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Abstract Soil samples at two depths were collected and
analyzed to determine the concentrations of 16 polycy-
clic aromatic hydrocarbons (PAHs), organic carbon, and
soil pH. The ¥ 16PAHs were 0.13 to 3.92 mg kg ' at
depth 1 and 0.21 to 50.32 mg kg 'at depth 2. The
averages of the PAH compounds indicate that the area
is contaminated with oil, and this pollution was greater
at depth 2. Interpolation maps showed that the southern
region, especially at depth 2, has been contaminated
more by anthropogenic activity. The diagnostic ratios
indicate several sources of pollution of the agricultural
soil. A comparison of average PAHs and standard
values revealed that higher molecular weight com-
pounds in the topsoil (InP and BghiP) and subsoil
(BaA, BkF, BaP, DBA, and BghiP) exceed standard
values for farmland. The pH interpolation map for both
depths showed that most of the area has alkaline soil
from long-term irrigation with untreated urban
wastewater.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are distribut-
ed across diverse environmental matrices, including soil
(He et al. 2009; Fernandez et al. 2000; Krauss et al.
2000; Gocht et al. 2007). Industrialization has also
resulted in widespread pollution of soil (Telysheva
et al. 2011). In addition, soil contamination by organic
matter such as aromatic compounds (Wong et al. 2002;
Ma et al. 2005) has increased its toxicity, mutagenicity,
carcinogenicity, and teratogenicity (Gao et al. 2010).
Soil consists of an inorganic phase and a biotic phase
that includes bacteria, plants, and other animals. These
two phases form an ecological balance that can destroy
the soil structure if the balance changes. Oil and its
compounds contaminate the environment as by-
products of transportation, combustion of fossil fuels,
biomass burning, runoff, incineration, and by accident.
One source of oil pollution is an oil refinery which can
pollute the surrounding area by leakages from equip-
ment and pipelines and by runoff. Other sources of
pollution include industrial wastewater and urban sur-
face runoff. Sixteen polycyclic aromatic hydrocarbons
are selected which are recognized as priority pollutants
by the US Environmental Protection Agency (USEPA)
and as representative of the group of these compounds
(Hung et al. 2011; Gonul and Kucuksezgin 2012; Qiao
et al. 2006; Magi et al. 2002; Hao et al. 2007; Yan et al.
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2004). PAHs disperse into the environment by atmo-
spheric transport or by waterways (Chen et al. 2012).
These pollutants are toxic to humans and animals and
could result in death and genetic mutation. Agricultural
land must be protected from PAHs to assure its sustain-
ability (Huang et al. 2007). PAHs might not be easily
remediated and therefore would persist over a long
period, causing a long-term risk of transport to environ-
ment such as groundwater (Fengpeng et al. 2009). They
could also inhibit biological activity in soil, an important
factor in soil fertility and nutrient cycling (Jensen 1999).
The productive agricultural land in the south of the city
of Tehran is primarily used to grow grain and vegeta-
bles. The area has been polluted by the freshwater and
irrigated with untreated urban wastewater. The freshwa-
ter is usually taken from the aqueduct which is running
under the oil refinery area. The aqueduct has been also
polluted by the oil refinery tanks leakages during the last
two decade (Falsafi et al. 2007). Tehran city is the main
origin of untreated wastewater which is mixed with
urban runoffs. According to the reports and studies both
the underground water and untreated wastewater in this
area contain HCs (Hani et al. 2010).

The present study determined the concentration and
distribution of PAHs pollution and identified possible
sources of oil pollution in soil around Tehran oil refin-
ery. The study also examined the effect of irrigation of
this agricultural land with untreated urban wastewater.

Materials and methods
Study area

The area under study is located at 35° 49" to 35° 57' N
longitude and 51° 43" to 51° 46’ E latitude in a semi-arid
region south of the city of Tehran. It comprises an area
of about 20 km?®. The average annual precipitation is
200 mm, maximum temperature is 42 °C in summer,
and the minimum temperature is —4 °C in winter.
Figure 1 shows the spatial position of the study area in
Tehran Province.

Soil sample collection and preparation
A total of 166 soil samples were collected in September
2012 at depths of 0—30 cm (depth 1; topsoil) and 30—

60 cm (depth 2; subsoil) using systematic random sam-
pling. The region was divided into zones I and II and
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was gridded using ArcGIS 9.3 (ESRI, 2009) using the
same number of pixels (317x317 m). The center of each
square was chosen as the sampling point (39 sampling
points from zone I and 44 from zone II). Figure 1 shows
the locations of the 83 points chosen. Sampling was
performed at each point at both depths 1 and 2. Each
sampling point represents an average of 10 ha. After
determining the point positions, the soil samples were
collected and were pooled in an aluminum sheet and
packed in a polyethylene bag. These samples were
immediately transferred to the laboratory and air-dried
at 25 °C for pH and organic carbon (OC) analysis and
freeze-dried was used for PAH analysis. They were then
grinded and sieved through no. 10 mesh for pH analysis,
no. 30 mesh to test for organic carbon (Ryan et al. 2007),
and no. 230 mesh to test for PAHs (MOOPAM 1999).
The soil pH was determined using a pH meter (PB-11
Sartorius), and the Walky-Blanks method was used to
determine the amount of OC in the soil (Ryan et al.
2007). According to the method, 0.5 g of each grinded
sample weighted and poured into a conical flask.
Potassium dichromate and concentrated H,SO4 were
used for digesting the samples. The solution was then
mixed thoroughly and allowed it to stand for 30 min in a
water bath to cool down. Finally, solution was titrated
by ferrous ammonium sulfate solution.

Chemicals and extraction

Dichloromethane (HPLC grade, >99.8 %), anhydrous
sodium sulfate (HPLC grade, >99 %), and silica gel
were obtained from Chem-Lab (Belgium). n-Hexane
of purity 99 % was purchased from Merck (Germany).
The 16 PAH standards classified as priority pollutants
by the USEPA and internal standards were obtained
from Chem-Lab (Belgium).

Soxhlet extraction was used to extract the aromatic
compounds from the soil samples. First, 3.5 g of soil
sieved through no. 230 mesh was weighed and mixed
with 4 g of sodium sulfate. Then, the sample was trans-
ferred to the soxhlet system for extraction using 75 ml n-
hexane and dichloromethane solvent (1:1 v/v) for 8 h.
The extract was concentrated to reach a total volume of
5 ml using a rotary evaporator. Then, it was fractionated
in a clean-up column containing silica gel, sodium sul-
fate, and glass wool. The column was initially washed
with 10 ml of n-hexane and dichloromethane (1:1 v/v),
and the extracts were eluted using 40 ml of n-hexane/
dichloromethane (9:1 v/v). The aromatic fractions were
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again concentrated to reach a total volume of 1.0 ml
using a rotary evaporator and prepared for injection.

Quantification

An Agilent 7890A GC-FID and a splitless injector were
used to determine the PAH concentrations. Separation
was done in a fused silica capillary column (HP-5, 30 m,
0.32 mm ID, 0.25-pm film thickness). High-purity
(99.999 %) nitrogen was used as the carrier gas at a
flow rate of 1 ml min~'. The initial temperature of 60 °C
was held for 3 min and increased to 295 °C at a rate of
3 °C min" and held for 10 min. The flame ionization
detector was employed at 330 °C, and the initial injec-
tion temperature was 250 °C. Calibration graphs were
constructed by plotting the peak area against the injected
concentration every 3 days; in all cases, a linear rela-
tionship at 72>0.99 was obtained. The limit of detection
(LOD; 3 S m ') was calculated for each analysis as
described by Shahbazi et al. (2012). The limit of quan-
tification (LOQ; 3 LOD) was calculated based on the
method detection limit (MDL) (Maliszewska-
Kordybach et al. 2009). Spike recoveries were 75 to
108 % (average of 95 %). Blanks were run under the
same conditions after running 15 samples to monitor for
possible contamination; the results for them were below
detection limits.

Interpolation

Inverse distance weighting (IDW) was applied to inter-
polate the PAH data. Unknown points were estimated
using the distances between known points because the
nearest points have more value than the others. IDW can
be summarized as follows:

i <”

where S is the estimation of the unsampled point, # is the
number of points, d; is the distance between the known
points, S; is the value at point i, and p is the optimum
power.

Descriptive and inferential statistical analyses for mean,
range, standard error, Mann-Whitney, principal compo-
nent analysis (PCA), and Spearman correlation were ap-
plied to determine possible correlations among variables.
Outliers were eliminated for parameters that were not
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normal. R software (version 3.0.1) was used to perform
statistical analysis (R Core Team 2011).

Results and discussion
PAH residues

The average pattern, minimum, and maximum values
for individual PAHs, )4 rings, > 5+6 rings, lower mo-
lecular weight (LMW), higher molecular weight
(HMW), soil organic carbon, and pH were determined
for sampling depths 1 and 2. As shown in Table 1, the
PAH concentrations at depth 1 ranged from 0.001 mg/kg
for Fl and Flu to 1.253 mg/kg for BaA. At depth 2, they
ranged from 0.001 mg/kg for Chr to 6.52 mg/kg for Acy.

The mean values indicated that concentrations of these
compounds were much higher at both depths than for
results from other studies in different regions (Chung
et al. 2007; Zhang et al. 2013; Maliszewska-Kordybach
et al. 2009). The averages indicated that the concentration
at depth 2 was higher than at depth 1 especially for LMWP
AHs, indicating that these compounds are more soluble
than HMWPAHSs and have penetrated the subsoil after
more than 30 years of irrigation with wastewater. The
low concentration of LMW compounds at depth 1 may
relate to the migration of them or increased volatility of
these compounds, which react with sunlight at the surface.
Table 1 also shows the standard values of PAHs for
agricultural farmland and environmental conservation in
Iran. A comparison of the average concentrations and their
standard values for farmland indicates that InP and BghiP
at depth 1 and BaA, BkF, BaP, DBA, and BghiP at depth 2
exceeded standards. It is known that HMW PAHs are
major carcinogenic PAHs (Maliszewska-Kordybach et al.
2009) and are dangerous for field crops. It is notable that
BaP, which is one of the most dangerous PAH (Ma et al.
2005) in the environment, was found in concentrations of
about 3 mg kg ' in some samples. A comparison of
average PAH with standard values for underground water
indicates that Na and An at depth 1 and Na, Phe, An, and
Flu at depth 2 exceeded standard values. It appears that
there is more risk at depth 2 in farmland and underground
water than at depth 1. A comparison for standard values for
environmental conservation and the average PAHs indicate
no risk at either depth. It appears that irrigation with
untreated urban wastewater and urban runoff has increased
the PAH concentration in this land. Other researchers
(Zhang et al. 2012; Tao et al. 2004) have reported similar
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Table 1 Mean, minimum, and maximum of 16 PAHs, organic carbon, and pH in tow depth with standard value for PAH compounds

Compounds 0-30 cm 30-60 cm Standard values (mg/kg)  Other regions (mean, mg kg ')
Mean Min Max Mean Min Max Farmlands Environmental Hong Kong, Beijing, Ma
conservation  Chung et al. 2007 et al. 2005

mgkg' Na 0.06 0.002 0.334 0.11 0.002 2.06 0.001 0.30 1.30 0.037 0.028

Acy 0.04 0.004 0.347 0.12 0.004 6.52 0.0025 0.20 0.001 0.005 -

Ace 0.03 0.002 0.159 0.10 0.002 541 0.001 0.20 3.60 0.001 0.009

Fl 0.03 0.001 0.171 0.05 0.004 1.01 0.001 0.10 2.20 0.0014 0.035

Phe 0.02 0.002 0.089 0.07 0.003 4.03 0.001 040 7.80 0.011 0.019

An 0.04 0.002 0.390 0.07 0.003 1.80 0.0011 0.50 2.20 0.0014 0.026

Flu 0.02 0.001 0.150 0.05 0.004 1.80 0.0005 0.50 2.20 0.012 0.009

Pyr 0.03 0.003 0.362 0.07 0.002 3.55 0.0009 0.15 1.20 0.013 0.004

BaA 0.04 0.003 1.253 0.11 0.004 5.41 0.00075 0.05 1 0.0038 0.002

Chr 0.03 0.003 0.598 0.03 0.001 027 0.0009 0.10 1 0.01 0.003

BbF 0.05 0.004 0.318 0.05 0.01 045 0.00075 0.10 1 0.006 0.006

BkF 0.06 0.002 0.291 0.11 0.003 5.04 0.00075 0.10 1 0.006 0.021

BaP 0.08 0.005 0.825 0.12 0.008 3.87 0.001 0.10 0.20 0.007 0.051

InP 0.09 0.005 0.731 0.06 0.005 0.48 0.0015 0.07 1.50 0.009 0.028

DBA 0.08 0.008 0.674 0.11 0.011 5.19 0.0009 0.10 2.20 0.003 0.035

BghiP  0.11 0.007 0.500 0.12 0.005 4.13 0.003 0.05 1 0.017 0.03

Y4ring 0309 0.039 2.254 0571 0.072 21.9

5+6ring 0.367 0.037 1.494 0.406 0.048 13.67
LMW 022 0.02 0.72 051 0.05 20.56
HMW  0.61 007 328 0.84 0.11 29.75
OC% 1.10 0.10 224 0.78 0.080 2.15
pH 832 693 880 826 5960 9.02

Na: naphthalene, Acy: acenaphthylene, Ace: acenaphthene, Fl: fluorene, Phe: phenanthrene, An: anthracene, Flu: fluoranthene, Pyr: pyrene,
BaA: benzo[a]anthracene, Chr: chrysene, BbF: benzo[b]fluoranthene, BKF: benzo[k]fluoranthene, BaP: benzo[a]pyrene, InP: indeno[1,2,3-

cd]pyrene, DBA: dibenzo[ah]anthracene, BghiP: benzo[ghi]perylene

increases in PAH concentrations in the soil of land irrigated
with untreated urban wastewater. Total PAH concentra-
tions were higher at depth 2 than at depth 1. Some
researchers like Mikkonen et al. (2012) also found that
the concentration of ¥PAHs increased as the depth in-
creased, whereas Ma et al. (2005) and Zhang et al.
(2013) concluded that PAH concentration in soil decreased
at subsoil. Table 1 shows the average concentration of
PAH compounds in two different agricultural regions
(Hong Kong and Beijing). A comparison of mean PAHs
for the present study with these results show extreme levels
of pollution by PAH compounds in farmland near the
Tehran oil refinery. Figure 2 is a bar plot (mean+SE) for
PAH compounds, > PAHs, >4 rings, and 5+6 rings. The
figure and the Mann-Whitney test (not reported) confirm
that there is a significant difference between Na, Acy, Ace,

Fl, Ph, Flu, Pyr, BaA, InP, and total PAH between depths 1
and 2. The average soil OC decreased at depth 2, and there
is a significant difference between OC and average pH
between depths 1 and 2. Figure 2b, ¢ are bar plots (mean=+
SE) of PAH compounds at both depths in zone I and zone
11, respectively. It can be seen that all compounds except
InP, DBA, and BghiP appear in higher concentrations at
depth 2 in zone I than in zone II. In zone I, all compounds
except Chr, BbF, and InP show significant differences in
concentration between depths 1 and 2, which reveals the
role of wastewater irrigation and plowing for entry of these
compounds into the subsoil. The highest PAH values were
found at depth 2 in zone II. The results showed that OC in
zone [ was higher at depth 1 and that there was a significant
difference between depths. In zone II, there was no
difference between depths. Depth 1 in zone I showed
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Fig. 2 Bar plot of 16 PAHs, 4 rings and 5+6 rings in studied area (a), zone I (b), and zone II (¢) at two sampled depths
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uniform pH; however, pH in zone II decreased at depth 2.
Soil pH in this area, as in most places in Iran, showed a
high calcium carbonate content in the alkaline range.
Irrigation with untreated urban wastewater could increase
soil pH. The soil pH values appeared to be high for most
field crops and may affect their yield because phosphorus,
zinc and manganese become less available at high pH.
Tables 2 and 3 have shown correlation coefficient among
individual PAHs, OC, and pH value at two depths. The
correlation coefficient for depth 1 showed that OC had a
negative correlation with Fl and that soil pH had positive
correlation with An. No correlation was found between
HMW PAHs and OC at either depth, which may be
because PAHs are not adsorbed by organic matter in soil
in this area, where the human activity is very high. Ma
et al. (2005) also reported any correlation between PAHs
and OM in both depths. By contrast, Zhang et al. (2013)
and Jones et al. (1989) reported that PAHs were strongly
adsorbed onto the surface of OM particles. In the present
study, OC showed no correlation with PAHs at either
depths except for Fl at depth 1. Zhang et al. (2013) and
Agarwal et al. (2009) reported significant correlations
between OC and PAHSs (especially with LMW PAHs) in
agricultural surface soil. Results of the PCA showed that
the percentage of variance explained by PC1 (first compo-
nent) and PC2 (second component) was 31 and 11, respec-
tively (Fig. 3a, b). At depth 2, Na, Chr, and InP showed
minimum variance; PC2 was heavily weighted by OC and
BbF. The percentage of variance explained by the first axis
was 74 % and the second axis was 6 %. The bi-plots
effectively show that petrogenic and pyrogenic hydrocar-
bons (HCs) contributed to pollution at both depths.
Petrogenic HCs compounds are associated with petroleum
sources and pyrogenic hydrocarbon compounds are asso-
ciated with the combustion of petroleum, wood, coal, etc.

Effect of wastewater on soil

The bar plots of PAH compounds in areas irrigated with
fresh water and irrigated with untreated urban wastewater
are shown in Fig. 4a for depth 1 and in Fig. 4b for depth 2.
As shown, irrigation with untreated urban wastewater
influenced soil at depth 1 more than at depth 2; all
compounds except BaA and DBA occurred in greater
amounts in the area irrigated with wastewater. Figure 4a
indicates that HMW PAHSs such as BkF, BaP, InP, and
BghiP increased in the area irrigated with wastewater. At
depth 2, all compounds except BbF and InP showed
higher concentrations in the area irrigated with

freshwater. PAHs carried in wastewater that has a high
concentration of particles are adsorbed onto the particles
and are less mobile and remain in the surface soil.
Freshwater carries fewer particles and organic matter
and could increase mobility of the PAH compounds in
the soil and the concentration at depth 2. It can be
concluded that irrigation with untreated wastewater can
increase the PAH concentrations, especially for higher
molecular weight PAHs at depth 1. This affects the health
of the field crops and humans who eat the crops.
Although the soil in this area is alkaline, irrigation with
untreated wastewater (7<pH<S8) could increase soil pH
in the long term. Mohammad Rusan et al. (2007) and
Schipper et al. (1996) reported siimilar results for irriga-
tion with untreated wastewater and increased pH in soil.

Spatial variability

Interpolation maps for TPAHs and HMW PAH at depths
1 and 2 are shown in Fig. 5a—d. These maps show that
the TPAH concentrations increased moving from north
to south in the study area at both depths. The northern
part of the region experiences less irrigation with waste-
water and showed lower concentrations of hydrocar-
bons. The southern part of the region receives more
irrigation by wastewater, is located downslope of the
oil storage tanks, and showed the highest concentration
of PAHs. One source of PAHs in the southern part of the
region is that the elevation slopes downward slightly
from north to south. Although PAHs are not soluble,
they could be migrated southward along with the agri-
cultural runoffs during the autumn, winter and spring.
The interpolation maps of the TPAHs at depth 2 showed
that the TPAH concentrations increased as the depth of
the soil increased and the southeastern portion of the
region had the highest concentrations of these pollut-
ants. Figure 5c, d shows the spatial variability of HMW
PAHs in the study area. At depth 1, the HMW PAH
concentration is more uniform than at depth 2, which
was not uniform. The HMW PAH concentration in-
creased moving from north to southeast. The TPAHs
and HMW PAHs at depth 2 show a similar trends to the
southeast, where the high concentrations were found.
Maliszewska-Kordybach et al. (2009) stated that PAHs
with high molecular weight are the main carcinogenic
PAHs in the environment; thus, the southern part of the
study area is at more risk in the environment and under-
ground water resources. These compounds accumulate
more by irrigation with untreated urban wastewater and
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Fig. 3 Biplot of PAH, OM, and
total PAHs at top and subsoil (a) N
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leaching to the underground waters and then enter the Source of PAH pollutants

food chain and increase the incidence of cancer and

other problems (Anonymous 2008) Interpolation maps PAH ratio pairs, such as Flu/Py, Ph/An, FIA/(FIA+
of OC (Fig. 5e, f) showed that higher OC values are Py), BaA/BaA+Chy (BaA/228), and IP/(IP+BghiP)
found in the northern part of the area is at depth 1 but have distinct chemical tracers for possible sources
that depth 2 has a more uniform distribution. of PAH in environmental samples (Liu et al. 2008;
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Fig. 4 Bar plot of PAHs, 4 rings, 5+6 rings, LMW and HMWPAHs at two depths in two different areas (irrigated with fresh water and

wastewater)

Gotz et al. 1998; Soclo et al. 2000; Kavouras
et al. 2001; Yunker et al. 2002; Ma et al. 2005;
Sicre et al. 1987). The ratios for Ph/An and F1/Py
are commonly used to distinguish between
petrogenic and pyrogenic sources. Ph/An>10,
Chr/BaA<1, LMW/HMW=>1, and Flu/Py <I

indicate that PAHs have petrogenic origins (Chen
et al. 2012; Bouloubassi et al. 2012; Ma et al.
2005; He et al. 2009). The ratios for the 83
sampling points at depth 1 and depth 2 were
calculated and then interpolated in Fig. 6. The
interpolation maps show that there are both
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petrogenic and pyrogenic sources for the oil hy-
drocarbons in the study area. Flu/Py, Ph/An, and
LMW/HMW showed pyrogenic characteristics, and
Chr/BaA indicated that petrogenic sources were
the main cause of pollution. BaP/BghiP
(Fig. 61, m) showed that emissions from vehicles
in the area, except in the immediate vicinity of the
roads, had no effect on the levels of oil hydrocar-
bons in the soil. It can be concluded that more
than 30 years of runoff and irrigation by untreated
urban wastewater onto agricultural land, oil refin-
ery surface runoff after rainfall and leakage from
storage tanks are the sources of PAHs pollution in
agricultural soil. Although BaP, BghiP, and InP are
usually emitted from automobiles (Rogge et al.
1993a, b; Ma et al. 2005) and the concentrations
of these PAHs were higher than for the other
PAHs, BaP/BghiP indicates that emissions from
automobiles were not the source of hydrocarbons

@ Springer

in the study area. HCs which are released from
vehicles might be washed onto the sewage chan-
nels and finally are used as irrigation water in this
region. This action can contribute to pyrogenic
HCs in soil. On the other hand, leakages from
storage tanks into the aqueduct might be originated
from petrogenic source.

Conclusion

The samples at depths 1 and 2 in the study area show
pollution with PAHs from petrogenic and pyrogenic
sources. The level of all PAHs at depth 2 were higher
(except Chr, BbF and InP) than their concentrations at
depth 1. A comparison of the averages of these com-
pounds with standard values shows that HMW PAHs
carried more risk in agricultural land. Interpolation maps
of the PAHs suggested that the southern parts of the study
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Fig. 6 Interpolation maps of PAHs ratio: Ph/An (a, b), Chr/BaA (¢, d), LMW/HMW (e, f), Flu/Py (g, h), and BaP/BghiP (i, j)

area are primarily contaminated by anthropogenic activ-
ity. These southern parts had the highest concentrations
of PAHs and HMW PAHs from wastewater irrigation and
water polluted with oil. If irrigation with untreated urban
wastewater and polluted fresh water continues, this area
will become more and more contaminated. The use of
molecular ratios showed that there are two possible

sources of PAH pollution in the study area. Wastewater
and urban runoff had a major effect on HMW PAH
content in the soil, especially at depth 1, which is impor-
tant for crops. Leakages from storage tanks can also enter
the LMW PAHs in the soil. PAH ratios indicated that
different ratios produced different results. It is necessary
to investigate the products affected by wastewater and oil
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refineries by introducing new ratios to determine the
origins of PAHs in a particular site.
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