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a b s t r a c t

Paddy soils around mining areas suffer from the great threat of heavy metal pollution. The traditional
source-tracing methods based on metal concentrations limit our ability to quantify the sources of heavy
metals and trace their transport processes to paddy soils. In this study, Zn isotope compositions of paddy
soils in Dabaoshan mine area, a typical sulfide deposit in southern China, have been systematically
studied. According to a plot between 1/Zn (i.e. inverse concentration) and d66Zn value, all the polluted
paddy soils fall on the mixing line between acid mine drainage precipitate (AMD-precipitate) and fer-
tilizer while the unpolluted paddy soil falls on the mixing line between fertilizer and bedrock. This in-
dicates the mixing of Zn sources at least three end-members: the mining end-member (i.e. AMD-
precipitate), the agricultural end-member (i.e. fertilizer), and bedrock whose geochemical signature is
often overprinted by the former two sources around the mining area. The quantitative calculations to
apportion the end-member’s contributions show that the mining activity contributes most Zn in the
paddy soils with an average of ~66.2%. The contribution of mining activities has significant spatial var-
iations. Specifically, the mining activities have relatively low impacts on the lower reach and the deep
soil. Additionally, the apparent Zn isotope fractionation between AMD and AMD-precipitate (D66ZnAMD-

precipitate � AMD of �0.35 to �0.08‰) in the tailings dam suggests that Zn cations in AMD coprecipitated
with the secondary Fe-bearing minerals (e.g. jarosite and goethite). After being discharged from the
tailings dam, Zn is mainly carried by the Fe-oxide minerals and migrated during surface runoff. Our study
highlights the contribution of human activities to the Zn pollution in the paddy soils and the key role of
Fe-bearing minerals in the migration of Zn. These findings provide a scientific base for the development
of policy for pollution control in mining-affected region.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The metal mining activities usually produce wastes including
acid mine drainages (AMD), mine tailings, and fly ashes, which
contain high concentrations of heavy metals (Mattielli et al., 2009;
e by Philip N. Smith.
nvironmental Geochemistry,
s, Guiyang, 550081, PR China.
iu).
Dold, 2014; Qu et al., 2017; Chen et al., 2018; Roebbert et al., 2018;
Liu et al., 2019). Soil is a long-term sink for heavy metals (Wuana
and Okieimen, 2011; Chen et al., 2018) and heavy metals from
these wastes can be transported from mining areas to the sur-
rounding soils through surface runoff and/or dust particles
(Mattielli et al., 2009; Dold, 2014; Yang et al., 2019). As a result,
mining has been considered as one of the most significant sources
of heavy metal pollution for agricultural soils (Liu et al., 2005;
Acosta et al., 2011; Li et al., 2014; Wen et al., 2015).

Identifying the sources of pollution is the first and critical step
for mitigating the heavy metal contamination in soils (e.g. Zhao
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et al., 2015; Kumar et al., 2020). The traditional methods for doing
so are generally based on statistical analyses of metal concentra-
tions (e.g. Cheng and Hu, 2010). However, they are limited in tracing
pollution origins in complex environments due to the multiple
sources involved and the large number of samples needed (Wen
et al., 2015; Sherman et al., 2015). In recent years, with the devel-
opment of isotope analytic technique, the metal stable isotopes
have been shown to serve as powerful tools to trace the sources and
biogeochemical processes of heavy metals in environments (Kumar
et al., 2009; Juillot et al., 2011; Wiederhold, 2015; Schudel et al.,
2018; Li et al., 2019).

As one of the effective geochemical indicator elements in
exploration, zinc (Zn) involves in a number of biogeochemical
processes in atmosphere (Mattielli et al., 2009), soil (Imseng et al.,
2019), and river (Zimmermann et al., 2020). Previous studies have
indicated that Zn isotope signature can be used to trace biogeo-
chemical processes (e.g. Wiederhold, 2015; Moynier et al., 2017)
since characteristic Zn isotope fractionations occur during many
environmental processes, including inorganic precipitation
(Mavromatis et al., 2019), evaporation (Zhang and Liu, 2018;
Wimpenny et al., 2019), organic complexation (Jouvin et al., 2009),
sorption to minerals (Pokrovsky et al., 2005; Juillot et al., 2008;
Bryan et al., 2015; Guinoiseau et al., 2016; Gou et al., 2018), and
biological uptake (Weiss et al., 2005; Arnold et al., 2010;
Wiggenhauser et al., 2018). Moreover, the Zn isotope compositions
of anthropogenic materials are significantly different from those in
natural reactions (Mattielli et al., 2009; Juillot et al., 2011; Fekiacova
et al., 2015; Li et al., 2019). For example, high-temperature pro-
cesses during metallurgical processing can lead a large Zn isotope
fractionation in slag and vapor phase (Juillot et al., 2011; Shiel et al.,
2010; Mattielli et al., 2009), but the fractionation caused by high-
temperature magmatic process is small (Chen et al., 2013). There-
fore, Zn isotopes have been used to identify the contribution of
anthropogenic Zn pollution to river water (Chen et al., 2008), sus-
pended particulate matters (Chen et al., 2009), and soils (Bigalke
et al., 2010; Juillot et al., 2011; Fekiacova et al., 2015; Imseng
et al., 2019; Xia et al., 2020).

Most previous studies on Zn isotopes in soils have mainly
focused on smelter-affected (Bigalke et al., 2010; Juillot et al., 2011)
or agricultural region (Fekiacova et al., 2015; Imseng et al., 2019),
and have successfully identified the Zn sources in soils. However,
only a few studies have reported the specific migration pathways of
Zn and quantified the contributions of the different Zn sources to
soils (e.g. Xia et al., 2020).

In this study, we systematically investigated the Zn isotope
compositions of paddy soil, river sediment, acid mine drainage
precipitate (AMD-precipitate), ore, fertilizer, rice plant, bedrock,
dry deposition, rainwater, river water, and AMD samples around
the Dabaoshan mine, Guangdong Province, southern China. Our
work aims to quantify the contributions of the specific Zn pollution
sources to paddy soils and reveal the Zn migration pathways in a
mining area. The findings are expected to provide a scientific base
for the development of technology and policy for pollution control
in the mining-affected region.
2. Study site, sample collection and pretreatment

The study area is around the Dabaoshan mine in Guangdong
Province, southern China (113�4301300E, 24�3103600N; Fig. 1). This
region is characterized by a subtropical monsoon climate with a
mean annual temperature of ~20 �C and mean annual rainfall of
~1550 mm, and subtropical red soil. Dabaoshan mine is a large-
scale polymetallic sulfide deposit which has been mined for more
2

than forty years. The main ore minerals of the deposit include py-
rite, chalcopyrite, pyrrhotite, sphalerite, and galena (Ye et al., 2014).
During mining activities, a large quantity of mine wastes has been
discharged into the Hengshi (HS) River, a river originating from the
mine area (Zhou et al., 2007).

A total of 7 topsoil samples (approximately 0e5 cm in depth), 4
sediment samples, and 7 river water samples were collected from
the upper (sites 5e9,11) and lower reach (sites 12e14) of the HS
river irrigation area (Fig.1). As a comparison, a topsoil (TS-0), a river
sediment (TC-0), and a river water sample (TW-0) were collected
from a site (site 10) located beside the Taiping (TP) river irrigation
area which is a non-contaminated tributary of the HS river. Two
paddy soil profiles, Tangxin (TX) and Shengli (SL), were sampled at
sites 8 and 14, respectively. Four horizons were identified along
each soil profile based on the color, particle size, and moisture,
including plow horizon (A), plow horizon (P), waterloggogenic
horizon (W), and parent material horizon (C) (Gao et al., 2018). The
samples of ore, AMD, and AMD-precipitate were collected from
three sampling sites (sites 1e3) in the Liwu tailings dam. Addi-
tionally, two bedrocks, a fertilizer, three dry depositions, and two
rainwater samples were collected at site 11, which is located at the
midpoint of the studied section of the HS river. Two rice plant
samples, rice 1 and rice 2, were gathered from TX profile and SL
profile, respectively. Water samples were collected with acid-
cleaned polypropylene (PP) bottles. Dry deposition samples were
collected with polyvinyl chloride (PVC) plates with Whatman®41
cellulose filters following the method reported by Mattielli et al.
(2009). All samples were collected in October 2017 and July 2020
during the harvest season of rice.

The samples of paddy soil, river sediment, and AMD-precipitate
were air-dried at room temperature, followed by the removal of
biological debris. The solid samples were ground into fine powder
and passed through a 200-mesh nylon sieve. The water samples
were filtered with 0.22-mm cellulose acetate filters, and then
acidified to pH < 2 with ultrapure HNO3. Water samples after
filtration were stored in a refrigerator at ~4 �C before analysis. Rice
plants were washed with deionized water and separated into root,
grain, and straw. After being dried in an oven at ~105 �C for ~1.5 h
and then ~75 �C for ~48 h, all of these rice samples were ground
into fine powder.
3. Materials and methods

3.1. Analyses of TOC, pH, and metal concentrations

The pH values of paddy soils, sediments, and AMD-precipitates
were measured using a pH meter (PB-10, Sartorius, Germany) after
equilibrating ~5 g of solid powder and ~12.5 mL of deionized water
for ~2 h. The total organic carbon (TOC) content was determined on
a CHNS analyzer (vario MACRO cube, Elementar Analysensysteme
GmbH, Germany). Measurements of major (Al and Fe) and trace
(Zn) elements were performed on an inductively coupled plasma
optical emission spectroscopy (ICP-OES, Optima 8000, PerkinElmer,
USA) and an inductively coupled plasma mass spectrometry (ICP-
MS, NexION 300X, PerkinElmer, USA), respectively. Prior to mea-
surements, ~0.04 g of each solid sample was completely digested in
~3.5 mL of a 1:1:3 (v/v) mixture of HFeHCleHNO3 and ~100 mL of
each liquid sample was dried on hot plate. The samples were re-
dissolved in ~3% HNO3 for major and trace element analyses. The
instrument drift was calibrated by the internal standard of Rh.
United States Geological Survey (USGS) reference material of
BHVO-2 was used for quality control of the analysis. Detection
limits for Fe and Al analyzed by ICP-OES are 5 and 20 mg L�1,



Fig. 1. Map showing the Dabaoshan mine and the location of sample sites along the HS and TP river. Two paddy soil profiles were set at site 8 and 14.
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respectively, and detection limit for Zn analyzed by ICP-MS is
0.001 mg L�1. The relative standard deviations (RSD) of our mea-
surements are better than 2% for major element analyses and 10%
for Zn concentration measurements.
3.2. Characterization of mineral phase

The mineral modes of paddy soils, sediments, and AMD-
precipitates were characterized by an X-ray powder diffractom-
eter (XRD, Bruker D2, Germany). The Co/Ka radiation was used for
generating X-rays, which was scanned over 5e85� at a speed of
~1.2�/minwith a step size of ~0.02�. The TOPAS V5 software (Bruker
AXS, Germany) was used to quantify the mineral mode using the
Rietveld method (Young, 1993; Perl et al., 2012).
3.3. Selective sequential extraction experiments

To investigate the Zn speciation in paddy soils and sediments,
the selective sequential extraction method, modified after Yin et al.
(2016), was employed to separate Zn of different forms. This
method can effectively extract heavy metals bound to well-
crystallized iron (hydro)oxides. Zinc in soils was separated into
the following fractions: the exchangeable fraction (F1), the car-
bonate associated fraction (F2), the easily reducible FeeMn oxide
associated fraction (F3), the organic associated fraction (F4), the
well crystallized iron oxide associated fraction (F5), and the resid-
ual fraction (F6). The details of the sequential extraction procedure
are provided in Table S1. Each supernatant solution was separated
from the insoluble residue by a centrifuge at ~9168�g for 30 min.
Zinc concentrations of all supernatant solutions were measured
using ICP-MS.
3

3.4. Zinc isotope analyses

3.4.1. Sample digestion and Zn purification
All sample digestion and Zn purification procedures were per-

formed in class-100 laminar flow hoods of a class-1000 clean-room
at Guangdong Institute of Eco-environmental Science & Technol-
ogy, Guangzhou, China. All acid reagents (including HF, HCl, and
HNO3) were distilled on the acid purification system (DST-1000,
Savillex, USA). Trace elemental analysis grade H2O2 (Fisher chem-
ical, USA) and ultra-pure Milli-Q water (18.2 MU cm) were used
during the Zn purification.

Depending on the Zn concentration, a certain amount of each
sample was weighted to ensure ~2 mg of Zn after digestion.
Approximately 10e400 mg of solid samples (except for vegetation
samples) and USGS reference materials of BHVO-2, GSP-2, and
NOD-A-1 were weighted into Perfluoroalkoxy alkanes (PFA) bea-
kers (Savillex, USA). About 3.2 mL of concentrated HFeHNO3
mixture (3:1, v/v) was added to each beaker, whichwas then heated
on a hot plate at ~150 �C overnight. After being cooled in air, each
sample was evaporated to dryness at ~160 �C. Afterwards, about
4 mL of aqua regia was added into the beakers, followed by heating
at ~140 �C for 1e2 days and dried at ~80 �C. Vegetation samples
were digestedwith ~10mL of concentrated HFeHNO3mixture (1:3,
v/v) at ~200 �C in amicrowave oven (Ethos UP, Milestone, Italy). The
supernatant solutions were transferred to PFA beakers and evap-
orated to dryness at ~160 �C. Subsequently, the dried samples were
treated by ~4 mL of aqua regia and dried again.

About 1e250 mL of the liquid sample was dried at ~100 �C in a
PFA beaker, depending again on its Zn concentration. Then, about
2 mL of aqua regia was added, followed by heating at ~140 �C for
1e2 days and drying at ~80 �C. All dried samples were then re-
dissolved in ~1 mL of concentrated HCl and heated to dryness
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again. The dried samples were finally dissolved in ~1 mL of 8 N
HCl þ 0.001% H2O2 for chromatographic separation.

The dissolved Zn was purified by anion-exchange chromatog-
raphy with ~2 mL of AG-MP-1M resin (Bio-Rad 100e200 mesh)
following the protocol by Lv et al. (2016). Matrix components were
removed with ~10 mL of 8 N HCl þ 0.001% H2O2. Then, ~24 mL of
8 N HCl þ 0.001% H2O2 and ~18 mL of 2 N HCl þ 0.001% H2O2 were
added to elute Cu and Fe, respectively. Zinc was collected using
~10 mL of 0.5 N HNO3 after ~2 mL of 0.5 N HNO3 was discarded.

3.4.2. Mass spectrometry
Zinc isotope ratio measurements were carried out on a MC-ICP-

MS (Neptune Plus, Thermo Fisher, USA) in wet plasma mode at
State Key Laboratory of Environmental Geochemistry, Institute of
Geochemistry, Chinese Academy of Sciences. The sample-standard
bracketing (SSB) method was employed to correct instrumental
mass bias. All samples and standards (IRMM 3702) were diluted to
~200 ppb in 3% HNO3 prior to analysis. Measurements were per-
formed in low resolution mode with high-sensitivity (X) cone to
ensure the 64Zn signals were > 3 V/200 ppb. Each measurement
was operated for 3 blocks of 30 cycles. The standard-sample
sequence was repeated at least three times for each sample to
achieve better reproducibility.

3.4.3. Notation
The Zn isotope compositions of all samples were expressed as

d66Zn (‰) relative to the reference material IRMM 3702 according
to the following equation:

d66Zn ð‰Þ ¼
" �

66Zn
.

64Zn
�

sample�
66Zn

.
64Zn

�
IRMM 3702

�1

#
� 1000 (1)

where (66Zn/64Zn)sample and (66Zn/64Zn)IRMM 3702 refer to the ratio
of 66Zn and 64Zn of samples and the reference material,
respectively.

3.4.4. Quality assurance
The total procedural blanks are neglected and within ~6 ng for

Zn. The two standard deviations (2SD) of the Zn isotope composi-
tions for all the samples are less than 0.07 based on the repeat
analyses. Geological reference materials BHVO-2, GSP-2, and NOD-
A-1 yield average d66Zn values of 0.08 ± 0.02‰, 0.85 ± 0.03‰, and
0.72 ± 0.04‰, respectively, which consist with those reported
previously (Chen et al., 2016; Lv et al., 2016; Moeller et al., 2012).

4. Results

4.1. Zinc concentrations

Along the HS river, the topsoils from the upper reach (DS-6, 8, 9,
and 11) have an average Zn concentration of ~430mg kg�1, which is
higher than that of the topsoils from the lower reach (DS-12,13, and
14, average concentration of ~180 mg kg�1). The topsoil sample
from the TP river irrigation area, TS-0, has a lower Zn concentration
than that from the HS river, with a value of ~59 mg kg�1 (Table 1).
The TX profile, which is located at the upper reach of the HS river
irrigation area, has an average Zn concentration of ~270 mg kg�1.
The downstream SL profile has lower Zn concentrations, with an
average value of ~180 mg kg�1. In each soil profile, the Zn con-
centrations of the surface horizons are the highest (Table 1).

To evaluate the pollution level of Zn in the paddy soils, the Al-
normalized Zn enrichment factors (EFZn), which can cancel the
dilution effect on Zn concentrations caused by natural composites,
were calculated based on the following equation:
4

EFZn ¼ ðCZn=CAlÞsample

ðCZn=CAlÞbackground
(2)

where CZn and CAl refer to concentrations of Zn and Al, respectively.
Here, the element concentration of background is based on China
Environmental Monitoring Station (1990). The paddy topsoils
from the upper reach of the HS river irrigation area have an average
EFZn value of ~6.5, which is higher than that from the lower reach
(average value of ~4.0). The topsoil from the TP river irrigation area
(TS-0) shows a minimal pollutionwith the EFZn value of ~1.1, which
is lower than any other soil samples (Table 1). The average EFZn
value of TX profile is higher than that of SL profile, with an average
value of ~6.2 and ~4.0, respectively (Table 1).

The river sediments, AMD-precipitates and sulfide ores have
average Zn concentrations of ~2200 mg kg�1, ~850 mg kg�1, and
~570 mg kg�1, respectively, which are higher than those in the
paddy topsoils (average value of ~290 mg kg�1). The average Zn
concentrations of the bedrocks (~13 mg kg�1), dry depositions
(~180 mg kg�1), and fertilizer (~150 mg kg�1) are lower than those
in the paddy topsoils (Table 2). The Zn concentrations of HS river
water decrease with increasing distance from the Liwu tailings
dam, with an average concentration of ~1.1 mg L�1, which is much
lower than that in the AMD (average concentration of ~120mg L�1).
4.2. Zinc isotope compositions

The d66Zn values of topsoils from the upper reach (DS-6, 8, 9,
and 11) have a limited range (from �0.26 to �0.22‰). The topsoils
from the lower reach (DS-12, 13, and 14) have slightly higher d66Zn
values ranging from �0.17 to �0.09‰. The topsoil from the un-
contaminated TP river irrigation area has the highest d66Zn values
among all topsoil samples, with a d66Zn value of 0.03 ± 0.07‰
(Table 1). The Zn isotope compositions of TX profile and SL profile
are also provided in Table 1. The d66Zn values of the TX profile range
from�0.27 to �0.18‰, which are lower than those of the SL profile
(ranging from �0.13 to 0.04‰).

In the mining area, the d66Zn values of sulfide ore (average value
of 0.10 ± 0.09‰, 2SD, n ¼ 3) are higher than those of AMD (average
value of 0.00 ± 0.06‰, 2SD, n ¼ 4) and AMD-precipitates (average
value of �0.23 ± 0.15‰, 2SD, n ¼ 6). The d66Zn values of bedrock
(average value of 0.00 ± 0.02‰, 2SD, n ¼ 2) are similar to those of
bulk silicate Earth (BSE, �0.02 ± 0.05‰) (Chen et al., 2013). Both
rainwater and dry deposition have negative d66Zn values of �0.14
to �0.07‰ and �0.26 to �0.18‰, respectively (Fig. 2). The d66Zn
value of compound fertilizer is 0.11 ± 0.05‰ (Table 2).

The d66Zn values of different organs in rice plants present an
obvious difference (Fig. 3). They are more negative in the grains
(�0.65 to �0.54‰) and straws (�0.37 to �0.21‰), while the roots
are generally enriched in 66Zn, compared with the grains, straws,
and paddy soils, with an average d66Zn value of 0.05 ± 0.08‰ (2SD,
n ¼ 2). Based on mass-balance, the d66Zn values of bulk rice plants
can be calculated as follows:

d66Zn ¼
P

d66Znorgan � ½Zn�organ � forganP ½Zn�organ � forgan
(3)

where [Zn]organ and d66Znorgan are Zn concentration and d66Zn
value of each organ, respectively, and forgan is fraction of Zn in the
organ relative to the whole plant. The calculation results show that
the d66Zn values of the bulk rice plants range from�0.24 to�0.17‰
(Table S2).

The d66Zn values of river water samples from the upper reach of
the HS river (DW-5 to DW-8, and DW-11) vary from�0.03 to 0.15‰



Table 1
Zn isotope compositions, metal concentrations and other relevant parameters in the paddy soils.

Site Sample d66Zn (‰) 2SDa pH TOC (g kg�1) Al (g kg�1) Fe (g kg�1) Zn (mg kg�1) EFZnb

HS river irrigation area topsoil
6 DS-6 �0.22 0.03 5.58 13.6 59 39.9 220 4.5
8 DS-8 �0.23 0.01 5.87 11.1 53 82 280 6.3
9 DS-9 �0.24 0.03 6.09 21.8 74 79 371 5.9
11 DS-11 �0.26 0.00 6.28 17.7 109 126 833 9.1
12 DS-12 �0.09 0.05 6.20 6.52 44.9 20.6 152 4.0
13 DS-13 �0.11 0.00 6.14 22.7 62 19.6 103 2.0
14 DS-14 �0.17 0.02 6.51 10.2 56 27.2 277 5.9

TP river irrigation area topsoil
10 TS-0 0.03 0.07 6.49 e 62 24.3 59 1.1

Horizon Depth
(cm)

Sample d66Zn (‰) 2SDa pH TOC (g kg�1) Al (g kg�1) Fe (g kg�1) Zn (mg kg�1) EFZnb

TX profile
A 0e14 P1-A �0.27 0.02 5.53 13.0 57 93 332 6.9
P 14e24 P1eP �0.27 0.06 6.15 10.5 56 95 330 7.0
W 24e44 P1eW �0.20 0.04 6.13 3.24 42.8 82 196 5.4
C 44e65 P1eC �0.18 0.08 6.37 3.45 44.3 53 205 5.5

SL profile
A 0e20 P2-A �0.13 0.04 5.95 8.18 55 27.4 308 6.7
P 20e38 P2eP 0.04 0.07 6.54 4.18 56 27.3 128 2.7
W 38e63 P2eW �0.01 0.03 7.12 2.61 53 31.6 142 3.2
C 63e80 P2eC 0.02 0.03 6.62 1.73 46.3 23.1 126 3.2

a 2 times the standard deviation of d66Zn was calculated from the replicates of each sample.
b Enrichment factor of Zn (EFZn) was calculated based on equation (2).
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and increase with increasing distance from the Liwu tailing dam.
The river water samples from the lower reach of the HS river (DW-
12 and DW-14) have d66Zn values ranging from 0.08 to 0.28‰,
which are slightly higher than those from the upper reach (Table 2).
All d66Zn values of river water samples are higher than those of the
paddy soils (Fig. 2). Fluctuated along the HS river, the d66Zn values
of sediments in HS river range from �0.12 to �0.03‰.
4.3. Mineral mode

Themineral modes of paddy soils, AMD-precipitates, sediments,
and ores are presented in Table S3. The paddy topsoils mainly
consist of quartz, muscovite, goethite, kaolinite, phengite, and
microcline, with mean percentages of ~52.1%, ~16.1%, ~8.4%, ~5.5%,
~12.7%, and ~5.3%, respectively. The goethite contents in topsoil
samples obtain maximal values at surface horizon and gradually
decrease downward along each profile. The only kind of clay min-
erals in the studied paddy soils is kaolinite. Pyrite and chalcopyrite
are the main ore minerals in the ore samples. Various sulfide
minerals and secondary Fe-oxide minerals appear in the AMD-
precipitates, which included goethite, jarosite and hematite. The
bedrock is sandstone, which mainly consists of quartz and
muscovite.
4.4. The fractions of Zn in paddy soils

Fig. S1 illustrates the Zn fractions of different supernatants
relative to bulk samples from our selective sequential extraction
experiments. The Zn fractions associated with easily-reducible
FeeMn oxides (40.1e62.1%) and the well-crystallized iron oxides
(3.8e21.4%), and in the residuals (9.3e36.5%) are the three main
phases of Zn in paddy soils (including topsoils and soils in the
profile). The Zn proportions of the exchangeable fraction
(1.8e14.6%), carbonate associated fraction (0.4e4.6%), and organic
associated fraction (5.1e10.0%) are relatively low. In addition, the
Zn fractions associatedwith the total FeeMn oxides (including both
reducible FeeMn oxides and well-crystallized iron oxides) present
a decreasing trend with increasing distance from Liwu dam. Zn in
5

sediments is mainly associated with easily-reducible FeeMn oxide,
with proportions of 29.3e68.7%.
5. Discussion

5.1. Identification of Zn sources in paddy soils

The d66Zn values of paddy soils show a significant negative

correlation with the EFZn (Fig. 4), indicating the Zn isotope signa-
tures of pollution sources may be well preserved in paddy soils. To
identify the sources of Zn, a mixing relationship based on the Zn
concentrations and isotope compositions is considered here.
Similar to several previous studies (e.g. Chen et al., 2008; Araújo
et al., 2017), in a plot between 1/Zn (i.e. inverse concentration)
and d66Zn value, any line shall define a binary mixing relationship.
Fig. 5 shows that the paddy soil (TS-0) irrigated by the unpolluted
TP river can be explained by the mixing of fertilizer and bedrock
whereas the paddy soil from themining-affected HS river irrigation
area, falls on the mixing line between AMD-precipitate and
fertilizer.

These results suggest that the d66Zn values of samples around
the Dabaoshan mine are mainly controlled by three sources:
bedrock, agricultural activities (i.e. fertilizer), and mining wastes
(i.e. AMD-precipitate). Because weathering and pedogenesis of
parent materials only lead to a marginal Zn isotope fractionation
(Imseng et al., 2019; Vance et al., 2016), the d66Zn value of parent
material remnant in soils can be represented by the bedrock.
Moreover, anthropogenic inputs (i.e. including fertilizer and AMD-
precipitate) might have overprinted d66Zn values of the parent
material in the mining-affected paddy soils, which is consistent
with previous studies (Imseng et al., 2019).

In addition, dry depositions have been suggested as the main
pollution source with light Zn isotope composition in many pre-
vious studies (Mattielli et al., 2009; Bigalke et al., 2010; Juillot et al.,
2011; Xia et al., 2020). However, dry depositions are not considered
in the study area due to the following three reasons. First, the paddy
field cannot be considered a downwind receptor for the mining
area according to the predominant wind directions (Fig. 1). Second,



Table 2
Zn isotope compositions, metal concentrations and other relevant parameters in the
environmental media.

Site Sample d66Zn (‰) 2SDa pH Fe (g kg�1) Zn (mg kg�1)

AMD-precipitate
1 DC-1 �0.14 0.03 4.16 120 1000
1 DC-10 �0.12 0.04 4.10 151 710
2 DC-2 �0.22 0.07 2.55 127 1030
3 DC-3 �0.28 0.04 4.07 158 730
3 DC-30 �0.31 0.04 4.05 153 960
3 DC-300 �0.28 0.05 4.18 139 670

Sulfide ore
DK-1 0.15 0.06 e 361 770
DK-2 0.11 0.00 e 322 220
DK-3 0.04 0.03 e 515 710

Dry deposition
Y1 �0.26 0.00 e 2.89 157
Y2 �0.18 0.04 e 3.83 74
Y3 �0.18 0.01 e 2.60 314

Fertilizer
DF 0.11 0.05 e 2.25 150

Bulk rice plantb

Rice 1 �0.24 0.01 e e e

Rice 2 �0.17 0.02 e e e

Parent material
Bedrock 0.01 0.03 e 32.6 14.2
Bedrock 2 �0.01 0.02 e 35.3 12.4

HS river Sediment
5 DC-5 �0.16 0.00 6.14 118 1020
8 DC-8 �0.03 0.01 8.15 97 3130
11 DC-11 �0.12 0.03 7.07 112 4000
14 DC-14 �0.03 0.03 7.25 34.4 570
TP river Sediment
10 TC-10 0.13 0.05 7.64 28.8 102
Reference material

GSP-2 0.86 0.03 e e e

NOD-A-1 0.75 0.04 e e e

BHVO-2 0.08 0.02 e e e

Site Sample d66Zn (‰) 2SDa pH Fe (mg L�1) Zn (mg L�1)
AMD
1 DW-1 �0.02 0.04 2.41 395 132
1 DW-10 0.01 0.04 2.45 348 118
3 DW-3 �0.04 0.07 2.41 350 117
3 DW-30 0.04 0.05 2.44 374 125

HS River water
5 DW-5 0.05 0.06 6.43 2.84 2.89
6 DW-6 0.08 0.06 6.57 2.60 2.15
7 DW-7 �0.03 0.01 6.78 1.48 0.19
8 DW-8 0.14 0.07 6.86 1.80 1.02
11 DW-11 0.15 0.04 6.93 1.29 1.18
12 DW-12 0.08 0.07 7.36 2.28 0.067
14 DW-14 0.28 0.01 8.11 0.71 0.10
TP River water
10 TW-0 �0.02 0.01 7.84 0.16 0.0066
Rain water

Rain �0.14 0.02 7.12 e 0.012
Rain 2 �0.07 0.05 7.03 e 0.025

a 2 times the standard deviation of d66Zn was calculated from the replicates of each
sample.
b The d66Zn of bulk rice plant was calculated based on equation (3). The d66Zn values
in different organs of rice plants are shown in Table S2.
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the Zn deposition flux in the study area (27.27 mg/m2/yr) is much
less than the average Zn deposition flux in China
(108.75 ± 95.49 mg/m2/yr) (Peng et al., 2019). Third, the TS-
0 collected near the DS-11 shows an obviously different Zn con-
centration and Zn isotope composition from DS-11 (Table 1), which
is inconsistent with the feature caused by the dry deposition input.
Another potential Zn source for agriculture has been suggested to
be pig slurry (Fekiacova et al., 2015; Imseng et al., 2019). However,
the pig slurry is not widely used in this area, indicating the
contribution from pig slurry to the paddy soils is expected to be
limited.
6

To further quantify the contribution of mining and agricultural
activities to the paddy soils in HS river irrigation area, the binary
mixing equations in mass-balance are used as follows:

d66Znsample ¼ fminingd
66Znmining þ fagriculturald

66Znagricultural
(4)

1 ¼ fmining þ fagricultural (5)

where d66Znsample, d66Znmining, and d66Znagricultural are d66Zn values
of the paddy soil samples, mining end-member, and agricultural
end-member, respectively. fmining and fagricultural are proportions of
the two end-members. The average d66Zn value (�0.29 ± 0.03‰) of
the AMD-precipitate samples (DC-3, DC-30, and DC-300) from site 3
is used as the characteristic d66Zn value of mining end-member,
given that these samples were collected from the outlet of Liwu
tailings dam and thus are highly representative of mining end-
member. The d66Zn value of fertilizer (d66Zn ¼ 0.11 ± 0.05‰) is
adopted as the characteristic d66Zn value of agricultural end-
member.

The calculation results show that the mining end-member is the
main source of Zn in the mining-affected paddy soils (average
contribution of 66.2%), but the contribution has significant spatial
variations. Fig. 6a shows the relative contributions of mining and
agricultural inputs to the topsoils. The mining contributions to the
topsoils from the upper reach of the HS river are obviously higher
than those from the lower reach, suggesting that the mining ac-
tivities have relatively low impacts on the lower reach. The con-
tributions of mining activities for soil profiles are shown in Fig. 6b
and c. In TX profile, the mining activity is the main contributor
along the whole profile, with an average contribution of ~85.0%,
indicating that Zn from the mining activities has reached the deep
soils in the upper reach irrigation area of the HS river. In SL profile,
the soil profile located in lower reach of the HS river, the high
contribution of mining activities is only observed in the surface
horizon (A horizon), implying that the contributions of mining
activities are limited in the deep soils in the lower reach irrigation
area.
5.2. Zinc migration processes in the mining-affected region

5.2.1. The form of Zn in the mining end-member
Fig. 5 suggests that some precipitates from (AMD) can serve as

the mining end-member contributing to the Zn pollution in paddy
soils along the HS river. In the Liwu tailings dam, the d66Zn values of
AMD-precipitates (�0.31 to �0.12‰) are lower than those of both
sulfide ores (0.04 to 0.15‰) and AMD (�0.04 to 0.04‰). Interest-
ingly, the apparent Zn isotope fractionation factor between AMD
and sulfide ore (D66ZnAMD-sulfide ore ¼ �0.19 to 0‰) observed in this
study is similar to that between leachate and the sulfide-rich rocks
(D66Znsolution-rock value of �0.20 to 0‰) determined in leaching
experiments (Fernandez and Borrok, 2009), implying that Zn in the
AMD is mostly derived from the oxidation and elution through
sulfide ore. Moreover, compared with the AMD samples, the AMD-
precipitates are enriched in 64Zn with the Zn isotope fractionation
factor between precipitates and AMD (D66ZnAMD-precipitate e AMD)
of �0.35 to �0.08‰, which agrees with the results of precipitation
experiments (Archer et al., 2004), indicating AMD-precipitates
uptake Zn from AMD. The integrated effects of the elution and
precipitation processes lead to a significant enrichment of 64Zn in
AMD-precipitates compared with ores (D66ZnAMD-precipitate-sulfide

ore ¼ �0.46 to �0.16‰).
As a complexmixture, the AMD-precipitate is normally enriched

in co-precipitated secondary minerals, including jarosite, goethite,



Fig. 2. d66Zn values in different environmental samples.

Fig. 3. Zn isotope compositions of soil profiles, bedrock and rice plants.
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Fig. 4. d66Zn values versus EFZn for paddy soils (include topsoils and soil profiles).

Fig. 5. d66Zn values versus 1/Zn for paddy soils (include topsoils and soil profiles). The bedrock, fertilizer, and AMD-precipitate represent parent material, agricultural end-member,
and mining end-member, respectively. The blue solid line represents the mixing line of mining and agriculture end-member in the HS river paddy soils. The green dotted line
represents the mixing line of agriculture end-member and parent material in the TP river paddy soil. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 6. Relative concentrations of mining and agricultural end-member for the paddy topsoil (a), TX soil profile (b), and SL soil profile (c).
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schwertmannite, hematite and other Fe-bearingminerals (Liu et al.,
2018). Because the AMD is the sulfuric acid-rich solution with
pH < 2.5, the adsorption effect is limited in the tailings dam for Zn.
For example, goethite is one of the potential adsorbents in the
AMD-precipitate samples and the ratio of adsorbed Zn on goethite
was reported to be only 1% at pH ¼ 4 (Juillot et al., 2008). Because
Zn minerals are not detected and Fe-bearing minerals are the main
secondary minerals in the AMD-precipitates (Table S3), the dis-
solved Zn in the AMD may migrate into the AMD-precipitates
through coprecipitation with the Fe-bearing secondary minerals
(i.e. jarosite and goethite), as observed in Chen et al. (2015).

After being discharged from the tailings dam, the AMD-
precipitates transport and deposit along with river water of the
9

HS river. However, jarosite is ritually disappeared in the river sed-
iments from the upper reach but the Fe and Zn concentrations are
not less than the AMD-precipitates (Table 2). This can be under-
stood if jarosite transforms to more crystalline secondary Fe(III)
minerals (Karimian et al., 2017). For example, the Fe-sulfate may
transform to the iron oxide (e.g. goethite) during the migration in
the river system, in which some Zn is upheld in the mineral phase.
The AMD-precipitates can further enter into the soil system from
the HS river and act as the main source for the Zn pollution, which
lead the Fe-oxide minerals to be the main carriers of Zn in the
paddy soils (Fig. S1).

In contrast, the AMD-precipitates have a limited effect on the
lower reach of the HS river, which can be explained by the dilution
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effect. Compared to the sediments from upper reach, the sediments
from the lower reach of the HS river contain less goethite and lower
Zn concentrations (Table 2 and Table S3). This change occurs
prominently after the confluence of the HS and TP rivers. Yang et al.
(2019) reported that the Cd concentrations in the HS river water
were diluted at the lower reach. Considering such a low Zn con-
centration (~102 mg kg�1) and goethite content (~2.9%) in the TP
river sediment (TC-10), the content of AMD-precipitates in the
lower reach of the HS river system may also be diluted by the TP
river, which further lead to the difference between the contribu-
tions of mining activities in the topsoils from the upper reach and
the lower reach of HS river (Fig. 6a).
5.2.2. Loss of Zn from paddy soils
Zn in paddy soils can be removed due to the uptake by plants

and surface run-off back to the river. However, our study shows that
Zn uptake by plants makes limited modification to the d66Zn values
of paddy soils for the following two reasons. First, although the
mining-affected paddy soils have higher concentrations of Zn than
others, the low Zn fraction in the exchangeable phase (1.8e14.6%)
(Fig. S1) significantly limits the amount of Zn to be effectively used
by plants. Second, even though the d66Zn values in various parts of
rice plant show significant and systematic differences, the mass
balance calculation shows that the Zn isotope compositions of bulk
rice are similar to those of the topsoils (Fig. 2). Thus, the apparent
Zn isotope fractionation between the bulk rice plants and paddy
soils can be very limited (D66Znplant-soil ¼ �0.04 to 0.02‰).

In contrast, the surface run-off might have led systematic vari-
ations in d66Zn values of paddy topsoils. As shown in Fig. 7, the
d66Zn values of paddy topsoils along the upper or lower reach of HS
river decrease but those of river water increase with increasing
distance from Liwu dam. These systematic variations suggest a
continuous removal of Zn from the topsoil to the river system.
Fig. 7. d66Zn values of paddy topsoils and river water along HS river from Liwu tailings dam
interpretation of the references to color in this figure legend, the reader is referred to the
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Imseng et al. (2019) reported that pH is the key factor controlling
the Zn isotope fractionation in soil, and isotopically heavy Zn can be
leached out of acidic soil. Moreover, Suhr et al. (2018) suggested
that the d66Zn values of river water tend to increase in (sub)tropical
region which may be controlled by the oxide-rich soil. The topsoils
in this study are slightly acidic (pH ¼ 5.58 to 6.51) (Table 1) and
contain relatively high abundance of Fe-oxide minerals (Table S3),
the heavy Zn isotopes associated with Fe-oxide minerals in these
mining-affected paddy soils may have be exported to the river
system. Therefore, the polluted soil may be an important source of
Zn in the river water.
6. Conclusions and implications

Mining-affected soils often suffer from the heavy metal pollu-
tion and further threaten the human health. To solve this envi-
ronment issue fundamentally, tracing the sources and migration
processes of heavy metals in soils are critical. Based on the Zn
isotopes, our study shows that mining end-member (i.e. AMD-
precipitate) contributed the most of Zn in the mining-effected
paddy soils (average contribution of 66.2%) and the agriculture
end-member (i.e. fertilizer) placed second. These two sources even
overprint the natural Zn in the paddy soils. Moreover, the contri-
bution of mining activities in paddy soils has significant spatial
variations within the mining-affected region. Specifically, the
mining activities have relatively low impacts on the lower reach
and the deep soil. Our findings also demonstrate that the dissolved
Zn in the AMD may migrate into the AMD-precipitates by copre-
cipitation with the Fe-bearing secondary minerals (i.e. jarosite and
goethite) and further enter into the river system and soil system. In
these processes, Fe-bearing minerals are the main Zn carriers
within the mining-affected region.

Our study highlights the contribution of both mining and
. The black dots and blue triangles represent topsoils and river water, respectively. (For
Web version of this article.)
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agricultural activities to the Zn pollution in the paddy soils. These
findings provide an important scientific basis for developing a
reasonable and economical pollution control policy for the mining-
affected soil. Our study also highlights the important role of Fe-
bearing minerals in Zn migration, which tells that more attention
should be paid to control the release of Zn in the secondary iron
oxides during the contamination control processes. Furthermore,
our results demonstrate the Zn isotope is a powerful indicator of
heavy metal pollution in a complex mining-affected area.
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