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ABSTRACT

Recent studies indicate that volcanism
may be a potentially important factor in the
formation of karstic bauxite, but more evi-
dence is needed. Six billion tons of bauxite
formed upon paleo-karstic terrain within
a short time in the Late Carboniferous in
the North China Basin (NCB) and in the
Late Permian in the Youjiang Basin (YB) of
China. The factors that trigger their apace
formation remain unclear. Herein, we pro-
posed that extensive volcanic eruptions have
accounted for this large-scale bauxite forma-
tion based on the mineralogy, Hg isotopes,
and Hg concentration enrichment proxies of
the samples of bauxitic sequence in the NCB
and YB. NCB bauxite generally has three
layers, namely bottom Fe-bearing claystone,
intermediate bauxite ore, and top claystone,
while bottom Fe-bearing claystone is usually
absent in YB bauxite, which directly covers
carbonate rocks. The mineral assemblages
of NCB and YB bauxite confirm that they
were deposited in a superficial alkaline and
reducing karstic environment. Strong Hg
enrichment peaks with corresponding near-
zero A”Hg, a signal of excess volcanogenic
Hg, were discovered in the upper claystone of
NCB bauxitic sequences, which overlaid the
Ordovician carbonate substrate. It denotes
volcanism occurred immediately subse-
quent to deposition of terrestrial weathered
Al-rich remnants in paleo-karstic depres-
sions during the Late Carboniferous. This
volcanism, occurring in the northern margin
of the NCB, is considered to have triggered
the apace bauxitization in the NCB after its
long exposure and weathering. In the YB,
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the remarkable Hg enrichment and near-
zero A”’Hg were observed in the entire Late
Permian bauxitic sequences with Late Perm-
ian carbonate as the substrate. It denotes
enhanced volcanogenic Hg inputs through-
out the whole deposition process of bauxite
during the Late Permian. This episode of vol-
canism associated with the Emeishan large
igneous province and contemporaneous arc
system resulted in the short term weather-
ing of source materials and the apace baux-
itization in YB. Volcanism is suggested to
aggravate surface acidic and oxidizing condi-
tions, in which rapid decomposition of source
materials occurred to release AP+ to precipi-
tate diaspore above the physiochemical bar-
rier of underlying carbonate.

1. INTRODUCTION

The formation of karstic bauxite was previ-
ously considered to be jointly controlled by the
palaeoclimatology, tectonic instability, eustatic
fluctuations, and palacogeography of conti-
nents and oceans (Bardossy, 1982; Béardossy
and Combes, 1999). Recent research on Karstic
bauxite around the world by mineralogy, geo-
chemistry, and detrital zircon dating also indi-
cate contributions from igneous rocks (volcanic
rocks were assured in some cases) to the karstic
bauxite (Fig. 1A; Deng et al., 2010; Wang et al.,
2016; Yu et al., 2016; Hou et al., 2017; Kelemen
et al., 2017; Radusinovi¢ et al., 2017; Abedini
et al., 2021; Mongelli et al., 2014, 2021). This
recent advance makes us consider whether vol-
canism was an important but long-ignored fac-
tor controlling the formation of karstic bauxite.
Evidence is required to assure the participation
of massive volcanic materials in karstic deposi-
tion formation.

Six billion tons of diaspore-dominant karstic
bauxites were formed upon paleo-karstic terrain
within the Late Permian to Late Carboniferous

in the North China Basin (NCB) and Youjiang
Basin (YB) of China (Fig. 1B; Liu et al., 2020;
Wang et al., 2020). Geological and mineralogi-
cal studies have shown that the formation mech-
anism of these bauxites is distinct from those in
the Urals, Mediterranean, and Iran-Himalaya,
where the diaspores were considered to form
through prolonged burial and metamorphic pro-
cesses (Fig. 1A; Bogatyrev et al., 2009). The
occurrences of mineral assemblages indicated
the diaspores were deposited in a superficial
karstic environment and in volcanic rocks related
to oceanic subduction and mantle plume which
suggest these environments contributed mate-
rials to the karstic bauxite in the NCB and YB
(Deng et al., 2010; Wang et al., 2016).
According to the age variation of the young-
est detrital zircons in the bauxite layer and the
sedimentary age of the overlying and underlying
strata of the bauxite determined by fossils, it was
revealed that the bauxite was formed within a
transient period, i.e., ~5 billion tons of bauxite
in the whole NCB formed within 20 Ma, and
one billion tons of bauxite in YB formed within
10 Ma (Wang et al., 2016; Hou et al., 2017,
Liu et al., 2017). Factors leading to the intensi-
fied and apace bauxitization still remain poorly
understood. We suspected that extensive volca-
nism might trigger bauxite formation in the NCB
and YB, as it could lead to climatic warming and
accelerated chemical weathering (Grasby et al.,
2017; Shen et al., 2022), however, evidence for
this hypothesis is lacking. More comparative
research on the sedimentary sequences and min-
eral compositions between NCB and YB was
required to find their similarities and differences
in sedimentary settings and surface Ph-Eh con-
ditions. In addition, analysis of Hg content and
isotopic compositions can aid in revealing large
volcanisms in geological history (Selin, 2009;
Sanei et al., 2012; Thibodeau et al., 2016; Grasby
etal.,2017; Shen et al., 2019a). Large volcanism
can lead to transit emission of massive amounts
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Figure 1. (A) World map show-
ing distribution of Kkarstic
bauxite deposits, modified
after Bogatyrev et al. (2009)
and Mondillo et al. (2021). (B)
Geological map showing the
distribution of bauxite deposits
in China, modified after Deng
et al. (2010), Liu et al. (2017,
2020), and Wang et al. (2020).
LIP—large igneous province.

of Hg to the environment and cause anomalous
high Hg concentrations and remarkable Hg iso-
topic shifts in sediments (Grasby et al., 2019;
Shen et al., 2019b).

Here, two representative bauxite deposits, the
Xinxian bauxite deposit from the NCB and the
Gaoji bauxite deposit from YB, were chosen for
investigation. Both deposits have great resource
reserves of bauxite (e.g., 0.3 billion tons in Xinx-
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mineralogical features, mercury concentrations,
and isotopic compositions of bauxite-bearing
strata (e.g., underlying limestone, Fe-bearing
claystone, bauxite ore, and claystone), were ana-
lyzed from drill cores from the two deposits, to
understand the link between extensive volcanism
and the intensified and apace bauxite formation
over the paleo-karstic surface.
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2.1. Tectonic Evolution of the NCB during
Paleozoic Exposure (445-300 Ma)

From the Middle Ordovician to Late Car-
boniferous (445-300 Ma), the North China
Block drifted from the equator to 30° N (Veev-
ers, 2004). The low latitudes enabled the NCB

Geological Society of America Bulletin, v. 135, no. 5/6
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to undergo intense chemical weathering (Wang
et al., 2018). In most areas of the NCB, Middle
Ordovician limestone (the Majiagou Formation)
was exposed and experienced karstification,
forming widespread karstic topography (Liu,
2011). Large-scale weathered iron ore (known as
the “Shaanxi-type” iron ore) and ferric claystone
in karstic high-ground and ferrous claystone in

karstic depressions were formed from the under-
lying carbonates during this period (Liu et al.,
2013; Zhao and Liu, 2019). From ca. 320 to
300 Ma, large-scale bauxite ore and claystone
were deposited upon the Fe-bearing claystone
and weathered iron ore (Fig. 2A; Zhao and Liu,
2019), throughout the NCB with varying thick-
nesses (Liu et al., 2013). The source rocks of
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the bauxite ore and claystone are allochthonous
and are dominated by 450 and 950 Ma igneous
rocks and Precambrian metamorphic rocks in
the southern NCB, and by 320-300 Ma igne-
ous rocks and Precambrian metamorphic rocks
in the northern NCB (Wang et al., 2016, 2018;
Zhao and Liu, 2019). During the Late Carbonif-
erous, the NCB evolved as a walled continental
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Figure 2. (A) Late Carboniferous paleogeographic map of the North China Basin, modified after Wang et al. (2018). (B) Late Permian pa-
leogeographic map of the Youjiang Basin of China and its neighboring region, modified after Wang et al. (2020), inner, intermediate, and
outer zones here refer to the zoning of Emeishan large igneous province. (C) Geological map of Xinxian bauxite deposit showing drill core
positions. (D) Geological map of Gaoji bauxite deposit showing drill core positions.
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basin because the Paleozoic Bainaimiao and
North Qinling arc systems were accreted to the
north and south of NCB, respectively (Fig. 2A;
Wang et al., 2016). Igneous zircons with ages of
320-300 Ma have been found in bauxite ore and
claystone throughout the NCB (Zhao and Liu,
2019). Based on the widespread development of
Late Carboniferous magmatism along the north-
ern margin of the NCB (Fig. 2A; Zhang et al.,
2007, 2009; Deng et al., 2018), large volcanism
has been proposed to explain the existence of
these igneous zircons (Liu et al., 2014; Wang
et al., 2018). Late Carboniferous plutons, con-
sisting mainly of quartz diorites, diorites, grano-
diorites, tonalites, and some hornblende gabbros,
are subduction-related rocks that were emplaced
at an Andean-style continental margin. The for-
mation of these plutons was a result of anatectic
melting of the underplated ancient lower crust,
with variable involvement of enriched mantle
materials during the southward subduction of
the Paleo-Asian oceanic plate beneath the NCB
(Wang et al., 2016).

2.2. Tectonic Evolution of the Youjiang
Basin during the Permian—Triassic
Transition

The YB was formed during the Devonian as
a result of rifting of Cambrian—Ordovician units
within the South China Block (SCB) (Du et al.,
2009; Wang et al., 2020), and it was located near
the equator from the Late Permian to Early Tri-
assic (Veevers, 2004). Permian to Early Trias-
sic sediments within the YB are dominated by
carbonate and marine clastic and pyroclastic
rocks (Mei et al., 2007; Liu et al., 2017; Wang
et al., 2020). Isolated Permian—Triassic carbon-
ate platforms were widely developed within the
basin (Fig. 2B; Mei et al., 2007). The western
Guangxi platform, one of the isolated carbonate
platforms, was exposed at the end of the Mid-
dle Permian induced by the Emeishan plume
upwelling (Fig. 2B; He et al., 2010). Transient
exposure of the carbonate rocks led to the for-
mation of Fe-bearing claystone and weathered
iron ore overlying the Maokou limestone. Subse-
quent Emeishan volcanic eruption provided suf-
ficient source materials and suitable conditions
for large-scale bauxite formation within a period
of 10 Ma (Liu et al., 2017; Wang et al., 2020).
The basin was then filled by clastic detritus in
the Middle-Upper Triassic as a result of the clo-
sure of the Paleo-Tethyan branch ocean (Cai and
Zhang, 2009). During this period (ca. 260 Ma),
the nearby Emeishan large igneous province
(LIP) was active. The Emeishan LIP covers an
area of more than 2.5 x 10° km?, with a total
thickness ranging from several hundred meters
up to 5 km (Xu et al., 2001; Deng et al., 2010).
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Three zones (inner, intermediate, and outer)
were spatially divided in terms of the Emeis-
han LIP, and the western Guangxi platform is
within the outer zone (Fig. 2B; Xu et al., 2001).
The Emeishan LIP is mainly composed of volu-
minous mafic volcanic successions, numerous
contemporaneous mafic intrusions, and some
felsic rocks including syenites, a felsic mag-
matic rock (Chung and Jahn, 1995; Zhou et al.,
2002; Shellnutt and Zhou, 2007). In addition,
the Paleo-Pacific Ocean was subducted along
the southern margin of the YB (Deng and Wang,
2016; Li et al., 2018; Wang et al., 2020) and
the Ailaoshan-Song Ma Paleo-Tethyan Ocean
crust subducted westwards during this period
(Fig. 2B; Deng et al., 2014, 2021b). Volcanism
induced by the subduction of the Paleo-Pacific
was also believed to have contributed to the for-
mation of YB bauxite (Wang et al., 2020).

3. GEOLOGY OF BAUXITE DEPOSITS

3.1. Carboniferous Bauxite Deposits in the
NCB

Although bauxite and claystone were depos-
ited in most areas of the NCB during the Late
Carboniferous, bauxite deposits with industrial
value are mainly found in Shanxi and Henan
provinces (Figs. 1B and 2A). More than 100
bauxite deposits and occurrences have been
discovered in these two provinces (Fig. 2A).
The reserves of bauxite are well over 5 billion
tons, surpassing Jamaica’s reserves and making
this the largest karstic bauxite belt in the world
(Bogatyrev et al., 2009; Liu, 2011). Carbonifer-
ous bauxite and claystone overlap Ordovician
carbonate karstic terrain and are hosted in the
lower member of the Benxi Formation (Fig. 3).
The bauxite and claystone are further overlain by
sandstone and/or carbonates of the upper mem-
ber of the Benxi Formation (Fig. 3; Wang et al.,
2016). The lower layer in the paleo-karst uplift
area is commonly dominated by ferric mineral-
bearing claystone and/or weathered iron ore
(Figs. 3A and 3D; Liu et al., 2020), whereas in
depressions formed by the paleo-karstic topog-
raphy, the principal components are ferrous and
clay minerals (Fig. 3A). The middle layer con-
sists of oolitic and massive bauxite ores of vary-
ing thicknesses, whose distributions are mainly
controlled by the paleo-karstic topography
(Fig. 3; Liu, 2011). Thick bauxite ores mainly
occur in the paleo-karstic depressions (Fig. 3B).
In paleo-karst uplift areas, the ores are relatively
thin or even absent (Figs. 3A and 3D; Liu et al.,
2020). The upper layer is claystone, which gen-
erally has a gradual transitional contact with the
underlying bauxite ore (Figs. 3B and 3C). The
bauxite ores commonly have a less oxidized,
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pale-colored matrix, occasionally accompanied
by pale ooids and/or intraclasts (Figs. 3B-3D).
The Xinxian bauxite deposit is located in the
central part of the Carboniferous bauxite con-
centration area in the NCB (Fig. 2A). Within
the bauxite deposit, most areas are covered by
Quaternary sediments with only minor outcrops
of Ordovician limestone, Carboniferous bauxite
ore and claystone, and Permian coal and sand-
stone (Fig. 2C).

3.2. Permian Bauxite Deposits in Youjiang
Basin

Permian bauxite deposits in the YB were
mainly developed in the western Guangxi area
(Fig. 2B). More than one billion tons of baux-
ite ore have been discovered (Liu et al., 2010;
Zhang, 2011). The bauxite ore, belonging to
the lower member of the Late Permian Heshan
Formation, was deposited in the karstic depres-
sions of paleo-karstic topography developed on
Permian Maokou carbonates (Fig. 4). It was then
overlain by carbonate of the upper member of
the Heshan Formation (Fig. 4; Liu et al., 2017).
In contrast to the Carboniferous bauxite in the
NCB, in most cases, bauxite ore in YB directly
covers the Maokou carbonate paleo-karstic sur-
face without an intervening Fe-bearing claystone
layer (Fig. 4A and D; Liu et al., 2017). A thin
weathered crust layer only occurs in areas of
uplifted karst topography (Fig. 4B; Yang et al.,
2021). Above the bauxite ore, a claystone layer
is widely developed and shows a gradual tran-
sitional contact relationship with the underly-
ing bauxite ore (Fig. 4C; Liu et al., 2017). The
bauxite ores are generally characterized by cryp-
tocrystalline and oolitic textures, enrichment in
pyrite and organic matter, and are dark in color
(Figs. 4A—4C). The Gaoji bauxite deposit is in
the central part of the western Guangxi bauxite
concentration area (Fig. 2B). It mainly com-
prises Devonian to Permian carbonates, Permian
bauxite and claystone, Early Triassic sandstone
and carbonate, and Quaternary laterite (Fig. 2D).
NW and NE trending faults are widely devel-
oped (Fig. 2D).

4. SAMPLING AND ANALYTICAL
METHODS

4.1. Sample Collection

Three drill cores from the lower member of
the Benxi Formation in the Xinxian bauxite
deposit located in the central NCB (Figs. 2A and
2C), and two drill cores from the lower member
of the Heshan Formation in the Gaoji bauxite
deposit located in central YB (Figs. 2B and 2D),
were selected for mineralogical compositions,

Geological Society of America Bulletin, v. 135, no. 5/6
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Hg concentrations and isotopic composition,
total sulfur (TS), total organic carbon (TOC),
and carbon isotopic composition analyses. 34,
20, and 10 samples were taken from drill cores
XA, XB, and XC, respectively, in the Xinx-
ian bauxite deposit (Fig. 3E), while 19 and 28
samples were gathered from drill cores GA and
GB, respectively, in the Gaoji bauxite deposit
(Fig. 4D).

4.2. Mineralogical Analyses

Mineral compositions and associated paragen-
eses of all samples were obtained using X-ray
diffraction (XRD), electron probe microanaly-
sis (EPMA), and scanning electronic micros-
copy (SEM) analyses at the China University
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Figure 3. Field photos and drill
core profiles from the Xinxian
bauxite deposit of China show-
ing the sequence composition
of the ore-bearing rock series:
(A) an open pit showing the
mineral compositions of the
Fe-bearing claystone in differ-
ent paleo-karst topography:
the Kkarstic depression being
dominated by ferrous and clay
minerals, whereas ferric and
clay minerals in the karstic up-
lifted area; (B) massive bauxite
ore being gradually transform-
ing upward into claystone; (C)
o3 oolitic bauxite ore being chang-
. ing into claystone upward;
(D) limestone, ferric clay, and
o7 bauxite ore from bottom to top
. in a paleo-karst uplift; and (E)

Drill core XC
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—— |o

= fandsione
(2 vngeione:

n| .
Rl imestone

N A2 :‘1}0 profiles from three drill cores
SEeLe in the Xinxian bauxite deposit
B showing the sample collection
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of Geosciences (Beijing, China). XRD analyses
were conducted using a Rigaku D/Max-RC dif-
fractometer (Rigaku Corp., Japan) with a CuKdl
radiation source. EPMA was performed using a
Shimadzu EPMA-1720 instrument, using an
accelerating voltage of 15 kV, a beam current of
10 nA, an acquisition time of 50 s, and a beam
diameter of 1 pm. SEM was undertaken using a
HITACHI S-450 instrument at a pressure of 1
bar, an ambient temperature of 21 + 0.5 °C, and
a humidity of 46 + 1%.

The mineral concentrations of all analyzed
samples were estimated using the relative inten-
sity ratio (RIR) method, and corundum (a-Al,O;)
was chosen as the standard for comparing the
diffraction intensities of the powdered materials
(Bishop et al., 2011; Zanoni et al., 2016). The
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principles of this method have been described
in detail by Zhou et al. (2018). The RIR value
is calculated based on the following equation
(Hillier, 2000):

RIR,, = (Xj *
=%,

where X is the weight fraction of the tested sam-
ples, / is the intensity of the characteristic reflec-
tion, I'*! is the relative intensity of the reflection,
and i and s are the clay mineral sample and
internal standard phase, respectively. Herein,
corundum was chosen as an internal standard.
To obtain the RIR, value, a binary system
composed of corundum and a clay mineral

rel
o L0w),

1 (riflld)i

1 (hkt)i

(M
1 (nkt)

s
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Limestoncy

was prepared, with a 1:1 mass ratio of corun-
dum and clay mineral. The RIR,,, value was
then determined based on the intensities of the
most intense corundum reflection (/;;3).,,) and
clay mineral reflection (/) (Hillier, 2000).
After calculating RIR,,, the concentration of
any phase i in a sample spiked with a known
amount of corundum is given by Hillier (2000)
as follows:

v :[ Xeor j* Toway | @)
RIRC(W I(l 13)C0r

4.3. Mercury Concentrations and Isotopic
Analyses

All samples were pulverized to 200 mesh in
an agate mortar. A total of 52 bauxite ore sam-
ples, 21 Fe-bearing claystone samples, 20 upper
claystone samples, 4 clayey sandstone samples,
and 10 limestone samples were chosen for Hg
concentration and isotopic composition analyses
(Figs. 3E and 4D), at the Institute of Geochemis-
try, Chinese Academy of Sciences.
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Approximately 0.2 g of each sample was
digested (95 °C, 6 h) in 2 mL of aqua regia
(HCI/HNO; = 3/1, v/v). Hg concentration was
measured using cold-vapor atomic absorption
spectrometry (F732S, Shanghai Huaguang
Instrument Corp.), which has a detection limit
of 0.05 ng/mL. A standard reference mate-
rial (GSS-4, soil) was prepared and measured
every 10 samples, which yielded Hg recoveries
of 90%—-100%. The solutions were dissolved
to 0.5 ng/mL Hg in 10% HCI (v/v). The 18.2
MQecm water was used for the preparation of all
reagents and solutions. Hg isotope analysis was
conducted using a Neptune Plus multi-collector—
inductively coupled plasma—mass spectrometer
(Yin et al., 2016). Mercury concentrations and
acid matrices in the bracketing NIST SRM 3133
solutions were matched with 10% of the neigh-
boring samples. Mercury isotopic compositions
are reported following the convention proposed
by Bergquist and Blum (2007). Specifically,
mass-dependent fractionation is expressed in
§22Hg notation in units of %o referenced to the
NIST-3133 Hg standard (analyzed before and
after each sample):
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(202 Hg /198 Hgsample )/
(202 Hg /198 Hgslandard) -1
x1000. 3

87" Hg (%) =

Mass-independent fractionation is reported in A
notation, which describes the difference between
the measured &*Hg and the theoretically pre-
dicted 8**Hg value, in units of %o:

Axxng ~ Sxxng _ 8202Hg X B (4)

B is equal to 0.2520 for *°Hg, 0.5024 for
200Hg, and 0.7520 for 2°'Hg. Analytical uncer-
tainty was estimated based on the replication
of the NIST-3177 secondary standard solu-
tion and GSS-4 digested solution. The overall
average and uncertainty of NIST-3177 (8*?Hg:
—-0.50 £ 0.11%0; A"Hg: -0.02 £ 0.06%o;
A?Hg: -0.03 4+ 0.07%0; 2SD, n = 14) and
GSS-4 (8%?Hg: -1.71 £ 0.12%0; A'°Hg:
-0.37 £ 0.07%0; A*'Hg: —0.39 + 0.06%0; 2SD,
n = 6) agree well with comparable previous
studies (Bergquist and Blum, 2007; Deng et al.,

Geological Society of America Bulletin, v. 135, no. 5/6
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2021a). The larger values of standard deviation
(2SD) for either NIST-3177 or GSS-4 reflect the
analytical uncertainties.

4.4. Total Sulfur, Total Organic Carbon,
and Carbon Isotope Analyses

All samples analyzed for Hg concentrations
and isotope compositions were also analyzed for
TS, TOC, and carbon isotopes. TS, TOC, and
613Cm4g were measured using a Vario microcube
elemental analyzer coupled with an Isoprime
100 mass spectrometer in the oxyanion stable
isotope consortium at Louisiana State Univer-
sity. An aliquot of 1-3 g of bulk-sample powder
was decarbonated overnight in a polypropylene
centrifuge tube with 3% (v/v) HCI. The process
was repeated at least three times to ensure com-
plete carbonate removal. The carbonate-free
residues were then neutralized using Milli-Q
water following a stepwise washing procedure,
and dried at 70 °C. Samples (~50 mg) were
loaded into capsules and flash-combusted at
1060 °C in a Vario microcube elemental ana-
lyzer. The resulting CO, gas was measured by a
thermal conductivity detector to obtain the TOC
(Wt%) and then transferred by continuous flow
for isotopic ratio determination on an Isoprime
100 mass spectrometer. The conventional delta
notation is used to report 3C/'2C ratio as a per
million deviations from the Vienna Pee Dee bel-
emnite standard. Calibration of the d'3C values
was accomplished using an acetanilide working
standard (d'*C = -27.6%o). Sample d'3C values
were repeatable to a standard error of 0.1%.. Fur-
thermore, ~50 mg of each sample was loaded
into capsules and flash-combusted at 1000 °C
in a Vario microcube elemental analyzer. The
resulting SO, gas was measured by a thermal
conductivity detector to obtain the TS (wt%).

5. RESULTS

5.1. Mineral Compositions and their
Occurrences

5.1.1. Xinxian Bauxite Deposit in the NCB
The three drill cores from the Xinxian bauxite

deposit have the same mineral compositions in

equivalent horizons (e.g., bauxite ore) (Table S17;

ISupplemental Material. Table S1: Mineral
concentrations of samples from three drill cores in
Xinxian bauxite deposit by the relative intensity ratio
method based on X-ray diffraction results. Table
S2: Mineral concentrations of samples from two
drill cores in Gaoji bauxite deposit by the relative
intensity ratio method based on X-ray diffraction
results. Please visit https://doi.org/10.1130/GSAB
.S.20318466 to access the supplemental material, and
contact editing @ geosociety.org with any questions.
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Fig. 5A). The Fe-bearing claystone is dominated
by chlorite, berthierine, illite, and amorphous
materials. The bauxite ore contains diaspore,
anatase, illite, berthierine, chlorite, kaolinite,
and pyrite (Figs. SA and 6). The upper claystone
mainly consists of kaolinite, illite, diaspore, and
anatase. All three drill cores of this study have
high contents of clay minerals, especially the
bottom Fe-bearing claystone layer and the upper
claystone layer, in which the clay concentrations
are greater than 50% (Table S1). Backscattered
SEM and SEM images of the bauxite ore show
that diaspore is closely associated with pyrite,
anatase, chamosite, and berthierine in Xinxian
(Figs. 6A—6F). Diaspore intimately coexists with
framboidal pyrite that is widespread in the baux-
ite ore (Fig. 6A). It also occurs as fine particles
within anatase or pyrite aggregates (Figs. 6B
and 6C). Diaspore with high crystallinity is
occasionally found, which coexists closely with
anatase (Fig. 6D). Ooids consisting of diaspore
and chamosite are widespread and aggregates
composed of diaspore and berthierine are also
widely developed in the ore (Figs. 6E and 6F).
Kaolinite mainly occurs in the form of aggregate,
in which sporadic diaspore particles are devel-
oped (Fig. 6G). Dissolution fissures and pits are
observed in the kaolinite aggregate (Fig. 6G).
Microorganisms are preserved within the baux-
ite ore (Fig. 6H).

5.1.2. Gaoji Bauxite Deposit in the YB

The two drill cores from the Gaoji bauxite
deposit mostly have similar mineral compositions
in equivalent horizons (e.g., bauxite ore) except
for the extra presence of some quartz and illite in
drill core GB (Table S2 [see footnote 1]; Fig. SB).
The bauxite ore is composed of diaspore, pyrite,
anatase, kaolinite, pyrophyllite, quartz, illite, and
minor parisite, calcite, Xenotime, and zircon,
while the upper claystone consists of kaolinite,
pyrophyllite, illite, diaspore, chlorite, pyrite,
anatase, zeophyllite, quartz, calcite, and gypsum
(Table S2; Figs. 5B and 7A—7H). SEM images of
the bauxite ore show that diaspore is closely asso-
ciated with pyrite, anatase, parisite, and organic
matter (Figs. 7A-7E). Diaspore intimately coex-
ists with framboidal pyrite (Fig. 7A), and also
occurs within pyrite aggregates as minor inclu-
sions (Fig. 7B). Meanwhile, fine pyrite grains
are found to be cemented by diaspore as well
(Fig. 7C). Mineral assemblage consisting of
diaspore and anatase is widely found in ores
(Fig. 7D). Abundant parisites have been identi-
fied under the SEM observation and it closely
coexists with diaspore, pyrite, pyrophyllite, and
organic matter (Figs. 7E and 7F). In the bauxite
ore, kaolinite usually exists as veined aggregates
interspersed with aggregates of diaspore and
pyrite formed at an earlier stage (Fig. 7G); It also
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commonly occurs in the peripheral or internal
cracks of diaspore aggregate, and has a gradual
transition relationship with diaspore (Fig. 7H).
Organic matter is widespread in the bauxite ore
(Figs. 7A, 7E, and 7F).

5.2. Mercury Concentrations and Isotopes
and their Variations

5.2.1. Xinxian Bauxite Deposit in the NCB

In drill core XA, samples showed an aver-
age background Hg value of 183 ppb (Table 1;
Fig. 8). A Hg-enriched horizon was observed in
the lower part of the upper claystone layer (412—
897 ppb). Negative A*Hg values (—0.35%0 to
—0.03%0) were observed throughout this pro-
file, but a positive shift of 0.10%0 in A!*°Hg
was observed within the Hg-enriched horizon
(Fig. 8). The &%?Hg values ranged from —1.26%o
to 0.65%o, and a slight negative shift of —0.59%o
in §?0?Hg was observed in the Hg-enriched hori-
zon (Fig. 8). The §'*C,,, values in this drill core
ranged from —25.42%o to —16.04%0. A negative
shift of §13C,,, (~16.04%o to —22.38%) was also
observed in the lower part of the bauxite ore layer
(Fig. 8). Samples of the bauxite ore, Fe-bearing
claystone, and claystone overall had extremely
low TOC and TS levels of <0.1% (Table 1;
Fig. 8), while they all contained high total clay
mineral (TCM) contents, except for a few sam-
ples in the bauxite ore (less than 10%) (Fig. 8).

In drill core XB, samples showed an aver-
age background Hg value of 168 ppb (Table 1;
Fig. 8). However, the bottom of the upper clay-
stone layer showed Hg concentrations of 515-
647 ppb (Fig. 8). The A*’Hg values in this drill
core ranged from —0.34%o to —0.09%o, with the
Hg-enriched horizon containing fewer negative
values (—=0.15%o to —0.13%o; Fig. 8). The 6??’Hg
values varied from —1.83%o to —0.22%o, and a
negative shift of §?92Hg values occurred near the
Hg-enriched horizon (Fig. 8). The 6"*C,,, values
ranged between —25.96%o and —19.24%, and a
negative shift was also observed in the lower
part of the bauxite ore layer (Fig. 8). TOC and
TS concentrations in the bauxite ore, Fe-bearing
claystone, and claystone of this drill core were
also very low and mostly less than 0.1%, and the
TCM was still very high in concentration except
for a few samples from the bauxite ore (Table 1).

In drill core XC, samples showed an average
Hg value of 215 ppb, with a Hg peak of up to
779 ppb occurring in the upper claystone layer
(Table 1; Fig. 8). The A*Hg values ranged
from —0.28%o to 0.00%0, with the less negative
values located near the Hg-enriched horizon
(0.00%0). The §?92Hg values varied from —1.52%.
to —0.54%o, and higher §??’Hg values were also
found near the Hg-enriched horizon. The 6'*C,,,
values ranged from —25.80%0 to —19.64%o, with
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the lower part of the bauxite ore layer showing
more negative values (Fig. 8). Extremely low
contents of TOC and TS were also found in the
Fe-bearing claystone, bauxite ore, and claystone
(Table 1; Fig. 8). Both the upper claystone and
underlying Fe-bearing claystone contained high
levels of TCM, ranging from 38% to 97%, while
the bauxite ore had relatively low contents of
TCM, varying from 3% to 5% (Table 1).

1194

5.2.2. Gaoji Bauxite Deposit in the YB

In drill core GA, the bauxite ore and claystone
had very high Hg values (642-2170 ppb) com-
pared with the underlying (49-56 ppb) and over-
lying (57 ppb) limestone (Table 2; Fig. 9). The
A'"Hg values of all samples from the bauxite
ore and claystone were close to zero (—0.10%o
to 0.07%o), and those from the underlying
(-0.12%0 to —0.03%0) and overlying (0.22%¢)
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limestone showed small negative and positive
shifts, respectively (Fig. 9). The §?2Hg values
ranged from —2.70%o to —0.78%o in the bauxite
ore and claystone, and showed marked negative
shifts compared with the underlying (-0.04%o
to 0.07%c¢) and overlying (0.73%0) limestone
(Fig. 9). The 6"3C,,, values in the bauxite ore and
claystone were between —24.50%0 and —23.69%0
and were slightly heavier than the underlying

Geological Society of America Bulletin, v. 135, no. 5/6
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(-26.05%0) and overlying (—25.10%o) limestone
(Table 2). TOC concentrations in the bauxite ore
and claystone ranged from 0.44% to 13.98%,
and were mostly between 0.44% and 2.45%. The
bauxite ore and claystone had high concentra-
tions of TS with values ranging from 2.81% to
18.92%, while TS values in the underlying and
overlying limestone were 13.74% and 0.28%,
respectively (Table 2). High concentrations of
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TCM were also observed in the bauxite ore and
claystone (Table 2).

In drill core GB, compared with the underly-
ing (4-76 ppb) and overlying (2-95 ppb) lime-
stone, Hg was markedly enriched in the bauxite
ore and claystone and showed a considerable
variation in concentration from 86 to 1737 ppb
(Table 2; Fig. 9). The A'"Hg values of the baux-
ite ore and claystone were between —0.04%o and
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D1asporg
40pum Figure 6. Backscattered scan-
mmm=l  ping electronic microscopy
(SEM) (A-D) and SEM (E-H)
images from the Xinxian baux-
ite deposit of China showing the
occurrence of major minerals:
(A) coexistence of diaspore and
framboidal pyrite in the baux-
ite ore with minor diaspore in-
clusions within the framboidal
pyrite aggregate; (B) abundant
fine diaspore inclusions within
a pyrite particle; (C) diaspore
and anatase coexisting with
each other in the bauxite ore;
(D) crystalline diaspore par-
ticles and anatase in the baux-
ite ore; (E) ooids formed by
diaspore and chamosite located
within the chamosite-dominant
matrix; (F) coexistence of dia-
spore and berthierine in the
bottom of the bauxite ore; (G)
kaolinite aggregates with small
amount of diaspore particle in
the bauxite ore; and (H) preser-
vation of microorganism in the
bauxite ore.

/

0.11%o, with most close to zero (Fig. 9), which
showed an evident negative shift compared with
the underlying limestone (0.07%o to —0.15%o),
and little change compared with the overlying
limestone (-0.05%o to —0.01%0) (Fig. 9). The
8202Hg values were —1.04%0 to —0.67%¢, —1.16%o
t0 —0.40%o, and —1.33%o to —0.55%0 in the under-
lying limestone, bauxite ore and claystone, and
overlying limestone, respectively, and little
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variation was observed among them (Table 2).
The §'*C,,, values in the bauxite ore and clay-
stone were between —23.83%0 and —22.80%o,
displaying a small positive shift compared
with the underlying limestone (-24.18%o), and
no clear change compared with the overlying
limestone (-23.19%0 to —22.83%o) (Fig. 9).
The bauxite ore and claystone were enriched
in TOC (0.42% to 4.25%) compared with both
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Figure 7. Scanning electronic
microscopy images from the
Gaoji bauxite deposit of China
showing the occurrence of ma-
jor minerals: (A) wide devel-
opments of framboidal pyrite
and organic matter within the
bauxite ore; (B) diaspore and
pyrite coexisting with each
other in the bauxite ore and
wide development of diaspore
inclusions in the pyrite grain;
(C) fine pyrite particle being
cemented by diaspore in the
bauxite ore; (D) diaspore-ana-
tase aggregate coexisting with
pyrite in the bauxite ore; (E)
extensive development of pa-
risite in the bauxite ore and its
close association with diaspore,
pyrite, and organic matter; (F)
intimate symbiosis between pa-
risite and pyrophyllite in the
ore; (G) kaolinite vein cross-
ing the diaspore-pyrite as-
semblage; and (H) kaolinite
developed along the periphery
or internal fissures of diaspore
aggregate.
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the underlying (0.05% to 0.23%) and overlying
(0.07% to 0.26%) limestone. Almost all sam-
ples from this drill core had high contents of
TS, with those in the bauxite ore and claystone
varying from 3.05% to 20.31% (Table 2). TCM
content in this drill core was markedly enriched
in the claystone layer (up to 94.3%), while in
the bauxite ore it was between 1.8% and 12.1%
(Table 2).
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6. DISCUSSION

6.1. Depositional Conditions of Bauxite
over the Paleo-Karstic Surface

The mineralogy of karstic bauxite faithfully
records the redox conditions of the depositional
environment (Valeton, 1972; D’Argenio and
Mindszenty, 1995; Zarasvandi et al., 2012).
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TABLE 1. ANALYZED SAMPLES FROM THE THREE DRILL CORES OBTAINED FROM THE XINXIAN BAUXITE DEPOSIT OF NORTH CHINA BASIN

Sample Hg SHg20? AHg'%® TOC §3C-VPDB TS TCM Hg/TOC Hg/TS Hg/TCM
(pPb) (%) (%o) (%) (%) (%) (%) (pPb/%) (ppb/%) (ppb/%)
XA-1 88 -0.74 -0.24 0.10 —24.09 0.14 97 861 623 1
XA-2 206 -0.72 -0.17 0.09 —24.77 0.08 94 2295 271 2
XA-3 221 -0.75 -0.21 0.05 —25.42 0.02 98 4315 11729 2
XA-4 88 0.06 —24.58 0.01 97 1362 7474 1
XA-5 132 -0.68 -0.15 0.07 -22.28 0.01 98 2008 14142 1
XA-6 676 -0.75 —0.03 0.06 —24.01 0.01 95 10998 64914 7
XA-7 853 -1.10 -0.14 0.08 —24.04 0.01 95 10372 93613 9
XA-8 412 -0.93 -0.18 0.09 —22.96 0.01 94 4441 34672 4
XA-9 485 -1.26 —-0.09 0.10 —23.78 0.01 97 4757 77325 5
XA-10 897 —-0.88 —-0.09 0.11 —23.30 0.01 98 8079 71878 9
XA-11 162 0.09 -0.28 0.07 —22.56 0.02 6 2202 10129 27
XA-12 176 0.12 -0.19 0.07 —22.18 0.02 3 2462 7582 59
XA-13 118 —0.64 —-0.20 0.07 —22.53 0.02 50 1662 6787 2
XA-14 103 -0.31 -0.21 0.07 -22.20 0.02 30 1478 5157 3
XA-15 132 -0.85 -0.24 0.07 —20.73 0.04 49 1835 3586 3
XA-16 294 -1.15 -0.19 0.15 —21.00 0.04 56 1983 7261 5
XA-17 118 -0.29 -0.08 0.08 -22.25 0.03 80 1426 4677 1
XA-18 265 -0.84 -0.35 0.12 —22.38 0.04 71 2138 6906 4
XA-19 118 -0.16 -0.18 0.11 —-16.04 0.02 90 1105 5215 1
XA-20 235 -0.42 -0.14 0.10 —16.89 0.02 88 2382 13956 3
XA-21 206 0.15 -0.35 0.1 -18.32 0.01 89 1920 14634 2
XA-22 397 -0.75 -0.20 0.13 —21.19 0.02 94 3162 22960 4
XA-23 162 -0.41 -0.19 0.05 —24.15 0.01 79 3233 14806 2
XA-24 191 0.05 —22.65 0.01 82 3496 14639 2
XA-25 74 0.65 -0.30 0.04 —21.95 0.02 84 1960 3863 1
XA-26 118 0.13 -0.30 0.05 —23.06 0.02 80 2504 6178 1
XA-27 132 0.16 -0.17 0.05 —23.38 0.02 62 2621 8534 2
XA-28 176 -0.44 -0.30 0.05 -19.95 0.02 92 3452 11025 2
XA-29 265 -0.34 -0.10 0.05 —22.66 0.01 96 5508 18919 3
XA-30 118 —-0.64 -0.10 0.04 —23.96 0.01 72 2996 9504 2
XA-31 191 0.15 -0.24 0.05 —24.31 0.01 69 3874 24298 3
XA-32 368 -0.74 -0.16 0.06 —23.60 0.01 91 6545 44406 4
XA-33 279 —-0.65 -0.16 0.10 —20.64 0.03 43 2697 10791 6
XA-34 176 —-0.51 -0.20 0.17 —23.57 0.10 41 1044 1751 4
XB-1 176 -1.14 -0.26 0.03 —24.62 0.01 97 5738 21978 2
XB-2 132 0.05 —24.01 0.01 96 2822 14822 1
XB-3 118 0.04 —25.29 0.01 97 2829 12494 1
XB-4 515 -1.07 -0.15 0.12 —22.87 0.02 94 4267 23917 5
XB-5 647 -1.49 -0.13 0.04 -22.85 0.02 72 14782 34514 9
XB-6 221 -1.70 -0.09 0.06 -22.99 0.01 41 3441 18700 5
XB-7 206 -1.83 -0.09 0.07 —22.87 0.01 52 3165 16838 4
XB-8 147 -0.22 -0.19 0.06 —21.38 0.02 5 2380 7986 29
XB-9 191 -1.01 -0.21 0.09 -20.70 0.02 12 2221 11375 16
XB-10 176 -0.99 -0.34 0.10 —20.98 0.01 24 1708 15165 7
XB-11 147 -1.04 -0.15 0.10 -21.17 0.02 12 1473 7867 12
XB-12 162 0.09 -21.71 0.02 7 1903 7593 23
XB-13 88 -0.83 -0.24 0.10 -19.24 0.02 51 878 4347 2
XB-14 176 0.10 —20.43 0.02 13 1756 7914 14
XB-15 74 -0.75 -0.19 0.26 -23.04 0.03 100 286 2222 1
XB-16 176 -0.98 -0.18 0.10 —20.34 0.02 100 1748 10205 2
XB-17 147 —-0.50 -0.14 0.09 —19.65 0.03 67 1599 4954 2
XB-18 132 -0.67 -0.22 0.05 —21.04 0.01 84 2597 16860 2
XB-19 265 —0.64 -0.15 0.04 —24.66 0.01 89 7166 25605 3
XB-20 294 -0.83 -0.25 0.08 —22.18 0.15 63 3712 1907 5
XC-1 147 -0.44 -0.20 0.09 —25.80 0.39 47 1594 375 3
XC-2 74 -0.71 -0.04 0.07 —24.26 0.23 38 1106 320 2
XC-3 235 —1.43 -0.04 0.08 —24.90 0.06 62 2818 3695 4
XC-4 779 -1.52 0.00 0.00 —24.74 0.03 67 1006081 28964 12
XC-5 118 -0.54 -0.09 0.06 —22.60 0.02 3 1967 5211 39
XC-6 265 —0.91 —-0.09 0.06 —21.64 0.02 4 4540 11690 66
XC-7 279 -0.93 -0.20 0.06 —20.17 0.06 5 4619 4539 56
XC-8 265 -1.19 -0.17 0.10 —20.45 0.02 97 2671 15521 3
XC-9 250 -0.99 -0.28 0.10 —20.96 0.02 90 2542 10103 3
XC-10 309 —0.69 —0.18 0.16 -19.64 0.14 43 1887 2207 7

Note: Mercury (Hg) concentration, organic carbon isotope (6'3C,), mercury (Hg) mass-independent fractionation of odd Hg isotope (A'9°*Hg), mercury (Hg) mass-
dependent fractionation (§2°2Hg), total organic carbon (TOC) concentration, total sulfur (TS) concentration, total clay minerals (TCM) concentration, mercury to total

organic carbon (Hg/TOC), mercury to total sulfur (Hg/TS), and mercury to total clay minerals (Hg/TCM). VPDP—Vienna Pee Dee belemnite.

Clarification of mineral compositions and their
paragenetic sequence in bauxite ore is essential
to determine the depositional conditions (Temur
and Kansun, 2006; Laskou and Economou-
Eliopoulos, 2013; Wang et al., 2021). Alumina
minerals in the bauxite ore from the NCB are
dominated by diaspore with very little boehmite
or gibbsite, and pyrite, siderite, goethite, cham-
osite, and berthierine are the main iron-bearing
minerals (Table S1; Figs. SA and 6A-6H; Liu
etal., 2013, 2020). Nearly all the diaspores coex-

ist with pyrite, siderite, anatase, chamosite, and
berthierine in the NCB bauxite ore (Figs. 6A—6F;
Liuetal., 2013, 2020; Zhao et al., 2021). Kaolin-
ite and illite are the main clay minerals in the
ore, and their occurrence suggests that they were
mainly formed by early weathering (Fig. 6G;
Liu, 2011). The above evidences suggest that the
bauxite ore in the NCB formed in an alkaline and
weak reducing karstic environment (D’ Argenio
and Mindszenty, 1995; Zarasvandi et al., 2008).
Widespread framboidal pyrite with §*S value as

low as —11.5%0 and microorganisms, and their
intimate combinations with diaspore, denote
microbial involvement in the bauxitization pro-
cess (Liu et al., 2020; Figs. 6A and 6H).
Diaspore is the only alumina mineral in the
Permian bauxite ore from YB and it closely
coexists with pyrite, amesite, chamosite, bast-
nisite, parisite, and anatase (Figs. 5B and
7A-7F; Liu et al., 2016). This reveals that
the Permian bauxite ore in YB also precipi-
tated under an alkaline and strong reducing
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{Bauxite ore

karstic environment (D’Argenio and Mind-
szenty, 1995; Temur and Kansun, 2006; Liu
etal., 2016, 2017). Kaolinite and pyrophyllite
are the two main clay minerals in the Gaoji
deposit. According to their occurrence and
relationship with other minerals, it is revealed
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that pyrophyllite, parisite, and diaspore were
precipitated in the same period (Liu et al.,
2016; Figs. 7E and 7F), and kaolinite is mainly
the result of epigenetic diaspore silicification
(Dangi¢, 1985, 1988; Figs. 7F-7H). Exten-
sive development of framboidal pyrite hav-
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ing distinct negative 63*S values (as low as
—34.11%o0), together with the widespread pres-
ervation of microorganisms and organic mat-
ters in the bauxite ore confirm the involvement
of microbial activity in this bauxite formation
(Yang et al., 2021).

Geological Society of America Bulletin, v. 135, no. 5/6
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TABLE 2. ANALYZED SAMPLES FROM THE TWO DRILL CORES OBTAINED FROM THE GAOJI BAUXITE DEPOSIT OF YOUJIANG BASIN OF CHINA

Sample Hg 5202Hg A%Hg TOC §13C-VPDB TS TCM Hg/TOC Ho/TS Hg/TCM
(pPb) (o) (%) (%) %) (%) (%) (pPb/%) (pPb/%) (pPb/%)
GA-1 57 -1.07 0.22 1.29 0.28 14 44 204 4
GA-2 1893 0.73 -0.07 1.61 -25.10 11.88 21 1176 159 90
GA-3 642 -1.26 -0.02 157 —24.39 2.81 42 409 228 15
GA-4 2110 -2.54 0.07 13.98 —24.50 9.49 40 151 222 53
GA-5 1653 -2.53 0.01 117 -23.69 16.13 3 1413 102 551
GA-6 1380 —2.65 —-0.01 121 —23.87 13.18 9 1140 105 153
GA-7 1042 —2.64 0.05 0.51 -23.74 10.74 0 2043 97
GA-8 2170 2.7 0 0.97 -23.86 18.92 0 2237 115
GA-9 1321 -14 -0.07 1.84 -23.95 6.95 43 718 190 31
GA-10 1243 -1.35 -0.05 2.45 —24.04 5.70 43 507 218 29
GA-11 1761 -1.46 -0.04 1.13 —24.00 9.64 29 1558 183 61
GA-12 1349 -0.78 -0.06 1.88 -23.94 7.26 43 718 186 31
GA-13 1180 —0.86 —-0.05 1.86 —24.09 6.74 53 634 175 22
GA-14 1143 -1.67 0.03 0.48 —-23.75 8.51 7 2381 134 163
GA-15 890 -1.19 -0.1 1.08 —24.17 9.65 54 824 92 16
GA-16 1776 -1.59 0.02 0.44 -23.77 15.57 7 4036 114 254
GA-17 56 -0.04 —-0.03 0.03 0 1867
GA-18 54 0.07 -0.12 0.03 0 1800
GA-19 49 0.04 -0.1 0.05 —26.05 13.74 0 980 4
GB-1 3 -1.06 —0.04 0.07 5.99 0 43 1
GB-2 2 -1.33 -0.01 0.1 -23.19 2.50 0 18 1
GB-3 95 —-0.55 -0.05 0.26 -22.83 2.40 63 365 40 2
GB-4 1572 -1.1 -0.04 2.1 -23.83 3.05 94 749 516 17
GB-5 377 —-0.65 0.02 0.42 —22.87 4.40 61 898 86 6
GB-6 201 -1.04 0.1 155 —-23.62 7.28 5 130 28 40
GB-7 188 -0.4 -0.01 0.66 -22.80 4.79 6 285 39 31
GB-8 1109 -0.41 -0.04 0.47 —22.89 3.45 8 2360 322 139
GB-9 99 -0.82 0.04 1.26 —23.06 5.71 6 79 17 17
GB-10 279 -0.77 0.05 175 -23.35 13.03 9 159 21 31
GB-11 132 -0.9 -0.02 1.95 -23.33 7.08 10 68 19 13
GB-12 160 -0.72 0.04 2.45 -23.37 9.46 11 65 17 15
GB-14 12 -0.89 0.07 112 -23.28 7.68 12 100 15 9
GB-15 99 -0.92 0.04 1.18 -23.01 7.39 10 84 13 10
GB-16 1104 -1.16 0.08 142 -23.41 6.61 8 777 167 138
GB-17 104 -0.84 0.03 1.03 -23.09 721 6 101 14 17
GB-18 114 -0.7 0.01 154 -23.29 753 9 74 15 13
GB-19 178 -0.78 0.05 0.62 -23.07 11.60 4 287 15 45
GB-20 1529 -0.76 0.03 0.81 -23.28 8.06 10 1888 190 153
GB-21 86 —-0.53 0.1 0.75 —22.98 8.52 10 115 10 9
GB-22 95 -0.84 0.1 155 -23.12 4.02 5 61 24 19
GB-23 334 -0.91 0.03 1.09 -23.53 20.31 7 306 16 48
GB-24 172 -0.89 0.09 197 —23.31 745 9 87 23 19
GB-25 1737 -0.87 0.1 127 -23.32 10.76 2 1368 161 869
GB-26 16 -0.73 0.15 0.13 0 123
GB-27 4 -1.04 0.07 0.05 0 80
GB-28 76 -0.67 0.12 0.23 —24.18 30.08 0 330 3

Note: Mercury (Hg) concentration, organic carbon isotope (6'3C,,), mercury (Hg) mass-independent fractionation of odd Hg isotope (A'%°*Hg), mercury (Hg) mass-
dependent fractionation (§2°2Hg), total organic carbon (TOC) concentration, total sulfur (TS) concentration, total clay minerals (TCM) concentration, mercury to total
organic carbon (Hg/TOC), mercury to total sulfur (Hg/TS), and mercury to total clay minerals (Hg/TCM). VPDP—Vienna Pee Dee belemnite.

6.2. Host Phases of Hg and Extreme
Enrichment in Bauxite Ore and Claystone

The use of Hg as a volcanic proxy requires
an understanding of its sedimentary host phases
(Shen et al., 2020). In marine sediments, Hg has
been shown to have a high affinity for organic
matter (OM) and reduced sulfur due to the for-
mation of Hg-OM and Hg-S complexes. How-
ever, samples from the Xinxian bauxite deposit
in the NCB are characterized by extremely low
TOC and TS concentrations, therefore OM and
sulfides do not seem to be the major host phases
of Hg (Fig. 8; Grasby et al., 2019). This is also
supported by the lack of correlation between
Hg and TOC and between Hg and TS in the
Xinxian samples (Figs. 10A—10F). Uniformly
positive correlations between Hg and TCM were
observed in these samples (Figs. 10G-10I), sug-
gesting that clay minerals are the dominant hosts
of Hg, as they can absorb large amounts of Hg
(Farrah and Pickering, 1978; Kongchum et al.,
2011; Shen et al., 2020).

Geological Society of America Bulletin, v. 135, no. 5/6

In contrast to the Xinxian samples, the Perm-
ian Gaoji bauxite has higher concentrations of
TS and TOC in the bauxite ore and claystone
horizons (Table 2). In the GA drill core, Hg has a
marked positive correlation with TS (r = +0.69,
p > 0.05,n = 14) and a positive correlation with
TOC (r = +0.39, p > 0.05, n = 14) (Figs. 11A
and 11C). However, in the drill core GB, there
is a positive correlation between Hg and TCM
(r=40.35,p > 0.05,n = 21) and a weaker pos-
itive correlation between Hg and TS (r =0.12,
p > 0.05, n=21) (Figs. 11D and 11F). This
result reveals the variability of Hg host phase
in the Gaoji bauxite, but sulfide is the main one
(Figs. 9 and 11).

Although both belong to karstic bauxite, the
host phases of Hg in Xinxian bauxite of NCB
and Gaoji bauxite of YB are different. This is
mainly due to the different compositions and
ore-forming conditions of the two deposits (Liu
etal., 2017, 2020; Shen et al., 2020). Bauxite in
Xinxian is rich in clay minerals, poor TOC and
TS, and formed under alkaline and weak reduc-
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ing conditions. Hg in the bauxite and claystone is
thus mainly absorbed by the clay minerals. While
bauxite in Gaoji of YB is highly enriched in TOC
and TS, and formed under alkaline and intensely
reducing conditions (Liu et al., 2017). Hg in the
bauxite ore is thus mainly hosted in the sulfide.
This result is consistent with the viewpoint in the
marine sediments obtained by Shen et al. (2020),
which proposed that a sulfide host phase is more
likely in strongly euxinic depositional facies, as
reflected in high TS concentrations (>1.0%) and
TS/TOC ratios (>~0.35 ppb/%). The TS con-
centrations and TS/TOC ratios of both drill cores
in Gaoji bauxite are far exceeding 0.1% and 0.35
ppb/%, respectively (Table 2).

The Hg enrichment in marine and terres-
trial sediments (10% to 10° ppb) has been fre-
quently reported, most of which are directly
related to volcanic eruptions (Grasby et al.,
2019; Shen et al., 2019c¢, 2020), and some of
which are also related to the presence of Hg-
rich sulfides (Shen et al., 2019b). This study
observed extremely high Hg concentrations
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(up to 2000 ppb) in the bauxite ore in the NCB
and YB (Table 2). Although some of the ores
contain abundant pyrites, suggesting sulfides
as important hosts of Hg, the very low TS con-
tent in most of these ores suggests the pres-
ence of large volcanism during the formation
of bauxite deposits.

6.3. Variations in Hg Concentrations
and Isotopes and their Implications for
Bauxitization

Bauxite ore in NCB is mostly characterized
by negative A!'”Hg and lower Hg concentra-
tions, while that in YB has near-zero A!*Hg
and higher Hg concentrations (Figs. 8 and 9),
suggesting different pathways of Hg entering the
bauxite deposits.

6.3.1. Late Carboniferous Bauxite within the
North China Basin

Previous studies have confirmed that the
bauxite and claystone of NCB were transformed

1200

from the weathered residual soil of the igneous
and metamorphic rocks at basin margins (Wang
et al., 2016; Zhao and Liu, 2019). These terres-
trial weathered soils were generally considered
to be characterized by negative A'Hg (Zhang
et al., 2013; Yin et al., 2016), which agrees well
with the negative A'”Hg values and lower Hg
concentrations observed in the entire profile of
three drill cores except for a thin horizon in the
upper claystone (Fig. 8). The abrupt Hg-enriched
peaks in the upper claystone layer that occurs
uniformly in all three drill cores are indicative
of excess Hg inputs during the Late Carbonif-
erous, and the corresponding less negative to
zero AHg, marks a rapid increase in volca-
nic Hg input because volcanic Hg is associated
with near-zero A®Hg (Fig. 8; Yin et al., 2016).
Hg concentrations and A'Hg values further
confirm the transformation of bauxite from
previously prepared soils and clays, and also
reveal that volcanic activity was also involved
in the formation of bauxite during the Late Car-
boniferous.
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During the Late Carboniferous, the most
likely place for large-scale volcanic activity in
the NCB is on its northern margin, as exten-
sive 320-300 Ma intrusions occurred along the
northern margin, due to the subduction of the
Paleo-Asian oceanic plate beneath the NCB
(Zhang et al., 2007, 2009; Wang et al., 2018).
Previous studies of detrital zircons from Late
Carboniferous bauxite ore and claystone within
the NCB have also suggested the possibility of
large-scale volcanism along the northern margin
of the NCB, but direct evidence has not yet been
found (Liu et al., 2014; Wang et al., 2018). Iden-
tification of a Hg-enriched horizon in the Late
Carboniferous bauxite and claystone and the
corresponding positive shift in A®Hg in this
study supports the hypothesis of the extensive
development of volcanism along the northern
margin of the NCB during the Late Carbonifer-
ous. Magmas generated during the subduction of
the Paleo-Asian oceanic plate migrated upward,
were emplaced in the middle-upper crust, and
erupted and formed extensive arc volcanoes.

Geological Society of America Bulletin, v. 135, no. 5/6
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The volcanic ash was transported southward by
wind and streams and re-deposited in the karstic
terrain. This is consistent with the widespread
occurrence of 320-300 Ma volcanic zircons in
the bauxite and claystone throughout the NCB
(Liu et al., 2014; Wang et al., 2016; Zhao and
Liu, 2019).

6.3.2. Late Permian Bauxite within the
Youjiang Basin

The high Hg enrichments in the bauxite ore
and claystone in both drill cores are also indica-
tive of excess Hg inputs during the Late Perm-
ian in YB (Fig. 9). The near-zero A*”Hg values
throughout the whole bauxite ore and claystone
in the two drill cores denote volcanic Hg input
during the entire bauxite formation process,
given volcanic Hg has near-zero A*Hg (Zam-
bardi et al., 2009; Yin et al., 2016). In the Late
Permian, the evident and extensive volcanism
surrounding the YB comprised the Emeishan
LIP, generated by a mantle plume (ca. 260 Ma)
(Shellnutt and Zhou, 2007; Deng et al., 2010;
He et al., 2010). Volcanism induced by Paleo-
Pacific subduction may also have influenced the

Geological Society of America Bulletin, v. 135, no. 5/6

formation of bauxite (Wang et al., 2020). Based
on detrital zircon dating and Sr-Nd-Pb isotope
analyses of the bauxite ore, igneous rocks gen-
erated in these eruptions are inferred to be the
major source materials of the bauxite formation
in the YB (Deng et al., 2010; Liu et al., 2017;
Wang et al., 2020). The presence of marked Hg
enrichment and near-zero A'*’Hg values in the
entirety of the bauxite ore and claystone hori-
zons of this study proved that volcanism greatly
affected the land surface and massive volcanic
ashes were also deposited in the YB. Compared
with the Hg-enriched horizon occurring only in
the upper claystone layer, the Hg-enriched hori-
zon throughout the whole bauxite ore and clay-
stone layers denotes the intensity of volcanism
induced by LIP in the YB is far greater than arc
volcanoes along the northern margin of the NCB.

6.4. Intensive and Apace Bauxitization over
the Paleo-Karstic Surface

Previous studies have suggested that dia-
spore-dominant karstic bauxite formed due to
the transformation of early-formed gibbsite-rich
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laterites over subsequent long metamorphic peri-
ods (Temur and Kansun, 2006; Hatipoglu et al.,
2010; Zarasvandi et al., 2012; Mongelli et al.,
2016), because direct precipitation of diaspore
from Al-rich solutions has rarely been observed
at Earth surface conditions (Chesworth, 1978;
Sidibe and Yalcin, 2019). However, there are
several reports of the deposition of diaspore in
karstic bauxite deposits at Earth surface con-
ditions (Laskou and Economou-Eliopoulos,
2007, 2013; Liu et al., 2010, 2013, 2017, 2020;
Sidibe and Yalcin, 2019). This genetic mecha-
nism usually forms large-scale bauxite over the
paleo-karstic surface within a short period of
time. For example, ~5 billion tons of bauxite
ore formed within 20 Ma in the NCB during the
Late Carboniferous (Liu, 2011), and ~1 billion
tons of bauxite ore formed within 10 Ma in the
YB during the Late Permian (Zhang, 2011).
These bauxite deposits are closely related to
extensive volcanism. The Hg compositions and
isotope data obtained in this study, together with
the previous zircon U-Pb dating of bauxite ore
(Wang et al., 2010; Liu et al., 2014; Wang et al.,
2016: Zhao and Liu, 2019), have verified that
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extensive volcanism took place along the north-
ern margin of the NCB in the Late Carbonifer-
ous. This volcanism accelerated the weathering
of long-term accumulated Al-rich remnants via
subsequent surface climate change. The Perm-
ian karstic bauxite deposits in the YB are here

confirmed to be mainly related to the eruption
of the Emeishan LIP, which not only provided
sufficient source material for bauxite formation,
but also accelerated the weathering and dissocia-
tion of source materials (Deng et al., 2010; Liu
et al., 2017).

Based on the achievements of this study,
together with previous studies on the genesis
of bauxite in the NCB and YB by Deng et al.
(2010), Liu et al. (2013, 2017, 2020), Yu et al.
(2016, 2019), and Wang et al. (2016, 2020), vol-
canic effect on the apace and intensified bauxite

YB-type

Acid rain

Volcano!

Bauxite d(iﬁosition

- : Lithospheric mantle
Mantle Plume

EIFerric minerals-bearing
claystone

NCB-type

!Volcano

Bauxite deposition

E Ferrous minerals-bearing
claystone

Figure 12. A conceptual model
diagram illustrating the forma-
tion mechanism of Hg-enriched
bauxite and claystone in the
North China Basin (NCB-type)
and Yongjiang Basin (YB-type)
of China.
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formation process over the paleo-karstic terrain
in the NCB and YB were clarified (Fig. 12).

The conceptual model of Carboniferous baux-
ite in NCB is shown in Figure 12 (i.e., NCB-
type). The accretion of the North Qinling arc
terrane to the southern margin of the NCB dur-
ing the Late Carboniferous induced the north-
ward-dipping topography of the NCB and the
subsequent input of weathered material from
the North Qinling arc terrane to the NCB (Wang
et al., 2016). The subduction of the Paleo-Asian
oceanic plate along the northern margin of NCB
led to its uplift and the concomitant develop-
ments of arc intrusions and volcanoes at Late
Carboniferous (320-300 Ma) (Fig. 12). Weath-
ered materials from the northern margin of NCB
were transported into the interior of NCB (Wang
et al., 2016; Zhao et al., 2021), and the volcanic
ash was also transported southward by wind and
streams and re-deposited in the karstic terrain
(Fig. 12). Extensive arc volcanism subsequent to
the accumulation of long-term weathered rem-
nants resulted in spikes in emissions of carbon
dioxide, methane, sulfur, mercury, and chlorine
(Svensen et al., 2009; Sanei et al., 2012; Black
et al., 2018), together with high Earth surface
temperatures (Joachimski et al., 2012), intense
continental weathering (Sephton et al., 2005;
Algeo and Twitchett, 2010), and acid rain (Wang
et al., 2018), which accelerated the weather-
ing and dissociation of near-surface materials
in acidic and oxidizing conditions throughout
the whole NCB (Fig. 12). Released ions (i.e.,
AP*, Ti*t, and Fe3t) eluviated downward and
encountered alkaline and reducing conditions
near the karstic surface to precipitate diaspore,
anatase, pyrite, siderite, berthierine, and cham-
osite (Laskou and Economou-Eliopoulos, 2013;
Liu et al., 2020). Approximately 5 billion tons of
bauxite ore were formed in the Late Carbonifer-
ous between 320 and 300 Ma.

The conceptual model of Permian bauxite
in YB is shown in Figure 12 (i.e., YB-type).
Western Guangxi was uplifted at the end of the
middle Permian and suffered extensive weather-
ing and karstification; thin Fe-bearing claystone
and/or weathered iron ore were thus formed dur-
ing a transient period (Fig. 4B; He et al., 2010;
Liu et al., 2017). At ca. 260 Ma, the eruption of
the Emeishan LIP resulted in volcanic lava and
ash covering or infilling the paleo-karstic surface
(Yuetal., 2019). Volcanism related to the Paleo-
Pacific subduction also provided a certain source
of material (Wang et al., 2020). Volcanic erup-
tions during this period dramatically changed
the surface environment. Under strong acidic
conditions and extensive bacterial and microbial
activity, previously formed Fe-bearing claystone
as well as volcanic lava and ash were completely
weathered and decomposed. Subsequently, with
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the rise of groundwater, an alkaline and strong
reducing karstic environment appeared on the
surface of Maokou limestone, forming a large
amount of diaspore, pyrite, diabase, amesite,
and anatase (Liu et al., 2017). Due to intense
weathering induced by volcanic activity, the
bauxite ore directly covered the Maokou lime-
stone karstic surface in most areas (Liu et al.,
2017; Figs. 4A and 4D), abundant rare earth
element fluorocarbonates (such as parisite and
bastnésite) also precipitated near the karstic sur-
face (Liu et al., 2016). Approximately one bil-
lion tons of bauxite ore were formed between
260 and 250 Ma.

Despite the Carboniferous karstic bauxite
in the NCB and the Permian karstic bauxite in
YB being formed in different tectonic units and
times, they share a similar formation mechanism.
Karstic bauxite deposits of this genetic mecha-
nism commonly share the following attributes:
(1) they are closely related to contemporane-
ous volcanism; (2) they require an alkaline and
reducing karstic environment for precipitation of
diaspore near the surface; (3) microorganisms
are widely preserved and play an important role
in the bauxite formation process (Laskou and
Economou-Eliopoulos, 2013; Liu et al., 2017,
2020). Volcanic eruptions along the northern
margin of NCB caused rapid bauxitization of
the long-term weathered Al-rich materials in the
whole basin, while volcanism around the YB
led to short-term weathering and apace baux-
itization. This study clarifies the volcanic effect
on the intensified and apace bauxitization over
the paleo-karstic surface and updates the under-
standing of the genesis of global karstic bauxite.

7. CONCLUSIONS

Mineral assemblages in bauxite ore of the
NCB (i.e., diaspore, pyrite, anatase, siderite,
berthierine, and chamosite) and YB (i.e., dia-
spore, pyrite, chamosite, amesite, anatase,
bastnisite, and parisite) confirm that they were
deposited in alkaline and reducing Kkarstic
environments.

From all three drill cores in the Xinxian deposit
in NCB, Hg in the bauxite ore and claystone
here was mainly adsorbed by the clay minerals.
Marked Hg enrichment peaks and corresponding
near-zero A'”Hg in the upper claystone indicate
that extensive volcanism immediately affected
the land surface of the NCB subsequent to the
deposition of long-term weathered Al-rich rem-
nants during Late Carboniferous; this volcanism
occurring along the northern margin of the NCB
led to apace bauxitization of the prepared Al-rich
remnants in the whole NCB.

In the YB, the host phase of Hg in the baux-
ite ore and claystone at Gaoji is variable. Strong
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Hg enrichment and uniform near-zero A'*Hg
throughout bauxite ore and claystone layers con-
firm that volcanism was involved in the entire
bauxite formation; this volcanism associated
with the Emeishan LIP and contemporaneous
arc system resulted in short-term weathering and
apace bauxitization in the YB.

Volcanism is approved to cause intensified
and apace bauxitization over the paleo-karstic
surface. It can accelerate the weathering and
dissolution of parent rocks by changing the
surface environment. Released ions (i.e., AP+,
Ti*t, Fe3*, REE*t) eluviated downward and
encountered alkaline and reducing conditions
near the carbonate barrier, forming large-scale
bauxite ores.
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