Chemical Geology 482 (2018) 121-130

Contents lists available at ScienceDirect

CHEMICAL
GEOLOGY

ISOTOPE GEOSCIENCE

Chemical Geology

journal homepage: www.elsevier.com/locate/chemgeo

Cr isotopic composition of the Laobao cherts during the
Ediacaran—Cambrian transition in South China

Check for
updates

5

Jing Huang™", Jia Liu®, Yingnan Zhang®, Huajin Chang”, Yanan Shen?, Fang Huang", Liping Qin®

2 CAS Key Laboratory of Crust-Mantle Materials and Environments, School of Earth and Space Sciences, University of Science and Technology of China, Hefei 230026,
China
® School of Geosciences, Hubei University of Arts and Science, Xiangyang 441053, China

ARTICLE INFO ABSTRACT

Editor: Michael E. Bottcher In this study, we present the Cr isotopic compositions from the cherts in the Laobao Formation (~551-522 Ma)

that were deposited in deep water in South China. The Cr concentrations and isotopic compositions in the

Keywords:
Cr isotopic composition Laobao cherts were dominated by the contemporaneous seawater and detrital phases. The lower part of the
Deep water Laobao cherts show that the 8°Cr of contemporaneous deep seawater in the Huanan basin was approximately

Ediacaran-Cambrian transition —0.1%o, and the 8°Cr of detrital materials was approximately = 0.2%o. These findings imply that surface >Cr-
Chert_ enriched Cr(VI) species did not affect the deep ocean until the late Ediacaran because of the strong redox
Anoxic ocean stratification in the ocean, although the oxidative Cr cycle in terrestrial settings had emerged before that time. A
slight rise in §°3Cr in the deep ocean (to approximately 0.08%o) was estimated for the upper part of the Laobao
cherts. If the §°3Cr rise and its amplitude can be further determined, this will imply that shallow **Cr-enriched Cr
(VI) species had an impact on the deep ocean and will suggest an oxidation of the ocean in the Huanan basin

around the Ediacaran-Cambrian boundary (~542 Ma).

1. Introduction

The Ediacaran—-Cambrian transition (560-520 Ma) shows the most
dramatic biological diversification in Earth's history (Erwin et al., 2011;
Marshall, 2006; Zhang and Shu, 2014), and Earth's surface redox con-
dition has been considered a critical trigger for this transition (Chen
et al., 2015b; Maloof et al., 2010; Marshall, 2006; Zhang and Shu,
2014). Several lines of evidence suggest the stepwise oxygenation of
Earth's surface environment during the Ediacaran (635-542Ma) and
during the middle of the early Cambrian (~520Ma) (Chen et al.,
2015b; Fike et al., 2006; McFadden et al., 2008; Och and Shields-Zhou,
2012; Shen et al., 2008; Wen et al., 2015). However, widespread anoxia
and even euxinia (anoxic conditions with free H,S) were likely present
in the deep ocean until at least the earliest Cambrian, and probably into
the Ordovician. (Canfield et al., 2008; Feng et al., 2014; Li et al., 2010;
Och et al., 2013; Schroder and Grotzinger, 2007; Thompson and Kah,
2012; Wang et al., 2012a; Wen et al., 2015; Wille et al., 2008).

The chromium (Cr) stable isotopic system is an emerging tool for
examining the redox conditions of Earth surface environments
(Bonnand et al., 2013; Crowe et al., 2013; Frei et al., 2009, 2011, 2013;
Gilleaudeau et al., 2016; Planavsky et al., 2014; Qin and Wang, 2017;
Reinhard et al., 2014). At the Earth's surface, Cr is predominantly
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bound in oxides and silicates as Cr(II) within rock-forming minerals.
Without oxidation to a higher valence state, it is difficult for Cr(III)
dissolved from these minerals to be transported to the ocean owing to
its insolubility in water of neutral pH (Fandeur et al., 2009; Frei et al.,
2009; Oze et al., 2007; Reinhard et al., 2014). However, in the presence
of Mn-oxides that are linked specifically to the presence of free en-
vironmental O,, Cr(IIl) in soils can be oxidized to highly soluble forms
of Cr(VI) (e.g., CrO42~, HCrO, ™, Cr,0,% ") that are readily transported
in oxidizing aqueous fluids (Fandeur et al., 2009; Kota$ and Stasicka,
2000; Oze et al., 2007). During subsequent transport processes, Cr(VI)
can also be partially reduced to Cr(IlI) by microbes or by abiotic re-
ductants (e.g. Fe?™, H,S) and scavenged into Fe(II)-Cr(III) oxyhydr-
oxides (Buerge and Hug, 1997; Eary and Rai, 1989; Fendorf and Li,
1996; Reinhard et al.,, 2014). Cr (III) oxidation during weathering
processes and Cr(VI) reduction during transport processes can generate
large kinetic fractionations (6-7%o) and can produce highly mobile Cr
(VI) with positive 8%3Cr in aqueous systems (e.g. Frei et al.,, 2014;
Reinhard et al., 2014; Zink et al., 2010). These Cr(VI) species can be
transported to the ocean by rivers, and the Cr isotopic composition can
be recorded in the marine sediments. Previous studies have indicated
that Cr(VI) can be reduced to Cr(IIl) and then sequestrated into sedi-
ments quantitatively when they encounter reductants in the anoxic
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ocean (Frei et al., 2009; Reinhard et al., 2014). Cr isotopic fractionation
is regarded as negligible in this process; thus, the authigenic Cr in
marine sediments such as shales and iron stones can faithfully record
the 8°3Cr of ambient seawater (Frei et al., 2009; Reinhard et al., 2014).
Strongly positive fractionations of Cr isotopes were observed in various
ancient marine sediments, suggesting the emergence of extensive Cr
oxidation on land at ~780 Ma and possibly even earlier (Frei et al.,
2009; Gilleaudeau et al., 2016; Planavsky et al., 2014).

Cr isotopes have been increasingly used to constrain the oxygen
level of the ancient atmosphere (Frei et al., 2009; Gilleaudeau et al.,
2016; Planavsky et al., 2014), but the application of this method re-
mains limited owing to poor understanding of Cr cycling in the ocean.
Recent studies have shown that the Cr isotopes in modern oceans are
spatially heterogeneous and depend on the Cr source, the water depth,
and redox conditions in the ocean (Bonnand et al., 2013; Reinhard
et al., 2014; Scheiderich et al., 2015). Variable Cr isotopic compositions
in river water may also play an important role in the §>3Cr of the local
seawater (Farkas et al., 2013; Frei et al., 2014; Paulukat et al., 2015;
Rodler et al., 2016).

In this study, we investigated stable Cr isotopic composition in
Laobao cherts from the Ediacaran-Cambrian transition system in South
China. Laobao cherts are deep-ocean deposits that may have recorded
the Cr isotopic composition of contemporaneous deep water and thus
could represent Cr isotopic evolution in deep water during the
Ediacaran—Cambrian transition. The results may also provide new
constraints on the Cr cycling and the redox state change in the ocean at
that time.

2. Geological setting

The Yangtze platform developed as a rifted continental margin at
the southeastern side of the Yangtze block from ca. 820 Ma and gra-
dually evolved to form a passive continental margin basin during the
Ediacaran—Cambrian transition (Jiang et al., 2003; Wang and Li, 2003).
The Ediacaran and Cambrian sediments were distributed on this passive
continental margin along a paleoseawater depth gradient from the
northwest to the southeast in South China (Jiang et al., 2003) (Fig. 1a).
During the Ediacaran-Cambrian transition, the lithology of the strata
varies depending on the sedimentary facies in South China. In the
northwest, the carbonate-predominant (> 100 m thick) Dengying For-
mation (ca. 551-542 Ma) is overlain by the limestone and phosphorite-
interbedded (a few to tens of meters) Kuanchuanpu/Yanjiahe Forma-
tion or the Niutitang Formation, which are deposited in shallow water
(i.e., the shelf area); in the southeast, the chert-predominant Liuchapo/
Laobao/Piyuancun Formation (roughly equivalent to the Dengying
Formation) is overlain by the chert, shale, thin mudstone, and phos-
phorites of Liuchapo or the Niutitang Formation, which are deposited in
deep water (i.e., the basinal area) (Zhu et al., 2007). A “transitional
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zone” characterized by mixed lithology is located in northeastern
Guizhou, northern Hunan, and Hubei provinces (Fig. 1a).

The Silikou section is in Silikou village of Sanjiang Dong
Autonomous County, northern Guangxi Zhuang Autonomous Region,
comprising the upper part of the Ediacaran Doushantuo Formation, the
Laobao Formation, and the lower part of the Cambrian Qingxi
Formation (Fig. 1b and 2). The lower boundary of the Laobao Forma-
tion formed approximately 551 Ma, corresponding to the Dengying—
Doushantuo boundary (Condon et al., 2005), and the upper boundary
formed approximately 522 Ma in the early Cambrian (Chen et al.,
2015a; Wang et al., 2012c). The new chronology results and strati-
graphic correlations suggest that the Ediacaran—-Cambrian boundary is
in the middle or upper part of the Laobao Formation (Chen et al.,
2015a; Hu, 2008; Wang et al., 2012c) (Fig. 2).

The Laobao Formation in the Silikou section is approximately 180 m
thick and is mainly characterized by black/grey chert, which was de-
posited in basin facies (Chang et al., 2012). Below 80 m, the chert is
mainly characterized by medium-thick black/grey chert; above 80 m, it
is dominated by thin black/grey chert, in which some carbonaceous/
siliceous mudstone interbeds are observed (Fig. 2). Most Laobao cherts
are finely laminated, and some have a nodular structure and an un-
dulating bedding surface (Chang et al., 2012; Hu, 2008). Many micro-
bolite structures can be distinguished in these cherts: clots/lamellae
composed of filamentous algae and stromatolites dominate below
~80m, and micro-spherites and biofilm structures dominate above
80m (Hu, 2008). A few potential protospongia, acritarchs, and small
shell fossils (SSF) were also found in the Laobao cherts (Hu, 2008).

3. Samples and method

All cherts of the Laobao Formation were collected at outcrop as
large hand samples to ensure representative sampling and sufficient
quantities for the geochemical analyses. Fresh chips of the samples free
of weathering surfaces and secondary veins were hand-picked and
subsequently ground to powder (< 200 mesh) in an agate mortar to
avoid contamination during sample preparation because grinding
samples in a steel mortar can introduce Cr contamination.

3.1. Trace elements and rare earth elements (REE)

Approximately 50 mg of each sample powder was weighed and
transferred to a Teflon bomb. The samples were dissolved with a three-
acid (i.e., HNO3, HF, and HClO,4) digest. The details of this procedure
have been described in a previous study (Chang et al., 2012). The
samples were then dissolved in 1% HNOs5. The resulting solutions were
analyzed for trace elements and REE concentrations using inductively
coupled plasma-mass spectrometry (ICP-MS) with In serving as an in-
ternal standard; a Finnigan Element system (State Key Laboratory of

Xi" an

Guangzhou
o,

Slope belt 200 km

I,

Zanjiang

Pt €
2km
—-—
Cambrian Ediacaran
L= ] N 73
Nanhua Banxi
system Group Fault

Fig. 1. Study region in the Yangtze Block of South China and geological map of the Silikou section.
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Fig. 2. Stratigraphic column and Cr isotopic composition variations of the Laobao cherts in the Silikou section. Data for the Th concentrations are from Chang et al. (2012).

Lithospheric Evolution, Institute of Geology and Geophysics, Chinese
Academy of Sciences, Beijing, China) was used to perform these ana-
lyses. The analytical precision monitored by the internal standard is
better than 10% (10) for trace elements and REE.

3.2. Cr isotopic composition

3.2.1. Sample preparation and chromatography

The chromium isotopic analyses were performed at the Carnegie
Institution for Science (Washington, DC) and the University of Science
and Technology of China (USTC; Hefei, China). All chemical procedures
were performed in a clean laboratory environment. Approximately
10-50 mg rock powder (amounts adjusted to yield 3 pg Cr in the final
separate) was attacked by a HF-HNO3; mixture in closed Savillex bea-
kers on a hot plate at 140 °C for 3-4 days. After being heated to dryness,
the residues were reacted with a HCI-HNO; mixture in closed Savillex
beakers on a hot plate at 140 °C overnight. The samples were then
dried, heated, and completely dissolved in 1 ml 6 N HCI. This step was
repeated until the samples were completely dissolved. An aliquot of the
sample solution containing 1pg Cr was mixed with 1ml *°Cr->*Cr
double spike (the concentrations of °Cr and >*Cr were 2.716 nmol/g
and 1.742 nmol/g, respectively) and subsequently evaporated to dry-
ness. The details of this double-spike procedure have been reported
previously (Han et al., 2012). The sample was then dissolved in 0.2 ml
6 M HCI and heated for 2-3h at 130 °C before chromatographic se-
paration. The two-step cation exchange chromatography procedure
followed a previously described protocol (Qin et al., 2010) in which
Bio-Rad 200-400 mesh AG50- x 8 resin was used in both columns. The
procedure blanks were approximately 10 ng, which was negligible.

3.2.2. Mass spectrometry and data reproducibility

Ten samples were analyzed using a Thermo Finnigan Triton multi-
collector thermal-ionization mass spectrometer (TIMS) at the Carnegie
Institution for Science. Details of the mass spectrometry protocol are
available in Shen et al. (2015). Eleven samples were analyzed using a
Neptune multiple collector ICP-MS (MC-ICP-MS) at the CAS Key
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Laboratory of Crust-Mantle Materials and Environments at the Uni-
versity of Science and Technology of China (Hefei, China) following an
analytical protocol similar to that used for TIMS (Shen et al., 2015). For
TIMS, the internal precision [2 standard errors (SE)] on the measured
3Cr/>2Cr ratio, based on 14 blocks of 30 ratios at 8s integration per
ratio was typically < 0.03%o. The long-term (over 3 months) reprodu-
cibility [ = 0.04%o, 2 standard deviations (SD), n = 40] was de-
termined by performing repeated measurements of the spiked National
Institute of Standards and Technology (NIST) Standard Reference Ma-
terial (SRM) 979 standard. For MC-ICP-MS measurements, the long-
term precision was better than + 0.06%0 (n = 103, 2 SD) for the
53Cr/52Cr ratios of the internal standard (SCP). Regardless of which
methodology was used, the error assigned to each sample was the lar-
gest value among the following: 2 SE of the individual sample, 2 SD of
the standard runs obtained in the same session, and the long-term in-
strumental reproducibility. Some of the Cr solution and geological
standards were analyzed by both TIMS and MC-ICP-MS, and the two
methods gave identical Cr isotopic results within error limits (Shen
et al., 2015). Chromium isotope data are expressed in § notation, which
is the relative deviation of the Cr isotopic ratio in the sample from that
in the NIST SRM 979 standard: 8°3Cr = [(**Cr/**Cr)sample/
(*3Cr/*2Cr)spmore-11 X 1000 (%o).

4. Results

Chromium concentrations and isotopic ratios (8%3Cr) of the samples
from the Laobao cherts are listed in Table 1 and are plotted in Fig. 2. Cr
concentrations ranged between 54.2 ppm and 366.8 ppm, and §°>Cr
values were in a narrow range between —0.15 * 0.06%o0 and
0.18 = 0.05%o. We divided the Laobao cherts into three stages based
on the lithological and geochemical changes. The lower medium-thick
black/grey cherts (< 80 m) are Stage I and Stage II, and the upper thin
chert (> 80 m) is Stage III (Fig. 2). Previous studies have shown that
organic carbon isotope composition and trace element concentrations
are more fluctuant below 40 m but are relatively stable between 40 m
and 80 m (Hu, 2008; Chang et al. 2012). Thus, 40 m is considered the
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Table 1

Chromium isotopic compositions (%o), trace elements and rare earth element concentrations (ppm) from the Laobao cherts in the Silikou section. Data for Th, Zr, and Sc concentrations
are from Chang et al. (2012). Some data (eight samples) for TiO,, Al,O5 and REE are from Chang et al. (2010b). §°>Cr of samples with “*” are measured in Carnegie, and the other samples
are measured in USTC.

SLK-0* SLK-4 SLK-8* SLK-12 SLK-16* SLK-20 SLK-24*
Depth(m) 0.00 4.00 8.00 12.00 16.00 20.00 24.00
8°3Cr(%o) —-0.06 -0.10 -0.03 0.18 0.08 —0.04 0.11
25D 0.03 0.05 0.03 0.05 0.03 0.05 0.03
Cr 270.30 295.70 257.40 290.30 366.82 287.10 190.20
Zr 10.74 13.18 9.90 12.61 16.19 13.26 27.23
Th 0.17 0.30 0.46 7.10 0.83 3.82 1.30
Sc 0.70 5.40 2.28 9.45 3.41 7.58 6.82
TiO, (%) 0.01 0.01 0.02 0.02 0.03 0.02 0.05
Al,05(%) 0.01 0.03 0.17 0.15 0.23 0.24 0.77
La 0.68 1.21 1.21 11.00 1.94 15.05 5.88
Ce 1.07 1.28 1.07 17.34 3.15 18.11 9.02
Pr 0.28 0.36 0.41 2.86 0.50 4.64 1.67
Nd 1.15 1.35 1.67 10.44 1.99 19.46 6.32
Sm 0.30 0.33 0.44 2.31 0.47 4.72 1.25
Eu 0.07 0.09 0.10 0.34 0.10 0.57 0.25
Gd 0.22 0.30 0.53 2.31 0.61 5.06 1.35
Tb 0.03 0.06 0.12 0.43 0.13 0.94 0.26
Dy 0.20 0.42 0.96 3.06 1.13 6.34 1.93
Y 1.61 3.90 7.17 19.34 10.10 37.64 16.82
Ho 0.04 0.11 0.25 0.70 0.30 1.40 0.46
Er 0.14 0.41 0.78 2.22 0.98 4.02 1.46
Tm 0.03 0.07 0.14 0.38 0.17 0.60 0.24
Yb 0.24 0.57 0.92 2.67 1.22 3.87 1.64
Lu 0.05 0.11 0.15 0.43 0.21 0.61 0.27
YREE 6.11 10.55 15.92 75.83 23.01 123.04 48.84
Ce/Ce* 0.45 0.39 0.31 0.64 0.72 0.47 0.59
Eu/Eu* 1.34 1.28 0.93 0.69 0.87 0.55 0.90
Yyn/Hoy 1.48 1.30 1.05 1.01 1.24 0.99 1.34
La/La* 0.58 0.77 0.70 0.87 0.91 0.78 0.81
Pry/Smy 0.59 0.69 0.59 0.78 0.67 0.62 0.84
Smy/Yby 0.64 0.29 0.24 0.44 0.20 0.62 0.39
Prn/Yby 0.37 0.20 0.14 0.34 0.13 0.38 0.33
SLK-31 SLK-40* SLK-47* SLK-53.5% SLK64* SLK-71* SLK-78*
Depth(m) 31.00 40.00 47.00 53.50 64.00 71.00 78.00
8°3Cr(%o) 0.00 0.02 -0.01 0.05 0.13 0.17 0.00
25D 0.05 0.03 0.08 0.03 0.06 0.03 0.03
Cr 268.80 191.80 281.20 114.10 113.20 120.20 161.50
Zr 20.46 15.88 30.27 24.07 28.27 43.05 23.51
Th 0.67 0.70 1.60 1.37 2.04 2.72 1.14
Sc 3.58 5.85 4.94 6.80 7.27 7.85 4.81
TiO, (%) 0.03 0.04 0.14 0.1 0.13 0.2 0.09
Al,05(%) 0.33 0.73 1.3 1.39 2 0.67 1.32
La 5.89 5.83 9.31 9.55 11.36 14.33 7.57
Ce 11.55 8.51 10.98 11.35 15.49 18.53 9.23
Pr 1.85 1.59 2.08 2.01 2.74 3.28 1.59
Nd 7.81 5.92 6.81 6.67 8.85 12.33 4.96
Sm 1.99 1.11 1.08 1.17 1.38 2.21 0.91
Eu 0.51 0.22 0.22 0.28 0.21 0.46 0.22
Gd 2.31 1.04 0.83 1.03 0.89 1.90 0.72
Tb 0.41 0.19 0.14 0.17 0.14 0.33 0.13
Dy 2.70 1.30 0.98 1.10 0.80 2.15 0.84
Y 20.68 11.10 8.66 9.47 5.71 16.03 6.66
Ho 0.60 0.31 0.24 0.25 0.18 0.50 0.20
Er 1.75 0.98 0.78 0.81 0.60 1.57 0.70
Tm 0.27 0.17 0.14 0.14 0.11 0.26 0.12
Yb 1.87 1.13 0.98 1.05 0.83 1.79 0.87
Lu 0.32 0.18 0.16 0.17 0.13 0.28 0.14
YREE 60.51 39.57 43.37 45.24 49.42 75.94 34.86
Ce/Ce* 0.76 0.58 0.50 0.54 0.53 0.61 0.52
Eu/Eu* 1.16 0.95 1.07 1.21 0.87 1.05 1.23
Yn/Hoy 1.27 1.31 1.32 1.39 1.16 1.18 1.22
La/La* 0.77 0.83 0.96 1.02 0.88 1.00 0.99
Prn/Smy 0.58 0.90 1.21 1.08 1.25 0.93 1.10
Smy/Yby 0.54 0.50 0.56 0.57 0.84 0.63 0.53
Pry/Yby 0.32 0.45 0.68 0.61 1.05 0.59 0.58

(continued on next page)
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Table 1 (continued)
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SLK-94 SLK-103 SLK-117 SLK124 SLK-132 SLK-138 SLK-149

Depth (m) 94.00 103.00 117.00 124.00 132.00 138.00 149.00
8°3Cr(%o) 0.08 0.03 0.08 -0.15 —-0.06 —-0.02 0.02
25D 0.05 0.05 0.05 0.06 0.05 0.05 0.05
Cr 93.00 128.20 97.50 75.40 102.10 54.20 77.80
Zr 28.87 29.05 28.06 151.85 25.54 49.19 35.24
Th 1.82 1.61 1.57 11.03 1.50 3.23 2.39
Sc 8.19 6.82 4.80 25.03 5.26 8.93 3.20
TiO, (%) 0.13 0.14 0.13 0.86 0.09 0.19 0.12
Al,05(%) 1.97 1.79 2012 14.73 1.85 4.92 2.46
La 6.18 10.41 8.65 34.76 5.59 14.25 9.40
Ce 7.95 12.73 10.54 50.22 8.36 22.61 11.25
Pr 1.42 2.09 1.67 6.80 1.19 2.87 1.94
Nd 4.50 6.48 5.74 21.44 3.93 9.28 7.27
Sm 0.78 0.98 1.00 3.04 0.69 1.45 1.62
Eu 0.18 0.19 0.15 0.64 0.11 0.20 0.32
Gd 0.36 0.48 0.58 1.90 0.29 0.72 1.49
Tb 0.05 0.08 0.09 0.30 0.05 0.12 0.25
Dy 0.33 0.58 0.60 1.99 0.34 0.78 1.43
Y 3.30 5.73 4.98 12.41 2.72 5.22 8.40
Ho 0.08 0.16 0.14 0.46 0.08 0.18 0.28
Er 0.28 0.51 0.46 1.53 0.27 0.55 0.77
Tm 0.05 0.09 0.08 0.27 0.04 0.09 0.12
Yb 0.40 0.67 0.58 1.98 0.32 0.61 0.76
Lu 0.07 0.12 0.10 0.34 0.05 0.10 0.12
SREE 25.92 41.30 35.35 138.08 24.02 59.02 45.40
Ce/Ce* 0.51 0.55 0.63 0.67 0.67 0.74 0.63
Eu/Eu* 1.54 1.19 0.89 1.21 1.02 0.84 0.98
Yn/Hoy 1.51 1.31 1.31 0.99 1.25 1.06 1.10
La/La* 0.91 1.03 1.13 1.07 1.01 1.05 1.11
Prn/Smy 1.14 1.34 1.05 1.41 1.08 1.24 0.75
Smy/Yby 0.99 0.74 0.88 0.78 1.10 1.21 1.08
Pry/Yby 1.13 1.00 0.92 1.10 1.19 1.50 0.82

boundary between Stage I and Stage II (Fig. 2). The stratigraphic
change of 8°3Cr and Th contents show similar trends below 80 m (Stage
I and II): Both show a trend of increasing below 20 m, decreasing from
20m to 40 m, and then increasing from 40 m to 80 m. They show dif-
ferent trends above 80 m (Stage III): 8°3Cr shows a trend of decreasing
from 80m to 120m and then increasing above 120 m, whereas Th
shows a trend of increasing from 80 m to 120 m and then decreasing
above 120 m.

REE anomalies are calculated using the following formulae: Ce/
Ce* = Cen/ [Pry X (Prn/Ndy)]; Eu/Eu* = Euy/ (Smy® X Tby)'/3; La/
La* = Lay / [Pry X (Pry/Ndy)?] (Lawrence et al., 2006). Concentra-
tions of elements with the subscript N have been normalized to Post-
Archaean Australian Shale (PAAS) (McLennan, 1989). Within Stage I,
total REE contents ranged between 6.1 ppm and 123.0 ppm, with
moderately negative Ce anomalies (Ce/Ce* = 0.55 + 0.15), slightly
positive Y anomalies (Yn/Hoyn = 1.22 * 0.17), no distinct positive Eu
anomalies (Eu/Eu* = 0.96 + 0.26), and light REE (LREE) depletion
and heavy REE (HREE) enrichment (Prn/Smy = 0.69 * 0.12, Smy/
Yby = 0.43 = 0.16, Pry/Yby = 0.30 = 0.11). Within Stage II, total
REE contents ranged between 34.9 ppm and 75.9 ppm, with moderately
negative Ce anomalies (Ce/Ce* = 0.54 = 0.04), slightly positive Y
anomalies (Yy/Hoy = 1.26 + 0.10), no distinct positive Eu anomalies
(Eu/Eu* = 1.09 * 0.15), and slight LREE depletion and HREE en-
richment (Pry/Smy = 1.11 = 0.12, Smy/Yby = 0.63 = 0.13, Pry/
Yby = 0.70 = 0.20). Within Stage III, total REE contents ranged be-
tween 24.0 ppm and 138.1 ppm, with moderately negative Ce anoma-
lies (Ce/Ce* =0.63 *= 0.08), slightly positive Y anomalies
(Yn/Hoy = 1.22 + 0.18), no distinct positive Eu anomalies
(Eu/Eu* = 1.10 * 0.24), and no LREE depletion or HREE enrichment
(Pry/Smy = 1.15 = 0.22, Smy/Yby = 0.97 £ 0.17, Pry/Yby = 1.09
+ 0.22).

5. Discussion
5.1. Sources of Cr in the Laobao cherts

Previous study showed that framboidal pyrites were common in the
Laobao cherts; these pyrites have small diameters (mostly < 7 pm) and
a narrow size range (the maximum diameters range from 7.7 um to
18 um) (Wilkin et al., 1996, 1997). The small sizes and narrow size
range of framboidal pyrites indicate that they formed in the water
column because their sizes were limited by the fast reaction rate and
unstable water dynamic conditions (Wilkin et al., 1996, 1997). This
finding further suggests either that the seawater was euxinic or that
sulfate reduction occurred in the seawater, both of which indicate an
anoxic depositional condition (Chang et al., 2009, 2012). High en-
richments in redox-sensitive trace elements (U, V, Mo), very low Th/U
ratios (< 2), high V/Sc (> 7.9) ratios, and high V/(V + Ni) (> 0.6)
ratios were found in the Laobao cherts, also indicating that these cherts
were deposited under anoxic conditions (Chang et al., 2012). In addi-
tion, the high reactive iron ratios (FeHR/FeT > 0.38) in the Laobao
cherts support anoxic conditions (Chang et al., 2010a). The Laobao
cherts show moderately negative Ce-anomalies (Fig. 3 and Table 1), but
this does not necessarily argue against the anoxic-conditions scenario.
The strongly anoxic deep water in the Black Sea also shows moderately
to slightly negative Ce-anomalies (0.4-1.0; mostly 0.8) (German et al.,
1991; Schijf et al., 1991), and high contents of authigenic phosphate
and Fe-rich smectite may play a role in the negative Ce-anomaly in
sediments as well (Pattan et al., 2005).

As discussed previously, the 8°Cr of authigenic Cr in shales and
iron-rich marine chemical sediments can represent the Cr isotope
composition of ambient seawater because of the quantitative Cr(VI)
reduction and subsequent sequestration into the sediments that occurs
under anoxic conditions (Frei et al., 2009; Reinhard et al., 2014). In
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Fig. 3. REE + Y patterns of the Laobao cherts in the Silikou section
Some data (eight samples) are from Chang et al. (2010b).

terms of how Cr was incorporated into the Laobao cherts, Cr(III) may be
adsorbed to primary silica gels. No published data on Cr isotope frac-
tionation during Cr(III) adsorption are available. However, a previous
study indicated that the Cr(III) phases were mostly adsorbed on silica as
Cr(OH)?*, Cr(OH),™", and Cr(OH)3(aq), and complete (100%) Cr(III)
sorption would occur at pH = 6 (Fendorf et al., 1994). This finding
implies that the adsorption is quantitative by silica gels under neutral
conditions, which is indicated by high Cr concentrations in the Laobao
cherts. Therefore, there is no fractionation as Cr(III) incorporates into
the cherts under anoxic conditions, and the authigenic Cr in the Laobao
cherts can be used to trace the Cr isotope composition of the con-
temporaneous seawater.

Hydrothermal systems may provide an alternative source of Cr in
seawater, which was speculated to have low 8°3Cr values (close to those
of the primary igneous rocks) and high Cr concentrations (Bonnand
et al., 2013; Holmden et al., 2016; Planavsky et al., 2014; Sander and
Koschinsky, 2000; Wang et al., 2016). If the Laobao cherts deposited
near a zone of significant hydrothermal discharge or experienced hy-
drothermal postalternation, the 8°3Cr would be overprinted by the
hydrothermal signals. Positive Eu concentration anomalies in seawater
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are always associated with hydrothermal fluids (Edmonds and German,
2004); thus, the lack of positive Eu anomalies in the Laobao cherts can
exclude local hydrothermal overprint and hydrothermal postalternation
(Fig. 3). However, these cannot exclude remote hydrothermal con-
tributions to the deep ocean because REE are usually confined to places
near hydrothermal activity by continuous extraction from seawater
during hydrothermal precipitate dispersal (German et al., 1990). The
Laobao cherts recorded the information of deep seawater, which likely
had received and homogenized hydrothermal input Cr elsewhere. Pre-
vious work has shown that the hydrothermal activity during the Edia-
caran-Cambrian transition mainly occurred on the carbonate platform
margin in the Huanan basin (Chen et al., 2009; Fan et al., 2013; Wang
et al., 2012b), which would introduce hydrothermal Cr to the Huanan
basin, but no positive Eu anomalies were observed in the distant deep
basinal seawater.

Diagenetic or metamorphic processes can result in alterations of Cr
concentrations and 83Cr in sediments (Planavsky et al., 2014; Rodler
et al.,, 2016; Wang et al., 2016). The formation mechanism for the
cherts is complicated, but the existing evidence supports that the
Laobao cherts were directly deposited from seawater: (1) The Laobao
cherts have finely laminated fabric, numerous microbolite structures
(e.g., filamentous algae, stromatolites, microspherites and biofilm
structures), and a few potential fossils (potential protospongia, acritarch,
and SSF), showing the primary sedimentary structures without strong
diagenesis or replacement (Chang et al., 2012; Hu, 2008; Dong et al.,
2015); (2) the small size and narrow size range of framboidal pyrites
indicate that they formed in the water column (Chang et al., 2009); (3)
the Ge/Si ratio of the dominant quartz component in the Laobao cherts
was estimated to be 0.4-0.5pmol/mol, which is close to those of
modern seawater and biogenic silica (Dong et al., 2015); (4) the
REE + Y patterns show typical seawater features within Stages I and II
and more detrital silicate features within Stage III. In addition, the lack
of obvious positive Eu anomalies can exclude hydrothermal post-
alteration; the H/C atomic ratio of kerogen indicates that the cherts
experienced little thermal alteration (Hu, 2008). Therefore, the Laobao
cherts recorded the primary seawater information and did not undergo
a strong diagenesis, metasomatism, or recrystallization.

Detrital Cr phases may contribute significant Cr in sedimentary
rocks, which is likely to overprint the Cr isotope signature in the sea-
water. Some incompatible elements and high-field-strength elements
(HFSEs) (e.g., Zr, Th, Ti, Sc) have commonly been used to evaluate
detrital contributions (Boning et al., 2004; Schroder and Grotzinger,
2007). Compared with average shales, most of the Laobao cherts con-
tain low concentrations of Zr, Th, Ti, and Sc (Table 1), suggesting minor
detrital contributions. Fig. 4a shows no positive correlation between Th
and Cr concentrations, and there is a roughly negative correlation be-
tween them. This finding indicates that the authigenic phase has much
more Cr than the detrital phases, and the Cr concentrations would be
diluted by the detrital phases. Fig. 4b shows a positive correlation be-
tween Th and §°3Cr within Stages I and II, implying that more detrital
phases would cause higher §°3Cr in the cherts. Similarly, the negative
correlation within Stage III implies that more detrital phases would
cause lower 8°3Cr in the cherts. These observations further suggest that
the 8°3Cr value in the detrital phases is relatively high within Stages I
and II, but low within Stage IIL.

5.2. Cr isotopic compositions from contemporaneous seawater and detrital
phases

As discussed above, the Cr concentrations and isotopic compositions
in the Laobao cherts are dominated by authigenic Cr, with minor det-
rital input. Thus, Cr in the Laobao cherts can be considered a mixture of
these two sources. In addition, the authigenic Cr in the Laobao cherts
can be used to trace the Cr isotope composition of the contemporaneous
seawater under anoxic conditions. Therefore, the Cr isotopic composi-
tion in the cherts (8°3Cr,) can be defined by the following equation:
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83Cr. = (1 — f) X 6%Crg + f X 8°3Cryq = 63Cr; + f X (6%Crq — 6°3Cry),
(@]

where 8°3Cr, and §°3Cry4 represent the Cr isotopic composition in con-
temporaneous seawater and in the detrital phases, respectively, and f
represents the mass proportion of Cr in the detrital phases (Mc,.q) to the
total Cr in the cherts (Mc,); that is, f = Mcr.a/Mc,

Th is used as the monitor for detrital input in the present study. As
an incompatible element that is scarcely derived from seawater, the
mass of detrital Th (Myy,.q) is equal to the total Th mass (Myy,) in the
cherts. Therefore, f can be written in the following form:

f= Mcr.a/Mry) X Mqn/Mcr) = Mer-d/Mrn-g) X (Mon/Mc), @

and the Cr isotopic composition of the cherts can be represented as
follows:

553Cfc = 553C1‘s + (MCr-d/MTh-d) X (MTh/MCr) X (553C1'd - 553CI'S)

= 8%Cts + (Cr-a/Crn-a) X (8%*Crg — 8°*Crg) X (Cn/Cey), 3)

where Ccq and Crp,.4 represent the concentrations of Cr and Th, re-
spectively, in the detrital phases, and C;, and Cc, represent the con-
centrations of Th and Cr, respectively, in the cherts.

If the sources of the detrital Cr and the seawater Cr remained con-
stant during a given geological time, both 8%3Cry and (Ccr.q/Crn.
) X (8%%Crg—8°3Cr,) should be constant. Then, a linear correlation is
expected between 8°>Cr.. and Cr,/Cc,, Where the y-intercept of the line
represents 8°3Cr,, and the slope corresponds to (Ccr.a/Crh.
@) X (8°3Crg—8%3Cr,). Most of the samples from Stages I and II fall on
their respective positive linear trends (with different slopes) in the
8%3Cr—Crn/Cer space (Fig. 5a), whereas most Stage III samples form a
negative linear correlation (Fig. 5b). These relatively well-defined
linear correlations suggest that the composition of the detrital input and
seawater were roughly unchanged within the individual stages. There
are a few exceptions within Stages I and III (Fig. 5a and b), which can
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be explained by temporary perturbations in the seawater or in the
detrital input (e.g., short-term changes in detrital source or ocean
ventilation).

The y-intercepts of the correlation lines suggest that the §°>Cr values
of contemporaneous seawater (8°3Cry) were approximately
—0.09 = 0.02%0 and —0.08 *= 0.04%o within Stages I and II, re-
spectively. The approximate 8°3Cr of the seawater is consistent with
many banded iron formation (BIF)/iron-enriched chert records before
the Neoproterozoic (Frei et al., 2009; Planavsky et al., 2014). A recent
study reported the authigenic Cr isotopic compositions (between
—0.69%0 and 0.02%o) in the Ediacaran cap carbonate, in which the
carbonate deposited in deep water showed authigenic §°>Cr ranging
between —0.11%o and 0.02%o (Rodler et al., 2016). The low 8°3Cr
values in the initial Ediacaran deep ocean are similar to our result
during the terminal Ediacaran.

To satisfy the observed 8°3Cr range in our samples and two end-
members mixing model, the detrital phases must have positive §>>Cr
values =~0.15%o0 within Stage I and =~0.20%0 within Stage II
(Fig. 5a). Many studies considered the 8°3Cr of detrital phases in se-
diments equal to the mean 8%3Cr value for bulk silicate Earth (BSE)
(—0.124 = 0.101%o) (Gilleaudeau et al., 2016; Gueguen et al., 2016;
Rodler et al., 2016), but the major change in Cr cycling had occurred
before 750Ma and even earlier, when many >3Cr-enriched
(8%3Cr > 1%o) sediments (e.g., shales, carbonates, iron stones) had
been documented (Gilleaudeau et al., 2016; Planavsky et al., 2014). In
addition, the sediment weathering profiles likely hold positive §>3Cr
because a significant proportion of the released >>Cr-enriched mobile Cr
(VD) is immobilized near the weathering surface owing to reduction or
adsorption during oxidative weathering (Frei et al., 2014; Wang et al.,
2016). These *3Cr-enriched sediments and associated weathering pro-
files would also be viable detrital sources for the marine sediments.
Reinhard et al. (2014) used the average bulk isotope composition of the
underlying oxic sediments (8°*Cr = 0.13%o) as the detrital §>3Cr of
sediments in Cariaco Basin, which is close to the detrital estimation for
the Laobao cherts within Stages I and II.

Within Stage III, the y-intercepts of the correlation lines suggest that
the 8°3Cr of contemporaneous seawater (§°>Cr,) was approximately
0.08 + 0.03%o (Fig. 5b). To satisfy the observed trend in Fig. 5b, the
detrital phases must have negative §>>Cr values <~ —0.1%o. Most ig-
neous rocks and *3Cr-depleted sediments meet this requirement (Frei
et al., 2014; Schoenberg et al., 2008; Wang et al., 2016). Detrital-au-
thigenic mixing trends suggest a change in the 8°Cr of detrital material
from Stages I/1I to Stage III, which can potentially be explained by a
shift in provenance from a recycled sedimentary source with a positive
8°3Cr to an igneous source with the crustal 8>3Cr. From Stage II to Stage
III, the Pry/Yby ratio changes from 0.70 = 0.20 to 1.09 + 0.22
(Table 1), suggesting a LREE/HREE ratio change. Furthermore, the
appearance of carbonaceous/siliceous mudstone interbeds within Stage
III indicates that the sediments were more influenced by detrital ma-
terials than those from the previous stages. Taken together, these
findings all support the potential detrital provenance change between
Stage II and Stage IIL

Our conclusion can also be validated by using Ti instead of Th as the
detrital proxy (Fig. 5c and d).

=3

5.3. 8°3Cr evolution and its redox implication of the deep ocean in the
Huanan basin during the Ediacaran—Cambrian transition

Samples from previous studies show positive §°3Cr values (up to
4.90%o0) in Neoproterozoic sediments (Frei et al., 2009, 2013; Planavsky
et al., 2014). However, these previously analyzed samples all seem to
have been deposited in relatively shallow water. For example, the
Wynniatt Formation shales were described as the subtidal and peritidal
facies sediments (Planavsky et al., 2014), and the carbonate and iron-
rich chemical sediments in the Arroyo del Soldado Group (ASG) re-
present the marine platform successions (Frei et al., 2011, 2013).
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initial Ediacaran (ca. 635Ma). Our 8°3Cr in Stages I and II also show
unfractionated values, indicating that the deep oceans were char-
acterized by isotopically unfractionated Cr during the late Ediacaran
(ca. 551-542Ma). We then see a slight shift towards positive §°>Cr
values in deep-water cherts across the Ediacaran-Cambrian boundary
(ca. 542 Ma), consistent with positively fractionated Cr in slope/basin
shales of the early Cambrian (Lehmann et al., 2016).

Cr isotopic compositions are spatially heterogeneous in modern
oceans (Bonnand et al., 2013; Reinhard et al., 2014; Scheiderich et al.,
2015), where there is a strong correlation between 8°3Cr and Cr con-
centration (Scheiderich et al., 2015). Cr(VI) can be partially reduced in
surface waters and oxygen minimum zones, generating isotopically
light Cr(III) that is scavenged to deep water or to underlying sediments.
This isotopic fractionation was estimated to be —0.80 = 0.03%o, and
the >3Cr-depleted Cr(III) can subsequently be released back into sea-
water by organic complexation or reoxidation (Scheiderich et al.,
2015). This process can make the 8°Cr of modern deep seawater as low
as 0.31%o (Paulukat et al., 2016). However, this mechanism cannot be
applied to the Ediacaran ocean, which is strongly stratified with anoxic
deep water (Canfield et al., 2008; Chang et al., 2012; Feng et al., 2014;
Li et al., 2010; Och et al., 2013; Schroder and Grotzinger, 2007; Wang
et al., 2012a; Wen et al., 2015; Wille et al., 2008). The reduction of Cr
(VI) likely occurred near the chemocline, but most Cr(III) would be
removed and little could be reoxidized and released back into seawater
in the deep anoxic ocean.

Cr in the deep ocean during the terminal Ediacaran may come from
three sources: (1) inherited from early seawater; (2) hydrothermal
input; (3) surface water input (Fig. 6a). Before the emergence of ex-
tensive terrestrial Cr oxidation, Cr input into the ocean might have
depended on hydrothermal flux and potential terrestrial weathering by
biogenic acids; both of these sources supplied Cr(III) (Crowe et al.,
2013; Frei et al., 2009; Konhauser et al., 2011). Thus, the early ocean
had 8°Cr close to the igneous sources, and these low values were
sustained in the deep ocean until the Ediacaran (Frei et al., 2009;
Konhauser et al., 2011; Rodler et al., 2016). The hydrothermal input Cr
also had low 8°3Cr values. When the oxidation of Cr was activated on
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land, 53Cr-enriched Cr(VI) species could be transported into the surface
ocean and then attempt to migrate to the deep ocean. However, under
widespread anoxic conditions, the Cr(VI) species would be reduced to
Cr(III) near the chemocline and would be quantitatively removed from
the seawater before reaching the deep ocean (Fig. 6a). In addition, little
of the removed Cr(III) could be released back into seawater by reox-
idation under such anoxic conditions. Thus, the **Cr-depleted pool and
the widespread anoxia maintained the low 8°Cr in the deep ocean until
the terminal Ediacaran (Fig. 6a).

The 8°3Cr value of seawater within Stage III seems to be slightly
higher than that of the previous stage (from —0.1%o to 0.08%o0). More
work is needed to evaluate this §°3Cr rise; if it can be confirmed within
Stage III, it may imply an oxidation of the ocean in the Huanan basin
around the Ediacaran-Cambrian boundary. An increase in the 8°Cr of
deep water suggests enhanced >>Cr-enriched influences from the sur-
face water, which may be attributed to the following: (1) a deepening of
the chemocline, which would reduce/remove the barrier of anoxia
(Fig. 6b); (2) an increase of the Cr concentration in the surface water
that may enhance the downward input through diffusion (Fig. 6b); (3)
an oceanic ventilation change that would deliver more shallow Cr into
the deep ocean by inflow. Deepening of the chemocline and an increase
of the Cr concentration in the surface water may be related to changes
in the redox state of the atmosphere and the ocean; oceanic ventilation
change can force more surface oxic water to enter the deep water,
which would also result in oxidation of the deep anoxic water to some
extent. 8°3Cr values in the deep ocean are significantly positive in the
Huanan basin during the early Cambrian (Lehmann et al., 2016), sug-
gesting the prominent atmosphere/ocean oxidation that is also con-
sistent with Mo isotope research (Chen et al., 2015b). If the deep ocean
oxidation and 8>3Cr rise were progressive during the early Cambrian,
they were very likely activated around the Ediacaran-Cambrian
boundary.

6. Conclusion

Variations of the Cr isotopic composition in the Laobao cherts re-
flect those in the contemporaneous seawater as well as the detrital
input in the Huanan basin during the Ediacaran-Cambrian transition.
Within Stages I and II (below 80 m), the §°Cr of contemporaneous deep
water was as low as those of the igneous sources (~—0.1%o), and the
detrital phases show relatively high 8°3Cr values (approximately
>~0.2%o0) that may have been derived from >3Cr-enriched recycled
sediments. This evidence suggests that the oxidative Cr cycle in ter-
restrial settings had emerged before the late Ediacaran, but the >3Cr-
enriched Cr(VI) species could not affect the deep ocean because of
widespread anoxia; thus, the deep ocean retained its low 853Cr values
until the late Ediacaran. Within Stage III (above 80m), the detrital
phases likely have negative §°>Cr values (approximately <~ —0.1%o),
and the 8°3Cr of contemporaneous deep water shows a slight rise to
~0.08%o. If the 8°°Cr rise and its amplitude can be confirmed, this
would suggest that 53Cr-enriched Cr(VI) species in the surface ocean
had begun to affect the deep ocean, implying an oxidation of the ocean
in the Huanan basin around the Ediacaran-Cambrian boundary.
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