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Abstract China produces 48.2% of global antimony
(Sb) annually, of which approximately 80% was pro-
duced in Southwest China in 2023. The distribution of
high-Sb geological background areas in China over-
laps with that of karst landforms. The external causes
of the exploitation and utilization of Sb resources
and the internal causes of the special high geochemi-
cal background have led to Sb pollution in the natu-
ral ecosystems in this area. This study selected the
Xikuangshan (XKS) Sb mine in Hunan Province, a
typical Sb deposit in the karst areas of China, as an
example to quantitatively identify pollution sources
and influencing factors of Sb in the environment
around the Sb mining area. Based on the TESCAN
integrated mineral analyzer analysis, the major min-
eralogical components of the representational soil
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sample were quartz (59.80%), kaolinite (9.93%),
calcite (6.08%), albite (3.41%), chlorite-clinochlore
(2.89%), clay (1.99%), dolomite (1.81%), and hema-
tite (Fe,O;)/magnetite (Fe;0,) (1.67%). Antimony
was found to be mainly rich in Fe,O,/Fe;O,, nephe-
line (NaAlSiO,), and minerals consisting of O-Al-Si
or O-S-Fe in the soil. Based on microscopic X-ray
fluorescence analysis, Sb showed similar in situ dis-
tribution and enrichment characteristics to those of
Al Fe, S, and Si. The characteristics of the Sb isotope
of the environmental samples from the XKS Sb mine
were measured for the first time. A large variation in
5'2°Sb values and chemical species fractions of Sb
in soil samples suggests that Sb in soils from differ-
ent geographical location may have different origins
or migration behaviors. The Sb isotope composition
of soil can be divided into four endmembers: atmos-
pheric deposition, tailing leaching, river water surface
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runoff, and rock oxidative weathering. The differ-
ences in hydrochemical types and Sb isotopic signa-
tures among river waters indicate multiple sources
and factors influencing Sb migration in different loca-
tions. The Sb in river water may have been partly
influenced by rock leaching. Sweet potato exhibited
a similar Sb isotopic signature (8'°Sb=0.24%0)
with surrounding soil (§'>*Sb=0.22%c), which dem-
onstrated that the sweet potato absorbed Sb through
contaminated soil to the root. Soil erosion and tailings
are the major sources of Sb in street dust. A concep-
tual model was established to elucidate the pollution
sources and the main geochemical processes affecting
the mobilization of Sb in environmental matrices in
the XKS mining area. This study provides a scien-
tific basis for environmental quality assessment of Sb
mining areas and establishment of an effective early
warning system for Sb pollution in soil.

Keywords Antimony isotope - Soil - Xikuangshan
Sb mine - Geochemical process - Source
apportionment

Introduction

Antimony (Sb), a widely distributed metalloid ele-
ment with chronic toxicity to living organisms and
long-distance transportation, has garnered the atten-
tion of researchers due to its pollution and migra-
tion behavior (Bolan et al., 2022; Zhou et al., 2023).
Antimony and its compounds are listed as priority
pollutants by the US EPA and the European Union.
It has been listed as one of the key pollutants in the
second category of comprehensive control of poten-
tially toxic elements (PTEs) pollution in China. Anti-
mony reserves and production of China rank first
worldwide. China accounts for 31.30% of global Sb
reserves, and 48.19% of global Sb production in 2023
(USGS, 2023). China plays the most important role
in global Sb emissions (Chu et al., 2019). Antimony
resources are mainly distributed in the Southwest of
China, accounting for over 80% of the country’s total
Sb reserves. Southwest China is an important area
for the low-temperature metallogenesis of nonfer-
rous metals. The soil background value in southwest
China is significantly higher than the national aver-
age level, which is mainly due to the high background
value formed by endogenous parent material and
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natural soil formation process in karst limestone area
(Fig. S1). The geogenic sources of the special high
geochemical background coupled with the anthro-
pogenic sources of intensification of mining activity
have led to notable environmental problems related
to Sb pollution in this area (He et al., 2012; Li et al.,
2018; Liu et al., 2024b; Qin et al., 2022; Ren et al.,
2019; Wu et al., 2019). When comparing the health
risks of soil PTEs in different types of mining areas
in China, the Sb mine was identified as the primary
control mine (Li et al., 2014).

Source identification of PTEs is the precondition
of preventing and controlling pollution. On Novem-
ber 7, 2024, the Ministry of Ecology and Environ-
ment of the People’s Republic of China issued the
Action Plan for Soil Pollution Sources Prevention
and Control. Potentially toxic elements pollution in
cultivated soil in China mainly comes from industries
such as non-ferrous metal smelting and mining. The
lack of scientific understanding of the contribution
and mechanism of natural and anthropogenic sources
to the accumulation of Sb in soil, to some extent,
limited the scientific understanding of existing strate-
gies for the control of Sb pollution in soil. Sb can be
adsorbed by clay minerals, organic matter (OM), and
Al, Fe, and Mn oxides in the soil, which affects the
mobility of soil Sb (Zhang et al., 2022a). SEM-EDS
has shown that the distribution of Sb and Ca in soil
was similar (Zhou et al., 2024). Antimony content
in soil is positively related to the contents of silicate
minerals and quartz (Garcia-Lorenzo et al., 2015).
Therefore, the analysis of soil mineral composition,
the distribution of Sb in mineral phases, and the con-
trolling effect of mineral composition on the distribu-
tion characteristics of Sb are needed to identify the
source of Sb in soil from a microscopic point of view.
Antimony has two stable isotopes, '2!Sb (57.213%)
and '23Sb (42.787%), which have large masses and
a relatively small fractionation range (Aston, 1923).
Antimony isotopes are non-traditional stable iso-
topes and their fractionation scale is smaller than that
of other isotopes. Traditional isotopes, such as S, H,
O, Hg, Sr, Pb, and Mo have been widely applied to
identify the sources and predominant geochemical
processes of Sb in the environment (Fu et al., 2020;
Hao et al., 2022; Song et al., 2022; Wen et al., 2023a;
Yang et al., 2006). As the MC-ICP-MS develops,
precise measurements of Sb isotopic compositions
have become possible (Rouxel et al., 2003; Sun et al.,
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2021). The mechanisms of Sb isotope fractionation
currently include biological (Ferrari et al., 2023; Jia
et al., 2024), reduction (Wang et al., 2021a, 2021b),
adsorption (Ferrari et al., 2024; Zhou et al., 2023),
evaporation (Chen et al., 2024), precipitation (Yu
et al., 2023), weathering (Kaufmann et al., 2024) and
mixing processes. Although there have been many
studies on the uptake and transport of Sb by plants,
the fractionation of Sb isotopes in this biological pro-
cess has not been reported. Similar to most elements,
plants preferentially absorb and transport light Sb iso-
topes in the soil-plant system, resulting in heavy Sb
isotopic composition in the rhizosphere (Liao et al.,
2023). Isotope fractionation of natural source Sb may
be controlled by plant uptake (Liao et al., 2023).

The XKS Sb mine, the largest Sb mine in the
world, was selected for a detailed Sb isotope study
because of its historical Sb contamination in karst
areas (Wen et al., 2023a, 2023b). Recently, numerous
researches have been carried out systematically in the
field of Sb pollution in single environmental media,
such as soil (Liao et al., 2023; Wang et al., 2022),
aquatic systems (Liu et al., 2023; Sheng et al., 2023;
Wen et al., 2023b), sediment (Zhang et al., 2022b),
tailings (Li et al., 2022), stibnite (Yu et al., 2023;
Zhai et al., 2021) and crops (Gaiss et al., 2019) in
XKS. Rock-soil (Zhou et al., 2023), rock-water (Hao
et al., 2022), water—sediment (Zhou et al., 2024), and
soil-plant (Pervaiz et al., 2023) are the most active
interfaces of the Sb bio-geochemical cycling in super-
gene environments. However, geochemical cycles of
Sb in environmental systems remain poorly under-
stood. The purposes of this study were to (1) explore
the chemical species, existing state in minerals, in situ
distribution, and enrichment characteristics of Sb in
environmental matrices, (2) analyze the Sb isotopic
signatures of different environmental compartments,
and (3) elucidate the pollution sources of Sb and geo-
chemical processes affecting Sb migration. This study
provides a basis for further research on long-distance
migration and transformation of Sb in environmental
systems.
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Materials and methods
Study area and sample collection

This study was carried out in the XKS Sb mine
(N27.7°, E111.4°) located in Lengshuijiang City,
Hunan Province, China and known as “World Capital
of Sb.” The XKS deposit covers 16 km? and includes
the North and South mines. Currently, the North mine
is a smelting area, and the South mine is a mining
area. The history of Sb mining in XKS goes back to
the nineteenth century, with the first Sb smelter being
built in 1897, and mining activities continue to today.
The local Qingfeng and Xuanshan Rivers and the
Batangshan, Feishuiyan, and Tanjia Streams all origi-
nate from the XKS mine and eventually flow into the
Zijiang River in Hunan. Two major rivers exist, the
Qingfeng and Lianxi Rivers, which are tributaries of
Zijiang River (Fig. S2). Both flow through the min-
ing region and receive large amounts of mining and
smelting wastewater. The most abundant mineral in
this mine is stibnite (Sb,S5).

Multiple environmental matrices samples were
collected in October 2022, including soil (n=21),
unmineralized rock (n=2), surface river water (n=>06),
sediment (n=35), dust (n=2), tailing (n=1), maize
grain (n=3), and sweet potato (n=2). Surface sedi-
ment samples corresponding to the river water sam-
ples (no sediment samples in some locations) were
collected. This study particularly focused on biogeo-
chemical cycle of Sb in soil. The spatial heterogene-
ity of rocks are not conspicuous, two samples were
selected to represent the mine area lithology. Tail-
ings were collected in mining area from a centralized
piled tailing heap. Sweet potatoes and corns were col-
lected incidentally. The spatial heterogeneity of dusts
reflecting atmospheric deposition in mining area are
also not conspicuous. The sample sites were located
near two major ore deposits along the two rivers. The
locations of the sampling sites are shown in Fig. 1
and the site descriptions are shown in Table S1. Sur-
face soil samples (0-20 cm) were collected with a soil
auger. Dust samples were collected from tree leaves
on mining roads using plastic brush and spades. The
tailings were collected from the top and bottom of
a tailing heap using 50 mL sterile centrifuge tubes.
Rock samples with fresh and unaltered faces were
collected from outcrops using a geological hammer.
Maize grains were collected from granaries of local
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Fig. 1 Study area and locations of sampling sites

residents. Sweet potatoes were collected in the mature
period from farmland surrounding the mine area.

Sample processing and analysis
Physicochemical properties of solid samples

Soil, sediment, dust, and tailing samples were air-
dried and litter and root mats were removed from the
solid samples, crushed, passed through a nylon sieve
of 100 meshes, and stored at—4 “C. The rock samples
were crushed to <200 mesh using a ball grinder. (i)
The pH, dissolved oxygen (DO), electrical conduc-
tivity (EC), and oxidation-reduction potential (Eh)
were determined in a 1:2.5 soil/water suspension
using water quality field meters (YSI Pro Plus, USA).
(ii) Total Sb concentrations determination: follow-
ing the microwave digestion (MARS, CEM, USA) of
the solid samples with HNO; +HF (3:1), the total Sb
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concentrations were determined using hydride gen-
eration atomic fluorescence spectrometry (HG-AFS)
(AFS 9700, Titan Instrument Co., Ltd., China). (iii)
Soil OM content was determined according to the
national standard method (GB9834-88). (iv) Soil
mineral composition: The mineral composition of soil
sample was investigated by X-ray diffraction (XRD)
using a Bruker AXS D8 Discover microdiffractom-
eter. Soil samples were prepared as standard petrol-
ogy slices for mineral identification using a TES-
CAN integrated mineral analyzer (TIMA) (TESCAN
ORSAY HOLDING, a.s) and M4 TORNADO micro-
scopic X-ray fluorescence analyzer (u-XRF) (Bruker,
Germany). (v) Sb fraction in the soils: Sb fractions
were determined using the modified Community
Bureau of Reference (BCR) sequential extraction
procedure. It classifies soil metals into three major
fractions: exchangeable (F1), reducible (F2), and oxi-
dizable (F3), with the residue (F4) modified by aqua
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regia digestion (Rauret et al., 1999). (vi) Sb chemi-
cal speciation: Sb(III), Sb(V), and trimethylantimony
(TMSD) in the samples were analyzed using HG-AFS
(SA-10 Titan Instrument Co. Ltd., Beijing, China).
The detection limit of Sb(III), Sb(V), and TMSb was
0.2 mg/kg.

Physicochemical properties of water samples

River water samples were filtered with 0.45 um Tef-
lon membranes and kept in 500 mL HDPE bottles,
which were rinsed twice with deionized water and
three times with filtered water samples before sam-
pling. Filtered samples used to measure major ions,
total Sb concentration and Sb isotopes were acidi-
fied to pH <2 with ultrapure HNO;. (i) The pH, DO,
EC, and Eh were determined using water quality field
meters (YSI Pro Plus, USA). (ii) Major cation and
anion concentrations determination: K*, Na*, Ca*,
Mg>*, F~, CI~, NO;~, SO,*~, and PO,*~ concentra-
tions in the river water were determined using ion
chromatography (Dinex-100). The HCO;™ concentra-
tions were determined using the neutralization titri-
metric method. Based on the equilibrium relationship
between CO,>~ and HCO,™ dissolved in water, the
CO32‘ content was negligible in this study. (iii) Total
Sb concentrations determination: The digestion and
determination methods are as described in the previ-
ous section (iv) Sb chemical speciation: The method
is as described in the previous section. The detection
limits of Sb(III), Sb(V), and TMSb was 0.1 pg/L,
0.5 pg/L, and 0.5 pg/L respectively.

Physicochemical properties of biological samples

Sweet potato tissues were vacuum freeze-dried,
ground, passed through a 100 mesh screen, and kept
at—4 ‘C. The maize grain samples were ground,
sifted through a nylon sieve of 100 meshes, and kept
in polyethylene flasks until digestion. Total Sb con-
centrations determination: The digestion and deter-
mination methods are as described in the previous
section.

Sb isotopes
The Sb isotopic compositions of the samples were

analyzed in low-resolution mode using Nu plasma II
MC-ICP-MS with membrane desolvation (Aridus II)
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and a HG system in the Institute of Geochemistry,
Chinese Academy of Science. The detailed purifica-
tion process and determination methods are presented
(Sun et al., 2021). Sb-containing reference standard
(NIST SRM 3102a) made in the National Institute of
Standards and Technology was selected for the analy-
sis of Sb isotopes.

Sb isotope data is represented by a delta (8) value,
expressed as a difference per million (%o) relative to
the standard:

(123Sb/1215b)sample

6123Sb =
( 1235/7/12 le) standard

— 1] x 1000

Quality control

Digestion procedures were conducted in triplicate
and the standard reference material (river sediment,
GBWO07360) was digested simultaneously. The rela-
tive error of the replicates was less than 10% and the
recovery of the reference materials ranged from 90 to
110%. For modified BCR, the total recovery ranged
from 88 to 120%. For isotopic analysis of Sb, the
instrument error was controlled by the sample stand-
ard surround method and element doping, with an
accuracy of 0.4 € (2SD).

Results and discussion
Sb contamination in environment matrices
Soil

The total Sb concentration in the soil ranged from
1.29 to 1,671 mg/kg, with an average of 365.3 mg/kg
(n=21), exceeding the background value (1.23 mg/
kg) in Chinese soil (CNEMC, 1990) at all sampling
sites. The average Sb concentrations in the soils from
the XKS mine were compared with those of other
typical Sb mines or deposits in China and abroad,
and the Sb concentration was between the 50th and
75th percentiles (Fig. S3). The Sb concentrations in
85.7% of the soil samples from the XKS mine were
higher than the toxicity guidelines recommended by
World Health Organization for soil Sb (WHO, 36 mg/
kg). The Sb concentrations in 95.2% and 81.0% of the
soil samples exceeded the risk screening values of
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20 mg/kg and 40 mg/kg, respectively, whereas 61.9%
and 33.3% of the soil samples had Sb concentrations
exceeding the intervention values of 180 mg/kg and
360 mg/kg, respectively, for soil contamination of the
two types of development land (GB36600-2018). The
pH value of the soil ranged from 4.92 to 7.23, with
an average value of 6.57. More than 90% of the soil
samples were acidic, which may have worsened the
degree of PTEs contamination.

River water

The concentrations of Sb in unpolluted water are gen-
erally less than 1 pg/L (Nelson et al., 2011), mainly
due to the low solubility of Sb minerals. In this study,
river water had a wide range of total Sb concentra-
tion ranging from 1.2 to 1,020 pg/L, with the mean
value of 410.1 pg/L (n=6). It exceeded the Chi-
nese drinking water standard (5 pg/L) and US EPA
standard limit for drinking water (6 pg/L) 82 and
68 times, respectively. Samples W3 (680 pg/L), W4
(750 pg/L), and W5 (1,020 pg/L) showed higher Sb
concentrations, which may be due to point source
pollution, such as the tailings dam located near the
W4 site. The concentration of Sb in river water from
XKS was reported to be 16-2,137 pg/L (Guo et al,,
2018). The total Sb concentration was 2-6,384 pg/L,

224-2,099 pg/L, and 6-240 pg/L in Qingfeng River,
Lianxi River, and Zijiang River, respectively. (Wang
et al., 2011). The total Sb concentrations ranged from
1.45 pg/L to 15.66 pg/L in the Zijiang surface waters
(Liu et al.,, 2023). Spatially, the Sb concentration
showed a downward trend from the tributaries to the
main stream of Zijiang River (Liu et al., 2023).

A considerable variation was observed in the pH
of the river water from the XKS mine area, with
pH values ranging from 3.23 to 8.34, with an aver-
age value of 6.4 (Table 1). Similarly, Sheng et al.
(2022) reported that the average pH value of sam-
pling points affected by mining was 7.67 (6.57-8.08),
and the water environment was generally neutral or
weakly alkaline (Sheng et al., 2022). The pH val-
ues of river water from XKS reported by Wen et al.,
(2023a, 2023b) indicated that the river water was
alkaline (8.06 to 8.80). The pH values of river water
from XKS in this study were lower than that in exist-
ing studies. The most probable reason is differences
in sampling locations with varying pollution levels.
The oxidation of FeS, and FeAsS and the dissolution
of certain secondary minerals made the river water
acidic in the mine area. The interaction of water with
carbonate rocks can neutralize any potential acidity
resulting from the sulfide minerals oxidation associ-
ated with the Sb ore (Nyirenda et al., 2015).

Table 1 Physicochemical properties and common ions concentration in river water

Samples Sb pH Eh DO EC HCO;~ Na*t K*
pg/L / mv mg/L uS/cm mg/L mg/L mg/L
Wi 1.40 341 404.1 7.35 1786 26.18 20.39 11.42
w2 1.20 3.23 439.2 7.35 1856 20.84 22.55 12.22
w3 680 8.08 214.6 7.18 997 40.07 40.45 10.18
w4 750 7.78 185.2 7.02 1380 37.40 80.91 20.36
W5 1020 8.34 170.9 7.22 861 14.43 47.64 9.50
W6 8.10 7.56 181.6 7.09 233 24.58 8.26 6.92
Samples Ca® Mg** F~ CI- SO,* NO;~ PO~ NO,”
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
W1 322.27 53.26 0.46 7.39 1188.33 8.84 N.D N.D
w2 350.59 56.59 0.49 9.57 1298.35 9.74 N.D N.D
w3 161.47 11.23 1.73 27.46 431.79 6.54 N.D N.D
W4 322.94 22.45 1.92 15.60 677.60 13.08 N.D N.D
W5 137.47 5.71 1.36 34.03 370.51 5.41 N.D N.D
W6 33.63 4.76 0.19 9.55 21.84 7.37 N.D N.D

N.D. not detected
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Fig. 2 GIS-Stiff diagram of river water showing change of dominant ions from W1 to W6

As indicated by the GIS-Stiff diagram (Fig. 2) for
the river water, W1 to W5 samples were classified
as the SO,-Ca type. The W3, W4, and W5 samples
had higher Sb and lower SO,>~ concentrations com-
pared with W1 and W2 samples. The major source
contributing to SO,>~ is the direct oxidative dis-
solution of Sb,S; ores, as shown in the following
equation (Cidu et al., 2018):

Buy me a coffee https://ko-fi.com/jurnalin

Sb,S3(s) + 70,(aq) + 10H,0 — 2Sb(OH); (aq)
+ 3502 (aq) + 8H (aq)

Sample W6 was classified as the HCO;-SO,-Ca
type. A previous study indicated that river water sam-
ples could be classified as Ca-SO, type (Wen et al.,
2016). Hydrogeochemistry and Sb pollution sources
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in river water are more complicated in mining areas.
The non-carbonate hardness (secondary salinity) of
W1 and W2 was greater than 50%, and the non-car-
bonate alkali metal (primary salinity) of W3 to W6
was greater than 50%. The total Sb concentrations
were positively correlated with F~ and CI™ (p <0.05),
however, not significant with SO,*~ in the river water
(Table S2). As aforementioned, the inconsistency
between SO,>~ and Sb concentrations indicates that
the sources of SO,?~ in the water were mining and
smelting activities or the lithology of the mine area
(Wang et al., 2011).

Sediment

The total Sb concentration in the sediment ranged
from 209 to 3,032 mg/kg with an average of
1,216 mg/kg (n=5). It has been reported that the
total Sb concentration was 57.11-7,315.7 mg/kg
in the sediment from XKS (Wang et al., 2011). The
total Sb concentrations were 3.16-133.63 mg/kg in
the Zijiang sediments (Liu et al., 2023). The sediment
toxicity guidelines for Sb set by Australia are 25 mg/
kg (ANZECC, 2000), and the maximum permissible
concentration is 19 mg/kg in the Netherlands (Crom-
mentuijn et al., 1997). Mining, mineral processing,
and smelting activities have caused serious damage
to the ecological environment in XKS. The total Sb
concentration in the sediment was distributed nonu-
niformly. The highest Sb concentration in the Se3
sample corresponding to river water sample W5 had
the highest Sb concentration. The Sb concentrations
in midstream were proved to be higher than that in
upstream and downstream (Liu et al., 2023).

Dust, rock, and tailings

The total Sb concentrations in street dust were
957 mg/kg and 1,377 mg/kg, with an average value
of 1,167 mg/kg (n=2). Few related studies have been
conducted on Sb levels in dust from Sb mine areas.
Sb concentration was between 1.05 and 479.38 mg/
kg in road dust from Daye Copper Smelter in Hubei
Province, China (Wang et al., 2021a, 2021b). Large-
scale industrial activities emit large amounts of Sb as
particulate pollutants.

The total Sb concentration in rock was 1.18 and
1.68 mg/kg, with an average value of 1.43 mg/kg
(n=2). The concentration of Sb in rocks is generally
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between 0.15 and 2 mg/kg (Pierart et al., 2015).
Geogenesis is the primary source of environmental
Sb contamination (Herath et al., 2017). The concen-
tration of Sb in limited rock samples from XKS did
not increase. To date, there is limited information on
the migration mechanisms of Sb from host mineral
phases and their transformation in different environ-
mental compartments.

The total Sb concentration in the tailing from XKS
was 1,537 mg/kg (n=1). The total Sb concentration
in tailings from XKS ranged from 684 to 17,196 mg/
kg (Fu et al., 2016). These results suggest that tailing
piles are a potential source of Sb in water and soils
because the tailings were left untreated and stacked
in open air with no boundary with soil. Radkova et al.
(2020) found that the interactions between water and
tailings are vital processes that affect the release and
transfer of Sb from point pollution source into rivers.

Crop

The total Sb concentrations in the edible parts of the
crop samples from XKS were measured. The total
Sb concentrations in corn grains were 0.74, 1.90,
and 2.40 mg/kg, with an average value of 1.68 mg/
kg (n=3). The total Sb concentrations in corn grain
were N.D. (not detected) to 35.78 mg/kg, with an
arithmetic mean value of 3.18 mg/kg (n=16) (Ye
et al., 2018). The Sb concentration in corn grains in
this study was lower than that in the existing XKS
study. The concentrations of Sb in crop grain ranged
from 0.74 to 8.51 mg/kg, with an average content of
2.23 mg/kg in the largest Hg-Sb mine area in Qinling
orogenic belt, China (Qin et al., 2022). Corn grain
and sweet potato exhibited different Sb accumula-
tion capacities. The total concentration of Sb in sweet
potato was 1.32 and 9.56 mg/kg, with an average
value of 5.44 mg/kg (n=2), which exceeded the limit
of 0.04 mg/kg developed by the Joint FAO/WHO
Expert Committee on Food Additives (JECFA, 2011).
This value is higher than the total Sb concentrations
reported by Ye et al. (2018) in sweet potatoes from
XKS (0-3.52 mg/kg, mean value 1.2 mg/kg, n=14).
However, China has no toxicity guidelines for Sb con-
centrations in food.
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Sb chemical speciation in environment matrices

The Sb chemical species in the soil, sediment, river
water, tailings, rock, and dust were investigated.
Sb(V) was the major Sb species in the soil, with
an average of 7.83 mg/kg (Table 2). The chemical
valence of Sb in the soils from the XKS mine was
dominated by Sb(V) (0.59-10.15%), and the propor-
tion of Sb(IIl) ranged from 0.001 to 0.04% (Okken-
haug et al., 2011). Sb(II) was relatively low com-
pared to Sb(V) in soil samples from XKS (Wei et al.,
2015). Sb(V) identified only in two sediment samples
was 1.81 and 9.13 mg/kg, respectively (Table 2).
Liang et al. (2018) reported that Sb(III) in sediment
from XKS ranged from 0.62 to 549 mg/kg, with an
average of 254 mg/kg, and Sb(V) ranged from 9.61 to
5005 mg/kg, with an average of 1311 mg/kg. Sb(III)
accounts for <30% of inorganic Sb [Sb(III) + Sb(V)]
in sediments (Liang et al., 2018). Wang et al. (2011)
found that Sb(V) was the predominant form in sedi-
ments from XKS. Inorganic species Sb(III) and Sb(V)
were detected in the tailings and dust, and Sb(V)
was present in far greater proportions than Sb(III)
(Table 2). In this study, TMSb was below the detec-
tion limit in environmental samples from any of the

Table 2 Sb chemical speciation in environmental matrices
samples (mg/kg, except river water: pg/L). S-soil, Se-sediment,
W-river water, T-tailing, R-rock, D-dust

Samples Sh(II Sh(V) TMSb TSb
S3 <02 0.89 <0.2 115
S4 <02 20.8 <0.2 1115
S7 <02 275 <0.2 837
S10 <02 0.84 <0.2 195
S13 <02 1.48 <0.2 65.3
S15 <02 9.11 <0.2 561
S16-1 <02 6.05 <0.2 1671
S17-2 <02 0.80 <02 304
S19 <02 3.04 <02 294
Se2 <02 <0.2 <02 209
Se3 <02 9.13 <02 3032
Sed <02 1.81 <02 884
w3 <0.1 0.693 <05 0.68
W5 <0.1 1.104 <05 1.20
Tl 5.99 116.8 <02 1537
R1 <0.2 <0.2 <02 1.18
D2 0.258 26.3 <02 1377
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sites. Other studies have detected TMSb only in a few
rhizosphere soils (Wei et al., 2015). Three Sb chemi-
cal species were all below the detection limits in the
rock.

Based on the modified BCR sequential extrac-
tion, the concentrations of various phases of
Sb in soils followed the order: residual frac-
tion (F4) (13.97-84.07%)> oxidizable  frac-
tion (F3) (6.96-50.22%)>reducible fraction (F2)
(2.87%—67.17%) > exchangeable fraction (F1) (1.87
to 22.46%) (Fig. S4). The modified BCR results
showed that the Sb concentrations were mainly asso-
ciated with the residual fraction, except for samples
S3 (F3 proportion reached 50.22%) and S7 (F2 pro-
portion reached 67.17%), which implies that despite
the high Sb concentrations in the soil, geochemical
mobility was comparatively low. The residual frac-
tion contained the largest amount of Sb, indicating
most Sb was incorporated into crystalline miner-
als (e.g., goethite) or formed Sb-bearing secondary
minerals (e.g., tripuhyite). The distinctive Sb spe-
cies fractions in S3 and S7 were helpful in collabo-
ratively performing pollution source apportionment
from a microscopic perspective. This result of the
Sb species fraction was not consistent with the liter-
ature available on the Sb fraction in soil from XKS.
The proportions of Sb fractions in the soil followed
the order F4 (96.2-99.6%)>F2 (0.25-2.7%)>F1
(0.09-0.92%)>F3 (0.01-0.15%) (Zhou et al., 2024).
A probable cause of the soil with much higher resid-
ual Sb was that soils sampling sites existed pollution
sources nearby (Zhou et al., 2024).

Mineral composition and in situ distribution of Sb in
soil

The mineral composition of the soil samples was ana-
lyzed qualitatively and quantitatively. Based on XRD
qualitative analysis, the major mineralogical compo-
nents of the S4 sample from XKS were quartz (SiO,),
dolomite, calcite, kaolinite, muscovite, and montmo-
rillonite (Fig. 3). Dolomite and calcite were the major
buffering carbonate minerals. Based on TIMA quan-
titative analysis, the dominant mineralogical com-
ponents of the S4 sample from XKS included SiO,
(59.80%), kaolinite (9.93%), calcite (6.08%), albite
(3.41%), chlorite-clinochlore (2.89%), clay (1.99%),
dolomite (1.81%), and hematite (Fe,O;)/magnet-
ite (Fe;0,) (1.67%) (Fig. 4). TIMA analysis results
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Fig. 4 TIMA characterization of soil sample (S4) from the XKS Sb mine
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were similar to those of XRD analysis. Furthermore,
Sb was observed to be associated with Fe,0;/Fe;O,,
nepheline (NaAlSiO,), as well as Sb-bearing minerals
consisting of O—Al-Si or O-S-Fe (Fig. 4). It has been
proved that Sb in the soil from XKS combined with
Fe in the form of tripuhyite (FeSbO,), and complexed
with shared edge and corner on the ferrihydrite and
goethite (Zhou et al., 2024). Fe (hydr)oxides (such
as ferrihydrite, goethite, and hematite) considerably
influence Sb migration in soil owing to their strong
adsorption of Sb (Yan et al., 2022). Thus, Fe (hydr)
oxides and clay minerals in soils are essential for con-
trolling the migration of Sb through surface adsorp-
tion and coprecipitation (Drahota et al., 2023).

Based on XRF analysis (Fig. S5), for soil samples
S16-1 and S7, the top seven primary elements were O,
Si, Al, Fe, K, Ca, Ti, with Sb (accounting for 0.44%
and 0.21%) ranking No. 10 and No. 11, respectively.
However, for soil sample S4, the top seven primary
elements were O, Si, Al, Fe, Ca, K, and Sb (0.78%).
In this study, we further used a combination of TIMA
and p-XRF analyses to determine in situ distribu-
tion of Sb and associated elements incorporated into
different carrier minerals in representative soil sam-
ple. Based on the XRF analysis results, the S4 soil
sample with a higher Sb proportion than the S7 and
S16-1 samples was selected for further p-XRF analy-
sis. For soil sample S4, based on correlation analysis
using p-XRF analysis results, it can be found that the

Fig. 5 p-XRF characteri-
zation of soil sample (S4)
from the Xikuangshan Sb
mine
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scanning energy range of Sb LB-edges was associated
significantly with that of Al K-edges, Fe KA-edges, S
KA-edges, and Si KA-edges (p<0.05) (Fig. 5). The
correlation coefficients (R?) of the scanning energy
range for Al-Sb, Fe-Sb, S-Sb, and Si-Sb were 0.2197,
0.2136, 0.1691, and 0.1632, respectively. Aluminum
minerals are rich in the soil and strongly control Sb
mobility (Essington et al., 2017). The fate of Sb is
generally linked to the geochemical cycling of Fe
and S (Arsic et al., 2018). Silicified limestone is the
major rock-forming mineral in Sb ores. The dissolu-
tion of silicate minerals promoted the Sb,S; reaction
and increased the Sb(V) content. In addition, calcium
antimonate precipitation was found in the XKS soil
and controlled Sb concentration in the soil (Okken-
haug et al., 2011). However, in this study, insignifi-
cant association between the scanning energy range
of Ca and Sb was observed, which implies less
important of Sb-Ca co-precipitation compared with
the complexation of Sb on Fe oxide surfaces.

Sb isotopic signature in environment matrices

Sb isotope measurements were performed on rock,
soil, sediment, river water, dust, tailings, and crop
(corn grain and sweet potato) samples from XKS.
Crop, dust, rock, soil, sediment, tailings, and river
water samples from the XKS Sb mine displayed
positive 3'23Sb values; however, the 5'2°Sb values
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Fig. 6 Antimony isotopic composition in different environ-
mental samples. The data were compiled from Liu et al. (2020)
(diamonds), Wang et al., (2021a, 2021b) (circles), Wen et al.,
(2023a, 2023b) (inverted triangles), and Zhai et al. (2021)
(stars), and reported in this study (squares)

in groundwater, mine drainage water, and stibnite
samples based on Zhai et al. (2021) and Wen et al.,
(2023a, 2023b) varied over a wide range (Fig. 6). The
Sb isotopic composition of natural sources tends to
be negative or close to zero, whereas that of anthro-
pogenic sources tends to be positive (Tanimizu et al.,
2011).

River water

The 8'>’Sb values of river water from the XKS Sb
mine were 0.20%o, 0.36%0, and 0.48%o in this study,
which are almost identical to the published Sb iso-
tope data for river water. Wen et al., (2023a, 2023b)
reported that the 8'23Sb values of mine-affected river
waters from the XKS Sb mine ranged from 0.19 to
0.39%0. Resongles et al. (2015) reported that rivers
affected by mining activities had a wide range of Sb
isotope composition (0.06-0.83%¢). Compared with
river water, mine drainage water is featured by rela-
tively high Sb concentrations and low 8'23Sb values,
from —0.2 to 0.14%0 (Wen et al., 2024). Stibnite oxi-
dative dissolution may result in low 8'23Sb values
(Wen et al., 2024).

In this study, river water from different sites exhib-
ited remarkably different Sb isotopic signatures,
which may indicate multiple sources and influence
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factors for Sb migration in different locations. The Sb
isotopic signature of river water sample W3 (0.20%o)
matched that of the rock (0.14%o and 0.25%o), sug-
gesting a similar source or isotope fractionation
mechanism of Sb. This indicates that Sb in river water
sample W3 may be influenced by rock weathering.
Stronger water—rock interactions are the predominant
Sb sources for river water (Hao et al., 2022).

Sediment

The §'23Sb values of sediment samples were 0.35%o,
0.53%0, and 0.57%o, corresponding to Sb concentra-
tions of 1,361 mg/kg, 3032 mg/kg, and 209 mg/kg,
respectively. Liu et al. (2024a) showed that the 5'**Sb
values in the sediments from the XKS Sb mine were
0.31-0.56%0. The range of Sb isotopic compositions
in this study was comparable to that of the sediment
from the XKS Sb mine. The Sb isotopic composition
displayed minimal variation, whereas the Sb concen-
tration displayed considerable variation, with vari-
ation coefficients of 19.6% and 75.6%, respectively.
This indicated that the geochemical behavior of Sb
varied under the influence of mining activities (Liu
et al., 2024a). Based on relevant studies in XKS, Wen
et al., (2023a, 2023b) and Liu et al. (2024a) reported
that dilution of Sb along the river and weak adsorp-
tion of Sb by sediments do not lead to notable Sb iso-
topic fractionation in sediment. Notably, the trend of
Sb isotope characteristics was opposite to that of Sb
concentration for Se2, that is, higher 3'23Sb values
(0.57%0) corresponded to lower Sb concentrations
(209 mg/kg). The Sb concentration in the surface
water corresponded to Se2 was low, with an Sb con-
centration of 1.4 pg/L. Antimony dynamics in sedi-
ments are more complex than those in surface water.
The sediment had relatively high 8'2Sb values
compared to those in other environmental samples
and those of stibnite (Fig. 6). In the XKS mine, the
8'2Sb values of stibnite showed a wide range (Zhai
et al., 2021), which may be referable to separation of
stibnite from an Sb-bearing fluid. It was deduced that
Sb in the sediment may be related to stibnite. Weath-
ering waste rock particles may enter the sediment,
causing changes in the §'>*Sb values in the sediment
(Resongles et al., 2015). However, the corresponding
data of Sb concentration to 8'23Sb values in stibnite
is not available based on previous studies. Previous
studies have documented mine tailings as a common
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source of Sb in sediment (Wang et al., 2011). The
8'2Sb values of sediment and tailings (0.44%o) can-
not directly deduce the potential influence of tailing
weathering on the 8'23Sb signature in the sediment in
this study. Based on Sb isotopes in sediment sample
Se4 (0.53%o0) and the corresponding river water sam-
ple W3 (0.2%o), sediments tended to enrich heavier
Sb isotopes, with enrichment of lighter Sb isotopes in
the river water. Given the limited Sb isotope measure-
ment data in this study, further research regarding the
fractionation mechanism at the river-sediment inter-
face is required.

Soil

The 5'>*Sb values of soils from the XKS mine were
0.008%o0, 0.221%0, and 0.408%o0, which are com-
parable to those reported for Sb isotope composi-
tion in soil. The 8'?*Sb values in soil profile near
abandoned smelters ranged from —0.045—0.48%o,
0.009 —0.36%o, and 0.12 — 0.85%o, respectively from
Xihe County, Gansu Province and Qinglong County,
Guizhou Province (Li et al., 2025). The §'2*Sb value
of soil at 0—10 cm was 0.49%o0 from Dushan Sb mine,
China (Liao et al., 2023). The &'23Sb values of the
geological reference materials yellow-red soil were
0.19%0 and 0.23%0 (Liu et al., 2020). A large vari-
ation was observed in the §'>’Sb values of the soil
samples in this study. This suggests that Sb in soils
located in different places may have a different origin
or migration behavior. The 8!**Sb value of soil sam-
ple S4 (0.41%0¢) was close to those of dust (0.39%o
and 0.45%o), tailings (0.44%o), and river water W5
(0.48%o0). The elevated Sb concentrations in S4 were
inferred to be derived from atmospheric deposition,
tailing leaching, and river water surface runoff. The
8'23Sb value of soil S3 (0.22%¢) was similar to those
of river water W3 (0.20%o0) and rock R1 (0.25%o). It
was assumed that river water surface runoff and rock
weathering caused increased Sb concentrations in S3.

The §'2’Sb values did not correlate with Sb con-
centrations in the soil. Soil sample S7, with a high Sb
concentration, had a low 8'2*Sb value (0.01%o0). Sam-
ple S7 exhibited high Sb(V) (Table 2) and reducible
fraction concentrations (Fig. S4). The chemical spe-
cies of Sb may affect its fractionation in the soil. Pre-
vious studies have shown that stibnite oxidized to the
oxidation state (Sb,0Os) result in a lighter Sb isotope
composition (decreasing 8'2°Sb values of 0.25%o)
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(Dillis et al., 2019). Iron (hydrogen) oxides in the soil
preferentially adsorb light Sb isotopes, whereas heavy
Sb isotopes are usually present in soil pore water in
the form of anions and infiltration with pore water
(Wu et al., 2024). Araki et al. (2009) conducted a lab-
oratory experiment on the adsorption of Sb(OH)4 on
ferrihydrite, and observed that '*!Sb isotope was pref-
erably adsorbed whereas heavier isotopes was slightly
enriched in the aqueous phase.

To identify the sources of various environmental
matrices samples, the relationship between the 8'23Sb
value and Sb concentration was established in a two-
dimensional coordinate system (Fig. 7). Soil, tailings
and road dust showed the same sources. In addition,
Sb in soil was derived mainly from the river water
surface runoff and rock weathering.

Crop

The Sb isotopic compositions of the edible plant
parts of sweet potato and maize harvested around
the XKS mine area were 0.24%o and 0.21%o, respec-
tively. In addition to Mg isotopes, most plants tend to
be enriched in light isotopes (Liao et al., 2023). Bio-
logical processes can cause isotopic fractionation,
such as Cd (Wiggenhauser et al., 2016). However, the
fractionation of Sb isotopes in the biological process
has not been reported. Sweet potato exhibited a simi-
lar Sb isotopic signature (0.24%o) to soil sample S3

0.6
sediment m
sediment =
river dust
. L]
tailing .
0.4 . soil
. ) river dust =
2 nver = sedimeft
7
g rc->ck river
7o) river S = potato soil
0.24 river rwecrom river
river mine water
w rock v
mine water  mine water
mine water
mine water .
0.0 . . . . goil
0.01 0.1 1 10 100 1000 10000
Sb (mg/kg)

Fig. 7 Variation in 8'2’Sb values with Sb concentrations in
different environmental samples. The data are compiled from
Wen et al., (2023a, 2023b) (inverted triangles) and this study
(squares)
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(0.22%o0), which demonstrated that the sweet potato
absorbed Sb through contaminated soil to the root.
Studies have shown that atmospheric PTEs enter
plants mainly via leaf uptake in polluted smelting
areas, and litter may be an indirect input route for
the dry deposition of Sb into soil (Liu et al., 2022).
Mercury in maize grain from Xunyang Hg-Sb mine
was mainly derived from the atmosphere (Shi et al.,
2023). In this study, Sb in maize grain (0.21%o)
was isotopically lighter than Sb in dust (0.39%o and
0.45%0). A straight substitution of dust for atmos-
pheric deposition may not be reasonable. Further
research is needed to trace Sb in maize grain from
atmospheric deposition.

Conceptual model

Conceptual models explaining Sb pollution sources
and mobility in different environmental matrices in
the XKS Sb mine area were proposed (Fig. 8). Anti-
mony in river water sample W3 may have been influ-
enced by rock weathering. It was concluded that the
major source contributing to SO,*~ was the direct
oxidative dissolution of stibnite ores in W1 and W2.

Roék ]
5'°Sb=0.14% . 0.25%

Weathering waste rock particles may enter the sedi-
ment, causing variations in 8'23Sb values in the sedi-
ment. The Sb concentrations in S4 were derived from
atmospheric deposition, tailing leaching, and river
water surface runoff, whereas river water surface run-
off and rock weathering caused increased Sb concen-
trations in S3. The oxidation of stibnite and mineral
(such as Fe oxides) adsorption may have resulted in
the lighter Sb isotope composition in S7. Antimony
in street dust is primarily derived from tailing heaps
and resuspended soil. Sweet potatoes absorb Sb from
contaminated soil to the roots.

Conclusion and perspective

This study adopted a combination of TIMA, p-XREF,
and Sb stable isotopes to elucidate Sb pollution
characteristics and the long-distance migration
of Sb in environmental matrices from the largest
Sb mine in the world. Hematite (Fe,O;)/magnet-
ite (Fe;O,), nepheline (NaAlSiO,), and Sb-bearing
minerals consisting of O-Al-Si or O-S-Fe were
rich in Sb in the soil. Antimony in the soil was

) Sediment

| §™Sb=0,
=

Interaction k Weathering  Stibnite
Absorb

6'Sb=-0.27-0.86 %

Sediment

6'Sb=0.35-0.56 %

Surface runoff

A
\ p -~ Sweet potato

6Sb= 0.24 %

Fig. 8 Conceptual models explaining Sb pollution sources and mobility in different environmental matrices in the XKS Sb mine
area
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associated with Al, Fe, S, and Si, which influence
Sb mobility. Notable changes were observed in the
Sb isotopic composition of soils from the XKS Sb
mine area. The Sb isotope composition of the soil
was affected by atmospheric deposition, tailing
leaching, river water surface runoff, and rock oxi-
dative weathering. The differences in hydrochemi-
cal types and Sb isotopic signatures among river
waters indicated multiple sources and factors influ-
encing Sb mobilization in different locations. Sweet
potatoes absorbed Sb from contaminated soil to
the roots. Soil erosion and tailings were the major
sources of Sb in street dust. In this study, various
geochemical processes affecting Sb transfer were
revealed, and the sources and migration models of
Sb in the environment in XKS were proposed. This
study confirmed the application of Sb isotopes as
environmental tracers with suitable evidence, and
the Sb isotope method may be suitable for other
regions with similar conditions.

However, the Sb isotopes of atmospheric deposi-
tion and stibnite were not determined because of the
lack of samples collected during the initial experi-
mental design and sampling. The contents of active
Fe/Al (hydrogen) oxides and clay minerals in the
environmental matrices were not determined. Fur-
ther studies on the Sb isotope signatures of atmos-
pheric deposition and stibnite, as well as soil par-
ent material from the XKS Sb mine, are needed to
quantitatively identify the impact of natural factors
coupling anthropogenic activities on Sb pollution in
this area.
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