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Abstract Rainfall runoff can remove certain amounts
of pollutants from contaminated farmland soil and result
in a decline in water quality. However, the leaching
behaviors of polycyclic aromatic hydrocarbons (PAHs)
with rainfall have been rarely reported due to wide
variations in the soil compositions, rainfall conditions,
and sources of soil PAHs in complex farmland ecosys-
tems. In this paper, the levels, spatial distributions, and
composition profiles of PAHs in 30 farmland soil sam-
ples and 49 rainfall-runoff samples from the Tianjin
region in 2012 were studied to investigate their leaching
behaviors caused by rainfall runoff. The contents of the
Σ16PAHs ranged from 58.53 to 3137.90 μg/kg in the
soil and 146.58 to 3636.59 μg/L in the runoff. In total,
most of the soil sampling sites (23 of 30) were contam-
inated, and biomass and petroleum combustion were
proposed as the main sources of the soil PAHs. Both
the spatial distributions of the soil and the runoff PAHs
show a decreasing trend moving away from the down-
town, which suggested that the leaching behaviors of

PAHs in a larger region during rainfall may be mainly
affected by the compounds themselves. In addition, 4-
and 5-ring PAHs are the dominant components in farm-
land soil and 3- and 4-ring PAHs dominate the runoff.
Comparisons of the PAH pairs and enrichment ratios
showed that acenaphthylene, acenaphthene,
benzo[a]anthracene, chrysene, and fluoranthene were
more easily transferred into water systems from soil than
benzo[b]fluoranthene, benzo[k]fluoranthene,
benzo[ghi]perylene, and indeno[123-cd]pyrene, which
indicated that PAHs with low molecular weight are
preferentially dissolved due to their higher solubility
compared to those with high molecular weight.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs), a group of
persistent organic pollutions (POPs), have been a global
concern for many years. Due to their mutagenic, carci-
nogenic, and teratogenic properties (Gan et al. 2009;
Rianawati and Balasubramanian 2009), a total of 16
PAHs have been listed as priority pollutants by the
United States Environmental Protection Agency (US
EPA) (Kwon and Choi 2014; Ma et al. 2015). Anthro-
pogenic activities, including the incomplete combustion
of fossil fuels, traffic emissions, and petroleum spills in
industrials and urban areas, are the major sources of
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environmental PAHs (Baek et al. 1991; Gubler et al.
2015).

After a transportation period in the atmosphere, par-
ticulate and gaseous PAHs settle on terrestrial surfaces
through dry and/or wet deposition (Lee and Lee 2004;
Esen et al. 2008). Soil is one of the most important sinks
for PAHs in terrestrial systems (Zheng et al. 2012), and
farmland soil plays a key role in ensuring the safety of
food and human health. In recent years, the farmland
soil in some developed regions of China has been re-
ported to be suffering from severe pollution (Cao et al.
2013). Therefore, monitoring and removing contami-
nants from farmland soil has become an urgent issue.

In terrestrial systems, the techniques for removing
PAHs from soil can be divided into the solid-gas ex-
change (Zhong and Zhu 2013), microbial degradation
(Hwang and Cutright 2003; Zhang et al. 2006; Crampon
et al. 2014), Fenton and electrochemical remediation
(Pazos et al. 2010; Yap et al. 2011), soil washing tech-
nology (Lau et al. 2014), and rainfall-runoff process
(Lang et al. 2008; Zheng et al. 2012). These techniques,
excluding the rainfall-runoff process, have been system-
atically studied (Haritash and Kaushik 2009). While
rainfall-runoff processes are a critical mechanism for
PAH transfer from soils to aquatic environments (Chen
et al. 2004; DiBlasi et al. 2009), few studies have been
reported. The enrichment behaviors and transport mech-
anisms of soil-bound PAHs during rainfall runoff have
been systematically studied through simulated rainfall
experiments (Zheng et al. 2012; Luo et al. 2013; Luo
et al. 2015). Soil organic matter (SOM) may be the main
carrier of PAHs from soil, and the leaching behaviors are
highly dependent on the rainfall conditions and the PAH
species (Zheng et al. 2012). The model for estimating
the enrichment ratio (ER) of PAHs also indicated that
PAH leaching is dependent on their physiochemical
properties, the sediment composition, and the composi-
tion evolution during a rainfall event (Luo et al. 2015).
However, evaluating the effectiveness of rainfall on the
leaching of PAHs from soils is still very difficult be-
cause there are large differences in the soil composi-
tions, rainfall conditions, and soil PAHs in complex
farmland ecosystems. In addition, to our knowledge, a
field investigation on the leaching behaviors of PAHs
has never been reported.

In this paper, the level, spatial distribution, and com-
position of 16 priority PAHs were determined in farm-
land soils and runoffs in the Tianjin Region. By com-
paring the characteristics of PAHs in soils and runoffs,

the sources of the soil PAHs and their leaching behav-
iors caused by rainfall events were studied.

Materials and methods

Sampling and classification

Tianjin, China’s third largest industrial center, is located
in northern China, is adjacent to the Bohai Sea, has an
area of ca. 12,000 km2, and has a population of more
than 15,000,000 (Chen et al. 2015b). The annual pre-
cipitation has been between 300 and 800 mm over the
past few decades with a decreasing trend (Duan et al.
2012). As a highly industrialized area with low rainfall,
most of the regions in Tianjin have suffered from severe
pollution as a result of the rapid industrialization and
urbanization. The PAH pollution in this region is mainly
from local industry and automobiles (Shi et al. 2005). In
addition to atmospheric deposition, wastewater irriga-
tion is another important input pathway for contami-
nants to enter the farmland soils (Wang et al. 2002).

The satellite imagery of the sampling area was cap-
tured from the Baidu satellite map (Fig. 1a), and the
maps of the sampling sites are shown in Fig. 1, includ-
ing 30 soil sites (Fig. 1b) and 49 surface runoff sites
(Fig. 1c). The soil agro-types were classified as garden,
cropland, and dryland, according to the vegetation
types. Surface soils were collected at depths of 0–
20 cm using systematic random sampling in June of
2008. The samples were air-dried at room temperature,
ground, sieved with a stainless-steel griddle (100
meshes), and stored at − 20 °C until the analysis.

The runoff samples were collected in July and Sep-
tember of 2008. The annual rainfall in Tianjin was
552.1 mm in 2008, and the monthly rainfalls were
131.9, 143.4, 71.3, and 68.2 mm from June to Septem-
ber, respectively. At each site, 2000 mL runoff samples
were collected in polyethylene bottles, and the bottles
were covered with aluminum foil. After the runoff sam-
ples were transferred to the lab, the samples were well
blended, centrifuged, and filtered through a glass fiber
membrane. The suspended particles were freeze-dried,
ground, sieved, and stored at − 20 °C. In addition, the
water samples were kept in a refrigerator until the anal-
ysis. The concentration of the PAHs in the runoff sam-
ples was the sum of the PAHs dissolved in the water and
the PAHs adsorbed on the suspended particles.
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Chemicals and reagents

The 16 US EPA-priority PAH-mixed standard solution
(each at 100, 200, 1000, or 2000 μg/mL) and internal
standard mixture (naphthalene-d8, acenaphthylene-d10,
chrysene-d12, perylene-d12, and phenanthrene-d10) were
purchased from Supelco (Bellefonte, USA). The 16
PAHs and their elution orders were as follows: naphtha-
lene (Nap), acenaphthylene (Acy), acenaphthene (Acp),
fluorine (Flu), phenanthrene (Phe), anthracene (Ant),
fluoranthene (Fla), pyrene (Pyr), benzo[a]anthracene
(BaA), chrysene (Chr), benzo[b]fluoranthene (BbF),
benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP),
dibenzo[ah]anthracene (Dba), benzo[ghi]perylene
(BghiP), and indeno[123-cd]pyrene (InP). Acetone, pe-
troleum ether, ethyl acetate, methanol, dichloromethane,
and n-hexane were supplied by J.T. Baker (Phillipsburg,
NJ, USA). Anhydrous sodium sulfate was supplied by
Kanto Chemical Co., Inc. (Tokyo, Japan). Silica gel
(70–230 mesh) was supplied by Merck (Darmstadt,
Germany). Deionized water was obtained from a Milli-
Q system (Millipore, Watford).

Sample extraction and cleanup

The soil samples were extracted using a Soxhlet extrac-
tor (Soxtherm Gerhardt Variostat; Soxtherm V7.5, Ger-
many). Briefly, a 5-g soil sample was extracted thrice in

5 mL of acetone and 3 mL of petroleum ether with
30 min of vibration. The extracts were transferred into
a separatory funnel. Then, 30 mL of deionized water
was thrice added into the separatory funnel to remove
any water-soluble interferences. The extracts were
dehydrated using anhydrous sodium sulfate (Kanto
Chemical Co., Inc., Tokyo, Japan). The dehydrated
extracts were collected in a round-bottomed flask and
concentrated to 1 mL using a rotary evaporator. The
solvent was exchanged with methanol. The PAHs in
the extracts were fractionated using a silica gel column
(4 mm i.d.). The column was first eluted with 10 mL of
n-hexane, and the eluate was discarded. The PAH frac-
tion was then eluted with 25 mL of a dichloromethane/
hexane mixture (1:1; v/v). The eluate was concentrated
to 0.1 mL using a gentle nitrogen gas stream for a gas
chromatography-mass spectrometer (GC-MS) analysis.

The runoff samples (1 L) were filtered through glass
fiber membranes to collect any suspended particles.
After being freeze-dried, the suspended particle samples
were extracted using the same pretreatment procedure
used for the soil samples and the eluates were combined
with the water extracts.

The runoff water samples (1 L) were extracted using
a solid phase extraction (SPE) system from Supelco
following the previous literature (Zhou et al. 2000).
The SPE columnwas preconditioned with 5 mL of ethyl
acetate, 5 mL of methanol, and 2 × 5 mL of deionized
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Fig. 1 The satellite map of the sampling region (a) and maps of
the sampling sites in Tianjin soil (b) and surface runoff (c). A total
of 9 garden soil, 11 cropland soil, 10 dryland soil, 17 garden
runoff, 20 cropland runoff, and 12 dryland runoff samples were

collected. BCD, HBD, HDD, HXD, XQD, and JHD are 6 districts
in Tianjin, that is, Beichen, Hebei, Hedong, Hexi, Xiqing, and
Jihai, respectively. The gray ellipse and olive diamond areas
separately represent urban and industry areas
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water. The runoff water samples were passed through an
SPE column at a flow rate of 4–5 mL/min. Then, 5 mL
of deionized water was added to the SPE column to
remove the water-soluble interferences, and the SPE
column was drained under vacuum conditions for
30 min. Finally, 3 mL of dichloromethane and 5 mL of
ethyl acetate were separately added into the column pipe
to elute the analytes. The eluates of the suspended
particles and water from the same runoff samples were
combined and further concentrated by N2 to 0.1 mL for
the GC-MS analysis.

GC-MS analysis of the PAHs

The 16 PAHs were quantified by an Agilent 5890 gas
chromatography-mass spectrometer equipped with an
electron impact ion source and HP-5MS capillary col-
umn (30 m × 0.25 mm i.d., 0.25-μm film thickness),
according to previous literature (Zhang et al. 2004).
Briefly, 2 μL of the extract was injected in the splitless
mode by an autosampler with a 1.0 mL/min helium gas
flow. The electron emission energy was 70 eV, and the
interface, ion source, and quadrupole temperatures were
280, 280, and 250 °C, respectively. The oven tempera-
ture program was as follows: the initial temperature was
60 °C for 3 min, the temperature increased to 120 °C at a
rate of 10 °C/min, and then increased to 280 °C at
5 °C/min and was held for 10 min. The identification
of the PAHs was based on the selected ions and a
comparison of the retention times between the sample
peaks and the standard solution peaks containing the
individual PAHs.

Quality assurance/quality control

The detection limits (LODs) ranged from 0.03 to
0.37 μg/kg for the soil PAHs and 0.22 to 2.37 ng/L for
the runoff PAHs (S/N = 3). The recoveries of the 16
PAHs in the spiking experiment were 75.2–99.5% and
66.3–108.6% with relative standard deviations of 6.2–
25.9% and 5.9–20.5% (n = 3) for the solid and aqueous
samples, respectively. The labeled PAHs were spiked in
all of the samples as surrogates to monitor the recover-
ies. The recoveries of the surrogates in all the samples
ranged from 63.5 ± 6.3% to 104.7 ± 9.2% for the soil
and sediment samples and 65.4 ± 8.3% to 123.2 ± 8.1%
for the water samples.

Results and discussion

Characterization of the PAHs in farmland soils

The 16 PAHs were detected in all 30 farmland soil
samples, and the total PAH contents (Σ16PAHs)
(Table S1) ranged from 58.53 μg/kg to 3137.90 μg/kg
dry weight (dw) with a mean value of 941.27 μg/kg dw.
The content of the Σ16PAHs in this study is comparable
to the contents in the regions near Beijing (16–3884 μg/
kg) (Ma et al. 2005), Delhi (830–3880 μg/kg) (Agarwal
et al. 2009), and Tehran (130–3920 μg/kg) (Bayat et al.
2015), and the content is slightly higher than the content
in the southern pluvial regions in China (Shantou Spe-
cial Economic Zone, 22.1–1256.9 μg/kg (Hao et al.
2007)). According to the PAH contamination classifica-
tion by Maliszewska-Kordybach (Maliszewska-
Kordybach 1996), 23 of the 30 sites contained contam-
inated soil (≥ 200 μg/kg). Among these, 9 sites were
heavily contaminated (> 1000 μg/kg), 7 sites were con-
taminated (600–1000 μg/kg), and 7 sites were weakly
contaminated (200–600 μg/kg).

The spatial distributions of the Σ16PAHs in the farm-
land soils are shown in Fig. 2a. Clearly, the PAH con-
tents have a decreasing trend away from the city down-
town, which was similar to previous reports (Wang et al.
2007; Chen et al. 2015b). The high values of the heavily
contaminated areas were mainly located in the regions
adjacent to the downtown (region A, 1519.40–
3137.90 μg/kg), the intersections of highways (region
B, 2290.90 μg/kg), and the industrial district (region C,
1656.65–2748.26 μg/kg). Usually, these regions are often
consistent with combustion, industry, and traffic emissions
(Marusenko et al. 2011; Kwon and Choi 2014). In the
regions farther from the downtown and industrial areas,
the PAH contents ranged from 58.53 to 442.77 μg/kg,
which indicated non-contaminated or weakly contaminat-
ed soils (Maliszewska-Kordybach 1996). The spatial
pattern indicated that the human activities of com-
bustion, industry manufacturing, and traffic emis-
sions are likely the main emission sources of soil
PAHs in the Tianjin regions. Naturally, atmospheric
deposition and a small amount of biomass combus-
tion are major paths for PAHs to reach soils in
remote rural areas because the rainfall and runoff
in this region are low.

In this paper, the contents of the PAHs with
different numbers of aromatic rings were compared
in the three studied soils to determine the difference
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in the soil PAH characteristics in the classified
vegetation types. The Σ16PAHs in soil are
1258.57 ± 1069.36 μg/kg, 624.70 ± 819.71 μg/kg
and 1003.93 ± 853.04 μg/kg for garden, cropland,
and dryland soils, respectively. In total, the propor-
tions of PAHs with 2 to 6 rings were 21 ± 20%,
19 ± 8%, 24 ± 10%, 27 ± 13%, and 9 ± 7%,
respectively. The PAH contents in garden soil were
much higher than those in the cropland and dryland
soils (Fig. 3a), which indicated that the former is
more polluted with PAHs. In the past several de-
cades, large amounts of wastewater have been used
to irrigate agriculture soils in the Tianjin region
(TEPB 1996; Wang et al. 2002). Compared with
the cropland and dryland soils, the wastewater irri-
gation frequency for garden soils is much higher
because of the need for greening. The contents of
individual PAHs were shown in Table S2 and Fig.
S1a. For individual PAHs, the most abundant com-
pound was Nap (21 ± 20%) and it was followed by
BbF (10 ± 6%), Phe (9 ± 4%), Fla (9 ± 8%), and
BkF (7 ± 5%).

Source identification and risk assessment of the PAHs
in soil

The PAH diagnostic ratios of Fla/(Fla + Pyr) and BaA/
(BaA + Chr) have been proposed as useful tools to
determine the possible contamination sources, e.g., pe-
troleum and combustion origins (Ping et al. 2007;
Agarwal et al. 2009). A ratio of Fla/(Fla + Pyr) < 0.4
indicates a petroleum input, a ratio between 0.4 and 0.5
represents fossil fuel (vehicle and crude oil) combustion,
and a ratio > 0.5 indicates coal, wood, and grass com-
bustions (Yunker et al. 2002). In this study, approxi-
mately 80% of the Fla/(Fla + Pyr) ratios (0.06–0.91)
were > 0.5 (Fig. 4), which indicated the dominant
contribution of biomass combustion to the soil PAH
contamination in the Tianjin region. For garden and
dryland soil, all of the Fla/(Fla+Pyr) ratios were >
0.5, indicating the entire source of biomass combus-
tion for PAHs. Over 60% of the Fla/(Fla+Pyr) ratios
for the cropland was < 0.4, which indicated the dom-
inant contribution to the cropland soil PAH contam-
ination is petroleum input.
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For BaA/(BaA + Chr), a ratio < 0.2 represents a
petroleum origin, a ratio > 0.35 indicates a combustion
origin, and a ratio from 0.2 to 0.35 denotes a mixed
origin. Here, 50% of the BaA/(BaA + Chr) ratios (0.09–
0.73) were higher than 0.35, and 40% of the ratios were
between 0.2 and 0.35 (Fig. 4), which suggested that the
soil PAHs were mainly from biomass combustion and
petroleum combustion (Agarwal et al. 2009). With re-
spect to the vegetation types, the garden soil PAHs
mainly originated from combustion sources, while the
cropland and dryland soil PAHs were from mixed
sources of petroleum and combustion. Straw burning
(Chen et al. 2015a) and the energy composition in the
Tianjin region contributed to the dominance of biomass
combustion as the source of soil PAHs.

Risk assessment of soil PAHs was performed using
the total contents of 7 potential carcinogenic PAHs,
BaA, Chr, BbF, BkF, Bap, Dba, and InP (Hopkins
1991; Chen and Chen 2011). The total contents of the
7 CPAHs (Σ7CPAHs) varied from 3.35 to 2398.54 μg/
kg (a mean value of 366.10 μg/kg) (Table S1) and
accounted for 8–76% of Σ16PAH. The fractions of
Σ7CPAHs were 35 ± 17%, 48 ± 14%, and 32 ± 14%
in the garden, cropland, and dryland soils, respectively.
The spatial pattern of the Σ7CPAHs (Fig. S2a) was
consistent with that of the Σ16PAHs, which indicated
that the high-risk areas were consistent with the areas
suffering from heavy PAH contamination. To further
evaluate the ecological risk, the total toxic BaP equiva-
lent (TEQcarc) for the Σ7CPAHs was also calculated and
discussed (Peters et al. 1999). The equation (Eq. 1) for
TEQcarc can be expressed as the following (Savinov
et al. 2003; Chen and Chen 2011).

Total TEQcarc ¼ ∑iCi � TEFcarci ð1Þ
where Ci is the content of each CPAH (μg/kg) and
TEFi

carc is the toxic factor of a CPAH versus BaP, which
was abbreviated by the toxic equivalency factor. Here,
the TEFscarc values used for BaA, Chr, BbF, BkF, BaP,
Dba, and InP were 0.1, 0.001, 0.1, 0.01, 1, 1, and 0.1,
respectively (USEPA 1993; Li et al. 2015).

The total TEQcarc in the farmland soil varied from 3.00
to 571.57 μg/kg-BaPeq with a mean value of 99.06 μg/
kg-BaPeq (Table S1 and Fig. S2b), which was lower than
that of Shanghai in China (186–892 μg/kg-BaPeq) (Jiang
et al. 2009) and comparable to that of Delhi in India
(45.64–387.13 μg/kg-BaPeq) (Agarwal et al. 2009). The
result suggests that the carcinogenic potency of PAHs
should be given more attention due to the potential envi-
ronmental risk in the study area. For the individual
CPAH, their contributions to the total TEQcarc were in
the following order: BaP (56.3 ± 25.7%), Dba
(26.2 ± 25.7%), BbF (10.0 ± 5.8%), BaA (3.8 ± 4.1%),
InP (3.0 ± 3.0%), BkF (0.6 ± 0.3%), and Chr
(0.05 ± 0.03%).

Characterization of the PAHs in the surface runoff

The concentrations of the Σ16PAH in the surface runoff
varied between 146.58 and 3636.59 μg/L with an aver-
age value of 1222.69 μg/L. The values were several
orders of magnitude higher than those found in river
and marine water columns, i.e., the Tonghui River
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(192.5–2651 ng/L) (Zhang et al. 2004); Daliao River
(946.1–13,448.5 ng/L) (Guo et al. 2007); Pearl River
(987.1–2878.5 ng/L); Macao harbor, China (944.0–
6654.6 ng/L) (Luo et al. 2004); Kisumu City Bay of
Winam Gulf, Lake Victoria-Kenya (3.32–55.8 μg/L)
(Kwach et al. 2009); and Ligurian Sea, Western Mediter-
ranean (1–60 μg/L) (Pane et al. 2005). The much higher
concentrations indicated that runoff caused by rainfall is a
critical mechanism by which PAHs transfer from soil to
aquatic systems (Chen et al. 2004; DiBlasi et al. 2009).

Similar to the spatial patterns of the soil PAHs, the
Σ16PAHs in the runoff also had a decreasing trend
moving away from the downtown (Fig. 2b). The higher
Σ16PAH values were located in the industrial and urban
areas (RG15, 3636.59 μg/L; RD5, 3542.30 μg/L; RC2,
2850.42 μg/L), and the lower values were adjacent to
villages or residential areas (WC7, 147.58 μg/L; WG8,
216.43μg/L;WG17, 217.13μg/L;WG3, 247.80μg/L).
These results indicated that rainfall runoff is an effective
pathway for soil PAHs to move into aqueous systems
(Chen et al. 2004; DiBlasi et al. 2009). Meanwhile, the
consistency of PAHs in soils and runoffs also suggested
that the leaching behaviors of PAHs in a larger region
mainly depend on the contents of the soil PAHs, but soil
organic matter has also been speculated to be one of the
most important factors affecting PAH leaching in simu-
lation experiments (Zheng et al. 2012).

For the individual PAH components, Acy, Chr, Fla,
and BaAwere the dominant species in the runoff water
samples (Fig. S1b), and their contributions were
17.25 ± 14.64%, 16.51 ± 10.12%, 15.69 ± 5.97%, and

10.19 ± 6.35%, respectively. According to the number
of aromatic rings, the concentrations of the 2–4-ring
PAHs (nd-981.11 μg/L) were higher than those of the
5–6-ring PAHs (nd-366.02 μg/L) (Fig. 3b). The results
can be attributed to the lower levels of the 5–6-ring
PAHs in soil (Fig. 3a), the stronger adsorption between
5- and 6-ring PAHs and soil organic matter (Yan et al.
2012), and the higher solubility of 2–4-ring PAHs (Gan
et al. 2009; Clément et al. 2015).
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ratio value. The whiskers extending from the box are the lowest
and highest non-outlier values. B▲Band B▼^ represent the lowest
and highest values. The columns with red and blue represent ratios
of PAHs in soil and runoff samples, respectively
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Leaching behaviors of the individual PAHs

Laboratory experiments have noted that the leaching
behaviors of soil PAHs are closely related to the solu-
bility and adsorption of the individual PAHs onto soil
organic matter (Jonker and Koelmans 2002; Zheng et al.
2012; Luo et al. 2015). Here, the leaching behaviors of
the individual PAHs caused by rainfall were also studied
using the ratios of some of the PAH pairs in the soil and
runoff samples (Fig. 5) and the enrichment factors of
individual PAHs at the same sampling sites (Table S3).

For the Acy/Phe, Acp/BaP, and Fla/Pyr pairs, their
ratios in the runoff (24.57, 3.40, and 17.95) were much
higher than those in the soil (0.16, 0.32, and 1.74),
which indicated Acy, Acp, and Fla more easily release
into solutions than Phe, BaP, and Pyr. For the BaA/Chr
pairs, the ratios in the soil and runoff were 0.73 and 0.76,
respectively, which suggested both have similar
leaching behaviors during the rainfall process. For the
Phe/Ant and BbF/BkF pairs, their ratios in the runoff
(7.35 and 3.37, respectively) were slightly higher than
those in the soil (5.71 and 1.85, respectively), which
suggested that the solubilities of Ant and BkF are better
than those of Phe and BbF. Overall, Acy, Acp, and Fla
prefer to transfer into water systems.

The enrichment ratio (ER) representing the leaching
capacity of the PAHs was calculated using Eq. 2 (Zheng
et al. 2012).

ER ¼ Cr

Cs
ð2Þ

where ER, Cr, and Cs are the enrichment ratio of the
PAHs in the runoff and soil and the concentrations of the
specified PAHs in the runoff and soil, respectively. The
water-soil distribution coefficient (Kd) is a key parame-
ter in adsorption characteristics and migration simula-
tions of substances. In this study, the ER values of the
Σ16PAH ranged from 0.77 to 3.64 (except SC8), and
these values were lower than the Kd value in estuarine
water and suspended particular matter (0 < logKd < 6)
(Wang et al. 2016). The lower ER values corresponded
well with the unbalanced state of the PAHs due to the
transitory rainfall scour.

For the individual PAHs, most of the low molecular
weight (LMW) PAHs (2–4 rings), excluding Nap
(1.16 ± 1.19) , Phe (0.46 ± 0.70) , and Ant
(0.74 ± 0.44), showed high ER values, e.g., Acy
(55.24 ± 177.29), Acp (34.50 ± 78.35), BaA

(7.44 ± 3.91), Chr (7.06 ± 3.00), and Fla (6.79 ± 8.78)
(Table S3). The results indicated these LMW PAHs are
prone to transfer into runoff during rainfall processes
(Zheng et al. 2012), which was consistent with the
results shown in Fig. 5. The poor leaching behaviors
of the high molecular weight (HMW) PAHs (5–6 rings)
may be due to the strong hydrophobicity of the HMW
PAHs combined with absorption on SOM (Readman
et al. 1984).

For the different vegetation types, there were also
some differences in the PAH profiles with higher ER
values (Table S3). They were Acy (27.17 ± 27.65), Acp
(24.51 ± 46.61), BaA (7.74 ± 4.64), Chr (7.51 ± 2.77),
and Flu (3.37 ± 3.77) in the garden soil; Acy
(139.27 ± 328.95), Acp (91.66 ± 134.81), Fla
(17.14 ± 10.51), BaA (6.58 ± 5.35), and BaP
(6.56 ± 15.58) in the cropland soil; and Acy
(17.95 ± 0.00), BaA (7.80 ± 0.00), Chr (7.26 ± 1.25),
Acp (6.38 ± 0.00), and Flu (3.31 ± 0.00) in the dryland
soil. Both the use of wastewater and different sources of
PAHs can lead to variations in the ER values.

Conclusions

In this paper, the levels, spatial distributions, and com-
position profiles of PAHs in soil and rainfall runoff were
determined to study their pollution characteristics and
leaching behaviors from soil into runoff. The farmland
soils in the Tianjin region had moderate levels of PAHs.
Biomass and petroleum combustion pollution were the
likely major sources. The leaching behaviors of the
PAHs mainly depend on their chemical properties.
LMW PAHs with higher solubilities are more prone to
be released from soil during rainfall events than HMW
PAHs are. In summary, this study provides field data for
reference and comparison with simulated experiments.
However, due to the difficulty of sampling soils and
runoffs in a larger area during rainfall events, more
studies are needed to further identify the factors affect-
ing the leaching behaviors of soil PAHs.
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