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A B S T R A C T

Cobalt can be enriched in a variety of different geologic settings, while it is mainly produced as a by-product of
sediment-hosted stratiform Cu deposits and magmatic Ni-Cu deposits associated with mafic and ultramafic rocks.
In this study, we report elevated Co concentrations in a paleo-karstic bauxite deposit at Yunfeng, Guizhou
Province. Whole-rock chemical analyses indicate that Co is concentrated in carbonaceous ferruginous clay layers
(167–962 ppm, average 383 ppm, n = 5) and siderite layers (47–439 ppm, average 213 ppm, n = 7) within the
bauxite deposit. The positive correlation between Co and S, together with petrographic and EPMA analyses,
suggests that Co occurs primarily as Co-rich/bearing sulfides/sulfoarsenides rather than cobaltiferous oxides/
hydroxides as in most lateritic Ni-Co deposits. Many of the Co concentrations measured in this study are higher
than the minimum grade (300 ppm) or cut-off grade (200 ppm) for economic exploitation of Co from sulfides or
arsenides. Basing on these results, we put forward the scientific significance of Co enrichment in paleo-karstic
environments and the potential importance of Co resources (as by-products of aluminum production) in bauxite
deposits.

1. Introduction

Cobalt (Co) is a strategic and critical metal, classified as an essential
element for technological development by the European Union (Pazik
et al., 2016). It is a compatible siderophile and chalcophile element,
widely dispersed in the upper continental crust with an average abun-
dance of only 17 ppm (Taylor and McLennan, 1985). Geological pro-
cesses, such as magmatic differentiation, chemical weathering, and
hydrothermal activity, are required to concentrate the metal into po-
tentially exploitable deposits.

Cobalt is commonly found in sulfide/sulfoarsenide minerals asso-
ciated with copper, nickel and iron (Hughes et al., 2016; Saintilan et al.,
2017). Most of metallic Co is obtained as a by-product from (i) strata-
bound Cu-Co deposits hosted by sedimentary rocks (Grorud, 1997;
Cailteux et al., 2005; Li et al., 2008; Saintilan et al., 2017); (ii) primary
magmatic Ni-Cu-(Co-PGE) sulfide deposits (Naldrett et al., 2000;

Hughes et al., 2016); (iii) hydrothermal and volcanogenic polymetallic
deposits (Gervill et al., 1997; Wagner and Lorenz, 2002; Nimis et al.,
2014); (iv) lateritic Ni-Co deposits (formed from weathering of ultra-
mafic rocks, most notably in New Caledonia, Congo, Cuba, and Aus-
tralia; Decrée et al., 2015; Muchez and Corbella, 2012; Yongue-
Fouateu, et al., 2006; Pazik et al., 2016; Ugwu and Sherman, 2017;
Gigler and Kinnaird, 2017); and (v) various hydrothermal polymetallic
deposits, including the “Five-Element” deposits, skarn iron deposits,
and other hydrothermal deposits of different origins (Kissin, 1992;
Lefebure, 1996; Gervill et al., 1997; Wagner and Lorenz, 2002; Li et al.,
2008; Desouky et al., 2010; Fay and Barton, 2012; Nimis et al., 2014;
Naumov et al., 2017; Zou et al., 2018). Cobalt is also enriched within
unconformity-related uranium deposits (Sibbald, 1985), sandstone-
hosted uranium deposits (Ingham et al., 2014; Bonnetti et al., 2015), as
well as in some black shales (Large et al., 1999; Gregory et al., 2015).

Paleo-karstic bauxite deposits, the main source of aluminum metal
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in China, form as a result of accumulation of weathering products in
paleo-karstic depressions (Bárdossy and Aleva, 1990; Bogatyrev et al.,
2009). Elevated Co concentrations above the upper crustal value
(17 ppm; Taylor and McLennan, 1985) have been reported in some
paleo-karstic bauxite deposits, such as, up to 404 ppm (average
60.2 ppm, n = 11) in the Wachangping bauxite deposit, northern
Guizhou, China (Huang et al., 2014); up to 349 ppm (median = 36.9,
min = 5.3, std = 40.7, n = 57) in the bauxite deposits in central-
southern Italy (Mongelli et al., 2017); and up to 208.7 ppm (average
48.2 ppm, n = 20) in the Zagrad bauxite deposit, Montenegro
(Radusinović et al., 2017). However, it remains poorly understood how
Co is distributed and in what form it occurs in the bauxite deposits,

which seriously restricts further evaluation of cobalt as a by-product of
aluminum production.

This study deals with the concentrations, occurrences, and dis-
tribution of Co in rocks from the Yunfeng bauxite deposit, based on
field observations, along with optical microscopy, electron probe mi-
croanalysis (EPMA), atomic absorption spectrograph (AAS), X-ray
fluorescence (XRF) and inductively coupled plasma–mass spectrometry
(ICP-MS) analyses. The study results may provide theoretical support
for exploitation of cobalt as a by-product of aluminum production
processes, which may make paleo-karstic bauxite deposits a potential
cobalt resource.

Fig. 1. (a) Sketch map showing the distribution of bauxite areas in Guizhou Province in South China; (b) Sketch geological map of the Xiuwen-Qingzhen bauxite area
(modified from Long et al., 2017); (c) Geological map of underground tunnels 2 and 3 of the Yunfeng bauxite deposit showing the locations of samples examined in
this study (modified from Yunfeng Mining Company, unpublished data, 2013 and 2017); (d) Lithostratigraphic column for the Xiuwen-Qingzhen bauxite area.
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2. Geological setting and mineralization characteristics

The Yunfeng bauxite deposit is one of a number of paleo-karstic
bauxite deposits in the Xiuwen-Qingzhen bauxite district in central
Guizhou Province, southwestern China (Fig. 1a, b). This area is located
in the Qianzhong Uplift within the Yangtze Block, where the exposed
strata range in age from Late Sinian (Neoproterozoic) to Early Triassic,
with a major hiatus between Upper Cambrian and Lower Carboniferous
strata (Guizhou Bureau of Geology and Mineral Resources, 1987; Zhang
et al., 2013; Ling et al., 2015; Long et al., 2017,2018). The bauxite
mineralization occurs within the Lower Carboniferous Jiujialu Forma-
tion overlying unconformably the Upper Cambrian Loushanguan Group
(Fig. 1b, c, d). The strata underlying the Loushanguan Group include,
from upper to lower, Middle-Upper Cambrian Shilengshui and Gaotai
formations, Lower Cambrian Qingxudong, Jindingshan, Mingxinsi and
Niutitang formations, and Sinian Dengying Formation, whereas the
strata above the Jiujialu Formation consist of, from lower to upper,
Lower Carboniferous Baizuo Formation (partly equivalent to Jiujialu
Formation), Permian Liangshan, Qixia and Maokou formations, and
Lower Triassic Daye Formation (Fig. 1b, c). The bauxite-bearing Jiujialu
Formation is sandwiched between dolomite of the Upper Cambrian
Loushanguan Group and shale, mudrock and sandstone of the Permian
Liangshan Formation. The Jiujialu Formation consists of mudrocks
transitional to bauxite-rich clay units and bauxite orebodies, and the
stratigraphy-equivalent Baizuo Formation is comprised of argillaceous
dolomite (Guizhou Bureau of Geology and Mineral Resources, 1987; Ye
et al., 2008; Long et al., 2017).

In the Yunfeng bauxite deposit, the Jiujialu Formation consists of
eight layers (Fig. 1d) including, from bottom to top, (i) aluminous do-
lomite layer, (ii) ferruginous dolomite layer, (iii) siderite layer, (iv)
carbonaceous ferruginous clay layer, (v) hematite layer, (vi) bauxitic
and ferruginous clay layer, (vii) bauxite ore and bauxitic clay layer, and
(viii) bauxitic and/or carbonaceous ferruginous clay layer with thin
layers of black shale. The total thickness of layers (i)–(v) ranges from 0
to 3 m, and that of layers (vi)–(viii) ranges from 2 to 18 m (Fig. 1d). The
bauxite ore and bauxitic clay layer is gradational to carbonaceous fer-
ruginous clay above (Fig. 2a) and ferruginous clay below (Fig. 2b).

The bauxite ores are composed of diaspore, boehmite and clay mi-
nerals, with variable amounts of Fe-oxides/hydroxides and other mi-
nerals, whereas the bauxitic clays are dominated by clay minerals, with
lesser amounts of boehmite and diaspore (Ling et al., 2015; Long et al.,
2017,2018). The dolomite layer at the bottom of the Jiujialu Formation
(Fig. 1d) is composed of massive dolomite (Fig. 2c), with variable
amounts of clay minerals and Fe-oxides/hydroxides, and the overlying
siderite layer is made up of siderite, with oolitic (Fig. 2d) or brecciated
(Fig. 2e) structure, and contains variable amounts of clay minerals, Fe-,
Al- and Mn-oxides/hydroxides and carbonaceous matter. The carbo-
naceous ferruginous clay layer, black gray to black in color (Fig. 2a),
consists of clay minerals and carbonaceous materials. The ferruginous
clay layer, grey brown (Fig. 2b) to reddish brown in color, comprises
clay minerals and variable amounts of Fe-oxides/hydroxides.

3. Samples and analytical methods

Thirty-one (31) samples were collected from the Yunfeng deposit
(one from an outcrop and 30 from underground tunnels; see Fig. 1c for
locations) for mineralogical and geochemical studies. Polished thin
sections made from these samples were studied for petrography and
EPMA analysis. Whole-rock powders (crushed to 200 mesh) were ana-
lyzed with X-ray fluorescence (XRF), wet chemistry method, inductively
coupled plasma–mass spectrometry (ICP-MS), atomic absorption spec-
trograph (AAS), and LECO. The EPMA, XRF and ICP-MS analyses were
conducted at the School of Geosciences and Info-Physics, Central South
University. The AAS, wet chemistry and LECO analyses were performed
at the Analytical and Detection Centre of the Changsha Research In-
stitute of Mining and Metallurgy.

The EPMA analysis of mineral composition was performed using a
Shimadzu EPMA-1720H instrument equipped with a wavelength dis-
persive spectrometer (WDS) and an EDAX Genesis energy dispersive
spectrometer (EDS). Analytical errors are 1% for major elements and
3% for minor elements, and the detection limit is 0.01%. Back scattered
electron images were obtained at an accelerating voltage of 12 kV and a
beam current of ∼10 μA.

The major elements of powdered samples were analyzed with XRF

Fig. 2. Photos of representative samples/profiles from the Yunfeng bauxite deposit. (a) A profile showing carbonaceous-bearing ferruginous clay and bauxitic clay;
(b) A profile showing ferruginous clay and bauxite ore; (c) Ferruginous dolomite; (d) Oolitic siderite; (e) Brecciated siderite layer.
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Fig. 3. Profiles of various elements across different layers in the Yunfeng bauxite deposit. (a) SiO2, TFe2O3 and Al2O3; (b) MnO, MgO and CaO; (c) P2O5, Na2O, K2O
and TiO2; (d) Ni, Co and Li; (e) Sc, Ge and Ga; and (f) Zr and Mn.

Y. Long, et al. Ore Geology Reviews 117 (2020) 103308

4



and a wet chemistry method. The XRF analyses were performed using a
Rigaku Primus II instrument. About 0.7 g of sample powder was mixed
with 7 g composite flux (Li2B4O7: LiBO2: LiF = 4.5: 1: 0.4) in a pla-
tinum crucible and heated to 1150 °C in a melting chamber. Once the
samples had liquefied, the heating was ceased, and the samples were
left to cool and solidify prior to the XRF analysis. The total Fe content is
given as Fe2O3. Loss on ignition (LOI) was measured by weighing the
samples before and after 2 h of heating at 850 °C. The analytical pre-
cision is generally better than 5%. The quality of the wet chemistry
analyses was controlled by duplicated samples and international stan-
dard samples (GBW07179, GBW07405), which yielded a precision
better than 5%.

The trace elements of powdered samples were analyzed with ICP-
MS and AAS. The ICP-MS analyses were conducted using an Agilent
Technologies 7700x quadrupole instrument following the procedure
described in Qi et al. (2000). Forty (40) mg of each sample was dis-
solved in a high-pressure Teflon beaker for 24 h at 190 °C using a
HF + HNO3 mixture. Rh was used as an internal standard to monitor
signal drift during ICP-MS analysis, and international standards (AMH-
1, OU-6, and GBPG-1) were used for calibration. The precision was
within 4% for most rare earth elements and 6% for other trace ele-
ments. The AAS analyses were conducted with a PE PinAAcle 900 T
instrument, following the analytical procedures described in GB/T
17141-1997. Five hundred (5 0 0) mg of powdered samples were dis-
solved in a high-pressure Teflon beaker for 24 h at 190 °C using a
HF + HNO3 + HClO4 mixture. The analytical precision was within 3%.

Total sulfur (TS) contents were analyzed using a LECO SC632 ele-
mental analyzer. About 100 mg of the powdered sample, after acid-
ification using H3PO4 (10%) to remove carbonates, was placed in a
porcelain crucible and combusted in a pure oxygen atmosphere at
1350℃. Released sulfur dioxide was quantified by an IR detector,
yielding precision better than 7%.

4. Results

4.1. Whole-rock geochemistry

The results of major, trace and rare earth elements analyses of 31
representative rock and ore samples collected from the Yunfeng bauxite
deposit are listed in Supplementary Table 1.

The geochemical data show that the main compositions of the
siderite samples (n = 4) are Fe2O3 (54.02–58.41 wt%), SiO2

(4.81–17.06 wt%), Al2O3 (4.45–1.59 wt%), TiO2 (1.92–5.30 wt%) and
MgO (1.80–3.96 wt%), followed by small amounts of MnO
(0.17–0.70 wt%) and P2O5 (0.10–1.15 wt%) (Fig. 3; Supplementary

Table 1). The hematite sample (n = 1) has the highest Fe2O3 (74.23 wt
%). The samples of ferruginous clays and carbonaceous ferruginous clay
(n = 7) contain high concentrations of As (386 ppm), Cu (2630 ppm),
Ni (909 ppm), V (1280 ppm) and Y (895 ppm) (Fig. 3; Supplementary
Table 1). The highest Zn (3700 ppm) and Zr (4300 ppm) are found in
bauxitic clays (n = 4, both from the upper layer and lower layer), and
the highest Al2O3, TiO2, Li and Ga occur in the bauxite ores (n = 6)
(Fig. 3; Supplementary Table 1).

Cobalt (Co) ranges from 47.4 to 439 (average = 212.8;
median = 200) ppm for the siderite samples (n = 7); 167 to 962
(average = 383; median = 253) ppm for the carbonaceous ferruginous
clay samples (n = 5) from both the upper and lower layer; 8.5 to 68
(average = 37.6; median = 40.8) ppm for the bauxitic clays (n = 7);
and 4.0 to 69 (average = 40.2; median = 50) ppm for the bauxite ores
(n = 6) (Supplementary Table 1, Fig. 3d).

Correlation analysis (Table 1; Fig. 4-1 and Fig. 4-2) reveals that Co
has a strong positive correlation with S (R = 0.92) and moderate to
weak positive correlation with TFe2O3 (R = 0.38); Mn (R = 0.59), MgO
(R = 0.34), K2O (R = 0.32), Ge (R = 0.59), Ni (R = 0.30), Se
(R = 0.41), and Cu (R = 0.32) (Table 1; Fig. 4-1 and Fig. 4-2). There
appear to be negative or very weak positive correlations between Co
and Al2O3, TiO2, P2O5, SiO2, Na2O, Zn, Pb, Nb, LREE and HREE
(Table 1; Fig. 4-1 and Fig. 4-2).

4.2. Mineral compositions of sulfides and sulfoarsenides

Optical microscopy and EPMA analyses show that Co is closely as-
sociated with sulfides and sulfoarsenides, occurring as Co-bearing
pyrite and Co-rich sulfides/sulfoarsenides. Two kinds of pyrites have
been found, i.e. framboidal pyrite and anhedral to euhedral single
pyrite. Framboidal pyrite, isolated or clustered, occurs in carbonaceous
ferruginous clays (Fig. 5), siderite layers, and bauxitic clay layers
(Fig. 6). Anhedral to euhedral pyrite as well as other sulfides including
stibnite, chalcopyrite and galena are dispersed in bauxite ores, bauxitic
clays, carbonaceous ferruginous clays, and micro-fractures in siderite
layers (Long et al., 2017, 2018; Figs. 5, 8 and 9).

Pyrites from the carbonaceous ferruginous clays are subhedral to
euhedral microcrystals (∼20 to 200 μm in size) with obvious compo-
sitional zonation. They are generally clustered to aggregates of various
shapes and sizes in a matrix of chamosite, kaolinite, boehmite and
diaspore (Fig. 5a and b). EPMA-EDS results show that the rim contains
higher content of Co (up to 8.52 wt%) and Ni (up to 6.51 wt%) than the
core of the pyrite (Co up to 2.69 wt%; Ni up to 1.18 wt%).

Pyrite framboids from the bauxitic clays and siderite layers appear
as spherical aggregates composed of discrete euhedral microcrystals

Table 1
Correlation coefficients between Co and some major and trace elements in samples collected from the Yunfeng deposit, central Guizhou Province.*

Al2O3 TFe2O3 SiO2 TiO2 MgO K2O P2O5 Na2O Li S Cr Cu

−0.36 0.38 −0.03 −0.37 0.34 0.34 0.21 −0.11 −0.34 0.92 −0.30 0.32

Ni Zn Bi Be Ga Sb Th U V Y Ag Ba

0.30 0.00 −0.34 −0.19 −0.32 0.00 −0.34 −0.24 0.27 0.38 0.07 0.16

Be Ca Cd Cr Cs Hf Ga Ge As Mn Mo Nb

−0.21 −0.02 0.17 −0.26 −0.08 −0.26 −0.29 0.53 0.28 0.59 −0.15 −0.34

Se Sc Sn Sr Ta Tl W Zr Pb LREE HREE

0.41 −0.15 −0.33 −0.02 −0.34 −0.03 −0.35 −0.27 −0.34 −0.22 0.29

* Calculated from data in Supplementary Table 1.
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Fig. 4. Binary diagrams of selected elements from whole-rock analyses of samples from the Yunfeng bauxite deposit: (a) Co vs Al2O3; (b) Co vs TFe2O3; (c) Co vs TiO2;
(d) Co vs Mn; (e) Co vs P2O5; (f) Co vs MgO; (g) Co vs S; (h) Co vs Ge; (i) Co vs Ni; (j) Co vs Zn; (k) Co vs Cu; (L) Co vs Pb; (m) Co vs Nb; (n) Co vs HREE; (o) Co vs
LREE; (p) Co vs SiO2; (q) Co vs K2O and (r) Co vs Na2O.
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(approximately 1 μm in diameter), with variable aggregate sizes from 3
to 12 μm (Figs. 6 and 7). Their Co concentrations are below the de-
tection limit of EPMA-EDS (0.01 wt%). The pyrite framboids in the
bauxitic clay layers are distributed in a matrix of kaolinite, diaspore and
boehmite, while those from the siderite layers are in a matrix of siderite
and carbonaceous matters (Fig. 7). The pyrite framboids have higher
concentrations of As in the rims than in the cores (Fig. 7a and b).

Co-rich sulfides/sulfoarsenides are mostly made up of As
(34.39–42.25 wt%), Co (18.10–22.45 wt%), S (21.25–27.37 wt%), Fe
(4.88–19.58 wt%), Ni (10.46–11.62 wt%) and Sb (0–1.04 wt%). They
occur as: (i) euhedral to subhedral grains (∼30–50 µm in size) (Fig. 8c

and d) in a matrix of diaspore and kaolinite (samples from bauxite
ores); (ii) anhedral particles (∼50 µm in size) with relict texture
(Fig. 5d), zoned grains (∼80 µm in size, Fig. 8b), as well as variably-
sized (∼5 to ∼ 60 µm) grains rimmed by uraninite and enclosing an
early generation of micron- to nanometer-sized sulfide minerals
(Fig. 8a), all occurring in a matrix of kaolinite, boehmite and diaspore
(samples from bauxite clays); and (iii) xenomorphic grains (∼5–20 µm
in size) filling in micro-cracks of the brecciated siderite, closely asso-
ciated with pyrite and chalcopyrite (Fig. 5h).

Cobalt-bearing pyrites have subhedral to euhedral shapes and
variable sizes. They show relict textures and/or compositional zones,

Fig. 4. (continued)
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and are scattered in carbonaceous ferruginous clays, bauxite ores and
bauxitic clays, as well as in micro-cracks of the siderite layers (Fig. 5e, f,
g and h). They are composed of Co (2.37–11.78 wt%), As
(0.81–18.17 wt%), S (38.65–51.55 wt%), Fe (19.36–32.55 wt%), Ni
(11.41–12.72 wt%) and Sb (0–0.63 wt%) (Figs. 5, 8 and 9).

5. Discussion

The findings of extraordinary enrichment of Co, significant corre-
lation between Co and S, as well as occurrence of Co-bearing pyrite and
Co-rich sulfides/sulfoarsenides in the Yunfeng bauxite deposit, are of

Fig. 5. Photomicrographs of pyrites from
the Yunfeng bauxite deposit. (a) Euhedral
pyrite with compositional zonation in a
matrix of chamosite, kaolinite, boehmite
and diaspore (sampled from the bottom
carbonaceous ferruginous clay layer); (b)
Framboidal pyrites in a matrix of chamosite,
kaolinite, boehmite and diaspore (sampled
from the upper carbonaceous ferruginous
clay layer); (c) Euhedral pyrite in micro-
cracks of the brecciated siderite layer; (d)
Co-rich sulfide/sulfoarsenide with relict
texture in a matrix of diaspore, boehmite
and kaolinite (sampled from the lower
bauxitic clay layer); (e) and (f) Pyrite with
compositional zonation in a micro-crack
(sampled from the bottom brecciated side-
rite layer); (g) and (h) Cobalt-rich sulfide/
sulfoarsenide with relict texture in a micro-
crack (sampled from the bottom oolitic
siderite layer).
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both scientific and economic significance. These are elaborated and
discussed as follows.

5.1. Potential scientific significance

For decades, various studies including analytical geochemistry, ex-
perimental geochemistry, mineralogy, detrital zircon geochronology
and sedimentology, have been tried to clarify the genesis of paleo-
karstic bauxite deposits (Mongelli et al., 2014; Wang et al., 2012;
Ahmadnejad et al., 2017; Yang et al., 2018). However, it is still a
problematic issue due to the diverse sources, paths, and depositional
conditions that have been proposed for the formation of these deposits
(e.g., Pajović, 2009; Yang et al., 2018). Many previous studies proposed
that the paleo-karstic bauxite deposits in central Guizhou Province were
derived from weathering of the underlying Loushanguan Group car-
bonate rocks (Ye et al., 2008; Li et al., 2014; Liu and Liao, 2014; Ling
et al., 2017), whereas some studies suggested that they formed from
weathering of black shales transported from distance (Long et al.,
2017). It is well known that concentration of Co in carbonate rocks is
very low (0.1 ppm for pure carbonate rocks, Carr and Turekian, 1961;
1.90 ppm for the Loushanguan Group dolomite, Guizhou, Ji et al.,
1999), whereas black shales are commonly rich in Co, e.g. average
19 ppm for black shales worldwide (Carr and Turekian, 1961; Ketris
and Yudovich, 2009), 4.3 to 181.4 ppm for Lower Cambrian black
shales in Zunyi, Guizhou (Luo et al., 2003; Pi et al., 2013), 13 to 50 ppm
for black shales from three major sediment-hosted Au-As provinces
(Large et al., 2010), and 19.2 ppm for black shales collected from the
upper layer of the Yunfeng deposit in this study (Supplementary
Table 1). The finding that Co is significantly enriched in the Yunfeng
bauxite deposit provides a strong support for the model in which
bauxite formed from weathering of transported black shales (Long
et al., 2017).

Under weathering conditions that led to the formation of bauxites,
Co(II) and Co(III) can be mobilized from parent rocks into the surficial
water (Swanner et al., 2014). However, they are commonly rapidly
removed from the solution by sorption and co-precipitation as sec-
ondary Fe(III)-oxides/hydroxides and Mn(III, IV)-oxides (e.g., Musić
et al., 1979; Takahashi et al., 2007; Koschinsky and Hein, 2003;
Stockdale et al., 2010), precipitation as Co(OH)3 (Swanner et al., 2014;
Decrée et al., 2015), and complexing with humic and fulvic acids and
inorganic colloids (e.g., Mclaren et al., 1986; Collins and Kinsela,
2010). The occurrences of elevated Co in superficial environments (e.g.

lateritic Ni-Co deposits) are generally asbolan–lithiophorite group [(Co,
Ni)1-y(MnO2)2-x(OH)2-2y+2x·nH2O], erythrite [Co3(AsO4)2·8H2O], het-
erogenite [CoO(OH)], and cobaltiferous oxides/hydroxides (goethite
and limonite) (Swanner et al., 2014; Gigler and Kinnaird, 2017).

In the Yunfeng bauxite deposit, the rocks with elevated cobalt
concentrations are relatively rich in Fe oxides/hydroxides, as reflected
by the moderate positive correlation between Co and TFe2O3 (Fig. 4-1b)
as well as Mn (Fig. 4d). This may appear to be consistent with previous
studies of Co enrichment in lateritic Ni-Co deposits formed from
weathering of ultramafic rocks (Decrée et al., 2015; Muchez and
Corbella, 2012; Yongue-Fouateu et al., 2006; Pazik et al., 2016; Ugwu
and Sherman, 2017). However, the fact that Co occurs principally as
Co-bearing pyrites and Co-rich sulfides/sulfoarsenides in the Yunfeng
bauxite deposit, rather than as cobaltiferous oxides/hydroxides as in
lateritic Ni-Co deposits (Swanner et al., 2014; Gigler and Kinnaird,
2017), suggests that the Co enrichment mechanism in the bauxite de-
posits is different from those associated with the lateritic Ni-Co de-
posits.

Co(III) is not thermodynamically stable and decomposes under Eh-
pH conditions common for most natural waters (Krupka and Serne,
2002), only possibly precipitated as Co(OH)3 at very high Eh–pH con-
ditions (Swanner et al., 2014; Decrée et al., 2015). In contrast, Co(II) is
a relatively stable valence state and exists dominantly as simple ion
Co2+ (pH < 9.5) and hydrolytic species Co(OH)2° (aq; 9.5 < pH <
13.5) in oxidizing and moderately reducing conditions, while in very
reducing conditions plus presence of dissolved sulfides, it exhibits as
Co2+ bisulfide species (Krupka and Serne, 2002). Cobalt generally ex-
ists as solid solution with other transition metal elements, such as
Mn4+, Fe2+, Fe3+ and Ni2+ in sulfide/sulfoarsenide minerals, due to
the similarity of ionic radii between Co2+/Co3+ and these elements
(Manceau et al., 1997; Krupka and Serne, 2002; Swanner et al., 2014).
The concentration of Co in sulfides/sulfoarsenides is largely dependent
on the physical and chemical conditions of the fluid system from which
they were precipitated (Craig et al., 1998; Velásquez et al., 2014;
George et al., 2016). The dominant occurrence of Co in sulfides/sul-
foarsenides in the Yunfeng bauxite deposit reflects a relatively reducing
environment, which is different those associated with the lateritic Ni-Co
deposits. On the other hand, the development of compositional zoning
of Co-bearing/rich pyrites (Fig. 5a, b and f; Fig. 8a and b, and Fig. 9)
reflects a dynamic environment with varying redox conditions. Overall,
the physicochemical conditions of the Yunfeng bauxite deposit possibly
evolved from a relatively oxidizing environment during weathering

Fig. 6. (a) Backscattered electron (BSE) image of framboidal pyrite from the upper bauxitic clay layer; (b) Photomicrograph of framboidal pyrite from the bottom
brecciated siderite layer.
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period to increasingly reducing conditions during diagenesis (Long
et al., 2018).

5.2. Potential economic significance

Bauxite resources are abundant in China (primarily in paleo-karstic
deposits), ranking as the fifth major bauxite province in the world, next

to Guinea, Australia, Brazil, and Jamaica (Wang et al., 2010; Huang
et al., 2014; Ling et al., 2015). Guizhou Province hosts some of the
largest economic bauxite deposits in China. The total proven and po-
tential bauxite resource of Guizhou is up to 1 Bt (Long et al., 2018). The
results of this study suggest that the Co resource in the bauxite ores may
be of potential economic value. Because Co occurs dominantly as Co-
rich sulfides/sulfoarsenides and Co-bearing pyrite, it is relatively easy

Fig. 7. (a) Backscattered electron image (BSE) and (b–f) EPMA mappings of framboidal pyrite in a matrix of kaolinite, boehmite and diaspore (sampled from the
lower bauxitic clay layer).
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to be recovered as by-product of bauxite ores; the cut-off grade of Co for
sulfides or arsenides is only 200 ppm and the minimum grade of Co for
economic exploitation from this kind of ore is only 300 ppm (Sun,
2000). The average concentrations of Co in the siderite layers
(212.8 ppm) and carbonaceous ferruginous clay layers (383 ppm) are
higher than the cut-off grade and minimum economic grade, respec-
tively. Considering that the Co-enriched layers in the Yunfeng bauxite
deposit may reach 0.5–3 m in thickness, and the same layers may be
present in similar bauxite deposits that are extensively distributed in
Guizhou (Fig. 1a), significantly amounts of Co may be potentially re-
covered from production of bauxites. Furthermore, since Co enrichment
has also been reported in other paleo-karstic bauxite deposits elsewhere
in the world, the results documented in this paper may invoke similar
and new studies to further evaluate the economic value of Co resources
in these deposits.

6. Conclusions

This study examines the concentration, occurrence, and distribution
of Co in the Yunfeng paleo-karstic bauxite deposit, through whole-rock
geochemistry and mineralogy of rocks from various layers of the

deposit. The following conclusions are reached based on these studies.

(1) Several layers of rocks in the Yunfeng bauxite deposit are char-
acterized by high contents of Co, especially for the carbonaceous
ferruginous clay layers (167–962 ppm) and the siderite layers
(47–439 ppm). These Co-enriched layers may reach 0.5–3 m in
thickness.

(2) The strong positive correlation between Co and S from the whole-
rock geochemical data, coupled with EPMA and EDS analyses, in-
dicates that Co occurs chiefly as Co-rich sulfides/sulfoarsenides and
Co-bearing pyrite. These sulfides and sulfoarsenides are scattered in
a matrix of diaspore, kaolinite, and/or boehmite (layers of bauxite
ores, bauxitic clays and carbonaceous ferruginous clays), or in a
matrix of Fe-, Al- and Mn-oxides/hydroxides and carbonaceous
materials (siderite layers).

(3) The significant thicknesses of the Co-enriched layers in the Yunfeng
bauxite deposit and potentially in other bauxite deposits in Guizhou
Province, together with the relatively easy recovery of Co from
sulfides and sulfoarsenides, make the paleo-karstic bauxite deposits
a potential Co resource.

Fig. 8. (a) and (b) Backscattered electron (BSE) images of Co-rich sulfide/arsenide and Co-bearing pyrite (bauxitic clays); (c) BSE image of Co-rich sulfide/arsenide
closely associated with Co-bearing pyrite (bauxite ore); (d) BSE image of Co-rich sulfide/arsenide (bauxite ore). Klm-kaolinite; Dsp-diaspore; Bhm-boehmite; Py-
pyrite.
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