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A B S T R A C T   

Antimony (Sb) isotopic fingerprinting is a novel technique for stable metal isotope analysis, but the use of this 
technique is still limited, especially in sediments. In this study, the world’s most important Sb mineralization belt 
(the Xikuangshan mineralization belt) was taken as the research object and the Sb isotopic composition and Sb 
enrichment characteristics in the sediments of water systems from different Sb mining areas located in the Zijiang 
River (ZR) Basin were systematically studied. The results showed that the ε123Sb values in the sediments of the 
ZR and its tributaries, such as those near the Longshan Sb-Au mine, the Xikuangshan Sb mine, and the Zhazixi Sb 
mine, were 0.50‒3.13 ε, 2.31‒3.99 ε, 3.12‒5.63 ε and 1.14‒2.91 ε, respectively, and there were obvious 
changes in Sb isotopic composition. Antimony was mainly enriched in the sediments due to anthropogenic 
sources. Dilution of Sb along the river and adsorption of Sb to Al-Fe oxides in the sediment did not lead to 
obvious Sb isotopic fractionation in the sediment, indicating that the Sb isotopic signature was conserved during 
transport along the river. The Sb isotopic signatures measured in mine-affected streams may have differed from 
those in the original Sb ore, and further investigation of Sb isotopic fingerprints from other possible sources and 
unknown geochemical processes is needed. This study reveals that the apparent differences in ε123Sb values 
across regions make Sb isotopic analysis a potentially suitable tool for tracing Sb sources and biogeochemical 
processes in the environment.   

1. Introduction 

Antimony (Sb) pollution is a global problem, and its geochemistry, 
migration and transport have attracted increasing attention worldwide 
(Herath et al., 2017). Human activities have caused important changes 
in Sb cycling on the surface of the earth, and its anthropogenic flux has 
greatly exceeded its natural flux, accounting for ~83 % of the total flux, 
with mining being the main factor (~93 %) among anthropogenic 
sources (Sen and Peucker-Ehrenbrink, 2012). Antimony is not only 
heavily enriched in rivers, atmospheric aerosols and soils but also exists 
in peat and ice cores from the Canadian Arctic (Krachler et al., 2005). 
Antimony enters freshwater systems through rock weathering and 
leaching, and it can reach values of hundreds or even thousands of µg/L 
in polluted rivers near mining areas and smelters (He et al., 2012, 2019). 
The impact of Sb pollution on freshwater systems closely associated with 
human activities has been of particular concern to researchers. 

Therefore, it is important to fully understand the origin and behavior of 
antimony using robust methodologies and direct evidence (i.e., Sb iso-
topes) to predict its potential mobility, bioavailability and environ-
mental impact in aquatic environments and to initiate associated 
remediation efforts in mining-affected hydrological systems. 

There are two stable isotopes of Sb, 121Sb and 123Sb, which have 
large masses and a relatively small fractionation range, and their relative 
abundances are 57.21 % and 42.79 %, respectively (Hoefs, 2018). The 
high-precision measurement of Sb isotopes has been realized by 
Multicollector-Inductively Coupled Plasma-Mass Spectrometry 
(MC-ICP-MS) (Rouxel et al., 2003; Tanimizu et al., 2011; Wen et al., 
2018; Liu et al., 2020). Through the study of Sb isotopic composition in 
different environmental samples, such as water and deep-sea hydro-
thermal sulfides, it was found that the degree of Sb isotopic composition 
changes depends on the type of samples analyzed, among which the Sb 
isotope changes most in hydrothermal sulfides, with a ε123Sb value of 
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16.9 ε (Rouxel et al., 2003). Researchers have proposed multiple 
mechanisms to explain Sb isotope fractionation, such as redox trans-
formations (Rouxel et al., 2003; Dillis et al., 2019; Wang et al., 2021) 
and adsorption to iron (hydr)oxides (Araki et al., 2009; Tanimizu et al., 
2011; Zhou et al., 2023). In addition, biomethylation processes lead to 
heavy isotope enrichment (Wehmeier et al., 2003). These studies 
demonstrate that Sb isotopes are powerful tools for tracing Sb pollution 
sources and biogeochemical processes, but the composition and frac-
tionation mechanisms of Sb isotopes in environmental systems still need 
to be further elucidated. Due to heterogeneity in the biogeochemical 
characteristics of different mining areas, Sb isotopic composition may 
change during the process of transmission from mine tributaries to rivers 
and lakes (Resongles et al., 2015). A study of the isotopic composition of 
Sb in France revealed that there were differences in the isotopic 
composition of Sb in two watersheds affected by mining, and the ε123Sb 
values in the Orb River and Gardon River were − 0.6‒+1.1 ε and 
+2.7‒+8.3 ε, respectively (Resongles et al., 2015). Currently, the sys-
tematic research on the isotopic composition of Sb in aquatic environ-
ments is only preliminary reported in river water (Resongles et al., 2015; 
Wen et al., 2023), and the isotopic composition of Sb in sediments has 
not been studied. Compared to the water phase, Sb is more inclined to 
combine with sediments (Liu et al., 2023), and sediments are important 
hosts for geological records and anthropogenic Sb emissions. However, 
the impact of complex environmental conditions on the isotopic 
composition of Sb in sediments is still poorly understood. Therefore, 
accurately determining the isotopic composition of Sb in sediments is 
essential for revealing the geological origin of Sb and its source tracing, 
which is of great significance. 

The Zijiang River (referred to as "ZR") is an important tributary of the 
Dongting Lake Basin in the midstream region of the Yangtze River. The 
ZR Basin is located in the ultra-large Sb ore belt, and various Sb ores 
have been confirmed in the basin, for example, the world’s largest Sb 
mine, Xikuangshan, is in this region (Liu et al., 2023). Due to hundreds 
of years of mining activities, Sb pollution in Xikuangshan is serious, and 
previous studies have mainly focused on the distribution and speciation 
of Sb in rivers, groundwater, mine drainage, sediments, soil and mine 
tailings, and fish (Wang et al., 2011). In addition, Wen et al. (2016, 
2022, 2023) used S, Sr, Mo, and Sb isotopic methods to explore the 
geochemical processes of Sb in water systems and found that Sr, S and Sb 
have common pollution sources, and the attenuation of Sb in ground-
water or mine water is affected by Sb adsorption and desorption to 
Fe/Mn-(hydr)oxides. However, the development of other Sb mines in 
the ZR Basin has also increased, and the sources and geochemical pro-
cesses of Sb in the water system of the ZR affected by these mines are still 
unclear, especially in the sediments. Therefore, it is important to use 
advanced methods and means to determine the factors controlling the 
sources and migration of Sb in the sediment system of the ZR. 

The purpose of this study is to analyze Sb isotopic composition 
characteristics and Sb enrichment and sources in hydrologic sediments 
affected by different mining areas in the ZR Basin and to elucidate the 
geochemical processes that affect the source and migration of Sb in the 
water system. This study supplements the Sb isotope fingerprint data-
base and provides basic data for tracing the source of environmental Sb 
pollution. 

Fig. 1. Study area and sampling sites for sediments (A, the mainstream of the ZR; B, Longshan-Shaoshui River; C, Lianxi River; D, Creeks in the Zhexi Reservoir).  

H. Liu et al.                                                                                                                                                                                                                                      



Water Research 254 (2024) 121427

3

2. Materials and methods 

2.1. Study area 

The ZR is located in the transition zone between South China and the 
Yangtze River plate and has a total length of 653 km. The Nanshui River 
and Fuyi River flow into it at Shuangjiangkou in Shaoyang County, and 
it passes through Shaoyang, Lengshuijiang, Xinhua, Anhua, Taojiang, 
Yiyang, and finally into Dongting Lake. Typical large Sb deposits along 
the river in the ZR Basin include the Longshan (Sb-Au), Xikuangshan, 
Gutaishan, Zhazixi and Banxi mines (Fig. 1), and the reserves and ge-
netic types of the Sb deposits are shown in Table S1. The mineral 
composition is simple, with stibnite being the main ore mineral, which is 
associated with trace amounts of pyrite, arsenopyrite, pyrite, and 
sphalerite. These Sb mines are all located in mountainous regions from 
which the rivers belonging to the ZR system originate. More than one 
hundred years of mining activities have been carried out in the basin, 
which has resulted in the production of large amounts of solid waste, 
such as waste rocks and residues from mining and smelting, and these 
flow into the ZR through tributaries (Liu et al., 2023). 

2.2. Sample collection and analysis 

2.2.1. Sample collection 
In April 2021, in the mainstream of the ZR (area A) and in tributaries 

near Sb mines included the Longshan-Shaoshui River (area B), Lianxi 
River (area C) and Creeks in the Zhexi Reservoir (area D), 23, 4, 5 and 7 
sediment samples were separately collected using grab buckets, stored in 
polyethylene ziplock bags and sealed in stainless steel lunch boxes. In 
the laboratory, the samples were freeze-dried, ground and sieved (< 200 
mesh) and stored in polyethylene ziplock bags. 

2.2.2. Analysis of total concentration of elements and chemical composition 
of Sb 

According to the HJ 680‒2013 standard method, 8 ml of digestion 
solution (6 ml HCl and 2 ml HNO3) was placed in a digestion tank with 
~0.2 g of sample for digestion by a microwave digestion instrument 
(Multiwave PRO, Anton Paar). The total Sb in the digestion solution was 
determined using a Hydride Deneration-Atomic Fluorescence Spec-
trometer (HG-AFS, AFS-9710, Beijing Haiguang Company), and the 
detection limit was 0.02 mg/kg. The concentrations of other elements in 
the HNO3–HClO4–HF mixed digest were analyzed by Inductively 
Coupled Plasma-Optical Emission Spectrometry (ICP-OES, ICAP-7400, 
Thermo Fisher, USA). More details on sample handling can be found 
in Liu et al. (2023). 

According to the BCR procedure (Rauret et al., 1998), the different 
chemical forms of Sb in the sediments were extracted sequentially in 
four steps. Before sequentially adding the extractant, approximately 1 g 
of dry sample was weighed in a 50 ml centrifuge tube, and the extracted 
residue was washed three times with deionized water, freeze-dried, 
weighed, and digested using the same procedure used for the total 
concentration. The fractions obtained after BCR extraction were 
acid-soluble (F1), reducible (F2), oxidizable (F3), and residual (F4), 
where the value of F1 + F2 + F3 represented the bioavailable 
concentration. 

2.2.3. Purification and isotopic analysis of Sb 
Antimony isotope sample digestion and analysis were completed at 

the State Key Laboratory of Environmental Geochemistry, Institute of 
Geochemistry, Chinese Academy of Sciences, using a two-step chro-
matographic purification process according to a method developed by 
Sun et al. (2021) (see Table S2 for details) to pretreat the digestion so-
lution for Sb isotope analysis by MC-ICP-MS. An Sb-containing solution 
(NIST SRM 3102a) produced by the National Institute of Standards and 
Technology was selected as the reference standard for Sb isotopic 
analysis. The instrument error was controlled by the sample standard 

surround method and element doping (SSB-ED), with an accuracy of 0.4 
ε (2SD). 

2.3. The representation of Sb isotope 

The antimony isotopic analysis results are reported in ε123Sb nota-
tion, where ε123Sb is defined as the deviation between the 123Sb/121Sb 
ratio in the sample and the mean value of the 123Sb/121Sb ratio in the 
standard, in units per ‱ (ε): 

ε123Sb =

⎡

⎢
⎣

(
123Sb/121Sb

)

sample(
123Sb/121Sb

)

standard

− 1

⎤

⎥
⎦× 10000 (1) 

Although the absolute values of ε123Sb for Sb obtained in different 
studies cannot be compared because the authors used different internal 
Sb isotopic standards, we can normalize the Sb isotopic composition 
data of environmental samples in the literature related to NIST SRM 
3102a (Feng et al., 2019; Sun et al., 2021). Refer to Text S1 for the 
details of the normalization process. 

2.4. Enrichment factor (EF) and estimation of Sb concentrations from 
different sources 

The enrichment factor (EF) method is an important means to 
distinguish the anthropogenic and natural sources. In the EF calculation, 
the Sb concentration is normalized by the concentration of elements 
mainly derived from natural sources (such as Al and Ti), which provides 
Sb enrichment relative to the natural background. This normalization 
eliminates the dilution effect caused by the increase of natural compo-
nents such as quartz, carbonates, and organics (Shotyk et al., 2003; Liu 
et al., 2022). In this study, the Sb enrichment factor (EFSb) was 
normalized by Al and Ti: 

EFSb =

⎡

⎢
⎢
⎢
⎣

(
Sb
Al

)

sample(
Sb
Al

)

bcakground

+

(
Sb
Ti

)

sample(
Sb
Ti

)
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⎤

⎥
⎥
⎥
⎦

2

(2)  

where "background" means the natural background. EF = 1 indicates 
that Sb concentration is similar to the natural background, while EF > 1 
corresponds to Sb enrichment. Here, we chose the background values in 
the ZR sediments investigated by Li and Zheng (1989), in which Sb, Al 
and Ti are 3.11 mg/kg, 58.89 g/kg and 2.80 g/kg, respectively. 

To investigate the response of sediments to the spatial differences in 
human activities in the ZR, the natural and anthropogenic concentra-
tions of Sb were calculated by the following equation (Shotyk et al., 
2003): 

Sbn =
Sbsample

EF
(3)  

Sba = Sbsample −
Sbsample

EF
(4)  

where Sbn and Sba are the natural and anthropogenic concentrations of 
Sb in the sample, respectively. 

2.5. Quality assurance and quality control 

For digestion, two standard materials (GBW-07,309 and GBW- 
07,311) were used to control the quality of sediment analysis, with 
two blank samples and no less than 10 % parallel samples per batch for 
quality assurance and quality control. The recovery rate of Sb for stan-
dard materials ranged from 95.06 % to 119.09 %, and the standard 
deviation of repeated samples was less than 10 %. The average recovery 
of other trace elements ranged from 83.29 % to 107.31 %. The long-term 
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reproducibility of isotopic measurements was assessed by repeated 
measurements of Afla-IGCAS standard solutions (ε123Sb =2.81±0.38). 
The overall ε123Sb average and uncertainty of NIST 2711a (soil) and 
GSD-11 (sediment) were 1.63 ± 0.28 ε (2SD, n = 5) and 1.70 ± 0.36 ε 
(2SD, n = 5), respectively, which agreed well with the previous study 
(Sun et al., 2021). 

3. Results 

3.1. Physicochemical properties of surface sediments 

The physiochemical parameters of the sediments are listed in 
Table 1. The results showed that the pH value was 6.31‒7.43, and the 
coefficient of variation was CV ≤ 4.85 %. The sediment organic matter 
(SOM) concentrations in the four areas were all low, with an average of 
3.80‒4.80 %, and the corresponding coefficient of variation was 23.27‒ 
54.33 %. The average concentrations of major elements in areas A, B and 
C were Al > Fe > Ca > Ti > Mn, and the average concentration of major 
elements in area D was Al > Fe > Ti > Ca > Mn. The concentration of 
amorphous alumina (Alo) was lower than that of amorphous iron oxide 
(Feo), and the variation was largest in area C (Lianxi River), with co-
efficients of variation of 68.91 % and 106.75 %. The particle size 
composition of each area was dominated by clay and silt, of which clay 
(< 4 µm) accounted for 7.84 %‒83.41 %, silt (4‒63 µm) accounted for 
10.60 %‒76.51 %, and sand (≥ 63 µm) accounted for 0 %‒60.55 %, 
among which the sand content had a large degree of variation, and the 
variation coefficients of the four areas were all ≥ 133.93 %. The single- 
factor variance results showed that in different areas, the mean Ca 
concentration in area C was significantly greater than the mean Ca 
concentration in other areas (p ≤ 0.05), while the mean values of other 
physical and chemical properties did not show statistical differences (p 
> 0.05). 

3.2. Geochemical characteristics of Sb 

3.2.1. The tributaries near Sb mines 
The Sb isotopic compositions (ε123Sb) of areas B, C, and D ranged 

from 2.31‒3.99 ε, 3.12‒5.63 ε, and 1.14‒2.91 ε, respectively, corre-
sponding to Sb concentrations of 4.47‒62.04 mg/kg, 111.52‒817.68 
mg/kg and 7.07‒66.06 mg/kg (Fig. 2a and Table 1). In a single tribu-
tary, the Sb isotopic composition changed little, while the Sb concen-
tration changed greatly, with coefficients of variation of 〈 36.34 % and 〉
96.96 %, which indicates that there are differences in the geochemical 
behavior of Sb affected by mining activities in the ZR Basin, and that Sb 
isotopic variations are important in river systems. LX-3 and YTX-1 in 
areas C and D had the highest and lowest ε123Sb values (5.63 ε and 1.14 
ε) measured in this study, while YTX-1 was the sampling site with the 
highest Sb concentration in area D. It is worth noting that both areas B 
and D showed the opposite trend in Sb isotopic characteristics and Sb 
concentration changes, i.e., lower Sb concentrations corresponded to 
higher ε123Sb values. However, the Sb concentration in area C was 
significantly different from that in areas B and D, and the isotopic 
composition of Sb in area C was significantly different from that in area 
D, which indicated that the isotopic signature of Sb changes during 
transfer from the original ore to the river. 

Research showed that rivers affected by different types of mining 
areas and water samples from different aquifers exhibit various Sb iso-
topic characteristics (Resongles et al., 2015; Wen et al., 2023). Spatially, 
the ε123Sb values of area B along the flow direction of the river showed 
that the ε123Sb value increased from LS-1 to LS-3 and decreased at LS-4, 
which seemed to be affected by another tributary in this study (Fig. 3a). 
It is worth noting that LX3 in area C had the highest ε123Sb, and the Sb 
concentration in the surface water of LX3 was very high, with an Sb 
concentration of 2373.38 μg/L, but the Sb concentration in the sediment 
was relatively low at 183.35 mg/kg. LX-3 is located downstream of the 
Sb smelter, mining plant and waste rock pile. After the Lianmeng Creek Ta
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entered the Lianxi River, ε123Sb at LX-2 slightly increased (Fig. 3b). In 
area D, the ε123Sb values of Yangxi and Chanxi increased before they 
flowed into the ZR (Fig. 3c). 

3.2.2. The mainstream of the ZR 
In area A, the fluctuations in Sb concentration and isotopes were 

obvious upstream (Z1‒Z4) and midstream (Z5‒Z14), but the values 
were consistent downstream (Z15‒Z23) (Fig. 2b). Although the one-way 
ANOVA results showed that the concentration of Sb in the sediments of 
the ZR was only significantly different from that of the Lianxi River (p ≤
0.05), the Sb isotopic composition in the ZR sediment was significantly 
different from that of the tributaries near Sb mines (p ≤ 0.05), and its 
measured Sb isotopic composition (1.84 ± 0.66) was lower than the 
values obtained along the Longshan-Shaoshui River (3.07 ± 0.77) and 
the Lianxi River (3.53 ± 1.28). In similar regional studies, the down-
stream river waters did not show obvious fractionation relative to the 
mining river water (Resongles et al., 2015). In most of the sampling sites 
in the mainstream of the ZR, the trends in ε123Sb and Sb concentrations 
were opposite to one another, but at sampling site Z5, which was 
affected by area C, this relationship was not obvious, indicating that 
mining input from Xikuangshan was the main source of Sb in the ZR, but 
Sb isotopic fractionation occurred in the river. For sampling sites 
affected by areas B and D, the changes in Sb concentration were not 
obvious, indicating that the diluting effect of the river can offset the 

impact of Sb input in these two areas, i.e., the Sb concentrations in 
sampling sites LS-4 and YX-9 were only 20.52 mg/kg and 31.55 mg/kg, 
respectively, while the Sb concentration in LX-5 in area C reached 
817.68 mg/kg, which was 25 times the average Sb concentration in the 
ZR. 

A summary of the Sb isotopic composition (ε123Sb) reported in this 
study and those reported in other literature is shown in Fig. 4. The ε123Sb 
value in environmental samples such as the river water in a study by 
Rouxel et al. (2003) and the seawater in a study by Resongles et al. 
(2015) after normalization by Eq. S1-S5 (Text S1) (Fig. 4b) was not 
significantly different from that in the original data (Fig. 4a), which 
showed that the original Sb isotopic fingerprint data could provide in-
direct information. 

3.3. The enrichment of Sb in surface sediments 

3.3.1. Evidence for anthropogenic Sb import 
The results showed that the EFSb in the sediments from area A were 

0.98‒25.90, with an average value of 7.78 ± 7.34. Except for the EFSb of 
Z1 and Z17, which were ≈1, the EFSb at the sites were all > 1 (Fig. 5a), 
indicating that relative to the natural background, anthropogenic Sb was 
enriched in sediments. Spatially, the EFSb values were < 7.25 in the 
upstream region, followed by a large range of variation in the midstream 
(5.51‒25.90), and finally small variation was observed in the 

Fig. 2. Diagram of variations in Sb concentrations and ε123Sb values in (a) tributaries near Sb mines (B, Longshan-Shaoshui River; C, Lianxi River; D, Creeks in the 
Zhexi Reservoir) and (b) the mainstream of the ZR (A). The boxplots show the statistical results of Sb and ε123Sb respectively. 
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downstream region (1.10‒5.59). This was due to the high intensity of Sb 
mining and smelting activities in the upstream and midstream, as well as 
the sediment interception by Zhexi Dam (located at the junction of the 
midstream and downstream), resulting in significantly higher Sb 
pollution in the upstream and midstream than that in the downstream 
(Liu et al., 2023). Similarly, in tributaries near Sb mines, except for LS-3, 
the EFSb values of the sampling sites are all > 1 (Table S3), indicating 
that there was significant anthropogenic enrichment of Sb. Among them, 
EFSb of sediments in Lianxi River (area C) located in Xikuangshan Sb 
mine was the highest, ranging from 18.76 to 211.61. 

3.3.2. The contribution of natural and anthropogenic sources of Sb 
In general, the Sb in the tributaries near Sb mines and the main-

stream of the ZR was mainly anthropogenic in origin (Table S3 and 
Fig. 5b). Fig. 5a showed that surface sediments with a high concentra-
tion of Sba were mainly distributed in the ZR, which was consistent with 
the distribution of EF. In the midstream of ZR, the highest concentration 
of Sba did not correspond to the highest EF value at Z9 but appeared at 
the second highest EF value at Z5 (Fig. 5b), which was strongly affected 
by high-concentration Sb input from Xikuangshan. Although the con-
tributions of Sbn and Sba in the ZR were 3.86 %‒100 % and 0 %‒96.14 
%, respectively, in most of the samples, the contribution of anthropo-
genic sources (> 50 %) was greater than that of natural sources, 

especially in the midstream. As a metalloid that can be transported over 
long distances (Zhang et al., 2022), Sb is affected not only by large-scale 
Sb mining in this area but also by anthropogenic air emissions from the 
many Sb smelters present along the riverbank (Zhang et al., 2018). The 
light isotope (121Sb) is enriched in the waste gas emitted by smelters, 
which shows that the fractionation of Sb in the ZR may also be affected 
by atmospheric anthropogenic sources. In this study, there was a sig-
nificant correlation between Sb and Hg (r = 0.73, p < 0.01), indicating 
that the sources of both were largely the same, and according to the 
results of Hg isotope source analysis, the source of Hg in the ZR was 
mainly industrial anthropogenic sources, and atmospheric sources also 
had a small contribution (Mao et al., 2023). 

3.4. Chemical composition of Sb 

The BCR extraction results (Fig. 5c and Table S4) showed that in all 
surface sediments of the ZR, the fractions showed the trend F4 > F2 > F1 
> F3. The Sb mainly existed in the residual fraction (F4 > 94.02 %), and 
in the four regions, the average ratio of Sb in F4 was 98.21 % (A), 95.85 
% (B), 96.78 % (C) and 96.79 % (D), respectively, and the corresponding 
average concentration was 31.55 mg/kg (A), 24.56 mg/kg (B), 468.23 
mg/kg (C) and 27.19 mg/kg (D), respectively. The percentage of 
bioavailable Sb in the surface sediments of the ZR was 0.89 %‒3.08 %, 

Fig. 3. The spatial distributions of the ε123Sb value in sediments from the tributaries near Sb mines. (a) B, Longshan-Shaoshui River; (b) C, Lianxi River; and (c) 
Creeks in the Zhexi Reservoir. 
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corresponding to a concentration of 0.04‒2.14 mg/kg. Under the con-
trol of total concentration (Liu et al., 2024), the concentrations of 
various fractions of Sb in sediments of Lianxi River were higher than 
those in other regions (p < 0.05). Overall, the proportion of effective 
state in sediments of tributaries in mining areas was higher than that in 
mainstream of ZR (p < 0.05). The low chemical mobility and bioavail-
ability of Sb may be related to the fact that Sb easily combines with solid 
phases and has high stability (Johnston et al., 2020). In addition, studies 
have shown that under sulfidation and reduction conditions, Sb can be 
effectively isolated (Besold et al., 2019). 

3.5. Correlations between Sb isotopes and other elements in sediments 

This study conducted Spearman’s correlation analysis on sediments 
of the mainstream and all sediments of ZR respectively, as shown in 
Table S5 and S6, and the results were basically consistent. There was no 
significant correlation between ε123Sb in sediments and the concentra-
tions of Sb and As (p > 0.05), and no other elements and physical and 
chemical properties were found to be correlated with ε123Sb (p > 0.05). 
Although the four fractions of Sb were significantly positively correlated 
with total Sb concentration (p ≤ 0.01), only the oxidizable fraction (F3: 
mainly the part bound by organic matter) was found to be correlated 
with ε123Sb (r = 0.36, p ≤ 0.05). In addition, there was no significant 
correlation between biologically available Sb and ε123Sb (p > 0.05). 

4. Discussion 

4.1. Comparison of Sb isotopic composition in different environmental 
media 

This study is the first to report ε123Sb in river sediments, and the 
observed ε123Sb value was in the mid-range of all reported ε123Sb values 
(Fig. 4), with extreme ε123Sb values (0.50 and 5.63) recorded at the 
mouth of the ZR (Z21) and at the Lianxi River (LX-3) in Xikuangshan, 
where the main Sb ore mined is stibnite (Sb2S3). The range of Sb isotopic 
composition in this study was comparable to that of river surface water 
(Wen et al., 2023) affected by the Xikuangshan mine, but it was greater 
than that reported for Sb from the same site in the Xikuangshan mine 
(Zhai et al., 2021) and Zhaxikang mine in China (Wang et al., 2021) and 
other sites in other countries (Tanimizu et al., 2011; Lobo et al., 2012; 
Degryse et al., 2015). The stibnite samples have a narrower range than 
the ε123Sb range reported for river water by Resongles et al. (2015). The 
contrasting features of these Sb-influenced streams may reflect local 
differences in the isotopic composition of stibnite, as other Sb-bearing 
minerals in the ore may also have contributed to the Sb isotopic signa-
ture in these streams (Resongles et al., 2015). Antimony ore smelting 
may also have produced residual slag with heavier Sb isotopic signa-
tures, as seen for Hg (Yin et al., 2013) and Zn isotopes (Sivry et al., 
2008). These slags may also have resulted in heavier Sb isotopes in the 

Fig. 4. Summary of ε123Sb values in environmental samples reported in various studies (a) the Sb isotopic standards are SCP and Spex, and (b) the Sb isotopic 
standards are NIST 3102a (Rouxel et al., 2003; Asaoka et al., 2011; Tanimizu et al., 2011; Lobo et al., 2012, 2013, 2014; Degryse et al., 2015; Resongles et al., 2015; 
Li et al., 2021; Ma, 2021; Wang et al., 2021; Zhai et al., 2021; Zhang et al., 2022; Li et al., 2023; Wen et al., 2023). 
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Sb-influenced rivers in areas B, C, and D. Alternatively, biogeochemical 
processes involved in the movement of Sb from the ore material to the 
water may have altered the initial Sb isotopic composition, and the 
presence of greater quantities of adsorbents (such as Fe-, Mn- and 
Al-(hyd)oxides and organic matter) in the sediments might have also 
had an effect. Therefore, Sb dynamics in sediments are more complex 

than those in surface water. 

4.2. The potential influencing factors of Sb isotopes 

The high Sb concentration and low ε123Sb features in the surface 
sediments of the ZR suggested that Sb might be influenced by mining- 

Fig. 5. (a) The enrichment factor (EF) and anthropogenic concentration of Sb, (b) the percentage of natural and anthropogenic sources of Sb, and (c) the percentages 
of chemical fractions and bioavailable concentrations of Sb based on BCR extractions in sediments from the mainstream of the ZR. 
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derived deposition, as revealed by the high Zn concentration and low 
δ66Zn studied in the karst regions of Southwest China (Xia et al., 2020). 
However, the behavior of Sb was also affected by environmental depo-
sitional conditions that affected its chemical distribution. It is not yet 
known whether chemical distribution affects the isotopic fractionation 
of Sb (Wen et al., 2018), but in this study, the correlation between the 
four fractions of Sb and ε123Sb was not significant (p > 0.05) (Table S5), 
indicating that chemical distribution had little effect on Sb isotopic 
fractionation. 

The biogeochemical process of Sb migration involves oxidation, 
dissolution, release, adsorption and the precipitation of stibnite (Sb2S3), 
which has a potential impact on the isotope composition and fraction-
ation of antimony (Wang et al., 2021; Zhai et al., 2021). The fraction-
ation of Sb isotopes during the dissolution of minerals such as stibnite 
has only been preliminarily studied (Ferrari et al., 2022). Most of the Sb 
in the ore was released during the washing process, so the Sb isotopic 
composition of the wastewater should be almost indistinguishable from 
that of the mineral, which may indirectly affect the river water affected 
by the pollution (Guo et al., 2014). In addition, Rouxel et al. (2003) 
emphasized that redox reactions can produce Sb isotopic fractionation. 
Laboratory adsorption studies of Sb(V) revealed that ferrihydrite pref-
erentially adsorbed the 121Sb isotope, thus slightly enriching the heavier 
isotope (123Sb) in the aqueous phase (Araki et al., 2009). In a study with 
a geochemical background similar to the one in this study, Tanimizu 
et al. (2011) showed a 0.30 ‰ difference between stibnite in mine waste 
in Ichinokawa, Japan, and in the corresponding drainage, which was 
richer in the heavy 123Sb isotope. This fractionation was related to the 
preferential adsorption of the 121Sb isotope by ferric hydroxide. There-
fore, the oxidation of Sb(III) and the adsorption or precipitation of Sb 
(III)/Sb(V) may contribute to Sb isotopic fractionation in the river in the 
mining area. This suggests that the various Sb isotopic compositions in 
tributaries near the Sb mines in this study (1.14‒5.63 ε) may not be 
representative of the Sb signature in the original stibnite (− 2.7‒+8.6 ε) 
(Zhai et al., 2021) but instead arise from a combination of various 
geochemical processes that may occur at any stage of Sb transport from 
the mine to the river. According to the results of EFSb and of the 
bioavailability of Sb (Fig. 5a and 5c), the higher the concentration of the 
bioavailability, the higher the EFSb, indicating that the degree of human 
influence was also higher, and the ε123Sb was also higher, although EF 
and Sb did not show a correlation overall (p > 0.05). 

4.3. Sources and transport of Sb in sediments based on Sb isotopes 

4.3.1. The tributaries near Sb mines 
Although there is a lack of relevant studies on the characteristics of 

Sb isotopic fractionation in river sediments, studies on the characteris-
tics of Sb isotopic fractionation and its migration in river water affected 
by mining are ongoing. Resongles et al. (2015) reported that the ε123Sb 
of the Gardon River decreased slightly past its confluence with the Alès 
River, while the ε123Sb of the Gardon of the Anduze River increased 
slightly past its confluence with the Amous River. It indicated that Sb 
fractionation was limited in the river during transport, which is related 
to the dominant Sb form of Sb(V) (Resongles et al., 2015). The latest 
results of Wen et al. (2023) on Sb isotopes in Xikuangshan showed that 
the dilution of Sb along the river in the Xikuangshan stream (Feishuiyan) 
and the weak adsorption of Sb by Fe-Mn suspended particles and sedi-
ments does not lead to apparent Sb isotopic fractionation in river water. 
The physicochemical conditions, the predominance of Sb(V), the stable 
Sb isotopic composition, and the high Sb concentration suggest that Sb is 
conserved during transport in the Feishuiyan stream. Therefore, based 
on the above analyses, the ε123Sb value and Sb concentration fluctua-
tions in the sediments along the tributary flow direction in the studied 
mining area indicated that dilution of Sb along the river and weak 
adsorption of Sb by sediments do not lead to significant sediment Sb 
isotopic fractionation. However, the isotopic fractionation of Sb in 
sediments may increase during migration from the pollution source 

along the river, and further research is needed on other possible sources 
of Sb and unknown geochemical background values. It should be noted 
that compared with the ε123Sb of the Feishuiyan stream waters (1.9‒3.9 
ε) reported by Wen et al. (2023), the ε123Sb of the Lianxi River sediments 
in this study is relatively higher, which may be related to regional 
background and differences in Sb isotope reference standards (Sun et al., 
2021). In addition, the contrasting features of ε123Sb in the sediments 
from the tributaries near Sb mines in this study may reflect the back-
ground value of the local isotopic composition, including differences in 
the composition of Sb ore, because the Sb ore present in auxiliary 
minerals may also contribute to the ε123Sb signature of these tributaries 
(Resongles et al., 2015). Therefore, Sb isotopes help track the source of 
Sb pollution in river systems far from mining areas. In addition, Fig. 6a, 
7b and 7c showed that the δ202Hg in the sediment of the Lianxi River 
located in Xikuangshan was also significantly higher than that in the ZR, 
and Mao et al. (2023) successfully used Hg isotopes to analyze the source 
of Hg in the sediments of the Lianxi River, and nonferrous metal 
smelting was the main industrial contributor to the Lianxi River. 

4.3.2. The mainstream of the ZR 
The Sb concentration in surface waters from the ZR was much lower 

than that in surface waters of the tributaries near Sb mines, but this 
characteristic was not shown in sediments (Liu et al., 2023), which may 
be because the deposition conditions of ZR are better than those of 
tributaries near Sb mines, resulting in this difference (Feyte et al., 2010; 
Xi et al., 2013). The Sb isotopic signature of sediments is likely to be 
mainly controlled by the stock size and isotopic signature of potential 
sources. Furthermore, a prerequisite for using stable metal isotopes as 
metal source tracers in conservative systems is that mixing needs to be 
the result of changes in stable metal isotopes, with limited additional 
fractionation effects (adsorption, complexation, coprecipitation, etc.) 
(Zhong et al., 2021). 

The Sb concentration in sediments from the ZR was positively 
correlated with the abundance of Feo and Alo (Liu et al., 2023), and this 
strong influence of Fe and Al on Sb suggests that Sb is associated with 
Fe-Al oxides, which indicates the role of Fe-Al oxides on Sb migration. 
However, due to the significant influence of Sb mining, the migration of 
Sb in sediments from the tributaries near Sb mines is no longer mainly 
controlled by Fe-Al oxides but is related to the anthropogenic inputs 
caused by mining and smelting activities (Liu et al., 2023). Spatially, the 
concentration of Sb was basically consistent with the distribution of 
ε123Sb in the midstream, while there is a large difference between the 
upstream and the downstream (Fig. S1). We also found that there is no 
significant correlation between the ε123Sb value and other physi-
ochemical factors (Table S5 and S6), and the Fe-Al oxides related to Sb 
have little effect on ε123Sb, which indicates that adsorption has little 
influence on the metal isotopes present in natural environments. The 
contribution of fractionation is very small, which was also demonstrated 
by Zhou et al. (2022) in an experiment involving Sb adsorption to 
aluminum oxide. 

In general, the ε123Sb value in the sediments of the ZR is significantly 
smaller than the ε123Sb value in the tributaries near Sb mines. Similarly, 
in a study by Wen et al. (2023), the ε123Sb value of river surface water at 
a sampling site affected by slag-leaching water was significantly higher 
than that at other sampling sites. The values of ε123Sb in the upstream, 
midstream and downstream regions of the ZR were 1.87 ε, 1.97 ε and 
1.68 ε, respectively, and the highest ε123Sb value appeared in 
midstream, which showed that the Sb isotopic fractionation in the 
midstream region was affected by the high ε123Sb value from the mining 
area. Fig. 6d showed that after the Lianxi River and Qingfeng River 
flowed into the ZR, the ε123Sb values from Z4 (1.84 ε) to Z5 (1.91 ε) 
increased slightly. According to the overall trends in ε123Sb in the ZR, Sb 
was conserved during transport in the river. At the same time, according 
to the Sb isotope discriminant analysis results (Fig. 6d), the Sb isotopic 
signature at most of the sampling sites matches that of the original area, 
which further confirms that Sb isotopes in the ZR undergo limited 
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fractionation during migration in the sediment, so the Sb isotopic 
signature can be used for surface sediment tracing to find the source of 
Sb. 

Overall, we conclude that the closer a site is to the mining area, the 
more active the Sb migration, and mining activities bring subsurface 
heavy metals to the surface, thereby enhancing their activity under 
unique hydrogeological conditions. The absolute concentration of Sb 
during mining is higher, and the amount of leached Sb increases 
correspondingly, which is associated with leaching-related release. Fe- 
Al oxides can affect the migration of Sb in the ZR, but they do not 
have a significant impact on Sb isotopic fractionation. 

5. Conclusion 

In this study, the Sb isotopic composition in hydrologic sediments 
affected by different mining areas was determined for the first time 
through the analysis of ε123Sb values. The results showed that there were 
obvious changes in the Sb isotopic composition in the sediments of 
different areas in the ZR Basin, and the value of ε123Sb in the sediments 
of the ZR was significantly smaller than the value of ε123Sb in the trib-
utaries near Sb mines. Dilution of Sb along rivers did not lead to sig-
nificant Sb isotopic fractionation in sediments, and Sb was conserved 
during transport along rivers. The ZR Basin was strongly affected by 
human activities, and there was obvious anthropogenic Sb enrichment. 
Although mining activities (especially in the midstream) could increase 
Sb migration in the sediments from the ZR under special hydro-
geological conditions where mine tributaries enter the mainstream, they 
had little effect on Sb isotope fractionation. Differences in the Sb isotopic 
composition in sediments indicated that it is a potentially useful tool for 

studying Sb sources and biogeochemical processes in hydrological sys-
tems. However, further studies on other possible sources of Sb isotopes 
and unknown geochemical background values are needed to better 
identify and characterize Sb isotopic fractionation resulting from 
different biogeochemical processes occurring during Sb release and 
transport in rivers. 
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