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The early Cambrian was an important interval in Earth history, marked by significant evolution of both life and
the marine environments it inhabited. While enhanced hydrothermal activity has been proposed as a trigger for
ecosystem perturbations in the early Cambrian, it remains unclear how intense and how long such perturbations
may have been. To address this, we examined mercury (Hg) concentrations and mercury isotopes, as well as
major and trace elements, of organic-rich black shales of the lower Cambrian Niutitang Formation, in the

Tongren area of Guizhou Province, South China. Our data show that Hg in these sediments is hosted dominantly
by organic matter. Elevated raw and normalized Hg contents provide direct evidence of intense hydrothermal
activity during the early Cambrian in South China. We suggest that high metal flux (e.g., Mo, U, and Ba) into the
seawater occurred through this intense submarine volcanism, altering seawater compositions. Intense hydro-
thermal activity was likely a significant trigger of environmental and biological evolution during the early

Cambrian in South China.

1. Introduction

The Ediacaran-Cambrian (E-C) transition was one of the most
important periods in Earth history (Shu et al., 2014). During this period,
dramatic changes occurred to ocean geochemistry during a time also
marked by rapid biological evolution (Knoll and Carroll, 1999). The E-C
transition is most notably characterized by a significant decline in the
Ediacaran mollusk population (Narbonne, 2005), and subsequent
emergence of small shell fauna (Knoll and Carroll, 1999; Zhu, 2010).
During the early Cambrian, evolution occurred at the level of phylum,
and most of the existing modern phyla emerged at that time (Knoll and
Carroll, 1999). This biological evolution is closely related to the evolu-
tion of the marine environment (e.g., trace metal and oxygen concen-
tration in seawater) (Anbar and Knoll, 2002; Li et al., 2017). Study of the
early Cambrian can thus provide crucial insight into these co-evolution
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processes. Insight into these processes also has important economic
implications as they form some of the most important hydrocarbon
source rocks in the world (Zhu et al., 2015).

Submarine volcanism has been assumed to have had significant
control on the chemical composition and oxygen concentration of
seawater during the early Cambrian, even leading to mineralization of
the seafloor (Baross and Hoffman, 1985; Perner et al., 2013). The hy-
drothermal metal flux is also thought to have altered the chemical
composition of seawater (Chen et al., 2009); while at the same time
hydrothermal vent systems provided habitat for biological communities
(Baross and Hoffman, 1985; Mcdermott et al., 2015). Thus, studies on
seafloor hydrothermal activity can provide insight into the linkage of
geological processes driving geochemical cycles, that have influenced
the origin and evolution of life (Baross and Hoffman, 1985).

Although submarine volcanism is assumed to be the trigger for
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marine environmental perturbations that influenced biological evolu-
tion during the early Cambrian, direct evidence of hydrothermal activity
is lacking (Zhou and Jiang, 2009; Och et al., 2015). For example, while
the mineralization of the polymetallic Ni-Mo-PGE has been studied for
decades, many different hypotheses were proposed to explain these,
mainly including seawater purification (Lehmann et al., 2007) and
submarine hydrothermal eruption (Jiang et al., 2006; Guo et al., 2016).
To address the lack of direct evidence for volcanism, we examined
mercury concentrations and its isotopes, as a fingerprint of volcanic
eruptions. While widely used to reconstruct the ancient continental as
well as submarine volcanism throughout Earth history (Sanei et al.,
2012; Grasby et al., 2017, 2019), mercury, and especially mercury
isotope, are rare in the early Cambrian (Yin et al., 2017; Faggetter et al.,
2019; Shen et al., 2020).

Volcanogenic emissions are the dominant natural source of Hg to the
surface environment in pre- anthropocene time. Hg emissions are mainly
in the form of gaseous elemental mercury—Hg(0), accounting for more
than 90% of the total geogenic Hg in the modern atmosphere (Selin,
2009). The residence time of Hg(0) in the atmosphere is about 6 months
to 2 years, allowing for long distance transport and atmospheric mixing
(Blum et al., 2014). Hg(0) can be oxidized to Hg(II), which is more
soluble in water than Hg(0) and is easily transferred from the atmo-
sphere to oceans by dry or wet deposition (Selin, 2009). In addition,
mercury can also be transported to the marine environment by terrige-
nous inputs (such as clay and organic matter) carried by rivers (Grasby
et al.,, 2017; Them et al., 2019). In the marine environment, mercury
exists in the form of elemental mercury (Hg(0)aq), divalent inorganic
mercury (Hg(II)aq), methyl mercury (Me-Hg) and mercury compounds
bound to particles (HgP,q) (Selin, 2009). In seawater Hg(I),q can be
reduced to Hg(0) and released into the atmosphere. It can also be
removed into sediments by adsorption onto suspended particles in the
water column (Selin, 2009), which is usually proportional to primary
productivity (Ravichandran, 2004). Most HgP,q is released back into the
water during the process of organic matter remineralization. Only a
minor fraction of HgP,q reaches the deep sea and accumulates in sedi-
ments (Ravichandran, 2004). In marine sediments, mercury tends to
form strong and stable complex compounds with organic matter and
reduced sulfur (Ravichandran, 2004). Besides organic matter, sulfides,
and clay minerals are also important hosts for Hg in sediments (Grasby
et al., 2019; Them et al., 2019; Shen et al., 2019a, 2020).

Mercury isotope fractionation especially mass independent frac-
tionation (MIF) is considered to be an effective indicator of the origin
and transformation of mercury (Blum et al., 2014). Photochemical re-
action (such as photoreduction of Hg(II) or photodegradation of methyl
mercury) (Zheng and Hintelmann, 2010) is the main mechanism of
mercury MIF (Blum et al., 2014). Therefore, MIF is commonly used to
reflect the source or environmental processes related to photochemistry.
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In general, marine materials (sediments and organisms) tend to show
positive MIF, while terrestrial sources (including coal, soil, sediments,
and plants) tend to present negative MIF due to accumulation of atmo-
spheric Hg(0) (Yin et al., 2016). In addition, The MIF of volcanic mer-
cury is close to zero (+0.02 + 0.06%o; Yin et al., 2016). During periods of
major volcanic activity, mercury concentration could be enriched in
marine sediments, accompanied by significant changes in mercury MIF,
providing a fingerprint for the origin of mercury enrichment (Grasby
etal., 2017, 2019, 2020; Shen et al., 2019b). Mercury concentrations as
well as MIF are widely used as a promising volcanic proxy in ancient
sediments (Grasby et al., 2019). Previous work has also examined Hg
contents and its isotope to understand the source of metal enrichment in
the early Cambrian Niutitang black shale from the west of Guiyang,
South China (Fig. 1, Yin et al., 2017), which suggested that metal
enrichment is related to high bioproductivity and Hg scavenging.

In our study, Hg concentration and stable isotopes were analyzed
from an outcrop profile at Songtao County in Tongren, Guizhou Prov-
ince. Our aim was to explore the records of hydrothermal activity and its
effect on the oceanic environmental perturbations during the early
Cambrian.

2. Geological background and study sections

The South China Craton is composed of the Yangtze Block and the
Cathaysia Block (Wang, 1985). The Nanhua Basin, formed between
these two blocks, and was connected with the open ocean during the
early Cambrian (Jin et al., 2016). During the early Cambrian, the South
China Block was an independent craton at mid-latitudes of the northern
hemisphere (Fig. 1A), with about 80° counterclockwise rotation relative
to its modern location (Li et al., 2008). The sedimentary successions of
the early Cambrian are well preserved, and three sedimentary facies are
developed successively from the northwest to the southeast: 1) the
littoral facies; 2) the Yangtze shallow water carbonate shelf facies, and
3) the slop-basin facies (Fig. 1B) (Steiner et al., 2007). The shallow-
water carbonate-platform facies mainly consists of dolomites, and
intercalated limestone and phosphorous rocks. The slope facies are
mainly shale/mudstones of the lower member of the Niutitang Forma-
tion. The basinal facies are dominated by cherts and shale. In the
Tongren area the early Cambrian Niutitang Formation is mainly a thick
black mudstone to shale, with interbeds of mudstone and argillaceous
siltstone in its lower part (0 to 18.76 m). The middle part (18.76-36.96
m) is mainly characterized by silty mudstone, occasionally with
calcareous mudstone intercalations. The upper part (36.96-57.16 m) is
mainly composed of mudstone with thin layers of calcareous mudstone.
In this study, we focus on the black mudstone in the lower part of the
Niutitang Formation (Fig. 2A).

The study section (Wuluo) belongs to the slope setting, where the
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Fig. 1. (A) Global paleogeographic map for early Cambrian (~530 Ma) (modified after Li et al., 2008). (B) Early Cambrian paleogeographic map of the South China
Craton (Wang, 1985). The red circles represent previous study areas, including: Zhijin (Yin et al., 2017), Maoshi (Yin et al., 2017), Luojiacun (Shen et al., 2020), and
Shatan (Shen et al., 2020). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (A) Field photo of the study section. (B) Carbonate carbon isotopic distribution curve in the Ediacaran-Cambrian in South China (cited from Jiang et al.,
2012). (C) Carbonate carbon isotopes in the studied section. FM. = Formation; Sys. = System.

Niutitang Formation uncomfortably overlies the dolomites of the Edia-
caran Dengying Formation, similar to the other sections in South China.
While at deep-water basin facies, the carbonate dominated Dengying
Formation transitions to the chert and shale dominated Liuchapo For-
mation. At the study section, the lower part (~59 m) of the Niutitang
Formation is well exposed due to surface mining activity (Fig. 2A). Ac-
cording to zircon U—PDb geochronology and carbon isotope profiles, the
Ediacaran-Cambrian boundary is within the Liuchapo Formation (Chen
et al,, 2015). Thus, the Niutitang Formation belongs to the early
Cambrian, and the age at its base is 522 to 524 Ma (Bowring et al., 2007;
Wang et al., 2012; Chen et al., 2015). Generally, the Niutitang Forma-
tion is correlative with the shallow water Shuijingtuo Formation. The
negative carbon isotope shift in our data also locates our studied interval
as the earliest Cambrian, as it is consistent with the carbon isotope
characteristics of the lower Cambrian in the Three Gorges area (Jiang
et al., 2012) (Fig. 2B-2C).

3. Samples and methods

We collected 130 fresh samples from the study section and removed
all the weathered surface to ensure accurate results. These samples were
used for comprehensive measurements of total organic carbon (TOC)
(130 samples), Hg (120 samples), Hg isotopes (35 samples), major and
trace elements (36 samples), as well as total sulfur concentrations (30
samples). All samples were prepared as powders before analysis. TOC
was analyzed using a Leco CS-200 carbon-sulfur analyzer. The samples
were first treated with 10% HCI to remove carbonates, and then washed
with distilled water to remove HCI, and dried before analysis.

Hg contents of the samples were determined by Lumex RA-915 M.
About 100 mg sample powder was placed in the sample vessel of PYRO-
915+. Then, the powder was heated to 680-740 °C under pyrolysis, so
that all forms of mercury in the sample are converted into elemental
mercury. With a RA-915 M analyzer, the generated elemental mercury
contents were quantitatively determined on basis of the absorption of
254 nm co-amplitude radiation by the mercury atomic vapor. The
detection limit is 0.5-1 ppb. Duplicates were measured for each sample
(relative standard deviation <5%). The international standard sample
NIST 1633c Coal Fly Ash (1005 =+ 22 ppb) was used for generation of the
standard curve (R?> > 0.999) and quality control, and a standard was

measured every 10 samples to monitor for drift.

A subset of samples were chosen for mercury (Hg) isotope mea-
surement by MC-ICP-MS at the State Key Laboratory of Environmental
Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences.
The samples were pre-concentrated into 5 mL of a 40% mixed acid so-
lution (v/v, 3HNO3/1HCI) using a double-stage combustion protocol for
Hg isotope analysis as previously described (Huang et al., 2016). NIST-
3133 Hg standard and secondary standard solutions (UM-Almadén and
NIST-3177) were prepared to match the Hg concentrations and matrix of
sample solutions within 10%. The specific data are shown in Supple-
mentary Table 1, and the calculation formula is as follows:

SXHg(%O) = [(XHg/lggHg)Sz\mple/(XHg/lgng)s[andard - 1:| x 1000 (l)

where X represents the mass number of Hg isotopes between °°Hg and
202Hg. MIF (AXHg) is calculated as follows:

AXHg = 8*Hg — p x 8" Hg (2)

where X represents the mass numbers of Hg isotope, which is 199, 200
and 201 respectively. § is a scaling factor used for correcting theoretical
MDF fractionation. The p values of 1°°Hg, 2°°Hg and 2°'Hg is 0.2520,
0.5024 and 0.7520, respectively.

The UM-Almadén standard and NIST 3177 were used to determine
the analytical accuracy of the isotopic analyses, and the isotopic ratios of
5202Hg, A'%°Hg, A2%Hg, and A2°'Hg were similar to previously re-
ported values). Data uncertainties (+20) reported here reflect the larger
values of either the external precision of the replication of the standard
solutions (UM-Almadén, NIST 3177 and GSS-4) or sample replicates.

Elemental analyses for major, trace and rare earth elements were
carried out using inductively coupled plasma-mass spectrometry
(ICP-MS), which is equipped with a Finnigan MAT Element 1 mass
spectrometer (Finnigan MAT, San Jose, California) at the Beijing Insti-
tute of Nuclear Industrial Geology. About 40 mg of powder from each
sample was digested with 0.5 mL diluted HNOs (i.e., analytically pure
HNO3; mixed with water at a volume ratio of 1:1) and 1 mL HF in a
Teflon® digestion vessel, and then processed by ultrasonic vibration for
10-15 min. The Teflon digestion vessel was then placed on an electrical
heating plate at about 150 °C for 7 to 10 days to remove all silica. After
that, the residue was mixed with 2.0 mL of HNO3 until it was completely
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dissolved using the ICP-MS. Analytical accuracy was estimated to be
better than 5%.

Samples for carbonate carbon isotope analyses were analyzed in the
Petroleum Geology Laboratory, China University of Petroleum. Each
sample was cut into two or more chips in order to avoid any weathered
surface. Sample powders were drilled from clean or polished slabs and
were then used for analyses. Isotopic results are expressed in the stan-
dard notation as per mil (%o) deviation from VPDB. Approximately
50-200 pg carbonate powder was reacted with orthophosphoric acid for
10 min at 70 °C in a Kiel IV carbonate device automatically connected to
a Finnigan Delta Plus dual-inlet mass spectrometer. Analytical un-
certainties determined by duplicate measurements of NBS-19 and an
internal standard are better than 0.1%o.

4. Results

Mercury (Hg) concentrations in mudstone samples range from 1.0 to
623 ppb, with an average of 143 ppb (Fig. 3A). Hg concentrations
decrease from the Lower Member (LM, 0 to 30 m, average value is 193
ppb) to the Upper Member (UM, 30 to 59 m, average value is 63 ppb).
The TOC content ranges from 0.2 to 5.1 wt%, with an average of 1.4 wt%
(Fig. 3B). TOC and Hg exhibit similar fluctuations, over three cycles. The
Hg/TOC ratios range from 14.6 to 602 ppb/wt%, with an average of 106
ppb/wt% (Fig. 3C). They are higher in the LM (ranging from 35.4 ppb/
wt% to 602 ppb/wt%, average of 143 ppb/wt%), and decrease in the UM
(ranging from 14.6 ppb/wt% to 282 ppb/wt%, average of 45.7 ppb/wt
%) of the study section.

Mass-independent fractionation (MIF, A!'°°Hg) values range from
—0.18%o to +0.21%o, with a mean value of +0.03 £ 0.03%o (n = 35)
(Fig. 3D). MIF values are higher in the LM (> —0.05%o), and lower in the
UM (<0.05%0). Mass-dependent fractionations (MDF, SZOZHg) values are
between —4.03%o and — 0.78%o (Fig. 3E), averaging —2.45 + 0.35%o
(2SD). MDF show a trend that mirrors the MIF values, with lower values
in the LM (<2%o), but higher values in the UM (>2%o).

The Eu anomalies (Eu/Eu*) range from 1 to 2 for most of samples in
the section, but higher values (>3) are exhibited in the middle part of
the LM (Fig. 3F). The enrichment factor (EF) of trace elements (Cu, Ni, U,
Mo, and Ba) are high in the study section (Fig. 3G). Ba Mo, U show
extreme enrichment (e.g. EF > 10), and Cu, Ni exhibit intermediate to
slight enrichments (EF <10). Generally, all the trace elements (TE) show
higher and lower EFs in the LM, and UM respectively. Ratios of TE to
TOC are similar to the EFs of TE, exhibiting higher values in the LM, and
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lower values in the UM (Fig. 3H).
5. Discussion
5.1. Mercury host in marine sediments

In marine sediments, mercury can exist in various components such
as organic matter, clay minerals and sulfide (Ravichandran, 2004; Sanei
et al., 2012; Grasby et al., 2019; Shen et al., 2019a, 2020). As organic
matter is generally considered as the principal host for mercury in ma-
rine sediments, mainly in the form of organic-mercury complex (Rav-
ichandran, 2004; Grasby et al., 2019), TOC is widely used to normalize
Hg to account for the effect of changes in organic matter deposition on
Hg concentration. However, Hg has high affinity to sulfide as well,
making sulfide minerals the main phase of mercury sequestration under
euxinic conditions (Sanei et al., 2012; Grasby et al., 2019; Shen et al.,
2019a). Besides organic matter and sulfides, clay minerals which can
adsorb Hg(I) due to large surface areas and high charges, are also
important hosts for Hg in sediments, although in lesser amounts than
organic matter and sulfides (Grasby et al., 2019; Shen et al., 2020).

Mercury is dominantly associated with organic matter in our sam-
ples. Firstly, Hg and TOC show similar profiles, yielding relatively
higher (e.g. >200 ppb and >4 wt% for Hg and TOC) and lower (e.g.
<200 ppb and <4 wt% for Hg and TOC) values in the LM and UM,
respectively (Figs. 3A and B). Secondly, Hg and TOC exhibit much
higher correlation coefficients (r = +0.77, p < 0.01, n = 125) than Hg
and TS (r = + 0.32,p > 0.05,n = 27) or Hg and Al (r = + 0.67, p < 0.01,
n = 35) (Fig. 4A-C). The total sulfur (TS) content of the studied sedi-
ments is low (most of the samples are <1.0 wt% in TS contents and TOC/
TS ratios are <0.35). These can be compared to the statistical threshold
values of TS > wt.1% and TS/TOC > 0.35, as well as TS < 1 wt% or TS/
TOC < 0.35 for sulfide hosted and organic matter hosted Hg in sedi-
ments, respectively (Shen et al., 2020). Mercury hosted by organic
matter were also reported in other low TS early Cambrian sediments in
South China (Shen et al.,, 2020). In summary, normalization of Hg
concentrations to TOC is appropriate as organic matter is the main host
phase in the present study.

5.2. Redox effects on Hg deposition

The Hg content of modern marine sediments is commonly influenced
by various environmental factors including redox condition, organic
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carbon burial flux, and clay mineral deposition (Ravichandran, 2004).
Redox conditions are considered as a key factor affecting sequestration
of mercury from seawater to marine sediments (Ravichandran, 2004).
Reducing conditions facilitate the preservation of organic matter and the
formation of Hg—OM complexes (Ravichandran, 2004). Reducing con-
ditions are also favorable for the formation of HgS and the absorption of
Hg by iron sulfide (Sanei et al., 2012; Grasby et al., 2019; Shen et al.,
2019a).

In our study, redox conditions exert negligible control on mercury
content. The redox conditions are suboxic to anoxic for samples with
lower TS and TS/TOC values as mentioned above. The relative lower
concentrations of redox sensitive trace elements (e.g. U and Mo) in the
section, as compared to modern anoxic/euxinic sediments (Algeo and
Tribovillard, 2009), further support limited removal of these metals by
reducing conditions (Fig. 3F). Similar U and Mo values are reported in
other sections from South China indicating that these are more regional
conditions (e.g. Liu et al., 2018). The negative correlations between Hg/
TOC and Mo/Al (r = —0.32) further support changing redox conditions
having a negligible effect on enhanced Hg sequestration (Fig. 4D).

5.3. Submarine volcanic sources of Hg in sediments

Elevated raw and normalized Hg (Hg/TOC) data suggest additional
Hg was delivered to the early Cambrian oceans. High Hg/TOC in this
study cannot be the result of the calculation errors caused by low TOC
content, as most of the TOC values are >0.5% at the higher Hg/TOC
intervals (e.g., LM). While such mercury enrichments in sediment are
seen as indicators for Hg depositional events during numerous critical

intervals, such as mass extinction and oceanic anoxia events, they are
not always definitive of volcanic eruptions (Grasby et al., 2019). Stable
isotope data can provide further insight into the source of Hg (e.g.
Grasby et al., 2017, 2019).

Mass-independent fractionation of mercury isotopes (MIF, denoted
by A'%°Hg) is often used as a tracer of mercury sources in modern (Blum
et al., 2014) and ancient (Grasby et al., 2019, and references therein)
marine sediments. Hg(II) in pre-anthropogenic marine sediments typi-
cally shows positive MIF as a result of photoreduction in seawater (Blum
et al.,, 2014). A199Hg values related to volcanic and hydrothermal
emissions are often within a small range near zero (0.02%o + 0.06%o)
(Yin et al., 2016). In our study, the cross plot of A'°’Hg and A2°'Hg
indicates that the Hg isotope fractionation was dominantly controlled by
photoreduction of aqueous Hg (II) driven by natural dissolved organic
matter (Fig. 5A). A199Hg values between —0.08%0 and + 0.21%o
(average of +0.07%o), in the LM occur where both Hg concentrations
and Hg/TOC are higher. More specifically, the A'°°Hg values of the
upper part of the LM are similar to the values of volcanic sources, which
have values of 0.02%o =+ 0.06%o (Yin et al., 2016), suggesting volcanic Hg
loading at this time. The A'*°Hg values of the lower part of LM are more
positive, suggesting a more mixed volcanic (near zero A'°°Hg value) and
marine (positive A199Hg value) source (Yin et al., 2016). In the UM, the
average A'°°Hg value is —0.06%0 (ranging from —0.18%o to 0.08%,
excluding one outlier near 37 m), which are just slightly lower than that
the near zero A'®°Hg values of volcanic sources. The §2°2Hg values at
this level exhibit a trend that is a mirror image of A'°°Hg data (Fig. 5B),
supporting that there were different sources of Hg in the LM and UM,
respectively (although §2°Hg could be altered by numerous biological-
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Fig. 5. Cross plots of: (A) A'®°Hg and A?*'Hg, and (B) A'?°Hg and 52°’Hg. Refer to the web version for interpretation of the color.

and chemical-processes (Blum et al., 2014)).

The various A'*’Hg records in the Tongren (this study) and the Zhijin
(Yin et al., 2017) area support different proportions of volcanic and
marine Hg sources sequestered into the lower Cambrian sediments in
South China. The more positive A'°°Hg values in Zhijing than in
Tongren likely reflects deposition of a greater proportion of seawater-
sourced Hg to the sediments, and thus reflect greater distance from
any potential volcanic centers (Fig. 6). This is inconsistent with subareal
LIP events that show global atmospheric distribution of Hg (e.g. Grasby
et al., 2019, Shen et al., 2019a, 2019b), in contrast to submarine erup-
tions that show more limited Hg distribution (e.g. Percvial et al., 2018,
Zhu et al., 2020). The limited volcanic signature in the lower Cambrian
sediments in South China thus support submarine volcanisms (or hy-
drothermal fluids) near the southeast marginal of South China as the
source of enhanced Hg inputs. This is also supported by higher Hg

content in the southern region (e.g., Tongren, Zhijin, and Maoshi) of
South China than that in more northern settings (Shatan, Luojiacun)
(Fig. 1B).

Intense hydrothermal fluids released into the early Cambrian oceans
of South China is also evidenced by the distribution of rare earth ele-
ments (REE) in the LM. Europium (Eu) and cerium (Ce) are the only
REEs to have multiple valences, making them subject to fractionation
that can be represented as Eu and Ce anomalies. Eu does not fractionate
readily at Earth-surface temperatures, so Eu anomalies (Eu / Eu*) in
sediments are generally inherited from source materials (Elderfield,
1988). Modern tectonic environments (i.e., the mid-Atlantic ridge and
the Pacific uplift) in the deep-sea hydrothermal systems usually have
similar REE concentrations and patterns (significantly positive Eu
anomaly) (Douville et al., 1999). In our study, the lower Niutitang
Formation shows significant positive Eu anomalies (Fig. 7, Table. 1).
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These Eu anomalies (Eu/Eu* = 1.88, maximum = 4.96) differ from those
of the contemporaneously deposited limestone (average Eu/Eu* = 1.04)
(Ling et al., 2013), modern seawater (Eu/Eu* = 1.05, Alibo and Nozaki,
1999) and most black shales (Eu/Eu* < 1) (Jiang et al., 2006). In
contrast, our Eu anomalies are similar to the higher Eu/Eu* values of
hydrothermal fluids (Eu/Eu* = 10.6-93.0, Douville et al., 1999). In

addition, these Eu anomalies also show similarities with those of poly-
metallic sulfide deposits (0.60-2.78) and phosphate nodules (0.92-1.39)
close to the basal Niutitang Formation, which are considered to be the
results of hydrothermal fluid ejected from the seafloor (Jiang et al.,
2006; Zhu et al., 2014). Thus, the high Eu/Eu*values in the lower part of
the Niutitang Formation may indicate that hydrothermal fluid
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influenced the marine environment.

Intense hydrothermal activities were also suggested in multiple re-
cords of the early Cambrian strata in South China. Han et al. (2017)
found many dolomite and organic matter debris within calcite veins in
the Niutitang and Dengying formations in Guizhou and Hunan Prov-
inces, along with syngenetic pyrite particles in dolomite debris, which
are believed to indicate hydrothermal metamorphism (Han et al., 2015).
Furthermore, there are abundant hydrothermal dolomite and barite-
calcite veins in the dolostone of the Dengying Formation, indicating
the occurrence of a variety of hydrothermal fluids, these hydrothermal
processes provide the most probable contribution for polymetallic Ni-
Mo-PGE mineralization (Han et al., 2017). In addition, the abundant
veins in the dolomite, barite and calcite associations also indicate hy-
drothermal activity during this contemporaneous period. These veins
may be related to the hydrothermal dolomites and dolomitization in the
Niutitang and Dengying formations in Guizhou and Hunan as well as the
barite deposits (Liu et al., 2014). Furthermore, large amounts of cherts
deposited along the southern margin of the Yangtze Platform, which
formed veins, breccia-like and layered, structures were also considered
to be influenced by low-temperature silicon-rich hydrothermal systems
(Chen et al., 2009).

5.4. Hydrothermal effect on the oceanic ecosystem

Hydrothermal activity was demonstrated to exist during the
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Ediacaran-Cambrian transition in South China, especially at the slope
facies (Fig. 8, Chen et al., 2009; Han et al., 2017). Modern hydrothermal
activity is known to release large amounts of highly '*C-depleted
greenhouse gases, HyS, Fe, Si, and many trace elements into the oceans
(e.g. Douville et al., 1999). Chen et al. (2009) proposed the area of
hydrothermal vent fields in South China is about 50,000-120,000 km?
and that the hydrothermal activity during the early Cambrian were
likely of global significance. On the one hand, abundant highly 3C-
depleted greenhouse gases (i.e. methane) released to the ocean may lead
to large-magnitude negative excursion of carbon isotopes (Chen et al.,
2009). On the other hand, large amounts of nutrients (e.g., P) released
from the hydrothermal vents transported to shallow water by upwelling
may have led to increased palaeo-productivity (Liu et al., 2018).
Abundant reduced metal elements (Fe, Mo, U) released from the hy-
drothermal vents could have also led to oceanic anoxia, and in turn,
enhanced organic matter burial, which could have driven atmospheric
and shallow water oxygenation during the early Cambrian (He et al.,
2019).

Higher TOC contents in the Tongren area than other regions suggests
that intense hydrothermal activity affected the local to regional envi-
ronment (Fig. 9). Hydrothermal fluids bringing significant nutrients and
metals to the seawater likely drove elevated productivity and/or intense
reducing conditions. Local hydrothermal activity would then also drive
formation of the organic matter enriched sediments in the Tongren area,
which may be the main focus of shale gas exploration in China (Fig. 9).

Background
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Fig. 8. Conceptual model illustrating the mechanisms of Hg contents in black shales of Niutitang Formation during the early Cambrian. (A) Normal sedimentation.
(B) Sedimentation affected by hydrothermal activities. Hg(II)—OM represents the complex of Hg and organic matter. Refer to the web version for interpretation of

the color.
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Moreover, silica enriched hydrothermal fluids released to the ocean
could have led to the formation of abundant bedded chert in the Liu-
chapo Formation (Tarasov et al., 1999; Racki and Cordey, 2000). It is
also possible that such a high concentration of dissolved silica may have
triggered the occurrence of siliceous organisms (i.e. siliceous sponges
and radiolarians) in the lower Cambrian in South China (Ma et al.,
2021).

6. Conclusions

We reported anomalous Hg concentrations in the lower Cambrian
black shales and revealed that Hg in these sediments is hosted domi-
nantly in organic matter. Elevated Hg concentrations provide direct
evidence of intense hydrothermal activity during the early Cambrian in
South China. Intense submarine volcanisms occurred during the depo-
sition of the lower member of the Niutitang Formation were evidenced
by elevated Hg enrichment as well as near-zero MIF values. Significant
positive Eu anomalies also support intense submarine volcanism, which
could be a significant source for many metal elements, and likely played
a significant role in the environmental perturbations and biotic evolu-
tions during the early Cambrian, at least in South China.
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