.01 0.01 0.07 028 023 099
LBZ-57 734  —3337 10.7 8.98 3.96 024 293 0.44 0.02 001 185 240 0.80 0.79
LBZ-54 716 —34.65 18.8 430 0.07 0.01 027 0.21 <0.01 0.02 0.03 026 013 097
LBZ-53 705  —3431
Liuchapo Formation =~ LBZ-49 699 —3463 17.7 131 0.02 0.01 020 0.19 <0.01 0.02 0.01 0.22 005 1.12
LBZ-47 68.5 —35.66 16.6 1.62 0.01 <0.01 0.25 0.23 0.06  0.02 <0.01 0.32 0.01 129
LBZ-46 663 —36.14 22.2 137 0.17 0.07 034 0.22 <0.01 0.02 0.08 032 025 095
LBZ-45 619 —35.76 249 0.56 0.15 014 037 0.27 <0.01 0.01 007 035 020 095
LBZ-44 602 —36.29 23.8 1.27 0.28 012 044 0.21 0.01 0.02 013 038 035 0.85
LBZ-43 585 —35.51 27.3 0.82 0.19 0.13 046 0.29 0.01 0.02 009 041 022 091
LBZ-42 55.6 —34.88 25.1 0.98 0.18 0.10 047 0.32 0.01 0.01 008 042 020 0.89
LBZ-41 509 —34389 31.6 0.88 0.16 0.10 0.67 0.53 0.02 004 0.08  0.67 011 1.00
LBZ-40 499 —3514 253 117 0.21 0.10 0.60 0.39 <0.01 0.02 010 051 019 0.86
LBZ-39 478  —36.42 25.8 1.37 0.10 0.04 040 0.33 <0.01 0.03 0.05  0.40 012 1.01
LBZ-38 455  —36.93 19.7 2.16 0.12 0.03 031 0.25 <0.01 0.01 006 031 018 1.01
LBZ-37 435 —3731 18.2 2.26 0.14 0.03 1.70 0.79 0.11 0.07 007 1.04 0.06 0.61
LBZ-36 399 —3464 28.9 0.70 0.25 019 055 0.37 <0.01 0.03 012 052 022 094
LBZ-35 382 —35.19 27.2 1.07 0.12 0.06 0.54 0.38 <0.01 0.04 0.06 047 012 0.88
LBZ-34 35.1 —35.43 25.8 4,04 004 <0.01 0.27 0.26 <0.01 0.02 002 029 0.06 1.08
LBZ-33 339 —35.62 20.2 5.02 0.03 <0.01 032 0.29 <0.01 0.01 0.01 0.31 0.04 097
LBZ-32 317 —3573 8.9 6.79 0.87 0.07 1.06 0.64 <0.01 0.05 0.41 1.10 037 1.04
LBZ-31 303 —35.23 10.6 1.48 0.07 0.03 031 0.25 <0.01 0.02 0.03 030 011 096
LBZ-30 274  —35.10 223 535 004 <0.01 0.53 0.54 <0.01 0.01 0.02 057 0.03 1.08
LBZ-29 254  —34.88 222 1.14 0.03 0.01 0.66 0.64 <0.01 0.06 0.01 0.71 0.02 1.08
LBZ-28 239 —3474 14.1 0.94 0.25 014 055 0.42 <0.01 0.03 012 058 020 1.05
LBZ-27 220 —34.58 20.2 0.50 0.16 017 057 0.42 <0.01 0.04 0.07 053 0.14 093
LBZ-26 202 —3441
LBZ-25 186  —33.67 15.1 0.13 0.63 260 137 0.61 <0.01 0.05 030 095 031 0.69
LBZ-24 171 —35.02 16.1 0.54 0.07 0.07 0.46 0.44 <0.01 0.04 0.03 051 006 1.11
LBZ-23 162  —35.39
LBZ-22 156  —35.40 12.8 0.78 0.39 026 0.64 0.25 0.01 0.03 018 046 039 0.73
LBZ-21 142  —34.65 16.5 0.15 0.50 1.78 0.84 0.19 <0.01 0.02 023 044 054 0.52
LBZ-20 129 —36.18
LBZ-19 11.7 —3481 17.5 0.13 0.67 275 082 0.13 <0.01 0.01 0.31 0.46 069 0.56
LBZ-17 9.7 —34.15 249 1.95 0.07 002 029 0.19 <0.01 0.02 003 024 013 084
LBZ-16 20 —34.02 11.8 0.19 0.05 015 034 0.30 <0.01 0.02 002 035 0.07 1.05
LBZ-14 0.7 —34.51

Kaufman and Knoll, 1995; Brasier et al., 1996; Shen and Schidlowski,
2000; Corsetti and Hagadorn, 2000; Ishikawa et al., 2008). Previous
researches demonstrated several isotopic perturbations of, although
mostly carbonate carbon, which are commonly coincident with strat-
igraphic formation (or member) boundaries within the E-C succes-
sions (e.g., Zhou et al., 1997; Shen and Schidlowski, 2000; Kimura
and Watanabe, 2001). Due to the absence of carbonates across the
deep-water E-C succession at studied section, 6'3Ceayp, data are thus
not available. In this case, §'>Corg data, which generally vary in paral-
lel with 6'3C,y, data in Phanerozoic times (e.g., Kump and Arthur,

1999; Shen and Schidlowski, 2000; Kimura and Watanabe, 2001),
are thus exclusively used to characterize the further stratigraphic di-
visions and their correlation with shallow-water equivalents in South
China and elsewhere over the world.

The weak, but positive correlation between 613Corg and TOC data
(Fig. 4) indicates that the §"3Coyg variations at this locality were not
caused by differential thermal alterations of organic matter during
diagenesis; if so a negative covariance between them would be indi-
cated since sparsely-distributed organic matter in sediments was
more readily subject to thermal alteration, leading to heavier §'3C,q
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values by removing the '2C-enriched carbon (e.g., Hayes et al., 1999;
Kump et al., 1999). Moreover, previous study showed that the H/C ra-
tios of organic matter in the Liuchapo and Xiaoyanxi (equivalent of
Niutitang) Formations vary between 0.3 and 1.8 at Yanwutan-Lijiatuo
section not far from the studied section in western Hunan Province
(Guo et al., 2007), implicating that the 8]3C0rg values at that area
were not significantly affected by thermal maturation as well. Even
if the studied succession was subject to postdepositional thermal al-
teration, the influence is assumed to be basically uniform throughout
the section, in view of such a short stratigraphic interval. Further-
more, the independence of 813C0,g variations from the lithologies
also suggests that the primary signatures of 813C0,-g variations were
basically preserved in the deposits.

As discussed above, the base of the deep-water Liuchapo Forma-
tion is synchronously correlated with the base of the shallow-water
Dengying Formation in South China. Two positive 8'3C excursions
(A1 and A2) in the lower part, followed by, more or less, a persistent
pattern, had been reported in the Dengying Formation, i.e., at
Yichang, South China (e.g., Lambert et al., 1987). Coincidently, two
positive 8'3Corg shifts (P1 and P2) were also recognized in the lower
part of Liuchapo Formation at studied section, thus they are suggested
to be reasonably correlated with those in the Dengying Formation at
Yichang (Fig. 5).

An apparent large 6'3C negative excursion, calibrated with the
first appearance of SSFs, has been proposed as the approximate be-
ginning of Cambrian, which is placed at or near the base of the Nema-
kit-Daldynian Stage (or Stage 1) (e.g., Kaufman et al., 1996; Steiner et
al., 2007). In the basal Cambrian shallow-water successions of South
China, three negative 5'3C excursions (N1-N3 at Ganziping, A-C at
Laolin) and two interjacent positive excursions (P1 and P2 at Ganzip-
ing, S2 and S3 at Laolin) were revealed from the base of Cambrian to
the base of Shiyantou Member (or Niutitang Formation) (Zhou et al.,
1997; Shen and Schidlowski, 2000; Chen et al., 2009). Coincidently,
three negative (N2 to N4) and two interjacent positive §'3C,,, excur-
sions (P3 and P4) were revealed from the middle of Liuchapo Forma-
tion (at depth of ~40m) to the base of Niutitang Formation at
Longbizui, which can be correlated one by one with the §'3C pertur-
bations in equivalent shallow-water deposits (Fig. 5). In this case,
the large negative 8'3C,,, excursion (N2) in the middle of Liuchapo
Formation is accordingly considered to be correspondent to the neg-
ative anomaly between the Baiyanshao and Xiaowaitoushan Mem-
bers that marks the first appearance of SSFs (Chinese Marker A), the
proposed E-C boundary in South China (Zhou et al., 1997; Shen and
Schidlowski, 2000; Steiner et al., 2007). This negative excursion is
also apparent on Siberian platform (Brasier et al., 1994; Kaufman et
al., 1996), in Morocco (Maloof et al., 2010) and elsewhere. Above
this large negative isotopic excursion (N2), two positive isotopic
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Fig. 4. Crossplot of 613C0rg values and organic abundance (TOC), very weak positive
relationship is present between them.

shifts in the upper part of Liuchapo Formation (P3) and in the base
of Niutitang Formation (P4) accordingly are correlated with the two
isotopic peaks in the upper part of Xiaowaitoushan and middle part
of Dahai Members, respectively, in northeastern Yunnan, southwest-
ern China; they are further proposed to be correlated with the two
isotopic peaks Z and I in Siberia, two peaks I and I' in Morocco
(Fig. 5), constrained by similar fossil assemblages. The subsequent
negative excursion (N4) in the lower part of Niutitang Formation is
then propose to be correlated with that in the base of Shiyantou
Member in northeastern Yunnan (Zhou et al.,, 1997) and with that
in the base of Tommotian (or Stage 2) elsewhere (Brasier et al.,
1994; Maloof et al., 2010). Further upwards, the uppermost carbon
isotopic peak (P5) at this section is likely correlated with the isotopic
peak in the base of Yu'anshan Member, southwestern China (Zhou et
al.,, 1997) or elsewhere in the base of Atdabanian (or Stage 3) (Brasier
et al.,, 1994; Maloof et al., 2010). The abrupt appearance of abundant
large-body sponges in this horizon as mentioned above also recon-
ciles this correlation.

5.2. Deep oceanic redox condition

Oceanic redox conditions can be well evaluated by Fe speciation
(e.g., Poulton et al., 2004; Canfield et al., 2008; Johnston et al., 2010;
Poulton et al., 2010; Gill et al., 2011). The data presented here approx-
imately reveal two major phases (Phases I and II) of ocean evolution
in redox condition during the E-C transition, which is demarcated
at depth of 110 m in the upper part of Niutitang Formation (Fig. 3),
corresponding to the onset of Atdabanian (or Stage 3; Fig. 5) as docu-
mented above. Phase I is characterized by relatively high Feygr/Fer ra-
tios (all >0.38) and low Fep/Feyp ratios (mostly <0.80 except for two
samples in the base of Niutitang Formation); while phase II is charac-
terized by rapid decreases in Feygr/Fer ratio (<0.38).

In modern marine sediments deposited under oxic waters, Feyg
constitutes a maximum of 38% of the Fer pool; in contrast, sediments
deposited under anoxic waters, can have much higher proportion of
Feyr (Raiswell and Canfield, 1998). Thus, when ratios of Feyr/Fer ex-
ceed 0.38, deposition from anoxic bottom waters is indicated, and
vice versa. Furthermore, ratios of Fep/Feygr in sediments are further
used to explore the nature of anoxic deep waters (i.e., availability of
iron vs. sulfur). Under sulfidic water conditions, ratios of Fep/Feyg in
sediments commonly exceed 0.80; under anoxic, ferruginous water
columns, however, they are lower than 0.80 (Poulton et al., 2004;
Canfield et al., 2008).

During phase [, all ratios of Feygr/Fer in both chert and shale exceed
0.38 (mostly >0.70), providing compelling evidence of deep ocean
anoxia. Meanwhile, most of the ratios of Fep/Feyr are lower than
0.80 except for two samples in the lower part of Niutitang Formation
(Fig. 3), indicating a predominance of anoxic and ferruginous ocean,
only punctuated temporarily by a sulfidic episode in the earliest Cam-
brian. The same pattern can be seen at Songtao section, Guizhou
province (Canfield et al., 2008). A widespread polymetallic Ni-Mo-
PGE-Au sulfide orebed (generally 1-10 cm thick) was deposited
mostly along the antecedent platform margin, South China during
the earliest Niutitang time (Jiang et al., 2007a, 2007b; Chen et al.,
2009), indicating a transient sulfide boost in the water column.
Thus, this short sulfidic episode at studied section is supposed to cor-
respond to which the extensive polymetallic sulfide orebed was de-
posited in South China. This scenario, to some extent, reconciles the
Mo isotopic evidence from Wille et al. (2009), although their claim
for a predominance of sulfidic ocean over the Early Cambrian is pur-
ported due to the poor constraint on timing (Jiang et al., 2009). It is
also noted that, although an anoxic, ferruginous deep sea as indicated
by ratios of Feyr/Fer predominated over the Yangtze area, an increase
trend of sulfide (thereby sulfate) concentration in water column, as
shown by ratios of Fep/Feyg, did occur notably during late phase I
(mostly in the early Niutitang time) (Fig. 3), indicating that the
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Fig. 5. Carbon isotopic variations across the E-C transition at Longbizui, Guzhang County, western Hunan, and their correlation with those at Yichang (Lambert et al., 1987),
Ganziping (Chen et al., 2009), Laolin (Shen and Schidlowski, 2000) and Xiaotan (Zhou et al., 1997) in South China (see Fig. 1 for locations), in Siberia, Russia (Brasier et al.,
1994) and Anti-Atlas Mountains, Morocco (Maloof et al., 2010). Note the oceanic evolution (left) and simplified coeval biotic evolution (right).

deep oceanic state was not persistently stable but fluctuating prior to
oxygenation.

During phase II, the Feyg/Fer ratios, although not densely con-
trolled due to outcrop quality, apparently drop down to the values
lower than 0.38 near the top of section (Fig. 3), suggesting that the
deep ocean was quickly transferred into an oxic ocean during the
Atdabanian. This scenario is further supported by the abrupt occur-
rence of abundant sponges and/or sponge spicules in the deposits
(Fig. 2). Although sea level fall and/or enhanced bottom water current
(i.e., turbidite flow) could have induced local improvement in water
ventilation (or oxygenation), no sedimentological evidence is avail-
able for supporting such a scenario as documented above. On the
other hand, the widespread presence of articulate sponges (Fig. 2)
does not support strong bottom water reworking as well. The rapid
oxygenation and/or well-improved ventilation in the deep ocean fur-
ther indicate a greatly increased oxygen level in the ocean-atmo-
sphere system during this interval.

5.3. Sulfate concentration during the E-C transition

The sulfate level in seawater is the principal factor controlling the
bacterial sulfate reduction (BSR) on Earth's surface (e.g., Canfield,
2004). The §3*S,,, values of pyrite precipitated in water media are de-
pendent on the fractionation of BSR; the extent to which the fraction-
ation occur between seawater sulfate and BSR-induced sedimentary
pyrite is largely controlled by sulfate availability (Habicht et al.,
2002; Hurtgen et al., 2009). The seawater sulfate concentration, in
turn, is a reflection of oxygen level in the ocean-atmosphere system
because the primary source of seawater sulfate from riverine input
results in most part from the weathering oxidation of pyrite (e.g.,
Canfield, 2004).

In the anoxic phase I (late Ediacaran through Tommotian), §>*S,,
values vary from 8.9 to 33.0%. CDT (average 20.9%.) (Table 1;
Fig. 3). Given a probable sulfur isotopic value of seawater sulfate
around 25-35%. during the terminal Neoproterozoic to the Early
Cambrian (Strauss, 1997; Shen et al., 1998; Goldberg et al., 2005),
more than half of samples yield 534S, values close to the §**Syifate
values of coeval seawater, implicating a relative low seawater sulfate
concentration, at least, in this deep basin. This scenario also reconciles
a ferruginous-dominated ocean revealed by Fe speciation (e.g.,
Canfield et al., 2008; Li et al., 2010) as documented above. However,
the seawater sulfate concentration may have not been persistently
low, rather, fluctuating as indicated by the frequent negative shifts
of §34S,, values in the deep ocean during the E~C transition. In a
longer-term view, the negative excursions are more prominent, nota-
bly in the lower parts of both Liuchapo and Niutitang Formations,
suggesting an increase in seawater sulfate level during the two inter-
vals; this scenario is further confirmed by the coeval increases in Fep/
Feyr ratios as documented above (Fig. 3).

Although some studies suggested an increase in seawater sulfate
availability as a consequence of enhanced oxygenation of the
ocean-atmosphere system during the E-C transition (Canfield and
Teske, 1996; Hurtgen et al., 2005; Fike et al., 2006; Halverson and
Hurtgen, 2007; McFadden et al., 2008). However, many other studies
have also revealed a low sulfate concentration throughout the E-C
transition as for the relatively enriched §'S,, values (Bottomley et
al.,, 1992; Strauss et al.,, 1992; Ries et al., 2009). This paradox may re-
sult from the spatial heterogeneity of seawater sulfate concentration
which was relatively high in the nearshore subbasins close to the riv-
erine sources, and low in the offshore deeper subbasins away the
sources (e.g., Li et al., 2010; Poulton et al., 2010). In this case, the sul-
fate concentration in the oceanic basin during the E-C transition, as a



J. Wang et al. / Chemical Geology 306-307 (2012) 129-138 135

whole, was also probably not persistent laterally and different from
the case in the modern ocean.

During phase II (Atdabanian or Stage 3), 634Spy values decrease
abruptly from 33.0 to — 10.8%. (Fig. 3). The lower 3S,,, values (aver-
age —0.1%.), in comparison with those of phase I (average 20.9%.),
likely reflect the largely increased BSR-mediated sulfur isotopic frac-
tionation; this scenario could have resulted from a rapid increase in
sulfate concentration in the ocean as a consequence of increased ox-
ygen concentration (e.g., Habicht et al, 2002). This is consistent
with the state of oxic deep sea unraveled by a rapid decrease in
Feyr/Fer ratio as documented above. Although sea level fall and/or
enhanced bottom water flow on the slope may have resulted in sim-
ilar outcome through increased downward diffusion of sulfate into
sediments underneath, this is not supported by the sedimentological
evidence.

5.4. Carbon and sulfur cycling during the E-C transition

As documented above, the 813C0rg values were quite fluctuating in
deep sea from the latest Ediacaran through Early Cambrian. This pat-
tern is different from the scenario of earlier Doushantuo time (635 to
551 Ma). During that interval, 613C0rg values were persistent, al-
though 8'3Cear, values were fluctuating, based on which it was sug-
gested that there was possibly a large dissolved organic (DOC) pool
decoupled with the dissolved inorganic (DIC) pool owing to a very
low oxygen concentration in the deep sea (e.g., McFadden et al.,
2008). By contrast, the fluctuating pattern of §'3C, variations impli-
cates a large-scale shrinkage of DOC pool, which was basically
coupled with the DIC pool, in the deep sea later on, as the common
scenario seen in Phanerozoic times (e.g., Kump and Arthur, 1999).

The coupling between §'3Cory and §34S,, values, although with
differential magnitudes, can be roughly recognized in the anoxic
phase I (Fig. 3), suggesting that the residence time of DIC and sulfate
may have been approximately comparable (e.g., Hurtgen et al., 2009),
at least, in this basin. On the other hand, this approximate parallel
variation pattern may still reflect the comparative small reservoirs
of both sulfate and DIC in the E-C ocean (e.g., Bartley and Kah,
2004; Gill et al., 2007), although no isotopic data of DIC carbon and
sulfate sulfur are available in this deep-water basin.

The positive 613Corg excursions are attributed to enhanced marine
primary productivity and subsequent burial of organic matter, which
preferentially removed the light isotope '2C from the oceanic carbon
reservoir (Kump and Arthur, 1999; Jiang et al., 2010). In this case,
with largely increased input of labile organic matter, dissolved sulfate
pool will have been progressively enriched in heavy isotope S due
to enhanced BSR activity. As the sulfate concentration falls below a
threshold level (i.e., <200 um), bacteria would lose their ability pref-
erentially to remove the light isotope 32S from the sulfate pool, driv-
ing isotopic composition of resulting pyrite to be heavier and heavier
in a relative small sulfate reservoir in the deep ocean (Habicht et al.,
2002). A similar pattern can be seen in the early Cambrian at Shatan
section, NE Sichuan Province (Goldberg et al., 2007).

As for the concurrent negative excursions of §'3Co,g and 534Sy,
ocean overturning (e.g., Kimura et al., 1997) could lead to a negative
613C excursion through upwelling of massive '?C-enriched deep wa-
ters into shallow waters. But this process would simultaneously
drive the 34S-enriched deep waters (e.g., Selen et al., 1993) upward
into shallow waters. Under this circumstance, the BSR-mediated py-
rite would precipitate and inherit the signals of heavy isotopes from
the sulfate, resulting in a positive excursion of §**S,, in a relative
small sulfate reservoir; this scenario is apparently against the fact ob-
served. In addition, releasing of methane hydrates into ocean even at-
mosphere could also cause negative swings of 613C0,g values (Kimura
and Watanabe, 2001), but this process was not necessarily tied to
negative 5>4S,, excursions either.

An anoxic, ferruginous-dominant deep ocean during the E-C in-
terval indicates an excess of Fe ion after pyrite formation in marine
waters, which could have been augmented by hydrothermal venting
(Canfield et al., 2008; Li et al., 2010; Poulton and Canfield, 2011). Hy-
drothermal venting has also been proposed to be responsible for the
formation of Liuchapo chert deposits on platform marginal zones
and possibly further basinward (Chen et al, 2009; Wang et al.,
2012) and the formation of metalliferous (Ni-Mo-PGE) sulfides in
the basal Niutitang black shales in South China (Steiner et al., 2001;
Jiang et al., 20073, 2007b). Numerous studies showed hydrothermal
venting can release vast amounts of CO, and/or CH4 (Charlou et al.,
2002) which are characterized by isotopically extremely light carbon,
and reduced sulfur species (mainly H,S and SO,; 534S =0 to 8%.) into
oceans (e.g., Herzig et al., 1998). These gasses (including CH4 and
H,S) would be oxidized directly into CO, and SO~ with no isotopic
fractionation, and then would be recycled by microorganisms in the
oceanic C-S system. The increased fluxes of these isotopically light
carbon and sulfur from hydrothermal venting could readily cause
negative isotopic excursions of both carbon and sulfur in relative
small reservoirs of both DIC and sulfate in sea waters. Multiple
coupled negative excursions of §'3C, and 634S,,,, could thus indicate
multiple episodes of hydrothermal activities in the basin during the
E-C transition (e.g., Chen et al,, 2009; Wang et al., 2012); the differ-
ences in the magnitude of C-S anomalies may have resulted from dif-
ferential inputs of hydrothermally-originated C-S sources. However,
as documented above, the longer-term negative §3*S,, excursions
may have not simply resulted from hydrothermal activities.

During phase II (Atdabanian or Stage 3), carbon and sulfur cycling
was apparently decoupled as indicated by a large-scale, rapid de-
crease in $>*S,y value with only a slight variation in §'3Co, value
(Fig. 3). The decoupling of C-S cycling was possibly related to the dif-
ferential variations in pool size of DIC and sulfate, in which the latter
was apparently enlarged with respect to the former. In this case, the
BSR was greatly enhanced, leading to a rapid decrease in &3S,
value as observed. This case is also in agreement with an apparent
rise in oxygen level in the deep ocean as revealed by Fe speciation
as documented above.

Prior to this phase, the long-lasting anoxic and ferruginous-
dominant ocean, could have provided enough bio-limiting nutrient
Fe to sustain the persistent bloom of marine microorganisms (or phy-
toplankton) in surface waters, thereby greatly increasing the primary
production and organic export (or burial) (Kolber et al., 1994;
Behrenfeld et al., 1996; Falkowski et al., 1998). On the other hand,
the anoxic, ferruginous but sulfate-poor ocean could have reduced
the BSR-mediated consumption of organic matter, thereby enhancing
the preservation of organic matter (Yan et al., 2012). The cumulative-
ly increased net burial of organic carbon, in turn, could have de-
creased the CO, level (or climate cooling) and simultaneously
increased the O, level in the atmosphere (Cooper et al., 1996;
Berner and Petsch, 1998; Holland, 2006), ultimately leading to the
complete oxygenation of deep ocean as seen in phase II, through en-
hanced exchanges between surface and deep waters or oceanic circu-
lation due to climate cooling. On the other hand, the long-term trend
of §'3C,,g increases, although episodic, notably from the beginning of
Cambrian (N2 in the middle Liuchapo Formation; Fig. 3), reflects a
progressive decrease in carbon isotope fractionation during photo-
synthetic carbon-fixation of microorganisms (or phytoplankton) in
surface waters, also reconciling the progressive drop of CO, level in
atmosphere and waters (Dean et al, 1986; Popp et al, 1989;
Freeman and Hayes, 1992; Kump and Arthur, 1999).

5.5. Implication for the metazoan diversification in the Early Cambrian
The “Cambrian explosion” is perhaps the most significant evolu-

tionary event recorded in the fossil records, and numerous explana-
tions for this bioradiation have been provided from different
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disciplines (Knoll and Carroll, 1999; Marshall, 2006; Erwin et al.,
2011). Here we focus on the oceanic redox changes in the Early Cam-
brian and their possible linkage to the great biotic diversification. At
studied section, the carbon-sulfur isotopic and Fe speciation data re-
veal that oxygenation of deep sea and the sudden appearance of
large-body sponge fauna co-occurred during the Atdabanian (or
Stage 3), suggesting a causal link between them.

In South China, the sudden appearance of large-body sponge fauna,
although tiny-sized forms (<1 mm in size) could have occurred earlier
locally (Li et al., 1998), was commonly considered to be taken place tem-
porally in the Qingzhusi Stage (or Atdabanian) in view of their co-
occurrences with the Chengjiang Biota, especially in relatively shallow-
water settings (Zhang and Pratt, 1994; Steiner et al.,, 2005; Xiao et al.,
2005; Zhao and Li, 2006). Therefore, the sudden appearance of large-
body sponge fauna is also considered as the main course of the ‘Cambrian
Explosion’ in South China and elsewhere (Xiao et al., 2005). In this case,
the oxygenation process of deep sea was temporally correlated with the
sudden appearance of larger, taxonomically- and morphologically-
diversified skeletonized animals; they are exemplified by the Chengjiang
Biota that colonized in shallow water regimes during the middle Early
Cambrian (Atdabanian or Stage 3) in southwestern China, and are
regarded as the first window of exceptional preservation of typical Phan-
erozoic taxa (Babcock et al., 2001; Hou et al., 2004; Fig. 5).

The presence of surplus free oxygen on Earth's surface is common-
ly regarded as the critical trigger that stimulated the diffusion-
dependent aerobic metabolism (or respiration) of organisms in
Earth's early history for its more effective approach to obtain the en-
ergy to sustain cell activity (Nursall, 1959; Raff and Raff, 1970). There-
fore, the significant rise of oxygen, likely to a tipping point, in
atmosphere and oceans in the middle Early Cambrian, as symbolized
by the full oxygenation of deep ocean (Fig. 3), could have provided
ever yet the most favorable environmental (or ecological) opportuni-
ty and greatly enhanced diffusion-dependent respiration and subse-
quent developmental (or genetic) innovation of some organisms
with poor-developed respiratory and ventilatory systems, thereby
triggering the rapid taxonomic diversification, body-plan complexa-
tion and gigantism of skeletonized metazoans (Raff and Raff, 1970;
Graham et al.,, 1995; Knoll and Carroll, 1999; Erwin et al., 2011).
Moreover, the boost of oxygen concentration in aquatic system
could have increased oxygen penetration into dwelling substrates
and resource accessibility or availability (Graham et al., 1995), en-
abling greater ecological exploitation, innovation and radiation
(Logan et al., 1995; Knoll and Carroll, 1999; Butterfield, 2007; Erwin
et al,, 2011), thereby fuelling the diversification and ecological radia-
tion of some taxa.

In contrast, prior to this full oxygenation, the predominance of an-
oxic deep ocean indicates that the oxygen concentration in surface
seawaters was still not high enough, although elevated to some ex-
tent (Fig. 3) compared to deeper times backward, to enable large
metazoans but only small-sized taxa to sustain their life. In addition,
the frequent invasions of deep anoxic waters onto the shallow-
water oxygenated areas could have restricted the expansion of
shallow-water ecological niches (Li et al., 2010), hindering ecological
exploitation and innovation for metazoans. These stressful factors
may account for the origination and diversification of only small
shelly fauna rather than of large forms from the onset of Cambrian
through Tommotian (Knoll and Carroll, 1999; Zhu et al., 2003;
Marshall, 2006).

However, it seems that the enhanced skeletonization of many
metazoans from the Cambrian was not simply a response of elevated
oxygen concentration in oceans (e.g., Raff and Raff, 1970) in view of
differential skeletal biomineralization in different taxa, for example,
siliceous skeletons for sponges, and calcite skeletons for echinoderms
and trilobites. Other factors such as vast changes in oceanic chemis-
try, i.e., boost in silica concentration (Fig. 3; Chen et al., 2009; Wang
et al., 2012) and rapid increase in seawater [Ca®™] concentration

(Brennan et al., 2004, Stanley, 2006; Zhuravlev and Wood, 2008),
could have provided additional ecological opportunities for some
taxa to make themselves adapt and thereby promote further develop-
mental innovation, enabling to secrete exoskeletons compositionally
to fit the ambient waters (Skimiss, 1989; Stanley, 2006), and ulti-
mately resulting in differential biomineralization of some skeleton-
ized taxa.

6. Conclusions

This study presents the expanded new C-S isotopic data and Fe
speciation across the deep-water E-C successions at Longbizui, west-
ern Hunan in South China. The recognition of a large negative Cqg iSO-
topic excursion, together with the stratigraphic marker bed, enables
to place the E-C boundary in the middle of Liuchapo Formation.
Two major phases (I and II) are identified in the deep ocean evolution
of E-C transition. Phase I is characterized by high Feyr/Fer (>0.38)
and low Fep/Feyy ratios (<0.80) and roughly coupled C-S cycling, in-
dicating an anoxic, ferruginous-dominated deep ocean. Phase II is
characterized by rapid decreases in S, values and Feyg/Fer ratios
(mostly <0.38), and decoupled C-S cycling, indicating an oxic deep
ocean. Transition from an anoxic to the oxic deep ocean coincided
with the sudden appearance of large-body sponge fauna, which was
temporally linked to the Chengjiang Biota in the middle Early Cambri-
an (Atdabanian) on Yangtze platform. Boost in oxygen concentration
in the ocean, possibly together with other factors, could have trig-
gered and accelerated the explosive bioradiation of skeletonized ani-
mals in the Early Cambrian.
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