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The heavy metal pollution, mainly caused by mining-related activities over extended period of time, is imposing a
severe threat to environments and human health. Environmental systems, including rivers and paddy soils, have
been widely established as one of the key sinks of potentially harmful metals. Aiming to understand contamina-
tion sources and pathways of Zn in karst area, we studied the Zn concentration and isotope composition of river
waters, sediments, mine tailings, paddy soils, dust and three soil profiles with different levels of Zn-pollution
around a Zn-mine, southwestern China. The distinct Zn isotope compositions among tailing (—0.42 4 0.02%o),
dust (—0.24 4 0.02%.), and geogenic soil (—0.16 4 0.03%.) allowed for separation of anthropogenic-Zn from na-
tive Zn. In the plot of °°Zn value and 1/Zn, all samples can be explained by the mixing of three components:
mining-input, agricultural input, and background. Evolution of these three components helps produce direct
sources: dust and geogenic soil. Under this framework, the Zn pollution in paddy soil and sediment can be ex-
plained by mixing of mine-tailing, dust, and geogenic soil. Our study shows that the contamination of mine drain-
age is limited in the area due to the relatively high pH buffered by carbonate in karst area. While the dust
contributes most of the anthropogenic Zn with an average value of 19.5%. The dominant pathway of
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Dust anthropogenic Zn from dust to paddy soil or sediment is through the long-term wind dispersion of fine-grained

Paddy soil

material from the tailing and the physical transmission. Under the special hydrogeological conditions of karst,

mining activities will increase the migration of heavy metals. The Fe-Al oxides control the migration of Zn in
soil profile, but probably do not lead to significantly Zn isotopes fractionation. This further enhances the reliability
of Zn isotopes as a “fingerprint” in karst area.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Large-scale mineral resources occur near or in karst landforms in
southwestern China. Despite their great economic values, the
industrial-scale mineral excavation and refining have imposed serious
environmental issues — heavy metal pollution — to ambient environ-
ments and environments downstream of Chinese major rivers (e.g.
Pearl river) (e.g. Li et al., 2014). Long-term mining and metallurgical op-
erations have generated large amounts of wastes and derivatives in-
cluding mine tailing, acid mine drainage, and dust (Qin et al., 2012; Pu
et al.,, 2019), from which heavy metal ions are readily dissolved under
an oxidized atmosphere, resulting into contamination in water and soil.

In addition to human activities, soils on karst area are especially vul-
nerable to degradation and heavy metal pollution due to their low envi-
ronmental capacity, poor stability, and low disaster-bearing capacity
(Wang et al., 2004). Most carbonate rocks in karst region of southwest
China were formed before the Mesozoic. They are nutrient-poor and
easily eroded (Moore et al., 2017). Karst formation in southwestern
China is a well-known area containing anomaly high concentration of
heavy metals (Ruan et al., 2013). Under the subtropical climate condi-
tions with intensive precipitation from Indian monsoon every year in
southwestern China, heavy metal ions are spreading widely due to the
high permeability of carbonate rocks (e.g., Peng and Wang, 2012;
Chen et al., 2015). The ill-advised social and economic activities of
human beings further intensify the threats to the environment and
human health (Zhang et al.,, 2016). Thus, a better understanding of the
source and transport process of the heavy metal pollution could help
develop policies to reduce the threats of heavy metal pollution in karst
area.

The sources and transport processes of heavy metals have received
long-term attentions for their environmental concerns (Marrugo-
Negrete et al., 2017). At present, three common research methods in-
clude the statistical method (e.g. Yun et al., 2016; Li et al., 2017), geo-
chemical mapping method (e.g. Khalil et al., 2014; Guagliardi et al.,
2015), and isotope tracer method (e.g. Juillot et al., 2011; Viers et al.,
2015; Aucour et al., 2017), are widely used for examining pollution
sources. The first two methods, as traditional tracing methods, are
mainly to analyze/evaluate the total amount of heavy metals and their
chemical forms in soil (Sun et al., 2018). Although these traditional
data-processing methods based on concentrations can help identify
the source of pollution in soil, such analyses require a large dataset
and can hardly yield reliable quantitative results (Pu et al., 2017).
These restrictions of the traditional methods, as well as the complex
conditions in natural systems, may become the main challenges in iden-
tifying the sources of heavy metals and their migration processes. While
the isotopic technique, with high accuracy and resolution, has an advan-
tage in tracing multi-source pollution in complex wild environments
(Moynier et al., 2017).

With the continuous improvement of isotope analysis techniques
and equipment, many stable metal isotopes have been developed to
trace geological and environmental processes (e.g. Wiederhold, 2015).
Among them, zinc (Zn) isotope systematics has received particular in-
terests in the past two decades due to the significant Zn isotope fraction-
ation in many biogeochemical processes, such as core formation
(Bridgestock et al., 2014), mantle melting (Wang et al., 2017), chemical
weathering (Lv et al., 2016), ocean nutrient circulation (Vance et al.,

2019; Sieber et al., 2020), paleo-environment reconstruction (Pons
et al,, 2011, 2013), and plant physiological processes (Arnold et al.,
2015; Wiggenhauser et al., 2018). In particular, Zn isotopes are widely
used to fingerprint the sources and routes of heavy metal contamination
inrecent years (Moynier et al., 2017; Li et al,, 2019). For example, Aradjo
et al. (2017) used Zn stable isotope composition to identify anthropo-
genic Zn sources in coastal environments. They found that spatial and
temporal analysis of sediment samples fit well in a model of mixing in-
volving three main end-members. Bigalke et al. (2013) demonstrated
that Zn isotopes can be used to trace the mobilization and sources of
Zn in intertidal soils. They suggested that excavation might be the
major source of Zn pollution, with a small or no contribution from
smelters or smelter wastes. Similarly, Fekiacova et al. (2015) traced
the contamination sources in soils using Zn isotopes and found that Zn
isotope ratios in surface soils are characterized mostly by anthropogenic
signatures, while the deep soils are similar to the local background
value.

This study focuses on the Niujiaotang mine in Duyun County, Gui-
zhou Province, southwestern China. It is a Pb-Zn deposit exposed in
the typical karst region of China. The mining activities produced signif-
icant heavy metal pollution to the local environments, and source of the
pollution has great uncertainty. To solve these problems, we systemati-
cally investigate the Zn isotope compositions of river waters, sediments,
soils, dust, mine tailings, ores, and bedrocks. Our main objectives are to
understand 1) how Zn was transported from mining area to surround-
ing environments; and 2) how Zn behaves after being discharged into
soils. Our findings would help improving our knowledge about the be-
havior of Zn during the migration into paddy soils which provides scien-
tific implications and bases for how to remediate soil pollution by heavy
metals in karst area.

2. Site description and sample collection

This study was carried out around the Zn mine of Niujiaotang in
Duyun County, Guizhou Province in southwestern China (107°30’59”
E, 26°15’46"N; Fig. 1). This region is characterized by subtropical,
humid, and monsoonal climate, with a mean annual temperature of
~16.4 °C and mean annual precipitation of ~1418.7 mm (averaged be-
tween 1981 and 2010; all data were collected from China Meteorologi-
cal Administration, http://data.cma.cn/). Carbonate rocks are widely
distributed in this area and were Karstified over geological timespans,
forming a typical karst landform. The main ore minerals in this area in-
clude sphalerite, smithsonite, pyrite, and galena, the wall surrounding
rock is mainly composed of dolomite (Ye, 2001; Zhang et al., 2018).
Since the 20th century, large scale mining for Zn ores has taken place
in the area, resulting in a great threat to the health of local people.

Atotal of eight sampling sites were chosen along tworivers: 1) Fanjia
river (sites #1 through #5, from the core mining area to the down-
stream); 2) Caiyuan river (site #6) which was not appreciably affected
by mining activity (Fig. 1 and Table 1); 3) Sites #7 and #8 were selected
after two rivers merges near Xiaozhaizi. River water, sediment, and
paddy soil samples were collected at these sites. Sediments were sam-
pled at river bed and paddy soils were sampled from topsoil. Prior to
sampling, water sample bottles were washed with ~3% HNO3 (m/m)
and rinsed with pure water three times. Tailings, Zn-ores, and wastewa-
ter were collected in mining area. Dust was collected on pre-cleaned


http://data.cma.cn/

Y. Xia et al. / Science of the Total Environment 724 (2020) 138191 3

— 100% < ¥
anjia river
aiygan river

Fig. 1. Map of the study area and location of the study sites in Guizhou Province, China. The white circles represent the sampling sites (#1 to #8) along the Fanjia and Caiyuan rivers. The red
triangles represent the sampling sites of paddy soil profiles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Whatman® 41 cellulose filter (¢ = 50 mm) by AKFC-92A sampler
(Changshu Mine Mechanical and Electrical Equipment Co. LTD). Then
the filters with samples were sealed in airtight plastic bags (Franssens
et al., 2004). Geogenic soils and bedrocks were collected in places

Table 1

Key physicochemical properties of samples.
Sample Paddy soil Sediment Water
site pH Eh  ToC  pH  Eh TOC  pH  Eh

(mv)  (g/kg) (mV)  (g/kg) (mV)

1 599 639 4.73 - - - - -
2 6.72 263 23.51 6.03 519 26.31 877 —956
3 - - - 6.26 493 31.00 874 —965
4 6.69 28.0 18.10 635 46.1 52.31 887 —101.6
5 6.88 17.2 34.76 6.92 128 28.78 895 —106.0
6 6.51 385 24.04 6.67 271 7.44 862 —875
7 548 97.1 20.32 6.76  20.5 16.03 871 —926
8 6.64 308 18.69 6.94 12.6 7.84 8.65 —89.2
Sample type pH Eh (mV)
Geogenic soil, bed-rock, fertilizer
Geogenic soil 6.93 14.3
Geogenic soil 6.93 14.2
Geogenic soil 6.94 135
Geogenic soil 6.85 19.2
Bed-rock - -
Bed-rock - -
Fertilizer 5.10 125.9
Mine materials
Tailing - -
Tailing - -
Zn-ore - -
Mine drainage 8.02 —55.0
Dust - -
Dust - -

- No measurement or inexistence.

without any appreciable mining interferences and pollutions. Fertilizer
samples used for rice were also collected. After sampling, samples
were immediately sealed in airtight plastic bags, and transported to
the laboratory within 24 h. In the lab, diluted distilled nitric acid was
added to water samples to adjust pH < 2, then filtered and put into
4 °C refrigerator. All solid samples were air-dried and ground to pass
through a nylon sieve of 200 mesh.

Three soil profiles with different levels of contamination were also
sampled along the river (with named HP, MP, and LP refer to high, me-
dium, and low levels of contamination, respectively. Fig. 1). According to
the depth of profile as well as the color and texture of soils, seven, six
and eight samples were collected in HP, MP, and LP profile, respectively.

3. Materials and methods
3.1. Eh, pH and TOC analysis

The pH and Eh values of soils and sediments were measured by put-
ting ~10 g of solid powders in ~25 mL of Millipore water (~18.2 MQ)).
Total organic carbon (TOC) content was determined by an elemental
analyzer (vario MACRO cube, Elementar, Germany). Prior to analysis,
samples were treated with ~3% HCl (v/v) to remove inorganic carbon.

3.2. Sample digestion

About 20 mg of powder samples (>200 mesh) were first weighted in
Savillex® Teflon breakers and then digested by using a combination of
distilled HF-HNO3-HCI, using a procedure modified after Gao et al.
(2018). Each sample was first treated with a 3:1 (v/v) of HF-HNO3 and
heated at ~180 °C for ~16 h. After samples were cooled to room temper-
ature, they were evaporated to dryness at ~160 °C. Samples were then
dissolved in a mixture of HCl and HNOs (3:1, v/v), followed by heating
at ~140 °C for a complete digestion and evaporated to dryness at
~80 °C subsequently. The cellulose filter with dust particles was
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mineralized by HNOs-HF-HCI (4:1:1 v/v) on a hot plate based on the
method of Franssens et al. (2004). Then, 1-2 mL of 30% H,0, was
added and covered on a hot plate at 70 °Cfor 1 h to completely digested
before being evaporated to dryness at ~80 °C. Finally, each sample solu-
tion was split into two aliquots, which were dissolved in ~3% HNO3 (m/
m) for Zn concentration analysis and ~8 N HCI for column purification,
respectively. About 20-100 mL water samples were evaporated/con-
centrated in Savillex® beakers based on the method from Borrok et al.
(2007). The evaporated samples were then dissolved in a mixture of
HCl and HNOs (3:1, v/v), followed by heating at ~140 °C and then evap-
orated to dryness at ~80 °C subsequently. Finally, samples were dis-
solved in ~8 N HCl for column purification.

3.3. Sequential extraction experiment

The Zn speciation in paddy soils and sediments were analyzed using
five-step sequential extraction method following Tessier et al. (1979).
About 1 g of solid sample was weighted in a 50-mL centrifuge tube be-
fore the reagents were added sequentially. The detailed procedures are
shown in Table 2. After each extraction step, the tube was centrifuged at
9168 xg for ~30 min (Sigma 3K15, Germany) and then the supernatant
in the tube was extracted by a transfer pipette. The solutions (F1, F2, F3,
and F4) were first transferred into Savillex® breakers to dry down be-
fore they were dissolved in ~1 mL 16 N HNOs for converting to nitrate
salts. Afterwards, the samples were dried again and re-dissolved in
~3% HNO5 (m/m) for elemental analysis. The residues after extraction
were washed three times with deionized water and dried with a freeze
dryer (Alpha 1-4 LDplus, Germany) before being grounded into fine
powders, 20 mg of which (F5) were weighted in the Savillex® breakers
and digested using the same procedures as described in Section 3.2.

3.4. Element concentration analysis

Element concentration analysis was conducted at the Guangdong In-
stitute of Eco-environmental Science & Technology, Guangzhou, China.
Major elements (including Al, Ca, Fe, and Mg) concentration were deter-
mined by the inductively coupled plasma optical emission spectroscopy
(ICP-OES, PerkinElmer® Optima 8000, USA). Trace elements (including
Cd, Cr, Cu, Pb, and Zn) were determined by the inductively coupled
plasma mass spectrometry (ICP-MS, PerkinElmer® NexION 300X,
USA). Reference materials (BHVO-2 and AGV-2) were used as external
standards for quality control of measured major elements. The mea-
sured concentrations of the trace elements were corrected with the ad-
dition of Sc as an internal standard. Multi-element standard solutions
were used to establish calibration curves.

3.5. Zinc purification and isotope analysis

Pure Zn solutions were separated by chromatographic columns in a
class-1000 clean room equipped with class-100 laminar flow hoods in
the Guangdong Institute of Eco-environmental Science & Technology,
Guangzhou, China. The purification procedure has been reported in Lv
etal. (2016). Briefly, samples containing about 1-5 pg of Zn were loaded
onto the column stuffed with ~2 mL AG MP-1 resin (100-200 mesh, Bio-
Rad, USA). The resin was pre-cleaned by ~8 N HCl, ~0.5 N HNOs, and

Milli-Q water, alternatively. Matrix elements were removed by washing
first with ~8 N HCl and then with ~2 N HCl. Zn was collected in the fol-
lowing ~10 mL of ~0.5 N HNOs after ~2 mL of ~0.5 N HNOs. The same col-
umn procedure was repeated twice to obtain a pure Zn solution for
isotopic analyses. The geological reference materials BHVO-2 and
AGV-2 were processed together with samples for each batch of column
chemistry. The total procedural blanks (from sample dissolution to
mass spectrometry) were routinely measured and had a long-term av-
erage of ~10 ng (n = 12) for Zn, which is considered neglected during
mass spectrometry. Zn separates were dries at ~80 °C followed by the
addition of ~1 mL 16 N HNO3 to remove HCI, and finally re-dissolved
in ~1 mL ~3% HNO3 (m/m) for isotopic analysis.

Zn isotope analysis was carried out on a Neptune Plus MC-ICP-MS
(Thermo Scientific, USA) at the Institute of Geochemistry, Chinese Acad-
emy of Sciences, China, using a wet plasma and the sample-standard
bracketing (SSB) method (e.g. Marechal et al., 1999; Liu et al., 2016).
Zn isotope ratios were measured in the low-resolution mode with a
high sensitivity (X) nickel cone. The 1-ppm solution typically yielded a
beam intensity of ~15 V for ®4Zn. Prior to analysis, both samples and
standards were adjusted to ~200 ppb in ~3% HNO3; (m/m). Isotopic ra-
tios were obtained for 1 block of 90 cycles with %4Zn in the L2 cup,
567n in the central cup, 6”Zn in the H1 cup, and °®Zn in the H2 cup.
Each sample was measured three times to achieve a better reproducibil-
ity. All Zn isotope compositions of samples in this work were expressed
as the differences in ®6Zn/%*Zn between sample and standard IRMM-
3702 through &°Zn = [(®°Zn/**Zn)sampte / (°°Z0/%Z0)irMn
3702 — 1] x 1000. The geological reference materials BHVO-2 and
AGV-2 yielded average 6°¢Zn values of 0.054 + 0.07%. and 0.064 +
0.016%,, respectively, which were consistent within uncertainty with
previously published results (e.g. Balistrieri et al., 2008; Bigalke et al.,
2010; Lv et al,, 2016; Wang et al., 2017).

4. Results
4.1. Sample properties

The physicochemical properties of soils, sediments, mine tailings
and river waters are listed in Table 1. The pH values of river waters
range from 8.62 to 8.95, significantly higher than mine drainage
(~8.02). The sediments have pH values ranging from 6.03 to 6.94, show-
ing an increasing trend from the core mining area to the downstream
(from site #1 through #5 in Table 1). The pH values of paddy soils
vary from 5.48 to 6.88. By contrast, the geogenic soils display a relatively
narrow pH range, varying from 6.85 to 6.94.

The TOC values of sediments in Fanjia river system change from
26.31 to 52.31 g/kg, higher than the relatively unpolluted Caiyuan
river (7.44-16.03 g/kg). The TOC values of paddy soils range from 4.73
to 34.76 g/kg with an average value of 20.59 g/kg.

The pH, Eh, and TOC of soil samples in three profiles are displayed in
Table 3. The pH values of soil samples in HP, MP, and LP profiles display a
relatively narrow range from 6.61 to 6.94, 6.71 to 7.45, and 5.13 to 7.39,
respectively. The TOC values of these samples in three profiles show an
increasing trend towards the surface horizon, ranging from 7.78 to
20.51 g/kg, 3.85 to 38.78 g/kg, and 3.40 to 21.53 g/kg, respectively.

Table 2
Sequential extraction procedures of Tessier.
Fractions Reagents Conditions

F1 Exchangeable fraction 1 M MgCly, pH 7.0 20 £ 1 °C, 1 hshaking
F2 Carbonate fraction 1 M NaAc, pH 5 (HOAc adjust) 20 £ 1 °C, 6 hshaking
F3 Iron & manganese oxides fraction 0.04 M NH,0H-HCl in 25% (v/v) HOAc, pH 2.0 96 + 3 °C, 6 h shaking
F4 Organic matter fraction 0.02 M HNO5; + 30% H,0,, pH 2.0 85 + 2 °C, 5 h shaking
F5 Residual HF-HCI-HNO3 Digestion
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Table 3

Key physicochemical properties, metal concentration, and Zn isotope composition of soils samples in three profiles.
Sample name Depth (cm) pH Eh (mV) TOC Al Ca Fe Mg Zn 5%Zn (%) 2SD N?

(g/kg)

Highly polluted area
HP-0 60-90 6.82 20.7 10.99 62.73 28.85 56.66 17.92 2.53 —0.14 0.04 3
HP-1 50-60 6.93 143 15.01 79.93 16.05 61.27 12.63 3.34 —0.37 0.04 3
HP-2 40-50 6.93 14.2 7.78 93.04 7.52 76.97 8.49 3.93 —0.37 0.02 3
HP-3 30-40 6.94 135 16.47 61.42 29.73 55.05 20.51 3.29 —0.25 0.01 3
HP-4 20-30 6.85 19.2 12.52 69.36 28.14 60.48 18.93 347 —0.33 0.04 3
HP-5 10-20 6.64 31 20.51 53.31 49.76 53.40 30.70 4.44 —0.31 0.02 3
HP-T" 0-10 6.61 33.2 19.49 52.25 49.60 50.80 30.84 4.68 —0.29 0.04 3
Moderately polluted area
MP-0 50-80 7.34 —11.3 3.85 34.10 131.87 45.55 47.70 1.63 —0.24 0.07 3
MP-1 40-50 7.45 —17 13.39 50.20 79.41 62.14 29.82 2.27 —-0.22 0.02 3
MP-2 30-40 741 —14.7 21.37 58.50 43.62 75.69 257.15 2.99 —0.31 0.01 3
MP-3 20-30 6.83 19.8 31.16 51.66 55.53 70.75 33.02 3.16 —0.27 0.03 3
MP-4 10-20 6.77 24.5 33.85 50.52 585.56 70.72 3434 3.08 —0.30 0.01 3
MP-T? 0-10 6.71 26.8 38.78 47.46 45.14 63.39 27.69 2.84 —0.27 0.02 3
Least polluted area
LP-0 80-100 7.39 —12.1 3.4 64.59 2.23 41.92 7.69 0.26 —0.13 0.03 3
LP-1 70-80 7.32 —8.1 5.26 61.04 2.45 40.25 7.07 0.30 —0.14 0.03 3
LP-2 60-70 6.94 13.5 5.93 61.41 2438 40.04 7.02 0.28 —0.17 0.03 3
LP-3 50-60 7.25 —4.1 6.52 60.81 2.56 38.26 6.92 0.22 —0.15 0.02 3
LP-4 40-50 7.24 -39 6.6 51.03 3.57 35.13 6.07 0.18 —0.17 0.03 3
LP-5 30-40 7.1 13 3.99 62.18 2.22 48.13 6.93 0.26 —0.11 0.01 3
LP-6 20-30 7.16 0.8 11.05 61.33 332 50.36 6.83 0.42 —0.08 0.01 3
LP-T® 0-20 5.13 117.1 21.53 67.04 15.09 51.03 7.33 0.54 —0.12 0.05 3
2 N refers to the times of repeat measurements of the same purification solutions by MC-ICP-MS.
b T refers to the topsoil of each profile.

Table 4

Metal concentration and Zn isotope composition of samples.
Sample name Sample type Al Ca Fe Mg Zn 85°Zn (%) 2SD N?

(g/kg)

R-1 Paddy soil 1.51 175.73 60.83 102.33 6.93 —0.33 0.02 3
R-2 Paddy soil 51.06 53.69 49.84 32.52 4.40 —0.28 0.02 3
R-4 Paddy soil 54.76 56.50 53.14 35.46 4.69 —0.26 0.01 3
R-5 Paddy soil 31.83 76.85 53.56 46.74 217 —0.29 0.03 3
R-6 Paddy soil 59.76 64.38 85.58 39.32 3.78 —0.29 0.02 3
R-7 Paddy soil 65.62 6.25 58.20 6.46 2.36 —0.20 0.02 3
R-8 Paddy soil 49.70 242 24.56 517 034 —0.29 0.02 3
S-2 Sediment 11.77 188.17 28.32 106.63 10.22 —0.22 0.02 3
S-3 Sediment 21.43 139.25 33.65 55.17 1.66 —0.36 0.02 3
S-4 Sediment 29.22 108.97 3591 50.03 421 —0.28 0.03 3
S-5 Sediment 28.97 123.85 43.47 53.94 2.64 —0.32 0.02 3
S-6 Sediment 44.60 50.47 30.00 26.24 0.76 —0.12 0.03 3
S-7 Sediment 40.01 86.16 33.00 36.77 1.61 —0.25 0.00 3
S-8 Sediment 53.02 39.41 3291 18.85 0.54 —0.26 0.01 3
GS1 Geogenic soil 61.04 2.45 40.25 7.07 0.30 —0.14 0.03 3
GS2 Geogenic soil 61.41 2.48 40.04 7.02 0.28 —0.17 0.03 3
GS3 Geogenic soil 60.81 2.56 38.26 6.92 0.22 —0.15 0.02 3
GS4 Geogenic soil 51.03 3.57 35.13 6.07 0.18 —0.17 0.03 3
Dust1 Dust ND 29.73 11.81 21.21 13.40 —0.22 0.05 3
Dust2 Dust ND 43.62 18.43 24.80 11.73 —0.26 0.00 3
Zn-ore Zn-ore ND 61.42 439 54.21 61.34 —0.23 0.03 3
Tailing1 Tailing ND 154.57 17.06 104.26 17.75 —0.39 0.04 3
Tailing2 Tailing 0.01 95.98 56.04 57.69 183.97 —0.44 0.02 3
Fertilizer Fertilizer 543 5.64 1.60 7.71 0.02 0.01 0.05 3
Bed-rock1 Bed-rock ND 58.31 1.81 61.60 0.06 —0.45 0.02 3
Bed-rock2 Bed-rock ND 42.25 0.86 32.38 0.17 —0.42 0.07 3
BHVO-2 Reference material 72.00 79.90 85.90 43.30 0.11 0.054 0.07 3
AGV-2 Reference material 78.62 37.11 46.66 12.52 0.08 0.064 0.02 3
w1 Mine drainage 0.1859 167.88 0.0035 99.12 1.706 —0.07 0.03 3
W2 River water 0.1091 65.44 0.0130 354 0.1394 —0.08 0.02 3
w3 River water 0.1116 55.36 0.0110 30.58 0.0303 —0.07 0.03 3
W4 River water 0.1185 55.72 0.0130 30.43 0.0295 —0.08 0.02 3
W5 River water 0.1092 59.32 0.0124 32.72 0.0298 —0.13 0.01 3
W6 River water 0.1683 4453 0.0406 25.25 0.0506 —0.21 0.02 3
w7 River water 0.1662 50.64 0.0498 28.34 0.0304 —0.20 0.00 3
w8 River water 0.1046 37.78 0.0234 20.97 0.0195 —0.19 0.03 3

: no measurement or inexistence. ND: below the limit of detection.

2 N refers to the times of repeat measurements of the same purification solutions by MC-ICP-MS.
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4.2. Variations of Zn concentrations

The mine waste including dust, ore debris, and mine tailings exhibit
significantly high concentrations of Zn with average values of 12.57,
61.34, and 100.59 g/kg, respectively (Table 4). By contrast, geogenic
soils and bed-rocks both have relatively lower concentration of Zn,
with average values of 2.46 g/kg and 1.14 g/kg, respectively.

Among water samples, Zn concentrations are relatively low and
without a significant variation (0.02-0.14 mg/L), except for the mine
drainage (W1) which has a comparatively high concentration of Zn
(~1.71 mg/L).

In the sediments of Fanjia river system, a high concentration of Zn is
accumulated in site #2 (10.22 g/kg) where both wastewater and Fanjia
river contribute (Table 4). Along the river, the concentration of Zn de-
creases from 10.22 to 0.54 g/kg, with an average value of ~3.09 g/kg.
The Zn distribution patterns among solutions from the five sequential
leaching steps in sites #5 through #8 are similar to each other, while
the concentration of Zn extracted during the F2 step decreases succes-
sively in the first three sediments (Fig. 2A).

Metal concentrations of paddy soils are summarized in Table 4. The
Zn concentrations in bulk paddy soils decrease with the increasing dis-
tance from the mining area, ranging from 6.93 to 0.34 g/kg, while the
concentration of Zn extracted in F2 decreases but in F5 increases to-
wards the downstream (Fig. 2B).

The metal concentrations of soils from the three profiles are listed in
Table 3. The concentration of Zn in all three profiles shows a continuous
decrease from the surface to bottom, ranging from 2.53 to 4.68 g/kg,
1.63 to 3.16 g/kg, and 0.18 to 0.54 g/kg, respectively. Zn is most abun-
dant in the residue (step F5) and the concentration of Zn bounded to
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carbonates (step F2) decreases from the surface towards bottom, and
from areas with high to low level of pollution (Fig. 2C).

4.3. Variations of Zn isotope ratios

Zn isotope compositions of all samples except those from the three
profiles are presented in Table 4. The average 6°°Zn value of the bed-
rocks is —0.44 + 0.02%., which is identical to mine tailings (—0.42 +
0.02%.). Zn-ores have an average 6°Zn value of —0.23 + 0.03%.,
which is consistent with that of dust (—0.24 &+ 0.02%). The mine drain-
age (—0.07 £ 0.03%.) is enriched in heavy isotopes relative to other
samples of mining wastes. The 6°°Zn values of geogenic soils and fertil-
izer are —0.16 + 0.03%. and 0.01 4 0.05%,, respectively.

The Zn isotope compositions of Fanjia River water samples range
from —0.13 to —0.07%. with an average value of —0.09 4 0.05%.. Sed-
iments in Fanjia river have variable 8°6Zn values from —0.36 to
—0.22%., with an average value of —0.29 4 0.16%.. In Caiyuan river, wa-
ters are characterized by a uniform Zn isotope composition (—0.21 to
—0.19%o), which is lighter than that of the Fanjia river waters. The Zn
isotope compositions of sediments range from —0.26 to —0.12%.. Sedi-
ment of site #6 that was not appreciably affected by mining activity
have slightly heavier Zn isotope compositions (—0.12%.) than sites #7
and #8 (—0.26 to —0.25%.).

The 6%Zn values of the top-soils range from —0.33 to —0.20%. with
an average of —0.28 + 0.08%.. Zn isotope compositions of soil samples
from profiles HP, MP, and LP are reported in Table 3. These three profiles
have §%Zn value ranging from —0.37 to —0.25%., —0.31 to —0.22%.,
and — 0.17 to —0.08%., respectively. In the HP profile, the upper layer
of profile has a uniform 6%Zn value (—0.12 to —0.08%.), while the
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Fig. 2. Distribution of different Zn forms in (A) sediment, (B) paddy soil, and (C) soil profiles. F1: Exchangeable fraction, F2: carbonate fraction, F3: Fe-Mn oxide fraction, F4: organic

fraction, and F5: residual fraction.
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deepest soil shows isotopically lighter Zn than upper soils but isotopi-
cally consistent with geogenic soils (—0.16 £ 0.034%.). In the MP pro-
file, the 6°6Zn value changes slightly at the depth of 0-40 cm. It then
increases towards to geogenic soil. In the LP profile, the §°6Zn value of
soil changes limitedly within uncertainty from the bottom to surface,
which is similar to that of geogenic soils.

5. Discussion
5.1. Provenance and transport of Zn

Acid mine drainage (particularly those associated with metal-sulfide
ores) represents one of the most important sources of heavy metal con-
tamination to river systems (Simate and Ndlovu, 2014; Dorin and
Bunce, 2015; Yang et al., 2019). However, in our study area, the mine
drainage (W1) has a pH value of ~8.02, which was resulted from the
neutralization by dissolution of carbonate rocks with the wall rock of
dolomite (Lewis, 2004). This is consistent with the observation by
Stromberg and Banwart (1999) who suggested that the acid drainage
produced by sulfide mineral oxidation can be partially or completely
offset by carbonate rock in karst area, resulting in neutral or weak alka-
line mine water. The mine drainage has a 6°°Zn value of —0.07 +
0.03%., which is heavier than that of the Zn-ores (—0.23 4+ 0.03%o)
and tailings (—0.42 + 0.02%.). This is consistent with the observation
that isotopically heavy Zn is preferentially released into the water
phase during dissolution of rocks and minerals (Fernandez and
Borrok, 2009). In addition, most of Zn in ore is released during the wash-
ing process, so the isotope composition of the wastewater should be lit-
tle different from the minerals.

All river water samples have low Zn content, which may result from
the strong adsorption and weak dissolution property of heavy metals
under the alkaline condition of river in karst area (Sherene, 2010;
Flora et al., 2011). For the Fanjia river, waters have uniform §°¢Zn
value (—0.13 to —0.07%.) (Fig. 3), which is identical to that of the
mine drainage. This indicates that no physicochemical activities are
present to fractionate Zn isotopes over a short distance when the
mine wastewater is discharged into the Fanjia river. Similar observa-
tions were also reported by Balistrieri et al. (2008) and Aranda et al.
(2012). It should be noted that the sediments in the polluted Fanjia
river are enriched in light Zn isotopes compared to river water. While
the sediment in the unpolluted site #6 is enriched in heavy Zn isotopes
relative to river water (Fig. 3). The sediments of Fanjia river have high
Zn content with Zn isotope signal consistent with dust and Zn-ore,
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Fig. 3. 6°°Zn values vary with distance from the confluence of rivers in water and sediment
(“F”,“C", and “M” refer to Fanjia River, Caiyuan River, and mixing of both, respectively).

which strongly shows the influence of mining. This anthropogenic Zn
input changes the distribution of Zn isotopes in Fanjia river system.
While a large number of carbonate minerals provide conditions for Zn
to be adsorbed or precipitated into sediment in the natural state,
which leads to heavy Zn isotope preferentially enters the solid phase.
Observations by Mavromatis et al. (2019) confirmed that heavy Zn iso-
topes are preferentially released into the solid phase when Zn was co-
precipitated with carbonate.

Changes of Zn concentration and isotope composition in sedi-
ments and paddy soils reveal the degree of Zn pollution in the lateral
dimension. Remarkably, the high Zn content that present in carbon-
ate fraction implies the high re-release risk of Zn (Fig. 2). Generally,
a mixture of Zn from different sources determines the observed var-
iations in Zn concentration and Zn isotope ratio (e.g. Zhao et al,,
2014; Aratjo et al., 2019). In the plot of 8°6Zn value versus 1/Zn
(the inverse of Zn concentration) (Fig. 4), data of paddy soil and sed-
iment can be qualitatively explained by the mixing of at least three
end-members of Zn: end-member A with a high Zn abundance but
a low 8%Zn value, end-member B with an intermediate Zn concen-
tration and a relatively high 6°¢Zn value, and end-member C with a
low Zn concentration but a high 8°°Zn value. It is observed that the
tailing has a Zn concentration of 100.59 g/kg and 6°Zn value of
—0.42 £ 0.02%. (Fig. 4), we can conclude that end-member A is
most likely to be tailing. Zinc may via long-term wind dispersion of
fine-grained material from the tailing (Bi et al., 2017; Del Rio-Salas
et al,, 2019). In addition, our data fall between three local compo-
nents of mining input, agricultural input, and background. Previous
studies have indicated that substances in the atmosphere in south-
western China may predominantly derived from natural sources, in-
cluding carbonate and silicate dust and anthropogenic pollution
such as fertilizer (Han and Liu, 2006; Han et al., 2011). Zinc isotope
signal of dust may be controlled by fertilizer and mining input, in-
cluding refining processes and wind dispersion of fine-grained ma-
terials from the tailing. So, we can propose that end-member B is
likely to be dust. Yet a straightforward interpretation of the 6°°Zn
data of geogenic soil is complicated by the fact that additional
sources of Zn, such as dust and long-term influence of fertilizer,
may have masked the local background Zn isotope signatures
(Cloquet et al., 2008). Geogenic soil may represent Zn isotope sig-
nals of parent material, dust, and fertilizer. It can therefore be con-
cluded that end-member C is geogenic soil. Therefore, the three
direct end-members of Zn in sediment and paddy soil are tailing,
dust, and geogenic soil, respectively. Zn of dust and geogenic soil is
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the product of evolution. The proportions of Zn derived from these
three end-members can be calculated through mixing equations.

ZNygrql = XpZNp + XpZnpg + ZNcXc
ZNyord°°Zn = Znp6%°Zngxy + Znpd®®Zngxs + Znc6*°Zncxc
1=Xp+Xp+Xc

where A, B, and C represent the three end-members of tailing, dust,
and geogenic soil, respectively; xa, Xg, and xc are the proportion of
each end-member.

Based on the equations above, the contributions from three end-
members to the paddy soils and sediments were calculated using a
MATLAB program. The calculated results are present in Fig. 5. Results
show that the contribution of geogenic soil in paddy soils is the main
one, with an average value of 80%. Dust contributes most of the anthro-
pogenic Zn with an average value of 18.6%. The total contribution of an-
thropogenic Zn shows a downward trend from site #1 to #8, with
increasing distance from the mining area. Similarly, dust appears to be
the main anthropogenic sources in sediments with a high proportion
of 90.9% in site #2, then decreased with increasing distance from the
mining area. In general, dust is the dominant source for anthropogenic
Zn in our study area. This finding would help understanding that to re-
mediate soil pollution by heavy metals in karst area, the large amount of
dust generated in the mining area is the first problem need to be solved.

5.2. Zinc behaviors in paddy soil profile

Dissolved Zn migrate from the surface to deeper part of the soil pro-
file, which may cause the pollution of deep soil (Kong et al., 2018) or
even groundwater (Sherene, 2010). It is, therefore, important to under-
stand how Zn migrates in the vertical soil profile. As for HP profile, the
surface horizon is clearly impacted by the mining-derived deposition
as could be indicated by the high Zn concentration and low §%Zn

value. Zinc concentrations decrease with depth but the §%¢Zn values
have limited change at the upper horizon soils (0-60 cm) (Fig. 6A).
However, the 6°6Zn value of the deepest soil horizon deviates this
trend and is identical to that of the geogenic soil. This indicates that
soils at the depth of 0-60 cm are entirely affected by the mining-
derived Zn deposited on the surface. By contrast, the anthropogenic in-
fluence on the soils from the deeper horizon (>60 cm) is limited. As for
MP profile, at the depth of 0-40 cm horizon in MP profile, Zn concentra-
tion and 6%6Zn value of soil have insignificant change with depth
(Fig. 6B). At the depth of 40-80 cm, Zn concentration decreases with
depth, while the §°6Zn value shows only minor shifts to heavier but
still between that of upper layer soil (0-40 cm) and the geogenic soil.
This indicates that the Zn of 40-80 cm horizon comes from the mixing
of the Zn leached from the surface and native Zn. All those results
show that the Zn of the topsoil can migrate to the depth of ~40 cm in
MP profile. Unlike the HP and MP profiles, the 6°Zn values in LP profile
are nearly unchanged and approach to the geogenic soil (Fig. 6C). The
variation of 8°Zn value and Zn concentration confirms that the Zn of
LP profile is mainly derived from the “natural” long-term weathering
of the bed-rocks, and is not (or only little) affected by the mining.
Clearly, the enrichment of Zn in profile may be related to large input
of Zn from mining activities, but the behaviors of Zn are also affected by
the proprieties of the soils and environmental conditions (Shaheen and
Rinklebe, 2014). As shown in Fig. 2C, the comparable data of Zn ex-
tracted in carbonate fraction of three profiles indicate that Zn shows
low chemical mobility and bio-availability in the process of soil forma-
tion. However, the mining activities bring heavy metals buried under-
ground to the surface. The subtropical climate and high permeability
of karst aquifers accelerate the migration of heavy metals and enhance
their activity (Kong et al., 2018). Zinc concentration of soil in MP and
LP profile as well as at the depth of >60 cm in HP profile, is positively
correlated with the abundance of Fe & Al, while significantly anti-
correlated with Ca & Mg (Fig. 6). Similar positive relationships were re-
ported between soil clay, total Al, total Fe and As, Cd, Cr, Mo, Se, V, and
Zn (Shaheen and Rinklebe, 2014, 2018; Rinklebe et al., 2016; Shaheen
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Fig. 5. The contributions from three end-members in paddy soil and sediment.
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et al., 2017). This strong impact of total Fe and Al on Zn indicates that Zn
is associated (bounded and/or occluded) with Fe-Al oxides (Rinklebe
et al.,, 2016, 2019), which shows the controlling effect of Fe-Al oxides
on the migration of Zn in profile. Especially, upper soils (0-60 cm) of
HP profile follow an opposite trend due to the significant effect of min-
ing activities. In other words, Zn concentration is no longer dominantly
controlled by Fe-Al oxides, but related to the forcible inputs due to the
mining activities. We also found that the Fe-Al oxides associated with
Zn only had minor effects on the 6°Zn values. This is consistent the con-
clusion of Pokrovsky et al. (2005) who demonstrated that adsorption
reactions only contribute to a minor degree to Zn isotope fractionation
in natural settings. This confirms that it is available to trace Zn sources
through surface soil in karst area as Zn isotope fractionate limitedly dur-
ing the migration of Zn in soil profile. Similar findings were reported by
Bigalke et al. (2010) who observed that the fractionation of Zn isotopes
during transport of Zn through soil profile was weak.

Taken together, we conclude that the closer to the mining area, the
more active the migration of Zn. Mining activities bring the under-
ground heavy metals to the surface, which enhances their activity
under the special hydrogeological conditions of karst. The absolute con-
tent of Zn input by mining is high and the amount of leaching Zn in-
creases accordingly, which may result from the high permeability of
karst landforms. The Fe-Al oxides impact on the migration of Zn in pro-
file but do not lead to significant Zn isotopes fractionation.

6. Conclusions

The emission of heavy metals from mining and metallurgy activities
has become an important environmental issue. Tracing anthropogenic
sources and identifying the migration route of heavy metals are critical
to develop strategies to reduce the accumulation of metals effectively.
Our findings demonstrate that the mine drainage has a limited impact
on river water. Instead, dust is the dominant source for anthropogenic
Zn in our study area. Zinc from mining enters paddy soil and sediment
via long-term wind dispersion of fine-grained material from the tailing,
as well as the atmospheric deposition of dust. The effect of S transforma-
tion in Zn ore on heavy metal migration has been weakened in the karst
area. Our findings also demonstrate that under the special
hydrogeological conditions of karst, mining activities will increase the
migration of heavy metals and thus increase their ecological risks. The
Fe-Al oxides control the migration of Zn in soil profile but do not lead
to significantly Zn isotope fractionation.
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