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Total organic carbon content (TOC), trace element and platinum-group element (PGE) concentrations were de-
termined in the black shales of the Lower Cambrian Niutitang Formation in the Nayong area, Guizhou Province,
South China, in order to study the polymetallic Ni–Mo–PGEmineralization. The results demonstrate that numer-
ous elements are enriched in the polymetallic ores compared to those of the nearby black shale, particularly Ni,
Mo, Zn, TOC and total PGE, which can reach up to 7.03 wt.%, 8.49 wt.%, 11.7 wt.%, 11.5 wt.% and 943 ppb, respec-
tively. The elemental enrichment distribution patterns are similar to those in the Zunyi and Zhangjiajie areas
except that the Nayong location is exceptionally enriched in Zn. Whereas positive correlations are observed be-
tween the ore elements of the polymetallic ores, no such correlations are observed in the black shale. These pos-
itively correlated metallic elements are classified into three groups: Co–Ni–Cu–PGE, Zn–Cd–Pb and Mo–Tl–TOC.
The geological and geochemical features of these elements suggest that Proterozoic 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. Furthermore, the
chondrite-normalized patterns of PGEs with Pd/Pt, Pd/Ir and Pt/Ir indicate that PGE enrichment of the
polymetallic ores is most likely related to hydrothermal processes associated with the mafic rocks. In contrast,
PGE enrichment in the black shale resembles that of the marine oil shale with terrigenous and seawater contri-
butions. Our investigations of TOC, trace elements and PGE geochemistry suggest that multiple sources along
with submarine hydrothermal and biological contributions might be responsible for the formation of the
polymetallic Ni–Mo–PGE mineralization in the black shales of the Lower Cambrian Niutitang Formation across
southern China.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Black shale is a dark, thinly laminated carbonaceous rock that is ex-
ceptionally rich in organic matter and sulfide, containing unusual con-
centrations of certain trace elements that tend to accumulate in a
great variety of environments under suboxic through anoxic to euxinic
conditions. In some cases, elemental enrichment in black shalemay lead
to the formation of giant ore deposits such as the Paleoproterozoic Ni–
Cu–Zn–Co deposit of the Talvivaara mine in Finland (Loukola-
Ruskeeniemi and Lahtinen, 2013), the Neoproterozoic Sukhoi Log gold
deposit in Siberia (Distler et al., 2004) and the Late Permian Cu–Pb–
Zn–PGE–Au deposit of the Kupferschiefer in Poland and Germany
(Blundell et al., 2003). In southern China, an extraordinary layer hosted
in Lower Cambrian black shales (a suite of rocks including black shale,
Ni–Mo–PGE ores and other rocks) is rich in elements associated with
felsic rocks (Mo–Pb–Zn–REE) and elements associated with mafic–
86 851 5891664.
ultramafic rocks (Fe–Ni–Cu–PGE). This unique mineral system is
known as polymetallic Ni–Mo–PGE ores (Zhang et al., 2002). In general,
the widespread Lower Cambrian black shales and the accompanying
economic mineralization are mainly distributed along the southern
margin of the Yangtze Craton in the provinces of Yunnan, Guizhou,
Hunan, Jiangxi and Zhejiang (Fig. 1).

During the past four decades, significant progress has been made in
understanding the origin of the Ni–Mo–PGE mineralization because of
efforts that were largely focused on the Zunyi area, Guizhou Province
and the Zhangjiajie area, Hunan Province; however, uncertainties still
remain. An early study suggested the possibility of an asteroid impact
origin on the basis of the Ir anomaly, which can reach up to 31 ppb
(Fan et al., 1987). Nonetheless, subsequent results showed an absence
of Ir anomaly and did not support this hypothesis. Instead, published
data indicated a submarine hydrothermal exhalative origin (Coveney
and Chen, 1991; Coveney et al., 1992; Jiang et al., 2003; Li et al., 2003;
Lott et al., 1999; Murowchick et al., 1994 and Steiner et al., 2001). In ad-
dition, several studies have proposed that the polymetallic ores were
derived from seawater on the basis of trace elements, PGE and Mo
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Fig. 1. Lithofacies palaeogeography map of the Early Cambrian and the distribution of polymetallic Ni–Mo–PGE mineralization, in South China (modified from Feng et al., 2002 and Mao
et al., 2002).
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isotope geochemistry (Lehmann et al., 2007; Mao et al., 2002 and Xu
et al., 2012). Coveney (2003) and Jiang et al. (2006, 2007) suggested a
submarine hydrothermal origin for the Ni–Mo–PGE ores on the basis
of trace elements and PGE geochemistry. Moreover, mixing of seawater
and terrigenous and hydrothermal sources has also been proposed
(Pašava et al., 2008).

During the field investigation of the Ni–Mo–PGE mineralization of
the Lower Cambrian black shales in southern China, some differences
were observed in the poorly known mineralized site in Nayong,
Guizhou Province compared to the well-studied Zunyi and Zhangjiajie
areas. Thus, in the present paper, we examine the trace elements, PGE
and TOC in the black shales of the Lower Cambrian Niutitang Formation
in Nayong and discuss our findings for this type of mineralization.
Moreover, the correlations between the enriched elements in the
black shales of the Lower Cambrian Niutitang Formation in the Nayong
area have also been used to elucidate metal sources for the polymetallic
Ni–Mo–PGE mineralization along with its origin.

2. Geological setting

2.1. Regional geology

The black shales of the Lower Cambrian in southern China are locat-
ed on the southern margin of the Yangtze Platform in the transition
zone between the Yangtze Platform and the Jiangnan Basin (Gao and
Li, 1998). In Early Cambrian, the Yangtze Platformwas essentially dom-
inated by fine-grained sandstone, siltstone and shale provided by the
erosion of the nearby Kangdian Shield. The Jiangnan Basin contains
shale, chert, stone coal and thin carbonate lenses (Fig. 1; Feng et al.,
2002). The Ni–Mo–PGE mineralization in the Deze, Nayong, Zhijin,
Zunyi, Weng'an, Zhangjiajie, Cili, Duchang and Zhuji areas is common
in the black shales of the Lower Cambrian Niutitang Formation. More-
over, these mineralization sites form a linear belt from SW to NE.

The Lower Cambrian black shales in the Nayong area are located in
the western part of the Guizhou province and the south-western part
of the Yangtze Platform. Our studies were carried out on the Ni–Mo–
PGE mineral systems in the mine area located in Shuidong town,
which is about 20 km southeast from Nayong county. In the mining
area, the exposed strata are primarily represented by the Upper
Neoproterozoic Dengying Formation, the Lower Cambrian Niutitang
and theMingxinsi Formations (Fig. 2). The Ni–Mo–PGEmineral systems
are exclusively hosted in the Lower Cambrian Niutitang Formation.
In addition, other small mineral occurrences are also present in the
Nayong area, such as the Pb–Zn deposits, in the Neoproterozoic
Dengying Formation (Fig. 2). The regional structures are dominated by
the NE-trending faults (Shuidong fault, Pa'na fault and Dengjiazhai
fault), the N-S faults (Qikeshu fault) and the NW-trending faults that
control the distribution of these Pb–Zn deposits (Fig. 2). Minor occur-
rences of igneous rocks (Emeishan basalt and diabase) are also present
in the northeast of the mining district (Fig. 2).

2.2. Geological characteristics of the polymetallic Ni–Mo–PGE
mineral systems

From the bottom to the top, the black shales of the Lower Cambrian
Niutitang Formation in the Nayong area can be divided into six litholog-
ical members (Fig. 3). (1) A ferruginous clay layer (0.1–0.5 m thick)
in unconformable contact with the underlying dolomite of the
Neoproterozoic Dengying Formation. (2) A thin discontinuous phos-
phate layer (0–0.5 m thick), e.g. in the drill cores that we examined,
no phosphate layer was found (Fig. 3). (3) A laminated lower black
shale (≥2 m thick) with pyrite and apatite nodules. (4) A grey–black
coarse-grained limestone (0.1–0.6 m thick) in which the size of the cal-
cite grains is up to several millimetres and gradually decreases from
bottom to top. (5) The Ni–Mo–PGE ore body (0.02–0.6 m thick) with
several clasts andnodules of sulfides, apatite and organicmatter. Finally,
(6) a laminated upper black shale (≥5 m thick) with pyrite nodules,
thin pyrite and calcite veins that is in conformable contact with the
upper Mingxinsi Formation (Fig. 3).

Two types of mineable bodies exist in the Nayong area. The first is
mainly parallel to the flat-lying strata as in the Zunyi and Zhangjiajie
areas (Fig. 4a), whereas the second is perpendicular to the strata
(Fig. 4b). The textures of these two types of polymetallic ores in the
Nayong area are very similar to those in the Zunyi and Zhangjiajie de-
posits that commonly have banded and lenticular structures (Fig. 4c
and d). The ore minerals, such as MoSC, millerite, sphalerite, pyrite
and apatite, are present as scattered clasts and nodules in the silicate
matrix (Fig. 4e, f). Amorphous MoSC, with an approximate formula of



Fig. 2. Geological map of the polymetallic Ni–Mo–PGE mineralization in the black shales of the Lower Cambrian Niutitang Formation in Shuidong, Nayong, Guizhou Province (modified
from Wu and Xu, 2010).
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(Mo, Fe, Ni)3(S, As)6C10 (Kao et al., 2001), is the only Mo-bearing phase
and usually occurs as clasts and bands (Fig. 4e, f). The abundant
sphalerite in the ores of Nayong area differs from those of Zunyi and
Zhangjiajie. Sphalerite and millerite occur in association with pyrite
and MoSC in the clasts, whereas in other instances they infill fractures
in the MoSC phase (Fig. 4e, f). However, in the polymetallic ores of the
Nayong area, ellipsoidal organic clots with variable Ni and Mo contents
(Ni in the inner part and Mo in the outer part), which have recently
been reported in the Zunyi deposits (Cao et al., 2013; Shi et al., 2014),
are not found. Furthermore, in some samples, theMoSC phase and apa-
tite nodules are often dissected by millerite, sphalerite and barite. This
feature suggests that the deposition of Mo and P might precede that of
Ni, Zn and Ba (Fig. 4f). Gangue minerals are mainly apatite, barite,
calcite, quartz and other silicate minerals. In contrast, sporadic and ag-
gregate pyrite dispersed in the silicate matrix is a common feature in
the black shale.
3. Samples and methods

Nine samples (eight of black shale and one of polymetallic ore) of the
Lower Cambrian Niutitang Formation were collected from drill cores
(Table 1, Figs. 2 and 3). Twelve ore sampleswere collected from the sur-
face in the town of Shuidong, Nayong county. All samples were ground
to minus 200 mesh in an agate mortar. Chemical reagents such as
hydrofluoric acid (HF, 40 wt.%), hydrochloric acid (HCl, 37 wt.%) and
nitric acid (HNO3, 69 wt.%), used in the experiments were purified by
sub-boiling distillation.

Trace elements in the black shale were determined by a Perkin-
Elmer Sciex ELAN DRC-e ICP-MS at the State Key Laboratory of Ore
Deposit Geochemistry (SKLODG), Institute of Geochemistry, Chinese
Academy of Sciences (Guiyang). A 50mg powder sample was dissolved
in a high-pressure Teflon bomb with 1 ml HF and 2 ml HNO3 at 190 °C
for 48 h. After removing HF by heating, the residue was dissolved in



Fig. 3. Lithological column and sampling locations in the drill hole examined in Shuidong, Nayong, Guizhou Province compared to Zunyi (Guizhou Province) and Zhangjiajie (Hunan Prov-
ince) sections (Zunyi and Zhangjiajie sections modified from Steiner et al., 2001).
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2mlH2O and 2mlHNO3with an appropriate amount of Rh at 145 °C for
12 h (Qi et al., 2000). Rhwas used as an internal standard tomonitor in-
strumental drift during the analysis: analytical precision was better
than 10% relative standard deviation. The polymetallic ores were simi-
larly dissolved and trace elements were determined by a Finnigan
MAT ELEMENT high-resolution ICP-MS at the Chinese National Re-
search Center of Geoanalysis (Beijing). Total analytical precision was
better than 10% relative standard deviation.

An improved digestion technique with a 120 ml polytetra-
fluoroethylene (PTFE) beaker and stainless steel pressure bomb was
used in the PGE analyses (Qi et al., 2011). Two to three grammes of pow-
der sample was first dissolved in 5 ml HF and 15 ml HNO3 in a 120 ml
PTFE beaker on a hot plate to remove the silicates and sulfides. The
dried residue with an appropriate amount of enriched isotope spike so-
lution containing 101Ru, 193Ir, 105Pd and 194Pt was digestedwith 5ml HF
and 15 ml HNO3 in a sealed beaker inside a stainless steel pressure
bomb at 190 °C for 48 h, and the solution was evaporated to dryness
after dissolution. Then, 5 ml HCl was added to remove the residual HF
andHNO3 from the sample, whichwas subsequently evaporated to dry-
ness. The final residue was dissolved in 40 ml 2 N HCl and centrifuged.
The upper, clear solution was used to pre-concentrate PGE by Te co-
precipitation. The main interfering elements, such as Cu, Ni, Zr and Hf,
were removed using a mixed ion-exchange column containing a
Dowex 50 W X8 cation exchange resin and a P507 Levextrel resin. The
eluted solution was measured by the ELAN DRC-e ICP-MS at SKLODG,
and the detection limits ranged from 0.004 ppb Ir to 0.014 ppb Pt
(Qi et al., 2011).

Total organic carbon (TOC) was obtained by a Leco CS230 carbon
and sulfur analyzer at the ALS Chemex (Guangzhou) Company Limited.
The relative standard deviation was better than 5%.

For mineral observation and identification, a JSM-6440LV scanning
electron microscope (SEM) with energy dispersive X-ray spectrometer
(EDS, EDAX) was used at the State Key Laboratory of Environmental
Geochemistry, Chinese Academy of Sciences (Guiyang).

4. Results

Elemental enrichment characterizes the black shales of the Lower
Cambrian Niutitang Formation in the Nayong area, particularly Ni
(7.03wt.%),Mo (8.49wt.%) and Zn (11.7wt.%), all ofwhich occur at per-
cent level (Table 2). Most trace-element concentrations in the black
shale are essentially constant, whereas they are highly enriched in the
polymetallic ores (Table 2, Fig. 5). Similar trace-element concentrations
are seen in the Zunyi and Zhangjiajie deposits except that Zn is unusu-
ally high in the Nayong area. In general, the polymetallic ores are char-
acterized by higher concentrations of siderophile elements (Co, Ni and
Mo), chalcophile elements (Cu, Zn, Cd, Sb, Tl, Pb and Bi) and two
lithophile elements (Y, U) compared to those of the black shale host
(Table 2). In contrast, the concentrations of most lithophile elements
(Li, Be, Sc, V, Cr, Rb, Zr, Nb, Cs, Th, Hf) in the black shale host are higher
than those in the polymetallic ores (Table 2).

The enrichment factor (EF), which is the relative abundance of an
element in a sample divided by its average abundance in the upper con-
tinental crust (UCC, Rudnick and Gao, 2003), is generally used to de-
scribe trace-element enrichment (Harris et al., 2013). For polymetallic
ores, the EFs of several lithophile elements are less than or around one
except for Y and U that have averages of 9 and 109, respectively
(Fig. 5). However, most siderophile and chalcophile elements are mod-
erately to strongly enriched. For instance, the EFs for Co, Ni, Mo, Cu, Zn,
As, Cd, Sb, Tl, Pb and Bi range from 10 to more than 10,000 in the
polymetallic ores (Fig. 5). In the black shale, the concentrations of
most lithophile elements have similar concentrations as the UCC, and
the EFs are around one except for V, Sn and U, which are 4, 70 and 9, re-
spectively. Furthermore, there is moderate to weak enrichment in a few



Table 1
Sample descriptions of the black shales in the Lower CambrianNiutitang Formation from a
drill hole in Shuidong, Nayong, Guizhou Province.

162 T. Han et al. / Ore Geology Reviews 67 (2015) 158–169
siderophile and chalcophile elements, including Ni, Mo, Cu, Zn, As, Cd,
Sb and Tl, with EFs ranging from one to several hundreds in the black
shale (Fig. 5).
Fig. 4.Representative features of the ores and theminerals of thepolymetallicmineral sys-
tems in Shuidong, Nayong, Guizhou Province. a: horizontal ore body parallel to thehosting
strata; b: ore-pipe perpendicular to the flat-lying strata; c: ore sample with lenticular
structure and a quartz veinlet; d: ore sample with lenticular and banded structures; e:
photomicrograph of Fig. 4c (SEM, BSE, ×27), ore minerals occur as the clasts and nodules
and disseminated in silicate matrix; f: photomicrograph of Fig. 4d (SEM, BSE, ×37), ore
minerals occur as nodules, clasts and bands, the apatite and MoSC phase are cut by sphal-
erite, millerite and barite. Abbreviation: Sp: sphalerite, Mil: millerite, Brt: barite, Ap: apa-
tite, Py: pyrite, MoSC: a Mo-bearing phase with admixture of carbonaceous matter and
MoS2 (Kao et al., 2001; Orberger et al., 2007).

Sample
no.

Sample descriptions

SD6-6 Black shale with laminated structure, sporadic pyrite and fine calcite vein
SD6-7 Black shale with laminated structure, pyrite nodule
SD6-8 Grey to black shale with laminated structure, pyrite nodule, fine pyrite

and calcite vein
SD6-9 Pitch black shale with laminated structure closely overlie the polymetallic

ore
SD6-10 Pitch black polymetallic Ni-Mo-PGE ore with a highest TOC, banded and

lenticular structure
SD6-12 Grey to black shale with laminated structure, pyrite nodule, calcite vein
SD6-13 Grey to black shale with laminated structure, fine pyrite, calcite vein,

apatite nodule
SD6-14 Black shale with laminated structure, sporadic pyrite
SD6-15 Black shale with laminated structure, abundant apatite nodule
High TOC is a notable feature for the black shales of the Lower Cam-
brian Niutitang Formation in the Nayong area. TOC in the polymetallic
ores ranges from 2.55 wt.% to 11.5 wt.% with an average of 7.73 wt.%,
whereas in the black shale, TOC ranges from 1.80 wt.% to 4.26 wt.%
with an average of 3.67 wt.% (Table 2). PGE data are summarized in
Table 3. There are large differences between the PGE of the polymetallic
ores and the black shale. The highest PGE concentrations are detected in
the polymetallic oreswith an average of 4.70 ppb for Ru, 9.93 ppb for Rh,
288 ppb for Pd, 2.32 ppb for Ir and 308 ppb for Pt and total PGE concen-
trations of up to 943 ppb (Table 3). In contrast, the black shale has lower
total PGE concentrations and averages of 0.224 ppb for Ru, 0.145 ppb for
Rh, 9.16 ppb for Pd, 0.090 ppb for Ir and 3.33 ppb for Pt (Table 3). Pt and
Pd are enriched relative to Ru, Rh and Ir in the polymetallic ores and
black shale; furthermore, the PGE concentrations, geochemical parame-
ters and chondrite-normalized PGE patterns significantly vary (Table 3,
Fig. 6).

Asmentioned above, the polymetallic ores are enriched in several el-
ements compared to the black shale host (Tables 2 and 3). Positive cor-
relations among most of enriched trace elements are observed for the
polymetallic ores, but are absent in the black shale. Therefore, we divide
the enriched elements into three groups according to correlation coeffi-
cients (R2) and geochemical properties: Co–Ni–Cu–PGE, Zn–Cd–Pb and
Mo–Tl–TOC (Table 4); R2 ≥0.80 denotes strong correlation and R2 be-
tween 0.80 and 0.50 denotes moderate correlation (Harris et al., 2013).

In the polymetallic ores, moderate to strong positive correlations are
found among Co, Ni and Cu with R2 values ranging between 0.69 and
0.92, whereas such correlations are not found in the black shale
(Table 4). Moreover, Cu and Co show moderately positive correlations
with PGE, especially Ru, Pd and Pt with the R2 values ranging between
0.58 and 0.71, in the polymetallic ores (Table 4). However, Ni does not
correlate with PGE in the polymetallic ores.

There is a strong correlation between Zn and Cd (R2 = 0.76) in the
polymetallic ores but not in the black shale (Table 4), which is consis-
tent with the tendency of sphalerite to host Cd. However, Pb, which
commonly coexists with Zn in the Pb–Zn deposits, shows weak correla-
tion with Zn (R2 = 0.19, Table 4).

Mo strongly correlates with Tl in the polymetallic ores (R2 = 0.74)
and black shale (R2 = 0.91) (Table 4). In addition, TOC is strongly posi-
tively correlated with Mo (R2 = 0.74) and Tl (R2 = 0.80) in the
polymetallic ores (Table 4). In particular, Mo and TOC are strongly
correlated with PGE in the polymetallic ores with R2 of 0.56–0.87 for
TOC–PGE and 0.52–0.83 for Mo–PGEs except Rh (Table 4).

5. Discussion

Despite the extensive research efforts regarding the origin of the
polymetallic Ni–Mo–PGE mineralization, the metal sources are yet to
be identified with certainty. Coexistence of numerous elements with



Table 2
Trace elements concentrations and TOC in the black shales of the Lower Cambrian Niutitang Formation in Shuidong, Nayong, Guizhou Province
(TOC is in wt.%, other elements are in ppm).

Sample no. Lithology Li Be Sc V Cr Co Ni Cu Zn Ga Ge As Rb Sr

SD6-6 Upper
Black
shale

25.8 3.06 14.8 409 90.5 16.9 79.4 58.5 97.1 21.3 1.57 6.67 134 154
SD6-7 15.3 2.75 14.5 701 105 22.6 281 78.0 317 20.0 1.38 18.1 119 198
SD6-8 12.1 2.20 10.0 193 79.9 23.4 279 87.3 186 14.9 1.50 210 89.2 87.5
SD6-9 17.7 2.90 12.6 437 86.5 21.6 869 64.6 619 21.3 1.68 37.1 112 148
SD6-10 Ore

sample
2.07 0.260 1.32 217 43.5 261 20679 1997 5532 5.46 1.18 10370 11.1 56.8

SD3-16 10.5 1.19 6.00 204 38.2 316 36194 2628 95774 14.6 11.0 9398 9.02 320
SD7-1 9.49 1.61 7.81 198 56.9 437 67330 3847 62495 36.2 3.43 14975 17.3 402
SD7-2 11.8 2.06 12.0 237 50.0 300 38720 2772 66602 26.6 2.50 11605 20.2 426
SD7-3 3.53 0.400 2.83 61.5 16.6 109 14688 740 12915 15.8 0.830 3340 4.57 298
SD8-7 6.57 1.13 5.50 105 50.5 137 18050 1116 16842 11.3 2.38 7487 16.9 286
SD8-8 5.66 0.420 2.96 71.2 25.1 150 21231 1201 10045 12.8 1.10 7047 4.54 306
SD5-4 7.05 1.02 5.96 152 51.3 275 48284 2530 115515 24.4 14.9 4827 9.85 322
SD1-6 20.2 1.80 7.08 552 79.9 397 51009 2545 14637 18.7 2.19 18054 23.5 278
JL-1 6.46 0.960 5.13 151 48.8 409 70292 3314 116712 25.0 12.5 8866 6.90 294
DJLZ2-1 20.6 0.350 2.50 158 51.7 368 30347 3339 26175 9.07 4.12 8452 9.13 74.1
DJLZ3-1 13.7 1.11 7.04 163 38.5 180 19942 1484 35800 14.6 7.36 3939 18.3 414
DJLZ3-2 8.65 1.22 8.42 184 50.5 313 41538 2440 49439 20.9 11.8 8231 13.3 312
SD6-12 Lower

black
sample

22.1 2.63 11.6 408 100 16.8 216 45.3 353 16.7 1.33 31.2 93.3 138
SD6-13 25.3 1.61 6.77 354 373 5.34 71.8 58.2 104 10.6 0.995 8.07 53.7 178
SD6-14 28.4 1.96 10.3 446 87.1 14.7 180 51.1 199 15.2 1.23 21.4 83.1 72.8
SD6-15 33.6 2.24 8.18 482 538 7.90 102 73.5 141 12.9 1.03 10.2 74.2 139
Average of black shale 22.5 2.42 11.1 429 183 16.2 260 64.6 252 16.6 1.34 42.9 94.8 139
Average of ore sample 9.71 1.04 5.73 189 46.3 281 36793 2304 48345 18.1 5.79 8969 12.7 291
Black shale of ZY and ZJJa 13.1 825 99.2 23.0 394 93.9 531 18.8 107 131
Ores of ZY and ZJJa 3.56 1240 76.5 146 36000 1370 7460 10.4 31.5 498

Y Zr Nb Mo Cd Sn Sb Cs Ba Hf W Tl Pb Bi Th U TOC

28.2 139 12.7 16.7 5.42 139 1.63 17.2 928 4.12 1.81 1.87 48.1 0.382 12.0 14.9 1.80
30.3 142 12.2 64.0 22.2 590 4.67 14.5 1100 4.03 1.71 3.36 46.8 0.454 11.8 26.4 3.04
20.8 96.3 9.10 48.6 4.90 121 10.1 11.6 759 2.76 1.33 4.04 185.0 0.263 8.69 35.4 3.88
23.9 124 11.8 439.1 4.78 22.8 7.51 13.8 842 3.27 2.21 8.92 49.8 0.419 10.8 38.5 5.41
3.51 12.8 0.9 72913 217 6.56 246 12.0 211 0.230 2.77 265 364 6.82 0.330 11.2 11.45
227 19.8 1.20 36643 671 11.5 257 5.12 161 0.410 1.19 186 407 12.0 3.40 424 9.68
375 34.8 2.23 36267 617 19.8 309 5.91 267 0.760 1.12 200 431 20.0 4.46 359 6.94
445 45.6 2.48 31242 559 16.2 272 5.21 288 0.900 1.15 196 414 13.9 5.77 431 7.33
94.6 8.91 0.6 7346 87 3.69 72.3 1.04 2875 0.230 0.500 47.5 137 4.71 1.42 156 2.55
102 30.4 1.84 25647 208 7.72 144 5.97 502 0.690 1.13 110 173 6.20 3.02 219 5.38
90.1 8.23 0.6 17569 139 7.25 160 2.33 259 0.200 0.690 106 197 8.31 1.75 143 3.76
229 22.3 1.26 37492 858 15.1 268 3.45 1041 0.470 1.54 193 376 12.9 3.72 512 9.74
182 70.1 3.16 40082 149 10.4 325 7.60 403 1.30 1.56 186 185 8.70 4.32 373 8.17
263 17.4 0.96 29857 879 14.0 311 2.56 2173 0.400 1.13 161 371 14.1 3.01 520 8.37
61.6 18.0 0.97 84922 523 12.9 564 6.44 1802 0.270 1.96 245 599 17.0 1.24 74.3 11.05
172 35.5 2.01 30714 521 9.01 312 4.04 481 0.670 1.00 99.3 290 10.2 3.34 257 7.08
301 31.5 1.67 49905 828 14.1 446 5.15 634 0.530 1.97 220 382 10.5 3.72 354 8.95
17.1 175 12.8 41.9 8.46 221 4.05 11.00 1070 4.86 1.39 3.34 50.2 0.255 10.0 23.0 3.72
63.7 90.8 7.59 6.11 0.28 2.16 1.02 7.53 665 2.56 1.11 1.05 14.8 0.036 6.13 13.6 3.79
20.6 180 11.5 25.0 3.10 81.3 4.65 10.3 798 4.82 1.21 2.24 44.5 0.170 8.45 26.3 4.26
40.9 118 9.56 7.99 0.53 5.06 1.73 11.1 819 3.42 0.97 1.61 22.1 0.083 7.81 14.9 3.49
30.7 133 10.9 81.2 6.21 148 4.42 12.1 873 3.73 1.47 3.30 57.7 0.258 9.46 24.1 3.67
196 27.3 1.53 38508 481 11.4 284 5.14 854 0.543 1.36 170 333 11.2 3.04 295 7.73

152 11.9 253 2.40 8.83 11.8 1350 3.66 3.88 27.6 0.600 11.3 43.0
43.1 3.60 53800 5.25 227 7.91 6580 3.05 30.8 95.6 10.9 53.8 252

a Zunyi (ZY) and Zhangjiajie (ZJJ) average values from Xu et al. (2012).
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various geochemical properties (mixture of elements associated with
felsic, mafic and ultramafic rocks) may be critical for elucidating the un-
identified metal sources. Several studies have proposed that metals for
theNi–Mo–PGEmineralization are possibly derived from extraterrestri-
al materials or mafic and ultramafic rocks (Fan, 1983; Fan et al., 1984; Li
and Gao, 2000; Lott et al., 1999). Additional studies have obtained de-
tailed evidence for the sources of the Ni–Mo–PGE mineralization. Jiang
et al. (2006) suggested that the terrigenous sources for the high-field-
strength elements, such as Zr, Hf, Nb, Ta, Sc, Th, REE, Rb and Ga, and
mixing of seawater and hydrothermal vents for V, Ni, Mo, U, Mn, Cu,
Zn, Pb, Sr and Ba. Pašava et al. (2010) suggested that felsic tuffs which
interbedded with phosphorites have unusual high PGE concentrations
at the Kunyang deposit and might be possible source of PGE for the
younger Mo–Ni–PGE phosphatic and sulfide-bearing black shales. Re-
cently, it was proposed thatmetals in the polymetallic oresweremostly
scavenged from Early Cambrian seawater (Xu et al., 2012). In the fol-
lowing discussion, we primarily focus on the metal sources for this
type of mineral systems.

5.1. Source of Co, Ni, Cu and PGE

5.1.1. Co, Ni and Cu
Co, Ni and Cu are strongly chalcophile elements and typically have

higher concentrations in mafic and ultramafic rocks than in felsic and
intermediate rocks. They can coexist and be isomorphous with each
other because of their similar geochemical properties. Similar to Co, Ni
and Cu, PGE are also strongly chalcophile and tend to be enriched in
mafic and ultramafic rocks (Liu et al., 1984). The high concentrations
and positive correlations of these metals in the polymetallic ores of
the Lower Cambrian black shales (Tables 2 and 4) imply that Co, Ni



Fig. 5. Spider diagrams and enrichment factors of the trace elements for the black shales of the Lower CambrianNiutitang Formation in Shuidong, Nayong, Guizhou Province normalized to
the upper continental crust (UCC, Rudnick and Gao, 2003).
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and Cu may be genetically related with the mafic and ultramafic rocks.
On the other hand, trace elements, such as Co, Ni and Cu, often can be
associated with hydrothermal fluids that record the interaction be-
tween seawater andmafic or ultramafic rocks in amarine environment.
For instance, Co, Ni and Cu enrichment is observed in relatively high-
temperature, low-pH, and Cl-richfluids that have undergone phase sep-
aration and interacted with ultramafic rocks (Douville et al., 2002;
Marques et al., 2006). Co and Ni can be released from peridotite min-
erals and enter the newly formed serpentine and magnetite or precipi-
tate as Ni–Co–Fe sulfides in the presence of aqueous H2S (Marques et al.,
2007). Thesemetals can also be leached during the alteration of basaltic
rocks. Mottl et al. (1979) concluded that Cu is extensively leached from
basalt and andesite because of hydrothermal alteration. Seewald and
Seyfried (1990) suggested that fluid chemistry is characterized by
high Zn, Cu, Fe, Mn, SiO2, H2S and H2 concentrations during basalt alter-
ation at 400 °C. The concentrations of Fe, Mn and Cu can reach up to
1500, 190 and 0.3 ppm, respectively, during basalt–seawater interaction
at 200–500 °C at 500–800 bars (Hajash, 1975). Considering these fea-
tures, it appears that mafic and ultramafic rocks may be the source of
Co, Ni and Cu for the polymetallic ores of the Lower Cambrian black
shales. Coincidentally, mafic and ultramafic rocks were widely devel-
oped in southern China in the Proterozoic and Early Palaeozoic eras (Li
and Gao, 2000). However, the mechanism for the extreme enrichment
of Ni compared to Co and Cu is unclear. A possible reason for this
might be that only very small fractions of the Co and Cumetals in hydro-
thermal fluids are deposited along with Ni. This phenomenon might be
similar to that suggested for the Avebury hydrothermal Ni deposit, Tas-
mania (Keays and Jowitt, 2013).

5.1.2. PGE
PGE are not exclusively associated with mafic and ultramafic rocks

because they can also be enriched in the marine environments
(Pašava, 1993; Sawlowicz, 1993). Several studies of significant PGE
enrichment have been performed to understand the migration and en-
richment process of PGE at low temperatures in manganese nodules,
ferromanganese crusts and submarine hydrothermal sulfides (Banakar
et al., 2007; Crocket, 1990; Li, 1991; Pašava et al., 2004, 2007).

The PGE concentrations of the polymetallic ores in the Nayong area
are consistent with those of the Zunyi and Zhangjiajie reported in an
earlier study (Table 3, Xu et al., 2012). Furthermore, the black shale
has PGE concentrations less than those in the Zunyi and Zhangjiajie
areas (Table 3, Xu et al., 2012). In terms of the PGE geochemistry
concerning the black shale in Nayong, the chondrite-normalized PGE
patterns are similar to those of the upper continental crust (UCC, Park
et al., 2012), marine oil shale (Fu et al., 2011) and seawater (Nozaki,
1997) (Fig. 6). On the other hand, the average Pd/Pt value of 2.75 for



Table 3
PGE concentrations in the black shales of the Lower Cambrian Niutitang Formation in Shuidong, Nayong, Guizhou Province (ppb).

Sample no. Lithology Ru Rh Pd Ir Pt Pd/Pt Pd/Ir Pt/Ir ∑PGE

SD6-6 Upper
black
shale

0.128 0.097 5.78 0.113 1.81 3.19 51.0 16.0 7.93
SD6-7 0.329 0.162 11.2 0.129 4.00 2.80 86.7 30.9 15.8
SD6-8 0.147 0.130 7.07 0.126 3.19 2.22 55.9 25.2 10.7
SD6-9 0.419 0.218 13.3 0.119 7.30 1.82 112 61.3 21.4
SD6-10 Ores 5.14 12.1 374 3.87 350 1.07 96.6 90.4 745
SD3-16 5.28 15.2 333 2.02 381 0.874 165 189 736
SD7-1 5.18 7.44 316 2.49 326 0.969 127 131 657
SD7-2 5.37 9.76 300 1.88 376 0.798 160 200 693
SD7-3 1.87 3.43 100 0.830 103 0.971 120 124 210
SD8-7 2.76 7.25 163 1.40 172 0.948 116 123 347
SD8-8 3.00 6.28 173 1.31 182 0.951 132 139 365
SD5-4 5.79 19.1 360 2.58 430 0.837 140 167 818
SD1-6 6.38 13.2 288 2.04 378 0.762 141 185 688
JL-1 5.10 9.37 340 2.90 306 1.11 117 106 663
DJLZ2-1 6.94 12.8 454 3.80 466 0.974 119. 123 943
DJLZ3-1 3.70 5.45 205 2.03 200 1.03 101 98.5 416
DJLZ3-2 4.64 7.76 344 2.97 331 1.04 116 111 691
SD6-12 Lower

black
shale

0.128 0.094 4.83 0.072 1.91 2.53 67 26.5 7.04
SD6-13 0.219 0.136 10.3 0.045 2.49 4.14 229 55 13.2
SD6-14 0.122 0.112 3.24 0.077 1.80 1.80 41.9 23.3 5.35
SD6-15 0.301 0.212 17.5 0.039 4.16 4.2 444 106 22.2
Average black shale (this study) 0.224 0.145 9.16 0.090 3.33 2.75 102 (60.2)f 37.0 (30.6)f 13.0
Average ore sample (this study) 4.70 9.93 288 2.32 308 0.94 124 133 613
Black shale of ZY and ZJJa 6.76 1.04 20.0 1.13 37.8 0.529 17.7 33.5 66.7
Ores of ZY and ZJJa 9.81 12.1 328 3.78 315 1.04 86.8 83.3 669
Marine oil shaleb 0.112 0.083 3.23 0.043 1.60 2.02 75.9 37.6 5.06
UCCc 0.030 0.018 0.526 0.022 0.599 0.878 23.9 27.2 1.20
Seawaterd b5.0E-06 8.0E-05 6.0E-05 1.30E-07 5.0E-05 1.2 462 385 1.93E-04
MORBe 0.067 0.008 0.460 0.030 0.41 1.12 15.33 13.67 0.975
OIBe 0.44 0.24 4.60 0.280 4.6 1.02 16.43 15.36 9.86

a Zunyi (ZY) and Zhangjiajie (ZJJ) average values from Xu et al. (2012).
b Marine oil shale (MOS) average value from Fu et al. (2011).
c Upper continental crust (UCC) value from Park et al. (2012).
d Seawater value from Nozaki (1997) and half value of Ru is used for calculation.
e Mid-ocean ridge basalt (MORB) and ocean-island basalt (OIB) values from Crocket (2002).
f Data in parentheses are the average values for black shale excluding two apatite-bearing black shale SD6-13 and SD6-15.
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the black shale is very close to that of marine oil shale (Pd/Pt = 2.02)
(Table 3). Moreover, this value is relatively higher than that of UCC
(Pd/Pt = 0.88) and seawater (Pd/Pt = 1.2) (Table 3). The average
Pd/Ir and Pt/Ir values of 69.2 and 30.6, respectively, except for two
apatite-bearing black shale (SD6-13 and SD6-15), are also similar to
that of marine oil shale (Pd/Ir = 75.9 and Pt/Ir = 37.6) (Table 3). How-
ever, the Pd/Ir and Pt/Ir values of the black shale are between those of
UCC (Pd/Ir = 23.9 and Pt/Ir = 27.2) and seawater (Pd/Ir = 462 and
Fig. 6. Chondrite normalized PGE patterns for the polymetallic Ni-Mo-PGE ores (left) and the b
and Grevesse (1989), other values from Table 3. Mid-ocean ridge basalt (MORB) and ocean-islan
et al. (2012); Marine oil shale (MOS) average value from Fu et al. (2011); Seawater value from
Pt/Ir = 385) (Table 3). The similarities with marine oil shale and the
discussed above suggest that the black shale may have undergone sim-
ilar PGE enrichment processes like themarine oil shale that formed in a
normal marine sedimentary environment (Fu et al., 2011). Mixtures of
seawater and terrigenous materials are possible sources for the black
shale of the Lower Cambrian Niutitang Formation.

In contrast to the black shale, the polymetallic ores show higher PGE
enrichment than that of the black shale and seafloor hydrothermal
lack shale (right) in Shuidong, Nayong, Guizhou Province. CI chondrite value from Anders
d basalt (OIB) values from Crocket (2002); Upper continental crust (UCC) value from Park
Nozaki (1997) and half value of Ru is used for calculation.



Table 4
Correlation matrix for the correlation coefficient R2 of the enriched elements in the polymetallic Ni-Mo-PGE ores (a) and black shale (b) of the Lower Cambrian Niutitang Formation in
Shuidong, Nayong, Guizhou Province.

Co Ni Cu Zn Mo Cd Tl Pb Ru Pd Ir Pt Rh TOC

a
Co 1.00
Ni 0.74 1.00
Cu 0.92 0.69 1.00
Zn 0.22 0.46 0.32 1.00
Mo 0.23 0.00 0.24 0.01 1.00
Cd 0.30 0.41 0.43 0.76 0.04 1.00
Tl 0.49 0.15 0.51 0.04 0.74 0.16 1.00
Pb 0.41 0.14 0.63 0.19 0.52 0.43 0.58 1.00
Ru 0.71 0.32 0.69 0.14 0.52 0.22 0.71 0.54 1.00
Pd 0.59 0.24 0.66 0.17 0.70 0.36 0.86 0.77 0.83 1.00
Ir 0.36 0.10 0.39 0.03 0.83 0.20 0.75 0.59 0.52 0.81 1.00
Pt 0.58 0.25 0.62 0.19 0.52 0.28 0.78 0.62 0.94 0.87 0.52 1.00
Rh 0.21 0.11 0.22 0.24 0.23 0.15 0.40 0.21 0.58 0.49 0.22 0.69 1.00
TOC 0.38 0.09 0.39 0.11 0.74 0.26 0.80 0.56 0.71 0.87 0.79 0.75 0.56 1.00

b
Co 1.00
Ni 0.32 1.00
Cu 0.14 0.02 1.00
Zn 0.30 0.87 0.00 1.00
Mo 0.20 0.96 0.00 0.81 1.00
Cd 0.38 0.02 0.06 0.09 0.00 1.00
Tl 0.42 0.98 0.03 0.86 0.91 0.03 1.00
Pb 0.40 0.02 0.34 0.00 0.00 0.00 0.06 1.00
Ru 0.03 0.04 0.20 0.07 0.10 0.01 0.04 0.13 1.00
Pd 0.05 0.13 0.23 0.07 0.16 0.01 0.08 0.07 0.00 1.00
Ir 0.26 0.67 0.05 0.63 0.60 0.00 0.67 0.05 0.00 0.02 1.00
Pt 0.11 0.81 0.13 0.62 0.82 0.00 0.73 0.00 0.02 0.53 0.28 1.00
Rh 0.03 0.17 0.17 0.11 0.21 0.01 0.11 0.09 0.00 0.91 0.00 0.56 1.00
TOC 0.01 0.52 0.00 0.46 0.47 0.06 0.45 0.01 0.00 0.10 0.63 0.44 0.12 1.00
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sulfides (Table 3, Pašava et al., 2004, 2007). The shape of the chondrite-
normalized PGE patterns of the polymetallic ores differs from that of the
black shale; however it is typical of mid-ocean-ridge basalt (MORB) and
ocean-island basalt (OIB) (Crocket, 2002) (Fig. 6). The Pd/Pt values
(average Pd/Pt = 0.94) are almost identical with MORB (Pd/Pt =
1.12) and OIB (Pd/Pt = 1.07) (Table 3). However, there are significant
fractionations between PPGE and IPGE. For instance, the Pd/Ir (average
Pd/Ir = 124) and Pt/Ir values (average Pt/Ir = 133) of the polymetallic
ores are higher than those in MORB (Pd/Ir = 15.33, Pt/Ir = 13.67) and
OIB (Pd/Ir = 16.43, Pt/Ir = 15.36) (Table 3). The Pd/Ir and Pt/Ir values
are also identical to those in Cu-rich massive sulfides in seafloor hydro-
thermal systems (Pd/Ir=114, Pt/Ir=142, Pašava et al., 2007). The frac-
tionations between PPGE and IPGE are attributed to hydrothermal
sulfide deposition where Pt and Pd are more mobile compared to Ir
(Maier and Barnes, 1999). Moreover, the Pd/Pt values are identical
with those in basalts (MORB and OIB) because the solubility of Pt, either
as chloride or bisulfide complexes, is relatively greater than or nearly
equal to that of Pd (Wood, 2002). These results suggest that the PGE
enrichment in the polymetallic ores could be linked to mafic rocks via
hydrothermal processes, which is consistent with Co, Ni and Cu.

5.2. Source of Zn, Cd and Pb

Zn and Pb are chalcophile elements, and sphalerite coexists with
galena in hydrothermally derived deposits associated with carbonates.
Cadmium, another chalcophile element, has similar geochemical behav-
iour as Zn and is mostly hosted in sphalerite (Bethke and Borton, 1971;
Cook et al., 2009). In the black shales of the Lower Cambrian Niutitang
Formation in the Nayong area, the polymetallic ores show significantly
high Zn concentrations ranging from 0.55 wt.% to 11.7 wt.% and an
average of 4.83 wt.%. These values are similar to those in Maluhe, Zhijin
area (1.28 wt.% to 2.92 wt.%) (Xu et al., 2012) and Deze, Yunnan
province (3.73 wt.%) (Chen et al., 1982) near Nayong, but higher than
those in Zunyi (3000 ppm to 5000 ppm) and Zhangjiajie areas
(145 ppm to 5000 ppm) (Xu et al., 2012).
Up till now, few studies have investigated the source of Zn, Pb andCd
in the polymetallic Ni–Mo–PGE ore bodies in the black shales of the
Lower Cambrian Niutitang Formation, South China. Among the
polymetallic ores in the Nayong area, Zn, Pb and Cd do not correlate
well with Co–Ni–Cu–PGE and Mo–Tl–TOC (Table 4), especially with
the mafic elements and TOC. This suggests that Zn, Pb and Cd may not
be genetically related to mafic or ultramafic rocks or organic matter in
seawater. Despite this, the Zn, Pb and Cd could have originated from
thewidespread dolomites underlying the Lower Cambrian black shales.
First, because Zn, Pb and Cd could have been leached by hydrothermal
fluids flowing through the dolomites and contributed to the above-
mentioned acidic, high Cl-rich and high-temperature hydrothermal
fluids (Barrett and Anderson, 1988; Wood et al., 1987). In addition, it
is well known that the dolomites have high background values of Zn,
Pb and Cd and host Pb–Zn deposits. Second, Zn enrichment that reaches
up to 11.7 wt.% is an extremely atypical feature of the polymetallic ores
in Nayong and its nearby areas because it is not found in Zunyi and
Zhangjiajie. Although there are claims that either seawater or mafic
and ultramafic rocks can provide metals for the formation of the
polymetallic ores (Li and Gao, 2000; Xu et al., 2012), it is difficult to ex-
plain the extreme Zn enrichment in the Nayong area and its absence in
Zunyi and Zhangjiajie. The difference between the Nayong, Zunyi and
Zhangjiajie mineral deposits is the occurrence of Pb–Zn deposit in the
dolomites of the Neoproterozoic Dengying Formation in Nayong,
which might explain high Zn concentration in the polymetallic ores of
theNayong. Furthermore, the hydrothermal leaching ofmafic and ultra-
mafic rocksmay contribute to Zn enrichment, as it does for Co, Ni and Cu
(Seewald and Seyfried, 1990; Marques et al., 2007). Nevertheless, the
high Zn concentration in the polymetallic ores in Nayong is more likely
attributed to the underlying Pb–Zn deposits in the dolomites. Third, hy-
drothermal quartz and calcite veins found in the mining areas carrying
minor amounts of ore and gangue minerals, such as barite, sphalerite,
pyrite, chalcopyrite and fluorite, often cut through the mineralized
shales and Neoproterozoic dolomites (Lott et al., 1999; Orberger et al.,
2007). The veins and ore minerals also indicate that the Zn could have
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been extracted from the underlying dolomites by the hydrothermal
processes.

However, the correlation between Zn and Pb is weak (R2 = 0.19)
compared to that of Zn and Cd (R2 = 0.76) in the polymetallic ores
(Table 4), which possibly results from the different solubility of
sphalerite and galena in the hydrothermal conditions. For instance,
ZnS is consistently more soluble than PbS in acidic, Cl-rich and high-
temperature hydrothermal processes (Barrett and Anderson, 1988;
Wood et al., 1987).

The Zn anomaly and the Pb–Zn deposits, aswell as correlations, sug-
gest that the dolomites and/or Pb–Zn deposits of the Neoproterozoic
Dengying Formation, rather than seawater or mafic and ultramafic
rocks, could be the main source of Zn, Pb and Cd by hydrothermal
leaching.
5.3. Source of Mo, Tl and TOC

Molybdenum is widely used as a palaeoredox indicator (Chappaz
et al., 2014; Orberger et al., 2007; Scott and Loyns, 2012; Tribovillard
et al., 2012). It is known that Mo is typically present as stable and
unreactive molybdate anion (MoO4

2−) in the seawater and the enrich-
ment of authigenic Mo is limited in oxic conditions (Algeo and
Tribovillard, 2009; Tribovillard et al., 2006). Conversely, molybdenum
can be reduced to particle-reactive thiomolybdate ions (MoOxS4 − x

2− )
or tetrathiomolybdate (MoS42−) in the presence of H2S under anoxic
conditions, and is thus rapidly fixed in sediments (Erickson and Helz,
2000; Helz et al., 1996, 2011). In addition, in the black shales of the
Lower Cambrian in southern China, organic matter is mostly derived
from marine algae, plankton and benthic communities (Chen et al.,
2006; Kříbek et al., 2007;Wu et al., 1999). This organic matter can com-
monly collect as a variety of forms such as separate accumulations, vein-
lets and small pellets in thematrix and phosphatised or sulfidised clasts
in the polymetallic ores (Kříbek et al., 2007; Pašava et al., 2008). In fact,
organic matter plays a crucial role in sourcing, transporting and precip-
itating numerous elements in sedimentary environments through com-
plex formation between metals and functional groups. (Coveney and
Pašava, 2004; Mostofa et al., 2013).

In the polymetallic ores, there is strong correlation between Mo
and organic matter. First, the abundant Mo-bearing phases in the
polymetallic ores are a mixture of carbonaceous matter and MoS2 at
the nanoscale (Kao et al., 2001; Orberger et al., 2007). Second, ellipsoi-
dal mineralization-related organic clots (rhodophyte cystocarps) are
found in the ores but not in the nearby black shale. Organic clots com-
monly have high Mo content in the outer part and Ni in the inner part
of the rhodophyte cystocarp, which also suggests a significant biotic ef-
fect on the polymetallicmineralization (Cao et al., 2013; Shi et al., 2014).
Third, there is strong correlation between Mo and TOC (R2 = 0.74,
Table 4) in the ores. Such strong correlation is often observed inmodern
and ancient euxinic basins (Chappaz et al., 2014). The above-mentioned
observations suggest that Momay be primarily controlled by functional
groups boundwith organicmatter from seawater (Mostofa et al., 2013).
However, the extremeMo enrichment in the polymetallic oresmight be
attributed to the abundant nitrogen fixing and Mo-dependent hyper-
thermophilic or mesophilic bacterial consortia (Orberger et al., 2007).

Similar to Mo, high Tl concentration (up to several hundred ppm) is
also observed in the Lower Cambrian black shales, especially in the stud-
ied ores and showing strong correlation (R2 = 0.79) between Tl and
TOC (Table 4). Moreover, Tl also shows biological affinities that can be
seen in several Tl deposits of south-western China such as those
Lanmuchang (Guizhou Province) and Nanhua (Yunnan Province).
These Tl deposits were subjected to a syngenetic bioenrichment via
the metabolism of living organisms (Zhang et al., 2007). Consequently,
the extreme Tl concentration in the polymetallic ores of the Lower
Cambrian black shales might be attributed to organic matter and
bioaccumulation.
In particular, the strong correlations between themain components,
such as Mo and TOC, with PGE (Table 4) can be explained by the higher
PGE contents may be hosted in theseMo-bearing phase or organic mat-
ter in Nayong. This distribution patterns probably provide a further in-
sight into the mode of occurrence of PGE. In the Zunyi and Zhangjiajie
areas, the PGE are typically present in several minerals. For instance,
Zhang et al. (2005) showed that Pt is highly enriched in micrometre-
sized As- and Fe-bearing vaesite, whereas Pd is mainly enriched in a
phase similar to MoSC. Orberger et al. (2007) showed that Pd could
reach up to 982 ppm and 111 ppm inMoSC and Ni–Fe sulfides, whereas
Pt can reach up to 124 ppm and 122 ppm in pyrite and Ni–Fe sulfides,
respectively. Recently, Pašava et al. (2013) reported that the main PGE
carriers are grainy pyrite and Ni sulfides (up to 490 ppm Pt, 390 ppm
Pd and 220 ppm Rh), millerite (up to 530 ppm Pt, 430 ppm Pd and
190 ppm Rh) and gersdorffite (up to 410 ppm). Because of the high
PGE concentration which can be considered as an unconventional re-
source, a detailed in situ investigation of the PGE-carrying minerals
with higher resolution and sensitivity is necessary.

Therefore, the above-mentioned data suggest that Mo and Tl enrich-
ment might be attributed to bioaccumulation and have seawater
origins. As such organic matter plays an important role in Mo, Tl and
PGE in the anoxic sedimentary conditions of the Lower Cambrian
black shales in South China.

6. Conclusions

The results of our investigation are summarized below:

(1) The polymetallic Ni–Mo–PGE ores are characterized by higher
concentrations of trace elements, PGE and TOC than those of
the nearby black shale. The percent grades of Zn in the ores of
Nayong area are a distinctive feature not observed in Zunyi and
Zhangjiajie.

(2) The sources of PGE in the polymetallic Ni–Mo–PGE ores and
black shale are not the same. The formation of former could in-
volve the mafic rocks and hydrothermal processes, whereas the
latter might have had terrigenous and seawater contributions.

(3) Proterozoic and Early Palaeozoic mafic and ultramafic rocks, do-
lomites and/or Pb–Zn deposits of the Neoproterozoic Dengying
Formation and seawater with hydrothermal and biological pro-
cesses might have contributed to the polymetallic Ni–Mo–PGE
mineralization in the black shales of the Lower Cambrian
Niutitang Formation, South China.
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