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ARTICLE INFO ABSTRACT

Editor: Hailiang Dong Many paleo-karstic bauxite deposits contain elevated concentrations of Ni and Co. It has been known that Co and
Ni are dominantly hosted in sulfides, but it remains unclear how Ni and Co were incorporated into sulfides and

Keywords: what kind of physiochemical conditions were involved. The Maochang bauxite deposit, as one of the large Ni-

Pyﬁte and Co-bearing paleo-karstic bauxite deposits in Guizhou Province, southwest China, was selected to tackle these

Millerite

questions. Detailed mineralogical and sulfur isotopic analyses using integrated EBSD, EPMA, LA-ICPMS, and LA-
Bauxite MC-ICPMS methods revealed three stages of sulfide mineralization: stage I with pyrite (PyI), stage II with pyrite
Maochang deposit (Pyll), millerite, sphalerite, chalcopyrite and violarite, and stage III with pyrite (PyIIl), chalcopyrite and galena.
Guizhou Province The fine-grained, euhedral Pyl has up to 0.79 wt% Ni and up to 0.53 wt% Co. In contrast, PyII, which replaced or
overgrew Pyl, exhibits high but variable Ni, Co and As contents, and is further divided into three sub-types: Ni-
rich PyII-a (up to 16.54 wt% Ni, 0.94 wt% Co, and 0.38 wt% As) and PyII-b (up to 3.30 wt% Ni, 1.41 wt% Co, and
0.36 wt% As), and Co-rich PyII-c (up to 0.99 wt% Ni, 7.57 wt% Co, and 1.81 wt% As). PylIII is Ni- and Co-poor. Ni
increases from Pyl to Pylla and PylIb, and then decreases to Pyllc and PyIIl, whereas Co remains at similar levels
for Pyl, Pylla and PylIb, significantly increases to Pyllc, and then drops abruptly to PyIIL §3*Sy.cpr values vary
dramatically from negative values for Pyl (—6.9 to —16.6%o) to positive values for PyIl-b (+19.4 to +22.8%o),
sphalerite (+17.2 to +19.7%o), and PyIII (+25.3 to +32.3%o). Based on these results, and considering that the
protoliths of the bauxites were likely Ni- and Co-rich black shales according to previous studies, a four-step
model is proposed to explain the enrichment of Ni and Co in the bauxites: 1) during weathering and bauxite
formation on the surface, Ni and Co were leached from the black shale together with sulfate; the metals were
dissolved in the solution and partly adsorbed by Fe-oxides/hydroxides under moderate to high foo; 2) during
early diagenesis, the sulfate was partially reduced to sulfide via the bacterial sulfate reduction (BSR) process and
formed Pyl; much of the Ni and Co, together with sulfate, remained in the solution; 3) with increasing burial,
temperature increased and fop decreased, and the remaining sulfate (with elevated 5°*Sy.cpr) was reduced to
sulfide via the same BSR process and formed PyII; Ni was largely consumed and incorporated into Pylla and
PylIb, whereas Co remained in the solution until precipitation of Pyllc; 4) by the time of PyIII precipitation, both
Ni and Co had been taken by PylII, leaving a Ni- and Co-poor solution and PyIll. Step 1 occurred in a relatively
open system, whereas steps 2—4 likely occurred in a closed system.

Ni-Co enrichment

1. Introduction great interest due to their significant applications in the high-technology
industries of rechargeable batteries, catalysts, and superalloys (Roberts
Nickel and cobalt, listed as critical metals in many countries, attract and Gunn, 2014; Hou et al., 2020). As siderophile and chalcophile
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Table 1
Characteristics of the Ni- and/or Co-rich bauxite deposits over the world.
Deposit Bauxite Assumed bauxite protolith Ni and Co contents (ppm) Sulfur contents Occurrence of Ni Reference
type and Co
. . Ultramafic rocks and shale of 300-7000 (Avg. 1388) Ni and . . . Maksimovic and
Grebnik, Kosovo Karstic the diabase-chert formation 52-425 (Avg. 133) Co in bauxite Ni-bearing chlorite Pant6 (2004)
Mandan and Deh- Karsti Carbonate rock 20-294 (Avg. 168) Ni and 1-76 Zarasvandi et al.
now, Iran arstic a ate rocks (Avg. 21) Co in bauxite (2012)
. . . . 33-291 (Avg. 156) Ni and 2-44 Ahmadnejad et al.
Bidgol, Iran Karstic Argillaceous limestone (Avg. 20) Co in bauxite (2017)
34-265 (Avg. 136) Ni and 7-44 Zamanian et al
Mombi, Iran Karstic Marly limestone (Avg. 24) Co e o
. . (2016)
in bauxite
. .. . 79-188 (Avg. 120) Ni and Abedini and Calagari
Shahindezh, Iran Lateritic Diabase 10-274 (Avg. 109) Co in bauxite (2012)
. . . . 5-119 (Avg. 52) Ni and 1-654 Abedini and Calagari
Kanigorgeh, Iran Karstic Dolomite and limestone (Avg. 227) Co in bauxite (2014)
Kanirash, Iran Karstic Limestone, shale, and basalt 7-271 (Avg. 1_04) Ni z.md 10-111 Abedini et al. (2019b)
(Avg. 31) Co in bauxite
. . . . 98-222 (Avg. 168) Ni and L
Kani Zarrineh, Iran Karstic Mafic rock 85-273 (Avg. 185) Co in bauxite Abedini et al. (2021)
Soleiman Kandi, Karstic Mafic rock 67-574 (Avg..275) Nl. and 4-302 Abedini et al. (2022a)
Iran (Avg. 34) Co in bauxite
Irano-Himalayan . 33-62 (Avg. 49) Ni and 12-23 Co in Fe-oxides/ .
karst belt, Iran Karstic Basalt (Avg. 18) Co in bauxite hydroxides Abedini et al. (2022b)
— . ii - L2 alamab Ellahi et al.
Dopolan, Iran Karstic Argillitic dolomite 111 f107 (Avg. 276) Ni in 1-5 p[?m (Avg 2.5 Salamab ahi et a
bauxite ppm) in bauxite (2016)
190-240 (Avg. 215) Ni and
. . . . . 24-49 (Avg. 31) Co in bauxite,
Sa; thi‘:iam;i | Karstic Dliftimlt rgag;"it':ipfmd“ and 50 200 (Avg. 177) Ni and Sinisi (2018)
otondo, faly stiiciclastic materia 12-21 (Avg. 18) Co in bauxitic
claystone
. . Distant magmatic source and 20-590 (Avg. 433) Ni and 1-94 .
Apul Ital K Mongelli et al. (2014
pulian, Italy arstic clastic material (Avg. 40) Co in bauxite ongelli et al. ( )
. Distant magmatic source and 140-310 (Avg. 191) Ni and . .
M 1li et al. (201
Otranto, Italy Karstic clastic material 31-142 (Avg.51) Co in bauxite ongelli et al. (2016)
Campania . Windblown volcanic source 82-416 (Avg. 193) Ni and .
K Mondillo et al. (2011
Apennines, Italy arstic material and exposed terrain 18-119 (Avg. 36) Co in bauxite ondillo etal. ( )
60-277 (Avg. 142) Ni and 5-75
. . (Avg. 35) Co in bauxite, . S
Nurra, Italy Karstic Mafic rocks 61-187 (Avg. 124) Ni and 6-26 Mameli et al. (2007)
(Avg. 16) Co in claystone
Zagrad, . Shale and some UCC contents 51-298 (Avg. 121) Ni and Radusinovi¢ et al.
K .02-0. %
Montenegro arstic and andesitic rocks 18-209 (Avg. 48) Co in bauxite <0.02-0.03 wt% (2017)
3.3-4.1 wt% in red Ni-bearing
; . . . Laskou and
Parnassos-Ghiona, Karstic Carbonate rocks 490-690 (Avg. 567) Ni and bauxite, pyrrhotite, Economou-Eliopoulos
Greece 10-55 (Avg. 37) Co in bauxite 7.6-10.6 wt% in Co-bearing (2007 I ‘
grey bauxite pentlandite
4-269 (Avg. 85) Ni and 2-82
(Avg. 33) Co in aluminous rock 0.01-13 wt% in .
series. bauxite Sulfide and Fe This study
i i i > ’ ] al. (2021
Maochang, China Karstic Black shale and dolomite 19-260 (Avg. 172) Ni and 6-135 834 wt% in oxides xf‘ncft,ﬂq ( ;0(; ]))
(Avg. 59) Co in ferruginous rock  sulfide-rich layer o
series
31-756 (Avg. 250) Ni and 4-69
(Avg. 39) Co in aluminous rock
Yunfeng, China Karstic Dolomite and black shale series, 0.02-40 wt% Corrich sulfide and Long et al. (2020)
& 13-909 (Avg. 261) Ni and : sulfoarsenides & etal
17-962 (Avg. 233) Co in
ferruginous rock series
23-110 (Avg. 54) Ni and 4-58
(Avg. 16) Co in aluminous rock
series,
Xiaoshanb: hi K i Dolomi ? Ling et al. (2018
iaoshanba, China arstic olomite 78-593 (Avg. 336) Ni and 58-63 ing et al. ( )
(Avg. 60) Co in ferruginous rock
series
56-210 (Avg. 131) Ni in bauxite,
19-180 (Avg. 882) Ni in
Lindai, China Karstic Dolomite claystone, Ling et al. (2017)
170-297 (Avg. 234) Ni in
laterite
Wuchuan-zhengan- | o ;; . Basic igneous and basic- 2-161 (Avg. 39) Ni in bauxite Gu et al,, 2013
Daozhan, China ultrabasic intrusions
Youjiang basin, . . . . 56-100 (Avg. 78) Ni in bauxite,
China Karstic Volcaniclastic material 3-83 (Avg. 54) Ni in claystone Yu et al., 2016
Sanhe, China Karstic Bauxite precursor and laterite 19-82 (Avg. 54) Ni and 2-10 Liu et al. (2017)

(Avg. 5) Co in bauxite

(continued on next page)
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Deposit Bauxite Assumed bauxite protolith Ni and Co contents (ppm) Sulfur contents Occurrence of Ni Reference
type and Co
Distant igneous rocks, Paleozoic
95-3744 Avg.
Guangou, China Karstic carbonates, and Precambrian 10-358 (Avg. 139) Ni in bauxite 037 m)P pm (Avg Liu et al. (2013)
rocks P
Emeishan pl
Dajia, China Karstic meishan plume and 17-139 (Avg. 55) Ni in bauxite ~ <0.09 wt% Liu et al., 2010
carbonates
1-323 (Avg. 119) Ni in bauxite,
106-111 (Avg. 1 Ni i
Fusui, China Karstic Bauxite precursor and laterite 06 (Avg. 109) Ni in 0.01-5.65 wt% Yu et al. (2014)
claystone,
24-56 (Avg. 40) Ni in laterite
19-588 (Avg. 210) Ni and 2-123
Pingguo, China Karstic Emeishan basalt (Avg. 41) Co in aluminous rock Wang (2019)
series
2-595 (Avg. 154) Ni and 1-202
Dongluo, China Karstic Emeishan basalt (Avg. 30) Co in aluminous rock Wang, 2019
series
Guanmiao-Daping, . . 3-51 (Avg. 15) Ni and 1-33
K: Dol Wa °t al., 2019
China arstic olomite (Avg. 7) Co in bauxite ne et ak,
14-32 (Avg. 23) Ni and 2-6
Avg. in bauxi
Shenjiagou, China Karstic Dolomite (Avg. 4) Co in bauxite Xu (2018)

26-63 (Avg. 49) Ni and 2-13
(Avg. 9) Co in claystone

elements, Ni and Co are preferentially incorporated into the mantle and
the core of the Earth, however, diverse geological processes including
magmatic, hydrothermal, and lateritic can result in the concentration of
Ni and Co into the production grades. The deposit types of economic
importance include lateritic Ni(—Co) (Al-Khirbash, 2015; Farrokhpay
et al., 2019), sediment-hosted stratiform Cu—Co (El-Desouky et al.,
2009; Qiu et al.,, 2021), magmatic Ni-Cu(-Co-PGE) sulfide deposits
(Barnes and Lightfoot, 2005; Hughes et al., 2016) and hydrothermal
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Fig. 1. (a) Inset map showing the location of the research area; (b) Sketch map
illustrating the distribution of bauxite areas in Guizhou Province, South China
(modified from Long et al., 2017).

vein deposits represented by the volcanogenic massive Cu—Co deposits,
Ag-Co-Ni-Bi-As (five-element) vein type, unconformity-related U-Ni-Co-
Cu-As deposits, and black-shale-hosted Ni(—Co) polymetallic deposits
(Jefferson et al., 2007; Ahmed et al., 2009; Slack, 2012; Loukola-Rus-
keeniemi and Lahtinen, 2013; Markl et al., 2016; Scharrer et al., 2019).

Paleo-karstic bauxites, as depositional products upon the paleo-
karstic topography, have the reputation not only for being an impor-
tant contributor of aluminum production but also for hosting a variety of
associated metals, such as Ni, Co, Li, Ga, V, Cr, rare earth elements
(REE), Sc, Nb, Zr and U (e.g., Mongelli et al., 2017; Radusinovic et al.,
2017; Ling et al., 2020). The Ni—Co enrichment to hundreds-thousands
ppm in the paleo-karstic bauxites has been reported in many deposits
world widely (Table 1 and references therein), as represented by the
Grebnik deposit in Kosovo (Maksimovic and Panto, 2004), the Bidgol,
Shahindezh, Kani Zarrineh, Badamlu, and Soleiman Kandi deposits in
Iran (Ahmadnejad et al., 2017; Abedini et al., 2019a, 2020, 2021,
2022a), the Apulian deposit in southern Italy (Mongelli et al., 2014), and
the Wachangping and Yunfeng deposits in South China (Huang et al.,
2014; Long et al., 2020). It has been concluded that Ni- and Co-enriched
provenances such as ultramafic-mafic rocks or black shales contributed
to these metals (Table 1 and references therein), and the authigenic
minerals, such as Ni-bearing chlorite (up to 6.5 wt% NiO), bravoite,
cobaltiferous pyrite, pyrrhotite, pentlandite and cobaltite, were regar-
ded as the reservoir of Ni and Co (Maksimovic and Panto, 2004; Laskou
and Economou-Eliopoulos, 2007; Long et al., 2020; Wang et al., 2021).

Sulfides, which are common in hydrothermal systems, could be
produced in sedimentary and diagenetic environments in relation to
fluctuating redox and pH conditions. During bauxitization, gibbsite
deposited under oxidizing and acid (pH = 4.5-6.5) conditions, followed
by diaspore, chamosite, siderite, and sulfide formation under reducing
conditions during diagenesis (Oztiirk et al., 2002; Abedini et al., 2019b).
In some bauxitic profiles, sulfides may occur not only as minor minerals,
but also in significant amounts in some layers, comprising part of the
‘lower hematite + middle bauxite and sulfur + upper coal’ stratigraphic
pattern (Oztiirk et al., 2002; Yu et al., 2014, 2019; Yang et al., 2019;
Xiong et al., 2021). Furthermore, sulfides formed by epigenetic pro-
cesses were also recognized in some bauxite deposits (Salamab Ellahi
etal., 2016; Liu et al., 2010, 2017). However, it remains unclear how Ni
and Co were concentrated in bauxites, specifically how nickeliferous or
cobaltiferous sulfides were formed.

The Maochang paleo-karstic bauxite deposit, located at the middle
Yangtze Block, is the largest concealed bauxite deposit in Guizhou
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Fig. 2. (a) Simplified geological map of the Maochang bauxite deposit; (b) Simplified cross section along line a-b showing the occurrence of bauxite orebodies

(modified from Wang et al., 2021).

Province, southwest China. It is characterized by high sulfur contents
(up to 19.14 wt%) in bauxites and the presence of pyrite layers with
thicknesses of 1.02-6.71 m in the lower and upper zones of the bauxite
profiles. Recently, high Ni (up to 269 ppm) and Co (up to 135 ppm)
concentrations (Wu et al., 2021) along with development of cobaltif-
erous pyrite (up to 9.31 wt% Co; Wang et al., 2021) have been reported
in the Maochang bauxite deposit. The positive correlations of both Ni
and Co contents with the sulfur contents in bauxitic rocks (Laskou and
Economou-Eliopoulos, 2007; Long et al., 2020; Wu et al., 2021) indicate
that these metals were possibly locked by sulfides during diagenesis to
prevent them from being leached totally. If so, where were these metals
originally hosted before being released and taken up by the sulfides?
What kind of fluids and physiochemical conditions (e.g., Eh-pH, tem-
perature) were involved in the remobilization and re-precipitation of the
metals? Did these take place in an open or closed system?

In order to address these questions, the mineral composition and
paragenesis of sulfides in the Maochang bauxite deposit were studied.
Firstly, textural observations aided by backscattered electron (BSE) and
electron backscatter diffraction (EBSD) were conducted. Secondly, in-

situ electron probe microanalyzer (EPMA) and laser ablation-
inductively coupled plasma — mass spectrometry (LA-ICP-MS) analyses
were employed to reveal the complex chemical compositions of the
sulfides. Then, in-situ sulfur isotope analyses by the LA-MC-ICP-MS
method were used to trace the sulfur origin and evolution. These inte-
grated studies provide detailed geochemical and mineralogical insight
into the enrichment mechanisms of Ni and Co in bauxite deposits, and
highlight the economic potential of high-sulfur bauxite ores considering
the comprehensive utilization.

2. Geological setting

South China Block is made up of the Yangtze Block to the northwest
and the Cathaysia Block to the southeast, with the amalgamation
occurring during the Neoproterozoic (Yao et al., 2014; Zhao, 2015).
Guizhou Province is situated within the middle and southern Yangtze
Block. In this part of the Yangtze Block, Precambrian basement is
overlain by fine-grained sandstone, siltstone and shale formed in Early
Cambrian, followed by carbonate platform sediments of the middle to
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Fig. 3. (a) Stratigraphic column of the Maochang bauxite deposit and the sampling locations; (b) Profiles of Ni, Co, and Hf concentrations (ppm) across different
layers; (c) Enrichment (%) of Ni and Co relative to the Upper Continental Crust (UCC) compositions by assuming Hf as an immobile element, which was calculated
using the equation of [(COgample /Hfsampte)/(Coucc /Hfucc)-11 x 100 and [(Nigample /Hfsample)/(Niuce /Hfucc)-11 x 100 (Khosravi et al., 2017). The bulk concen-

trations of Co and Ni are from Wu et al. (2021).

upper Cambrian Loushanguan Group formed in a shallow marine envi-
ronment (Chen et al., 2012). In Late Ordovician, the Duyun Movement
uplifted the central Guizhou Province and formed the prototype of the
Qianzhong uplift (Gao et al., 1992; Rong et al., 2011; Ling et al., 2015).
The long-term denudation and peneplanation led to the development of
karstic depressions and basins, i.e., a paleo-karst topography (Gao et al.,
1992). Separated by a parallel unconformity (i.e., disconformity) with
the underlying Loushanguan Group, the Early Carboniferous Al-bearing
rock series, which was derived from the weathering of the underlying
rocks (Ling et al., 2015; Long et al., 2020; Wu et al., 2021), were
accumulated in the karstic depressions to form the Jiujialu Formation.
The Jiujialu Formation is conformably overlain by the Early Carbonif-
erous Baizuo Formation (GBGMR, 1987).

As one of the bauxite districts in Guizhou Province, the Xiuwen —
Qingzhen bauxite area situated within the middle Qianzhong uplift
(Fig. 1) hosts abundant bauxite deposits, including the Maochang,
Xiaoshanba, Laowashan, Lindai, and Yunfeng deposits. Among them,
the Maochang deposit is the largest concealed one, with over 200 Mt.
bauxite, 6.9 Mt. pyrite and 12.74 Mt. hematite ores (Wu et al., 2021).
The deposit is controlled by the broad NE-trending Daweiling anticline.
The bauxite beds are crosscut by the sporadically developed NE-, NNE-
and NWW-trending faults. The sedimentary rocks in the Maochang de-
posit generally dip less than 20°. The Paleozoic strata dominate the area,
including the middle — upper Cambrian Loushanguan Group, the lower
Carboniferous Jiujialu, and Baizuo formations, the middle Permian
Liangshan, Qixia and Maokou formations, and the upper Permian
Emeishan Basalt and Longtan and Changxing - Dalong formations
(Figs. 2 and 3). In addition, the lower Triassic Daye and Anshun for-
mations and the middle Triassic Guanling Formation are exposed in the
northwestern mining area (Fig. 2a).

The Jiujialu Formation in the Maochang area, with a maximum
thickness of 26 m, is composed of a set of Al-bearing rocks (Figs. 2b and
3), which can be further subdivided into two parts, i.e., a lower ferru-
ginous rock series and an upper aluminous rock series (Figs. 4a-c). The
lower ferruginous rock series is predominantly composed of red-colored
ferruginous claystone and greyish-green chlorite claystone, intercalated
with hematite nodule beds (Fig. 4d). Pyrite nodules and laminae are also
developed in this series. The upper aluminous rock series includes the

bauxite ore, bauxitic claystone, and aluminous claystone layers, from
bottom to top (Figs. 4b-c). The grey bauxite layer consists of the bauxite
ores with various structures including oolitic (Fig. 4e), earthy, clastic
(Fig. 4f), and massive (Fig. 4g). The Al,O3 contents of this layer range
from 49 to 76 wt%, with Al/Si ratios of 3-33 (Wu et al., 2021). Based on
the sulfur contents, bauxite ores are divided into the high-sulfur (S>0.8
wt%) and low-sulfur (S < 0.3 wt%) types, of which the high-sulfur
bauxite ores account for about 25% of the total bauxite reserve (Zeng,
2019). In addition, pyrite layers with sulfur contents of 8.05-34.34 wt%
are present in the lower and upper segments of bauxites, and are
composed of kaolinite, pyrite, diaspore and chlorite. Compared with the
bauxite ore layer, the bauxite-clay layer has lower Al,O3 (44-53 wt%)
but higher SiO, (28-40 wt%) contents. The top light-colored aluminous
claystone layer (Fig. 4c), conformably overlying the bauxite-clay layer,
is composed of illite, kaolinite, chlorite and smectite, as well as minor
diaspore.

Sulfides with a variety of occurrences including massive, dissemi-
nated, veins/veinlets, and stockworks are found in the Al-bearing rocks
(Figs. 4h-1). Based on the field and microscopic observations, crosscut-
ting relationships, and mineral paragenesis, three stages of sulfide
mineralization have been identified in the Maochang deposit (Fig. 5).
Stage I is characterized by pyrite layers and pyrite nodules or concre-
tions (Figs. 4h-j) or disseminated, fine-grained pyrite aggregates (PyI)
within a variety of Al-bearing rock series (Figs. 6a-c). In contrast, stage II
is featured by diverse sulfide minerals including pyrite (reddish Pyll-a
and PyIl-b and dark pinkish PylI-c), millerite, sphalerite, chalcopyrite,
and a small amount of violarite (Figs. 6d-e and 7a-d), with siderite as the
main gangue mineral. These sulfides occur as veins, veinlets, or den-
drites. Stage III is featured by veins or hair-like stockworks, comprising
pyrite (PylIll), chalcopyrite, and galena (Figs. 4k-1), with calcite as the
major gangue mineral. Notably, all sulfide veins or veinlets exhibit sharp
boundaries with the Al-bearing rock series, and no obvious alteration
was observed.

2.1. Sampling and analytical methods

A total of thirteen samples from the underground tunnels, including
six ferruginous claystones, four bauxite ores, two bauxitic claystones,
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Fig. 4. Representative features of Al-bearing rock series from the Maochang bauxite deposit. (a) Conformable contact between ferruginous claystone and bauxite ore;
(b) Bauxitic claystone overlying the bauxite ore; (c) Dolomite from the Baizuo Formation conformably overlying the aluminous claystone; (d) Hematite ore from the
ferruginous rock series; (e) Oolitic bauxite ore; (f) Bauxite ore with a clastic texture; (g) Massive bauxite ore; (h) Massive pyrite nodules within the ferruginous
claystone; (i) Scattered pyrite nodules within the bauxitic claystone; (j) Disseminated euhedral pyrite in ferruginous claystone; (k) Pyrite veins intercalated in clastic
bauxite; (1) Pyrite + calcite veins in dolomite. Abbreviations: Cal = calcite, Gn = galena, Hem = hematite, Py = pyrite. Note the mineral abbreviations adapted from

Whitney and Evans (2010).

and one aluminous claystone, were analyzed. The sampling locations are
illustrated in Fig. 3. All in-situ analyses were carried out on polished thin
sections.

Electron probe microanalysis (EPMA) was conducted using a SHI-
MADZU EPMA-1720 instrument equipped with four wavelength-
dispersive spectrometers at the School of Geosciences and Info-
Physics, Central South University. After the detailed backscattered
electron (BSE) observation, spot analyses were carried out on pyrite,
millerite, violarite, and hematite. Operating conditions include an
accelerating voltage of 20 kV, an electron beam current of 10 nA, a beam
diameter of 1 pm, and acquisition time of 30 s. Successively, three pyrite
grains with complex zoning were selected for elemental mapping of Co

(Ka), Ni (Ka), and As (L) using wavelength dispersion spectroscopy
(WDS). Operating conditions for mapping include the 20 kV acceleration
voltage, 50 nA beam current, 30-80 ms sampling time for each point,
1-2 pm beam size, and 1.1 pm pitch. The EPMA data of sulfides and
oxides are summarized in Tables S2 and S4-5. Detection limits were
<0.01 wt% for each analyzed element. The mapping areas vary with
pyrite grain sizes, with a maximum of 532 x 530 pixels.

To measure the crystallographic orientation of nickeliferous and
cobaltiferous sulfides, three zones were investigated using electron
backscatter diffraction (EBSD) on an FEI Quanta 450 field emission gun
scanning electron microscope equipped with an Oxford Instruments HKL
Nordlys II EBSD detector. In-situ EBSD analyses were carried out at State



Y. Wang et al.

Diagenesis
Stagell

Mineral Sedimentation

Stagel Stagelll

Diaspore _—
Kaolinite

Illite — e e
Hematite
Anatase

Siderite
Pyl IPyII Pylll

Pyrite =0k

c
Millerite =

Violarite

Sphalerite _—

Chalcopyrite
Galena

Calcite

Abundant Normal

Fig. 5. Mineral paragenetic sequence in the Maochang bauxite deposit.

Key Laboratory of Geological Processes and Mineral Resources (GPMR),
China University of Geosciences, Wuhan. The working voltage of 20 kV
and a working distance of 25 mm were employed during the operation,
and samples were tilted 70° in a low vacuum mode (20-60 Pa) to avoid
excessive electron charging. The crystallographic data were collected
automatically under the probe current of 5 nA, with the step sizes of
0.25-1 pm and map resolution of 246 x 347 and 240 x 170. Phase maps
and inverse pole figures were generated by Tango™ software in Channel
5.

After the spot analyses by EPMA, trace element compositions of
different generations of pyrite were carried out using a Telydyne Cetac
HE 193 nm laser ablation system coupled with Analytik Jena Plasma-
Quant MS Ellite ICP-MS at the School of Geosciences and Info-Physics,
Central South University. Helium was used as a carrier gas and argon
as a makeup gas. The system was operated at a constant 5-Hz pulse rate
with laser energy of 2.5 J/cm?. Pre-defined areas of thin sections were
ablated using a spot size of 35 pm in diameter. Data collection consists of
approximately 20 s background measurement with the laser off and 30 s
data acquisition with the laser on. Elements of 33g, 7Fe, >°Co, °°Ni, %°Cu,
75As, 77Se, Mo, 17 Ag, 1151, 118sn, 121gh, 125Te, 208pp and 2°%Bi were
monitored during pyrite spot analyses. USGS sulfide standards MASS-1,
GSE-2G, NIST SRM610, and NIST SRM612 were used for calibration as
the external standards, and Fe concentrations determined by EPMA as
the internal standards to calibrate trace elements in pyrite. The data
reduction was performed using the GLITTER V4.4 software (Griffin
et al., 2008). Minimum detection limits for pyrite were 0.29 ppm for Co,
4.55 ppm for Ni, 0.53 ppm for Cu, 1.30 ppm for As, 4.38 ppm for Se,
0.06 ppm for Mo, 0.02 ppm for Ag, 0.01 ppm for In, 0.17 ppm for Sn,
0.02 ppm for Sb, 0.11 ppm for Te, 0.05 ppm for Pb, 0.25 ppm for Bi.

In-situ sulfur isotopic analyses of pyrite and sphalerite were carried
out using a combined Teledyne Cetac Technologies Analyte Excite laser-
ablation system (Bozeman, Montana, USA) and Nu Instruments Nu
Plasma II MC-ICP-MS (Wrexham, Wales, UK) at Nanjing FocuMS Tech-
nology Co. Ltd. The operating conditions of spot analyses include the
pulse rate of 5 Hz, laser energy of 100 mJ, and beam sizes of 33 pm for
pyrite and 40 pm for sphalerite, respectively. Sulfur isotopic composi-
tions were calculated relative to the Vienna Canyon Diablo Troilite (V-
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CDT) standard. Natural pyrite Wenshan with the §%*Sy.cpr value of
+1.1%0 was used as the external standard. Pressed powder pellets of
pyrite GBW 07267 (6°*Sy.cpr = +3.6%0) and chalcopyrite GBW 07268
(634SV_CDT = —0.3%o) from National Research Center for Geoanalysis,
China and fine-grained sphalerite SRM 123 (83*Sy.cpr = +17.5%0) from
National Institute of Standards and Technology, U.S were treated as
quality control. The result reproducibility was better than 0.6%. (one
standard deviation).

3. Results
3.1. Pyrite generations

The Ni- and Co-bearing sulfides in the Maochang deposit include
pyrite and millerite, with minor violarite. Pyrite as a pervasive mineral
at all stages displays complex morphological and textural characteris-
tics. Pyl commonly occurs as disseminated, fine-grained euhedral grains
with sizes ranging from 10 to 150 pm in the matrix of diaspore and illite
(Figs. 6a-c). Locally, Pyl grains display a composite feature consisting of
an inclusion (diaspore and/or illite)-rich core and a blocky rim (Fig. 6¢),
with homogeneous compositions.

In contrast, PyIl occurs as veins cutting vertically through the
bedding (Figs. 6d and 7a) and displays distinctive reflective colors
relative to Pyl (Figs. 6g, j and 7c). According to the crosscutting re-
lationships and mineral assemblages, PyII could be further divided into
three sub-types, i.e., Pyll-a, PyIl-b and Pyll-c. Microscopic observations
further reveal that these veins with a width smaller than 2 mm (Fig. 6d)
are comprised of Pyll-a in the center and PylIl-b on both sides (Fig. 6e).
The PylI-a veins consist of Pyll-a, millerite, and minor violarite (Figs. 6f-
1), of which PylI-a grains with diameters of <30 pm are characterized by
the reddish reflection color and internal porosity (Fig. 6g). Noticeably,
irregular blocky Pyl remnants were observed in PyIl-a veins (Figs. 6g-j).
In contrast, anhedral PyIl-b with diameters ranging from 5 to 30 pm
grew predominantly with sphalerite (Figs. 6m-n). They are character-
ized by the dendritic growth perpendicular to PyIl-a veins (Figs. 6e-f), as
is typical of extensional veins. Locally, the intergrowing PylIl-b and
sphalerite cut across Pyll-a veinlets (Figs. 6e-f), suggesting their for-
mation slightly later than Pyll-a. Comparatively, Pyll-c shows a dark
pinkish reflection color (Figs. 7b-c) and has close relationships with
siderite (Figs. 7e-g). It replaced blocky Pyl along grain boundaries and
micro-fractures, with a sharp contact between them (Figs. 7b-f). In BSE
images, Pyll-c appears to be brighter and has higher porosity relative to
Pyl (Fig. 7f). No obvious correlation was observed between Pyll-c and
PylIl-a/Pyll-b.

Fine-grained PyllI together with various amounts of chalcopyrite and
galena occur in hair-like veins or stockworks, with the width ranging
from 5 to 200 pm (Figs. 4k-1 and 7h). These veins truncated all earlier
sulfide veins.

3.2. Chemical compositions

3.2.1. Pyrite

A total of 75, 34, 12, 13, and 29 spot analyses with EPMA were
carried out on Pyl, Pyll-a, Pyll-b, Pyll-c, and Pylll, respectively
(Table S1). All spots yielded low Se, Sb, and Pb concentrations varying
from below the detection limits (b.d.l) to 0.15, 0.24, and 0.38 wt%,
respectively, and highly variable Ni, Co, and As contents (Figs. 8-9). The
Pyl has Ni, Co, and As contents from b.d.1 to 0.79 wt% (Avg. 0.29 wt%),
0.02 to 0.53 wt% (Avg. 0.09 wt%), and 0.15 to 0.45 wt% (Avg. 0.24 wt
%), respectively. In comparison, Pyll shows a wide variation of Co, Ni,
and As. PylI-a has the highest Ni concentrations (1.01-16.54 wt%; Avg.
3.48 wt%), and low Co (0.02-0.94 wt%; Avg. 0.15 wt%) and As con-
centrations (b.d.l1 - 0.38 wt%; Avg. 0.23 wt%). Compared to PyII-a, PyII-
b has lower Ni (1.06-3.30 wt%; Avg. 2.09 wt%) but higher Co
(0.12-1.41 wt%; Avg. 0.64 wt%) concentrations. The highest Co
(1.18-7.57 wt%; Avg. 6.02 wt%) and As (0.04-1.81 wt%; Avg. 1.36 wt
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Fig. 6. The occurrence of Pyl and nickeliferous pyrite (Pyll-a, PyIl-b) and their texture and paragenesis in the Maochang bauxite deposit. (a) Euhedral Pyl
disseminated in the ferruginous claystone, reflective light; (b) BSE image of (a); (c) Pyl characterized by an inclusion-rich core and a compact rim, reflective light; (d)
Sulfide vein truncating bauxite ore; (e) Sulfide vein in (d) consisting of pyrite (PyIl-a) in the middle and intergrowing pyrite (PylIIl-b) and sphalerite in the remaining
parts of the vein, reflective light; note PyII-b crosscuts Pyll-a; (f) Dendritic PyII-b and sphalerite cutting across the PylI-a vein, reflective light; (g) Porous, reddish Ni-
rich Pyll-a and millerite replacing early Pyl irregularly, reflective light with Gamma image enhancement; (h) BSE image of (g); (i) Nickel elemental distribution of (h)
by WDS mapping; (j) Porous Ni-rich Pyll-a along with millerite replacing euhedral Pyl, with Pyl remnant like isolated islands, reflective light; (k-1) Pyrite veins in the
ferruginous claystone; note Ni-rich PylII-a together with violarite and chalcopyrite replacing PyI, reflective light; (m) Dendritic Ni- and Co-rich PylI-b and sphalerite
tangled with each other, reflective light; (n) Pyl remnants within the Ni-rich PylII-b, reflective light. The quantitative values represent the Ni (left) and Co (right)
concentrations (wt%), respectively. Abbreviations: Ant = anatase, Ccp = chalcopyrite, Dsp = diaspore, Gn = galena, IIt = illite, KIn = kaolinite, Mlr = millerite, Py =
Eyrite, Sp = sphalerite, Vil = violarite.

Fig. 7. The occurrences of Pyl, Pyll-c, and PylII and their textures and paragenesis in the Maochang bauxite deposit. (a) Sulfides and siderite in ferruginous claystone;
(b-¢) Sulfide veins in (a) consisting of Pyl, dark pinkish Co-rich PyIl-c and chalcopyrite; note PyII-c replacing PyI, reflective light with Gamma image enhancement;
(d) BSE image of (c); (e-g) A siderite vein truncating a pyrite vein; note Co-rich PylII-c replaces Pyl as shown in (f) (BSE) and the dark siderite in contact with the pyrite
vein has lower FeO content as shown in (g) (BSE); (h) Hair-like and thick PylIII veins in ferruginous claystone, reflective light. The quantitative values represent the Ni
(left) and Co (right) concentrations (wt%), respectively. Abbreviations: Ant = anatase, Ccp = chalcopyrite, Dsp = diaspore, Hem = hematite, Ilt = illite, Py = pyrite,
Sd = siderite.

%) concentrations were found in Pyll-c, accompanied by a sharply Co (0.02-0.13 wt%; Avg. 0.06 wt%), Ni (b.d.1 - 0.08 wt%; Avg. 0.04 wt

decreasing Ni concentration (b.d.l1 — 0.99 wt%; Avg. 0.12 wt%). These
results reveal a negative correlation of Fe with Ni in Pyll-a and PyIl-b
(Fig. 9b) and with Co in Pyll-c (Fig. 9c¢), indicating both Ni and Co
incorporation into pyrite by substituting Fe, rather than as inclusions. In
addition, negative correlations of As with both S (Fig. 9d) and Fe
(Fig. 10a) were observed in cobaltiferous Pyll-c. In combination with a
strong positive correlation between As and Co (Fig. 9e), the plot of PylIl-c
along the (Co, Fe)(As,S1.x)2 trend line in the diagram of 2As/S vs 2(Fe +
Co + Ni)/S (Fig. 10b) favors As (As ™) substituting S, rather than As (As2+
or As®h) substituting Fe (Deditius et al., 2008). As for PylIl, it has the low

%) and As (0.16-0.74 wt%; Avg. 0.29 wt%) contents.

Given that most PylII grains with complex patchy or zoning textures
have diameters of <20 pm, LA-ICP-MS analyses of PyIl were not
considered. A total of 24 spots were analyzed including 14 for Pyl and 10
for PylII (Table S2). All analyses show low Ga, Ge, and Mo concentra-
tions varying from b.d.1 to several ppm. The Co, Ni, Cu, As, Se, Te, Ag, In,
and Sn contents are highly variable between Pyl and PylIIl. Generally,
Pyl displays relatively high Co (0.86-397 ppm), Ni (19.72-3102 ppm),
Se (13.9-40.91 ppm), Ag (0.4-5.96 ppm), In (0.03-9.86 ppm) and Sn
(0.27-4.41 ppm) contents, whereas Pylll is enriched in Cu (22.55-9662
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Fig. 8. Box and whisker plots showing the chemical compositions of pyrite analyzed by EPMA (a) and LA-ICPMS (b).

ppm) and Te (0.25-20.82) (Fig. 8b). Arsenic contents in Pyl (2.79-1289
ppm; Avg. 236 ppm) are similar to that of PyllI (3.43-794 ppm; Avg.
285 ppm).

3.2.2. Millerite and violarite

Due to the small sizes, only 6 millerite and 2 violarite spots were
analyzed with EPMA (Table S3). Millerite has Ni contents from 61.21 to
62.14 wt%, S contents from 34.81 to 36.80 wt% and Fe contents from
2.52 to 3.48 wt%. The contents of Co and As in millerite are no >0.1 wt
%. In contrast, violarite has higher S (41.41-41.86 wt%), Co
(11.76-12.14 wt%) and Fe (7.24-8.92 wt%) contents, and lower Ni
contents (36.11-37.64 wt%), showing a deviation from the Ni end-
member in the Co-Fe-Ni ternary diagram (Fig. 11).

3.2.3. Hematite

Six EPMA spot analyses were obtained for the chemical compositions
of hematite (Table S4). Hematite has Fe contents of 90.61-91.46 wt%,
with minor MgO (0.05-0.09 wt%, Avg. 0.07 wt%), CoO (0.09-0.16 wt%,
Avg. 0.13 wt%) and Cr03 (0.06-0.09 wt%, Avg. 0.08 wt%).

3.3. WDS mapping of pyrite

WDS X-ray mapping was undertaken for selected pyrites from
different stages with complex textures (Figs. 12 and 13). The mapping
results reveal that the zoning patterns of pyrite under the microscope
were mainly caused by the inhomogeneous occurrence of Ni, Co, and As.
In a composite pyrite with PyI and PyIl-a, the PyIl-a is characterized by
Ni-rich zones intergrowing with millerite and has a sharp contact with
the Pyl remnant (Fig. 12). Interestingly, Ni and Co in Pyll-a exhibit a
decoupling behavior (Fig. 12a). In a composite pyrite with Pyl, Pyll-c
and Pylll, the Pyll-c is characterized by Co-rich zones and also has a
sharp boundary with PyI, whereas PylIII is low in Ni, Co, and As (Fig. 13).
Similarly, the mapping displays the dichotomy of Ni and Co in PyII-c.
Both Co and As show similar zoning patterns in Pyll-c, with the
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highest concentrations near the contact with Pyl (Fig. 13).
3.4. EBSD analyses of Ni- and Co-bearing sulfides

The EBSD mappings display the complex textural features of Ni- and
Co-bearing sulfides. The phase mapping affirms the inconsistency of the
crystal systems between pyrite and millerite (Figs. 14b, e and h). The Z-
inverse pole fig. (Z-IPF) mapping reveals that single Pyl grains in re-
flected light photomicrographs (Figs. 14a and d) are actually composed
of several pyrite grains with different orientations (Figs. 14c and f), as
shown by the clear grain boundaries. Meanwhile, the Z-IPF mapping
also confirms that Pyll-a and Pyll-c share the same crystallographic
orientation with Pyl (Figs. 14c, f and i), whereas the temporally and
spatially associated PylIl-a and millerite have different crystallographic
characteristics (Figs. 14c and f), most likely due to their distinct crystal
systems.

3.5. Sulfur isotope compositions

A total of 31 in-situ sulfur isotopic analyses were completed, of
which 4 spots are from Py, 6 spots from PylI-b, 14 spots from PyIII, and
7 spots from sphalerite (Table S5). The PyIl-a and Pyll-c grains were
excluded from LA-MC-ICPMS sulfur isotopic analyses due to their small
sizes. The Pyl has negative 5>*Sy.cpr values varying from —16.6 to
—6.9%0 (Avg. -13.6%0), whereas Pyll-b yields positive §%*Sy.cpr values
ranging from +19.4 to +22.8%o (Avg. +21.1%o). In comparison, PyIII
has the most elevated 634SV_CDT values of +25.3 to +32.3%0 (Avg.
+28.8%o0). Overall, the 634SV_CDT values of pyrite fall into two distinct
populations, i.e., negative values for Pyl, and positive values for PyIl and
Pylll (Fig. 15).

Sphalerite coexisting with PyII-b yields the 53*Sy_cpr values ranging
from +17.2 to +19.7%o (Avg. +18.1%o), slightly lower than that of PyII-b
and PyllII (Fig. 15b). In combination with the absence of sulfate and Fe-
oxide formation during these stages, 634SV_CDT values of pyrite and



Y. Wang et al.

10
P
NN
: 2241
~ ———— .\ *PYlic
S - - ozl
z e .
o (oS 'S
0.1 & o3 .
o oo
LAST e e
R\ \¥
0.01| o™ et
(]
0.01 _ 1 10
Ni (wt.%)
1 s
‘/..‘.. °
Pyll-c e *%
. oo, Qoo
= -
- .'
2 A .
0.1 DRY
g [
8 o
o..
0.01 s
[ ]
33 37 41 45
Fe (wt.%)
L
2.0@ Pyll-c ° ° :
(Co>1\%t.°< :oo
L]
15 U
: ces
;:(;1.0 i - o .
L ] [ ] o
0.5{ o > o
g °
| ol
ol e
0 2 8

4 6
Co (wt.%)

Chemical Geology 613 (2022) 121161

10 @
. Pyll-a -2 *eer o
o L ]
= Pyl 4~ "
H Y
Z 0.1 % $oe
8 'b: = La .’
o® o'". o0
0.01 .
° [ ]
33 37 41 45
Fe (wt.%)
{ ]
20 T .
o Pyll-c
@
<15 s R
B ¢ .
‘;1.0 P
< .. 4 ‘ LN ]
0.5 °
®, }:O. » ....'* °
0 LY
50.5 52 53.5 55
S (wt. %)
2.0 @ . 2k
o .. ...
£ 1.5 .
‘E o % o*
o 1.0 !
< o ¢ e @ [ ]
0:3 ° S . °
S O R, R o S
0 %o o °
0.01 0.1 . 1 10
Ni (wt.%)

Fig. 9. Binary plots of Co—Ni (a), Ni—Fe (b), Co—Fe 9 (c), As—S (d), As—Co (e), and As—N:i (f) for pyrites from the Maochang deposit. The EPMA data shown in the
diagrams include results from this study and data from Wang et al. (2021).

As (wt.%)

1.5

1.0

0.5

0.12 -
@ : . B ® (Co.NiFe)(As, S..)
o 7 | |
*Pyll-b i i
.. N3 0.10{  M(Co,Ni,Fe),,As, .S,
2 oPylll
Pyll-c ° 0.087
(As>()J,.5 wt%T\.‘ @
° 9 €N
e <C 0.067
N
o L]
. 0.04-
%% .o . A ° o® 3..
& 0.021 '.v":..
° oy @
0000® o '..w . B 3 o
° ° TR (Co,Ni,Fe)S
34 38 42 46 0.90 0.95 1.00 1.05 1.10
Fe (wt.%) 2(Fe+Co+Ni)/S

Fig. 10. Binary plots of Fe vs. As (a) and 2(Fe + Co + Ni)/S vs. 2As/S (b). The latter shows the As™ substitution of S, instead of cationic As substitution of Fe. The
EPMA data in this study and data from Wang et al. (2021) were applied.

sphalerite could be used as the S isotope signature of the total sulfur of
the fluids (Ohmoto and Goldhaber, 1997).

4. Discussion

During the formation of karstic bauxites, the aluminum-rich prove-
nance, paleoclimate, paleogeography, regional tectonics, and exposure
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duration are crucial factors (Bogatyrev et al., 2009; Abedini and Cala-
gari, 2012; Yu et al., 2016, 2019; Liu et al., 2017; Hou et al., 2017;
Khosravi et al., 2021; Xiong et al., 2021; Yang et al., 2021; Abedini et al.,
2022b). Previous research demonstrates that the Carboniferous paleo-
karstic bauxite deposits in the central Guizhou uplift were generally
derived from weathering of underlying units on the western margin of
the Yangtze Block (Ling et al., 2013, 2017; Wang et al., 2018; Wu et al.,
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millerite, and violarite from the Maochang bauxite deposit. The EPMA data in

this study and data from Wang et al. (2021) were used.

2021), with Ni and Co provided by the lower Cambrian black shales (i.e.,
the Niutitang Formation, Long et al., 2017, 2020). These black shales
host a conformable thin polymetallic Ni-Mo-PGE-Au sulfide ore horizon
(Mao et al., 2002; Jiang et al., 2007). The similar REE patterns as well as
the positive correlations shown in the TiOg vs. Zr, TiO vs. Th, Al;O3 vs.
TiOg, Th vs. Ta, Nb vs. Th, and Nb vs. Ta diagrams (based on data from
Wu et al., 2021) between the Maochang Al-bearing rock series and the
black shales also confirm their affinity.

With the proceeding denudation and peneplanation during the
Qianzhong uplift, the weathering products were subsequently accumu-
lated in the karstic depressions dominantly as simple Al- and Fe/Ti ox-
ides (e.g., gibbsite, geothite, and hematite) along with clay minerals (e.
g., kaolinite and illite) to form the prototype of bauxite (Zhuang et al.,
2016). These initial bauxite mineral phases point to the acidic and
oxidizing conditions of surface water (Temur and Kansun, 2006).
Although Ni and Co can be transported by weathering aqueous fluids
even at ambient temperature (Liu et al., 2011; Migdisov et al., 2011;
Williams-Jones and Vasyukova, 2022), part of them were likely fixed by
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adsorption on Fe oxides and hydroxides during chemical weathering
(Mao et al., 2002; Mongelli et al., 2017; Abedini et al., 2019b). Support
for this Ni and Co fixation mechanism includes: 1) positive correlations
of Ni and Co with FepOs3 rather than Al,O3 among the Al-bearing rock
series (Wu et al., 2021), 2) high Ni (up to 269 ppm) and Co (up to 135
ppm) concentrations in the ferruginous claystone sequence (Figs. 3b-c),
and 3) high CoO concentrations (up to 0.16 wt%) in authigenic hematite
from the ferruginous claystone (Table S4). This Co and Ni fixation
process resembles the Ni—Co mineralization during the lateritization of
mafic/ultramafic rocks (Freyssinet et al., 2005; Kamenetsky et al., 2016;
Ugwu and Sherman, 2017).

When the karstic topography subsided and was subsequently capped
by the overlying sequences during the transgression, the Maochang
bauxite and clay horizons evolved to the diagenetic stage. Mineral
dehydration as represented by the transformation of boehmite/gibbsite
to diaspore occurred through this stage (Ahmadnejad et al., 2017). As
the environment transformed from oxidizing to reducing due to micro-
bial activity-related oxygen consumption (Allen, 2002; Liu et al., 2017),
sulfides were formed by the reduction of interstitial dissolved sedi-
mentary sulfates (Oztiirk et al., 2002; Laskou and Economou-Eliopoulos,
2007), which could be traced by sulfur isotopes (Ohmoto and Gold-
haber, 1997; Qiu et al., 2021). The Maochang Pyl has 634SV,CDT values of
—6.9 to —16.6%o (Fig. 15), lower than that of the Cambrian to Triassic
seawater sulfate (+20 to +28%o; Kampschulte and Strauss, 2004). The
large sulfur fractionation between sulfate and sulfide was most likely
derived from bacterial sulfate reduction (BSR), by which 634SV_CDT
values of 2-46%o lighter than the seawater sulfate could be produced
(Canfield and Teske, 1996; Habicht et al., 1998). The presence of BSR is
also evidenced by the ferruginous microspherules formed by microbial
activities (Zhou et al., 2006), the presence of evaporite residue (e.g.,
barite) and the high TOC contents (0.02-4.76 wt%, av. 0.51 wt%; Yang
et al., 2019) in pyrite layer. Moreover, the abundance of iron-oxides/
hydroxides in the Maochang bauxite possibly provided Fe for diage-
netic pyrite (Abedini et al., 2019b), as reflected by the replacement of
iron-oxides/hydroxides by pyrite (Fig. 7a). The contents of up to 0.79 wt
% Ni and 0.53 wt% Co in Pyl revealed that minor amounts of Ni and Co
were incorporated into pyrite lattice during the early diagenesis.

Distinct from the negative 634SV_CDT values of Pyl, Pyll-b and coex-
isting sphalerite yielded positive 5>*Sy.cpr values of +19.4 to +22.8%o
and + 17.2 to +19.7%o, respectively (Fig. 15). Considering the diage-
netic depth of <4 km (Long et al., 2017, 2020) and weak tectonic ac-
tivities, the mineralizing temperature of sulfides was likely lower than

Fig. 12. (a-b) WDS mapping of Co, Ni, and As for Ni-rich pyrite grains. Marked values (wt%) of Co, Ni, and As contents are from EPMA data.
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Fig. 13. WDS mapping of Co, Ni, and As for a Co-rich pyrite grain, and the variation of chemical compositions. Marked values (wt%) of Co, Ni, and As contents are

from EPMA data. Note the ultra-enrichment of Co and As at the reaction front.

120 °C, and thus the mechanism of abiotic thermochemical reduction of
sulfate (TSR), which requires temperatures over 160-180 °C (Machel,
2001), can be precluded. Instead, the small fractionations (A*Ssuifate-
sulfide <11%o) at stage II were possibly ascribed to the sequential BSR
process in a closed system where sulfate supply is restricted (Eldridge
et al., 1993; Habicht et al., 2002). In detail, due to Pyl enriched in the
light sulfur isotope during reduction, the residual sulfates in the closed
system became much heavier, and the late-stage pyrites (Pyll and PyIII)
likewise became heavier, like its parent SO3%~ (Xue et al., 2015; Gold-
haber, 2003). The general evolution trend of sulfur isotopes towards
heavier values through time can also be reflected in the sedimentary
columns and sediment-hosted sulfide deposits in sedimentary basins
(Eldridge et al., 1993; Goldhaber, 2003; Xue et al., 2015).

PylI with elevated Ni and Co concentrations commonly replaces the
earlier Pyl pseudomorphically (Figs. 12 and 13). The replacement is
likely caused by fluid-mediated coupled dissolution and reprecipitation
process (CDR) rather than solid-state diffusion (Liu and Beaudoin,
2021), due to the sharp and truncating contact between Pyll and PyI,
consistent morphology and crystallographic orientation as revealed by
EBSD (Fig. 14). This is also supported by the fine-grained millerite with
the miss-match of lattice parameters (Figs. 6d-f) as part of the zoning
patterns together with nickeliferous Pyll-a. Considering the close tem-
poral and spatial association between millerite and nickeliferous PyIl-a,
the supersaturation at the reaction interface during the CDR process
possibly nucleated millerite (Altree-Williams et al., 2015). Combined
with the weak host rock alteration, these textures indicate a fast fluid-
mineral interaction possibly caused by far-from-equilibrium conditions
(Markl et al., 2016; Burisch et al., 2017).

A sequential precipitation of PylI-a followed by Pyll-b is observed,
whereas there is no direct crosscutting relationships between PylI-c and
Pyll-a or PylI-b. Relative to Pyll-a and b, the presence of siderite with
lower FeO contents at the contact front with Pyll-c (Fig. 7g) indicates
that Pyll-c precipitated at the end of the paragenetic sequence as the
progressive dissolution of COy contributed by consumption of re-
ductants (e.g. TOC) and increasing HCO3 activity would lead to siderite
precipitation (Markl et al., 2016; Burisch et al., 2017). Remarkably, the
chemical compositions of PylI display a dichotomy, i.e., Ni enriched in
Pyll-a (1.01-16.54 wt% Ni and 0.02-0.94 wt% Co) and Pyll-b
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(1.06-3.30 wt% Ni and 0.12-1.41 wt% Co) and Co enriched in Pyll-c
(b.d.1-0.99 wt% Ni and 1.18-7.57 wt% Co) (Figs. 9a and 11). Given
the absence of pyrrhotite in the Maochang deposit, the possibility that Ni
was preferentially incorporated into pyrrhotite and Co into coexisting
pyrite caused the decoupling of Ni and Co can be ruled out (e.g., Lou-
kola-Ruskeeniemi, 1999; Clark et al., 2004; Cook et al., 2011; Veloso
et al., 2020). Instead, the dichotomy may be affected by the contrasting
physio-chemical conditions during proceeding diagenesis because the
solubility of Ni and Co in fluids and the stability of their sulfide minerals
are a function of temperature, pH, oxygen fugacity (fo2), and reduced
sulfur activity (Liu et al., 2011; Tian et al., 2012; Scharrer et al., 2019,
2021; Williams-Jones and Vasyukova, 2022; Vasyukova and Williams-
Jones, 2022). In the Maochang deposit, the As contents show a sharp
increase from Pyll-a (<0.50 wt%) and Pyll-c (up to 1.81 wt%), indi-
cating a decreasing foo that transformed AsO3~ species in fluids into
As'~ during Co-rich Pyll-c precipitation. Moreover, the consumption of
H* during the reduction of AsO3~ would also increase the pH values at
which Ni is less soluble than Co (Markl et al.,, 2016). Taking these
together, decreasing fo and increasing pH in fluids are considered as the
main factors accounting for the dichotomy of Ni and Co, while other
factors such as temperature and sulfur activity may not be important as
there is no relevant evidence in the Maochang deposit. It is interesting to
note that similar mineral succession from Ni- to Co- arsenides is common
in five-element vein deposits worldwide (e.g., Ahmed et al., 2009; Markl
et al., 2016; Burisch et al., 2017; Scharrer et al., 2019, 2021; Guilcher
et al., 2021).

After Ni and Co were considerably incorporated by Pyll, the solution
became Ni- and Co-poor, and the subsequently precipitated PyIIl has low
concentrations of Ni and Co. In addition, PyIII displays slightly higher
634SV_CDT values (425.3 to +32.3%o) relative to PylI (Fig. 15), which was
likely caused by the continuous BSR process in a closed diagenetic sys-
tem with the limiting sulfate supply (Oztiirk et al., 2002; Yang et al.,
2021).

In view of the above discussions, a four-step model of Ni—Co
mineralization in the Maochang deposit was constructed (Fig. 16).
Firstly, the weathering of carbonates of the underlying Loushanguan
Group and black shales of the Niutitang Formation contributed to
deposition of bauxite-bearing rock series in which Ni and Co were either
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Fig. 14. (a-c) Ni-rich Pyll-a along with millerite cutting across Pyl grains; (d-f) Ni-rich Pyll-a and millerite truncating several Pyl grains; note the consistent
crystallographic orientation between Pyll-a and Pyl and distinct crystallographic orientations between millerite and pyrite; (g-i) Co-rich Pyll-c exhibiting a consistent
crystallographic orientation with Pyl. Note (a) and (d) are photomicrographs; (g) is BSE image; (b), (e), and (h) are EBSD phase maps; and (c), (f), and (i) are EBSD

inverse pole maps. Abbreviations: Ccp = chalcopyrite, Gn = galena, Mlr = millerite, Py = pyrite, Sd = siderite, Sp = sphalerite,
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a. Deposition of Al-bearing rock series

b. Pyl formation during early diagenesis
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c. Pyll+Mir+Vil+Sp formation during late diagenesis
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Fig. 16. Schematic model illustrating the process of Ni and Co enrichment in the Maochang bauxite deposit. (a) Deposition of the Al-bearing rock series with Ni and
Co absorbed by Fe-oxides/hydroxides under moderate to high foo; (b) Ni—Co release from Fe-oxides/hydroxides and incorporation into Pyl during early diagenesis,
with Pyl formed by reduction of the oxidized, sulfate-bearing fluids via BSR process; (c) Remobilization of Ni and Co and re-precipitation as Ni- and Co-rich PyII and
millerite during burial diagenesis, in which decreasing fo and increasing pH caused Ni precipitation earlier than Co. Abbreviations: Brt = barite, Dsp = diaspore,
Hem = hematite, Ilt = illite, Mlr = millerite, Py = pyrite, Sd = siderite, Sp = sphalerite, Vil = violarite.

dissolved in the solution or absorbed on Fe-oxides/hydroxides under
moderate to high foy (Fig. 16a). Secondly, during early diagenesis, the
oxidized, sulfate-bearing fluids were reduced through BSR and formed
Pyl; meanwhile, minor Ni and Co were incorporated into Pyl (Fig. 16b).
Thirdly, with increasing burial, the remaining sulfate was reduced via
the continuous BSR process to form as PylIlI in a closed system, in which
Ni was taken up mainly by Pyll-a and Pyll-b and Co by Pyll-c corre-
sponding to decreasing fo2 and increasing pH (Fig. 16¢). Finally, the Ni-
and Co-poor solution precipitated Pylll as both Ni and Co had been
mostly consumed by Pyll. Consequently, the Ni—Co enrichment in the
bauxite deposits was the product of karstic basin evolution through
multiple periods of fluid activity from an open to a closed system, in
which sulfur played a key role in retaining Ni and Co during diagenesis.
Thus, much attention should be paid to the economic potential of sul-
fides and their associated critical metal resources in the bauxite deposits,
considering the abundance of karstic bauxite resources in the world.

5. Conclusion

Three stages of sulfide mineralization including PyI (up to 0.79 wt%
Ni and up to 0.53 wt% Co), Pyl (up to 16.54 wt% Ni and 7.57 wt% Co)
+ millerite + sphalerite + chalcopyrite + violarite, and PyIII (up to 0.13
wt% Co and 0.08 wt% Ni) + chalcopyrite + galena, were identified in
the Maochang paleo-karstic bauxite deposits. The abundance of
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nickeliferous and cobaltiferous sulfides indicate that sulfur controlled
the retention of Ni and Co in bauxites. The trend of S isotopes from
negative 634SV_CDT values for Pyl (—6.9 to —16.6%o) to positive 634SV_CDT
values for PyII-b (+19.4 to +22.8%o), sphalerite (+17.2 to +19.7%o), and
PyIll (+25.3 to +32.3%0) reveals that the sulfides formed via the
continuous bacterial sulfate reduction (BSR) processes in a close
diagenetic system. The dichotomy of Ni and Co in sulfides (i.e., the
successive evolution from millerite and Ni-rich PylI-a and PyII-b to the
Co-rich Pyll-c) reflects the changing physico-chemical conditions (i.e.,
decreasing foz and increasing pH). The formation of Ni- and Co-rich
bauxites involves an initial Ni and Co dissolution and absorption on
Fe-oxides/hydroxides in a relatively open, supergene environment with
moderate to high foo, followed by Ni and Co incorporation into sulfides
in a closed, reducing, digenetic environment. This study highlights the
importance of multistage evolution of karstic basins for the Ni—Co
enrichment in the bauxite deposits, apart from the Ni- and Co-rich
protolith.
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