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A B S T R A C T

The quantitative study of urban-rural gradients for persistent organic pollutants (POPs) is extremely important to
understand the behavior of POPs as well as for ecological risk assessment and management. In this study, a
practical urban-rural gradient model (URGM) was developed using atmospheric point source diffusion combined
with a fugacity approach to test potential mathematical relationships among urban and rural soils. The mean
value of polycyclic aromatic hydrocarbons (PAHs) for urban soils (0–2-km sites) was 570.80 ng/g, and was
approximately 3.5 times higher than rural soils (30–50 km sites). Significant linear correlations were found
between the amounts of PAHs in the surface soil and the city population and between the soil concentration and
artificial surface area. Urban-rural PAH concentrations were simulated by the URGM and calibrated by city
population and land-cover data, with average relative errors of 12.84%. The results showed that the URGM was
suitable for simulating urban-rural PAH concentrations at a regional scale. The combustion of fossil fuels, bio-
mass, and coal was the main source of soil PAHs in the study area, and the characteristic ratios of PAHs indicated
a transition trend from pyrogenic to petrogenic sources along the urban-rural transects. This study thus provides
a combined method for quantifying urban-rural gradients of PAHs and can thereby promote quantitative re-
search on coupling among land cover, socio-economic data, and POP concentrations.

1. Introduction

The fate of persistent organic pollutants (POPs) has been a great
concern of government officials and scientists globally, particularly in
cases where local emissions of chemicals have resulted in dispersed
contamination of large areas (Paul et al., 2012). In China, rapid urba-
nization has brought great challenges in terms of environmental pol-
lution and especially of persistent pollutants, prompting the Chinese
government to implement the Stockholm Convention's Compliance
Campaign, and Sustainable Development Goals (SDGs). Government
officials and policymakers need to understand the gradient, distribu-
tion, and behaviors of POPs in urban areas and their surrounds in order
to provide reasonable control measures. Quantitative research on the
regularity of their distribution in environmental media is extremely
important for an understanding of the fate of given chemicals at

regional scale. While exploring the potential patterns of urban-rural
POP gradients, we have discovered that several POP congeners in soils
meet a logarithmic law between distances and soil concentrations, si-
milar to one for urban-rural patterns of atmospheric pollutants
(Melymuk et al., 2012). As a follow-up to our previous work (Song
et al., 2016; Su et al., 2018a, 2018b), this paper is intended to verify the
urban-rural patterns based on a theoretical derivation, and thereby to
develop a generalized model for urban-rural gradients and to explore its
potential for quantitative application.

Urban areas are generally regarded as major sources of POPs, which
migrate into the surrounding regions (Csiszar et al., 2014). Pollutant
concentrations in environmental media could be directly affected by the
huge differences in contaminant emissions between urban and rural
regions. Presently, there are two main methods for describing POP
gradients from urban to rural regions. One uses the fugacity model to
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simulate POP transportation between urban and rural regions. For ex-
ample, the Multimedia Urban Model (MUM) and Spatially Oriented
MUM (SO-MUM) have been used to simulate the fate of POPs moving
from urban to suburban regions in Canada (Priemer and Diamond,
2002; Csiszar et al., 2013, 2014); the Berkeley-Trent Fate Model (BETR)
was used to investigate the fate, and mass balance in the environment
of polychlorinated biphenyls (PCBs) (Gluge et al., 2016; Song et al.,
2018). In the same light, the spatially resolved BETR-Urban-Rural Fate
Model (BETR-UR) was designed to simulate the transport of POPs be-
tween urban and rural areas (Song et al., 2016; Su et al., 2018a).

The other method uses statistical models (Wilcke et al., 2006; Gevao
et al., 2011) or classic atmospheric transport models (Melymuk et al.,
2012) to analyze measured data. For example, ratios of urban-to-rural
concentrations have been used to assess urban-rural gradients for
polycyclic aromatic hydrocarbons (PAHs) (Melymuk et al., 2012), PCBs
(Harner et al., 2004), Organochlorine pesticides (OCPs) (Harner et al.,
2004) and polybrominated diphenyl ethers (PBDEs) (Harrad and
Hunter, 2006). Melymuk et al. (2012) proved the influence of the
central city as a source of contaminants to the surrounding environment
using a radial dilution model. While additional modelling work has
been conducted on air POP gradients (Venier and Hites, 2010a;
Melymuk et al., 2012), and some studies have also focused on soil
gradients based on field data (Jensen et al., 2007; Fang et al., 2017) and
regression analysis (Meijer et al., 2002; Melymuk et al., 2013), to the
best of our knowledge, there are no regionally generalized models
available that focus on urban-rural soil gradients for POPs, other than
the statistical method (e.g. regression model) and complexly regional
fugacity models described above. In addition, soils have been ac-
knowledged as important environmental media for POP sinks; ac-
cording to our previous work, more than 91% of the total PAH amounts
could be found in soils in the Bohai coastal region (Liu et al., 2014; Song
et al., 2016). For these reasons, a quantitative study of urban-rural POP
gradients in soils using a simple and generalized model could usefully
be conducted for better understanding of the behavior of POPs and for
ecological risk assessment and management of POPs at a regional scale.

In this paper, measured data of PAHs were used to study the con-
centration gradients between urban and rural areas. The objectives of
this study were to: (1) quantify the urban-rural gradients in the study
area through theoretical analysis (formula deduction) and validation
with measured data; (2) demonstrate that multiple driving factors were
applied to calibrate and predict the distribution of concentrations of
PAHs in soils; (3) outline potential factors affecting the gradients and
potential sources of PAHs.

2. Materials and methods

2.1. Study area and samples

The study area consists of four provinces (Liaoning, Hebei,
Shandong and Jiangsu) and one municipality (Tianjin) around the
Bohai Sea and Yellow Sea. A total of 153 surface soil samples (0–10 cm)
were collected from 22 coastal cities (Fig. 1). The study area was di-
vided into 50× 50 km2 grids, and 2–3 sites were included in each grid.
Each sample was composed of five sub-samples collected from the
center and four corners of an area of 100× 100m2. Soil samples were
transported and stored in clean polypropylene (PP) Ziploc bags. Sam-
ples were homogenized with a porcelain mortar and pestle, sieved (a
100 mesh screen), and stored in 250-mL PP bottles at −4 °C tempera-
ture until extraction.

2.2. Chemicals and sample analysis methods

PAHs are a class of chemicals primarily generated from the in-
complete combustion of organic materials. Although PAHs are not in-
cluded in the category of POPs, they were also included in this study
due to their persistence and long-range transport, and we use “POPs” in

preference to “POPs and PAHs.” The samples were analyzed for 16
PAHs, including fluorene (FLU), phenanthrene (PHE), anthracene
(ANT), fluoranthene (FLT), pyrene (PYR), benzo(a)anthracene (BaA),
chrysene (CHR), benzo(b)fluoranthene (BbF), benzo(k)fluoranthene
(BKF), benzo(a)pyrene (BaP), indeno(1,2,3-cd)pyrene (IPY), dibenzo
(a,h)anthracene (DBA), benzo(g,hi)perylene (BPE), naphthalene (NAP),
acenaphthylene (ANY), and acenaphthene (ANA).

Sample extraction and cleanup Soil samples (1.0 g) were mixed
with anhydrous sodium sulfate and extracted by accelerated solvent
extraction (ASE). Each sample was spiked with ANA-d10 and PHE-d10,
and then extracted with 210ml of methylene chloride for 48 h. The
solvent extraction conditions were as follows: 1:1 n-hexane and di-
chloromethane extraction solvent, 120 °C heating temperature for
6min; extraction pressure of 1500 psi for 8min; and nitrogen purge for
100 s. The extraction process was repeated 3 times. The extract was
concentrated by rotary evaporation to 1ml with a speed of 65 rpm. The
extract was fractionated and cleaned by a Supelco Florisil SPE column.
The column was eluted with n-hexane and methylene chloride/hexane
(v/v= 3:7) to obtain PAHs. Finally, it was concentrated to 1ml under a
gentle stream of nitrogen.

Instrumental analysis, quality control and quality assurance An
Agilent 6890 GC equipped with a 5975C mass selective detector under
the selected ion monitoring mode (SIM) was used. The GC oven tem-
perature was programmed to 80 °C (held for 1min), to 200 °C at 3 °C/
min (held for 1min), and then to 280 °C at 10 °C/min (held for 20min).
The injector and detector temperatures were 300 °C. All of the organic
reagents were of chromatographic grade, and the glassware was baked
at 500 °C in a muffle furnace. Procedural blanks, matrix spikes, and
parallel samples were analyzed in this study. Recovery indicators were
used to monitor sample preparation and matrix effects. For duplicate
samples, one set of quality control samples was tested after every 20
samples. The limit of detection (LOD) and limit of quantification (LOQ)
were calculated as 3 and 10 times of the signal-to-noise ratios (S/N) in
spiked samples, respectively. The LOD for the target PAHs ranged from
0.22 to 0.91 ng/g, and LOQ was from 0.72 to 3.02 ng/g. The PAH re-
covery was between 96.87 ± 13.24% and 105.19 ± 6.71%. The re-
covery rate of the indicator PHE was 86.93 ± 7.31%, and that of the
indicator ANA was 88.79 ± 9.34%.

2.3. Data analysis

Data analysis, including statistical analysis, and normal distribution
test, was performed using SPSS 17.0. A flowchart of simulation is shown
in Fig. S1. Outliers (5–10 times higher than the 90th percentiles) were
not taken into consideration in Table 1. Land cover data for the year
2010 at 30m resolution were derived from GlobeLand30 (http://glc30.
tianditu.com). Spatial data analysis and calculation were performed
using ArcGIS 10.2. The reasons that PAHs were chosen for evaluation
are as follows: (1) PAHs are generally regarded as moving mainly from
urban sources to the surrounding regions (Csiszar et al., 2013, 2014),
which makes them potentially suitable for this model; (2) the model we
developed was a generalized model (just like simulation strategy type
III in the classic paper) (Levins, 1966); trends for total amounts of PAHs
were simulated to demonstrate the flexible model with a potential
range of applications; (3) compound group simulation is often used
(Kubošová et al., 2009; Melymuk et al., 2013), as hypothetical sub-
stances have similar behaviors to each chemical within the compound
group (Melymuk et al., 2013).

3. Results and discussion

3.1. Theoretical derivation of the urban-rural gradient model

Previously, quantitative studies on urban and rural concentrations
of pollutants have mainly focused on those in atmospheric media, using
ratios of urban-to-rural concentrations (Hoh and Hites, 2005; Harrad
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and Hunter, 2006). Rather than simple ratios, in this study, the dis-
tance-dependent functions adapted to urban-rural soil gradients were
clearly demonstrated using formula deduction and were validated with
a large amount of measured data.

Fugacity equations were adopted (Mackay, 2001) to describe the
transport process of neutral compounds from air to soil (Fig. S2):

= ×C f Z (1)

where C is the concentration (mol/m3); f is the fugacity (Pa); and Z
(mol/Pa/m3) is specific to the capacity of a phase for a chemical. The
model assumed that the pollutants in soils are mainly from the inter-
actions between air and soil, while neglecting other processes such as
sewage irrigation and solid waste pollution. When the chemical con-
centrations in the atmosphere and soil reach a steady state, the fol-
lowing relationship exists for soils:

+ + + = +f D D D D f D D( ) ( )a s1 2 3 4 5 6 (2)

where subscript a is air; and s is soil. D1, D2, D3, D4, D5, and D6 are the
transportation processes of pollutant diffusion from air to soil, wet
deposition of gas, dry deposition, wet deposition, diffusion from soil to
air, and degradation, respectively. Details of D values were described by
Mackay (2001). According to Eqs. (1) and (2), the relationships of
concentrations between soil and air can be expressed by Eq. (3). The
parameters in Eq. (3) can be calculated by Eqs. ES1–ES10 (SI1).

=
+

+ + +
C C D D Z

D D D D Z
( )
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a

s

5 6

1 2 3 4 (3)

The gradient of chemical atmospheric concentrations caused by the
point source can be generalized using a radial dilution model
(McDonald and Hites, 2003):

= ×C C rr o
m (4)

where Cr is the air concentration from a given radius r to the point
source with concentration C0. At a regional scale, urban areas are
generally regarded as major sources of POPs in the neighboring rural
areas (Hornbuckle and Green, 2003; Csiszar et al., 2014). Here, the
constant ε value was used to correct the distance for chemical con-
centration differences caused by different sizes of cities:

⎜ ⎟
⎛
⎝

⎞
⎠

= × + ×C
C

m r m εln ln( ) ln( )r

o (5)

where ε, usually a constant less than 1, denotes the degree of influence
of urban area differences on the concentration gradient. The parameter
m is the slope of the linear regression between ln(Cr/C0) and ln(r).

According to Eqs. (3) and (5), the chemical concentrations in soil
between urban and rural areas could be represented as follows:
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(6)

where dC and dD denote the chemical soil concentration per unit area
and transportation process per unit area among the urban-rural trans-
ects. If we actually consider the most potential parameter differences

Fig. 1. Distribution of sampling sites and PAH concentrations along the Bohai Sea and Yellow Sea. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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(Song et al., 2016) resulting from the given radius r to the urban edge,
parameters in Eq. (6) and Eqs. ES5–ES10, except for vQ (aerosol volume
fraction), fw (canopy wet interception fraction), foc (organic carbon
fraction) and Zs, could all be summarized as constants. Then, we obtain
Eq. (7), in which a, b, c, e, and g could be obtained by deducing Eq. (6)
and Eqs. ES5–ES10.
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where Doc and Daw are the effective Koc and effective Kaw, respectively.
Eq. (7) serve as a simple method to study the effects of land cover

and soil properties on chemical distribution in soil. If we assume fw, Zs,
and foc to be spatially homogeneous, then Crs/Cus can be the function of
a single variable r (Eq. (8)). As can be seen from Eq. (8), the slope m is
unrelated to transportation processes such as atmospheric deposition
(due to the spatially homogeneous assumption for the rural atmo-
spheric deposition rate), and in theory, the slope m for the chemical
concentration in soil and air is the same. We think this is an important
finding that will help allow quicker estimation of atmospheric and soil
concentrations due to a mutual conversion relationship on a large scale.
Regrettably, however, we lacked measured data to prove the method's
reliability.

3.2. Measured data and model validation

3.2.1. Summary description of spatial distribution
The mean concentration of PAHs in the study area was 466.73 ng/g

(Table 1), which was significantly lower than the reference value
(1000 ng/g). However, the PAH concentrations of 12 soil samples were
higher than the reference value; these sampling points were located at
or around (< 2 km) urban areas or industrial zones. According to the
guideline values for soil contamination (Maliszewska-Kordybach,
1996), this reference value is a threshold for human exposure risk. The
distribution of PAH concentrations in soils in different cities is similar
to the distribution of PAH emissions reported by Shen et al. (2013). The
mean value of PAH concentrations for urban soils (570.80 ng/g) is
large, and is approximately half an order of magnitude higher in forest
(340.97 ng/g), arable (367.68 ng/g), and orchard soils (256.65 ng/g).
The mean PAH concentration in barren land soils is the lowest, showing
less impact of human activities. Nonetheless, all the different con-
centrations in different soils probably reflect a combination of local
heating sources and traffic as well as long-range transport. The re-
location of heavily polluting factories from cities to their suburbs over
the past decade has served to explain the alleviation of soil pollution in
urban areas. However, since the human population and heat of com-
bustion in urban areas are relatively concentrated, PAH concentrations
in urban soils remain higher than in rural areas, where they may be
mainly impacted by local straw combustion and household coal burning
in the winter.

3.2.2. Validation of the model
Due to the elevated concentrations in the vicinity of urban areas, the

urban-rural gradient model (URGM) was applied to test the hypothesis
that the urban areas were the main sources of chemical concentrations
in the study regions. The edge of the city was defined as the sur-
roundings within a 2 km distance from an artificial urban surface (Song
et al., 2016). The measured data were used to validate the URGM model
with a known source region (0–2 km), compared the degree to which
that region influenced the concentrations of PAHs. According to the
results, analyzed from more than 150 sampling sites, a significant re-
lationship existed between ln(Crs/Cus) and ln(r) for PAHs (Fig. 2a),
where r is the distance in km from the edge of urban areas and Cus is the
average concentration in 0–2 km from urban areas, which shows that
the URGM model (Eq. (8)) can be applied to simulate PAH concentra-
tions in soils at the regional scale.

3.2.3. Urban-rural gradients
Measured and simulated results both showed PAH concentrations in

the urban soils that were significantly larger than those in rural areas
(Table 1, Fig. 2b). Urban concentrations (0–2-km sites) were 3.5 times
higher than rural concentrations (30–50 km sites) for ΣPAHs (Table 1).
Mean PAH concentrations in urban soils were the largest, indicating
that industrial and domestic emissions of PAHs per unit area in cities
were the largest. PAH concentrations at 5–7 km from the urban center
were slightly greater than those at 2–5 km, with a higher standard de-
viation of 432 ng/g. This implied that there were greater suburban in-
dustrial emissions at 5–7 km from the urban center. The aggregation
and non-uniformity of the industrial distribution might be the main
reason for the greater standard deviation of the PAH concentration.
PAHs decreased the most rapidly with distance from the urban area,
dropping off by 71% at 30–50 km from urban areas. The slope of the
regression line for all compounds indicate that the degree of decline in
concentration along the urban-rural gradient (Fig. 2b) may be affected
by urban emissions, land cover, physical-chemical properties, and
background emissions in suburban and rural areas.

The characteristic ratios of isomers can be used to determine the
source of PAHs in environment samples (Yunker et al., 2002;
Tobiszewski and Namieśnik, 2012; Dudhagara et al., 2016; Chang et al.,
2018). In this study, along the urban-rural gradient, there were no
significant differences in combustion source at different distances from
urban areas based on the ratios of BaA/(BaA + CHR) and FLT/
(FLT + PYR) (Figs. S3a and b). However, PAHs in samples from rural
areas (> 7 km) were more likely to originate from combustion based on

Table 1
Descriptive statistics of PAHs in soils.

Values (ng/g)a PAHs Cityb Na PAHs

Ref. value 1000.00b 1000.00
Mean 466.73 Tangshan 9 875.15
Minimum 26.63 Dandong 9 818.70
Maximum 11463.52 Zibo 3 713.45
Std. Deviation 985.69 Tianjin 7 503.71
Variance 971579.28 Dalian 11 498.07
Skewness 9.54 Binzhou 4 489.94
Kurtosis 103.91 Nantong 6 478.31
Percentiles 10 123.66 Jinzhou 5 406.59

25 167.86 Qingdao 10 362.82
50 273.02 Yingkou 4 325.04
75 449.66 Lianyungang 6 323.35
90 825.74 Dongying 5 320.52

Distance from Edge of
Cityc

N PAHs (151a) Huludao 10 293.70

0–2 km 18 763.15 Yancheng 16 281.83
2–5 km 17 412.09 Qinhuangdao 5 258.94
5–7 km 12 433.64 Cangzhou 11 245.56
7–10 km 13 372.65 Yantai 10 244.81
10–15 km 23 333.10 Panjin 3 226.94
15–20 km 13 285.56 Weifang 10 224.44
20–30 km 40 272.85 Rizhao 5 193.91
30–50 km 17 220.56 Weihai 4 170.78

Landused Na PAHs Landused Na PAHs

Urban soils 19 570.80 Arable soils 89 367.68
Orchard soils 10 256.65 Grassland soils 2 716.33
Forest soils 22 340.97 Barren land soils 11 144.08

a The number does not contain the abnormal value.
b A threshold for heavily contaminated soils (Maliszewska-Kordybach, 1996;

Verbruggen, 2012).
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Fig. 2. A logarithmic relationship exists
between distance r from the edge of urban
areas and the ratio of rural and urban soil
concentrations (a). The relationship be-
tween measured and simulated values in the
studied region (b). Measured total load of
10 PAHs in the top 10 cm of soil (in the
Netherlands) and simulated data using the
URGM model. Data were collected from the
literature (Van Brummelen et al., 1996) (c).
Measured total load of 16 PAHs for the top
2 cm of soil in northern Oslo (in Norway)
and simulated data using the URGM model.
Data were collected from the literature
(Jensen et al., 2007) (d). The relationships
of PAH amounts in soils and population in
different cities (e), the relationships be-
tween the artificial surface area in the
10 km buffer area and concentration of
PAHs (f), and relationships between total
organic carbon and PAH concentrations (g).

S. Song, et al. Journal of Environmental Management 249 (2019) 109406

5



the ratio of Ant/(Ant + Phe), comparing with the samples closer to
cities (0–7 km) (Fig. S3b). The changes in LMW values also proved this
(Figs. S3c and d). LMW values of the samples at a distance of 0–7 km
ranged from 35% to 43%, while those were 46%–55% at the distance
greater than 7 km, which reflected a transition trend from pyrogenic to
petrogenic sources (Dudhagara et al., 2016).

3.2.4. External dataset validation
The model was tested using two external datasets from the litera-

tures (Jensen et al., 2007; Van Brummelen et al., 1996), from Norway
and the Netherlands, respectively (Fig. 2c and d). Parameters for the
model from the Netherlands were as follows: Cus=387.72 ng/g,
m=−0.91 and ε=3.07 while parameters in the Norway case were
Cus=2.60mg/kg, m=−0.69 and ε=0.99. The correlation coeffi-
cients (R2) for the Netherlands and Norway cases were 0.88 and 0.72,
respectively, indicating that the URGM model was suitable to describe
their gradients. However, results showed that the PCB data in Shanghai
(Fang et al., 2017) was not suitable for this model, which implied that
the urban region was not the primary source of PCBs at the sampling
sites. Fang et al. (2017) also concluded that factors related to traffic and
urban sprawl were the sources of PCBs in the covered region, and the
processes of URGM theoretical derivation determine that the model is
only suitable for the POP simulation of typical urban or industrial
sources.

3.3. Predicting the spatial distribution of PAH concentrations in soils

3.3.1. Multi-parameter correction analysis
As mentioned above, the URGM model is a generalized model for

describing soils gradients. However, there may be many factors re-
sulting in the spatial differences in soils (Persson et al., 2005). Among
so many factors, population, land cover, and total organic carbon (TOC)
are regarded as the most important ones affecting PAH emissions and
distribution (Hafner et al., 2005; Komprda et al., 2013). Meanwhile,
many articles have demonstrated that the population and concentra-
tions of POPs show a positive correlation (Cui et al., 2013; Peng et al.,
2013), and also are related to estimation of POP emissions (Venier and
Hites, 2010a, b; Paul et al., 2012; Shen et al., 2013).

The relationship between city population and PAH concentration in
surface soil (10 cm) showed a significant linear correlation (Fig. 2e). Eq.
ES11 (coupling with land use data) was used to conduct conversion for
the total amount of PAHs, as easy accumulation occurred in meadows
and woodlands with high organic matter in soils. Evidently, the linear
fits between the transformed data and population in different cities
improved compared with the raw data (Fig. 2a). Furthermore, the ar-
tificial surface area within the 10 km buffer zone had a significant linear
relationship with pollutant concentrations (Fig. 2f, Table S1). The soil
concentrations of PAHs with 113 km2 artificial surface surrounding the
sampling site were 2.3 times those with 3 km2 artificial surface. This
may be affected by the diversification of PAH sources, capacity for long-
distance transportation, and concentrated discharge of industrial parks.

Some studies show that the fraction of TOC in soil is proportional to
PAH concentrations, for example, PAHs (R2=0.04–0.45, p < 0.05)
(Cabrerizo et al., 2011). However, here, there were no significant cor-
relations between total organic carbon (TOC) and PAH concentrations
(Fig. 2g), which indicates that the PAHs in soils cannot be explained by
partitioning between homogeneously POP-contaminated air and soil
(Wilcke et al., 2006). Therefore, TOC is not used as a correction para-
meter in this paper; we discuss the possible impact of TOC parameters
on the gradients below in the uncertainty analysis section.

3.3.2. Predicting the spatial distribution
In this study, we first generated 5×5 km grids (total 8692 grids),

and then the mean concentration was used as a single parameter for the
established model to calculate soil concentrations (Fig. 3a, SI2-step 1).
The mean concentration (parameter Cus) in each urban soil was

calibrated according to the population and the artificial surface data in
the 10-km buffer zone (SI3-Step 2–3 and Tables S2–3). The regional
distribution map of contaminants was generated (Fig. 3b). Predicted
and measured data of PAHs from urban to rural areas are shown in Fig.
S4, with average relative errors of 12.84%. The statistical errors de-
monstrated that the precision of spatial simulation results for PAHs was
relatively high using the URGM model coupled with the correction
parameters. Compared with our previous BETR model (Paul et al.,
2012; Song et al., 2016), this method requires fewer parameters and
allows easier and faster computation. Additionally, it can better char-
acterize gradients between rural and urban areas, with the accuracy of
the simulation results being comparable to those from the BETR model
(Wang et al., 2010; Gluge et al., 2016; Song et al., 2016).

In China, the rapid urbanization has been leading to the change of
energy use and PAH emissions (Shen et al., 2013). For example, mil-
lions of former rural residents changed their biomass fuel stoves into
electricity and liquid natural gas (NBS, 2011). This is one of the major
driving forces causing the decrease in PAH emissions (Shen et al.,
2013), and affecting the spatial distribution of PAHs in soils in the fu-
ture. Slope m for characterizing urban-rural gradients will decrease due
to the effective mitigation measures of PAH emissions and the potential
transition of the energy use between rural and urban areas in the future.

3.3.3. Uncertainty of the simulation results
The uncertainty of the simulation results in this study may be partly

due to various assumptions made when predicting PAH concentration
distributions in soils. Some factors, such as wind speed and direction,
centralized emissions from industry, long-distance transmission, long-
term accumulation, and seasonal change were not considered, which
may result in prediction errors for some sites. For example, PAH con-
centrations in the surroundings of an industrial park with chemical
plants, power plants, and waste recycling plants may be higher than
those in the other regions; these factors affect their deviation from the
urban-rural gradient line (Fig. 2).

The spatially homogeneous assumptions of fw, Zs, and foc have po-
tential impacts on the simulated results. The urban and rural soil Zs
value is a function of foc and Koc (or Doc). Regarding neutral substances,
Koc could be assumed to have no difference between urban and rural
areas. The canopy interception fraction, fw, is affected by vegetation
coverage; usually, the urban vegetation coverage is lower than the
mean vegetation coverage (Table S4). Land cover is closely related to
the vegetation coverage (Table S4), and may be an important factor
affecting the urban-rural gradient. Therefore, land cover has been
chosen as a correction parameter to predict the distribution of con-
centrations of PAHs in soils. In additions, Table S5 showed that the
concentrations of soil black carbon in urban soils in Beijing and She-
nyang are 1.71 and 1.22 times than those in rural areas, respectively.
The possible values f fln( / )oc r oc u, , are from −0.38 to 0.22 for the locally
urban and rural organic carbon, but the differences between urban and
rural areas will be partly offset by the + +a gZ a gZln( / )s u s r, , (Eq. (7)).
Urban soil TOC is slightly higher than that of the suburbs, in general
(Table S5), which implies that the differences between the urban and
rural TOC affect the Y-intercept.

4. Conclusions

A practical urban-rural gradient model was developed to describe
PAH gradients and the spatial distribution of PAHs in soils. Results
showed that the slopes, m, for chemical concentrations in soil and air
should be the same under certain assumptions. This mechanism-based
model has the advantage of yielding general PAH gradients with simple
parameters. Meanwhile, the model can be either used as a single
method for generalized prediction or combined with multiple para-
meters for more accurate prediction. In this study, land use and popu-
lation parameters have been used for application; other parameters
such as the distribution of PAH emissions, chemical properties, soil
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properties, industrial information, multimedia properties, GDP, and
social parameters could certainly be further explored. This paper pre-
sented a combined method for quantifying urban-rural PAH gradients,
and should thereby aid further quantitative research on coupling be-
tween land cover, socio-economic data, and PAH concentrations at a
regional scale.
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