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ABSTRACT ARTICLE HISTORY
Comprehensive information on heavy metals in coastal waters at Received 12 May 2019
national scale of China is limited. Therefore, this study investigated Revised manuscript
the distribution, pollution, and ecological-health risks of heavy met-  accepted 17 June 2019
als in coastal waters along 18,000 km coastline of China. Total 13 tar-

get heavy metals jn .coastal' waters along coastling of China. showed heavy metal; coastal
drastic spatial variations with average concentrations ranging frqm regions; ecological risks;
.14 (Cd) to 136.26 (Cu) ug/L. Cu was the dominant heavy metal with health risks; source
the maximal concentration of 1485.92 ug/L. Three methods including apportionment
heavy metal pollution index (HP/), Nemerow index (NI), and contam-

ination degree (CD) were adopted to explore heavy metal pollution.

HPI obtained the worst-case evaluation results to illustrate that heavy

pollution occurred at over 50% of sampling sites. Anthropogenic

sources were the main sources of heavy metals in the coastal waters.

Approximately 28.13% and 9.38% of sampling sites illustrated consid-

erable and very high ecological risks, respectively. Metals including

Cu, As, and Hg were the main pollution and risk contributors. Heavy

metals in coastal waters posed high cancer risks and unacceptable

non-cancer risks to both adults and children. Therefore, effective

control of heavy metals is necessary for regional sustainability and

well-beings of residents in coastal regions of China.

KEYWORDS

Introduction

Coastal regions, possessing several geomorphological features accompanying with spe-
cific dynamics (Carapugo et al. 2016), play critical functions for human society and eco-
systems (Lewison et al. 2016). Approximately 40% of global population lived in coastal
regions in 2005 (Agardy and Alder 2005), and same in China until now (Meng et al.
2017). Covering 13% of the total landmass in China (Meng et al. 2017), coastal regions
are disturbed by extensive anthropogenic activities in China. Therefore, pollution
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including heavy metal pollution in these regions has been frequently reported (Feng
et al. 2011; Wang et al. 2013; Xu et al. 2017).

Heavy metals, referred to metals or metalloids with a density larger than 5g/cm’ (Oves
et al. 2012), have attracted global attention due to inherent toxicity, nondegradability, per-
sistence, and frequent detection in different matrices (Ranjbar Jafarabadi et al. 2017; Toro
et al. 2016; Wang et al. 2013; Zhang et al. 2017). Heavy metals in coastal water significantly
affect water quality and aquatic ecosystem if their concentrations exceed certain thresholds
(Tueros et al. 2008). Moreover, heavy metals in aquatic system directly or indirectly play
critical role in human health owing to their bioaccumulation and biomagnifications through
food chain and carcinogenic effects (Zhang et al. 2017). Therefore, it is of urgent importance
to discuss issues on heavy metals in coastal waters.

China has one of the longest coastlines in the world and stretches from Liaoning
(53°30" N) in the north to Guangxi (18°15 N) in the south (Degger et al. 2016).
Although, pollution in some local coastal regions of China including Bohai Bay,
Laizhou Bay, and South China has become research hotspot (Feng et al. 2011; Wang
et al. 2013; Xu et al. 2017), comprehensive information on pollution in large-scale
region is still limited because most of research focused on local/small-scope areas. It is
necessary to obtain comprehensive and thorough information on heavy metal pollution
in coastal waters along Chinese coastline to provide basis for making environmental
protection policies.

Therefore, this study collected coastal water samples to analyze the concentrations of
typical heavy metals along typical coastline of China. The objectives of this study are to
determine the distribution of heavy metals in coastal water and discuss the potential
ecological-health risks posed by heavy metals in coastal waters. The final aim of this
study is to address research basis for sustainable development in coastal regions of
China and other countries.

Materials and methods
Study area, sampling, and analysis

Field sampling was carried out during November of 2017. Coastal water samples were
collected from four representative coastal regions in China including Yellow Sea Area
(Y1-Y11), Bohai Area (B1-B8), East China Sea Area (E1-E6), and South China Sea Area
(S1-S7; Figure 1). Sampling locations included different functional zones such as the
maricultural zones, bathing beaches, estuaries, and ports.

Surface coastal water samples were collected from .5m below the water surface using
1L pre-cleaned amber glass sample bottles. The water samples were filtered using
45 pum membrane filters (Pall Life Sciences, Ann Arbor, MI, USA) before analysis.
Water samples were analyzed using an Agilent7900 inductively coupled plasma mass
spectrometry (ICP-MS, Agilent Inc, USA). Concentrations of 13 typical heavy metals
including antimony (Sb), arsenic (As), cadmium (Cd), chromium (Cr), cobalt (Co), cop-
per (Cu), vanadium (V), lead (Pb), mercury (Hg), molybdenum (Mo), nickel (Ni), tin
(Sn), and zinc (Zn) were determined. Method detection limit (MDL) for As/Cd/Cr/Co/
Cu/Sb/V/Pb/Hg/Mo/Ni/Sn/Zn was 164/16/96/12/132/14/29/17/8/29/36/17/336 ng/L. Two
purewater samples spiked with standard mixture solution of target heavy metals were
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Figure 1. Location of sampling sites.

inserted for analysis series of every 5 real water samples to ensure quality control. The
recoveries of target heavy metals ranged from 92.4% to 114.3% to indicate that the ICP-
MS analysis was satisfactory for requirement of data quality.

Salinity of each water sample was determined by a portable refractometer (LH-Y100,
Lohand Biological, China). Concentrations of total nitrogen (TN) and total phosphorus
(TP) in coastal water samples were analyzed using a continuous flow analyzer
(AutoAnalyzer III, Seal, Germany). A total organic carbon analyzer (TOC-VCPH,
Shimadu, Japan) was used to measure total organic carbon (TOC).

The comparison on concentrations of heavy metals at different sites was evaluated
using analysis of variance (ANOVA) by calculating the least significant differences
(LSD, p=.01).

Correlation analysis and positive matrix factorization model

Pearson correlation coefficients were employed to determine the relationship between
water quality parameters and heavy metals. Correlation analysis was performed using
SPSS 19.0 (IBM, NY, USA).

Positive matrix factorization (PMF) was used to determine the possible sources of
heavy metals in coastal waters. The detailed information on PMF was provided by
USEPA (2014).
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Pollution assessment of heavy metals in coastal waters

The Nemerow index (NI), heavy metal pollution index (HPI), and contamination degree
(CD) were used to evaluate the pollution of heavy metals in coastal waters along
Chinese coastline.

NI was calculated according to the following equation (Liu et al. 2015; Vu et al.
2017):

where C; and §; refer to the measured concentration (ug/L) and assessment standard
concentration (ug/L) of the target heavy metal in coastal water; (C)mean and (& ) max
stand for the average value and maximal value of ( 1) among all target heavy metals.
Values of S; used in this study were set as the Class II rlevels of “Sea water quality stand-
ard of China (GB 3097-1997)” which targeted at aquaculture zones, bathing beaches,
sporting, or entertainment zones, and industrial water supply zones relating with human
consumption. Four pollution categories were given including insignificant pollution
(Class I, NI < 1), slight pollution (Class II, 1<NI < 2.5), moderate pollution (Class III,
2.5<NI<7), and heavy pollution (Class IV, NI>7) according to evaluation criterion
(Liu et al. 2015; Vu et al. 2017).
HPI model was given by the following equation (Qu et al. 2018):

é; ( x 100) (&)

>

i=1

HPI =

Dl

where k is a proportionality constant and set as 1 (Qu et al. 2018) and » represents the
numbers of target heavy metals. Comprehensively comparing the current criteria (Edet
and Offiong 2002; Qu ef al. 2018), this study adopted the following evaluation catego-
ries: low pollution (Classes I, HPI < 15), moderate pollution (Class II, 15<HPI < 30),
moderate-to-heavy pollution (Class III, 30<HPI<100), and heavy pollution (Class
IV, HPI > 100).
The following equation showed the calculation of CD (Sharifi et al. 2016):
n CI
CH)Aszzsi

i=1

Sharifi et al. (2016) also provided the evaluation criterion: low pollution (Classes I,
CD < 6), moderate pollution (Class II, 6<CD < 12), considerable pollution (Class III,
12<CD < 24), and very heavy pollution (Class IV, CD > 24).

Ecological risk assessment of heavy metals in coastal waters

The potential ecological risks posed by heavy metals in coastal waters were evaluated
using the following ecological risk index (ERI) model (Sharifi et al. 2016):
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n Ci
ERI = Z Tix <
i=1 !

where T; is the potential ecological risk coefficient of a target heavy metal. The values
of T; for all target heavy metals were selected from the literatures (Hakanson 1980;
Sharifi et al. 2016). Sharifi et al. (2016) listed the ranking criterion for ecological risks:
low risk (ERI<110), moderate risk (110<ERI<200), considerable risk
(200<ERI < 400), and very high risk (ERI > 400).

Heath risk assessment of heavy metals in coastal waters

The health risks were evaluated using cancer risks and hazard quotients by the following
equations (USEPA 2004):

SF EV x ED x EF x SA  SF,

= DAevent X X

GIABS BW x AT GIABS
EV x ED x EF x SA SFo

BW < AT " GIABS

CR(individual) = DAD x

= Kp X CW X tevent X

e 1
HQ(lnd1V1dual) = DAD x m = DAevent
EV x ED x EF x SA 1
BW x AT RfDo x GIABS
EV x ED x EF x SA 1

= Kp X CW X tevent X

BW x AT RfDo x GIABS
CR =) _ CR(individual)

HQ = Z HQ(individual)

where DAD and DA.yen: are absorbed dose by dermal contact and absorbed dose of
each event, respectively; SFq represents oral slope factor; GIABS is the fraction of chem-
ical absorbed in gastrointestinal tract; RfDo refers to oral reference dose; EV, ED, and
EF represent the event frequency, exposure duration, and exposure frequency, respect-
ively; SA refers to skin surface area; BW means body weight; AT is average lifespan; Kp
refers to dermal permeability coefficient of pollutant; Cy, is concentration of pollutant
in coastal water; foen: represents event duration. The values of parameters were
obtained from the references (Akhbarizadeh et al. 2016; IRIS 2018; Ranjbar Jafarabadi
et al. 2017; Sarria-Villa et al. 2016; USEPA 2004, 2016). The values of parameters were
listed in Table 1. Based on ranking criterion (Ge et al. 2013), cancer risks were catego-
rized into five levels including very low (CR <1 x 107°), low (1 x 107 °<CR<1x107%),
moderate (1 x 107 *<CR <1 x 107?), high (1 x 10 *<CR <.1), and very high (CR>.1).
Unacceptable threshold of non-cancer risks was set as 1 (Qu et al. 2018; Zhang
et al. 2017).
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Results and discussion
Occurrence and distribution of heavy metals in coastal waters

Statistical summary on concentrations of heavy metals in coastal waters was shown in
Table 2. The average concentrations of heavy metals ranged from .14 (Cd) to 136.26
(Cu) pg/L. Significant differences in concentrations of heavy metals were proved by
ANOVA results. Cu was the dominant heavy metal in coastal waters with the concen-
trations ranging from 6.24 (at S2) to 1485.92 (at B5) ug/L, illustrating the most signifi-
cant spatial variation. As surprisingly showed high concentrations varying from 4.20 (at
S2) to 112.64 (at B2) ug/L with the average value of 78.08 ug/L. Zn and V also showed
the relatively high average concentrations. The minimal/maximal concentrations of Zn
and V occurred at Y5/Y3 and S2/B5, respectively. Concentrations of Mo varied from
1.91 (at S2) to 14.35 (at B5) ug/L, showing the relatively low fluctuation in contrast
with Cu, Ni, Zn, Co, V, Cd, Sn, Sb, Hg, and Pb. Except E4 and S2 at which Ni was not
detected, concentrations of Ni ranged from 2.48 (Y1) to 46.68 (at B5) ug/L. Except Y4
and Y6 at which Pb was not detected, concentrations of Pb were in the range of .02 (at
Y3)-5.67 (at Y5) pug/L. Concentrations of Cr were in the range of 1.36 (at $7)-4.68 (at
B5) ug/L, also exhibiting relatively low fluctuation similar to Mo. Concentrations of Hg
ranged from .006 (at E3) to 1.68 (at Y8) ug/L at sampling sites except Y9, Y10, E5, E6,
S1, and S3-S7. The minimal and maximal concentrations of Cd occurred at B5 and E4,
respectively. In summary, distribution of heavy metals exhibited drastic spa-
tial variations.

The maximal average concentration of many target heavy metals (Cr, Co, Ni, Cu, As,
Mo, Cd, Sn, Sb) in coastal waters occurred in Bohai Area. The maximal average concen-
tration of V, Zn, and Hg in coastal waters occurred in Yellow Sea Area while that of Pb
occurred in South China Sea Area. Average concentration of Cr, As, and Mo in coastal
waters followed the order of Bohai Area> Yellow Sea Area>East China Sea
Area > South China Sea Area while that of Co, Ni, and Cu followed the order of Bohai
Area > Yellow Sea Area > South China Sea Area > East China Sea Area. Average con-
centration of V and Zn in coastal waters followed the order of Yellow Sea Area > Bohai
Area > South China Sea Area > East China Sea Area while that of Cd and Sb followed
the order of Bohai Area>East China Sea Area>South China Sea Area> Yellow
Sea Area.

Concentrations of several heavy metals including Cr, Cd, Ni, Zn, and Pb in coastal
waters of this study were lower than those in surface water near Yeongil Bay, Korea

Table 2. Statistical summary on salinity, TOC, TN, TP, and heavy metal concentrations in coastal
waters (ug/L for all heavy metals; 9%, for salinity; mg/L for TOC, TN, and TP).

\Y Cr Co Ni Cu Zn As Mo Cd Sn Sb Hg Pb salinity TOC TN TP

Mean 29.44 255 .92 1359 136.26 3242 78.08 10.09 .14 39 138 .56 2.08 26 6.32 193 .05
SE 28 .14 07 139 4552 273 382 59 01 .06 .13 .10 .26 2 98 .15 .01
Median ~ 25.55 227 .89 1335 6052 2738 8259 11.16 .13 .29 122 44 176 30 450 1.97 .04
Minimum  4.09 136 .21 BDL 6.24 1830 420 191 .02 .03 .43 BDL BDL 2 247 .56 .01
Maximum 59.47 4.68 1.68 46.68 148592 88.40 112.64 1435 .30 155 435 168 567 35 2942 387 .17

Note: TOC, TN, and TP refer to total organic carbon, total nitrogen, and total phosphorus; SE means standard error; BDL
means below the detection limit.
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(Kim et al. 2014). Concentrations of Cd and Co in coastal waters of China (this study)
were lower than those in Sagami River and Bay of Japan (Takata et al. 2012).
Concentrations of Cd, Cr, Ni, and Pb in coastal waters of SW Gulf of California coast
were higher than those of this study (Jonathan et al. 2017) while concentrations of Pb
and Cd in coastal waters of this study were comparable with those in coastal regions of
South-Western Sardinia, Italy (Cherchi et al. 2009).

Heavy metal pollution along Chinese coastline

Pollution of individual heavy metals including Cr, Ni, Cu, Zn, As, Cd, Hg, and Pb
was evaluated by comparing corresponding Class II standards of “Sea water quality
standard of China (GB 3097-1997)” which only listed these metals. Concentrations of
Cd and Cr in coastal waters were much less than Class II levels of 5 (Cd) and 100
(Cr) ug/L, respectively. Concentrations of Pb at B5 and S1 exceeded its standard
(5ug/L) while those at the remaining sites were less than quality standard.
Concentrations of Zn at 3 sites (B5, Y3, and S1) exceeded its standard (50 ug/L) while
those at the remaining sites were less than quality standard. Cu and As showed sig-
nificant pollution since concentrations of them at 30 sites exceeded Class II stand-
ards. Concentrations of Ni at 25 sites exceeded its standard (10 ug/L) while those of
Hg at 16 sites exceeded the Class II standard (.2 pug/L). Heavy metals including Cu,
As, Ni, Hg, Zn, and Pb generally caused pollution in coastal waters to differ-
ent extents.

Three methods were used to evaluate the comprehensive pollution caused by Cr,
Ni, Cu, Zn, As, Cd, Hg, and Pb since only these 8 metals possessed assessment
standard concentrations (Figure 2). NI values ranged from 1.91 (at S2) to 106.00 (at
B5). Based on NI ranking criterion, total 6, 14, and 12 out of 32 sampling sites
exhibited slight, moderate, and heavy pollution, respectively. NI used average and
maximal values of i for evaluation so that heavy metals possessing the hlghest
value would become 'the dominant pollution contributor. Metalloid As served as the
predominant contributor of pollution at sampling sites Y1, Y10, E1, E2, E3, and S7.
Hg was the main contributor of pollution at sampling sites of B1l, E4, and S2. Cu
served as the predominant contributor of pollution at the remaining sites, followed
by As and Hg.

HPI values of sampling sites varied from 7.39 (at Y10) to 787.98 (at Y8).
Approximately 25%, 18.75%, 3.13%, and 53.13% of sampling sites showed low, moder-
ate, moderate-to-heavy, and heavy pollution, respectively. Cu served as the predominant
pollution contributor of 13 sampling sites (B5, B7, Y9, Y10, E3, E5, E6, S3, $4, S5, S6,
and S7) while Hg was the main pollution contributor for the rest of sampling sites.
Heavy metal pollution assessed by HPI was more serious than that evaluated by NI.

CD values ranged from 4.8 (at S2) to 158.78 (at B5). Based on CD ranking criterion,
approximately 2, 15, 5, and 10 out of 32 sampling sites illustrated low, moderate, con-
siderable (heavy), and very heavy pollution, respectively. Cu was the main pollution
contributor for most of sampling sites. Heavy metal pollution assessed by CD was also
more serious than that evaluated by NI
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Figure 2. Heavy metal pollution of coastal waters using different evaluation methods. Classes II, lll,
and IV of Nemerow index represent slight, moderate, and heavy pollution, respectively; Classes I, I, Ill,
and IV of heavy metal pollution index refer to low, moderate, moderate-to-high, and heavy pollution,
respectively; Classes |, Il, lll, and IV of contamination degree stand for low, moderate, considerable,
and very heavy pollution, respectively.

In general, Yellow Sea Area and Bohai Area showed more serious heavy
metal pollution than East China Sea Area and South China Sea Area. The
most serious heavy metal pollution occurred in the region near B5. Northern
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Chinese coastline needs urgent and effective heavy metal pollution control
and management.

Possible sources of heavy metals in coastal waters

Pearson correlation coefficients were used to analyze the potential relationship
among heavy metals and water quality parameters (Table 3). Significantly positive
relationship existed between every two metals of V, Cr, Co, Ni, Cu, and Mo, indicat-
ing that these metals might originate from the same source. Sn was significantly
related with V and Sb at p < .01 while Pb was significantly related with Hg and Sb at
p <.01. Cu was positively related with Zn and negatively related with Cd at p <.05
while Hg was also related with Cr, Co, and Sn at p <.05. Salinity was significantly
related with V, Cr, Co, Ni, Mo, and Sn while TOC was significantly related with Co,
Mo, Sn, Sb, and Pb. TN was significantly related with As, Sn, and Hg while TP was
significantly negatively related with Hg. Complex relationship between heavy metals
illustrated that multiple sources might affect the distribution of heavy metals in
coastal waters.

Three possible sources were determined based on PMF analysis (Figure 3). Metals
including V, Co, Ni, Cu, As, Mo, and Cd were mainly controlled by Factor 3 that might
originate from discharge of industrial wastewater and sewage, agricultural runoff, and
mining inputs. Pb, Zn, and Sn were mainly from industrial wastewater and traffic
source (Factor 2) since these three metals frequently occurred in industrial wastewater
and Pb were also an important component of fuel. Hg was mainly controlled by Factor
1 that might be from combustion of fossil fuels and reverine inputs. Heavy metals in
coastal waters often concurrently originated from three possible sources, suggesting the
source complexity and challenge of effective pollution control. Three possible sources
were mainly triggered by the anthropogenic activities, illustrating that rational industry
planning is critical for sustainability of the coastal regions.

Potential ecological risks of heavy metals in coastal waters

Potential ecological risks of heavy metals were evaluated using ecological risk index
based on ranking criterion (Figure 4). Approximately 15, 5, 9, and 3 out of 32 sampling
sites illustrated low, moderate, considerable, and very high risk, respectively. Cu, Hg,
and As accounted for most of the ecological risks, serving as the dominant risk contrib-
utors for 14, 13, and 5 sampling sites, respectively. Sites B5, Y5, and Y8 exhibited very
high ecological risks, which corresponded with very high heavy metal pollution at the
same site. Ecological risks of heavy metals in 64% of sampling sites in Yellow Sea Area
were considerable or very high, more serious than those in the other areas. Accordingly,
approximately 50% of sampling sites in Bohai Area showed considerable or very high
ecological risks. South China Sea Area showed low (86%) or moderate (14%) ecological
risks of heavy metals, exhibiting the lowest risks among 4 sampling areas. Ecological
risks increased with more strict assessment standard concentrations (S;). Approximately
6, 7, 4, and 15 sites showed low, moderate, considerable, and very high risk, respectively
when Class I standards of “Sea water quality standard of China (GB 3097-1997)” were
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Figure 3. Factor fingerprints of heavy metals in coastal waters along Chinese coastline.
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Figure 4. Potential ecological risks posed by heavy metals in coastal waters. Classes I, II, lll, and IV
refer to low risk, moderate risk, considerable risk, and very high risk, respectively.

used as S; values to evaluate the risks, more serious than those assessed by Class II
standards. Ecological risk index method is usually employed to determine the potential
ecological risks posed by heavy metals in soils, sediments, and dusts (Barac et al. 2016;
Hakima et al. 2017; Trujillo-Gonzélez et al. 2016) while its application in risk assess-
ment on heavy metals in water especially coastal waters is limited. Therefore, this study
provided new insight on ecological risks posed by heavy metals in coastal waters along
Chinese coastline. Effective strategies should be proposed to control potential ecological
risks of heavy metals in Chinese coastal waters.



HUMAN AND ECOLOGICAL RISK ASSESSMENT: AN INTERNATIONAL JOURNAL 13

Potential health risks of heavy metals in coastal waters

Heavy metals in coastal waters posed potential health risks mainly through dermal con-
tact. Therefore, health risks of heavy metals were evaluated using cancer risks and non-
cancer risks (Figure 5). Cancer risks were in the range of 8.71 x 10 °-8.32 x 10~ for
adults and 3.09 x 107>-2.96 x 10~" for children, respectively. Heavy metals in coastal
waters of the study area exerted high cancer risks for adults at all sampling sites while
they posed high and very high cancer risks for children at 50% of sampling sites,
respectively. Cancer risks for children were usually several times those for adults, sug-
gesting that children are more susceptible to hurt of heavy metals. V, Cr, As, Ni, and
Cu were the main contributors for cancer risks, accounting for 90.98-98.60% of can-
cer risks.

Hazard quotients were in the range of 6.44-32.12 for adults and 22.90-114.13 for
children, respectively. Hazard quotients for adults and children all exceeded the
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Figure 5. Cancer risks (a) and non-cancer risks (b) posed by heavy metals in coastal waters.
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unacceptable threshold of 1.0, suggesting that non-cancer risks posed by heavy metals
in coastal waters were high for human beings, especially children. Elements including
As, Cr, V, Hg, and Sb were the main contributors for non-cancer risks, accounting for
93.96-98.88% of non-cancer risks.

Heavy metals in coastal waters along coastline of China exerted high health risks for
human beings. Therefore, effective control of heavy metals is necessary for regional sus-
tainability and well-beings of residents.

Conclusions

Total 13 heavy metals were detected in coastal waters along Chinese coastline with sig-
nificant spatial variations. Cu was the dominant heavy metal with the concentrations
ranging from 6.24 to 1485.92 ug/L. Heavy metal pollution index approach among three
assessment methods obtained the worst-case evaluation results, showing that heavy pol-
lution of heavy metals in coastal waters occurred at over 50% of sampling sites. Metals
including Cu, As, and Hg were the main pollution contributors. Anthropogenic sources
such as industrial wastewater, sewage, traffic, and fuel combustion were the main sour-
ces of heavy metals in the coastal waters. Taking Class II levels of “Sea water quality
standard of China (GB 3097-1997)” as assessment standards, approximately 46.88%,
15.63%, 28.13%, and 9.38% of sampling sites illustrated low, moderate, considerable,
and very high ecological risks, respectively. Cu, Hg, and As also accounted for most of
the ecological risks. Heavy metals in coastal waters posed high cancer risks for adults at
all sampling sites while they exerted high and very high cancer risks for children at 50%
and 50% sampling sites. Heavy metals posed unacceptable non-cancer risks for both
adults and children. Therefore, heavy metal pollution control in the coastal regions of
China is in urgent need.
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