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ARTICLE INFO ABSTRACT

Editor: A Dickson The Cryogenian interglaciation (ca. 660 Ma to 650 Ma) was an interlude between the Sturtian glaciation (ca. 717
Ma to 660 Ma) and Marinoan glaciation (ca. 650 Ma to 635 Ma). Recent observations of anomalously high
mercury (Hg) concentrations in Cryogenian interglacial sediments at basinal settings in the Nanhua Rift Basin,
South China, imply that large volcanism can be a possible driving force of the Cryogenian interglaciation. To test
this hypothesis and understand the potential linkage between large volcanism and climate-ocean-land dynamics
during the Cryogenian interglaciation, we investigate mercury (Hg) concentrations and isotopic composition of
Cryogenian interglacial sediments at shallow water (shelf/slope) settings in the Nanhua Rift Basin, South China.
The basal Mn-bearing black shales show an increased pattern in Hg concentrations (318 to 4400 ppb) and Hg/
TOCG ratios (243 to 1730 ppb/wt%), and overall positive A'°°Hg values (0.00 to 0.10%o), suggesting increasing
volcanic Hg input into the ocean via atmospheric Hg(II) deposition in the early Cryogenian interglaciation. The
upper siltstone samples show a dramatic decrease in Hg concentrations (from 5110 to 459 ppb) and a drop of
A'®°Hg values (from 0.04 to —0.05%0), suggesting weakened volcanism during the middle-late Cryogenian
interglaciation. Combined with the analyses of major and trace elements proxies, we demonstrate that (1)
greenhouse climate in the early Cryogenian interglaciation induced high oceanic productivity, high organic
burial on the seafloor and high terrestrial sulfate input into the ocean, which favors the deposition of Mn-bearing
black shales in the ocean; and (2) weakened volcanism and continued continental weathering exhausted at-
mospheric CO2 and drove the global climate to the Marinoan glaciation. This study, therefore, provides
important insights into the climate-ocean-land dynamics during the Cryogenian interglaciation.
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1. Introduction dilution-thermal ionization mass spectrometry, yielded an age of

658.80 + 0.50 Ma, providing a new age constraint for the termination of

During the Cryogenian (ca. 717 Ma to 635 Ma) in the middle Neo-
proterozoic, the breakup of the Rodinia supercontinent was accompa-
nied by two global glaciation events named the Sturtian glaciation (ca.
717 Ma to 660 Ma) and the Marinoan glaciation (ca. 650 Ma to 635 Ma),
punctuated by a brief nonglacial interlude named the Cryogenian
interglaciation (ca. 660 Ma to 650 Ma) (Hoffman et al., 1998; Li et al.,
2008; Rooney et al., 2015; Hoffman et al., 2017). Large volcanism,
which emits large amounts of greenhouse gases (e.g., CO3) into the
environment, is believed as a possible driving force for the Cryogenian
interglaciation (Hoffman et al., 1998, 2017). Zhou et al. (2019), based
on high-precision U—Pb =zircon chemical abrasion-isotope

the Sturtian glaciation. Li et al. (2012), based on Fe, C, Mo, and S che-
mostratigraphic data of the Cryogenian Datangpo Formation, proposed
a stratified redox model for fluctuations in water chemistry and depo-
sitional environment during the Cryogenian interglaciation. The linkage
between large volcanism and environmental changes during the Cry-
ogenian interglaciation is yet poorly understood, however.

The global ocean of the Cryogenian interglaciation was associated
with a worldwide deposition of metalliferous black shales containing
manganese (Mn) resources of great economic importance (Xu et al.,
2019; Tan et al., 2021). These black shales record profound changes in
oceanic redox and productivity during the Cryogenian interglaciation.

* Corresponding author at: State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550081, China.

E-mail address: yinrunsheng@mail.gyig.ac.cn (R. Yin).

https://doi.org/10.1016/j.palaeo.2023.111634

Received 3 October 2022; Received in revised form 3 May 2023; Accepted 8 May 2023

Available online 11 May 2023
0031-0182/© 2023 Elsevier B.V. All rights reserved.


mailto:yinrunsheng@mail.gyig.ac.cn
www.sciencedirect.com/science/journal/00310182
https://www.elsevier.com/locate/palaeo
https://doi.org/10.1016/j.palaeo.2023.111634
https://doi.org/10.1016/j.palaeo.2023.111634
https://doi.org/10.1016/j.palaeo.2023.111634
http://crossmark.crossref.org/dialog/?doi=10.1016/j.palaeo.2023.111634&domain=pdf

L. Wang et al.

Large volcanism, such as large igneous provinces (LIPs) eruptions, can
result in transit emission of large amounts of mercury (Hg) to the
environment. This Hg could transport globally in the atmosphere and
subsequently deposits into land and ocean systems, resulting in anom-
alous high Hg concentrations in global soil and marine sediments
(Grasby et al., 2019). Mercury is hosted in sediments in multiple phases,
including organic matter, sulfides, and clay minerals (Them et al., 2019;
Shen et al., 2020). Recent studies suggest that anomalously high Hg to
total organic carbon (Hg/TOC) ratios can be a useful proxy for tracing
large volcanism in geological history (Grasby et al., 2019; Shen et al.,
2020), although studies also suggest that the depositional environments
may play a critical role in Hg accumulation in sediments rather than
input sources (Shen et al., 2022; Xue et al., 2022). Besides, caution must
be paid to weathered rocks because Hg may be lost during silicate
weathering (Charbonnier et al., 2020; Park et al., 2022). A recent study
observed anomalously high Hg/TOC ratios in Cryogenian black shales
from a basinal setting in the Nanhua Rift Basin, South China, which
provide possible support for large volcanism in triggering the Cry-
ogenian interglaciation (Zhou et al., 2021).

Mercury isotopes (196Hg, 198Hg, 199Hg, 200Hg, 201Hg, 202Hg, and
204Hg) can aid in understanding the sources and processes of Hg in the
environment, as they can undergo both mass-dependent fractionation
(MDF, reported as 6202Hg) and mass-independent fractionation (MIF,
reported as A®°Hg). Unlike that Hg-MDF occurs during a variety of
physical, chemical, and biological processes, Hg-MIF mainly occurs
during photochemical reactions with limited influence from other pro-
cesses (Bergquist and Blum, 2007; Blum et al., 2014). Sedimentation,
diagenesis, and metamorphism processes do not trigger Hg-MIF,
allowing the use of A'®°Hg in sedimentary records for understanding
Hg geochemical cycles in geological history (Grasby et al., 2019; Chen
etal., 2022; Liu et al., 2022). Although volcanic Hg emitted from various
tectonic systems have variable A199Hg values (Zambardi et al., 2009;
Moynier et al., 2021; Yin et al., 2022), the MIF signature of volcanic Hg
can be modulated by Hg(II) photoreduction process on Earth’s surface,
leading to negative A'°’Hg values of gaseous Hg(0) and positive A°°Hg
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values of aqueous Hg(II) species (Bergquist and Blum, 2007; Blum et al.,
2014).

Zhou et al. (2021) reported high Hg/TOC ratios and positive A'°°Hg
excursions in Cryogenian black shales from a basinal setting in the
Nanhua Rift Basin, South China, highlighting enhanced volcanic Hg
input to open oceans via wet Hg(II) deposition. However, Hg records at
shallow water (shelf/slope) settings have yet not been investigated,
limiting our understanding of the strength of volcanisms in causing the
Cryogenian interglaciation. To fill this knowledge gap, here we inves-
tigate Hg concentrations and isotopic composition of Cryogenian
interglacial deposits at shallow water (shelf/slope) settings of the Nan-
hua Rift Basin, South China. In combination with multiple geochemical
proxies (major and trace elements, total sulfur (TS), and TOC concen-
trations), this study attempts to evaluate the influence of large volca-
nism on the shallow water environment and understand the climate-
ocean-land dynamics, during the Cryogenian interglaciation.

2. Geological background

The Nahua Rift Basin in South China (Fig. 1) was formed at ca. 820
Ma after the breakup of the Rodinia supercontinent (Wang and Li,
2003). The increased thickness of Cryogenian sediments from northwest
to southeast of the Nanhua Rift Basin indicates an increase in seawater
depth along the NW-SE axis of the basin during the Cryogenian (Wang
and Li, 2003; Li et al., 2012). The Cryogenian sediments consist of the
Tiesi’ao Formation (Sturtian glaciation equivalent), the Datangpo For-
mation (Cryogenian interglaciation equivalent) and the Nantuo For-
mation (Marinoan glaciation equivalent) (Zhang et al., 2003). The
glacial Tiesi’ao and Nantuo formations consist mainly of massive or
stratified diamictite (Yu et al., 2016; Zhou et al., 2021). The interglacial
Datangpo Formation can be divided into two members: the lower
Member I consists mainly of Mn-bearing black shales (Mn-carbonate
exists at the bottom), and the upper Member II consists mainly of black
shales and siltstones (Yu et al., 2016; Zhu et al., 2019; Zhou et al., 2021).

The studied drill core (ZK0202) was collected from Xiushan, at shelf/
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Fig. 1. Simplified paleogeographic map showing South China in the Cryogenian interglacial interval and location of drillcore ZK0202 and the Wuhe Section

(modified from Zhou et al., 2019; Zhou et al., 2021).



L. Wang et al.

slope settings of the Nanhua Rift Basin, and the previously studied Wuhe
section was at transition/basinal settings of the Nanhua Basin (Fig. 1;
Zhou et al., 2021). From bottom to top (Fig. 2), the Datangpo Formation
in ZK0202 core can be divided into (1) Member I: Mn-bearing black
shale (~ 24 m thick); (2) Member II;: dark grey-black argillaceous
siltstone interbedded with grey-black shale (~ 8 m thick); and (3)
Member IIy: grey-dark grey siltstone (~ 7 m thick). The thickness of the
Datangpo Formation in ZK0202 is much higher than that observed in the
Wubhe Section, i.e., Member I = 0.3 m, and Member Il = 8 m (Zhou et al.,
2021).

3. Methods

A total of 45 samples were collected from the Datangpo Formation in
core ZK0202. Details of the samples (lithology and depth) were shown in
Fig. 2 and Supplementary Table S1. All samples were cleaned, air-dried,
powdered to 150 mesh and homogenized, prior to chemical analysis at
the Institute of Geochemistry, Chinese Academy of Sciences.

3.1. Major and trace element analyses

The powdered samples were fused with lithium metaborate or
lithium borate at 1100 °C, cooled to produce a glass disk, and then
analyzed by ARL Perform’ X 4200 X-ray fluorescence spectrometry, with
an analytical uncertainty of less than +5%. The detailed analytical
procedures were described by (Franzini et al., 1972). The Chemical
index of alteration (CIA), indicative of the degree of chemical weath-
ering, was calculated based on the following equation (Nesbitt and
Young, 1982):

CIA = ALO3/(ALO; + CaO’ + Na,0 + K,0) x 100 )

where all oxides are calculated in molar proportions. CaO* only corre-
sponds to CaO from silicates. For this study, CaO was corrected for
phosphate using PoOs data (CaO* = CaO —10/3 x P205s). If CaO*/ Nay0
< 1, the CaO* values were used. Otherwise, CaO* is replaced by Na,O.

Whole-rock trace elements were analyzed with Plasma Quant-MS
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Elite inductively coupled plasma-mass spectrometer (Qi et al., 2000).
Both procedural blanks and the national standards OU-6, AMH-1, and
GBPG-1 were analyzed for data quality control, which yielded an
average recovery of 90% (n = 3) and reproducibility within less than
+10% for all trace elements.

3.2. Total sulfur and total organic carbon

Total sulfur (TS) and total organic carbon (TOC) concentrations were
analyzed using an Elementar Vario Microcube analyzer with analytical
errors of less than +2.5%. For TOC analysis, the sample powders were
leached with hydrochloric acid to remove inorganic carbon. The resid-
ual powder was then rinsed with 18.2 MQ-cm water and freeze-dried.

3.3. Mercury content and isotope analyses

Total mercury (THg) concentrations were analyzed using a Lumex
R915 + Hg analyzer (limit of detection: 0.5 ng/g Hg), which yielded THg
recoveries of 90 to 110% for the standard reference material (GSS-5,
soil, n = 4) and a relative standard deviation of <10% for sample
duplicates.

Zhou et al. (2021) employed a dual-stage combustion furnace to
preconcentrate Hg from low Hg samples into 5 mL of 40% reverse aqua
regia (HCI/HNO3 = 1/3, V/V). In this study, the acid digestion method
was adopted to prepare the samples investigated, due to their high Hg
concentrations. Briefly, about 0.2 g of samples were digested in 2 mL
aqua regia (HCl/HNOs = 3/1, V/V) at 95 °C for 3 h. The acid digestion
method yielded Hg recoveries of 90 to 110% for the samples, compared
to Hg concentrations measured by the Lumex R915+ Hg analyzer. The
digested sample solutions were diluted to 0.5 ng/g Hg in 10-20% acid
matrices and then measured by a Neptune Plus multi-collector induc-
tively coupled plasma-mass spectrometer (Yin et al., 2016). Following
the nomenclature recommended by Bergquist and Blum (2007), Hg-
MDF is expressed in §2°2Hg notation in units of per mil (%) refer-
enced to the NIST-3133 Hg standard:

6 Hg (%) = [("He/" Heype) / ("He /" He ) — 1] X 1000 (2)
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Fig. 2. Profiles of Hg, TOC, TS, CIA, Mo, Hg isotopes, Hg/TOC and Mo/Al ratios in the Cryogenian interglacial interval in the drillcore ZK0202, South China.
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Mass independent fractionation of Hg isotopes is reported in A
notation:

A™Hg (%o) ~ 5™ Hg — 5 Hg x p 3)

p = 0.2520 for 1*°Hg, 0.5024 for 2*°Hg, and 0.7520 for 2°'Hg (Blum
and Bergquist, 2007). NIST-3177 secondary standard solutions, diluted
to 0.5 ng/mL Hg in 10% acid, were measured in every 10 samples, which
yielded 52°2Hg of —0.58 =+ 0.10%0, A'°°Hg of —0.01 + 0.09%. and
A%'Hg of —0.06 + 0.11%0 (2SD, n = 15). Measurement of GSS-4
digested solutions yielded 52°2Hg of —1.67 + 0.27%o, A°°Hg of —0.46
+ 0.10%0, A%°°Hg: —0.03 + 0.09%0; and A%°'Hg of —0.41 + 0.08%o
(2SD, n = 10). The largest 2SD values for NIST-3177 and GSS-4 reflect
the analytical uncertainties of our samples.

4. Results

The analytical results are summarized in Table S1 and illustrated in
Fig. 2. Mn-bearing black shales in Member I show overall high THg
concentrations (318 to 4400 ppb), negative 6202Hg values (—2.03 to
—1.09%0), and near-zero to slightly positive A®°Hg values (0.00 to
0.10%o). The values of TOC and TS (2 to 5 wt% for both), Hg/TOC (243
to 1730 ppb/wt%) and CIA (58 to 73) abruptly increase at the base of
Member I. Anomalously high peaks of Mo concentration (1.31 to 42.50
ppm) and Mo/Al ratio (0.54 to 5.23 ppm/wt%) are observed in Member
L.

Siltstones and grey-black shales in Member II; first show the highest
THg (up to 5110 ppb), TOC (up to 3.27 wt%), and TS (up to 2.47 wt%)
concentrations, and then show a rapid decrease of THg (down to 1600
ppb), TOC (down to 0.55 wt%) and TS (down to 1.35 wt%) concentra-
tions. Hg/TOC ratios show a general increasing pattern in the entire
Member II; (1410 to 3910 ppb/wt%). A'%°Hg values are near-zero
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(—0.05 to 0.04%c). An abrupt positive excursion of 52°?Hg to about
—1%o0 can be observed. The Member II; samples show medium CIA
values (65 to 68), and low Mo concentrations (1.01 to 5.62 ppm) and
Mo/Al ratios (0.71 to 0.13 ppm/wt%).

Siltstones in Member II; show the lowest THg (459 to 1300 ppb),
TOC (0.19 to 0.49 wt%) and TS (0.83 to 3.69 wt%) concentrations. In
Member II, Hg/TOC ratios are the highest (2460 to 3240 ppb/wt%),
A°Hg shifts to slightly positive values (0.02 to 0.09%o), and 52°°Hg
shifts to more negative values (—2.20 to —2.04 %.). The Member II
samples also show medium CIA values (64 to 68), and the lowest Mo
concentrations (1.02 to 1.70 ppm) and Mo/Al ratios (0.13 to 0.23 ppm/
wt%).

5. Discussion
5.1. Mercury host phases in Cryogenian interglacial sediments

Possible host phases of Hg in sediments include organic matter,
sulfides, and clay minerals (Krupp, 1988; Grasby et al., 2019; Shen et al.,
2019, 2020). Mercury has a strong affinity to the organic matter in
normal sediments (Grasby et al., 2019; Shen et al., 2020), however
recent studies have suggested that sulfides (e.g., pyrite) can be another
important host of Hg in sulfidic water conditions (Shen et al., 2019,
2022). Besides, Hg in sediments can also be adsorbed onto the surface of
clay minerals due to their high specific surface areas (Krupp, 1988). As
shown in Fig. 3, slightly positive correlations between THg and TOC (r =
0.48), TS (r = 0.53), and Al (r = 0.61) in Member I samples, suggesting
Hg is hosted in multiple phases (organic matter, sulfides, and clay
minerals). Member I samples show the highest TOC and TS concentra-
tions, implying elevated oceanic productivity in the surface ocean and
sulfidic conditions in deep water columns during this period (see
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discussion in Section 5.3). Both organic matter and sulfides are believed
to scavenge a large amount of Hg(II) deposited into the ocean, due to
their high affinity to Hg (see discussion in Section 5.2.1). This is sup-
ported by the near-zero to slightly positive A'?’Hg values for Member I
samples (0.00 to 0.10%o), given that atmospheric Hg(II) has positive
A199Hg values (Bergquist and Blum, 2007; Blum et al., 2014). In addi-
tion, the positive correlation between THg and Al in Member I samples
may suggest that a substantial amount of Hg was also scavenged by clay
minerals imported into the ocean. The high CIA values in Member I
samples suggest enhanced continental weathering and enhanced input
of terrestrial clay minerals into the ocean. The Member II; samples show
strongly positive correlations between THg and TOC (r = 0.97), and TS
(r = 0.98), but a poor correlation between THg and Al (r = 0.16), sug-
gesting that Hg is hosted in the organic matter and sulfides. The THg-TS
relationship may be a by-product of TOC-TS covariation (r = 0.90) due
to organic matter containing many sulfur-containing groups (e.g., thiol
(-SH) groups). The Member II, samples show a strong correlation be-
tween THg and TOC (r = 0.96) but weak correlations between THg and
TS (r = —0.01), and Al (r = —0.58), suggesting Hg of sediment is also
mainly hosted in organic matter. Notably, positive correlations between
Hg and TOC have been widely observed in ancient and modern ocean
sediments (Grasby et al., 2019; Shen et al., 2019, 2020; Xue et al., 2019).
Here, we infer that Hg in Member II; and II, samples is mainly hosted in
organic matter, different from the multiple hosts of Hg in Member I
samples.

5.2. Variation of volcanic intensity in the Cryogenian interglaciation

5.2.1. Large-scale volcanism in the early Cryogenian interglaciation

Changes in Hg concentrations and Hg/TOC ratios in sediments can
roughly represent the intensity of volcanic Hg input (Grasby et al., 2019;
Shen et al., 2019, 2020). In this study, THg contents and Hg/TOC ratios
of the Member I samples (318 to 4400 ppb and 243 to 1730 ppb/wt%,
respectively) are much higher than that observed in average marine
sediments (62.4 ppb and 71.9 ppb/wt%, respectively; Grasby et al.,
2019) and the recently reported elevated Hg concentrations and Hg/
TOC ratios (76 to 366 ppb and 114 to 717 ppb/wt%, respectively; Zhou
et al., 2021) in the equivalent black shales in the basinal Wuhe section,
Nanhua Basin. This confirms the previous hypothesis on the presence of
large-scale volcanism at the onset of the Cryogenian interglaciation
(Zhou et al., 2021), and implies that shallow water (shelf/slope) settings
received more volcanic Hg than basinal settings, possibly due to the
closer location of shallow-water environments to volcanic emissions.
Large-scale volcanism during the Cryogenian interglaciation is possibly
related to enhanced global continental arc activity during the middle-
late Cryogenian (McKenzie et al., 2016; Cao et al., 2017), or LIP and
rifting activities due to the breakup of the Rodina supercontinent
(mainly from ca. 900 Ma ~ 700 Ma; Ernst et al., 2008; Li et al., 2008). A
recent study discovered abundant mafic-ultra mafic dike swarms of ca.
700- 650 Ma along the northern margin of the Yangtze Block, which
could be a result of a LIP event (Zhao et al., 2018). Volcanic activities
mentioned above could have released large amounts of COq, triggering
the Cryogenian interglaciation (Zhou et al., 2021). Besides, the heating
of organic-rich sediments from sill intrusion during volcanisms could
also result in the release of Hg and CO; into the atmosphere (Liu et al.,
2022).

Mercury isotopic composition of these samples can provide insights
into the pathways of volcanic Hg entering the ocean. The negative
5202Hg values (62°2Hg: —1.81%0 + 0.18%o) of the samples fall into the
range of that reported for global marine sediments (Blum et al., 2014).
However, either change in Hg sources or biogeochemical processes is
required to explain changes in 6202Hg (Blum et al., 2014). In contrast,
Hg-MIF is primarily caused via photochemical reactions with limited
influence from other processes, enabling the use of A'®°Hg for tracing
pathways of Hg entering the ocean. The A'°°Hg value of volcanic Hg (~
0%o, Zambardi et al., 2009) can be modulated by aqueous Hg(II)
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photoreduction (Bergquist and Blum, 2007). Hg(II) photoreduction in
cloud droplets results in negative A'°’Hg values in the gaseous Hg(0)
species and leaves positive A°°Hg values in residual gaseous Hg(II) pool
(Blum et al., 2014). The terrestrial system preferentially accumulates Hg
(0) and is normally characterized by negative A'*°Hg values (Yin et al.,
2013; Blum et al., 2014). However, Hg(II) is water-soluble and readily
enters the ocean via wet deposition (precipitation). The positive A*°Hg
values (0.00 to 0.10%0) of Member I samples suggest strong input of
volcanic Hg via wet Hg(II) deposition during the early Cryogenian
interglaciation.

5.2.2. Weakened volcanism in the middle-late Cryogenian interglaciation

The lower Hg concentrations and the characteristics of Hg isotopes in
Member II samples (Fig. 2) may suggest weakened volcanism during the
middle-late Cryogenian interglaciation. Although Member II samples
show an increase in Hg/TOC ratios, this is likely due to the dramatic
decrease in TOC content in these samples (Fig. 2).

The ocean receives Hg via atmospheric Hg(II) deposition and
terrestrial runoff (Yin et al., 2015). The Member II; samples show a
sharp decrease in THg concentrations and 52°?Hg (to —1%), which
would suggest a sudden weakening of volcanic Hg input to the ocean via
wet Hg(II) deposition, associated with continuous enhance input of
terrestrial Hg (Grasby et al., 2017; Them et al., 2019). Terrestrial Hg in
South China during the Precambrian was believed to have higher §2°?Hg
of ~ —1%o (Fan et al., 2021). If volcanic Hg input into the ocean was
significantly decreased, the Hg isotopic signature of Member II; samples
would be dominant by that of the enhanced terrestrial Hg sources.
Indeed, the negative A'9°Hg excursions in the lower Member II; samples
support this hypothesis, given terrestrial Hg has negative A1*°Hg values
(Yin et al., 2013; Blum et al., 2014). In contrast, the Member II; samples
(52°2Hg: —2.12%o + 0.06%0; A'*°Hg: 0.05%o + 0.03%0) show similar Hg
isotopic characteristics with ancient and modern marine sediments
deposited under normal conditions (Grasby et al., 2019; Shen et al.,
2019, 2020; Yin et al., 2015, 2017), which have received Hg mainly
through atmospheric Hg(II) deposition, with limited input from terres-
trial sources. By analogy, the lowest Hg concentrations with positive
A%°Hg values of Member II, samples would suggest a dominant input of
Hg to the ocean via normal Hg(II) deposition, in the absence of large
volcanism. Terrestrial Hg input would have played a less important role
in contributing Hg into the ocean, as supported by the slight decrease of
CIA in Member II; samples.

5.3. Climate-ocean-land dynamics during the Cryogenian interglaciation

In this study, Hg and other paleoclimatic proxies (e.g., major and
trace elements, TS and TOC concentrations) provide an integrated
insight into the climate-ocean-land dynamics during the Cryogenian
interglaciation, which can be divided into three stages as follows.

Stage I (Fig. 4A): Large-scale volcanism in the early Cryogenian
interglaciation, as revealed by high Hg concentrations and Hg/TOC ra-
tios in Member I Mn-bearing black shales, would emit large volumes of
CO3, to the atmosphere, triggering global warming and termination of
the Sturtian glaciation. Volcanic-related environmental perturbations
(e.g., rising temperatures) would facilitate terrestrial weathering as
well, leading to a rapid increase of CIA values in Member I samples.
Enhanced terrestrial weathering contributed large amounts of nutrients
to the ocean (Mills et al., 2011; Wei et al., 2020) which would increase
oceanic productivity (Wei et al., 2020) and lead to two significant
consequences: (1) increasing organic matter burial on the seafloor and
strong preservation of organic matter in sediments (Li et al., 2022), as
supported by the high TOC levels in Member I samples, and (2)
increasing dissolved Og levels in the surface ocean via photosynthesis
(CO2 + Hy0 — CH30 + O5). Organic matter shuttle would exhaust O5 in
the deep-water column, generating a large quantity of CO3~ (CH,0 + Oy
— €03~ + 2H") and producing anoxic conditions in the deep-water
column (Wei et al., 2020). Sedimentary Mo has been widely used in
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Fig. 4. Scenarios of environmental evolution during the Cryogenian interglaciation. (A) Large volcanism triggers greenhouse climate in the early Cryogenian
interglaciation, leading to high dissolved oxygen levels in surface waters, high organic burial on the seafloor, and high terrestrial sulfate input into the ocean, which
favors the deposition of rhodochrosite in Mn-bearing black shales; (B) Large-scale volcanism weakened in the middle-late Cryogenian interglaciation, leading to
decreased dissolved oxygen levels in surface waters and decreased organic burial to the seafloor; (C) Continued continental weathering exhausted atmospheric COy

and drove the global climate to the Marinoan glaciation.
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paleoceanographic studies as a redox proxy (Algeo and Lyon, 2006). The
highest Mo concentrations (up to 42.5 ppm) and Mo/Al ratios (up to
5.23 ppm/wt%) in Member [ samples suggest anoxic conditions in the
deep-water column under the oxygenous surface ocean, which is
consistent with the layered ocean model proposed by Li et al. (2012).
The Mo/TOC characteristics of marine sediments were used to evaluate
the Mo availability in deep water as well as the extent of basin restriction
in many studies (Algeo and Lyons, 2006; Algeo and Rowe, 2012; Zhu
et al., 2018; Cheng et al., 2018). Mo/TOC ratios reflect the degree of
restriction in marine environments, with values of >35 ppm/%, 15-35
ppm/%, and < 15 ppm/% relating to weak, moderate, and strong re-
striction, respectively (Algeo and Lyons, 2006). The Mo/TOC ratios in
Member I samples are <15 ppm/%, suggesting strong restriction of the
Nanhua Basin (Fig. 5), consistent with the conclusion of Dangtangpo
black shale in Minle samples (Cheng et al., 2018) and the paleogeo-
graphic reconstructions of Nanhua Basin (Wang and Li, 2003). In this
semi-restricted anoxic basin, enhanced terrestrial weathering at this
stage would contribute large amounts of sulfate (SO?{) into seawater
(Berner, 1982; Ma et al., 2019), which would also increase dissolved
C0%™ levels in the water column and sulfide levels in sediments through
the reduction of sulfate by organic matter in the water column (SO3~ +
2CH,0 — HsS + 2CO%7 + 2H™) (Berner, 1982; Ma et al., 2019). The
produced CO%~, through the two above-mentioned pathways, would
react with dissolved Mn?* in the water column to form insoluble
rhodochrosite (CO%f + Mn?t > MnCOs3). In addition, increasing dis-
solved O levels in the surface ocean via photosynthesis would cause the
oxidation of Mn?" to Mn oxides (Mn?" + 0.505 + H,O — MnO, + H™),
which were deposited to the seafloor and then reduced by organic
matter to form Mn carbonates during early diagenesis (2MnO; + CH20
+ HCO3 — 2MnCO3 + H2O + OH™; Yu et al., 2016; Ma et al., 2019; Tan
et al., 2021).

Stage II (Fig. 4B): The sharp decrease of Hg concentrations in
Member II; samples would be explained by the decrease of their host
phases (organic matter or sulfide) and may also suggest a weakening
volcanism during the middle Cryogenian interglaciation. Consumed by
terrestrial weathering, the atmospheric CO, levels decreased as well,
leading to a dramatic decrease in oceanic productivity and organic
matter burial on the seafloor, as supported by the decrease of TOC levels
in the Member II; samples. A decline in organic matter burial would lead
to decreased production of CO3~ and sulfides through the reduction of
sulfate by organic matter in the water column, as supported by the low
TS contents and the minor amounts of rhodochrosite in Member II
samples. The characteristic of low Mo concentrations in Member II;
samples is consistent with that observed in studies on the Datangpo
samples (Li et al., 2012; Zhou et al., 2021; Pan et al., 2021). The Mo/
TOC ratios in Member I samples are also lower than 15 ppm/%, sug-
gesting strong restriction of the Nanhua Basin as well during this stage
(Algeo and Lyons, 2006) (Fig. 5).

Stage III (Fig. 4C): Long-term consumption of atmospheric CO, by
continental weathering, in the absence of large-scale volcanism, led to a
decrease in atmospheric CO3 and a cooling mode of the global climate
that eventually drove the earth into the Marinoan glaciation. Global
cooling and low atmospheric CO3 levels during this stage caused the
lowest oceanic productivity and the lowest organic matter burial on the
seafloor, as supported by the lowest TOC levels in the Member II,
samples. Sulfide contents at this stage would be the lowest as well, due
to the lack of abundant organic matter to reduce seawater sulfate. The
Mo/TOC ratios in Member II; samples may not provide sufficient con-
straints on the extent of basin restriction, due to the lack of correlation
between Mo and TOC in Member 112 samples. However, we may infer an
oxidative depositional environment in the Nanhua basin during this
stage (Fig. 5), given that the lowest Mo concentrations of Member 112
samples are reflective of relative oxidizing water conditions (Algeo and
Lyons, 2006).
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Fig. 5. Correlation between Mo and TOC in Cryogenian interglacial samples in
drillcore ZK0202.

6. Conclusion

Through this study, several major points can be revealed: (1) Large
volcanism triggers the termination of the Sturtian glaciation and the
onset of Cryogenian interglaciation; (2) Greenhouse climate in the early
Cryogenian interglaciation leading to high dissolved oxygen levels in
surface waters, high organic burial on the seafloor and high terrestrial
sulfate input into the ocean, which favors the deposition of rhodochro-
site in Mn-bearing black shales; (3) Large-scale volcanism weakened in
the middle-late Cryogenian interglaciation, leading to decreased dis-
solved oxygen levels in surface waters, decreased organic burial to the
seafloor, which did not favor the deposition of rhodochrosite; (4)
Continued continental weathering, in the absence of large-scale volca-
nism, exhausted atmospheric CO, and drove the global climate to the
Marinoan glaciation. Overall, this study provides important insights into
the climate-ocean-land dynamics during the Cryogenian interglaciation.
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