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Guizhou Province is covered by a large area of carbonate rocks where, with a higher background of heavy metals under the geochemical anomaly, more than 3.6 × 105 ha of heavy metal–contaminated soil in the northwest area is related to historical indigenous zinc smelting. To explore the superposition effect of industrial source atmospheric deposition on soil, two watersheds were selected for study: 1) Maoshui reservoir watershed (MS), where there is a zinc smelting plant, and 2) Haishe lake watershed (HS), which was the control. We collected atmospheric depositions and soil for 3 years and analyzed Cadmium (Cd), lead (Pb), chromium (Cr), copper (Cu), nickel (Ni), and zinc (Zn) content. The results show that the heavy metals in the atmospheric deposition of the pollution watershed in MS were much higher than those in the control site, HS. The deposition fluxes of Cd, Pb, Cr, Ni, and Zn in MS were 27.8, 602, 145, 43.9, and 2,225 mg·m−2·a−1, respectively, and were 1.37–2.01 times higher than in HS. Soil heavy metals in MS were 1.01–5.69 times higher than in HS. The elevated concentrations were found focused from northeast to southwest around the plant but was distributed uniformly in HS. The average concentration of Cd, Pb, and Zn in the soil was 6.54, 67.4, and 264 mg·kg−1, respectively, in HS, which represents a high geochemical background even without pollution. After 13 years of deposition by prediction, the contribution of the atmospheric deposition on the soil in the zinc-smelting area was lowest, at 5.10%, for Ni, and highest, at 17.9%, for Cd. Principal component analysis of atmospheric deposition and soil heavy metals reflected that the pollution sources in MS were more diversification than those in HS. Zinc smelting atmospheric deposition showed superposition effects on the accumulation of heavy metals in soil under the geochemical anomaly in this region.
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[image: Graphical ABSTRACT]GRAPHICAL ABSTRACT | Superposition effects of zinc smelting atmospheric deposition on soil heavy metal pollution.
1 INTRODUCTION
The term “geochemical anomaly” refers to the deviation of chemical element content distribution or other chemical indexes from the normal geochemical model in a given space or area (Luo et al., 2019; Zhang and Song, 2018). Guizhou Province is covered by a large area of carbonate rocks and, with its much higher background of heavy metals than other provinces, represents a geochemical anomaly. The background values of the heavy metals Cd, Pb, Cr, Cu, Ni, and Zn are 0.4668, 33.40, 139.6, 66.58, 56.89, and 111.4 mg kg−1 (He and Chen, 2002), respectively, and are much higher than the national background value (Luo and Liu, 2020). In the face of such a geochemical anomaly, the geological source becomes an important source of heavy metals in atmospheric deposition (Wang et al., 2015).
Atmospheric deposition is an important means by which heavy metals can enter the soil, such as through irrigation water, sewage sludge use, and so on (Cao et al., 2020; Yu and Liu, 2021). Air pollutants enter the water and soil environment in the form of depositions (Yu et al., 2019), causing environmental problems such as water eutrophication, soil acidification, and heavy metal pollution in water and soil (Xia et al., 2014). Sedimentation flux and sedimentation rate are the main research indexes of atmospheric deposition. Some studies have investigated the deposition rate of heavy metals in the atmosphere on a local scale (Kara et al., 2014; Pan and Wang, 2015; Shamsaddin et al., 2020), but reported few results of a closed region.
Due to the limited critical radius of atmospheric transport and the reduction of emissions caused by human activities, it is expected that the number of heavy metals deposited in the atmosphere in industrial areas will be higher than compared to those in natural ecosystems (Al-Khashman et al., 2013; Kiyoshi et al., 2019). Many studies have shown that atmospheric deposition can transport industrial compounds over long distances, causing pollution to the atmosphere and soil around factories (Hermanson et al., 2020; Xing et al., 2020a). The accumulation of heavy metals in atmospheric deposition in the ecosystem can more effectively be accurately reflected in closed regions (Kara et al., 2014; Pan et al., 2021). The atmospheric deposition of heavy metals in farmland soils in Hunan Province accounted for 51.24∼94.74% of the total input (Hunan, 2016) (Yi et al., 2018). The atmospheric deposition of the heavy metal Cd in nine counties in central and eastern Guangxi accounted for 90.65% of the total input (Guangxi, 2014∼2015) (Chen et al., 2019). The importation of heavy metals into surrounding soil by atmospheric deposition in industrial areas has also been reported (Sonia et al., 2013; Wang et al., 2018; Hernández-Pellón and Fernández-Olmo, 2019). Therefore, it is necessary to study the sources and impacts of soil heavy metal pollution around industrial areas.
There is more than 3.6 × 105 ha of heavy metal contaminated soil in northwest Guizhou Province, according to a national investigation of farmland soil pollution conducted in 2018. Guizhou Province has the maximum range of heavy metal pollution soil in China (more than 3.6 × 105 h), and studies have indicated that this is rooted in zinc smelting that occurred 30 years ago in this region. Artisanal zinc smelting began 600 years ago in the region, and large-scale artisanal zinc smelting was conducted for about 20 years, from the 1980s to 2004. In the absence of pollution treatment of waste gas, water, and mineral waste residue, the amount of waste residue reached 24 million tons and is still present in the environment today, causing serious heavy metal pollution (Luo et al., 2018; Zhou et al., 2020), which has resulted in severe ecological, environmental, and health risks (Peng et al., 2018). The artisanal zinc smelting process used indigenous methods: two major Zn ores, a sulfide ore in the form of sphalerite (ZnS), and a carbonate Zn ore in the form of smithsonite (ZnCO3). These were mixed with coal as a reducing agent, placed in ceramic jars, and roasted for a few hours at a high temperature (800°C), using coal as fuel to generate heat in a furnace to produce liquid metallic Zn (Figure 1). Therefore, in this study, we trace the soil pollution caused by the historical artisanal zinc smelting through one zinc oxide powder plant that carried out production in this region.
[image: Figure 1]FIGURE 1 | Schematic diagram of historical artisanal zinc smelting.
We selected two watersheds as closed regions to study the superposition effect of heavy metals in the atmospheric deposition on soil: 1) Maoshui reservoir watershed (MS), which has a zinc smelting plant, and 2) Haishe lake watershed (HS), which was the control. The main objectives of this study were to: 1) test the Cd, Pb, Cr, Cu, Ni, and Zn concentrations in wet and dry atmospheric deposition in different seasons; 2) determine the association between soil heavy metal content and atmospheric deposition; 3) predict the incremental content of heavy metals in topsoil from atmospheric deposition; and 4) trace the influence of historical artisanal zinc smelting on soil heavy metal pollution in the context of a geochemical anomaly.
2 MATERIALS AND METHODS
2.1 Study Area
The study area was Weining County, an administrative area of Bijie City located in Guizhou Province in southwestern China. The area has been affected by lead and zinc smelting and contains a geological anomaly (Figure 2). In the fourth quarter of the test area, spring levels of precipitation reached 163 mm, while summer, autumn, and winter levels were 476.8, 182.9, and 180 mm, respectively. Weining County has a subtropical monsoon climate. The average annual temperature is 11.2°C, with a 3.9°C average in January, and 17.0°C in July. In Weining, southerly winds prevail from January to September, switching to northerlies from October to December, and the average wind speed is 3.5 m/s (Guizhou Meteorological Bureau). Weining county is one of the most important artificial Zn mining regions in China. Zn smelting activities began in the last century but ceased in 2004 due to grave issues with environmental pollution (Luo et al., 2018).
[image: Figure 2]FIGURE 2 | Location of sampling sites in Weining County, Guizhou Province, China.
The two watersheds studied, MS and HS, are located in the Karst landscape of Weining County, northwest Guizhou Province, China (Figure 2). The two sites are part of the Permian Xuanwei Formation and contain yellow acid topsoil. The MS is located northwest of Jinzhong Town, Weining County (26°47′10″N,104°23′8″E) at an altitude of about 2,122 m and covers an area of about 1.5 km2, a county-level highway serving as the boundary of the MS watershed northeast. The zinc smelting plant uses rotary kiln technology and was established in August 2006, the raw ore mean heavy metal content are 57.73 mg/kg for Cd, 29,850 mg/kg for Pb, 94.27 mg/kg for Cr, 144.6 mg/kg for Cu, 32.75 mg/kg for Ni, and 44,090 mg/kg for Zn. HS is located north of Lushan Town, Weining County, at 26°48′14″N, 104°23′42″E and served as the control area. This key watershed is unpolluted by industry and is protected by the county government because it supplies the lake at the center of the mountainous region. Its natural water is historically unused for irrigation or drinking. HS has an altitude of 2,110 m and an area of about 1.8 km2. The distance between MS and HS is approximately 6.8 km (Figure 2).
2.2 Sample Collection and Determination
2.2.1 Atmospheric Deposition
Samples of atmospheric deposition were collected each quarter (spring, summer, autumn, and winter) from May 2017 to May 2020. Wet and dry atmospheric depositions were collected at five sampling points in each experimental area, with three replicates for each sampling point (Figure 2). Polyethylene cylinders (15 cm in diameter and 30 cm in height) were used to collect atmospheric depositions. The cylinders were mounted on 1.5 m tall frames on the flat roofs of local buildings at each sampling site, approximately 4–6 m above the ground. The height difference between roof, ground, and cylinder was set to minimize the contamination of the samples by re-suspended dust or soil from the ground or roof. Before installation, the cylinders were washed and soaked in a 5% nitric acid (HNO3) bath for more than 2 h to remove potential contaminants. Three cylinders were installed at each site at the beginning of each quarter, and 100 ml 1% HNO3 was added to each cylinder to prevent the growth of microorganisms.
The upper liquid was collected in polyethylene bottles when the precipitation had reached halfway up the cylinders, and its total volume and weight were measured. After determining the pH value of the bottles, we reduced the pH value to below 2 by adding 1% HNO3, preventing changes in the chemical species of the elements. We then refrigerated the bottles at 4°C for analysis. The remaining precipitate was filtered with 0.45 µm polyester fiber filters, and the volume of filtrate was recorded, then discarded. The filter cake was air-dried or dried at temperatures lower than 65°C, and its weight was then recorded. At this point, the dried precipitates were ready for analysis. Samples from each cylinder for each quarter were combined into one sample and tested. The annual precipitation was collected, and the precipitation time and amount were recorded. This method duplicated that of Yi et al. (2018).
2.2.2 Surface Soil
The samples were taken between May 2017 and May 2020. To ensure an even distribution of the sites selected, systematic sampling using a regular grid was used (State Environmental Protection Administration of China, 2004). Soil samples were collected in December of each year, with 58 samples taken from MS and 46 from HS. Each sample was taken from the top 20 cm of soil at a density of 1 sample/40,000 m2. The samples were air-dried, ground, and passed through a 20-mesh (<0.84 mm) nylon sieve. Four surface soil sub-samples were combined to make a representative soil sample. These sampling methods complied with relevant specifications (State Environmental Protection Administration of China, 2004).
2.3 Sample Analysis
2.3.1 Atmospheric Deposition (Precipitation)
The heavy metal (Cd, Pb, Cr, Cu, Ni, and Zn) content of precipitation was analyzed according to the microwave digestion method set out in National Environmental Standard HJ678-2013 (Ministry of Environmental Protection, 2014). After filtering the precipitation samples, samples of 25 ml were transferred to the microwave digestion tank, where 1 ml of H2O2 (30%) and 5 ml of HNO3 were added to each sample. These were placed in a ventilation cabinet, and placed in the microwave digestion instrument. The temperature of the microwave digestion instrument temperature was set at 180°C. This temperature was reached in 10 min and was sustained for 15 min. The digestion tank was then removed and cooled to room temperature, whereupon the solution was transferred to a 50 ml volumetric flask. The tank was then rinsed twice with deionized water and transferred to another 50 ml volumetric flask, where it was topped up with deionized water, as required. The heavy metal content was determined by inductively coupled plasma mass spectrometer (ICP-MS; Thermo Fisher Scientific X2).
2.3.2 Surface Soil
Soil samples of 0.1 g were weighed and placed into the polytetrafluoroethylene inner tanks of the digestion kettle through a 100-mesh sieve. 3 ml HNO3 (guarantee reagent) and 3 ml HF (guarantee reagent) were added and the sample was left for 8 h. Then, 2 ml of HClO4 (guarantee reagent) was added and placed in the metal outer tank of the digestion kettle to dissolve in the oven at 180°C for 12 h. When the digestion was complete, the inner polytetrafluoroethylene tanks on the electric hotplate were heated to completely dry the acid and remove any HF residue. 1 ml of HNO3 (guarantee reagent) was added to dissolve and the volume of 3% diluted HNO3 (guarantee reagent) was fixed to 50 ml before the heavy metal (Cd, Pb, Cr, Cu, Ni, and Zn) concentrations were determined by inductively coupled plasma mass spectrometer (ICP-MS; Thermo Fisher Scientific X2).
2.3.3 Atmospheric Deposition (Dry Precipitation)
The levels of dried precipitate heavy metal were determined in the same way as for the surface soil.
2.3.4 Predicted Concentrations of Heavy Metals in Deposited Atmospheric Emissions
A survey of the job site revealed that the zinc smelting plant used a desulfurization tower and a chimney of 30 m, which emitted smoke outlet with a temperature of 240°C, the annual output of zinc oxide was 3,000 t and the dust output was 4,000 t. The impact range of emissions was 1.5 km, according to the Gaussian model of elevated continuous point sources developed by Hao et al. (2010).
The ground-level deposition of dust from industrial atmospheric emissions was predicted using Hao et al.’s model (2010). The origin is the zinc smelting plant, the x-axis displays the wind direction with the average positive wind direction on the left side of the axis. The y-axis is perpendicular to the x-axis, the z-axis is perpendicular to the horizontal plane, and the upward direction is the positive direction; namely, the right-hand coordinate system. The formula for establishing ground concentrations is
[image: image]
where [image: image] is the standard deviation of pollutant distribution in the y direction of a smoke stream at x distance from origin, m; [image: image]- is the standard deviation of pollutant distribution in the y direction of a smoke stream at distance z from origin, m; [image: image]- is the concentration of pollutants at any point, g·m−3; [image: image]- is the mean wind speed, m·s−1; and Q is the source strength, g·s−1; H is source valid high (the sum of the chimney height and the raised height of the soot), m.
The coefficients of [image: image], [image: image],Q, and H refers to the methodological guidelines of technical guidelines on environmental impact assessment for the atmospheric environment, HJ/T 2.1∼2.3-93 (State Bureau of Environmental Protection, 1994).
2.3.5 The Contribution of Depositions to Soil
The values of the Cd, Pb, Cr, Cu, Ni, and Zn concentrations in the digests were converted into deposition fluxes (mg·m−2·a) based on the duration of sampling and the aperture size of each cylinder. To further investigate the potential implications of elevated depositions of atmospheric heavy metals, attempts were made to estimate surface soil contamination in the region using the calculated annual flux of atmospheric deposition. The contribution of deposition to soil was calculated as the ratio of deposition flux to the average concentration of surface soil heavy metal in the test areas, assuming a soil bulk density of 1,300 kg m−3 (Cao et al., 2020). The worst-case scenario was calculated using the same assumption that atmospheric deposition was the sole source of heavy metal in the soil and was retained in the top 20 cm of arable soils (Cao et al., 2020).
2.3.6 Quality Control and Quality Analyse
All glassware was soaked in a 5% nitric acid solution for more than 2 h before use and then triple-rinsed with DI water. Along with the triplicate samples, analytical blanks and a standard reference soil (Gss-5) were included in the digestion of each sample batch. The recovery rates of heavy metals in the reference soil were 86.7–113.3% (Mean = 93.2%) for Cd, 94.8–105.3% (Mean = 98.6%) for Pb, 94.3–105.9% (Mean = 101.3%) for Cr, 95.8–104.2% (Mean = 101.2%) for Cu, 90.0–110.0% (Mean = 102.6%) for Ni, and 94.9–105.1% (Mean = 98.8%) for Zn.
The multi-element standard solution used by ICP-MS to determine the samples complied with national standard GSB 04-1767-2004. Standard reference materials (GSB 04-1767-2004) were used to validate the accuracy and precision of the analytic methods. The analytical quality control was precise, with the relative standard deviation being <8.50%. The limits of detection (LODs) of the ICP-MS for Cd, Pb, Cr, Cu, Ni and Zn were 0.03, 2, 5, 2.4, 4, and 44 mg/kg, respectively.
2.4 Statistical Analysis
The experimental area was obtained from a satellite map, measured on site via GPS (Trimble GEO 7X, Shanghai Navearth, Shanghai). Descriptive statistical analyses and plotting of figures were carried out using Origin 9.0 (Origin Lab Corporation, Northampton, MA) and Excel 2013 (Microsoft Corp., Waltham, MA, United States); Kriging interpolation was conducted using ArcGIS 10.6. Summary statistics were used to calculate the average values, standard deviations and analysis of variance by using SPSS version 22.0. One-way analysis of variance (ANOVA) was conducted with the post hoc Tukey test method using a significance level of 0.05 to determine differences. Principal component analyses were conducted to compare different elements of samples from the same site. The rainfall data came from the official website of the Weining County Meteorological Bureau.
3 RESULTS AND DISCUSSION
3.1 Heavy Metal Concentrations in Atmospheric Depositions
3.1.1 Heavy Metal Concentrations in Wet Depositions
Heavy metal concentrations in wet depositions at the control site (HS) were higher in spring and winter than those in summer and autumn (Figure 3A). This trend contrasted with local levels of precipitation, which were higher in the latter two seasons. Precipitation was a critical factor determining the flux of heavy metals in wet atmospheric deposition; the concentration of heavy metals in precipitation is affected by many factors, including the timeliness of the precipitation season and the interval of precipitation time (Li and Jia, 2018). Zn reached the highest concentrations among the six heavy metals, with 159.81 ± 56.81 μg L−1 in spring, 116.77 ± 68.15 μg L−1 in summer, 11.44 ± 6.73 μg L−1 in autumn, and 113.28 ± 86.32 μg L−1 in winter. In contrast, there were no obvious regularities in heavy metal concentrations in wet depositions at the pollution site (MS; Figure 3B). This phenomenon resulted from the local zinc oxide smelting facilities, whose operations contributed to the accumulation of heavy metals via atmospheric deposition all year round (Xing et al., 2020a).
[image: Figure 3]FIGURE 3 | Heavy metal concentration of atmospheric deposition: (A) HS wet deposition; (B) MS wet deposition; (C) HS dry deposition; (D) MS dry deposition. ANOVA was performed on the same elements in different seasons of samples from the same site.
Thus, heavy metal concentrations of wet deposition were much higher in MS than HS but the seasonal distribution was quite different. Moreover, the concentrations of all heavy metals in atmospheric depositions in the zinc smelting region were much higher than those in the nonindustrial region. This conclusion is consistent with the results of other studies (Cui et al., 2012; Cereceda-Balic et al., 2020). The concentration of these metals was higher at the MS site, in agreement with the proximity of this location to the zinc smelting plant (Hernández-Pellón and Fernández-Olmo, 2019).
3.1.2 Heavy Metal Concentrations in dry Depositions
Figure 3C shows that the concentrations of dry depositions of heavy metals at the control site (HS) were uniform across the four seasons, except for Zn, which varied, reaching 493 ± 22.07 mg kg−1 in spring, 482 ± 25.57 mg kg−1 in summer, 374 ± 47.60 mg kg−1 in autumn, and 206 ± 29.49 mg kg−1 in winter.
In MS, the most concentrated heavy metal in the dry depositions was Zinc (Figure 3D), with Cd recording the lowest concentrations across all seasons although these were far in excess of the background value of 0.4668 mg kg−1 (He and Chen, 2002) in northwestern Guizhou Province. Concentrations of all six elements from these two sites followed the order MS > HS, industrial site > non-industrial control site. Compared with the control, the concentration of Zn in dry depositions from the zinc smelting plant area was four times higher in MS than HS, with levels of Pb, Cr, and Cu also significantly greater. The test region was located southwest of the zinc smelter, in the main wind direction of northwestern Guizhou (Guizhou Meteorological Bureau). Differences in the distribution of the heavy metal concentrations between this region and the control demonstrated that the main source of heavy metals in MS region was zinc smelting. These results corroborate previous research which found much higher concentrations of heavy metals in the test area than the control region (Xing et al., 2020b); studies have also shown that industrial emissions from the industrial belt exerted a notable influence on atmospheric deposition (Sonia et al., 2013; Wang et al., 2018; Hernández-Pellón and Fernández-Olmo, 2019).
3.1.3 Deposition Fluxes of Heavy Metals
In HS, the Zn deposition flux of 1,292 mg m−2·a−1 was the largest among the six heavy metals, followed by Pb, at 440 mg m−2·a−1, with the lowest flux recorded for Cd, at 13.8 mg m−2·a−1 (see Table 1). The overall order of deposition flux for all elements was as follows: Zn > Pb > Cu > Cr > Ni > Cd. The pattern of deposition flux for MS was similar, with Zn recording the largest value, at 2,225 mg m−2·a−1, followed by Pb at 602 mg m−2·a−1, with Cd the lowest, at 27.8 mg m−2·a−1. The overall order was Zn > Pb > Cr > Cu > Ni > Cd. Other studies (Pereira et al., 2007; Pan and Wang, 2015; Chen et al., 2018; Cao et al., 2020) have recorded the same findings.
TABLE 1 | Deposition flux of heavy metals from atmospheric deposition in MS watershed/(mg·m−2·a−1).
[image: Table 1]In this study, the deposition fluxes of Zn, Pb, and Cd were significantly higher than non-industrial zone study of Liang et al. (2014), who detected Zn levels of 205 mg m−2·a−1, with Pb levels of 122 mg m−2·a−1, and those of Cd, 3.06 mg m−2·a−1. Furthermore, the deposition fluxes far exceeded those of China’s Chang-Zhu-Tan industrial zone in our study (Cao et al., 2020). The main reasons for these difference that the type of industry was different (Cao et al., 2020) and, likewise, the geological background was not the same (Liang et al., 2014). The analysis of samples collected over 3 years demonstrated that the dry atmospheric deposition input flux in HS was 190 g m−2·a−1 and 378 g m−2·a−1 in MS. Similarly, the wet deposition input flux in HS was 1,739 g m−2·a−1, rising to 2,642 g m−2·a−1 in MS. This confirms the deposition flux of heavy metals is higher in industrial than nonindustrial areas. To understand the accumulation of atmospheric settlement in the MS basin relative to the control HS more intuitively, we calculated the ratio of settlement flux between the two (Qiu et al., 2016). Table 1 shows that all five heavy metals (except for Cu) had accumulated more in MS than HS, strengthening the conclusion that zinc oxide smelters are the main source of heavy metals in soils in the MS basin.
3.2 Distribution of Heavy Metals in Soil
3.2.1 Concentrations in Surface Soil
As Table 2 shows, the average heavy metal soil concentrations in HS were 6.54 mg kg−1 (Cd), 67.4 mg kg−1 (Pb), 30.8 mg kg−1 (Cr), 44.6 mg kg−1 (Cu), 47.6 mg kg−1(Ni), and 264 mg kg−1 (Zn). These were 0.22–14.2 times the background values (He and Chen, 2002). The soil levels of Cd, Pb, and Zn soil were 14.2, 2.02 and 2.40 times than the background value, while those of Cr, Cu, and Ni were lower than the background value. These findings reflect the location of the study in a karst landscape, a geological anomaly that impacts soil levels of Cd, Pb, and Zn (He and Chen, 2002). In HS soil samples, a small–moderate coefficient of variation (CV) in heavy metal concentrations was detected (20.5–38.2%), indicating that the soil was less affected by human activities at this site (see also Adimalla, 2020; Chai et al., 2021).
TABLE 2 | Concentration of heavy metals in soil/(mg·kg−1).
[image: Table 2]In MS, the average concentrations of Cd, Pb, Cr, Cu, Ni, and Zn in the soil were 8.43 mg kg−1, 383 mg kg−1, 46.5 mg kg−1, 45.0 mg kg−1, 46.6 mg kg−1, and 805 mg kg−1, respectively. The heavy metal soil concentrations were 0.33 (Ni) to 18.3 (Cd) times the background value of the northwestern area of Guizhou Province (He and Chen, 2002). In total, the concentrations of heavy metals in soil were much higher in MS than HS, which were as much 5.68 and 3.05 times higher than in control HS, except for Ni. The coefficients of variation for Cd, Cr, Cu, and Ni in the soil ranged between 30.1 and 33.6%, all medium levels, while those for Pb and Zn were 115 and 102%, respectively. It could therefore be inferred that the concentration of heavy metals in the soil was not only affected by the local geology background but also by the surrounding small zinc smelters and other human activities (Adimalla, 2020; Chai et al., 2021).
3.2.2 Spatial Distribution of Heavy Metals
The spatial distribution of the six heavy metals was calculated via Kriging interpolation through the semi-variance model (Figure 4). In general, all six heavy metals were uniformly distributed over the surface soil in HS, meaning that soil concentrations of heavy metal were influenced by the terrain and patterns of land use, rather than a source of pollution. In contrast, the soil in MS was characterized by obvious patterns in heavy metal distribution (Figure 4). High concentrations of Cd, Pb, Cr, Cu, and Zn were distributed from northeast to southwest around the zinc smelting plant, in distinction to the control site (although Ni was concentrated in the soil from southeast to northwest at levels only slightly higher than those recorded for HS). Figure 4 shows clearly that the differences between these distributions of heavy metals (except Ni) are caused by the exhaust from the zinc smelting. From Table 2 as well as the spatial interpolation (Figure 4), it can be seen that the mean concentration of Ni is lower than the northwest Guizhou background value (He and Chen, 2002) in both basins. The input of Ni is predominantly governed by the natural composition of the soil of the study region. The Ni CV was very low, signifying that natural and anthropogenic factors governed its spatial distribution (Adimalla, 2020).
[image: Figure 4]FIGURE 4 | Soil heavy metals distribution in 2 watersheds.
This research found significantly higher soil concentrations of heavy metals than prior studies (Cai et al., 2019). While the main source of these was the local geochemistry, which was more influential than previously indicated (He and Chen, 2002). A national investigation of farmland soil pollution in 2018 showed that Cd exceeded the national standard the most, followed by Pb and Zn. This soil heavy metal pollution issue was well-supported by our experimental data. The effects of zinc smelting and historical artisanal zinc smelting in the area were also considerable. Atmospheric deposition and mineral waste residues are known to be the principal causes of soil contamination (Luo et al., 2018; Zhou et al., 2020). ArcGIS Kriging was used to capture the spatial variations of heavy metal distributions in the soil. Our comparison of the pollution caused by different forms of zinc smelting indicated that historical artisanal zinc smelting caused the highest levels of pollution, corroborating the findings of research carried out on other locations (Li et al., 2013). Compounds in the waste produced by this form of smelting continue to decompose and contaminate local soil (Peng et al., 2018). Even long after smelting operations had ended, exceptionally high levels of Pb, Zn, Cd, and As arising from atmospheric deposition were still detected in the local surface soil of northwestern Guizhou Province (Zhou et al., 2020). These originate from a history of artisanal zinc smelting in the region lasting over 600 years.
3.3 Principal Component Analysis of the Atmospheric Deposition and Soil Content of Heavy Metals
3.3.1 Principal Component Analysis of the Atmospheric Deposition of Heavy Metals
To perform the matrix analysis of rotated components (Table 3), components with eigenvalues of >1 were extracted. Two main components explained 92.5% of the variance in the source of the atmospheric deposition of heavy metals in HS. Component 1 (PC1) accounted for 70.5% of the total variance, while Cd, Pb, Cu, and Zn had the largest loads, indicating a significant homology among these four elements. Given the high background levels of cadmium, lead, and zinc in northwestern Guizhou (Luo and Liu, 2020), the main source of atmospheric deposition may be the soil minerals caused by this geochemical anomaly. Clay and organic colloids can easily absorb heavy metals and fine particles of this soil are the primary source of atmospheric depositions with much higher heavy metal content in the area (Cereceda-Balic et al., 2020). Component 2 (PC2) accounted for 22.0% of the total difference, with Cr and Ni contributing the highest loads. Cr is a by-product of metal smelting, while Ni is typically produced by petroleum combustion, steel smelting, motor vehicle exhaust emissions and geological sources (Li and Jia, 2018; Yasser et al., 2019; Wang et al., 2020; Pan et al., 2021).
TABLE 3 | Principal component analysis of heavy metals in atmospheric deposition and soil.
[image: Table 3]The PCA of the atmospheric deposition of the heavy metals identified three main components explaining a total of 92.5% of the variance in the pollution recorded in MS. PC1 accounted for 52.3% of the total variance, with Pb and Zn the most important factors. PC2 accounted for 26.4% of the difference and Cu and Cd were the main eigenvalue factors. PC3 accounted for 13.9% of the total variance, with Cr and Ni showing the strongest associations. Zinc smelting is the main source of Pb and Zn in atmospheric deposition (Gu et al., 2021), demonstrating the importance of zinc oxide smelting and production to PC1. Atmospheric deposition varies according to the production methods of different industries (Garg et al., 2000; Li, 2020). Cadmium is produced by the smelting of non-ferrous metals (Liu et al., 2018), linking the high loadings of Cu and Cd in PC2 to zinc smelting, which PC2 was zinc smelting compound soil minerals. Chromium and nickel indicated sources such as traffic and metal smelting (Li and Jia, 2018; Yasser et al., 2019; Wang et al., 2020; Pan et al., 2021). The plate analysis of soil concentrations demonstrated the importance of geological sources in determining Ni levels and the re-suspended soil particles were also a potential source of atmospheric deposition (Xing et al., 2020b). Therefore, we contend that PC3 indicates the contribution of traffic and geological sources to the concentrations of heavy metals in depositions.
Compared to HS, the major source of heavy metal accumulation in atmospheric deposition in MS was the exhaust emitted from the local zinc oxide smelters. In both HS and MS, the atmospheric deposition of heavy metals originated in their geology.
3.3.2 Principal Component Analysis of Heavy Metals in Soil
Findings from the PCA of heavy metals in soil samples taken from the two watersheds revealed similar to those of atmospheric deposition.
The PCA extracted two major components which explained 83.0% of the total variance of heavy metals in the control site, HS. PC1 accounted for 66.2% of the total variance. The loading values of Zn (0.465), Pb (0.441), Cu (0.425), and Cd (0.431) were similar and derived from the geochemical makeup of the substrate. Our knowledge of the test region and prior research (Wang et al., 2015; Luo and Liu, 2020) indicated that PC1 was likely to be rooted in local geology. PC2 accounted for 16.7% of the total difference. The eigenvalues for Cr and Ni pointed to traffic, metal smelting, or other anthropocentric sources (Pan et al., 2021), and geological sources (Li and Jia, 2018; Yasser et al., 2019; Wang et al., 2020; Pan et al., 2021). However, the concentrations of Cr and Ni were below the background value, meaning that such sources were absent from the control site (He and Chen, 2002). Thus, the PCA indicated that the control watershed was mainly affected by geological sources.
A total of three components were able to explain 85.3% of the total variance of heavy metals in the polluted soil of MS, similar to the PCA of atmospheric depositions in this study area. PC1 accounted for 53.4% of the total variance. Zn, Pb, and Cd in the soil came from the residue of waste from the zinc oxide smelter, together with the input of atmospheric deposition and the residues of historical indigenous zinc smelting (Gu et al., 2021). Cupric elements have multiple sources, such as mining production and steel smelting (Zhang et al., 2016). PC1 therefore represented the emission of industrial waste residue, the waste residue from historical indigenous zinc smelting, and exhaust emissions. PC2 accounted for 16.9% of the variance, with the factor loading of Ni in this component reaching 0.98. Nonetheless, Table 2 shows that the concentration of Ni in the soil did not exceed the background value of this heavy metal, which points to the sources of geology and the re-suspended soil particles (Xing et al., 2020b). PC3 contributed 15.0% of the variance, with the Cr loading much higher, at 0.81. Coal burning and chemical production are known to emit Cr, and industrial atmospheric deposition was thus the most probable source of this pollution (Sternbeck et al., 2002; Vallius et al., 2003; Pan et al., 2021).
PCA with Varimax rotation was applied to heavy metal elemental of atmospheric depositions and soil to assess the possible emission sources (Cereceda-Balic et al., 2020). We identified two major emission sources of heavy metal content in atmospheric depositions and soil in HS, and three major emission sources in MS. Combined with the specific environmental situation of the MS, the findings pointed to more diverse sources of the heavy metals in MS soil, and one of the major means by which heavy metals can contaminate areas was found to be atmospheric deposition, as reported in other studies (Zheng et al., 2016).
3.4 The Impact of Heavy Metals From Atmospheric Deposition on Soil
As shown in Table 4, the zinc smelting plant was established in 2006, after 13 years of heavy metal deposition accumulated in the soil surface. Heavy metals from atmospheric deposition on soil after 13 years deposition were Zn > Pb > Cr > Cu > Ni > Cd, which were 120 mg kg−1 ∼ 1.51 mg kg−1, respectively. The contribution rate of the atmospheric deposition on soil was 15.0% (Zn)∼17.9% (Cd) (Table 4).
TABLE 4 | The impact of heavy metals from atmospheric deposition on soil.
[image: Table 4]We predicted increments of heavy metal content from the atmospheric deposition based on the Gaussian model of elevated continuous point source (Hao et al., 2010), and the predicted heavy metal concentration is according to the proportion of dust in the bag dust collector in the zinc oxide smelter [Cd (311 mg kg−1), Pb (10,570 mg kg−1), Cr (1780 mg kg−1), Cu (735 mg kg−1), Ni (351 mg kg−1), and Zn (26,700 mg kg−1)]. After 13 years deposition, the order of heavy metals follow Zn > Pb > Cr > Cu > Ni > Cd, that was the similarity as the monitoring values in this study, and the input contents were 81.25 mg kg−1∼0.95 mg kg−1. The contribution rates of the atmospheric deposition of the soil were 10.1∼11.3%. This result was generally smaller compared to the monitoring value. One reason for this was that the heavy metal content of zinc ore and coal was not fixed, and we only used one parameter in the Gaussian model (Hao et al., 2010). Another reason was that the monitoring atmospheric deposition was included in the soil mineral source, traffic source, and other sources of pollution.
The total concentration of cadmium in the soil comprises the contribution from the geological parent material together with inputs from extraneous sources, which, for the most part, were anthropogenic in origin. Compared to other studies, our results were significantly higher; for example, Cd content was 1.51 mg kg−1 here, but it was just 23.5 μg kg−1 in the industrial area and 3.46 μg kg−1 in the nonindustrial area (Cao et al., 2020). As Xie et al. (2019) reported, the contribution of atmospheric deposition to soil Cd, Pb, and Zn input in nonindustrial areas was 50.3, 70.3, and 36.5%, respectively, while the atmospheric heavy metal input flux was lower than in our context. This was because the soil heavy metal concentration was generally lower in such studies. We can conclude that the increments of heavy metal content from the atmospheric deposition on soil grow quickly within the zinc smelting plant pollution area.
We estimated the superposition of the atmospheric deposition of heavy metals in soil based on the 24 million tons of waste residue from historical indigenous zinc smelting from 30 years ago. We estimated that heavy metals deposited in the soil reached 0.56 ∼ 2.08 × 104 t (Cd), 1.02 ∼ 5.20 × 104 t (Pd), 2.00 ∼ 4.71 × 104 t (Cr), 1.00 ∼2.46 × 104 t (Cu), 0.89∼3.32 × 104 t (Ni), and 25.2∼ 72.0 × 104 t (Zn), respectively (Table 5) (Xia and Huang, 2011; Shang, 2012). In the absence of pollution treatment of waste gas, water, and residue, large-scale historical indigenous zinc smelting in northwest Guizhou Province could have more serious superposition effects on soil heavy metal pollution than we expected.
4 CONCLUSION
Soil heavy metals Cd, Pb, and Zn were much higher than local background values in the context of geochemical anomaly in northwest Guizhou Province. Heavy metals from atmospheric deposition were higher in the zinc smelting plant watershed than in the control watershed, and after 13 years of deposition the contribution rate of atmospheric deposition on topsoil was lowest for Ni, at 5.10%, and highest for Cd, at 17.9%. The spatial distribution of soil heavy metal indicates that the content of heavy metals in soil was highly coupled with the location of zinc smelting in MS watershed. Combined with the principal component analysis of atmospheric deposition and soil heavy metal, it can be concluded that zinc smelting atmospheric deposition showed superposition effects on the accumulation of heavy metals in topsoil under the geochemical anomaly in this area.
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Cd 0.469 -0.192 0.367 0.670 -0.033 0.431 0.067 0.415 0.042 0.482
Pb 0.438 -0.354 0.538 -0.217 0.019 0.441 -0.352 0.488 0.077 0.215
Cr 0.237 0.743 0.342 0.274 -0.751 0.286 0.691 -0.279 0.166 0.813
Cu 0.453 -0.137 -0.186 0.699 0.234 0.425 -0.278 0.475 0.054 -0.180
Ni 0.388 0.496 0.420 0.139 0.609 0.374 0.487 -0017 0.980 -0.1656
Zn 0.420 -0.146 0.505 -0.214 0.091 0.465 -0.282 0.532 -0.034 0.008
Total 423 1.32 3.14 1.68 0.832 397 1.01 3.20 1.01 0.90
% of Variance 705 220 523 26.4 189 66.2 16.77 53.4 16.9 15.0
Cumulative % 70.5 925 523 786 925 66.2 83.0 53.4 703 853
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