
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 5

/1
/2

02
6 

4:
16

:5
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Polycyclic aroma
aSchool of Land Science and Technology, C

Beijing 100083, PR China. E-mail: liuxia

yuqinfei2003@163.com; caoyingui1982@1

10 82321807; Tel: +86 10 82322182
bKey Laboratory of Land Consolidation an

Resources, Beijing 100035, PR China
cChinese Academy of Land & Resource Econ
dGuanghua School of Management, Peking U

Cite this: RSC Adv., 2017, 7, 28029

Received 28th February 2017
Accepted 6th April 2017

DOI: 10.1039/c7ra02484c

rsc.li/rsc-advances

This journal is © The Royal Society of C
tic hydrocarbons in the soil
profiles (0–100 cm) from the industrial district of
a large open-pit coal mine, China

Xiaoyang Liu, a Zhongke Bai,*ab Qinfei Yu,*cd Yingui Caoab and Wei Zhouab

Mining and industrial activities are the primary sources of soil pollution in the open-pit coal mine. The

concentrations of PAHs in 11 sampling sites in the industrial district and 9 sampling sites with different

land use types in Pingshuo open-pit coal mine, China, were measured to investigate the distributions of

PAHs and possible sources in soil profiles (0–100 cm). In the topsoil layer (0–20 cm), concentrations of

16 PAHs ranged from 2.15 to 33.51 mg kg�1, with a mean value of 11.93 mg kg�1. PAHs were more

variable in the middle soil layer (20–50 cm), ranging from 0.199 to 36.888 mg kg�1 with the average

value of 9.21 mg kg�1. Comparable extreme concentrations were detected from the samples in the

subsoil layer (50–100 cm). Compared with those in topsoil, the average concentrations of the most

individual PAH species were less in the middle soil and subsoil layers. The concentrations of most of the

individual PAHs in the topsoil were higher than those in the middle soil and subsoil. Distribution patterns

of PAHs in the three soil layers correlated well with each other. The high concentration hotspots were

concentrated around the old coal washery, reaching about 30 mg kg�1. The average concentrations of

PAHs with different rings in the industrial district exceeded those in the other land use types. However,

only the concentrations of 5-ring PAHs in topsoil showed difference with different land use types (P <

0.05). Diagnostic ratios and the total index showed that petroleum combustion was the main source of

PAHs.
1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) belong to a type of
organic contaminants with ubiquitous presence and carcino-
genic potential in the ecosystem. They mainly arise from the
natural or articial incomplete combustion or pyrolysis of
organic material.1–3 Moreover, soil plays as an important sink
for them.4 Their presence and concentrations in soils are greatly
inuenced by human encroachment.5 Industry, agriculture, and
transport activities are the sources of soil contaminants, and
these directly or indirectly contaminate soil via atmosphere or
water by adsorption and deposition in the soil. Among the
sources, atmospheric deposition is viewed as the most common
source of soil pollution.6 Accumulation of PAHs in soil degrades
the soil quality; moreover, it may lead to additional potential
contamination of food chains and vegetables.7,8 Because of their
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adverse effects, such as high toxicity, mutagenicity, and carci-
nogenicity,9 on human health, they are receiving extensive
attention.

Knowledge about the distribution of PAHs in different soil
layers and contaminant sources is critical to minimize the
environmental risks. The US Environmental Protection Agency
(EPA) has highlighted 16 unsubstituted PAHs as priority
pollutants that need monitoring. Numerous investigations
found that PAHs are widely distributed in the environmental
media such as sediments,10 agriculture soil,11 urban soil,12

roadside soil,13,14 industry-affected soil,15,16 dump sites,17 and
mine-impacted soil.18–20 Soil pollution in the coal mine area is
mainly ascribed to coal exploitation, processing, and utiliza-
tion.21 Mining-impacted soils and industrially impacted soils
are among the poorly structured soils and generally abundant
with a toxic substance such as PAHs.22 Research on the PAHs in
soil inuenced by the sole factor of mining activity or industrial
activity is abundant. However, soils affected by these two
different activities were generally separately researched. Infor-
mation about the cofactors of mining operations and industrial
activities on the PAHs in soils is rare.

To address the knowledge of PAHs in industrial soils in coal
mines, the objectives of this study were to (1) investigate the
impact of open-pit coal mining and industrial operations on the
concentrations of PAHs in the soil proles, (2) identify the
RSC Adv., 2017, 7, 28029–28037 | 28029
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possible sources of PAHs, and (3) explore the patterns and
distribution of PAHs in the vertical direction.
2. Material and methods
2.1 Study area

The research was conducted in the largest open-pit coal mine in
China – Pingshuo coal mine, which is located in the northern
Shanxi Province on the Loess Plateau. This region is charac-
terized by the typical temperate arid to semi-arid continental
monsoon climate, with the average annual temperature of 4.8–
7.8 �C and average annual precipitation of 428.2–449.0 mm.23

Chestnut soil and loessial soil are dominant there, and they are
characterized by the low content of organic matter. Moreover,
due to the poor ecosystem resistance ability, this district
belongs to a typical fragile eco-environmental zone in the Loess
Plateau.

The specic study object was the industrial district in the
Pingshuo coal mine. Its industrial activities started during the
1980s, and its area gradually expanded to 4.37 km2 with the
growing production of coal. It was constructed along a valley
and was surrounded by three dumps: Inner Dump, South
Dump of Antaibao coal mine, and West dump of Anjialing.
About 2 km away in the northeast direction, there is a huge
mining pit that is in use and emits a lot of waste. The indus-
trial area serves as a coal assistant processing site, and
different function areas are distributed in it, e.g., the red
power plant, explosives plant, oil depot, coal washery, service
depot, administrative area, sewage treatment plant, and coal
slime piles. The location and overview of the industrial district
are shown in Fig. 1.
Fig. 1 Location of study area and soil sampling sites in the industrial distr
mine and (B) overview of the industrial district.

28030 | RSC Adv., 2017, 7, 28029–28037
2.2 Soil sampling and sample extraction

Soils from 11 locations in the industrial district were obtained
at three depths of 0–20 cm, 20–50 cm, and 50–100 cm in August
2013 (Fig. 1). Near each sampling location, two other soil
proles were dug, and soils at the same depths were obtained
and thoroughly mixed with each other into a composite sample
to produce a representative sample and reduce the random
variation. To perform a comparison with PAHs in soils under
different land use types, soils from the original landscape,
dump, middle, and lower reaches of the industrial district were
also obtained as references. The samples were air-dried at room
temperature and crushed aer removing stones and residual
roots and then passed through a 100-mesh sieve. Then, the soil
samples were stored in brown bottles and transported to the lab
to be stored at �20 �C.

Then, 10 g soil sample, spiked with surrogates (naphthalene-
D8, acenaphthene-D10, phenanthrene-D10, chrysene-D12, and
perylene-D12) and mixed with 10 g anhydrous sodium sulfate,
was Soxhlet-extracted for 24 h with 200mL hexane/acetone (1 : 1
v/v). The extract of soil was concentrated to approximately 0.5
mL aer solvent exchange with hexane and then cleaned by
silica gel column chromatography (25 cm � 1 cm i.d). The glass
chromatography column, tted with a Teon stopcock, was
packed from the bottom to top with glass wool, 10 g activated
silica, and 2 g anhydrous sodium sulfate. The rst 25 mL of
eluent was discarded, and the second fraction containing
PAHs eluted with 35 mL of n-hexane/dichloromethane
(3 : 2 v/v) was obtained. The eluate was concentrated to 1 mL
and the solvent changed to isooctane and then further
concentrated to 0.2 mL under a gentle stream of nitrogen prior
to analysis.
ict. (A) Sampling sites in the industrial district of Pingshuo open-pit coal

This journal is © The Royal Society of Chemistry 2017
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2.3 Analytical methods and quality control

In all the soil samples, concentrations of 16 PAHs were deter-
mined: naphthalene (Nap), acenaphthylene (Acy), acenaph-
thene (Ace), uorene (Fl), phenanthrene (Phe), anthracene
(Ant), uoranthene (Fla), pyrene (Pyr), benzo[a]anthracene
(BaA), chrysene (Chr), benzo[b]uoranthene (BbF), benzo[k]u-
oranthene (BkF), benzo[a]pyrene (BaP), indeno[1,2,3-cd]pyrene
(InP), dibenzo[a,h]anthrancene (DahA), and benzo[g,h,i]per-
ylene (BghiP). PAHs were analyzed using an Agilent 6890 gas
chromatograph-5975 mass selective detector (GC-MS) system
equipped with a DB-5 column (30 m � 0.25 mm i.d., 0.25 mm
lm thickness). The chromatographic conditions were as
follows: injector temperature 270 �C; detector temperature
280 �C; oven temperature initially at 60 �C for 5 min, increased
to 290 �C at 3 �C min�1, and maintained for 40 min. The
detailed description of the analytical procedure for the
measurement of PAHs has been described by Yang et al.24 The
detection limits of PAHs were 0.005 mg kg�1 (Table 1). The
recovery efficiency was tested by analyzing soil samples spiked
with a known amount of PAH standard, and the recoveries were
found to be ranging from 80% to 98% for PAHs in the soil
samples. A procedural blank analysis was performed with every
3 samples to monitor interferences and cross-contamination.
All the samples were analyzed in triplicate, and errors were
between �10% and �15% analytically.
2.4 Data analysis and mapping

All the concentrations of PAHs in this study were expressed on
the basis of dry weight. The statistical signicance was deter-
mined by an analysis of variance (ANOVA), and the signicance
level was established at p < 0.05. The inverse distance weighted
(IDW) interpolation method was used to map the distributions
of PAHs. The concentration of the individual PAHs, whose level
Table 1 Summary statistics for PAH concentrations (mg kg�1) in soil pro

Compound MDL
Detection
rate

0–20 cm

Min Max Mean S

Nap 5 � 10�3 72.73% 2.5 � 10�3 1.31 0.34 0
Acy 5 � 10�3 0% — —
Ace 5 � 10�3 15.15% 2.5 � 10�3 0.09 0.02 0
Fl 5 � 10�3 0% — —
Phe 5 � 10�3 93.94% 2.5 � 10�3 5.21 1.56 1
Ant 5 � 10�3 78.79% 2.5 � 10�3 0.92 0.23 0
Fla 5 � 10�3 90.91% 2.5 � 10�3 3.31 1.07 0
Pyr 5 � 10�3 87.88% 2.5 � 10�3 7.57 1.77 2
BaA 5 � 10�3 24.24% 2.5 � 10�3 2.86 0.47 0
Chr 5 � 10�3 90.91% 2.5 � 10�3 2.56 0.98 0
BbF 5 � 10�3 87.88% 2.5 � 10�3 4.50 1.75 1
BkF 5 � 10�3 87.88% 2.5 � 10�3 1.78 0.79 0
Bap 5 � 10�3 66.67% 2.5 � 10�3 2.39 0.93 0
InP 5 � 10�3 78.79% 2.5 � 10�3 1.93 0.83 0
DahA 5 � 10�3 45.45% 2.5 � 10�3 0.45 0.13 0
BghiP 5 � 10�3 78.79% 2.5 � 10�3 2.60 1.07 0
P

7 PAHs 1.09 16.47 5.88 4P
16 PAHs 2.16 33.52 11.94 8

This journal is © The Royal Society of Chemistry 2017
was below the detection limit, was considered as one-half of
that limit.

3. Results and discussion
3.1 Concentrations of PAHs in the soil samples

The summary statistics including the minimum, maximum,
mean, and standard deviation of 16 PAHs in three soil layers of
the soil proles (0–100 cm) are listed in Table 1.

In the topsoil layer (0–20 cm), concentrations of 16 PAHs
ranged from 2.16 to 33.52 mg kg�1, with a mean value of
11.94 mg kg�1, much higher than that reported in agricultural
soils,25,26 urban soils,27 coal and coal gangue,28 whereas slightly
lower than the concentrations of ue dust in a Hg and As
mining and metallurgy browneld.29 The 7 probable human
carcinogenic PAHs (including BaA, Chry, BbF, BkF, BaP, DahA,
and InP) ranged from 1.09 mg kg�1 to 16.47 mg kg�1, which was
much higher than that in the soils around the Anhui coal
district, China,30 and even higher than that of the highly
industrialized chemical/petrochemical area.31 The average
concentrations of Pyr and BbF were higher and similar, all
higher than 1.70 mg kg�1. The average concentration of Ace was
the minima in 16 PAHs, with the value of 0.02 mg kg�1. Pyr
concentrations varied the most, ranging from 0.22 to 7.57 mg
kg�1, reecting its labile characteristics in topsoil. At all the
sites, Acy and Fl were not detected from the soil proles. This is
because they indicate recent deposition, and their decomposi-
tion is very quick, amounting to even 50% over a month.32

Compared with the topsoil layer, concentrations of 16 PAHs
and 7 PAHs in the middle soil layer (20–50 cm) were more
variable. Their values ranged from 0.23 to 36.90 mg kg�1 and
0.04 to 19.21 mg kg�1, indicating heterogeneous levels of
contamination in the middle soil. However, the average value
(4.59) of 7 PAHs in the middle soil layer was lower than that in
the topsoil layer (5.88). Among the individual PAHs, Phe was the
files (0–100 cm) from the industrial district

20–50 cm 50–100 cm

D Min Max Mean SD Min Max Mean SD

.39 0.05 2.65 0.48 0.81 0.03 0.57 0.32 0.53
— — — —

.04 0.03 0.03 0.005 0.01 0.04 0.04 0.01 0.02
— — — —

.41 0.07 6.39 1.61 2.16 0.11 6.00 1.53 1.87

.26 0.02 0.76 0.16 0.24 0.02 0.85 0.18 0.25

.92 0.04 3.33 0.71 1.06 0.02 3.55 0.79 0.10

.18 0.04 3.95 0.79 1.22 0.05 4.08 1.07 1.63

.92 0.88 3.05 0.52 1.01 1.01 3.08 0.45 0.93

.72 0.02 2.78 0.59 0.88 0.03 2.77 0.69 0.81

.13 0.17 5.03 1.20 1.54 0.13 5.32 1.29 1.43

.58 0.06 2.08 0.49 0.64 0.05 2.48 0.55 0.66

.67 0.15 3.03 0.65 0.96 0.34 2.76 0.67 0.82

.54 0.13 2.65 0.62 0.79 0.06 2.27 0.62 0.68

.15 0.05 4.73 0.53 1.41 0.05 0.51 0.25 0.82

.82 0.04 3.62 0.87 1.11 0.09 3.05 0.83 0.95

.32 0.04 19.21 4.59 5.93 — 19.19 3.06 5.67

.70 0.23 36.90 9.21 11.16 0.06 36.46 6.59 10.62

RSC Adv., 2017, 7, 28029–28037 | 28031
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most abundant species, with the average concentration of
1.88 mg kg�1. Apart from the difference in the minimum
concentrations of 7 PAHs, comparable extreme concentrations
of 16 PAHs and 7 PAHs were detected from the samples in the
subsoil layer (50–100 cm) andmiddle soil layer. Phe was also the
most abundant species in the subsoil layer, with the mean
concentration of 1.53 mg kg�1, similar to that in topsoil and
middle soil. Compared with the samples in topsoil, average
concentrations of the most individual PAH species were lower
in the middle soil layer and subsoil layer, implying the relatively
lower contamination of PAHs in a deeper soil depth.

According to the criteria reported in the previous study,33

PAHs in soils could be divided into four groups based upon the
concentrations: non-contaminated (<0.2 mg kg�1), weakly
contaminated (0.2–0.6 mg kg�1), contaminated (0.6–1.0 mg
kg�1), and heavily contaminated (>1.0 mg kg�1). According to
this classication, all the samples in topsoil, 9 of 11 samples in
middle soil, and 6 of 11 samples in subsoil were heavily
contaminated.
Fig. 2 Distribution of single compounds in the soil samples. (A)
Sampling sites at 0–20 cm depth; (B) sampling sites at 20–50 cm
depth; and (C) sampling sites at 50–100 cm depth.
3.2 PAH patterns

The congener patterns in 11 sample sites from different soil
layers are shown in Fig. 2. The predominant PAHs were Phe and
BbF for most samples in the proles.

In the topsoil layer, Phe was the dominant constituent in the
2–3-ring PAHs and accounted for 15.55, 12.89, and 28.51% of
a total of 16 PAHs at the sites I4, I7, and I9, respectively. BbF,
similarly, occupied the highest proportion of the high molec-
ular weight PAHs (5–6 rings) and accounted for 16.56, 15.00,
14.94, 16.96, 18.28, and 16.63% of a total of 16 PAHs at the sites
I1, I2, I3, I6, I9, and I10, respectively. It was in line with the
previous study results indicating that Phe and Bbf were among
the predominant contributors of PAHs.34,35 All the samples
appeared to be dominantly affected by the high molecular
weight 5- to 6-ring PAHs (5–6 ring PAHs ¼ 34.02–58.14%).
Concentrations of low molecular weight (2- to 3-ring) PAHs were
low and only contributed 15.01–37.99% to the total PAHs, with
one sample (I8) undetected, which may be due to its highly
volatile character.36

In the middle soil layer, Phe accounted for 15.18%, 33.17%,
and 53.36% of a total of 16 PAHs at the sites I2, I6 and I8,
respectively. BbF accounted for 19.14%, 13.64%, 15.49%,
14.32%, and 20.24% of a total of 16 PAHs at the sites I1, I4, I5,
I10, and I11, respectively. The high molecular weight PAHs were
also the most abundant in the samples, except for the I8 sample
in the middle soil layer, in which low molecular weight 2- and 3-
ring PAHs accounted for 22.13% and 53.36%, respectively.

A similar trend was observed in the subsoil layer, which is an
indicator of similar origin. Phe accounted for 48.26%, 18.37%,
22.05%, 89.19%, and 21.05% of a total of 16 PAHs at the sites I1,
I2, I7, I8 and I9, respectively. BbF accounted for 14.59%,
17.78%, and 15.85% of a total of 16 PAHs at the sites I4, I5 and
I6, respectively. Except for the site I8, samples primarily con-
tained 5–6 ring PAHs than 2-ring PAHs. At site I10, 4 ring PAHs,
as the sole detectable ring PAHs, contributed 100% to the total
PAHs. The elevated percentage of 4-ring PAHs at this site may
28032 | RSC Adv., 2017, 7, 28029–28037
arise from the coal-red power plant in the immediate vicinity.37

The distributions of the individual PAHs at sites I7 and I8
differed from those at other sites because their locations were
near the oil depot and old coal washery, respectively. The
contaminants emitted from the oil depot and old coal washery
may exert a great effect on the PAH patterns.

3.3 Distributions of PAHs in horizontal and vertical
directions

To analyze the mobility of PAHs in the vertical direction, the
corresponding individual PAH concentrations of two different
soil layers were divided as the concentration ratio (CR). The
outcomes are depicted in Fig. 3. The ratio distributions among
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Concentration ratios of PAHs in different soil layers in the
industrial district. (A) Concentration ratio of 0–20 cm depth vs. 20–
50 cm depth; (B) concentration ratio of 0–20 cm depth vs. 50–100 cm
depth; and (C) concentration ratio of 20–50 cm depth vs. 50–100 cm
depth.

This journal is © The Royal Society of Chemistry 2017

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 5

/1
/2

02
6 

4:
16

:5
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
different soil layers for 16 individual PAHs were variable, but they
had a similar pattern, withmost sites exceeding 1, which implied
that PAH concentrations decreased with the increasing depth in
the prole (0–100 cm). It was consistent with the earlier study.38

PAHs tend to accumulate in the topsoil because its strong
sorption towards soil organic matter (SOM) and any other
absorbing materials.39 Most of the individual PAH concentra-
tions in the topsoil were higher than those in the middle soil
layer (Fig. 3A), apart from BaA and DahA. The percentage of
ratios higher than 1 ranged from 55.56% (Chr) to 100% (Ace),
illustrating the accumulation of PAHs in topsoil.38

The similar CR distributions (0–20 cm depth vs. 50–100 cm
depth) for the individual PAHs were found and compared with
those of 0–20 cm depth vs. 20–50 cm depth, with most ratios
surpassing 1, except for BaA, DahA, and Bap, suggesting that the
concentrations of PAHs in topsoil were higher than those in the
subsoil layer. However, there were some sites in the middle soil
and subsoil layers that had the concentrations of PAHs lower
than those in the topsoil. It may arise from the disturbed soil
with more contaminated material with elevated PAH concen-
trations reaching greater depths. Pies et al.40 also found similar
results in the coal-impacted soils.

Except for Fla at site I10 and NaP at site I8, the CRs were less
variable for 20–50 cm depth vs. 50–100 cm depth, andmost sites
were concentrated between 0 and 5, evidenced that decrease in
rate slowed down with the increasing soil depth.

Different physicochemical characteristics of PAHs affect their
distribution in the atmosphere and soil.41 To recognize the
distribution of PAHs in different functional areas within the
industrial district of the Pingshuo coal mine, IDW was applied to
map and assess the spatial feature of 16 PAHs. The IDW inter-
polation maps of different soil layers are presented in Fig. 4.

According to the previous studies, PAH concentrations
varied widely in different areas or different land use types due to
the diverse contributors.42,43 In this study, distribution patterns
of PAHs in the three soil layers correlated well. The high
concentration hotspots were concentrated around the old coal
washery, reaching about 30 mg kg�1. Around the red power
plant and explosives plant, PAH concentrations were relatively
low: <8 mg kg�1 in the topsoil, <5 mg kg�1 in the subsoil, and 8–
11 mg kg�1 in the middle soil. PAH concentrations near the
service depot (e and j), administrative area (f and i), and new
coal washery were low in middle soil and subsoil, lower than
that in the corresponding areas of topsoil. PAHs are transferred
to the soil via deposition.44 Some studies suggested that higher
molecular weight PAHs tend to deposit near the point of
emission.45,46 This may be one reason for the different PAH
distributions in various function areas. Moreover, service time
also has a signicant inuence on PAHs in soils; e.g., soils near
the new coal washery (k) in the soil prole showed PAH
concentrations lower than that near the old coal washery (d).
3.4 Comparisons of PAH concentrations among different
land use types

To compare the differences of PAH concentrations between the
various land use types in the prole, the average and standard
RSC Adv., 2017, 7, 28029–28037 | 28033
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Fig. 4 Spatial distribution of
P

16 PAHs in different soil layers in the
industrial district: (A) at 0–20 cm depth; (B) at 50–100 cm depth; and
(C) at 50–100 cm depth. (a)–(f) represent the functional areas: (a) fired
power plant, (b) explosives plant, (c) oil depot, (d) old coal washery, (e)
service depot, (f) administrative area, (g) sewage treatment plant, (h)
coal slime piles, (i) administrative area, (j) service depot, and (k) new
coal washery.

Fig. 5 Comparison of PAH concentration of soils in the industrial
district with soils in the original landscape, dump, and the middle
and lower reaches. (A) Sampling sites at 0–20 cm depth; (B) samp-
ling sites at 20–50 cm depth; and (C) sampling sites at 50–100 cm
depth.
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deviation at each site of the industrial district, original land-
scape, dump, and middle and lower reaches of the industrial
area are summarized in Fig. 5.

The average concentrations of 2-ring to 6-ring PAHs and 16
PAHs of the topsoil in the industrial district were relatively
higher than those of other land use types (Fig. 5A). Roberto
et al.47 also found that most PAHs have higher average
concentrations in soils obtained from the industrial areas
among all the sites. However, tested by one-way AVOVA, only 5-
ring PAH concentrations showed a signicant difference
between different land use types at the 0.05 level. Similarly,
average PAH concentrations of the middle soil and subsoil in
the industrial district exceeded those in other land use types;
however, their differences were not signicant (P < 0.05).

The large proportion of high molecular weight parent PAHs
in soils is a typical symbol of combustion origin.48,49 Medium
and high molecular weight PAHs seemed to be the most
dominant in different land use types, especially the 4-ring and
5-ring PAHs, indicating that PAHs possibly originated from
nearby resources, and it is also consistent with previous
studies.50,51 The vertical distribution patterns of the concentra-
tions of PAHs varied in different land use types; e.g., PAH
concentrations showed a decreasing trend with the increasing
28034 | RSC Adv., 2017, 7, 28029–28037 This journal is © The Royal Society of Chemistry 2017
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depth; PAH concentration of the middle soils seemed to be
lower than that in the topsoil and subsoil of the original land-
scape and dump; PAH concentrations showed no difference
between different soil layers in the middle and lower reaches.
The dissimilar proles may due to the different conditions of
total organic carbon (TOC) values, vegetation coverage, plant
species, and other organisms, which greatly inuenced the
diffusion of PAHs.52–55

3.5 Possible sources of PAHs

The relationships among Fla, Pyr, Ant, and Phe, as well as InP,
BghiP, BaA, and Chr, are commonly used as reliable approaches
to detect the possible PAH sources:56–59 e.g., the ratio of Fla/(Fla +
Pyr) lower than 0.4 is characteristic of a petroleum source;
greater than 0.5 implies combustion of coal, straw, and wood;
and 0.4–0.5 characterizes petroleum combustion;60 the Ant/(Phe
+ Ant) ratios less than 0.1 usually indicate petrogenic input, and
a ratio greater than 0.1 implies a dominance of combustion.61 A
plot of the ratios between InP/(InP + BaP) vs. BaA/(BaA + Chr)
and Ant/(Phe + Ant) vs. Fla/(Fla + Pyr) is given in Fig. 6. In this
study, 83% of soil samples varied between the values of 0.4 <
Fla/(Fla + Pyr) ratio < 0.5 and Ant/(Phe + Ant) ratio > 0.1 (Fig. 6A),
implying a dominance of petroleum combustion effects in the
industrial district,48 which was also indicated by the plot of InP/
(InP + BghiP) vs. BaA/(BaA + Chr). There were also other sources
Fig. 6 Cross-plot for the isomeric ratio of InP/(InP + BaP) vs. BaA/(BaA
+ Chr) and Ant/(Phe + Ant) vs. Fla/(Fla + Pyr) in the soil profiles of the
industrial district.

This journal is © The Royal Society of Chemistry 2017
in this area, but their contributions were relatively smaller.
According to Fig. 6, PAH concentrations at the site I8 near the
oil depot and site I6 near the coal washery indicated petroleum
input. The highest value was found at site I10, indicating that
the input of PAHs in the topsoil near the red power plant was
derived from coal combustion.

In some cases, the results concluded from the ratio valuesmay
differ from each other. Considering this, Santino Orecchio and
Maria RosariaMannino62,63 used a total index as the sumof single
indices to distinguish between the low temperature sources and
high temperature sources: total index ¼ Fl/(Fl + Pyr)/0.4 + Ant/
(Ant + Phe)/0.1 + BaA/(BaA + Chr)/0.2 + InP/(InP + BghiP)/0.2. If
the total index is >4, high temperature processes (combustion)
are generally considered as the PAH sources; otherwise, the low
temperature processes (petroleum product) are viewed as the
main sources of PAHs. Based on this theory, we calculated the
total index for each soil sample in the industrial district and
found that the total index for 87.88% of the samples exceeded 4,
indicating that high temperature processes (petroleum product)
were the main contributors of PAHs.

Petroleum has been widely used in industrial activities and
transportation; thus, it was not an exception in this study area.
It is also well known that vehicles and construction equipment
emit large amounts of PAHs.64 Based on the abovementioned
analysis, we suggested that the excessive consumption of
petroleum was the main contributors of PAHs in this area.
Moreover, petroleum input and coal combustion also
contribute to the elevated PAH concentrations in some func-
tional areas.

4. Conclusion

Most of the soil samples at the depth of 0–100 cm in the
industrial district were heavily contaminated by PAHs, and its
concentrations were higher than those in soils from the original
landscape, dumps, and middle and lower reaches. The spatial
distribution and vertical distribution of PAHs in soils supported
the hypothesis that PAHs tend to concentrate in topsoil and
widely varied in different functional sub-areas. Medium and
high molecular weight PAHs seemed to be the most dominant
in different land use types, especially the 4-ring and 5-ring
PAHs. Although the PAH sources were complex in this area,
analysis of diagnostic ratios and total index indicated that
petroleum combustion was the most signicant contributor.
PAH inputs from coal combustion were relatively small.

There are numerous coal workers working and living in the
industrial district. The high PAH concentrations in soils may
pose a risk to their health, and the health protection measures
are worth noting. Control of oil consumption in industry and
mining activities and replacement with cleaner energy may
reduce the soil pollution caused by PAHs, especially that of the
HMW species.
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