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The Early Cambrian Mo-Ni-PGE sulphidic black shale in the Niutitang Formation on the margin of the Yangtze
Craton (Southern China) is known for its extremely high metal concentrations. It is also very rich in phosphate
that formed contemporaneously with the sulphides. Detailed petrological as well as in-situ trace element and Sr
isotope analyses of authigenic apatite revealed new information on the metallogenesis of this enigmatic rock
unit. In the ore bed, apatite forms nodules or is found in phosphatic (phoslithoclasts) and sulphide clasts. In the
latter, the replacement of organic matter and sulphides by apatite microspherules suggests a microbially
mediated phosphogenesis. Enrichment in middle rare earth elements emphasizes the role played by Fe-
oxyhydroxides and organic matter in element scavenging. Moderately reducing conditions are supported by a
lack of Ce and Eu anomalies. The trace element signature of apatite and its initial 8’Sr/%%sr (0.7032-0.7190),
which is - for a group of analyses - well below the signature of Lower Cambrian seawater, points to some
contribution from mafic rock-sourced hydrothermal brines. This effectively explains the exceptional enrichment
of Ni and PGE in the sulphides. Seawater remains, however, the preferred source for other elements such as P and

Mo.

1. Introduction

The polymetallic Mo-Ni-PGE sulphide and phosphate-rich bed within
the black shale unit of the Lower Cambrian Niutitang Formation
(Huangjiawan mine, Zunyi region, northern part of the Guizhou Prov-
ince, Southern China) is well-known for its extreme metal concentra-
tions (e.g. Chen et al., 1982; Coveney and Chen, 1991; Fan, 1983; Han
etal., 2015; Jiang et al., 2006; Lehmann et al., 2007; Li et al., 2013; Mao
et al., 2002; Pasava et al., 2008, 2013, 2017; Xu et al., 2013). For
instance, Mo and Ni are enriched over 1000 times compared to the
average continental crust (with at least 4 wt% Mo and 2 wt% Ni) and Au-
Pt-Pd contents in the ore bed reach 100 times the average content in this
reservoir (1-249 ppm of precious metals, including Au, Pt, Pd, and Os)
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(e.g. Fan, 1983; Mao et al., 2002; Pasava et al., 2008, 2013, 2017). The
metalliferous black shale occurs along a belt extending about 1600 km
across South China (Steiner et al., 2001). The ore bed mostly contains
sulphides and phosphate as mineralised clasts. The latter have been
interpreted to represent remnants of a shallow-water hardground hori-
zon rich in metals, which was reworked, transported (at least over short
distances) and re-deposited in the deeper part of the basin (e.g. Mur-
owchick et al., 1994; Pasava et al., 2008).

A lot of effort has been made to identify the source of the metals and
to understand the complex genesis of the mineralisation in the Niutitang
ore bed. As a general assumption, the timing of the mineralisation is
synsedimentary to early diagenetic (e.g. Orberger et al., 2005; Pasava
et al., 2008), and sulphides and phosphate replaced organic material,
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likely through the mediation of bacteria and algae (e.g. Kribek et al.,
2007; Murowchick et al., 1994; Orberger et al., 2007).

Nevertheless, two contrasting views have been expressed regarding
the source of the metals and enrichment processes. The first model fa-
vours derivation of all the metals that are concentrated in the Niutitang
ore bed from seawater. Based on Mo, Cr and Hg isotope data, Lehmann
et al. (2007, 2016), Xu et al. (2012, 2013) and Yin et al. (2017) sug-
gested metal scavenging from seawater through redox/oxidative
changes, sorption and/or uptake by biomass, with the metals being
supplied by oxidative weathering of the continental crust. A dominant
seawater origin of the metals found further support by the Re-Os isotopic
signature of the ore (Fu et al., 2016; Lehmann et al., 2003; Mao et al.,
2002; Xu et al., 2011) and a detailed geochemical study (Pages et al.,
2018). The alternative model considers hydrothermal fluids as a major,
or at least additional, contributor of the metals in the Niutitang ore bed.
This model explains the observed abnormal contents of Ni and PGE in
the ore bed and various metal ratios (e.g. relative to Mo or total organic
carbon) that are not seawater-like (e.g. Emsbo et al., 2005; Han et al.,
2017, 2020; Jia et al., 2018; Jiang et al., 2007; Kribek et al., 2007; Liu
et al., 2015; Lott et al., 1999; Murowchick et al., 1994; Orberger et al.,
2007; Pasava et al., 2010, 2019; Pi et al., 2013; Steiner et al., 2001). A
study focusing on Ni isotope ratios further suggested that the observed
light 5°°Ni signature of the ore bed is best explained by an external
source of Ni that would have been derived from weathering of mafic/
ultramafic rocks in the hinterland (Pasava et al., 2019). Recently, new
Cu and Zn isotope data, coupled with previously published Cd, Cr, Ni,
Mo, Hg and Se isotope data, led to a hybrid model, in which parts of the
polymetallic metal enrichment is likely related to hydrothermal input
along the rifted margin of the Yangtze Platform (Lehmann et al., 2022).

In the context of this debate, a detailed study of apatite can add
helpful information. Apatite is commonly considered a resistant min-
eral, retaining its primary geochemical signature, and it is thus suitable
to fingerprint the processes leading to its formation (e.g. Baele et al.,
2019; Belousova et al., 2002; Bouzari et al., 2016; Bruand et al., 2016;
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Kempe and Gotze, 2002). In the sedimentary environment, the study of
apatite chemistry can provide clues about element sources and deposi-
tional/early diagenetic conditions (e.g. McArthur and Walsh, 1984;
Shields and Stille, 2001; Kidder et al., 2003; Zhu et al., 2014; Chen et al.,
2015; Alvaro et al., 2016).

Such studies were performed on various phosphate-rich beds hosted
by Neoproterozoic to early Cambrian sedimentary rocks of the Yangtze
Craton. Among these, trace element and Sr-Nd isotope data obtained on
phosphatic rocks of the Neoproterozoic (Ediacaran) Doushantuo For-
mation point to a crustal/detrital source for the REE, phosphogenesis in
an anoxic environment and distribution of the REE modified by diage-
netic fluids (Xin et al., 2015, 2016). Further petrological observations
and oxygen isotope data on phosphate nodules confirmed the diagenetic
timing of alteration (Ling et al., 2004). An in-situ investigation on the
phosphate concretions highlighted an even more complex diagenetic
history of the phosphatic grains, with several sources for the REE that
include hydrothermal contribution (Zhu and Jiang, 2017).

Recent trace element studies were also conducted on large phosphate
nodules in the Lower Cambrian phosphorite beds in the Yangtze Craton,
including those of the Niutitang Formation (in the areas of Daotuo,
Jinsha, Longbizui, Rongxi, Sansha and Songtao; Fig. 1). Depending on
the site investigated, the REE signature is either more seawater-like (Ye
et al., 2020) or highlights exchange with pore water at an early stage of
apatite precipitation (Ye et al., 2021) and during early diagenesis (Ye
et al., 2020). Differences in terms of Nd isotopic compositions between
the two types would reflect a change in the REE source from a seawater-
dominated pore water to diagenetic fluid-dominated pore waters (Zhu
et al., 2014). Such an evolution of the REE source was also observed in
single phosphate nodules from other early Cambrian formations (Mufu
Mountain of Nanjing; Jiang et al., 2007). Several trace element studies
also point to an influence of hydrothermal fluids at the time of phos-
phogenesis, which is commonly evidenced by a positive Eu anomaly
(Gao et al., 2018; Ye et al., 2020, 2021; Zhu et al., 2014).

Despite the general interest in phosphate beds of the Neoproterozoic-
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Fig. 1. (a) Sketch paleogeographic map of the Yangtze Craton during the Upper Neoproterozoic/Lower Cambrian (modified after Chen et al., 2009; Gao et al., 2018;
Steiner et al., 2001; Zhu et al., 2014), with the distribution of concretionary/lenticular phosphorites (Gao et al., 2018; Ye et al., 2020,2021; Zhu et al., 2014), barite
mineralisation (Pasava et al., 2008; Ye et al., 2020), Ni-Mo(-PGE) mineralisation (Pasava et al., 2008; Steiner et al., 2001), inferred major synsedimentary fault
system (Steiner et al., 2001) and Neoproterozoic mafic-ultramafic igneous rocks (Huang and Wang, 2019; Zhou et al., 2017); (b) Stratigraphic position of the

Niutitang Formation in the Zunyi region, modified after Pasava et al., (2008).
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Lower Cambrian interval of the Yangtze Craton, no attention has been
paid to the phosphate nodules that are intimately - spatially and
temporally — associated with polymetallic sulphides in the Niutitang ore
bed. Yet, this apatite provides essential information about the possible
source(s) of the elements constituting the deposit (seawater, detrital
components, hydrothermal fluids) and processes involved in P and metal
concentration in the system. To fill this gap was the aim of this study,
which was achieved through a detailed investigation of apatite in the ore
bed in the Niutitang Formation at the Huangjiawan mine (Zunyi region).
This investigation is based on a petrographic characterisation including
cathodoluminescence (CL), in-situ chemical and isotopic analyses using
laser ablation-inductively coupled-plasma mass-spectrometry (LA-ICP-
MS) to quantify the chemical composition (trace elements) in apatite
and determine its Sr isotope composition (as performed previously by
Decrée et al., 2020; Emo et al., 2018; Gillespie et al., 2021; Li et al.,
2018; Ravindran et al., 2019; Yang et al., 2018; Ying et al., 2020; Zeng
etal., 2016; Zhao et al., 2015). The combined analyses broaden the field
of application of in-situ isotope geochemistry in sedimentary apatite.

2. Geologic setting

Neoproterozoic to Early Cambrian strata of the Yangtze Craton
(China) host numerous phosphorite beds. In most of these beds, the size
of the phosphate nodules can reach a few centimeters (Gao et al., 2018;
Ye et al., 2020, 2021; Zhu et al., 2014). The Niutitang Formation is also
known for its exceptionally rich polymetallic Mo-Ni-PGE sulphide ore
bed (e.g. Murowchick et al., 1994; Lott et al., 1999; Steiner et al., 2001;
Mao et al., 2002; Emsbo et al., 2005; Jiang et al., 2007; Lehmann et al.,
2007; Orberger et al., 2007; Pasava et al., 2008;). Several black shale-
hosted ore deposits occur in restricted areas along a 1600 km belt and
are probably linked to a major deep fault zone parallel to a former island
arc system at the southern margin of the Yangtze platform (Steiner et al.,
2001).

The Yangtze Craton is a composite craton that is mainly made up of a
Precambrian basement and Neoproterozoic to Palaeozoic cover. It was
shaped by continental rifting (Wang and Li, 2003), accompanied by
volcanic and plutonic activity (Gao et al., 1995). The Neoproterozoic
(Ediacaran) and Lower Cambrian sediment deposition was controlled by
the northeast-trending Nanhua rift-type basin, which is bounded by
several large-scale structural faults (Li 1986). These sediments signifi-
cantly vary laterally from siliciclastic-dominated series overlying the
Cathaysia Craton to a carbonate-siliciclastic succession in the Yangtze
Craton (Chen et al., 2018). Three main Ediacaran to Early Cambrian
sedimentation domains have been distinguished (Steiner et al., 2007;
Zhu et al., 2014): (i) a carbonate platform, where phosphatic black shale
was deposited under evaporitic conditions in shallow water lagoons, (ii)
a transitional belt reflecting an environment comparable to recent
continental margins, and (iii) deep basin. Black shale was accumulated
in the deeper parts of more restricted basins formed during the sag phase
(Li, 1986; Gao et al., 1995; Wang and Li, 2003).

The depositional environment of the Niutitang Formation corre-
sponded to the transition from an oxidic shallow shelf to an anoxic deep
shelf (Li, 1986). Its age was constrained using various methods. Among
the obtained ages, Pb-Pb isochrons on black shale and mixed sulphides
from the ore bed led to data of 531 4+ 24 Ma and 521 + 54 Ma,
respectively (Chen et al., 2003; Jiang et al., 2007). These ages overlap a
Re-Os isochron ages for the black shale and the sulphide assemblage of
537 + 10 Ma and 535 + 11 Ma, respectively (Jiang et al., 2003, 2007).
Other composite Re-Os isochrons on mixed sulphides from the ore bed
provided ages of 541 + 16 Ma (Mao et al., 2002) and 521 + 5 Ma (Xu
et al., 2011). The most precise constraint on the age of the ore bed and
host shale is a SHRIMP U-Pb age of 532.3 + 0.7 Ma obtained on a zircon
hosted in a volcanic ash bed in the lowermost part of the Niutitang
Formation (Jiang et al., 2009).

In the area of the Huangjiawan mine (Fig. 1), the Niutitang Forma-
tion rests unconformably on dolomite of the Neoproterozoic (Ediacaran)
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Dengying Formation. There, the Dengying Formation is strongly phos-
phatised and silicified. The basal part of the Niutitang Formation is made
up of an intercalation of brownish phosphates, dolomite and chert len-
ses. These are considered as transgressive shallow water sediments
(Zeng, 1998) that were deposited in a marine environment with high
salinity (Pasava et al., 2008). The phosphorite gradually evolves towards
black shale (comprising carbonates, phyllosilicates, and organic-rich
laminae) alternating with phosphate and chert layers. These sediments
were also deposited in a highly saline environment (Frimmel and
Spangenberg 2007).

The ore bed is approximately 20 cm thick and occurs 3-5 m above
the base of the Niutitang Formation (Fig. 1). Its contact with the un-
derlying black shale is sharp, whereas large, scattered sulphide clasts
occur between the ore bed and the overlying black shale (Pasava et al.,
2008). The ore bed is mainly composed of a variety of clasts - ranging
from a few mm up to 1 c¢m in size - that constitute 70 to 85 vol% of the
rock and testify of (short distance) transport of some of the mineralised
material to a deeper environment (Murowchick et al., 1994). Most of the
clasts are sulphide pellets exhibiting a concentric fabric that comprises a
repetition of pyrite, organic matter and a mixed-layer phase composed
of Mo, C, S (Murowchick et al., 1994; Kao et al., 2001; Kribek et al.,
2007; Orberger et al., 2007; Pasava et al., 2008). Other clasts are made
up of (i) large rounded to angular fragments of structureless phosphate
nodules, (ii) concentric/radial phosphate ooids and (iii) fragments of Ni-
Fe sulphides and Mo—C—S phases (Pasava et al., 2008). In the ore bed,
PGE are bound to pyrite and Ni-sulphides (Pasava et al., 2013, 2017).
The matrix of the ore bed is highly porous and consists of silicates,
carbonates and organic matter (Kribek et al., 2007; Orberger et al.,
2007). Sediment compaction is reflected by flattening and coalescence
of the clasts. Deformation led to an overprint of the primary sedimentary
textures, which makes the distinction between clasts and diagenetic
nodules difficult (Pasava et al., 2008).

Previous studies led to commonly accepted ideas about the genesis of
the deposit, which are summarized hereafter. Textural relationships and
microthermometric studies of the alteration and gangue minerals sup-
port the hypothesis of a synsedimentary to early diagenetic ore depo-
sition at elevated temperature (>200 °C) (Lott et al., 1999; Pasava et al.,
2004; Orberger et al., 2005). The involvement of bacteria/algae is also
likely, considering the concentric fabric of the sulphide pellets (named
clasts, hereafter) and the phosphate ooid size and shape (e.g. Steiner
et al., 2001; Murowchick et al., 1994; Kribek et al., 2007; Pasava et al.,
2008). The mineralised bed has been interpreted as a phosphate- and
sulphide-rich subaquatic hardground (e.g. Murowchick et al., 1994;
Kiibek et al., 2007; Pasava et al., 2008), formed during a period with
very low input of terrigenous material (Murowchick et al., 1994; Steiner
et al., 2001). Formation of the mineralised layer would have occurred at
moderate depth, close to the oxic-anoxic and sulphide-saturated water
interface. This assumption is based on the likely presence of photo-
trophic coccoid cyanobacteria (Steiner et al., 2001; Kribek et al., 2007),
in an agitated shallow-water shelf environment (Murowchick et al.,
1994; Pasava et al., 2008).

3. Material and methods

Four samples from the Mo-Ni-PGE ore bed in the Huangjiawan mine
area (Fig. la) were selected and studied for their petrography and
chemical composition. Petrographic analysis was performed using a
Quanta 20 ESEM-FEI scanning electron microscope (SEM facilities at the
Royal Belgian Institute of Natural Sciences). The SEM is equipped with
an energy-dispersive spectrometer (Apollo 10 Silicon Drift EDS detector;
EDAX). Cathodoluminescence (CL) analysis was performed at the Uni-
versity of Mons using a cold-cathode CL system operated at 15 kV beam
voltage and 500 pA current (Cambridge Image Technology Limited,
model MKk5). The surface of the unfocused electron beam on the sample
was 12 x 4 mm, resulting in a current density of about 10 pA/mm?. CL
spectra were recorded with a CITL optical spectrometer model OSA2
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making possible to acquire from 350 to 1100 nm at 3.7 nm spectral
resolution. Spectra were acquired and processed using the Spectragryph
optical  spectroscopy  software (https://www.effemm2.de/spec
tragryph/).

Quantitative microanalyses of major element concentrations (Elec-
tronic Supplementary Material, Item 3) were acquired using a JEOL JXA
8800L electron microprobe at the Institute of Geography and Geology,
University of Wiirzburg (Germany). It was operated at 15 kV and 20nA,
with a beam diameter of 10 um. This microprobe is equipped with four
wavelength-dispersive (WDS) spectrometers and standard LDE1, TAP,
PET and LIF crystals (LiF for F, FesO3 for Fe, SrSO4 for Sr). Mineral
standards (vanadinite for Cl, apatite for P and Ca, and andradite for Si)
supplied by CAMECA (SX Geo-Standards) were used for reference. The
La line was used for the measurements of Sr and Ba, and the Ka line for
all other elements. The lower limit of detection is typically better than
0.05 wt%. For each mineral spot, the relatively mobile element F was
analysed first to prevent its potential loss during the analysis.

Laser-ablation inductively-coupled mass-spectrometry (LA-ICP-MS)
was used to obtain the trace element concentrations of apatite. The
analytical focus was on detecting rare earth elements. LA-ICP-MS ana-
lyses were performed at GeoRessources (Nancy, France), with a GeoLas
excimer laser (ArF, 193 nm, Microlas) coupled with a conventional
transmitted and reflected light microscope (Olympus BX51) for sample
observation and laser beam focusing and an Agilent 8900 triple quad-
rupole ICP-MS used in no-gas mode. The external standard was NIST
SRM 610 (Jochum et al., 2011) and 44Ca was used as internal standard.
NIST SRM 614 and NIST SRM 612 silicate glasses were analysed and
considered as cross-calibration samples to control the quality of the
analyses (precision, accuracy, repeatability) and to correct for possible
drift during the analytical session for concentrations of the NIST silicate
glasses. Information about the quality of the secondary standards is
provided in the Electronic Supplementary Material (Item 1). Calcium
concentrations constrained by EMPA from the same apatite grains were
used to calculate the concentrations of the other elements measured.
Two different Ca concentrations, in weight percent, were used for in-
ternal standardization: 40.04 based on electron microprobe analyses on
pure apatite and 27.4 based on EDS analyses of an assemblage
comprising apatite-quartz-sulphide. In these zones, the minerals are
mixed at micrometre scale and REE, Y and Sr are taken to be hosted only
by apatite. Indeed, the contents of these elements in micas and sulphides
are commonly very low and negligible compared to their concentration
in apatite (e.g. Tillberg et al., 2019; Villaseca et al., 2020; Zeng et al.,
2015; Zhao et al., 2021). The precisions were better than 10 % (rel.) for
all REE. Data treatment was done using the software “Iolite” (Paton
et al., 2011), following Longerich et al. (1996) for data reduction. More
information is provided in the Electronic Supplementary Material (Item
1.

The methodology for Sr isotope analysis is presented in Electronic
Supplementary Material, Item 6. A summary of the method is provided
here, the extended method is part of the Electronic Supplementary
material, Item 1. The Sr isotope composition from the apatite grains was
measured at the Microgeochemistry Facility, Department of Earth Sci-
ences, University of Gothenburg. There, an ESI 213 NWR laser ablation
system is coupled to an Agilent 8800 ICP-QQQ (see details in Zack and
Hogmalm (2016) and Hogmalm et al. (2017)). Data were collected
during four analytical sessions. Circular laser spots with different di-
ameters were used during individual runs. A repetition rate of 10 Hz was
used for all runs and the fluence varied between 5.9 and 7.3 J/cm?
Helium was used as carrier gas and mixed with nitrogen before intro-
duction into the ICP-MS/MS; N2O was used as reaction gas and intro-
duced overnight into the reaction chamber prior to analyses. Additional
He was supplied during two of the four analytical sessions.

NIST SRM 610 was used as primary reference material for the
calculation of the 87Sr/%%Sr ratios and BCR-2G to test accuracy, precision
and reproducibility between the analytical sessions. The preferred
875r/%55r ratios for both reference materials are 0.709699 + 0.000018
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(2 s) (Woodhead and Hergt 2001) and 0.705003 + 0.000008 (2 s)
(Elburg et al., 2005), respectively. The 87Rb/8%Sr ratios were calculated
using BCR-2G as primary reference material to correct for mass bias and
drift. Initial 87Sr/%0Sr ratios were modelled based on the constrained
875r/8%sr and 7Rb/%%Sr ratios and an assumed age of 532 Ma (Jiang
et al., 2009).

4. Results
4.1. Petrography

The investigated ore bed is a mineralised dolomitic shale that con-
sists mostly of dolomite, white mica, quartz, and organic matter (OM). It
hosts numerous variably flattened nodules of sulphides that are up to
0.5 cm in length and 1 to 2 mm in thickness. These were referred to as
pellets in the literature, although they are actually clasts (e.g. Mur-
owchick et al., 1994; Kribek et al., 2007; Pasava et al., 2008), which are
variably brecciated/fractured (Fig. 2a). The dolomitic matrix is made of
rhombic-shaped crystals that show a zoned texture under cath-
odoluminescence (CL), with a brownish dull-luminescent core sur-
rounded by bright red euhedral overgrowths (see insert in Fig. 2a). The
red luminescence of dolomite is typically related to Mn?*-activation,
whereas its quenching (leading to brown-dull CL) is commonly related
to the presence of Fe’t (e.g. Marshall 1988; Hiatt and Pufahl 2014).

In the ore bed, apatite exhibits distinct morphological varieties. The
first morphotype is sub-rounded to sub-angular nodules (Apn for apatite
nodules in Fig. 2), which commonly reach a few hundred micrometres in
width (Fig. 2b-f). They consist of closely-packed clusters of tiny pris-
matic apatite crystals with a size of about 5 to 10 um. These nodules
commonly contain inclusions of silicates (quartz, white mica), dolomite
and sulphides (pyrite and gersdorffite; Fig. 2f). Note that dolomite
rhombohedra of the matrix are locally embedded at the edge of the
nodules (white arrows in Fig. 2d). Apatite nodules typically exhibit a
violet colour under CL (Fig. 2d), which is due to REE activation (e.g.
Marshall, 1988; Blanc et al., 2000; Kempe and Gotze 2002; Mitchell
etal., 1997, 2014, 2020), mostly Sm>", Eu>* and Dy>" (as illustrated in
CL spectra; Electronic Supplementary Material, Item 2). A weaker acti-
vation (darker CL) can be observed in the core of the nodules (Fig. 2d),
which is also characterised by a lower porosity and inclusion content
(Fig. 2¢). Similar blue-violet-luminescent apatite is also found as over-
growth around bright green-luminescent grains of apatite (Apg for
apatite grain in Fig. 2g), which are abundant in the ore bed as detrital
grains together with detrital quartz and zircon. The yellow-green CL of
apatite is usually ascribed to Mn?* activation and is common in detrital,
granite-derived apatite grains (e.g. Roeder et al., 1987; Marshall 1988;
Kempe and Gotze 2002). The blue-violet-luminescent overgrowths are
themselves commonly brecciated.

The second apatite morphotype (Aps and Apss for apatite spherules
in phosphatic clasts and in sulphide clasts, respectively, Figs. 2 and 3)
consists of microspherules of uniform size (2-4 pm in diameter) that
form closely-packed aggregates in phosphatic (Fig. 2h,i) and sulphide
clasts (Fig. 3a,b). These spherules are embedded in an interstitial violet
CL apatite matrix (indicated by “Ac” in Fig. 2i and Fig. 3a), which fills
the remaining porosity in association with OM. In phosphatic clasts
(Fig. 2h,i), apatite spherules constitute a kind of mosaic together with
small grains of mica and quartz. Apatite spherules contain a nucleus of
phyllosilicate, carbonate and/or OM. A vague layering in the spherules
is defined by thin, porous layers. Finally, a lining of OM is observed as
spherule coating and in the remaining voids. Though being roughly
rounded, the shape of the spherules is conditioned by the other spherules
that grew at the same time in the vicinity. In sulphide clasts (Fig. 3a-b),
well-rounded apatite spherules are densely packed and form “patches”
in association with a Mo—C—S phase (as described by Kao et al. (2001)
and Pasava et al. (2008), for instance; Fig. 3a), pyrite and small detrital
phyllosilicate grains. Most apatite spherules appear homogeneous. In
others, apatite is admixed with a Mo—C—S phase that is incompletely
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Fig. 2. Selected macrophotograph (a), cathodoluminescence (CL) (insert in a, d, g) and backscattered electron (b, e, g, h) photomicrographs of the of the Ni-Mo-PGE
phosphatic ore bed of the Niutitang Formation; mineral abbreviations: Ac-apatite inter-spherule cement (Type 2), Apg- apatite grains (Type 1), Apn-apatite nodules
(Type 2), Aps-apatite spherule zone in phosphatic clasts (Type 2), Dol-dolomite, Ge-gersdorffite, Mca-mica, Mi-millerite, MoCS- C and MoS, mixed-layer phase, Qz-
quartz, Py-pyrite. (a) General view of the ore bed with sulphide and phosphatic nodules/clasts; the insert shows the red-luminescent dolomite matrix; (b) Brecciated
sulphide clast and phosphate nodule (which is presented in Fig. 2¢,d); the orange rectangle indicates the zone showed in Fig. 3d-f; (c-d) Detailed view on a violet-
luminescent apatite nodule, the centre of which is characterised by a more compact and less luminescent zone. The insert shows the internal texture of the nodule,
which is made of prismatic crystals. Note the dolomite rhomboedra enclosed in apatite at the rim of the nodule (white arrows, sample BSC1-grainl). Exposure time
was increased to capture the weak apatite luminescence, which resulted in a yellow luminescence colour for the adjacent dolomite due to over-exposition; (e-f)
Subangular phosphate nodules enclosing subhedral to euhedral Fe and Ni sulphides (sample BSC1-grain2&3); (g) Brecciated/corroded apatite grains exhibiting a
complex luminescence texture with a detrital/inherited green-luminescent core overgrown by blue-violet-luminescent apatite; (h-i) Closely-packed apatite spherules
in a phosphatic clast. The spherules develop around a nucleus made of phyllosilicates or carbonates. The green arrows indicate linings of organic matter. Apatite also
forms an inter-spherules cement (Ac) (sample PC1-Zone2).

replaced by phosphate. The latter exhibits annular textures that could
possibly represent relicts of former microspherules (Fig. 3a). In sulphide
clasts, the layered apatite spherules underline the concentric fabric
(Fig. 2b, 3b-c). Later deposition of gersdorffite, millerite and sphalerite
is locally evident at sulphide clast margins (Fig. 2b and Fig. 3a,b).
Lastly (as the third morphotype, Apr for apatite replacement in
Fig. 3), a dull-violet-luminescent apatite is observed as pervasive
replacement of pyrite, Mo—C—S and OM in sulphide clasts (Fig. 3d-g).
The invasion pattern is quite complex, as illustrated in Fig. 3e-g. This
phosphatisation seemingly did not extend beyond the clast’s boundary.

A thin alternation of apatite and gersdorffite as grain coating suggests
that both minerals formed contemporaneously (Fig. 3d).

Based on the above observations, three apatite types can be distin-
guished: The first one (Type 1) is represented by the bright green
luminescing grains that are scattered in the dolomitic shale (Apg for
apatite grain in Fig. 2g). This apatite type is very rare compared to the
other types. The second apatite type (Type 2) is characterised by violet
CL and occurs in the form of nodules (Apn for apatite nodules in Fig. 2),
spherules in phosphatic clasts and overgrowths around the Type 1
apatite (Aps for apatite spherules in phosphatic clasts Fig. 2h,i and Ac for
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Fig. 3. Backscattered electron photomicrographs of the of the Ni-Mo-PGE phosphatic ore bed of the Niutitang Formation; Ac-apatite inter-spherule cement (Type 2),
Apr-apatite as pervasive replacement of sulphides-OM (Type 3), Apss-apatite spherule zone in sulphide clasts (Type 3), Dol-dolomite, Ge-gersdorffite, Mi-millerite,
MoCS- C and MoS, mixed-layer phase, Py-pyrite. (a) Apatite spherules (as emphasized by the dashed green line) replace MoCS spherulitic/annular textures (as those
highlighted by the dashed blue line) in a sulphide clast. Apatite is also present as inter-spherule cement. Millerite occasionally fills the porosity (sample BSC1-Zone7);
(b) Enlarged view of the same sulphide clast, in which one can see alternating pyrite and MoCS (associated with apatite) before millerite deposition (sample BSC1-
Zone7); (c) Concentric fabric in a rounded sulphide clast (sample PC1); (d-g) Apatite as pervasive replacement of early formed sulphide (likely MoCS) before
gersdorffite deposition. EDS element maps for Ca and S, showing the replacement pattern of sulphides by apatite (sample BSC1-Zonelb).

apatite inter-spherule cement in Fig. 2i and Fig. 3a). This apatite is
seemingly coeval with sulphides. By contrast, a third type of apatite
(Type 3) that is also violet-luminescent is replacing sulphides and
sulphide-OM mixture in sulphide clasts, either as microspherules (Apss
in Fig. 3) or as pervasive replacement (Apr in Fig. 3).

4.2. Mineral chemistry

The three apatite types displaying different CL colours also differ
systematically in their mineral chemistry. The P,Os content is higher in
the green-luminescent apatite (Type 1): 40.82-41.8 wt% (Electronic
Supplementary Material, Item 3) and lower in the violet-luminescent
apatite associated with sulphides (Type 2 and Type 3): 30.01-32.83
wt%. The range of CaO and F content is moderate in both types:
55.52-57.06 wt% CaO and 3.53-5.08 wt% F. Most of the F contents
obtained by EMPA are above the theoretical maximum in apatite of 3.73
%. This could be due to grain orientation and anisotropic ion diffusion,
which are known to cause overestimation of F as measured with the
electron microprobe (e.g. Goldoff et al., 2012; Stormer et al., 1993), but
could also be explained by a substitution mechanism (see below). In all
apatite types, SiO2 contents are moderate to high, varying from 0.10 to
1.16 wt%. The SrO contents range from 0.05 to 0.22 wt%, whereas Cl
content is very low (<0.05 wt%).

Raman spectroscopy provides complementary information about
apatite chemistry (see Electronic Supplementary Material, Item 4).
Compared to a reference fluorapatite (here, the green-luminescent
detrital apatite grains), the violet-luminescent apatite associated with
the sulphide mineralisation (Type 2 and Type 3) showed (i) a shift to-
wards lower wavenumbers in the range characteristic of the v1 vibration
mode (at ~ 965 cm™ 1) and (ii) a decrease of the peak intensity in the
range of the v2 and v4 vibration mode (between 400 and 650 cm ™).
Both alterations of the apatite Raman spectra suggest partial replace-
ment of PO3~ by CO3~ (Penel et al., 1998). The PO3 ~CO%~ substitution
typically induces an excess of fluorine in apatite (McClellan and Van
Kauwenbergh 1991), which is observed in Type 2 and Type 3 apatite.
This substitution would also explain the low P,0s5 contents of the violet-
luminescent apatite, which can therefore be regarded as carbonate-
fluorapatite (CFA).

Compared to the post-Archaean Australian shale composite (PAAS),

the violet-luminescent apatite is enriched in REE (LA-ICP-MS analyses;
Electronic Supplementary Material, Item 5). The total REE content is
higher in spherulitic and sulphide-replacement apatite (Type 3) (2783
< XZREE < 4081 ppm) than in nodular apatite (Type 2) (1105 < ZREE <
2203 ppm). Enrichment in the MREE is indicated by the conspicuous bell
shape of the PAAS-normalized REE patterns of violet-luminescent
apatite. These patterns also show enrichment in LREE compared to
HREE (Fig. 4a), with (La/Yb)Norm.paas ratios varying from 1.40 to 2.48.
In addition, they are characterised by a very slight (if any) negative Ce
anomaly (0.89 < Ce/Ce*Norm.paas < 1.04) and no or only a slight posi-
tive Eu anomaly (0.97 < Eu/Eu*Norm.paas < 1.14). On the other hand,
the Type 1 green-luminescent apatite exhibits a rather flat PAAS-
normalised REE pattern (Fig. 4a; XREE = 272 and 278 ppm), with a
slight enrichment in MREE and HREE ((La/Yb)norm.paas = 0.38 and
0.45), a slight negative anomaly in Ce (Ce/Ce*Norm.paas = 0.82 and
0.88) and virtually no Eu anomaly (Eu/Eu*Norm.paas = 1.02 and 1.08).
The chondrite-normalised REE patterns (Fig. 4b) show a different shape
with a marked enrichment in LREE (12.8<(La/Yb)Norm.chond < 22.7 for
the violet CL apatite (Type 2 and Type 3) as opposed to (La/Yb)norm.
chond = 3.5 and 4.1 for the Type 1 green CL apatite), no Ce anomaly and a
negative Eu anomaly (Eu/Eu*Norm.chond Varying from 0.64 and 0.71 for
all apatite types). Whereas REE content and distribution are quite
consistent for the same apatite type, their Y, Sr and Rb contents can vary
significantly. They are overall lower in apatite nodules (Type 2) (341 <
Y < 687 ppm, 980 < Sr < 1905 ppm, 1.2 < Rb < 17.8 ppm) than in
apatite spherules in sulphides and in apatite replacing sulphides and OM
(Type 3) (634 <Y < 1198 ppm, 1584 < Sr < 2432 ppm, 8.6 < Rb < 39
ppm).

In comparison with the REE content of apatite from the ore bed, the
REE signatures (bulk and LA-ICP-MS analyses) obtained on large apatite
nodules from the Niutitang Formation outside of the ore bed - show
overall the same kind of PAAS-normalised pattern (with a MREE bulge),
though less enrichment in (L)REE (157 < ZREE < 1125 ppm; 0.19<(La/
Yb)Norm.paas < 1.26). These patterns exhibit pronounced negative
anomalies in Ce (0.36 < Ce/Ce* norm.pass < 0.70) and typically slight
positive anomalies in Eu (0.92 < Eu/Eu* ,ormpaas < 2.17, with an
average value of 1.28) (Zhu et al., 2014; Gao et al., 2018; Ye et al.,
2020,2021).
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Fig. 4. REE patterns of apatite in the ore bed of the Niutitang Formation (LA-ICP-MS analyses). Apatite types/generations are referred as (Type 1), (Type 2) and
(Type 3) (see text for further explanation). REE patterns are normalized to the Post Archaean Australian Shales (PAAS; Condie 1993) (a) and to the chondrites (values
from McDonough and Sun 1995) (b). Bulk analyses and LA-ICP-MS analyses obtained on other phosphate nodules from the Niutitang Formation are given

for comparison.

4.3. Sr isotope composition

Boxplots of Sr isotope data for apatite from the Niutitang ore bed are
presented in Fig. 5a (for data see Electronic Supplementary Material,
Item 6). The initial isotope ratio (87Sr/865ri) varies significantly. The
least radiogenic ®7Sr/%°Sr; was obtained on Type 2 violet-CL apatite
nodules. In this group, the 8Sr/3°Sr ratios range mostly from 0.7032 +
0.0020 (20) to 0.7086 + 0.0033 (BSC1-Grainl1&2). In contrast, Type 2
apatite from two nodules, richer in inclusions, show more radiogenic
ratios from 0.7083 £ 0.0060 to 0.7190 £ 0.0092 (PC1-Zone3 and PC2-
Zonel). Apatite spherules in phosphatic clasts (Type 2) yielded initial
ratios in the same wide compositional range, with 3”Sr/%sr; varying
from 0.7065 4 0.0062 to 0.7157 + 0.0046 (PC1-Zone2). A closer look at
these data reveals an effect induced by the size of the analysed zone (two
spot sizes at 20 and 100 pm) on the 87Sr/%Sri ratio (Fig. 5b). The latter is
more radiogenic and shows less variability when the ablated zone is
larger (0.7130 £ 0.0029 < Sr(;) < 0.7155 + 0.0022). Consistently, it is
less radiogenic but more variable when the ablated zone is smaller
(0.7065 + 0.0062 < Srg) < 0.7157 £ 0.0046).

The 87Sr/8%Sr; of Type 2 apatite spherules from sulphide clasts also
varies significantly from 0.7020 + 0.0024 to 0.7155 + 0.0056, an
abnormal low value of 0.6986 being discarded (PC1-Zone4 and PC2-
Zone2). A similar range of values was obtained on Type 3 apatite
occurring as pervasive replacement of sulphides and OM in sulphide
clasts. Its 87Sr/8°Sr; ratios are between 0.7034 + 0.0062 and 0.7132 +
0.0049, depending on the zone investigated (PCl-Zonel, PC2-Zone3,
PC3-Zonel).

5. Discussion
5.1. Textural features

Our mineralogical and petrological investigation of phosphates in
the ore bed of the Niutitang Formation makes it possible to discriminate
three types of apatite. Apatite of the first type, that is characterised by a
distinct bright green CL (Apg in Fig. 2g), is considered detrital,

analogous to zircon and quartz grains in the same matrix. The second
and third types of apatite display a rather uniform violet CL and a
common geochemical signature. Type 2 apatite is considered to be
coeval with sulphide phosphatisation (nodules and spherules in phos-
phatic clasts/nodules, referred as Apn and Aps, respectively, in Fig. 2),
whereas Type 3 apatite is considered to be younger (replacement of
sulphides and sulphide/OM in sulphide clasts, as spherules (Apss) or
pervasive replacement (Apr) in Fig. 3). Although exhibiting distinct
morphotypes, the common features shared by Type 2 and Type 3 apatite
suggest that they formed during the same phosphogenetic episode and
can be considered as authigenic/syndiagenetic.

5.1.1. Formation and diagenesis of the apatite nodules

The violet-luminescent apatite nodules consist of a fine-grained
groundmass of aggregating prismatic crystals. They contain inclusions
of minerals that are different to those found dominantly in the host rock
(i.e. silicate and sulphide inclusions in the nodules vs dolomite cement;
Fig. 2c-f), suggesting that these nodules originate from another deposi-
tional environment. Moreover, the structureless, rounded to sub-angular
nodules (Fig. 2e,f), by textural evidence, did not form in-situ and could
be regarded as phoslithoclasts, by analogy with carbonates (Trappe
2006). Similar blue-violet-luminescent apatite overgrowths that coat
detrital apatite grains are also partly brecciated/dismantled (Fig. 2g),
reinforcing the hypothesis of mechanical transport of this apatite type,
at least over short distances.

Another notable feature is the occurrence of dolomite rhombohedra
— forming most of the host rock matrix - embedded at the rim of apatite
nodules (Fig. 2d). These bright red-luminescent euhedral dolomite
crystals could represent overgrowth linkage and pore lining, likely
during deformation/compaction of the sediment (e.g. Hiatt and Pufahl
2014; Choquette and Hiatt 2008). Therefore, their inclusion into apatite
nodules would suggest that the latter experienced some diagenetic
recrystallization (after their transport to the ore bed). Similarly, the
variation in terms of porosity and inclusion content of the nodule (as
illustrated in Fig. 2c,d), which is accompanied by a slight change of CL,
could have been induced by compaction/diagenesis. However, the
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Fig. 5. (a) Box plots showing in-situ 8 Sr/30Sr;) (LA-ICP-MS analyses) for apatite hosted in the ore bed of the Niutitang Formation. Apatite types/generations are
referred as (Type 2) and (Type 3) (see text for further explanation). The number between brackets represents the number of analyses. Early Cambrian seawater Sr
isotope composition are from Burke et al., (1982), Veizer et al., (1999) and Hannisdal and Peters (2011) and Sr isotope ratio for hydrothermal fluids with mafic
composition are from Von Damm (1990) and Jarvis et al., (1994); (b) in-situ 87Sr/865r(i) (LA-ICP-MS analyses) for apatite hosted in a phosphatic clast (PC1-Zone 2;
Type 2). Note the larger variability of the small spot (20 um) analyses compared to the data obtained when ablating larger areas (big spots, 100 um). Box height is 2c;

(c) Diagram illustrating the frequency distribution for the Sr initial ratios.

pristine shape of the crystallites constituting the nodule suggests that
alteration after diagenesis was limited (Yang et al., 2019). This is further
supported by the CFA mineralogy of apatite inferred here based on
chemistry and Raman spectroscopy. More intense diagenesis/compac-
tion would have undoubtedly resulted in the transformation of CFA
towards more stable fluorapatite (McArthur 1985; McClellan and Van
Kauwenbergh 1991; Jarvis 1994). These processes also had limited (if
any) effect on the trace element distribution in the apatite, as attested by
the absence of significant variations in terms of REE content and dis-
tribution between the zones of variable porosity in the nodules (i.e. vi-
olet CL vs dark CL REE patterns in Fig. 4a,b).

5.1.2. Microspherulitic habit and microbial influence

Another typical feature of apatite is the microspherulitic habit that is
encountered in the phosphatic and sulphide clasts. In the former, the
Type 2 apatite spherules grew around silicate/carbonate nuclei. They
form a mosaic/pavement texture resulting from the replacement of the
OM, which progressively led to the concentration of the OM at the
boundary of the spherules (Fig. 2i). In the sulphide clasts, Type 3 apatite
mostly replaced an early Mo—C—S phase, generally keeping the

globular/annular morphology of the early formed sulphides (Fig. 3a).
The micrometric spherule textures of phosphates have been previously
ascribed to microbial forms resembling cyanobacteria (e.g. Kiibek et al.,
2007; Pasava et al., 2008). Microbial phosphate precipitation is very
common and produces nucleated or coated grains, resembling those
formed in the ore bed. It takes place in depositional environments
characterised by low net sedimentation rates (Trappe 2006), which was
likely the case at the time of spherule formation (e.g. Murowchick et al.,
1994; Steiner et al., 2001; Kribek et al., 2007). Bacterial involvement is
further supported by the thin layers of higher porosity that emphasize a
vague layering in the spherules. These could have resulted from the
dissolution of microbial mat remnants during or after apatite precipi-
tation (Jacquemin 2020). Note that the apatite cement that commonly
fills the remaining porosity in spherule-rich zones indicates phosphate
supersaturation of the pore water and rapid mineralisation (Wilby et al.,
1996).

5.1.3. Relationship with the sulphides
As described above, Type 3 apatite commonly occurs as replacement
of OM and a Mo—C—S phase to form microspherules in phosphatic and
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sulphide nodules. It is worth mentioning that contrasting observations
were made by Pasava et al. (2008), who also noted the replacement of
phosphates by sulphides in the clasts. However, these observations are
not irreconcilable considering the alternating deposition of sulphides
and phosphates in the mineralising system, as described by Murowchick
et al. (1994). Textural evidence presented in this study further empha-
sizes the intimate spatial and temporal association of phosphate and
sulphide precipitation, such as the thin alternations of apatite and sul-
phides that are frequently observed and the fact that apatite and sul-
phides can be found as replacement of each other. Sulphide precipitation
and replacement by apatite might have taken place repeatedly within
the same environment over the time interval of rock formation. Besides,
the lack of significant phosphatisation or sulphide deposition on the
outer surface of the clasts confirms that both processes mostly occurred
prior to reworking of the nodules, as previously concluded by several
authors (e.g. Murowchick et al., 1994; Steiner et al., 2001; Pasava et al.,
2008).

5.2. REE signature and depositional conditions

The REE distribution in apatite has proven to be a helpful tool to
understand depositional conditions and subsequent early diagenesis of
sedimentary phosphate deposits. REE can serve as proxy of ancient pore
water chemistry and, to some extent, of ancient seawater through the
examination of their shale-normalized REE patterns and Ce and Eu
anomalies (e.g. McArthur and Walsh, 1984; Shields and Stille 2001;
Kidder et al., 2003; Zhu et al., 2014; Chen et al., 2015; Alvaro et al.,
2016).

Apart from Type 1 detrital apatite, all violet-luminescent apatite of
Type 2 and Type 3 from the ore bed share common geochemical fea-
tures: a PAAS-normalized REE pattern enriched in MREE and a lack of
significant Ce and Eu anomalies. MREE enrichment is a common feature
of phosphorites associated with Lower-Middle Palaeozoic shales (e.g.
Jarvis et al., 1994; Cruse et al., 2000; Shields and Stille 2001; Kidder
et al., 2003; Emsbo et al., 2015; Alvaro et al., 2016). It is commonly
ascribed to the lithification of apatite concretions in sediments enriched
in OM and Fe-oxyhydroxide (e.g. Elderfield et al., 1990; Kidder et al.,
2003). The MREE are preferentially adsorbed onto these phases and then
transferred to the pore water during their dissolution as redox conditions
change (Jarvis et al., 1994; Chen et al., 2015; Alvaro et al., 2016). As
apatite frequently formed at the expense of OM in phosphatic and sul-
phide clasts (Type 2 and Type 3), one can consider a direct uptake of REE
from organic matter during its replacement (Fig. 2i and Fig. 3a; see
discussion in section 5.1.2). Such direct uptake — without transfer of
elements via pore water— would explain why the REE contents are
higher in the sulphide clasts compared to the apatite nodules (Fig. 4; see
section 4.2). Moreover, MREE uptake could have been favoured by a
biogenic influence during phosphate precipitation (Stanley and Byrne
1990; Kidder and Eddy-Dilek 1994), which is plausible considering the
microspherulitic texture observed (see section 5.1.2). Finally, it was also
suggested that the MREE are preferentially removed from solution when
phosphates and REE compounds are co-precipitated (Byrne et al., 1996).

The lack of a significant Ce anomaly in PAAS-normalized REE pat-
terns suggests that the release of Ce and other elements from Fe-
oxyhydroxides occurred in anoxic water (e.g. Chen et al., 2015; Alvaro
et al., 2016; Gao et al., 2018). These conditions would have prevented
Ce®" from being oxidized to insoluble Ce**, and favoured its adsorption
onto oxyhydroxides. The slightly positive Eu/Eu*ppas (from 1 to 1.14)
precludes extremely reducing conditions (e.g. Kidder et al., 2003) and
could indicate contribution from a hydrothermal fluid (Bau et al., 2010;
see section 5.3). The low intensity of the Eu anomaly can be explained by
the involvement of acidic sulphate-rich hydrothermal brines (Douville
et al., 1999; Craddock et al., 2010; Schmidt et al., 2010). Besides, an
additional sulphate input to seawater would enhance phosphatisation
through increased microbial activity (as shown for the Doushantuo
Formation by Cui et al., 2016).
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The discussion above addresses the likely processes and environment
prevailing at the time of apatite formation, i.e. prior to the reworking of
the material from the mineralisation site due to wave or bottom current
action (e.g. Pasava et al., 2008). The primary mineralised bed has been
interpreted as a subaquatic hardground, formed at moderate depth,
close to the oxic — anoxic and sulphide-saturated water interface (e.g.
Murowchick et al., 1994; Kribek et al., 2007; Pasava et al., 2008). Such
an environment is consistent with the lack of Ce and Eu anomalies
observed in apatite, which indicates moderately reducing conditions.
Moreover, it would be favourable for bacterial development, which
likely played a role in the mineralisation (e.g. Steiner et al., 2001; Kiibek
et al., 2007). In addition, the hardground was seemingly enriched in Fe
and OM (Orberger et al., 2005; Kribek et al., 2007), which are known to
act as efficient element scavengers.

The apatite nodules from the Niutitang Formation at Sansha, Long-
bizui, Jinsha, Songtao and Daotuo are characterised by MREE-enriched
PAAS-normalized REE patterns (Zhu et al., 2014; Gao et al., 2018; Ye
et al.,, 2020, 2021). However, at Daotuo, a negative Ce anomaly was
noted (from 0.4 to 0.7) and this could reflect an exposure to mildly
oxidized water in a transition zone to an intra-platform depression (Zhu
etal., 2014; Gao et al., 2018). A positive Eu anomaly (from 1.0 to 2.0) is
also observed in the apatite REE patterns from this location. This
anomaly varies gradually from one location to another. It is slightly
positive at Longbizui, Sancha and Jinsha (average values of ~ 1.1 and
1.2, respectively; Zhu et al., 2014; Ye et al., 2020), moderate at Daotuo
(mean value of 1.3; Ye et al., 2021) and more pronounced at Songtao
(1.5; Ye et al., 2020). Whatever the intensity of the Eu anomaly, it can be
ascribed to the influence of hydrothermal fluids (Zhu et al., 2014; Gao
et al., 2018; Ye et al., 2020, 2021).

5.3. Source of elements and hydrothermal influence

In addition to REE patterns and Ce and Eu anomalies, other
geochemical parameters (i.e. ZREE, XREE/Th and Y/Ho ratios) help to
distinguish the origin of apatite-forming elements (dissolved vs terrig-
enous) and highlight the contribution from other sources (e.g. Chen
et al., 2015; Gao et al., 2018; Fig. 6). Authigenic/syndiagenetic Type 2
and Type 3 apatite in the ore bed is characterised by Y/Ho ratios that are
intermediate between a hydrogenous and detrital component, suggest-
ing a contribution from both reservoirs. Type 1 apatite plots towards the
detrital end-member along a trend line in the Y/Ho vs XREE/Th diagram
(Fig. 6a,b). One can see that authigenic apatite plots off the ideal
hydrogenous-terrigenous trend in the Y/Ho vs ZREE and Y/Ho vs ZREE/
Th diagrams (Fig. 6a,b). The REE enrichment compared to the ideal
trend suggests a third/external addition of REE to the system, as pro-
posed for other large phosphate deposits in the Niutitang Formation
(Gao et al., 2018). This additional input of elements could result (i) from
the release of REE scavenged by Fe-oxyhydroxides and their subsequent
incorporation into apatite during an early diagenetic phase (as proposed
by Gao et al., 2018) or (ii) from the direct uptake when apatite formed at
the expense of the OM in phosphatic and sulphide clasts. In the latter
case, direct replacement of OM and sulphide by apatite would result in a
higher Th content in the phosphate. This explains why the correspond-
ing analyses plot so close to the ideal mixing trend in the Y/Ho vs ZREE/
Th diagram (Fig. 6b).

The positive correlation between Ce/Ce* and the total REE content of
apatite (Fig. 6¢) can provide more information about the conditions in
which apatite formed (for instance, more oxidizing conditions for the
detrital apatite and more reducing conditions for the syn-sulphide
apatite). It could also reveal post-depositional alteration, which typi-
cally tends to increase REE contents and reverses Ce depletion (McAr-
thur and Walsh, 1984; Shields and Stille, 2001). However, in the present
case and considering the mixing trend in the Y/Ho vs XREE/Th diagram
(Fig. 6b) and in the Y/Ho vs 8Sr/%0Sr; diagram (Fig. 6d, as explained
below), the Ce/Ce* and XREE positive correlation support a detrital
contribution, which is represented by the Type 1 apatite, and an external
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contribution, which could be hydrothermal (as suggested for large
phosphate nodules from the Niutitang Formation; Ye et al., 2020). Trace
element contents of apatite from the ore bed provide further indirect
evidence of the involvement of hydrothermal brines. In the discrimi-
nation diagrams of Belousova et al. (2002) (Fig. 7a-c), apatite plots in, or
very close to, the mafic rock fields (“mafic rocks and iron ore” in Fig. 7a,
c; “dolerite” in Fig. 7b). Such mafic affinity is supported by PGE and Ni
enrichment of the sulphides associated with phosphates in the ore bed
(Murowchick et al., 1994; Steiner et al., 2001; Pasava et al., 2008,
2019). By comparison, the Type 1 detrital apatite plots rather close to
the granitoid fields in these discrimination diagrams, which is consistent
with (i) its green CL, which is typical of apatite in granitoids (and
associated greisen and pegmatite; e.g. Kempe and Gotze 2002; Baele
et al., 2019) and (ii) by its slight enrichment in HREE (compared to
mafic rocks; Belousova et al., 2002; Fig. 4c,d).

In addition to its trace element signature, the Sr isotope composition
of apatite also points at some interaction of a hydrothermal fluid with
mafic rocks. Apatite in the ore bed yielded a wide range of initial
875r/868r ratios from ~ 0.7000 to 0.7190. The more radiogenic Sr
isotope compositions were observed in zones with a higher density of
aluminosilicate/phyllosilicate inclusions (Type 1 and Type2 apatite).
Given the small size of the apatite grains, these inclusions could not be
avoided during LA-ICP-MS/MS analyses. Sheet silicates have generally a
high Rb concentration and will thus lead to elevated Sr/%%Sr ratios in
comparison to pure apatite. Interestingly, this shift in Sr isotope
composition is inversely correlated with spot size (Fig. 5b). One can see
that 87Sr/3sr ratios are lower but with higher variability when analyses
are performed using a small spot size (20 um), whereas the Sr isotope
ratios are higher but more uniform with a larger spot size (100 um).
Laser spots with a diameter of 20 ym were placed in areas dominated by
apatite, with fewer aluminosilicate/phyllosilicate inclusions. By com-
parison, laser spots with a diameter of 100 pm are much larger than
individual apatite grains. The volume ablated thus represents a mixture
of apatite and inclusions. Sr isotope ratios of the latter are consequently
higher than the 87Sr/%°Sr ratios from the 20 pm spots. In addition, the
zones that are poorer in inclusions, as in several Type 1 apatite nodules,
are indeed characterized by the lowest Rb contents. The isotope signa-
ture of such apatite would therefore represent the Sr isotope composi-
tion closest to the initial ratio. For instance, 87Sr/%%Sr; in inclusion-free
apatite nodules (sample BSC1) is between 0.7032 and 0.7086. These
values are well below 0.709, which is the average value for Early
Cambrian seawater (e.g. Burke et al., 1982; Veizer et al., 1999; Han-
nisdal and Peters 2011; Fig. 5a). Such low 873r/86r; strongly supports
the contribution from hydrothermal fluids with a mafic source, which
are characterised by a low 8Sr/%%sr (0.7030; e.g. Von Damm 1990;
Jones and Jenkins 2001; Fig. 5a). An external hydrothermal metal
contribution is further indicated by the Y/Ho vs 87Sr/®0Sr; diagram
(Fig. 6d). There, a trend highlights the mixing between (i) a reservoir
with a higher Y/Ho ratio and the least radiogenic %7Sr/%%Sr; (corre-
sponding to the external/hydrothermal addition of REE to the system),
and (ii) a more detrital pole with low Y/Ho ratios and high Sr isotope
compositions. The latter reflects the chemistry of apatite in clasts, which
is influenced by phyllosilicate inclusions.

In summary, the trace element and Sr isotope signature of apatite
supports the contribution of a mafic source to the mineralizing system
through hydrothermal processes. This scenario is in agreement with the
model proposed for the origin of Ni (and PGE) in the mineralised bed (e.
g. Steiner et al., 2001; Pasava et al., 2008), which is based — among
others - on the light §°°Ni signature of sulphides (Pasava et al., 2019),
well comparable with that of sulphides hosted by Archean komatiites
from Australia and Canada (Gueguen et al., 2013) or Zimbabwe (Hof-
mann et al., 2014). This isotopic signature suggests an external metal
source, which could have been hydrothermal alteration of mafic/ultra-
mafic rocks (Pasava et al., 2019). The metamorphic basement of the
Yangtze Platform consists of a poorly exposed Archaean nucleus (Zheng
et al.,, 2006) overlain by Paleo- to Early Neoproterozoic, slightly
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metamorphic igneous and sedimentary rocks, including rift- or plume-
related komatiitic basalt and ultramafic intrusions (Huang and Wang
2019; Mao and Du 2002; Wang et al., 2007; Zhou et al., 2017). Rifts in
combination with basinal brines can have a variety of sub-seafloor fluid
systems such as cold seeps and low temperature hydrothermal vents,
which may tap and leach unexposed mafic-ultramafic rocks in the
basement (Lehmann et al, 2022). In the Yangtze Craton, these
mafic-ultramafic magmatic rocks of Neoproterozoic age indeed host
occurrences of Fe-Ni-Cu sulphides (as at Baotan, Fig. 1a; Mao and Du
2002; Zhou et al., 2017) and locally contain high PGE concentrations
(which are well documented at Fanjingshan, Fig. 1a; Huang and Wang
2019). In addition, intense hydrothermal venting at the time is docu-
mented along the margin of the Yangtze Craton by numerous contem-
poraneous SEDEX-type (barite) deposits (e.g. Emsbo et al., 2005; Han
et al., 2020; Pasava et al., 2008; Pi et al., 2014; Xia et al., 2004; Fig. 1a).

As proposed by Murowchick et al. (1994), it seems as if metals had
been introduced repeatedly into the depositional basin by hydrothermal
brines. This applies specifically to metals of mafic affinity that are
concentrated in apatite, namely the REE, Y and Sr. According to the
same authors, apatite would have formed during times of hydrothermal
quiescence. Consequently, REE (as Y and Sr) must have been scavenged
as soon as they arrived in the mineralising system (during times of hy-
drothermal input, with no phosphatisation), and were incorporated in
the structure of apatite later on, when phosphatisation took place
(Fig. 8). This could have been easily achieved through adsorption of
these elements onto Fe-oxyhydroxides and/or OM (as discussed under
section 5.2). Such a metal addition to the system corresponds to the
external component mentioned above (Fig. 6).

In contrast to the metals sourced from hydrothermal brines, other
elements originated solely from seawater, either via direct uptake or
through scavenging by OM, Fe-Mn oxyhydroxides and/or aluminosili-
cates. This has been confirmed for Mo and Hg, based on isotopic studies
(Mao et al., 2002; Lehmann et al., 2003; Xu et al., 2013; Yin et al., 2017).
This would also be the case for phosphorus, which constitutes a major
component of the mineralised system, because hydrothermal brines
typically contain less P than (bottom) seawater (e.g. Wheat et al., 1996).
Instead, detrital OM, Fe-oxyhydroxides and sheet silicates would have
provided phosphate to the pore water during local changes in the redox
conditions in microenvironments and associated microbial activity (e.g.
Jarvis et al., 1994; Krajewski et al., 1994; Follmi 1996; Filippelli 2011).

6. Conclusions

This study focused on the petrological, mineralogical, geochemical
and in-situ Sr isotope analyses of apatite from the ore bed in the Niuti-
tang Formation (Huangjiawan mine, Zunyi region, Southern China). In
the ore bed, apatite shows variable types. A very rare detrital apatite -
Type 1 apatite - is present as green luminescing grains in the dolomitic
shale. Two types of authigenic carbonate-fluorapatite exhibiting a REE-
activated, (dull)-violet CL can be distinguished in the ore bed. Type 2
apatite occurs as nodules of aggregates of micrometric euhedral crystals
and as microspherules replacing organic matter in phosphatic clasts.
Type 3 apatite is found in sulphide clasts (i) as microspherules that
replaced pyrite, a Mo—C—S phase and organic matter and (ii) as
pervasive replacement (of the same sulphides and Mo—C—S phase)
following an irregular pattern (and without any extent outside of the
clast).

Regarding the textures and their meaning, the spherulitic micro-
textures in phosphatic and sulphide clasts (Types 2 and 3) are reminis-
cent of microbially-mediated precipitates. The nature of the inclusions
found in apatite nodules (Type 2) and their sub-angular (to sub-
rounded) shape testify of (short distance) transport. The same holds
true for phosphatic and sulphide clasts (Types 2 and 3). Textural evi-
dence confirms that both phosphate and sulphide mineralisation were
roughly coeval and occurred prior to reworking of the clasts into deeper
marine environments.
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pervasive way (iv).

Concerning their trace element contents, all authigenic apatite
morphotypes share common characteristics that are (i) an enrichment in
MREE, which highlights the main role played by Fe-oxyhydroxides and
OM in scavenging trace elements, and (ii) the lack of Ce and Eu anom-
alies, which indicates slightly reducing conditions. The trace element
signatures of Types 2 and 3 apatite (REE, Y and Sr) point to significant
contribution of a mafic source to the mineralization processes during
phosphogenesis. Consistently, the lowest initial Sr isotope compositions
obtained in-situ on Type 2 apatite (LA-ICP-MS data) further confirm
such a contribution from hydrothermal fluids that have interacted with
mafic rocks, whereas more radiogenic Sr isotopic ratios, which are
higher than average for Lower Cambrian seawater, resulted in all like-
lihood from contamination by phyllosilicate inclusions. However, other
elements - like P - are unlikely to originate from hydrothermal fluids but
were instead derived entirely from seawater through scavenging onto
Fe-oxyhydroxides and OM, and subsequent release.

The data obtained provide new information about phosphogenesis
and polymetallic sulphide mineralisation. A simplified model for the
formation of apatite and origin of elements can be summarised as fol-
lows: During periods of hydrothermal activity, REE and Sr from hy-
drothermal brines were adsorbed onto Fe-oxyhydroxide and OM, while
Ni and PGE entered sulphides. Mo was released from the breakdown of
Fe-oxyhydroxide or recycled from the OM that became replaced by
sulphides. In contrast, during periods of hydrothermal quiescence,
phosphate, REE and Sr were released when Fe-oxyhydroxide were
reduced. Subsequent supersaturation in phosphate of the porewater at
the bottom seawater-sediment interface resulted in the formation of
apatite, which also incorporated REE and Sr.

The contribution of hydrothermal fluids and the magmatic origin of
several metals — as highlighted by this study - constitute a key finding
that opens new research directions on the metals’ ultimate source,
which is important for any future exploration strategy for this type of
ore.
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