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Heavy metal pollution derived from the oxidation of sulfides in Pb-Zn mine
tailings has been a common public concern. Although the oxidative dissolution
of sphalerite will release cadmium into the soil environment, it is still unclear
whether other minerals contain a large amount of cadmium and how much
these minerals contribute to the surrounding environmental media. In this
paper, XRD, particle size analyzer, SEM-EDS and improved BCR sequential
extraction method were used to analyze cadmium rich zinc mine tailing and
adjacent farmland soil in Duyun, Guizhou Province. The results show that the
average contents of Pb, Zn, and Cd in tailing are 214 + 71 mg/kg, 2668 +
773 mg/kg, and 37.5 + 9.97 mg/kg respectively. While in the surrounding soil,
they were 519 + 280 mg/kg, 3,779 + 2614 mg/kg, and 30.8 + 14.4 mg/kg
respectively. The mineralogical composition of tailing is mainly dolomite and
less pyrite. Cadmium in tailing is mainly in weak acid extractable state, indicating
that cadmium mainly exists in dolomite of tailing. Pyrite in tailing generates acid
through oxidation, which accelerates the dissolution of dolomite, thus releasing
Cd from minerals and migrating to surrounding farmland, resulting in soil
cadmium pollution. This study reveals an important process that has been
neglected. Carbonate minerals play an important role in the migration of
cadmium in the tailing of the Mississippi Valley-type (MVT) lead-zinc mine
and the soils affected by the tailing.
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1 Introduction

Cadmium is a highly toxic and mobile element in the
environment (Clemens and Ma, 2016). It can substitute zinc
or calcium in living organisms because of its similar ionic radius
and chemical behavior to zinc and calcium. It can also
accumulate in several human organs (Wang et al, 2019a;
Mamatchi et al, 2022) and cause kidney dysfunction and
osteoporosis (Aoshima, 2016). Human exposure to cadmium
is predominated by the food chain (Inaba et al., 2005; Luo et al.,
2022). In recent years, Cd concentrations in rice grains exceeding
the Chinese food limit have been reported in southern China
(Chen et al,, 2018; Wang et al,, 2019a). The natural sources of
cadmium include weathering of rocks, forest fires, and volcanic
eruptions (Richardson et al., 2001), while anthropogenic sources
consist of non-ferrous metal production, steel production, fossil
fuel combustion, cement production, and waste incineration
(Pacyna and Pacyna, 2001). The production of nonferrous
metals from mines contributes the most cadmium to the
environment (Nriagu, 1990). During mining and milling, Cd-
bearing minerals at certain depths underground are exposed to
the surface environment, causing sulfide oxidation and
dissolution, which accelerates Cd release to the environment
(Xu et al,, 2019). Tailing produced by mineral processing have
attracted much attention due to their large volume, high
cadmium content and potential pollution risks to
the surrounding environment (Sasmaz et al., 2019; Kan et al,
2020).

Cadmium is commonly recovered from Zn deposits
because the independent Cd deposit is rarely formed in
nature. Mississippi Valley type (MVT) lead-zinc deposit is
one of the most important Zn ones. The deposit is named after
the Mississippi Valley basin in the central United States in
which it is produced. The MVT Zn deposits provide about 25%
of the world’s Zn resources (Hedenquist et al., 2005) and are
regarded as the most Cd-rich ones among the various Zn
deposits (Schwartz, 2000; Frenzel et al., 2016; Zhu et al., 2020).
MVT deposit is hosted by carbonate rocks and characterized
by weak alteration and simple mineralogical assemblage with
sphalerite (ZnS), galena (PbS), and pyrite being ore minerals
and calcite and/or dolomite being major gangue minerals. Due
to its geochemical affinity for Zn, Cd is mainly hosted by
sphalerite in primary ores or smithsonite in oxidized ores.
Limited by mineral processing technology, tailing often
contain a large number of sulfide minerals, of which the
content of heavy metals (Cd, Zn, and Pb) is high (Tao
et al,, 2019; Wei et al., 2021). These heavy metals in tailing
pose a potential threat to human health when spreading into
the surrounding environment and causing crops to exceed the
national standard (Boussen et al., 2013; Wang et al., 2019a;
Kan et al., 2020; Sun, et al., 2022). Therefore, the Zn tailing
produced during the beneficiation of Zn ores have become one
of the main sources of Cd in the environment.
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The impact of the tailing heavy metals on the environment is
closely linked to their speciation. In previous studies, it has been
recognized that the total content of heavy metals in
environmental media (e.g., soil, sediment, and tailing) usually
does not reflect their hazard to the surrounding environment. A
five step sequential extraction procedure based on single
chemical reagent extraction (Tessier et al., 1979; Rosado et al,
2016; Lohmann et al, 2022) and the three-step protocol
developed by Bureau Community of Reference (BCR) (Alan
and Kara, 2019; Khoeurn et al., 2019; Qureshi et al., 2020)
have been well-established to study the operationally-defined
speciation of heavy metals in tailing and other materials, which
have greatly improved our understanding of the impact of heavy
metals. However, the variety of the mineral composition of
tailing frequently leads to a lack of selectivity in extracting
reagents, which makes the schemes been criticized (Forstner,
1993; Hsu et al,, 2015; Uchimiya et al., 2020). As a result, the
heavy metal chemical speciation of tailing should be more
effectively assessed by combining the mineral composition
through a sequential extraction procedure (Smicja-Krol et al.,
2022; Yaciuk et al., 2022).

Traditionally, Cd in Zn mine tailing is regarded to be
hosted by sphalerite and its release is closely linked to
1998;

Mazeina and Bessonov, 1999; Rodriguez et al.,, 2009; Long

sphalerite oxidation dissolution (O’Day et al,

etal, 2022). Nevertheless, high Cd contents in the mineralized
carbonate rocks reported by some studies (Quezada-Hinojosa
et al., 2009; Jacquat et al., 2011; Ye et al.,, 2011) raise the
possibility that carbonate minerals could be a major host phase
of Cd in MVT Zn tailing. In this paper, Niujiaotang Zn mine in
Guizhou, Southwestern China, with an unusually high Cd
content (4,081 mg/kg on average) (Ye et al, 2011), were
selected as the study area. The particle size, mineralogy,
pH, and content of Cd were analyzed to decipher Cd
speciation in the tailing. Paddy soil samples impacted by
the tailing were also collected to assess Cd environmental
risk. It is suggested that carbonate mineral dolomite, not
Cd  host
Niujiaotang Cd-rich Zn tailing. This provides a new insight

sphalerite, is the predominant mineral in
into the environmental impact of cadmium on MVT zinc
deposit, because it is rich in cadmium and widely distributed

around the world.

2 Materials and methods
2.1 Site description and sample collection

Niujiaotang Zn deposit in Guizhou Province of southwest
China is the highest Cd grade deposit ever discovered (Ye et al.,
2011). The deposit is located about 20 km east of Duyun City,
Guizhou Province, and the elevation of the study area is in the
range of 800-1251 m. The study area has a humid subtropical
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FIGURE 1

Heli tailing dump
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A Elevation(m)
B Paddy soil
O Sampling points|

Niujiaotang Zn-rich mine (A), tailing and soil sample locations (B), tailing dump (C), iron (oxyhydr) oxides in tailing (D), and paddy soil (E).

monsoon climate with an average annual temperature of 16.1°C,
and an average annual rainfall of 1,431 mm. The karst landforms
are well developed in the study area. The Niujiaotang Zn deposit
is an MVT Zn deposit hosted within lower Cambrian
Qingxudong Formation dolostone. The grade of the ore is
ranged from 59% to 24.5% (average 19.8%) Zn and
3,000-9,800 mg/kgCd (average 4081 mg/kg) with the sulfide
ore being the major mining target (Ye et al., 2011). The main
ore minerals are sphalerite, pyrite, and minor galena, while
gangue mineralogy is characterized by dolomite, subordinate
calcite, and minor quartz (Ye et al, 2011). The Niujiaotang Zn
deposit has the proven zinc reserves of 350*10°t and cadmium
reserves of 5299t (Ye et al, 2011). Zinc concentrate ore was
obtained through flotation and the flotation waste was
discharged to the tailing dumps.

Tailing samples and agricultural soil samples were collected
from Heli tailing dump and the surrounding paddy soil besides
Fanjia River, respectively (Figure 1). Heli tailing dump was
constructed in 2,000 and closed in 2021 covering an area of
about 3.2 hm? and accumulating about 350,000 m” of tailing. We
selected nine samples of tailing (0-20 cm) in Heli tailing dump
with a depth of 0-20 cm using the random point distribution
method corresponding to the possible ore variation and
10 samples of paddy soil (0-20 cm) along Fanjia River, each
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about 1kg. All tailing and soil samples were collected with a
plastic shovel and stored in polyethylene bags and transported to
the laboratory.

2.2 Analysis of physical and chemical
parameters

The collected samples were air-dried at room temperature.
Then, the sample was ground and sieved to below 200 mesh.
Sample particle size fraction of the soils and tailings were
measured by a Laser particle size analyzer (Bettersize
3,000 Plus) and the pH was determined with a solid: water
ratio of 1:2.5 (w/v) with a Mettler Toledo FE28 potentiometer.
Mineralogy of soil and tailing was determined with a
diffractometer PANalytical X’Pert PRO with CuKa (A
1.5406 A) and Ni filter. Scans settings were from 5° < 20 <
90° (0.02° step size). Microstructural morphology and element

mapping of tailing particles were measured by scanning
microscope coupled with energy dispersive
spectroscopy (SEM-EDS) HITACHI SU8010 using an
accelerating voltage of 20kV. The SEM-EDS analyses were
conducted at the State Key Laboratory of Public Big Data,

electron

Guizhou University, China.
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2.3 Total concentration of Cd, Zn, and Pb

The total concentrations of Cd, Zn, and Pb were measured
by inductively coupled plasma mass spectrometry (ICP- MS
XII, Thermo Fisher, United States) in the Key Laboratory of
Karst Geological Resources and Environment, Ministry of
Education, Guizhou University, China. The aliquot (50 mg)
of tailing or soil samples were dissolved with a concentrated
HNOs;- HF (1:4) mixture in a Teflon bomb maintained in an
oven at 185°C for 72 h. The obtained solutions were dried on a
hot plate to evaporate HF and then were re-dissolved in a final
3 ml 2 N HNOj; stock solution. Finally, the obtained solution
was diluted 4,000 times with ~2% HNOj3. During analysis, Rh
(10 pg/kg) was added as an internal spike to calibrate
instrument drift. USGS standards W-2a and BHVO-2 were
used for data quality control. The detailed ICP-MS analytical
procedure follows the protocol of Liang et al
(2000). The analytical error for Cd, Zn, and Pb is less
than 10%.

2.4 Modified bureau community of
reference sequential extraction procedure

The tailing samples were selected for modified three-step
sequential extractions (Rauret et al., 1999). Accordingly, 0.2 g
of dry tailing was extracted in a 50 ml centrifuge tube with
reagents. The first fraction (F1) was extracted with 20 ml
0.11 mol/L acetic acid at 50°Ceshaking for 16 h. The tube
4500r/min the
supernatant was collected in another tube. This step was

was centrifuged for 10min at and
repeated once with a shaking time of 12 h. The residue in
the tube was extracted with 10 ml of de-ionized water and
centrifuged again. The second fraction (F2) was obtained by
20 ml 0.5 mol/L NH,OHHCI extracting the residue from the
first fraction. The subsequent centrifugation and deionized
water extraction are the same as the first fraction. The third
fraction (F3) was obtained by adding 5 ml 8.8 mol/L H,O, at
85°C for 1 h and 1 mol/L ammonium acetate at 25°C for 16 h.
The subsequent centrifugation and deionized water extraction
are the same as the first fraction. The residual fraction (F4)
the Cd

concentration in the tailing samples and the sum of the

was  estimated  as difference  between
above three fractions.

All the supernatants in each fraction were filtered with a
0.45 um membrane filter and diluted by 2% HNO;. The Cd
concentration in the tailing extracts obtained during each
sequential extraction step was determined by ICP-MS (ICP-
MS XII, Thermo Fisher, United States). The tailing extracts

and blanks were analyzed in duplicates. The recovery of the

sample  is 107%  through  certified  reference
material for the chemical composition of the soil
(GBW07980).
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3 Results and discussion

3.1 Mineralogy and size distribution of the
tailings and soils

The results of mineral phases identified by XRD in tailing and
soil samples of the Niujiaotang Cd-rich Zn mine are presented in
Table 1. The representative XRD patterns are presented in
Figure 2. It is noticeable that dolomite [CaMg(COs),] is
present in all tailing samples as an abundant phase. Pyrite is
presented in minor quantities as revealed by the intensity of its
peak and no independent Pb and Zn minerals are detected. Soil
samples present more abundant quartz and kaolinite and slightly
less dolomite compared to the tailing samples. SEM element
mapping results confirm the dominance of dolomite and pyrite
in the tailing samples (Figure 3). The consistent element mapping
distribution of S, Fe, Zn, and Pb and dominance of S and Fe
implies that pyrite is the mainly sulfide phase and independent
Cd, Zn, and Pb minerals [e.g., greenockite (CdS), sphalerite (ZnS)
and galena (PbS)] are not detected by SEM analyses. Particle size
distribution of the tailings and paddy soils showed that both the
tailings and soils were composed of primarily silt and clay (71%
and 79%, respectively) with median particle size (D50) being
32.94 um and 21.76 pm, respectively.

3.2 pH of the tailings and soils

All tailing and soil samples present slightly alkaline with
an average pH of 7.64 and 7.55, respectively (Table 2). The
result that dolomite is dominant in tailing and soil
samples is consistent with the karst background of the
study area.

3.3 Total concentration of Cd, Pb, and Zn

The total contents of heavy metal elements Cd, Pb, and Zn
in tailings and farmland soils are shown in Table 2. The
maximum value of 55.1 mg/kg of Cd occurring in the Heli
tailing dump and the minimum value of 10.6 mg/kg occurring
in farmland soils. The Cd content in the Niujiaotang Pb-Zn
tailing is comparable to the level of the Jalta tailing (55 mg/kg)
in Northern Tunisia, a typical MVT Zn-Pb mining area
(Boussen et al., 2013). The content of Cd in the paddy soil
(10.6-53.4 mg/kg,
30.8 mg/kg) exceeded the risk screening value (0.8 mg/kg)
and the risk control value (4.0 mg/kg) of the Chinese Soil
Environmental (GB15618-2018). The maximum Cd level in
the soil sample S04 (53.04 mg/kg) has reached more than
13 times of the risk control value of Cd, reflecting that the

samples near Fanjia River average

paddy soil has suffered from serious Cd contamination. The
average values of Pb and Zn in the paddy soil samples were
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TABLE 1 Mineralogical composition (%) of the tailing and paddy soil samples based upon XRD patterns.

Sample type Sample no. Dolomite Quartz

Tailings TO1 93.4 45
T02 94.3 4.0
T03 92.7 3.0
T04 85.6 111
T05 83.0 6.8
T06 74.6 155
T07 83.0 9.7
T08 92.9 5.0
T09 90.7 45

Paddy soil soils S01 60.1 27.7
502 57.7 324
S03 59.5 34.7
S04 21.9 62.5
S05 26.8 60.2
S06 36.3 56.7
07 215 67.7
S08 19.7 61.1
09 16.0 71.8
S10 252 65.4

214 and 2,667 mg/kg, respectively, which exceeded the risk
screening values specified in the standard (240 mg/kg for Pb
and 300 mg/kg for Zn) and were 6.7 and 28.2 times of the
background values of soil in Guizhou Province (32.08 mg/kg
and 94.57 mg/kg for Pb and Zn, respectively). It suggests that
there is a greater risk of heavy metal Cd, Pb, and Zn
contamination in the soil environment affected by the
Niujiaotang Pb-Zn tailing dump. It is noteworthy that the
contents of heavy metals (Cd, Zn, and Pb) in some paddy soils
(S04-S06) were much higher than those from tailings. There
are nine tailing dumps along the Fanjia River and four dumps
are located in the upstream of the paddy soil sampling sites.
Reported maximum average content of Cd, Zn, and Pb in the
174.85 mg/kg, 10,200 pg/g, and 900 pg/g
(Zhang 2018).  Therefore,
proposed other tailings with high heavy metal input to

tailings  is
respectively et al, we
these paddy soils.

In the Zn-Cd elemental cross-plot (Figure 4A), eight
tailing samples except tailing T09 showed a significant
positive correlation with the paddy soils S01, S02, and S03
(n =11, a < 0.001), while T09 was significantly positively
correlated with S04, S05, S06, S07, S08, S09, and S10 (n =8, a <
0.001). Correlation coefficient of dolomite content and Cd
content in soil and sediment form Fanjiahe River r = 0.741
(Figure 4B). The tailing samples and soil samples present a
better linear correlation for Zn and Pb (r = 0.877) than Zn and
Cd (r =0.659) (Figures 4C,D), which is odd with the affinity of
Zn and Cd.
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Kaolinite Pyrite Montmorillonite Illite
0 2.1 0 0
0 17 0 0
0 43 0 0
0 33 0 0
34 3.6 32 0
33 34 32 0
25 22 2.6 0
0 2.1 0 0
1.1 37 0 0
41 3.1 5.0 0
3.9 24 0 3.6
0 0 5.8 0
6.3 2.6 6.7 0
7.0 0 6.0 0
45 2.5 0 0
55 0 0 53
5.7 2.6 5.6 53
5.7 0 0 6.5
44 0 5.0 0

3.4 Cd geochemical speciation in the
tailings

The Cd contents and their percentages of acid extractable/
exchangeable fraction (F1), easily reducible fraction (F2), the
oxidizable fraction (F3), and the residual fraction (F4) were
the
procedure, as shown in Table 3; Figure 5. The Cd contents of

obtained by improved BCR sequential extraction
various fractions varied among tailing samples with the average
contents of Cd in the Fl, F2, F3, and F4 19.56 mg/kg,
11.07 mg/kg, 2.53 mg/kg, and 3.94 mg/kg, accounting for
52.72%, 29.84%, 6.82%, and 10.62% of the total Cd content,
respectively. The average Cd content of F2 much greater than
that of F3 is unexpected given the sulfide ore being the main
mining and processing object in the Niujiaotang Zn mine, which
indicates that a great portion of pyrite and/or sphalerite have
been weathered and oxidized in the tailings as evidenced from
Figure 1D. It is noteworthy that sample WKO09 has the highest
percentage Cd in F1, reaching 93% of the total Cd level. This

reflects that cadmium mainly exists in carbonate minerals.

3.5 Cd host phases in the tailings

The first step (F1) in the BCR procedure consists of exchangeable
fraction and fraction bound to carbonates. The exchangeable fraction
is commonly attributed to the metal that is loosely held by the clay
minerals. As discussed in Section 3.1, kaolinite is the dominant clay

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1045093

Guo et al.

10.3389/fenvs.2022.1045093

Dol
273000~

182000

91000

Dol

Dol Dol
Dol Dol

5100

3400

1700 Qtz

nt Kin

Intensity (CPS)

5400

3600

1800

Mnt g,

PEiDOl D|°1 Dol 301

Dol
Jonm D91 RO1

T T
0 5

——
10 15

20 25

FIGURE 2

—
30 35 40 45 50 55 60 65 70

(LA . AL S PR L L R R |
75 80 85 90 95

2-Theta(®)

Representative XRD patterns of the tailing and soil samples. (A) TO2 tailing, (B) SO3 paddy soil, (C) SO5 paddy soil. Dol: dolomite, Qtz: quartz, Mnt:

Montmorillonite, Kin: Kaolinite, Py: pyrite.

mineral in the tailing samples. The reported Cd adsorption capacity
of kaolinite is ranged from 3.0 mg/g to 14.11 mg/g dependent upon
kaolinite purity and adsorption conditions (Ulmanu et al,, 2003;
Bhattacharyya and Gupta, 2008; Sari and Tuzen, 2014). Given the
low cation exchange capacity of kaolinite and its low content in the
tailing samples (Table 2; Figure 3), kaolinite is not regarded as the
candidate phase to host Cd in the first step of the BCR procedure.
Thus, the candidate phase in F1 fraction is a most likely carbonate
mineral, namely, dolomite.

Cadmium has a similar ion radio to Ca, therefore, Cd can
substitute Ca in the dolomite crystal lattice to form (Cd, Ca)
Mg(CO3), (Goldsmith, 1972). Cadmium incorporated into
dolomite is also through otavite (CdCO3) surface precipitate
(Callagon etal., 2017; La Plante et al., 2018). As a result, dolomite
is widely used to remove Cd in the environmental media
(Mohammadi et al., 2015; Liu et al., 2021; Zhang and Liu,
2022). In Section 3.1, we suggested that dolomite is the
predominant mineral in the tailing samples by XRD and
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SEM-EDS. Improved BCR sequential procedure demonstrates
that Cd bound to carbonate is the main fraction of total Cd in the
tailing samples. Dolomite in the tailing samples is derived from
hydrothermal dolomite in ores and host rocks. Ye et al. (2011)
reported that the average Cd content in the hydrothermal
10) is
190 mg/kg and 30 mg/kg, respectively. The average Cd content
in bulk samples (35 mg/kg) and F1 fraction (23 mg/kg) of the
tailings indicate that dolomite in the host rock is the prevailing
Cd host phase. Low average Zn grade (16.9%) of the ores and
disseminated and brecciated texture of the ores (Ve et al., 2011)

dolomite (n 7) and host rock dolomite (n

provide the evidence that dolomite from the wall rock
predominated over hydrothermal dolomite.

The improved BCR
demonstrates that the
oxidizable fraction account for most of the rest of cadmium

sequential extraction result

easily reducible fraction and

except for one bound to dolomite. As introduced in Section
3.4, these two fractions are ascribed to sulfide-bound cadmium
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FIGURE 3

Zn Kal

Representative SEM patterns of tailing sample from Niujiaotang Zn mine.

in un-weathered tailings. While XRD and SEM-EDX analyses
suggested that pyrite is the major sulfide mineral and no
sphalerite and galena were detected, we propose that pyrite
is the major Cd host phase of sulfide minerals in the fresh
tailings. This argument is also evidenced by the consistent
elemental mapping of Cd, Fe, and S from SEM-EDX analyses
of the tailing samples. When pyrite was precipitated from Cd-
bearing aqueous solution, Cd was incorporated into pyrite by
interaction with the surface of the pyrite (Parkman et al., 1999;
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Ca Kal

Borah and Senapati, 2006). Ye et al. (2011) reported that pyrite
in the ore of the Niujiaotang has a Cd content of 183 mg/kg to

2500 mg/kg with an average of 1,345mg/kg (n = 4).
Therefore, pyrite is the important Cd-host phase
following dolomite in the primary tailing of the

Niujiaotang mine.

When the pyrite was exposed to ambient air and water, it was
oxidized by microbial-mediated reactions (Singer and Stumm,
1970):
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TABLE 2 pH, contents (mg/kg) of Zn, Cd, and Pb in the tailings and
paddy soils.

Sample type Sample no. pH Zn Cd Pb
Tailings To1 8.11 2,250 34.5 146
To02 7.75 1,680 24.7 130
To03 7.92 3,290 55.1 247
To04 7.75 2,440 36.3 192
TO5 7.75 2,560 40.3 311
To6 7.92 2,700 40.2 273
T07 7.89 3,350 51.2 306
T08 7.49 1,600 25.1 109
T09 7.93 4,140 30.1 217
Paddy soils S01 7.63 1,958 31.9 184
S02 7.69 2,490 35.7 365
S03 7.49 2,160 30.4 307
S04 7.22 8,660 53.4 1,090
S05 7.18 7,710 48.0 961
S06 7.27 6,490 45.5 620
S07 7.91 1,450 10.6 309
S08 8.16 3,450 26.0 553
S09 7.87 1810 129 412
S10 7.85 1,610 14.0 394
2FeS, + 70, (aq) + 2H,0 = 2Fe* +4S0; +4H" (1)
4Fe*" + 0,(aq) + 4H' = 4Fe** + 2H,0 (2)
Fe** + 3H,0 = Fe(OH), + 3H" (3)
FeS, + 14Fe*" + 8H,0 = 15F¢*" + 280> + 16H*  (4)

In the neutral or alkaline pH environment of the dolomite-
dominated tailings, the ferrous ions (Fe*") produced by the
oxidation of pyrite (Eq. 1) were further oxidized by dissolved
oxygen to form Fe’* (Eq. 2), which was hydrolyzed to form
iron (oxyhydr) oxides (Eq. 3; Figure 1D). Thus, iron (oxyhydr)
oxides formation prevents ferric iron (Fe’*) from further
oxidizing pyrite (Eq. 4). Since the primary ore mined at
the Niujiaotang Zn mine is mainly sphalerite and pyrite, the
iron (oxyhydr) oxides in the tailing dump are likely formed
by the oxidation of pyrite within it. Meanwhile, the oxidative
weathering process of pyrite released the Cd in it, which is
consistent with the study of Ettler (2016) and others. Iron
of the
amorphous material, rather than goethite (a-FeOOH),
lepidocrocite (y-FeOOH) and/or hematite (a-Fe,03), as
evidenced by the absence of the diffraction peaks of the

(oxyhydr)oxides tailings in Niujiaotang are

goethite, lepidocrocite and hematite shown in the XRD
patterns of the tailing samples. We hypothesize that iron
(oxyhydr) oxide in the Niujiaotang tailings is ferrihydrite.
Ferrihydrite has a high specific surface area and a significant
number of reactive hydroxyl on the surface which interacts
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with cadmium in aqueous solution to form mono-nuclear or
bi-nuclear complexes (Shi et al., 2020; Li et al, 2021).
Therefore, the F2 fraction in the BCR procedure is Cd
hosted by ferrihydrite which was formed by pyrite
oxidation and scavenged Cd from pyrite oxidation.
Khoeurn et al. (2019) reached a similar conclusion by
leaching experiments for tailings.

The residual fraction of the BCR procedure is Cd
incorporated into the silicate crystal lattice and/or cannot be
extracted by the reactants in three steps and accounts for a small
percentage in the tailing samples. For its low bioavailability, we
do not discuss it further.

3.6 Environmental risk of the Cd polluted
paddy soil affected by Zn tailings

The mean values of Cd, Pb, and Zn in paddy soils were
30.8 mg/kg, 519 mg/kg, and 3,778 mg/kg, respectively, which
were much higher than the background values of soil heavy
metals in Guizhou Province (Cd, Pb, and Zn were 1.75 mg/kg,
32.08 mg/kg, and 94.57 mg/kg, respectively) (Zhu et al., 2014).
Thus, it indicates that exogenous heavy metals were added to
the paddy soils, most likely due to the migration of heavy
metals from the Zn tailings to the Caiyuan River which is the
most important irrigation water source for the paddy soils.
Based on the migration mechanism of tailing and the chemical
mechanism of dolomite dissolution, we establish the physical
process of tailing migration to soil and the conceptual model
of Cd environmental risk (Figure 6).

The XRD results found that high content of dolomite was
present in both the tailings and the paddy soil (Figure 2).
Mineralogy of the paddy soil in the background area not
affected by Zn tailings is characterized by the dominance of
quartz and illite and the absence of dolomite (Liu et al.,
2022b). Combined with the similar size distribution of
tailing and paddy soil, we speculate that the physical
migration of Zn mine tailing is the major path of heavy
metal Cd, Zn, and Pb enrichment in agricultural soils
around the Caiyuan River. Grain size distribution, dolomite
dominance, and its close relation to Cd content in the paddy
soil and sediment samples (Figure 4), no dissolved Cd was
detected in the Caiyuan River and Cd isotope composition
(Liu et al., 2022b) of the paddy soils and sediments together
point to dolomite is the predominant Cd host phase in the
paddy soils. Thus, most Cd transport to the paddy soil from
the tailing is physically through wind and surface runoff. In
addition, significant correlations between Mg and Zn contents
of sediments and paddy soils (Xia et al., 2020) also provide
evidence that Zn, like Cd, is hosted predominantly by
dolomite and was physically migrated to the surrounding
soil and sediment.
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Dolomite-dominated Cd enrichment in the paddy soils
has two contrary effects on its environmental risk. On the one
hand, elevated pH and dolomite’s high affinity for Cd
immobilize Cd of the paddy soil through adsorption (Wang
etal,2001; Liu et al,, 2022a). As a result, liming (e.g., addition
of carbonate minerals) of acid paddy soil has become the
economic and effective measure to decrease Cd accumulation
in rice grain. On the other hand, the addition of Cd-rich
dolomite from tailings to the paddy soil greatly increases
environment risk given Cd levels in the paddy soil samples
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are 3.2-13.4 times than that of the risk control value
(4.0 mg/kg) of the Chinese Soil Environmental (GB15618-
2018).

It is widely agreed that Cd bioavailability in soils is highly
pH dependent (Ma and Uren, 1998; Rajaie et al., 2006; Kubier
et al., 2019; Feng et al, 2021). The decrease of soil
pH enhances Cd entering rice grain and poses a potential
environmental risk. Local decrease of soil pH could be caused
by pyrite oxidation from tailings as indicated in Eqs 1-4 and
evidenced from sample S05 in Figure 2. The agricultural soil

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1045093

Guo et al.

TABLE 3 Tailing Cd concentration (mg/kg) in various fractions by

modified BCR procedure.

10.3389/fenvs.2022.1045093

acidification resulting from long-term nitrogen fertilizer
addition is another possible reason for soil pH decrease (Li

Sample no. F1 F2 F3 F4 et al., 2019). Moreover, soil pH decrease is also caused by high
CO, levels after the flooding of the paddy soil (Kirk, 2004).
To1 23.65 6.62 1.34 2.89 Therefore, Cd solubility and bioavailability in paddy soil would
T02 18.59 3.72 1.38 1.01 increase about four folds with one unit pH decrease (Smolders
T03 27.05 20.62 3.58 3.85 and Mertens, 2012; Wang et al.,, 2019b). A large-scale survey
T04 14.41 14.0 3.13 476 demonstrates that 16 fold increase in Cd transfer ratio when soil
T05 12.61 1741 343 6.85 pH decrease from 8.0 to 7.0 (Zhu et al., 2016). In the presence of
T06 16.46 15.85 3.83 4.06 dolomite, pH decrease from alkaline to neutral and an increase
T07 18.67 17.83 528 9.42 of sulfate generated by pyrite oxidation together facilitate
T08 20.28 3.10 0.44 1.28 dolomite dissolution (Pokrovsky and Schott, 2001). As a
T09 27.90 045 0.38 1.37 result, Cd released from the dolomite to the paddy soil
solution. To evaluate Cd levels in rice grain compared to the
A B
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Tailing Cd concentration (A) and percentage (B) distribution in various fractions by modified BCR procedure.

FIGURE 6
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national standard (0.2 mg/kg), we use the models developed by
Zhu etal. (2016) to predict Cd contents in rice grain based upon
total Cd contents and pH values of the paddy soils. Predicted
average Cd contents of the rice grain is 0.98 + 1.06 mg/kg,
which points to the high Cd environmental risk posed by rice
consumption. Accordingly, considering the high Cd levels in
the paddy soil, the environmental risk of Cd from paddy soil to
rice grain is of great concern.

As mentioned before, MVT zinc deposits are highly Cd enriched
compared to other types of zinc deposits (Schwartz, 2000). Gangue
mineral in MVT zinc deposit is dominated by calcite and/or
dolomite. As the similar ion radius of Ca and Cd, Cd also is
incorporated into calcite and/or dolomite by substituting Ca.
However, although previous works paid great focus on Cd
distribution in sphalerite, some studies conducted Cd speciation
and found high Cd contents in carbonate minerals of the tailing
samples (Carroll et al., 1998; O’Day et al., 1998; Boussen et al., 2013).
Cd contents in oolitic carbonates in the Jura Mountains of
Switzerland provide another line of evidence of Cd chiefly hosted
by carbonate minerals associated with hydrothermal Zn
mineralization (Quezada-Hinojosa et al, 2009; Jacquat et al,
2011). Given the dominance of calcite and/or dolomite in the
tailings from MVT zinc mines, environmental risk derived from
high Cd carbonate minerals in the tailings of MVT zinc deposits
should be carefully assessed in future works.

4 Conclusion

We conducted a systematic work on the mineralogy of the
Niujiaotang Cd-rich Zn tailings by XRD, SEM-EDS, grain size
distribution, and BCR geochemical speciation of Cd. The results
suggested that dolomite is the predominant Cd host phase in
the Zn mine tailing. Cadmium was transported to the
surrounding paddy soils from the tailing by runoff and
aeolian processes. The paddy soils affected by Zn mine
tailing had Cd contents greatly exceeding China’s national
control standard and their high Cd contents also originated
from Cd-rich dolomite accumulation derived from the tailing.
The integrated evaluation demonstrates that the paddy soils
affected by the tailing have a great environmental risk for the
populations by rice consumption despite the slightly alkaline
pH values. This study sheds new light on Cd speciation of
tailings in MVT Zn deposits and its environmental and
ecological risk for the tailing affecting soils .
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