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Abstract

This study re-assess the environmental impacts of the Dexing copper mine (the largest open-pit copper mine in Asia) on the
Lean river and its two tributaries (the Dawu river and Jishui river) in the Jiangxi province, China, with particular focus on
metal pollution as well as the effectiveness and side-effects of remediation activities. Results show that the Dawu river and
its mixing zone with the Lean river were still heavily influenced by acid mine drainage (AMD) and loaded with elevated
levels of metals, in particular Mn, Ni, and Al whose concentrations were frequently above the health-based guideline values.
Manganese and Ni in the AMD-impacted waters were predicted to occur as free ions or sulfate and carbonate complexes,
and thus highly-toxic to living organisms. Although Al in the AMD-impacted waters was predicted to exist largely as col-
loidal hydroxides with low bioavailability, abundant formation of such nano-sized particles could impair the respiratory
and circulatory systems of aquatic macro-invertebrates. The integration and comparison of the results from the current and
previous studies show that the concentrations of several metals (Cu, Zn, and Cd) in the Dawu river decreased significantly
after 2011-2012, during which several remediation practices were implemented (e.g., AMD neutralization, excavation
of contaminated sediments in impounded rivers, and rehabilitation of mine tailings and open-pit slopes). This provides
evidence that these remediation practices have effectively limited the dispersion of metals from the mining area. However,
AMD neutralization greatly enhanced the release of sulfate, making the mining area an even more important sulfate source.
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Introduction
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Freshwater shortage is one of the greatest global challenges
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Also, increasing water quality deterioration by various

M C.Yu organic and inorganic pollutants further increases the pres-
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of non-biodegradable pollutants, potentially toxic metals
(hereafter referred to as “metals”) can persist and accumu-
late in the environment and are thus of great environmental
concern. Numerous studies have reported that anthropogenic
activities, in particular the development of mining industries,
have significantly increased the levels of metals in many
aquatic systems (Da Silva et al. 2005; Espana et al. 2005;
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(e.g., physico-chemical treatments of mine tailings and asso-
ciated acidic drainage, land reclamations, and soil detoxifi-
cation using metal accumulators/hyperaccumulators) have
been developed and tested in different mining areas, with
overall aims to (i) limit and reduce the release and dispersion
of metals from exposed waste dumps/tailings and excavated
rocks to recipient water bodies; and (ii) clean up metals and
restore ecological systems at contaminated sites (Salt et al.
1995; Mendez and Maier 2008; Khan and Jones 2009; Ali
et al. 2013; Wang et al. 2017; Tordoff et al. 2000). However,
the effectiveness and potential side effects of these remedia-
tion strategies/practices are as yet unclear in many areas and
thus, require more detailed monitoring and assessments over
long time scales. For instance, acid neutralization of mine
tailings and associated acidic drainage (a common remedia-
tion practice in many mining areas) might greatly enhance
the mobilization and transport of sulfate, due to rapid pH-
driven removal of Fe3*, AI’*, Ca®*, and other cations that
would otherwise precipitate as a range of (oxyhydro-)sulfate
minerals (e.g., schwertmannite, jarosite, jurbanite, alunite,
and gypsum) under natural acidic conditions (Domenech
et al. 2002; Burton et al. 2006; Yu et al. 2014).

It is well-known that aqueous speciation of metals, i.e.,
in which physical and chemical forms they occur, controls
their toxicity, bioavailability, and mobility in the natural
environment (Fytianos 2001; Thorslund et al. 2014, 2016).
For instance, free ions and inorganic complexes are gen-
erally considered to be the most mobile, bioavailable, and
toxic forms for most of the metals (Nystrand and Osterholm
2013). Thus, knowledge of the aqueous speciation of metals
is not only a prerequisite for an accurate assessment of their
toxicological effects/risks, but also essential in identifying
the key hydrological and geochemical processes control-
ling their mobilization, transport, and fate in the environ-
ment (Nystrand and Osterholm 2013; Thorslund et al. 2014
Nystrand et al. 2016; Yu et al. 2019). The latter information
will also allow us to predict how the pollution and chemical
status of metals will evolve with time in response to possible
environmental changes (Willstedt et al. 2010; Sjostedt et al.
2013).

The Dexing mining area, located in the northeastern
part of Jiangxi province, China, is famous for its abundant
non-ferrous metal sulfide resources (He et al. 1997; Wu
et al. 2014). There are two large-sized mines in this area,
the Yinshan Lead—Zinc mine and the Dexing Copper mine
(the largest open-pit copper mine in Asia), which have been
exploited for more than 50 years (Yang 2011; Zhou et al.
2018). These two mines are located in the upstream section
of the Lean river (approximately 279 km in length), which
is an important water source for millions of inhabitants in its
catchment (9616 km?) (Chen et al. 2016). The pollution of
the Lean river water by acid mine drainage (AMD) from the
Dexing mining area can be traced back to more than 30 years
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ago (the first documented sampling was conducted in 1987).
Since then, a large number of studies have been carried out
in this area, focusing on metal pollution and associated eco-
logical risks in riverine waters (He et al. 1998; Yanguo et al.
2004; Xiao et al. 2009; Sjostedt et al. 2013; Tao et al. 2014;
Liu et al. 2020), riverine sediments (He et al. 1997, 1998;
Liu et al. 1999, 2020; Yanguo et al. 2004; Xiao et al. 2009,
2011; Tao et al. 2014; Chen et al. 2016; Liang et al. 2019),
floodplains (Xiao et al. 2011; Liang et al. 2019), soils (Yan-
guo et al. 2004; Teng et al. 2010; Guo et al. 2011; Liu et al.
2013; Wu et al. 2014; Yu et al. 2016; Zhou et al. 2018; Lin
et al. 2019; Hu et al. 2019) and crops/vegetables (Yu et al.
2016; Zhou et al. 2018). The most recent systematic study on
the river system in the mining area was conducted in 2005
(Xiao et al. 2009). This study showed that, although the ore
production of the two mines increased year by year, the riv-
erine and sediment-bound metal loads in the Lean river only
slightly increased or even started to decline as compared to
those reported about 15 years ago, presumably due to tech-
nical improvements in utilizing ores of low-grades (Xiao
et al. 2009). This study also reported that the Dawu river, a
tributary of the Lean river, running through the copper mine
was still heavily affected by AMD originating from the open
pits and waste rocks in its upper reach. Since 2011-2013,
a few remediation projects were initiated and implemented
to mitigate the negative impacts of the mining activities in
the area, such as neutralization of AMD, regular excavation
of contaminated sediments in impounded rivers, and reha-
bilitation of contaminated sites (IPEN 2015; Li 2018; Wu
2018). However, there is no systematic study to investigate
the current levels of metals as well as their speciation and
hydrogeochemical controls in the river system within the
mining area after the implementation of these remediation
projects.

The main aims of this study were to evaluate (i) current
levels, speciation, and hydro-geochemical controls of met-
als in the river system of the mining area; and (ii) whether
and to what extent the remediation practices have mitigated
negative impacts of the mining activities and enhanced sul-
fate leaching in the area.

Materials and methods
Study area

The study area (the Dexing mining area) is located in the
northeastern part of Jiangxi province, China (Fig. 1). The
Lean river runs through the area from north-east to south-
west and eventually flows into the Poyang Lake, the largest
freshwater lake in China. The climate of the study area is
strongly influenced by the eastern Asia summer monsoon,
with an average annual temperature of approximately 19 °C,
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and annual mean precipitation of around 1800 mm (Pei et al.
2019). The rainy season starts in April and ends in Septem-
ber. The main soil types in the area are paddy soil, yellow
soil, and red soil (Zhou et al. 2018). Paddy soil is mainly
distributed along rivers and streams, while the latter two
soils mainly occur in hilly areas (Teng et al. 2010; Zhou
et al. 2018).

Geologically, the study area is located close to the tec-
tonic suture zone (Jiangshan-Shaoxing suture zone) between
the Yangtze and Cathaysia blocks and mainly underlain by
Neoproterozoic metamorphic rocks (mainly phyllite and
slate) (Fig. 2). To the north-eastern corner of the study area,
the Dexing Cu-bearing porphyries intruded the Neoprote-
rozoic metamorphic rocks during the early Middle Jurassic
(Zhou et al. 2012). The porphyries consist mainly of grano-
diorite-porphyry with minor quartz monzodiorite-porphyry
(Zhou et al. 2012). To the south of the area, a volcanic-
sedimentary sequence lies along the northern margin of the
Cathaysia block. The sedimentary sequence was mainly
deposited during the early Cretaceous and has a total thick-
ness of 8000-10,000 m (Hou et al. 2013).

As two major branches of the upper reach of the Lean
river, the Jishui river (39 km long, 19.3 m/s of current veloc-
ity) and the Dawu river (14 km long, 0.3—1.5 m/s of current
velocity) runs through the Yinshan Lead—Zinc mine and the
Dexing Copper mine, respectively (Liu et al. 2003). Mining
operations of the Yanshan Lead-Zinc mine were conducted
mainly in opencast, but also extensively underground, result-
ing in over 20 km of interconnected tunnels (Hu et al. 2019).
Annually, it produces around 0.7 million tons of crude ore,
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Fig.2 Sketch showing general geology of the study area and sur-
roundings (modified after Jiang et al. 2011)

in which galena, chalcopyrite, sphalerite, and pyrite are the
dominant sulfide minerals (Xiao et al. 2011; Yang 2011).
The Dexing copper Mine has an annual production of
over 30 million tons of crude ore (Wu et al. 2009; Xiao
et al. 2011). The ore minerals include pyrite, chalcopyrite,
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molybdenite, shaperite, galena, native gold, and magnetite
(Pan et al. 2017). The exploitation of the mine has produced
hundreds of millions of ore tailings (Wu et al. 2009), which
were reported to contain several sulfide minerals, including
pyrite (3.5%), chalcopyrite, sphalerite, and galena (Tian and
Li 2000). To take advantage of natural slopes for maintain-
ing the stability of pile and for facilitating the drainage of
water, ore tailings were transported from open-pit to dump
sites along the upstream valley of the Dawu river (Mishra
et al. 2008; Wu et al. 2009). The dumped tailings are esti-
mated to cover a total area of approximately 7.6 km? (Wu
et al. 2009). After reacting with air and rainwater via micro-
bial activity (e.g., Fe-oxidizing chemolithoautotrophs), the
sulfide minerals in the tailings released abundant reddish
AMD of very low pH (2.5-2.6) and high sulfate concen-
trations (> 38,000 mg/L) (Pei et al. 2019). According to a
recent study by Wu et al. (2020), the precipitation in the
study area is weakly acidic (pH=06.2) and contains mod-
erate levels of acidifying compounds (SO,>~=1.89 mg/L
and NO;™=0.31 mg/L), and thus should have contributed
to the generation of AMD in the mining area. Shallow
groundwater in the study area is neutral to slightly alkaline
(pH="7.1-7.3), and belongs to a calcium-magnesium-sulfate

Fig.3 Snapshots of sampling
sites DW-1 (a), DW-2 (b),
DW-3 (¢), DW3-mix (d, e), and
JA-3 (£, )
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JA-3 (October, 2017)

water type with total hardness of 3—46 mg/L (Jiangxi Pro-
vincial Bureau of Geology 1980).

Water sampling and analyses

Surface water samples were collected from a total of 10 sites
along the mainstream of the Lean river (LA-1 to LA-4),
the Dawu river (DW-1, DW-2, DW-3, and DW-3mix), and
the Jishui river (JS-1 and JS-2) on two occasions, one in
October 2017 (dry season) and one in August 2018 (rainy
season) (Figs. 1 and 3, Table 1). In the field, temperature,
pH, electrical conductivity (EC), and redox potential were
measured in situ, directly in river water at each site, using
pre-calibrated portable Hach meters (HQ30d, Hach com-
pany, Loveland, Colorado, USA). Thereafter, one sample
of surface water was collected by slowly submerging an
acid-washed polyethylene bottle (500 mL) just below the
water surface. The bottled water was then transferred into
two 50 mL Falcon tubes, one for determining the concentra-
tions of truly-dissolved plus colloidal fractions (hereafter
collectively referred to as “dissolved” fraction) of cations
and metals (filtered through 0.45 um membranes before
being acidified to pH <2 with ultrapure HNO;), and one

DW-2 (August, 2018)

JA-3 (August, 2018)
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0.05 0.61 1.4 0.25

0.08

0.27

2.3 0.21 0.11 0.03

0.04

0.02

0.01

0.01

Dissolved

- Not analyzed

for measuring the concentrations of “total acid-available”
fraction of cations and metals (immediately acidified to
pH <2 with ultrapure HNO;). The “total acid-available”
fraction consists of the “dissolved” fraction plus part of the
particulate phase that can easily be dissolved under acidic
conditions. In the 2018 campaign, two additional filtered
(0.45 pm) water samples were obtained from each site, one
for dissolved organic carbon (DOC) analysis and one for
alkalinity and anion analysis. All the water samples were
stored in darkness at 4 °C prior to further analyses.

The acidified unfiltered and filtered water samples were
analyzed in randomized order for 16 elements (K, Na, Ca,
Mg, Fe, Al, Si, Mn, Sr, Cu, Zn, Ni, Co, Cd, Pb, and U)
at the Analytical Laboratory of the Beijing Research Insti-
tute of Uranium Geology by inductively coupled plasma
(ICP)- mass spectrometry (MS) or atomic emission spec-
troscopy (AES) using standard methods (DZ/T 0064.80-
1993 and GB/T 5750.6/1.4-2006). The precision calculated
based on measurements of blind duplicate samples was bet-
ter than 5% (RSD) for the determined elements, except Fe
whose precision was approximately 14% (RSD). Alkalin-
ity was determined using a standard titration method (Wei
et al. 2002). Concentrations of DOC were analyzed using
a TOC analyzer (Aurora 1030 W TOC Analyzer, OI Sci-
entific), while the concentrations of sulfate and chloride
using ion chromatography (Dionex ICS-1100), following
Chinese national standard methods (HJ 84-2016 and GB/T
5750.5-2006).

Geochemical modeling

The geochemical equilibrium program Visual MINTEQ ver-
sion 3.1. (Gustafsson 2014) was used to predict the specia-
tion of “dissolved” metals in the filtered waters collected in
2018. Input parameters included pH, temperature, alkalinity
(HCO;"™) and concentrations of major cations (Ca**, K¥,
Na™, and Mg?"), anions (CI~, F~, and SO,*7), DOC, Al Fe,
Mn, Si, Cu, Co, Zn, Ni, Cd, Pb, and U.

For modeling the redox speciation of Fe and Mn, the
redox couples Fe?*/Fe + and Mn>*/Mn>" were added. The
NICA-Donnan model implemented in Visual MINTEQ was
used to simulate the formation of metal-dissolved organic
matter (DOM) complexes. It was assumed that the ratio of
active DOM to DOC was 1.65 and that 82.5% of the active
DOM was fulvic acid and the remaining 17.5% inactive with
respect to proton and metal binding (Sjostedt et al. 2013).

In the calculations, the Al, Fe, Mn and Ca in the water
samples were allowed to precipitate when the solubil-
ity products for AI(OH); (soil) (log*Ks=28.29 at 25 °C),
ferrihydrite (aged) (log*Ks=2.69 at 25 °C), birnessite
(log*Ks=18.091 at 25 °C), and calcite (log*Ks=—8.48 at
25 °C) were exceeded. The rationales for including these
possible solid phases were: (i) ferrihydrite- and gibbsite-like
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phases are important colloids in surface waters, (ii) ferrihy-
drite, birnessite, and gibbsite possess large reactive surfaces
that are negatively charged under neutral and alkaline condi-
tions, and thus have the greatest potential to act as inorganic
sorbents for metals, and (iii) Fe, Al, Mn, and Ca ions can
compete with metals for ligand-binding sites on DOM.

The binding of metals to gibbsite and ferrihydrite were
modeled if these phases were predicted to occur in the water
samples. Ferrihydrite and gibbsite were assumed to have a
specific surface area of 600 m*> g~! and 32 m? g~!, respec-
tively. Sorption to gibbsite was simulated with the diffuse
layer model (DLM) (Karamalidis and Dzombak 2010) and
to ferrihydrite with the CD-MUSIC model parameterized for
this mineral (Tiberg et al. 2013).

Results and discussion
General water chemistry

The surface waters from the Dawu river (sites DW-1, DW-2,
and DW-3) and its mixing zone with the Lean river (site
DW-3mix) exhibited distinctly different physicochemical
characteristics as compared to those from the other sites.
These waters were characterized by relatively low pH
(5.9-7.4, as compared to the other sites with pH values of
7.4-8.7) and alkalinity (8.63-25.0 m/L HCO;™), but high
EC (754-3220 uS/cm) and “dissolved” concentrations of
sulfate and major cations (Ca, Mg, and Na) (Table 1). The
“dissolved” concentrations of sulfate in these waters were
exceptionally high, varying from 389 mg/L (site DW-3mix)
to 2862 mg/L (site DW-1), which are 107-784 times greater
than the concentration at site LA-1 located in the lower part
of the upper reach of the Lean river where the water chem-
istry is not significantly affected by human activities (He
et al. 1998; Xiao et al. 2009). Although the concentrations
of DOC and chloride did not vary significantly among the
sampling sites, it appears that the Dawu river (in particu-
lar its upper reach) was overall loaded with higher levels
of DOC (2.0-5.6 mg/L) and chloride (2.4—4.2 mg/L) than
the other two rivers (Table 1). The water from the middle
reach of the Dawu river (site DW-2) was weakly alkaline,
due to the input of alkaline effluents from a dressing plant
and its associated tailing pond, located approximately 10 km
upstream from this sampling site (Pan et al. 2017).
Although the waters from the Jishui river and the down-
stream part of the Lean river (after site DW-3mix, that is,
LA-2 to LA-4) had similar physicochemical properties as
site LA-1, such as weakly- to moderately alkaline condi-
tions (pH=7.4-8.7) and varying but overall stable values
of EC and concentrations of “dissolved” major cations,
the “dissolved” concentrations of sulfate in these waters
were strongly elevated (Table 1). In addition, hydrological

conditions (e.g., water flow) had a strong impact on the
water chemistry of the three rivers. For instance, the values
of EC as well as the “dissolved” concentrations of major
cations in the surface waters collected in the dry season
(October 2017), were significantly higher than in the waters
sampled from the same sites in the rainy season (August
2018) (Table 1).

“Dissolved” and “total acid-available”
concentrations of metals

In the heavily metal-loaded Dawu river, the concentrations
of metals both in the “dissolved” and “total acid-available”
fractions were very high in the upper reaches (DW-1) and
decreased rapidly, and in most cases steadily, along the flow
path toward the outlet of the river (Fig. 4, Table 1). The only
exception was Pb, for which the concentrations of both frac-
tions did not vary much along this river. During the 2017
low-flow campaign when water was sampled only from site
DW-3, the concentrations at this site were, as compared to
the 2018 high-flow campaign, higher for Fe, Mn, Ni, U,
Al, Co, and Pb, similar for Zn and Cu, and lower for Cd
(Fig. 4, Table 1). A characteristic feature for this river was
that several metals (Mn, Zn, Ni, Co, and Cd) occurred in
similar concentrations in the “dissolved” and “total acid-
available” fractions, showing that the loads of these metals
in this river were composed entirely of truly dissolved and
colloidal phases.

For the Jishui river, the spatial variation in metal concen-
trations was the opposite to that in the Dawu river with lower
concentrations (except for U) in the upper reaches (JS-1) as
compared to the lower reaches (JS-2). As a consequence, in
the lower reaches of the Jishui river the concentrations of
two metals (Zn and Cd) were consistently higher than those
in the lower reaches of the metal-rich Dawu river. Another
hydrochemical feature for the Jishui river was higher ratios
of “total acid-available” to “dissolved” concentrations in the
upper than the lower reaches for most of the metals (Fe, Mn,
Zn, Ni, Al, Co, Pb, and Cd). As a consequence, not only
did the concentrations, but also the proportions of the truly
dissolved plus colloidal fractions, of these metals increase
along this river.

In the Lean river, only Cd showed a consistent increase in
concentrations down river, reflecting the inflow of the Cd-
rich Dawu river between LA-1 and LA-2 and the even Cd-
richer Jishui river between LA-2 and LA-3 (Fig. 4, Table 1).
For other metals, there was a consistent down river increase
in the “dissolved” concentrations only (U, Cu, Co). For all
metals except Cd, there was a substantial increase in “total
acid-available” concentrations between LA-1 and LA-2
but thereafter no increase. Other characteristic features of
this river were that, during the low-water flow campaign,
the concentrations at LA-3 (downstream of the studied
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Fig.4 Downstream changes
in concentrations of selected
metals in unfiltered and filtered

Water samples in 2017 (low water flow) Water samples in 2018 (high water flow)
—e— Unfiltered
—o— Filtered (0.45 pm)

—A— Unfiltered
—— Filtered (0.45 pm)

waters sampled from different
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tributaries) were higher than, or similar to those, during the
high-flow campaign, and that for several metals the con-
centrations were much larger in the “total acid-available”
than the “dissolved” fraction (in particular Fe, Mn, Al, Co,
and Pb).

Speciation of “dissolved” metals

Visual Minteq modeling predicted that “dissolved” Fe and
Al occurred abundantly as colloidal hydroxides (ferrihydrite:
22-100% and gibbsite: 40—100%) at most of the sampling sites
(Table 2). The remaining Fe in the Lean river and the Jishui
river was predicted to occur as Fe(IlI)-organic complexes, and
in the upper and lower reaches of the Dawu river also as free
inorganic ion, sulfate, and carbonate complexes, while the
remaining Al largely as free inorganic ion at all sites. “Dis-
solved” Mn was, on the other hand, predicted to be free from
colloidal hydroxide (birnessite), occurring predominantly as
free inorganic ion (56-93%), and to a lesser but significant
extent to as sulfate and carbonate complexes. “Dissolved” Cu
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and Pb were predicted to be almost entirely bound to DOC
(>92%) in the Lean river and the Jishui river, and in the Dawu
river additionally present as free inorganic ions, sulfate, and
carbonate complexes. The “dissolved” fractions of Zn, Ni, Co,
and Cd were modeled to be dominated by free ions, sulfate,
and carbonate complexes in the Dawu river, and additionally
by soluble organic complexes in the Lean river and the Jishui
river. “Dissolved” U was modeled to be almost completely
bound to carbonate, except for sites LA-1 and DW-1 where
large proportions (22-71%) of U(VI)-organic complexes were
also predicted. Our modeling simulations also showed that
basically no metal was sorbed by colloidal ferrihydrite and
gibbsite fractions, except for Zn which was sorbed by gibbsite
to a very limited extent (< 1%).

Metal contamination and dispersion in the mining
area: current status and hydro-geochemical controls

Xiao et al. (2009) carried out a systematic study on the
chemistry of major ions and metals in the Lean river and its
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Table 2 Proportions of modeled species for the “dissolved” fraction of selected metals in the water samples collected in 2018. The species with
contributions less than 0.5% are not shown

Element Predicted species (%) Lean river Dawu River Jishui river

LA-1 LA-2 LA-3 LA-4 DW-1 DW-2 DW-3 DW-3mix JS-1 JS-2

Fe Fe?* 52 8
Fe**-SO,>~ complexes 37
Fe?*-CO;~ complexes
Fe’*-organic complexes 100 78 15 83 11 87 4 100 1
Ferrihydrite colloids 22 85 17 100 96 99
Al OH™ complexes 18 98 57 97 1 1 7 9 19
Organic complexes 11 2 3 3 3 3 3
Al(OH); colloids 71 40 100 99 96 90 88 81
Mn Mn2* 92 86 88 88 66 77 56 82 93 86
SO,* complexes 4 2 3 3 34 22 15 17 2
CO;™ complexes 4 11 15 8 1 29 1 5
Organic complexes 1 1 1 1 1
Cu Cu?* 19 8 1 1
OH™ complexes 4
SO,* complexes 13 3
CO;™ complexes 6 26 1 1
Organic complexes 100 100 100 100 68 79 72 97 100 99
Zn Zn* 29 35 41 48 57 71 46 75 63 61
OH™ complexes 2 8 5 6 1 1 2 8
SO,* complexes 1 1 2 42 26 16 20
CO;™ complexes 1 5 5 5 1 35 1 4 68
Organic complexes 68 50 47 39 1 1 3 4 29 20
Sorbed by Al(OH); colloids 1 1
Ni Ni?* 43 66 65 70 62 73 27 75 69 70
OH™ complexes 1 1 1 1
SO,* complexes 2 2 2 36 24 8 18 1 4
CO;™ complexes 3 10 8 9 2 63 3 8 9
Organic complexes 54 22 24 19 2 2 3 5 22 16
Co Co** 73 80 81 83 63 74 36 79 86 83
OH™ complexes 1 2
SO,*~ complexes 2 3 3 37 24 11 18 2 5
CO;™ complexes 3 7 6 6 1 53 2 6
Organic complexes 23 10 9 7 1 1 6 5
Cd Cd** 44 54 59 66 53 70 48 75 76 76
SO,*~ complexes 2 2 3 46 28 19 22 2 6
CO;™ complexes 1 4 3 4 1 31 1 3 4
Organic complexes 54 39 35 27 1 1 2 2 19 13
Pb Pb2+ 0 1 31 18 3 10 1
OH™ complexes 1 1 1 7 2 1 2
SO,*~ complexes 50 15 2
CO;™ complexes 1 2 2 3 1 9 71 6 3 6
Organic complexes 99 97 97 96 17 52 18 77 95 92
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Table 2 (continued)

Element Predicted species (%) Lean river Dawu River Jishui river
LA-1 LA-2 LA-3 LA-4 DW-1 DW-2 DW-3 DW-3mix  JS-1 JS-2
U Uo,** 1
OH™ complexes 1 3
SO,*~ complexes 6
CO;™ complexes 71 100 100 100 18 100 100 99 99 100
UO,H,Si0,* 1
Organic complexes 22 71 1 1

major tributaries in 2005, and found that the Dawu river, in
particular its upper reach (with pH and EC reaching 2.8 and
6170 ps/cm, respectively), was severely impacted by AMD.
Similarly, the surface waters in the Dawu river (in particular
its upper reach) during our sampling campaigns also dis-
played characteristics that are typical for AMD, such as low
pH (down to 5.9), but high EC (up to 3220 ps/cm) as well
as “dissolved” concentrations of sulfate, cations, and metals
(Table 1 and Fig. 4). This indicates that, after 12—13 years,
the water chemistry of the Dawu river was influenced to
a lesser but still significant extent by AMD from the min-
ing pits and tailings of the Dexin copper mine. The Dawu
river, in particular its upper reach, was strongly polluted by
Al and Mn, whose “dissolved” and/or “total acid-available”
concentrations greatly exceeded the World Health Organi-
zation and Chinese guideline values for drinking water on
both sampling occasions (Tables 1, 3, and Fig. 4). The “dis-
solved” and “total acid-available” concentrations of Ni in the
Dawu river also frequently exceeded the guideline values,
depending on the sampling locations or seasons (Tables 1,
3, and Fig. 4). In particular, the “dissolved” fractions of Mn
and Ni were predicted to be dominated by free inorganic
ions or sulfate complexes (Table 2), with high bioavailability
and thus toxicological effects. Chronic exposure or intake of
these two metals could cause a variety of adverse effects on
aquatic macro-organisms (e.g., fishes) and humans (O’Neal
and Zheng 2015; Genchi et al. 2020). Although Al in the
river was predicted to exist largely as Al hydroxides with
low bioavailability (Table 2), it has been shown that the
formation of abundant Al hydroxide colloids could impair

the respiratory and circulatory systems of fishes and other
aquatic macro-invertebrates by clogging their gills (Gense-
mer and Playle 1999; Bjerknes et al. 2003). Therefore, the
environmental fate and potential toxicological effects of
these metals carried by the Dawu river are the major con-
cern in the mining area.

The water chemistry of the Jishui river was also impacted
by the lead—zinc mine located in its middle reach (Fig. 1), as
reflected by a strong increase in the concentrations of both
“dissolved” and “total acid-available” fractions of most of
the metals (except U) in the middle reach of the river rela-
tive to its upper reaches (Table 1 and Fig. 4). However, the
concentrations of these two fractions for most of the met-
als were low, except for Al, Mn, and Pb whose “total acid-
available” concentrations were slightly higher than the WHO
and Chinese guideline values on one occasion (Fig. 4 and
Table 3). Therefore, the water quality of the Jishui river was
not heavily impacted by the mining activities in its catch-
ment, as reported also by Xiao et al. (2009).

In line with the findings of previous studies (He et al.
1997, 1998; Liu et al. 2003; Xiao et al. 2009), the input of
the acidic and metal-rich water from the Dawu river had a
strong impact on the water quality of the Lean river (Table 1
and Fig. 4). In particular, the “dissolved” and “total acid-
available” concentrations of Al, Mn, and Ni in the waters
from the confluence point (DW-3mix) of these two rivers as
well as its downstream site (LA-2 and LA-3) were occasion-
ally very high and exceeded the WHO and/or Chinese guide-
line values (Fig. 4 and Table 3). Although “dissolved” frac-
tions strongly dominate the total riverine metal loads in the

Table 3 Maximum permissible concentrations (ug/L) of selected toxic metals in drinking waters, according to the World Health Organization
(WHO 2006) and national drinking water standards of China: GB 5749-2006 (MH and SAC 2006)

Al Mn Zn Cu Ni Cd Pb U
WHO 200 400 3000 2000 70 3 10 15
China 200 100 1000 1000 20 5 10 -
- No data
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Dawu river, abundant particulate fractions (> 0.45 um) were
found for most of the metals (in particular Fe, Al, and Mn) in
the waters at its mixing site (DW-3mix) with the Lean river
(Fig. 4). This contrasting feature suggests that, once mixing
with the alkaline water in the Lean river, large fractions of
the “dissolved” metal loads carried by the Dawu river were
quickly transformed to particulate fractions (>0.45 um), due
to pH-induced coagulation, (co-)precipitation and sorption
processes as found for neutralization of acidic metal-rich
waters elsewhere (Astrbm etal. 2012; Nystrand et al. 2016).

The particulate metal fractions formed at site DW-3mix
are expected to quickly settle down to the bottom of the Lean
river downstream, as supported by the facts that (i) the “total
acid-available” fractions for most of the metals (e.g., Fe, Al,
Cu, Co, Cd, Pb, Ni, and U) displayed a stronger downstream
decrease along the Lean river (from site LA-2 to LA-4) as
compared to their “dissolved” fractions (Fig. 4); and (ii)
strongly elevated levels of metals (e.g., Cu, Zn, and Pb) in
sediments at the confluence point of the Dawu and Lean riv-
ers as well as the downstream sites as reported previously
(He et al. 1998; Liu et al. 2003; Xiao et al. 2009, 2011; Liang
et al. 2019). These features suggest that the formation and
settling of particulate phases formed at the confluence zone
of the Dawu river and Lean river control the dispersion and
attenuation of the metal loads from the Dawu river, the only
AMD-polluted river in the mining area. It has been shown
that organic complexation could greatly enhance the mobil-
ity and transport of metals, especially under alkaline condi-
tions (Weng et al. 2002; Li et al. 2013). Taking into account
this fact as well as large fractions of DOM-bound metals
in the Lean river predicted by our modeling, seasonal vari-
ability of DOM input from the catchment is also expected
to strongly impact the transport and spreading of the metals
from the Dawu river.

Effectiveness and side effects of remediation
practices

In the past decades, numerous research and efforts have been
made to develop efficient and cost-effective technologies for
minimizing the ecological impacts of AMD and associated
mine tailings. As reviewed and discussed by Byrne et al.
(2012), RoyChowdhury et al. (2015), and Park et al. (2019),
the overall aims of these technologies are to (i) inhibit AMD
generation processes via physical, chemical, and biological
treatment/stabilization of mining tailings (so-called source
control technologies); or (ii) immobilize and clean up toxic
metals in already produced AMD. Common source control
technologies include mixing tailings with benign material
(e.g., limestone) or alkaline amendments (e.g., lime), con-
struction of oxygen/water barriers, utilization of bacteri-
cides, and phytostabilization (via establishing a vegetative
cover on tailing), while the latter involves mainly chemical

neutralization of AMD, construction of wetlands and anaero-
bic bioreactors/drains, and phytoextraction (through planting
and harvesting hyper-accumulators).

Metal pollution and potential ecological risks in the Dex-
ing mining area also caught great attention of government
authorities at both municipal and provincial levels. Accord-
ing to a report by the International Pollutants Elimination
Network (IPEN 2015), the environmental protection agency
of the Jiangxi Province, local authorities of Dexing city, and
the Dexing copper mine jointly initiated several pioneer pro-
jects for controlling pollution sources and phasing out old
ore-processing technologies in 2011. In 2013, the Province
further invested a few new projects focusing on the treat-
ments of AMD from mine tailings (e.g., by neutralizing with
the alkaline effluents from dressing factories) and restoration
of open-pit slopes, mine tailings, and contaminated soils in
the mining area (IPEN 2015; Li 2018; Wu 2018), as shown
in Fig. 5a—d. During our sampling campaigns, we found sev-
eral dams in the upper reach of the Dawu river (Fig. Se, f).
The sediments accumulated in the impounded river were
regularly excavated by the copper mine (personal communi-
cations with the local inhabitants). The strong predominance
of “dissolved” metal fractions throughout the Dawu river,
as found in this study (Table 1, and Fig. 4), indicates that
these dams have effectively lowered water velocity and flow,
providing sufficient time for particulate phases to settle down
before being transported downstream. During the last two
decades, the concentrations of “dissolved” Cu, Zn, and Cd in
the upper reach of the Dawu river have declined dramatically
with time, especially between 2011 and 2012 (Fig. 6). A
similar trend was not evident in the middle and lower reach
of the river, despite that the “dissolved” concentrations of
Cu, Zn, and Cd were occasionally very low in 2004 (Fig. 6).
These temporal trends, in combination with limited AMD
components in recent Dawu river waters as found by this
study, provide strong evidence that the water quality of the
Dawu river has significantly improved, in particular after
2011-2012 during which several remediation projects were
implemented.

The concentrations of sulfate in the Dawu river
waters sampled by this study were unexpectedly high
(724-2862 mg/L) and increased by two orders of magni-
tude in comparison with the waters sampled in 2005 by
Xiao et al. (2009) (126.8 + 132.6 mg/L). In contrast, sul-
fate concentrations in our water samples from the Jishui
river (14.2-55.2 mg/L) were within the same range as
those reported by Xiao et al. (2009) (51.7 +6.0 mg/L).
Sulfate is the major component in AMD and is commonly
precipitated together with Fe, Al, and Ca as (oxyhydro-)
sulfate minerals, such as schwertmannite, jarosite, jurban-
ite, alunite, and gypsum, in AMD-dominated and other
similar acidic sulfate-rich environments (Domeénech et al.
2002; Burton et al. 2006; Yu et al. 2014). As a common
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Fig. 5 Examples of remediation
practices in the Dexing mine
area: a rehabilitation of open-pit
slopes (the insert subfigure
shows the original open-pit
slopes before rehabilitation,

the photos were taken from Li.
(2018); b treatment of acidic
drainage from rehabilitated
mine tailings; ¢ and d rehabili-
tation of mine tailings; e and f
sediment retention dams in the
upper reach of the Dawu river

remediation practice in the catchment of the Dawu
river, AMD originating from open pits and tailings was
impounded and neutralized by the alkaline effluents from
local dressing factories (Fig. 5b). These processes can
strongly increase the pH of the treated AMD, favoring
the precipitation of hydroxide phases (e.g., Fe and Al
hydroxides). The removal of Fe, Al, and other cations
as hydroxide phases, which would otherwise precipitate
sulfate via forming (oxyhydroxy-)sulfates minerals, favors
preferential accumulation of sulfate in the treated AMD.
Therefore, the treatments of the AMD from the copper
mine have significantly enhanced the mobilization and
export of sulfate from the mining area to the Dawu river,
the Lean river, and ultimately to the Poyang lake. Also,
since sulfate can form strong complexes with metals in
the studied rivers (Table 2), the enhancement of sulfate
mobilization should have contributed to the mobilization
and transport of the metals from the Dawu river.

* @ Springer

Conclusion

This study focuses on spatio-temporal characteristics,
physicochemical status, hydrological controls, and eco-
logical risks of metals in the upstream section of the Lean
river and its two tributaries (the Dawu river and the Jishui
river), previously found to be heavily contaminated by acid
mine drainage (AMD) from two large-sized mines (the
Dexing copper mine and the Yinshan Lead—Zinc mine)
within the Dexing mining area in south-eastern China. The
main findings are:

e The Dawu river running through the Dexing copper
mine (the largest open-pit copper mine in Asia) was
still the most AMD-contaminated river in the mining
area, as reported by previous studies conducted more
than 12 years ago.
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Fig.6 Boxplots showing the
temporal variations in “dis-
solved” concentrations of Cu,
Zn, and Cd in surface waters
sampled from the upper, mid-
dle, and lower reaches of the
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e The concentrations of Mn, Ni, and Al in the Dawu river
and the downstream sites along the Lean river frequently
exceeded international and national health risk-based
guideline values. In particular, the former two metals
were predicted to occur largely in highly toxic forms (as
free ions and inorganic complexes), and thus require par-
ticular attention.

e The integration and comparison of the results from this
and previous studies indicated that the environmental
situation in the mining area has significantly improved
during the last decades, due to the improvements of ore-
processing technologies and implementation of different
remediation practices in the mining area.

e The levels of sulfate in the Dawu river and its down-
stream sites along the Lean river strongly increased in
comparison with those measured by a previous study
in 2005. This unexpected feature most likely reflects
preferential release of sulfate during the neutralization
of AMD. Since wetlands and anaerobic bioreactors/
drains are efficient in fixing sulfate as sulfide minerals,
they warrant being tested and implemented as additional

remediation methods in the mining area and elsewhere
where enhanced release of sulfate was also observed for
treated mine tailings and/or AMD.
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