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HIGHLIGHTS GRAPHICAL ABSTRACT

e Antimony isotopic compositions in soil
profiles were measured for the first
time.

e Large fractionation of antimony isotopes
occurred in the soil profiles.

e I[sotope fractionation of natural source
Sb may be controlled by plant uptake.
e Smelting source Sb may be controlled by
absorption and reductive dissolution.

Depth (cm)

<10 08 -0.6 -0.4 -02 00 02 04 06 08 10 12 14

H1238h (%)
ARTICLE INFO ABSTRACT
Editor: Edward Burton The controlling factors of antimony migration and transformation in soil profiles are still unclear. Antimony
isotopes might be a useful tool to trace it. In this paper, antimony isotopic compositions of plant and smelter-
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the smelter-derived samples varied in 0.29%0—0.38%o. The results show that the antimony isotopic compositions
in the soil profiles are affected by post-depositional biogeochemical processes. The enrichment and loss of light
isotopes at 0-10 cm and 10-40 cm layers of the contrasted soil profile may be controlled by plant uptake process.
The loss and enrichment of heavy isotopes in the 0-10 cm and 10-25 cm layers of the antimony from smelting
source in the polluted soil profile may be controlled by the adsorption process, while the enrichment of light
isotopes in the 25-80 cm layer may be related to the reductive dissolution process. The conclusion emphasizes
that the promotion of the Sb isotope fractionation mechanism will play a crucial role in understanding the
migration and transformation behaviors of Sb in soil systems.
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1. Introduction

Antimony (Sb) is a toxic and carcinogenic metal element, and
excessive intake can cause liver dysfunction, skin keratinization, DNA
damage, and other problems [5,8,71]. It has been listed as a priority
pollutant by the US EPA and the European Union since 1979 [20]. In
recent years, studies of peat bogs and Arctic ice cores have shown that Sb
is a global pollutant that can travel over long distances [32,50]. At
present, as the ninth most mined metal [24], Sb has been widely used,
such as flame retardants, antimony lead alloys, lead acid battery elec-
trodes, and antimony chalcogenide solar cells [22,33,51,70].

The concentration of Sb in soil is low, often approximately 1 mg/kg
[1]. However, in the antimony mineralized district, the content of Sb in
the soil will increase significantly due to the weathering of Sb-rich
parent rocks. In addition, with the increase in mining and smelting ac-
tivities, Sb in soil will further increase, reaching up to 5045 mg/kg [23].
The migration and transformation of Sb in soil are controlled by various
biogeochemical processes. Under anaerobic conditions, the reductive
dissolution of Fe and Mn (hydro)oxides will cause the release of Sb from
Sb-bearing minerals [42,56,21,47]. Sb can also be fixed by the formation
of secondary minerals such as Schafarzikite (FeSb2O4) or coprecipitation
with S% [68]. Under aerobic conditions, the oxidation of Fe(II) minerals
will form Fe-containing secondary minerals, causing Sb to coprecipitate
with the newly formed secondary minerals [10,29]. Meanwhile, the
oxidative dissolution of sulfide will lead to the release of Sb in Sb sulfide
[58]. Changes in soil pH due to redox conditions also significantly affect
the speciation and migration of Sb. Therefore, it is particularly impor-
tant to evaluate the contribution of different biogeochemical processes
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to the overall migration of Sb.

Since the 1990 s, with the rapid development of multi-colletor
inductively coupled plasma mass spectrometry (MC-ICP—MS), high-
precision metal stable isotopes (such as Fe, Cu, Zn, Cd, Sb, etc.) anal-
ysis has been realized, making the tracing of metal stable isotopes for
source and process (such as weathering, biomethylation, microbial up-
take, redox, etc.) widely used [12,52,63,6,30,66]. It has been proven
that the migration and transformation processes of the elements (Fe, Zn,
Tl, Cu, etc.) in the soil profile can be traced by the isotopic compositions
[67,28,27,31,61].

Sb has two stable isotopes, 121Sb (57.21%) and 12Sb (42.79%) [4].
Sb isotopic compositions of different geological and environmental
samples (Fig. 1) indicate that there may be different degrees of isotope
fractionation in the biogeochemical processes of Sb in the supergene
environment [64], such as reduction, biomethylation, adsorption and
other processes [49,62,2]. Tanimizu et al. determined the antimony
isotopic composition of the ore and pit water of the Ichinokawa mine in
Japan and suggested that the adsorption process can cause isotopic
fractionation [55]. Zhai et al. used antimony isotopes to fingerprint
hydrothermal fluid flow directionality [72]. Resongles et al. applied
antimony isotopes to trace antimony sources in the surface water system
of a mining area in France and calculated the Sb contribution ratio of
tributaries to the mainstream through a simple mixing model [48].
Therefore, antimony isotopes have the potential to trace the sources and
biogeochemical processes in environmental systems [18,72].

At present, research on the speciation and migration behaviors of Sb
in the soil is mainly carried out on polluted soil located in the proximity
of mines, smelters, and shooting ranges, and there are few studies on
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naturally formed soil. The species and migration pathways of Sb from
natural sources in soil may be different from those from pollution
sources [19,21]. In addition, there are relatively few comparative
studies on the migration and transformation behaviors of anthropogenic
and natural sources of Sb in soil profiles. However, such comparative
studies will help to understand the differences in controlling the
migration and transformation behaviors of anthropogenic and natural
sources of Sb in soil, form a more general understanding of the
biogeochemical cycle of Sb in soil, and help design more reasonable
remediation approaches and methods [28,63].

At present, almost no antimony isotope data in soil systems have
been reported. This study is the first to analyze the antimony isotopic
composition in contrasted and polluted soil profiles in a high-antimony
geological background area. The aim is to 1) verify antimony isotope
fractionation in soil profiles; 2) discuss the difference of antimony
migration and transformation behavior between contrasted and polluted
soil profiles by comparing the antimony isotopic composition charac-
teristics of two soil profiles near and away from the smelting source,
combined with the Sb concentration and sequential extraction proced-
ures(SEPs) results; and 3) evaluate the main factors controlling anti-
mony isotope fractionation in the soil system, thus promote the
establishment of the theoretical system of antimony isotope
fractionation.

2. Sample
2.1. Study area

The sampling sites are located in the southwest of the antimony ore
district in Dushan County, Qiannan Buyi and Miao Autonomous

107°32'0"E
|

Journal of Hazardous Materials 454 (2023) 131553

Prefecture, Guizhou Province, China. Abundant antimony deposits and
occurrences are distributed in the Devonian strata, which are composed
of terrigenous clastic rocks and carbonate rocks [41]. New and aban-
doned antimony smelters are located in this area. The abandoned one
was built in 1973 and had a smelting history of more than 40 years,
while the new one started operation in 2015 (Fig. 2). The study area has
a mid-subtropical warm and humid monsoon climate with an annual
precipitation of 1346 mm, the maximum precipitation occurs in July
and August, the annual average temperature is 15 °C, the prevailing
wind direction is southeasterly (43% frequency), and the average wind
speed is 2.4 m-s~! [45].

2.2. Sample collection

The two soil profiles were collected from grassland at different dis-
tances from the smelter. Contrasted soil profile S1 was collected
approximately 2km away from the smelter in December 2013,
perpendicular to the prevailing wind direction. Due to the relatively
high altitude, the soil water holding capacity is poor, and the vegetation
is sparse. Polluted soil profile S2 was collected in October 2016 near the
smelter. Due to the relatively low altitude and near the river, the
vegetation is lush. As both soil profiles are not well stratified vertically,
soil was sampled every 10-30 cm. Smelter-derived samples were
collected from the smelter. Harvested plant samples (rice and corn) were
directly collected from the local farmers. After being brought back to the
laboratory, the soil samples were naturally air-dried in a place away
from sunlight. The air-dried samples were first passed through a 2 mm
sieve, and the sieved part was ground in an agate mortar and then passed
through a 200-mesh (<74 um) sieve. The sieved part was stored in
polyethylene bag and then placed separately in kraft paper sample bags
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Fig. 2. Overview of the study area and distribution of soil profiles.
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for storage. Crushed smelter-derived samples were treated with the same
steps as the soil. The plant samples were dried in an oven at 60 °C.
Dehulled rice and corn samples were pulverized and then passed
through a 60-mesh sieve, and the sieved part was stored in polyethylene
bags for digestion. According to the requirements for antimony isotope
analysis, two plant samples with relatively high Sb contents were
selected for the determination of antimony isotopic composition.

3. Analysis
3.1. Materials and reagents

HNOg3, HCI and HF from the Beijing Institute of Chemical Reagents
(China) used in the experiment were subject to secondary distillation by
a sub-boiling acid system. HyO5 (35%, wt./wt., guarantee reagent
grade), NaBH4 (99%), Analytical reagent grade L(+)-Ascorbic acid,
Sodium hydroxide (pellets, 98% purity) and 1.0 N Sodium hydroxide
(Accurate Standard Volumetric Solution) were obtained from Thermo
Fisher Scientific (USA). Potassium iodide (ACS reagent, >99%) was
from Alfa Aesar. The experimental water (18.2 MQ cm ™ ') was prepared
by a Milli-Q ultrapure water system. The Sb isotope analysis results of
this study were reported against NIST SRM 3102a, High-purity Sb so-
lution from Alfa Aesar (USA) was used as the secondary standard solu-
tions. The cation exchange resin AG50W-X8 (100-200 mesh) and Silica-
based thiol resin (Cleanert SH, pore size: 60 A, grain size: 40 um) were
bought from Bio-Rad Company (USA) and Tianjin Agela Technologies
company (China), respectively [11]. The Savillex™ PFA (15 ml) beakers
were sequentially cleaned with HNOg (1:1), HCI (1:1) and MQ water
before use. And pipette tips can refer to the published article [54].

Soil and sediment reference materials GSS-5, GSD-3, GSD-10 and
GSD-11 were from the Institute of Geophysical and Geochemical
Exploration of the Chinese Academy of Geological Sciences, whereas
2711a(soil) were purchased from NIST.

3.2. Sample digestion

Sample digestion followed procedures described in the published
articles [54,74]. The HF-HNO3 mixed acid system and HoO, was used for
total digestion. 1 ml HNOg3 (15.8 M) was added to each Teflon (PTFE)
liner vial, and then 50 mg smelter-derived sample, 100 mg soil and
200 mg plant sample powders were weighed into those vials, respec-
tively. Samples were sealed in high-pressure bombs and placed in an
oven (185 °C) for at least 36-48 h. After cooling, the vials were heated
on a hot plate (temperature should not exceed 90 °C) to evaporate the
sample solution to incipient dryness. Finally, the samples were dissolved
and stored in 1 ml of 2 M HNOs for Sb purification.

3.3. Sequential extraction procedures

To evaluate the mobility of Sb in soil, the modified sequential
extraction procedures (SEPs) proposed by [65] were used. This method
was originally developed for arsenic (As) and is also widely used for Sb
because Sb and As are adjacent periodic elements of the same main
group and have similar chemical properties [15,44]. First, 1 g of each
soil powder sample was taken into a 50 ml centrifuge tube, and then
25 ml 0.05 M (NH4)2SO4 was added and shaken at 200 rpm for 4 h at
25 °C. After centrifugation, non-specifically adsorbed Sb (F1) was ob-
tained; then, 25 ml 0.05 M NH4H,PO4 was added to the same sample,
which was shaken at 200 rpm for 4h at 25°C to extract the
non-specifically adsorbed Sb (F2). The residual fraction (F3) was ob-
tained by subtracting the first two fractions from the total concentration.
Centrifugation conditions were 4000 rpm for 20 min, and the superna-
tant was stored for analysis. F1 and F2 together represent the easily
migrated Sb in soil. Data quality was controlled by soil standard mate-
rial, replicate samples, and method blanks.
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3.4. Total organic carbon and antimony concentration

Total organic carbon (TOC) was determined by an elemental analy-
ser (vario MACRO cube, Elementar, Germany) [60]. Before analysis,
samples were treated with 1 M HCI to remove inorganic carbon. The
total Sb and trace element concentrations in soil and plant samples were
determined using an atomic fluorescence spectrometer (AFS-920, Bei-
jing Jitian Instrument Co., Ltd.) and inductively coupled plasma mass
spectrometry (PlasmaQuant-MS Elite, Jena Analytical Instruments AG,
Germany), respectively [36].

3.5. Antimony isotopes analysis

Sample purification for Sb isotope analysis was carried out in a class
100 ultra-clean room of the Institute of Geochemistry, Chinese Academy
of Sciences using AG50W-X8 cation exchange resin (100-200 mesh) and
new silica-based thiol resin, which is similar to the published articles
[53,73]. The detailed steps are as follows.

First, the sample solution containing 50-100 ng Sb was added to the
15 ml PFA beaker. 0.2 ml H;05 (30%) and 0.6 ml HNO3 (15.6 mol/L)
were added to oxidize Sb(IIl) in the sample to Sb(V). Then the PFA
beaker was opened and evaporated on a hot plate at 95 °C until the
sample was almost dry (about 20 pl of liquid sample remaining). 1 ml
0.14 M HF was added to dissolve the sample, and then loaded onto the
cation exchange resin column, and washed with 4 ml MQ water. The
above 5ml eluent containing Sb was received using PFA beaker,
whereas matrix elements such as K, Ca, Fe, Zn, Pb, Ni, and Co would be
retained on the ion exchange column. The recovery of Sb can reach 99%.
This step can be repeated if the Fe content in the sample is too high.
Second, the PFA beakers with eluent were placed on a hot plate at 95 °C
until the sample was almost dry. 0.1 ml HCI (11.5 mol/L), 0.2 ml 10%
(w/v) KI and L-ascorbic acid, and 0.7 ml MQ water were added to reduce
Sb(V) in the solution to Sb(III). Before loading the sample solution onto
the new silicon mercapto resin column, 1 ml MQ water was added to
adjust the concentration of HCl of the sample solution to 0.5 M. Then
residual matrix elements such as Fe, Cu, Zn and Sn in the previous step
were eluted from the column with 5 ml 0.5 M HCl and 6 ml 2.5 M HCL.
Finally, 5 ml 6 M HCl was added to wash Sb out of the column, and the
eluent was collected in a PFA beaker. The recovery of Sb in this step can
reach 100%. The Sb blank of the total experimental process is
0.3-0.5 ng, which accounts for only < 0.5% of the total sample load
(100 ng).

The Sb isotopic composition of the samples was determined in low-
resolution mode by a Nu plasma II MC-ICP—MS with a membrane
desolvation (Aridus II) and a hydride generation system (HG) at the
Institute of Geochemistry, Chinese Academy of Science [53,73]. The Sb
concentration of the sample and standard solution was approximately
3 pg/L, corresponding to a signal intensity of approximately 1.5 v for
1216}, The instrument mass fractionation during Sb analysis was cali-
brated by the combination of standard-sample bracketing (SSB) and
element doping method (ED). The long-term reproducibility of the in-
strument is §'23Sb = 0.00 + 0.06%o (2 SD, N = 66) for NIST SRM 3102a
(unprocessed) and 5'2°Sb = 0.22 + 0.06%o (2 SD, N = 19) for Alfa Sb
(unprocessed). After separation and purification, the §'23Sb NIST SRM
3102a (processed) and 5123sb Alfa Sb (processed) values were 0.00

+ 0.06%0 (2SD, N=17) and 0.22 + 0.06%0 (2 SD, N = 14), respec-

tively. The 5!2%Sb of the soil standard material 2711a was 0.21 =+ 0.09%o
(2 SD, N = 17). Sb isotope data are expressed using the delta (8) value as
per mil deviation (%o) relative to the standard NIST SRM 3102a:

1238b/1218b) .10
61235}7 = ( / )samph

— 1| x 1000 (€]
(123Sh/1215h)NIST SRM3102a

The Sb isotopic compositions of geological and environmental
reference materials (RMs) were also measured. The 5'23Sb values of the
three stream sediment reference materials GSD-3, GSD-10 and GSD-11
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were 0.46 + 0.09%0 (2 SD, n =6), 0.42 + 0.12%0 (2 SD, n =5), and
0.12 + 0.11%0 (2 SD, n = 7), respectively. The 5123Sb values of soil
standard materials 2711a and GSS-5 were 0.23 £ 0.12%0 (2 SD, n = 7)
and 0.32 £ 0.11%o (2 SD, n = 7), respectively. The data of the above
RMs are consistent with the published research [37,73]. It proves that all
our experimental processes, including purification and isotope mea-
surement, are reliable.

4. Results and discussion
4.1. Antimony concentration and TOC content

The concentration and trend of Sb in S1 and S2 are significantly
different (Table 1). The Sb concentrations in S1 from the surface to the
bottom are maintained at approximately 5 mg/kg, which is 2.2 times of
the soil background value (2.24 mg/kg) of Guizhou Province [69]. This
value is related to antimony mineralization and represents the geolog-
ical background value of this area. Sb concentrations in S2 decrease
exponentially from 74.60 mg/kg in the surface layer (0-10 cm) to
5.49 mg/kg in the bottom layer (50-80 cm). When below 50 cm, it
returns to the geological background value and remains at approxi-
mately 5 mg/kg.

To further evaluate the losses and gains of Sb in the soil profiles, the
relatively immobile element Zr was selected, and the normalized Sb
concentrations in each soil layer relative to the reference layer were
calculated [28] :

e — Cbior * Cirer | @
Csrer * Cipor
where Cgp por and Csp e, Ciporand C; orare the concentrations of Sb and
the reference element i in the reference horizon and the considered
horizon, respectively. The positive and negative values of tg, represent
the gains and losses of Sb in the soil profile. The bottom layer was used as
the reference layer, and the results are shown in Table 1 and Fig. 3.
The results indicate that the upper layers of both soil profiles exhibit
accumulation relative to the bottom layers. The accumulation of Sb in S1
is low, the tg, values range from 1.14 in the surface layer to O in the
bottom layer, and the tg, value at 10-20 cm is lower than that in the

Table 1

Journal of Hazardous Materials 454 (2023) 131553

immediate upper and lower layers. The accumulation of Sb in S2 is high,
and the tg, values decrease from 14.8 in the surface layer to O in the
bottom layer. According to the trend of normalized element concen-
trations in soil profiles, Brantley et al. divided soil profiles into 5 end-
member categories [9]: immobile profiles, depletion profiles,
depletion-enrichment profiles, addition profiles, and biogenic profiles.
Element migration types of soil profiles may be produced by mixing one
or several end-members. The tg;, values of S1 exhibit the characteristics
of addition profiles, which may be related to surface runoff input or dry
deposition of smelting source materials. However, according to the
research of Xiong et al., the impact range of this smelter on the sur-
rounding soil is less than 2 km [69]. Combined with the prevailing wind
direction and the distance of S1 from the smelter, the impact of the
smelting source on S1 can basically be excluded. In addition, S1 also has
the characteristics of biogenic profiles. Plants extract Sb from pore water
through the root system, along with the re-decomposition of plant litter,
and then adsorption occurs in the surface layer, resulting in a lower tg,
value in the rhizosphere than in the adjacent upper and lower layers.
The 15, values of S2 exhibit the characteristics of addition profiles,
which are influenced by the Sb input from the smelting source rather
than natural weathering. In the soil below 50 cm, the tg), values remain
approximately 0, indicating that the migration ability of smelting source
Sb in S2 is limited and mainly concentrated in the upper layer
(0-50 cm).

The adsorption of organic matter is an important factor affecting the
migration and transformation of Sb [24]. Previous studies have shown
that Sb in soil is easily adsorbed by organic matter [16]. The analysis
results of soil TOC show that the content and trend of TOC in the two
profiles are significantly different, as shown in Table 1 and Fig. 3. The
TOC content of S1 is low, and there is no significant variation within
0-80 cm. The TOC content of S2 is relatively high and shows a signifi-
cant decreasing trend as a function of soil depth. Combined with the Sb
concentration, the Sb content in the soil profile has a similar trend as the
TOC content, indicating that the change of Sb content in soil may be
related to the adsorption of organic matter.

Selected chemical parameters and Sb isotopic composition of the soil profiles, plant and smelter-derived materials.

Sb (mg/kg) Zr (mg/ T Non-specifically sorbed Sb (mg/ Specifically sorbed Sb (mg/ TOC 5'23Sb (%)  2SD"
kg) kg) kg) (%)

Contrasted Soils ( S1)
0-10 cm 6.19 336 1.14 0.0022 0.0136 0.27 0.49 0.09
10-20 cm 4.53 344 0.53 0.0030 0.0097 0.21 1.19 0.09
20-40 cm 5.38 389 0.61 0.0030 0.0114 0.24 1.19 0.09
40-60 cm 4.54 316 0.67 0.0003 0.0127 0.22 0.66 0.09
60-80 cm 4.10 476 0.00 0.0075 0.0233 0.61 0.59 0.09
Polluted Soils ( S2)
0-10 cm 74.60 247 1475  0.3386 0.4292 2.33 0.28 0.09
10-25 cm 23.90 235 4.30 0.0886 0.6395 1.78 0.65 0.09
25-50 cm 10.70 238 1.34 0.0419 0.3116 1.72 0.27 0.09
50-80 cm 5.49 274 0.05 0.0091 0.0925 0.50 0.23 0.09
80-100 cm 5.10 266 0.00 0.0076 0.0455 0.33 0.58 0.09
Corn 0.87 nr’ nr nr nr nr 0.03 0.09
Rice 1.86 nr nr nr nr nr 0.10 0.09
Antimony ore 2235 nr nr nr nr nr 0.30 0.09
Dust1 221287 nr nr nr nr nr 0.33 0.09
Dust2 646 nr nr nr nr nr 0.38 0.09
Slag 5116 nr nr nr nr nr 0.29 0.09
Smelter-derived 646-221287  nr nr nr nr nr 0.33 -

materials

+0.08

dMean value of the smelter-derived samples (antimony ore, slags, dust).
@ Calculated according to Eq. (2).
b the SD of the soil standard material 2711a (0.21 =+ 0.09%o, 2 SD, N = 17).
¢ Not relevant.



J. Liao et al.

Journal of Hazardous Materials 454 (2023) 131553

Tsp TOC (%)
0O 2 4 6 8 10 12 14 16 0.0 0.5 1.0 1.5 2.0 2.5
(U i I I B L R L T T T T 1
s e . Yl
20 {u - .
| » \ ]
i | |
‘ / \“ ‘\
L e - . s
5 14 - P
S 60 -L - (
o
2 \
\\
80 B - ol
—=— Contrasted Soils
100 & ®  Polluted Soils - ®

Fig. 3. Normalized Sb concentration and TOC content in contrasted and polluted soil profiles.

4.2. Easily migrated antimony

The SEPs results show that the proportion of non-specifically
adsorbed Sb (F1) in S1 and S2 is close to zero, and the proportion of
specifically adsorbed Sb (F2) is significantly different (Fig. 4). The
proportion of F2 in S2 is relatively high, indicating a higher mobility of
Sb. This difference may be related to the aging of Sb in those soils.
Studies have shown that after adding SboO3 to the soil, 70% of the Sb
will be oxidized to Sb°* within two days. Sb°*, as a more mobile form
than Sb3*, is more likely to migrate with pore water in the soil profile

Residual
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[34,46]. In addition, Diquattro monitored Sb in soil for up to 700 days
and found that the content of easily migrated Sb gradually decreased
over time due to the conversion of easily migrated Sb to the Fe/Al hy-
droxide phase [15]. Compared with the natural source Sb accumulated
in the pedogenetic process, the time of smelting source Sb addition to the
soil is shorter, and the migration ability is relatively higher. It can be
inferred that the process of downwards migration of smelting source Sb
mainly occurred in the initial stage of its deposition on the soil surface.
Overall, the migration ability of Sb in the two profiles is limited, the
proportion of easily migrated Sb is less than 4%, and the mobility of Sb
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Fig. 4. Distribution of different Sb forms in the contrasted and polluted soil profiles.
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in S2 is higher than that in S1.

4.3. 3.3 Isotopic composition of Sb from different sources

Sb isotope measurements were performed on plant samples, smelter-
derived materials, and two soil profiles. The results are shown in Table 1
and Fig. 5.

The results show that the '23Sb value of the smelter-derived samples
(antimony ore, slags, dust) varies in the range of 0.29-0.38%. (mean
value 0.29 + 0.14%o), which can be defined as the Sb isotopic compo-
sition of the smelting source of this area. Sb isotopic compositions of the
edible parts of rice and maize planted in this area are 0.03%o and 0.10%o,
respectively, which are the lightest Sb isotopic compositions in this
batch of samples.

In S1, Sb isotope values of the 40-60 cm and 60-80 cm soils are
0.66%0 and 0.59%o, respectively, which are statistically similar. There-
fore, the average Sb isotopic composition of the bottom layer of S1 is
0.63%o. Meanwhile, the Sb isotopic composition of the 80-100 cm soil in
S2 is 0.58%o. It can be considered that the Sb isotopic composition in the
deep layers of the two soil profiles is statistically similar and can be
identified as the geogenic 5!23Sb value of the soil in this area. This result
is consistent with the fact that the Sb in the deep layers of the two
profiles originates from the same geological source. The geogenic 5'23Sb
value in the deepest layer of the two soil profiles can be set as a mean
value (0.61%o).

The 5!23Sb value of S1 at 0-10 cm is 0.49%o, which is slightly lower
than the geogenic 51235b value (0.61%o). The 51233b values at 10-20 cm
and 20-40 cm are similar, with an average value of 1.19%o, which is
significantly heavier than the geogenic 5'23Sb value and is the heaviest
Sb isotopic composition of this batch of samples. The 5'235b value of
each layer of S2 is significantly lower than the Sb isotopic composition of
the corresponding layer of S1. As mentioned in Section 3.1, the Sb in the
upper layers of S2 is mainly derived from the smelting source. Compared
with the 5'23Sb (0.33 + 0.08%o) value of smelting source Sb, the 523sb
values of 0-10 cm (0.28%0) and 25-50 cm (0.27%o) are statistically
similar, and the 5!23Sb value of 50-80 cm (0.23%o) is slightly lighter.
Although the 5123Sb value of 10-25 cm (0.65%b) is statistically similar to
the geogenic 5123Sb value, combined with the concentration of Sb, it
should also be related to the mixing of smelter-derived materials.

4.4. Evidence for post-depositional modification of the §'2>Sb values

First, the §'23Sb value of S1 is discussed, which would be helpful for
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Fig. 5. Isotopic composition of Sb from different sources and two soil profiles.
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further discussion of the cause of the §!22Sb value in the upper layers of
S2. The whole soil profile of S1 should have a geogenic 8'2°Sb value
(0.61%o) similar to that of the bottom soil if no other post-depositional
modification processes resulted in the fractionation of Sb isotopes.
However, the §'23Sb values of S1 at 0-40 cm are not the same as the
geogenic 8'2%Sb value. As mentioned in Section 3.1, the surface layer
0-10 cm of S1 may be affected by the addition of Sb from the smelting
source. Through mass balance calculation (Eq. 3), combined with the
geological Sb background value (5 mg/kg), the assumed 5'23Sb value of
0-10 cm soil after mixing is 0.56%o, which can be considered to be
statistically similar to the measured 51233b value (0.49%0) of 0-10 cm
soil. However, although it can explain the Sb isotopic composition of the
0-10 cm soil, it cannot explain the enrichment of the heavy isotope in
10-40 cm of S1. As mentioned in 3.1, the SEPs results show that the
migration ability of Sb in S1 is limited. The variation of the §'23Sb value
cannot be caused by the downwards migration of Sb. Therefore, the
influence of the addition of smelting source Sb on 10-40 cm of S1 can be
excluded. The §!23Sb value should be affected by other post-depositional
modification processes.
0ACy +  05C

OT = R R — 3

where § and C represent the Sb isotopic composition and the concen-
tration of Sb, respectively. A and B represent different endmembers, and
T represents the total sample after mixing. It is assumed that the total
volume of the soil does not change significantly after mixing each end-
member.

As mentioned in Section 3.1, most of the Sb in the upper part of S2 is
related to the addition of Sb from the smelting source. To further discuss
the variation in Sb isotopic fractionation caused by the migration of
smelting source Sb in S2, it is assumed that the natural source Sb in the
two soil profiles has undergone the same biogeochemical process and
has similar antimony isotopic composition and distribution character-
istics in both soil profiles. Therefore, the difference in the 5'23Sb values
of different layers between S1 and S2 is mainly caused by the addition
and migration of Sb from the smelting source in S2. According to the
mass balance calculation (Eq. 3), combined with the Sb concentration
data of different layers, the Sb isotopic compositions of the addition part
from the smelting source at 0-10 cm, 10-25cm, 25-50 cm, and
50-80 cm of S2 are 0.26%o, 0.49%o, —0.01%o and —0.85%o, respectively,
as shown by the blue line (Fig. 6). Compared with the 5123Sb value of
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Fig. 6. Antimony isotopic composition of the addition part of the smelting
source in the soil profile.
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smelting source Sb (0.33 £ 0.08%o), the 5123sb values of 0-10 cm,
10-25 c¢m, and 25-80 cm soils show differences of lighter, heavier, and
lighter, respectively. This indicates that the smelting source of Sb is
affected by other biogeochemical processes during its downwards
migration after deposition on the soil surface, and the upper and bottom
layers are controlled by different biogeochemical processes, leading to
the loss of heavy isotopes at 0-10 cm, enrichment of heavy isotopes at
10-25 cm, and enrichment of light isotopes at 25-80 cm.

4.5. Biogeochemical processes possibly responsible for the isotope
fractionation of antimony

The adsorption process is the most important natural process con-
trolling the migration and transformation of Sb in soil systems [7,25]. Sb
can be adsorbed by different soil components, including metal (hydro)
oxides, clay minerals, and organic matter. Studies have shown that
heavy isotopes are often enriched in metal-organic complexes compared
with free aqueous ones due to the relatively strong bonding environment
[66]. As mentioned in Section 3.2, the variation in Sb content in the soil
profile may be related to the adsorption of organic matter. However,
combined with the antimony isotopic composition of the soil profile, the
trend of 5!23Sb value is not correlated with the trend of TOC content,
indicating that the adsorption of organic matter has a negligible effect
on the isotopic composition of Sb in the soil profile.

Antimony often exists in the form of anionic metal species in soil pore
water, and the adsorption of anionic metal species usually results in the
enrichment of heavy isotopes in the liquid phase [66,68]. Araki et al.
also showed that the adsorption of Sb> by synthetic ferrihydrite
resulted in the enrichment of heavy isotopes in the liquid phase [2].
Therefore, heavy antimony isotopes may be enriched in the pore water
of the soil profile, and downwards migration of the pore water will lead
to a heavier isotopic composition in the lower layer. It can be used to
explain the enrichment of heavy isotopes in the 10-40 cm layer of S1.
However, combined with the Sb concentration data of the soil profile,
the Sb concentration in the surface layer of S1 is higher than that in the
lower layer. Enrichment of heavy antimony isotopes at 10-40 cm could
not be explained solely by the downwards migration of the pore water.
Therefore, the enrichment of heavy isotopes should be related to other
biogeochemical processes in addition to the adsorption process.

Based on the Sb concentration data of S1, the tg, value of S1 is
characteristic of the biogenic profile. Although there have been many
studies on the uptake and transport process of Sb in plants, there is no
report on the fractionation of Sb isotopes in this process [43,75]. Studies
on the fractionation of stable isotopes of other metals in the process
showed that most of the isotopes were enriched in light isotopes, except
for Mg isotopes in plants [66]. The two plant samples have the lightest
antimony isotopic composition (0.03%. and 0.10%c) of the samples
measured in this batch of experiments. It is suggested that, similar to
most elements, plants preferentially take up and transport light Sb iso-
topes in soil—plant systems, resulting in a heavier Sb isotopic compo-
sition in the rhizosphere soil. Roots of annual herbaceous plants are
mainly distributed in the 0-40 cm range [17], which explains the heavy
isotope enrichment measured in the 10-40 cm layer of S1. Meanwhile,
the light 5'23Sb value in the 0-10 cm layer of S1 could be explained by
the adsorption of light Sb isotopes from the decomposition of plant litter.
However, Sb is not an essential element for plant growth and the average
accumulation factor of Sb by plants is only 0.02 [57], so the uptake
ability of Sb by plants is limited. It takes a long time and repeated uptake
process to affect the Sb isotopic composition of the rhizosphere soil.
Therefore, this process may be the main factor controlling the variation
in Sb isotopic composition in S1, while it has less effect on the Sb isotopic
composition of S2.

The variation in Sb isotopic composition in S2 is mainly related to the
addition of Sb from the smelting source. According to the SEPs and Sb
concentration results, at the beginning of the smelting source Sb
entering the soil, a large part of Sb may dissolve into the pore water and
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then migrate downwards and adsorb in the lower layer. Loss and
enrichment of heavy antimony isotopes in the 0-10 cm and 10-25 cm
soil layers may be related to the leaching of pore water enriched in
heavy antimony isotopes and adsorption in the lower layer. However,
enrichment of light antimony isotopes in 25-80 cm soil is difficult to
explain by the processes described above. Previous studies have shown
that light antimony isotopes are enriched in the reduced phase during
the reduction of Sb°* [49]. Meanwhile, reduction and dissolution of iron
(hydro)oxide will lead to the release of Sb into pore water in the form of
Sb3* [26], which may lead to the enrichment of light antimony isotopes
in pore water. Due to the change in redox conditions in the soil profile,
the reductive dissolution process is likely to occur in the lower layer of
S2, which could explain the gradually lighter antimony isotope
composition in the 25-80 cm soil.

In addition to the above possible processes, other biogeochemical
processes (precipitation-dissolution, microbial methylation, etc.) may
also affects the isotopic composition of Sb in the soil profile. At present,
the theoretical system of antimony isotope fractionation is incomplete,
the data on antimony isotopes in soil systems and related studies are
scarce, and whether the interpretation of the data is universal still needs
more experimental data for support, such as spectroscopic techniques
(EXAFS) and more representative sampling methods. It will be a
promising research field to further understand and reveal the migration
and transformation behaviors of Sb in soil profiles through antimony
isotope data in combination with the existing valence state, binding
state, and distribution ratio of Sb in soil [31,66].

5. Conclusion

In this paper, the variation of antimony isotopes in the soil profile
and their possible fractionation mechanism is studied for the first time,
which provides theoretical support and basic data for tracing the
migration and transformation of Sb in soil. The results show that distinct
fractionation of Sb isotopes occurred in the soil profile, which, combined
with the SEPs results, could reveal and deepen the understanding of the
migration and transformation process of Sb in the soil. The main con-
clusions are as follows: 1) The migration ability of Sb from the smelting
source is stronger than that from the natural source; 2) isotope frac-
tionation of the natural source Sb may be controlled by the plant uptake
process; and 3) isotopic fractionation of the smelting source Sb in the
surface and bottom layers may be controlled by absorption and reduc-
tive dissolution, respectively. Further study on the mechanism of Sb
isotope fractionation, verification, and determination of the fraction-
ation direction and magnitude of Sb isotopes in different biogeochemical
processes will play a crucial role in understanding the migration and
transformation behaviors of Sb in environmental media.
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