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ARTICLE INFO ABSTRACT

Keywords: A total of 159 coal samples from different regions, periods and ranks across China were systematically analyzed
Coa.l for antimony (Sb) isotopic composition (9123Sb), trace element contents and total sulfur content (TS) in this
Antimony isotopes study. Here, we discuss the origin of Sb in coal from different regions of China. Antimony in coal from SW and NE
gz:iﬁzg;‘iu;ier China is primarily of hydrothermal fluid and leachate origins, respectively. In comparison, Sb in northern Chi-
Isotopic fractionation nese coal mainly comes from terrigenous materials and hydrothermal fluid. Antimony in coal from NW China
Trace elements may be influenced by the superposition of hydrothermal activity and leaching solution. Inorganic minerals (e.g.,
sulfide) and organic matter in coal are the determining factors for Sb enrichment in coal. The Sb isotopic
fingerprint of Chinese coal is 2.46 + 1.01 & (weighted mean + 1 SD, ranging from —4.45 to +9.72 €). Accord-
ingly, the isotopic composition of Sb in coal has great potential not only for researching Sb isotope fractionation
in hydrothermal systems but also for tracing Sb release and transport in the supergene eco-environment.
Furthermore, the establishment of Sb isotopic fingerprint for coal could largely reduce the uncertainty in the

application of Sb isotope methods.

1. Introduction

Antimony (Sb) is a metalloid that has been listed as a strategic
resource by many countries or international organizations due to its
indispensable industrial applications (Krenev et al., 2015). On the other
hand, Sb pollution has posed a serious threat to the supergene ecosystem
(Filella et al., 2002; He et al., 2019; He et al., 2012). Global atmospheric
Sb emissions from coal combustion accounted for 73.4% (803 tons) of
the total anthropogenic atmospheric Sb emissions in 2010 (Tian et al.,
2014). According to projections from current environmental protection
laws, even by 2050, atmospheric Sb emissions from coal combustion will
still account for 29.6% (447 tons) of China’s total anthropogenic at-
mospheric Sb emissions. (Zhou et al., 2015). China is the world’s largest
producer and consumer of coal, and coal production and consumption
were responsible for 47.6% and 52.9% of global coal production and
consumption in 2019, respectively (BP, 2020; Nation Bureau of Statistics
of China, 2021). In addition, there is Sb-rich coal in several regions of
China with a higher potential environmental risk. For instance, the total
Sb content (TSb) in some coals from Xingren, Guizhou (up to 3,860 mg/
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kg) (Dai et al., 2006), Shengli Coalfield, Inner Mongolia (up to 348 mg/
kg) (Qi et al., 2007), and Baise, Guangxi (up to 77 mg/kg) (Yan et al.,
2019) are at least 2 orders of magnitude higher than the average TSb in
coal nationwide (0.84 mg/kg) (Dai et al., 2012a) and worldwide
(0.84-1.00 mg/kg) (Ketris and Yudovich, 2009).

Trace elements in coal provide geologic information about the
sedimentary environment and tectonic history, as they are geochemi-
cally characterized by the accumulation of terrigenous materials and
coal-forming plants, as well as the interaction between regional hydro-
thermal fluid and leaching processes (Dai et al., 2021; Dai et al., 2012a).
In the case of Sb in coal, previous studies have mostly noted the spatial
distribution of Sb content and the way in which Sb occurs in coal.
Namely, these are directly related to the environmental risks caused by
the release of Sb during coal combustion (Dai et al., 2021; Dai et al.,
2020; Qi et al., 2008). Nonetheless, comprehensively understanding the
occurrence mode of Sb in coal is still challenging today, since the re-
covery of total Sb from coal with chemical extraction never exceeded
70% (Finkelman et al., 2018). Studies of the Sb origin could provide a
better understanding of the occurrence mode of Sb in coal (Dai et al.,
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2012a). Song et al. (2018) reported that Sb in coal from the Laoheishan
Basin, Heilongjiang, NE China, is predominantly present in pyrite and
that sedimentary input could be the source. Antimony in coal from the
Shengli Coalfield, Inner Mongolia, N China, is also associated with py-
rite, and its origin seems related to hydrothermal activity (Dai et al.,
2012b) and leaching solution (Qi et al., 2007). In comparison, Sb in coal
from Shimenkan, Xingren, Guizhou, SW China is derived from low-
temperature hydrothermal fluid (Dai et al., 2006). In Ge-rich coal
from the Pavlovka brown coal deposit, Khankai Massif, Russia, Sb is
mainly bound to organic matter, which is associated with a mixed so-
lution of groundwater and volcanic hydrothermal fluid (Seredin, 2003).
Antimony in coal from Balingian, Sarawak, Malaysia is linked to
mineralized terrigenous materials (Sia and Abdullah, 2012). The
aforementioned studies are mainly based on petrography observations
or element content characteristics in coal. More direct evidence is
essential to elucidate the origin of Sb in coal (Dai et al., 2005; Qi et al.,
2008; Qi et al., 2007; Seredin, 2003; Sia and Abdullah, 2012; Song et al.,
2018). Nevertheless, comprehensive investigations concerning the
source of Sb in coal are lacking to date to draw any solid conclusion.
Therefore, it is necessary to use more reliable methods and direct evi-
dence to comprehensively constrain the origin of Sb in Chinese coal.

Non-traditional stable isotopes are widely used in geology, envi-
ronmental science and other fields because of their significant diversity
in different natural media and unique fingerprints (Teng et al., 2017).
The application of non-traditional stable isotopes to coal includes the
study of the origin of elements, revealing the geochemical processes
involved in the formation of coal, and tracing sources of pollutants. For
example, the isotopic composition of mercury (Hg) in coal has been
shown to be a powerful indicator for revealing the source of Hg in coal,
inferring the process of coalification and tracking Hg pollution from coal
combustion (Sun et al., 2014; Sun et al., 2016; Yin et al., 2014). Stron-
tium (Sr) isotopes not only reveal the mode of formation of the coal-
hosted germanium (Ge) deposit but also provide an indication for the
hydrological pathways of the mineralizing fluid (Liu et al., 2021a; Spiro
et al., 2019).

Antimony has two stable isotopes, 121gh (57.21%) and '23Sb
(42.79%). The high-precision measurement of Sb isotopes has recently
been achieved based on the use of multiple-collector inductively coupled
plasma-mass spectrometry (MC-ICP-MS). Additionally, Sb isotope
methods have potential applications in a variety of geological and
environmental contexts (Liu et al., 2021a; Sun et al., 2021). For instance,
Sb isotopes have been used to reveal the origin and formation mecha-
nism of metallogenetic elements in mineralization (Wang et al., 2021;
Zhai et al., 2021). Moreover, different degrees of Sb isotope fraction-
ation have been evidenced in the natural redox reactions, mineral
adsorption and precipitation of hydrothermal fluid. (Rouxel et al., 2003;
Zhai et al., 2021; Zhou et al., 2022). Since coal is an important host for
geological records and a major source of anthropogenic Sb emissions, it
is crucial to accurately determine the Sb isotopic fingerprint of coal to
reveal the geological Sb origin and trace environmental Sb.

China is rich in coal resources, and coal-forming basins are widely
distributed, covering SW, NE, N, and NW China. Based on the coal ge-
ology and coalfield distribution in China, six major coal-forming periods
have been classified (Ren et al., 2006), including late Carboniferous and
Early Permian (Cy-P;), Late Permian (P3), Late Triassic (T3), Early and
Middle Jurassic (J1_3), Late Jurassic and Early Cretaceous (J3-K;), and
Paleogene and Neogene (E-N). In addition, there are differences in the
coal-forming environment in China. The coal in P, from SW China was
formed in a restricted carbonate platform and influenced by seawater
(Dai et al., 2013; Shao et al., 1998). While, the coal from other regions in
China was formed in the continental environment, such as lakes, deltas
and alluvial fans (China National Administration of Coal Geology, 2016;
Li et al., 2017). The spatial and temporal variation in Chinese coals
encompasses the possible diversity of Sb sources in coal, which facili-
tates a more comprehensive understanding of the environmental
geochemistry of Sb in coal. In the present study, we systematically
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collected coal samples from major coal-forming basins across China,
analyzed TSb, Sb isotopic compositions, major and trace element con-
tents, TS, and ash yields in coal, and integrated petrographic charac-
teristics and isotopic data of Hg and S (A'?’Hg and §4S) in coal to reveal
the origin of Sb in coal by region. At the same time, a database of the Sb
isotopic fingerprint of coal in China has been established to provide
basic data support for tracing geological Sb sources and environmental
Sb pollutants.

2. Methodology
2.1. Sample collection and analysis

In this study, 159 coal samples were collected from 16 different coal-
producing provinces, one sample from each site, covering almost all
large coal-forming basins in China (Fig. S1). In addition, the regional
differences in coal reserves and TSb in coal are fully considered in
determining the distribution of sample sizes to reduce uncertainty in the
results. For example, more samples were collected from provinces with
large coal reserves or with high rates of Sb anomalies in coal. Stockpile
random sampling and loader random sampling were used to collect coal
samples from the bunkers. For coal mine sampling, we took twenty
subsamples of fresh coal and mixed them together to make one valid
sample. The basis for the selection of sampling sites, the distribution of
the number of different areas and detailed sampling methods are shown
in the Supporting Information (SI) and Table S1. The coal samples were
air-dried, ground (< 0.150 mm) by vibratory disc mills, and stored in
polyethylene self-sealing bags for preservation.

All reagents used in the experiment and relevant information are
listed in Table S2. The total sulfur content (TS) of the coal samples was
measured using an automatic sulfur analyzer (ASA, LC-S-700, Lichen
Technology, China) based on the coulometric titration method (GB/
T214-2007, 2007), which is detailed in SI. The analysis of ash yield and
coal rank classification are based on the American Society of Testing
Materials (ASTM) method (ASTM, 2020, 2021). The coal samples were
digested with customized high-pressure bombs following the modified
processes reported in Zhu et al. (2018) and Wu et al. (2020). Total Sb in
the digestion solution was determined using hydride generation-atomic
fluorescence spectrometry (HG-AFS, AFS-8520, Beijing Haiguang,
China) with a detection limit of 0.05 ng/mL. Information regarding the
digestion and analysis is detailed in the SI. The major and trace elements
in the digestion solution were quantified using ICP-OES (Wasst-mpx,
USA) and ICP-MS (Agilent 7500, USA), respectively. According to Sun
et al. (2021), the digestion solution was pretreated for Sb isotopic
analysis with MC-ICP-MS using a two-step chromatographic purifica-
tion process (detailed in SI (Table S3)). The antimony isotopic compo-
sition of the samples is reported as €'23Sb in per mil (e):

(‘23Sb/'2]Sb>

sample 1

(‘23Sb/me>

standard

e!BSb = x 10,000 1)

Antimony-containing solution produced by the National Institute of
Standards and Technology, U.S. (NIST SRM 3102a) was chosen as the
reference standard for Sb isotopic analysis. The sample-standard
bracketing method and element doping (SSB-ED) were used to control
instrumental error, with an accuracy of 0.4 ¢ (2SD).

2.2. Quality assurance and quality control

The experimental conditions and processing of experimental mate-
rials are described in detail in the SI. In the case of TS, certified reference
materials (CRM) of anthracite (GSB06-3345-2006 [ZBM123]) and
bituminous coal (GBW 11108 L) were used, with recoveries of TS from
the aforementioned CRM between 96-102 %. Certified reference ma-
terial of bituminous coal (NIST SRM 1632d) and duplicate and blank
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samples were used for quality assurance and quality control during the
digestion process. The recoveries of Sb from the CRM and duplicate
samples ranged from 94 to 102 %. The TSb in the blank samples was
below the detection limit of HG-AFS (0.05 ng/mL). The recoveries of
other trace elements in CRM ranged between 90-115 %. For Sb isotopic
analysis, the digestion solution of NIST SRM 1632d and the Sb standard
solution from SPEX Certiprep (IGCAS-SPEX) were processed by chro-
matographic purification and then measured with MC-ICP-MS. The
antimony isotopic composition of CRM in this study is in good agree-
ment with the published data (Table S4) (Sun et al., 2021).

3. Results and discussion
3.1. Geochemistry of coals

In 159 coal samples in this study, the TS ranges from 0.10 to 8.12 %
(Table S1). Coal from SW China has a higher TS than that from the other
regions (Fig. S2). The TSb ranges from 0.08 to 4.51 mg/kg (Figs. 1a and
Table S1), with a lognormal distribution (Fig. S3a). The arithmetic mean
and median of TSb were 0.66 + 0.74 mg/kg (mean =+ standard deviation
[1SD], N = 159) and 0.42 + 0.47 mg/kg (median + median absolute
deviation, N = 159), respectively. To reduce the impact of regional TSb
differences and more accurately assess the overall TSb in coal from
China, we calculated the weighted average of TSb using coal reserves in
each Chinese province (Eq. S1, Table S5). The weighted mean of TSb in
coal from China is 0.66 + 0.65 mg/kg (1SD). Compared with TSb in coal
worldwide and the Clarke value of geological samples shown in
Table S6, TSb in this study is slightly lower than that in coal worldwide
(0.92 mg/kg) and from China (0.71-1.30 mg/kg) published previously
(Bai et al., 2007; Dai et al., 2012a; Ketris and Yudovich, 2009; Ren et al.,
2006; Tang and Huang, 2004). As a sediment rock, coal from China has
more enriched TSb relative to the upper continental crust (UCC, 0.2 mg/
kg) (Taylor and McLennan, 1995). Nevertheless, its TSb is lower than
that of sedimentary rock (1.2 mg/kg) (Ronov et al., 1990). The value of
¢'23Sh in the analyzed coal exhibits a normal distribution based on the
Shapiro-Wilk normality test with an arithmetic mean of 2.47 + 1.58 ¢
(1SD, N =159) and a range of —4.45 to +9.72 ¢ (Fig. S3b). This indicates
strong isotopic fractionation (14.17 €) between coal from different re-
gions in China. Based on Eq. S2 in the SI, the weighted mean of ¢'23Sb in
Chinese coal is 2.46 + 1.01 ¢ (1SD, Table S5).
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3.2. Effects of periods, coal ranks, and spatial distribution

With respect to the different coal-forming periods (Fig. 2a), TSb in
coal from J3-K; (0.90 + 0.97 mg/kg, 1SD) and P5 (0.55 + 0.57 mg/kg,
1SD) is significantly higher (p < 0.01, t-test) than that from J;_5 (0.37 +
0.45 mg/kg, 1SD), E-N (0.37 + 0.16 mg/kg, 1SD), and Cp—P; (0.28 +
0.17 mg/kg, 1SD). However, there is no significant difference (p > 0.05,
t-test) between the £'23Sb in coal from Cy-P1 (2.75 + 1.08 ¢, 1SD), J1_»
(2.63 + 0.97 ¢, 1SD), J3-K; (2.95 + 0.72 ¢, 1SD), and E-N (2.31 + 0.66
¢, 1SD). The £23Sb of coal in P, is more negative (1.87 + 2.37 ¢, 1SD, p
< 0.05, t-test) than that of coal in other periods, which is related to the
large negative fluctuation of £!23Sb in P, coal from Guizhou Province
(Fig. 1b).

In this study, anthracites and bituminous coals are observed in Co-Py,
P,, and J;1_p, whereas subbituminous coals and lignites are found in all
coal-forming periods (C2-P1, Pa, J1_2, J3-Kj, and E-N, Table S1), which
is in line with the trend of increasing coal maturity over time (China
National Administration of Coal Geology, 2016). In anthracites, TSb
(0.25 + 0.35 mg/kg, 1SD) is significantly lower (p < 0.01, t-test) than in
bituminous coals (0.41 + 0.60 mg/kg, 1SD), subbituminous coals (0.49
+ 0.46 mg/kg, 1SD), and lignites (0.47 + 0.31 mg/kg, 1SD), suggesting
that anthracites with a high maturity may contain fewer impurities than
other coal types (Fig. 2b). However, the difference in £'2°Sb between
different coal ranks is insignificant (p > 0.05, t-test).

The antimony isotopic composition and TSb in coal from different
regions of China vary significantly (Figs. 1 and 3). Based on TSb, £'23sb,
TS, and coal-formation periods in this study, four distinct regions can be
categorized: SW China (region A), NE China (region B), N China (region
C), and NW China (region D). SW China mainly comprises P coal, with
high TSb (0.82 + 0.88 mg/kg, 1SD, maximum of 4.51 mg/kg), a wide
range of £!23Sb (—4.45 to +9.72 ¢), and high TS (3.15 + 2.10 %, 1SD).
NE China has a long coal-forming period, including Co-P1, J1 3, J3-Kj,
and E-N. Coal from this region also has high TSb (0.84 + 0.90 mg/kg,
1SD, maximum of 4.14 mg/kg), but TS is only 0.66 + 0.48 % (1SD) and
'235b is 2.57 + 0.85 ¢ (1SD, ranging from —0.21 to +4.23 ¢). The coal-
forming periods in N and NW China are Cp-P; and J;_5, respectively.
They have similar low TSb (0.42 + 0.22 mg/kg for N China, 0.48 + 0.56
mg/kg for NW China, 1SD), low TS (1.01 + 1.28 % for N China, 0.84 +
0.85 % for NW China, 1SD), and narrow £1235b values (2.65 + 1.15 ¢ for
N China, ranging from 0.47 to 6.87 ¢; 2.77 + 0.93 & for NW China,
ranging from 0.67 to 6.64 ¢) (Figs. 1, 3 and S2).

Coal from SW China and NE China can be distinguished from coal
from N China and NW China (Fig. 4). SW and NE China both have coal
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Fig. 1. (a) The total antimony content (TSb) and (b) €'23Sb in coal from different regions in China. TSb and £123Sb are represented as circles of different sizes.
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outliers. The mean value is shown as a square symbol.

with higher TSb (p < 0.01, t-test). In particular, SW China has a wider
range of €123Sb (—4.45 to +9.72 ¢). Based on the concentration coeffi-
cient (CC) of Sb in coal (Dai et al., 2012a; Ketris and Yudovich, 2009),
the enrichment of Sb occurred in coal from SW and NE China, formed in
P2, J1_s, and J3-K;, and ranked as bituminous and subbituminous coal
(Fig. S4). Thus, the Sb-rich coal can be divided into P5 coal from SW
China and J1-K; coal from NE China.

3.3. Origin of Sb in coal

There are significant regional differences in the coal-forming periods
and depositional environments of Chinese coal (Li et al., 2017), as re-
flected in the geochemical characteristics of the coal (such as TSb, Sb
isotopic composition, and TS). This further suggests that the different
sources of Sb in coal vary from region to region. Therefore, the origins of
Sb in Chinese coal are discussed separately on an aforementioned
regional basis, i.e., SW China (region A), NE China (region B), N China
(region C), and NW China (region D) (Fig. 1). In this study, the sedi-
mentary environment, petrographic characteristics, isotopic composi-
tion, element content and previous studies of coal are comprehensively
integrated to discuss and constrain the origin of Sb in coal from China.
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3.3.1. Southwestern China (region A)

The coal-forming environment of P, in SW China is different from
that in other regions due to strong marine influences (China National
Administration of Coal Geology, 2016; Dai et al., 2013; Li et al., 2017;
Shao et al., 1998), so the ocean could be one of the sources of Sb in coal.
However, a marine source of Sb in sedimentary periods of coal could be
ruled out according to (1) the sea water has a narrow range of £1233b (no
significant difference based on mean + 1SD for the surface [4.40 & 0.40
€] and the deep [4.28 + 0.47 €] ocean), which is significantly different
from the wide range of £123Sb in coal from SW China (—4.45 to +9.72 ¢);
and (2) the even and low TSb in sea water (0.16-0.17 ng/mL) is not
conducive to the formation of Sb-rich coal in this area (Cutter and
Cutter, 1998; Rouxel et al., 2003). On the basis of Sb isotopic compo-
sition, hydrothermal fluid may be the source of Sb in coal. Namely,
€123Sb in coal from SW China (—4.45 to +9.72 ¢) is similar to that in ore-
forming hydrothermal fluid (—2.7 to +8.6 &) (Zhai et al., 2021). Black
shale, which is widely distributed in SW China, contains a large quantity
of trace elements (TSb = 1.0 to 34.3 mg/kg) (Zhang et al., 2020). The
black shale provides the material basis for Sb enrichment in hydro-
thermal fluid, leading to the formation of Sb mines in Guizhou Province
during the post-sedimentary period of coal, such as the Qinglong and
Dushan Sb mines (Hu et al., 2020; Zhang et al., 2020). Coincidentally,
the Sb-rich coal has good geographical overlap with the Qinglong Sb
mine (Fig. S5). Epigenetic pyrite is additional evidence indicating that
coal underwent hydrothermal activity (Fig. S6a) (Liu et al., 2021a). In
addition, the Hg mass-independent fractionation (MIF) in coal affected
by hydrothermal fluid has a characteristic A'°Hg ~ 0 %o because there
is no photoreduction process that can lead to MIF (Sun et al., 2014). The
A'Hg in coal from Guizhou, Sichuan, and Chongging is ~0 %o
(Fig. 5a), indicating that the coal from SW China was affected by hy-
drothermal fluid (Biswas et al., 2008; Sun et al., 2014; Yin et al., 2014).
For the trace elements, TSb correlates significantly and positively with
the arsenic (As) content in coal from SW China (R2 =0.86,p < 0.01, t-
test) but with a stronger correlation (R? = 0.95) in coal specifically from
Guizhou Province (Fig. 6a). The As content of the low-rank coals is
considerably lower than that in bituminous coal, indicating that epige-
netic As accounts for the main part (Finkelman et al., 2018). The ma-
jority of As exists in the form of sulfide (arsenopyrite) in coal and was
introduced to the coal by hydrothermal fluid in the postsedimentary
period (Dai et al., 2021; Finkelman et al., 2018; Tian et al., 2015; Zheng
et al., 1999). Dai et al. (2006) also reported that Sb in coal seams from
the Guizhou region mainly originates from Sb-rich low-temperature
hydrothermal fluid.

The sulfide mineral in coal is considered one of the most important
factors controlling Sb in coal (Dai et al., 2021; Finkelman et al., 2018),
and TS in coal from SW China is significantly higher than that in coal
deposited in terrestrial environments from the other three regions
(Fig. S2) (Li et al., 2017). Although a weak correlation between TS and
TSb is observed in coal from SW China (R?> = 0.02, p = 0.19, t-test,
Fig. S7), significant correlations are seen between TSb/TS x 10,000 and
TSb (Fig. 7a). Moreover, the regression slope differs notably between
high-sulfur coal (TS > 2%, R? = 0.86, p < 0.01, t-test) and non-
high-sulfur coal (TS < 2%, R? = 0.46, p < 0.01, t-test) (Fig. 7a). In
addition, a wide range of e123Sb (—4.45 to +9.72 ¢) is also observed in
coal with a high TS from Py (Fig. 7b), mirroring that sulfur may be one of
the important factors controlling TSb in coal from SW China. The
intervention of seawater is more conducive to the enrichment of sulfur
in coal because sulfate in seawater was reduced to H,S under the action
of microorganisms in the sediment (Berner, 1984). The reducing envi-
ronment caused by seawater also benefits the formation of Fe?*, which
promotes the formation of pyrite in sediments (Chou, 2012; Hu et al.,
2005; Tang et al., 2000). The transgression during the coal-forming
period resulted in 53*S in coal being close to that of the sulfide in ma-
rine sediment (6345 = —22 to +10 %o), which is related to the prefer-
ential reduction of light sulfur isotopes by microorganisms, leading to
more negative 5>*S (=50 to 420 %o) (Nehlich, 2015; Seal, 2006; Xiao
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Fig. 3. Variations of (a) TSb and (b) €123Sb in coal categorized on the basis of geographic location (region A, SW China; B, NE China; C, N China; and D, NW China).
The box shows the central 50 % (25th-75th percentile) data with the median (50th percentile) value shown as the horizontal line inside the box. The box height
(difference between the lower and upper quartiles) is defined as the interquartile range (IQR). The whisker represents the range of —1.5 IQR to +1.5 IQR, and data

outside of this range are outliers. The mean value is shown as a square symbol.
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Fig. 4. Discrimination diagram of TSb vs. £'2°Sb for Chinese coal based on the
coal spatial distribution (ellipses are plotted based on the range of 95 % con-
fidence intervals).

and Liu, 2011). Coal from SW China (6%*S = —7.52 + 2.46 %o for
Guizhou, 1SD, N =18; 534S ~ 0 %o for Sichuan, Chongqging, and Yunnan)
has a significantly lighter §*S than coal formed in continental envi-
ronments from other Chinese regions (Fig. 5b) (Hong et al., 1992; Xiao
etal., 2011). In addition, the §3*S in coal from SW China is similar to that
in sulfides in marine sediments (Fig. 5b). In particular, the 534S in coal
from Guizhou Province, which has the largest coal reserve and the
highest TS in coal from SW China, is lower than the 5*S of plants (5>4S
= —1.5%0) and hydrothermal sulfide deposits (most 5%*S > 0%o) (Seal,
2006; Tryst and Fry, 1992; Zhang and Gu, 1996). Therefore, the §3*S in
coal proves that seawater is the major source of sulfur in coal from SW
China. Since sulfur occurs mainly as pyrite in sulfur-rich coal from China

(Ni, 1997; Xiao and Liu, 2011), most sulfides found in sulfur-rich coal
from SW China are supposed to be pyrite. Petrographic and mineral-
ogical studies of coal indicated that pyrite in coal formed under the in-
fluence of seawater is mainly in the form of granular and framboidal
particles (Tang et al., 2000). Most of the pyrite in coal from SW China
has been found in the form of individual particles or framboidal particles
(Fig. S6b, ¢, d), indicating that pyrite in coal from SW China was formed
during the sedimentary period of coal (i.e., P3) (Dai et al., 2015b; Liu
etal., 2021a; Xie et al., 2016), which is earlier than the activity period of
regional Sb-bearing hydrothermal fluid (the hydrothermal Sb deposits in
South China were formed in 93-148 Ma in the Mesozoic) (Peng et al.,
2003; Zhang et al., 2020). Antimony easily forms covalent bonds with
sulfur due to its electronic layer structure, which leads to the strong
affinity between Sb and sulfide in geochemical processes (White, 2013).
Fissure-filled stibnite was observed in Sb-rich coal by SEM, which in-
dicates that the Sb in coal is of epigenetic hydrothermal origin (Karayigit
et al., 2000). Antimony in coal is generally present in the solid solution
of pyrite and other accessory sulfide minerals (e.g., stibnite and getch-
ellite) (Dai et al., 2021; Dai et al., 2006; Finkelman, 1994). Therefore, it
is possible that Sb in the hydrothermal fluid was fixed by the sulfide in
coal during the post-sedimentary periods of coal. Moreover, this genetic
model is also consistent with the weak correlation between TSb and TS
(Fig. S7). Such a correlation could become insignificant in high-sulfur
coal without the influence of the regional Sb-bearing hydrothermal
fluid. These two correlations based on TS in coal (Fig. 7a) suggest that
sulfur enrichment is a prerequisite for the formation of Sb-rich coals.
Accordingly, we propose that the origin of Sb in coal from SW China is
Sb-bearing hydrothermal fluid, which was immobilized by syngeneic
sulfides (pyrite) in coal during the postsedimentary period (Fig. 8a). The
hydrothermal fluid origin of Sb in coal from SW China is further
confirmed by the similar range of Sb isotopic composition (e'23Sb =
—4.45 to +9.72 ¢) in coal to that in hydrothermal fluid (8123Sb =-27to
+8.6 ¢) but differs from that in sea water (¢'22Sb = 4.40 + 0.40 ¢).

3.3.2. Northeastern China (region B)
The small range of e123Sb (—0.21 to +4.23 ¢) and the negative
A'Hg (ranging from —0.05 %o to —0.24 %o, Fig. 5a) rule out the
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occurrence of hydrothermal Sb in coal from NE China (Sun et al., 2014).
In terms of trace elements, TSb significantly correlates with germanium
(Ge) contents in coal from NE China (R? = 0.57, p < 0.01, t-test) and
from Inner Mongolia (R? = 0.80) (Fi g. 6b). Germanium is not incorpo-
rated in the minerals in coal, but ~100% is associated with organic
matter (Dai et al., 2021). In NE China, Ge-rich coal seams have been
identified. The enrichment of Ge in coal has been found to be associated
with granites in the vicinity of these seams, where Ge was leached out by
atmospheric precipitation and entered the coal (Dai et al., 2015a; Liu
et al.,, 2021b). Similar to Ge, Sb can also be leached from Sb-bearing
geological bodies and then enriched in coal via adsorption (Karayigit
et al., 2017; Qi et al., 2007; Seredin, 2003). Coal is a strong sorbent
because it contains large amounts of organic matter, Fe-Mn oxides, clay
minerals, etc., effectively trapping Sb from the leaching solution (Fin-
kelman et al., 2019; He et al., 2019; He et al., 2012). In addition,
framboidal pyrite was observed in coal from Inner Mongolia (Fig. S6e, f).
Continental coal may contain syngenetic pyrite through the supply of
sulfate from subsurface/surface water (Kortenski and Kostova, 1996;

Siavalas et al., 2009), reflecting the potential influence of continental
water on trace elements in coal from NE China. The same sources of Sb
and Ge in coal have been widely reported (Qi et al., 2007; Seredin,
2003). Qi et al. (2007) compared the major and trace elements in Ge-
bearing coal vs. sandstone and lignite in Inner Mongolia and
concluded that >90 % of Sb in coal was transferred into the coal seam by
leaching solution. There is also a significant correlation (R? = 0.9) be-
tween Ge and Sb in coal from the Khankai Massif, Russia, and their
occurrence is mainly associated with organic matter in coal. Their
occurrence in coal is linked to the circulation of mixed solutions of
groundwater and volcanic hydrothermal fluid (Seredin, 2003). In sum-
mary, Sb in coal from NE China is mainly enriched from regional Sb-
bearing leaching solutions by adsorption processes (Fig. 8b).

3.3.3. Northern China (region C)

Coal from N China was mainly formed in the continental environ-
ment during Cp—P; (China National Administration of Coal Geology,
2016; Li et al., 2017). The TSb significantly correlates with ash yield (R
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=0.33, p < 0.01, t-test, Fig. S8a) and titanium (Ti) content R%= 0.28,p
< 0.01, t-test, Fig. S8b) in coal. The lithophile element Ti in coal is
mainly bound to silicates, which are contributed by terrigenous material
such as ash in coal (Dai et al., 2021; Finkelman et al., 2018). In addition,
vanadium (V) is mainly related to clay in coal, and its content also
positively correlates with TSb in Co—P; coal R? = 0.51, p < 0.01, t-test,
Fig. S8¢c) (Dai et al., 2021). Together, these results indicate that terrig-
enous material is a source of Sb in coal from N China. The TSb also
correlates positively with zinc (Zn) content R%= 0.42, p < 0.01, t-test)
and As content (R? = 0.50, p < 0.01, t-test) in Co—P; coal (Fig. S8d, e).
Similar to the other chalcophile elements (e.g., As), the content of Zn is
also higher in the bituminous coals than in the low ranked coal, indi-
cating that the geological process in postsedimentary periods plays a
leading role in the occurrence of Zn in coal (Finkelman et al., 2018).
Both Zn and As mainly exist in the form of sulfides (sphalerite and
arsenopyrite) in coal, which are related to hydrothermal fluid (Dai et al.,
2021; Finkelman et al., 2018). In addition, the circum-zero A199Hg
(Fig. 5a) also indicates that hydrothermal fluid affected the Co—P; coal
from N China (Sun et al., 2014). However, the relatively stable North
China Craton and non-Sb-rich hydrothermal activity resulted in a TSb of
only 0.42 + 0.22 mg/kg (1SD) in coal (Mao et al., 2005), which is
obviously different from SW China (region A). This indicates that it is

difficult to form Sb-rich coal without Sb-bearing geological bodies to
supply Sb to hydrothermal fluid. In conclusion, the origins of Sb in coal
from N China are terrigenous materials and hydrothermal fluid.

3.3.4. Northwestern China (region D)

Coal from NW China was mainly formed in inland lake basins during
Ji_2 (Lietal., 2017). The TSb in coal positively correlates with TS R?=
0.20, p < 0.05, t-test, Fig. S9a) and thallium (T1) content (R2 =0.59,p <
0.01, t-test, Fig. SOb) in this region. Thallium in coal has been confirmed
to be dominantly associated with sulfides (mainly pyrite) (Dai et al.,
2021). Sulfur mainly occurs in the form of pyrite in coal from NW China
(Li et al., 2012). Framboidal and veined pyrites filled in fissures were
both observed in coal from NW China (Fig. S6g-j) (Liu et al., 2017; Zhou
et al., 2018). Petrography of pyrite indicates that coal from NW China
may face superimposed impacts of the hydrothermal fluid and leaching
solution. The mixing of leaching solution may cause a negative A'°°Hg
in coal (Fig. 5a) (Sun et al., 2014). In addition, the significant correlation
between TSb and Ge content (R?> = 0.69, p < 0.01, t-test) in J;_3 coal
(Fig. S9c) also supports the leachate as the source of Sb. Accordingly, the
origin of Sb in coal from NW China could be possible superposition of the
leaching solution and hydrothermal fluid.
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4. Geochemical and environmental significance

The value of £!23Sb in samples with high-temperature geological
processes could have a span of 18 ¢ for stibnite (—2.7 to +8.6 €) and 11.3
¢ for hydrothermal sulfides (—2.2 to +15.8 €) (Rouxel et al., 2003; Zhai
et al., 2021), which are significantly larger than those in low-
temperature supergene samples (3.0 ¢ for soil, 1.8 ¢ for stream sedi-
ment, 1.8 ¢ for marine sediment, and 1.7 ¢ for seawater, Fig. 9) (Rouxel
etal., 2003; Sun et al., 2021). In this study, the coal from SW (14.17 €), N
(5.97 ¢), and NW China (6.40 €) was affected by hydrothermal fluids to
varying degrees. In comparison, the influence of hydrothermal fluid on
the coal from NE China (4.44 €) was small. Consequently, the range of Sb
isotopic composition of the coal could be a criterion to reveal the po-
tential influence of hydrothermal influence. The Sb isotopic composition
in stibnite indicates that Sb isotopic fractionation in hydrothermal fluid
occurs during mineral precipitation and redox reactions (Wang et al.,
2021; Zhai et al., 2021). Similarly, a wide span of £123sb values induced
by hydrothermal fluid has also been recorded in coal from SW China,
which may facilitate future studies of Sb isotope fractionation in hy-
drothermal systems. There are significant differences in the Sb isotopic
composition among coal and other environmental samples, including fly
ashes, plants, seawater, soils, and sediments (Fig. 9), reflecting the po-
tential to trace the release of coal Sb into the environment by taking
advantage of the Sb isotope signature. Furthermore, the establishment of
Sb isotopic fingerprints for coal would minimize the uncertainty of its
application for tracing sources of Sb contamination in the supergene
eco-environment.

5. Conclusions

The analysis of the origin of Sb in coal across China leads to the
following major conclusions:

(1) The £'%3sb ranges from —4.45 to +9.72 ¢ based on 159 coal
samples across China, and the weighted mean of ¢'23Sb based on
coal reserves is 2.46 & 1.01 ¢ (1SD).

(2) Coal from SW and NE China has higher TSb than that from the
other regions. The prime origins of Sb are the hydrothermal fluid
and leaching solution. Antimony sources in coal from N (terrig-
enous materials and hydrothermal fluid) and NW China (leaching
solution and hydrothermal fluid) are multiple. The capture and
adsorption of Sb by sulfide, organic matter and various minerals
in coal are very important for the enrichment of Sb in coal.

The coal affected by the hydrothermal fluid has a wider range of

¢!23Sb. This is similar to the £'23Sb in ore-forming hydrothermal

fluid recorded by stibnite. Therefore, the Sb isotopic composition
in coal has great potential to reveal Sb isotopic fractionation in
the hydrothermal system.

(4) The significantly different Sb isotopic compositions among coal
and different environmental samples would allow Sb isotope
methods to have great prospects in tracing Sb in the supergene
eco-environment. Consequently, establishing Sb isotopic finger-
prints of coal would minimize the methodic uncertainty.
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