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A B S T R A C T

Lower Cambrian (Tommotian) black shales of the Niutitang Formation, South China, host a thin accumulation
(5–20 cm) of Ni, Mo, platinum group elements (PGE)-Au, Ni, As, Zn, Cu, V and rare earth elements (REE). Of all
known deposits, the late Devonian Ni-Mo-PGE sulphide horizon in black shales of the Nick deposit, Selwyn Basin
in Canadian Yukon, presents the strongest similarity with the Niutitang Formation polymetallic layer. In the
present study, samples of the mineralised layer and host shales in South China from two mine sites (Zunyi and
Sancha) were investigated in order to further characterise the prevailing redox conditions and mechanisms
involved in the metal concentration process at both sites. Additional comparison with the Nick deposit miner-
alised layer was also undertaken. Bulk geochemical analysis (including PGE analysis) were conducted on all
samples, along with μm-scale investigation of metal distributions and associations by X-ray fluorescence (XRF)
mapping and Synchrotron XRF mapping. The comparison of the two sites from South China highlights strong
similarities in metal enrichment factors. PGE and REE distribution patterns are also highly similar and suggest a
source from seawater. Strong variations in elemental distributions at µm-scale were observed at both sites, most
likely related to intense variations in redox conditions in the sediment. The comparison with the Nick deposit
highlights a stronger enrichment in Ni and Zn in the Nick deposit and a greater variety of minerals in the
Niutitang shales. The PGE and REE distributions of both the Nick deposit and the Niutitang shales, however,
present highly similar patterns, and support an origin from seawater. The present study provides further insight
into mineralisation style and processes in these mineralised black shales, highlighting the importance of redox
conditions and re-emphasizing the role of organic matter in the formation of these mineralised layers.

1. Introduction

Black shales are commonly host to large Zn-Pb deposits; however,
rare Ni-Mo-PGE enriched sulphide beds have been reported in the
Cambrian shales of South China (e.g. Coveney and Nansheng, 1991;
Jiang et al., 2006) and Devonian shales of the Yukon, Canada
(Goodfellow, 2007). The sediment-hosted mineralisation of South
China is found in lower Cambrian (Tommotian) black shales of the
Niutitang Formation. This mineralised layer, corresponds to a thin ac-
cumulation (5–20 cm) of Ni, Mo, Au, Ag, Se, Cr, V, Zn, U, rare earth
elements (REE) and platinum group elements (PGE) that can be traced

along the same stratigraphic horizon over distances up to 2000 km
(Mao et al., 2002). Despite the fact that mineralised horizons have been
detected hundreds of km apart, it remains unclear whether this ore
body forms a continuous layer across South China. In addition, the
origin of these deposits remains highly controversial with studies sup-
porting a hydrothermal origin and other supporting a seawater
scavenging mechanism (e.g., Coveney and Nansheng (1991), Orberger
et al. (2007), Pi et al. (2013), Lehmann et al. (2016)).

For instance, Coveney and Nansheng (1991) conducted a study of
the mineralised layer with SEM/EDS, PGE and S isotope analysis and
proposed an origin from submarine springs, mentioning that some
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metals could have potentially been added during a second stage of
mineralisation via circulating basinal brines. Murowchick et al. (1994)
reported δ34S values ranging from +22 to −26‰ for sulphide nodules
attributed to the activity of bacterial sulphate reduction. The authors
proposed that the ore genesis took place in an anoxic, phosphogenic
and metallogenic basin with intermittent venting of metal-rich hydro-
thermal fluids. Li and Gao (1996) detected positive Eu anomalies in
cherts interbedded with the black shales of the Niutitang Formation and
proposed a hydrothermal origin for these cherts. Lott et al. (1999)
performed fluid inclusion measurements on quartz-sulphide stock work
found about 10m below the mineralised horizon. The temperatures up
to 290 °C suggested that hydrothermal fluids leaked through stock work
veins, supplying metals to the seafloor. Steiner et al. (2001) suggested
that the positive Eu anomaly detected within the mineralised layer and
immediate footwall black shales highlighted a possible origin from
groundwater seeps. Jiang et al. (2006) performed TE, REE and Pb iso-
topic analysis on the ore body and adjacent shales. Comparison of Ce
and Y anomalies and Y/Ho between non-mineralised shales and the ore
body suggested a hydrothermal origin. Orberger et al. (2007) con-
ducted a comprehensive study that included TE, REE and PGE analysis,
TEM and Raman spectroscopy. The authors proposed that hydrothermal
fluids (between 250 and 300 °C) enriched in Fe, Ni, Se, Zn, Cu, Pb, Pd,
Pt and Si leached from an underlying mafic–ultramafic basement and
were further enriched in Ba, Ca, Mg and P during percolation through
phosphorite, barite and dolomite. Kříbek et al. (2007) performed a
thorough characterisation of the organic matter present in the ore body.
This study reported the presence of migrabitumens and organic rem-
nants of oncolite-like algal bodies living in shallow oxic environment
and later transported to deep anoxic waters. The authors suggested that
metals could have been scavenged from seawater or trapped onto or-
ganic matter, however, a possible enrichment from low-temperature
hydrothermal fluids was also proposed. In addition, Pašava et al. (2008)
proposed that this ore layer represents the remnants of a shallow-water
metal-rich hardground horizon formed in a semi-restricted, sediment
deprived basin. The authors suggested a mixed origin for the metals
with Ag, Cr, Ce, Ni, PGE, Sb, Zn and V deriving from hydrothermal
fluids and Mo and P originating from seawater. Finally, Pi et al. (2013)
reported Mo/TOC ratios up to 3000, Ni/TOC up to 3912 and U/TOC up
to 14 and proposed a hydrothermal enrichment to explain these
anomalously elevated ratios.

Mao et al. (2002), however, proposed a seawater scavenging origin
for the mineralised layer. The authors argued that sedimentary ex-
halative (SEDEX) deposits commonly contain a Cu-Pb-Zn assemblage,
differing from the one observed in the Niutitang layer. In addition, it
was mentioned that the remarkably wide lateral extent of the metalli-
ferous sulphide layer, only a few cm thick, over hundreds of km, did not
coincide with a common source from hydrothermal brine. This study
also highlighted that the mineralised horizon contained consistent en-
richment factors to that of seawater, on the order of 106 to 108, for Au,
Ag, Re, Se, V, As, Sb, Co, Pb, Hg, Re, W, Sb, Zn, Ni, Mo and PGE. The
authors proposed an origin from seawater in a stagnant basin with very
low sedimentation rate and replenishment by fresh seawater at a time
scale of hundreds of years. Lehmann et al. (2007) also argued for a
similar origin, proposing that the Yangtze Platform had a particular
paleogeographic situation allowing the presence of coastal upwelling
promoting high surface productivity and maintaining an oxic layer
above a sediment-starved euxinic basin. Mo isotope ratios reported in
this study also suggested that sub-oxic to anoxic marine environments
were more widespread during the Early Cambrian than in modern en-
vironments. Lehmann et al. (2016) further suggested that mineralisa-
tion deriving from groundwater seeps would present a varying isotopic
composition in Cr, Mo and Os along the continental margins related to
different groundwater flow paths and would not show concentrations in
Mo, Re or Ni greater than seawater. As highlighted by Lehmann et al.
(2007), data previously obtained from the Niutitang mineralised hor-
izon do not support such origin from groundwater seeps.

Intraformational basinal fluids can potentially form U mineralisation
also enriched in Mo, Ni, V, REE, Au and PGE such as the mineralisation
observed in the Key Lake and McArthur River U deposits in Canada
(Lehmann et al., 2016). Nonetheless, the authors argued that the strictly
stratiform characteristics of the ore body and the homogeneity in var-
ious isotopic patterns did not coincide with such origin. In addition, the
Cr isotope data strongly supported a seawater metal source with metals
being derived from oxidative weathering of the continents (Lehmann
et al., 2016). Finally, the authors also argued that a possible origin from
petroleum discharge could not account for PGE and Re enrichments as
Re and Os have a low affinity for oil phases. An additional study con-
ducted by Xu et al. (2013) emphasized that the PGE ratios of the
polymetallic sulphides are similar to those of modern day seawater but
do not resemble classical hydrothermal values; hydrothermal con-
centrations of PGEs typically have high ratios of Pd to all other PGEs,
and characteristically low Os, Ir, Ru and Rh (Barnes and Liu, 2012 and
references therein). The authors also suggested that elemental con-
centrations coincide with present day seawater concentrations with an
enrichment factor of 107, much different from hydrothermal sulphides.
The pronounced positive Y anomaly was also proposed to confirm a
seawater scavenging origin. A recent study by Yin et al. (2017) on Hg
isotopes also supported a metal source from seawater, based on the
positive Δ199 Hg and Δ200 Hg values. The authors proposed that the
organic matter decay and remineralization under anoxic to euxinic
conditions, along with very low clastic input, promoted the metal en-
richment.

One of the reasons for the wide diversity of models and inter-
pretations of the Niutitang mineralized black shale occurrence is the
extreme rarity of this type of deposit, and the consequent lack of a basis
for comparison. Of all the few known deposits of this type, the Ni-Mo-
PGE sulphide horizon in black shales of the Late Devonian Nick deposit,
Selwyn Basin (Yukon, Canada) presents the strongest similarity with the
Niutitang Formation polymetallic layer (Coveney and Nansheng, 1991).
The mineralised layer in the Nick deposit varies between 5 and 15 cm in
thickness, extends over a strike length of more than 400 km and con-
tains abundant Ni, Mo, PGE and Au (Goodfellow, 2007). In many re-
spects, it is a direct analogue of the Niutitang mineralised layer but has
been much less studied, aside from a few studies that investigated the
mineralogy (e.g. Goodfellow, 2007; Hulbert et al., 1992; Orberger et al.,
2003).

The main goal of the study presented here is to evaluate competing
genetic models for polymetallic black shale mineralisation by making
two comparisons on the basis of geochemistry and detailed element
distributions: firstly between two widely separated Niutitang locations,
Zunyi and Sancha, located 600 km apart, in order to further char-
acterise the prevailing redox conditions and mechanisms involved in
the metal concentration processes at both sites; and secondly, com-
paring these localities with the Nick deposit as a basis for testing hy-
potheses across two different deposits of significantly different age. A
novel aspect of the present study is a μm-scale investigation of metal
distributions and associations by X-ray fluorescence (XRF) mapping and
Synchrotron XRF mapping in samples from Zunyi, Sancha and the Nick
deposit. This study emphasizes the role of redox conditions in the for-
mation of these deposits. As well as focussing on the similarities and
differences identified between two sites located hundreds of km apart in
South China, this study offers for the first time a direct comparison with
a similar deposit of a different age on a different continent, providing an
opportunity to note commonalities and differences between these
highly unusual mineralised black shales.

2. Geological setting

2.1. Metalliferous black-shales of South China

Cambrian sedimentary rocks are widely exposed in the Yangtze
Platform of South China. The Cambrian facies represent a depositional
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shift from a shallow shelf environment with phosphatic carbonate rocks
in the northwest to a protected and deep basinal facies of black shale in
the southeast (Zhu et al., 2003).

The Niutitang Formation unconformably overlies the Ediacaran
Dengying Formation (551–541Ma). The Niutitang Formation is mainly
composed of highly organic rich black shales containing phosphatic
beds and tuff layers. A polymetallic Ni–Mo–PGE–Au sulphide ore layer,
with a thickness varying between 5 and 20 cm, although it locally ex-
tends up to 2m at the Huangjiawan mine in Zunyi (Zeng, 1998), is
present locally in the lowermost part of the Niutitang Formation.
Samples from Zunyi and Sancha (Fig. 1) were analysed in this study.

This mineralised layer, with a Re–Os age of 521 ± 5Ma (Xu et al.,
2012) is found along a 2000-km long narrow NE striking belt of tran-
sitional and deeper water facies, along the margins of the Yangtze
platform (Mao et al., 2002). Phosphorites can be observed locally in the
Lower Niutitang Formation. Thicknesses of phosphorite beds vary be-
tween 0.3 and 1.35m with P2O5 grade of 10.6–33.4 wt%.

The ore layer is extremely enriched in Mo, Ni, Se, Re, Os, As, Au, Hg,
Sb, Ag, Pt, and Pd, on the order of 106–109 in comparison with seawater
concentrations (Mao et al., 2002; Murowchick et al., 1994; Steiner
et al., 2001). In comparison to average upper continental crust (Taylor
and McLennan, 1985), metals such as Mo, Ni, Se, Re, Os, As, Hg, and Sb
are enriched on the order of 104, and metals such as Ag, Au, Pt, and Pd
are enriched on the order of 103 (Mao et al., 2002). The mineralised
layer can have a narrow lenticular, and bedded or nodular shape and is
consistently found in the lowermost Niutitang Formation. The ore layer
contains a complex mixture of nanocrystalline molybdenite (MoS2),
vaesite, bravoite, jordisite, arsenopyrite, chalcopyrite, covellite, spha-
lerite, millerite, polydymite, gersdorffite, sulvanite, pentlandite, ten-
nantite, tiemannite, violarite, and native Au (Coveney et al., 1994; Kao
et al., 2001; Lott et al., 1999). Nodules (1–3mm) contain a hetero-
geneous assemblage of Ni–Mo sulphides, a colloid-like Mo–S–C phase

associated with organic matter and phosphorites. The high thermal
maturity of the bulk organic matter corresponds to semi-anthracite to
anthracite coalification stage (Kříbek et al., 2007).

2.2. The Nick deposit

Of all known deposits, the Ni-Mo sulphide beds of the Devonian
Nick deposit in the Selwyn Basin, Yukon, Canada, present the strongest
similarities with the South China black shales (Coveney and Nansheng,
1991; Fig. 2). Similar to the metal-rich Niutitang shales, the Nick de-
posit is characterised by a thin mineralised layer deposited within a
black shale succession, immediately overlying a carbonate platform
sequence. The mineralised horizon is conformable and is found at the
base of the Devonian–Mississippian Earn Group, at the contact between
the Lower and Middle Devonian sedimentary succession (Hulbert et al.,
1992). This sedimentary sequence overlies the Cambro-Ordovician
carbonate rocks of the Mackenzie platform, the continental margin of
the Selwyn Basin (Hulbert et al., 1992). The Selwyn Basin was a large,
rift-controlled, at times anoxic basin extending from Alaska to British
Columbia through the Yukon and the Northwest Territories
(Goodfellow, 2007). The orebody was deposited at the transition zone
from shallow to deep marine environments (Hulbert et al., 1992).

Although the age of mineralisation has not been constrained yet for
the Nick deposit, conodonts from limestone clasts a few meters below
the mineralisation appear to be mid- to late-Emsian to Eifelian in age
while radiolarians from cherts found 40 cm above the mineralised layer
suggest a Frasnian age. Therefore, it seems that the mineralisation could
be slightly older than the Frasnian-Famennian mass extinction event
(Goodfellow, 2007).

The thickness of the mineralised Nick layer varies between 5 and
15 cm and contains abundant Ni (7.8% Ni), Zn (1.2%), Mo (0.4%) and
PGE (up to 1050 ppb). This layer is mainly composed of pyrite, vaesite,

Fig. 1. Map of the Yangtze Platform, China. The blue triangles indicate the locations where the mineralised layer has been reported, including Zunyi and Sancha (modified from Jowitt
and Keays, 2011). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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melnikovite (sulphide “gel” of pyrite and marcasite), wurzite and
sphalerite (Hulbert et al., 1992). The Nick deposit also preserves plant
material suggesting an input of terrestrial material. An affinity with
SEDEX mineralisation has been suggested (Hulbert et al., 1992).

3. Methods

3.1. Sampling sites and outcrop descriptions

The Jinsha section is located 90 km from Zunyi city, Guizhou
Province. The succession includes rock units from the Dengying
Formation, the Niutitang Formation and the Mingxinsi Formation. No
Ni–Mo–PGE ore layer was present in this section.

The Dazhuliushui Ni–Mo–PGE ore layer is located about 26 km from
Zunyi city, Guizhou Province. Neoproterozoic units of the Nantuo,
Doushantuo and Dengying Formations, and black shale of the Cambrian
Niutitang Formation are exposed. The Ni–Mo–PGE sulphide ore deposit
is located between 5 and 8m above the contact with the Dengying
Formation.

The Sancha Ni–Mo–PGE ore layer in Hunan Province is located
about 380 km northeast of the Dazhuliushui mine site. At this site, the
Niutitang Formation disconformably rests on the Dengying Formation.
The lowermost part of the section includes bedded and nodular phos-
phate. The sulphide ore layer is about 1m above the unconformity with
the dolostones of the Dengying Formation.

Outcrop sampling was conducted at three different sites: Jinsha,
Zunyi and Sancha. A total of fourteen samples were collected at the
Zunyi section. The sampled section comprises the mineralised layer
from the lowermost Niutitang Formation, including host shale, pyrite
nodules, chert, phosphorite bed and dolostone of the Dengying
Formation. Fifteen samples were collected at the Sancha section

incorporating the mineralised layer (Fig. 3), surrounding host shales
and phosphorites of the Niutitang Formation. Eight samples were col-
lected at the Jinsha section, including the dolostones of the Dengying
Formation, black shale of the Niutitang Formation and siltstone and
limestone of the Mingxinsi Formation.

An outcrop sample (5×10 cm) of the mineralised horizon of the
Nick deposit, Canada was collected in order to compare geochemistry
and microstructures from the South China shales and from the Nick
deposit. This sample was taken from a natural outcrop at the base of the
Lower Earn Group, located around 100 km north of Keno City, Yukon
Territory, Canada. This outcrop was the only one that could be easily
accessed by helicopter during the summer field season.

3.2. Whole rock geochemistry

Multi-element assay on 37 whole-rock pulps was performed at
Intertek laboratories in Perth using a multi-acid
(HNO3–HClO4–HF–HCl) digest, and ICP-OES/MS analysis. Elements
analysed were Ag, Al, As, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Eu,
Fe, Ga, Gd, Hf, Ho, In, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Nd, Ni, P, Pb,
Pr, Rb, Re, S, Sb, Sc, Se, Sm, Sn, Sr, Ta, Tb, Te, Th, Ti, Tl, Tm, U, V, W,
Y, Yb, Zn, Zr. Major oxides, including SiO2, Al2O3, Fe2O3, CaO, MgO,
Na2O, K2O, MnO, TiO2, P2O5, Cr2O3 and Ba, were analysed by XRF.
Selected samples (3 pulps) were further analysed by for nickel sulphide
fire assay in order to obtain Au, Ir, Pt, Pd, Re, Os concentrations.

3.3. TOC measurements and Rock-Eval pyrolysis

Rock-Eval pyrolysis was used to estimate the hydrocarbon potential
of rock samples by open system volatilisation and cracking of organic
matter according to a programmed temperature pattern. The pyrolyzed
hydrocarbons are monitored by a flame ionization detector (FID),
forming the so-called peaks S1 (thermovaporized free hydrocarbons),
S2 (pyrolysis products from cracking of organic matter) and S3 (CO2

released during the pyrolysis).
Decalcification of ground samples was achieved by using HCl (6M)

to remove calcium carbonate. Aliquots of dried residues (50 °C, 72 h)
were subject to standard organic geochemical analysis: a ROCK-EVAL II
PLUS analyser (Vinci technologies) was used to determine the hydrogen
index (HI) a Vario CNS-Elemental Analyser (Elementar®) was employed
to estimate the total carbon content of the decarbonated samples. The
carbonate content was estimated based on the weight loss related to
carbonate dissolution by HCl. Bulk organic geochemical analyses were
run in duplicate or triplicate when possible and standards were run
every 10 samples.

Fig. 2. Map of the Selwyn Basin, Canada. The red stars indicate locations where the
mineralised horizon has been reported, including the Nick deposit (modified from Jowitt
and Keays (2011). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 3. Photograph of the mineralised layer in Zunyi.
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3.4. Petrographic study

Thin sections (30 μm thick) were prepared focusing on the miner-
alised layers. These samples were studied by optical and scanning
electron microscope (SEM). Optical images were obtained with a Nikon
ore microscope. Backscattered electron images obtained with a Zeiss
Ultra-Plus FEG-SEM coupled with a Bruker X-Flash energy dispersive X-
ray spectroscopy (EDS) detector for elemental analyses. An accelerating
voltage of 20 kV in high current mode was used.

3.5. Desktop microbeam XRF mapping

X-ray fluorescence (XRF) elemental mapping was performed using a
Bruker Tornado™ desktop equipped with a rhodium target X-ray tube
operating at 50 kV and 500nA without filters and an XFlash® silicon
drift X-ray detector. Beam diameter and point spacing of 40 µm was
routinely for optimal map resolution, with dwell times varying from 3
to 10ms depending on sample size. These elemental maps allow 2-D
visualisation of the spatial variations in major and few minor elements.

3.6. Synchrotron-based microbeam XRF mapping

XRF microscopy was performed on a subset of samples at the XFM
beamline at the Australian Synchrotron in Melbourne using the
Kirkpatrick Baez mirror microprobe end-station. This provides a
monochromatic 2 µm beam-spot size for energies in the range 4–20 keV.
Equipped with the Maia 384 detector array, the XFM beamline can
acquire data at 2 µm resolution from 384 detectors simultaneously over
areas of several square centimetres with count rates of ∼4–10M/s,
energy resolution of 300–400 eV. These spectra are then processed by
the GeoPIXE software into element concentrations represented as maps
of quantified element concentrations based on standardless correction
of raw count data (Kirkham et al., 2010; Ryan et al., 2010).

4. Results

4.1. Barren section: Jinsha

Samples collected along the Jinsha section contain up to 116 ppm of
As (average 20 ppm), 142 ppm of Cu (average 49 ppm), 134 ppm of Mo
(average 22 ppm), 59 ppm of Ni (average 29 ppm), 194 ppm of U
(average 29 ppm), 1781 ppm of V (average 338 ppm), 348 ppm of Zn
(average 109 ppm) and TOC varying between 0.1 and 6wt% (Fig. 4).
Rock Eval pyrolysis shows S1 values ranging between 0.1 and 0.4 mg/g
rock, S2 not detectable and S3 ranging between 0.1 and 3.2mg/g rock.
Analytical results are presented in Table 1.

4.2. Mineralised sections

4.2.1. Whole rock geochemistry and Rock-Eval pyrolysis
4.2.1.1. Sancha. Samples collected along the Sancha section contain up
to 74 ppm of As (average 44 ppm), 125 ppm of Cu (average 63 ppm),
186 ppm of Mo (average 128 ppm), 215 ppm of Ni (average 158 ppm),
78 ppm of U (average 53 ppm), 1045 ppm of V (average 544 ppm),
313 ppm of Zn (average 190 ppm) and 14wt% TOC (Fig. 5) in the non-
mineralised succession and is similar to Jinsha. Rock Eval pyrolysis
shows S1 values ranging between 0.2 and 0.8mg/g rock, S2 not
detectable and S3 ranging between 0.2 and 0.7mg/g rock. The
mineralised horizon (∼ 5 cm thick) contains concentrations of
3642 ppm As, 565 ppm Cu, 10,223 ppm Mo, 5941 ppm Ni, 530 ppm
U, 1864 ppmV, 363 ppm Zn, 7 wt% TOC and S1 value of 0.3 mg/g rock
and S2 of 0.4 mg/g rock. The phosphorite layer underneath the
polymetallic horizon contains 49 ppm As, 81 ppm Cu, 130 ppm Mo,
77 ppm Ni, 178 ppm U, 306 ppmV, 29 ppm Zn, 8 wt% TOC, S1 of
0.3 mg/g rock and S3 of 0.3mg/g rock. Analytical results are presented
in Table 1.

4.2.1.2. Zunyi. Samples collected along the Zunyi section contain up to
320 ppm of As (average 65 ppm), 156 ppm of Cu (average 65 ppm),
300 ppm of Mo (average 66 ppm), 539 ppm of Ni (average 149 ppm),
261 ppm of U (average 41 ppm), 1029 ppm of V (average 307 ppm),
818 ppm of Zn (average 210 ppm) and 11wt% TOC (Fig. 6) in the non-
mineralised succession. Rock Eval pyrolysis shows S1 values ranging
between 0.0 and 1.0mg/g rock, S2 not detectable and S3 ranging
between 0.1 and 1.5 mg/g rock. The mineralised horizon contains
concentrations of 2594 ppm As, 2256 ppm Cu, 11,875 ppm Mo,
13,735 ppm Ni, 167 ppm U, 757 ppmV, 1248 ppm Zn, 0.4 wt% TOC,
S1 of 0.1mg/g rock and S3 of 0.2 mg/g rock. Analytical results are
presented in Table 1.

4.2.2. Enrichment factors
As the Jinsha section does not present any mineralised interval, it is

used as a reference for comparison with other sections that show mi-
neralised horizons. The sample 4 (Niutitang Formation), in particular,
presents a typical non-mineralised black shale composition and was
chosen as a reference sample to evaluate the enrichment factors of
mineralised black shales from other sections. Multi-element spider-
grams of concentrations normalised to the ones in Jinsha are presented
in Fig. 7.

The samples from the Sancha section all show anomalous con-
centrations in Ag (3–10 enrichment factor (EF)), As (8–16 EF), Cu
(31–125 EF), Mo (20–29 EF), Ni (2–4 EF), Se (12–30 EF), U (5–10 EF),
V (1–3 EF), Zn (1–5 EF). Of all the un-mineralised samples, the sample
Sa2 (30 cm above the mineralised layer) presents the greatest enrich-
ment in Ag, As, Cu and Se. P is only very slightly enriched in com-
parison with the barren shale with an enrichment factor ranging be-
tween 0.3 (Sa10) and 1 (Sa2). The mineralised layer shows greater
enrichments factors in Ag (39 EF), As (520 EF), Cu (52 EF), Mo (816
EF), Ni (111 EF), Se (1248 EF), U (75 EF) and V (19 EF). P is also much
more abundant (30 times enriched) than in the other samples. Zn,
however, is not particularly enriched (1.5 EF).

The mineralised layer in Zunyi is enriched in Ag (244 EF), As (741
EF), Cu (223 EF), Mo (2423 EF), Ni (305 EF), Se (1639 EF), U (22 EF)
and V (2 EF). Thus, the mineralised horizon in Zunyi is more enriched
in Ag, As, Cu, Mo and Ni but less enriched in V and U than the mi-
neralised layer in Sancha. P shows a highly similar enrichment in both
layers (31 EF in Zunyi versus 30 EF in Sancha). Zn, however, is more
enriched in Zunyi (21 EF) than in Sancha (1.5 EF).

The Nick deposit is enriched in Ag (34 EF), As (947 EF), Cu (38 EF),
Mo (652 EF), Ni (1344 EF), Se (111 EF), U (9 EF), V (2 EF) and Zn (165
EF). P, however, is not enriched, in comparison to the barren shale.

4.2.3. PGE distributions
Analytical results are presented in Table 2 and PGE distribution

patterns of Zunyi, Sancha, the Nick deposit and modern seawater are
presented in Fig. 8. Samples from the mineralised horizon in Zunyi and
Sancha both show a very similar distribution of PGEs. The Nick deposit
also shows a highly similar pattern to the China samples, as previously
observed by Lehmann et al. (2016), who compared samples from Zunyi
and the Nick deposit. PGE from all three sites show enrichment factors
of about 4 orders of magnitude, in comparison with seawater. In ad-
dition, PGE distribution patterns in all three sites present a remarkably
similar trend to seawater PGE distribution pattern.

Almost identical concentrations of Ir were measured in samples
from the three sites: 3.5 ppb in Sancha and Zunyi and 3 ppb in the Nick
deposit. Of all PGEs, Ir presents the lowest concentration in all three
sites. Re concentrations reach 10 ppb in Zunyi, 5 ppb in Sancha and
31 ppb in the Nick deposit. Pd is the most abundant PGE in both Zunyi
and Sancha with concentrations of 291 and 217 ppb, respectively, and
Pt the second most abundant with 287 ppb in Zunyi and 183 ppb in
Sancha. In the Nick deposit, Pt is the most abundant PGE with a con-
centration of 417 ppb and Pd the second most abundant with a content
of 203 ppb. These concentrations are much greater than those measured
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in shales surrounding the mineralised layer in the Nick deposit: Pd
concentrations between 0.81 and 4.5 ppb and Pt concentrations be-
tween 0.05 and 0.86 ppb (Hulbert et al., 1992; Pasãva, 1993).

4.2.4. REE patterns
The geochemical behaviour of the REE and Y can provide further

understanding of the redox conditions and metal sources. Analytical
results are presented in Table 3 and Fig. 9 highlights the distributions of
REE and Y normalised to post-Archean Australian shales (PAAS) for the
mineralised layer in Sancha and Zunyi, the Nick deposit, modern sea-
water and a sample from the Tokyo Bay (restricted environment)
(Nozaki and Zhang, 1995).

The Sancha mineralised layer shows depleted light-REE and a po-
sitive Y anomaly. The Zunyi mineralised layer also presents depleted
light-REE, a positive Y anomaly but also a slightly positive Eu anomaly.
The Nick deposit sample shows depleted light-REE, a positive Y
anomaly and a negative Ce anomaly. The modern-day seawater pre-
sents depleted light-REE, a positive Y anomaly and a strong negative Ce
anomaly while the Tokyo Bay sample (restricted environment) also
presents depleted light-REE but a less pronounced Ce anomaly and a
positive Y anomaly.

4.2.5. Petrographic study
Samples from the mineralised layer in Zunyi (Fig. 10A and B) and

Sancha (Fig. 10C and D) contain a high diversity of minerals including
apatite, gersdorffite, millerite, abundant massive and framboidal pyrite,
nickeliferous pyrite and dolomite. Wood material was detected in the
Nick deposit sample (Fig. 10E and F). The replaced wood cells typically
consist of framboidal to massive pyrite and vaesite (NiS2). Pyrite
dominates in the interiors of woody cells and vaesite forms the walls.

4.2.6. XRF mapping
Elemental maps of the Sancha and Zunyi mineralised layers and the

Nick deposit are presented in Fig. 11.
Analyses of the mineralised horizon from Sancha and Zunyi re-

vealed the presence of brecciated structures and fine-scale segregations
of metals. Although the samples clearly present brecciated structures at
microscopic scale, these structures are not detectable in outcrop where

only a sulphide laminated bed containing phosphorite nodules is
visible.

In the Zunyi sample, some layers show fine laminations of P, Ni, As,
Mo and S. Other layers present brecciated textures of black shales with
disrupted organic matter lenses, fragmented phosphorites and a high
abundance of Ni and As-rich sulphide clasts. Zn and Cu are dis-
seminated and appear to be associated with the organic matter-rich
matrix. V is disseminated and mainly associated with organic-rich clays.

In the Sancha sample, two distinct beds are detected. One part of the
sample contains greater abundance of sulphides and higher abundance
of As and Cu. The second zone contains abundant phosphorite nodules
and fragments associated with V-rich clay and Ni-rich lenses.

Both samples from the Niutitang Formation present brecciated
textures with abundant phosphorite nodules and fragments. Zn and V
are dispersed and associated with the organic matrix while As, for in-
stance, shows a greater association with sulphides. Cu is dispersed and
associated with the organic-rich matrix in the Zunyi sample while it is
more abundant in the sulphide-dominated zone in the Sancha sample.

The Nick deposit sample shows fairly different distributions of Ni,
As and Fe with elongated lenses of pyrite and As-rich phase surrounded
by fine laminations of Ni. The Nick deposit sample does not appear as
brecciated as the South China samples and P is much less abundant. V is
particularly abundant in the section of the sample that is shaly. Zn and
Cu are concentrated as fine laminations on the edge of sulphide lenses.

4.2.7. Synchrotron-based XRF mapping
Detailed synchrotron-based XRF maps further highlight the com-

plexity of metal distributions in the China shales and the Nick deposit
(Fig. 12). The samples from Zunyi and Sancha show highly similar
metal distributions with brecciated textures, abundant presence of
pyrite (as highlighted by Fe distributions) and disseminated As on the
edge of phosphorite nodules. The Nick deposit sample, however, shows
abundant lenses of pyrite and arsenopyrite surrounded by fine lami-
nations of Ni.

Fig. 4. Sedimentological log and As, Cu, Mo, Ni, U, V and Zn concentrations from the Jinsha samples.
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5. Discussion

5.1. Redox conditions in Niutitang shales and the Nick deposit

A characteristic of both the Niutitang and Nick polymetallic sul-
phide layers is concentration and fine microlayering of redox-sensitive
elements. Both the REE (Fig. 9) and PGE (Fig. 8) distribution patterns of
Zunyi and Sancha present strong similarities with seawater patterns,
although concentrations at both sites are much more enriched than
seawater. These similarities, further discussed in Section 5.3, imply a
likely metal source from seawater.

Under oxic conditions, V occurs as V5+ in vanadate oxyanions.

Under suboxic conditions, V is present as V4+ and forms the vanadyl
ion (VO2+), forming hydroxyl species VO(OH)3− or the insoluble hy-
droxide VO(OH)2. In marine environments, the V4+ ionic species can
form organo-metallic complexes or can be trapped to sediments by
surface adsorption mechanisms. Under euxinic conditions, V is further
reduced to V3+, which can be incorporated into metallo-porphyrins or
precipitated as solid oxide V2O3 or a hydroxide V(OH)3 phase (Algeo
and Maynard, 2004; Scott et al., 2017; Tribovillard et al., 2006; Wanty
and Goldhaber, 1992). V is typically enriched in sediments deposited
under reducing conditions. Cr is commonly incorporated within the
detrital clastic fraction of sediment where it may substitute for Al
within clays (Patterson et al., 1986). V/Cr ratio has been used as a

Fig. 5. Sedimentological log and As, Cu, Mo, Ni, U, V and Zn concentrations from the Sancha samples. The grey bar indicates the ore horizon.

Fig. 6. Sedimentological log and As, Cu, Mo, Ni, U, V and Zn concentrations from the Zunyi samples. The grey bar indicates the ore horizon.
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paleoredox proxy with high values indicative of anoxic conditions and
low values suggesting suboxic to oxic conditions (Jones and Manning,
1994). Formation of organo-metallic complexes between Ni and organic
matter can increase the rate of scavenging in the water column and
consequently, Ni accumulation in sediments (Piper and Perkins, 2004).
Under oxic conditions, Ni can be present as soluble cations Ni2+, NiCl+

ions or Ni carbonates NiCO3 (Calvert and Pedersen, 1993). Under eu-
xinic conditions, however, Ni tends to precipitate with sulphide and can
be incorporated as insoluble NiS into pyrite (Morse and Luther, 1999).
Ni/Co ratio has been used as a paleoredox index with high values re-
flecting reducing conditions.

Ratios of trace elements have been commonly used to highlight
palaeo-redox conditions prevailing during shale deposition (e.g. Hatch
and Leventhal, 1992; Jones and Manning, 1994). V/Cr and Ni/Co
commonly show a decrease in value with increasing oxygen con-
centrations in the water column (Xu et al., 2012). Fig. 13 presents the
distribution of V/Cr versus Ni/Co and Mo concentrations versus Ni/Co.
These plots indicate that both mineralised layers in Zunyi and Sancha as
well as the Nick deposit were deposited under euxinic conditions.
Samples collected above the mineralisation and below the mineralisa-
tion in Zunyi were also deposited under euxinic conditions. Although
one sample collected below mineralisation in Zunyi plotted as “dysoxic”
(0.2–2mL/L of oxygen) in the V/Cr versus Ni/Co plot, it plotted as
euxinic in the other plots, suggesting that this sample was likely de-
posited under euxinic conditions. However, the sample from barren
shale in Jinsha (used as a reference for calculating the enrichment
factors in Zunyi, Sancha and the Nick deposit) appeared to be deposited
under dysoxic (0.2–2mL/L of oxygen) to suboxic conditions (Null –
Null.2 mL/L of oxygen) (Tyson and Pearson, 1991).

Plots of Mo versus U enrichment factors (EF) were also used to as-
sess palaeo-redox conditions. Co-variations of Mo and U EF have been
successfully applied to assess prevailing redox conditions in several
sedimentary systems (Algeo and Tribovillard, 2009; Tribovillard et al.,
2012). Under reducing conditions, U is scavenged at the sediment-
water interface. The activity of sulphate-reducing bacteria promotes the
uptake of insoluble U(IV) by organic matter leading to the formation of
organometallic complexes. Mo is also taken up at the sediment-water

Fig. 7. Enrichment factors in Ag, Al, As, Cu, Mo, Ni, P, Se, Ti, U, V, Zn normalised to the concentrations of one barren shale sample from Jinsha. A) Sancha section (ore body to 2m away).
B) Comparison between enrichment factors in Zunyi, Sancha and the Nick deposit.

Table 2
PGE concentrations (in ppb) from Zunyi, Sancha and the Nick deposit.

Sample Au Ir Os Pd Pt Re

Zunyi mineralised layer 65.0 3.0 88.1 203.0 417.1 31.5
Sancha mineralised layer 147.1 3.5 39.5 290.5 287.2 10.3
Nick mineralised layer 95.8 3.5 24.3 216.5 182.9 4.4

Fig. 8. PGE distribution patterns for Zunyi, Sancha, the Nick deposit and modern sea-
water (Nozaki, 1997).
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interface, however, this mechanism requires the formation of thiomo-
lybdates driven by free H2S. Therefore, a greater uptake of U in com-
parison to Mo occurs under sub-oxic conditions (Algeo and Tribovillard,
2009; Wagner et al., 2017). EF in Mo and U can therefore be used as a
proxy for characterising palaeo-environmental conditions.

Mo and U EF are calculated as follows:

=X [(X/Al) /(X/Al) ]EF sample PAAS

with X and Al representing the weight percent concentrations of ele-
ments X and Al, respectively. Samples were normalised using the post-

Archean average shale (PAAS) compositions of Taylor and McLennan
(1985).

(Mo/U)EF ratios of ∼0.1–0.3× SW are characteristic of suboxic
conditions, (Mo/U)EF ratios of 0.3–1×SW indicate anoxic conditions
while (Mo/U)EF ratios of 1–3×SW suggest euxinic conditions in open
marine settings. Strong enrichment in Mo in comparison to U though,
commonly reveals the mechanism of metaloxyhydroxide particulate
shuttle that promotes the export of aqueous Mo to the sediment (with
limited impact on aqueous U). Under such conditions, (Mo/U)EF ratios
exceed the seawater ratio (3–10×SW) and present a “particulate
shuttle” trend, different from the unrestricted marine trend (Algeo and
Tribovillard, 2009).

In the present study, the distribution of the samples presents an
open marine trend. All samples including the mineralised horizons in
Zunyi and Sancha and the samples above and below mineralisation
present (Mo/U)EF values characteristic of euxinic conditions (Fig. 13).
This plot also shows that the Nick deposit was formed under euxinic
conditions. However, the sample from the barren shale in Jinsha shows
values characteristic of suboxic conditions.

5.2. Phosphorite nodules in China shales

Abundant phosphorite nodules and fragments were detected in
samples from both Zunyi and Sancha (Figs. 11 and 12). Additional
phosphorite nodules are found at the transition between the Dengying
Formation and the Niutitang Formation. These economic-grade phos-
phorites are being mined at different sites (e.g. Zhijin phosphorite de-
posit, near the Maluhe polymetallic sulphide ore deposit, Guizhou

Table 3
REE+Y concentrations (in ppm) from Zunyi, Sancha and the Nick deposit.

Sample Depth (m) Lithology Ce Dy Er Eu Gd Ho La Lu Nd Sm Tb Tm Y Yb

Zunyi 1 1 Dolostone 5.97 0.9 0.61 0.19 0.95 0.2 5.58 0.08 4.04 0.81 0.13 0.08 9.32 0.53
Zunyi 2 1.3 Phosphorite layer 204.52 46.7 28.0 11.2 57.0 11.4 244.30 2.2 225.2 47.6 8.1 3.7 513.9 16.4
Zunyi 3 1.4 Black shale 110.00 16.3 9.5 0.9 16.9 3.7 42.30 1.3 69.4 18.9 4.2 1.6 67.7 8.6
Zunyi 4 2.3 Chert 5.36 0.7 0.5 0.1 0.8 0.2 3.70 n.d. 3.2 0.7 n.d. n.d. 6.5 0.8
Zunyi 5 3.3 Black shale rich in pyrite nodules 43.56 3.6 2.2 1.1 4.3 0.8 20.50 0.4 20.5 4.1 0.75 0.3 21.4 2.3
Zunyi 6 3.5 Black shale rich in pyrite nodules 11.84 1.8 1.3 0.5 1.9 0.5 4.40 0.2 8.1 1.8 0.2 0.2 13.8 1.3
Zunyi 7 4.3 Black shale 52.94 6.8 4.2 2.5 8.8 1.6 47.60 0.3 41.0 8.1 1.1 0.5 80.3 2.6
Zunyi 8 4.5 Black shale 7.73 5.1 2.5 1.3 6.2 1.1 2.60 0.3 16.6 5.6 0.9 0.4 31.6 2.1
Zunyi 9 4.7 Sulfide-rich layer 42.65 1.7 1.3 0.4 1.8 0.4 20.00 0.3 18.7 2.7 0.1 0.2 10.2 1.6
Zunyi 10 4.8 Black shale 10.68 1.7 1.2 0.3 1.8 0.5 5.80 0.2 6.4 1.6 0.1 0.2 13.9 1.3
Zunyi 11 4.8 Calcareous shale 14.29 1.13 0.76 2.56 1.19 0.27 10.94 0.08 5.06 0.9 0.17 0.09 13.63 0.53
Zunyi 12 4.9 Black shale 12.44 1.09 0.78 0.67 1 0.25 10.41 0.1 5.2 0.93 0.16 0.12 12.1 0.73
Zunyi 13 4.9 Ni-Mo-PGE layer 61.49 6.1 3.4 2.7 7.0 1.4 34.20 0.3 35.0 6.5 0.9 0.5 60.0 2.2
Zunyi 14 5.6 Black shale 43.59 3.6 2.1 0.9 4.0 0.9 23.10 0.3 22.7 4.2 0.4 0.3 27.4 2.1

Sancha 1 0.1 Phosphorite layer 39.14 4.03 2.82 0.83 4.13 0.93 19.73 0.37 17.61 3.75 0.63 0.37 31.38 2.47
Sancha 2 0.3 Ni-Mo-PGE layer – rich in phosphorites 49.94 4.6 2.8 1.3 5.6 1.1 18.10 0.4 26.6 6.2 0.7 0.5 29.1 2.8
Sancha 3 0.3 Ni-Mo-PGE layer 51.89 3.77 2.54 0.83 3.81 0.85 26.31 0.37 20.68 3.96 0.59 0.37 24.87 2.48
Sancha 4 0.5 Black shale 41.34 4.0 2.8 0.9 3.9 1.1 17.20 0.5 17.6 3.2 0.5 0.5 33.7 3.0
Sancha 5 0.6 Black shale 49.79 3.73 2.67 0.81 3.8 0.85 26.31 0.39 19.62 3.64 0.59 0.38 29.66 2.52
Sancha 6 0.7 Black shale 41.34 3.6 2.7 0.8 3.5 1.0 18.20 0.4 17.6 3.1 0.4 0.4 36.2 2.4
Sancha 7 0.8 Black shale 74.85 5.63 3.21 1.56 6.99 1.13 34.92 0.41 35.93 7.5 0.97 0.44 31.24 2.88
Sancha 8 1.1 Black shale 25.19 2.8 2.0 0.7 3.0 0.7 10.20 0.3 13.5 2.4 0.3 0.4 17.8 2.0
Sancha 9 1.3 Black shale 44.97 3.04 2.11 0.71 3 0.67 24.57 0.32 17.5 3.13 0.47 0.31 19.15 2.18
Sancha 10 1.5 Black shale 35.97 2.2 1.8 0.5 1.9 0.6 17.10 0.3 13.7 2.3 0.2 0.3 20.0 1.9
Sancha 11 1.6 Black shale 38.98 2.23 1.64 0.49 2.17 0.51 21.12 0.27 15.63 2.63 0.32 0.25 16.31 1.8
Sancha 12 1.7 Black shale 31.67 1.92 1.36 0.47 1.93 0.43 17.08 0.21 11.95 2.13 0.28 0.19 13.29 1.34
Sancha 13 2.1 Black shale 215.39 46.1 26.5 9.6 54.2 11.0 171.90 2.6 211.9 44.8 7.8 3.5 477.0 1731.0
Sancha 14 2.3 Black shale 192.36 34.2 18.8 7.8 41.3 7.9 89.00 1.5 195.8 39.3 5.8 2.4 347.3 10.5
Sancha 15 2.5 Black shale 94.80 27.0 20.1 5.5 27.7 7.6 106.10 2.6 96.4 20.2 4.5 3.0 309.0 16.4
Jinsha 1 17.00 Dolostone 1.01 0.17 0.1 0.04 0.2 0.04 0.99 0.01 0.83 0.16 0.03 0.01 1.88 0.07
Jinsha 2 45.00 Black shale 71.03 3.38 2.26 0.96 3.48 0.7 38.1 0.39 28.32 4.91 0.53 0.35 17.34 2.46
Jinsha 3 59.00 Black shale 49.15 30.66 20.06 7.39 35.83 7.08 58.2 1.75 102.6 26.61 4.84 2.37 330.88 13.43
Jinsha 4 62.00 Black shale 56.21 3.76 2.66 0.91 3.98 0.85 30.49 0.39 24.96 4.65 0.59 0.39 22.74 2.75
Jinsha 5 66.00 Siltstone 87.64 6.35 3.63 1.87 8.11 1.25 45.47 0.49 43.12 8.79 1.12 0.49 33.05 3.35
Jinsha 6 76.00 Siltstone 57.57 4.79 3.02 1.43 5.97 0.95 26.58 0.32 27.98 6.39 0.84 0.36 23.72 2.42
Jinsha 7 86.00 Limestone 34.36 4.3 2.24 1.13 5.37 0.8 14.99 0.29 20.12 5.26 0.75 0.31 26.14 1.92
Jinsha 8 97.00 Limestone 15.39 1.08 0.61 0.27 1.18 0.21 8.2 0.08 6.85 1.31 0.18 0.09 5.91 0.52

Nick Mineralised layer 71.41 13.63 7.81 3.36 16.68 2.81 71 0.72 87.45 17.33 2.29 0.94 107.94 5.38

Fig. 9. REE and Y distribution patterns normalised to PAAS (Post-Archean Australian
shales) for Zunyi, Sancha, the Nick deposit, modern seawater (Nozaki, 1997) and the
Tokyo Bay (restricted environment; Nozaki and Zhang; 1995).
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Province). Worldwide, modern phosphorite deposits are consistently
found at low latitudes, due to their dependence on warm nutrient-rich
waters to form the organic-rich sediments from which phosphates
precipitates. Sediment accumulation rates between 2×105 and
1×106 years per meter have been estimated for economic-grade
phosphorites (Slansky, 1986). Therefore, the occurrence of the phos-
phorites in the lower part of the formation suggests deposition in a
shallow water, low energy environment with a very low rate of supply
of clastic material. A high salinity environment has been also suggested
for the formation of the phosphorites (Pašava et al., 2008).

A recent study by Reinhard et al. (2017) showed a compilation of P
abundances in the rock record over the past 3.5 billion years, high-
lighting the evolution of P cycle through time. The authors reported low
authigenic P burial in shallow marine environments until about 800 to
700 million years ago, related to the presence of anoxic, iron-rich
conditions. Iron-rich redox conditions would have promoted the effec-
tive removal of bioavailable P from surface waters via the formation of
ferrous phosphate phases and carbonated/sulphated green rust. The
abrupt increase in P content in the rock record could reflect a drastic
change in the P cycle between 800 and 635Ma, suggesting that P
availability suddenly increased in the Cambrian oceans (Reinhard et al.,

2017).
Phosphorite nodule formation can be promoted abiogenically and

biogenically. Under anoxic conditions, the rapid reduction of iron(III)
oxyhydroxides – P complexes deriving from continental weathering to
dissolved Fe(II) results in the release of P into the porewater environ-
ment (Van Cappellen and Berner, 1988). Nonetheless, recent studies on
continental margin sediments highlighted that organic matter is the
most significant shuttle of reactive P to the seafloor (Filippelli, 2008).
Organic P can be released via direct oxidation in the water column, at
the sediment-water interface or after burial. When organic P gets re-
leased underneath the sediment-water interface, P concentrations in the
pore water can be high enough to induce the precipitation of phos-
phorite that gets permanently stored in the sediments and becomes
resistant to further release.

In shallow waters, microbial activity can also strongly promote the
precipitation of phosphorite nodules. Microbial activity can lead to
rapid redox disequilibrium and microbial mats, for instance, can favour
phosphogenesis through the production of localised dysaerobic micro-
environments, further promoting rapid phosphate mineralisation
(Pagès et al., 2015, 2014a). Microbial mats also tend to accumulate
calcium carbonate required for apatite precipitation (Wilby et al., 1996)

Fig. 10. Photomicrographs of A) the mineralised layer in Zunyi. B) Framboidal pyrites detected in the mineralised layer in Zunyi. C) Photomicrographs of the mineralised layer in Sancha.
D) Framboidal pyrites detected in the mineralised layer in Sancha. E) Wood material in the Nick deposit F) Composite cells from the wood material present in the Nick deposit. Ap:
Apatite. Dol: Dolomite. Ger: Gersdorffite. Fpy: Framboidal pyrite. Mil: Millerite. Nipy: Nickeliferous pyrite. Py: Pyrite.
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via bacterial extracellular polymeric substances (EPS) production and
alkalinity production, and have the ability to create a barrier to out-
ward diffusion of dissolved phosphate. In the Peru margin phosphorites,
the main source of phosphate is derived from the microbially-driven
release of P from phospholipids and other phosphate compounds ori-
ginating from plankton debris (Froelich et al., 1988). Therefore, effec-
tive Fe-P cycling, decomposition of bacterially mediated P and active
microbial activity could have led to enrichment in porewater P and
favourable redox conditions for apatite precipitation. The early diag-
enesis of phosphorite nodules favours outstanding preservation of ori-
ginal depositional materials such as fossils, coprolites and other sedi-
mentological information. As they lithify, sedimentary phosphorite
nodules tend to incorporate REE (e.g. Kidder et al., 2003). Furthermore,
experiments undertaken to assess the capacity of hydroxyapatite to
reduce the solubility of metals in contaminated sediments successfully
showed that Ni and U, for instance, were being sequestered by hydro-
xyapatite amendment (Seaman et al., 2001). The high abundance of
phosphorite nodules in samples from both Zunyi and Sancha that are
located hundreds of km apart strongly suggests that similar environ-
mental conditions must have prevailed in different locations of the
platform. It is likely that these platform areas acted as traps for con-
tinental particulate matter derived, promoting a decrease in pelagic
sedimentation rates and leading to a sediment starved basin. The

presence of microbial activity would have further promoted the pre-
cipitation of phosphorite nodules in this euxinic basin.

5.3. Comparison between Zunyi and Sancha

Plots of trace element ratios highlight that the samples from the
mineralised layer in both Zunyi and Sancha as well as the host shales
were deposited under euxinic conditions (Fig. 13). In addition, similar
concentrations in trace elements were detected at both sites. The
comparison of enrichment factors in Ag, Al, As, Cu, Mo, Ni, P, Se, Ti, U,
V and Zn between Sancha and Zunyi shows strikingly similar patterns of
enrichment factors with As, Cu, Mo, Ni, Se being the most enriched
elements at both sites (Fig. 7), even though these two sites are located
more than 600 km apart. High maturity of organic matter was detected
at both sites, with very low S1 values (0–1) and no detectable S2 values
from Rock Eval pyrolysis. Samples from the mineralised horizon in
Zunyi and Sancha both show a very similar distribution of PGE and REE
(Figs. 8 and 9). P is also enriched at both sites and abundant phos-
phorite nodules and fragments were detected at both locations from the
XRF maps (Figs. 11 and 12). Finally, samples from both study sites also
present a strong heterogeneity in elemental distributions (Figs. 11 and
12), likely reflecting the rapid changes at μm-scale in redox conditions.

Fig. 11. Microbeam XRF elemental mapping of samples from Zunyi (top row), Sancha (middle row) and the Nick deposit (bottom row). A) Distribution of P, Ni, Mo and As. B) Distribution
of P, Fe and S. C) Distribution of P, V, Zn and Cu. Abundant phosphorite fragments and brecciated textures are present in the Zunyi and Sancha samples. Fine laminations of P, Ni, As, Mo
and S and a high abundance of Ni and As-rich sulphide clasts are observed in the Zunyi sample. In the Sancha sample, one part of the sample contains abundant As and Cu while the other
part contains abundant phosphorite nodules associated with V-rich clay and Ni-rich lenses. The Nick deposit sample does not show phosphorite nodules and presents elongated lenses of
pyrite and As-rich phase surrounded by fine laminations of Ni.
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5.4. Metal enrichment in Zunyi and Sancha

There is long-standing debate about the origin of this mineralised
layer. Emsbo et al. (2005) proposed a model involving a submarine
petroleum discharge leading to the formation of a surface oil slick and
metal-rich tar balls progressively sinking to the bottom of the basin.
Other studies have proposed either a hydrothermal origin (e.g. Li and
Gao, 1996; Lott et al., 1999; Murowchick et al., 1994) or a seawater
scavenging source (e.g. Lehmann et al., 2016; Mao et al., 2002).

In the present study, the plots of trace element ratios point towards
a euxinic depositional environment for Zunyi and Sancha (Fig. 13). In
addition, the strong resemblance between PGE distribution in Sancha
and Zunyi suggests a similar source of PGE (Fig. 8). PGE distribution in
both Niutitang sites also show remarkably similar patterns with sea-
water PGE distribution pattern, although at both sites, PGE con-
centrations are about 4 orders of magnitude more enriched than sea-
water. Lehmann et al. (2016) reported that plots of Re versus Os
concentrations from Cambrian China shales (Zunyi) were consistent
with the trend of the reference black shale and were more enriched in

both elements by about one order of magnitude. Previous studies of Os
isotopic data suggest that Re and PGE enrichment of the mineralised
horizons in the Niutitang shales probably occurred near the time of
sediment deposition or during early diagenesis (Horan et al., 1994). The
near 1: 1: 1 Au/Pd/Pt ratios of the Cambrian South China shales, also
reported by Mao et al. (2002) and Lehmann et al. (2003), do not co-
incide with ratios found in Pt- or Pd-enriched hydrothermal deposits
and tend to support a seawater origin, with metals being scavenged
from the overlying water column. In addition, the relatively low Ir
concentrations and high Re concentrations observed at both Chinese
sites do not support an extra-terrestrial source of PGE, as previously
proposed by Goodfellow et al. (2010).

The REE patterns of Sancha and Zunyi present strong similarities
with REE patterns from the Tokyo Bay (restricted environment), al-
though the REE in Zunyi and Sancha are 7 to 8 times more enriched
than in seawater samples (Fig. 9). Both Zunyi and Sancha samples
present a positive Y anomaly, also detected for the modern seawater
and the Tokyo Bay. The light-REE, in particular La and Ce, are depleted
in the South China samples and the seawater samples. While the

Fig. 12. Synchrotron-based XRF elemental mapping of samples showing Ni, As, Se distributions in Zunyi (top row), Sancha (middle row) and the Nick deposit (bottom row).
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modern seawater presents a strong negative Ce anomaly, the Tokyo Bay
sample presents a less pronounced negative Ce anomaly, similar to the
ones observed in Zunyi and Sancha. The mineralised layer in Zunyi,
however, presents a slightly positive Eu anomaly. Positive Eu anomalies

can be caused by weathering processes or hydrothermal overprint re-
lated to exposure to acidic, reducing hydrothermal fluids with tem-
peratures> 250 °C (Bau, 1991). This is inconsistent with the study from
Kříbek et al. (2007) highlighting that the mineralised layer in Zunyi had
not been exposed to fluids hotter than 200 °C. Positive Eu anomalies can
also develop during deposition and digenesis under reducing conditions
(e.g., MacRae et al., 1992; Martinez-Ruiz et al., 1999). In addition, a
recent experimental study observed Eu(II) species in reduced aqueous
solutions at ambient temperature, with its stability increasing as tem-
perature rises (Liu et al., 2017). Thermodynamic calculations predicted
that, under reducing and slightly alkaline conditions, Eu2+ can also
reach its field of stability, promoting a positive Eu anomaly (Sverjensky,
1984). As previously suggested by Xu et al. (2013), it is therefore
possible that the slight positive Eu anomaly observed in Zunyi could
reflect the activity of sulphate-reducing bacteria promoting alkaline
conditions, as in the modern Black Sea.

Finally, Mo was extremely enriched at both sites (3 orders of mag-
nitude more enriched than in Jinsha’s barren shales) (Fig. 7). Hydro-
thermal fluids in oceanic settings are typically not enriched in Mo, re-
lative to seawater, further discarding a hydrothermal origin for these
mineralised layers (Scott et al., 2014).

Therefore, the strong similarity in metal concentrations, enrichment
patterns, including PGE and REE, and metal distributions over hundreds
of km tend to favour a common mineralisation style at both sites and
suggest a possible source from seawater.

5.5. Similarity and differences in South China shales and the Nick deposit

The comparison of different characteristics from Zunyi, Sancha and
the Nick deposit is summarised in Table 4. Samples from the Niutitang
shales and the Nick deposit contain diverse minerals and similarly
complex microstructures suggesting a degree of similarity in miner-
alisation processes. Nonetheless, the Niutitang samples present more
brecciated textures along with fine metal laminations, while the Nick
deposit sample shows sulphide lenses surrounded by metal laminations
(e.g. Zn and Cu) (Fig. 11). In addition, although fluorapatite was de-
tected in the Nick deposit, the abundance of phosphorite nodules and
fragments is much greater in the Niutitang samples. The samples from
Niutitang present a greater diversity of minerals and contain arseno-
pyrite, chalcopyrite, covellite, vaesite, gersdorffite, barite, bravoite,
sulvanite, pentlandite, tennantite, tiemannite, violate and coffinite that
were not detected in the Nick deposit. The Nick deposit, however,
contains monazite, phlogopite, albite, U-phosphate and xenotime that
were not detected in the Niutitang samples.

Enrichment factor patterns are highly similar in Zunyi and Sancha,
but are different from the enrichment pattern in the Nick deposit
(Fig. 7). The Nick deposit appears to be more enriched in Ni than Zunyi
and Sancha (EF 4 times greater than EF in Zunyi and 12 times greater
than EF in Sancha) and enriched in Zn (EF 8 times greater than EF in
Zunyi and 107 times greater than EF in Sancha). The Nick deposit,
however, is more depleted than the Niutitang shales in Cu, Se, U and P.
This low enrichment in P in the Nick deposit, in comparison with the
Niutitang shales, is consistent with the absence of phosphorite nodules
observed in the Nick sample by XRF mapping. The absence of phos-
phorite nodules in the Nick deposit sample strongly suggests that, in the
Niutitang shales, phosphorite nodules probably played a role in trap-
ping metals after they accumulated in the sediment, but were not di-
rectly responsible for these unusual metal enrichments.

The REE distributions normalised to PAAS show a strong similarity
between the Niutitang mineralised layer and the Nick deposit (Fig. 9).
Similar to Zunyi and Sancha, the Nick deposit presents a positive Y
anomaly, also observed in seawater samples. The Nick deposit is also
depleted in light-REE, similar to the Niutitang and seawater samples. It
also shows a strong negative Ce anomaly, similar to the one observed
for the modern seawater. In addition, the noteworthy congruency of the
PGE patterns of the Niutitang black shales and the Nick deposit showing

Fig. 13. Cross-plots of trace element ratios used as palaeo-redox proxies. A: V/Cr vs. Ni/
Co, B: Mo vs. Ni/Co, C: S vs TOC, D: U-enrichment factor (EF) versus Mo-EF. Thresholds
for different redox environments based on Ni/Co and V/Cr from Jones and Manning
(1994). The oxic field corresponds to oxygen concentrations>2mL/L, dysoxic between
0.2 and 2mL/L, suboxic between 0 and 0.2mL/L (Tyson and Pearson, 1991). U-EF versus
Mo-EF based on Algeo and Tribovillard (2009). The lines represent multiples (0.3, 1, and
3) of the Mo:U ratio of modern-day seawater:molar ratios of ∼7.9 for the Atlantic and
∼7.5 for the Pacific converted to an average weight ratio of 3.1 or comparison with
sediment Mo:U weight ratios (Tribovillard et al., 2012).
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a similar pattern to seawater (Fig. 8) suggest similar mineralisation
processes for both mineralisation styles, most likely with a strong
contribution from seawater.

5.6. Organic matter and metal accumulation

Sapropels are modern examples of metal accumulation in organic
matter-rich sediments, and as such, are possible analogues to the me-
talliferous black shales reported here. The sapropels of the Eastern
Mediterranean, for instance, were deposited under widespread anoxic
conditions resulting from water column stagnation and high biopro-
ductivity in the upper water (Nijenhuis et al., 1998; Rohling et al.,
2015). These conditions were potentially similar to the ones associated
with the South China shales deposition. The thickness of the sapropel
layer varies between 8 and 16 cm, it is enriched in numerous elements
and it contains up to 27% TOC, with averages between 8 and 12%.
Although no obvious increase in Zn concentration was reported, these
sapropel layers contain up to 297 ppm As, 1400 ppm Ba, 88 ppm Cd,
206 ppm, Co, 414 ppm Cr, 378 ppm Cu, 728 ppm Mo, 727 ppm Ni,
44 ppm Se and 3575 ppmV (Nijenhuis et al., 1998). Interestingly, the
accumulation in these elements is quite heterogeneous within a single
sapropel layer with zones enriched in As, Ba, Sb and Se and others rich
in Cd, Cr, Cu, Ni and Mo and greater abundance of S. Co and V, how-
ever, are distributed evenly throughout the layer (Nijenhuis et al.,
1998). These uneven distributions of elements suggest the presence of
factors controlling the distribution of metals at µm-scale.

Organic matter can play a significant role in metal transport and
accumulation. Organic molecules can react with metal and sulphur
species through redox processes and can strongly influence physico-
chemical properties that control mineralisation and metal distributions
(Greenwood et al., 2013 and references therein; Püttmann et al., 1988).
In South China, it appears that mineralised shales from Zunyi and
Sancha were both deposited under euxinic conditions (Fig. 13). How-
ever, comparison with barren shales from above and below the mi-
neralisation (Fig. 13) also highlighted than the barren shales were
likewise deposited under euxinic conditions. Evidently the presence of
euxinia, although essential to metal accumulation, was not sufficient for
the mineralisation. However, microtextural evidence presented above
indicates that organic matter played a major role in controlling the final
grain-scale disposition of metals in the mineralised layer. To understand
the precise role of organic matter in the initial concentration, it is ne-
cessary to consider the differences between mineralised and barren
shales at the same localities.

In the present study, both barren and mineralised shales show high
TOC values (up to 7 wt% for the mineralised shales and up to 13wt%
for the barren shales) and similarly low S1 values (0–1) and no mea-
surable S2. However, a detailed characterisation of organic matter
conducted by Kříbek et al. (2007) on barren and mineralised shales

revealed that only one type of organic particle was present in the barren
shales, although three types of organic particles were identified in the
mineralised layer. The first type of particles, present in both the barren
and mineralised shales, resembles bituminite macerals often found in
coals. It is indicative of a planktonic “rain” containing products of
algae, zooplankton and bacterial lipids that were reworked at the se-
diment/water boundary and within the sediment (Kříbek et al., 2007;
Steiner et al., 2001). An additional particle type reported by Kříbek
et al. (2007) is exclusively present in the mineralised layer. These
particles are mainly present in voids of the sulphidised mineralised
layer and represent solidified products of oil migration (migrabitumen).
The porous structure of this mineralised layer most likely led to this
accumulation of petroleum products during the late stages of diagenesis
or catagenesis. The last type of particles identified in the Kříbek et al.
(2007) study is also exclusive to the mineralised layer. These rounded
particles, mostly found in phosphate grains and sulphide pellets, are
likely remnants of algal oncolites. Murowchick et al. (1994) also pro-
posed that phosphorite nodules and sulphidised clasts could have de-
rived from microbial mats of prokaryotic organisms, further high-
lighting the strong biogenic component of this mineralised layer.

In addition, the complex mixture of MoSC identified in the miner-
alised layer, potentially assigned to a mixture of nanocrystalline mo-
lybdenite (MoS2) with graphite (Orberger et al., 2007), is also of in-
terest. At the nanoscale, MoSC contains nanometric porous rounded
structures of molybdenite that are finely intergrown with organic
matter and previous TEM imaging of the MoSC mixture also revealed
circular structures presenting striking similarity with bacterial cells
(Kao et al., 2001).

Furthermore, a study conducted by Cao et al. (2013) on barren and
mineralised shales revealed the presence of organic clots exclusive to
the mineralised layer. The authors suggested that the clot morphology
resemble that of modern red algae (Rhodophyta) that tend to thrive in
reducing conditions due to their higher tolerance to iron limitation
(Kelly et al., 2011; Tulipani et al., 2015). In addition, a preferential
accumulation of Ni and Mo was highlighted, with higher Mo content in
the outer part of the cystocarp and greater Ni abundance in the inner
part. An additional study by Strezov and Nonova (2009) compared
metal contents in red, brown and green algae from the Black Sea. The
results highlighted that species of red algae (Rhodophyta) accumulated
more metals (Cd, Cr, Cu, Mn, Pb, Zn) than green and brown algae.

These results tend to suggest that the organic matter could have
played a strong role in the accumulation of specific elements. The
studies by Kříbek et al. (2007) and Cao et al. (2013), in particular,
revealed particle types and organic clots that were exclusive to the
mineralised layer. These findings suggest that the organic matter de-
riving from organisms present in the water column at the time of de-
position of the mineralised layer in South China could have had specific
characteristics, favouring metal trapping and accumulation in the

Table 4
Comparison of different characteristics from Zunyi, Sancha and the Nick deposit.

Zunyi Sancha Nick deposit

Redox conditions Euxinic conditions Euxinic conditions Euxinic conditions
Metal enrichment

factors
High enrichment in As, Cu, Mo, P, Se, Ni Enrichment pattern highly similar to the one in

Zunyi. Slight differences include: Ag, As, Cu, Ni
more enriched in Zunyi and U, V more enriched
in Sancha

More enriched in Ni, Zn and less enriched in Cu,
Se and U. No enrichment in P

PGE patterns Seawater pattern – 4 orders of magnitude
enrichment

Seawater pattern – 4 orders of magnitude
enrichment

Seawater pattern – 4 orders of magnitude
enrichment

REE Depleted light-REE, slight positive Eu anomaly,
positive Y anomaly. Strong similarity with
Tokyo Bay pattern – 7 to 8 orders of magnitude
enrichment

Depleted light-REE, positive Y anomaly, negative
Eu anomaly. Strong similarity with Tokyo Bay
pattern – 7 to 8 orders of magnitude enrichment

Depleted light-REE, positive Y anomaly and
negative Ce anomaly. Strong similarity with
seawater pattern – 7 to 8 orders of magnitude
enrichment

Elemental spatial
associations

Abundant phosphorite nodules. Brecciated
textures

Abundant phosphorite nodules. Brecciated
textures

Abundant sulphide lenses with accumulation of
Zn and Cu on the edges. Absence of phosphorite
nodules

A. Pagès et al. Ore Geology Reviews 94 (2018) 396–413

410



sediment. Scott et al. (2017) recently proposed extreme accumulations
of H2S combined with intense activity of phototrophic sulphide-oxi-
dising bacteria in the water column to explain the elevated TOC values
and metal hyperenrichment of the Bakken Formation, USA. They sug-
gested that the activity of these bacteria could have led to the pro-
duction of polysulphides that can form stable complexes with metals
(Chadwell et al., 2001).

Organic material was also detected in the Nick deposit sample. First,
the lack of brecciation in the Nick deposit (Figs. 11 and 12) could be
potentially attributed to the presence of soft and flexible microbial mats
that developed shortly after sedimentation and prior to lithification.
Such microbial mats could influence localized biogeochemical cycles
and promote metal accumulation (Davison et al., 1997; Pagès et al.,
2014b). Microscopic investigations of the Nick deposit sample also re-
vealed the presence of composite cells from woody material (Fig. 10).
The Late Devonian was characterised by the appearance of tree-plants
like such as of Archaeopteris that had evolved by the Frasnian and ar-
borescent lycopods such as Cyclostigma and Lepidendropsis, and the
cladoxylalean fern Rhacophyton (Algeo et al., 2000). Wood cells in
petrified wood have previously shown to be replaced by various mi-
nerals including calcite, sphalerite and pyrite (Nowak et al., 2005). In
the present study, the woody material had been replaced by pyrite and
vaesite, therefore supporting that organic-inorganic chemical interac-
tions were taking place in the Nick mineralised layer.

6. Conclusions

The present study reports, for the first time, a detailed comparison
in terms of geochemistry and µm-scale metal distributions and asso-
ciations in the sulphide polymetallic horizon for two widely separated
sites in the Niutitang Formation located hundreds of km apart and for
the Nick deposit. The comparison between the two South China sites
highlights strong similarities in metal enrichment factors, and PGE
distributions, similar to that of seawater. The REE patterns of Sancha
and Zunyi also present strong similarities with REE patterns from the
Tokyo Bay (restricted environment), although the REE in Zunyi and
Sancha are 7 to 8 times more enriched than in seawater samples. High-
resolution XRF mapping highlighted brecciated structures and abun-
dant phosphorite nodules in samples from both sites. The highly het-
erogeneous metal distributions with variations at µm-scale are most
likely related to intense variations in redox conditions in the sediment.

Additional comparison was undertaken with the Nick deposit,
Canada, regarded as the best analogue of the Niutitang metalliferous
shales. This comparison highlights a stronger enrichment in Ni and Zn
in the Nick deposit and a greater abundance of minerals in the
Niutitang shales. High-resolution XRF mapping and synchrotron-based
XRF mapping revealed that the Nick deposit sample does not appear as
brecciated as the South China samples and that P is much less abundant.
The lack of brecciation is the Nick deposit could be potentially attrib-
uted to the presence of soft and flexible microbial mats that developed
shortly after sedimentation and prior to lithification. The identification
of remineralised plant-derived material in the Nick deposit further
emphasizes the potential role of organic matter into metal accumula-
tion in these metalliferous shales. The PGE and REE distributions of
both the Nick deposit and the Niutitang shales present highly similar
patterns, comparable to that of seawater. A key observation is that
phosphorites play a significant role in the detailed micron-scale dis-
position of elements within the Niutitang polymetallic layer, but are
absent at the Nick deposit, where other organic components including
fossil wood are present. Phosphorites were evidently important in the
final disposition of elements at sub-mm scale at Niutitang but did not
play a major role in metal accumulation on the scale of the mineralised
layer as a whole.

The present study provides further insight into mineralisation style
and processes in these mineralised black shales, highlighting the im-
portance of redox conditions and re-emphasizing the significance of the

geological context and the likely role of organic matter in the formation
of these mineralised horizons.
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