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Abstract

:

Residents in industrial cities may be exposed to potentially toxic elements (PTEs) in soil that increase chronic disease risks. In this study, six types of PTEs (Zn, As, Cr, Ni, Cu, and Pb) in 112 surface soil samples from three land use types—industrial land, residential land, and farmland—in Tonghua City, Jilin Province were measured. The geological accumulation index and pollution load index were calculated to assess the pollution level of metal. Meanwhile, the potential ecological risk index, hazard index, and carcinogenic risk were calculated to assess the environmental risks. The spatial distribution map was determined by the ordinary kriging method, and the sources of PTEs were identified by factor analysis and cluster analysis. The average concentrations of Zn, As, Cr, Ni, Cu, and Pb were 266.57, 15.72, 72.41, 15.04, 20.52, and 16.30 mg/kg, respectively. The results of the geological accumulation index demonstrated the following: Zn pollution was present in all three land use types, As pollution in industrial land cannot be neglected, Cr pollution in farmland was higher than that in the other two land use types. The pollution load index decreased in the order of industrial land > farmland > residential land. Multivariate statistical analysis divided the six PTEs into three groups by source: Zn and As both originated from industrial activities; vehicle emissions were the main source of Pb; and Ni and Cu were derived from natural parent materials. Meanwhile, Cr was found to come from a mixture of artificial and natural sources. The soil environment in the study area faced ecological risk from moderate pollution levels mainly contributed by As. PTEs did not pose a non-carcinogenic risk to humans; however, residents of the three land use types all faced estimated carcinogenic risks caused by Cr, and As in industrial land also posed high estimated carcinogenic risk to human health. The conclusion of this article provides corresponding data support to the government’s policy formulation of remediating different types of land and preventing exposure and related environmental risks.
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1. Introduction


Industrial cities are well known for promoting a mixture of heavy industry and light industry while making significant use of mineral resources. This means that more frequent human activities, such as factory operations, pesticides, and fertilizers, and mining activities would lead to the soil in industrial cities being exposed to higher hazards of potentially toxic elements (PETs) [1]. Owing to the toxicity, non-biodegradation, and bioaccumulation of PTEs [2,3,4,5,6], the pollution of PTEs in the soil of industrial cities has attracted an extensive amount of attention [7,8,9]. PTEs from the soil enter the human body through inhalation, ingestion, and dermal contact [10,11] and cause harm to the human body after accumulation. For instance, long-term accumulation of cadmium causes osteoporosis and renal tubular injury [12]; damage to nerves, bones, and the immune system of human body results from the excessive intake of lead; and excessive zinc leads to nausea, vomiting, and even stomach cramps. In fact, high doses and long-term exposure to zinc leads to cholesterol imbalance and even infertility [13]. Arsenic is the most common carcinogenic substance in environmental media, causing health risks to the human body [14]. To avoid the threat of PTEs to the ecological environment and human health, it is very crucial to analyze the content of PTEs in the soil and assess the risks.



At present, there are many studies on the pollution of PTEs in farmland [15,16,17,18], including mining areas [3,19], parks [10], cities [4,20], etc., but they are all aimed at a single land type. There are obvious differences in soil properties under different land types, which will lead to differences in the contents of PTEs [21]. However, there are few studies that consider different land use types when carrying out pollution assessment and environmental risk assessment. Therefore, in this study, the soil of three land use types, namely, industrial land, residential land, and farmland, were collected and analyzed.



Pollution assessment of PTEs in soil includes a single index assessment method, such as the geological accumulation index [22], enrichment index [23], and pollution index (PI) [24], as well as comprehensive evaluation methods, such as the pollution load index [25] and Nemerow pollution evaluation methods [26]. Sources of PTEs in soils of industrial cities typically are a part of a complex system. Currently, multiple statistical methods are mainly used to distribute sources of harmful substances [27]. According to relevant research statistics, the most commonly used methods are principal component analysis and cluster analysis (CA). Principal component analysis can be classified as factor analysis (FA), and a simplified result of FA would be more convincing for data analysis [28]. Therefore, this study combines FA and CA to determine the possible sources of PTEs in soil. Meanwhile, spatial interpolation technology based on geostatistics is adopted to directly reflect the spatial distribution law of harmful substances in the soil, and unbiased estimation is conducted on the variable values of space objects at non-sampled locations [29,30]. Visualizing high-risk areas helps decision-makers to prioritize methods of remediation [31].



In this study, Tonghua City, an old industrial zone in northeast China, is selected as the research area. Tonghua City has the largest iron and steel joint enterprise in Jilin Province, established in 1958, and has a long history of industrial development. Presently, it can produce more than 10 million tons of steel per year. There are also many types of industrial enterprises located in this city. Dense population, heavy transportation, and active industrial activities all pose threats to the quality of the different types of soil available and to human health in this city. Until now, data on the content of PTEs and environmental risks in the soil in this area have not been released. In summary, the purpose of this study is the following: (1) collect topsoil from three different land use types (residential land, industrial land, and farmland) in Tonghua City, measuring the content of six PTEs and combining single-index and comprehensive evaluation methods to determine the pollution level of heavy metals; (2) explore the sources of PTEs in soil by combining the spatial distribution based on geostatistics and multivariate analysis; (3) conduct ecological risk and human health risk assessments of PTEs in different types of soil in the study area. These efforts will provide effective support to the government in controlling PTEs, repairing soil and managing industrial cities.




2. Materials and Methods


2.1. Study Area


This study was carried out in Tonghua City in the southern region of Jilin Province, China. Tonghua covers an area of 15,600 km2, of which more than two-thirds is mountainous. The terrain subsides from south to north, forming a topography of high elevation in the south and low elevation in the north. With a population of over 2.17 million, it is located between 40°52′–43°03′ N, 125°10′–126°44′ E. Tonghua resides in a humid climate zone in the temperate zone, with an annual average temperature of 5.5 °C and an annual average rainfall of 870 mm. Southwest winds prevail in Tonghua city all year round, and local wind direction data were collected and shown in Figure 1. Dongchang district and Erdaojiang district’s suburban besieged economic zone, and Erdaojiang district’s enterprises are mainly light industrial products, including chemicals, pharmaceuticals, food, machinery, building materials, mining, smelting, and printing products [32].




2.2. Sampling Collection and Analysis


A total of 112 soil samples (0–10 cm) were collected in Dongchang district and Erdaojiang district, which consist of samples from residential land (57), industrial land (24), and farmland (31). At each sampling point, a total of five samples were collected using stainless-steel shovels and then mixed into a composite sample. The sampling points were located by a hand-held global positioning system (GPS). Then, each sample was stored in a polyethylene bag after being collected on site and quickly transferred to the laboratory for experiment. The sampling site locations are shown in Figure 1.



After the samples were naturally air-dried, the plant roots, stones, and other materials were removed through a 2 mm nylon screen. Then, the samples were ground through a mortar, and all the samples were passed through a 0.15 mm nylon screen after grinding for subsequent experiments. Based on the National Standard Method of China (HJ 491-2009), the concrete steps of soil digestion were as follows: (1) a 0.25 g sample was weighed, sequentially adding HCl-HNO3-HClO4-HF, and heated on an electric heating plate to perform soil digestion; (2) the solution was decomposed until viscous, poured into a 50 mL volumetric flask, and 1% HNO3 was used as a constant volume; (3) the constant volume solution was filtered; (4) the filtered solution was extracted by a disposable syringe and made available for testing after passing through a 0.45 µm filter membrane. The contents of Zn, As, Cr, Ni, Cu, and Pb in the samples were measured by inductively coupled plasma-atomic emission spectrometry (Avio 200, PerkinElmer, MA, USA). Quality assurance and quality control procedures were carried out, including reference material certification (GSS series), blank tests for each group of samples, and repeating the analysis three times. The relative standard deviation of duplicate samples was under 10%. The detection limits of PTEs were 0.2, 0.02, 0.02, 0.01, 0.01, and 0.03 mg/kg for As, Ni, Cr, Cu, Zn, and Pb, respectively.




2.3. Method


2.3.1. Factor Analysis (FA)


The difference between FA and principal component analysis is the use of different mathematical methods. FA uses maximum original rotation technology to simplify the original data. The processed data can better explain the source of PTEs, and the new variables created have the same amount of information as the original data [33]. FA has seldom been used to study PTEs in soil [33]; however, there have been more studies on human and environmental behaviors in which FA was adopted [34]. Relevant studies showed that FA can link spatial variability to some mechanisms of toxic element sources [28].




2.3.2. Geo-Accumulation Index (Igeo)


The geological accumulation index is based on Muller’s formula and uses the ratio of the measured values of elements in soil to the geochemical background values to carry out pollution assessment [35]. Igeo was calculated by Equation (1):


  I g e o   =   l o  g 2   [     C n    1.5  B n     ]   



(1)




where Cn is the measured value of the element, Bn is the geochemical background value of a single element [36], and 1.5 is the correction index. Diagenesis is considered to possibly cause changes in the background value and is usually used to characterize sedimentary characteristics, rock geology, and other influences. According to the value of Igeo, its classification standard is shown in Table 1.




2.3.3. Pollution Load Index (PLI)


Meanwhile, pollution index (PI) was used to evaluate the pollution status of a single metal. PI was defined as the ratio of the measured value of the metal in the soil to the background value of the metal. According to different PI values, it is divided into three grades: low (PI ≤ 1), middle (1 < PI ≤ 3), and high (PI > 3). Here, we used the background values of soil elements in Jilin Province to perform the calculation [31]. To evaluate the overall pollution status of the soil, the pollution load index (PLI) was used rather than considering the influence of a single metal. PLI is calculated using the following expression (Equation (2)):


    P L I   =   ( P  I 1  × P  I 2  × P  I 3  × ⋯ × P  I n  )    1 n     



(2)




where PI is the pollution index for each PTEs of each sample and n is the number of soil samples collected. According to Wei [37] and He [38], PLI is classified into six levels, as shown in Table 1.




2.3.4. Potential Ecological Risk Index


The potential ecological hazard index method was proposed by Swedish scientist Håkanson [34]. This method not only considers the content of PTEs but also the synergistic effect of multiple factors, toxicity level, pollution concentration, and environmental sensitivity to toxic elements. The potential ecological risk index (RI) is calculated by Equations (3)–(5):


  R I =   ∑  i n   E j i   



(3)






   E j i  =  T n i  ×  C j i   



(4)






   C j i   C i  /  C n i   



(5)




where    C i    is the measured concentration of metal i,    C n i    is the background value of metal i in Jilin Province [36],    C j i    is the pollution factor of metal i,    E j i    is the potential ecological risk index (RI) of a single metal, and    T n i    is the toxicity response factor of metal i. The toxic response factors for Cr, Ni, Cu, As, Zn, and Pb are 2, 6, 5, 10, 1, and 5, respectively [39]. The degree of ecological risk can be categorized, as shown in Table 1.




2.3.5. Heathy Risk Assessment


The model established by the U.S. Environmental Protection Agency was selected for human health risk assessment. The average daily dose of PTEs ingested by adults and children through three routes are calculated by the following Equations (6)–(8):


  A D  D  i n g   =  C  s o i l     ×      I n g R   ×   E F   ×   E D     B W   ×   A T    ×  10  − 6    



(6)






  A D  D  i n h   =  C  s o i l     ×      I n h R   ×   E F   ×   E D     P E F   ×   B W   ×   A T     



(7)






  A D  D  d e r m a l   =  C  s o i l   ×    S A   ×   A F   ×   A B S   ×   E F   ×   E D     B W   ×   A T    ×  10  − 6    



(8)




where ADDing, ADDinh, and ADDdermal refer to the daily doses of metal absorbed through ingestion, inhalation, and dermal contact, respectively. Equations (6)–(8) were used for the calculation of non-cancer risks, whereas for carcinogens, the risks were calculated by the weighted average of resident exposure in children and adults, respectively, i.e., the lifetime average daily dose [40]. Calculation of the lifetime average daily dose of carcinogens entering the human body through three different paths are presented by Equations (9)–(11):


  L A D  D  i n g   =    C  s o i l     ×   E F   A T     ×    [     (     I n g R   ×   E D    B W    )    c h i l d   +    (     I n g R   ×   E D    B W    )    a d u l t    ]   



(9)






  L A D  D  i n h   =    C  s o i l     ×   E F   A T     ×    [     (     I n h R   ×   E D    B W    )    c h i l d   +    (     I n h R   ×   E D    B W    )    a d u l t    ]   



(10)






  L A D  D  d e r m a l   =    C  s o i l     ×   E F   A T     ×    [     (     S A   ×   A F   ×   A B S   ×   E D    B W    )    c h i l d   +    (     S A   ×   A F   ×   A B S   ×   E D    B W    )    a d u l t    ]   



(11)







LADDing, LADDinh, and LADDdermal represent the lifetime average daily doses of ingestion, inhalation, and dermal contact, respectively. The parameter values involved in Equations (6)–(11) are listed in Table S1 (Supplementary materials).



Hazard quotient (HQ), hazard index (HI), and carcinogenic risk (CR) were used to assess the non-carcinogenic and cancer risks of PTEs to the human body. The HQ and HI are calculated by Equation (12), and the carcinogenic risk is calculated by Equations (13) and (14):


   H I =   ∑  H  Q i  =  ∑    A D  D i    R f  D i     



(12)






  C R   =   L A D  D i    ×   S  F i   



(13)






  T C R =   ∑   i = 1  n  C R  



(14)




where the reference dose (RfD) refers to the maximum daily absorbed metal dose that will not cause harmful effects to children and adults. HQ is the sum of the ratio of the average daily dose to the reference dose under each exposure route, whereas HI is the sum of HQ. SF refers to the probability of daily occurrence of cancer per unit exposure; thus, the carcinogenic risk (CR) refers to the sum of the product of the lifetime average daily doses per exposure route and the probability of occurrence of cancer. The parameters involved in the formula are given in Table S2 (supplementary materials). If the average daily dose for each route is less than or equal to the corresponding reference dose, HQ ≤ 1, the considered metal under this route will not generate any non-carcinogenic risks to the human body. However, if ADDi > RfD, then HQ > 1, and it is likely that significant non-carcinogenic risks to the human body will be generated. Similarly, according to the further explanation of cancer risk range in the Regional Removal Management Levels (RMLs) User’s Guide by the U.S. Environmental Protection Agency in 2019 [41], CR less than 10−6 corresponds to very low estimated risk generated to human health. If 10−6 < CR < 10−4, estimated carcinogenic risk to the human body is acceptable risk range; however, if CR > 10−4, the human body has already suffered from a high estimated risk of cancer.




2.3.6. Statistical Analysis


SPSS 20 software (IBM, Armonk, NY, USA) and Excel 2013 were used for data analysis, and the figures were drawn using Origin 9.6 software (OriginLab, Hampton, MA, USA). ArcGIS 10.3 software (Esri, RedLands, CA, USA) was used for drawing the spatial distribution map of PTEs in the map. The kriging method was used for spatial distribution. Shi et al. [9] studied several spatial interpolation methods, including the inverse distance weighting (IDW), global/local polynomial interpolation (G/LPI), radial basis function (RBF), and kriging methods to obtain optimal results. They found that the kriging method exhibited better performance than the other methods. The kriging method can display the changes in space, output various maps, and minimize the errors of predicted values. In addition, kriging also showed great flexibility in other aspects and allows users to investigate spatial autocorrelation maps. Because the data did not conform to normal distribution, Minitab 17 software (State College, PA, USA) was used to perform the Box–Cox transformation of the data before the kriging method was applied. When identifying the sources of PTEs in the study area, FA and CA were adopted, and the cluster heat map of PTEs was drawn by Origin 9.6 software, which was used to compare with the FA results.






3. Results and Discussion


3.1. Concentration of PTEs


The concentrations of PTEs in three different land use types in the study area are listed in Table 2. The concentrations of As, Cr, Ni, Cu, Zn, and Pb were 0.4–70.6, 31–195.8, 0.2–55.6, 4–117.2, 18.4–802.2, and 0.2–273.2 mg/kg, respectively. Compared with the secondary standard of soil environmental quality in China [42], Pb in residential land did not exceed the standard value, whereas for Zn, 29 sites (50.88%) did exceed the standard value. In addition, compared with the secondary standard, for Ni, As, and Zn, four (16.67%), six (25%), and 20 (83.33%) sites, respectively, in industrial land exceeded the standard. Farmland was compared with the newly issued agricultural land soil pollution risk control standard (for trial implementation) [43]; results showed that Ni and Pb did not exceed the standard, only one site (3.23%) exceeded the standard for As and Cr, 2 sites (6.45%) for Cu, and for Zn, 27 sites (87.10%) exceeded the standard. Compared with the soil background values in Jilin Province [36], six PTEs in the three land use types all exceeded the corresponding background values. Specifically, under the three land use types, the amount of Cu, Ni, and Pb exceeding the background value was below 50%, whereas As, Cr, and Zn exhibited values greater than 50%, decreasing in the order of Zn > Cr > As.



The coefficient of variation is the ratio of the standard deviation to the average value of the obtained data. The coefficient of variation of the six metals had a descending order of Pb (191%) > Cu (96%) > As (90%) > Ni (81%) > Zn (66%) > Cr (43%). Among them, Pb exhibited a concentration that ranged from 0.2 to 273.2 mg/kg. The concentration varied greatly, and the coefficient of variation was greater than 100%, which indicated that Pb in the study area was very uneven compared with the five other PTEs; thus, it was very likely that human activity was responsible for the variation [44]. The coefficients of variation of Cu, As, Ni, and Zn are higher than 50%, showing high variability, which indicated that the concentrations of these four metals in the studied area reflect significant differences.



Judging from the concentration value of PTEs, the concentration level of the six PTEs in the study area was medium, and the soil in the study area faced pollution caused by the three metals—Zn, Cr, and As. Compared with the large heavy industrial cities listed in Table S3 and the cities with very dense population, such as Beijing, Shanghai, and Wuhan, the concentration of the study area was much lower, equivalent to that of medium industrial cities. Tonghua exhibited a medium population density and lower intensity of industrial activity than large heavy industry cities. As Tonghua City Iron and Steel Co., Ltd., established in 1958 with industrial activities having started earlier, is located in Tonghua, the observed pollution levels of Zn, Cr, and As were expected.




3.2. Spatial Distribution of PTEs


The spatial distribution patterns of the six PTEs in the study area are represented in Figure 2, in which red stands for high concentration and blue represents low concentration. Zn, Ni, Cu, Cr, and As all exhibited similar spatial distribution trends, with the distribution of the five metals concentrated in the northeast region of the study area and the concentrations of the other metals, except Cr, relatively low in the southwest, which may be related to the presence of the iron and steel plant in the northeast part of the study area. The largest and long-running steel manufacturing company in Jilin Province is located in the Erdaojiang district. Dust containing various metals is produced in the steel production process and falls on the nearby soil surface under the action of wind force, accumulating in the soil along with precipitation and other substances. Cr differed from the four metals, exhibiting a higher concentration distribution in the southwestern portion of the study area. Nevertheless, the distribution of Pb was not quite consistent with those of five metals, as Pb had a different distribution pattern with hotspots in the northeast and southwest regions of the study area. For this reason, the source of Pb may not be like those of the other five elements, which will result in a spatial distribution that is different from those of the other elements.




3.3. Pollution Assessment of PTEs


Igeo values of PTEs in industrial land and farmland soil decreased in the order of Zn > As > Cr > Cu > Ni > Pb, whereas those in residential land decreased in the order of Zn > Cr > As > Cu > Ni > Pb. Industrial land, residential land, and farmland exhibited Igeo values of Zn in the range of 1–3 of 79.17%, 47.37%, and 45.16%, respectively, and the pollution was moderate or moderate to severe. Zn pollution was serious in the research area, suggesting that Zn content originated from parent material and from human input. The spatial distribution map of Zn showed that the main source of Zn may be related to production from iron and steel plants. In addition, 50% of As in industrial land was within 1–2, indicating that the pollution of As in industrial land was also relatively serious. Approximately 50% of As in residential land and farmland was also in the range of 0–3, indicating that As also has slight pollution in these two land use types but at a smaller potentially harmful degree than found in the industrial cities. Notably, 51.61% of Cr in farmland was in the range of 0–2, which was higher than the other two types of land use. Almost no Cu, Ni, or Pb exceeded zero, indicating that the study area had not been polluted by these three metals.



The PI calculated according to the soil background value of Jilin province is shown in Figure 3b. The results show that the PI average of Ni and Pb in residential land and farmland was less than 1, whereas the average of Ni in industrial land was less than 1. This demonstrated that the three land use types were not polluted by Ni, and the residential land and farmland were not polluted by Pb. Specifically, the PI average values of Zn, As, Cr, Cu, and Pb in industrial land were 5.88, 3.63, 1.81, 1.31, and 1.01, respectively, the average values of Zn, As, Cr, and Cu in farmland were 3.56, 3.63, 1.62, and 1.19, respectively, and the average values of Zn, As, Cr, and Cu in residential land were 3.36, 1.84, 1.71, and 1.26, respectively. The above results showed that Zn and As had reached high pollution levels under the three land use types. Compared with other studies, the enrichment factor and pollution factor results of As in the Islam et al. study [11] showed that As had reached a very high pollution level. The research results of Mohammadi et al. on Iran’s industrial zone [24] also showed that As has reached a high pollution level. Meanwhile, consistent with the results of the iron and steel industrial zone in Anshan city in northeast China [45] and Russian smelters [23], Zn pollution has reached a high pollution level.



On this basis, the PLI values of the different land use types were calculated in order to comprehensively evaluate the pollution of PTEs in the soil in the study area. The three types of land use have reached a moderate pollution level, decreasing in the order of industrial land (1.38) > farmland (1.15) > residential land (1.00). It was worth noting that 20.83% of the soil in industrial land and 9.68% in farmland have reached the level of serious pollution. In summary, the soil in the study area was at a moderate pollution level.




3.4. Source Identification of PTEs


FA and CA were used to identify the sources of PTEs in the soil of the study area. On the premise that the cumulative variance is 100.0%, six principal factors were obtained, and the cumulative contribution of the three principal factors extracted before and after rotation was 71.3%. The first principal factor after rotation included Cr, Ni, and Cu, which explained 31.8% of variance after rotation (Table 3). The second main factor mainly included Zn and As, with variance values of 0.847 and 0.738, respectively. The third principal factor included metals such as Pb and Cr; however, the variance of Pb was the maximum loading, reaching 0.952. Six PTEs had significantly higher variance for the three main causes (Figure 4), which indicated that these PTEs have different sources. Next, the sources of PTEs would be discussed according to the mean concentration of PTEs, pollution level, and spatial distribution obtained in this study.



PC1: Cr, Cu, Ni


Cr and Ni in the first principal component (PC1) was demonstrated to be derived from parent material and lithogenic sources in many studies [8,21,46]. However, as opposed to other studies [3,5,15,47], Cu in this study was not deemed to have an anthropogenic source; our results are consistent with those of Tian et al. [48]. The results of FA showed that Cu did not belong to the second principal component (PC2) but was a group with Cr and Ni in PC1. First of all, the mean concentrations of the three metals did not exceed the national soil environmental quality standards [42]; Ni did not even exceed the background value of the soil concentration in Jilin province [36]. However, Cr did exceed the background values of China (61.0 mg/kg). The spatial distribution patterns of Cu, Ni, and Cr were basically identical. Compared with the other two metals, Cr was enriched in the southeastern section of the study area, where building material factories and vehicle exhaust release some of the Cr in the electroplating process [47]. The rotated composition matrix showed that Cr contributed to all three factors, as Cr was a material used in the process of manufacturing automobile parts, and the decomposition of parts and components as well as tires during the use of the automobile releases Cr metal into the environment [49]. Thus, the enrichment of Cr was partly due to human factors. Cu and Ni in PC1 could be summarized as having natural sources, whereas Cr had a mixture of natural and artificial sources.




PC2: As, Zn


As and Zn were probably primarily from anthropogenic sources. The mean concentrations of the two metals exceeded the background value of the soil concentration in Jilin [36], and Zn even exceeded China’s secondary soil quality standard [42]. The evaluation results of Igeo and PLI also showed that the research area encountered serious Zn pollution and moderate As pollution. Similar spatial distribution maps of As and Zn demonstrated that these two metals were highly enriched around the steel plant. During the production activities of the steel plants, Zn pollutes the soil nearby with the emission of aerosol and dust [50]. In their respective studies, Shen [51] and Sun [8] also concluded that industrial practices would cause Zn pollution in the nearby soil. In addition, according to Tian’s research, the total As emission from coal-fired power plants nationwide reached 550 tons in 2007 [52]. Because the sampling time was just after heating in northeast China, coal-derived As from the atmosphere also settled on the surface of the soil. Some surveys reveal that Chinese coal contains a higher content of As than coal from other countries [3]. Therefore, PC2 was impacted by coal combustion and emissions from industrial activities.




PC3: Pb


Although the mean concentration of Pb was low and the results of the pollution assessment showed that no Pb pollution had been demonstrated in the study area, the variance of Pb in PC3 was the highest among the six PTEs, and the concentration range and coefficient of variation of Pb were both large, which indicated that human factors were most likely the cause [53]. The southwestern and northeastern regions of the study area are densely populated areas with heavy traffic; the spatial distribution map showed that Pb was significantly enriched in these two areas. Pb was the main traffic token [54], as Pb is released from the tail gas emissions after gasoline combustion, and the wear on automobile engines during braking and the use of catalysts produce lead emissions [55,56,57]. Once all cars used leaded gasoline. Since the Pb ban in gasoline was enacted, Pb has accumulated in the soil for decades, and the erosion of urban facilities and paint also release Pb into the environment [58]. Therefore, interpreting PC3 as traffic emission has a very strong basis.



Using matrix CA, cluster heat maps were drawn with the six PTEs as the x-axis and color from light to deep to represent the concentration from low to high, as shown in Figure 5. The results show consistency with that of FA. Six PTEs were divided into three groups, with Pb as a separate group, Cr, Ni, and Cu constituting a group, and Zn and As making up a group. Using these two methods, the three main sources of PTEs pollution were revealed, and the sources of PTEs in the study area were confirmed by combination with the spatial distribution maps of the six metals. On the whole, factors 2 and 3 both represented anthropogenic sources and explained 39.6% of the total accumulation, indicating that most of the PTEs in the study area come from anthropogenic influences. Therefore, controlling human activity is an effective means to reduce soil PTEs pollution from the source.





3.5. Potential Ecological Risk Assessment


The average potential ecological risk (PER) of the three types of land use was arranged in the order of industrial land (61.55) > farmland (55.65) > residential land (38.53), of which industrial land and farmland exceed a value of 40, reaching the moderate risk grade. In addition to As, the average potential ecological risks of the other five elements in the three land use types were less than 10. For industrial land, residential land, and farmland, 33.33%, 14.04%, and 41.94% of As exhibited PER values greater than 40, respectively, reaching the pollution level above moderate risk. In summary, the ecological risk caused by industrial land was the most serious, and the ecological risk to the research area was only caused by As.



Regardless of the different land use types, comprehensive consideration should be given to the overall soil environment in the study area, as its PER value ranged from 16.09 to 129.43, with an average value of 43.16. For the study area, 46.43% exceeded a PER value of 40, indicating that the overall ecological risk in the study area was at a moderate level, mainly due to the contribution of As. The distribution of the PERs in the study area is shown in Figure 6. Ecological risks showed a decreasing trend from the middle to both sides, and the eastern part of the center presented the highest ecological risks. It can be argued that the long-term operation of a celebrated steel factory was the primary reason for this scenario.




3.6. Human Health Risk Assessment


The non-carcinogenic risk values of PTEs to adults and children in the three land use types are summarized in Figure 7a and Table 4. No matter which result is exhibited, children consistently face higher non-carcinogenic risks than adults due to pica behavior, which has been mentioned in many studies [59]. The HI values of adults and children in the three land use types decreased in the order of farmland > residential land > industrial land. The most important contribution to adults and children in farmland and industrial land was ingestion, whereas the most important contribution in residential land was dermal contact.



Irrespective of land use, the largest contribution to non-carcinogenic risk to children was ingestion, accounting for 96.7%. Although many studies have shown that HQing was the main contribution route to the non-carcinogenic risks of children and adults [60,61,62], in this study, the contribution of the three routes to adults was different from that to children. The largest contribution route to adults was dermal contact, accounting for 71.1%, which was mainly on account of the contribution of HQdermal of Cr. The HI values of PTEs to adults were Cr > As > Pb > Zn > Ni > Cu from high to low, whereas for children, they were As > Cr > Pb > Zn > Ni > Cu. HI values of all PTEs were less than 1, which indicated that the six PTEs in the study area did not cause non-carcinogenic risks to children and adults in the study area.



Because Cu and Zn were not in the carcinogenic category, this study estimated the carcinogenic risks of the other four metals (Table 5), and found the contribution of Ni and Pb to estimated carcinogenic risk was almost zero; only the contribution of As and Cr are shown in Figure 7b. In the three types of land use, the CR value and total carcinogenic risk (TCR) values of Ni and Pb were less than the threshold value (10−4), indicating that these two elements exhibit almost no estimated carcinogenic risk to human health. On the contrary, the TCR values of Cr in the three land use types all exceeded the threshold (10−4), which indicated that Cr causes a high estimated cancer risk to residents. Moreover, ingestion was the most important manner in which Cr contributed to TCR. The TCR value of As in the soil of industrial land was also greater than the threshold value (10−4), indicating that of the three land use types, only As in the industrial zone caused high estimated carcinogenic risk. Among the three types of land use, the CR value of As decreased in the order of ingestion > dermal contact > inhalation.





4. Conclusions


In this study, pollution assessment, spatial distribution analysis, source analysis, and environmental risk assessment of six metals under three different land use types in a typical industrial city in northeast China (Tonghua City) were carried out. The average concentration of PTEs were found in decreasing order of industrial land > farmland > residential land, and the concentrations of Zn, Cr, and As were found to be higher. The results of the pollution assessment illustrated that Zn pollution carried the greatest health risk in the entire soil environment of the study area, and the pollution of As in industrial land and Cr in farmland also deserve considerable attention. The results of FA and CA showed that As and Zn from factor 2 came directly from industrial production activities and coal combustion, Pb from factor 3 was derived from vehicle emissions, Cu, Ni, and Cr from factor 1 originated from natural parent materials, and some Cr came from human sources. In the environmental risk assessment, with the exception of As, the other five elements did not show any contribution to the ecological risk. Overall, the ecological risk in the study area was at a moderate pollution level. Farmland produced the highest HI value to children, whereas As exhibited the highest non-carcinogenic risk to children among PTEs. However, the above corresponding values were all less than 1, indicating that human health in the study area was not facing non-carcinogenic risks. Residents in the three land use types should pay attention to the high estimated cancer risk caused by Cr and As in industrial land. Ingestion was the most important contribution to the high estimated cancer risk of Cr and As. These results indicated that local government should take the necessary measures for different land use types to avoid serious harm to local residents resulting from PTEs in the soil.
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Figure 1. Distribution of sampling sites in Tonghua City. 
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Figure 2. The spatial distribution of the six metals in the study area. 
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Figure 3. Box plots of (a) geo-accumulation (Igeo), (b) pollution index (PI), and pollution load index (PLI). 
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Figure 4. The results of factor analysis (FA) of six PTEs in the urban soils of the study area. 
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Figure 5. Clustering tree of matrix cluster analysis on the PTEs of urban soils of Tonghua. 
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Figure 6. Spatial distribution of potential ecological risk index in study area. 
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Figure 7. (a) Contribution of PTEs under three types of land use to the HI for adults and children; and (b) Contribution of As and Cr to total carcinogenic risk under three different land use types. 
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Table 1. The standards given for the geo-accumulation index, pollution load index, and potential ecological risk index.
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Geo-Accumulation Index a

	
Pollution Load Index b

	
Potential Ecological Risk Index c




	
Value

	
Contamination Level

	
Value

	
Contamination Level

	
Value

	
Risk Degree






	
<0

	
practically unpolluted

	
PLI ≤ 1

	
unpolluted

	
   E j i    < 40

	
low risk




	
0−1

	
unpolluted to moderately polluted

	
1 ≤ PLI ≤ 2

	
unpolluted to moderately polluted

	
40 ≤    E j i    < 80

	
moderate risk




	
1−2

	
moderately polluted

	
2 ≤ PLI ≤ 3

	
moderately polluted

	
80 ≤    E j i    < 160

	
considerable risk




	
2−3

	
moderately to strongly polluted

	
3 ≤ PLI ≤ 4

	
moderately to highly polluted

	
160 ≤    E j i    < 320

	
high risk




	
3−4

	
strongly polluted

	
4 ≤ PLI ≤ 5

	
highly polluted

	
   E j i    ≥ 320

	
very high risk




	
4−5

	
strongly to extremely polluted

	
PLI > 5

	
very highly polluted

	

	




	
≥5

	
extremely polluted

	

	

	

	








a Muller [35], b Wei [37] and He [38], c Håkanson [39].
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Table 2. Summary of potentially toxic element (PTE) concentrations (mg/kg) with basic statistical parameters for the urban soils collected around Tonghua.
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Land Use Types

	
Values

	
As

	
Cr

	
Ni

	
Cu

	
Zn

	
Pb






	
Residential land (57)

	
Max

	
40.6

	
161.2

	
49.4

	
110

	
619

	
155.2




	
Min

	
0.4

	
31.6

	
0.2

	
5.8

	
27

	
0.2




	
Mean

	
12.5

	
72.67

	
15.96

	
20.74

	
244.77

	
12.65




	
CV

	
0.82

	
0.39

	
0.73

	
0.92

	
0.62

	
1.72




	
Grade a

	
40

	
150

	
10

	
50

	
200

	
250




	
Industrial land (24)

	
Max

	
70.6

	
169.8

	
55.6

	
117.2

	
802.2

	
273.2




	
Min

	
0.4

	
32

	
0.8

	
4

	
136.2

	
0.2




	
Mean

	
24.33

	
76.85

	
13.87

	
21.54

	
427.86

	
28.31




	
CV

	
0.84

	
0.50

	
1.11

	
1.08

	
0.56

	
1.91




	
Grade a

	
40

	
150

	
40

	
50

	
200

	
250




	
Farmland (31)

	
Max

	
46.2

	
195.8

	
39.4

	
93

	
742.8

	
63.2




	
Min

	
1.8

	
36.6

	
1.2

	
7.2

	
18.4

	
0.8




	
Mean

	
13.41

	
68.50

	
14.25

	
19.48

	
258.95

	
13.72




	
CV

	
0.83

	
0.43

	
0.70

	
0.87

	
0.76

	
0.99




	
Grade b

	
40

	
150

	
70

	
50

	
90

	
200




	
Total

	
Max

	
70.6

	
195.8

	
55.6

	
117.2

	
802.2

	
273.2




	
Min

	
0.4

	
31

	
0.2

	
4

	
18.4

	
0.2




	
Mean

	
15.72

	
72.41

	
15.04

	
20.52

	
266.57

	
16.30




	
CV

	
0.9

	
0.43

	
0.81

	
0.96

	
0.66

	
1.91




	
Background c

	

	
6.7

	
42.4

	
20.3

	
16.4

	
72.8

	
27.9








a Chinese Soil Environmental Quality [42], b Agricultural Land Soil Pollution Risk Control Standard (Trial) [43], c Background value of Jilin [36].
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Table 3. Rotated component matrix of PTEs in soil.
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Elements

	
Rotated Component Matrix




	
Factor 1

	
Factor 2

	
Factor 3






	
As

	
−0.369

	
0.738

	
0.064




	
Cr

	
0.711

	
−0.054

	
0.284




	
Cu

	
0.851

	
0.053

	
0.016




	
Ni

	
0.716

	
−0.215

	
−0.085




	
Pb

	
0.084

	
−0.114

	
0.952




	
Zn

	
0.129

	
0.847

	
−0.218
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Table 4. The index of non-carcinogenic health risks of PTEs in urban soils of study area.
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Elements

	
Health Index

	
Residential Land

	
Industrial Land

	
Farmland




	
HQing

	
HQinh

	
HQder

	
HI

	
HQing

	
HQinh

	
HQder

	
HI

	
HQing

	
HQinh

	
HQder

	
HI






	
As

	
adults

	
1.14 × 10−2

	
2.06 × 10−5

	
5.46 × 10−3

	
1.69 × 10−2

	
2.78 × 10−2

	
3.99 × 10−5

	
1.03 × 10−3

	
2.89 × 10−2

	
1.53 × 10−1

	
2.20 × 10−5

	
5.70 × 10−3

	
1.59 × 10−1




	
children

	
1.32 × 10−1

	
3.59 × 10−5

	
2.05 × 10−3

	
1.34 × 10−1

	
2.59 × 10−1

	
7.06 × 10−5

	
4.05 × 10−3

	
2.63 × 10−1

	
1.43 × 10−1

	
3.90 × 10−5

	
2.23 × 10−3

	
1.45 × 10−1




	
Cr

	
adults

	
8.31 × 10−3

	
5.13 × 10−4

	
6.59 × 10−2

	
7.47 × 10−2

	
8.79 × 10−3

	
5.42 × 10−4

	
6.69 × 10−3

	
1.60 × 10−2

	
7.83 × 10−3

	
4.83 × 10−4

	
5.96 × 10−2

	
6.80 × 10−2




	
children

	
7.74 × 10−2

	
4.33 × 10−4

	
2.48 × 10−2

	
1.03 × 10−1

	
8.19 × 10−2

	
9.60 × 10−4

	
2.62 × 10−2

	
1.09 × 10−1

	
7.30 × 10−2

	
8.56 × 10−4

	
2.34 × 10−2

	
9.73 × 10−2




	
Ni

	
adults

	
2.74 × 10−4

	
3.58 × 10−5

	
1.61 × 10−4

	
4.71 × 10−4

	
2.38 × 10−4

	
3.11 × 10−5

	
1.34 × 10−5

	
2.83 × 10−4

	
2.44 × 10-4

	
3.20 × 10−5

	
1.38 × 10−4

	
4.14 × 10−4




	
children

	
2.55 × 10−3

	
6.34 × 10−5

	
6.05 × 10−5

	
2.67 × 10−3

	
2.22 × 10−3

	
5.50 × 10−5

	
5.25 × 10−5

	
2.33 × 10−3

	
2.28 × 10−4

	
5.66 × 10−5

	
5.40 × 10−5

	
3.39 × 10−4




	
Cu

	
adults

	
1.78 × 10−4

	
1.04 × 10−7

	
9.40 × 10−5

	
2.72 × 10-4

	
1.85 × 10−4

	
1.08 × 10−7

	
9.38 × 10−6

	
1.94 × 10−4

	
1.67 × 10−4

	
9.78 × 10−8

	
8.48 × 10−5

	
2.52 × 10−4




	
children

	
1.66 × 10−3

	
1.84 × 10−7

	
3.54 × 10−5

	
1.70 × 10−3

	
1.72 × 10−3

	
1.91 × 10−7

	
3.67 × 10−5

	
1.76 × 10−3

	
1.56 × 10−3

	
1.73 × 10−7

	
3.32 × 10−5

	
1.59 × 10−3




	
Zn

	
adults

	
2.81 × 10−4

	
1.65 × 10−7

	
2.23 × 10−4

	
5.04 × 10−-4

	
4.89 × 10−4

	
2.88 × 10−7

	
3.74 × 10−5

	
5.27 × 10−4

	
2.96 × 10−4

	
1.74 × 10−7

	
2.25 × 10−4

	
5.21 × 10−4




	
children

	
2.62 × 10−3

	
2.92 × 10−7

	
8.37 × 10−5

	
2.70 × 10−3

	
4.56 × 10−3

	
5.09 × 10−7

	
1.46 × 10−4

	
4.71 × 10−3

	
2.76 × 10−3

	
3.08 × 10−7

	
8.83 × 10−5

	
2.85 × 10−3




	
Pb

	
adults

	
1.24 × 10−3

	
7.25 × 10−7

	
1.31 × 10−3

	
2.55 × 10−3

	
2.77 × 10−3

	
1.62 × 10−6

	
2.82 × 10−4

	
3.05 × 10−3

	
1.34 × 10−3

	
7.86 × 10−7

	
1.37 × 10−3

	
2.71 × 10−3




	
children

	
1.15 × 10−2

	
1.28 × 10−6

	
4.93 × 10−4

	
1.20 × 10−2

	
2.59 × 10−2

	
2.87 × 10−6

	
1.10 × 10−3

	
2.70 × 10−2

	
1.25 × 10−2

	
1.39 × 10−6

	
5.34 × 10−4

	
1.30 × 10−2








HQ is hazard quotient; HI is hazard index.
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Table 5. The index of carcinogenic health risks of PTEs in the urban soils of study area.
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Land Use Types

	
Health Index

	
As

	
Cr

	
Ni

	
Pb






	
Residential

land

	
CRing

	
6.56 × 10−5

	
1.29 × 10−4

	

	
3.80 × 10−7




	
CRinh

	
1.04 × 10−7

	
1.71 × 10−6

	
7.50 × 10−9

	




	
CRdermal

	
3.38 × 10−6

	

	

	




	
TCR

	
6.91 × 10−5

	
1.30 × 10−4

	
7.50 × 10−9

	
3.80 × 10−7




	
Industrial

land

	
CRing

	
1.29 × 10−4

	
1.36 × 10−4

	

	
8.52 × 10−7




	
CRinh

	
2.05 × 10−7

	
1.80 × 10−6

	
6.51 × 10−9

	




	
CRdermal

	
2.29 × 10−6

	

	

	




	
TCR

	
1.32 × 10−4

	
1.39 × 10−4

	
6.51 × 10−9

	
8.52 × 10−7




	
Farmland

	
CRing

	
7.12 × 10−5

	
1.21 × 10−4

	

	
4.13 × 10−7




	
CRinh

	
1.13 × 10−7

	
1.61 × 10−6

	
6.69 × 10−9

	




	
CRdermal

	
3.57 × 10−6

	

	

	




	
TCR

	
7.49 × 10−5

	
1.23 × 10−4

	
6.69 × 10−9

	
4.13 × 10−7








CR is the carcinogenic risk; TCR is the total carcinogenic risk.
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