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Abstract

The late Ediacaran (551-541 Ma) oceanic environment could represent a significant preparation for the enrichment of
redox sensitive elements during the early Cambrian and even for the evolution of life. However, the marine environment dur-
ing the late Ediacaran has not been thoroughly characterized to date. To better understand late Ediacaran oceanic redox con-
ditions, we investigated the Fe and S isotopic compositions of cherts from the slope (Yinjiang) and basin (Silikou) sections of
the Nanhua basin in South China. The slope (Yinjiang) section is characterized by a wide range of 8>*Fer values (—0.12%o to
1.06%0) and by continuously decreasing 634Spy values from 40.4%o to 4.1%o. The variable 8°°Fer values in the Yinjiang section
primarily reflect the various oxidation degrees of dissolved Fe?" in ferruginous seawater. The homogeneous 3°*Fer signatures
(0.02-0.40%o0) along the Silikou section and the decreasing trend of §°°Feyr values from 0.86%o to near zero primarily depend
on the mixing of Fe*™ hydroxide/oxide precipitates in a ferruginous water column, possibly followed by partial reduction, the
authigenic framboidal pyrite trapped within an intermittent euxinic condition and detrital silicate Fe minerals. A 20-30%o dis-
crepancy in 634Spy values between the Yinjiang and Silikou sections may be ascribed to the formation of diagenetic pyrites and
framboidal pyrites, respectively. Therefore, the continuously decreasing 634Spy values in the Yinjiang and Silikou sections may
reflect a significant increase of sulfate diffusion into sediments at the slope location and the enlarged marine sulfate reservoir at
the basin location. These new results indicate that the deep water in the Nanhua basin is primarily characterized by a ferrug-
inous condition with intermittent euxinic conditions in the basin location during the late Ediacaran.
© 2018 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

A number of redox proxies have suggested an increasing
oxygen level in deep water during the early Ediacaran (635—
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2008; Sahoo et al., 2012; Kendall et al., 2015). However, a
redox-stratified oceanic model (oxic surface water and fer-
ruginous deep water, occasionally with a euxinic wedge or
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euxinic deep water) has also been suggested (Canfield et al.,
2008; Li et al., 2010; Han and Fan, 2015; Kurzweil et al.,
2015). Recently, the existence of a modern-like ocean dur-
ing the early Cambrian, where there may have been com-
pletely oxic deep water with an oxygen minimum zone
(OMZ), has been proposed based on Mo isotopes (Wen
et al., 2015; Chen et al., 2015b). If that proposal is true,
then the late Ediacaran (551-541 Ma) ocean may represent
a fundamental transition of the oceanic redox condition
away from the redox-stratified model of the early Ediacaran
and toward the modern-like model of the early Cambrian.
However, other publications have argued that the early
Cambrian ocean remained anoxic and exhibited a high
degree of redox heterogeneity (e.g., Sperling et al., 2015;
Jin et al., 2016; Li et al., 2017). In this circumstance, the
oxygen levels of the ocean and atmosphere during the late
Ediacaran could only show a modest increase (e.g.,
Sperling et al., 2015; Huang et al., 2018). In addition, the
evolution of life from immobile animals with soft and flex-
ible tissues during the Ediacaran to the complex organisms
with mineralized skeletons characteristic of the early Cam-
brian (Knoll and Carroll, 1999; Zhu et al., 2007) could be
related to the oceanic redox condition of the late Ediacaran
(e.g., Sperling et al., 2015).

Unfortunately, the late Ediacaran (551-541 Ma) oceanic
redox condition is not well understood, despite the fact that
several studies have been carried out attempting to resolve
this issue (e.g., Halverson and Hurtgen, 2007; Fike and
Grotzinger, 2008; Cui et al., 2016). For instance, previous
studies have suggested a dominant ferruginous deep-water
condition in the Nanhua basin based on Fe speciation anal-
ysis of cherts in the Liuchapo/Laobao/Piyuancun Forma-
tions (Canfield et al., 2008; Chang et al., 2010a; Wang
et al., 2012; Xiang et al., 2017). However, Fe speciation
analysis was originally estimated from Fe mineral species
in clastic sediments, including modern oxic and euxinic clay
and shales, Phanerozoic shale, mudstone, and middle
Proterozoic black shale (e.g., Canfield et al., 1996;
Raiswell et al., 1988; Poulton and Raiswell, 2002;
Raiswell et al., 2001; Shen et al., 2002). Therefore, the util-
ity of this method, using sediments poor in clastic particles
and total Fe, should be carefully considered (Lyons et al.,
2012). Recently, the applicability of the Fe speciation
method to estimate carbonate was calibrated by Clarkson
et al. (2014), who proposed that a total Fe content of
<0.5% commonly provides suspiciously high Feygr/Fer
ratios (>0.38, up to 1.0). One can doubt that the Fe speci-
ation method may be a risky proxy with which to identify
the paleo-depositional redox condition of the late Edi-
acaran chert with total Fe < 0.5%.

The Fe and S isotopic fractionations are strongly sensi-
tive to changes in oceanic redox conditions, which have
been widely applied without considering the lithology of
the sediments. Moreover, recrystallization during burial
should not affect the composition of bulk rock, even though
it may redistribute isotopes between individual mineral
phases (Kunzmann et al., 2017). Therefore, the coupling
of Fe and S isotopes has been recently used to trace the
redox evolution of Earth’s surface conditions (e.g.,

Marin-Carbonne et al., 2014; Kurzweil et al., 2015;
Eickmann et al., 2018). To better constrain the late Edi-
acaran oceanic redox condition, both slope and basin sec-
tions of the Nanhua basin in South China were chosen
for this study, which investigated the Fe and S isotopic
compositions and the Fe speciation of late Ediacaran sedi-
mentary sequences.

2. GEOLOGICAL SETTING

The Nanhua basin was located between the Yangtze and
Cathaysia tectonic blocks (Fig. 1, Wang and Li, 2003). Dur-
ing the late Ediacaran, the shallow water deposits of the
Yangtze Platform were represented by the Dengying For-
mation dolostones. In the slope and basin setting of the
Nanhua basin, abundant cherts are widely distributed
(e.g., Chen et al., 2009, 2015a). These chert sequences, with
thicknesses of up to 100 m in the deeper basin, are known
as the Liuchapo Formation at the slope locations in Guiz-
hou and Hunan Provinces and as the Laobao Formation at
the basin locations in the Guangxi Zhuang Autonomous
Region. In this study, both the slope (Yinjiang) and basin
(Silikou) sections were investigated (Fig. 1).

The Yinjiang section (N 27°57'32", E 108°35'42") is
located in the northeastern part of Guizhou Province,
including the Ediacaran Doushantuo Formation (dolostone
and black shale), the Liuchapo Formation (gray-black lam-
inated chert), and the Cambrian Jiumenchong Formation
(black shale) along the upwards outcrop (Fig. 2, Fan
et al., 2013), and all of them represent slope deposition.
The thickness of the Liuchapo Formation chert is approx-
imately 40 m. The Liuchapo Formation chert displays vari-
able crystal sizes of quartz, from several microns to several
hundred microns (Fan et al., 2013). The median 5°°Si value
(+0.2%o¢ to +0.7%o0) indicates the mixing of a silicon source
from ambient seawater, continental clastic materials, and
even hydrothermal fluid (Fan et al., 2013).

The Silikou section (N 25°44'27", E 109°30'43") is
located in the Silikou village of Sanjiang Dong Autono-
mous County in the northern part of the Guangxi Zhuang
Autonomous Region. This section comprises the Ediacaran
Doushantuo Formation (siltstone), the Laobao Formation
(black-gray chert), and the lower Cambrian Qingxi Forma-
tion (black shale) from bottom to top, and all of them rep-
resent basin deposition (Fig. 1, Chang et al., 2010a, b,
2012). The Laobao Formation is approximately 169 m in
thickness and consists of black thick-bedded chert in the
lower part and dark-gray chert bands with carbonaceous
or siliceous mudstone interbeds in the upper part (Fig. 2).
The Laobao Formation chert shows finely laminated fab-
rics and cryptocrystalline or microcrystalline structures
without metasomatic relict textures or distinct recrystalliza-
tion (Chang et al., 2010a). Near-modern seawater Ge/Si
ratios (0.4-0.5 umol/mol) and rare earth element patterns
suggest a normal seawater silicon source, rather than a
hydrothermal fluid source (Chang et al., 2010b; Dong
et al., 2015).

The Liuchapo/Laobao Formation is generally a dia-
chronous stratigraphic unit (e.g., Wang et al., 2012; Chen
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Fig. 1. Simplified paleogeographic map of the Yangtze Platform in South China during the Ediacaran to Early Cambrian, showing three
sedimentary facies (platform, slope, and basin) and the locations of the Yinjiang (YJ) and Silikou (SLK) sections studied (triangles) in this

study.
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Fig. 2. Lithology and stratigraphic profiles of the Yinjiang and Silikou sections, modified from Chang et al. (2012), Fan et al. (2013), and
Dong et al. (2015). DS Fm. = Doushantuo Formation, JMC Fm. = Jiumenchong Formation.

et al., 2015a). Recently, Chen et al. (2015a) reported two
new SIMS U-Pb zircon ages of 541.1 + 5.0 Ma and 541.6
+ 3.7 Ma in the middle-upper Liuchapo Formation from
eastern Guizhou Province (30 km to the Yinjiang section),
which directly indicated the Ediacaran-Cambrian boundary

within the Liuchapo (slope) and Laobao (basin) Forma-
tions (Fig. 2). The top of the Liuchapo/Laobao Formation
can be correlated to the middle Zhongyicun Member
(~535.2+1.7Ma) of the Meishucun Formation (Zhu
et al., 2009; Yang et al., 2017), whereas the bottom
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boundary of the Liuchapo/Laobao Formation can be
related to that of the Dengying Formation with an age of
~551.1 0.7 Ma (Condon et al., 2005; Yang et al., 2017).

3. ANALYTICAL METHODS
3.1. 1 Iron isotopes

All samples were ashed at 500 °C to remove organic
material before digestion. Approximately 200-mg powder
samples were weighed in a beaker and digested using an
acid mixture of ultrapure HF and HNO; at 120 °C. After
the evaporation of HF and HNO;, the samples were
diluted in 2ml 6 N HCL The clear solution was loaded
on AMPG-1 resin to purify iron, following the method
described by Zhu et al. (2002) and Tang et al. (20006).
The recoveries were always better than 98%. Total Fe
concentrations and Fe isotopic ratios were measured
using a Nu-MC-ICP-MS at the Institute of Geology, Chi-
nese Academy of Geological Sciences, following the tech-
niques described by Zhu et al. (2008). The Fe isotopic
results were expressed in the standard notation as §>°Fe
deviation from IRMM-014. International reference mate-
rials (BHVO-1 and BCR-2) and a Chinese standard
(GSR-3) were measured together with our samples to
monitor the accuracy of the method. The external long-
term reproducibility (26) for 8’°Fe measurements using
this method was better than +0.10%¢ (Zhao et al.,
2012; Fan et al., 2014). The results of the reference mate-
rials were also consistent with those of previous studies
(Appendix Table A.1).

3.2. Fe speciation and sulfur isotopes of pyrite

The Fe speciation and S isotopes of pyrite were mea-
sured at the State Key Laboratory of Biogeology and
Environmental Geology, China University of Geosciences
(Wuhan), following published methods (Poulton and
Canfield, 2005; Li et al., 2015). The highly reactive Fe
(Feyr) contains carbonate-associated Fe (Fe.,,), ferric
oxides (Fe,y), magnetite (Fep,s), and pyrite (Fepy). Then,
Fecar, Feox, and Fey,e concentrations were determined by
Atomic Absorption Spectrometry (AAS) after being
sequentially extracted by a sodium acetate solution, a
sodium dithionite solution, and an ammonium oxalate
solution. Additionally, Fep, was calculated from pyrite
sulfur, which was extracted by using the CrCl, reduction
method and precipitated as Ag,S in silver nitrate traps
(Canfield et al., 1986). The sulfur isotopic compositions
of pyrites (634Spy) were analyzed using a continuous flow
isotope ratio mass spectrometer. All of the &*'S values
were reported against Vienna Canon Diablo Troilite
(VCDT). The analytical precision for 5°*S was better
than +0.1%.. In this study, Fe species have only been
used to estimate the proportion of different Fe-bearing
minerals and not to trace redox conditions in the water
column because the Fe species proxy was constructed
from modern and ancient fine-grained siliciclastic marine
sediments.

4. RESULTS

Iron mainly occurs as Fe oxides and diagenetic cubic
pyrite in the Yinjiang cherts. In the middle of the section
(11.5-26.5 m), more cubic pyrites (up to 1.14%) are
observed surrounding barites (Fig. 3A). At the base and
at the top of the section, a number of detrital silicates (feld-
spar), diagenetic cubic pyrites, and a few phosphate miner-
als are observed (Fig. 3B). The total Fe concentration of
these cherts changes from 0.21% to 1.86% (Appendix
Table A.l). The Feygr/Fer ratios in all of the samples
change from 0.86 to 1.16, with Fepy/Feyr values between
0.02 and 0.74 (Fig. 4 and Appendix Table A.1). The major
Fe-bearing minerals in the Silikou chert include Fe-oxides,
framboidal pyrites, and detrital silicate Fe. The samples
below 40 m mainly contain Fe-oxides and detrital silicate
Fe (Fig. 3C and D). Most samples above 40 m contain a
number of framboidal pyrites (Fig. 3E). It is also noted that
more detrital silicates, monazites, and barites are present in
the chert above 120 m (Fig. 3F).

The 3%°Fer values of the Yinjiang chert yield a range
from —0.12%0 to 1.06%0 (Fig. 4 and Appendix Table A.1),
and mostly between 0.25%0 and 0.56%o (n = 10), with an
average of 0.44%o for all of the samples. Three cherts
(Z,1-86, 90, and 95) show higher 5°Fer values from
0.80%o to 1.06%0, and two samples (Z,1-94 and 102) exhibit
near-zero 8°°Fer values. The 534Spy values of the Yinjiang
chert yield a wide range from 4.1%o to 40.4%0. The highest
value (40.4%o) is preserved in the lower part of the section
and continuously decreases to 4.1%o in the upward direction
(Fig. 4). In contrast, the Silikou chert exhibits a narrow
range of 5°°Fer values from 0.02%o to 0.40%o, with an aver-
age of 0.25%o (Fig. 5 and Appendix Table A.1).

5. DISCUSSION
5.1. Fe isotope geochemistry

5.1.1. Partial oxidation of Fe&* at the slope location
( Yinjiang )

In a modern oxic seawater column, dissolved Fe" is
completely oxidized to Fe** hydroxide/oxides, resulting in
no net Fe isotope fractionation between Fe*™ hydroxide/
oxides and seawater (Craddock and Dauphas, 2011; Li
et al., 2013). In sediments, diagenetic pyrite commonly
records 8°°Fe values similar to or lower than that of precur-
sor Fe*" hydroxide/oxides, which depend on the degree of
Fe isotope fractionation during diagenesis (Severmann
et al., 2008; Busigny et al., 2014; Sawaki et al., 2018). Nev-
ertheless, the 5°°Fe values of the bulk sediments from the
oxic condition are usually close to zero (e.g., Severmann
et al., 2008; Fehr et al., 2010; Busigny et al., 2014). In
oxygen-limited seawater, the partial oxidation of dissolved
Fe®" by a small quantity of oxygen and/or anoxygenic pho-
tosynthesis commonly enriches isotopically heavy Fe pref-
erentially in the Fe*" hydroxide/oxides, with variable
A¥FeZlyere from 0.9%0 to 3.0%0 (e.g., Bullen et al., 2001;
Johnson et al., 2002; Welch et al., 2003; Beard and
Johnson, 2004; Beard et al., 2010). As a result, the 5°°Fe
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Fig. 3. A and B. Scanning electron microscopy (SEM) photomicrographs of the major minerals in the Yinjiang chert. Abundant cubic pyrites
surrounding barite occur in the middle chert between the 13 m to 26.5 m location (Z,1-109) (A). More silicate minerals and a few phosphate
minerals are present in the top chert (Z,1-109 at 40 m location) (B). (C-F) Scanning electron microscopy (SEM) photomicrographs of the
major minerals in the Silikou chert. The samples below 40 m mainly contain Fe oxide and silicate Fe (C, D). The framboidal pyrites and few
silicate minerals are observed in most cherts (E). The mean diameters of framboidal pyrite cluster are less than 5 um for the samples below 80

m and approximately 6.5 um for the upper samples above 93 m (Chang et al., 2009). More silicate minerals, monazites, and barites occur in
the cherts above 120 m (F).
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is a near-zero 5°°Fe value (~0.05%o, Beard et al., 2003). Additionally, the 83Feyr values of the samples with Feyr/Fer > 1.0 are represented
by 8°°Fer values. The samples below 13 m exhibit the homogenous 834Spy (32.4-40.4%0) and the upper samples above 13 m are characterized
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values of bulk sediments from an oxygen-depleted and fer- Fe*' hydroxide/oxides, the extent of the reduction of
ruginous environment are usually more positive than those Fe*" hydroxide/oxides, and the availability of reduced fer-
in water columns due to Fe* hydroxide/oxide precipitation rous iron at pyrite formations (Johnson et al., 2008;
(e.g., Johnson et al., 2003; Czaja et al., 2013; Li et al., 2013; Nishizawa et al., 2010; Yoshiya et al., 2012; Sawaki et al.,
Satkoski et al., 2015). For diagenetic pyrite, widely variable 2018). The quantitative reduction of Fe-oxide may increase
8°°Fe values can be observed, ranging from negative to pos- 856Fepy up to that of Fe-oxides; but the partial reduction

itive. These depend on the &°°Fe values of the precursor gives a wide range of 656Fepy values.
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range from 11.40%0 to —15.4%o, with a broadly decreasing curve along the upwards section. Samples below 40 m show very low Fepy/Fenr
ratios and variable Feyr/Fer ratios (0.37-0.66). Samples above 40 m mostly exhibit wider range Feyr/Fer ratios (0.25-0.83) and higher Fep,/
Feyr ratios (up to 0.55). The 634Spy values and Fe speciation data are cited from Chang et al. (2010a, 2012).

The mixing of different Fe-bearing minerals has limited
influence on the 5°°Fer values in the Yinjiang section.
The Feygr/Fer ratios of these cherts are close to 1 (Appen-
dix Table A.1 and Fig. 4), which indicates the absence of
detrital Fe silicate minerals in these cherts. Therefore, the
8%Fer of these cherts could mainly represent the signatures
of highly reactive Fe, in which 70-90% of highly reactive Fe
is present as Fe-oxide and pyrite. In addition, the cubic
morphology of pyrite in these cherts indicates a diagenetic
origin of pyrite through the precursor Fe** hydroxide/oxi-
des (Fig. 3). Hence, we suggest that the 8°°Fer values may
represent that of initially precipitated Fe-oxide, and can
reflect ambient seawater redox conditions, rather than the
mixing of different Fe-bearing minerals.

The positive 8°°Fer values of most Yinjiang cherts are
similar to those of the Archean low-Fe chert (0.28-0.63%o0)
with high Fe/Th ratios deposited from ferruginous seawater
(e.g., Li et al., 2013; Satkoski et al., 2015). These authors
have proposed a significant and extensive partial oxidation
of dissolved Fe*" during the deposition of those shallow-
water low-Fe cherts. At the redox chemocline, there occurs
the partial oxidation of dissolved Fe**, which may result in
the enrichment of isotopically heavy Fe in initial Fe*"
hydroxide/oxides. This mechanism has also been used to
explain the positive 3°°Fe values of the Datangpo Forma-
tion shales (Zhang et al., 2015), the Doushantuo Formation
cherts, pyrites in South China (Fan et al., 2014; Sawaki
et al, 2018), and Neoproterozoic marine shales
(Kunzmann et al., 2017). This partial oxidation may explain
the positive 5°°Fer values of those samples with much more
abundant cubic pyrite (e.g., Z,1-100, 93, 91, 90). In these
samples, the cubic pyrites formed through the reductive dis-
solution of the precursor Fe*" hydroxide/oxides during
early diagenesis. Therefore, to enrich isotopically heavy Fe
in these pyrite-rich samples, the partial oxidation of dis-
solved Fe®" is necessary in a ferruginous water column.

Nevertheless, the partial reduction of Fe*™ hydroxide/
oxides to dissolved Fe*" might be another potential mech-

anism for interpreting these positive 8°°Fe values. In mod-
ern anoxic lakes (e.g., the Black Sea) and OMZs in the
upwelling area of Peru, slightly heavier Fe isotope compo-
sitions (0 < 8°°Fe < 0.2%0) and lower Fer/Al ratios (<0.5)
were observed in anoxic/OMZ sediments than in oxic sedi-
ments (856Fe:O%o, Fer/Al = ~0.5) (Fig. 6, Severmann
et al., 2006, 2008; Scholz et al., 2014a,b; Busigny et al.,
2014). This difference was explained by the loss of the light
Fe isotope during the partial reduction of Fe*" hydroxide/
oxides. Indeed, a portion of cherts (e.g., Z,L-104, 99, 88,
84) with considerably less cubic pyrite (Fig. 4) show
§3Fer values >0.25%0 and Fer/Al ratios <0.5, which could
indicate the loss of isotopically light Fe through partial
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Fig. 6. Cross plot of 5°*Fer values versus Fer/Al ratios for cherts
in the Yinjiang section, where samples with >1 Fer/Al ratios were
not included. Modern sediments from oxic condition usually show
near zero 8°°Fer values and ~0.5 Fer/Al ratios (Severmann et al.,
2008; Scholz et al., 2014a,b). Sediments deposited within OMZs
and/or anoxic areas commonly have 8°°Fer values of 0-0.2%0 and
Fer/Al ratios < 0.5. Sediments in euxinic and/or below OMZ area
exhibit Fer/Al ratios > 0.5 and 0%o < 8*°Fer < 0.4%o.
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reduction. However, the partial reduction of Fe*" hydrox-
ide/oxides might not significantly change the 3°°Fer values
in bulk sediments, based on observations in modern anoxic
basins and OMZs. Moreover, no clear negative correlation
between 8°°Fer values and Fer/Al ratios was observed
(Fig. 6). Therefore, the positive 8°°Fer values in the Yin-
jiang chert are considered to mainly reflect the degree of
partial oxidation of dissolved Fe*" in ferruginous water col-
umns, with a minor loss of isotopically light Fe by partial
reduction during diagenesis.

5.1.2. Mixing of different Fe-minerals at the basin location
(Silikou section)

The occurrence of framboidal pyrites with 5-18 pm
diameters in the Silikou chert has been reported by our
coworkers (Chang et al., 2009, 2012). Framboidal pyrites
are commonly formed in ferruginous and euxinic condi-
tions (e.g., Wilkin et al., 1996). In a euxinic condition, fram-
boidal pyrite were characterized by a mostly <5 um
diameter with a narrow size range because of their shorter
growth times compared with those of pyrite formed within
anoxic sediment porewaters underlying oxic water columns
(Wilkin et al., 1996; Wignall and Newton, 1998). Under
euxinic conditions, the dissolved Fe*" reacts with reductive
H,S resulting from bacterial sulfate reduction as fram-
boidal pyrite, in which the isotopically light Fe is preferen-
tially enriched with variable fractionation factors
(A56FeDissolve Fe-pyrite = —0.3 t0 3.0%0, Butler et al., 2005;
Guilbaud et al., 2011; Wu et al., 2012). Under such euxinic
conditions, pyrites have 5°°Fe values similar to those of a
water column when its dissolved Fe is quantitatively trans-
formed into pyrite (Severmann et al., 2008). Under ferrug-
inous conditions, authigenic pyrites (>5 um) formed below
the oxic-anoxic boundary in modern isolated lakes, and
these pyrites usually did not preserve the 8°°Fe value of
the overlying water and thus show variable but negative
8°°Fe values (Duan et al., 2010; Fehr et al., 2010; Busigny
et al., 2014).

With the exception of framboidal pyrites, the Silikou
cherts also contain Fe>" hydroxide/oxides and detrital sili-
cate Fe (Chang et al., 2010a). Iron isotopic compositions of
highly reactive Fe (Fig. 5) were calculated using a simple
mass balance equation: 5°°Fer = Feyr/Fer * 8°°Fepr +
(1- FeHR/FeT)*SSGFeDetritals where 556F€Detrital has a
near-zero 8°°Fe value (~0.05%0, Beard et al., 2003). Cherts
from the basin location exhibit positive 8°°Feyr values
mostly higher than 0.4%., which may indicate the small
extent of oxidation of dissolved Fe®t and/or the partial
reduction of the Fe®" hydroxide/oxides into dissolved
Fe®" in a water column. It is well known that the partial
oxidation of dissolved Fe?" is a major mechanism for the
extremely positive 8°°Fe values in Precambrian BIFs and
cherts, although partial reduction during the dissimilatory
process has also been suggested (e.g., Johnson et al.,
2008; Czaja et al., 2013; Li et al., 2013; Satkoski et al.,
2015). As mentioned above, partial oxidation occurred at
the slope location (Yinjiang), which indicates that a redox
chemocline may be present in the water column. Therefore,
the positive and variable 5°°Feyg values (0.39-0.77%0) in
the basin cherts (below 40 m) with low Fep,/Fer ratios

(0.01-0.10) may suggest a ferruginous condition, where dis-
solved Fe?" was partially oxidized at a redox chemocline.
Subsequently, broadly decreasing &°°Feyg values, from
0.86%0 to —0.03%o, are observed above 40 m, which indi-
cates that the dissolved Fe** with more negative 8°°Fe val-
ues may be more effectively captured by the enhanced H,S
in an intermittent euxinic condition at the sediment-water
interface. It is noted that some cherts (e.g., SLK-57, 74,
82) in the upper part (43-82 m) show higher Fep,/Fer ratios
(up to 0.37) but more positive 8>°Feygr values (0.46-0.86%0)
than the other cherts (Fig. 5), which might indicate that a
partial reduction of initial Fe** hydroxide/oxides occurred
when they passed into an anoxic water column. However,
no systematic correlation between 8°°Feyg values and pyr-
ite/oxide content was observed in these cherts, which may
be attributed to the Fe isotopic fractionation during partial
oxidation, reduction, and the pyrite formation processes.

Here, we propose that Fe*>* hydroxide/oxides, formed
through partial oxidation of dissolved Fe?' at a redox
chemocline, might be followed by partial reduction during
their precipitation, during which isotopically heavy Fe
was preserved in the residual Fe*" hydroxide/oxides. Fram-
boidal pyrites, formed through the precursor FeS,, phase at
the water-sediment interface, enrich isotopically light Fe.
The mixing of Fe*™ hydroxide/oxides and framboidal pyr-
ites play an important role in regulating the 3°°Fepg signa-
tures of these cherts at the Silikou section.

5.2. Decreasing trend of 3**Sp, values

In the Yinjiang section, the 634Spy values exhibit a con-
tinuously decreasing trend (Fig. 4). The cherts in the lower
part (0-13 m) show relatively uniform 834Spy values (32.4—
40.4%0), which is consistent with those of pyrites in carbon-
ate (549 Ma) from South China and Namibia (Ries et al.,
2009; Cui et al., 2016). These positive 534SPy values are also
similar to those of contemporaneous marine sulfates associ-
ated with carbonates (40%0 in South China and Oman)
(Fike and Grotzinger, 2008; Cui et al., 2016), which indi-
cates no net sulfur isotope fractionation between the marine
sulfate and pyrite. Given the pyrite morphology (cubic)
(Fig.3a and b) and low Fep,/Fer ratios (Appendix
Table A.1), the pyrites in the Yinjiang chert could have
formed during the early diagenesis (Shen et al., 2003),
where the seawater-sediment interface resulted in low sul-
fate diffusion. During this diagenetic process, there is no
net S isotopic fractionation when the buried sulfate is quan-
titatively reduced to pyrite through the bacterial sulfate
reduction (BSR) process (Lyons et al., 2009). Previous stud-
ies have also indicated that the BSR process can produce no
obvious S isotopic fractionation (<6%o) between pyrite and
sulfate with an insufficient sulfate concentration (50-200
uM) (e.g., Canfield and Thamdrup, 1994; Canfield, 2001;
Habicht et al., 2002; Canfield et al., 2010). Similarly, high
634Spy values (34.1%o) of diagenetic pyrites in the Doushan-
tuo Formation chert nodules have been reported, which
was explained by low levels of sulfate concentration in
Ediacaran seawater (Xiao et al., 2010). Therefore, both
the low sulfate diffusion into sediments and the diagenetic
process could have minimized the S isotopic fractionation.
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Fig. 7. Schematic diagram illustrating the redox condition of deep water in the Nanhua basin during the late Ediacaran. At the redox
chemocline, dissolved Fe?" was partially oxidized to Fe*' hydroxide/oxides in a ferruginous water column, during which positive 8°°Fe values
are preserved in the slope section (Yinjiang). The partial reduction of initial Fe** hydroxide/oxides may occur in a ferruginous water column
before the initial Fe*™ hydroxide/oxides deposited at the basin location (Silikou), during which Fe*" hydroxide/oxides deposited at the basin
location may preserve more positive °°Fe values than that of the Yinjiang chert. At the first stage (Fig. 7A), burial sulfate was quantitatively
reduced in sediments during early diagenesis at the Yinjiang section. However, sulfate reduction occurred in seawater column at the Silikou
section. At the second stage (Fig. 7B), there is an increasing sulfate concentration at basin location and enhancing diffusion of sulfate into
sediments at the slope location, which resulted in decreasing 834Spy values along two investigated sections upwards. At the Silikou section, the
reduction of sulfate may produce intermittent euxinic conditions, where dissolved Fe?" are finally fixed as framboidal pyrites. The mixing of
more framboidal pyrites with Fe*" hydroxide/oxides could decrease the 5°°Feyr values from 0.86%o to near zero. There is no significant
change of redox condition along the two investigated upwards sections, although an intermittent euxinic condition occurred at the basin
location.
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Assuming a homogeneous sulfur isotope composition
(40%o0) of marine sulfate in the Nanhua basin, a large sulfur
isotope fractionation (A34SSu]fate_Pyrite = 30-40%c) between
framboidal pyrite and sulfate at the lower part of the Sili-
kou location may suggest a sulfate-unlimited environment
at the least.

If an invariable marine sulfate S isotope composition is
assumed (~40%o, Cui et al., 2016), then a decreasing 634Spy
trend could correspond to an increasing S isotope fraction-
ation between sulfate and pyrite (A34SSu1fate_pyme) from near
zero to 30%o in the Yinjiang section (Fig. 4). The same
decreasing 634Spy trend was reported at the basinal Silikou
section (Fig. 5) and the platform Gaojiashan Formation in
South China, and the Kotlim Formation in North Russia
(Chang et al., 2012; Johnston et al., 2012; Cui et al.,
2016). Although A**S values depend on local depositional
conditions such as sedimentation rate, sulfate reduction
rate, and iron availability (Canfield, 2001 and references
therein), they are largely controlled by the sulfate concen-
tration during the BSR process (Habicht et al., 2002;
Halverson and Hurtgen, 2007). When sulfate concentra-
tions exceed 200 uM, large S isotope fractionation can
occur during sulfate reduction (Habicht et al., 2002). The
enhanced Fepy/Feygr ratios and decreasing 634Spy trends
during the transition from the lower to the upper part
(Figs. 4 and 5) indicate the enhanced reduction of marine
sulfate, which could correspond to an enlarged marine sul-
fate reservoir at the Silikou section (Chang et al., 2012) and
to the enhanced diffusion of sulfate into the sediment at the
Yinjiang section.

5.3. Implications for an oceanic redox condition during the
late Ediacaran

Based on Fe and S isotopic variations, a spatial and tem-
poral evolution model of the late Ediacaran oceanic redox
condition with two stages is illustrated in Fig. 7. At the first
stage, the variations of 53°Fer values from 0.25%o to 1.06%o
indicated that the Yinjiang chert was deposited in a ferrug-
inous condition (probably near a redox chemocline), where
dissolved Fe*" was partially oxidized to Fe*™ hydroxide/
oxides in the seawater column (Fig. 7A). In sediments, the
initial Fe*™ hydroxide/oxides with positive 5°°Fe values
precipitated from a ferruginous water column are partially
reduced by organic carbon and/or Fe-reducing bacteria,
which could result in the enrichment of isotopically heavy
Fe in residual Fe*™ hydroxide/oxides and of light Fe iso-
topes in diagenetic pyrite. The changed Fe, /Feyr ratios
and stable 834SPy values suggest that the buried sulfate
was quantitatively reduced to H,S through the BSR pro-
cess, combined with reactive Fe?t, and fixed as diagenetic
cubic pyrite, which results in the seawater-like S isotopic
signal in these cherts. The Fe*" hydroxide/oxides in the Sili-
kou chert may precipitate from the same redox chemocline
as in the Yinjiang section, but a partial reduction of Fe*"
hydroxide/oxides might occur during precipitation in a fer-
ruginous water column (Fig. 7A), resulting in the more pos-
itive 8°°Fe values in the residual Fe*™ hydroxide/oxides.
Conversely, the reduction of dissolved sulfate occurred in
a water column, where dissolved Fe*™ is not effectively

captured and precipitated as framboidal pyrite. However,
a large sulfur isotope fractionation (A34ssu|fate_})yrite =
30-40%0) at the Silikou section may suggest a sulfate-
unlimited environment at the least.

The second stage might be best characterized by increas-
ing marine sulfate concentration in the slope and basin
locations (Fig. 7B). Accompanied by strong continental
oxidative weathering, abundant dissolved sulfate was trans-
ported into the late Ediacaran ocean (Halverson and
Hurtgen, 2007; Fike and Grotzinger, 2008; Cui et al.,
2016). When sulfate flux in the late Ediacaran Ocean
achieved a steady state, marine sulfate S isotopes could be
maintained at a fixed value (Cui et al., 2016). During early
diagenesis, the increasing diffusion of marine sulfate into
sediments and partial sulfate reduction could control the
decreasing 834Spy values and the change in Fep,/Fepr
ratios in the Yinjiang section. However, the Fe geochemical
cycle did not show any obvious changes, while the >°Fer
values from —0.12%0 to 0.80%0 reflect partial oxidation of
dissolve Fe?" near the redox chemocline (Fig. 7B). For
the Silikou section, more marine sulfate was reduced to
H,S and then precipitated as framboidal pyrite, which
resulted in high Fep,/Feyr ratios in some cherts and
decreasing 834Spy, corresponding to an intermittent euxinic
condition. The decreasing §>°Feyr from 0.86%0 to near zero
could indicate the mixing of more framboidal pyrite with
Fe*" hydroxide/oxides in the Silikou section (Fig. 7B).

Our new data provide evidence for redox stratified sea-
water during the late Ediacaran in South China, where
the redox condition in the Yinjiang section is ferruginous
and the Silikou section is characterized as ferruginous with
intermittent euxinic water. However, no enrichment of
redox sensitive elements (Mo, U, V) was observed in these
two sections and in other reported sections (e.g., Chang
et al., 2012; Sahoo et al., 2016; Xiang et al., 2017), which
may suggest a limited redox sensitive element reservoir in
the open ocean, if the Nanhua basin had been well-
connected to the open ocean during the late Ediacaran.

6. CONCLUSIONS

This study contributes to the field by obtaining the
5°°Fer and 834Spy values of cherts in the slope (Yinjiang)
and basin (Silikou) sections from the Yangtze Platform in
South China. The positive 8°°Fer values of the Yinjiang
section reflect ferruginous seawater, where dissolved Fe?™
was partially oxidized to Fe*' hydroxide/oxides in the sea-
water column. The 8°°Fer and 8°Feyr signature of the
Silikou section primarily depends upon the mixing of
Fe*" hydroxide/oxides precipitated from ferruginous water
and the syngeneic framboidal pyrite formed within inter-
mittent euxinic conditions. No significant change in Fe geo-
chemical cycling was observed during the late Ediacaran.
At the lower part of the slope location, the seawater-like
534S value was preserved when sulfate was quantitatively
reduced to form diagenetic pyrites during early diagenesis.
However, a large S isotope fractionation was observed in
the basin location. Subsequently, the S isotope signals of
pyrite showed a 30%. decrease along two investigated
sections, which may reflect the enlarged marine sulfate



Table A.1

The iron and sulfur isotopic composition, Fe species data and other geochemical data for our investigated sections.

Samples Lithology Depth &"**Fer 26  §%**Fer 26 & 3*Spy TOC TS Fer Al Fer/ Fepy Fecub Feox Femag Feur Feur/ Fepy/
m) (%) (%) (%) (k) FFenr (%) %) () () (%) Al (%) (%) (%) (%) (%) Fer Feur
(%0)
The slope Yinjiang section
Eln-109 Chert 40 0.52 0.16 0.38 0.12 0.38 1.56 0.13 028 1.18" 0.24
Z21-107 Chert 37 0.38 0.08 0.26 0.06 0.25 8.3 224 0.32 043 0.58 0.74 0.01 0.04 036 004 044 1.03 0.02
Z21-104 Chert 32.5 0.58 0.18 0.42 0.10 0.43 18.1 0.78 0.17 0.21 1.59 0.13 0.06 0.03 0.09 0.02 020 0.97 0.28
721-102 Chert 29.5 —0.09 0.10 —0.12 0.08 —0.12 4.1 0.46 0.22° 2.09
Z21-100 Chert 26.5 0.80 0.09 0.56 0.01 0.56 15.0 0.34 041 1.86 1.47 1.27 1.14 023 0.55 0.05 197 1.06 0.58
72199 Chert 25 0.77 0.19 0.53 0.03 0.53 13.6 0.68 0.13 021 1.55 0.14 0.01 0.05 0.16 002 0.23 1.10 0.06
721-97 Chert 22 0.62 0.16 041 0.14 0.47 16.3 0.31 1217 0.26 0.12 0.02 0.10 0.02 0.27 0.86 046
721-95 Chert 19 1.20 0.14 0.80 0.02 0.84 23.1 1.46 0.56 0.72 6.55 0.11 024 0.04 030 0.10 0.69 095 0.36
721-94 Chert 17.5 0.12 0.07 0.07 0.01 0.07 0.81 2.59" 0.31
72193 Chert 16 0.64 0.01 0.44 0.06 0.44 26.4 0.59 0.72 0.75 1.96 0.38 0.60 0.14 0.05 002 0.80 1.07 0.74
Z21-91 Chert 13 0.72 0.18 048 0.13 0.48 36.9 0.44 043 046 1.01" 046 0.25 0.02 0.17 002 047 1.03 054
Z721-90 Chert 11.5 1.60 0.16 1.06 0.10 1.06 32.4 097 123 143 246 0.58 0.58 0.09 075 0.16 158 1.10 0.37
721-88 Chert 8.5 0.65 0.15 0.46 0.15 0.46 333 0.59 0.2 0.37 1.59" 0.23 0.05 0.04 028 0.04 041 1.12 0.13
721-86 Chert 6 1.26 0.04 0.86 0.01 0.86 40.4 0.37 0.15 041 1.12 0.37 0.12 0.03 029 003 048 1.16 0.26
Z21-85 Chert 5 0.58 0.00 041 0.05 0.41 0.87 3.66" 0.24
721-84 Chert 4 0.34 0.17 0.25 0.15 0.25 36.7 0.72 042 1.07 3.06 0.35 0.20 0.04 073 0.11 1.08 1.01 0.19
721-82 Chert 2 36.0 037 03  0.84 3.19 0.26 0.18 0.06 0.53 006 0.83 098 022
721-81 Chert 1 1.37 1.39 1.58 4.06 0.39 0.71 0.14 072 009 1.66 1.05 043
Z21-80 Chert 0 0.42 0.10 0.28 0.07 0.28 0.92 4.99 0.18
Samples Lithology Deepth 8°**Fer 26  8%**Fer 26 &% 534Spy TOC TS Fer Al FeT/ Fepy Fecuv Feox Femae Fenr Fenr/ Fepy/
(m) (%o) (%0)  (%o) (%c)  **Feur  (%o) (%) (%) (%) (%) Al (%) (%) (%) () (%) Fer  Femr
(%)
The basin Slikou section
SLK-04 Chert 4 0.28 0.07 0.21 0.03 0.39 0.93 0.005 0.34 0.08 425 0.001 0.16 047 0.01
SLK-08 Chert 8 0.43 0.08 0.33 0.06 0.70 0.78 0.007 0.33 0.09 3.67 0.002 0.14 043 0.01
SLK-12 Chert 12 11.40 0.62 0.018 0.47 0.08 5.92 0.025 0.29 0.61 0.09
SLK-16 Chert 16 0.36 0.06 0.25 0.04 0.41 1.40 0.65 0.1 044 0.12 3.67 0.024 024 055 0.10
SLK-20 Chert 20 0.93 0.063 0.32 0.13 2.52  0.002 0.20 0.63 0.01
SLK-24 Chert 24 0.008 0.27 0.41 0.66 0.003 0.11 042 0.03
SLK-31 Chert 31 0.45 0.07 0.29 0.10 0.59 1.09 0.003 0.36 0.18 2.00 0.001 0.16 045 0.01
SLK-36 Chert 36 0.43 0.16 0.32 0.09 0.77 0.5 0.015 0.38 0.56 0.68 0.002 0.14 037 0.01
SLK-40 Chert 40 0.54 0.10 0.33 0.11 047 0.40 0.37 0.004 0.43 0.39 1.10 0.094 0.28 0.66 0.33
SLK-43 Chert 43 -9.30 0.166 0.58 0.55 1.05 0.113 0.32 0.56 0.35
SLK-51 Chert 51 0.60 0.021 0.41 0.95 0.43 0.069 0.26 0.63 0.27
SLK-57 Chert 57 0.57 0.11 0.40 0.04 0.86 1.90 1.25 0.044 0.75 0.49 1.53 0.104 0.32 043 0.32
SLK-64 Chert 64 0.10 0.07 0.05 0.04 5.79 0.024 0.43 1.06 0.41
SLK-74 Chert 74 0.52 0.08 0.38 0.06 0.62 —0.80 3.86 0.035 0.33 0.58 0.57 0.011 0.19 0.58 0.06
SLK-78 Chert 78 —3.40 271 0.089 0.83 0.70 1.19 0.101 0.31 0.37 0.32
SLK-82 Chert 82 0.47 0.00 0.34 0.04 0.46 —15.40 1.15 0.364 0.59 0.46 1.28 0.153 041 0.70 0.37
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SLK-83 Chert 83 -9.70 0.369 0.32 0.85 0.38 0.001 0.12 038 0.01
SLK-87 Chert 87 0.04 0.01 0.03 0.01 —0.03 2.74 0.043 0.48 0.69 0.70  0.001 0.12 0.25 0.01
SLK-90 Chert 90 —12.00 0.019 0.48 0.54 0.89 0.041 024 050 0.17
SLK-99 Chert 99 0.21 0.08 0.13 0.04 1.99 0.013 0.6 0.50 1.20
SLK-103 Chert 103 0.41 0.04 0.29 0.03 0.34 -9.10 4.02 0.041 0.52 0.95 0.55 0.234 043 083 0.54
SLK-107 Chert 107 —7.80 0.469 0.79 0.78 1.01 0.206 042 0.53 0.50
SLK-117 Chert 117 -7.30 0.034 0.71 1.12 0.63 0.002 0.19 0.27 0.01
SLK-124 Chert 124 0.10 0.06 0.08 0.00 0.10 0.47 0.049 0.85 7.80 0.11 0.261 047 0.55 0.55
SLK-128 Chert 128 0.58 0.04 0.39 0.03 0.44 0.648 0.28 1.95 0.14
SLK-135 Chert 135 0.24 0.0l 0.17 0.04 0.16 0.356 0.47 2.56 0.18
The reference material 657/54FeT 2c 856/54FeT 2c References
(%o) (%0) ~ (%o) (%0)
BHVO-1 0.17 0.04 0.11 0.02 This study
0.161 0.012 0.105 0.008 Craddock and
Dauphas (2011)
BCR-2 0.12 0.08 0.07 0.06 Our Lab
0.116 0.08 0.09 0.01 Craddock and
Dauphas (2011)
GSR-3 0.23 0.08 0.14 0.04 This study
0.232 0.028 0.154 0.022 Fan et al.
(2014)
The reference material 5Spy (%0)
TIAEA S1 —0.23+0.23
IAEA S2 22.7+£0.16
TIAEA S3 —32.34+0.26
Notes:

Fe concentration and species, Al, TOC, TS and 53*Spy data of the Silikou section are referenced from Chang et al. (2010a, b, 2012).
Al" data of the Yinjiang section are cited from Fan et al. (2013).

656/54FeHR values of samples with Feyr/Fer ratios lower than 1.0 were calculated following a simple mass balance equation: 5°°Fer = Feyr/Fer * 8°Feyr + (1 — Feygr/Fer) * 5°°Fepetital, Where

8%Fepetrital is near-zero (~0.05%o, Beard et al., 2003).
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reservoir at the basin location and an enhanced diffusion of
marine sulfate into the sediments at the slope location.
These new data indicate a dominantly ferruginous condi-
tion in deep water of the Nanhua basin and no fundamental
changes of redox conditions in the two investigated sections
of the late Ediacaran.
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