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Acid rock drainage (ARD) is one of the most serious and potentially lasting

environmental issues for themining industry. Many researchers investigated the

impact of ARD on downstream farmland, but few focused on the soil properties

change around waste rock heaps. In this study, a total of 119 soil samples were

taken around the 35 waste rock heaps which are scattered in 12 mining sites in

an abandoned pyrite mining area (Baihe County, Northwest China). Both rainy

and dry seasons of ARD were collected from the discharge outlet of each

mining site. The bulk levels of potentially toxic elements (PTEs), including As, Cd,

Cu, Ni, Cr, Zn, Pb, Fe, Mn, and F, in waste rock, soil, and ARD samples were

analyzed. Leaching concentration and chemical speciation of these PTEs in soils

were further investigated. The results show that the ARD had very high pollution

loads of PTEs both in the rainy season and dry season, continuously exporting

pollutants to the surrounding soils. More than 70% of the soil samples were

acidic (pH<5.5). The bulk of As in 17 soil surface samples exceeded the risk

control limit specified in China (60 mg/kg), while the leaching concentrations of

As and other PTEs in soil were far below the regulated limits. According to the

sequential extraction results, the residual fraction of As, Cr, Cu, Zn, and Ni in the

soil accounted for over 90%, indicating these metals were possibly retained by

the silicate matrix. Considering the relatively low bioavailability of PTEs and

limited exposure routes, the human health risk of the soil surrounding the waste

heap is generally acceptable. This research work provides a more

comprehensive understanding of the properties and effects of ARD in the

pyrite mining area which is conducive to the development of a sustainable

control strategy of environmental pollution in typical mining regions.
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Highlights

• The impact of acid rock drainage on soil around waste rock

heaps was studied.

• Metal (loid)s with high pollution load were identified in

acid rock drainage.

• Acidification and high As levels were found in soils around

waste rock heaps.

• The residual fraction of As, Cr, Cu, Zn, and Ni in soils

accounted for over 90%.

• Human health risk of the soils surrounding the waste heaps

is acceptable.

1 Introduction

Historically intense mining of sulfide deposits worldwide has

left a legacy of abandoned mining sites with numerous sulfide-

bearing solid wastes, including topsoil overburden, waste rock,

and tailings (Zhou et al., 2018; Casagrande et al., 2019; Alekseyev,

2022). The acid rock drainage (ARD) process initiates when

pyrite (FeS2) and other sulfide minerals (e.g., CuS) in mining

wastes, are oxidized through complex biochemical reactions in

the presence of oxygen, microorganisms (Thiobacillus

thiooxidans and Thiobacillus ferrooxidans), and water (Naidu

et al., 2019; Sulonen et al., 2021).

FeS2(s) + 15/4O2(g) + 7/2H2O(1) → Fe(OH)3(s) + 2SO2−
4(aq)

+ 4H+(aq)
(1)

FeS2(s) + 14Fe3+(aq) + 8H2O(1) → 15Fe2+(aq) + 2SO2−
4(aq) + 16H+(aq)

(2)
ARD is one of the most serious and potentially lasting

environmental issues for the global mining industry (Fan et al.,

2017; Ma et al., 2019). With elevated acidity and high content of

sulfates and metals/metalloids, ARD can directly deteriorate

downstream surface water and groundwater environment (Plaza

et al., 2017; Plaza et al., 2018). Besides, the use of acidic water for

agricultural irrigation further leads to elevated or excessive metal

concentrations in the soil system and surrounding vegetation

(Olenici et al., 2017). On one hand, the minerals are usually

accompanied by various potentially toxic trace metals (PTEs)

such as Pb, Cd, Cr, Mn, Ni, Cu, Tl, and Zn (Liu et al., 2019).

On the other hand, the high acidity increases the bioavailability of

PTEs and can affect microbial activity, community structure, and

nutrient production (Baek et al., 2021; Munyai et al., 2021). For

example, toxic metals including Cd, Cr, and Pb, and excessive

amounts of metals Cu, Mn, Ni, and Zn, retard the growth of

vegetables and have chronic effects on humans including kidney

damage, cardiovascular failure, anaemia, and cancer (Edelstein and

Ben-Hur, 2018).

Many studies regarding the metal types, sources, and

pollution status of farmland topsoil in mining areas have been

investigated (Zhao et al., 2021). It is found that both geological

background and mining activities contribute to the high metal

levels in mining areas (Wang et al., 2020). Given the potential

remobilization of accumulated metals, these acidic soils can be

considered a secondary pollution source (Amnai et al., 2021).

Therefore, both the waste rocks and their surrounding soils need

to be treated if their environmental risk is high (Tabelin et al.,

2020; Ódri et al., 2020). To the best of our knowledge, few studies

on soil environmental quality around waste rock heaps

influenced by ARD were conducted.

China is one of the countries rich in pyrite resources with ore

reserves of 540 million tons and more than 700 pyrite-mining

areas. As reported, most pyrite deposits are of low sulfur content

and are associated with a variety of other metallic minerals (e.g.,

galena) (Zhang et al., 2022). In this study, we took an abandoned

pyrite mining area as an example to study the pollution status

and environmental risks of the soil around waste rock heaps

influenced by ARD. The main contents include: 1) characterizing

the size of waste rock heaps and the content of PTEs in waste

rocks; 2) investigating the concentration and pollution load

change of PTEs in ARD in different seasons; and, 3) assessing

the environmental risks of PTEs in the soil around waste rock

heaps. This research will provide a more comprehensive

understanding of the properties and effects of ARD in the

pyrite mining area which is useful for the development of a

sustainable control strategy of environmental pollution in waste

pyrite mining areas.

2 Study area

The abandoned pyrite mining area, located in Baihe County

(northwest China), covers a total area of 200 km2. The pyrite

deposits herein are controlled by the hydrothermal alteration of

volcaniclastics. Pyrite mining activities commenced in the 1950s

and ceased in 2000. According to local meteorological statistics,

this area is subjected to a typical subtropical continental

monsoon climate with a mean annual temperature of 15.6°C.

The rain-fall is strong and seasonal with a mean annual value of

1,050 mm (mostly in June, July, August, and September). Based

on the catchment area of different creeks, the mining area can be

divided into four zones, namely Zone A, Zone B, Zone C, and

Zone D. As shown in Figure 1, Creeks A, B, C, and D all flow into

the Baishi River, which enters into the Han River, 44 km away.

The Han River is the water source of the middle route of the

National South-to-North Water Diversion Project, so it is

important to ensure that its water quality meets national

requirements.

The study area is in the mid-and high-elevation mountains

with deep valleys, steep peaks, and a slope of more than 30°. As

shown in Table 1, a total of 35 waste rock heaps and

Frontiers in Environmental Science frontiersin.org02

Tong et al. 10.3389/fenvs.2022.1017809

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1017809


172 abandoned mining adits were identified in the pyrite mining

area. Up to now, waste rock was directly piled on the slope and

the mining adits were open. Under the action of oxidation and

rain leaching, the generated ARD with elevated concentrations of

Fe, Mn, and other metal (loid)s ions keep flowing into the nearby

water bodies, degrading water quality downstream and affecting

the surrounding farmland. Based on information collected by

drones in Sep. 2020, the total length of the impacted waterbody,

which is yellow and muddy, is more than 55 km.

3 Materials and methods

3.1 Characterization of waste rock heaps

The volume of waste rock heaps wasmeasured and calculated by

the high-density resistance method (HDRM). HDRM in working is

the same as the conventional resistivity method in principle, but it in

observing is set higher density measured points on the layout of the

electric poles on certain interval measuring points (Wu et al., 2016).

Therefore, it has some advantages as follows: 1) several layouts of the

electrodes could be designed and all arrangements detecting

electrodes could be finished at one time; 2) the detected data can

be collected and stored automatically; 3) the result of detected data

could be interpreted easily (Ma and Du, 2014). At the same time, due

to high resolution (0.5 m) satellite remote sensing image data, the

location, floor area, quantity, and other attributes of waste rock heaps

were also extracted.

3.2 Collection of waste rock, wastewater,
and soil samples

To characterize the total content and leachability of PTEs of

waste rock, at least two samples were collected from each waste

rock heap and the sampling depth was set at least 4 m below the

ground surface. A total of 79 waste rock samples were collected

from 35 waste rock heaps.

FIGURE 1
The layout of the abandoned pyrite mining area and the sampling locations in Site A1>.

TABLE 1 Number of waste rock heaps and abandoned mine adits in the abandoned pyrite mining area.

Catchment area Mining sites Waste rock heaps Total number of
abandoned mining adits

Creek A Site A1 A1-I, A1-II, A1-III, A1-IV, A1-V, A1-VI, A1-VII, A1-VIII 22

Creek B Site B1~B6 B1-I, B2-I, B2-II, B3-I, B3-II, B4-I, B5-I, B5-II, B5-III, B6-I, B6-II, B6-III, B6-IV, B6-V 68

Creek C Site C1~C2 C1-I, C1-II, C1-III, C2-I, C2-II, C2-III, C2-IV 36

Creek D Site D1~D3 D1-I, D2-I, D2-II, D3-I, D3-II,D3-III 46
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For soil samples, sampling points were selected based on the

size and the shape of waste rock heaps, as well as the sign of

pollution. The sampling depth was determined based on the

highest screening values of soil heavy metals by portable X-ray

fluorescence (XRF). A total of 119 soil samples on the edges

(approximately 5 m close to waste rock heaps) and downstream

of the waste rock heap (within 200 m) were collected. In addition,

20 soil samples were collected from areas not affected by mining

activities. After removing the surface waste residue or fallen

leaves, a portable shovel was used to drill into the bedrock

manually to a maximum drilling depth of 0.5 m.

In the study area, acidic effluents from all 12mining sites flow

down the valleys. A total of 24 ARD samples were collected

located at the main discharge outlet of the mining site in both the

rainy season (early September 2020) and dry season (late

November 2020). The pH value and flow velocity were

measured in the field, while parameters such as Cu, Zn, Cd,

Pb, Cr, Ni, As, Fe, Mn, F−, and SO4
2- were measured in the

laboratory.

3.3 Metal quantification of waste rock,
acid rock drainage, and soil samples

For waste rock samples, the main elements were tested by the

method of Microbeam analysis-Quantitative analysis using

energy dispersive spectrometry (GBT 17359–2012), while the

trace elements were tested by portable XRF (HD Rocksand).

For soil samples, the microwave acid digestion method was used

to measure the bulk of PTEs levels. In detail, soil samples of 0.5 g

were placed in PVC digestion containers and digested with a

10 ml mixture of HCl, HF, and HNO3. The digested solutions

were diluted with 2% HNO3 to a final volume of 50 ml.

The metals (e.g., As, Cd, Cr, Cu, Fe, Mn, Pb, Ni, and Zn) in

ARD and digested solutions were tested by inductively coupled

plasma mass spectrometry ICP-MS(Thermo Scientific,

iCAP6300, United States), while the anions, F- and SO4
2- were

determined by ion chromatography (IC) (Thermo Scientific,

Dionex ICS-1100, United States).

3.4 Leaching toxicity determination of
waste rock and soil samples

To determine the leachability of PTEs in waste rock and soil

samples, the Chinese Standard Solid Waste Extraction Procedure

for Leaching Toxicity–Sulphuric Acid and nitric acid Method

(HJ/T299-2007) and the Solid waste-Extraction procedure for

leaching toxicity–Horizontal vibration method (HJ 557–2010)

were performed. By comparing the limits regulated in

Identification standards for hazardous wastes-Identification for

extraction toxicity (GB 5085.3 -- 2007), the HJ/

T299—2007 method is commonly used in China to determine

whether solid waste is hazardous waste. In this method, a mixture

of sulfuric acid and nitric acid (mass ratio 1:2) with a pH value of

3.20 ± 0.05 is used. In detail, 10.00 g (dry weight) of solid samples

were extracted using the mixture acid at a liquid-to-solid (L/S)

ratio of 10 (ml/g) for 18 h with a rotary tumber at 30 ± 2 r/min at

ambient temperature. By comparing to the limits regulated in the

Integrated wastewater discharge Standard GB 8978–1996 the HJ

557–2010 method is commonly used in China to assess the

impact of solid waste on surface water. In detail, 10.00 g (dry

weight) of solid samples were extracted using deionized water at

an L/S ratio of 10 (ml/g) for 8 h with a water bath shock box at

ambient temperature. The fluctuating frequency was 110 counts/

min, and the amplitude was 40 mm.

All the eluates were filtered into a 15-ml polyethylene

centrifugal tube by a 0.22-μmpore size syringe filter and then

acidified by nitric acid to pH<2 (Li et al., 2021). The

concentrations of Cu, Zn, Cd, Pb, Cr, Ni, and As in the

supernatant were measured by ICP-MS.

3.5 Metal fractionation of soil samples

To investigate the different chemical speciation and the

bioavailability of potentially toxic metals in soil samples, the

modified three-step BCR sequential extraction method with

additional pseudo-total digestion was adopted. In the BCR

procedure, the acid-soluble fraction (F1) refers to the number of

metals that can release into the environment when conditions

become acidic (Pan et al., 2022). The reducible fraction (F2)

represents the concentration of metals bound to iron and

manganese oxides that can be released if substrates are exposed to

more reductive conditions. The oxidizable fraction (F3) is generally

considered to represent metals that are incorporated in stable, high

molecular weight humic substances or occur as oxidizable minerals,

e.g., sulfides, and is not considered to be very mobile or bioavailable.

The details to assess the acid-soluble, reducible, oxidizable, and

residual factions are described in previous studies (Spanka et al.,

2018; Tong et al., 2020).

The concentrations of Cu, Cr, Pb, Zn, Ni, Pb, Cd, and As in

the eluates for each step were tested by ICP-MS (diluted by nitric

acid to pH<2, if necessary). The internal standard (ISTD)

solution containing Sc, Ge, Rh, In, Tb, and Bi was prepared

from Agilent’s Internal Standard Mix (P/N: 5188–6525) using a

5% (v/v) nitric acid solution. Serving as an internal benchmark

for the BCR sequential extraction procedure, the recovery

efficiency is determined by comparing the sum of the four

fractions (F1, F2, F3, and F4) with the total content of metals.

3.6 Data analysis and quality control

To ensure the data quality, all experiments/treatments were

replicated at least two times. All data were reported as mean ±
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standard error of the mean (S.E.) unless stated otherwise. The

recovery efficiencies of the targeted metals of soil samples were

within 84.5% to 115.8%, indicating the metal fractionation is

reliable and provides good repeatability. Also, Origin lab

2022 was used for correlation analysis in this study.

4 Results and discussion

4.1 Characteristics of waste rock and
waste rock heaps

4.1.1 The size of waste rock heaps
The measurement results of the volumes and projected areas of

35 waste rock heaps are shown in Figure 2. The total volume and

projected area of the waste rock heaps were 1,016,807 m3 and

172,914 m2, respectively. The average values of volume and

projected area were 29,052 m3 and 4,940m2, respectively. Based

on field investigation, the maximum slope of 24 waste rock heaps

was greater than or equal to 45°, while only 11 waste rock heaps were

piled on a gentle slope (less than 45°). Considering that the waste rock

pile is relatively loose, the waste rock on the hillside may not only

have a higher risk of landslide but also be more likely to contaminate

the surrounding soil (Zarroca et al., 2021).

By further comparing the size of different waste rock

heaps, it was found that the volume of the top three waste

rock heaps was 146,582 m3 (B5-III), 99,420 m3 (D1-I), and

87,813 m3 (B6-IV), and the total accumulated contribution

rate was 32.83%. In addition, the projected area of the top

three waste rock heaps was 18,234 m2 (B5-III), 14,253 m2

(B6-I), and 13,787 m2 (C2-II), and the total accumulated

contribution rate was 26.76%. The maximum slope of the

steepest three waste rock heaps was 73° (B5-III), 73° (C1-I),

and 67° (C2-I). It is worth noting that the B5-III had the

highest values of volume, size, and maximum slope in all the

waste rock heaps. Hence, to reduce the pollution caused by

waste rocks, onsite or offsite treatment strategies, should be

compared according to the size, slope, and hydrogeological

conditions of waste rock heaps.

4.1.2 The bulk of common and trace elements in
waste rocks

As shown in Figures 3A, Si, Al, K, and O are the main

elements identified in waste rocks. This is consistent with field

observations and previous reports that the minerals in the waste

rock of pyrite deposits are mainly pyroxene and feldspar, with a

small amount of quartz and greenmud (Xie et al., 2020). Also, the

bulk S level as high as 0.86%, indicated that waste rocks own a

high acid production capacity (Gerson et al., 2019). Usually,

pyrite is often associated with a variety of metallic elements

including Pb, Zn, and Cu (Dold, 2017). The bulk of Ni, As, Cd,

Cu, Pb, Cr, and Zn in waste rock was 29, 32, 35, 41, 65, 81, and

122 mg kg−1, respectively. Even if a relatively low content of PTEs

in this area, in case of improper disposal of pyrite mining wastes,

waste rocks might leach out and cause potential risks to the

surrounding environment (Tabelin et al., 2017). Besides, as F is

the 13th most abundant element in the Earth’s crust, relatively

high content of F was identified in the waste rocks of this study.

4.1.3 Metal leaching behavior from waste rocks
The results of leaching tests for all 79 waste rock samples are

shown in Figure 4. The metal leaching concentrations followed by

HJ/T299-2007 range from 0.1 mg/L to 1.5 mg/L, below the limits

regulated in GB 5085.3 -- 2007, indicating the waste rocks were not

hazardous wastes. According to relevant Chinese regulations, such

solid waste does not need to be disposed of in hazardous waste

FIGURE 2
The volume (A) and area (B) of the waste rock heaps.>.
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landfills. The metal leaching results followed by HJ 557–2010 range

from 0.04 mg/L to 0.72 mg/L, below but very close to the limits

regulated in GB 8978–1996, informing the metals in waste rock have

a potentially significant risk of impact on surface water. Given the

acidic pH of the leaching solution, the waste rock needs to be further

treated.

4.2 Properties of the acid rock drainage

The concentration of metal (loid)s, sulfate, and fluoride,

as well as the pH value of ARD samples, collected in the rainy

season and dry season, are shown in Figure 5. All ARD

samples in 12 mining sites were highly acidic in both the

rainy season (pH: 1.72–2.54) and the dry season (pH:

1.72–2.47), indicating that the rainy season will lead to

more acidic ARD discharge, and impact the surrounding

soil to a greater extent. Except for Ni, the average

concentration of Cu, Zn, Cd, Pb, Cr, As, Fe, Mn, F−, and

SO4
2- in the samples of the dry season was higher than that in

the rainy season. According to the field measurement, the

flow velocity of ARD at the discharge outlet of the 12 mining

sites in the rainy season and the dry season was 2.16 L/s and

1.39 L/s, respectively. The dilution from rainwater can reduce

their concentrations, but may lead to a more pronounced

effect on the surrounding soil due to the rising water

levels and flow velocities (Engel et al., 2021; Gomes et al.,

2022).

FIGURE 3
The major (A) and trace (B) element content in waste rocks.

FIGURE 4
The maximum PTEs leaching concentrations in waste rocks followed by different leaching tests (A) HJ/T299-2007 and (B) HJ 557-2010.
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Usually, Fe and Mn have fewer side effects on human

health than the aforementioned pollutants. While

considering Fe and Mn can change the properties of water,

especially causing sensory problems, many countries regulate

the content of Fe and Mn in water (Huang et al., 2015; Khadse

et al., 2015). As shown in Figure 6A, the changes in Fe and Mn

concentrations in different seasons were in line with other

pollutants, with higher levels during the dry season. However,

as the flow increases, so does the pollution load during the

rainy season. As shown in Figure 6B, the pollution load of Mn

in the dry season and the rainy season was 12.4 mg/s and

18.7 mg/s, respectively. The pollution load of Fe in the dry

season and the rainy season was 795 mg/s and 1,172 mg/s,

respectively. Overall, the load in the rainy season was about

1.5 times that in the dry season, indicating that acidic

wastewater may have a greater impact on the surrounding

soil under rainy season conditions.

4.3 Environmental quality of soil around
waste rock heaps

4.3.1 The bulk of potentially toxic elements
The bulk of PTEs and pH values of soil samples, as well as

their descriptive statistics results, are presented in Table 2. As

shown, the average values of Ni, Cu, Pb, Zn, Cd, As, Cr andMn in

soil samples are higher than the corresponding background

values, which shows that these pollutants are enriched in the

soil to different degrees. Also, It was found that more than 70% of

the 119 soil samples were acidic (pH<5.5), and more than 30% of

which were strongly acidic (pH<4.7).
As no available evaluation standards for soil pollution in

mining areas were identified, The Soil environmental quality -

Risk control standard for soil contamination of development land

(GB36600 -- 2018) was further used to preliminarily evaluate the

possible human health risks of Ni, Cu, Pb, Zn, Cd, As, Cr. As

FIGURE 5
Comparison of the pH value and the concentration change of Sulfate (A), Cu, Zn, and F (B), Cd, Pb, andNi (C), As, and Cr (D) in 24 ARD samples in
different seasons.
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shown in Table 2, the contents of PTEs in the soil of the mining

area vary greatly. A total of 17 samples were found to have As

levels exceeding the limit of 60 mg kg−1. Among them, only one

soil sample had arsenic content over 300 mg/kg, and the rest

samples had arsenic content of less than 100 mg/kg. The

GB36600—2018 sets these limits for heavy metal

concentrations in soil based on the protection of human

health in construction land scenarios. Under conditions used

as construction land, heavy metals can enter the body through

oral ingestion of soil, skin contact with soil, and inhalation of soil

particles. However, in this study area, waste rock heaps are

located in a remote location with limited exposure pathways

and receptors. Therefore, the human health risk of the soil

surrounding the waste heaps appears to be generally acceptable.

4.3.2 Metal leaching behavior from
contaminated soil

The potential risk of PTEs in soils, concerning their mobility

and ecotoxicological significance, is determined by their solid-

solution partitioning rather than the total heavy metal content

(Dijkstra et al., 2004). All 17 soil samples with relatively higher As

concentrations were selected to perform the leaching tests. As

presented in Figure 7A, the metal leaching concentration of all

samples followed by HJ/T299-2007 ranges from 0.01 mg/L to

0.34 mg/L, far below the limits regulated in GB 5085.3 -- 2007,

indicating the soil surrounding the waste rock heaps area was not

hazardous waste. Also, as shown in Figure 7B, the metal leaching

results followed by HJ 557–2010 range from 0.01 mg/L to

0.12 mg/L, all below the limits regulated in GB

FIGURE 6
Comparison of the concentration (A) and pollution load (B) change for Fe and Mn in 24 ARD samples in different seasons.

TABLE 2 Descriptive statistics of the soil PTE concentrations in the study area.

Parameter pH As Cd Cr Cu Mn Ni Pb Zn F Fe

Unit — mg kg−1 mg kg−1 mg kg−1 mg kg−1 mg kg−1 mg kg−1 mg kg−1 mg kg−1 mg kg−1 %

Average value 4.82 39.9 0.98 87.2 100 875 60.7 36.7 161 654 6.02

Minimum value 2.6 6.0 0.01 28.0 19.0 50.0 6.0 10.0 35.0 288 2.1

Maximum value 8.2 369 10.8 431 1,006 4364 265 160 612 1846 33.4

Median 4.62 30.9 0.41 84 74 756 46 30 131.5 608 5.35

standard deviation 1.36 38.97 1.65 49.04 113.38 609.35 48.39 20.39 109.24 212.06 3.26

variable coefficient 0.28 0.98 1.68 0.56 1.13 0.70 0.80 0.56 0.68 0.32 0.54

Background value in study area 8.70 15.2 0.150 87.7 35.4 758 40.4 30.5 108 827 4.15

Background value in China — 11.2 0.097 61.0 22.6 583 26.9 26.0 74.2 — —

GB36600 -- 2018 NA 60 65 NA 18000 NA 900 800 NA NA NA

NA, not applicable; GB36600 -- 2018 = Soil environmental quality-Risk control standard for soil contamination of development land.
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8978–1996 informing the metals enriched in soil are relatively

stable.

4.3.3 Chemical speciation of potentially toxic
elements in contaminated soil

To further explain the leaching test results, the speciation of

metals (Ni, Cu, Pb, Zn, Cd, As, and Cr) in the soil sample with the

highest As content (369 mg/kg) was analyzed through the

modified BCR sequential extraction procedure. As shown in

Figure 8, except for Cd, the residual fraction of other metals

in the soil accounted for over 90%. Generally, the residual

fraction consists of primary and secondary silicates and

minerals, which can retain elements within the crystalline

structures (Zhao et al., 2020). Thus, arsenic with 99.9%

occurring in the residual fraction is not considered to be

available to the environment in natural conditions. As

reported by previous studies, many kinds of iron-bearing

minerals have been found in the soil of mining areas, such as

Schwertmannite and goethite, and these minerals have good

performance in the stabilization of As (Amnai et al., 2021).

Considering the relatively low bioavailability of PTEs and

limited exposure routes, the human health risk of the soil

surrounding the waste heap is generally acceptable.

FIGURE 7
Themaximum PTEs leaching concentrations in 17 contaminated soil samples followed by different leaching tests (A)HJ/T299-2007 and (B)HJ
557-2010.

FIGURE 8
The BCR sequential extraction results of trace toxic metals.

FIGURE 9
Comparison of PTEs contents in soil and waste rock.
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4.4 Mechanisms of acid rock drainage
influencing soil quality

The mechanisms of ARD influencing soil quality in mining

areas are very complicated (Pan et al., 2022). In this study area,

most of the soil samples were acidic, some were strongly acidic

and extremely acidic, indicating that soil around and

downstream of the waste rock heaps was already affected by

ARD to a certain extent. The occurrence and migration of PTEs

are further affected by their chemical speciation and their affinity

to bind to reactive surfaces in the soil matrix and pore water

[such as particulate and dissolved organic matter, clays, or metal

(hydr) oxide surfaces] (Zhao et al., 2017; Li et al., 2019). For

example, Fe and Cu prefer to bind with humic-like DOM while

Zn prefers to bind with protein-like DOM (Liu et al., 2021), and

As prefers to bind with Fe-Mn bimetallic oxides (Xie et al., 2022).

To elucidate the effect of acidic ARD on soil, the difference in

PTEs content between soils and waste rocks was compared. As shown

in Figure 9, Ni, Cu, Zn, Mn, and F levels were higher in the soil

samples, while Pb and Cd were higher in the waste rock samples. Fe,

As, and Cr levels were found equal in soil and waste rocks. In general,

the bulk F andNi levels weremainly controlled by background values,

while the lower Cd and Pb levels in the soils were close to waste rock

heaps due to their strong mobility under acidic conditions. These two

PTEs enter the soil from acidic ARD and migrate longer distances

when washed by ARD in the rainy season (Zhang et al., 2021).

Based on the above discussion, a conceptual model of soil

pollution around waste rock heaps was proposed in this study. As

illustrated in Figure 10, the sulfides present in waste rock heaps, in

contact with oxygen and environmental water, oxidize producing

sulfuric acid. ARD solubilizes the solid minerals, producing a liquid

containing dissolved metals and sulfuric acid, which can impact the

surrounding soil. Though the high contents of elements in themining

area result from the regional geological background, the high bulk

PTEs in this study were mainly caused by ARD. In addition, some

metals (e.g., Pb and Cd) in acidified soils migrate longer distances

under rain-washed conditions (Engel et al., 2021; Gomes et al., 2022).

5 Conclusion

Coupling the findings from field investigation and statistical

analysis, we may conclude that waste rock in the abandoned pyrite

mining area continues to produce a steady stream of acidic ARD for

decades. The concentrations of PTEs (including pH, As, Cd, Cu, Fe,

Mn, Zn, and F) in ARD were very high both in the rainy season and

dry season. Hence it is necessary to take some action, such as

passivation technology for waste rocks, to reduce the generation

of acid wastewater. Serious soil acidification was found in more than

70% of the sampling points around the waste rock heaps. Many

elements were enriched in the soil, and the As concentrations

exceeded the national standard. However, the leaching

concentration of heavy metals in the soil ranges from 0.01 mg/L

to 0.72 mg/L, below the respective regulated limits. According to the

metal fractionation results, heavy metals mainly occur in a stable

state, e.g., retained in the solid matrix in soil. Due to the acceptable

human health risk, the soil surrounding the waste rock heaps does

not need to be treated as hazardous waste, and green and sustainable

remediation techniques, such as soil improvement and

phytoremediation are suggested. The results of the study may be

referred to by various stakeholders, includingmining industries, local

governments, and environmental consulting companies, to integrate

FIGURE 10
Conceptual site model in the abandoned pyrite mining area.
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them into their post-mining measures, thereby making them aware

of the potential long-term impact ofARDgenerated fromwaste rocks

on soil quality and human health.
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