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A B S T R A C T

Widespread Ni-Mo sulfide mineralization in South China during the early Cambrian may have affected the
seawater chemistry and biodiversity of this region, but its underlying causes are not well-understood. To better
understand the formation of sulfide ores in early Cambrian marine systems, this study evaluated the paragenesis
and sulfur isotopic composition (δ34S) of sediment-hosted Ni-Mo sulfide ores in the lower Cambrian Niutitang
Formation of the Nanhua Basin of South China. Petrographic analysis revealed three types of sulfide aggregates:
(1) ubiquitous framboidal and euhedral pyrite (Py-1), (2) a MoSC phase (i.e., Mo mineralization) that was
cogenetic with larger pyrite cubes or nodules (Py-2), and (3) intergrown millerite (NiS), sphalerite (ZnS) and
veined pyrite (Py-3) (i.e., Ni-Zn mineralization) characterized by laminated and veined textures. Alternating
precipitation of Mo and Ni-Zn sulfides was caused by intermittent emission of Mo-Fe or Ni-Zn-rich hydrothermal
fluids into euxinic mid-depth waters of the Nanhua Basin, representing a sedimentary exhalative (SEDEX)
process. The different sedimentary ore textures are each associated with a characteristic δ34S distribution. At all
study sites, the syngenetic Py-1 phase yields δ34S of −15.7 to + 1.9‰, consistent with a seawater sulfate source
that was variably fractionated through microbial sulfate reduction (MSR). In the Nayong and Zunyi areas, δ34S
values of −11.8 to +4.4‰ are associated with the MoSC phase, and −20.6 to −6.8‰ with the Py-2 phase. In
the Zhangjiajie area, Py-2 yields similar values (−25.1 to −10.8‰) but MoSC higher and less variable values
(+8.6 to +18.7‰). These phases are thought to contain a mixture of sulfur sourced from seawater sulfate (via
MSR) and hydrothermal fluids in varying proportions. A mode of Ni-Zn sulfides δ34S values between −9.1 and
+8.0‰ is likely to represent the isotopic composition of hydrothermal sulfur inputs to the Ni-Zn mineralization.
As a consequence, both hydrothermal emissions and biogenic production of H2S had a significant influence on
seawater chemistry, with consequences for contemporaneous evolution of early marine animal life (e.g., the
small shelly fauna and Chengjiang Biota) in the early Cambrian Nanhua Basin.

1. Introduction

The nature of marine sedimentary deposits through Earth history
has been closely related to the evolution of atmosphere-ocean system
(Lyons et al., 2006; Pufahl and Hiatt, 2012). Some sedimentary ores
such as banded iron formations (BIF), phosphorite beds and sedimen-
tary exhalative (SEDEX) deposits were partially or completely derived
from seawater, affecting the oceanic environment (Lyons et al., 2006;
Pufahl and Hiatt, 2012; Leach et al., 2010). Large-scale submarine

metallogenic events can affect the oceanic sulfur cycle, even though it is
dominated by riverine source fluxes related to oxidative weathering of
sulfide to sulfate on land and by sink fluxes related to evaporites and
sedimentary pyrite (Rees, 1970; Bottrell and Newton, 2006; Halevy
et al., 2012). All of these processes contribute to long-term secular
changes in the oceanic sulfate reservoir and the sulfur isotope compo-
sition (δ34S) of seawater sulfate (Brennan et al., 2004; Fike and
Grotzinger, 2008; Algeo et al., 2015). SEDEX deposits (e.g., Pb-Zn or
pyrite) can exhibit a large range of sulfur isotope fractionations relative
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to ambient seawater, reflecting strong activity of sulfate-reducing mi-
crobes (SRM) under anoxic conditions (Goodfellow, 1987; Leach et al.,
2005; Gadd et al., 2016, 2017; Qiu et al., 2018). Hydrothermal activity
can also produce sediment-hosted massive barite deposits formed
through mixing of barium-rich fluids and sulfate-rich seawater (Clark
et al., 2004). The strong 34S-enrichment of such deposits is thought to
result from Rayleigh distillation of aqueous sulfate in restricted marine
settings (Clark et al., 2004; Johnson et al., 2009). Hence, sulfide and
sulfate mineralization processes can potentially affect seawater chem-
istry at a local or even a global scale.

The early Cambrian was a critical transitional interval in terms of
both the Earth’s surface oxygenation history and the diversification of
early skeletonized metazoans (Sperling et al., 2013; Lyons et al., 2014).
In South China, previous studies have shown a progressive shift from
anoxic (ferruginous or euxinic) to oxic conditions in the mid-depth
oceanic water mass, which may have triggered proliferation of the
Chengjiang Biota (Wang et al., 2012; Wen et al., 2015; Jin et al., 2016;
Zhao et al., 2018; Zhao et al., 2019). Although numerous types of
geochemical data (e.g., redox-sensitive elements, iron speciation, and
carbon, sulfur, nitrogen and molybdenum isotopes) have been collected
for lower Cambrian successions in South China (Feng et al., 2014;
Goldberg et al., 2007; Jin et al., 2016; Wang et al., 2012; Wen et al.,
2015; Xu et al., 2020), the reason for formation of widespread Ni-Mo
sulfide ores in these strata remains controversial. Existing models have
proposed seawater sources (Lehmann et al., 2007; Xu et al., 2013),
hydrothermal sources (Coveney and Chen, 1991; Lott et al., 1999; Jiang
et al., 2007a; Han et al., 2017), biological enrichments (Cao et al.,
2013), and multiple sources, e.g., mixing of seawater, terrigenous and
hydrothermal inputs (Pašava et al., 2008) based on mineralogical and
geochemical data such as trace elements, PGE and REE patterns, and
Mo and Os isotopes. However, the poorly-defined paragenesis of these
sulfide ores renders the existing geochemical data regarding metal and
sulfur sources inadequate to evaluate these models. Furthermore, these
sediment-hosted Ni-Mo sulfide ores, slightly predate the Chengjiang
Biota (Jin et al., 2016) and thus have the potential to yield insights into
oceanic environmental changes during the emergence of early animal
life.

Here, we undertake an integrated study of the paragenesis and
sulfur isotopic composition of sediment-hosted Ni-Mo sulfide ores in the
lower Cambrian Niutitang Formation at open pits in Guizhou and
Hunan provinces with the goal of investigating the formation of wide-
spread lower Cambrian sedimentary sulfide deposits in the Nanhua
Basin of South China. With the addition of published results from black
shales of the lower Cambrian strata, this study provides a better un-
derstanding of the links between the seawater chemistry, sulfide mi-
neralization, and co-evolution of marine life and environments in South
China during the early Cambrian.

2. Geological background

The South China Craton was assembled during the early
Neoproterozoic from the Yangtze and Cathaysia blocks, whose
boundary is within the deep-water Nanhua Basin, a failed intracratonic
rift basin that developed during the late Neoproterozoic (Feng et al.,
2002; Li et al., 2008; Fig. 1A–B). Well-preserved lower Cambrian strata
are underlain by dolostone of the upper Ediacaran Dengying Formation
in shelf areas and by chert of the Liuchapo/Laobao formations in slope
and basinal areas (Chen et al., 2009). On the Yangtze Platform, the
Ediacaran-Cambrian boundary is identified by a negative shift in the
carbon isotopic composition of shallow-water carbonates (i.e., the
BACE event, Zhu et al., 2019). In slope and basinal facies, tuffaceous
beds within the Liuchapo Formation have yielded ages of
~545–542 Ma, placing them close to the Ediacaran-Cambrian boundary
(Chen et al., 2015). Early Cambrian seas of the South China Craton were
characterized by a redox-stratified structure with an oxic surface layer,
a ferruginous deep layer, and (locally) a euxinic mid-depth wedge (Feng

et al., 2014; Wen et al., 2015; Jin et al., 2016).
Sediment-hosted Ni-Mo sulfide ores are mainly found in black shales

of the lowermost Cambrian Niutitang Formation, which are widely
distributed along the southern margin of the Yangtze Platform (Fig. 1B).
These deposits contain up to 7% Ni, 8% Mo, 12% Zn and 12% total
organic carbon (TOC) by weight, but they are often only a few cen-
timeters thick (Han et al., 2015a,b). These widespread Ni-Mo sulfide
ores formed at 521 ± 5 Ma based on Re-Os dating (Xu et al., 2011).
They are present at a specific stratigraphic level within the Niutitang
Formation, which consists (in ascending order) of a basal phosphorite
layer, a volcanic tuff, a chert layer, a lower black shale containing
phosphate nodules, large carbonate concretions, and a Ni-Mo sulfide
layer, and, finally, an upper black shale, as seen in the Nayong and
Zunyi areas of Guizhou Province and the Zhangjiajie area of Hunan
Province (Li, 1997; Han et al., 2017; Fig. 1C). The sulfide ores were
deposited in outer shelf settings under anoxic ferruginous and inter-
mittently euxinic conditions, as inferred from analysis of Fe speciation
and redox-sensitive trace elements in the enclosing black shales (Jin
et al., 2016; Han et al., 2018).

3. Samples and methods

3.1. Samples

Sediment-hosted Ni-Mo sulfide ore samples from the lowest
Cambrian Niutitang Formation were collected for this study (Fig. 1B-C).
In Guizhou Province, three samples were collected from open pits of the
Nayong area (26°44′13″ N, 115°36′12″ E) and nine samples from open
pits of the Zunyi area (27°41′22″ N, 106°40′37″ E). In Hunan Province,
three samples were collected from open pits in the Zhangjiajie area
(29°11′7″ N, 110°54′47″ E). The thickness of the sulfide ores is similar
in all three study areas, generally ranging from 2 to 5 cm
(Supplementary Materials).

3.2. Methods

All samples were cut and prepared as polished sections.
Petrographic observation was performed using a FEI Scios DualBeam
field emission scanning electron microscope (FESEM) system equipped
with EDAX Energy Dispersive Spectroscopy (EDS) at the Center for
Lunar and Planetary Sciences, Institute of Geochemistry, Chinese
Academy of Sciences (IGCAS) in Guiyang, Guizhou Province. The EDS
point analysis and backscatter electron (BSE) mode analysis were car-
ried out at 20 kV for mineral identification and mapping.

Samples for sulfur isotope measurements were obtained by a micro-
drill device with a dental bit. The various sulfide phases were drilled
out of each sample based on BSE mapping results (see Supplementary
Materials for drillhole positions). Subsequently, their sulfur isotope
compositions were determined using a Thermo Fisher MAT253 con-
tinuous flow isotope ratio mass spectrometer coupled to an elemental
analyzer (EA-IRMS) at the State Key Laboratory of Ore Deposit Geo-
chemistry, IGCAS in Guiyang with an analytical error of ~0.2‰.
Measurements are reported using standard δ-notation relative to the V-
CDT international standard. Results were monitored using the Inter-
national Atomic Energy Agency standards IAEA S1, IAEA S2, and IAEA
S3. Their measured δ34S values (−0.28 ± 0.22‰ (1σ),
+22.56 ± 0.21‰ (1σ), and −32.48 ± 0.22‰ (1σ), respectively)
conform closely to the published value for each standard (e.g., −0.3‰,
+22.62‰, and −32.49‰, respectively; see Supplementary Materials).

4. Results

4.1. Petrographic characteristics

The sediment-hosted Ni-Mo sulfide ores of all three study areas
contain both in-situ and reworked sediments (Figs. 2, 4, 6). The in-situ
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beds are often laminated and contain numerous small grains of pyrite
(FeS2), sphalerite (ZnS), millerite (NiS), gersdorffite (NiAsS), and a
MoSC phase along with larger cubic pyrite grains cemented by quartz.
In the in-situ beds, sulfides accounts for 85–95% by volume and quartz
accounts for 5–15% by volume (Figs. 2, 3C-G, 4, 6). These in-situ de-
posits completely lack detrital minerals such as illite (Fig. 3C-G). The

reworked beds contain abundant oval clasts consisting of sulfides and
apatite that they are embedded in a matrix of silicate or phosphate
cement (Figs. 2, 3I, L, M, N, 4, 5G, 6). The approximate volumes of
quartz, clays, and apatite in these reworked beds are 10–20%, 5–20%,
and 5–10%, respectively (Figs. 2, 4, 6). The strong rounding of the oval
clasts in the reworked beds suggests downslope transport or strong

Fig. 1. (A) Early Cambrian global paleogeography (modified from Li et al., 2008). (B) Early Cambrian lithofacies and Ni-Mo sulfide ores of Nanhua Basin, South
China (modified from Coveney and Chen, 1991; Feng et al., 2002). (C) Stratigraphic sections of lower Cambrian Niutitang Formation in the Nayong and Zunyi areas
of Guizhou Province, and in the Zhangjiajie area of Hunan Province, South China (modified from Li, 1997; Han et al., 2017).

T. Han, et al. Precambrian Research 345 (2020) 105757

3



hydrodynamic conditions. Fractures in the clasts produced by com-
pactional processes were filled with late-stage sulfide precipitates
(Fig. 3I, L, M, 5G).

The sulfide ores contain multiple sulfide mineral phases that have a
complex paragenetic history (Fig. 7). The main sulfide minerals are a
MoSC phase, pyrite (FeS2), sphalerite (ZnS), millerite (NiS), and

Fig. 2. Backscattered electron (BSE) maps generated using a field emission scanning electron microscope (FESEM) of Ni-Mo sulfide ores from Nayong area, Guizhou
Province. In-situ (top and bottom) and reworked (middle) sulfide aggregates and phosphate nodules are present in the silicate matrix. Detailed images of selected
areas (A-P) are illustrated in Fig. 3. Abbreviations: Py-1f: fine-grained framboidal pyrites; Py-1e: fine-grained euhedral pyrites; Mo mineralization: MoSC phase and
larger pyrite cubes or nodules (Py-2); and Ni-Zn mineralization: intergrown millerite (NiS) and sphalerite (ZnS) with laminated and veined textures.

T. Han, et al. Precambrian Research 345 (2020) 105757

4



Fig. 3. BSE images for detailed areas of Fig. 2. (A) Black shale with minor framboidal (Py-1f) and euhedral (Py-1e) pyrite and sphalerite (Sp) grains; (B) Black shale
with abundant Py-1f and Py-1e; (C) Abundant Py-1f and Py-1e in matrix of quartz (Qtz); (D) Contact of fined-grained Ni-Zn mineralization (Ni-Zn-1, above) and Mo
mineralization (MoSC phase) with cubic pyrite and pyrite nodule (Py-2) (below); (E) Laminated Ni-Zn-1, with millerite (Mil) and sphalerite interstitial to Py-1f and
Py-1e; (F) In-situ Mo mineralization (MoSC and Py-2), and MoSC phase enclosing some Py-1f and Py-1e; (G) Detailed structure of laminated Ni-Zn-1; (H) Veined Ni-
Zn mineralization (Ni-Zn-2) cutting through laminated Ni-Zn-1. Ill = Illite; Ap = apatite; Gerf = gersdorffite. (I) Reworked oval MoSC phase cut through by late-
stage sphalerite veinlet (Ni-Zn-2); (J) Oval MoSC phase enclosing some Py-1f and Py-1e; (K) Intergrowth of MoSC phase and Py-2; (L) Phosphate nodule cut through
by late-stage sphalerite veinlet (Ni-Zn-2); (M) Metasomatized fine-grained Ni-Zn-1 on the rim of phosphate nodule; (N and O) Metasomatized fine-grained Ni-Zn-1
and MoSC phase on phosphate nodule; (P) Silicate matrix of reworked sulfide aggregates (e.g. MoSC, Py-2, and sphalerite).
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gersdorffite (NiAsS) that exhibit a variety of textures. Petrographic
examination resulted in identification of three types of pyrite (Py-1, Py-
2, Py-3). Py-1 occurs as abundant framboidal (Py-1f) and euhedral (Py-
1e) crystals with a mean diameter of< 5 μm (Fig. 3C; Supplementary
Materials); it formed throughout the mineralization history of the study
units (Figs. 3C-G, 5D). Py-2 occurs as larger cubic pyrite grains
(~10–20 μm, Fig. 3D, 5A, 6D) that commonly form nodules (Fig. 3D,
5E, 6B). Py-3 occurs as veins with widths of ~30 μm that are closely

associated with veined millerite and sphalerite (Fig. 3H). The estimated
volumes of sulfides in the in-situ beds are 10–60% for Py-1, 5–35% for
Py-2, and< 1% for Py-3, and the corresponding values for the re-
worked beds are 10–20% for Py-1, 1–10% for Py-2, and<1% for Py-3
(Figs. 2, 4, 3H, 6). Nickel and zinc sulfides, comprising 5–10% of both
the in-situ and reworked beds, are intimately intergrown but two types
(Ni-Zn-1 and Ni-Zn-2) can be distinguished. Ni-Zn-1 occurs mainly as
small millerite, gersdorffite and sphalerite grains that are interstitial to

Fig. 3. (continued)
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Fig. 4. BSE map of Ni-Mo sulfide ores from Zunyi area, Guizhou Province. A large number of in-situ and reworked sulfide aggregates and phosphate nodules are
scattered in the silicate and phosphate matrix. Detailed images of selected areas (A-H) are shown in Fig. 5.
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the framboidal and euhedral crystals of Py-1 in laminated (in-situ)
deposits (Figs. 3E, G, H, N, 5F). In reworked beds, Ni-Zn-1 type grains
occur as metasomatic replacements along the rims of oval clasts (Figs.
3O, 5D, 5G, 6A, 6C). Ni-Zn-2, consisting of millerite, gersdorffite, and
sphalerite and associated with Py-3 (Fig. 3H), is a late phase forming

veinlets that cut through earlier-formed mineral aggregates (Fig. 3H-I,
L, 5F-G). The MoSC phase, comprising 10–60% of the in-situ beds and
30–50% of the reworked beds, occurs in two textural types: in a massive
form within in-situ beds (Fig. 3D, 3F, 5C, 6A-B) and as oval clasts within
reworked beds (Figs. 3I, 5G). A few framboidal and euhedral pyrite

Fig. 5. BSE images for detailed areas of Fig. 4. (A) Contact between black shale and Mo mineralization with Py-2; (B) Re-worked MoSC phase and Py-2 precipitated
within the silicate and phosphate matrix; (C) In situ MoSC phase cemented by calcite and dolomite veinlets; (D) Metasomatized fine-grained Ni-Zn-1, Py-1f and Py-1e
within the in situ MoSC phase; (E) Cubic pyrite grains around pyrite nodule (Py-2); (F) Fine-grained Ni-Zn-1 cut through by veined Ni-Zn-2; (G) Re-worked oval MoSC
phase replaced by fine-grained Ni-Zn-1 and cut through by veined Ni-Zn-2; (H) Intergrown millerite and sphalerite (Ni-Zn-2).
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Fig. 6. BSE maps for Ni-Mo sulfide ores from Zhangjiajie area, Hunan Province. Abundant cubic pyrite coexists (Py-1) with the in-situ MoSC phase, along with re-
worked and phosphate nodules. (A) Rim of MoSC phase replaced by fine-grained Ni-Zn-1; (B) Intergrown MoSC phase and Py-2, with MoSC phase enclosed by Py-1f
and Py-1e; (C) Metasomatized fine-grained Ni-Zn-1 and MoSC phase; (D) Py-2 aggregates filled by fine-grained Ni-Zn-1.

T. Han, et al. Precambrian Research 345 (2020) 105757

9



grains of type Py-1 are also enclosed by the MoSC phase (Fig. 3J, 5D,
6B), and type Py-2 is always associated with the MoSC phase in both in-
situ and reworked beds (Fig. 3D, 5A, 5E, 6B, 6D).

4.2. Sulfur isotope results

All isotopic data generated in this study are given in Table 1 and the
Supplementary Materials. The various sulfide phases exhibit δ34S values
ranging from −25.1 to +18.7‰ (Fig. 8, Table 1). For Py-1, δ34S ranges
from −15.7 to +0.01‰ with an average of −8.4‰ in the Nayong
area, and from −1.8 to +1.9‰ with an average of +0.4‰ in the
Zunyi area. For Py-2, all aggregates and nodules yielded negative δ34S
values, ranging from −20.6 to −6.8‰ with an average of −12.9‰ in
the Nayong and Zunyi areas, and from −25.1 to −10.8‰ with an
average of −17.0‰ in the Zhangjiajie area. For laminated Ni-Zn-1
phases, δ34S ranges from −9.1 to −1.7‰ with an average of −5.3‰
in the Nayong area, and from −2.7 to +8.0‰ with an average of
+2.6‰ in the Zunyi area. The sulfide aggregates of veined Ni-Zn-2
exhibit slightly negative δ34S values, ranging from −1.8 to −1.0‰
with an average of −1.4‰ in the Zunyi area. The MoSC phase yields
δ34S ranging from −11.8‰ to −4.6‰ with an average of −7.9‰ in
the Nayong area, from −7.2 to +4.4‰ with an average of −1.3‰ in
the Zunyi area, and from +8.6 to +18.7‰ with an average of
+15.5‰ in the Zhangjiajie area (Fig. 9).

5. Discussion

5.1. Petrographic evidence for synsedimentary Ni-Mo sulfide ores

Petrographic examination yielded a number of observations re-
levant to the origin of the Ni-Mo sulfide mineralization of the study
units. According to our paragenetic analysis, three major mineralization
stages can be identified (Fig. 7): (1) Stage 1: syngenetic stage with Py-1
formation throughout the mineralization process, (2) Stage 2: early
hydrothermal stage with alternating Mo mineralization (characterized
by the MoSC phase and Py-2) and Ni-Zn-1 mineralization (characterized

by fine-grained millerite, gersdorffite, and sphalerite), and (3) Stage 3:
late hydrothermal stage with Ni-Zn-2 mineralization (characterized by
veined Ni-Zn sulfides and Py-3). In particular, the Mo mineralization
and Ni-Zn mineralization alternatively occurred in the in-situ beds with
no overlap between them (Fiss. 2, 3D-F). Detailed petrographic

Table 1
The sulfur isotope compositions (δ34SV-CDT/‰) of different sulfide assemblages in the sediment-hosted Ni-Mo sulfide ores in Nayong and Zunyi areas of Guizhou
Province and in Zhangjiajie area of Hunan Province, South China.

Sulfides Nayong area Zunyi area Zhangjiajie area

Py-1 −15.7 to +0.01 (−8.4; n = 3) −1.8 to +1.9 (0.4; n = 3) –
Py-2 −6.8 (n = 1) −20.6 to −7.5 (−12.9; n = 17) −25.1 to −10.8 (−17.0; n = 6)
MoSC −11.8 to −4.6 (−7.9; n = 6) −7.2 to +4.4 (−1.3; n = 28) +8.6 to + 18.7 (+15.5; n = 3)
Ni-Zn-1 −9.1 to −1.7 (−5.3; n = 6) −2.7 to +8.0 (−2.6; n = 15) –
Ni-Zn-2 – −1.8 to −1.0 (−1.35; n = 4) –

Note: the definitions of sulfides (e.g. Py-1, Py-2, MoSC, Ni-Zn-1 and Ni-Zn-2) are consistent with the text and figures in this study; average values and number of
samples are presented in the parentheses. “–” means no data.

Fig. 7. Simplified paragenetic relationship of Ni-Mo sulfide mineralization. The
widths of each sulfide phase represent relative volumes (e.g., with an example
of the Nayong sulfide ore in Fig. 2: 40 vol% Py-1, 5 vol% Py-2,< 1 vol% Py-3,
15 vol% MoSC phase, 15 vol% Ni-Zn-1, 15 vol% Ni-Zn-2, and 10 vol% quartz).

Fig. 8. Histograms of sulfur isotopic composition of the Ni-Mo sulfide ores (e.g.,
Py-1, Py-2, MoSC, Ni-Zn-1, Ni-Zn-2) from (A) Zunyi area and (B) Nayong area of
Guizhou Province, and (C) Zhangjiajie area of Hunan Province.
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examination demonstrated that this sediment-hosted Ni-Mo sulfide ore
had a synsedimentary origin on the basis of the following lines of evi-
dence.

First, Py-1 is mainly composed of abundant fine-grained framboidal
and euhedral pyrite crystals having a narrow size distribution (Figs. 3,
5, 6, Supplementary Materials). In the marine environment, precipita-
tion of pyrite in the form of framboids is common under a wide range of
water-column redox conditions from suboxic to anoxic/euxinic (Wilkin
et al., 1996). The size distribution of pyrite framboids can serve as an
effective redox proxy: small pyrite framboids with a narrow size dis-
tribution (e.g., mean diameter< 5 μm with standard deviation lower
than 2.25 μm) are indicative of syngenetic pyrites formed in the water
column in a persistent euxinic (H2S-bearing) setting (Wilkin et al.,
1996; Wignall and Newton, 1998; Bond and Wignall, 2010). However,
under suboxic conditions, framboidal pyrite forms mainly in the sedi-
ment, where it grows to a larger size (often>10 μm) and exhibits a
more variable size distribution (e.g., standard deviation> 2.5 μm)
(Wilkin et al., 1996; Wignall and Newton, 1998; Bond and Wignall,
2010).

In the study samples, fine-grained pyrite crystals are mainly small
framboids (i.e., mean diameter of 4.65 μm) exhibiting a narrow size
distribution (i.e., standard deviation of 1.65 μm) (Py-1f; Fig. 3C; see
Supplementary Materials). These statistics are consistent with most
pyrite crystals being of syngenetic origin (i.e., precipitated within a
persistently euxinic water column). Redox conditions in early Cambrian
seas of South China are known to have been widely anoxic ferruginous
to euxinic (Jin et al., 2016; Han et al., 2018), so the Py-1 phase in the
present study units was likely precipitated during euxinic episodes in
these seas. Given that the Py-1 phase was formed concurrently with all
other sulfidic phases during the mineralization sequence of the study
units (as shown by petrographic cross-cutting relationships), this de-
monstrates that most of the sulfide ore is of synsedimentary origin (all
except for some late-stage hydrothermal components of Ni-Zn-2; Figs.
3H-I, L, 5F-G). For example, the formation of Py-1 grains commonly
occurred in conjunction with the in-situ and reworked MoSC phase
(Fig. 3F, J) as well as with Ni-Zn-1 sulfides (Fig. 3E, G). In addition, Mo
and Ni-Zn mineralization occurred alternately, as shown by inter-
layering of thin Mo-rich and Ni-Zn-rich layers (Figs. 2, 3D). The inter-
growth of framboids and Ni-Zn sulfides (Fig. 3E, G) and MoSC (Fig. 3F)
also suggests that the Ni-Zn sulfides and MoSC phase precipitated
concurrently under the same euxinic conditions in which Py-1 formed.

The Ni-Mo sulfide ores were not formed in sediment pore waters
during diagenesis because the in-situ beds lack any detrital siliciclastics
(Fig. 3C-G). The lack of terrigenous detritus indicates either a sediment-
starved system or rapid accumulation of the sulfide ores. The quantity
of fine-grained (Py-1) in the sulfide ores (up to 60 vol% of in-situ beds,
Fig. 3C) is much greater than that in nearby black shales (< 5 vol%,

Fig. 3B, P) but similar to that in stratiform sulfide deposits (e.g., ~50%
fine pyrite in the laminated layers of the McArthur River Zn-Pb de-
posits, Large et al., 2005). It is unlikely that such large amounts of
sulfides (e.g., 85–95% vol.% of Ni-Mo-Zn-Fe sulfides in the in-situ beds,
Figs. 2, 3C-G, 4, 6) could have precipitated within sediment pore waters
during diagenesis. The only silicate mineral in the in-situ beds is chert
(~10 vol%), which is intergrown with the sulfide minerals (Fig. 3C) and
may have precipitated directly from seawater through the influence of
Si-secreting bacteria (Dong et al, 2015). In hydrothermal systems,
amorphous silica gels can also easily form from seawater mixed with
hydrothermal silica (Westall et al., 2018).

Consequently, these observed textures, especially the ubiquitous
framboids and alternating laminae of Mo-rich and Ni-Zn-rich sulfides,
indicate that the Ni-Mo sulfide ores had a synsedimentary origin and
formed in contact with the overlying water column. This conclusion is
also consistent with previous studies in which the sulfide ores were
determined to have formed through synsedimentary mineralization
processes (Murowchick et al., 1994; Xu et al., 2011).

5.2. Metal sources of the Ni-Mo sulfide ores

The source of Mo in the sulfide layer of the lower Cambrian
Niutitang Formation in South China has been debated extensively in
earlier studies. The two main hypotheses are a seawater origin
(Lehmann et al., 2007; Xu et al., 2013) and a submarine hydrothermal
exhalative (SEDEX) origin (Coveney and Chen, 1991; Lott et al., 1999;
Jiang et al., 2007a; Han et al., 2017). A seawater origin was proposed
on the basis of elemental concentration patterns along with Mo isotope
signals, with accumulation occurring in a sediment-starved, stratified
basin with a euxinic deep watermass (Lehmann et al., 2007; Xu et al.,
2013). However, a seawater source was thought to be unable to explain
δ98/95Mo values in the sulfide ores (+1.13 ± 0.14‰) that are lower
than those in the black shales hosting them (δ98/95Mo = +1.28 ±
0.41‰) (Jiang et al., 2007b). This observation thus favors a hydro-
thermal source for Mo mineralization (Jiang et al., 2007b).

Mo mineralization was likely due to injection of Mo-Fe-rich hy-
drothermal fluids into a euxinic mid-depth watermass. This inference is
consistent with the petrographic observations of this study, which show
that precipitation of the MoSC phase was decoupled from that of Py-1
grains (Fig. 2). This decoupling between MoSC and Py-1 is incompatible
with a seawater origin model. Moreover, the MoSC phase was closely
associated with Py-2 grains (Figs. 3D, 5A, 5E, 6B, 6D). The inter-
lamination of the MoSC phase and Py-2 in the in-situ beds reflects high-
frequency pulses of Mo-Fe-rich hydrothermal fluids from a submarine
vent (Figs. 2 and 4). It should be noted that the oval MoSC phase, Py-2,
and apatite nodules with sulfurized rims that are scattered through the
reworked beds were the product of downslope transport from a

Fig. 9. Model for widespread Ni-Mo sulfide mi-
neralization in early Cambrian (~521 Ma)
Nanhua Basin. Ocean stratification with oxic
surface waters and ferruginous deep waters are
from Feng et al. (2014) and Jin et al. (2016).
Intermittent introduction of Mo-Fe-rich or Ni-Zn-
rich hydrothermal fluids into the euxinic water
column promoted widespread Ni-Mo sulfide mi-
neralization along the southern margin of the
Yangtze Platform. Intense microbial sulfate re-
duction (MSR) also contributed to H2S in the
early Cambrian seawater.
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shallower-water region (Figs. 2, 4, 6).
The Ni-Zn mineralization was associated with emission of hydro-

thermal fluids into a euxinic mid-depth water layer. This process is
characterized by intergrowth of millerite, sphalerite and gersdorffite
within Ni-Zn-1 laminae and late-stage Ni-Zn-2 veinlets. In addition,
pyrite (Py-3) is found only in small amounts (e.g., < 1 vol%) and is
generally associated with Ni-Zn-2 (Fig. 3H). As with Mo mineralization,
the decoupled pattern between fine Ni-Zn-1 and Py-1 (Figs. 2 and 4) is
inconsistent with a seawater origin for Py-1. Based on the interstitial
relationship between Ni-Zn-1 and Py-1 (Fig. 3E, 3G, 3O), we suggest
that Ni-Zn-rich hydrothermal fluids were introduced during Py-1 de-
position. In addition, the vein interpenetration textures of Ni-Zn-2,
which cuts across the Ni-Zn-1 laminae (Figs. 3H, 5F), oval MoSC phase
(Fig. 3I, 5G), and apatite nodules (Fig. 3L, M) and Py-2 (Fig. 6D), clearly
demonstrate the late-stage hydrothermal fluid origin of Ni-Zn-2.

The Ni-Zn mineralization was related to hydrothermal processes, as
shown by various types of geochemical evidence. For instance, positive
correlations among the Ni, Pt and Pd contents of the Ni-Mo sulfide ores
suggest that Ni and PGE deposition was related to hydrothermalism
associated with mafic or ultramafic rocks (Han et al., 2015a,b). Gen-
erally, in hydrothermal nickel deposits, the source of nickel is asso-
ciated with mafic or ultramafic suites (Melekestseva et al., 2013). This
conclusion is consistent with the occurrence of mafic and ultramafic
rocks in the Proterozoic and lower Paleozoic of South China (Li and
Gao, 2000). Given the coexistence of Ni-bearing sulfides and sphalerite,
the source of Zn may have been the same hydrothermal fluids that
supplied Ni. Experimental study has shown that high-temperature, low-
pH, and Cl-rich fluids can be enriched in both Ni and Zn (Marques et al.,
2007), providing a metal source for Ni-Zn mineralization.

The petrographic and geochemical lines of evidence discussed above
favor a model based on alternating precipitation of Mo and Ni-Zn sul-
fides related to intermittent emissions of Mo-Fe-rich and Ni-Zn-rich
hydrothermal fluids into a euxinic water column, i.e., a sedimentary
exhalative (SEDEX) model. Other evidence of hydrothermal activity in
the Nanhua Basin during the early Cambrian includes positive Eu
anomalies in limestones underlying the Ni-Mo sulfide ores (Han et al.,
2017), multi-stage growth of hydrothermal silica chimneys in the black
chert successions across the Ediacaran-Cambrian boundary of Hunan
Province (Chen et al., 2009), and abundant zoned, euhedral hyalophane
in lower Cambrian giant barite ore deposits of Guizhou and Hunan
Provinces (Han et al., 2015a,b). The Nanhua Basin sediment-hosted Ni-
Mo sulfide ores are similar to shale-hosted massive sulfide deposits of
SEDEX origin from the Proterozoic McArthur River Zn-Pb deposit in
northern Australia (Large et al., 2005), the Carboniferous Red Dog Zn-
Pb deposit in Alaska (Slack et al., 2004), and the Devonian Howard’s
Pass Zn-Pb deposit in Canada (Gadd et al., 2016, 2017). These shale-
hosted massive Zn-Pb deposits were also ascribed to metalliferous fluids
vented into the euxinic water column of a restricted sedimentary basin
(Slack et al., 2004; Large et al., 2005; Goodfellow, 2007; Gadd et al.,
2016, 2017).

5.3. Sulfur sources of the Ni-Mo sulfide ores

Sulfur isotopes can be used to understand biogeochemical sulfur
cycling in aqueous systems (Bottrell and Newton, 2006; Lyons et al.,
2014; Fike et al., 2015). The dissimilatory microbial sulfate reduction
(MSR) process plays a pivotal role in sulfur isotope fractionation in
Earth surface environments. During the MSR process, sulfate (e.g., the
electron acceptor) is reduced by organic materials (e.g., the electron
donors), e.g., SO4

2− + 2CH2O → H2S + 2HCO3
− (Sim et al., 2011;

Bradley et al., 2016). The generated hydrogen sulfide (H2S) is pre-
ferentially enriched in 32S and readily precipitates as metal sulfides
(e.g., pyrite), while the residual sulfate becomes isotopically enriched in
34S (Thode et al., 1951; Habicht and Canfield, 2001; Bradley et al.,
2016; Sim et al., 2017). The MSR process yields a large range of sulfur
isotope fractionations (up to ~70‰) (Brunner and Bernasconi, 2005;

Canfield et al., 2010; Sim et al., 2011) as a function of various phy-
siological and environmental factors, including cell-specific sulfate re-
duction rate (csSRR), the availability and type of organic compounds,
and sulfate concentration and temperature (Habicht et al., 2002; Hoek
et al., 2006; Sim et al., 2011, 2017; Leavitt et al., 2013; Bradley et al.,
2016). For instance, an inverse correlation between the magnitude of
sulfur isotope fractionation and csSRR has been observed in experi-
mental studies (Leavitt et al., 2013; Sim et al., 2011, 2017; Antler et al.,
2017). Sulfur isotope fractionation is also closely related to the types
and amounts of organic materials as electron donors. Lesser amounts of
organic material usually yield large sulfur isotope fractionations (Sim
et al., 2011; Leavitt et al., 2013; Bradley et al., 2016). Higher sulfate
concentrations also promote larger sulfur isotope fractionations
(Habicht et al., 2002), although low sulfate environments can yield
large fractionations if the electron donors limit sulfate reduction rates
early in the MSR process (Gomes and Hurtgen, 2013, 2015; Crowe
et al., 2014). Also, moderate temperatures (~<40 °C) are usually
suitable for producing large fractionations, but smaller fractionations
occur at increasingly higher temperatures (e.g., 40–60 °C) (Hoek et al.,
2006). The influence of environmental factors on sulfur isotope frac-
tionation is intrinsically related to the csSRR. Biological sulfur isotope
fractionations are related to relative rates of sulfate exchange across the
membrane versus intracellular sulfate reduction (Sim et al., 2017). The
sources of reduced sulfur of Ni-Mo sulfide ores are discussed below
based on these principles in the context of our petrographic results and
sulfur isotope data.

The sulfur source for fine-grained Py-1 phase was biogenic H2S in
early Cambrian seawater, as can be inferred from the variable range of
δ34S values, i.e., from −1.8 to +1. 9‰ in the Zunyi area, and from
−15.7 to 0.0‰ in the Nayong area (Fig. 8, Table 1, Supplementary
Materials). The fine-grained Py-1 formed via direct precipitation from
ferrous ion (Fe2+) in the presence of free H2S in seawater. Given an
early Cambrian seawater sulfate δ34S of +33 ± 5‰ (Kampschulte and
Strauss, 2004), these Py-1 δ34S values are equivalent to fractionations of
+31 to +49‰ relative to seawater sulfate, a range that is consistent
with a biogenic H2S source generated by the MSR process (Brunner and
Bernasconi, 2005; Canfield et al., 2010; Sim et al., 2011). Formation of
Py-1 throughout the mineralization process with large sulfur isotope
fractionations (e.g., up to +49%) suggests that intense MSR and euxinic
conditions prevailed during Ni-Mo sulfide mineralization.

The sulfur sources for the MoSC and Py-2 phases probably included
both biogenic H2S in early Cambrian seawater and hydrothermal H2S
emanating from exhalative submarine vents. Petrographic observations
reveal an intimate intergrowth between the MoSC and Py-2 phases, but
the sulfur isotope compositions of these two phases vary greatly. The
average δ34S of the MoSC phase is highly variable, i.e., −7.9‰ in the
Nayong area, −1.3‰ in the Zunyi area, and +15.5‰ in the
Zhangjiajie area, whereas the Py-2 phase in all three areas has uni-
formly negative δ34SPy-2 values, i.e., −6.8‰ in the Nayong area,
−12.9‰ in the Zunyi area, and −17.0‰ in the Zhangjiajie area
(Fig. 8, Table 1; Supplementary Materials). Mo-Fe-rich hydrothermal
fluids are commonly generated during the magmatic-hydrothermal
evolution of granite, yielding sulfides with a narrow range of δ34S va-
lues (−5 to +5‰; Leng et al., 2018). However, a wide range of δ34S
values for the MoSC and Py-2 phases (e.g., −25.1 to +18.7‰; Fig. 8,
Table 1; Supplementary Materials) is inconsistent with those of sulfides
derived from Mo-Fe-rich hydrothermal fluids (e.g., −5 to +5‰; Leng
et al., 2018), even though hydrothermal H2S was a major source of
sulfur. Both higher (to +18.7‰) and lower values (to −25.1‰) are
consistent with biogenic H2S generated through MSR processes. A si-
milar range of δ34S variation (from −26 to +22‰) for pyrite nodules
based on SHRIMP analysis was also ascribed to biogenic reduction of
seawater sulfate in an anoxic basin (Murowchick et al., 1994). It should
be noted that the sulfate reduction process can occur either in the
seawater column or in marine sediments, producing a large range of
sulfur isotope fractionations (Magnall et al., 2016, 2020; Johnson et al.,
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2018; Jørgensen et al., 2019). As discussed above, given that pre-
cipitation of the Mo-Fe sulfides required hydrothermal inputs into a
euxinic water column, the Mo-Fe sulfides were syngenetic and not
likely formed during diagenesis. Therefore, the sulfur for Mo miner-
alization in the Nayong and Zunyi areas may have been derived from
both biogenic and hydrothermal H2S in early Cambrian seawater.
However, neither the high δ34S values of MoSC (+8.6 to +18.7‰) nor
the low δ34S values of Py-2 (−25.1 to −10.8‰) in the Zhangjiajie area
are consistent with a magmatic source, so both were likely derived from
biogenic H2S generated by MSR.

The sulfur source for Ni-Zn mineralization was mainly derived from
hydrothermal H2S by emissions. Petrographic relationships clearly
show that the Ni-Zn-1 sulfides were precipitated during Py-1 formation
(Fig. 3E, 3G, 3O, 5F). The sulfur isotope values of Ni-Zn-1 range from
−9.1 to −1.7‰ and from −2.7 to +8.0‰ in the Nayong and Zunyi
areas, respectively (Fig. 8, Table 1; Supplementary Materials). In ad-
dition, the veined Ni-Zn-2 exhibits δ34S values from −1.8 to −1.0‰,
within the range of δ34S values for Ni-Zn-1 (Fig. 8). If the Ni and Zn
originated from hydrothermal processes related to ultramafic or mafic
rocks, then the H2S was probably also derived from hydrothermal
fluids. In ultramafic- or mafic-hosted seafloor hydrothermal systems,
sulfides generally exhibit slightly elevated δ34S values (+3.7‰ to
+12.7‰) owing to the interaction of seawater with basement rocks
(e.g., basalt and peridotite) at high temperatures, i.e., through TSR
processes (Alt and Shanks, 2003; Alt et al., 2012; Zeng et al., 2017).
Although TSR tends to yield positive δ34S values, fluid interaction with
sediments or SO2 disproportionation can result in 34S-depleted H2S
(e.g., to −5.5‰; Peter and Shanks, 1992; McDermott et al., 2015).
Hence, the limited δ34S range (Fig. 8) and mostly positive δ34S values of
the Ni-Zn sulfides (+0.2 to +8.0‰, Supplementary Materials) suggest
that sulfur was mainly derived from hydrothermal fluids during Ni-Zn
mineralization.

In summary, we suggest that biogenic H2S derived from seawater
sulfate through the MSR process and hydrothermal H2S both con-
tributed to the formation the Ni-Mo sulfide ores of the basal Niutitang
Formation, although their proportions varied in different areas of the
Nanhua Basin. Based on petrographic observations, the metallogensis
model of the Niutitang Ni-Mo sulfide ores was similar to that of SEDEX
deposits, and the sulfur isotope evidence supports a sulfur fractionation
mechanism and source of Ni-Mo sulfide ores consistent with shale-
hosted Zn-Pb SEDEX deposits (Goodfellow, 1987; Leach et al., 2005).
Based on this, the distribution of δ34S values between Ni-Mo-Zn sulfide
ores (−25.1 to +18.7‰) is consistent with those shale-hosted SEDEX
Zn-Pb deposits overlapped partially (e.g., −5 to +15‰; Leach et al.,
2005).

5.4. Implications for early Cambrian marine systems of South China

Sediment-hosted Ni-Mo sulfide mineralization is likely to have af-
fected the marine sulfur cycle of the Nanhua Basin during the early
Cambrian. Our isotopic data suggest that a fraction of the sulfide sulfur
was derived from H2S produced through microbial sulfate reduction
(MSR). Early Cambrian seawater sulfate concentrations are thought to
have been>3 mM based on fluid inclusion data and global model
calculations (Horita et al., 2002; Lowenstein et al., 2003; Brennan et al.,
2004; Algeo et al., 2015). However, the pyrite sulfur isotope composi-
tions of black shales in South China indicate a minimal seawater sulfate
content for Neoproterozoic and Cambrian seas (Feng et al., 2014; Jin
et al., 2016), suggesting that extensive sulfide mineralization in the
early Cambrian Nanhua Basin occurred in the context of a small oceanic
sulfate reservoir. Correlations of lower Cambrian strata in South China
indicate that widespread Ni-Mo sulfide mineralization (521 ± 5 Ma,
Xu et al., 2011) coincided with an interval of low seawater sulfate
concentrations (~529–514 Ma; Feng et al., 2014; Jin et al., 2016).

A subset of sulfur isotope values from the present study units falls
outside of the well-defined mode at −9 to +8‰ that represents

hydrothermal emissions of H2S. These values, which range from
−25.1‰ at the low end to +18.7‰ at the high end (Fig. 8, Table 1),
are likely to have been generated through MSR of seawater sulfate
mediated by Rayleigh distillation. The sulfur isotopic composition of
Cambrian seawater sulfate was +33.5 ± 5‰ based on the δ34S of
carbonate-associated sulfate (CAS) (Kampschulte and Strauss, 2004).
Relative to this value, the observed range of sulfide δ 34S values in the
study units (−25.1 to +18.7‰) represents Δ34Ssulfate-sulfide of ~14 to
+58‰, which is consistent with microbial fractionation under condi-
tions of variable seawater sulfate concentrations (Thode et al., 1951;
Brunner and Bernasconi, 2005; Sim et al., 2011; Algeo et al., 2015). In
the context of the restricted Nanhua Basin (Lehmann et al., 2016), the
wide range of MSR fractionation may have been due to strong local
variation of seawater sulfate concentrations within the early Cambrian
Nanhua Basin, which would have been generally low but locally aug-
mented by oxidation of hydrothermally emitted H2S. SEDEX ore pre-
cipitation was thus important in modulating seawater chemistry within
the early Cambrian Nanhua Basin.

A redox-stratified ocean, characterized by coexisting oxic surface
waters, ferruginous deep-waters and intermittently euxinic mid-depth
waters, prevailed in the Nanhua Basin during the early Cambrian and
may have been inherited from late Proterozoic marine systems (Li et al.,
2010; Feng et al., 2014; Jin et al., 2016; Zhao et al., 2019). Changes in
redox states and seawater chemistry from the late Ediacaran to early
Cambrian may also have had an important effect on the diversity of
mineralized skeletal organisms (e.g., small shelly fauna and the
Chengjiang Biota; Zhao et al., 2018). This study suggests that large-
scale H2S emissions to seawater occurred in the Nanhua Basin around
521 Ma. This conclusion is consistent with that of Wille et al. (2008),
who used Mo isotope data to infer intense upwelling of H2S-rich deep
waters during the early Cambrian. This scenario, in which deep basinal
waters of the early Cambrian Nanhua Basin were strongly euxinic,
would have been a limiting factor on the expansion of early marine
animal life into deeper basinal habitats, and it had the potential to
create episodic biotic stresses in shallow-water areas through upwelling
of toxic H2S or chemocline-upward excursions (e.g., Kump et al., 2005).

6. Conclusions

Petrographic characteristics and sulfur isotopic composition of
SEDEX ores in the early Cambrian Nanhua Basin reveal multiple sulfide
phases with a variety of textures and characteristic δ 34S patterns.
Abundant framboidal and euhedral pyrites (Py-1) that formed
throughout the whole mineralization process resulted from the inter-
action of ferruginous seawater with biogenic H2S derived from the MSR
process. The intimate intergrowth of a MoSC phase with pyrite cubes or
nodular (Py-2) (Mo mineralization) was linked to intermittent pulses of
Mo-Fe-bearing hydrothermal fluids. Both hydrothermal and biogenic
H2S contributed to coeval precipitation of MoSC and Py-2 phases in the
Nayong and Zunyi areas, whereas biogenic H2S was responsible for
MoSC and Py-2 phases in the Zhangjiajie area. The Ni-Zn mineralization
was closely associated with the Ni-Zn-bearing hydrothermal fluid with
H2S associated with hydrothermal vents. Both hydrothermal H2S and
biogenic H2S were present in Nanhua Basin seawater during the early
Cambrian, and significantly contributed to Ni-Mo sulfide mineraliza-
tion. The presence of euxinic deep waters in this basin was a limiting
factor on the expansion of early marine animal life into deep-water
habitats.
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