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Abstract: Understanding the contamination and sources of heavy metal(loid)s (HMs) at historical
sites is vital for safeguarding human health and the ecological environment. This study focused on
As, Hg, Cd, Cu, Pb, Ni, and Cr concentrations in the residual soil, groundwater, and surface water
around a mineral processing plant. The sources of these elements and the human health risks posed
by them were evaluated using various indexes. Soil HM concentrations exceeded background values
for Yunnan Province, ranked as As > Pb > Cd > Cu > Hg > Ni. The river water met China’s Class
II waterbody standard; however, Cd, Cu, Pb, and pH exceeded the maximum permissible sewage
discharge concentrations in the accumulated water. The groundwater showed severe HM pollution,
meeting China’s Class IIl water quality standard. The average value of the Nemerow pollution index
was consistent with that of the single-factor pollution index in the following order: As > Pb > Cd > Ni
> Cu > Hg. Children face heightened risk through the oral ingestion of As, Cd, and Pb, particularly
in high-value sampling points in the residue deposit area. The main sources of these pollutants are
anthropogenic activities and the soil formation matrix.

Keywords: construction residual soil; pollution index evaluation; health risk assessment; historical
site; mineral processing plant; Yunnan; China

1. Introduction

Heavy metal(loid) (HM) pollution has become a global environmental problem due to
its irreversibility, invisibility, persistence, and non-degradability. Over 10 million contami-
nated sites worldwide are polluted by HMs [1-3]. With the rapid development of China’s
social economy, ‘brownfields’ left behind by the relocation of industrial and mining reloca-
tions are now contaminated by HMs. The direct development and utilization of untreated
contaminated sites will pose a threat to the sur-rounding environment and the health of
residents [4,5]. The chemical manufacturing industry is an important anthropogenic source
of HMs in 625 industrial zones in China [6,7], especially in areas where nonferrous metals
are smelted, posing a significant environ-mental risk to the surrounding areas [8-11].

Studies have shown that HM pollution adversely affects human health and the en-
vironment, and industrial waste causes environmental degradation [12,13]. HMs are
susceptible to further diffusion into the groundwater through leaching and seepage [14,15].
For example, mining and processing enterprises may cause the environmental pollution
of the surrounding soil during operation [16-18] or shutdown [19]. Peng et al. [20] found
that soils around 40 copper smelting sites in China were polluted by a variety of HMs
including Cr, Pb, Cd, Zn, Ni, and As, the soil was slightly acidic [21], and significant
groundwater contamination occurred [22]. The water was highly contaminated by Cr
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and Pb [23]. As [24,25], Pb [26], and Cd [27] pose health risks to humans. Therefore, it is
particularly important to objectively evaluate the pollution characteristics and ecological
risks of HMs at historical sites and identify their migration and enrichment pathways. Such
information will serve as a reference for subsequent scientific development and utilization.

Southwest China has abundant mineral resources leading to the functioning of min-
ing and smelting industries and other related activities that cause HM pollution of the
soil [28,29]. Yunnan is rich in nonferrous metal deposits and associated mining, smelting,
and beneficiation (rock breaking, ore transportation, ore processing) activities. HMs not
only damage the surrounding soil through surface water and groundwater seepage and
other pathways [30,31], but also cause harm to human health by entering the food chain
through agricultural products. Studies on the soil in Yunnan [32-34] show varying degrees
of HM pollution, emphasizing the importance of evaluating HM pollution originating from
the residual land of the mineral processing plant.

This study focused on a historical mineral processing site in Yunnan Province assessing
the HM pollution status in the residue soil, surface water, and groundwater based on the
site of the environmental investigation, assessed the health risk of the HM exposure of
the population based on the U.S. Environmental Protection Agency’s (EPA’s) Health Risk
Model, and used correlation analysis to identify the source of the HMs. The findings of this
study are expected to provide a theoretical foundation for the effective management and
control of residual soil in this area. Additionally, such information will serve as a theoretical
reference for determining the suitability of transforming the abandoned site from industrial
to residential land.

2. Materials and Methods
2.1. Overview of the Study Area

The study area is located 66 km from Xichou County and approximately 20 m away
from the river, which is primarily surrounded by forest and farmland. It houses a historic
Zn, Cu, and As beneficiation plant, with the nearest villages, Village 1 and Village 2,
located directly east of the site at a straight line distance of 760 m and southwest of the
site at a straight line distance of 805 m, respectively. Approximately 1000 residents reside
around the site, which was formerly a mining area and is now slated for conversion to
construction land.

The site extends in a northeast-southwest direction, covering an area of 24,738.4 m?,
comprising residue deposits, raw ore yards, workshops, laboratories, sedimentation tanks,
dewatering tanks, and timber mills. The hydrogeological conditions are complex, and
surface water is abundant at the sites and surrounding areas. Currently, there is a lack of
implemented remediation measures, leading to the haphazard stacking of waste residue
and incomplete dismantling of workshops. The unmanaged waste residue is subjected to
adverse weather conditions, including rainwater washing, groundwater migration, and
soil exposure. As a result, soil, groundwater, and surface water in the area are significantly
contaminated. Surface water, particularly laden with slag, exhibits predominant discol-
oration such as brownish-red and red hues, emitting a strong and unpleasant odor within
the mineral processing plant.

The landform in the study area is classified as a karst plateau peak cluster in southeast-
ern Yunnan. The climate is warm, rainfall is abundant, and the tectonic superposition is
complex and active. The main lithology from the top to bottom are the Quaternary reclama-
tion soil layer (Qg™, Quaternary alluvial-diluvial layer (Q42*P1), and Middle Cambrian
Tianpeng Formation (€,t). The rocks consist of strongly weathered muddy siltstone and
moderately weathered limestone, which are primarily composed of quartz, feldspar, mica,
and calcite. Owing to the interaction of climate, biology, and topography, a variety of
soil types are present in the study area, including red, yellow, yellow-brown, purple, red,
limestone, and paddy soils. The soil pH is neutral (Accessed 20 December 2023: China Soil
Database, http://vdb3.soil.csdb.cn/).
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2.2. Sampling and Analyses
2.2.1. Sample Collection

(1) Soil

Adhering to the China’s “Technical Guidelines for Soil Environmental Investigation
and Assessment of Construction Land”, the suspected contaminated areas were screened
through pollution identification and preliminary investigations. A minimum of one sample
per 400 m? was collected in potentially contaminated areas. One sample per 1600 m? was
collected in other areas.

In adherence to the China’s “Technical Guidelines for Environmental site Monitoring”
(HJ25.2-2014) [35], the determination of vertical sampling depth involved subtracting the
thickness of the surface unconsolidated soil layer. The prescribed sampling depth was
set at 10 m or extended to the strongly weathered rock layer. For deep soil, sampling
intervals were designated as 0.5 m within 3 m, 1 m for depths of 3-6 m, and 2 m for depths
exceeding 6 m. However, the actual sampling depth was 1-13 m, utilizing the multi-point
sampling method (Figures 1 and 2) to remove impurities such as lant roots and gravel.
Approximately 1 kg of soil samples was collected in a sample bag. After drying naturally,
the soil samples were crushed using a wooden stick and passed through a 2 mm aperture
sieve. The preprocessed soil was mixed and homogenized, weighed, and then sent to the
laboratory for analysis.

(a) Map of Yunnan Province
* Location of study area
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(b) Sampling point map

Figure 1. Location of the sampling sites. (a) Location of the study area. (b) Extent of the study area
and distribution of sampling points.

(2) Surface water

In accordance with the China’s “Technical Specifications Requirements for Monitoring
of Surface Water and Waste Water” (HJ-T91-2002) [36], the selection of monitoring sections
was designed to holistically represent the quality of the aqueous environment or the
surrounding region on a general or macro scale.
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Figure 2. Sampling pictures.

One sampling site was strategically placed in the sediment pond with the highest
water accumulation (Point B4). Three surface water samples (Points B1, B2, B3) were
collected from the upper, middle, and lower reaches of the Panlong river. Before storing
the samples, checks were performed for the integrity of the bailers and intact fittings.
They were then washed and soaked with nitric acid (c = 1 mol/L) for 1 to 2 days and
then rinsed with distilled or deionized water before adding the necessary protective agent
(concentrated nitric acid) [37]. Subsequently, all samples were filtered through a 0.45-pm
filter membrane, followed by acidification with nitric acid to pH < 2, stored below 4 °C,
and promptly transported to the laboratory.

(3) Groundwater

Four groundwater monitoring wells were deployed along the direction of groundwater
flow (Points X1, X2, X3, X4). Control monitoring wells were established in each of the north,
west, and south directions of the site (Points X5, X6, X7). Water was sampled at 0.5 m below
the water surface in the monitoring wells.

Groundwater samples were promptly collected within 2 h after well washing, utilizing
designated bailers. Each monitoring well contributed one groundwater sample, which
was immediately transferred into pre-prepared sample bottles containing the requisite
protective agent. The samples were then placed in a specially designed re-frigerated box,
maintained at a temperature of 4 °C, protected from light, and promptly dispatched to the
laboratory for analysis within their respective preservation periods.

2.2.2. Sample Analysis and Testing

The analysis of HM samples was conducted at the Kunming Geological Exploration
Institute of the China Metallurgical Geology General Administration. During the determi-
nation of HM content, stringent control measures were implemented. The blank standard
addition recovery rate was set within 90-110%, the sample standard addition recovery
rate was 70-130%, and the relative deviation of parallel samples in the laboratory was
controlled at 20%. Furthermore, the absolute deviation of pH was 10% (0.1 pH). These
controls adhere to the China’s “Technical Specification for Soil Environmental Monitoring”
(HJ/T166-2004) [38]. For detailed testing and analysis methods, refer to Supplementary
Material Table S1.
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2.3. Evaluation Methods
2.3.1. Evaluation of Pollution Degree of Site

The assessment of HM pollution status and the comprehensive pollution degree of soil
and water resources in the study area utilized screening values from GB 15618-2018 China’s
“Soil Environmental Quality Construction Land Soil Pollution Risk Control Standard” [39],
in conjunction with the single-factor pollution index (P;) [40-42] and Nemerow pollution
index (Pn) [43—46]. Specific values are detailed in Tables S2 and S3.

2.3.2. Human Health Risk Assessment

Human health risk assessments delineate the potential hazards of various HMs to
human health [47]. Adopting the American Superfund Risk Assessment Guide [48] and in-
formed by the related research, a calculation formula for health risk assessment was derived.
Subsequently, the soil health risk in the study area was evaluated (Tables 54 and S5).

3. Results and Discussion
3.1. Characteristics of HM Pollution
3.1.1. Soil

As shown in Table 1, the field-measured average pH value was 5.91, indicating weak
acidity in the study area. The average concentrations of HMs in the soil exceeded the
respective background values of the soil environment in Yunnan Province [49] by 132.66
and 85.68 times for As and Cd, respectively. The over-standard rates of the samples were
89.72% and 87.94% for As and Cd, respectively. Based on the screening values obtained from
the China’s “Soil Environmental Quality Construction Land Soil Pollution Risk Control
Standard” (GB 36600-2018), some HMs exceeded the prescribed limits. As, Cd, and Pb
exceeded the screening values in 7.80, 4.26, and 6.74% of the total samples, respectively. The
remaining elements did not exceed the standard. Notably, As exceeded the control value
in 59.57% of the samples. The coefficient of variation (CV) reflects the spatial dispersion
and variability of HMs, with a higher CV indicating a greater influence of anthropogenic
factors [50]. In the study area, the order of CV values was As > Pb > Cd > Cu > Hg > Ni.
Except for Ni, all other elements had values > 1, indicating significant spatial variations
and potential anthropogenic pollution.

Table 1. Characterization of soil heavy metal(loid) content in the study area (mg-kg™1).

Cll‘,aa‘;:st‘::“ pH As Hg cd Cu Ni Pb
Min 2.65 3.55 0.002 0.01 1.83 2.62 1.08
Max 8.91 24400.0 0.20 244.0 2074.0 132.0 1966.0
Avg 5.91 2441.0 0.04 18.85 313.08 30.56 215.39
SD - 4917.59 0.04 31.73 432.57 22.44 369.53
CVv - 2.01 1.01 1.68 1.38 0.73 1.72
background value 18.40 0.058 0.22 46.30 42.50 40.60
Background value of Beyond the number 253 56 248 190 95 194
Yunnan Province excessive rate 89.72% 19.86% 87.94% 67.38% 33.69% 68.79%
Excess multiples 132.66 0.69 85.68 6.76 0.72 5.31
screening values 60 38 65 18000 900 800
Beyond the number 22 0 12 0 0 19
Soil pollution of excessive rate 7.80% 0 4.26% 0 0 6.74%
construction land Excess multiples 40.68 0.001 0.29 0.02 0.03 0.27
Risk management and Control value 140 82 172 36000 2000 2500
control standards Beyond the number 168 0 1 0 0 0
excessive rate 59.57% 0 0.35% 0 0 0
Excess multiples 17.44 0.0005 0.11 0.009 0.02 0.09

Note: All samples of Cr are below the detection limit. The number of exceedances refers to the number of
measured contents higher than the background, screening, and control values in Yunnan Province. excessive rate
= the number of exceedances / the total number of measurements, Excess multiples = the average value of each
element / the background, screening, and control values in Yunnan Province.
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3.1.2. Surface Water

In accordance with the site’s future planning, the river water quality must meet the
requirements of China’s Class II. The evaluation of the river surface water samples adhered
to the China’s “Surface Water Environmental Quality Standard” (GB3838-2002) [51], and the
HMs did not exceed the standard limits. However, the accumulated water (Point B4) at the
site was appraised against the maximum allowable emission concentration standard values
outlined in the China’s “Integrated Wastewater Discharge Standard” (GB8978-1996) [52].
The concentrations of As, Cd, and Cu, as well as pH values exceeded the permissible limits
(Table 2). This deviation is attributed to the influence of waste residue and contaminated
soil on the water accumulation at the site. Prolonged water immersion facilitates the
leaching of toxic substances, resulting in concentrations that exceed the standard limits.

Table 2. HM pollution concentrations in surface water and groundwater.

Types Jample pH As Hg Cr cd Cu Ni Pb
Bl 817 0009  <0.00004  <0.004  <0.00005 00005  0.0002  0.0001
B2 821 00088  <0.00004  <0.004  <0.00005 00006  0.0001  0.0001
Surface water B3 821 00078  <0.00004  <0.004  <0.00005 0.0011 00005  0.0002
(mgL 1)  Standardlimit 6~ 005 0.00005 0.05 0005 1.0 ; 0.01
B4 249 0953  <0.00004  <0.004 0257 206l 00566  0.0116
Standard limit ~ 6~9 05 0.05 05 0.1 05 1.0 1.0
standard limit  65-85 <001 <000l <005 <0005 <10 <002 <00l
X1 6.1 093  <000004 0009 000128 0001  0.0365  0.0005
X2 443 0454  <0.00004 0.1 0184 0703 00507  0.0028
Groundwater X3 698 0056  <0.00004 0011 000118 000062 00017  0.0004
(mg-L1) X4 566 0256  <0.00004 0009 000271 00144 00028  0.0006
X5 762 0009  <0.00004  <0.004  0.00014 00008  <0.00006 <0.00009
X6 719 00038  <000004 0008 0000006 00002 00002  <0.00009
X7 773 00085  <0.00004 0012  <0.00005 00006  <0.00006 <0.00009

3.1.3. Groundwater

According to the China’s “Groundwater Quality Standard” (GB/T14848-2017) [53]
Class III), the average mass concentration of HMs follows the sequence: As > Cu > Cd
> Ni > Cr > Pb > Hg. The pH values of monitoring points X1, X2, and X4 exceeded the
prescribed standards. The sequence of multiple points surpassing the standard limits is X1
(93 times) > X4 (45.4 times) > X4 (25.6 times) > X3 (5.6 times) for As, and X2 (2.5 times) >
X1 (1.825 times) for Ni, and X2 (36.8 times) for Cd. On the contrary, the HMs in monitoring
wells X5, X6, and X7 were lower than the Class III water quality standard for groundwater
(Table 2). This discrepancy suggests that when the soil is polluted, harmful substances
may be transferred to the groundwater through atmospheric precipitation, leading to an
increase in harmful substances in the groundwater and subsequent pollution.

3.2. Evaluation of the HM Pollution Index

The single-factor pollution index and Nemerow pollution index method were used
to evaluate six HMs in the residual soil of the study area (Table 3). The average Pi values
were ranked in the following order: As (40.68) > Pb (1.77) > Cd (0.85) > Ni (0.11) > Cu
(0.05) > Hg (0.004). Analysis of the pollution levels revealed that As pollution was the most
severe, with the samples accounting for 58%. Conversely, the other samples did not exhibit
severe pollution. The proportions of moderate pollution samples for As and Pb were 4%
and 1%, respectively. All the samples of Hg, Cu, and Ni were uncontaminated (Figure 3).
The average values of PN were consistent with Pi, with Cd almost reaching the warning
level, warranting attention in subsequent stages.
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Table 3. Pollution index of HMs in soil.
P;
Pollution Index
As Hg Cd Cu Ni Pb
Min 0.06 0.00005 0.0002 0.0001 0.003 0.001
Max 406.67 0.005 3.75 0.12 0.15 2.46
Avg 40.68 0.0009 0.29 0.02 0.03 0.27
Pn 291.01 0.004 0.85 0.05 0.11 1.77
Degrfee High pollution =~ Uncontaminated Warning Level Uncontaminated Uncontaminated Light pollution
pollution of Caution

Heavy pollution = . 58% 0% 0% 0% 0% 0%

Moderate pollution |~ 4% 0% 0% 0% 0% 1%

Mild pollution f= 6% 0% 4% 0% 0% 6%

Pollution free = ® 33% .100%. 959% ‘1000/'100%. 93%
1 | | | | |

As Hg Cd Cu Ni Pb

Figure 3. Proportion of soil heavy metal(loid) single factor index pollution.

3.3. Human Health Risk Assessment

Soil HMs primarily enter the human body through oral intake, respiratory inhalation,
and skin contact [54]. Non-carcinogenic (hazard quotient) and carcinogenic risks are
denoted for each HM by HQ and CR, respectively. The hazard index (HI) represents the
cumulative potential non-CR posed by each HM through different pathways [55]. The
acceptable range for CR is set between 1.0 x 107% and 1.0 x 10~*. CR > 1.0 x 1074, is
considered high. When HQ and HI are <1, there is no HQ. Conversely, HQ is present when
HQ and HI exceed 1 [56].

3.3.1. Exposure Risk Assessment

In the residual soil of the study area, the exposure parameters of the health risk
assessment model were employed to calculate the average daily intake of carcinogenic and
non-carcinogenic HMs in adults and children (Table 4). The order of average daily intake
for both carcinogenic and non-carcinogenic exposure pathways in adults and children is
ADDjng > ADDjpp, > ADDgerm, with oral intake identified as the primary route for both
adults and children. Notably, children exhibit a higher exposure than adults. In the CR
exposure pathway, the oral intake pathway poses a higher risk for children compared
to adults, whereas skin contact and respiratory inhalation are higher for adults than for
children. Conversely, in the HQ exposure pathway, children exhibit higher exposure than
adults.
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Table 4. Average daily exposure of soil HMs causing cancer (mg- (kg-d)~1).

HMs ADDjpg ADDgerm ADDjp, ADD

Adult Child Adult Child Adult Child Adult Child

As 141 %1073 252x10% 151x1077 696 x10°% 564x105 707x107° 147x1073 260 x 1073

Hg 205x1078 366 x1078 219 %1072 101 x10712 818x 107" 1.03x10° 213x10°% 376 x 1078

Cd 1.09 107> 195%x105 116x10° 537x10°10 435x107 546x1077 113x107° 2.00x 1075

Carcinogenic Cu 181 x107% 324x107% 193x10% 893x10? 723x10°® 9.06x10® 1.88x10* 333x10°*
Ni 177 x107° 316x107° 189 x10? 871 x10710 706x1077 88 x107 184x10° 325x10°°

Pb 125x107% 223 x107% 133x10% 614x107 497x10°® 624x10° 130x10* 229x10°*

ADD 175x10% 312x10% 186x1077 861x108% 697x105 874x10° 1.82x10° 321x10°3

As 412x107% 294x10°2 439x107 812x1077 164x107° 824x10° 414x10°% 295x 102
Hg 598 x 1078 427 x 1077 637 x10712 118 x 10711 239 x 10710 120x107° 6.00 x 1078  4.28 x 1077
Non- cd 318 x107% 227 x107* 339x107? 627 x107° 127 x1077 637 x1077 3.20x 1075 228 x 10~*
Cu 529 x107% 378 x107% 564 x107% 1.04x107 211x10°® 1.06x107° 531x107* 379 x1073

carcinogenic . s 4 9 8 _ 6 s 4
Ni 5.16 x 10 3.69 x 10 5.50 x 10 1.02 x 10 2.06 x 10 1.03 x 10 5.18 x 10 3.70 x 10
Pb 364 x 1074 260x1073 388x107% 716x108 145x10°® 727x107° 365x107* 261x 1073
ADD  510x107% 364 x1072 543x1077 1.00x10® 203x10° 1.02x107* 512x1073 3.65x 102
Note: The ADD is defined as average exposure dose for each pathway.
3.3.2. Health Risk Assessment
In this study, the daily exposure and reference doses were utilized to calculate the CR
and HQ of HMs of the six types of residual soils (Tables 5 and 6).
Table 5. Carcinogenic health risk index of HMs in soil.
HMs CRing CRygerm CRinn TCR
Adult Child Adult Child Adult Child Adult Child
Min 3.08 x 107 551 x 10~ 3.31 x 1072 1.53 x 10~ 3.00 x 107 3.76 x 1077 3.39 x 10~° 5.88 x 10
As Max 212x 1072 378 x 1072 227x107° 1.05x107° 206x10° 259 x 1073 233 x1072  4.04 x 102

Avg 212x 1073 379x1073 227 x10% 1.05x107° 206 x107* 259 x107* 232x1073  4.05x 1073
Min 347 x 10718 620 x 1071 370x 1077 171 x 1077  139x 1077 174x 1077 347 x107 620x 10713

Hg Max 351 x 1071 627 x 10711 374x 1071 173x10715 140x107° 175x10°15 351x10711 627 x 1071
Avg 6.15x 10712 110 x 10711 656 x 1071©  3.03 x 10716 245 x 107 3.08 x 107 615 x 10712 1.10 x 10711
Min 353 x10°%  631x107% 389 x10712 180x10712 141x107° 177 x107° 3.67x108 648 x 108
Cd Max 862 x107% 154x1073 949 x 1078 438x10% 344x10° 431x10° 896x10* 158 x 1073
Avg 6.65x 107>  1.19x107* 733x107° 339x107° 266x107°® 333x107% 692x107> 122x 1074
Min - - - - - - - -
Cu Max - - - - - - - -
Avg - - - - - - - -
Min 258 x 107 460x107% 136x10710 627 x10°1 257 x107°® 322x10® 515x10° 783 x10°°
Ni Max 130 x107%  232x107*  684x10? 316x10° 130x107* 1.62x107* 259x10* 394 x10°*
Avg 301 x107° 537 x107° 158x1077 732x1071° 3.00x 107> 376x107° 6.01 x107°  9.13 x 107
Min 531x 1077 949 x107% 280 x107? 129x10712 424x107° 531x10°1 574x10°  1.00x 10°8
Pb Max 967 x107® 173 x107° 510x107° 235x107? 772x1077 968 x1077 1.04x107° 1.82x 107>
Avg 1.06 x 107 1.89 x 107® 558 x 10710 258 x 10710 846x107% 1.06x 1077 1.14x107®  2.00 x 1076

Note:”-” Avgs that there is no such data.

The CR index analysis showed that, for both adults and children, the order of different
exposures was CRing > CRipp > CRgerm, with oral intake identified as the primary CR route.
The risk hierarchy for various elements in adults and children was As > Cd > Ni > Pb > Hg.
Both oral intake and respiratory inhalation of As presented a CR for adults and children,
whereas skin exposure was within acceptable limits. Hg intake through all routes was
<107°, indicating no CR to the human body. Children exhibited CR for Cd based on average
oral intake values, while both adults and children faced CRs for Ni at specific sampling
points, considering maximum values of oral intake and respiratory inhalation. The average
values of oral intake of Pb and Ni fall within the range of 1076-10~%, which isdeemed
acceptable. Considering both total cancer risk and the preceding analysis, As posed a CR,
Cd posed a CR specifically for children, and Ni and Pb remained within acceptable limits.
Hg did not present a CR for human beings.
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Table 6. Non-carcinogenic health risk index of soil HMs.
Heavy Metal HQing HQgerm HQjnn HI
Adult Child Adult Child Adult Child Adult Child
Min 200x 1072 143 x1071  519x107°® 960x107° 194x10"* 975x107%* 202x10"2 144 x 107!
As Max 1.37 x 102 9.81 x 102 357 x 1072 6.60 x 1072 1.34 x 10° 6.70 x 10° 1.39 x 102 9.88 x 102
Avg 1.37 x 10! 981 x10°  357x107% 660x1073 1.34x107! 670 x 1071 1.39 x 10! 9.88 x 10!
Min 113 x 107 804 x107° 420x107? 776x107? 642x1077 322x10°°® 1.19x107° 836 x107°
Hg Max 114 x 1073 812x 1073 424 x1077 784x1077 648 x107° 325x107% 120x1073 845x1073
Avg 199 x 1074 142 x 1073 744 x107% 137 x107 114x107° 570x107° 211x10™* 148 x 1073
Min 169 x107° 121 x107* 180x1077 333x1077 674x10° 338x10°5 238x10°> 155x10°*
Ccd Max 412 x 1071 2.94 x 100 439 %1073  812x10% 1.64x101 824x10! 581 x107! 3.78 x 10°
Avg 318 x 1072 227 x 107! 339x107* 627 x107* 127 x1072 637 x 1072 449 x 1072 292 x 107!
Min 772x107°  552x107* 819x107° 151x10® 1.03x10°® 515x10® 783x10° 557 x10°*
Cu Max 875x 1072 625x107!  929x10° 172x10° 116x10% 584x103 887 x102%2 631x10!
Avg 1.32x 1072 944 x 1072  140x107® 259 x107% 1.76x10™* 881 x107% 1.34x1072 953 x 1072
Min 221 x107* 158 x 1073 229x 1078 423 x10°% 327 x107° 164 x107° 224 x10"*  1.60 x 1073
Ni Max 111 x 1072 796 x 1072 115x107® 213x10° 165x10* 826x10"* 1.13x1072 804 x 1072
Avg 258 x 1073 1.84x 1072 267 x1077 493x1077 381 x107°> 191x107% 262x1073 1.86x 1072
Min 521x107* 372x10% 552x10% 1.02x107 139x105 695x10° 535x10*% 379 x 1073
Pb Max 9.48 x 107! 6.78 x 100 101 x107% 186 x107* 252x102 126x101 974x10! 6.90 x 10°
Avg 1.04 x 1071 742 x 1077 110x107% 204 x 107> 276 x107% 139 x 1072  1.07 x 107! 7.56 x 107!

The exposure routes for HQ demonstrated an order of HQjng > HQjnp > HQgerm for
both adults and children, highlighting oral intake as the predominant route of HQ risk. The
order of exposure risk of different HQ elements in adults was As > Pb > Cu > Cd > Ni > Hg,
whereas in children it was As > Pb > Cd > Cu > Ni > Hg. The average value of As in oral
intake and the maximum value of respiratory inhalation in both adults and children was
>1, with the maximum value reaching 981 in children. This indicates significant adverse
effects of As on human health, particularly affecting children through oral in-take and
respiratory inhalation. In contrast, the maximum oral intake of Cd and Pb in children was
>1, representing a non-CR to the human body. Other HMs exhibited values of <1 across
different exposure pathways, indicating a weak impact on human health. In conclusion,
it is imperative to prioritize the assessment of As pollution status and specific areas with
high Cd and Pb levels in the study area. This focus is crucial to avoid adverse effects on
residents, especially children. These findings serve as a foundational basis for subsequent
site pollution control measures [57].

3.4. Spatial Distribution Characteristics of HMs in Soil

The inverse-distance weighting method serves as a primary tool for analyzing the
overall trend of changes in surface source pollution [58,59]. To enhance the visual represen-
tation of the spatial distribution of each element, logarithmic processing was applied to
the HM concentrations. ArcMAP10.8 was used to interpolate the six elements using the
inverse-distance weighting method, leading to the creation of a spatial distribution map
illustrating the HM pollution characteristics of the residual soil in the study area. Within
areas A, B, and D, all element contents were low. Area C exhibited high values for As and
Cu in some sampling points. Area G had a high value for Hg in one sampling point. Area
F showed high values for Cd and Cu in some sampling points. Area H had high values
at some sampling points for Hg, Ni, and Pb in area H. These high-value sampling points
for each element were predominantly concentrated in the sedimentation tank, dewatering
tank, and residue deposit. Specifically, the raw-ore yard, dewatering tank, and analysis
laboratory displayed high concentrations of As, Cd, and Cu. The high-value points for Hg,
Ni, and Pb were primarily located in the residue deposits (Figure 4). Li et al. [60] observed
that HMs can easily penetrate the soil environment through direct discharge, rainwater
scouring, and soil infiltration. This can result in localized high levels of HMs caused by
waste residue and wastewater.
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Figure 4. Characteristic distribution map of soil heavy metal(loid) content.

3.5. Source Analysis of HMs

In recent years, due to urban reforms, the relocation of numerous industrial enterprises
has become a prevalent practice, emphasizing the crucial importance of re-purposing
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abandoned industrial land. Industrial and mining areas present a high risk of HM pollution,
posing potential health hazards for future users of the site [61]. Identifying the sources of
HM pollution is particularly important for mitigating these risks.

Soil evaluations have consistently identified As and Cd as primary pollutants in this
study. Surface water analysis indicated elevated levels of Cd, Cu, Pb, and pH, surpassing
the permissible discharge concentrations of sewage. Groundwater exhibited significant
contamination, particularly with As (93 times), followed by Cd and Ni. Research has
documented HM pollution in both surface water and groundwater within industrial and
mining areas and their surrounding regions, with excessive concentrations of elements
such As, Pb, and Cd [62-64], attributed to mineral processing plants specializing in Zn, Cu,
and Sn ore flotation. The primary trace elements in these ores include Cd, Pb, As, Cu, and
Ni [65,66].

3.5.1. Relationships between HM Concentrations and Soil Physical and
Chemical Properties

The study area is situated in a geological setting characterized by high levels of Cd,
with predominant limestone exposures. The high Cd content in the soil can be attributed
to the weathering of carbonate rocks [67,68]. Additionally, this weathering process tends
to facilitate the enrichment of other elements such as Pb, Zn, As, and Ni [69]. As, Pb,
Ni, and Cu in soil primarily originate from the parent rock, with Ni also originating
from the red soil [70-73]. Notably, the predominant soil traits in the region include a
heavy texture and clay content [74]. Clay minerals such as kaolinite and montmorillonite
facilitate the adsorption of HMs, leading to their substantial and stable accumulation in this
area [75]. Regional soil samples display a pH of 2.65-8.91, with an average of 5.87, which
is weakly acidic. Human activities, particularly industrial processes (flotation processes),
contribute to a reduction in soil pH [76,77], impacting the migration and enrichment of
HM pollutants [78-80]. For example, soil acidification leads to a significant increase in the
migration rates of Cd and Pb in areas with residual industrial facilities [81,82].

3.5.2. Correlation between Different Elements across Various Media

The interrelationships among HMs can provide insights into their sources and migra-
tion patterns. A significant correlation between two metals implies a similar origin [83].
Figure 5 illustrate the relationships between different element combinations (As, Cd, Pb
and Cu) in various media. Utilizing a linear model, the concentrations of HMs were fitted
to derive correlation coefficients across different media within the study area [84].

The correlation coefficients between Cd and As, Cu, Pb and Cu in the soil and surface
water, between As and Cd, Cu, Pb and Cu in the soil and groundwater, and between Cd, Cu,
Pb, Cu and Pb in surface water and groundwater are all greater than 0.8. Higher correlation
coefficients indicate that HMs share the same origin and similar geochemical behaviors.
Elements with similar properties and migration behaviors may vertically migrate during
the leaching process, suggesting a potential common source. As, Cd, and Pb are associated
with Pb—Zn ore and are linked to the weathering and leaching of wastewater, tailings, and
waste minerals [85,86]. As, being widely distributed in the environment, exhibits increased
mobility in aquatic environments during heavy rainfall [87-89]. Soluble HMs such as As,
Cd, Pb, and Cu enter the topsoil and water systems under the influence of rainwater [90,91].
The migration of HMs impacts regional-scale groundwater pollution, becoming a crucial
factor affecting the health and safety of the surrounding population [92].
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Figure 5. Relationship between heavy metal(loid) content in soil, surface water, and groundwater.

4. Conclusions

(1) The soil in the study area is acidic because of the prolonged operation of mineral
processing activities. The average HM concentrations in the soil were higher than those
of the background values of the soil in Yunnan Province. Spatially, the CV of the surface
soil follows the order As > Pb > Cd > Cu > Hg>1 > Nj, indicating significant variations in
the spatial distribution of these elements and the possibility of anthropogenic pollution.
Surface water analysis revealed elevated levels of Cd, Cu, Pb, and pH, exceeding the
permissible discharge concentrations of sewage. On-site groundwater exceeded the Class
III water quality standard for the parameters of pH, As, and Cd; however, the groundwater
in the surrounding areas met standard requirements.

(2) The results from the P; and Py pollution indices indicate a consistent average
pollution index in the order As > Pb > Cd > Ni > Cu > Hg. Cd requires careful consideration
in future assessments as it is nearing the warning level.

(3) The health risk assessment highlights the vulnerability of children to HMs, with
oral intake identified as the primary exposure route. As poses a CR, and Cd poses a CR,
specifically to children. Focused attention on As, Cd, and Pb in specific areas is crucial to
mitigate HQ risks to residents, particularly children. Therefore, this site is subject to soil
remediation and treatment as a residential site.

(4) The spatial distribution analysis reveals concentrated high-value points in the
waste slag yard, indicating a trend of concentrated distribution and compound pollution.
These areas merit special attention in subsequent stages of development. Source analysis
indicates that human activities and soil parent materials are the primary contributors to
HM pollution in the study area.
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