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Abstract  Soil-bound polycyclic aromatic hydrocar-
bons (PAHs) in farmland are critical to human health.
The level, composition, source, and cancer risk of
sixteen PAHSs in agricultural soil from Ningde, China,
were investigated. The results indicated that the total
concentrations of 16 PAHs ranged from 77.3 to
1188 ng g~', with a mean value of 406 ng g '.
Five-ring PAHs were found to have the highest
concentrations (148 & 133 ng g~ '), followed by

four-ring (120 & 101 ng g~'), three-ring (61.9 &
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542 ng g "), six-ring (44.6 = 61.0ng g '), and
two-ring (31.3 + 31.0 ng g~ "). Employing positive
matrix factorization (PMF), four PAH sources includ-
ing biomass burning (36.3%), coal combustion
(35.5%), traffic emissions (16.4%), and coke source
(11.8%) were identified. Incremental lifetime cancer
risk (ILCR) results showed that ILCR values ranged
from 7.1 x 107* to 1.1 x 10_3, which will cause
moderate-to-high cancer risk to human health mainly
via the soil ingestion and dermal contact exposure
pathways. The source-oriented results indicated that
coal combustion (32.7%), traffic emission (34.3%),
and biomass burning (32.4%) had similar contribu-
tions to the total cancer risk. Therefore, more attention
should be paid to these pyrolysis-originated sources to
protect humanity from the health risk of PAHs.

Keywords PAHs - Arable soil - Ningde -
Incremental lifetime cancer risk - Positive matrix
factorization

Introduction

Polycyclic aromatic hydrocarbons (PAHs), as typical
persistent organic pollutants (POPs), have aroused
much attention due to their persistence, long-range
transportation, and resist degradation properties.
Therefore, PAHs are found in various environmental
mediums such as soil (Xing et al. 2011; Yang et al.
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2016), sediment (Tolosa et al. 2004; Zhang et al.
2012), water (Zheng et al. 2016), and air (Khairy and
Lohmann 2013; Zhuo et al. 2017). PAHs in the
environment are mainly from natural processes (i.e.,
forest fire and volcano eruption) and anthropogenic
activities (i.e., vehicle emissions, combustion of
organic matters, and industrial processes). Airborne
particulates originated from pyrolysis processes are
transported in the atmosphere and ultimately dry—wet
deposit in the upper layer of soil (Desalme et al. 2013).

As an important sink of pollutants, soil PAHs have
attracted much attention due to their bio-accumula-
tive, carcinogenic and mutagenic potencies and may
allow the entry of PAHs into food chain (Peng et al.
2011; Xing et al. 2011; Yang et al. 2012; Man et al.
2013; Jia et al. 2017). Increasing PAH concentrations
in soil resulted from human activities have caused
scientific concern as these elevated concentrations in
the soil will pose a higher risk to human health (Man
et al. 2013). The widely used method to assess the
human health associated with PAHs is incremental
lifetime cancer risk (ILCR). This method estimates the
incremental probability that an individual will develop
cancer during his lifetime based on BaP toxic equiv-
alent concentration. However, this method cannot
distinguish the risk of different PAH sources, which
exhibited different toxicities (Li et al. 2014; Lang et al.
2015). Recently, a new receptor model-incremental
lifetime cancer risk method was developed to quantify
the carcinogenic risks associated with sources of
particle-bound PAHs (Liu et al. 2015). The study
showed that the amount of human exposure to soil-
bound PAHs was higher than through air or water
(Mengzie et al. 1992). Thus, it is important to figure out
the PAHs in the soil. However, previous studies
mainly concerned about PAH concentrations (Tang
et al. 2005; Peng et al. 2013), compositions (Jiang et al.
2009), distribution (Liu et al. 2010; Wang et al. 2010),
sources (Dai et al. 2008; Chen et al. 2013), and health
risk (Man et al. 2013; Yang et al. 2016) in urban soil,
while researches focused on PAHs in agricultural soil
are limited (Duan et al. 2015; Tong et al. 2018) and
thus need more attention due to its significance in
human health.

Therefore, in this study, agricultural soil samples
were collected and analyzed to (1) investigate the
levels, compositions, and relationship between PAHs
and organic matters, (2) to attribute the PAH sources
employing positive matrix factorization (PMF) model
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and (3) to assess the soil-bound PAHSs health risk to
human and source-oriented risk using ILCR and PMF
method.

Materials and methods
Sample collection

A total of sixty-two (forty from paddy land and twenty
from vegetable land) topsoil samples (0-20 cm) were
collected from the arable soils in the study area during
November 2009. The locations of the sampling sites
are shown in Fig. 1. At each location, four subsamples
were collected from 50 m x 50 m grid and thor-
oughly mixed to form a composite sample with a pre-
cleaned stainless steel scoop. All samples were
wrapped in aluminum foil, sealed in polythene zipped
bags and then transported to the laboratory. Soil
samples were air-dried at room temperature, sieved
through a 1-mm steel sieve, and then stored at —4 °C
until analysis.

Chemical analysis

The detailed PAHs analysis procedure was described in
previous study (Xing et al. 2011). Briefly, ten grams of
air-dried soil spiked with 5 puL (200 pg mL™") surro-
gates (mixture of five deuterated PAHs: naphthalene-d8,
acenaphthene-d10, phenanthrene-d10, chrysene-d12,
and perylene-d12) was Soxhlet-extracted with
120-140 mL dichloromethane (DCM) for 24 h. Acti-
vated copper granules were added to the collection flask
to remove elemental sulfur. Extracts were firstly
solvent-exchanged to n-hexane and further concentrated
to 2-3 mL by rotary evaporation. The deactivated
alumina/silica (v/v = 1:2) gel column was used to clean
the extracts, and PAHs were eluted with 30 mL DCM/
hexane (2/3, v/v). The cleaned extracts were volume-
reduced to 0.2 mL under a gentle nitrogen stream.
Hexamethylbenzene (1000 ng) was added as an internal
standard before the instrumental analysis.

Sixteen USEPA priority PAHs: naphthalene (Nap),
acenaphthylene (Acy), acenaphthene (Ace), fluorene
(Flu), phenanthrene (Phe), anthracene (Ant), fluoran-
thene (Fla), 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 (IcdP), dibenzo [a, h]
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Fig. 1 Locations of
sampling site from Ningde,
China
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anthracene (DBA), and benzo [g, h, i] perylene
(BghiP) were measured using GC-MS (Agilent
6890-5975). Samples (1 pL) were injected in splitless
mode, separated by a DB-5 capillary column
BO0m x 0.25 mm i. d x 0.25 um film thickness)
under the carrier gas (helium) at a constant flow of
1.5 mL min~', and programmed temperature: ini-
tially at 60 °C for 5 min, increased to 290 °C, at a
rate of 3 °C min~' and held for 40 min. The PAH
fractions were detected by mass detector equipped
with electron impact (EI) source and operated in
selected ion monitoring (SIM) mode. The target
compounds were identified by comparison of retention
times and mass spectra match to their corresponding
standards.

The total organic compound (TOC) was measured
with a TOC (liquiTOC, Elementar, Germany) by
conventional standard procedures (Qu et al. 2015).
Briefly, about 3 g of the freeze-dried soil was treated
with 1 mol L™" HCI for 24 h to remove inorganic
carbon thoroughly. And then, it was dried overnight at
85 °C until the weight ceased to change. Fifty
milligrams of the treated soil was used to determine
TOC.

Quality assurance and quality control
The procedural blanks, spiked blanks, and duplicate

samples were analyzed in every 10 samples for quality
assurance and quality control. The average surrogate

119°E 119.5E 120°E

recoveries were 674 + 12.5%, 754 £+ 17.2%,
82.4 £+ 14.5%, 86.1 &+ 15.6%, and 96.2 + 12.4% for
naphthalene-dg, acenaphthene-d(, phenanthrene-d;,
chrysene-d;,, and perylene-d;,, respectively. Limit of
detection (LOD) was calculated as three times of the
signal-to-noise (S/N) level in blank samples. The LOD
for the target PAHs ranged from 0.07 to 0.58 ng g~'
dry weight. Standard PAHs solution was analyzed for
daily instrument correction of the calibration, and the
deviation was less than £ 15%. All reported values
were recovery corrected and expressed on a dry weight
basis.

PMF model description

PMF model is a recommended receptor model by the
USEPA to source apportionment of pollutants, and it
has been widely used in soil-bound PAH source
apportionment (Wang et al. 2013, 2015a, b; Zhao et al.
2014). Briefly, the PMF decomposes a matrix of i X j
dimension (X) into two matrices: source contribution
matrix (G) and source profile matrix (F):

P

xj =Y gfy+ ey (1)
k=1

where x; is the concentration of jth PAH species

measured in ith receptor sample; g; represents the

contribution of the kth source to the ith sample; f;;
stands for the mass fraction of the jth compound in the
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kth source, and e;; is the residual for each sample/
species. The target of PMF model is to calculate the
minimum of the objective function Q considering the
residuals (e;;) and uncertainty (uij):

n m
0-> (%) 2)
i1 =1 \Yij
There are two types of uncertainty: sample-speci-
fied and equation-based. In this study, the equation-
based uncertainty was introduced into PMF calcula-
tion (Table S1). If the concentration is greater than
method detection limit (MDL), the uncertainty is
calculated according to the following equation:

uj = \/ (error fraction X concentration)®+(MDL)?

(3)
If the concentration is less than MDL, the uncertainty
is estimated using the following equation:

Uy = % x MDL (4)

The USEPA PMF (5.0) model was employed in this
study. Nap and Ace were excluded from calculation
due to their bad correlations with the total PAH
concentrations. Acy, BkF, IcdP, and BghiP were
categorized into weak due to their scaled residuals out
of — 3 ~ + 3. The rest species were grouped into
strong. The factor number was tested from 2 to 6, and
each base model was run with a random seed for 20
iterations. The optimum factor number was co-deter-
mined by Q value, observed/predicted concentrations,
bootstrap results, and the physical meaning of factor
compositions (Bressi et al. 2014). Finally, four factors
were considered as the optimal solution, which
showed a significant correlation between observed
and predicted PAH concentrations (r* = 0.90,
p < 0.01).

The uncertainties and error estimation of four-
factor solution were estimated using bootstrap (BS),
displacement of factor elements (DISP), and BS-DISP
method. In BS run, base and boot factors were
matched with mapping over 95%, which indicated
BS uncertainties can be interpreted and the number of
factors may be appropriate (US EPA 2014). The BS-
DISP results showed that 92% of BS case was
accepted and there were 5 swaps occurred in DISP.
Therefore, the F-peak (0.2) value was employed to
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eliminate the rotation ambiguity, and almost all
species in each factor were within the S5th-95th
percentile of bootstrap. Finally, the F-peak = 0.2
result was reported.

Human cancer risk assessment model

We evaluated the potential cancer risk imposed on
farmers or workers as a result of being in contact with
contaminated soil. The pathways of human exposure
to PAHs through soil are three main categories: (a)
direct ingestion of substrate particles; (b) dermal
absorption of pollutants in particles adhered to
exposed skin; and (c) inhalation of re-suspended
particles emitted from soil through the mouth and nose
(Man et al. 2013). The ILCR through each of the three
pathways within the scope of the study has been
calculated according to the following equations
adapted from the USEPA standard models (Peng
et al. 2011; Qu et al. 2015):

ILCRingestion
o Csoil X (CSFingestion X A (BW/70)) X IRsoil x EF x ED
B BW x AT x 109

(5)

ILCRdem\a]

_ Cuit X (CSFgermar x +/(BW/70)) x SA x AF x ABS x EF x ED
N BW x AT x 106
(6)

ILCRinha]ation

Csoil X (CSFinhalation X \3/ (BW/7O)) X IRair x EF x ED
B BW x AT x PEF
(7)

where Cy; is the sum of toxic equivalent concentra-
tion to BaP in soil (ng g~ '); CSF is the carcinogenic
slope factor (mg kg~ d™")~'; BW is the average body
weight (kg); IR is the ingestion rate of soil (mg
d™"); EF is the exposure frequency (d yr™'); ED is the
exposure duration (yr); AT is the average life span (d);
SA is the surface area of the skin that contacts the soil
(cm2 d_l); AF is the skin adherence factor for soil
(mg cm~?); ABS is the dermal absorption factor
(chemical specific); IR,; is the inhalation rate (m3
dfl); PEF is the particle emission factor (m3 kgfl).
The carcinogenic slope factor (CSF) based on the
cancer-causing ability of BaP was addressed as 7.3,
25, and 3.85 (mg kg~' d~ ")~ for ingestion, dermal
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contact, and inhalation, respectively (Peng et al.
2011). The other parameters for evaluating human
cancer risk are listed in Table 1. The total risk was
estimated as the sum of individual risk of above three
exposure pathways. Qualitative descriptions of possi-
ble cancer risks are as follows: very low when the
estimated ILCR is less than 1076; low from 107 to
10_4, moderate from 10™* to 10_3, high from 103 to
107", and very high when the value is greater than
107" (Man et al. 2013).

Results and discussion
Levels and compositions of PAHs

The concentrations of PAHs are shown in Table 2.
The difference of total concentrations of PAHs
(X16PAHs) in vegetable soils (489 4+ 372 ng g_l)
and paddy (360 + 240 ng-g™") soils was not signif-
icant (p > 0.05). According to soil classification
polluted by PAHs (Maliszewska-Kordybach 1996),
the soil in this study was classified into non-contam-
inated to contaminated. However, the sum of ten
PAHs in this study was beyond the Dutch target value
(1000 ng g~ ') and intervention value (4000 ng g~ )
(VROM 2000). Besides, the sum of seven carcino-
genic PAHs toxic equivalent concentrations to BaP
was beyond the Canadian environmental quality

Table 1 Values of the parameters for the estimation of the
incremental lifetime cancer risk. Cited from Qu et al. (2015)

Exposure parameters Unit Adult
Body weight (BW)* kg 62.8
Ingestion rate (IRy;) mg d! 100
Exposure frequency (EF) dyr! 350
Exposure duration (ED) yr 30
Average life span (AT) d LT x 365
Lifetime (LT) yr 72
Surface area (SA) cm? d7! 5700
Dermal exposure ratio (FE) unitless 0.61

Dermal surface factor (AF) mg cm ™2 0.07

Dermal absorption factor (ABS) unitless 0.13
Inhalation rate (IR;,) m’d™! 17.5
Particle emission factor (PEF) m’ kgfl 1.36 x 10°

guidelines for agricultural and industrial usage
(5300 ng g~', CCME 2008) as well.

The average concentrations of 2,csPAHs
(406 ng-g~ ") in this study were higher than those in
agricultural soils from Huanghuai plain (130 ng-g ™',
Yang et al. 2012), Henan (24.4 ng g~ ', Feng et al.
2017), Xinzhou (202 ng gfl, Zhao et al. 2014), and
Shanghai (365 ng-g~', Jia et al. 2017), but were
remarkably lower than those from Chengdu
(3234ng g~!, Xing et al. 2011), Beijing
(1228 ng-g~', Peng et al. 2011), Nanjing
(3330 ng-g~', Wang et al. 2015a, b), and Changzhi
(917 ng-g~ ', Liu et al. 2017). Generally, PAH con-
centrations in urban soil are higher than that in rural or
agricultural soil (Man et al. 2013; Wang et al.
2015a, b). In this study, the average concentrations
of PAHs were indeed lower than that measured in
urban soil from Beijing (1228 ng g~', Peng et al.
2013), Nanjing (3330 ng g~ ', Wang et al. 2015a, b),
Dhanbad (3488 ng g~', Suman et al. 2016), and
Kumasi (1398 ng g_l, Bortey-Sam et al. 2014).

As shown in Fig. 2, the five-ring PAHs including
BbF, BkF, BaP, and DBA had highest concentrations
(148 + 133 ng g~ "), followed by four-ring (120 +
101 ng g~ "), three-ring (61.9 + 54.2 ng g™ "), six-
ring (44.6 £ 61.0 ng g h, and two-ring
(31.3 £ 31.0 ng g_l). To be more specific, Chr,
BbF, BKF, and BaP were considered to be the
predominant compounds by their contributions being
19.0, 10.7, 10.8, and 11.7%, respectively, to the total
PAHs. High molecular weight (HMW) PAHs are
found to be the dominant compounds in urban soil
(Peng et al. 2011; Wang et al. 2015a, b), while the
percentages of low molecular weight (LMW) PAHs
are greater than 50% in agricultural soil (Zhao et al.
2014; Chai et al. 2017). In this study, the HMW PAHs
accounted for about 41.7% of the total PAHs, which
had the similar PAH compositions profile in previous
studies concerning PAHs in agricultural soil (Yang
et al. 2012; Zhao et al. 2014; Liu et al. 2016).

Correlation analysis

The correlations among the individual PAHs can be
performed to give an insight into the origins of these
compounds (Yang et al. 2012). Correlation coefficient
matrix (Table 3) among the individual PAHs showed
that most of the compounds, especially the four-, five-,
six-ring PAHs, were significantly positively correlated

@ Springer



912

Environ Geochem Health (2019) 41:907-919

Table 2 Concentrations of PAHs (ng g~") in agricultural soil

N Sum 7¢ BaP TEQs (7)  Sum 10° Sum 16° BaP TEQs (16)

Vegetable soil 22 325 4+258 92.6 £ 76.1 390 £ 301 489 £ 372 932 +76.5
Paddy soil 40 231 +191 63.5+59.2 290 +£ 190 360 + 240  64.0 + 59.3
Dutch target value 1000
Dutch intervention value 40,000
Canadian environmental quality guidelines 5300
Agricultural and industrial
Classification

Non-contaminated < 200

Weakly contaminated 200-600

Contaminated 600-1000

Heavily contaminated > 1000

?Sum of seven carcinogenic PAHs including BaP, BaA, BbF, BKF Chr, DahA, and IcdP
®Sum of Nap, Phe, Ant, Fla, BaA, Chr, BbkF, BaP, IcdP, and BghiP

“Sum of sixteen US EPA priority PAHs

4004

Concentrations (ng g')
o
[l
(=}

1l

2-ring

3-ring 4-rig S5-ring 6-ring

Fig. 2 PAH concentrations and compositions in agricultural
soil

with each other. However, low molecular weight
PAHs, such as Nap, Acy, and Ace, did not show
significant positive correlations among these com-
pounds and with the HMW group. This was due to
different sources of these two PAH groups. The vapor
pressure of semi-volatile organic compound (SVOC),
such as PAHs, is one of the reasons to most properties
for soil-air partitioning of SVOC. Thus, PAHs vapor
pressure determined the compounds vapor—particle
partitioning, which means that the available fraction is
to undergo long-range atmospheric transport and
phase transfer into the soil (Agarwal et al. 2009).
Low molecular weight PAHs exhibit high atmospheric
mobility, making them easier to be transported from
far away locations by atmospheric transportation
(Chung et al. 2007).
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TOC in soil is considered as a key factor influencing
the sorption, sequestration, and fate of PAHs in soil
(Jiang et al. 2009; Duan et al. 2015). The contents of
TOC in our study varied from 0.65 to 7.46%, with a
mean value of 2.23%. As shown in Table 3, TOC was
significantly correlated with a part of individual and
total PAHs (p < 0.05), such as Acy, Flu, and X ¢
PAHs. However, we cannot observe the higher
correlations characterized by r value (r > 0.8). Lack
of correlation between TOC and PAHs was interpreted
as the result of non-equilibrium adsorption (Jiang et al.
2009; Wang et al. 2013). Compared with HMW PAHEs,
LMW PAHs are more likely subjected to soil-air
exchange due to their high atmospheric mobility
property, and thus result in the high correlations with
TOC over time (Wang et al. 2013). The difference of
correlation between TOC and LMW PAHs (r = 0.33,
p < 0.01) and HMW PAHs (r = 035, p < 0.01) was
not significant (Table 3). This fact reflected that these
compounds had a possible trend of approaching the
adsorption equilibrium status with TOC in soils, and
were influenced simultaneously by other complex
factors, such as pH, clay content, temperature, and
organic matter composition. Additionally, it might be
interpreted by the influences of the new introduction of
organic fertilizers on soil-bound PAHs (Huang et al.
2006).
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Table 3 Correlation coefficients matrix for individual PAHs and TOC in arable soils
Nap Acy Ace Flu Phe Ant Fla Pyr BaA Chr
Nap 1
Acy 0.12 1
Ace 0.08 0.10 1
Flu 0.18 0.50%** 0.34%* 1
Phe 0.20 0.29%* 0.18 0.85%%* 1
Ant 0.26* —0.03 0.19 0.55%%* 0.78%* 1
Fla 0.18 0.33%* 0.06 0.66%* 0.88%* 0.70%%* 1
Pyr 0.12 0.39%%* 0.04 0.60%* 0.74%* 0.46%* 0.92%* 1
BaA 0.25% 0.18 0.17 0.45** 0.52%%* 0.56%* 0.68** 0.64** 1
Chr 0.06 0.13 —0.01 0.37* 0.62* 0.46* 0.77* 0.75* 0.55* 1
BbF 0.12 0.15 0.03 0.32 0.59 0.49 0.81 0.83 0.60 0.75
BkF 0.03 —0.03 —0.03 0.18 0.42 0.49 0.55 0.50 0.44 0.82
BaP 0.07 0.18 —0.04 0.18 0.32 0.21 0.58 0.72 0.42 0.65
IcdP —-0.10 0.27 —0.08 0.14 0.21 0.09 0.30 0.37 0.18 0.37
DBA —0.02 0.09 —0.01 0.19 0.16 0.00 0.08 0.14 —0.06 0.34
BghiP 0.07 0.38 —0.08 0.02 0.02 —0.05 0.23 0.34 0.30 0.37
LMW PAHs 0.65 0.23 0.25 0.72 0.84 0.84 0.74 0.56 0.57 0.46
HMW PAHs 0.10 0.18 0.00 0.39 0.63 0.50 0.83 0.84 0.61 0.93
2PAHs 0.22 0.26 0.04 0.48 0.70 0.59 0.86 0.85 0.65 0.90
TOC 0.17 0.32 0.24 0.38 0.36 0.20 0.35 0.40 0.13 0.25
BbF BKF BaP IcdP DBA BghiP LMW PAHs HMW PAHs >PAHss TOC
Nap
Acy
Ace
Flu
Phe
Ant
Fla
Pyr
BaA
Chr
BbF 1
BkF 0.65 1
BaP 0.75 0.60 1
IcdP 0.26 0.29 0.43 1
DBA 0.01 0.31 0.21 0.37 1
BghiP 0.23 0.30 0.44 0.55 0.47 1
LMW PAHs 0.48 0.37 0.24 0.08 0.06 0.03 1
HMW PAHs 0.88 0.85 0.82 0.41 0.32 0.42 0.50 1
2PAHs 0.84 0.80 0.78 0.53 0.35 0.49 0.63 0.97
TOC 0.31 0.22 0.39 0.07 0.17 0.08 0.33 0.35 0.36 1

*Correlation is significant at the 0.05 level (two-tailed)

**Correlation is significant at the 0.01 level (two-tailed)
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Source identification
Isomer ratio

Molecular indices based on isomer ratios of selected
individual PAH have been established to distinguish
petrogenic and pyrogenic sources of PAHs (Jiang et al.
2009; Xing et al. 2011; Yang et al. 2012). Fla/
(Fla + Pyr) and IcdP/(IcdP + BghiP) have been used
to identify the potential PAH emission sources in
published studies (Jiang et al. 2009; Peng et al. 2011).
The principle of molecular indices as identifying
signatures has been described in previous papers
(Yunker et al. 2002; Agarwal et al. 2009). The cross-
plot for molecular indices of selected PAHs is
presented in Fig. 3.

The values of Fla/(Fla + Pyr) in almost all samples
were greater than 0.5, indicating that the pyrogenic
source of PAHs originated from coal/biomass com-
bustion. The result was consistent with some research
from other regions, such as Delhi (Agarwal et al.
2009), Poland (Maliszewska-Kordybach et al. 2009),
and Huanghuai plain (Yang et al. 2012), which
speculated that coal/biomass combustion was the
dominant sources of PAHs in agricultural soil.
Although the IcdP/(IcdP + BghiP) ratios in some
samples were less than 0.5, suggesting that the PAHs
were derived from petrogenic or pyrogenic sources,
the IcdP/(IcdP 4 BghiP) ratios for the great majority
of soils above 0.5 were indicative of the typical

Petroleum
1.0 4 -
Petroleuny Coal & biomass
combustion combustion
084 =2 g
& § 2
O v
@ 6] 12
L E®
g @]
=
S04l |5
- = 2
s E |83
= 8 |BE
s |~ 3
024&
ml Paddy soil
Vegetable soil
0.0 T T T T
0.4 0.5 0.6 0.7 0.8
Fla/(Fla+Pyr)

Fig. 3 Cross-plot for diagnosis ratios of IcdP/(Icdp + BghiP)
vs Fla/(Fla + Pyr)
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attribution of coal/biomass combustion. Overall,
pyrogenic sources, mainly coal/biomass combustion,
were the main sources of PAHs in Ningde agricultural
soils. This fact was in good agreement with the
statistical results reported by the national bureau of
statistics of China, which showed that coal was the
major energy source and taken up about 76.7% of
China’s energy (NBSC 2009).

Positive matrix factorization (PMF)

Four factors were extracted, and their source compo-
sitions are shown in Fig. 4. Factor 1 was responded for
35.5% of the total PAHs and heavily loaded on BbF,
Chr, Pyr, BaP, and Fla. The source profile of this factor
was similar to the emissions from coal combustion (Li
et al. 2003; Chen et al. 2005). Therefore, factor 1
represented the coal combustion. Factor 2 was
predominated by IcdP, DBA, and BghiP. These high
molecular weight PAHs are from high-temperature
combustion processes (Mai et al. 2001, 2003) such as
diesel combustion and emission (Simcik et al. 1999).
Therefore, factor 2 was labeled as traffic emission, and
this factor accounted for 16.4% of the total PAHs.
Factor 3 was mainly loaded on Acy, Flu, Phe, Fla, and
Pyr. Flu and Phe are from coke ovens (Simcik et al.
1999), and Flu is the dominant compound in the coke
oven molecular signature (Khalili et al. 1995). Thus,
factor 3 was identified as coke source and explained
11.8% of the total PAHs. Factor 4 was dominated by
Flu, Phe, Ant, BaA, and BbF. Flu, Ant, and Fla are
considered to be the tracers of wood/grass burning
(Khalili et al. 1995; Jenkins et al. 1996; Ou et al.
2010). Thus, factor 4 was attributed to biomass
burning and explained 36.3% of the total PAHs.

The estimated source contributions identified by
PMF are shown in Fig. 5a. Coal combustion and
biomass burning totally accounted for about 71.8% of
the total PAHs in agricultural soil from Ningde.
Research on PAH sources in urban soil found that
vehicle emission was the most contributor to the total
PAHs (Wang et al. 2013; Suman et al. 2016; Cao et al.
2017). However, studies concerning PAH sources in
agricultural soil indicated that biomass burning and
coal combustion contribute most to the mass concen-
trations (Yang et al. 2012; Zhao et al. 2014). The
agreement between diagnosis ratios of PAHs and PMF
model to source identification indicated that the PAH
sources were well allocated in this study.
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Fig. 5 Average source contribution to the total concentrations of PAHs (a) and cancer risk (b)

Health risk assessment

The cumulative probabilities of ILCR via three
different exposure pathways are shown in Fig. 6a. At
95h percentile, the estimated total ILCR ranged from
7.1 x 107* to 1.1 x 1077, which will cause moder-
ate-to-high cancer risk. To be more specific, the
average ILCR of soil ingestion, dermal contact, and
inhalation was 3.3 x 10_4, 59 x 10_4, and
2.3 x 1078, respectively, which suggested that

cumulative risk (107¢ ~ 107%) may be caused
through ingestion and dermal pathways. These two
exposure pathways were the main routines to the soil-
bound PAHSs, while the risk via the soil inhalation was
negligible in the study area. The same results were also
reported in other agricultural soil (Tong et al. 2018)
and street dust (Gope et al. 2018).

To find out which sources contributed most to the
cancer risk, the source-oriented risk assessment was
apportioned by PMF model and ILCR mode as shown

@ Springer
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in Fig. 6b—d. The average soil-bound BaP toxic
equivalent concentrations of sixteen PAHs attributed
to the coal combustion, traffic emission, coke source,
and biomass burning were 20.8 £ 31.2, 21.5 + 30.0,
0.38 + 0.46, and 20.3 & 25.2 ng g~ ', respectively.
As shown in Fig. 5b, the percentage of source
contributions to the estimated ILCR was much differ-
ent from that to the total mass concentration of the 16
PAHs. Traffic emission accounting for 16.4% of the
total PAH mass concentrations was found to con-
tribute most to the total cancer risk (34.3%). The
percentage contributions of coal combustion to the
total mass concentrations (35.6%) and to the total
cancer risk (32.7%) were similar (Fig. 5b). The similar
percentage was found for biomass burning. Coke
source contributing least to the mass contribution
(11.8%) was also found accounted for least of the total
cancer risk (0.6%). The source apportionment of
cancer risk in different exposure scenarios was
conducted and is shown in Fig. 6. Coal combustion
had highest cancer risk exerted on human among the
three exposure pathways. As discussed above, the

@ Springer

traffic emission contributed most to the total cancer
risk; however, it ranked second in source-oriented risk
assessment. Coke source exhibited the lowest ILCR
value among the four identified PAH sources in each
exposure pathway.

The results clearly suggested that soil contamina-
tion prevention and controls should take source and
exposure pathways into consideration, besides a
control on the total mass concentration. The control
priority should be given to combustion sources which
emitted higher concentrations of carcinogenic PAHs.
Special attention also should be paid to soil ingestion
and the dermal contact associated with soil-bound
PAHs cancer risk.

Conclusion

Sixteen USEPA priority PAHs were measured in 22
vegetable farmlands and 40 paddy soil samples from
Ningde, China. The total concentrations of PAHs in
these two types of soil did not show a significant
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difference, and the soil pollution level was classified
into non-contaminated and contaminated. High
molecular weight PAHs originated form combustion
were found to be the dominant compounds in soil
samples. The isomeric ratio of PAHs and PMF model
also indicated that PAHs were mainly from biomass
burning, coal combustion, traffic emission, and coke
source. The health risk assessment was estimated by
ILCR method and showed moderate-to-high cancer
risk mainly due to the soil ingestion and dermal
contact. Biomass burning, coal combustion, and traffic
emission were found to have similar contributions to
the total cancer risk. Therefore, special focus also
should be paid to soil ingestion and dermal contact
pathways and control the pyrolysis processes-origi-
nated PAHs into the soil.
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