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Abstract The concentrations, composition profiles, and
sources of polycyclic aromatic hydrocarbons (PAHs) were
analyzed in 55 surface soil samples collected from four oil
fields across China (Daqing, DQ; Shengli, SL; Xinjiang,
XJ; and Huabei, HB). The total 16 priority PAHs concen-
trations of DQ, SL, XJ, and HB ranged from 857 to 27,
816; 480 to 20,625; 497 to 43,210; and 12,112 to 45,
325 ng/g, respectively, with means of 9160; 6394; 13,569;
and 22,954 ng/g and the seven possible carcinogenic
PAHs accounted for 8-25.7 % of the total PAHs. Almost
all the samples were heavily contaminated, and phenan-
threne, chrysene, and pyrene were the most dominant
components. The PAH isomeric ratios indicated that
PAHs in oil fields mainly originated from petroleum.
The toxic assessment illustrated that people living and
working in oil fields would suffer low carcinogenic risk,
which was somehow coincided with the results of epide-
miological survey on cancer incidence. It seems essential
to pay more attention to the chronic human health effects
of exposure to oil fields and to focus new studies on the
public health field that involves a large number of people
all over the world.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are widespread en-
vironmental pollutants originated mainly from anthropogenic
sources such as combustion of fossil fuels and direct release of
oil and its products (Jiang et al. 2009; Wang et al. 2010; Hussar
et al. 2012; Kim et al. 2013). Because of the mutagenic and
carcinogenic potential of some PAHs, the US Environmental
Protection Agency (EPA) has classified 16 species of PAHs as
priority pollutants. And seven of these PAHs are considered as
probable human carcinogens, i.e., benzo[a]anthracene, chrys-
ene, benzo[a]pyrene, benzo[b]fluoranthene,
benzo[k]fluoranthene, dibenz[a,h]anthracene, and indeno[1,2,
3-cd]pyrene (Ene et al. 2012; Tsibart and Gennadiev 2013).
Their influences on human health have been caused great
concern both by researchers and publics.

Oil exploration and production processes can greatly con-
tribute to localized loadings of PAHs (Bojes and Pope 2007;
Liang et al. 2012; Xia etal. 2012). In oil fields, PAHs enter into
environment with crude oil through accidental spillage or leaks
of oil from producing wells, storage tanks, gathering lines,
transportation lines, and pits (Kuang et al. 2011; Sojinua
etal. 2010; Hong and Luthy 2007). In the past several decades,
there have been numerous petroleum leak accidents happened,
and moreover, natural seepage of crude oil also contributes to
the PAHs load in the environment (Farwell et al. 2009).

According to BP Statistical Review of World Energy June
2013, by 2012, China is the second largest oil consumption
country and is the world’s fourth largest oil production coun-
try after Saudi Arabia, Russia, and USA, with 4155 thousand
barrels per day. Along with increase demand for energy to
support rapid economic growth at last and next decades in
China, PAHs have been and will be continually entered into
environment. Many researches have presented environmental
behaviors, ecological effect, and remediation of PAHs in air
and water (Henri 2011; Chaudhary et al. 2011; Hirano et al.
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2011; Bin et al. 2009; Meckenstock and Mouttaki 2011).
However, there are few reports about the degree of contami-
nation in natural soil around certain oil fields and its risk for
human health. Therefore, it is meaningful to assess the degree
of risk level of PAHSs in oil fields across China, which is both
sink and source of pollutants for human and environment.

This study carried out four oil fields in different geographic
regions, Daqging (DQ), Shengli (SL), Xinjiang (XJ), and Huabei
(HB), which produce about 79 % of the total crude oil of China
(Ma et al. 2012). By collecting and analyzing soil samples from
the four oil fields, the primary objectives of this study were to
understand the characterization of PAHs and to assess the
degree of environment pollution and potential human cancer
risk involving PAHs in soils of oil fields across China.

Materials and methods
Chemicals and materials

A mixture of 16 PAHs [naphthalene (NAP), acenaphthene
(ACE), avenaphthylene (ACY), fluorene (FLO),

phenanthrene (PHE), anthracene (ANT), fluoranthene
(FLA), pyrene (PYR), benz[a]anthrancene (BaA), chrysene
(CHR), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene
(BKkF), benzo[a]pyrene (BaP), indeno[1,2,3-cd]pyrene
(IcdP), dibenzo[a,h]anthracene (DahA), and
benzo[ghi]perylene (BghiP) was purchased from J&K
chemical Ltd., USA. The internal standards for these
PAHs were deuterated PAHs (NAP-dgs, ACE-d;y, ANT-
d;p, CHR-d;,, and Perelyne-d;,), and they were diluted to
4000 pg/L by dichloromethane. Neutral alumina (100—
200 mesh) and silica gel (100200 mesh) were obtained
from Beijing Chemical Reagent Co. and heated at 450 °C
for 4 h, kept in a sealed desiccator. Sodium sulfate was
baked at 450 °C for 6 h and stored in a sealed desiccator. All
organic solvents of HPLC grade were obtained from Fisher
Co..

Site description and sampling

A total 55 soil samples were collected from four oil fields,
which were mainly distributed in north of China: Xingjiang
(XJ, 10 samples around Kelamayi and 10 samples around
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Korla) in northwest China, Daqing (DQ, 15 samples) in
northeast China, Shengli (SL, 15 samples) in the Yellow
River area, and Huabei (HB, 5 samples) in the Huabei Plain
in north China (Fig. 1). Soils were collected around crude
oil pumping wells where contamination occurred and kept
in cold boxes until transported to the lab. All the soil
samples were air dried at room temperature, sieved through
a 40 mesh sieve, removed stones and residual roots, and
stored in desiccators prior to analysis.

Sample extraction and cleanup

EPA method 3550C was modified to extract PAHs from
the soils sample. Briefly, 5 g of soil was ultrasonic
extracted using three 25 ml portions of n-hexane and
acetone (3:1, v/»v) for 5 min after 200 ng internal stan-
dards was spiked into the sample. The extract was con-
centrated to 2 ml by a rotary evaporator and then frac-
tionated and cleaned up by an alumina/silica gel column.
The column was eluted with 60 ml of CH,Cl,/n-hexane
(1:1, v/v) to obtain PAHs. The PAH fraction was finally
concentrated to 1 ml under nitrogen, and then analyzed
by GC/MS.

GC/MS analysis and quantification

The PAHs were quantified by GC/MS (Agilent GC
6980 N/59731 MSD) using the internal standards. An
HP-5 MS column (30 mx0.25 mmx0.25 pm) was
equipped with helium as the carrier gas at a constant flow
rate of 1.2 ml/min. The oven temperature was pro-
grammed from 60 °C (5 min) to 280 °C at 5 °C/min,
and held at 280 °C for 20 min. The MSD was operated at
70 eV and the ion source temperature was 280 °C. All
PAH concentrations were determined using selected ion
monitoring (SIM).

Quality control and quality assurance

The procedural blanks, spiked blanks, and sample dupli-
cates were routinely analyzed with soil samples. Limit of
detection (LOD) was calculated as three times the noise
level of the chromatogram in blank sample, and LODs of
PAHs were 0.31 ng/g (ACE) and 1.32 ng/g (BghiP). The
recovery efficiency was checked by analyzing soil sam-
ples spiked with known amount of PAH standard. The
recoveries from NAP to BghiP were from 79 to 111 %
for the 16 individual PAHs, and the recoveries for the
deuterated PAHs were from 85 to 112 %. The average
coefficients of variation for the samples were 17 % (3—
37 %) for 16 PAHs.

@ Springer

Results and discussion
PAHS concentrations

The concentrations of the 16 individual PAHs and 7 carcino-
genic PAHs (Y’ PAH; ) in soil samples from four oil fields are
given in Table 1. The total PAHs concentrations of DQ, SL,
XJ, and HB ranged from 857 to 27,816; 480 to 20,625; 497 to
43,210; and 12,112 to 45,325 ng/g, respectively, with average
concentrations of 9160; 6394; 13,569; and 22,954 ng/g. The
minimum PAHs levels were found in SL oil field and the
maximum were found in SD oil field. The > PAH,c concen-
trations accounted for 8.0-25.7 % of the total PAHSs, and the
proportion of the ) PAH, was the highest in DQ oil field, and
followed by SL and HB. In addition, BaP concentrations, one
ofthe most potent carcinogenic PAHs, varied from 4.0 to 93.0,
12.7t0235.6,7.1t0 73.4,and 22.2 to 197.1 ng/g, respectively,
in DQ, SL, XJ, and HB.

According to few investigations about PAHs distributions
in oil fields, the concentrations of PAHs are significantly
various. For example, Liang et al. (2012) reported 304,000—
435,000 ng/g in soil from oil exploring areas, and 435—

Table 1 PAH concentrations in soils from oil fields across China (ng/g)

DQ (%"  SL (%) XJ (%) HB (%)
NAP 688(72) 207 (32) 865 (64) 1863 (8.1)
ACE 19 (0.2) 17 (0.3) 29 (0.2) 45(0.2)
ACY 41 (0.4) 62 (1.0) 144 (1.1) 97 (0.4)
FLO 169 (1.8)  195@3.1) 832 (6.1) 666 (2.9)
PHE 4525 (47.1) 2369 (37.1) 8637 (63.6) 10,258 (44.7)
ANT 14.2 (0.1) 22(0.3) 36 (0.3) 48(0.2)
FLA 510(53)  585(9.1) 784 (5.8) 1706 (7.4)
PYR 1171 (12.2) 1387 21.7)  1129(83) 3655 (15.9)
BaA 40 (0.4) 46 (0.7) 14 (0.1) 33(0.1)
CHR 2234(232) 1132(17.7)  949(7.0) 4151 (18.1)
BbF 33(0.3) 12 (0.2) 22(0.2) 99 (0.4)
BKF 17 (0.2) 38 (0.6) 20 (0.1) 74(0.3)
BaP 27(03)  111(L.7) 41(0.3) 87 (0.4)
IedP 18 (0.2) 16 (0.2) 20 (0.1) 73 (0.3)
DahA 46 (0.5) 28 (0.4) 22(0.2) 35(0.2)
GghiP 58(0.6) 167 (2.6) 35(0.3) 60 (0.3)
YPAH,.,, 917(9.5)  482(7.5)  1870(138) 2672 (11.6)
YPAH; iy 5050 (52.5) 2976 (46.5) 9457 (69.6) 12,013 (52.3)
YPAH, in; 3495 (36.4) 2615(40.9) 2135(15.7) 8013 (34.9)
YPAHs.n,  91(0.9) 154 (24) 83 (0.6) 196 (0.9)
YPAHgrnz  58(0.6) 167 (2.6) 35(0.3) 60 (0.3)
YPAH,, 9610 (100) 6394 (100) 13,579 (100) 22,954 (100)
YPAH,c  2472(25.7) 1383 (21.6) 1089 (8.0)  4555(19.8)

*The percentage of individual PAH in total concentration
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2409 ng/g of PAHs in soils around oily sludge plants in Zhong
Yuan oil field in China, while in Texas it reached to 31,000 to
86,400 ng/g in soils from oil exploration areas (Kuang et al.
2011; Bojes and Pope 2007). The PAH concentrations in soils
are significantly various in different fields around the world
(Table S2 in the Supplementary data). Moreover, compared
with other type of soil, the concentrations of PAHs in soil of
oil field generally are much higher than them in agricultural
soil and urban soil. For example, the agricultural soils typi-
cally contain lower total PAHs concentrations (397 ng/g, Ping
et al. 2007; 830 ng/g, Agarwal et al. 2009; 4 ng/g,
Maliszewska-Kordybach et al. 2008; 130 ng/g, Yang et al.
2012 ), while the urban soils are found to be more contami-
nated with PAHs concentrations ranged from 199 to 51,
822 ng/g (Morillo et al. 2007; Rhind et al. 2013; Jiang et al.
2009; Ma and Zhou 2011). Soil often serves as a great sink
storing pollutants from different sources of adjacent regions
(Irene and Gerhard 2009; Collins et al. 2013). PAHs in soil of
oil fields across China with concentrations between 480 to 45,
325 ng/g indicated that the soil around oil fields stored great
amount of PAHs (mean, 12,759 ng/g) and need to be regulated
as its potential ecological and health risk.

The total PAHs concentrations of soils are regulated in few
countries, and Maliszewska-kordybach (1996) suggested a
soil contamination classification system based on total PAHs
concentration as follows: non-contaminated soil (<200 ng/g),
weekly contaminated soil (200600 ng/g), contaminated soil
(600—1000 ng/g), and heavily contaminated soil (>1000 ng/g).
According to this classification system, only four sampling
sites are weekly contaminated (1 for DQ, 1 for SL, and 2 for
X1), all of the last samples in this study were heavily contam-
inated. It is illustrated that serious PAH pollution existed in
nature soil of oil fields across China, and strategy is needed to
prevent the fields turning to be sources, which would transfer
PAHs into groundwater or air in those regions.

PAHs profiles and sources

According to the number of aromatic rings, the 16 PAH
compounds were divided into five groups. Higher proportions
of individual PAHs with three rings (46.5-69.6 %) and four
rings (15.7-40.9 %) were measured in the soil samples,
followed by two rings (7.5-13.8 %), five rings (0.6-2.4 %),
and six rings PAHs (0.3-2.6 %) (Fig. 2). Only in SL oil field,
the proportion of six rings PAHs was higher than five rings.
Among all 16 PAHs, PHE, CHR, and PYR were predominant
species and the proportions were 37.1-63.6 %, 8.3-21.7 %,
and 7.0-23.2 %, respectively, followed by NAP and FLA
(3.2-8.1 % and 5.3-9.1 %, respectively).

It is recognized that biomass combustion and release of
petroleum production are the two main sources of anthropo-
genic PAHs detected in the environment. PAH diagnostic
ratios were used in many researches to determine the source

of PAHs in soils, pyrogenic origin, or petrogenic source
(Agarwal et al. 2009; Pies et al. 2008; Liu et al. 2010;
Maliszewska-Kordybach et al. 2008). Two specific PAH ra-
tios were calculated for the investigated soil samples: ANT/
(ANT+PHE) and FLA/(FLA+PYR). Generally, the ratio of
ANT/(ANT+PHE)<0.1 indicates petroleum as a PAH source,
while a ratio >0.1 suggests biomass combustion. In addition,
the ratio of FLA/(FLA+PYR) <0.4 implies that PAHs are
mainly from petrogenic source, 0.4-0.5 implies fossil fuel
combustion, and >0.5 implies combustion of grass, wood,
and coal (Tobiszewski and Namiesnik 2012).

The cross plot of ANT/(ANT+PHE) and FLA/(FLA+
PYR) was showed in Fig. 3. For the ratio of ANT/(ANT+
PHE), almost all soil samples had a ratio smaller than 0.1,
except one sample in HB, one in DQ, one in SL, and three in
X1J, which indicated that the main PAH sources are petrogenic.
In addition, eight samples were found that the FLA/(FLA+
PYR) ratios were larger than 0.4, which might imply that
emission from biomass combustion still contributes to PAHs
in soils in few oil fields in China.

Toxicity and potential cancer risk assessment of PAHs

PAHs are greatly concerned because of their documented
mutagenicity and carcinogenicity. Seven species of PAHs
have been considered carcinogenic, i.e., BaA, CHR, BbF,
BKF, BaP, IcdP, and DahA. Since BaP was the only PAH with
sufficient toxicological data to derive a carcinogenic potency
factor, US EPA supplied a first approach to the toxicity of the
seven PAHs referring it to that presented for BaP, and in
addition, several researchers have tried to establish the real
value of every single PAH Toxic Equivalence Factor (TEF)
(Nisbet and LaGoy 1992; Yang et al. 2012; Cao et al. 2013;
Qiao et al. 2006). And in this study, it is calculated as BaP-
equivalent concentrations (BaP.,), and the results were listed
in Table 2.

The total toxic BaP.q values in four oil fields were 113.34,
168.03, 93.63, and 211.51 ng/g, and the BaP, concentrations
of the seven considered carcinogenic PAHs were also calcu-
lated (105.50 ng/g in DQ, 161.32 ng/g in SL, 80.50 ng/g in XJ,
and 192.14 ng/g in ZY). The seven carcinogenic PAHs
showed very high contribution rates on the BaP., concentra-
tions. In addition, compared with the total PAHs concentra-
tions, although the average concentration of PAHs in SL oil
field was the lowest, the BaP,4 level was extremely high, and
the carcinogenic potency of PAHs should be given more
attention due to potential environmental risk in SL oil field.
That might suggest that it is not enough to control the hazard
of PAHs by monitoring their total concentrations in soil from
oil fields.

According to Man et al. (2013), it is hypothesized that
potential cancer risk imposed on people living or working
around oil fields as a result of being in contact with

@ Springer
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Table 2 BaP equivalent concentrations of PAHs in four oil fields (ng/g)

Table 3 Cancer risk in humans via ingestion, dermal contact, and
inhalation based upon the BaP., (Type in bold indicates potential

TEF DQ SL XJ HB cancer risk, all cancer risks are presented in units of 10°°)
NAP 0.001 0.69 0.21 0.86 1.86 DQ SL XJ HB
ACE 0.001 0.02 0.02 0.03 0.05 ] ] ]
ACY 0.001 0.04 0.06 0.14 0.10 Cairrllcer It:slr(1 via Min.  0.145 0.126 0.079 0.434
FLO 0.001 0.17 0.20 0.83 0.67 sesto Max. 0844 1.640 0.726 1303
PHE 0.001 453 2.37 8.64 10.26 o Mean 042206260349 0788
ANT 001 0.14 022 036 0.48 Caggrerl;l;sk via Min.  0.125 0.108 0.068 0.372
FLA 0.001 0.51 0.59 0.78 171 contact Max.—0.725 1407 0.623 L7
PYR 0.001 1.17 1.39 113 3.66  Mean 036205370299 0676
BaA 01 402 462 145 333 Cainnile;l;lﬁsl;nwa Min.  3.22E-12 2.79E-12 1.76E-12  9.61E-12
CHR 001 2234 1132 9.49 4151 Max. 18.7E-12 36.3E-12 16.1E-12 28.8E-12
BbF 01 307 123 223 9.91] M.ean 9.36E-12 13.9E-12 7.73E-12 17.5E-12
BKF o1 167 379 1.99 737 Tolt?;kcancer Min.  0.270 0.234 0.147 0.806
BaP 1 2673 11099 4118 87.42 Max. 1369 3.046 1349 2420
IedP 0.1 1.83 155 1.97 7.35 Mean — 0.785 163 0648 1464
DahA 1 45.64 27.81 22.20 35.25 Type in italics indicates potential cancer risk, all cancer risks are presented
GghiP 0.01 0.58 1.67 0.35 0.60 in units of 10°°
>PAH ¢ 113.34 168.03 93.63 211.51
YPAH;¢ 105.50 161.32 80.50 192.14 Following the method, qualitative descriptions of lifetime

Cancer riskingest = Csoit X IngR X EF x ED x CF
x SFO/(BW x AT)

Where Cancer riskingest 15 the cancer risk via ingestion of
soil particles; C,; is the concentration of the pollutant in soil;
IngR is the ingestion rate of soil; EF is the exposure frequen-
cy; ED is the exposure duration; BW is the average body
weight; AT is the averaging time; CF is the conversion factor;
SFO is the oral slope factor.

Cancer risKgermar = Csoit X SA X AFg,;; x ABS x EF x ED
x CF x SFO x GIABS/(BW x AT)

Where Cancer riskgema 18 the cancer risk via dermal con-
tact of soil particles; SA is the surface area of the skin that
contacts soil; AF,; is the skin adherence factor for soil; ABS
is the dermal absorption factor for BaP; GIABS is the gastro-
intestinal absorption factor.

Cancer riskipnale = Coit X EF x ET x ED x IUR/(PET x AT")

Where Cancer risk;,a1c 1S the cancer risk via inhalation of
soil particles; ET is the exposure time; IUR is the inhalation
unit risk; AT" is the averaging time; PEF is the particle
emission factor. The values of parameters could be found in
supplementary data (Table S3).

cancer risks are defined as: very low when the estimated value
is <107% low from 10 %< to <107, moderate from 10 %< to
<1072, high from 10<to<10"", and very high when value is
>10"".

Because people in oil fields would not only expose via
single pathway, the integrate cancer risk index of PAHs was
calculated (Table 3). The averaged risk index was 1.105x10°°
for the four oil fields in China, which might imply that people
living and working in oil fields suffer low cancer risk accord-
ing to the qualitative descriptions of lifetime cancer risks by
Man et al. (2013). If considering on the max value from the
four oil fields (Table 3), it is clearly that potential cancer risk
exists for human working in oil fields in China after exposure
to oil contaminated soil, which indicated the requirement for

Table 4 Incidence of cancer and leukemia in four oil fields

Oil Malignancy Leukemia Reference

field  (1/million)  (1/million)

DQ 1437.9 354 Li et al. 2010; data from 1970-2005
in Shandong Province

SL 1590.4 43.6 Wang et al. 2012; data from
2005-2009 in Daqing City

XJ 1528.0 28.9 Tang et al. 2010; data from
1997-2006 in Kelamayi oil field

HB 1215.0 41.0 Zhang et al. 2007; data in 2003
from cancer registration center
in China

China 1487.5 27.1 Chen et al. 2012; data in 2008

from cancer registration center
in China
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establishing a range of contaminated soil standards and pro-
tection policies.

The carcinogenic potential in the investigated oil fields was
somehow coincided with the results of epidemiological survey
on cancer incidence in China (Table 4). SL oil field with the
highest potential cancer risk index demonstrated the highest
incidence of malignancy and leukemia in the four investigated
oil fields. Even though HB presented a lower incidence of
malignancy, its incidence of leukemia (Moolgavkar et al.
2014), a cancer considered related with petrochemical pollu-
tion, was relative high which was consistent with its potential
cancer risk index. Meanwhile, the incidences of cancer in the
four investigated oil fields were higher than average of China,
which evidenced the existence of carcinogenic potential in oil
fields evaluated by cancer risk index. The similar results
could be found in other oil fields around the world, such as
in Koprivnica-Krizevci Country, Croatia (Gazdek et al.
2007) and in the Amazon basin of Ecuador (Hurtig and
Sebastian 2002), which both concluded that proximity to
oil fields represented an increased population risk of de-
veloping haematopoietic cancers. In view of these results,
it seems essential to pay more attention to the human health
effects of exposure to oil fields, and focuses new studies on
such a relevant but overlooked aspect of public health,
which involved a large number of people all over the
world.
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