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Abstract: Acid mine drainage (AMD) resulting from metal sulfide mining activities can lead to
contamination by potentially toxic elements (PTEs) primarily concentrated around the mining area
and gradually spreading outward. However, ecological risks do not correspond directly to PTE
concentrations, making it challenging to effectively manage the mining environment and accurately
prevent potential ecological impacts. In this paper, we analyzed Cd levels in sediments, soils,
and corresponding rice grains sampled from four villages near Dabaoshan Mine of Guangdong,
China, in 2017. Our results reveal that Cd is the most prominent pollutant element, exhibiting
significant enrichment and spatial heterogeneity in both soil and sediments and higher accumulation
levels in rice grains compared to other PTEs. Cd concentrations in soil decrease from the tailings
pond to the river terrace, with a slight increase after Taiping River joins and flows into the alluvial
plain. However, the concentrations in sediments show the opposite trend. The bioconcentration
factor (BCF) for Cd in agricultural soil from the river terrace is lower than that from the alluvial
plain and the degree of exceeding the maximum permit level (MPL) of Cd in rice grains increases
along the river. Mineral transformation and topography are important factors in controlling the
geochemical behavior of PTEs. Remediation efforts alter the physicochemical properties of the
river, resulting in the release of PTEs during schwertmannite transformation followed by their
adsorption by clay minerals. Furthermore, the random forest (RF) analysis highlights that the
bioavailability and potential ecological risk of Cd in soils are governed by the occurrence form of
Cd in different topographies, mainly controlled by TFe,O3, Mn, and CaO in the river terrace and
CaO, Al,03/SiO;, and Mn in the alluvial plain. Therefore, considering the impact of topography on
mineral compositions, physicochemical properties, and occurrence form of PTEs in soil and sediments
is essential for assessing ecological risk in mining areas.
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1. Introduction

Mining and smelting of metal sulfides result in significant contamination by poten-
tially toxic elements (PTEs) in the surrounding environment, with characteristics of high
concentrations of PTEs, multiple contaminants, and large areas with significant ecological
risk [1,2]. Soils in mining areas have been contaminated with PTEs globally, posing a
major environmental issue in terms of agricultural soil and crop contamination near mining
areas [3-7]. Even after mining activities have ceased, PTEs from tailings still continue to be
released into the surrounding soil, streams, and groundwater over long periods of time
through erosion, weathering, and leaching processes [3].

Dabaoshan Mine is one of China’s major large—scale polymetallic sulfide mines [8].
Exploitation of mineral resources has produced a large quantity of tailings containing
sulfide minerals. These tailings are continuously oxidized to form acid mine drainage
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(AMD) rich in PTEs [9,10]. A large area surrounding the mine has been impacted, posing
a threat to the health of local residents [11,12]. The water and soil in 83 villages around
Dabaoshan Mine have become contaminated with PTEs, resulting in severe health issues
such as cardiovascular, kidney, nervous, blood, and skeletal diseases [13,14], and even
esophageal cancer, liver cancer, and other cancers [15,16]. To avoid further contamination,
mining activities were halted in 2016. In addition, in response to government policies,
mining companies have conducted a series of restoration efforts for AMD treatment,
including building mud impoundments to restrict the movement of waste and soil [17],
constructing sewage treatment plants [18], and adding lime to the rivers near the mine [19].

PTEs can enter the human body via various exposure pathways from contaminated
soil, leading to adverse health effects [20]. Although PTE contamination is primarily
concentrated around the mining area and gradually spreads outward, extensive research
has demonstrated that the areas with the highest human health risks do not align with the
areas exhibiting the highest PTE concentrations in soil [15,21-25]. In the Dabaoshan Mine
area, concentrations of PTEs in soils and suspended particles gradually decrease as distance
increases from the headwaters of the river [22,23]. Furthermore, PTEs are characterized
by high potential bioavailability owing to the high non—residual fractions of PTEs in the
sediments and soil [24], and the average concentrations of Cd and Pb in rice grains grown
near the mining area exceed the maximum permit levels (MPLs) [25]. Shangba Village
is the highest risk area, with Cd being the main pollutant contributing to human health
risks, while the risks near the tailings area are within acceptable ranges according to human
health risk assessments [21,24]. Areas farther away from the mining area exhibit higher
toxicity and greater ecological risks, indicating no obvious correspondence between PTEs
in soil and crops, and posing challenges for effective pollution control and risk prevention
in mining areas. In addition, the distribution and migration of PTEs around the Dabaoshan
Mine after restoration efforts have been rarely studied. Therefore, the objectives of this
study were to (1) investigate the characteristics, spatial distributions, and migration of Cd
in the environment surrounding the mine, and (2) identify the key factors governing the
spatial distributions and bioavailability of Cd.

2. Materials and Methods
2.1. Study Area

Dabaoshan Mine is the largest mine in southern China, and is located in Shaoguan City,
Guangdong Province, China (24°31'37” N, 113°42/49” E) [8,26]. The Dabaoshan Mine
spreads from north to south, with higher elevations in the north (800-1200 m) and lower
elevations in the south, including low hills and alluvial plains [27]. The region has a subtrop-
ical monsoon climate, with an average annual temperature of 20.3 °C and an average annual
precipitation of 1782 mm [28]. Dabaoshan Mine is a well—known large—scale multi—metal
sulfide mine with low—temperature mineralization. The main mineralization includes
limonite in the upper part, copper—sulfur ores in the middle part, and lead —zinc ores in
the lower part, along with non—ferrous metals such as tungsten, bismuth, molybdenum,
gold, and silver [29,30].

Since the 1970s, large—scale mining activities have been carried out in the area, result-
ing in the generation of large amounts of AMD from the waste stacking, ore beneficiation,
and washing processes [31]. AMD is discharged from the water outlets of the Tielong and
Caoduikeng tailings ponds and flows into the Hengshi and Fanshui Rivers, which converge
1.6 km north of Lianggiao Village before entering the mainstream Hengshi River. The river
flows through several villages, including Lianggqiao Village (LQ, ~5 km), Tangxin Village
(TX, ~9 km), Yanghe Village (YH, ~12 km), and Shangba Village (SB, ~15 km), before it joins
the Taiping River, which is not directly affected by mining activities. Shangba Village is
known as an endemic cancer village due to its high mortality rate [25]. For this study, we
defined the LQ-SB section of the Hengshi River as the upstream area of the Hengshi River.
The LQ-TX area has mainly hills and terraces accompanied by high river flow velocity due
to a drop in elevation and a narrow valley, while the YH-SB area has mainly alluvial plains,
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where the riverbed gradually widens and the slope is very gentle [32]. The geological
map is shown in Figure S1. Granite outcrops are present and the surface rocks are highly

weathered. The study area is covered with quaternary alluvium along Hengshi River and
the predominant soil type is laterite [13].

2.2. Sampling

The sampling sites are shown in Figure 1. Sampling was carried outin July 2017 during
the rainy season. Six natural forest soil samples were collected in the upstream area of the
Hengshi River, including one from TX, two from YH, and three from SB. The sampling
depth was 0-20 cm and the sampling density was 4 points/km?. Four to six subsamples
were collected according to the “S” or “X” sampling method. After removing roots and
other debris, they were thoroughly mixed and divided into four parts with 1.0-1.5 kg per
subsample, which were then placed in sample bags. After drying in a cool place and
removing debris, the samples were smashed with a rubber hammer, ground, and sieved
through a 10—mesh nylon sieve, and mixed well; each sample weighed >100 g. The samples
were then placed in clean polyethylene bags and sent to the laboratory for analysis.
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Figure 1. Sampling sites from the upper Hengshi River through the Dabaoshan Mine.

During the rice harvesting period, 18 rice grains and corresponding agricultural soil
samples were collected, including 4 from LQ, 4 from TX, 5 from YH, and 5 from SB.
Between 3 and 5 soil subsamples were collected at each sampling point and 5-20 plants
were collected at each subsample point. The soil and plant subsamples were then mixed
into composite samples. The whole rice plant was pulled out of the ground and the ears of
rice were cut and placed in clean mesh bags. The root soil was shaken into a clean cotton
bag. The ears of rice were air dried in a cool, ventilated, clean, and dust—free place. The
panicle was then threshed, removing impurities and husks, ground with an agate mortar
to 60 mesh (<0.25 mm), mixed well, and used for further chemical analysis. Plant residues,
such as straw and other non—soil components, were removed from the soil samples, and
then the samples were air dried. The soil was regularly turned over and beaten during this
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process. All soil components were sieved through a 10—mesh nylon sieve and mixed well
for further chemical analysis.

Seven sediment samples were collected from the Hengshi River. During the collection
process, sand was avoided as much as possible, and surface sediments were collected from
the 0-5 cm horizon, sealed in polyethylene plastic bags, and numbered. The pH of the river
water at the sampling sites was measured and recorded with a handheld pH meter. After
air drying, the river sediment samples were sieved through a 10—mesh nylon sieve and
ground with a pollution—free ball mill to 200 mesh for analysis.

2.3. Chemical Analysis

Sample analysis was conducted by the Hefei Mineral Resources Supervision and
Testing Center, the Ministry of Land and Resources, People’s Republic of China. The oxides
content was measured directly by wavelength dispersive X—ray fluorescence spectrometry
(PANALITICA AXIOS PW4400, Almelo, The Netherlands). Soil samples were dissolved
using a mixed acid solution (5 mL HCI, 3 mL HNO3, 7 mL HF, and 0.25 mL HClOy) and
then the samples were dissolved using aqua regia and made up to a volume of 25 mL
using high—purity water. Soil samples weighing 5 g were extracted with 50 mL of 0.01 M
CaCl, solution. After centrifugation for 10 min, the supernatant was filtered. Rice grains
were washed with deionized water, dried at 105 °C for 5 min, and dried at 70 °C to a
constant weight. The plant samples were ground using a stainless—steel grinder and then
dissolved using a mixed acid solution (HNO3:HClOy = 4:1) until a transparent and clear
solution was obtained. Concentrations of Cd, Pb, and Zn in the above solutions were
determined using inductively coupled plasma mass spectrometry (ICP—MS) (X—SERIES
II, Thermo Fisher Scientific, Waltham, MA, USA) [33]. For soil pH measurement, 10 g of
an air—dried soil sample passed through a 2 mm sieve was weighed precisely to 0.01 g
and added to a 50 mL high—form beaker. Then, 25 mL of decarbonated water was added
(sample to liquid ratio 1:2.5) and the mixture was stirred for 1 min to disperse the sample
particles. After standing for 30 min, the soil pH was measured. The cation exchange
capacity (CEC) was measured using the BaCl, —H;SO4 method. Soil organic matter (SOM)
was measured by wet oxidation in an acid dichromate solution, followed by back titration
of the remaining dichromate using a ferrous ammonium sulfate standard solution. National
standard materials, GBW07405/GBW07458, GBW07304a, and GBW10010 were used to
control the data accuracy for soil, sediment, and rice, respectively, and coded samples were
added to control the precision of the data. The detailed quality control analysis of data is
shown in Supporting Information, and all analytical data met the quality requirements.

2.4. Data Analysis

Basic descriptive statistics were derived to summarize the concentrations of major ele-
ments and Cd, Pb, and Zn in the study area. Descriptive statistics and Pearson correlations
were analyzed using SPSS 26 (IBM SPSS Statistics). Pearson correlation analysis estimates
the linear relationship between two variables. The analysis renders correlation coefficients
ranging from —1 to 1, where —1 indicates a perfect negative linear relationship, 0 indicates
no correlation, and 1 indicates a perfect positive linear relationship.

Linear regression fit analysis was performed using Origin 2020 (Origin lab Corpora-
tion). The cumulative probability distributions were fitted by a logistic function as follows:

y=1/(1+exp((a — x)/b)

where y is the probability of a given value of x, and a and b are constants.

Random forest analysis was performed using R software (version 4.2.2). Random
forest (RF) is a machine learning algorithm that can be used to assess the relative importance
of independent variables on a dependent variable [34]. As part of the bootstrap resampling
procedure, n samples were randomly selected from the training set to construct decision
trees. Meanwhile, a random selection of k (k < total number of features) candidate features
was performed, and the optimal attribute was selected as the split node [35].
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Geographical distribution maps were generated using ESRI—ArcGIS geospatial soft-
ware (version 10.8).

3. Results
3.1. Concentrations of PTEs in Soils and Sediments

Cd, Pb, and Zn concentrations in natural forest soils, agricultural soils, and sediments
in the upper Hengshi River are shown in Figure 2. The corresponding oxides and physico-
chemical properties are shown in Tables S3-S5. The average concentrations of Cd, Pb, and
Zn in sediments are 10.31 mg/kg, 455.01 mg/kg, and 1943.97 mg/kg, respectively. The av-
erage concentrations of Cd, Pb, and Zn in natural forest soils are 0.73 mg/kg, 293.13 mg/kg,
and 241.90 mg/kg, respectively. The average concentrations of Cd, Pb, and Zn in agricul-
tural soils are 0.50 mg/kg, 96.42 mg/kg, and 179.99 mg/kg, respectively. Using the risk
screening values (RSVs) and risk intervention values (RIVs) for Cd, Pb, and Zn shown in
Table S1 as standards [36], 67% and 53% of the natural forest soils and agricultural soils
exceed the Cd risk screening values (RSVs), respectively. A total of 17% of the natural forest
soils exceed the Pb risk intervention values (RIVs), while 33% of the natural forest soils
exceed the RSV of Pb. A total of 43% of the agricultural soils exceed the RSV of Pb, and 33%
and 47% of the natural forest soils and agricultural soils exceed the RSV of Zn, respectively.
Cd is the most serious pollutant in the soils around the Dabaoshan Mine, followed by Pb
and Zn. Compared with natural forest soils, the degree of PTE pollution in agricultural
soils is lower.

The potential ecological risks of PTEs in sediments were assessed using the threshold
effect level (TEL) and probable effect level (PEL) recommended by Sediment Quality
Guidelines (SQGs) [37]. When PTEs concentrations are below the TEL, they are considered
to pose no or low ecological risk. PTEs concentrations between the TEL and PEL indicate a
moderate ecological risk, while concentrations surpassing the PEL indicate a high ecological
risk. TELs and PELs for Cd, Pb, and Zn are given in Table S2. Concentrations of Cd, Pb,
and Zn in sediments of the upper Hengshi River (Figure 2) are higher than their PELs,
indicating a high ecological risk with potential toxic effects on aquatic organisms.

Spatial variations in PTEs concentrations in soils and sediments are shown in Figure 3.
Contrary to previous studies, the concentrations of PTEs do not exhibit a consistent de-
crease [22,23]. Concentrations of Cd, Pb, and Zn in agricultural soils gradually decrease
from 1.08 to 0.19 mg/kg from LQ near the mining area to TX, then show a significant
positive peak near YH and decrease near SB. Natural forest soils show an overall trend
of gradually increasing near TX, then sharply decreasing near YH. Concentrations of Cd,
Pb, and Zn in sediments increase from 5.29 to 20.22 mg/kg from LQ to TX, then sharply
decrease near YH and gradually increase again near SB.

3.2. Concentrations of PTEs in Rice Grains

Cd concentrations in rice grains in the upper Hengshi River range from 0.014 mg/kg
to 2.69 mg/kg with an average value of 1.03 mg/kg, with 95.24% exceeding maximum
permit levels (MPLs) (0.20 mg/kg) for rice grains [38]. Concentrations of Pb and Zn in rice
grains range from 0.02 to 0.39 mg/kg, and from 15.6 to 23.9 mg/kg, with average values
of 0.12 mg/kg and 18.99 mg/kg, respectively. There are no rice grain samples in which
concentrations of Pb and Zn exceed MPLs (Table 1). The degree of exceeding the MPL of
Cd in rice grains from river terrain ranges from —93% to 290%, with a median value 238%.
The degree of exceeding the MPL of Cd in rice grains from alluvial plains ranges from 258%
to 1245%, with a median value 573%.
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Figure 2. The boxplots for the concentrations of Cd, Pb, and Zn in agricultural soils, natural forest
soils, and sediments in the study area (RSV: risk screening value, RIV: risk intervention value, TEL:
threshold effect level, PEL: probable effect level).
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Figure 3. The spatial variation in Cd, Pb, and Zn content in different media and elevations in the
study area, including agricultural soils (a), natural forest soils (b), and sediments (c). (Brown dash
line: the boundary of topography; black dash line: the boundary of villages. LQ: Lianggiao Village,
TX: Tangxin Village, YH: Yanghe Village, SB: Shangba Village).
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Table 1. Statistical summaries of Cd, Pb, and Zn concentrations in rice grains from the study area

(mg/kg).

. . Coefficients . Exceedance
Min Max Mean Median SD Variation MPL Rate (%)
Cd 0.014 2.69 1.03 0.76 0.60 0.59 0.20 95.24%
Pb 0.02 0.39 0.12 0.08 0.08 0.72 0.40 0
7n 15.60 23.90 18.99 18.64 1.75 0.09 50.00 0

Note(s): * MPL: The Chinese maximum permit levels (MPLs) for rice grains [38].

The concentration of Cd in rice grains and corresponding agricultural soils is shown
in Figure 4. Except for FLS08, the concentration of Cd in rice grains gradually increases
from the tailings pond to YH, reaches the maximum value near YH, and then gradually
decreases. The variation characteristic of Pb in rice grains is similar to that of Cd. There
is no obvious positive correlation between concentrations of PTEs in rice grains and in
corresponding agricultural soils.
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Figure 4. The spatial variation in Cd concentrations in rice grains and corresponding agricultural soils
from the study area. (Brown dash line: the boundary of topography; black dash line: the boundary of
village. LQ: Liangqiao Village, TX: Tangxin Village, YH: Yanghe Village, SB: Shangba Village).

4. Discussions

According to our results, although Cd, Pb, and Zn in sediments posed high ecological
risk, Cd and Pb concentrations in soils were both lower than the risk intervention value,
while in less than half of the soil, Zn exceeded the risk screening value, indicating there is
no strict control area in Dabaoshan Mining area. However, the Cd concentration in 95.24%
of rice grains exceeded the MPL, while concentrations of Pb and Zn in rice grain were
found to be safe. These results demonstrate that, under a series of restoration efforts, the
ecological risks posed by Pb and Zn have been gradually reduced and Cd contamination
is the most severe in soils and rice grains around Dabaoshan Mine. Furthermore, the
coefficients of variation in Cd, Pb, and Zn concentrations in rice grains (Table 1) revealed
that Zn presented no significant spatial variation and Cd and Pb have similar variation
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characteristics. Therefore, in the following discussions, we focus on the factors affecting the
Cd geochemical behavior in sediments, soil, and the soil-rice system.

4.1. Factors Affecting Cd Geochemical Behavior in Sediments

Cd concentrations in sediments increase from the tailings pond to the river terrace
approximately 10 km away, then slightly decrease after Taiping River joins and flows into a
small alluvial plain (Figure 3c). Cd is influenced by multiple geochemical processes during
its migration and deposition in the river, including adsorption-desorption, hydraulic trans-
port, and co—precipitation. Large amounts of AMD with low pH and high concentrations
of PTE ions were produced by natural weathering and mining activities at Dabaoshan
Mine, which changed the basic physicochemical properties of water and sediments in the
Hengshi River and significantly affected the geochemical behavior of Cd in the river.

An important driving force for migration of PTEs in the river is hydraulic conditions,
which are directly related to the elevation change of the river caused by topography. As the
Hengshi River flows downstream along the valley, there is a significant decrease in river
elevation, from 175 to 128 m. The river channel is narrow and river flow velocity is high in
the section of the river terrace from LQ to TX. The riverbed gradually widens and the slope
becomes very gentle in the alluvial plain section from YH to SB.

Cd in both dissolved and suspended forms originating from the tailings pond is not
easily deposited in the river terrace and can accumulate in the alluvial plain, as supported
by previous studies (Figure 3) [17,39,40].

The pH of water and the presence of secondary minerals in the river are also important
factors controlling the migration of Cd in the upper Hengshi River. Figure 5 shows the
changes in water pH under restoration efforts in the study area. In 2012, the water in
Tielong tailings pond had an extremely low pH of approximately 2.39-2.81, primarily
due to mine waste and runoff from the surrounding hills [41]. Since the Hengshi River
flows through a very narrow valley with limited surface runoff, there is a lack of dilution
in the river terrace. Cd in the river water migrated downstream in the form of divalent
free ions or complexed compounds [26]. During the time of our sampling, the pH of the
river water increased due to restoration measures, such as adding lime to the river, and
the dilution effect of the Taiping River which is not contaminated by mining activities.
However, the presence of various secondary minerals also plays a vital role in adsorption
and migration of Cd in the river, which are susceptible to variation in pH. Schwertmannite
is a hydroxy sulfate mineral that commonly exists in AMD, with a chemical formula of
FegOg(OH)g _ 2,(SO4)x 1 < x < 1.75 [42]. Schwertmannite exhibits a very high affinity for
PTEs and has been observed in Hengshi River sediments [43,44]. Cd may co—precipitate
and enter the solid phase during formation of schwertmannite and can be incorporated
into the mineral lattice under very acidic conditions. However, as the pH of river water
gradually increases, schwertmannite will gradually transform into more stable minerals
such as goethite and ferrihydrite, causing Cd to be re—released predominantly in ionic
form and absorbed in clay minerals [41,43].

4.2. Factors Affecting Cd Geochemical Behavior in Soil

The concentrations and distributions of Cd, Pb, and Zn in natural forest soils and
agricultural soils show minimal differences (Figure 2). Cd, Pb, and Zn concentrations in
agricultural soils are generally lower than those in natural forest soils within the same
village, indicating that agricultural activities have not exacerbated Cd, Pb, and Zn pollution
in the soils. The estimated contribution of fertilizer to soil Cd is only 1.21% based on input
fluxes of Cd to agricultural soil near the Dabaoshan Mine [32]. Instead, crop harvesting
may remove PTEs from soil. Therefore, PTEs in soils around Dabaoshan Mine are less
influenced by anthropogenic activities, and AMD resulting from mining activities is likely
the main source [45].
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Cd concentrations in soil showed the opposite trend to that in sediments (Figure 3a,b).
The concentrations of Cd in soils are strongly affected by physicochemical properties of soil,
including clay minerals and Fe—Mn oxides [46,47]. The Al,O3/SiO; ratio is an indicator
of soil maturity, where higher values indicate finer soil texture and higher clay particle
content [48]. The spatial variations in oxides, Al,O3/SiO,, CEC, and pH in agricultural
soils are shown in Figure 6.

In the river terrace, Al,O3/5iO; of agricultural soils shows a gradual decrease in the
downstream direction, along with decreasing concentrations of oxides, CEC, and pH, which
exhibit similar spatial distributions as those of Cd in agricultural soils (Figure 6). However,
in the alluvial plain, Al,O3/SiO; of the agricultural soils gradually increases, while the
concentration of TFe,O3 gradually decreases. The spatial patterns of these indexes in the
agricultural soils do not align with spatial distributions of Cd concentrations, indicating
that Cd concentrations in agricultural soils in the river terrace and alluvial plain may be
affected by different factors.
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Figure 6. The spatial variation in oxides, Al,O3/SiO,, CEC, and pH in agricultural soils from the
study area ((a): K,O, TFe;O3 and Mn; (b): NayO, Al,O3, MgO and CaO; (c): CEC and pH. Brown
dash line: the boundary of topography; black dash line: the boundary of village. LQ: Liangqiao
Village, TX: Tangxin Village, YH: Yanghe Village, SB: Shangba Village).
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Random forest (RF) is a machine learning algorithm that can be used to assess the
relative importance of soil physicochemical properties on Cd concentrations in soil [34].
In river terrace soils, TFepO3, Mn, and CaO were identified as the most important factors
affecting Cd concentration, with importance scores of 10.15%, 10.40%, and 9.72%, respec-
tively (Figure 7). The steep slopes in the riverbed promote oxidation of the river water
and the formation of Fe—Mn oxides. However, these conditions hinder sedimentation,
resulting in colloids and oxides being transported downstream and deposited in more
favorable locations [49]. The presence of CaO in the soil can reduce the solubility of Cd
ions and decrease migration of Cd in the soil [50]. In the alluvial plain, the primary fac-
tors affecting Cd concentration in the agricultural soils are CaO, Al,O3/SiO,, and Mn,
with importance scores of 8.56%, 7.53%, and 7.22%, respectively. The score of TFe;Oj is
only 1.90%, indicating that the influence of Fe oxides on Cd concentrations in the alluvial
plain is relatively small. Decreased water flow velocity in the alluvial plain results in the
preferential deposition of sand and silt, while fine—grained clay minerals migrate further,
leading to a gradual increase in Al;O3/SiO; in agricultural soils, providing more adsorp-
tion sites for Cd [51]. The inflow of the Taiping River may be an important factor causing
a gradual decrease in TFe;O3 concentration of the agricultural soils in the alluvial plain
(Figure 6a). The Taiping River is not impacted by mining activities, and has the Ca—HCO5
water quality type and a pH of about 7.09 [8]. The water pH of the upper Hengshi River
gradually increases because of the dilution by the Taiping River (Figure 5). At the same
time, schwertmannite minerals are metastable. When the water pH increases, SOi* is
gradually released from the schwertmannite mineral structure and is easily transformed
into stable crystalline Fe oxide minerals (ferrihydrite, goethite, etc.) in the river, releasing a
large amount of Cd [52,53]. This released Cd does not enter the structure of newly formed
Fe oxide minerals and instead is adsorbed onto the surface of clay minerals in the form of
ions [54].

4.3. Factors Influencing Migration of Cd in the Soil—Rice System

The ability of plants to absorb Cd from soil depends on bioavailability, which is
influenced by various parameters such as pH, Eh, SOM, and Ca and Fe concentrations.
The bioavailable concentration of Cd in soil is defined as the amount that is extractable by
0.01M CaCly, representing the most labile fraction [55]. The bioconcentration factor (BCF)
represents the ability of rice grains to accumulate Cd from the agricultural soils, and is
calculated using the following formula:

BCFcq = Cgrain/ Csoil

where Cgpain is the Cd concentration in rice grains and Cq is the Cd concentration in the
corresponding agricultural soil.

The BCF for Cd in agricultural soil from the river terrace is lower than that from the
alluvial plain and the degree of exceeding the MPL of Cd in rice grains increases from 238%
to 573% along the river. The cumulative probability distribution curves for the proportion
of CaCl, —extracted Cd in soil and BCF4 in rice grains were fitted using a logistic function
(Figure 8). Variations in BCF¢4 and proportion of CaCl, —extracted Cd in soil are large,
about 1-2 orders of magnitude, indicating significant spatial variations in the bioavailability
of Cd in the study area. The mean values of BCFc4 and proportion of CaCl, —extracted Cd
in the river terrace are lower than those in the alluvial plain, which indicates that Cd in
agricultural soils posed greater potential ecological risk.
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Figure 7. Importance scores of soil physicochemical properties influencing Cd concentration in soils
from the river terrace and alluvial plain based on random forest (RF) analyses (unit: %).

Pearson correlation coefficients were calculated after logarithmic transformation (ex-
cluding pH) between BCFc4 and soil physicochemical properties to better understand
the factors affecting the bioavailability of Cd in agricultural soil (Table S6, Figure 9). In
this diagram, the closer the dot to the center, the higher the negative correlation between
each variable and Cd. In addition, the mazarine dot and azury dot represent significant
correlations at p < 0.01 and p < 0.05, respectively. The BCFc4 was found to have a signifi-
cant negative correlation with Al;O3/Si0;, K>O, CaO, and MgO in agricultural soil. Soil
clay minerals provide the main adsorption sites for Cd. The lower Al,O3/5iO; facilitates
Cd desorption reactions, greatly increasing the bioavailability of Cd due to deposition
sorting [41]. A decrease in clay mineral content also leads to lower CEC in soil, reducing
exchangeable sites for PTE ions and increasing the activity of Cd [56].

An increase in the Ca?* concentration in soil solution can reduce the solubility of Cd?*,
thereby reducing the bioavailability of Cd [57]. The high concentrations of Ca®* and Mg?*
in the Taiping River result in precipitation of gypsum, which reduces the concentration of
Ca®* in soil solution [43].
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of CaCl, —extracted Cd (CaCl, —extracted Cd/total soil Cd). Red hollow dots: soil from river terrace;
Blue hollow dots: soil from alluvial plain.

Fe—Mn oxide can promote adsorption of Cd?* in soil solution, thereby reducing
its bioavailability [58]. As previously described, Cd ions can co—precipitate with iron
oxides such as schwertmannite and be re—released under phase transformations of these
metastable minerals, increasing their activity. Meanwhile, reducing conditions caused by
agricultural irrigation promote the reduction and dissolution of Fe—Mn oxides, enhancing
the mobility and bioavailability of PTEs in the soil.

pH and SOM in the study area did not have a significant impact on the concentration
and bioavailability of Cd in soil (Figures 7 and 8). On the one hand, pH can affect dynamic
adsorption of Fe—Mn oxides on the surface of clay minerals. Ponthieu et al. [59] showed
that when pH < 5.5 (such as on the YH-SB alluvial plain), Cd does not significantly adsorb
onto amorphous iron oxides or goethite. Under very low pH conditions, negatively charged
sites on the surface of clay minerals can be completely protonated, preventing binding of
Cd to these sites [13]. On the other hand, binding of Cd ions to SOM is also controlled
by pH. Previous research has shown that a pH change of at least 1-2 units is necessary to
observe any effect of SOM on PTEs ions [60,61]. The relatively narrow pH range in the
study area (ApH < 1.5) makes it challenging to accurately assess the impact of SOM on
PTEs ions such as Cd.

Therefore, the decreases in clay mineral content due to deposition sorting and phase
transformations of schwertmannite are indeed important factors that increase the bioavail-
ability and ecological risk of Cd in alluvial plains. The resulting high Cd concentration in
rice grains has led to an increase in the incidence of cancer.

4.4. Suggestions for Prevention and Control of PTE Contamination near Sulfide Mines

Properly managing sulfide mines with a science—based approach is crucial for the ad-
equate treatment of environmental pollution and the effective prevention of ecological risk.

A series of restoration plans have been implemented in the areas affected by Dabaoshan
Mine to reduce the impact of the mining activities on downstream ecosystems, including
the construction of a sewage treatment plant [18], mud impoundment [17], and adding
lime to the rivers near the mine [19]. Construction of the sewage treatment plant and mud
impoundment has effectively improved the water quality of the Hengshi River in the dry
season. However, the mud impoundment has gradually become full over time and AMD
overflows during the rainy season, and the reactivation of PTEs in sediment has increased
PTEs concentrations in the Hengshi River [30]. Although the addition of lime promotes
the precipitation and adsorption of PTEs in river water, reducing their mobility [19], the
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Figure 9. Correlation between the bioconcentration factor of Cd (BCF¢q) and soil properties in
agricultural soils from the study area.

Our study reveals significant differences in the concentrations and bioavailability
of Cd in soils between river terraces and alluvial plains, along with their influencing
factors. Therefore, classifying the surrounding environment of the sulfide mine according to
topography can more precisely treat mining pollution, improve ecological risk prevention,
and reduce PTE contamination of agricultural soil. In river terraces, it is recommended
to reduce PTE loads through natural attenuation, relying on the environmental resilience,
and to continuously monitor PTE concentrations in various environmental media [62]. In
alluvial plains, plant restoration can be employed by introducing aquatic plants (such as
reeds and cattails) in low—flow areas to stabilize sediment and absorb PTEs. Additionally,
dredging can be used to remove contaminated sediment to avoid secondary release caused
by changes in physiochemical conditions.

5. Conclusions

This study focused on the spatial distributions of Cd, Pb, and Zn in sediments and
soils of Dabaoshan Mine, as well as the associated ecological risks after restoration efforts.
The following conclusions were reached:

(1) Cd is the most prominent pollutant element, exhibiting significant enrichment and
spatial heterogeneity in both soil and sediments, and higher accumulation levels in
rice grains, in the Dabaoshan Mine area.
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(2) The spatial distributions of Cd in sediments and soils are governed by topography,
water velocity, channel width, change in physicochemical properties, and mineral
composition of the upper Hengshi River.

(3) Areas posing the highest human health risks do not align with areas exhibiting the
highest PTE concentrations in soil. Restoration efforts aimed at mitigating pollution
may inadvertently alter the physicochemical properties of the river, leading to the
transformation of schwertmannite, which affects the occurrence form of Cd and
ultimately increases the potential ecological risk of Cd in soils within the alluvial plain.

(4) Although a series of restoration plans have been implemented, the Cd contamination
problem in rice grains still persists. Taking topography into consideration when
assessing the ecological risk of PTEs can enable effective pollution control and accurate
prevention of potential ecological risks in the mining area.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15122223/s1. Figure S1 The geological map of study area
(modified by National Geological Archive). Table S1. The Risk Screening Values (RSVs) and Risk
Intervention Values (RIVs) for Cd, Pb and Zn in “Soil Environment Quality: Risk Control Standard
for Soil Contamination of Agricultural Land” (GB15618-2018). Table S2. The Threshold Effect Level
(TEL) and Probable Effect Level (PEL) of Cd, Pb, and Zn in Sediment Quality Guidelines (SQGs).
Table S3. The concentrations of Cd, Pb, Zn, oxides and physicochemical properties of natural forest
soil sampled in study area. Table S4. The concentrations of Rice grain and concentrations of Cd, Pb,
Zn, oxides and physicochemical properties of corresponding agricultural soils sampled in study area.
Table S5. The concentrations of Cd, Pb, Zn, oxides and physicochemical properties of sediments
sampled in study area. Table S6. Pearson correlation coefficients between the bioconcentration factor
of Cd (BCFCd) and soil properties in agricultural soils from the study area.
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