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To investigate the spatial and temporal distribution, sources, and ecological risk of soil polycyclic aromatic hydrocarbons (PAHs) in China’s urban agglomerations from 2000 to 2020, a comprehensive search strategy was employed using the keywords “soil”, “PAHs”, and “city”. A total of 122 relevant studies that provided information on individual PAH content during the specified time period were collected. These studies encompassed 20 urban agglomerations in China, which were further categorized into two distinct periods: 2000 to 2010 and 2011 to 2020. The diagnostic ratio method and principal component analysis were employed to identify the sources of PAHs, and a risk quotient model was used to evaluate the soil ecological risk. The results revealed the average PAH content in the 20 urban agglomerations in China from 2011 to 2020 was 2,439 ± 4,633 ng·g-1, which exceeded the severe pollution level cut-off (> 1,000 ng·g-1). The soil PAH content in the period from 2011 to 2020 decreased by 28% compared to the soil PAH content in the period from 2000 to 2010. Soil PAH pollution was more severe in the northern urban agglomerations than in the southern urban agglomerations. Diagnostic ratios and principal component analysis demonstrated that the principal sources in most urban agglomerations in China were traffic and coal combustion. GeoDetector found that coal and fuel oil consumption were the main factors affecting the spatial differentiation of PAHs. The ecological risk quotient showed that approximately 80% of the urban agglomerations were at a medium-high ecological risk from 2000 to 2010, compared with 72% from 2011 to 2020. Thus, it is necessary to deepen energy structure reform to alleviate the threat of serious pollution caused by coal and fuel oil in urban agglomerations.
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1 Introduction

In recent years, rapid urbanization and industrialization have brought great development to most Chinese cities but have also caused serious environmental problems (1, 2). Environmentally toxic pollutants, such as polycyclic aromatic hydrocarbons (PAHs), have attracted widespread attention owing to their carcinogenicity (3, 4). PAHs are mainly derived from combustion processes, such as vehicle emissions and the incomplete combustion of biomass, coal, and natural gas (5, 6). After their release, PAHs tend to adsorb into soil particles through dry and wet atmospheric settlements and then with long-term accumulation in the environment (7, 8). Soil is the main sink of PAHs in the environment, and it has been reported that more than 90% of the PAHs in the environment exist in the soil (9).

The rapid and significant accumulation of PAHs in urban soils has attracted considerable attention. According to a study of soil PAHs in Tianjin, the average Σ16PAHs content in the soil in Tianjin doubled from 620 ng·g-1 to 1,296 ng·g-1 from 2008 to 2012 due to the influence of human activities (10). From 2015 to 2021, the average content of Σ16PAHs in the soil in Shanghai increased from 807 ng·g-1 (11) to 1,776 ng·g-1 (12). The average content of Σ16PAHs in the soil in Nanjing also increased from 979.6 ng·g-1 in 2016 (13) to 2,740 ng·g-1 in 2020 (14). These studies suggest that rapid industrialization and urbanization have resulted in a sharp increase in PAH content (15–17). Average soil Σ16PAHs content in many cities exceeds global heavy pollution standards (18–20), such as the content of soil Σ16PAHs in Chengdu (3106 ng·g-1) (21), Shanghai (1776 ng·g-1) (12), Taiyuan (2086 ng·g-1) (22). The content of the soil Σ16PAHs in these city have exceeded the heavy pollution standard (1000 ng·g-1) (23). Studies of the content and distribution of PAHs in urban soil are of great significance to human health.

The Seventh National Census Communique showed that approximately 64 percent of the Chinese population lives in cities (24). The national economic and social development of the People’s Republic of China, and the 2035 Vision Target Outline in 2021 proposed optimizing the Beijing-Tianjin-Hebei, Yangtze River Delta, Pearl River Delta, Chengdu-Chongqing, and middle reaches of the Yangtze River urban agglomerations; developing Shandong Peninsula, Guangdong and Zhejiang coastal regions, Zhongyuan, Guanzhong Plain, and Beibu Gulf; cultivating the development of Harbin-Changchun, middle southern region of Liaoning, central Shanxi, central Guizhou, central Yunnan, Hohehot-Baotou-Ordos-Yulin, Lanzhou-Xining, Ningxia Yanhuang, and the northern slope of Tianshan Mountain urban agglomerations (25). China will enter a critical period of urbanization construction in the new era. Maintaining environmental fairness among different urban agglomerations is of great significance for their development. At present, most studies are on the scale of cities, and studies on the scale of urban agglomerations are relatively scarce.

Scholars have found that PAH pollution levels are significantly different in different urban soils (18–20); however, at the scale of urban agglomerations, comparative studies of soil PAH content and source differences are lacking, and multiple factors affecting soil PAH accumulation remain to be studied (26). Previous studies have shown that the accumulation of PAHs in soil is mainly related to the generation sources of PAHs (coal burning, oil burning, and biomass burning) (27). Environmental factors (light duration, solar radiation, and soil properties) have also led to differences in PAHs accumulation (28, 29). It is of great significance to explore the main factors influencing PAHs content in urban agglomerations. However, only a limited number of studies have explored the contribution of a few factors to PAHs accumulation in soils, particularly at the urban agglomeration scale. Twenty-one indices (Shown in section 2.3) that may be related to soil PAH accumulation were selected for analysis in this study. We collected 20 urban agglomerations (regions) as research objects and conducted the following studies: (a) an analysis of the spatial and temporal content, composition, and distribution of PAHs in major urban agglomerations in China, (b) the determination of the main sources and influencing factors of PAHs in major urban agglomerations in China, and (c) the calculation and evaluation of the ecological risks of PAHs in major urban agglomerations in China.




2 Materials and methods



2.1 Materials collection and statistics

Using “city”, “PAHs”, and “soil” as the combined keywords searching in abstract of two full-text databases (China National Knowledge Infrastructure, Web of Science), more than 1,300 articles on PAHs in Chinese cities from 2000 to 2020 were collected in June 2021. Articles that did not contain individual PAH content data were discarded. And 161 regions from 122 valid documents were selected and used for subsequent analysis eventually. Soil samples were collected from 2001 to 2020, and the single PAHs included in the analysis were the 16 PAHs listed by the United States Environmental Protection Agency. Basic information and abbreviations for the 16 PAHs are shown in Table 1.


Table 1 | Basic information and abbreviations for the 16 PAHs.






2.2 Source analysis

Natural (rock) and anthropogenic (burn) sources are the primary sources of PAHs in the environment. Different PAH types have different sources. The source analysis methods for PAHs usually include principal components analysis (PCA), diagnostic ratios (DRs), positive matrix factorization, and chemical mass balance model methods (30). Based on the research characteristics of this study, DRs (22) and PCA (13, 31) were used to analyze the sources of soil PAH pollution in urban agglomerations. The processes of the PCA are shown in appendix1.




2.3 Selection and collection of factors influencing PAH content

Geographical detector (Geodetector) is a statistical method based on the spatial autocorrelation theory that can detect spatial variation and reveal the driving factors that cause spatial variation (32). It is widely used to study environmental pollution. For example, Ma et al. (33) used geographical detectors to analyze the factors driving the spatial distribution of heavy metals in the soil of non-ferrous metal smelting sites. Xu et al. (34) studied the effects of anthropogenic and natural factors on the spatial distribution of trace elements in soil using a geodetector. Liang et al. (35) analyzed the spatial factors affecting soil heavy metals in Guangzhou by using a geographic detector. However, the current application of geodetector in the field of soil pollution mainly focuses on heavy metals and their influencing factors, and there are few reports on the use of geodetector to analyze the spatial distribution characteristics and driving factors of soil PAHs contents.

Based on the literature and data availability, 21 indicators that may be related to soil PAH accumulation were selected. The energy consumption data for 34 provinces in China from 2000 to 2019 were collected from the China Energy Statistical Yearbook of the National Bureau of Statistics (http://www.stats.gov.cn). Based on data availability, the selected energy consumption (tons of standard coal), coal consumption (tons), coke consumption (tons), oil consumption (tons), crude oil consumption (tons), gasoline consumption (tons), kerosene consumption (tons), diesel consumption (tons) (excluding 2000–2010), fuel oil consumption (tons), liquefied petroleum gas (LPG) consumption (tons), natural gas consumption (100 million cubic meters), and electricity consumption (100 million kilowatt hours) were studied. The relative contents of soil sand, silt, and clay; the total population; and the average gross domestic product interpolation data for 2005 and 2015 were selected from the Resources and Environmental Science Data Registration and Publication System (http://www.resdc.cn), and the average annual solar radiation, average annual temperature, and average annual precipitation data for 2005 and 2015 were obtained from https://crudata.uea.ac.uk (https://www.gscloud.cn/). During data processing, ArcGIS was used to extract the average value of each province and summarize the data into urban agglomerations for analysis. After the selection of the factors, the utility of each factor for the spatial differentiation of PAHs in urban agglomeration soil was analyzed using a geographic detector. Because the geographic detector requires the factors to be classified, the natural breakpoint method was used to classify the factor data.




2.4 Ecological risk assessment

The risk quotient (RQ) values of the 16 PAHs were used to evaluate the ecological risks. The ecological environmental risks of soil PAHs in different urban agglomerations were evaluated by comparing the content of the 16 detected PAHs with their respective negligible concentrations (NCs) and maximum allowable concentrations (MPCs). The equations for the RQs were as Equations 1–3:

	

	

	

CPAHs represent the concentrations of individual PAHs at each sample site, CQV (NCs) is the minimum risk standard value, and CQV (MPCs) is the highest risk standard value. Specific numerical values have previously been reported (11). RQ(NCs) and RQ(MPCs) had the lowest and highest risk concentration entropy values, respectively (11, 22), whereas RQ(NCs) and RQ(MPCs) had the lowest and highest risk-concentration entropy values, respectively. Risk classification of individual and total PAHs are shown in Table 2.


Table 2 | Risk classification of individual and total PAHs.







3 Results and analysis



3.1 Statistical characterization of soil PAHs in urban agglomerations

The 122 articles surveyed were distributed across 19 urban agglomerations and Tibetan Plateau areas, as shown in Table 3, and 159 study areas and 9,039 sampling sites were extracted from the literature. These sampling sites were mainly located in the Pearl River Delta, Yangtze River Delta, and Beijing-Tianjin-Hebei megacities; the industrial areas in central Liaoning and central Shanxi; and economically developed coastal areas. Overall, these areas represent the main sources of surface soil PAH pollution in the urban areas of China. To analyze the temporal variation characteristics of soil PAH content in urban agglomerations, the sampling time in 159 study areas was extracted from the literature. The sampling time varied from 2001 to 2020, and soil PAHs were analyzed by equal interval classification on a scale of 10 years.


Table 3 | Distribution and statistics of literature.



According to the collation of results from the literature, the average content of soil Σ16PAHs in urban agglomerations in China was 3,384 ng·g-1 and the total content ranged from 190.6 ng·g-1 to 21,509 ng·g-1 from 2000 to 2010. From 2011 to 2020, the average soil Σ16PAHs content in urban agglomerations in China was 2,439 ng·g-1, and the total content ranged from 167.3 ng·g-1 to 20,643 ng·g-1. Thus, the average soil PAH content of in Chinese urban agglomerations from 2011 to 2020 decreased by approximately 28% compared to the average soil PAH content from 2000 to 2010. The decrease in soil PAHs concentrations in China may be a response to the adjustment of the energy structure during the past two decades. A comparative study of soil PAHs content in Beijing in 2008 and 2019 inferred that the decreasing trend of soil PAHs was due to the decline seen in the consumption of coal, coke, and some oils and the rising consumption of clean energy, such as electricity and natural gas, in China (36). In accordance with the evaluation standard of Σ16PAHs in soil, the levels were: heavy pollution (>1000 ng·g−1), moderate pollution (600~1000 ng·g−1), and light pollution (200~600 ng·g−1) (23). Approximately 8% of the urban agglomerations with PAH data were moderately polluted, and more than 77% of the urban agglomerations were severely polluted from 2000 to 2010. From 2011 to 2020, these proportions were 17% and 56%, respectively.

Figure 1 showed the content of 2~6 ring PAHs in 20 urban agglomerations and the total content in each urban agglomeration. As can be seen from Figure 1, the comparison between 2000–2010 and 2011–2020 showed that the average content of soil Σ16PAHs in Chinese urban agglomerations declined, but the average content of soil Σ16PAHs in an increasing number of urban agglomerations reached moderate or even severe pollution levels. A comparison between the average content of soil Σ16PAHs in 2000–2010 and 2011–2020 showed that the soil PAH content in the Beijing-Tianjin-Hebei, Yangtze River Delta, Pearl River Delta, middle reaches of the Yangtze River, Guangdong and Zhejiang coastal regions, middle-southern region of Liaoning Province, and central Shanxi urban agglomerations decreased, while the soil PAH content in the Guanzhong Plain, Beibu Gulf, Harbin-Changchun, and Ningxia Yanhuang urban agglomerations increased. The PAH content decreased by approximately 2% year on year in the Yangtze River Delta and Guangdong and Zhejiang coastal urban agglomerations; by approximately 11% in the Beijing-Tianjin-Hebei urban agglomeration; by approximately 31% in the central Shanxi urban agglomeration; and by approximately 80% in the Pearl River Delta, the middle reaches of the Yangtze River, and the middle-southern region of Liaoning Province urban agglomerations. The PAH content increased by approximately 74% and 50% annually in the Guanzhong Plain and Beibu Gulf urban agglomerations, respectively, and by approximately 443% and 134% in the Harbin-Changchun and Ningxia Yanhuang urban agglomerations, respectively.




Figure 1 | Content of 2~6 ring PAHs in 20 urban agglomerations.



The soil in Chinese cities, especially large cities and megacities, is seriously polluted by PAHs, which threatens the health of urban inhabitants. As shown in Table 3, urban agglomerations in old industrial bases in northeast China, represented by Harbin-Changchun and the middle-southern region of Liaoning Province, were seriously polluted by PAHs. Jilin and Changchun are core cities in the Harbin-Changchun urban agglomeration, and industrial activities in these cities produce many PAHs (20). In addition, these cities are in the northernmost region of China, which has lower temperature and more burning process than other cities. From the perspective of volatile diffusion, low temperatures are not conducive to the migration and degradation of PAHs, and fertile black soils also provide a good environment for the retention of PAHs (20). Similar to the Harbin-Chang urban agglomeration, a large volume of industrial emissions, lower temperature, and heating processes have led to severe PAH pollution in the middle-southern part of the Liaoning province urban agglomeration.

Urban agglomerations with soil PAH contamination greater than 1,000 ng·g-1 from 2011 to 2020 were mostly distributed in northern China, such as the Zhongyuan, Guanzhong, central Shanxi, Hohehot-Baotou-Ordos-Yulin, Lanzhou-Xining, and the northern slope of the Tianshan Mountains urban agglomerations. The Guanzhong Plain urban agglomeration (represented by Xi’an), the central Shanxi urban agglomeration (represented by Taiyuan), and the northern slope of the Tianshan Mountain urban agglomeration (represented by Urumqi), were all seriously polluted. Most of these urban agglomerations have industrial cities or energy cities as their centers, resulting in major soil PAH pollution. In southern China, there are many human activities in the Guangdong and Zhejiang coastal and Yangtze River Delta urban agglomerations, which were found to be severely polluted by PAHs. The reduction of PAH content in the Pearl River Delta city cluster was due to the influence of related policies. As early as 2010, the Pearl River Delta was built into a national environmental protection model city cluster (37), and the natural conditions of the adjacent sea and river also reduced the deposition of PAHs in the soil.

Two-to-three-ring PAHs are extremely unstable in the environment. They tend to volatilize into the air, migrate over long distances. Four-ring PAHs are easily converted between granular and gas forms, whereas five-to-six-ring PAHs are more stable and are mostly fixed in the soil (38). Figure 2 shows the proportions of low- (LMW), medium- (MMW), and high-molecular-weight (HMW) PAHs in 20 urban agglomerations. From 2000 to 2010, the proportions of LMW, MMW, and HMW PAHs in the soil of the 20 urban agglomerations were approximately 10–30%, 20–50%, and 40–60%, with average values of 19%, 32%, and 49%, respectively. From 2011 to 2020, the corresponding proportions were 10–60%, 40–90%, and 10–50%, with averages of 33%, 36%, and 31%, respectively. From 2000–2010 to 2011–2020, the proportion of HMW PAHs decreased by 18%, whereas the proportion of MMW and LMW PAHs increased by 4% and 14%, respectively. The decrease in the proportion of HMW PAHs may correlate with changes in China’s energy consumption patterns. Various renewable energy vehicles replaced gasoline vehicles to some extent from 2011 to 2020, while coal has been constantly heavily consumed due to the acceleration of industrialization and urbanization (including thermal power, coking, and steel industries), resulting in a relative reduction in oil consumption, eventually leading to MMW PAHs being the main PAHs in the soil between 2011 and 2020.




Figure 2 | Proportion of LMW, MMW, and HMW PAHs in 20 urban agglomerations.



Figure 2A shows that the proportions of HMW, MMW, and LMW PAHs in the 20 urban agglomerations were similar, indicating that the energy consumption of each urban agglomeration was similar from 2000 to 2010. Figure 2B shows that the proportions of LMW PAHs were similar in P16–P20 urban agglomerations, reaching 40% or even higher. P16–P20 agglomerations are the Hohehot-Baotou-Ordos-Yulin cluster, the Lanzhou-Xining cluster, the Ningxia-Yanhuang cluster, the northern slope of Tianshan Mountain cluster, and the Qinghai-Tibet Plateau region, which have fewer emission sources, coal burning, and industrial activities, and contribute more high-ring-number PAHs in a limited area. This may be related to the trans-regional transport of LMW PAHs, which is consistent with research results (39). The proportion of PAHs with different rings in the middle reaches of the Yangtze River and Harbin-Changchun showed significant changes from 2000 to 2020, which may be related to the different sampling points used in different studies.




3.2 Source analysis of soil PAHs in urban agglomerations



3.2.1 The DRs of soil PAHs in the urban agglomerations

DRs are effective support tools that allow the qualitative analysis of the sources of PAHs in the environment (22). Most DRs use PAHs with the same molecular mass and similar physicochemical properties because they are thought to undergo similar environmental processes (30). DRs are between 0~1, and the different ranges represented different sources, as shown in Figure 3. Figure 3A shows that the main emission source of PAHs in the 20 urban agglomerations from 2000 to 2020 was combustion. The ratio of Ant/(Ant+Phe) from 2000 to 2010 indicated that the oil volatilization source was related to the possible existence of more petroleum consumption in the city and that a low temperature and other environmental factors may have affected the environmental chemistry processes of Ant and Phe in the city. Figure 3B shows that the soil of the Beibu Gulf and Hohehot-Baotou-Ordos-Yulin clusters were affected by traffic sources; the soil of Ningxia-Yanhuang was affected by volatile sources; and the soil of most urban agglomerations was mainly affected by PAHs produced by grass, wood, and coal combustion. Figure 3C shows that approximately 85% of the urban agglomerations had BaA/(BaA+Chry) values greater than 0.35 from 2000 to 2010, and it was 61% from 2011 to 2020, indicating the significant influence of combustion sources on PAHs in urban agglomerations.




Figure 3 | Diagnostic ratios of PAHs of 20 urban agglomerations.



As shown in Figure 3D, approximately 38% and 44% of urban agglomerations had InP/(InP+BghiP) values greater than 0.5 from 2000 to 2010 and 2011 to 2020, respectively, while 46% and 38% of urban agglomerations had InP/(InP+BghiP) values between 0.2 and 0.5 from 2000 to 2010 and 2011 to 2020, respectively. This indicates that the contribution of traffic sources to PHA pollution is decreasing, whereas the contributions of biomass and coal combustion sources are increasing. The Statistical Communique on National Economic and Social Development (40, 41) reports that China produced 2.19 billion tons of raw coal and 181 million tons of crude oil in 2005 and 3.75 billion tons of raw coal and 215 million tons of crude oil in 2015. Liu et al. (42) also reported that coal consumption increased significantly compared to LPG consumption from 2005 to 2018, which explains the decline in the contribution of transportation sources. The DRs of soil PAHs showed that PAHs in the soil in urban agglomerations in China from 2000 to 2020 were mainly derived from biomass, coal combustion, and traffic emission sources. From the period 2000 to 2010 to the period 2011 to 2020, the contribution of transportation sources decreased and the contribution of coal and biomass combustion sources increased.




3.2.2 PCA of soil PAHs

The principal component extraction results suggested that the top three principal components from 2000 to 2010 explained 47%, 30%, and 11% of the total variation, with a total of 88%, whereas the top four principal components from 2011 to 2020 explained 41%, 16%, 14%, and 12% of the total variation, with a total of 83%.

Table 4 shows that for the years 2000 to 2010, the first principal component included 14 PAHs. DahA, BbF, and BghiP are markers of gasoline vehicle emissions (43–45); Fla and Pyr have been widely regarded as tracers of coal burning (46); Chry and BaA are mainly from the process of coal burning (47); and Flu, Phe, and Ant are mainly from the coking process (48, 49). Thus, principal component 1 represents mixed sources of coal burning and traffic emission sources. The individual PHAs of the second principal component were mainly Fla, Pyr, BaA, Chry, BbF, Bkf, and Bap, which are considered as typical indicators of coal combustion and biomass combustion (50, 51). The second main component indicates the combustion of biomass and coal combustion sources. Nap and Ace are considered as indicators of the low-temperature diffusion of oil or other raw materials (coke oven, straw) (52, 53). Principal component 3 reflects the low-temperature combustion source of oil and other raw materials.


Table 4 | Principal component extraction of individual PAHs from 2000 to 2020.



The first and fourth principal components from 2011 to 2020 were similar to the first and third principal components from 2000 to 2010, indicating mixed coal combustion and traffic emission sources and low-temperature combustion sources of petroleum or other raw materials. Flu, Phe, and Ant, in the 2nd principal component from 2011 to 2020, indicated the source of coal combustion. Ant, Fla, and Chry in the third principal component indicated the sources of biomass combustion sources (50, 51). The contribution rates of the PAH sources represented by the three principal components calculated according to the standardized regression coefficient were as follows: from 2000 to 2010, the sources of soil PAHs in urban agglomerations in China were mainly coal burning and traffic emission sources (56%), biomass and coal combustion sources (30%), and oil or raw materials burning at low temperatures (14%). From 2011 to 2020, the PAH sources were mainly coal burning and traffic emission sources (37%), coal burning (15%), biomass combustion (36%), and oil or raw materials burning at low temperatures (12%).

The sources of PAHs vary greatly in different cities owing to different modes of social and economic development. The sources of PAHs in the soil in Beijing were traffic source (54%) and combustion source (46%) (54). The soil PAHs sources in Nanjing were 55% from incomplete combustion of petroleum and coal and 19% from traffic (13). In Chengdu, soil PAHs sources were biomass combustion source 64%, petroleum combustion source 16%, and coking source 11% (21). Soil PAHs sources in Shenzhen were fossil fuel combustion source 60% and low-temperature diffusion source 40% (55). The PAHs sources in Lanzhou were fossil combustion source 55%, coking source 16%, and low temperature diffusion source 11% (56). Beijing was dominated by transportation sources; Nanjing, Shenzhen, and Lanzhou were dominated by fossil burning sources; and Chengdu was dominated by biomass burning sources. The proportion of transportation and industry in urban agglomerations, and differences in climate, such as the need for more coal heating in the north, led to differences in PAHs sources. In addition, differences caused by errors in sample selection and analysis should also be considered.




3.2.3 Influencing factors of soil PAHs pollution in urban agglomeration

Twenty-one indicators that may affect the accumulation of PAHs in soil were selected for this study, and the interpretation of each factor on the spatial differentiation of PAHs was studied through factor analysis using geographical detectors (q). As shown in Figure 4, the q value of each factor ranged from 0 to 1, with a higher q value indicating a stronger contribution of the factor to the spatial differentiation of the corresponding PAHs with different rings. Figure 4 shows that LPG consumption and the average elevation had a strong explanatory effect on the spatial distribution of two-ring PAHs from 2000 to 2010. Energy consumption had a strong contribution to the spatial differentiation of three-ring PAHs. Energy consumption, coal consumption, and total population had strong contributions to the spatial differentiation of five-ring PAHs. The consumption of crude oil, diesel oil, and the average annual precipitation explained the spatial differentiation of four- and six-ring PAHs. From 2011 to 2020, coal and fuel oil consumption had a strong contribution to the spatial differentiation of two-to-six-ring PAHs. Coke and crude oil consumption also significantly affected the spatial differentiation of PAHs. In addition, the consumption of gasoline and diesel oil and the proportion of clay and sand particles made strong contributions to the spatial differentiation of two-ring PAHs. The consumption of energy, electricity, and diesel oil and the proportion of clay and sand particles were strong contributors to the spatial differentiation of five-ring PAHs. The consumption of coke, crude oil, coal, and fuel oil explained the spatial differentiation of the three-to-six-ring PAHs. The findings are in line with previous studies on the sources of PAHs (26, 57). In the period from 2000 to 2010, the factors affecting the spatial distribution of PAHs were relatively complex. However, from 2011 to 2020, the factors influencing the spatial variation of PAHs became more consistent and were primarily attributed to the consumption of coke, crude oil, coal, and fuel oil. This shift may be attributed to improved urban environmental management, which has eliminated some factors that could influence the spatial variation of PAHs. The remaining impact factors pose significant challenges that require attention and resolution.




Figure 4 | Interpretation of spatial differentiation of 2~6 ring PAHs by energy consumption and environmental factors.







3.3 Ecological risk assessment

Figure 5 shows the ecological risk assessment results for PAHs in the urban agglomerations. The single PAHs with a high risk were Nap, Phe, Ant, BaA, Chry, and BghiP, and these were concentrated in the coastal areas of Guangdong and Zhejiang, Harbin-Changchun, south-central Liaoning, Ningxia Yanhuang, and the northern slope of Tianshan Mountain. Phe, Ant, and BaA may be indicators of coke and coal sources (52, 53), which is consistent with the fact that the urban agglomerations of Harbin-Changchun and central and southern Liaoning are in the old industrial base of northeast China and have strong coal burning and industrial activities. NAP is considered an indicator of the low-temperature diffusion of oil or other raw materials, and the large number of oilfields in areas such as Ningxia may be one of the reasons for the high ecological risk of NAP in this region (39). Individual PAHs at moderate pollution levels are mainly four-to-five-ring PAHs, and these PAHs are mostly related to coal and biomass combustion. The ecological risk analysis of Σ16PAHs showed that approximately 80% of urban agglomerations had a medium-high ecological risk (M2) from 2000 to 2010, and approximately 72% of urban agglomerations had a medium-high ecological risk (M2) from 2011 to 2020.




Figure 5 | Ecological risk of PAHs in urban agglomerations.







4 Conclusions

The collation of PAH-related data from the literature for 20 urban agglomerations in China showed that the average content of soil Σ16PAHs was 2,439 ng·g-1 from 2011 to 2020, representing a ~28% decrease compared to 2000 to 2010. Urban agglomerations with soil PAH contamination levels greater than 1,000 ng·g-1 were distributed in both northern and southern China from 2000 to 2010, changing to a distribution in northern China from 2011 to 2020. More than 85% of the soil PAHs in urban agglomerations in China from 2000 to 2010 were at medium-to-high pollution levels, and this changed to 73% from 2011 to 2020. The soil PAHs in the 20 urban agglomerations were mainly HMW PAHs (49%) and MMW PAHs (32%) from 2000 to 2010, whereas from 2011 to 2020, LMW, MMW, and HMW PAHs were present in the soil at approximately 30% each. The DRs showed that most urban agglomerations in China were affected by PAHs produced by coal and biomass combustion. The InP/(InP + BghiP) ratio showed that the sources of soil PAHs in some urban agglomerations were mainly traffic emissions. PCA showed that coal burning and traffic sources have long been the main causes of the accumulation of soil PAHs in urban agglomerations in China. GeoDetect also found that coal and fuel oil consumption were the main factors affecting the spatial differentiation of PAHs. The PAHs at an intermediate risk were mainly four-to-five-ring PAHs, which are associated with coal and biomass combustion. The ecological risk assessment of Σ16PAHs showed that approximately 80% and 72% of urban agglomerations had a medium-high ecological risk from 2000 to 2010 and 2011 to 2020, respectively.




5 Limitations and implications

This study has expanded from previous studies on a limited number of cities to urban agglomerations in China and has expanded from a few factors affecting PAHs in the past to an analysis of 21 factors related to PAHs soil accumulation, providing new insights into PAHs accumulation in soil and contributing to the maintenance of environmental equity on a larger scale. However, this study has some limitations. Firstly, in the material process of this study, there were some uncertainties in the data collection. In this study, the article selection process only considered whether to list the monomer PAH content without further standardization of quality control. Secondly, owing to the lack of suitable research, only 122 valid studies were included in this study, and comparisons between 2000 to 2010 and 2011 to 2020 were lacking in some areas. Finally, there are differences in the extraction methods for PAHs in soil samples, which have an impact on data quality. In future studies, it is suggested that researchers list the sampling time, location, and depth in detail, which is convenient for communication and reference. In addition, the contents, and sources of PAHs in remote areas, such as Kashgar, Xinjiang, require more attention.
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PA PAHs Ring PAl PA|
Nap (Naphthalene) 2 Phe (Phenanthrene) 3 BaA [Benzo(a)anthracene] 4 BaP [Benzo(a)pyrene] 5
Acy (Acenaphthylene) 3 Ant (Anthracene) 3 Chry (Chrysene) 4 DahA [Dibenzo(a,h)anthracene] 5
Ace (Acenaphthene) 3 Fla (Fluoranthene) 4 BbF [Benzo(b)fluoranthene] 5 InP [Indeno(1,2,3-cd)pyrene] 6

Flu (Fluorene) 3 Pyr (Pyrene) 4 BKF [Benzo(k)fluoranthene] 5 BghiP [Benzo(ghi)perylene] 6






