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A B S T R A C T   

Cadmium is highly toxic to plants, animals, and humans. When assessing its risk, it is critical to distinguish 
anthropogenic activities from natural weathering processes. Specific Cd isotopes have been used to track the 
source and fate of Cd in the environment. However, Cd isotopic signatures in soils and sediments and its frac
tionation in large river systems, especially in high-population areas and within complex Cd source regions, 
remain poorly understood. Using chemical and isotope analyses, this study identifies Cd sources in the Xijiang 
riverine system, China, as being the result of natural weathering and acid mine drainage. Cadmium isotopic 
fractionation between stream sediment and topsoil was uniform, with Δ114/110Cdstream sediment–topsoil values 
averaging 0.50‰ ± 0.04‰ through natural weathering processes and fractionation being controlled mainly by 
the Cd isotopic composition of acid mine drainage. During the natural weathering of carbonate sediments, Ca2+

and HCO3
− in soils tend to drain into the Xun River with leachate, resulting in a weakly alkaline water column 

with increasing Cd contents in stream sediments. In mining regions, H+, Cd2+, Zn2+, and other metal ions are 
prone to release from sphalerite into solution under supergene conditions, ultimately resulting in high Cd con
tents in sediments of the Meng River. This study highlights the use of Δ114/110Cdstream sediment–topsoil values as a 
tool for distinguishing the effects of anthropogenic activities from those of natural weathering processes in river 
systems at risk of Cd pollution.   

1. Introduction 

Cadmium is highly toxic, and uptake via ingestion, skin contact, and 
inhalation results in the accumulation of Cd in human and animal tissues 
such as the liver and kidneys (Satarug et al., 2004; Aoshima, 2016), 
causing various health issues. Cadmium pollution is thus a significant 
environmental issue globally, and Cd is classified as a critical metal 
pollutant in many countries including China and the USA (MEPPRC and 
MLRPRC, 2014; Scott et al., 2019; Wang et al., 2020). Anthropogenic 
activities including mining, smelting, Ni − Cd battery manufacture and 
disposal, mineral phosphate fertiliser and manure use, and wastewater 
irrigation discharge large amounts of Cd into the terrestrial environ
ment. The resultant atmospheric deposition is also a source of contam
ination. Soils and sediments are important Cd sources because they 
discharge Cd into the water column through chemical and biological 

processes, and uptake by plants allows Cd to enter food chains (Wei 
et al., 2019). River systems may thus promote Cd migration from local to 
regional distribution. Previous studies have shown that Cd contents in 
soils and stream sediments are related to those in parent rocks affected 
by natural weathering (Zhao et al., 2015; Wen et al., 2020) or anthro
pogenic activities (Cloquet et al., 2006; Wen et al., 2015; Zhang et al., 
2016; Zhong et al., 2020, 2021). In general, Cd contents in the soils of 
karst regions (mean 0.6 μg.g− 1) are higher than those of non-karst re
gions (mean 0.15 μg.g− 1) (Li et al., 2021; Yaciuk et al., 2022), and both 
natural weathering and anthropogenic activity potentially lead to Cd 
accumulation in soils. It is thus critical to identify Cd sources in Cd- 
polluted areas to improve our understanding of Cd behaviour and 
enrichment mechanisms in the environment, which may help to select 
an appropriate remediation technique and lead to reductions in Cd 
exposure (Wen et al., 2015; Ratie et al., 2022). The development of 
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improved analytical procedures and multi-collector–inductively 
coupled plasma–mass spectrometry (MC–ICP–MS) allow the determi
nation of minor fractionation of stable Cd isotopes in geological samples 
and its application in improving our understanding of biogeochemical 
processes, the paleo-environment, and hydrothermal systems (Gao et al., 
2013; Wei et al., 2016; Yan et al., 2020; Zhang et al., 2018; Zhu et al., 
2017). Cadmium isotopes have been used to track the source and fate of 
Cd in the environment, and Cd from different sources often has distinct 
isotopic characteristics (Cloquet et al., 2006; Gao et al., 2013; Zhang 
et al., 2016; Martinkova et al., 2016; Yin et al., 2021; Zhong et al., 2021). 
Anthropogenic activities could produce large Cd isotopic fractionation 
and thus may be distinguishable from terrestrial samples (Cloquet et al., 
2006; Wen et al., 2015; Chrastny et al., 2015; Martinkova et al., 2016; 
Ratie et al., 2022). Cloquet et al. (2006) reported that the δ114/110Cd 
values of slag and dust from a smelter in northern France were in 1.0‰ 
difference. Chrastny et al. (2015) reported the Cd isotopic fractionation 
(Δ114/110Cd) between granulated waste and final refinement waste near 
the Olkusz Pb–Zn smelter were up to 0.6‰. Martinkova et al. (2016) 
detected Cd isotope of industrial materials and shown significant Cd 
isotopic fractionation in various technological processes. Besides, recent 
studies have confirmed that natural weathering can cause significant Cd 
isotopic fractionation during sulphide oxidation in supergene environ
ments, with Δ114/110Cdfluid–solid values of up to ~0.5‰ (Zhang et al., 
2016; Zhu et al., 2018), so it is critical to distinguish the influence of 
anthropogenic activities from natural weathering when using Cd 

isotopes to track Cd sources. However, the Cd isotopic signatures of soils 
and sediments in large river systems, especially in high-population 
areas, remain poorly constrained. 

In this study, we investigated the Cd contents and isotopic compo
sitions and major- and -trace element compositions of Xijiang River 
stream sediments and topsoils in Guangxi Province, South China (Fig. 1). 
The Xijiang River is the largest river in the Pearl River watershed. 
Guangxi Province contains giant Zn–Sn–Sb polymetallic deposits such as 
the Dachang, Jianzhupo, Beishan, and Siding deposits, which have Zn 
reserves of up to 13 megatonnes (Cai, 2015; Yang et al., 2017; Zhang 
et al., 2020). The drainage basin of the Xijiang River is mainly composed 
of Devonian limestone, glutenite and Yanshanian granite (Fig. 1c; Wang 
et al., 2012; Yang et al., 2017; Pang, 2020). Widespread carbonate 
sediments are distributed at the upper reaches, and the lower alluvial 
plain is mainly composed the Quaternary sediments and alluvial de
posits (Fig. 1c; Pang, 2020). Mining and refining activities cause 
discharge of Cd from deposits to rivers and soils. Recent studies have 
shown that heavy-metal contents in most river sediments of the Guangxi 
region exceed accepted safety limits, indicating high ecological and 
environmental health risks (Song et al., 2018). Through the analysis of 
stream sediments and riverine soils, we investigated variations in Cd 
contents and isotopic compositions to identify the sources of Cd 
(anthropogenic or natural), with the aim of improving our under
standing of Cd dissemination in river systems and the evaluation of 
heavy-metal contamination of the environment. 

Fig. 1. Sampling sites (a), land uses (b) and, lithology (c) map in the Xijiang River.  
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2. Materials and methods 

2.1. Sample collection and preparation 

The Xijiang River is the largest river in Guangxi Province and flows 
1248 km in a generally southeasterly direction to the South China Sea. 
Its total watershed area is 202,100 km2, comprising >85% of the total 
land area of Guangxi Province. Owing to the increasing development of 
mining and other industries over recent decades, many sections of the 
water system have incurred heavy-metal contamination of sediments 
and riverbank soils, thus posing an ecological risk to local humans and 
animals (Zhao et al., 2020). 

Samples were collected from Wuzhou City (Fig. 1), where the Xijiang 
River divides into three tributaries, the Xun, Meng, and Beiliu rivers. A 
total of 48 topsoil and 35 stream sediment samples were collected along 
the Xun River, and 41 soil and 35 stream sediment samples were 
collected along the Meng River, at intervals of ~2 km (Appendix A). The 
water flow in the Beiliu River is the lowest of the three tributaries, and 
29 soil and 10 stream sediment samples were collected (Appendix A). 
Soil sampling sites were selected on the basis of a regular grid suggested 
by the China Geology Survey (CGS, 2005), with a density of 1 sample 
km− 2. Sampling locations were determined using a global positioning 
system instrument (Garmin, USA). Sample representative was assured 
by mixing four subsamples of ~50 g, collected at 0–20 cm depth within 
1 km2. Potentially high anthropogenic activity areas (e.g., roadsides and 
factories) were avoided. A sediment sampler was used for the collection 
of surface sediments from 0 to 20 cm depth, with a wet weight of ~3 kg. 

After collection, stream sediment samples and topsoil samples were 
dried to constant weight at 70 ◦C over 24 h. The dried samples were then 
crushed to <74 μm particle size using an agate mortar. Measurements of 
topsoil pH were carried out in the laboratory by a portable pH meter 
(HQ40D, Hach, USA). 4 g samples were weighted into a Teflon beaker 
with reagents of 10 ml distilled water, and then stirred for 1 min on a 
magnetic stirrer. After standing for 30 min, pH value was obtained by 
the pH meter. 

2.2. Chemical analyses of topsoil and stream sediment 

Contents of major-element oxides (SiO2, Al2O3, Fe2O3, MgO, CaO, 
Na2O and K2O) were determined by wavelength-dispersive X-ray fluo
rescence (XRF; ARL Perform’X 4200) at the State Key Laboratory of Ore 
Deposit Geochemistry (SKLODG), Institute of Geochemistry, Chinese 
Academy of Sciences. XRF data were calibrated using a “standard-less” 
method. Three US National Institute of Standards and Technology 
(NIST) reference standards were used in Uniquant data processing (Dai 
et al., 2015). The relative standard deviations (RSDs) of the results were 
<10%. 

Trace-element contents were determined by ICP–MS (PlasmaQuant 
MS Elite) at the SKLODG. Samples of 50 mg were weighed into digestion 
tubes for microwave digestion (ultra CLAVE, Milestone) with reagents of 
2 ml distilled HF and 5 ml distilled HNO3. Digestion temperature was 
180 ◦C for 2 h. After digestion, the samples were transferred to Teflon 
beakers for evaporation to dryness on a hotplate at 100 ◦C. Samples were 
then treated with 3 ml concentrated HNO3 at 110 ◦C for ~24 h before 
drying again at 100 ◦C. Finally, 10 ml 2% HNO3 (v/v) was added and the 
solution transferred to a 15 ml polypropylene centrifuge tube. After 
centrifugation, the supernate was used for analysis. GSP-2 and BHOV-2 
were prepared to monitor the digestion processes and to control the 
quality of the obtained data. The elemental concentration values for 
these reference materials are shown in Appendix B. The RSD for trace- 
element analyses was <3%. 

2.3. Cd isotope analysis 

Cd separation and mass spectrometry analyses were undertaken at 
the SKLODG. Samples containing ~600 ng Cd were weighed into Teflon 

beakers. 111Cd–110Cd double-spike solution (0.6 ml, 1 mg L− 1) was 
added to ensure Cdspike/Cdsample ratios of ~1. The digestion procedure 
was similar to that used for trace elements, except that HCl (2 ml 2 mol L 
− 1) was added to the 5 ml polypropylene centrifuge tube. After centri
fugation, the supernate was purified by anion-exchange chromatog
raphy using AG–MP–1 M resin (3 ml; Bio-Rad, pre-cleaned 100–200 
mesh) with 24 ml 0.0012 mol.L− 1 HCl Cd eluent, as described by Zhu 
et al. (2018). The eluate was evaporated to dryness at 100 ◦C, and the 
residue was dissolved in 3 ml 2% HNO3 (v/v) for MC–ICP–MS analysis. 
Meanwhile, two Cd secondary reference standards (NIST SRM 3108 Cd, 
and JMC Cd) and two geological reference materials (NOD-A-1 and 
NOD-P-1, manganese nodules) were prepared to monitor the chemical 
separation and mass spectrometry measurements. The total Cd recovery 
of the chemical separation method was up to 95% in our study. 

Isotopic Cd ratios measurements were performed at the SKLODG, 
using a Thermo-Scientific Neptune plus MC-ICP-MS instrument with a 
combination of Ni ‘Standard’ sampler cone + Ni ‘X-type’ skimmer cone. 
Sample solutions were introduced through a perfluoroalkoxy micro-flow 
nebulizer (ESI; 100 μL min− 1) connected to a double-Scott spray 
chamber. A low-resolution entrance slit was used. Analysed generally 
yielded a 114Cd voltage of 5.6 V for a 200 ng ml− 1 solution. Instrumental 
baseline and peak centering were done before operating the sample 
(standard) analysis sequence. Each measurement included 60 integra
tion of 4.194 s for two blocks of 30 cycles for 110Cd (L3 cup), 111Cd (L2), 
112Cd (L1), 113Cd (center cup), 114Cd (H1), 115In (H2), and 117Sn (H4) 
measurement. Also, for beginnings of 10 cycles, we measured 105Pd 
(center cup at sub-configurations; peak-jumping model) with integra
tion time of 2.097 s. After every measurement, the nebulizer and spray 
chamber were washed with 2% HNO3 (v/v) to reduce the Cd signal to an 
insignificant level (<0.1 mV) over 120 s of integration. The double-spike 
method was used to correct mass bias. 

The δ values for Cd isotopes were determined as follow: 
δx/110Cd (‰) = ((x/110Cd)sample/(x/110Cd)std − 1) × 1000, 
where x = 111, 112, and 114. 
Isotopic fractionation between stream sediment and topsoil was 

calculated as follows: 
Δ114/110Cdsediment–topsoil = δ114/110Cdstream sediment – δ114/110Cdtopsoil. 
Nancy Spex Cd solution (CRPG, France) was used as the zero- 

reference standard. NIST SRM 3108 (lot 130,116) and JMC (USA) Cd 
solution (lot 74-075219 k) were used as secondary reference standards. 
The measured values for NOD-A-1 (δ114/110Cd = 0.13‰ ± 0.05‰; 2SD, 
n = 3), NOD-P-1 (δ114/110Cd = 0.21‰ ± 0.04‰; 2SD, n = 3), NIST SRM 
3108 (δ114/110Cd = 0.11‰ ± 0.05‰; 2SD, n = 6), and JMC Cd solution 
(δ114/110Cd = − 1.57‰ ± 0.07‰; 2SD, n = 6) are consistent well with 
previous studies (Pallavicini et al., 2014; Zhang et al., 2016, 2018; Zhou 
and Wen, 2021). 

2.4. Mass balance-based binary mixing model 

It was assumed that a Vmix volume (m3) of mixed water contains V1 
m3 of unpolluted river water and V2 m3 of acid mine drainage and that 
the coefficient of Cd deposition from water to sediment is stable. C1, C2, 
and Cmix are the Cd contents of sediments from unpolluted river water, 
acid mine drainage, and mix water, respectively. Cd concentrations in 
these three types of water can be expressed as k × C1, k × C2, and k ×
Cmix, with δ1, δ2, and δmix being their δ114/110Cd values, respectively, 
and f1 and f2 being the relative contributions of Cd from unpolluted river 
and acid mine drainage water, respectively. Consequently, the Cd mass 
and isotopic balance can then be expressed as follows: 

(V1 × k ×C1)+ (V2 × k×C2) = Vmin × k×Cmix (1)  

f1 =
(V1 × k × C1)

(Vmix × k × Cmix)
(2)  
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f2 =
(V2 × k × C2)

(Vmix × k × Cmix)
(3)  

f1 + f2 = 1 (4)  

(f1 × δ1)+ (f2 × δ2) = δmix (5) 

From Eqs. (2)–(5), δmix can be simplified as follows: 

δmix = (δ1 − δ2)×
(C1 × V1)

(C1 × V1) + (C2 × V2)
+ δ2 (6)  

3. Results 

3.1. Chemical compositions of topsoil and sediment 

The chemical compositions of topsoils and stream sediments are 
listed in Appendix A, summarised with means and standard deviations in 
Tables 1–4 and plotted in Figs. 2, S1, and S2. The compositions are 
described separately for each of the three river systems below. 

3.1.1. The Xun River 
Topsoil and stream sediment samples from the Xun River system 

have higher CaO and Na2O contents than those of other riverbank 
samples in the region (Fig. S1). The Cd contents in 90% and 95% of 
topsoil samples from upstream and downstream exceed the background 
value of Cd for soils in Guangxi Province (0.27 μg.g− 1), respectively. 
Cadmium contents in sediment are higher than those of topsoil. Below 
the confluence with the Meng River, a slight increase in sediment Cd 
content was observed. Other heavy metals such as Zn, Cu, Pb, As, Sb, Ni, 
and Cr display similar trends to those of Cd. 

3.1.2. Meng River 
Topsoil samples from the Meng River system have higher SiO2 and 

K2O contents than those concentrations of the Xun River but the lowest 

CaO contents of the Xijiang River systems. Stream sediment samples also 
have low CaO contents (Fig. S1). However, stream sediments in the 
lower reaches have high Ba contents, generally of >3000 μg.g− 1, with a 
highest value of 5240 μg.g− 1 (Fig. S1). 

The Cd contents of topsoils near the Meng River are in the range of 
0.08–0.68 μg.g− 1, with those of 89% of samples being below the back
ground value for Cd. However, the Cd contents of stream sediments vary 
widely, at 0.37–20.8 μg.g− 1, with a maximum of 78 times the back
ground value (0.267 μg.g− 1). Consistent with Cd, the Zn contents of the 
sediments are high, exceeding the accepted safety limits. Overall, trends 
in the Zn, Cu, and Pb contents of topsoils and stream sediments from the 
Meng River are similar to those of Cd. 

3.1.3. Beiliu River 
Topsoil samples from the Beiliu River system have high SiO2 con

tents, and the stream sediments have low CaO contents. The Cd contents 
of the topsoil samples are in the range of 0.08–1.22 μg.g− 1, with those of 
only ~7% of the samples being slightly above the background value. 
Sediments have lower Cd contents, with a range of 0.12–0.55 μg.g− 1. 
Contents of other heavy metals (Zn, Cu, Pb, As, Sb, Ni, and Cr) are at 
background levels. 

3.2. Cd isotope compositions of topsoil and stream sediments from the 
Xun River and the Meng River 

The Cd isotopic compositions of the topsoil and sediment samples 
collected from the Xun and Meng river are described in Table 5 and 6, 
respectively. 

Topsoil samples from near the Xun River have a narrow range of 
δ114/110Cd values (− 0.41‰ to − 0.12‰; mean − 0.28‰ ± 0.06‰; 1SD, 
n = 17), with those of the upper reaches being consistent with those of 
the lower reaches (Table 5). Stream sediment samples have higher δ114/ 

110Cd values with an overall range of − 0.05‰ to 0.29‰ (mean 0.14‰ 
± 0.11‰; 1SD, n = 35), differing between the upper and lower reaches, 

Table 1 
Summary of major element concentrations of topsoil samples in the Xijiang 
River (wt%).  

Subjects SiO2 Al2O3 TFe2O3 MgO CaO Na2O K2O 

The Xun River upstream 
MIN 61.90 10.30 3.47 0.36 0.03 0.06 1.04 
MAX 74.17 17.52 7.91 1.10 1.97 0.46 2.49 

MEAN 67.13 13.74 5.99 0.72 0.47 0.25 1.70 
SD 3.61 2.08 0.88 0.18 0.32 0.09 0.36  

The Xun River downstream 
MIN 59.66 12.92 4.35 0.48 0.08 0.10 1.77 
MAX 70.05 19.39 7.25 1.26 0.77 0.43 2.65 

MEAN 65.27 15.28 6.00 0.84 0.39 0.25 2.24 
SD 2.86 1.48 0.81 0.22 0.19 0.09 0.25  

The Meng River 
MIN 61.80 8.07 2.70 0.34 0.07 0.06 1.08 
MAX 77.97 17.66 8.09 0.75 0.30 0.13 2.50 

MEAN 69.98 13.97 4.79 0.55 0.13 0.08 2.01 
SD 3.57 2.13 0.95 0.09 0.05 0.02 0.34  

Chentang tributary of the Meng River 
MIN 67.93 11.61 3.61 0.47 0.11 0.06 1.58 
MAX 74.04 16.38 4.92 0.64 0.15 0.08 2.25 

MEAN 71.22 13.99 4.38 0.54 0.12 0.07 1.99 
SD 2.33 1.79 0.49 0.07 0.02 0.01 0.25  

The Beiliu River 
MIN 57.04 8.64 2.06 0.25 0.10 0.06 1.23 
MAX 81.07 21.12 7.47 0.84 0.53 0.33 2.87 

MEAN 69.63 15.54 4.24 0.39 0.18 0.12 2.08 
SD 5.61 3.12 1.24 0.13 0.07 0.06 0.42  

Table 2 
Summary of major element concentrations of stream sediments in the Xijiang 
River (wt%).  

Subjects SiO2 Al2O3 TFe2O3 MgO CaO Na2O K2O 

The Xun River upstream 
MIN  2.92 2.33 0.44 0.87 0.22 0.77 
MAX  15.02 6.39 1.12 2.54 0.52 2.31 

MEAN  7.78 4.19 0.73 1.67 0.35 1.42 
SD  3.73 1.26 0.23 0.47 0.07 0.36  

The Xun River downstream 
MIN  10.07 4.82 0.93 0.88 0.33 1.58 
MAX  19.76 10.03 1.14 2.46 0.45 2.28 

MEAN  13.98 7.33 1.03 1.73 0.39 1.91 
SD  2.27 1.74 0.08 0.39 0.04 0.20  

The Meng River 
MIN  1.88 1.17 0.13 0.03 0.03 0.59 
MAX  12.90 9.39 0.62 1.33 0.10 2.72 

MEAN  7.20 4.27 0.41 0.17 0.07 1.87 
SD  2.82 1.63 0.13 0.26 0.02 0.54  

Chentang tributary of the Meng River 
MIN  1.91 1.41 0.13 0.03 0.03 0.66 
MAX  10.10 6.11 0.56 0.11 0.13 2.36 

MEAN  5.59 3.37 0.35 0.06 0.08 1.54 
SD  2.95 1.66 0.16 0.03 0.04 0.65  

The Beiliu River 
MIN  6.01 2.79 0.24 0.13 0.11 1.14 
MAX  14.05 8.76 0.47 1.80 0.23 2.45 

MEAN  10.11 4.72 0.38 0.41 0.18 2.01 
SD  2.77 1.68 0.08 0.49 0.03 0.38  
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which have ranges of 0.15‰–0.29‰ and − 0.05‰–0.1‰, respectively. 
Topsoil samples from near the Meng River have a narrow range of 

δ114/110Cd values (− 0.34‰ to 0.12‰; mean − 0.24‰ ± 0.06‰; 1SD, n 

= 14), with a wider range in stream sediments (− 0.27‰ to 0.31‰; 
mean − 0.14‰ ± 0.14‰; 1SD, n = 27; Table 6). 

Table 3 
Summary of trace element concentrations of topsoil samples in the Xijiang River (μg.g− 1).  

Subjects Ba Li Sr Mn P Cd Zn Cu Pb As Ni Sb Cr pH Zn/Cd 

The Xun River upstream 
MIN 244.70 13.00 29.01 44.00 580.24 0.06 27.86 6.69 17.80 6.59 12.29 1.28 50.40 4.38 94.0 
MAX 1053.00 60.47 71.00 3336.00 1250.62 1.56 146.53 46.58 123.91 22.32 38.54 8.62 106.20 7.78 500.9 

MEAN 429.42 32.19 52.18 509.85 855.76 0.69 102.71 34.12 37.93 13.79 27.73 3.54 86.95 6.24 196.8 
SD 189.64 9.01 10.13 566.74 153.75 0.43 28.92 7.80 18.80 4.70 6.37 2.01 12.70 0.69 97.4  

The Xun River downstream 
MIN 428.84 19.71 18.04 101.10 402.44 0.14 47.79 25.26 36.35 7.06 20.74 1.20 72.60 4.79 101.5 
MAX 625.40 45.07 83.90 759.20 1152.80 1.65 176.31 49.68 81.75 39.94 42.65 10.68 101.60 7.11 343.7 

MEAN 497.43 31.02 47.76 446.54 769.87 0.94 117.03 37.13 48.54 20.38 30.57 5.08 85.87 5.85 147.4 
SD 56.63 7.05 15.56 186.09 210.56 0.44 35.92 7.24 10.53 8.07 6.31 2.74 7.84 0.67 62.0  

The Meng River 
MIN 231.70 12.78 12.62 93.36 479.30 0.08 35.68 14.07 20.00 5.77 9.71 0.89 42.20 4.56 141.5 
MAX 665.87 32.58 63.53 538.38 1223.80 0.68 184.20 133.13 794.76 282.99 26.99 13.17 92.70 6.08 636.9 

MEAN 437.78 19.19 26.31 185.91 814.97 0.23 68.13 29.23 80.58 39.05 19.87 2.26 73.58 4.97 334.8 
SD 97.20 4.53 12.39 84.18 160.10 0.14 28.78 20.72 127.92 53.91 4.12 2.67 10.49 0.29 88.7  

Chentang tributary of the Meng River 
MIN 403.73 14.33 16.76 102.10 652.00 0.12 39.90 19.17 23.77 7.21 16.99 0.58 69.10 4.92 233.5 
MAX 462.14 18.59 33.98 217.30 1140.00 0.26 59.55 25.04 42.05 15.09 20.28 1.00 79.30 5.13 390.1 

MEAN 436.34 16.72 26.41 158.55 838.34 0.16 48.10 22.41 29.08 10.78 18.78 0.83 74.50 5.05 309.1 
SD 22.88 1.75 7.25 44.36 194.72 0.05 7.38 2.31 7.47 3.10 1.25 0.18 4.47 0.08 64.0  

The Beiliu River 
MIN 186.70 21.99 21.98 81.56 339.00 0.08 31.96 8.72 20.71 2.95 7.61 0.35 27.40 4.89 104.2 
MAX 456.30 80.81 117.60 531.80 914.00 1.22 126.65 37.46 48.34 19.72 32.88 6.28 79.30 6.41 701.8 

MEAN 268.77 38.12 49.11 200.42 564.19 0.20 61.31 16.81 34.95 7.70 15.68 1.43 49.56 5.20 383.9 
SD 62.72 14.49 20.31 100.27 157.08 0.20 18.77 6.18 8.75 4.34 5.38 1.20 13.48 0.30 114.2  

Table 4 
Summary of trace element concentrations of stream sediments in the Xijiang River (μg.g− 1).  

Subjects Ba Li Sr Mn P Cd Zn Cu Pb As Ni Sb Cr Zn/Cd 

The Xun River upstream 
MIN 400.0 18.6 52.4 769.0 420.0 0.64 87.00 23.30 31.10 15.90 19.40 2.99 39.00 67.5 
MAX 850.0 37.3 87.4 2050.0 859.2 4.22 285.00 58.90 131.16 50.00 40.20 8.48 85.90 149.4 

MEAN 598.2 30.6 68.9 1269.7 667.5 1.56 164.36 38.96 60.37 27.93 31.72 5.72 63.39 111.1 
SD 134.9 5.3 9.2 293.8 115.6 0.70 42.32 8.32 26.52 6.29 4.78 1.25 10.48 17.4  

The Xun River downstream 
MIN 394.5 24.1 51.9 997.8 651.0 0.98 126.65 31.46 35.76 23.84 28.00 4.40 59.20 84.1 
MAX 737.0 45.1 82.8 1856.4 1199.0 2.39 423.47 61.06 89.20 56.04 46.15 9.97 134.10 182.0 

MEAN 571.8 36.5 69.4 1354.0 908.1 1.64 210.17 46.05 63.03 38.28 37.97 7.67 94.33 130.0 
SD 89.7 5.1 9.4 282.2 177.2 0.43 73.24 8.67 15.34 11.74 4.87 1.60 23.21 28.0  

The Meng River 
MIN 170.0 6.9 10.8 151.0 170.0 0.37 49.00 10.80 25.30 17.00 8.60 1.00 24.00 109.6 
MAX 5240.0 40.6 139.5 3820.0 1400.0 20.80 2870.00 229.00 1215.00 2030.00 56.20 20.80 115.00 258.7 

MEAN 1428.9 24.9 40.0 1001.8 724.8 7.37 1008.30 60.31 183.29 166.93 33.49 5.20 75.59 145.8 
SD 1311.0 9.0 26.4 810.6 313.6 6.12 832.82 44.05 264.71 411.18 13.70 4.09 23.52 37.1  

Chentang tributary of the Meng River 
MIN 190.0 8.0 13.9 185.0 180.0 0.24 85.00 8.90 12.90 8.20 11.10 0.91 25.00 137.1 
MAX 750.0 32.0 39.0 1530.0 1440.0 13.85 2230.00 106.00 189.00 104.00 47.80 5.30 101.00 354.2 

MEAN 500.0 19.9 25.9 686.0 612.5 5.21 839.50 40.45 84.33 44.76 29.44 2.87 60.75 189.9 
SD 230.8 9.3 8.1 434.4 411.2 4.62 730.79 31.12 65.91 31.64 14.12 1.38 27.40 69.8  

The Beiliu River 
MIN 310.0 23.2 44.7 296.0 370.0 0.12 73.00 15.90 35.40 17.20 17.40 1.37 40.00 261.5 
MAX 490.0 55.7 62.5 1150.0 2370.0 0.55 218.00 51.60 148.00 82.30 38.50 11.75 195.00 1175.0 

MEAN 423.0 39.1 52.5 765.0 1137.0 0.34 133.60 36.08 86.78 36.58 25.05 5.06 81.00 498.5 
SD 54.8 10.4 6.0 320.6 592.3 0.17 43.10 11.59 34.23 19.35 6.48 3.07 51.43 300.4  
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4. Discussion 

4.1. Heavy-metal distributions 

Topsoils from near the Xun River tend to have elevated Cd and Zn 
contents, whereas Pb and As contents are at natural background levels 
(Figs. 2 and S2). Cadmium contents are above Chinese national second- 
grade standards for soil (1.0 μg.g− 1; Environmental Quality Standards of 
China, GB15618-1995). The sediments are relatively enriched in heavy 
metals with average Cd, Zn, Pb, and As contents being 2.0, 1.7, 1.4, and 
1.9 times those of average topsoil levels, respectively. 

In lower river reaches, topsoil Cd contents fluctuate little, whereas 
sediment Cd contents increase slightly below the confluence of the Xun 
and Meng rivers. Indeed, most stream sediment heavy-metal contents 
are higher below the confluence, particularly for Zn (Figs. 2, 3a–b and 
S2). The Meng River is thus more seriously polluted than the Xun River, 
and it transports heavy metals downstream. 

Topsoils near the Meng River have lower Cd and Zn contents than 
those near the Xun River, with relatively minor variations in the profile 
in lower river reaches, although their Pb and As contents are higher 
(Fig. 2). The Cd content averages 0.23 μg.g− 1, near the Chinese national 
first-grade standard for soil (0.20 μg.g− 1; GB15618-1995). However, 
stream sediment samples are enriched in Cd and other heavy metals 
(Fig. 2), with average Cd, Zn, Pb, and As contents 32.0, 14.7, 2.3, and 4.3 
times those of topsoils, respectively. The Cd and Zn contents are also 
characterized by extreme variability through the downstream profile. 
The enrichment of sediments in both Cd and Zn indicates that the Meng 
River carries exogenous pollution (Song et al., 2018; Ren et al., 2017; Li 
et al., 2022). 

Compared with the Xun and Meng rivers, the Beiliu River is relatively 

free of pollution (Figs. 2 and S2), and the Cd contents of topsoil and 
stream sediment samples are near background values for the region. 

4.2. Lithological control of Cd in the Xun River 

Above its confluence with the Meng River, the δ114/110Cd values of 
topsoil and stream sediment samples for the Xun River are relatively 
uniform, ranging from − 0.41‰ to − 0.21‰ and from 0.17‰ to 0.29‰, 
respectively (Fig. 4a). Cadmium isotopic fractionation between stream 
sediments and topsoils is stable in the range of Δ114/110Cdstream sed

iment–topsoil = 0.44‰–0.61‰ (average 0.50‰ ± 0.04‰; 1SD, n = 21). 
Below the confluence, the δ114/110Cd values of topsoils are consistent 
with those of the upper river reaches at − 0.35‰ to − 0.12‰, whereas 
the values for stream sediment samples are lower at − 0.05‰ to 0.15‰. 
Δ114/110Cdsediment–topsoil values decrease significantly to a minimum of 
0.17‰. Further downstream, the Cd isotopic fractionation between 
stream sediments and topsoils gradually returns to values recorded in 
the upper reaches of the Xun River (Fig. 4a). 

Synthetic carbonate experiments have shown that calcite precipi
tated from fresh water shows no Cd isotopic fractionation between so
lution and calcite (Horner et al., 2011); fractionation is minor during 
calcite deposition from low-ionic-strength fluids (Wasylenki et al., 2014) 
and negligible, with high HCO3

− contents in such water (Xie et al., 2021). 
The pH values of topsoil samples collected from the upper reaches of the 
Xun River range from 4.38 to 7.78 (average 6.24 ± 0.69; 1SD, n = 29; 
Appendix A; Fig. 7). Conversely, the pH values of carbonate watershed 
of Xijiang River range from 7.38 to 8.19 (Wang et al., 2012; Zhai, 2020), 
which are similar with values from other carbonate watershed (Yaciuk 
et al., 2022). Bedrock in the upper Xun River region is dominated by 
Middle–Upper Devonian carbonate sediments (Pang, 2020) (Fig. 1). 

Fig. 2. Boxplots of heavy metals (Cd, Zn, Cu, and Pb) concentrations of topsoil and stream sediments in the Xijiang River. 
(XRU: the Xun River upstream; XRD: the Xun River downstream; MMR:Meng River; TSM: Chengtang section of the Meng River; BLR: Beiliu River) 
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Table 5 
Cd isotopic composition of topsoil and stream sediment samples in the Xun River.  

Topsoil Stream sediment Δ114/110Cd (‰) 

Sample No. Sampling distance (km) δ114/110 Cd (‰) 1σ Sample No. Sampling distance (km) δ114/110Cd (‰) 1σ 

PN083 0.0 − 0.23 0.03 PN-1 0.0 0.29 0.03 0.52 
PN086 4.0 − 0.26 0.05 PN-2 2.3 0.2 0.02 0.46 
PN101 9.4 − 0.21 0.04 PN-3 3.9 0.18 0.02 0.44 
PN103 12.3 − 0.31 0.02 PN-4 4.5 0.25 0.02 0.51 
PN118 15.1 − 0.41 0.05 PN-5 7.2 0.21 0.03 0.45 
ML011 16.9 − 0.35 0.04 PN-6 9.3 0.23 0.01 0.44 
DA016 24.0 − 0.26 0.02 PN-7 10.5 0.26 0.02 0.52 
DA048 33.2 − 0.31 0.03 PN-8 15.0 0.25 0.02 0.61 
DA038 43.3 − 0.28 0.02 PN-9 17.5 0.18 0.04 0.53 
DA056 49.1 − 0.23 0.03 PN-10 18.5 0.19 0.02 0.50 
TX016 55.8 − 0.12 0.01 PN-11 20.4 0.22 0.03 0.53 
TX033 62.0 − 0.28 0.03 PN-12 24.2 0.26 0.02 0.52 
TX064 67.2 − 0.26 0.02 PN-13 26.0 0.17 0.02 0.46 
TX107 72.4 − 0.31 0.06 PN-14 26.0 0.24 0.02 0.53 
TX096 78.1 − 0.29 0.03 DA031B1 26.1 0.22 0.01 0.51 
TX084 84.3 − 0.35 0.02 DA047D1 30.6 0.26 0.02 0.55 
TX072 88.7 − 0.31 0.03 DA048C1 32.0 0.22 0.03 0.51 
TX084 84.3 − 0.35 0.02 DA036D1 38.0 0.23 0.02 0.53 
TX072 88.7 − 0.31 0.03 DA037C1 38.5 0.23 0.03 0.53     

DA037D1 39.6 0.25 0.02 0.55     
DA056A1 44.9 0.18 0.02 0.44     
DA043B1 52.7 0.15 0.02 0.33     
TX031B1 56.6 0.1 0.01 0.30     
TX032A1 58.1 0.08 0.02 0.28     
TX033C1 60.4 − 0.03 0.03 0.17     
TX048B1 61.9 − 0.04 0.02 0.24     
TX049C1 63.4 − 0.03 0.03 0.25     
TX063B1 65.4 − 0.03 0.02 0.24     
TX063D1 66.2 − 0.05 0.02 0.22     
TX064C1 67.1 0.01 0.02 0.27     
TX093C1 70.7 0.02 0.01 0.31     
TX108A1 72.1 0.02 0.02 0.33     
TX097B1 79.8 0.04 0.03 0.36     
TX083D1 82.5 0.04 0.02 0.36     
TX084B1 84.6 0.1 0.02 0.45  

Table 6 
Cd isotopic composition of topsoil and stream sediment samples in the Meng River.  

Topsoil Stream sediment Δ114/110Cd (‰) 

Sample No. Sampling distance (km) δ114/110 Cd (‰) 1σ Sample No. Sampling distance (km) δ114/110Cd (‰) 1σ 

SY043 0.0 − 0.21 0.03 DL-8 0.0 0.30 0.03 0.51 
CT041 3.3 − 0.23 0.05 DL-7 1.5 0.31 0.02 0.53 
CT083 10.7 − 0.2 0.04 DL-6 8.0 0.02 0.02 0.24 
CT110 14.6 − 0.31 0.02 DL-5 9.1 − 0.15 0.03 0.05 
CT124 18.1 − 0.34 0.05 DL-4 15.5 − 0.20 0.02 0.11 
PT032 25.2 − 0.21 0.02 DL-3 18.7 − 0.20 0.03 0.14 
PT049 33.0 − 0.23 0.03 DL-2 19.9 − 0.08 0.02 0.26 
TZ010 50.0 − 0.31 0.03 DL-1 35.4 − 0.08 0.02 0.15 
TZ039 58.9 − 0.26 0.02 DR-2 38.4 − 0.20 0.02 0.03 
TZ052 64.9 − 0.24 0.02 DR-1 42.7 − 0.26 0.03 0.01 
TZ097 72.9 − 0.23 0.03 TP-6 47.5 − 0.25 0.03 0.06 
TZ113 80.1 − 0.12 0.01 TP-5 47.6 − 0.08 0.02 0.23 
DA027 86.0 − 0.31 0.03 TP-4 49.4 − 0.20 0.04 0.11 
DA014 91.4 − 0.26 0.02 TP-3 56.3 − 0.10 0.02 0.19     

TP-1 60.8 − 0.23 0.02 0.02     
MJ-11 62.5 − 0.27 0.01 − 0.02     
MJ-10 65.0 − 0.15 0.03 0.09     
MJ-9 66.6 − 0.15 0.02 0.09     
MJ-8 68.3 − 0.26 0.02 − 0.02     

MJ-7-2 68.8 − 0.16 0.03 0.08     
MJ-7 73.7 − 0.18 0.02 0.05     
MJ-6 76.3 − 0.15 0.02 0.03     
MJ-5 79.3 − 0.26 0.04 − 0.14     
MJ-4 83.8 − 0.17 0.03 0.05     
MJ-3 87.0 − 0.13 0.02 0.18     
MJ-2 87.5 − 0.18 0.02 0.11     
MJ-1 91.5 − 0.23 0.03 0.03  
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Therefore, considering the long-term accumulation of sediments in the 
water column, stream sediments and their corresponding river water 
likely have analogous Cd isotopic compositions in the upper reaches of 
the Xun River. During chemical weathering, heavy Cd isotopes are 

preferentially enriched in the leachate during mineral dissolution and 
are absorbed on newly formed mineral phases (Zhang et al., 2016; Sal
manzadeh et al., 2017; Zhu et al., 2018; Liao et al., 2022). Leaching 
experiments simulating the weathering processes indicate that heavy Cd 
isotopes are enriched in the leachate relative to initial and residual 
samples, with isotopic fractionation between leachate and residual 
states being Δ114/110Cdleachate–residual = 0.36‰–0.53‰ (Zhang et al., 
2016), similar to that between sediments and topsoil in the upper rea
ches of the Xun River. Comparable fractionation has been observed 
during sulfide mineral weathering in the Fule Zn–Pb deposit (Zhu et al., 
2018). Δ114/110Cdstream sediment–topsoil values in the upper reaches of the 
Xun River thus indicate that Cd isotopic fractionation in sediments and 
topsoils is controlled mainly by natural weathering processes. It follows 
that the higher Cd contents recorded in the upper Xun River reaches are 
sourced mainly from the natural weathering of parent rocks. 

Increasing alkalinity promotes Cd adsorption by Fe–Mn oxy
hydroxides and its incorporation into other secondary minerals (Pan 
et al., 2014; Yan et al., 2021; Yaciuk et al., 2022; Fan et al., 2022), and 
increasing water-column pH leads to increased Cd adsorption on soils 
(Kuo and McNeal, 1984; Hao et al., 2001). Greenhouse experiments 
have shown that limestone mixed with Cd-contaminated soil increases 
soil pH and elevated the amounts of unexchangeable Cd in the soil (Yang 
et al., 2021). Under alkaline conditions, Cd2+ activity decreases by 
about two orders of magnitude through the formation of CdCO3 nano- 
particles (Street et al., 1978; Pan et al., 2014; Zhu et al., 2018; Li 
et al., 2021; Fan et al., 2022), which are virtually insoluble under such 
conditions. Such behaviour is consistent with the positive correlation 
between pH and Cd content in the topsoil and sediment samples (Fig. 5c, 
d). Cadmium and CaO geochemical anomalies are highly coincident in 
this region (Yang, 2009). Furthermore, the Zn/Cd ratios of sediments 
become increasingly similar to ratios in carbonate sediments with 
increasing Cd content (Fig. 5a; Zhu, 2013). This is more obvious for the 
sample of PN-08, which has the highest Cd contents but with normal 
δ114/110Cd values in the stream sediments of the Xun River upstream. 
Zn/Cd ratio of PN-08 is 67.5 and falls into carbonate rocks range 
(Fig. 5a). Correspondingly, through the Xun River upstream, carbonate 
outcrops are the most common near the sample site of PN-08 (Fig. 1c). 
These observations suggest that an alkaline environment formed by 
carbonate weathering is a critical factor in Cd enrichment in the upper 
reaches of the Xun River, with the carbonate-dominated bedrock there 
playing an important role. Riverbank topsoils are relatively enriched in 
Cd, and a high-Cd belt following the Xun River is evident in the 

Fig. 3. Cd and Zn contents along downstream profile of the Xun River (a, b) and the Meng River (c, d).  

Fig. 4. Cd isotopic variations along downstream profile of the Xun River (a) 
and the Meng River (b). 
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geochemical map (Fig. 6). We conclude, therefore, that during the 
weathering of carbonate sediments and soils in the upper reaches of the 
Xun River, Cd2+, Ca2+, and HCO3

− in parent rocks are leached into the 
river, forming a weakly alkaline environment within the water column. 

Long-term weathering results in the continued accumulation of Cd, ul
timately forming high-Cd anomalies in stream sediments (Fig. S1). 
Cadmium accumulation is thus more likely in areas with carbonate 
sediments. 

Fig. 5. Zn/Cd ratios for stream sediments samples of the Xun River (a) and the Meng River (b), pH values versus Cd contents (c) and CaO contents (d) plots of topsoil 
samples in the Xun River. 

Fig. 6. Geochemical map of Cd in topsoil of the Xijiang River.  
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4.3. Effects of acid mine drainage on the Meng River 

The Cd contents of the topsoil and stream sediment samples are near 
background levels in the headwaters of the Meng River, with average 
Δ114/110Cdstream sediment–topsoil values of 0.51‰ and 0.53‰, respectively 
(Fig. 4b), consistent with fractionation resulting from natural weath
ering. The Cd there is thus likely derived from natural sources. Down
stream from the town of Dali, the Cd contents of stream sediments 
increase rapidly whereas those of topsoils do not change significantly 
(Fig. 3c–d). Δ114/110Cdstream sediment–topsoil values decrease downstream 
with a range of − 0.14‰ to 0.26‰ (Fig. 4b). This Cd isotopic fraction
ation pattern is different to that indicated for natural weathering, sug
gesting that the higher Cd contents of sediments may be caused by 
anthropogenic activities. 

The mountains surrounding the Meng River, especially near Dali, 
host large and economically significant Zn–Pb–Ag–(Au) deposits, with 
Cretaceous granitic magmatism having triggered the mineralization 
(Yang et al., 2017; Zhang et al., 2020) and the ore bodies having a close 
spatial connection with granitic intrusions. Under supergene conditions, 
mineralised veins, sulphides in stack ores, and mine wastes undergo 
oxidisation and/or decomposition reactions, leading to acid mine 
drainage and heavy-metal release (Rodriguez-Hernandez et al., 2021). 
During these reactions, S2− is oxidised to S6+, and Cd2+, Zn2+, and other 
metals in sphalerite are released into solution (Yaciuk et al., 2022). The 
Cd content of stockpiled sulphide ores decreases with increasing dura
tion of erosion and leaching (Zhu et al., 2019). Mobilised Cd derived 
from tailing dams enters the river as a solid phase (Yang et al., 2019). 
Cadmium is markedly enriched in sphalerite, with Zn–Pb deposits thus 
usually having elevated Cd contents (Cook et al., 2009; Wen et al., 2016; 
Song et al., 2018; Yaciuk et al., 2022). The Pb, Zn, and Cd contents of ore 
samples collected from the Dali deposit average 10.0 wt%, 3.6 wt% and 
168 μg.g− 1, respectively. Sphalerite in the Dali deposit contains ~2800 
μg.g− 1 Cd and is the main Cd carrier of the sulphides present. Large-scale 
mining of Pb and Zn ores has taken place in the area since 2002. His
torical illegal mining operations have left mined ore and waste rock in 

randomly stockpiled ore dumps in the Dali area and in the downstream 
valley (Li et al., 2022), and intense sphalerite dissolution is expected to 
occur there. The generated acid mine drainage liberates large amounts 
of H+ and Cd2+ to the aqueous system (Rodriguez-Hernandez et al., 
2021; Yaciuk et al., 2022). Over the long term, such drainage results in 
an acidic water column, which promotes Cd transport over long dis
tances and its accumulation in sediments (Figs. 3c–d and S1), resulting 
in high Zn and Cd contents in the Meng River water column and 
enrichment of Zn and Cd in stream sediments; Cu, Pb, and As also tend to 
accumulate. Furthermore, the observed Zn–Cd–Cu–Pb–As assemblage is 
consistent with that of the main mineralization of the Dali deposit 
(Fig. 2). The Zn/Cd ratios in polluted sediment samples range from 
110.8 to 258.7. Although these ratios in water-based sediments differ 
from those of Pb–Zn ores, the ratios in sediments collected from the 
Meng River as it flows through the mining area are similar to those of 
Pb–Zn ores (Table 2). Sediment samples collected downstream of the 
mining area show an abrupt increase in Ba contents, to 1030–5240 μg. 
g− 1 (average 2714 ± 1161 μg.g− 1; 1SD, n = 11; Fig. S1), representing 
5–10-fold increases over upstream sediments. Downstream, the Meng 
River runs through the early Cambrian Huangdongkou Formation, 
which hosts many vein-type baryte deposits (Zhang, 1998). These de
posits and related mining activities are the likely source of the relatively 
high Ba contents in the Meng River. 

Cadmium content is positively correlated with Al2O3 content in 
polluted Meng River sediments (Fig. 7a, b), indicating that Cd may be 
adsorbed mainly on Al-bearing minerals in sediments, such as Al (hydro) 
oxides and aluminosilicates. Mineralogical analysis of suspended solids 
in the upper and lower regions of the Xijiang River Basin indicates that 
clay minerals are the major components of suspended solids in the 
silicate-rock region, with minor quartz, muscovite and goethite (Pang, 
2020). The main types of clay mineral are kaolinite, chlorite, and illite 
(Pang, 2020). Clay minerals have strong adsorption and fixation abilities 
for heavy-metal ions, promoted by fine particles, large specific surface 
areas, and abundant variable charges (He et al., 2001; Sposito et al., 
1999; Sherman, 2009; Hao et al., 2020). Acid mine drainage into the 

Fig. 7. (a) Plots of Cd concentrations, Al2O3 concentrations and δ114/110Cd values of stream sediment samples in polluted Meng River; Cd concentrations versus 
Al2O3 concentrations (b) and δ114/110Cd values (c) plots of stream sediments samples in polluted Meng River. 
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Meng River thus induces lower pH in the water column, and Cd2+ forms 
outer-sphere complexes on clay minerals under such conditions (Gräfe 
et al., 2007; Vasconcelos et al., 2008). Zinc isotopic fractionation be
tween the solid phase and solution is minor through such complexation 
(Guinoiseau et al., 2017). Δ114/110Cdsolid–solution values in the range of 
− 0.44‰ to − 0.64‰ are induced by adsorption on iron (oxyhydr)oxide 
surfaces (Yan et al., 2021), but such (oxyhydr)oxides occur only in trace 
amounts in suspended solids in the Meng River (Pang, 2020). The Cd 
isotopic composition of sediments is therefore likely to be similar to that 
of river water at low pH, where Cd is adsorbed by complexation with 
clay minerals. Furthermore, the Cd content has an inverse correlation 
with δ114/110Cd values that of polluted sediments in the Meng River 
(Fig. 7c). The δ114/110Cd value of the high-Cd stream sediments is about 
− 0.25‰, and fall in the δ114/110Cd ranges of the Jianzhupo deposit 
(Yang et al., 2023). During the deposition of stream sediments, the 
proportion of acid mine drainage water involved controls stream sedi
ment Cd contents and isotopic variations. 

A two-endmember model was developed to determine the relative 
contributions of acid mine drainage and unpolluted river water to the Cd 
isotopic compositions of sediments. Based on analytical results for the 
headwaters of the Meng River, C1 and δ1 are 1.14 μg.g− 1 and 0.305‰, 
respectively, C2 is 24.9 μg.g− 1 (Zhang et al., 2017), and the average δ114/ 

110Cd values of upper mineralization part of the Jianzhupo deposit are 
considered as δ2 (− 0.35‰; Yang et al., 2023). Based on a total annual 
flow of 3.8 × 109 m3 for the Meng River, V1 and V2 are in the range of 
0–3.8 (in 109 m3). The δ114/110Cd values of river water with different 
mixing ratios were calculated, and the two-endmember simulation in
dicates that (1) δ114/110Cd values of the Meng River stream sediments 
are within the simulated range, (2) acid seepage from Pb–Zn ore is thus 
the main source of Cd in the Meng River, and (3) the major controller of 
Cd isotopic variations in stream sediment is acid mine drainage water, 
with minor amounts of acid mine drainage could being recorded in the 
Cd isotopic composition of stream sediments (Fig. 8b). The Cd isotope 
values of stream sediments of the Xun River upstream have a slight 
downward tendency before confluence with the Meng River (Fig. 4a). 
This probably results from the addition of minor amounts of acid 
seepage that contributed by some small tributaries around the Meng 
River (Fig. 1a). 

A similar two-endmember model was developed to determine the 
relative contributions of waters of the Xun River water upstream and the 
Meng River water to Cd isotope of stream sediments of the Xun River 
downstream. C1 and C2 values were taken as the average Cd contents of 
stream sediments from the upper Xun and Meng rivers, respectively, 
where C1 = 4.56 μg.g− 1 and C2 = 8.07 μg.g− 1, and δ1 and δ2 are the 
average values for these sediments at δ1 = 0.22‰ and δ2 = − 0.18‰. The 
Xun River has a total annual flow of 192.5 × 109 m3 with ranges of V1 
and V2 being 0–192.5 and 0–3.8 (in 109 m3) (Wang et al., 2012; Pang, 
2020), respectively. The simulation indicated that lower sediment δ114/ 

110Cd values reflect higher proportions of Meng River water (Fig. 8a). 
This is consistent with the decrease observed in sediment samples from 
below the confluence of the two rivers. However, the annual flow of the 
Xun River is almost 50 times that of the Meng River, and stream sedi
ment δ114/110Cd values gradually return to their upstream values with 
an increasing proportion of Xun River water (Fig. 8a). 

4.4. Cadmium source model 

In the Xun river, the weathering of carbonate sediments and river
bank soils releases Cd2+, Ca2+, and HCO3

− into the water column. The Cd 
isotopic composition of this leachate is controlled mainly by chemical 
weathering processes, Δ114/110Cdleachate–topsoil values average at 0.50‰. 
Continued weathering results in the accumulation of Cd2+ and a weakly 
alkaline environment in the water column. Under these conditions, Cd2+

activity decreases rapidly with the formation of CdCO3 nano-particles 
(Zhu et al., 2018; Fan et al., 2022), which are virtually insoluble 
under alkaline conditions and deposited in sediments (Fig. 9). Δ114/ 

110Cdsediment–topsoil values are in the range of 0.44‰–0.61‰, with an 
average of 0.50‰ ± 0.04‰ (1SD, n = 21). 

In the Meng River, acid mine drainage from stockpiled ores and mine 
wastes liberates large amounts of H+, Cd2+, and other heavy metals into 
the aqueous system. Long-term drainage results in slightly acidic water- 
column environments, promoting Cd transport with accumulation of Cd 
in river water. There, Cd2+ forms outer-sphere complexes with clay 
minerals at low pH (Sherman, 2009), eventually being deposited with 
sediments (Fig. 9). Δ114/110Cdstream sediment–topsoil values become variable 
and are controlled mainly by the proportion of acid mine drainage in 
river water where sediment is deposited. 

5. Conclusions and implications 

During the chemical weathering of carbonate sediments and topsoils, 
Cd2+, Ca2+, and HCO3

− in leachate cause the water-column to become 
alkaline, promoting the enrichment of Cd in stream sediments. Cd2+

activity decreases rapidly with the formation of CdCO3 nano-particles 
and ultimately deposits in stream sediments. Cd isotopic fractionation 
between stream sediment and topsoil is stable, with an average Δ114/ 

110Cdstream sediment–topsoil value of 0.50‰ ± 0.04‰. 
In contrast, in sulphide-ore regions, acid mine drainage generated 

from stockpiled ores and mine wastes releases large amounts of H+ and 
Cd2+ to the aqueous system. Long-term acid mine drainage results in 

Fig. 8. Two-end-member simulation: (a) the contribution of the Xun river 
upstream water and the Meng river water to Cd isotope of stream sediments in 
the Xun river downstream, and (b) the contribution of the acid mine drainage 
water and unpolluted river water to Cd isotope of stream sediments in the Meng 
river. (the unit of runoff is109 cubic meters). 
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slightly acidic environments in the water column, promoting Cd2+

transport and formation of outer-sphere complexes with clay minerals in 
stream sediments. In this situation, Δ114/110Cdstream sediment–topsoil values 
are variable and controlled mainly by the proportion of acid mine 
drainage water in the river. 

Minor Cd isotopic fractionation in natural environments and indus
trial processes results in different geological repositories having gener
ally overlapping ranges of Cd isotopic compositions, with limited scope 
for its application in clarifying Cd sources in complex systems. Never
theless, Δ114/110Cdstream sediment–topsoil values could play a key role in 
distinguishing sources of Cd in a high ecological and/or an environ
mental health risk systems. 
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