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A B S T R A C T   

Cd-rich wastes from open-pit mining can be transported into rivers, which are often followed by deposition in 
river sediments and/or further transfer into agricultural soils. The lithology of bedrock exerts a huge effect on 
physicochemical properties (e.g., buffering capacities, metal species, mineral phases, etc.) of the river system, 
thereby potentially impacting the Cd mobility in watersheds. However, to date, little is known about the 
microscopic processes (e.g., dissolution, adsorption, and precipitation) controlling the migration of Cd from 
mines to varied watersheds. This study, therefore, aims to determine the controlling factors on Cd mobilization in 
two mining-impacted watersheds with contrasting bedrock lithology using both Cd and Pb isotopes. The Pb 
isotope ratios of sediments and soils in both watersheds fall into a binary mixing model with two isotopically 
distinct sources, i.e., mining wastes and bedrock. These results indicate that mining activities are the main 
sources of Cd in sediments and soils. However, the Cd isotope ratios reveal different Cd migration processes 
between the two watersheds. In the siliceous watershed, the δ114/110Cd values of sediments decrease from 
-0.116‰ in the upper reach to -0.712‰ in the lower reach, with a concomitant increase in Cd concentration, 
which may result from Cd adsorption by goethite due to the increased pH. In contrast, in the calcareous 
watershed, the Cd isotope compositions of sediments (-0.345 to -0.276‰) and the pH of river water are nearly 
invariable, suggesting that the adsorption and release of Cd in sediments are limited. This may result from the 
strong pH buffering effect due to the presence of carbonate rocks. This study highlights the different fates of Cd in 
siliceous and calcareous watersheds and suggests that the development of Cd pollution control policies must 
consider regional lithology.   

1. Introduction 

Cadmium (Cd) is a toxic metal that severely threatens water quality 
and food security (e.g., Qu et al., 2017). Mining activity may also 
generate a large amount of Cd-rich wastes, including acid mine drain
ages (AMD), tailings, slags, and dusts (e.g., Wen et al., 2015). It has been 
estimated that mining activities contribute approximately 0.01 to 3.9 
tons of Cd to global surface runoff each year (Nriagu and Pacyna, 1988). 
These mining wastes may be transported into rivers followed by depo
sition in sediments, which serve as both sinks and sources for Cd in water 

bodies, thereby posing potential risks to water and soil securities (e.g., 
Liao et al., 2017). Consequently, deciphering the mobilization of Cd 
from mines to ambient watersheds is of significance to restrain the 
sources and processes of Cd pollution. 

Conventional approaches to explore the migration and trans
formation of heavy metals in watersheds usually rely on bulk concen
trations and chemical fractions (e.g., Qin et al., 2021; Wu et al., 2020). 
However, this traditional approach often has difficulty in accurately 
deciphering geochemical processes, particularly at the interface be
tween solid and liquid phases. The total concentration of a metal can 
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often be affected not only by migration processes but also by the dilution 
effect (e.g., Qin et al., 2021). Selective sequential extraction is inefficient 
for some specific and selective species of heavy metals, such as those 
associated with well-crystallized Fe-oxyhydroxides (e.g., Yin et al., 
2016). 

With the rapid development of analytic techniques, metal stable 
isotopes have been shown to serve as powerful tools to trace the sources 
and biogeochemical processes of heavy metals in environments (e.g., 
Wiederhold, 2015). This is primarily because, compared with conven
tional approaches, metal stable isotope ratios are hard to change during 
dilution processes and can exactly reveal the sources and/or biogeo
chemical processes of metals. Previous studies have indicated that 
geochemical processes, including dissolution, adsorption, precipitation, 
and biological processes can produce pronounced Cd isotope fraction
ations (e.g., Horner et al., 2011; Wasylenki et al., 2014; Yan et al., 2021; 
Yang et al., 2021). The Cd isotope signature (e.g., δ114/110Cd), therefore, 
can be used as a tracer of Cd. During the leaching of Pb-Zn ore rocks in 
the lab, Zhang et al. (2016) showed that leachates are enriched in 
isotopically heavy Cd compared with ores, with Cd isotope fractionation 
(Δ114/110Cdore-leachate) ranging from -0.4 to -0.5‰. In addition, labora
tory studies indicate that light Cd isotopes are preferentially adsorbed 
onto Fe/Mn oxyhydroxides (Wasylenki et al., 2014; Yan et al., 2021) and 
humic acid (Ratie et al., 2021) and coprecipitated into sulfide (Guinoi
seau et al., 2018) and calcite (Horner et al., 2011; Xie et al., 2021). Thus, 
the aqueous phases are, in most cases, enriched in heavier Cd isotopes 
than solid phases. This has been ascribed to the shorter Cd–O bond 
lengths for aqueous Cd species than for most secondary minerals (Gao 
et al., 2021). In contrast, a recent study showed that heavy Cd isotopes 
are preferentially incorporated into goethite by substituting lattice Fe, 
owing mostly to the enrichment of heavy Cd isotopes in Cd-hydroxides 
(Yan et al., 2021). Moreover, a few studies have also investigated the 
behavior of Cd in watersheds (e.g., Yang et al., 2019; Wen et al., 2015). 
For example, Yang et al. (2019) observed that rivers draining sulfide 
mining areas have higher δ114/110Cd values than mine tailings and ore 
minerals and explained this by the rapid dissolution of ore tailings. 
However, it is expected that some differences in Cd isotope fractionation 
may exist in watersheds due to diverse microscopic geochemical pro
cesses that can mobilize Cd. 

The lithology of bedrock can also be an important factor impacting 
the mobilization of Cd in both river and soil systems. In particular, rivers 
draining siliceous and calcareous rocks are often characterized by 
different physicochemical properties (e.g., Qin et al., 2021; Yang et al., 
2019). For example, it has been suggested that in carbonate-dominated 
regions, the coexistence of dissolved CO2 with carbonate minerals can 
result in high and stable pH in river waters (e.g., Sherlock et al., 1995). 
This alkaline environment is conducive to the adsorption of Cd onto 
secondary minerals or precipitation of Cd-rich carbonates in sediments 
(e.g., Wu et al., 2020), which thus restricts the migration of Cd in rivers. 
In contrast, this restriction usually does not work in regions dominantly 
covered with siliceous rocks due to their limited buffering capacity 
(Sherlock et al., 1995). However, few studies have focused on how 
geochemical processes, including dissolution, adsorption, and precipi
tation, may affect the mobility and isotope fractionation of Cd from 
mines to varied watersheds. 

In this study, we collected and studied samples from two watersheds 
affected by mining activities. One of them was developed in a basin with 
siliceous bedrock (Dabaoshan), and the other was developed in a basin 
with calcareous bedrock (Niujiaotang) in South China. River water, 
sediment, soil, and mining waste (including AMD, AMD-precipitate, 
tailings, and mining dust) were systematically sampled for Cd isotope 
analyses. Given that Pb isotopes are not fractionated during biogeo
chemical processes (e.g., Cheng and Hu, 2010), the Pb isotope ratios 
were also measured here for source tracing. Our work aims to identify 
the source of Cd in rivers and soil and to investigate and compare factors 
controlling the behavior of Cd from mines to ambient watersheds. Our 
findings contribute to a deeper understanding of Cd behavior in 

mining-affected watersheds with different lithologies and eventually to 
improved strategies for Cd pollution control. 

2. Materials and methods 

2.1. Site description and sample collection 

Dabaoshan (DBS) is located in Guangdong Province, southern China 
(113◦43′13′′E, 24◦31′36′′N) and is characterized by subtropical latosol 
and influenced by a subtropical monsoon climate. The bedrock under 
the soil is mostly sandstone, which is mainly composed of quartz (84 wt. 
%), muscovite (4 wt.%), and phengite (12 wt.%) (Liu et al., 2020). The 
DBS mine is a large-scale polymetallic sulfide deposit with main ore 
minerals of pyrite, chalcopyrite, pyrrhotite, sphalerite, and galena (Ye 
et al., 2014). After being smashed by crushers, ores were separated from 
rocks by flotation. Due to ~60 years of mining activity, a large quantity 
of AMD and AMD-precipitates (including both ore rock particles and 
hydrogenous minerals precipitated out of AMD) are stored in the Liwu 
dam and then discharged into the Hengshi (HS) River (Fig. 1a). River 
water, sediment, and soil samples were collected from nine sampling 
sites, which are distributed along the ~20-km stretches of the HS River 
from the tailings dam (Liu et al., 2020). For comparison, a deep soil 
sample (~80 cm) from the lower reach of the HS River was collected as 
the background soil. The pH of HS River water was measured in situ by a 
portable pH meter (HQ40D, Hach, USA). Representative samples of 
sulfide ores, AMD, AMD-precipitates, bedrock, and fertilizers were also 
collected. Details for sample collection and treatment prior to chemical 
analyses have been described in Liu et al. (2020). 

Niujiaotang (NJT) is a small town in Guizhou Province, southern 
China (107◦39′20′′E, 26◦13′54′′N) and is influenced by the subtropical 
monsoonal climate. The area is characterized by a typical karst land
form, with dolostone as the dominant bedrock (Xia et al., 2020). The 
NJT mine is a Pb-Zn sulfide deposit with main ore minerals of sphalerite 
and galena (Zhang et al., 2018). Ores were also separated from rocks 
through flotation. A large amount of dust was generated during ore 
smashing and the flotation effluent was directly discharged into the 
Fanjia (FJ) River. Details for sampling and treatment prior to chemical 
analyses were elaborated in Xia et al. (2020). Because the mining 
duration in this region (~20 years) is shorter than that in the DBS mine, 
the mining-affected scale is relatively small, and sampling was con
ducted within ~3 km along the FJ River from the mining area. Briefly, 
river water, sediment, and soil samples were collected from six sampling 
sites along the FJ River (Fig. 1b). Two background soils were collected 
from the deep layer (~80 cm) in the lower reach of the FJ River. Sulfide 
ore, tailings, mining dust, bedrock, and fertilizer were collected for 
comparison. Measurements of river pH were carried out in the field by a 
portable pH meter (HQ40D, Hach, USA). 

2.2. Analysis of Cd and Pb concentrations 

Measurements of Cd and Pb concentrations for all samples were 
taken by inductively coupled plasma–mass spectrometry (ICP–MS, 
NexION 300X, PerkinElmer, USA). Prior to measurements, ~100 mL of 
each liquid sample was dried on a hot plate, and ~100 mg of each solid 
sample was digested after being treated with HF–HNO3 (1:3, v/v) and 
aqua regia. After each digested sample reached complete dryness on a 
hot plate at 90◦C for 12 hours, it was redissolved in ~2% HNO3 to 
measure the Cd and Pb concentrations. The instrument drift was cali
brated by the internal standard Rh (10 μg L− 1). GSS-1 (Chinese National 
Standard soil reference sample) and BHVO-2 (United States Geological 
Survey reference material) were used for data quality control. Repeated 
measurements (n = 5) of each sample obtained the relative standard 
deviation (RSD) within 10%. 
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2.3. Selective sequential extraction experiment 

The selective sequential extraction of Cd following Tessier et al. 
(1979) was conducted to investigate Cd association in sediments and 
soils from NJT. Given the large amount of Fe (hydro)oxides present in 
sediments and soils from DBS, a modified Tessier method was employed 
to effectively extract Cd bound to well-crystallized Fe (hydro)oxides 
(Yin et al., 2016). The steps of the procedure are presented in Tables S1 
and S2. The Cd concentrations of all extracted solutions were measured 
using ICP–MS (NexION 300X, PerkinElmer, USA) as mentioned above. 

2.4. Mineral quantification 

The mineral modes of sediments, soils, ores, and bedrock were 
characterized by an X-ray diffractometer (XRD, Bruker D2, Germany). 
Co/Kα radiation was used to generate X-rays, which were scanned over 
5–85◦ at a speed of ~1.2◦/min with a step size of ~0.02◦. TOPAS V5 
software (Bruker AXS, Germany) was used to quantify the mineral 
compositions by using the Rietveld method (e.g., Young, 1993). The 
uncertainty for major minerals is considered to be approximately 1–2%. 

2.5. Analysis of Cd and Pb isotope ratios 

All sample digestion and purification procedures were performed in 
a class-100 laminar flow hood, which was placed in a class-1000 clean 
room. All acid reagents (including HF, HCl, and HNO3) were distilled on 
acid purification systems (DST-1000, Savillex, USA). Ultra-pure Milli-Q 
water (18.2 MΩ cm) was used during Cd purification. Approximately 
100 mL of liquid samples was evaporated in perfluoroalkane (PFA) 
beakers (Savillex, USA) at 130◦C for 30 h, and ~100 mg of solid samples 

and reference materials were weighed and loaded into PFA beakers 
(Savillex, USA). Both evaporated water samples and solid samples were 
treated with an ~4 mL mixture of HF-HNO3(1:3, v/v), followed by 
heating at ~140◦C for ~48 h. Subsequently, ~3.2 mL of aqua regia was 
added into dried samples and heated at ~120◦C for ~48 h before beaker 
caps were removed and samples were dried to dryness. 

The purification of Cd was conducted at the Isotope Geochemistry 
Laboratory of China University of Geosciences, Beijing, China. The 
detailed procedures for column chemistry have been reported in Tan 
et al. (2020). Briefly, 111Cd-113Cd double spikes were added to samples 
containing ~60 ng of Cd after dried samples were redissolved in 
concentrated HNO3. The beakers were placed on a hot plate at ~100◦C 
overnight to ensure that the sample and spike were mixed homoge
neously and then evaporated to dryness. Then, the dried samples were 
subsequently dissolved in 2 M HCl and purified by passing through 
anion columns filled with AG-MP-1M resin (100-200 mesh, Bio-rad, 
USA). The same column procedure was repeated twice to obtain a 
pure Cd solution, which was then dissolved in 2% HNO3–0.1% HF for 
isotopic determination. 

Cd isotope ratios were determined by multiple-collector ICP–MS 
(MC–ICP–MS, Neptune plus, Thermo Fisher, USA) at China University of 
Geoscience, Beijing, China. Samples were introduced into the plasma 
through an Aridus-II desolvator (Teledyne CETAC Technologies Omaha, 
USA). Samples were measured at ~10 ppb and bracketed by a spiked 
NIST-3108 solution to correct for instrumental drift (Tan et al., 2020). 
The Cd isotope composition is expressed as δ114/110Cd relative to 
NIST-3108 and defined as: 

δ114/110Cd(‰) =

[
(114Cd/110Cd)sample

(114Cd/110Cd)NIST3108
− 1

]

× 1000 (1) 

Fig. 1. Map of the study area and sampling sites in DBS (a) and NJT (b) watersheds.  
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The analysis for each sample was repeated three times and the un
certainties were two times standard deviation (2SD) based on repeated 
measurements. The NIST reference material 2711a and Chinese 
geochemical standard reference GSS-1 were processed together with 
samples and yielded average δ114/110Cd values of 0.567 ± 0.051‰ 
(2SD) and 0.024 ± 0.077‰ (2SD), respectively, which are consistent 
with previously reported results (Li et al., 2018; Tan et al., 2020). 

Lead was purified using AG1-X8 resin (200–400 mesh, Bio–Rad, 
USA) at the Guangdong Institute of Eco-environmental Science & 
Technology, China. Digested samples with ~1 μg Pb were evaporated to 
dryness and dissolved in a mixture of 2 M HCl and 1 M HBr (2:1, v/v). 
The high purity glass columns packed with ~1.2 mL resins were alter
nately cleaned with 6 M HCl and ultrapure water three times and then 
conditioned with a mixture of 2 M HCl-1 M HBr (2:1, v/v). Matrix 
components were eluted after ~1.5 mL of 1 M HBr and ~1.5 mL of 2 M 
HCl. Finally, Pb was eluted with ~1.5 mL of 6 M HCl. The total proce
dural blanks of Pb during this study were less than ~0.15 ng. The lead 
isotope ratios were measured by MC–ICP–MS (Neptune Plus, Thermo 
Fisher, USA) at the Institute of Geochemistry, Chinese Academy of Sci
ences, China. The Tl standard (NIST 997) was added to the purified 
sample with a Pb/Tl ratio of ~5 to correct for instrumental mass bias. 
The repeated measurements of reference material NIST 981 yielded an 
average 207Pb/206Pb ratio of 0.91464 ± 0.00004 (2SD, N = 45) and an 
average 208Pb/206Pb ratio of 2.16650 ± 0.00008 (2SD, N = 45), which 
agree with previously published data (e.g., Jeong et al., 2021). 

4. Results 

4.1. Mineral compositions 

The mineral compositions of sediments, soils, and AMD-precipitates 
are presented in Table S3 and Table S4. In DBS, the sediment, soil, and 
AMD-precipitates are mainly composed of quartz (16.0 to 66.4 wt.%), 
muscovite (2.6 to 30.9 wt.%), phengite (2.5 to 24.8 wt.%), goethite (2.2 
to 20.6 wt.%), kaolinite (1.9 to 15.6 wt.%), and microcline (0 to 16.8 wt. 
%). Trace amounts of goethite, jarosite, and hematite are found in AMD- 
precipitates. Sediments and soils in the NJT mainly contain quartz (1.6 
to 71.2 wt.%), dolomite (0 to 98.4 wt.%), kaolinite (0 to 14.8 wt.%), and 
illite (0 to 16.0 wt.%). The mine tailings consist of dolomite (~97.2 wt. 
%) and sphalerite (~2.8 wt.%). 

4.2. Cd and Pb concentrations and isotope compositions of samples from 
DBS 

The Cd concentration of river water ranges from 0.007 to 0.035 mg 
L− 1, which is dramatically lower than that of AMD (1.35 to 1.47 mg 
L− 1). The sediment has a Cd concentration ranging from 1.79 to 17.5 mg 
kg− 1, which is higher than that of bedrock (~0.11 mg kg− 1). The Cd 
concentration of sulfide ore is ~3.76 mg kg− 1, which is higher than that 
of AMD-precipitates (1.12 to 3.56 mg kg− 1). Compared with the sedi
ment, the topsoil has a relatively lower Cd concentration, varying from 
0.24 to 2.59 mg kg− 1 (Table S5). 

The δ114/110Cd value of the AMD-precipitate varies from -0.186 to 
-0.030‰, which is lower than those of AMD (0.077 to 0.131‰) and 
sulfide ore (0.211 ± 0.042‰). The river water has a δ114/110Cd value 
ranging from 0.175 to 0.309 ‰, which is higher than that of the sedi
ment (-0.712 to -0.116 ‰) and topsoil (-0.366 to -0.167 ‰). The δ114/ 

110Cd value of the sediment from the upper reach (DC-5, 6, and 8) ranges 
from -0.116 to -0.183‰, which is higher than that from the lower reach 
(DC-11 and 13; -0.682 to -0.712‰) but closer to the δ114/110Cd value of 
the AMD-precipitate (-0.186 to -0.030‰) (Fig. 2a). Similarly, the topsoil 
in the upper reach has a higher δ114/110Cd value (DS-6, 8, 9, and 11; 
-0.251 to -0.167‰) than that in the lower reach (DS-12 and 14; -0.366 to 
-0.252‰; Fig. 2a). 

The Pb concentrations of river sediments and topsoils range from 
85.3 to 2602 mg kg− 1 and from 50.5 to 1023 mg kg− 1

, respectively, 
which are generally higher than those of bedrock (~50.9 mg kg− 1). The 
AMD-precipitate has Pb concentrations ranging from 1936 to 3394 mg 
kg− 1 and the sulfide ore has Pb concentrations of ~2666 mg kg− 1 

(Table S5). The 206Pb/207Pb ratios of the sediment and topsoil range 
between 1.1863 and 1.1900 and between 1.1863 and 1.1899, respec
tively, which are slightly higher than those of the sulfide ore (~1.1860) 
and AMD-precipitate (1.1861 to 1.1863). A higher 206Pb/207Pb ratio is 
found in the bedrock sample (~1.2523; Table S5). 

4.3. Cd and Pb concentrations and isotope compositions of samples from 
NJT 

The Cd concentrations of the sulfide ore, mine tailings, and mining 
dust from NJT are ~1025 mg kg− 1, ~316 mg kg− 1, and ~387 mg kg− 1, 
respectively. The river water has a low Cd concentration even below the 
detection limit (0.06 μg L− 1 for our instrument). The Cd concentration of 
the sediment varies from 4.14 to 100 mg kg− 1, which is slightly higher 
than that of the topsoil (between 4.31 and 58.4 mg kg− 1). In addition, 
the background soil has a Cd concentration of 3.58 to 4.19 mg kg− 1. In 

Fig. 2. Cd isotope compositions of river water, sediment, topsoil, ore, and mining waste (AMD, AMD-precipitate, tailing, and mining dust) vs. the distance from 
mining core in DBS (a) and NJT (b) watersheds. 
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particular, the Cd concentration of the calcareous bedrock (~52.9 mg 
kg− 1) is much higher than that of the siliceous bedrock from the DBS 
(~0.11 mg kg− 1) (Table S6). 

The δ114/110Cd values of the mine tailings, sulfide ore, and mining 
dust are -0.435 ± 0.068‰, -0.111 ± 0.022‰, and -0.281 ± 0.025‰, 
respectively (Table S6). The sediment has a small range of δ114/110Cd 
values between -0.345 and -0.276‰, which generally fall between those 
of mine tailing and mining dust (Fig. 2b). The δ114/110Cd value of the 
topsoil ranges from -0.519 to -0.267‰ and is slightly lower than that of 
the sediment (Fig. 2b). The background soil has a low δ114/110Cd value 
ranging from -0.524 to -0.521‰. In addition, the calcareous bedrock has 
a δ114/110Cd value of -0.235 ± 0.081‰, which is higher than that of the 
topsoil. 

The sediment and topsoil have Pb concentrations ranging from 85.2 
to 309 mg kg− 1 and from 91.2 to 660 mg kg− 1, respectively, which is 
higher than that of bedrock (~39.7 mg kg− 1). The Pb concentrations of 
the mine tailings, sulfide ore, and mining dust are 63.8 mg kg− 1, 98.4 mg 
kg− 1, and 274 mg kg− 1, respectively (Table S6). The sediment and 
topsoil along the FJ River have 206Pb/207Pb ratios ranging from 1.1596 
to 1.1685 and from 1.1598 to 1.1767, respectively, which generally lie 
between the 206Pb/207Pb ratios of the sulfide ore (~1.1581) and back
ground soil (1.1844 to 1.1870). The bedrock has a high 206Pb/207Pb 
ratio of ~1.2117 (Table S6). 

4.4. Cd speciation in the sediment and soil 

The results of our selective leaching experiments show that Cd in the 
sediment and topsoil from DBS is largely concentrated in the 

exchangeable fraction (33–73% for the sediment and 23–55% for the 
topsoil; Fig. S2a, S2b), while Cd in the sediment and topsoil from NJT is 
generally associated with carbonates (57–77% for sediments and 
19–63% for topsoils; Fig. S2c, S2d). 

5. Discussion 

5.1. Pb isotope tracing 

Because radiogenic Pb isotopes are not fractionated during biogeo
chemical processes (e.g., Cheng and Hu, 2010), Pb isotope ratios can 
provide accurate information about pollution sources. The Pb isotope 
ratios of most sediments and topsoils from the DBS watershed fall on a 
binary mixing line with two isotopically distinct endmembers, i.e., ore 
rocks and background soil (Fig. 3b). Some samples of AMD-precipitates, 
sediments, and topsoils are close to ore samples, indicating that they are 
strongly influenced by Pb pollution from the ore. Compared with the 
bulk silicate bedrock in this area (208Pb/206Pb = 2.0768, 206Pb/207Pb 
=1.2523), even the background soil (208Pb/206Pb = 2.0843, 
206Pb/207Pb = 1.1928) might have been polluted by ore rocks. However, 
AMD, some sediments, topsoils and bulk silicate bedrock are not on the 
mixing line (Fig. 3a). These deviations from the mixing line, which are 
larger than the analytical uncertainty (2SD = 0.00008 for 208Pb/206Pb 
and 0.00004 for 206Pb/207Pb), suggest the presence of other Pb sources. 
Indeed, sediments, bedrocks, and topsoils at DBS consist of serval min
erals that have different affinities to Th and U (e.g., Riffel et al., 2016; 
Basak and Martin, 2013), and some differences in mineral mode exist 
among these samples (Table S3). Thus, the deviations can be understood 

Fig. 3. Correlation of 206Pb/207Pb and 208Pb/206Pb ratio of samples from DBS (a) and NJT (c) watersheds. (b) and (d) is the enlarger of the dotted-line-defined area in 
(a) and (c), respectively. 
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if the silicate bedrock is non-homogeneous, and leaching the portion of 
silicates having higher 208Pb/206Pb and low 206Pb/207Pb values would 
make the Pb isotope ratio of the residual soil sitting below the mixing 
line. Correspondingly, AMD that leaches through silicates in addition to 
ore rocks would have a higher 208Pb/206Pb ratio than ore rocks and sit 
above the mixing line. Moreover, sediment samples DC-6 and DC-12 fall 
above and below the mixing line, respectively (Fig. 3b), which is also 
consistent with the non-homogeneity of sediments (Table S3). Topsoil 
samples DS-6 and DS-12 fall above the mixing line, which may be 
affected by the input of AMD (Chen et al., 2018; Qu et al., 2017) or 

heterogeneous mineral composition in soils (Kong et al., 2018; Wen 
et al., 2020) (Fig. 3b). AMD-precipitates and ore rocks are on the mixing 
line and have similar Pb isotope ratios, indicating that the majority of Pb 
in the AMD-precipitates is not from AMD, but from residual ore. Our 
measured Pb isotope ratio of the fertilizer has extreme values 
(208Pb/206Pb = 1.9612 and 206Pb/207Pb = 1.2472) and lies below the 
mixing line; thus, its effect is much smaller than the pollution from ore 
rocks. 

For some sediments and topsoils from the NJT, their Pb isotope ratios 
sit on the mixing line of sulfide ore rock and background soil (Fig. 3c). 

Fig. 4. Relationship of Cd and Pb concentrations in topsoils and sediments from DBS (a) and NJT (b). The solid line represents the linear fitting line of topsoils. The 
dashed line represents the linear fitting line of sediments. Relationship of 1/Cd and δ114/110Cd of samples from DBS (c) and NJT (e) watersheds. Relationship of 
206Pb/207Pb and δ114/110Cd of topsoils and sediments from DBS (d) and NJT (f). 
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Mining dust and sulfide ore rocks have similar Pb isotope signatures, but 
mining dust may pollute ambient environments more easily. However, 
some topsoils, river sediments, mine tailings, and bedrock have Pb iso
topes lying below the mixing line (Fig. 3c). This occurs because the 
bedrock is largely composed of carbonates which contain more U than 
Th and contribute to lower 208Pb/206Pb ratios than silicate rocks (Basak 
and Martin, 2013; Wen et al., 2020). The background soil contains a tiny 
fraction of carbonate. However, some topsoils and river sediments 
contain significant amounts of dolomite, and the mine tailings are a 
mixture of dolomite and sphalerite (Table S4). Thus, the Pb isotope ra
tios of all studied samples can be explained by the mixing of sulfide ore 
rocks, the silicate fraction of ambient rocks (i.e., background soil) and 
the carbonate fraction of the ambient rock (i.e., bedrock). The mine 
tailing can be considered as a mixture of bedrock and mining dust 
(Fig. 3d). Again, the extreme Pb isotope ratio of the fertilizer suggests its 
limited contribution (Fig. 3b). 

5.2. Sources of Cd in sediment and soil 

Since both Cd and Pb are chalcophile elements with similar 
geochemical properties, Cd is usually accompanied by Pb in sulfide- 
polluted media (e.g., Huang et al., 2020; He et al., 2019). Indeed, in 
the present study, the concentrations of Cd and Pb in topsoils show a 
significant positive correlation in both watersheds (Fig. 4a, b), sug
gesting similar sources of Cd and Pb in topsoils. However, Cd and Pb 
concentrations in sediments are decoupled (Fig. 4a, b), especially in 
DBS, implying that Cd and Pb behave differently in these samples. Cd 
isotopes can be used to investigate the origin of the difference. Given the 
evident difference in the Cd isotope composition among the sulfide ore 
rock, mining waste, and background soil (Fig. 4c, d), the Cd isotope 
compositions of the sediment and soil samples may also reflect mixing 
processes of various sources. 

For most topsoil and some sediment samples from DBS, binary 
mixing relationships can be found in both δ114/110Cd–1/Cd (i.e., inverse 
concentration) and δ114/110Cd–206Pb/207Pb diagrams, where AMD- 
precipitates and background soil are defined as the two end-members 
(Fig. 4c, d). This is consistent with the conclusion drawn based on Pb 
isotopes (discussed in section 5.1). Moreover, sediment samples close to 
the mining area, including DC-5, DC-6, and DC-8, have Cd isotope 
compositions (-0.183 to -0.116‰) similar to that of the AMD-precipitate 
(-0.186 to -0.030‰), suggesting that AMD-precipitates are also the main 
Cd source to river sediments. However, this mixing relationship cannot 
be used to explain the differences in δ114/110Cd values among the sulfide 
ore rock, AMD and AMD-precipitates, and δ114/110Cd values of some 
sediments located in the lower reach (e.g., DC-11 and DC-13), which 
may be related to the post-depositional processes in the river system 
(discussed in section 5.3 and section 5.4). 

In comparison, the Cd and Pb isotope ratios appear to show slightly 
different mixing endmembers for sediments and topsoils from NJT 
(Fig. 4e, f). In the δ114/110Cd–1/Cd plot (Fig. 4e) and δ114/ 

110Cd–206Pb/207Pb diagram (Fig. 4f), sediments and topsoils can be 
circumscribed by three end-members: mining dust, mine tailing and 
background soil. This agrees with the tracing result from the 
206Pb/207Pb -208Pb/206Pb diagram (Fig. 3c, d). However, sulfide has a 
distinctly different δ114/110Cd value from that of mine tailings or mining 
dust, which could originate from Cd isotope fractionation during 
leaching processes (discussed in section 5.3). Moreover, the difference 
(~0.320‰) between the δ114/110Cd value of sulfide ore from DBS and 
that from NJT is likely caused by the difference in mineral composition if 
carbonate and sulfide minerals are characterized by different Cd isotope 
signals; the sulfide ores in NJT contain a large amount of carbonate 
(~85.2 wt.%), while those in DBS mainly consist of sulfide minerals (e. 
g., pyrite). 

5.3. Cd isotope fractionation in mining wastes 

Previous studies have shown that Cd isotopes can be highly frac
tionated due to leaching (Zhang et al., 2016), adsorption onto minerals 
(Yan et al., 2021; Wasylenki et al., 2014), and coprecipitation into 
minerals (Yan et al., 2021). Although this fractionation could complicate 
the source determination using only Cd isotopes, it can help to elucidate 
geochemical processes that Pb isotopes are not able to detect. 

In DBS, the AMD-precipitate and sulfide ore have similar Pb isotope 
ratios, but the δ114/110Cd value of the AMD-precipitate is significantly 
lower than that of the sulfide ore (Δ114/110Cdore–AMD-precipitate = 0.241 to 
0.397‰). Similarly, the δ114/110Cd value of the mining dust from the 
NJT is significantly lower than that of the sulfide ore (Δ114/110Cdor

e–mining dust = 0.170‰), although mining dust and sulfide ore have 
similar Pb isotope ratios. Because the original sulfide ore rocks were 
washed first after being mined, these discrepancies between the δ114/ 

110Cd values of AMD-precipitate/mining dust and ores can be explained 
by the leaching of Cd. The leaching experiment conducted by Zhang 
et al. (2016) showed that isotopically heavy Cd is preferentially released 
into liquid phases. Additionally, the Cd concentration of 
AMD-precipitate and mining dust is much lower than that of sulfide ore 
(Table S5, S6). These results suggest that ore washing may lead to a 
significant removal of Cd in ores and, therefore, the enrichment of light 
Cd isotopes in ore residues. 

The δ114/110Cd values of AMD (0.077 to 0.131‰) in DBS are lower 
than those of sulfide ores (0.211 ± 0.042‰). This observation contrasts 
with the result of the leaching experiment that heavy Cd is preferentially 
released into the aqueous solution (Zhang et al., 2016). This observation 
is also inconsistent with the Cd adsorption on Fe (oxyhydr)oxides. Based 
on XRD, the AMD-precipitate contains a significant amount of Fe (oxy
hydr)oxides (e.g., goethite) (Table S3). AMD is a sulfuric acid-rich so
lution with pH < 2.5 (Table S5). Boily et al. (2005) found that little 
dissolved Cd could be adsorbed by goethite at pH < 5.0, so Cd adsorp
tion onto Fe (oxyhydr)oxides could be limited in the tailings dam. Even 
if adsorption occurs, lighter Cd isotopes are preferentially adsorbed onto 
solid phases (Yan et al., 2021), thereby elevating the δ114/110Cd value of 
AMD rather than decreasing it. Alternatively, the dissolved Cd in the 
AMD may migrate into the AMD-precipitates through coprecipitation 
with Fe (oxyhydr)oxides, which widely exist in an AMD pool (e.g., Chen 
et al., 2018). It is suggested that Cd incorporation into goethite by 
substitution for lattice Fe prefers heavy Cd isotopes due to the release 
and reprecipitation of isotopically heavy Cd during the transformation 
of ferrihydrite to goethite (Yan et al., 2021). Therefore, isotopically 
heavy Cd in AMD may preferentially coprecipitate with Fe (oxyhydr) 
oxides, resulting in light isotope enrichment in AMD (Fig. 4c). The other 
plausible explanation, which is also consistent with the Pb isotope re
sults of AMD, is that leachates from both ore rocks and silicates 
contribute to AMD. The Pb isotope ratios of AMD suggest that AMD 
receives the contribution of both ore rocks and silicates which pulled 
AMD slightly above the mixing line (Fig. 3b, discussed in section 5.1). 
Because silicate rocks have lower δ114/110Cd values (e.g., δ114/110Cdbe

drock = -0.265 ± 0.008‰), the leachate from leaching silicates would 
have a δ114/110Cd value higher than silicates but lower than ore rocks. 

Moreover, the Pb isotope ratio of the mine tailings suggests that both 
sulfide ore and carbonate bedrock have a significant contribution to the 
mine tailing in the NJT, while the δ114/110Cd value of mine tailings is 
significantly lower than that of the ore (Δ114/110Cdore–tailing = 0.324‰) 
and bedrock (Δ114/110Cdbedrock–tailing = 0.200‰). Leaching of sulfide ore 
rock, therefore, is necessary to explain the lower δ114/110Cdmine tailing, 
similar to mine dust in NJT or AMD-precipitates in DBS. Besides, heavy 
Cd isotopes are preferentially leached out from limestone (Imseng et al., 
2018), which may lead to the Cd isotope composition of mine tailings 
being lower than that of bedrock. Overall, both processes are required to 
explain the Cd and Pb isotope ratios of mine tailings in the NJT. 
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5.4. Cd isotope fractionation in the rivers 

The Cd isotope compositions of sediments show distinctly different 
variations between the two watersheds (Fig. 2). In DBS, the river sedi
ments (-0.183 to -0.116‰) and water (0.175 ± 0.010‰) from the first 
~10 km of the HS River have Cd isotope compositions similar to those of 
AMD-precipitates (average δ114/110Cd of -0.098 ± 0.105‰, 2SD) and 
AMD (average δ114/110Cd of 0.109 ± 0.037‰, 2SD), respectively 
(Fig. 2a). These results appear to suggest that the mining waste after 
being discharged from the tailings dam is transported along the HS River 
followed by deposition in sediments. It is worth noting that the Cd 
concentration of sediments gradually increases during the first ~10 km 
of the HS River (Fig. S1). The slope rate of the riverbed declines in this 
stretch of the HS River, which leads to the high level of settling of mining 
waste particles (Chen et al., 2018). After ~10 km from the mining site, 
the Cd isotope compositions of sediments in the HS River decrease 
(Fig. 2a), while the Pb isotope ratios of sediments vary only slightly 
(Table S5). These observations indicate that the adsorption and/or 
coprecipitation of Cd onto/into sediments (most likely goethite based on 
XRD, Table S3) may occur during Cd transportation in rivers, which may 
fractionate Cd isotopes. 

Yan et al. (2021) suggested that the coprecipitation of Cd into Fe 
(oxyhydr)oxides preferentially takes up isotopically heavy Cd, which 
contrasts with the decreased δ114/110Cd of sediments from the upper to 
lower reach (Fig. 2a). This implies that the possible coprecipitation of 
goethite has limited effects on Cd isotope fractionation. Instead, it is 
more likely that these changes in δ114/110Cd of sediments originate 
primarily from the enhanced adsorption of Cd onto goethite as the pH 
value of river water increases due to dilution and silicate buffering ef
fects (Yang et al., 2019). A pioneering study has shown that Cd 
adsorption on Fe (oxyhydr)oxides prefers light Cd isotopes and that the 
adsorption capacity increases dramatically as the pH increases from 6.0 
to 8.0 (Yan et al., 2021). As such, some Cd may be adsorbed onto Fe 
(oxyhydr)oxides in sediments due to the increased river pH (6.4 to 8.1) 
(Fig. S3a). Previous studies have shown that the adsorbed Cd is mainly 
transformed into the exchangeable form (Fan et al., 2007), and this Cd 
fraction often enriches light isotopes (Zhong et al., 2021). Therefore, the 
positive correlation between the river pH and the amount of 
exchangeable Cd in sediments proves that the increased pH causes more 
adsorbed Cd, which thus results in the decreased δ114/110Cd value of 
sediments along the HS River (Fig. 5a). 

In contrast, the Cd isotope compositions of sediments in the NJT are 
nearly invariable along the FJ River (Fig. 2b), which is likely caused by 
the low dissolution rate of carbonates in an alkaline environment. High 

and stable pH values are observed in FJ River water, which may be the 
result of the powerful acid buffering potential of calcareous rocks 
(Fig. S3b, e.g., Raymond et al., 2009): 

CaxMg1− x(CO3)2 + 2H+ = 2HCO3
− + (1 − x)Mgx

2+ + xCa2+

Carbonates may neutralize acid from mine drainage and produce 
bicarbonate to maintain the high pH of river water, which has also been 
observed in other carbonate-dominated watersheds (e.g., Mayo et al., 
2000; Qin et al., 2021). Alkaline conditions can inhibit the dissolution of 
carbonates (Pokrovsky et al., 1999), the dominant fraction of sediments 
from NJT according to the selective sequential extraction result 
(Fig. S3d). However, a high pH may enhance the adsorption and/or 
precipitation of dissolved Cd (e.g., Wu et al., 2020), which can produce 
Cd isotope fractionation (e.g., Wasylenki et al., 2014; Yan et al., 2021). 
The river water shows extremely low Cd concentrations, which are even 
below the detection limit (Table S6), suggesting that most dissolved Cd 
has been adsorbed or precipitated before being discharged into rivers. As 
a result, river water may only contribute little dissolved Cd to sediments 
and, consequently, may have a limited effect on the Cd isotope 
composition of sediment. 

6. Conclusions and implications 

Based on the Cd isotope compositions of river water, sediments, soils, 
bedrock, and mining wastes developed in siliceous (DBS) and calcareous 
(NJT) basins, this study unravels the mechanisms controlling Cd 
mobility and Cd isotope fractionation from the mine to ambient water
sheds. Our results show that mining activities are the main supplier of Cd 
in river-soil systems around both mining areas, whereas the extent and 
level of Cd pollution are very different. In DBS, the decrease in δ114/ 

110Cd in sediments indicates the enhanced adsorption of Cd by Fe oxides 
in the river due to the elevated pH. In the NJT watershed, the invariable 
δ114/110Cd values of sediments suggest that the adsorption and release of 
Cd in sediments are limited because of the high and stable pH caused by 
the carbonate buffer. 

In this way, to limit Cd migration, developing different policies in 
siliceous and calcareous watersheds is crucial. For a siliceous watershed, 
it is necessary to restrain the release of adsorbed Cd in sediments by 
increasing the river pH through limestone or hydrated lime (Luo et al., 
2020). In a calcareous watershed, the acidity produced by sulfide min
eral oxidation can be partially or completely offset by carbonate rock, 
resulting in neutral or weakly alkaline mine water (Sherlock et al., 
1995). Therefore, natural geochemical processes for acid neutralization 
and precipitation–adsorption of metals may be an economical way to 

Fig. 5. The Cd isotope compositions of sediments along the HS River (a, DBS watershed) and FJ River (b, NJT watershed). The data were plotted according to the 
sequence of sampling sites. The correlation of river pH and the percentage of exchangeable Cd in sediments (c). 
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prevent AMD in a calcareous watershed. In addition, this study also 
shows the different Cd isotope fractionation mechanisms in the two 
watersheds. Therefore, the influence of lithology needs to be taken into 
account and interpreted with caution before using the Cd isotope tool for 
tracing pollution. For example, combining Pb isotopes may improve the 
accuracy of source tracing in a complex area. 
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