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• Mineral, tailings, sediments and AMD-
contaminated river water were ana-
lyzed for Cd isotope ratios.

• Distinctive Cd isotope signatures associ-
ated with transport and fate of riverine
Cd.

• Agricultural activities contributed a
heavy isotope signature input of Cd.

• Cadmium stable isotope is a promising
tracer of attenuation processes in acid
mine drainage.
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The pollution of natural waters and sediments with metals derived from acid mine drainage (AMD) is a global
environmental problem. However, the processes governing the transportation and transformation of AMD
metals such as Cd in mountainous areas are poorly understood. In this study, the Cd isotopic composition and
Cd concentration of river water and sediments (16 sampling sites) from an AMD-affected river in southern
China were determined. Cd concentration in river water declined from its source at a tailings dam (304
μg L−1) to a point 14 km downstream (0.32 μg L−1). Sediment Cd concentration ranged from 0.18 to 39.9
μg g−1, suggesting that anthropogenic Cd is derived primarily from the tailing dam and easily enters the solid
phase of the river. Isotopic data showed that the dissolved Cd in rivers was characterized by δ114/110Cd values
ranging from 0.21‰ to 1.03‰, with a mean of 0.48‰. The greatest Cd isotope difference was observed between
thewater and sediments in the LWdam (Δ114/110Cdriver-sediment= 1.61‰, site 1), likely due to a rapidweathering
dissolution of the ore tailings. In the river's upper reach (sites 2–3), isotope difference between river and sedi-
ment (Δ114/110Cdriver-sediment) ranged from 1.0‰ to 0.91‰. This suggests that a host of secondary processes
might have impacted Cd isotope fractionation, including adsorption, ternary complexation and/or (co)precipita-
tion of Cd on secondary oxides and hydroxides. In themiddle and lower reaches, an abruptly elevated δ114/110Cd
value near farmland (site 10) suggests the existence of a second Cd source. Based on the chemical properties of
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water samples we can attribute this heavy isotope signature to agricultural fertilizer and drainage from agricul-
tural fields. Our results suggest that Cd isotope is a tracer for identifying and tracking Cd sources and attenuation
mechanisms (adsorption/(co)precipitation) in a complex mountain watershed.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Cadmium (Cd) is a trace element that naturally occurs in the envi-
ronment at levels of parts per billion. Cadmium and its compounds are
highly toxic, carcinogenic, and can eventually enter the food chain and
pose a serious threat to human health (Nordberg, 2009). Cadmiummin-
eral deposits are rare, and the element often occurs as an isomorphic
substituent in minerals found in primary ores of Fe, Pb, and especially
Zn (e.g., sphalerite) (Cullen and Maldonado, 2013). Metal sulfide de-
posits are common in many mountain regions and are often associated
with extensive zones of pyritic alteration (Borrok et al., 2009).
Weathering of metal sulfide deposits and historical mining activities
generate acid mine drainage (AMD), a sulfuric acid-rich solution with
low pH and a high content of toxic metals (Aranda et al., 2012). This
acid flow enables heavy metals like Cd to be mobilized from mine
wastelands (e.g. tailings) into their surrounding rivers (Dold, 2014). An-
thropogenic activity is theprimary source of the release of Cd,which can
contribute over 0.64 t Cd to the surface water environment each year
(Mayes et al., 2010). Because of difficulty of access and scarcity of mon-
itoring equipment in areas with complex topography, the (bio)geo-
chemical processes that control the mobility of metals such as Cd in
mountain regions are hardly investigated.

Several investigations have demonstrated that isotopic signatures of
Cu, Fe, and Zn vary substantially between natural and contaminated
water pools (Balistrieri et al., 2008; Chen et al., 2009; Chen et al.,
2014). Those isotopes have emerged as a useful tool for identifying
both the sources of heavy metals in terrestrial environments and the
main processes controlling the fate of those metals (Szynkiewicz and
Borrok, 2016; Wiederhold, 2015). The adsorption or complexation of
metals (e.g., Zn) on biotic and abiotic surfaces, (co)precipitation with
oxides/oxyhydroxides, and biological uptake can influence the isotope
composition of dissolved metals (Aranda et al., 2012; Borrok et al.,
2008; Borrok et al., 2009; Kimball et al., 2009). Previous studies have re-
ported Cd isotope fractionation during Cd adsorption and precipitation
onminerals, and heavier Cd isotopes are preferential remained in aque-
ous solutions (Horner et al., 2011;Wasylenki et al., 2014). In amicrobial
Cd uptake experiment, Cd bound in the cell membrane exhibited light
Cd isotopic compositions as a result of sequestration of Cd in cell mem-
brane (Horner et al., 2013). Considerable variation in the isotopic signa-
ture of Cd has been observed in seawater from several ocean regions,
and Cd isotope fractionation is strongly controlled by biological pro-
cesses (Abouchami et al., 2011; Abouchami et al., 2014; Gault-Ringold
et al., 2012; Horner et al., 2013; Lacan et al., 2006; Ripperger et al.,
2007; Xue et al., 2013). A study of the isotopic composition of Cd in
the mixing zone of Siberian river estuaries found that the riverine
input of several branch rivers had significantly different Cd isotope sig-
natures (Lambelet et al., 2013). So farmost researches on Cd isotopes in
terrestrial systems have focused on industrial (Chrastný et al., 2015;
Cloquet et al., 2006; Martinková et al., 2016; Shiel et al., 2010) and agri-
cultural pollution (Imseng et al., 2018; Salmanzadeh et al., 2017;
Wiggenhauser et al., 2016). However, we know very little about the di-
rection and magnitude of isotopic changes of Cd that might occur as a
result of specific geochemical processes in AMD polluted areas. In this
study, we used stable isotope ratios of Cd combined with other geo-
chemical tools to investigate Cd sources, transport, and attenuation in
contaminated waters and sediments of a typical AMD-affected moun-
tain area in south China.
2. Materials and methods

2.1. Study site and sampling procedure

Dabao mountain (24°33′39″N, 113°42′57″E) (Fig. 1) is located at
northern Guangdong Province in southern China. The region has a
humid subtropical climate with average annual temperature of 20 °C
and annual rainfall of 1350–1750mm. Since the 1970s, large scale min-
ing for iron and copper ores has taken place in the area. In the current
study, typical mineral samples (Fe sulfide-rich minerals) and mine tail-
ingswere collected from themine area. A total of 16 riverwater samples
and 16 sediment samples were collected from the Liwu (LW) tailings
dam (the main source of AMD), the Hengshi (HS) River (contaminated
by AMD), the Fandong (FD) River (a tributary of HS) and the Taiping
(TP) River (a non-contaminated river). Sampling sites were established
using aGarmin global positioning system (GPS). Sampleswere collected
from upper (sites 1–4), middle (sites 8–10), and lower (sites 11–13)
reaches of the HS river in June 2016 (Fig. 1). Prior to sampling, water
sample bottles were acid washed and rinsed three times with pure
water. In all sites, five sub-samples were collected across the river to
form a composite water sample to represent each sampling site. The
sites for sediment sampling were located as close as possible to the
water sampling sites. At each site, the top layer (0–3 cm) sediments
were collected by using a grab sampler, and a composite sample was
formed by a mixture of 5 sub-samples within 10 m2 to represent each
sampling site.

After sampling, the water samples were immediately split into two
types and stored into 1 L polypropylene bottles in the icebox. 1) dis-
solved water samples filtered through 0.45 μm cellulose acetate filter
(Sartorius Stedim Biotech, Germany), and 2) unfiltered water samples
that contained water and suspended particulate matter (SPM)
(Kimball et al., 2009; Szynkiewicz and Borrok, 2016). Water samples
for cation and isotopic ratio analysis were acidified to pH b 2 with
sub-boiling distillation 14 M HNO3, and for NO3

− and SO4
2− anion analy-

sis were unacidified (filtered). Water quality parameters, including pH,
EC, Eh and temperature were measured when sampling by using a cal-
ibrated multiparameter instrument (HYDROLabDS5, USA). All the sam-
ples were transported to the laboratory within 12 h. Then water and
sediment samples were refrigerated at 4 °C and−18 °C before analysis.
In order to present selected chemistry results graphically as a function
of their sampling locations, the distance of each sampling site from the
outlet of the LW dam was measured (Fig. 1).

2.2. Geochemical analysis

Sample preparation was conducted in a clean room facility. All acids
used in this study were purified by sub-boiling distillation and the de-
ionized water was N18.2 MΩ-grade purified from a Milli-Q water puri-
fication system (Millipore, Bedford, USA). For sediment samples,
50–100 mg was weighed into a 10-mL polytetrafluoroethylene (PTFE)
bomb, and approximately 1 mL concentrated HNO3 and 1 mL concen-
trated HF were added. The digestion was carried out at 190 °C for
2 days to remove organic material in the solid phase. Subsequently,
each sample was taken to dryness at 120 °C, and the residue was dis-
solved in 1mL concentrated HNO3 and 1 mLH2O and placed in a sealed
bomb and digested at 190 °C for 24 h. After evaporation at 120 °C, the
sample was dissolved in 2 mL of 2.0 M HCl, centrifuged at 5500 rpm



Fig. 1.Map of the AMD-affected area. Numbered dots show sampling locations at the Liwu dam and along the Hengshi, Fandong and Taiping rivers.
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for 20min, andwas then ready for quantitative determination of Cd and
othermetals (k, Ca, Na,Mg, Al, Fe, Zn,Mn, Cu). For water samples, an al-
iquot of the river water was added into a 30-mL PTFE bomb and 1 mL
concentrated HNO3 and 1 mL concentrated HF were added. The diges-
tionwas carried out at 100 °C for 24 h to destroy organicmaterials. Sub-
sequently, each sample was taken to dryness at 120 °C. The SO4

2− anion
concentration was measured by an ion chromatography (DX-600,
Thermo Fisher). Major elements and trace elements concentrations for
all water and digested samples were determined by ICP-OES (iCAP
6500 Duo, Thermo Fisher) and ICP-MS (ICAP Qc, Thermo Fisher). The
Chinese National referencematerials GSV-1 (bush branches and leaves)
and GSD-12 (river sediments) purchased from Institute of Geophysical
and Geochemical Exploration (IGGE), China, were used to check the
precision and accuracy. The analytical results of Cd in GSV-1 and GSD-
12 are in good agreement with the certified values, and the precision
is better than 5% in terms of relative standard deviation (RSD). In addi-
tion, the mineralogy and morphology of all mineral and sediment sam-
ples were characterized by X-ray diffraction (XRD), X-ray fluorescence
(XRF) and thermal field emission environmental scanning electron mi-
croscopy/energy dispersive X-ray spectrometry/electron backscatter
diffraction (SEM/EDS/EBSD) at the Instrumental Analysis and Research
Center, Sun Yat-Sen University (SYSU).

2.3. Cadmium isotope analysis

Sediment and filtered water samples were prepared for Cd isotope
analysis according to anionexchange chromatographic method de-
scribed in Cloquet et al. (2006) and Zhang et al. (2016). Macroporous
anion-exchange resin AG-MP-1M (0.7 gmL−1, 100–200mesh, chloride
form)was purchased from Bio-Rad Laboratories. NIST 3108 Cd solution
as a zero-delta isotope standard was purchased from NIST (Virginia,
USA). Two secondary reference standard solutions - SPEX Cd (certiprep,
Lot No: 7-27Cd) and Münster Cd (Wombacher and Rehkamper, 2004)
were supplied by Dr. Cloquet at CRPG, France. Matrix components
were separated from Cd on the AG-MP-1 M anion exchange resin, and
the sample in 1 mL of 2 M HCl was loaded onto the washed and condi-
tioned resin. The elution scheme for matrix removal was followed by
10 mL of 2 M HCl, 30 mL of 0.3 M HCl, 20 mL of 0.6 M HCl, and 5 mL
of 0.012 M HCl. Then the final Cd was eluted in 20 mL of 0.0012 M
HCl. Afterward the Cd fraction was dried and then re-dissolved in
1 mL 0.1 M HNO3 with an ultrasonic bath for 30 min. A small amount
of solution was collected before and after Cd purification for assessing
Cd recovery and removal of the matrix. The recovery rates of Cd for
GSV-1 and GSD-12 were higher than 97%. The recovery rates of isobaric
interferences elements (e.g. Zn, Sn, In and Pd)were negligible. Cadmium
isotopesweremeasuredwith a Neptune plusmulti-collector ICP-MS in-
strument at the State Key Laboratory of Ore Deposit Geochemistry, In-
stitute of Geochemistry, Chinese Academy of Sciences. The standard-
sample-standard bracketing technique was applied for correction of in-
strumentalmass bias. Between two and ten bracketedmeasurements of
each sample were made depending on the stability of the MC-ICPMS
(Cloquet et al., 2005). The isotopic composition of the samples is
expressed in a delta per mill (‰) notation relative to the CdNIST-3108 ref-
erence solution according to the following equation:

δ114=110Cd ¼ 114=110Cd
� �

sample
= 114=110Cd
� �

standard
−1

� �
� 1000

The isotopic fractionation between sediment and river water was
calculated as:

Δ114=110CdA−B ¼ δ114=110CdA−δ114=110CdB

where A and B represent the solid phases (e.g. sediment, tailing, min-
eral) and liquid phase (e.g. river water) in the AMD contaminated
river system, respectively.

In order to directly compare the results from other laboratories, all
isotopic results of this study are reported using a δ114/110Cd notation,
relative to the NIST 3108. CdMünster and Cdspex were regularly measured
as secondary references throughout the study, which could provide
a comparison of inter-laboratory quality control from different
research institutes. In this study, we obtained a δ114/110CdMünster value
of 4.43 ± 0.06‰ (2SD, n = 10), a δ114/110Cdspex value of −0.07 ±
0.04‰ (2SD, n = 5). The measurements of GSD-12 yielded a δ114/
110Cd of 0.29 ± 0.05‰. These values are in good agreement with
those previously published δ114/110Cdspex = −0.05 ± 0.12‰ and δ114/
110CdMünster = 4.40 ± 0.04‰ (Cloquet et al., 2005), δ114/110Cdspex =
0.01 ± 0.12‰ (Gao et al., 2008), and δ114/110CdMünster = 4.50 ±



Fig. 2.Major (a) and trace (b) element concentrations in the AMD-affected Hengshi River
(filtered).
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0.05‰ (Abouchami et al., 2013). The δ114/110Cd of river and sediment
samples were determined in analytical duplicate in this case. The values
were defined to be statistically different between the two samples if the
mean values showed no overlap within the 2SD error bars. The uncer-
tainty reportedwas expressed as 2SD from themeanof all the bracketed
measurements.

3. Results and discussion

3.1. Geochemical characteristics of AMD-affected rivers

The LW dam is an open tailings dam built for containing drainage
from the surrounding Fe sulfide-rich minerals and mining waste resi-
dues (Table S2). The water in the flooded area of the dam is primarily
rainfall and runoff which have a high volume of AMD and suspended
materials. The water at the exit of the dam was acidic, with pH values
of 3.3 (Table 1). While the pH of surface water in the FD river was 4.1
to 4.2, slightly higher than that of the middle reach of the HS river (pH
ranging from 3.7 to 4.1). The water collected from the TP river had a
mean pH level of 7.6. In general, the concentrations of major ions such
as iron (Fe), calcium (Ca), magnesium (Mg) and sulfate (SO4

2−) in the
HS river were highest at the LW dam (site 1). They decreased with in-
creasing distance at the downstream sites, e.g. near the farmland of
Tangxin village in the middle reach (sites 9 and 10) and near Shangba
village in its lower reach (sites 11–13) (Fig. 2a). Similarly, water at the
LW dam had the highest concentration of Zn, Mn and Cu (Fig. 2b). An
exception occurred in the upper reach of the HS river (sites 2–4),
where the highest SO4

2− concentrations were observed at sites 3 and
4, but the Fe concentrations were markedly decreased at sites 2 and 3
(Fig. 2a). This is likely because of the presence of high oxygen content
and Eh in the water (Table 1) and therefore a rapid formation of Fe
(III) minerals (Fiedler et al., 2007; Patrick and Jugsujinda, 1992). It is
commonly believed that the (oxy)hydroxides of Al and Fe are ubiqui-
tous in the environment. They release to solution from primary mineral
dissolution and tend to precipitate from solution in the form of alumi-
num and iron-bearing secondary minerals (Collignon et al., 2012). Due
to long-term flooding and a low pH environment, primary minerals
like pyrite/pyrrhotite (light and thin section in Fig. S1, a, c) in the sedi-
ment of LW dam site were completely dissolved (Fig. S1 e and f). SPM
in water samples was high in Fe and Al (Fig. 3), which contributed to
formation of secondary minerals in sediments of the lower reaches
(Table 1). It is expected that secondary minerals would play an impor-
tant role in the geochemical processes controlling transport of Cd in
the AMD polluted river system.
Table 1
Cd concentration and isotope composition (as δ114/110CdNIST 3108) of samples; chemical charact

Sample site pH Eh
(mV)

NH4
+

(mg L−1)
NO3

−

(mg L−1)
Sal
(‰)

DO
(mg L−1)

River water

1 3.33 457 3.81 0.41 1.82 5.01
2 3.57 518 3.92 0.47 1.87 6.54
3 3.45 518 4.02 0.44 1.82 6.47
4 3.31 520 4.42 0.40 0.29 6.52
5 4.14 334 3.62 0.26 0.17 6.96
6 4.24 332 3.92 0.30 0.26 5.71
7 4.15 334 3.75 0.32 0.30 6.43
8 4.08 332 3.85 0.29 0.68 7.30
9 3.72 356 4.02 1.59 0.62 6.18
10 3.72 593 9.38 35.95 0.13 6.13
11 5.20 288 3.96 10.23 0.23 5.14
12 4.57 251 4.52 6.65 0.22 6.38
13 5.16 328 4.77 2.81 0.10 7.24
14 7.77 57 4.03 4.93 0.11 7.49
15 7.66 89 3.93 4.37 0.11 6.68
16 7.50 76 4.00 6.05 1.82 6.30

Sal: salinity. DO: dissolved oxygen. ND: not determined.
The uncertainty reported was expressed as 2SD based on repeated measurements.
3.2. Cd concentration of stream and sediment samples

Cd concentrations in river water ranged from 304 μg L−1 at the LW
dam to 0.32 μg L−1 at site 14 of the uncontaminated TP river
eristics of sediment and river water.

Cd
(μg L−1)

δ114/110Cd
(‰)

Fe
(%)

Al
(%)

S
(%)

Cd
(μg g−1)

δ114/110Cd
(‰)

Sediment

304.2 0.64 ± 0.03 10 2.18 0.69 1.27 −0.97 ± 0.09
191.7 1.03 ± 0.02 24 2.82 3.15 39.9 0.03 ± 0.03
183.3 0.94 ± 0.03 21 2.59 3.06 38.6 0.03 ± 0.06
181.1 0.80 ± 0.06 15 1.77 1.67 14.1 ND
14.82 0.38 ± 0.00 7.8 1.07 0.18 0.18 ND
16.02 0.21 ± 0.07 5.8 1.38 0.20 0.26 ND
12.90 0.33 ± 0.03 6.8 1.50 0.31 0.21 ND
13.76 0.35 ± 0.01 8.6 2.55 0.50 4.85 ND
40.62 0.30 ± 0.02 16 1.84 1.49 2.19 ND
37.64 0.51 ± 0.03 26 1.88 2.87 1.36 ND
13.22 0.25 ± 0.00 12 1.75 0.36 1.47 ND
13.74 0.23 ± 0.04 13 3.29 0.99 2.03 ND
14.10 0.25 ± 0.00 16 3.50 1.62 1.81 ND
0.32 ND 2.7 2.17 0.16 0.53 ND
0.41 ND 2.5 2.21 0.03 0.25 ND
0.41 ND 3.1 1.89 0.03 0.74 ND



Fig. 3. Fractions of Fe, Al, Cd and Zn in the suspended (i.e., particulate) loadof surfacewater
samples relative to total Fe, Al, Cd and Zn concentrations. Distances are measured
arbitrarily relative to the outlet of the Liwu dam.○ Circles: Hengshi River; ◇ Diamonds:
Fandong River; △ Triangles: Taiping River.

Fig. 4. (a) Left axis: dissolved and total Cd concentrations in river water samples from the
AMD-affected Hengshi River; right axis: Cd isotopic composition of river water samples
(filtered). (b) Cd isotopic composition versus the inverse Cd concentration (μg L−1) of
river water samples (filtered). Error bars are 2σ uncertainties based on repeated
measurements.
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(Table 1), ranging from304 to 13.22 μg L−1 in theHS river and from16.0
to 12.9 μg L−1 in the FD river and from 0.41 to 0.32 μg L−1 in the TP river.
The historically dispersed illegal mining pits in Dabao mountain mine
area, in combination with severe soil erosion, significantly decreased
the pH and contributed high concentration of Cd to the FD river. The
TP river had a goodwater qualitywhichwas not impacted bymining ac-
tivity. In HS river water, dissolved Cd concentration decreased with the
increasing distance from the LW dam and remained as dissolved Cd
(Fig. 4a). Cadmium concentrations in sediments ranged from 1.27 to
39.9 μg g−1 in the HS river and from 0.18 to 0.74 μg g−1 in its tributaries
(Table 1). This attenuation is likely controlled by a variety of geochem-
ical processes and hydrological conditions such as adsorption or (co)
precipitation, by which dissolved Cd can easily enter the sediment
phase. The fate of Cd is generally controlled by its chemical speciation
and riverine oxy(hydr)oxides (Cullen and Maldonado, 2013). Previous
studies have shown that Cd were present as free Cd2+ ions and Cd2+-
sulfate complexes under the prevailing acid conditions (Yu and
Patrick, 2003). In this situation, Cd was maintained as dissolved
throughout its migration to the lower reaches of the river. For the sedi-
ments, although the LWdam (site 1) contained all the tailings andmin-
ing waste residues, it showed a low Cd concentration of 1.27 μg g−1

compared to other sites in the upper reach. Cd concentrations in the
sediments at sites 2–4 ranged from 14.1 to 39.9 μg g−1, much higher
than those of other sites (Table 1). XRD spectra showed very low
peaks and smooth spectral lines of these sediments of sites 2–4
(Fig. S3), suggesting formation of weakly crystalline and/or amorphous
minerals. The sediments of upper reach sites were also rich in high Fe
content that could easily form weakly crystalline and/or amorphous
Fe-rich minerals (Table 1). The weakly crystalline minerals are charac-
terized of high metal (e.g. Cd) binding capacity as increasing surface
area of the minerals (Song et al., 2008), even under acidic conditions
(Zhu et al., 2016). Previous studies found that under the AMD environ-
ment, a Cd-ternary complex formed on the surface of ferrihydrite and
goethite in the presence of high SO4

2− (Song et al., 2008; Swedlund
et al., 2009). That is why sediments of sites 2–4 could trap more Cd
than other sites (Table 1). An exception to the Cd attenuation trend
was observed at sites 9 and 10, where the river Cd concentration was
three times that of their upstream site 8 and downstream sites
(Table 1). At site 10, the elevated concentrations of NH4

+ and NO3
+ as

well as elevated Eh and EC values (Table 1), suggests an additional
input of Cd in this area.
3.3. Cd isotope signatures and fractionation in the AMD contaminated river

3.3.1. Cd isotope fractionation in the upper reach
The Cd isotopic composition (δ114/110Cd) of filtered river water

ranged from 0.21‰ to 1.03‰ (Fig. 4b) with a mean of 0.48‰. At the
LW dam (site 1), which had the highest concentrations of Cd, the δ114/
110Cd of water was 0.64 ± 0.03‰. Sites 2–4, which were located along
the upper reach of the HS river, had the highest δ114/110Cd values
(0.80 to 1.03‰). At site 1, the Cd isotope composition of the tailings
(−0.97 ± 0.09‰) was very similar to that of Fe sulfide-rich minerals
(−0.95 ± 0.12‰) (Table S2), indicating that they are derived from a
same Cd source. Yang et al. (2015) have reported light Cd isotope en-
richment in cadmium hydrosulfide than other cadmium complexes by
density functional theoretical calculations. Schmitt et al. (2009) found
that Cd isotope compositions of several hydrothermal sulfides ranged
from −0.65 to 0.19‰. Therefore, the light Cd isotope signature in Fe
sulfide-rich minerals seem to be controlled by Cd species and minerali-
zationmechanismduring ore-formation processes in hydrothermal sys-
tem. At sites 2 and 3, the sediment samples yielded a near-zero δ114/
110Cd value (Table 1), resulting in decreasing isotope difference be-
tween river water and sediment (Δ114/110Cdriver-sediment = 0.91‰)



Fig. 5. (a) Cd isotopic composition versus the pH of river waters (filtered). (b) Cd isotopic
composition versus the EC (mS cm−1) of river waters (filtered). Error bars are 2σ
uncertainties based on repeated measurements.
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compared to site 1 (Δ114/110Cdriver-sediment = 1.61‰). During this trans-
portation of Cd in the upper reach of the HS river, a marked decrease in
Cd concentration from 304 to 181 μg L−1 was observed. However, the
concentration of Fe decreased at sites 2–3, then increased at site 4
(Fig. 2a, 4a). At sites 2–4, the sediments were enriched much higher
concentration of Cd than that of other sites (Table 1), which implies
that Cd migrates from liquid phase into the solid phase by adsorption
or (co)precipitation.

Recently, a number of studies have reported a heavy Cd isotopic sig-
nature of seawater (Abouchami et al., 2011; Janssen et al., 2017; Xue
et al., 2013). The study of Cd isotopes in the Siberian estuary zone of
the Arctic Ocean showed that the river water is slightly enriched in
heavy Cd isotopes compared to the continental crust (Δ114/110Cdriver-
continental crust b 0.2‰) (Lambelet et al., 2013). Cd isotopic composition
of average bulk continental crust is δ114/110Cd = −0.01 ± 0.04‰
(Schmitt et al., 2009). This implies that Cd isotope fractionation
during weathering is either minor or insignificant. However, it has not
been reported for the Cd isotopes in terrestrial riverine waters, espe-
cially the river impacted by AMD. In our study, the dissolved Cd of the
rivers was obviously heavier than the continental crust (Δ114/

110Cdriver-continental crust N 0.4‰), implying that Cd isotope fractionation
during weathering was non-negligible.

In a first step, Cd isotopic composition of river water is largely dom-
inated by weathering dissolution of Cd-bearing minerals that releases
Cd from the solid phase into the liquid phase. The δ114/110Cd vs 1/Cd
data of water (Fig. 4b) suggests one of the sources stemmed from LW
damwhich had distinct Cd isotopic signatures. Previous studies showed
that simulated oxidative weathering of sulfide minerals and rocks can
produce Δ114/110Cdsolution-mineral up to 0.53‰ (Zhang et al., 2016). In ad-
dition, natural weathering dissolution of Cd-bearing minerals
(hydrozincite, smithsonite and angleite) can result in Δ114/

110Cdsolution-mineral up to 0.33‰ (Zhu et al., 2018). This fractionation
might be related to an incongruent dissolution of different Cd-
containing minerals by a galvanic effect (Acero et al., 2007; de Livera
et al., 2011). The galvanic effect often occurs when two sulfideminerals
with different rest potentials are coupled together. Themineral with the
higher rest potential (e.g. pyrite as a cathode) could dissolve firstly and
the lower rest potential (e.g. sphalerite) is protected (Acero et al., 2007;
de Livera et al., 2011; Qian et al., 2018). Hence, if the continuous
weathering dissolution of tailings is the main process for Cd isotope
fractionation, it still cannot account for the Δ114/110Cdriver-tailing (up to
1.6‰) observed in the upper reach rive. This implies that other pro-
cesses might also play a role in this circumstance, e.g. adsorption and
(co)precipitation on minerals.

Wasylenki et al. (2014) observed a large fractionation during Cd ad-
sorption to birnessite. Initially, the Cd isotope fractionation between so-
lution and solid phases was up to 0.8‰ at a high ionic strength, but
decreased to 0.4‰ in the course of the experiment. This suggests that
both equilibrium and kinetic processes play a role in the different stages
of adsorption process. As to precipitation process, Horner et al. (2011)
reported a large fractionation (Δ114/110Cdsolution-calcite = 0.45 ±
0.12‰) between solution and precipitated calcite at high ionic strength.
The lighter isotope of Cd is preferentially incorporated into the mineral
phase due to kinetic isotope fractionation. And the return of Cd to solu-
tionphase is likelyminorwith developed crystal-growth.Meanwhile, as
ferrihydrite and goethite are commonly found in the sediments of AMD-
polluted rivers (Fig. S1–S3) (Silva et al., 2013), it is expected that Cd in
the sediments be immobilized by co-precipitation and adsorption. In
this work, sulfate was the major dissolved anion (Fig. 2a and Table 1)
and had strong complexation ability to Fe secondary mineral. The high
content of sulfate could inhibit Fe(III) hydrolysis to form the weakly
crystalline iron oxides (Schwertmann and Cornell, 2008). Furthermore,
it has been shown that sulfate formed both outer- and inner-sphere
complexes on minerals at acidic condition (Zhu et al., 2016). These fac-
tors have enabled the opportunity to adsorb more Cd in sites 2–4
(Table 1). During the early stages of the formation of secondary
minerals, Cd may enter into solid phase by rapid (co)precipitation
onto/with Fe (oxy)hydroxides, and is further preserved intomineral lat-
tice even in extremely acidic conditions (Jiang et al., 2013). It is also fa-
vorable for formation of ternary complexation with more Cd on
minerals surface, suggesting that stiffer Cd-ligand aqueous complexes
also form stronger surface ternary complexes by calculating the ternary
complex formation constants (Swedlund et al., 2009). This ternary com-
plex formation on goethite could generate Δ114/110Cdsolution-solid up to
0.61‰ (unpublished data). Accordingly, these implications could be
used to explain why the upper reach had much higher δ114/110Cd than
the middle and lower reaches in this scenario.
3.3.2. Cd isotope fractionation in the middle and lower reaches
After entering the middle and lower reaches, the δ114/110Cd value of

stream river samples (sites 5–13) varied in the range of 0.21‰ to 0.51‰
(Fig. 4b), approximately the same variation (0.31‰) between the river
water and the bulk continental crust (Schmitt et al., 2009). This fraction-
ation is similar in magnitude to the isotopic variation observed for
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natural weathering of sulfide mineral, i.e. Δ114/110Cdsolution-mineral =
0.33‰ (Zhu et al., 2018).

As a consequence of the waters being diluted and neutralized, the
composition of δ114/110Cd declined with the increase of the pH of river
(Fig. 5a). This is consistent with the fact that the ionic strength of the
river waters, whichwas dominated by electrical conductivity and salin-
ity, decreased substantially from upstream to the downstream
(Table 1). Results also showed that the Cd isotope signature changed
with the electrical conductivity of the river waters (Fig. 5b). It has
been shown that the dissolved Cd may exchange completely with the
sorbed Cd in a short period, achieving a smaller fractionation of Δ114/

110Cdsolution-mineral = 0.24‰ at low ionic strength than at high ionic
strength (Wasylenki et al., 2014). Using density functional theoretic cal-
culation, Yang et al. (2015) found that the fractionation was caused by
the changes of Cd ligand between different Cd complexes. Another rea-
son for the fractionation is ascribed to the transformation of the poorly
crystalline ferrihydrite into the ordered goethite resulting from dehy-
dration (Boland et al., 2014). The distinct transformation of surface
structure is also accompanied by a decrease in total surface area and
changes in adsorption sites, which may influence the formation of ter-
nary complexation with Cd (Swedlund et al., 2009). This change in
number of adsorption sites would make Cd re-distribute at the solid-
liquid interface and thuswould have an impact on the isotope composi-
tion variation of Cd.

3.4. An additional Cd source from agricultural activity?

A heavier Cd isotopic signature (δ114/110Cd = 0.51 ± 0.03‰) was
found in the water sample at the site 10 compared to neighboring sam-
pling sites, which was located near farmland in the middle reach of the
HS river (Fig. 4a). There has been some research on Cd isotope fraction-
ation associated with agricultural activities such as irrigation with con-
taminated water and fertilization. For instance, in a soil-wheat system,
Wiggenhauser et al. (2016) found that the Ca(NO3)2-extracted Cd
from soil was isotopically heavier than the total Cd in the soil (Δ114/

110Cdextract-soil = 0.16 to 0.45‰). Imseng et al. (2018) reported that
the manure applied in arable soil had δ114/110Cd values of 0.35 to
0.38‰, and Cd in seepage (δ114/110Cd= 0.39 to 0.79‰) was isotopically
heavier than in the soil. Salmanzadeh et al. (2017) who investigated Cd
isotopic compositions of fertilizer and soil samples from a 66-year-long
field trial, also reported that the soils were enriched in heavy Cd iso-
topes regardless of mineral phosphate fertilizers used. These studies
suggest that fertilizers and soil seepage might become an important
Cd input into rivers and groundwater. In the present study, Cd minerals
were not detected in river sediment by XRD (Fig. S3), probably because
of the aerobic and acidic environment (Table 1). This excludes the pos-
sibility of Cd isotope fractionation during the formation of Cd secondary
minerals. Furthermore, we also found elevated concentrations of NH4

+

(7.53 to 11.58 mg L−1) and NO3
+ (35.95 to 277 mg L−1) as well as ele-

vated Eh and EC values at site 10 and site TX (Table 1and Table S1),
which was about two times higher for NH4

+ and much higher for NO3
+

than any other sites in HS river. This phenomenon of nitrate and ammo-
nium losses from agricultural activities have been attributed to inor-
ganic and organic fertilizers (King and Torbert, 2007; Sebilo et al.,
2013). Several studies have also highlighted different strategies to iden-
tify nitrate and ammoniumpollution fromagricultural runoff (Hao et al.,
2018; Li et al., 2017; Yi et al., 2017). Thus, based on Cd isotopic signature
and environmental characteristics, the peculiar Cd isotopic signature
near Tangxin village implies that there is another source of Cd originat-
ing from agricultural activity.

4. Conclusions

In this study, the AMD contaminated river is characterized by signif-
icantly higher δ114/110Cd compared to the first report of riverine water
in the Siberian Shelf (Lambelet et al., 2013). The co-variation between
the major element concentrations and Cd concentrations in the river
water may be interpreted in terms of a similar geochemical behavior
during transport processes that released Cd from tailing dam. The wa-
ters exhibit large and resolvable Cd isotopic variation with δ114/110Cd
values ranging from 0.21‰ to 1.03‰. Changes in δ114/110Cd could be
predominantly attributed to conservative mixing of isotopic distinct
HS river and its tributary FD river, and certain in-stream geochemical
processes. In the upper reach of the HS river, the highest Cd isotope dif-
ference between river water and sediments (Δ114/110Cdriver-sediment =
0.91 to 1.61‰) indicates the occurrence of weathering dissolution of
sulfide-rich mine tailings, adsorption/(co)precipitation on secondary
minerals, and probably the Cd-SO4

2− ternary complexation. While in
the middle and low reach, δ114/110Cd values of river water (0.21‰ to
0.51‰) were approximately the same variation (0.31‰) between the
river water and the bulk continental crust (Schmitt et al., 2009). More-
over, a peculiarly high δ114/110Cd in the water at the middle reach, to-
gether with its elevated concentrations of NH4

+ and NO3
+, suggests

another input of Cd from agricultural activities. All these features high-
light that Cd isotope signature in such studies can be an useful tool to
trace the source and identify the attenuation processes of Cd in the pol-
luted aquatic environment, in addition to conventional geochemical
method.
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