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Abstract: Petrochemical industries are widely distributed @hina. As a
negative consequence, heavy metals in petrochensicsh can result in soll
contamination. However, the relevant research avhemetals contamination in
petrochemical area was few. In this study, a wtdl03 topsoil samples (< 20 cm) and
25 profile soil samples were collected and examimeda retired petrochemical

industrial area, South China. The results showedrtban contents of Hg, Cd, As, Pb,
Ni and Cu were 0.18, 0.69, 16.22, 47.24, 31.623%106 mgkg’, respectively. The

spatial distribution of six metals in topsoil wasdely attributed to the industrial
activities during the petroleum refining and trdnpment process. Ni was the main
pollutant in the petroleum refining process. Whilee contamination of other metals
mainly were caused by the leakage of the oil dutingsshipment. The migration of
six metals to subsoil layers was also observabl@actordance, Hg, Cd, As, Pb, Cu,
and Ni dropped by 95.02, 71.91, 89.45, 90.88, 994l 65.07%, respectively,
compared to their contents in topsoil. The contatam of the heavy metals was
mainly caused during the process of petroleum irgfirand transshipment. The
distribution of heavy metals in the factory was nhaiaffected by the industrial

activities or the lateral infiltration of Lianhuaat River. Soil ingestion was the
primary pathway for children and adults exposure htavy metals. The total

non-cancer human health risk induced by heavy m&tat within the limit of USEPA
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(10° a%). While the cancer risks alone induced by As thgtowsoil ingestion to
children was 1.14x10a*, which exceeded the limit of USEPA. This studyidaded
that not only petroleum hydrocarbon but also heawmgtals can cause soil
contamination in a retired petrochemical industaaéa, which provides a novel
cognition. Altogether, measures should be takeprattice to substantially improve
the soil quality in petrochemical industrial area.

Keywords. Heavy metals; petrochemical industry; spatiatriistion; vertical

migration; human health risks

1 Introduction

Heavy metals’ pollution has become one of the mamvironmental soil
problems worldwide (Asgari and Cornelis et al., 20Hossein et al., 2019).
Anthropogenic activities such as agriculture, urbation and industrialization are
the main driving forces of soil heavy metal contaation rather than occurring from
soils naturally (e.g., due to the erosion of parexks, atmospheric deposition, and
volcanic activities) in recent years (Wu et al.120Latare et al., 2014; Ozkul et al.,
2016; Wang et al., 2019 ). Industrialization hasrbaoted as the primary source of
heavy metal contamination (Martin et al., 2014; $4ei et al., 2017; Hossein et al.,
2019). This pollution not only affects the qualitfysoil, but also poses serious health
risks to individuals (Chabukdhara et al., 2013; &s@nd Cornelis, 2015). Human
exposure to heavy metals takes place through sgéstion, dermal contact, and
inhalation (Mungai et al.,, 2016). Upon exposureavyemetals can damage the
body's immune, reproductive and nervous system&RA004).

More studies have focused on soil pollution of heawetals in relation to
industrial activities in China due to the rapid eéepment (Fiedler et al., 2009;
Rachwat et al.,, 2017; Yang et al.,, 2018). Espegiathining and electroplating
factories have been drawn much attention (Guo.eR@l5; Xiao et al., 2017; Cao et
al., 2019). However, the impact of petrochemicalustry on soil heavy metals’

pollution remained relatively unknown. Neverthelepstrochemical industries are
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important to the contribution of energy productaihover the world including China.
Petrochemical industries account for 20% of Chitwal industrial economy and it is
an essential economic pillar for many develope@safgin 2016; Peng, 2016; Hu et
al., 2018; Zhang 2019Rut it has been proved that heavy metals haveeskist the
crude petroleum. The pollution of heavy metalshie process of refining is becoming
unavoidable (Shen et al., 2011; Zhao et al., 201i22013). Some refining or
transshipment processes have caused the metalsngoation (Yuan et al., 2017;
Huang et al., 2018). It has been reported thaitéan contents of Cu, Zn, Cd, Pb, As

and Ni in topsoil (<20cm) samples in a petrochemiedustry in Xinjiang ranged

0.07-126.61 mdkg ™’ (Wang et al., 2016). The contents of Hg, As, Cd, ®b and Ni

in an oil refinery in the city of Hangzhou were 1gp0.201-47.9 mgg™ (Zhou et al.,

2019). These investigations provided some advaategeeference that the refining
process of raw oil can cause soil heavy metal pofiy but we still do not know
which section is the main driver to produce thevigemetal. While production
process was an indispensable aspect to the sdadromation that cannot be ignored
(Ren 2007; Sun 2019). It’'s necessary to dig theawgin of these heavy metals.
Petrochemical industry is one of the pillar indigstin Guangdong Province and
the output value accounts for 6.7% of the totalstdal output in the whole province
(Feng and Zhou, 2018). Panlong is one of the tymerochemical industries in this
area and was in business from 2000-200%vas an idle land and no exogenous
pollution since 2007. So it was an ideal area ler investigation of soil heavy metal
contamination and origin relating to petroleum isisyy But after this industry was
dismantled, the residual heavy metals may indu@dtiheisks to the local humans.
According to the United States Environmental Prod@cAgency (USEPA) (2014),
cadmium (Cd), arsenic (As), mercury (Hg), lead (Rbpper (Cu) and nickel (Ni) are
priority pollutants. In accordance, this study aimt®: (1) address the spatial
distribution of heavy metals in topsoil associatedh the industrial production

process; (2) study thenigration of the heavy metals versus the soil deg®)
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speculate the possible sources of soil heavy metats(4) assess the potential health

risks of human exposure to the heavy metals.

2 Material and M ethods

2.1 Sample collection and treatment

This investigation was carried out in the innelPainlong petrochemical factory

in Guangzhou City, Guangdong Province, South Chiflae study area has a
longitude of 113°14~ 113°34E and a latitude of 22°45 23°08N, and it covers an

area of 130000 kfn This region has a subtropical climate with anrage annual
temperature between 21.4 and 21.9 °C and averagahrainfall from 1620 to 1900
mm. During the crude petroleum processing, thesotransported into the storage
tank firstly, and then into the refinery. After @igal and chemical purification, the
gasoline and diesel oils are transported back & dtorage tanks. Finally, the
separated oil, mainly the light and heavy oil amenped into the transfer room and
sold as the factory's products. The soil heavy Isatathe different part of the
industry may have a different distribution. To faate analysis, the factory area is
divided into several sections, mainly includingmefy area, tank storage area, office,
and residence area (Fig. 1).

A total of 103 topsoil samples numbered from S$103 were collected via the
random sampling method of 40fmy 40m (0-20cm), ensuring that each divided
section has enough samples. Locations of samplieg were recorded accurately by
a Global Positioning System (GP8Yimble 5700, America). The second time for
sampling was taken according to the results ofctihreents of the metals. Additional
profile samples were taken at sites S46, S76, S99,and S103 due to their high
metal contents. The depth of each sampling site Was m covering plough layer
and subsoil. For each profile sampling site, 5 aofyges at 5 soil profiles were
collected at different depths. The sampling deptheach site are shown in Support
Information of Table 1. At the same time, the gebtecal experiment was carried out

to test the soil particle size and other properties
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Soil samples at each sampling site were taken usisiginless steel spade and
mixed thoroughly. Afterwards the soil samples weh®sen by quartation, plants’
debris and residues were removed. After that, §.®fkeach soil sample was taken
and stored in a self-sealing plastic bag at 4 °@e @Qram of soil was placed in a
Teflon autoclave and treated by adding 22 mL aakture (3.0 mL of HCI, 9.0 mL of
HNO3, 2.0 mL of HF, and 8.0 mL of HCIp at 80 °C until a clear solution was

acquiredFiltration of digested samples were done by WhatiNar42 filter papers
(< 2.5 um). The digested soil samples were stored’@t #r determination of metals

(Mahmood et al., 2019).
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Figl. A schematic diagram of the location of Paglpetrochemical industrial area and the
sampling scheme

2.2 Sample detection and quality assurance/quality control (QA/QC)

Hg and As were determined using cold vapor atorngogption spectrometry by
Atomic Fluorescence Photometer (AFS-8220) withrttethod detection limit (MDL)
of 0.002 mg-kg and 0.01 mg-K§ respectively; Pb, Ni and Cu were detected using
flame by Atomic Absorption Spectrophotometer (AFX02 with MDLs of 0.1
mg-kg', 5 mg-kg', and 1 mg-Kg, respectively; Cd was measured using a graphite
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furnace by Atomic Absorption Spectrophotometer (AE30O) with a MDL of 0.01
mg-kg'. Controlled measurements on internal referenceriaétreagent blanks, and
duplicated soil samples were randomly selected ftoensample sets to ensure the
quality assurance/quality control (QA/QC). The agr deviation between duplicate
samples was 15%. The method recovery of the megatged from 91.4 to 108%. All

the blank samples were all below the MDLs.

2.3 Data analysis

2.3.1 Principal component analysis

Principal Component Analysis (PCA) is a mathematracedure that uses an
orthogonal transformation to convert a set of olks#sns of possibly correlated
variables into a set of values of linearly uncated variables (Ha et al., 2014). In
this study, canoco 5.0 software was used to idetti¢ potential sources of heavy
metals.
2.3.2 Human health risk models

From the perspective of soil heavy metals’ pollnfithe current international
human health risk assessment model is dividedtimboparts: cancer and non-cancer
chemical models. According to the classificationsteyn of the World Health
Organization (WHO), the International Agency forsearch on Cancer (IARC) and
the Integrated Risk Information System (IRIS) dats of EPA, Cd and As are
considered as cancer chemicals; Cu, Ni, Pb, andrelgonsidered as non-cancer or
less cancer chemicals.

The cancer risk assessment model is as follows:

whereRCis the total health risks of the cancer chemicatsually, &; R is the
health risk of the cancer-chemidadnnually, &; ADD is the average daily exposure

dose, mg- (kg-d) andQ;is the carcinogenic coefficient of the chemical,- (kg d)*

6
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(Table 1).

The non-cancer risk assessment model is as follows:

whereR"is the total health risk for the non-cancer chetsieanually, & R"is

the health risk of the non-carcinogenic chemicahnually, &; ADD is the average
daily exposure dose, mg-(kg'd)RfD is the reference dose of the non-cancer

chemical, mg- (kg- &) (Table 1); 70 is the average life timé&, a

Table 1. Toxicity parameters of heavy metals

RfD[mg: (kg- d)] QImg: (kg-d)]
Heavy metals - - - -
Ingestion Dermal Inhalation Ingestion Dermal Inhalation

As 3x10* 3x10* 3x10* 1.5 3.66 15.1
cd 0.001 0.001 0.001 6.1 0.38 6.3
Hg 0.0003 2.1x108 8.57x10°
Pb 3.5x1¢ 5.25x10  3.52x10°
Ni 0.02 0.0054 0.0206
Cu 3x10° 0.005 2.86x10°

In the present study, ingestion of soil (s-ing);nd@l contact of soil (s-der) and
inhalation of soil (s-inh) were taken into accoastthe main three pathways of human
exposure to heavy metals. Using IARC, WHO, and BPBHRIS approaches, the age
groups are divided into two subgroups: childreré (Qears) and adults (>18 years).
The ADD of heavy metals from various exposure pathways eaésulated using the
formulas (5-7). The parameters of the human headth assessment models are
summarized in Table 2, derived from USEPA (2004% Department of Energy
(USDoE) (2011), and China Environmental ProtecBb@partment (Duan, 2017).

ADD,,,, =(C IR XCF X EF XED) /(BWXAT ) ...oooocovccerrrecrrrrrcerernen (5)
ADD__,, =(C xCF xSA x AF x ABSXEF xED)/(BWXAT ) .................. 6)
ADD,,, =(C xIR,xEF xED)/(PEF XBWXAT ) ....co..oooorrvvmmmiromrrrrenne @)
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Table 2. Parameters of human health risk assessnuslgls

Exposure Description Values
parameters Adults Children
BW Body weight (kg) 60 18
ED Exposure duration to soil (a) 25 10
AF Skin adherence factor for soil (mg@m™) 0.1595 0.1595
EF Exposure frequency to soil(d)a 225 225
SA Skin surface available for daily contact@m 5000 2500
IRy Ingestion rate of soil(mg4 100 200
IR, Ingestion rate of air(fnd?) 8 20
AT Average time on soil(d) 70x365(canger 70x365(cancer
ED,x365(non-cancer ED,x365(non-cancer
ABS Dermal absorption factor 0.03 for As; 0.001 iftg, Pb, Cd, Cu, Ni
PEF Particle emission factorirkg?) 1.36x10
CF Conversion factor for unit (kg- i 1x10°
C Content of heavy metal in soil(mg-‘kg

2.3.3 Human health risk assessment
Overall,R<10° a*, 10* a’>R>10"° a®, andR>10"*a" represent no health risks,

no obvious health risk, and very high risk of hunexposure to heavy metals (US
EPA, 2004). The International Commission on Radjmal Protection (ICRP)

recommended 5x10"* as the acceptable level of human health risks.

3. Results and discussion

3.1 Heavy metalsin topsoil

The contents of the six heavy metals of 103 topsamhples are shown in Fig. 2.
As can be seen, the contents of Hg, Cd, As, PandiCu ranged from 0.004-5.62,
0.11-7.69, 1.78-54.6, 5.1-454, 10-335 and 16-1080kgt, respectively, with mean

values of 0.18, 0.69, 16.22, 47.24, 31.62 and 9819&g ", respectively. The contents

of heavy metals at some sampling sites exceedablegbound values of Guangzhou
(Support Information of Table)2The exceeding sampling sites accounted for 24,27%
100%, 11.65%, 17.48%, 43.69% and 79.61% of thd totas, respectively for Hg,
Cd, As, Pb, Ni, and Cu. Likewise, the highest cotgevere 43.23, 69.91, 2.18, 7.57,
11.96 and 32.19 times of the background valuesHigr Cd, As, Pb, Ni, and Cu,



10
11

12
13
14
15
16
17
18
19
20

respectively. This indicated that the industrialivattes caused the accumulation of
heavy metals in the factory. The highest conteftsi@and Pb exceeded the standards
of Categoryl of Land Use of Chinese National Standards (GB3660@R04hich
was the soil quality for residential construction China (Support Information of

Table 3. These metals were accumulated for 8 years in thigstrial area and if it
goes on like this, the contents of other four nseteébuld reach the Categdvalues in

3.45, 13.96, 9.365, 7.78 years for Hg, Cd, As ang f@spectively. The results
indicated that heavy metals were also contaminstibat can't be ignored besides

organic pollutants in a petrochemical area thatkkhoause attention.

8 s ‘ 200 T 1040
4 » | [
5| » | > [ 1030
—~ ] 3 | == 1020 ~
. ey e e B s |
2 6- ! s pasol ¢ )
o 1 | ; g
E & ! s - 400 S
c I .+ =
Q J ! -]
% . : 5
E 4 . « P[00 - 300 3
g 1 i 3 4 3
(3] 4 [ «Q
5 34 $ v x>
= [{=]
S o N
24 ! [~ 50 Fo
] H v -
| i i |i I - 100
0 l ‘ : -0

T T U LI
Hg Cd As Pb Ni Cu Pb Ni Cu

Fig. 2. Contents of heavy metals in topsoil in Baglpetrochemical industrial area

Likewise, numerous research about the heavy metdhmination in soils have
been reported around the world including China @tial., 2011Asgari et al., 2015;
Meisam et al., 2017; Yang et al., 2018; Cao et2619; Hossein et al., 2019). The
contents of Hg, As, Cd, Pb and Cu in Nanhongmertatural soils in China were
0.099, 10.72, 0.168, 25.04 and 25.58 mdg;keespectively, of which the contents
were relatively low compared with this study (Wuakt 2013). Because Nanhongmen
is a typical reclaimed water irrigation area in &hiand the majority of the heavy
metals are from the secondary effluent of the sewagatment plant. Hence, soil

contents of heavy metals are much lower than tile §om petrochemical industrial
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areas. Although Pb in agricultural topsoils in Ebasin (Spain), ranging from 4 to
147 mgekd' (average 17.54 mgeKy was 10-25 times higher than the background
level in Spain (Martin et al., 2006), while it wasich lower than that of this study.
Some previous reports have suggested more sermbsatamination of heavy
metals in industrial areas than agricultural ar@sdang et al., 2015b). For instance,
the contents of As, Cd and Pb in the topsoil (<20enVeles of Macedonia were 7.8,
6.1 and 170ng-kg", respectively, which were within the content rangéthis study.
The contents of As, Cd and Pb in Iberian Peninswdee 68.86, 4.36 and 2147.40
mg-kg', respectively. Except for Cd, other two metalseeceeded that of this study,
especially for Pb. This is attributed to the laRje production in Macedonia in 19th
century (Conesa et al., 2006). Therefore, high &bes in this region were closely
related to the historical mining activities (Marté al., 2014). Comparing with the
contents of the heavy metals in different areas,cttmntamination levels of metals in
this study are relatively higher than the agria@tuareas and similar with other

industrial areas.

3.2 Spatial distribution of heavy metalsin topsoil

Fig. 3 illustrates the spatial distribution of hgawetals in the study area. The
highest contents of Hg (5.62 mg-Rgand Cd (7.69 mg-KY were detected in the
middle of the petrochemical industrial area (S4®)e highest contents of Pb and As
were found at S76 (454 mg-Kg S79 (54.6 mg-kY, respectively. These two sites
were in the tank storage area for diesel, gasalitefuel oil. Therefore, high contents
of Pb and As in these two sites might be relatetthédeakage of diesel, gasoline and
fuel oil whentransshipment. In addition, the high Pb contentyg aiso be attributed
to the heavy motor vehicle traffic, because thaugty area is very close to the road
(Yao et al., 2016). The highest content of Ni (83§ kg') was found at S103, located
in the refinery area. It may come from the proaafssatalytic cracking of crude oill
during refining and it has been verified by Jin@3Pin China, who reported that the
crude oil became heavier after Fluidized Cataly@iacking process due to the

increasing contents of heavy metals such as Niamadium (V). Likewise, Ma

10
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(2014) found that in the eight petroleum refineriesFujian, Luoyang, Jinxi and
Yanchang, the contents of Ni in soils ranged fraffi o 1420 mg- kg which was the
highest content among other heavy metals, indigatiat Ni was the main pollutant
in the petroleum refineries in China. Zhang et(2005) drew the similar conclusion
by comparing different kinds of industries, inclhagi coking plants, phosphate
fertilizer plants, refineries, aromatics plants ateel plants in Nanjing.

The highest contents of Cu (1030 mg*kevas at S95 which was very close to
the maintenance workshopglectric welding was the main task in the mainteean
workshop. Cu is the most commonly used metal irptioeess of electric welding due
to its good thermal conductivity, ductility, andromsion resistance ranking second to
aluminum (Sun and lon., 1995; Ololade 2014). Theeeflong term welding can
cause high Cu contents in the factory.

Nevertheless, the contents of six metals in tifieeofind residence areas in the
northwest parts were relatively low, ranging fron0@} to 57mg-kg*. This was
because there were no industrial activities in éings. On the other hand, it illustrated
the contribution of industrial activities to soibramination. Similar to our results,
Liu (2016) found that the contents of Cu, Ni, Plol &d ranged between 0.47 and 49
mg-kg' in Luoyang residence area, North China. Likewtse,contents of As, Cd, Cu,
Hg, Ni and Pb were 0.09-49.4 mg-¥g residence area in Baiyin of Northwest China
(Li et al., 2008). These values were within thegewof residence area of this study,
but much lower than in oil refining and storageaateThe results indicated the
heterogeneity of spatial distribution of heavy neeia topsoil of this petrochemical

industrial area.

11
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Fig.3. Spatial distribution of heavy metals in toip§<20cm)in Panlong petrochemical industrial

area (mg-kg )

3.3 Migration of the heavy metals versus soil depths

In general, the heavy metals mainly accumulatetbgsoil. In the topsoil, the
contents of Hg, Cd, As, Pb, Cu and Ni were 5.689,754.6, 454, 1030 and 335
mg-kg', respectively. The metals decreased with soil ldeparticularly from the

topsoil to the second soil layer (Fig. 4). In tlee@nd soil layer, the contents of heavy

12
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metals ranged from 0.28 to 117 mg-*kgvhich 65.07-99.22% decreased comparing
with that in the topsoil. But below the second $ayker, the contents of metals became
stable except As. This indicated that the migratbthe metals to deeper soil was in
low quantities. This was mainly attributed to ther working time of the industry
(from 2000 to 2007). Although the rainfall in Guaogg was heavy, the migration of
the metals to deep soil with the flushing was weéak.the other hand, soil textures
also affected the migration of the metals. It wevarse and fine santkxtures in top
and second soil layers, which leads to the mignatb metals in high quantities.
Below the second soil layer, there was no obvidwsge for Hg (S46), Cd (S46), Pb
(S76), Cu (S95) and Ni (S103). This was becaustheffine sand-texture of the
second layer versus muddy silt and silt-textureshef third and fourth layers. The
permeability coefficient of muddy silt and silt werelatively small, prohibiting
metals from migrating to the deeper soil layerst #Bu As (S79), the content in the
third soil layer was 3.67 higher than that in teeand layer which was different from
other metals. This may be affected by the latarltration of Lianhuashan River,
which was quite close S79. The groundwater at 889&s partly from Lianhuashan
River with a level of 1.72 m. There were six watighe factory. As was detected with
a high concentration of 110 ug*lin Well#2 adjacent to S79, while the concentration
of As in other wells were relatively low (Supponféormation Table 4).

However, the migration of the heavy metals to thepdsoil layers is affected by
various environmental factors, such as the redoxlitions, pH, contents of ions, and
organic matters content of soil (Gutiérrez et 2016). Some of metals may form
complexes with the solil particles (He et al., 20G4egory et al., 2018). Furthermore,
competition for adsorption sites between compleasd metals might affect the
adsorption of metals on soil particles. Therefdhe, future study will consider all
these factors to achieve a better understandindpeoimetals’ migration versus soil

depth.

13
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Fig.4. Contents of heavy metals versus soil depthanlong petrochemical industrial area

3.4 Sour ce speculation of heavy metals

Basically, the potential sources of the metalshat profiles, where the metals
contents were highest, can be reflected by PCA. fldw principal components
together accounted for 77.82% of the total varmatibhe contribution of the first
principal component (PC1) was 62.09% (Fig.5). Basedhe coordinate axi$C1

was mainly associated with the topsoil layers 06-34 S76-1, and S95-1. In other
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words, these soils had significant positive loadsP&1,indicating that they likely

originated from the same source. These samplieg siere located within the area of
the storage tanks, thus the metals may come frenetdkage of diesel, gasoline, and
fuel oil when transported. However, S79-1 was \@oge to the sampling sites which
were at the third and the second soil layers (ex8&03-2), indicating the metals at
these sampling sites may have a similar sourceshdsvn in Fig.4, the groundwater
levels were shallow for all the 5 sampling sitésndicated that the metals at these
sites may be affected by the lateral infiltratidrL@nhuashan River. Hence, it can be
speculated that the source of heavy metals at Ssi@Imay not only related to the
industrial activities in the factory but also reldtto Lianhuashan River as well. The
second principal component (PC2) explained 15.7%®total variation and showed
a significant loading of S103-1 and S103-2. S10&ated in the refinery area.

Refinery production processes involved the prodyand distilling of diesel and

gasoline, and the catalyzing, cracking or hydroinof crude oil. Therefore, heavy
metals in the topsoil of S103 may probably comenfithese production processes.
Hence, petrochemical industry should be focusedche@avy metal pollution in the

aspect of crude oil leakage and the industrial peadn process.
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Fig. 5. Principal component analysis of the heaeyais in Panlong petrochemical industrial area
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Note: 46-1, 46-2, 46-3, 46-4 indicated the sampling sites at the first, second, third and the fourth soil
layer, respectively. Likewise, 76-, 79-, 95- and 103- indicated the same meanings. In case of confusion,
Swas omitted before every sampling number.

3.5 Assessment of human health risks

The human health risks of the metals, which haeehighest contents in the
study area were assessed. As shown in Table 3ptalenon-cancer human health
risks of the metals induced through soil ingestisoil dermal, and soil inhalation
were 1.02x16, 1.86x10"°, and 3.14x18'a”, respectively, to adults and 6.825810
3.10x10' and 2.62x18%*, respectively, to children. While, the total canhealth
risks induced through soil ingestion, soil dernzaid soil inhalation were 6.75x10
2.51x10’, and 2.69x18° a® respectively for adults, and 1.80%301.67x10 and

8.97x10" a’, respectively for children. The total non-cancemlth risks of the
metals induced through the three exposure pathways 1.0%10°a'and 6.8810°®

a’ for adults and children respectively, which weiihim the limit of USEPA (2004).
However, the cancer risks for children induced hy (€.9%10° a') exceeded the

limit of USEPA (2004). Furthermore, the cancer risks induced gdi®lough soil
ingestion for children (1.8x1%™") also exceeded the limit of USER2004), but not
ICRP (5x1Ca*). For the cancer metals, the health risk inducgd\ was greater
than that induced by Cd. The non-cancer healthsriskchildren were 6.69 (soil
ingestion), 1.67 (soil derma), and 8.33 (soil ialiah) times higher than those to
adults, while the cancer health risks induced byaAd Cd to children were 2.67 (soil
ingestion), 6.67 (soil derma) and 3.33 (soil inhalg times higher than those to
adults. This finding may be attributed to the fet children have higher likelihood
to expose to heavy metals through hand-finger sigckihis is regarded as one of the
critical exposure pathways of soil heavy metalshitdren (White and Marcus, 1998).
Similar findings were reported by Rasmussen €Ral01) and Chen et al. (2015).

In terms of the total risks of human’ exposure &aVy metals, the exposure
pathways were ordered as: ingestion>derma>inhalaiibe non-cancer risks induced

by soil ingestion accounted for the highest prdparbf the total risks, which were
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1 89.76-99.2% and 97.21-99.79%, for adults and obildr respectively. The
2  cancer-risks induced by soil ingestion accounted812-99.94% and 89.21-99.98%,
3 for adults and children, respectively. This findiwgs consistent with the results of
4  previous researches (Chabukdhara and Nema, 2013y \&faal., 2019). Similarly,
5 Olawoyin et al. (2012) found that the human rigkduiced through ingestion was 23
6 times greater than soil inhalation in Niger delthese authors also pointed that the
7 human risks induced through dermal contact wam8digreater than ingestion of soil.
8 Likewise, Boban et al. (2015) found that the dermabkorption was the most
9 important exposure pathway for As, Cd, Cu, and &ti dhildren. These difference
10  might be attributed to different calculation forrasl For instance, Olawoyin et al.
11 (2012) employed hazard index (HI) to assess thitesks.
12 Table 3. Human health risks to heavy metals’ expolurough different pathways in Panlong
13 petrochemical industrial area
Ingestion Derma Inhalation Health Risks
Adults Children Adults Children Adults Children Adults Children
Cd 1.13E-10 7.52E-10 9.00E-13  1.50E-12 6.64E-15 5.53E-14 1.14E-10 7.54E-10
As 2.67E-09 1.78E-08 2.13E-11  3.55E-11 1.57E-13.31E-12 2.69E-09 1.78E-08
Non-cancer Hg 2.75E-10 1.83E-09 3.13E-11 5.22E-11 5.66E-14.72E-13 3.06E-10 1.89E-09
risks (R Pb 1.89E-09 1.26E-08 1.01E-10 1.69E-10 1.11E-13.28E-13 1.99E-09 1.28E-08
Ni 2.46E-10 1.64E-09 7.26E-12 1.21E-11 1.40E-14.17E-13 2.53E-10 1.65E-09
Cu 5.04E-09 3.36E-08 241E-11 4.02E-11 3.11E-12.59E-10 5.09E-09 3.39E-08
Total 1.02E-08 6.82E-08 1.86E-10 3.10E-10 3.14E-11  2.62E-10 1.05E-08 6.88E-08
Cd 2.46E-07 6.56E-07 1.22E-10 8.14E-11 1.49E-11 E-98 2.46E-07 6.56E-07
C -
. kan::‘:) As 4.29E-07 1.14E-06 2.51E-07 1.67E-07 2.54E-18.47E-10 6.80E-07 1.31E-06
ISKS
Total 6.75E-07 1.80E-06 2.51E-07 1.67E-07 2.69E-10 8.97E-10 9.26E-07 1.97E-06
14
15 4. Conclusions
16 This study investigated the spatial distributionhefavy metals and the related
17  potential health risks to humans in a retired pdtemical industrial area in
18  Guangzhou, South China. Based on our study, theectsnof heavy metals in topsoill
19  were all below the limits of Land use of Categbmyf China’s national standards
20 (GB36600-2018). The spatial distribution of heavgtats in topsoil was obviously
21 heterogeneous and largely attributed to the in@stctivities involving in refining of
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the crude oil and leakage of the oil. Lateral trdilion of Lianhuashan River may also
have an influence on the distribution of the metdlse cancer risk solely induced
through soil ingestion for children exceeded tmeitliof USEPA (1& a). This study
indicated that not only petroleum hydrocarbon Heb deavy metals can cause soil
contamination in an industrial area. It providesmavel cognition for the study of
contamination in petrochemical industries. Therefappropriate measures have to be
taken to substantially improve the soil quality arduce the health risks to the local
humans. It is worth mentioning that the total riflksn a sum of single metals in this
study might be lower than the actual risks, congigesome unknown synergy effects
among various heavy metals. Consequently, the gyneffects of the metals need

further attention in terms of the assessment ofdruhealth risks in the future.
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1. The spatia distribution of heavy metals was related to the industrial production

process.

2. Petroleum refining and transshipment were the main processes that cause

contamination of soil heavy metals.

3. The migration of heavy metals versus soil was not only related to the industria

activities but also affected by the lateral infiltration of theriver.

4. Cancer risks solely induced by As through soil ingestion to children exceeded the
limit of USEPA.
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