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The Ediacaran-Cambrian (E-C) transition witnessed remarkable environmental changes, the extinction
of the Ediacaran biota, and subsequent rapid diversification of Cambrian animals. However, the linkages
between environmental and biological evolution are still under debate at this critical time. Here, we
present new Hg abundance and Hg isotopes in sediments from South China, which are then combined
with those published from the Indian craton to explore the co-evolution of environment and complex
life during the E-C transition. In both areas, high Hg/TOC ratios and near-zero A'%Hg of the Late
Ediacaran sediments suggest enhanced volcanism, whereas relatively high Hg/TOC ratios and positive
A9Hg shift upsection indicate volcanic-sourced atmospheric Hg(Il) deposition in the earliest Cambrian.
The dramatically decreasing Hg/TOC ratios and positive A19°Hg of early Cambrian Age 2 to 3 sediments
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VolcaniS_m indicate scavenging of dissolved seawater Hg(ll) by organic matter particulates. Our Hg results suggest
EIM lbu;llall volcanism may have likely played a significant role in the extinction of Ediacaran biota and global
4ack shale

negative carbon excursions near the E-C boundary. Furthermore, our Hg data provides new evidence of
extensive OM burial in the early Cambrian Age 2 to 3 oceans, leading to a rapid increase of Earth-surface
0, levels that coincided with appearance of more complex large-body animals. Our study provides new
insights of the global Hg cycle into the co-evolution of the environment and complex life at this critical
time.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction 2006). Then, diversification of Cambrian life reached the peak with

the appearance of most phyla of modern animals and modern-

The Ediacaran-Cambrian (E-C) transition witnessed remarkable
environmental changes and biological evolution in Earth’s history
(e.g., Knoll and Carroll, 1999; Kimura and Watanabe, 2001). The
Ediacaran biota (ca. 575-541 Ma) was characterized by a distinct
group of complex tubular and frond-shaped organisms without
modern analog (e.g., Xiao and Laflamme, 2009). They disappeared
near the Precambrian-Cambrian boundary, and began to be re-
placed by the small shelly fossil assemblages (SSFAs) during the
earliest Cambrian (Fortunian and Age 2; ~541-521 Ma, Zhu et al.,

* Corresponding author at: State Key Laboratory of Organic Geochemistry,
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou
510640, China.

E-mail address: tianhui@gig.ac.cn (H. Tian).

https://doi.org/10.1016/j.epsl.2022.117551
0012-821X/© 2022 Elsevier B.V. All rights reserved.

like marine ecosystems (e.g., Knoll and Carroll, 1999; Erwin et
al., 2011), e.g., large-body Chengjiang Biota at Age 3 in South
China (Zhu et al., 2006). These biological evolutions were gener-
ally considered to be linked to environmental changes across the
E-C transition (e.g., Li et al, 2018). The extinction of Ediacaran
biota associated with basal Cambrian negative carbon isotopic ex-
cursion (BACE; ca. 541 Ma) represent fundamental biotic and en-
vironmental changes (Zhu et al., 2006). Widespread oceanic anoxia
has been invoked to account for disappearance of Ediacaran biota
(e.g., Kimura and Watanabe, 2001). However, this inference is not
consistent with significant oceanic oxygenation as evidenced by in-
creasing geochemical data of this critical time (Lyons et al., 2014;
Chen et al., 2015b), indicating that oceanic anoxia is not the sole
mechanism of the Ediacaran biota crisis.
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Rising oxygen levels across the E-C transition (perhaps >10-25%
of present atmospheric O, level (PAL); Lyons et al, 2014) are
believed to have exceeded the requirement by high oxygen-
demanding early complex animals (0.5-4% of PAL, Mills et al.,
2014), thus an important factor of promoting Cambrian biodiver-
sity. Although enhanced organic matter (OM) burial and efficient
oxygenic photosynthesis of eukaryotic diversification have long
been proposed to promote increased O, levels on Earth’s surface
(Lenton et al., 2014; Brocks et al., 2017), the triggers for significant
E-C atmospheric-oceanic oxygenation remain uncertain. Long-term
continental weathering and terrestrial nutrient input have been
proposed to stimulate the rise of filter-feeding organisms that gen-
erated larger organic particles, favoring rapid OM sinking rates,
enhanced burial, and thus O, accumulation (Li et al., 2018). Mean-
while, expansion of anoxic waters may also promote more efficient
organic matter burial, thus contributing to rising O, levels at this
critical time (He et al.,, 2019). These disparate mechanisms have
distinct implications for how the E-C land-ocean-atmosphere sys-
tem operated and need direct evidence to be resolved.

Mercury (Hg) isotopes have been recently used as a robust
tool to trace large igneous province volcanism, ocean/atmospheric
chemistry, and biological evolution events throughout Earth’s his-
tory (e.g., Zheng et al., 2018; Grasby et al., 2019; Shen et al,,
2019; Them et al,, 2019; Zerkle et al., 2020). Large volcanic erup-
tions have been considered as the dominant source of Hg(0) to
Earth’s surface environment in pre-Anthropocene time (Grasby et
al., 2019). The volcanic Hg(0) has a residence time of ~0.5-1 yr, al-
lowing for long-distance transport and dispersal (Selin, 2009), and
enters the ocean primarily through direct atmospheric deposition
and/or terrestrial riverine runoff (Them et al., 2019). In the ocean,
Hg is mainly fixed in modern and ancient marine sediments via
the uptake of dissolved Hg by organic matter and sulfide particles
(Shen et al., 2020). Hg mass-independent fractionation (Hg-MIF;
reported as A'99Hg) occurs during photochemical processes, and
A'99Hg values have been used to trace the Hg sources of either
terrestrial runoff or atmospheric deposition (Blum et al., 2014;
Yin et al,, 2016; Grasby et al., 2019). In contrast, mass-dependent
fractionation (Hg-MDF; reported as §202Hg) results from various
physical, chemical, and biological processes (Blum et al., 2014),
and potentially provides insights into the redox state of the paleo-
ocean (Fan et al,, 2020). Given the strong complexation of Hg with
organic matter and sulfide in sediments, post-depositional influ-
ence on fractionation of sedimentary Hg isotopic signals is thought
to be small (Blum et al., 2014; Zheng et al., 2018; Zerkle et al.,
2020). Therefore, Hg concentrations and isotopic signals in ancient
marine sediments have potential to provide constraints on sources
and cycling of Hg over geological times (Zheng et al., 2018).

While there are a few reports of Hg concentrations and iso-
topic composition in early Cambrian black shales (Yin et al., 2017;
Zhu et al,, 2021), a complete Hg dataset across the E-C transition
is still lacking. Although Liu et al. (2021) observed anomalously
high Hg peaks and variations in Hg isotopes at the E-C boundary
in the Indian Craton, and provided evidence of enhanced terres-
trial Hg input, the significance of Hg data was not further assessed
regarding the oceanic-atmospheric oxygenation. Here, we present
a high-resolution Hg record across the E-C sedimentary rocks in
South China Craton and interpret the results in combination with
those from the Indian Craton (Liu et al., 2021) in order to (1) re-
construct the evolution of global Hg cycle, and (2) explore the
linkage between environmental changes and biological evolution
at this critical period.

2. Geological setting

During the E-C transition, South China was an isolated craton
surrounded by an open ocean; while the Indian craton was lo-
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cated in Gondwana land and had a palaeogeographic affinity with
South China craton (Fig. 1A, Merdith et al., 2021). The sedimentary
facies of South China include shallow-water carbonate facies on
the Yangtze platform, narrow intra-platform facies, and deepwa-
ter slope to basinal facies in southeastern region (Fig. 1B, Yeasmin
et al,, 2017). The relative sea-level began to gradually rise at the
beginning of the Cambrian period, and reached the highest levels
during Cambrian Age 2 to Age 3 (ca. 521 Ma; Fig. 2; Peng et al,,
2012). As a consequence of global transgression, black shales were
deposited throughout the Yangtze Block (Jin et al., 2016).

The regional biostratigraphy, radiometric ages, carbon isotope
stratigraphy, and typical marker layers are integrated to establish
the stratigraphic framework of the Ediacaran-Cambrian transitional
successions (Fig. 2). The E-C boundary in South China is defined
by the extinction of Ediacaran biota and the appearance of SSFAs
in shallow shelf Meishucun and Xiaotan sections and the recog-
nizable BACE (Fig. 2; Zhu et al, 2006). In the deepwater slope
and basin regions, the Liuchapo Formation is considered to strad-
dle across the E-C boundary, and two U-Pb ages of 542.1 & 5.0
Ma and 542.6 + 3.7 Ma obtained respectively from the Ganzip-
ing and Bahuang sections likely represent the E-C boundary (Fig.
2; Chen et al., 2015a). For the ZK4411 drillcore, the first negative
excursion (N1) of 813C0rg values (ca. —38%o; Wu et al,, 2021) in
the lower part of the Liuchapo Formation, most likely represent-
ing the E-C boundary, can be correlated with the similar negative
carbon isotope excursions observed in the Liuchapo cherts at the
Ganziping and Longbizui sections in the slope region and the basal
Zhujiaging Formation at Xiaotan section in the inner shelf region
(Fig. 2; Cremonese et al., 2013; Chen et al, 2015a). The Ni-Mo
polymetallic /V-rich marker layers and the third negative 613Corg
excursions (N3) are well correlated between the shallow shelf and
slope sections across the Yangtze Block. Re-Os ages of 521 &5 Ma
and 520.3 +£9.1 Ma have been obtained from these marker layers
(Xu et al., 2011; Fu et al,, 2016).

The studied ZK4411 drillcore from South China (28°02'32"N
and 109°04'33”E, northeastern Guizhou Province) was located in
a slope region of the Yangtze Block (Fig. 1B) and penetrates
Doushantuo Formation Member IV (DST IV) of Late Ediacaran, Li-
uchapo Formation across the E-C boundary, and the Niutitang For-
mation of Cambrian Stage 2-3. The DST IV is mainly composed
of OM-rich black shale (~8 m). The 45 m-thick Liuchapo For-
mation is dominated by cherts with thin layers of dolomite (~6
m) and organic-rich shale (~1 m) at its base. The overlying Niu-
titang Formation consists mainly of black shale (~60 m) and a
thin layer of Ni-Mo marker layer (~0.5 m) at its base (Figs. 2
and 3). The biostratigraphy and sedimentary sequences of South
China were also correlated with those of the Indian Craton (Jiang
et al, 2003). The shallow water upper Dengying Formation and
deepwater lower Liuchapo Formation in South China are equiva-
lent to the D and E members of Ediacaran Krol Group in northern
Indian, with a depositional age of ca. 550-539 Ma (Jiang et al,,
2003). Based on the similar records of SSFAs (Zhu et al., 2006;
Hughes, 2016), the upper Liuchapo/Zhujiaqing Formations in South
China likely correspond to the cherty-phosphorites of the lower Tal
Group of early Cambrian age in northern Indian (Fig. 4). As a result
of globally recognized transgression during the late Cambrian Age
2, the widespread black shales were developed in both South China
and Indian Cratons, which are respectively named as the Niutitang
Formation and the lower Tal Group (Jiang et al., 2003; Jin et al.,
2016).

To establish a stratigraphic correlation framework between
South China and Indian Craton across the E-C transition, four
stratigraphic intervals (I to IV) are divided based on biostratig-
raphy and sedimentary sequences, representing major stages of
environmental changes and biological evolution. Interval I extends
from the base of DST IV to E-C boundary, characterized by the
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Fig. 1. (A) Paleogeography of Gondwanaland during the E-C transition showing the locations of the ZK4411 drillcore, South China and the Mussoorie section, Indian Craton
(modified from Merdith et al., 2021). (B) Paleogeography of South China during the E-C transition showing sedimentary facies and the locations of previous sections and
ZK4411 drillcore (after Yeasmin et al., 2017). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
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Fig. 2. Stratigraphic correlation across the Yangtze Block of South China from inner shelf to lower slope regions. Locations of these typical sections are shown in Fig. 1. 1:
Xiaotan section (Cremonese et al., 2013; Jin et al., 2016); 2: Ganziping section (Chen et al., 2015a); 3: ZK4411 (this study); 4: Longbizui section (Guo et al., 2013); 5: Bahuang
section (Chen et al., 2015a). The organic carbon isotope (813C0rg) of ZK4411 drillcore are referenced from Wu et al. (2021). Re-Os ages for Ni-Mo marker layer of Ganziping
section and V-rich layer of Bahuang section are from Xu et al. (2011) and Fu et al. (2016), respectively; U-Pb ages for Ganziping and Bahuang sections are from Chen et al.

(2015a). The distribution of bio-fossil records is from Jin et al. (2016) and reference therein. The 87Sr/36Sr curve and relative sea level changes are from Peng et al. (2012)
and reference therein. The §'3Ceyy, curve is referenced from Zhu et al. (2006).

extinction of Ediacaran biota. Interval Il is based on BACE and
appearance of SSFAs during Cambrian Fortunian to Age 2, and In-
terval Il mainly consists of widespread black shales formed under
globally recognized transgression during Cambrian Age 2-3. Inter-
val IV is marked by large-body Chengjiang Biota during Cambrian
early to middle Age 3 (Figs. 3 and 4).

3. Samples and methods

3.1. Samples

Total sulfur (TS), Hg concentrations and isotopes were measured
on forty-eight fresh core samples of ZK4411 drillcore covering the
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Fig. 4. Correlation of profiles for Hg concentrations and isotopes for E-C sediments in South China and the Indian craton. The data of the Mussoorie section in the Indian
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E-C transition whose total organic carbon contents (TOC), organic
carbon isotopes (813C0rg) and molybdenum (Mo) concentrations
have been published in Wu et al. (2021). The bulk samples were
ground into a 200 mesh size using an agate mortar and then pre-
served in a desiccator before instrumental analysis.

3.2. TS concentrations

Total sulfur contents were measured on both HCl-treated and
non-treated samples using a Leco CS230 carbon/sulfur analyzer at
the State Key Laboratory of Organic Geochemistry in Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences. In the
HCl-treated case, the powdered samples (80-120 mg) were treated
with 6 M HCI until carbonates have been removed thoroughly,
then washed using deionized water, and dried at 60 °C overnight

before instrumental analysis. The differences of TS contents be-
tween HCl-treated and non-treated samples are generally less than
0.3% (Supplemental Table 1), indicating that HCI-treatment used in
some studies (e.g., Zhu et al., 2021) does not significantly affect the
measurement of total sulfur content. Nevertheless, the TS contents
measured on non-treated samples are used in this study.

3.3. Total Hg concentrations

Total Hg concentrations were determined using a Nippon MA-
2 direct combustion system at the State Key Laboratory of Envi-
ronmental Geochemistry, Chinese Academy of Sciences (CAS). The
accuracy and precision of Hg concentrations were assessed by ana-
lyzing procedural blanks, standard reference materials (GSS-4, soil,
n =10, 590 ppb) and sample duplicates. Generally, measurements
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of standard reference material showed recoveries of 90-110%, and
measurement errors for triplicate analyses were <8%.

3.4. Hg isotopes analysis

A double-stage tube furnace coupled with 10 mL of 40% mixed
acid solutions (HNO3/HCl = 2/1, v/v) were used for Hg pre-
concentration, and this combustion method was developed and
validated for Hg isotope analysis in an early study (Zerkle et al.,
2020). For those samples with high Hg concentrations (>25 ng/g),
an alternative acid digestion method using mixed acid solutions
(HNO3/HCl = 1/3, v/v) was used for Hg pre-concentration (Yin et
al.,, 2017). After pre-concentration, all the solutions were diluted to
ultimate acid concentration of ~20% with 10 mL of 18.2 MQecm
water, and then the diluted solutions were kept in a refrigerator at
2-4°C before on-line test of Hg isotope. Hg isotopes were analyzed
using a Neptune Plus multi-collector inductively coupled plasma
mass spectrometry (Thermo Electron Corp, Bremen, Germany) at
the State Key Laboratory of Environmental Geochemistry (Guiyang,
China), Chinese Academy of Sciences, following the procedure de-
scribed by Zerkle et al. (2020). NIST SRM 3133 Hg standard so-
lutions with matrix and concentration similar to sample dilutions,
were used for mass bias using standard-sample bracketing. Hg iso-
topes are reported as delta values (§) in per mil (%o) referenced
to the analyzed NIST SRM 3133 before and after each sample, fol-
lowing the convention of Blum and Bergquist (2007) with Equation

(1):

(xxng)
198Hg sample
(Xxng

8" XHg(%0) =
1981g )NIST SRM3133

—1| x 1000 (1)

Mass-independent fractionation (MIF) is reported in A notation
(AXX Hg), which describes the difference between the measured
8**Hg and theoretically predicted §**Hg values, using Equation

(2):
AXXXHg (Too) = SXXXHgsample —px 8202Hgsample (2)

where g values are 0.2520 for '°° Hg, 0.5024 for 2%° Hg, and
0.7520 for 2°1 Hg, respectively. The overall average and uncertainty
of NIST-3177 (§?%2Hg: —0.54 & 0.10%0; A'%°Hg: —0.02 = 0.05%0;
A?THg: —0.02 £ 0.05%o, 2SD, n = 3) and GSS-4 (§2%2Hg: —1.67 +
0.14%0; A'Hg: —0.36 4 0.07%0; A2°'Hg: —0.38 & 0.08%0, 25D,
n = 3) agree well with previously published results (Blum and
Bergquist, 2007). Analytical uncertainty was estimated based on
the replication of the NIST-3177 standard solution, and the 2SD
of NIST-3177 with §292Hg, A1%Hg, and A2%THg of 0.10%0, 0.05%
and 0.05%o, respectively, represent the analytical uncertainties of
our samples.

4. Results

Measured TS, Hg concentrations and isotopic compositions as
well as previously reported TOC and Mo concentrations for ZK4411
core samples are presented in Supplementary Table 1. As shown
in Fig. 3, the TOC and TS concentrations range from 0.10 to 11.7
wt.% and 0.10 to 4.50 wt.%, respectively. Hg concentrations gen-
erally range from 64.0 to 5900 ppb, except extremely high value
(19100 ppb) for the Ni-Mo marker layer at base of Interval III
(738 m). From Interval I to middle part of Interval II (758-803 m),
Hg/TOC ratios are high, fluctuating between 211 and 3490 ppb,
and then decrease to 26.6-255 ppb in the upper part of Inter-
val II (746-758 m). Upwardly, they display low levels (34.6-334
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ppb) in Intervals III and IV (682-746 m), except for one abnor-
mally high value (3850 ppb) at 738 m. Hg/TS ratios of Intervals I
and II (746-803 m) are high (327-4700 ppb), and then decrease to
36.4-437 in intervals III and IV, except for one peak value (5070
ppb) at 738 m. §202Hg values are relatively high in Interval I,
varying from —1.75 to —0.48%o, and then decrease to low val-
ues between —2.59 and —1.07%o.. They continue to fall to lower
levels in Interval IIl, from —0.79 to the lowest value of —5.615%,
and then upwardly increase from —1.56 to —0.79%, in Interval IV.
Interval I generally shows near-zero A1%?Hg of —0.03 to +0.08%o,
except for one high value of +0.12%c. Interval II shows relatively
positive A1%9Hg values, fluctuating between +0.02 and +0.17 %o,
and Interval III shows evidently positive A'9Hg values of +0.05
to +0.19%o, with a maximum value of +0.28%c for the Ni-Mo
marker layer at 738 m. Interval IV, however, largely shows near-
zero A'9?Hg values, ranging from —0.08 to +0.08%.

The trends of Hg/TOC ratios and Hg isotopic compositions of
ZK4411 drillcore are comparable to those of Zhijin and Maoshi sec-
tions in South China (Fig. 4). Moreover, the Hg/TOC ratios and Hg
isotopic compositions of Intervals Il and IV in South China are con-
sistent with those of the Mussoorie section in Indian craton (Fig. 4;
Liu et al, 2021). For Interval II, the Mussoorie section in Indian
craton has stable high level of Hg/TOC ratios, near-zero A'%Hg,
less negative §202Hg, whereas the sections of South China show
decreasing Hg/TOC ratios, positive A'9°Hg and negative §202Hg
(Fig. 4).

5. Discussion

5.1. Volcanoes as a major source of Hg into the late Ediacaran and
earliest Cambrian Oceans

The Intervals I and II samples of ZK4411 drillcore and Mus-
soorie section show no clear correlation between Hg and TOC be-
cause of excessive Hg decoupled from TOC (Fig. 5A). However, the
Intervals III and IV black shale of both sites show a positive corre-
lation between Hg and TOC (r = 0.59, 0.85; p < 0.01; respectively;
Fig. 5B). In contrast, neither Intervals I and II nor Intervals III and
IV of both South China and North Indian craton show obvious cor-
relations between Hg and TS (Fig. 5C), e.g., only a weak correlation
between Hg and TS (r = 0.48, —0.23; p > 0.05; Fig. 5D) for Inter-
vals III and IV black shale. These results indicate the main host of
Hg is organic matter rather than reduced sulfur, and normalization
of Hg concentrations to TOC is appropriate to trace Hg sources in
the present study.

Throughout geological history, volcanism was the predominant
source of Hg to the environment, and the Hg was then cycled
in the environment and eventually delivered to the ocean. In the
ocean, Hg sinks to the seabed mostly through OM burial (Grasby
et al., 2017). Over most geological periods, volcanic Hg emissions
appear to be balanced by the OM sinks in the ocean. However, ex-
cessive Hg emissions by enhanced volcanism may result in anoma-
lously high Hg/TOC ratios in marine sediments, which in turn can
be used as a tracer of volcanic activity (Grasby et al., 2019). No-
tably, rapid transport of Hg-sulfides complexes to sediments in
euxinic (H,S-rich) conditions also leads to abnormally high Hg/TOC
ratios of marine sediments (Shen et al., 2020). For example, the
photic zone euxinia, a condition with H,S-rich shallow waters,
promotes the sequestration of atmospheric Hg(0) and photore-
duction of S-bound Hg(Il), and both processes lead to transfer of
Hg-sulfides to sediments, resulting in abnormally high sedimen-
tary Hg/TOC ratios (Zheng et al., 2018). However, the photic zone
euxinia was not formed in E-C oceans and iron speciation data in-
dicated oxic shallow waters overlying anoxic deep waters at this
time (Li et al., 2010; Jin et al., 2016). Thus, the abnormally high
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Hg/TOC ratios can be used to reflect volcanic Hg input in the
present study.

Interval I and the lower to middle part of Interval II from
ZK4411 core samples show high levels of Hg/TOC ratios (Fig. 3),
implying large amounts of volcanic Hg input during late Ediacaran
and earliest Cambrian. Similar high Hg/TOC ratios at the same in-
tervals are also observed in the Mussoorie section of Indian craton
(Fig. 4; Liu et al., 2021), further suggesting excessive Hg emis-
sions by enhanced volcanism. Based on distribution of volcanic
rocks, enhanced volcanism during the E-C transition have been in-
ferred to occur in northern Indian Craton, West African craton, and
Oman of Gondwanaland (Doblas et al., 2002; Bowring et al., 2007;
Hughes et al., 2019). In addition, several thin tuff layers observed
at the approximate E-C boundary in the Ganziping and Bahuang
sections of South China may also indicate influence of frequent
volcanic activities (Fig. 2; Chen et al., 2015a). The extensive vol-
canism during the late Ediacaran and earliest Cambrian may have
been triggered by tectonic movement during Gondwana assembly
(Doblas et al., 2002), and associated extensive volcanic Hg(0) emis-
sions, through atmospheric transport, were settled into the oceans,
and finally recorded in marine sediments of South China and India
cratons (Fig. 7A).

Hg isotopes in sediments could provide constraints on sources
of Hg (Grasby et al., 2019). The less negative §202Hg values (—1.09
to —0.48%o) and near-zero A'9°Hg values (—0.03 to 0.06%o) from
three ZK4411 core samples of lower Interval I in South China are
comparable to those observed in Interval I of Mussoorie section
(Liu et al., 2021). The range of §202Hg values in both sites is con-
sistent with the volcanic Hg box (§2%2Hg = —2 to 0%o) proposed
by Sial et al. (2021). The near-zero A'%Hg values at this time
are also consistent with modern volcanic Hg(0) isotopic signals
(A1%9Hg =~ 0%o; Zambardi et al., 2009). The high levels of Hg/TOC
ratios combined with less negative §202Hg and near-zero A'9°Hg
values may jointly reflect enhanced volcanic Hg(0) input during
late Ediacaran (Fig. 6A and 6B).

However, although relatively high Hg/TOC levels of upper Inter-
val I and low-middle Interval II in ZK4411 drillcore of South China
still suggest volcanic Hg input, positive A'®9Hg values in South
China (Fig. 4) are different from typical volcanic Hg(0) isotopic sig-
nals (A199Hg =~ 0%o; Zambardi et al., 2009). In contrast, high Hg
concentrations and Hg/TOC ratios, as well as less negative §292Hg
and near-zero A'99Hg values for the Interval II of the Mussoorie
section, imply volcanic Hg(0) input and prolonged large volcan-
ism effect near the Indian Craton of Gondwanaland (Fig. 4). The
volcanic Hg(0) (A1?°Hg =~ 0%) can be affected by photochemi-
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cal processes during long distant transport. Hg(II) photoreduction
results in positive A19?Hg in the atmospheric Hg(Il) pool and nega-
tive A1?Hg in the gaseous Hg(0) pool (Bergquist and Blum, 2007).
Seawater generally has A1??Hg values between +0.1%o to +0.4%o
due to its dominant Hg source of atmospheric Hg (II) deposition
(Strok et al.,, 2015). As marine sediments scavenge Hg from seawa-
ter, they usually have positive A1?Hg values (Grasby et al., 2019).
When the volcanism becomes weak, long-distance of Hg would
result in the predominance of Hg(Il) (positive A!99Hg) over the
Hg(0) (A'9°Hg~0%0) deposition in marine sediments. Thus, the
high Hg/TOC ratios and positive A'®Hg in South China may sug-
gest volcanic-sourced atmospheric Hg(Il) deposition through long-
distance transport from Gondwanaland to South China, perhaps
linked to weakening volcanism (Fig. 7B).

Notably, a dramatic decreasing trend of Hg/TOC ratios occurs
in the upper part of Interval II in Zhijin and ZK4411 sections of
South China (Fig. 4), implying remarkably reduced volcanic Hg in-
put. However, high Hg/TOC ratios, as well as near-zero A'%9Hg
values for the Interval II of the Mussoorie section at the same time,
still imply volcanic Hg(0) input. Therefore we infer that the volcan-
ism at the time in the Gondwanaland was further weakened, and
it only affected the areas near the Gondwanaland, such as Indian
craton, but not South China.

5.2. Enhanced seawater Hg(Il) deposition into Cambrian Age 2 to Age 3
Oceans

In Interval III of ZK4411, Zhijin and Mussoorie sites, Hg/TOC ra-
tios stay at low levels compared to Intervals I and II (Fig. 4 and
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6A), indicating continuously reduced volcanism in Gondwanaland
at that time. Meanwhile, global transgression during Cambrian Age
2 may have caused the expansion of anoxic conditions, leading to
an extensive OM sink and widespread formation of organic-rich
black shales, such as those observed in the South China and In-
dia cratons (Jin et al., 2016; Liu et al, 2021). The OM sink can
facilitate the removal of Hg from seawater to sediments (Grasby
et al,, 2019). The negative §2°2Hg and positive A1®?Hg for the In-
terval Il black shales in the Zhijin, Maoshi and ZK4411 sites of
South China and Mussoorie section of Indian Craton (Fig. 4 and
6B) agree well with the results reported for modern seawater
(8202Hg = —2.24%040.58%0; A199Hg =~ 0.2%0; Strok et al., 2015).
These similar Hg isotopic signals among different cratons may sug-
gest large-scale seawater Hg (II) deposition into the Cambrian Age
2 to 3 ocean. In addition, positive correlations between Hg and
TOC are observed in the Interval III black shales in South China
and Indian cratons (Fig. 5B), suggesting scavenging of dissolved
seawater Hg(Il) by OM particulates. We therefore infer that a sub-
stantial amount of Hg in seawater was incorporated into sediments
via large-scale OM burial during this period (Fig. 7C). Enhanced or-
ganic carbon burial in South China at that time is also supported
by coupled positive shifts in §'3Corg and §'3Ceypp (Fig. 2; Zhu et al,,
2006).

It is worthy to note that extremely high Hg concentrations
(19100 ppb), positive A'9°Hg (+0.28%¢), and most negative
8202Hg (—5.6%0) concurrently occur in the Ni-Mo sulfide layer at
the base of Niutitang Formation (Fig. 3). The prominent Ni-Mo
sulfide layers are thought to be formed under extremely euxinic
water (H;S-rich) conditions at a low sedimentary rate (Lehmann
et al,, 2007). In euxinic waters, seawater Hg(Il) can be efficiently
incorporated into sediments in the form of Hg-sulfide due to the
strong affinity of Hg with reduced sulfur (Shen et al., 2020). Be-
sides, our Hg results reveal that the volcanic-sourced atmospheric
Hg(Il) deposition into the earliest Cambrian Ocean of South China
Craton, pushing seawater Hg(Il) to high levels. H,S-rich waters and
high levels of seawater Hg(Il) may jointly account for extremely
high Hg concentration (19100 ppb) and positive A199Hg (+0.28%:)
in the Ni-Mo sulfide layers. The most negative §202Hg (—5.6%0)
of the Ni-Mo sulfide layers is much lower than that of modern
seawater (Strok et al., 2015), which is likely related to the preferen-
tial absorption of isotopically light Hg during Hg-sulfide formation
(Foucher et al., 2013).

5.3. Enhanced terrestrial Hg input into oxic-expanding Cambrian Age 3
oceans

Based on iron speciation data, a stepwise expansion of oxic sur-
face waters for Cambrian Age 3 ocean has been proposed by Jin et
al. (2016). The decreasing redox-sensitive Mo concentrations from
Interval III to Interval IV also indicate less reducing bottom wa-
ter condition (Fig. 3). In Interval IV of both the ZK4411 drillcore
and Mussoorie section, Hg/TOC ratios remain low (Fig. 6A), sug-
gesting only background volcanic Hg input during the Cambrian
Age 3. Moreover, a negative shift of A'Hg during this inter-
val also indicates a dramatic change of Hg source into the ocean.
The modern terrestrial Hg reservoir sourced from Hg(0) deposition
is generally characterized by negative A'9Hg values with an av-
erage of —0.26%0 (Zheng et al., 2018). Fan et al. (2020) further
proposed that before the emergence of land plants, the E-C ter-
restrial Hg reservoir may be more close to isotope compositions of
silicate rocks (A'99Hg ~ 0%, §2°?Hg = —0.6%0 to —0.1%o). There-
fore, the negative to near-zero A'®Hg and less negative §292Hg
in Interval IV can be best explained by increased terrestrial mate-
rial input (Fig. 6B and 7D). This inference is also consistent with
enhanced continental weathering evidenced by increased 87Sr/86Sr
ratios during this period (Fig. 2; Peng et al., 2012).
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5.4. Implications for environmental and biological evolution during the
E-C transition

Our Hg geochemistry results indicate enhanced volcanism dur-
ing the late Ediacaran and earliest Cambrian, coinciding with the
extinction of Ediacaran biota and BACE near the E-C boundary.
Throughout Earth’s history, large volcanism was generally linked
to global extinction events, such as end-Triassic, Permian-Triassic
and Late Ordovician mass extinctions (Thibodeau et al., 2016; Shen
et al, 2019; Hu et al, 2020). Volcanic eruptions (e.g., sulphur
and CO;) may have contributed to global climatic perturbations,
oceanic acidification, and ecosystem poisoning, thus resulting in
collapse of marine ecosystem (Hu et al., 2020). Meanwhile, the
large release of CO, contributes to carbon cycle perturbation, gen-
erating global negative carbon isotope excursions (Thibodeau et al.,
2016), and may be a reasonable explanation for global BACE at the
E-C boundary. Therefore, we consider that the enhanced volcan-
ism may be a key factor of extinction of Ediacaran biota and BACE
at the E-C boundary. In addition, large amounts of volcanic out-
gassing CO;, into the atmosphere commonly generate greenhouse
conditions, triggering global transgressions during the E-C transi-
tion (Doblas et al., 2002). This inference is also supported by a
global sea-level rise during the earliest Cambrian (Fig. 2; Peng et
al., 2012). However, the volcanism became weak as evidenced by
a dramatic decreasing trend of Hg/TOC ratios and positive A199Hg
in South China from Fortunian to Age 2. The weakening volcanism
and rising sea levels may reduce the effect of damage on marine
ecosystem, contributing to recovery of ecosystem and appearance
of SSFAs at this time. The sea level reached the highest level at
Age 2 to Age 3, probably along with greenhouse effect, leading to
the flooding of anoxic waters over continental shelves and slopes.
The similar negative §2°2Hg and positive A'%°Hg, as well as posi-
tive correlations of Hg and TOC in shelf and slope sections of South
China and Indian Craton, provide new evidence of large-scale OM
burial in a view of global oceanic system. Enhanced OM burial
would have accelerated the net production of photosynthetic O,
released to Earth’s surface (Lenton et al., 2014; He et al., 2019),
thus leading to a rapid increase in Earth-surface O level at Age
3. The rising O levels likely trigger the key innovations of the
Cambrian metazoans from small shelly faunas to large-body, skele-
tonized animals at this critical time.

6. Conclusions

The integration of Hg/TOC and A'%°Hg records from the
ZK4411 drillcore (South China) and the Mussoorie section (North
India) provides a snapshot of the global Hg cycle from the late
Ediacaran to Cambrian Age 3. The high Hg/TOC ratios and near-
zero A'%9Hg records of Interval I suggest frequent large volcanism
and volcanic-sourced Hg into the Late Ediacaran ocean. However,
the similarly high Hg/TOC ratios but positive A'9°Hg values for
the lower and middle part of Interval II of ZK4411 drillcore in
South China indicate volcanic-sourced atmospheric Hg(Il) deposi-
tion through long-distance transport. Decreasing Hg/TOC ratios and
positive A199Hg values for the upper part of Interval II of ZK4411
drillcore in South China indicate weakening volcanism effect. The
similarly low Hg/TOC ratios but positive A'99Hg values in Inter-
val III of South China and Indian cratons then suggest removal of
seawater Hg via large-scale OM burial in the Cambrian Age 2 to
Age 3 oceans. The near-zero A'9°Hg values for Interval IV of both
sections reflect increased terrestrial Hg input into oxic-expanding
Cambrian Age 3 oceans.

Enhanced volcanism during late Ediacaran as evidenced by our
Hg results may have played a significant role in the extinction
of Ediacaran biota and BACE near the E-C boundary. Meanwhile,
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global transgression triggered by volcanic CO, emission and sub-
sequent greenhouse effect may have contributed to the flooding of
anoxic waters over continental shelves and slopes, favoring glob-
ally elevated OM burial at Age 3. At this critical time, enhanced OM
burial promoted a rapid increase in O, released to Erath surface,
likely triggering the rapid evolution of more complex large-body
animals. Our study highlights the interaction between Erath’s inte-
rior and surface processes and the necessity for understanding the
co-evolution of environment and life in a view of Earth system.
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