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Throughout the geological history of the Earth, submarine hydrothermal activity has played an important
role in seawater chemistry, biological evolution and enrichment of metals in the Earth crust. However,
the prospect of hydrothermal activity for extreme element accumulation during the early Cambrian, a
key geological period, in South China has not been well-constrained. This study reports geochemical
(e.g. REE and Sr isotope) investigations of a coarse-grained limestone layer and associated calcite veins
in Zunyi and Nayong areas, Guizhou Province, to constrain the hydrothermal activity and evaluate the
significance of hydrothermal contribution to extreme element accumulation during the early
Cambrian, South China. Our results reveal positive Eu anomalies and higher initial 87Sr/86Sr ratios
(0.7083–0.7150) for carbonate samples than those of early Cambrian seawater, indicating the presence
of hydrothermal processes. Combined with constraints from the spatial relationships and coincidence
with adjacent mineralization, these hydrothermal processes provide the most probable contribution
for polymetallic Ni–Mo–PGE mineralization. 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. Overall, multi-stage hydrothermal pulses with different fluid compositions
spanned the Ediacaran–Cambrian transition in South China. In particular, these hydrothermal fluids with
positive Eu anomalies and enriched radiogenic Sr, originating from Proterozoic mafic/ultramafic rocks,
may have flowed through the underlying Precambrian silicate clastic rocks (e.g., Xiajiang, Banxi and
Lengjiaxi Groups) and may have been crucial for the marine environment, biological diversity and
extreme element accumulation during the early Cambrian, South China.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Submarine hydrothermal activity may provide a perspective for
understanding the geological processes, geochemical cycling, and
the origin and evolution of life throughout the Earth’s history
(Baross and Hoffman, 1985 and references therein). Hydrothermal
activity with hot, volatile-rich hydrothermal solutions may have
changed the redox and chemical conditions of seawater, and even
resulted in mineralization on and/or below the seafloor (e.g.,
Baross and Hoffman, 1985; Zierenberg et al., 1998, 2000; Perner
et al., 2013). Moreover, the discovery of hydrothermal communi-
ties living in hydrothermal venting system also provides a possibil-
ity for investigating the origin of early life (e.g. Baross and
Hoffman, 1985; Russell and Hall, 1997; Nisbet and Sleep, 2001;
Mcdermott et al., 2015 and references therein).
In South China, submarine hydrothermal processes have been
suggested to explain extreme element accumulations (e.g., Ni,
Mo, Se, PGE, Ba, Si) within the widespread chert (e.g., Li, 1997;
Chen et al., 2009; Wang et al., 2012; Fan et al., 2013; Liu et al.,
2015), the bedded polymetallic Ni–Mo–PGE mineralization (e.g.,
Coveney and Chen, 1991; Murowchick et al., 1994; Lott et al.,
1999; Li and Gao, 2000; Jiang et al., 2006, 2007) and the super-
large barite deposits (e.g., Wang and Li, 1991; Xia et al., 2004;
Žák et al., 2003; Pašava et al., 2008; Han et al., 2015a) during the
early Cambrian (Fig. 1). However, the hydrothermal contribution
for extreme element accumulation has not been well constrained,
although marine redox conditions and biological evolution were
studied intensively across this crucial Ediacaran–Cambrian transi-
tion (e.g., Zhou and Jiang, 2009; Xu et al., 2012a; Pi et al., 2013;
Feng et al., 2014; Och et al., 2015; Cai et al., 2015; Wang et al.,
2015a; Wen et al., 2015; Cheng et al., 2016; Jin et al., 2016;
Zhang et al., 2016). For instance, the polymetallic Ni–Mo–PGE min-
eralization, has been studied for four decades (Fig. 1), however,
entirely different arguments were proposed, such as asteroid
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Fig. 1. Lithofacies palaeogeography map and distribution of several mineralization/deposits in the lower Cambrian sedimentary strata along the southern margin of Yangtze
Platform (modified from Wang and Li, 1991; Feng et al., 2002; Mao et al., 2002; Coveney and Pašava, 2005; Xu et al., 2014). Note: the provincial capitals here represent
different provinces.
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impact (Fan, 1983), seawater scavenging (Mao et al., 2002;
Lehmann et al., 2007, 2016; Xu et al., 2012b), submarine hydrother-
mal exhalative origin (Coveney and Chen, 1991; Murowchick et al.,
1994; Lott et al., 1999; Li and Gao, 2000; Jiang et al., 2006, 2007;
Fan et al., 2011; Wen and Carignan, 2011; Cao et al., 2013; Shi
et al., 2014; Han et al., 2014; Guo et al., 2016) and multiple sources
(Pašava et al., 2008; Han et al., 2015b). Furthermore, it has been
proposed that metazoans may have already existed in deep-sea
hydrothermal systems during the Precambrian, later migrating
from these hydrothermal vents to shallow water in the early Cam-
brian, according to the mass occurrences of arthropods, sponges
and undetermined shells which appear linked to the hydrothermal
vents (Steiner et al., 2001). Consequently, hydrothermal activity
may have played a crucial role in the extreme enrichment of ele-
ments, marine chemical conditions and biological diversity during
the early Cambrian, South China.

To constrain the hydrothermal contribution to extreme enrich-
ment of elements during the early Cambrian in South China, a
coarse-grained limestone layer closely underlain the polymetallic
Ni–Mo–PGE sulfides layer, coupled with nearby geological features
across the Ediacaran–Cambrian transition in Zunyi and Nayong
areas of Guizhou Province were investigated through the geologi-
cal, petrographic and geochemical (e.g., REE and Sr isotope) stud-
ies. Especially, the characteristics of Eu anomaly and the scope of
Sr isotopic signature can effectively identify hydrothermal involve-
ment for extreme metal accumulation.
2. Geological background

The lower Cambrian black shale sequence is well-preserved and
widely distributed along the southern margin of Yangtze Platform,
which is known as the Niutitang Formation in Guizhou and is
equivalent to the Qiongzhusi/Guojiaba Formation in Yunnan and
Sichuan, the Muchang/Xiaoyanxi Formation in Hunan, and the
Hetang Formation in Zhejiang Province (Fig. 1). The Ediacaran–
Cambrian boundary was constrained by SIMS U–Pb zircon ages of
542.1±5.0 Ma and/or 542.6±3.7 Ma in South China where the lower
Cambrian black shale is underlain unconformably by the Ediacaran
dolostone of the Dengying Formation and/or chert of the Liuchapo
Formation (Chen et al., 2015). However, a SHRIMP U–Pb zircon age
of 532.3 ± 0.7 Ma from a volcanic ash bed just below the poly-
metallic Ni–Mo–PGE sulfides layer in the lowermost Niutitang For-
mation in Zunyi area was also proposed (Jiang et al., 2009).

Several types of significant ore deposits are hosted in these
lower Cambrian sedimentary strata of South China (e.g., Emsbo
et al., 2005; Xu et al., 2014; Fig. 1). First, the polymetallic Ni–
Mo–PGE mineralization, with a few to tens of centimeters thick-
ness, occurs in Yunnan, Guizhou, Hunan, Jiangxi and Zhejiang Pro-
vinces contains extremely high Ni, Mo, Zn, TOC (total organic
carbon) and total PGE concentrations, which can reach up to
7 wt.%, 8 wt.%, 12 wt.%, 12 wt.% and 943 ppb, respectively (e.g.,
Xu et al., 2012b; Han et al., 2015b). Second, the phosphorite depos-
its have been mainly explored in Kunyang of Yunnan and Zhijin of
Guizhou. In particular, the Zhijin phosphorite deposit is a uniquely
associated REE deposit, with the concentration of total rare earth
oxides up to 0.17 wt.% (Jin et al., 2007; Chen et al., 2013). Third,
the barium mineralization usually occurs as sediment-hosted
stratiform barite deposit, with thicknesses ranging from 3 m to
10 m and content of BaSO4 up to 95 wt.% in Tianzhu of Guizhou,
Xinhuang of Hunan, Dongzhi of Anhui and Linan of Zhejiang
(Wang and Li, 1991; Fang et al., 2002; Han et al., 2015a). Finally,
vanadium deposits are mainly distributed in Tongren of Guizhou,
Jishou, Zhangjiajie and Changde of Hunan, Yichang of Hubei and
Duchang of Jiangxi. This vanadium-bearing black shale sequence
commonly starts from the base of the Niutitang Formation and
has a thickness of 7–40 m with the V2O5 concentrations of up to
2 wt.% (Hu et al., 2010; Shu et al., 2014).

In Zunyi and Nayong areas of Guizhou Province, South China,
the lower Cambrian Niutitang Formation exhibits a similar
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variation of lithological stratigraphy from the bottom up as fol-
lows (Zeng, 1998; Zhou et al., 2008; Fan et al., 2011; Gao
et al., 2011; Han et al., 2015b; and references therein; Fig. 2):
(1) A clay layer including a mass of pyrite with a thickness of
up to 0.5 m unconformably overlying the dolostone of the Edi-
acaran Dengying Formation; (2) A phosphate layer with a thick-
ness of up to 1.2 m; (3) A volcanic tuff with a thickness of up to
0.2 m; (4) A bedded chert, usually intercalated with black shale
Fig. 2. Integrated lithological stratigraphy of lower Cambrian Niutitang Formation in Zu
Zhou et al., 2008; Fan et al., 2011; Gao et al., 2011; Han et al., 2015b; and references th
terminates in the overlain polymetallic sulfides layer. Meanwhile, the other type of calcit
the red triangles represent the stratigraphic position of samples where we collected.
and containing pyrite nodules (0–2 m); (5) The lower black shale
with pyrite and apatite nodules (0–8 m); (6) A black coarse-
grained limestone layer (0–0.6 m) that cut through vertically
by abundant calcite veins; (7) The polymetallic Ni–Mo–PGE sul-
fides layer with a thickness from 0.02 to 0.6 m, and a maximum
thickness of 2 m, which is generally intercalated closely with cal-
cite veins; (8) The upper black shale contains pyrite nodules
with a thickness of more than 20 m. However, the volcanic tuff
nyi and Nayong areas, Guizhou Province, South China (modified from Zeng, 1998;
erein). The calcite vein that cut through the coarse-grained limestone layer always
e veins are commonly closely intercalated within the polymetallic sulfide ores. Note:
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layer reported in Zunyi area has not been found in Nayong area
to date (Fig. 2).
3. Materials and methods

The integrated lithological stratigraphy of Niutitang Formation
and stratigraphic position of our studied samples in Zunyi and
Nayong areas were illustrated in Fig. 2. First, twenty coarse-
grained limestone samples were collected from open pits in Zhong-
nan village of Zunyi County (N 27�410, E 106�400) and Shuidong vil-
lage of Nayong County (N 26�430, E 105�330), Guizhou Province. The
coarse-grained limestone layer occurs in the form of stratiform
(Fig. 3a and b), lenticular (Fig. 3c) and granular structures (Fig. 3d).
The typical coarse-grained limestone samples are characterized by
gradually decreasing size of calcite grains from bottom to top,
which were divided into the lower and upper part in this study
(e.g. Fig. 3, Supplementary Materials). In addition, the calcite veins,
which cut through vertically the coarse-grained limestone layer
but terminated in the overlying polymetallic Ni–Mo–PGE sulfides
layer, appear linked to the polymetallic mineralization. Therefore,
four samples of this type of calcite vein including white and black
calcite veins were also collected (e.g., Fig. 3a, Supplementary Mate-
rials). Third, three other calcite veins, closely intercalated within
the polymetallic Ni–Mo–PGE sulfide ores, were investigated
together along with seven REE data from Feng et al. (2011) (Fig. 3e,
Supplementary Materials). All samples of coarse-grained limestone
and calcite veins were prepared to determine the trace elements,
REE concentrations and Sr isotopic signature. Moreover several
dolostone samples with abundant veins were collected from the
Dengying Formation in Zhongnan villiage of Zunyi County for pet-
rographic observation (Fig. 3f–h). Finally, the above-mentioned
samples were prepared as polished sections.

Petrological investigations of polished sections were performed
at the State Key Laboratory of Ore Deposit Geochemistry (SKLODG),
Institute of Geochemistry, Chinese Academy of Sciences (IGCAS),
using a JEOL JSM-7800FX field emission scanning electronic
microscope (FESEM) with an EDAX energy dispersive X-ray spec-
troscope (EDS).

REE and several trace element concentrations were determined
using a Perkin-Elmer Sciex ELAN DRC-e ICP-MS at the SKLODG,
IGCAS. First, a 50 mg powder sample was dissolved in a high-
pressure Teflon bombs with HF and HNO3 at 190 �C for 48 h. Sec-
ond, the residue was dissolved again with the appropriate amount
of H2O, HNO3 and Rh at 145 �C for 12 h. Rh was used as an internal
standard to monitor drift during the analysis (Qi et al., 2000). The
standard reference materials AGV-2, AMH-1 and GBPG-1 were dis-
solved and measured together with our samples and the analytical
precision was better than 10 % relative standard deviation. In par-
ticular, the absence of correlation between Ba and Eu anomalies in
these studied samples suggests that there was no isobaric interfer-
ence of BaO with Eu during the ICP-MS analytical procedure (Sup-
plementary Materials).

Sr isotope separation was also carried out at the SKLODG,
IGCAS. Given the measured 87Sr/86Sr can represent the initial
87Sr/86Sr of the calcite because of its extremely low Rb/Sr ratio
and high Sr concentration, the limestone selectively dissolved by
acetic acid (HAc) can be recommended for studies of the strontium
isotopic curve during the Earth’s history. In this study, similar
experimental procedure was also carried out as follows (e.g.,
Derry et al., 1994; Nohda et al., 2013), to investigate the Sr isotopic
signature of coarse-grained limestone and calcite veins. A 200 mg
sample was dissolved with 10% HAc (blank values of Rb and Sr
are 0.045 ppb and 1.05 ppb, respectively; Supplementary Materi-
als) for six hours to dissolve the calcite, rather than silicate miner-
als, sulfides and barite, and the solution was centrifuged and
filtered. After that, Sr was then separated using the standard ion
exchange techniques (AG–50W–12X resin) with hydrochloric acid
(HCl) purified by sub-boiling distillation. After separation, Sr iso-
tope ratios were measured via a MAT262 solid isotope mass spec-
trometer at the Institute of Geology, Chinese Academy of
Geological Sciences. All the results of 87Sr/86Sr were normalized
to 88Sr/86Sr = 8.37521. In this study, the 87Sr/86Sr ratio of the
NBS987 (SrCO3) was 0.710238 ± 0.000012 (2r), consistent with
the recommended value.
4. Results

4.1. Geological, mineralogical and petrographic results

There are two distinctly petrographic characteristics shown in
coarse-grained limestone samples. One is that the quartz, illite,
feldspar and pyrite are dispersed in the calcite matrix and at the
interface of calcite grains (Fig. 4a). The other is that the quartz
grains are surrounded by numerous micro granular apatite grains,
together with a few sphalerite and pyrite grains dispersed in the
calcite matrix (Fig. 4b).

Calcite veins vertically cut through coarse-grained limestone
layer, but terminate in the overlying polymetallic sulfides layer.
There are a number of dolomite and organic matter fragments with
angular structure and pyrite occurring in these calcite veins
(Fig. 4c and d). Moreover, in the organic matter fragments, many
V-bearing and Ni-bearing sulfides also occur at the micro to nano
scale (Fig. 4d). For another, the calcite veins intercalated in the
polymetallic Ni–Mo–PGE sulfides layer are almost homogeneous,
except for a few grains of sporadic Mo-bearing minerals (MoSC,
Kao et al., 2001) and millerite (Fig. 4e–f). It is noteworthy that
the Ni-bearing sulfides commonly host in these calcite veins.

In regards to the dolostone samples from the Dengying Forma-
tion in Zunyi area, two distinctive geological features are exhibited.
One is the massive apatite associated with dispersed barite and
dolomite grains, which fill in the fractures of the Dengying
Formation dolostone (Figs. 3f, 4g). The other is that the Dengying
Formation dolostone is cut through by the dolomite veins and
barite-calcite veins (Figs. 3g–h, 4h).
4.2. Geochemical results

4.2.1. REE data
The REE and related trace elements data are listed in Supple-

mentary Materials and REE patterns of coarse-grained limestone
samples in Zunyi and Nayong areas are illustrated in Fig. 5a and
b. For Zunyi area, the

P
REE ranges from 7.79 to 73.5 ppm, except

for two high concentrations (152 ppm for ZNls-4 and 311 ppm for
ZNls-5). The PAAS-normalized (post-Archean Australian shale;
McLennan, 1989) REE patterns show significantly variable Eu
anomalies (dEu), with values from 0.80 to 3.17 (Fig. 5a, Supplemen-
tary Materials). For Nayong area, the

P
REE mainly ranges from

21.8 to 79.2 ppm and dEu values vary from 0.85 to 1.61 (Fig. 5b,
Supplementary Materials). Specifically, there are no significant
variations of

P
REE and dEu in the lower and upper parts of

coarse-grained limestone samples, such as ZNls-1, SDls-3 and
SDls-6 (Fig. 3b, Supplementary Materials).

Calcite veins that cut through the coarse-grained limestone
layer show extremely low

P
REE compared to those of coarse-

grained limestone samples, which are from 0.31 to 4.74 ppm for
white veins and from 0.82 to 16.0 ppm for black veins. Also, the
PAAS-normalized REE patterns show positive Eu anomalies with
dEu values from 1.91 to 94.2, but the abnormally high values
may be attributed to extremely low concentration of Sm and Gd



Fig. 3. Characteristics of the studied samples in Zhongnan villiage of Zunyi county (N 27�410 , E 106�400) and Shuidong villiage of Nayong county (N 26�430 , E 105�330),
Guizhou Province, South China. a, b: coarse-grained limestone sample (Nayong) with stratiform structure and decreasing size of calcite grains from the lower part to upper
part, which is often cut through by the calcite veins; c, d: coarse-grained limestone sample with lenticular (Nayong) and granular (Zunyi) structure; e: the calcite vein
intercalated closely within the polymetallic sulfide ores (Zunyi); f: the dolostone of the Dengying Formation with massive apatite and barite filled in the fracture (Zunyi); g, h:
the dolostone of the Dengying Formation which is cut through by latter hydrothermal dolomite and barite-calcite veins (Zunyi). The pictures were taken by Tao Han.
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Fig. 4. Petrographic observations of studied samples by field emission scanning electronic microscope. a, b: two differently petrographic characteristics of coarse-grained
limestone samples; c, d: the characteristics of calcite veins with dolomite and organic matter (OM) fragments with angular structure in coarse-grained limestone layer, d is
the enlarged image in c; e. f: the characteristics of calcite vein in polymetallic sulfide ore; g, h: the characteristics of dolostone of the Dengying Formation with abundant
calcite, apatite and barite minerals. The photographs were taken by Tao Han.
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Fig. 5. PAAS-normalized REE patterns for coarse-grained limestone samples (a: Zunyi area; b: Nayong area); for calcite veins in coarse-grained limestone layer (c); for calcite
veins intercalated within polymetallic sulfide ores (d); for hydrothermal fluids (data in pM) from Mid-Atlantic Ridge-MAR and East Pacific Rise-EPR (e; Douville et al., 1999);
for present-day seawater (data in pM) and Cambrian limestone samples (f; Alibo and Nozaki, 1999; Ling et al., 2013). Note: the PAAS data (post-Archean Australian shale) are
from McLennan (1989) and all the data are consistent with the Supplementary Materials.
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during the dEu calculation and we just provide it for reference here
(Fig. 5c, Supplementary Materials). Moreover, calcite veins interca-
lated in the polymetallic sulfides layer contribute to relatively high
P

REE concentrations ranging from 5.56 to 276 ppm. All positive
Eu anomalies of these calcite veins with values from 3.29 to 22.7
are also exhibited in the PAAS-normalized REE patterns (Fig. 5d,
Supplementary Materials).
4.2.2. Sr isotope data
The Sr isotope ratios of studied samples are also shown in

Supplementary Materials. For instance, the initial 87Sr/86Sr values
of coarse-grained limestone samples in Zunyi and Nayong areas
are from 0.7088 to 0.7119 and from 0.7092 to 0.7126, respec-
tively. Also, the Sr isotopic signatures are almost consistent in
lower and upper parts of ZNls-1, SDls-3 and SDls-6 (Fig. 6; Sup-
plementary Materials). In addition, both white and black calcite
veins that cut through coarse-grained limestone layer show rel-
atively high 87Sr/86Sr ratios ranging from 0.7083 to 0.7150
(Fig. 6; Supplementary Materials). Moreover, the 87Sr/86Sr ratios
of calcite veins intercalated in polymetallic sulfides layer are rel-
atively stable and range from 0.7112 to 0.7118 (Fig. 6; Supple-
mentary Materials).



Fig. 6. Diagrams of Eu anomalies (dEu) against 87Sr/86Sr ratios for studied samples.
The dEu and 87Sr/86Sr ratio of three end members are as follows: 1) hydrothermal
fluids (dEu = 32, 87Sr/86Sr = 0.704) from Douville et al. (1999), Ravizza et al. (2001),
and Amini et al. (2008); 2) Cambrian seawater (dEu = 1.04, 87Sr/86Sr = 0.7085) from
Ling et al. (2013), Derry et al. (1994), Jacobsen and Kaufman (1999) and references
therein; 3) silicate clastic rocks (dEu = 1.08, 87Sr/86Sr = 0.720) similar to upper
continental crust from Rudnick and Gao (2003), and Faure (1977). Note: the
abnormally high dEu values for the calcite veins in coarse-grained limestone layer
might be due to their extremely low concentrations and provided here as a
reference. All the data are consistent with the Supplementary Materials.
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5. Discussion

5.1. Geochemical and geological implications for hydrothermal activity

5.1.1. REE geochemistry
In deep-sea hydrothermal systems, previous studies have pro-

posed that REE concentrations of hydrothermal fluids are often
controlled by the presence of plagioclase phenocrysts (e.g.,
Douville et al., 1999 and references therein). Hydrothermal fluids
commonly contribute similar REE patterns and strikingly positive
Eu anomalies in different tectonic settings (e.g., Mid-Atlantic Ridge
and East Pacific Rise) where high temperature solutions percolate
through the subsurface ultramafic/mafic rocks (e.g., Klinkhammer
et al., 1994; Bau and Dulski, 1999; Douville et al., 1999; Fig. 5e).
In this study, about half of coarse-grained limestone samples exhi-
bit positive Eu anomalies, with dEuPAAS values from 1.16 to 3.17,
while the remainder yields dEuPAAS values ranging from 0.80 to
1.05 (Fig. 5a and b; Supplementary Materials). These positive Eu
anomalies are different from those of contemporaneous limestone
(average dEuPAAS = 1.04, Fig. 5f; Ling et al., 2013), present-day sea-
water (dEuPAAS = 1.05, Alibo and Nozaki, 1999; Fig. 5f) and host
black shale (dEu ˂ 1, Jiang et al., 2006; Feng et al., 2011), but are
similar to those of hydrothermal fluids with high values of dEu
(dEuPAAS = 10.6–93.0, Douville et al., 1999; Fig. 5e). In addition,
the coexistence of positive and negative Eu patterns (0.80–3.17)
are very consistent with those of the nearby polymetallic sulfide
ores (0.60–2.78) and phosphate nodules (0.92–1.39) from the Niu-
titang Formation, which were proposed to be a result of submarine
exhalative hydrothermal processes (Jiang et al., 2006; Zhu et al.,
2014). Thus, by comparing the above-mentioned, positive Eu
anomalies of coarse-grained limestone samples may also indicate
the involvement of hydrothermal fluids during its formation,
whereas the remainder without positive Eu anomalies may be
weakly or not influenced by hydrothermal fluids. Coincidently,
the mafic and ultramafic igneous rocks developed in South China
during the Proterozoic era (Li and Gao, 2000) might be potential
candidates for positive Eu anomalies related to hydrothermal pro-
cess. In addition, these subsurface mafic and ultramafic rocks were
similarly proposed as the source of PGE in overlying polymetallic
Ni–Mo–PGE mineralization (Li and Gao, 2000; Han et al., 2015b).
Therefore, the positive Eu anomalies of the coarse-grained lime-
stone samples are indicative of remarkable hydrothermal activity
during the early Cambrian which might be related to the Protero-
zoic mafic/ultramafic rocks.

Furthermore, the abnormally high dEuPAAS values (up to 94.3) of
calcite veins that cut through the coarse-grained limestone layer
might be attributed to the extremely low concentration of Sm
and Gd during the calculation of dEuPAAS, but the remaining posi-
tive Eu anomalies (dEuPAAS = 1.19–2.33; Fig. 5c; Supplementary
Materials) are also presented. Positive Eu anomalies are also found
in those calcite veins intercalated within the polymetallic sulfides
layer (dEuPAAS = 3.29–22.7, Fig. 5c and d; Supplementary Materi-
als). As mentioned above, the calcite veins in coarse-grained lime-
stone layer and polymetallic sulfides ores similarly also indicate
the presence of hydrothermal activity and a possible linkage with
the nearby polymetallic Ni–Mo–PGE mineralization.

5.1.2. Sr isotope geochemistry
The 87Sr/86Sr isotopic signature of seawater during the early

Cambrian has been extensively determined to be near 0.7085
(e.g., Derry et al., 1994; Jacobsen and Kaufman, 1999; Sawaki
et al., 2008 and references therein). In South China, the Sr isotopic
excursion across the Precambrian–Cambrian boundary is charac-
terized by a suddenly increase from 0.7087 to 0.7108 in the upper-
most Ediacaran, and then a gradual decrease to 0.7090 in the
lowermost Cambrian in the Three Gorges area (Sawaki et al.,
2008). Recently, Li et al. (2013) proposed the Sr isotope evolution
of seawater, which shows a decreasing trend from 0.7085–0.7086
to 0.7082–0.7083 across the Ediacaran–Cambrian transition from
the Xiaotan section, Yunnan Province. On the contrary, it has been
proposed that the mafic/ultramafic-hosted submarine hydrother-
mal fluids from the East Pacific Rise and Mid-Atlantic Ridge often
exhibit relatively smaller values from 0.7034 to 0.7042 in marine
environments (e.g., Ravizza et al., 2001; Amini et al., 2008). Never-
theless, in this study, the initial 87Sr/86Sr values of almost all
coarse-grained limestone samples (0.7088–0.7126, Fig. 6; Supple-
mentary Materials) are higher than those of early Cambrian seawa-
ter and modern hydrothermal fluids. Furthermore, much higher
initial 87Sr/86Sr isotope values are also obtained from the calcite
veins of coarse-grained limestone layer (0.7083–0.7150, Fig. 6;
Supplementary Materials) and the calcite veins of polymetallic sul-
fides ores (0.7112–0.7118, Fig. 6; Supplementary Materials). Mean-
while, higher initial 87Sr/86Sr values ranging from 0.7087 to 0.7123
were also found in the phosphate nodules from the lower Cam-
brian Niutitang Formation, NW Hunan Province (Zhu et al.,
2014). Žák et al. (2003) also suggested a higher Sr isotope ratio
(e.g., 0.7167) for the accessory barite in the polymetallic sulfides
layer at the Zunyi area which may be caused by either hydrother-
mal fluid derived from older Precambrian crust or younger
hydrothermal event. By comparing these higher Sr isotopic signa-
tures, it appears that there is another source of enriched radiogenic
Sr involved in the formation of coarse-grained limestone layer, as
well as in the calcite veins of coarse-grained limestone and poly-
metallic sulfides layer. It is well known that silicate clastic rocks
with 87Sr/86Sr values up to 0.72 may be the most suitable candi-
dates (Faure, 1977 and references therein). Combined with the
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positive Eu anomalies, it is likely that the hydrothermal fluid flow-
ing through the silicate clastic rocks could contribute higher
87Sr/86Sr values detected in the studied samples. In fact, the
involvement of enriched radiogenic Sr was often found in some
economic deposits related to hydrothermal systems in South
China, in which these higher 87Sr/86Sr values were interpreted as
hydrothermal fluids interacting with the silicate clastic rocks from
the basement or the wall rocks, such as the Xujiashan antimony
deposit hosted by the marine carbonates of the Ediacaran
Doushantuo and Dengying Formations, the Kangdian IOCG (Iron
Oxide Copper Gold) metallogenic province hosted by the Paleopro-
terozoic volcanic-sedimentary succession and the Zn–Pb deposits
hosted by the dolostone of the Ediacaran Dengying Formation
and the lower Cambrian Meishucun/Qingxudong Formations
(Schneider et al., 2002; Shen et al., 2010; Chen et al., 2014; Zhao
et al., 2015; Zhou et al., 2015a).

As a consequence, integrating end members of the Cambrian
seawater, hydrothermal fluids and silicate clastic rocks for dEu
and initial 87Sr/86Sr in Fig. 6, it appears that the positive Eu anoma-
lies and enriched radiogenic Sr of studied samples may be inher-
ited from the hydrothermal fluid derived from the Proterozoic
mafic/ultramafic rocks and the underlying Precambrian silicate
clastic rocks (e.g., Xiajiang, Banxi or Lengjiaxi Groups, Wang
et al., 2015b).

5.1.3. Geological evidence of hydrothermal activity
Quite apart from the geochemical evidence for hydrothermal

activity, there are geological features that also point out the poten-
tial occurrence of multi-stage hydrothermal activity during the
early Cambrian in South China. As mentioned above, a large num-
ber of calcite veins, whether cutting through the coarse-grained
limestone layer or intercalated with the polymetallic sulfide ores,
suggest widespread development involvement of hydrothermal
fluids. Specifically, numerous dolomite and organic matter frag-
ments with angular structure were incorporated into the calcite
veins of coarse-grained limestone layer. These dolomite fragments
contain abundant co-genetic pyrite grains similarly indicating
hydrothermal modification (Fig. 4c). Also, these hydrothermal cal-
cite veins are likely connected with adjacent polymetallic sulfide
layer based on the presence of Ni-bearing sulfides they all have
(Fig. 4d, f; Han et al., 2015b). Furthermore, abundant hydrothermal
veins, including the dolomite and barite-calcite assemblages in the
dolostone of the Dengying Formation, similarly show hydrother-
mal activity during this critical geological period (Figs. 3f–h, 4g–
h). These hydrothermal dolomite and barite-calcite veins could
be correlate with the hydrothermal dolostone and/or dolomitiza-
tion in the Dengying Formation and the bedded stratiform barite
deposits in the Niutitang Formation of Guizhou and Hunan Pro-
vinces (e.g., Liu et al., 2014; Han et al., 2015a and references
therein). In addition to this, abundant chert precipitated along
the southern margin of the Yangtze platform occurring in the form
of mounted, veined, brecciated and bedded structures, was also
attributed to low temperature, silica-rich hydrothermal systems
(Chen et al., 2009; Wang et al., 2012; Fan et al., 2013). Finally, it
should be noted that these diverse veins occur within the lower
Cambrian has not been accurately dated. Nonetheless, it is likely
that multi-stage submarine hydrothermal activity took place dur-
ing the early Cambrian in South China.

5.2. Hydrothermal contribution to the mineralization/ore deposits

For the lower Cambrian of the Yangtze Platform, South China,
previous investigators have proposed that hydrothermal contribu-
tion may play an important role in the extreme metal accumula-
tions in several metal-enriched deposits (e.g., Ni, Mo, Se, PGE, Ba,
Si). Despite a long-running debate, it has not been conclusively
determined whether the metal enrichment was due to hydrother-
mal origin or seawater scavenging (e.g., Coveney and Chen, 1991;
Mao et al., 2002; Jiang et al., 2006, 2007; Lehmann et al., 2007,
2016). Here, the polymetallic Ni-Mo-PGE mineralization and the
barite deposits were taken as examples based on our results and
previous studies to evaluate the possibility of the hydrothermal
contributions. The former is an unusual thin bed that is hosted in
the lowermost Cambrian of the Yangtze Platform and has received
extensive attention during the past four decades (Coveney and
Pašava, 2005). The latter is one of the most important areas glob-
ally for barite exploration, with reserves of at least 200 million ton-
nes (Yang et al., 2008).

5.2.1. Polymetallic Ni-Mo-PGE mineralization
As discussed in previous studies, whether the metals are of sub-

marine hydrothermal origin or scavenging from seawater is the
main focus of debate for the polymetallic Ni-Mo-PGE mineraliza-
tion. Initially, Fan (1983) proposed the polymetallic Ni–Mo–PGE
sulfides ores are attributed to extraterrestrial impact based on
the Ir anomaly (11–31 ppb). Coveney and Chen (1991) suggested
that the Ni-Mo-PGE sulfides beds probably originated from sub-
marine springs through deep fractures during the Cambrian,
according to the linear distribution of the known ore deposits.
Studies of fluid inclusions associated with the sulfide ores and S
isotopes of the pyrite nodules indicate that the metal sulfide min-
eralization was attributed to the variable salinity hydrothermal
fluids, with some ore constituents introduced into a bacteriogenic
sulfide-rich environment (Murowchick et al., 1994; Lott et al.,
1999). Nevertheless, new evidence for the seawater origin has also
been suggested. That is to say, the element concentration pattern
of the polymetallic sulfides ores is similar, but is exceptionally
enriched by factors of �107 compared to modern seawater, which
may have formed in a sediment-starved, stratified basin with
replenishment by fresh seawater and euxinic deep water (Mao
et al., 2002; Lehmann et al., 2007). Additionally, the integrated geo-
chemical evidence, including Mo and Cr isotopes, PGE, trace and
rare earth elements, suggest that most metals of the polymetallic
sulfide ores were scavenged from early Cambrian seawater (Xu
et al., 2012b; Lehmann et al., 2016). Beyond that, Kříbek et al.
(2007) considered that polymetallic sulfides layer represent a rem-
nant of phosphate- and sulfide-rich subaquatic hardground sup-
plied with organic material derived from plankton and benthic
communities as well as with algal/microbial oncolite-like bodies
that originated in wave-agitated, shallow-water, nearshore envi-
ronment. Simultaneously, the submarine hydrothermal origin has
been suggested as well, based on the PGE, REE patterns and Sr iso-
tope (Li and Gao, 2000; Žák et al., 2003; Jiang et al., 2006, 2007;
Orberger et al., 2007) and also comparision with Ba-deposits
(Pašava et al., 2008). In addition, the Se isotope and Se speciation
studies consistently note the hydrothermal contribution for the
Se accumulation in this polymetallic Ni-Mo-Se sulfide layer (Fan
et al., 2011; Wen and Carignan, 2011). Recently, the results of trace
elements and PGE in Nayong area, Guizhou Province suggested
that multiple metal sources may be responsible for the formation
of polymetallic Ni–Mo–PGE mineralization. Namely, the Protero-
zoic and Early Palaeozoic mafic and ultramafic rocks, dolomites
and/or Pb–Zn deposits of the Neoproterozoic Dengying Formation
and seawater could be the principal sources for Co–Ni–Cu–PGE,
Zn–Cd–Pb, and Mo–Tl–TOC, respectively (Han et al., 2015b). This
conclusion was consistent with other recent studies that also sug-
gest different sources and enrichment mechanisms for Ni and Mo
(Cao et al., 2013; Shi et al., 2014; Han et al., 2014).

Reasons for these uncertainties and contradictions may be
mainly due to the complicated elemental associations, such as ele-
ments associated with felsic rocks (Mo–Pb–Zn–REE) and elements
associated with mafic/ultramafic rocks (Fe–Ni–Cu–PGE), which
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makes distinguishing their origins and sources difficult. In this
study, the coarse-grained limestone layer and related calcite veins
in Zunyi and Nayong areas, Guizhou Province further indicate the
most likely occurrence of hydrothermal contribution for the poly-
metallic Ni–Mo–PGE mineralization. Combined with our recent
studies (Han et al., 2015b), this study suggests that there is a sig-
nificant hydrothermal contribution with relatively high tempera-
ture, low-pH, and Cl-rich fluids for the metal accumulation, such
as Ni, Zn and PGE during the formation of polymetallic Ni–Mo–
PGE mineralization, despite the probable seawater scavenging for
extreme Mo enrichment.

5.2.2. Barium ore deposits
The distinctive black shale or chert hosted stratiform barium

deposits that are mainly distributed along the north and south
margins of the Yangtze Platform have led China to become one
of the largest barium producers in the world. This type of barium
mineralization mainly occurs in the lower Cambrian, which is
underlain by phosphorite and overlain by black shale. It is usually
in the form of barite and witherite deposits, with massive, lami-
nated, banded and nodular textures for the barite deposits, and
compact, massive and nodular textures for the witherite deposits
(Wang and Li, 1991). Within the scope of our study, the significant
barite deposits that occur in Tianzhu, Guizhou Province and Xin-
huang, Hunan Province are characterized (Fig. 1).

Many previous studies have suggested that hydrothermal pro-
cess is the main cause of barite mineralization in Guizhou and
Hunan Provinces. For instance, many algae, sponge spicules and
tube-type fossils well-preserved in the barite sequences present
a scene of a hydrothermal venting community thriving in the
hydrothermal system during the early Cambrian (Yang et al.,
2008). Žák et al. (2003) and Pašava et al. (2008) advocated an
hydrothermal origin of barite deposits in the eastern part of
Guizhou Province describing hydrothermal channels for Ba-
mineralization. Additionally, a hydrothermal-related mineral,
hyalophane, with zoned texture was detected and investigated
only in the ore horizon, which indicates that barite mineralization
may result from fault-controlled multi-stage hydrothermal activity
(Han et al., 2015a; Xia et al., 2004). Furthermore, the positive Eu
anomalies of the mineralized horizon (3.23–8.40) are higher than
those of the nearby non-mineralized horizon (1.06–1.42), and indi-
cate that the hydrothermal activity mainly contributed to the bar-
ite deposit (Han et al., 2015a), but it is not sure whether there is the
isobaric interference of BaO with Eu during the ICP-MS analysis
because of the extremely high Ba concentration. For the other,
the Sr isotope analysis, the most feasible geochemical indicator
for distinguishing marine barite and hydrothermal barite, was also
applied to these deposits (Paytan et al., 2002;Wang and Chu, 1993;
Xia et al., 2004; Žák et al., 2003). In South China, the Sr isotope
ratios of the barite deposits, have most values (0.7083–0.7087)
lower than that of Cambrian seawater but similar to those of the
submarine hydrothermal system (0.7034 to 0.7042; Ravizza
et al., 2001; Amini et al., 2008). It was proposed that these lower
87Sr/86Sr ratios of barite deposits may derived from a submarine
hydrothermal vent/volcano during its formation (Wang and Chu,
1993; Xia et al., 2004). However, these lower initial 87Sr/88Sr values
should be further evaluated as well as they could be related to the
dissolution technique used during the Sr isotope determination.
The lower 87Sr/86Sr ratios of the barite deposits were obtained from
the dissolution by mixing reagents of HF, HCl, HNO3 and HClO4 in
South China (Wang and Chu, 1993; Xia et al., 2004), which were
different from the traditional barite-selective dissolution tech-
nique of alkali fusion with Na2CO3 or the resin chelation method
used in other Sr isotope determinations of barite (Martin et al.,
1995; Paytan et al., 2002; Zhou et al., 2015b). Thus, in view of
the uncertain evidence of hydrothermal activities for the barite
deposits in South China, further studies using appropriate geo-
chemical techniques should be conducted to constrain the miner-
alization process of these significant barite deposits.
6. Conclusions

This study suggests that the coarse-grained limestone layer just
below the polymetallic Ni–Mo–PGE sulfides layer, is a marine car-
bonate rock with remarkable alteration by hydrothermal fluid, and
provides the best evidence of hydrothermal contribution to the
polymetallic mineralization based on the petrographic observa-
tions, positive Eu anomalies, and higher 87Sr/86Sr ratios during
the early Cambrian, South China. In addition, widespread calcite
veins in coarse-grained limestone layer and polymetallic sulfide
ores, with positive Eu anomalies and higher initial 87Sr/86Sr ratios
also point out the development of a hydrothermal activity. The
common Ni-bearing sulfides in these calcite veins and polymetallic
sulfides ores further indicate an hydrothermal contribution for the
polymetallic Ni–Mo–PGE mineralization. In particular, hydrother-
mal activity with relatively high temperature, low-pH, and Cl-
rich fluids, which might have originated from the subsurface
mafic/ultramafic rocks and flowed through Precambrian basement
silicate clastic rocks, may be prevalent and play an important role
in extreme element accumulation during the early Cambrian in
South China. Finally, with the addition of the abundant hydrother-
mal dolomite and barite-calcite veins of the Dengying Formation, it
appears that there were multi-stage activities with varied fluid
compositions that developed widely across the Ediacaran–Cam-
brian transition in South China.
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