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Abstract Coastal sediment is a vital habitat for aquatic and
marine life in coastal ecosystem. However, urbanization and
economic development in coastal areas have resulted in envi-
ronmental problems globally. Due to coastal development
such as new industrial facilities and commercial port expan-
sion, anthropogenic metals are introduced to the adjacent
areas. Therefore, metal pollution in coastal areas is one of
the focused environmental concerns. Sediment quality in
coastal zone reflects the long-term environmental status be-
cause it keeps a record of the development in the area. In this
review paper, sediment metal concentrations in 52 selected
sites worldwide are summarized for evaluation of the coastal
environmental quality. The results from this study can be ap-
plied to science-based policy formulation and ecological
restoration/rehabilitation practices in an integrated coastal
zone environmental management.
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Overview

Metals with different speciations and oxidation states are
naturally present in the earth crust [1]. Depending on the
rock type, geophysical condition, and geographical loca-
tion around the world, metal concentrations in sediments,
soils, and water present as naturally weathered products
from the earth crust can be different from place to place
[2, 3]. Trace amount of metals is essential micronutrients
for the growth and metabolism of many organisms [4].
However, metals in excessive amount can be toxic to
organism and cause ecological toxicity [4]. Anthropogen-
ic metal input associated with the urbanization and in-
dustrialization in the twentieth century has increased dra-
matically in the coastal areas and is drawing increasing
attention around the world because about 80 % of the
pollutants from human activities are introduced into
coastal environment [1, 5]. Therefore, metal pollution
in the coastal sediments has become a major environ-
mental problem because it threatens the economic and
ecological value of the coastal area.

Coastal environment is a complex system involving
physical, chemical, and biological processes that play
important roles in metal biogeochemical cycle. However,
anthropogenic input has caused metal pollution in the
coastal area. The sources include mining, metal product
fabrication, solid waste disposal, fossil fuel combustion,
and municipal/industrial waste effluent [1, 6]. Industries,
such as foundry, paper processing, laundry, tannery, and
dye works, can emit toxic metals and discharge waste-
water to the adjacent estuaries and coastal areas [7, 8].
Acid rain can leach metals and increase the mobility of
toxic metals from pollutant sources to the environment
[9]. Once enter coastal environment, the toxic metals will
mainly accumulate in the sediments because of particle
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scavenging and settling. Therefore, high concentrations
of toxic metals are often found in sediments in many
industrialized urban coastal areas as a consequence of
industrialization and urban development with population
growth in the areas [10—14]. It is well known that fine-
grained sediments are the main carriers of the toxic
metals because of its higher specific surface area. Many
studies have shown that coastal sediments are repository
for metal pollutants and provide time-integrated records
of pollution history [11, 15-19]. This paper summarizes
the metal concentrations in coastal sediments in selected
areas and reflects the environmental pollution and the
potential ecological risk associated with urbanization
and economic development.

Metal Concentrations in Coastal Sediments

In this review, sediment metal concentrations in 52 se-
lected coastal sites around the world were summarized
based on the published literatures (Table 1 and Fig. 1).
These publications are based on original field studies in
six continents (Africa, Asia, Australia, Europe, North
America, and South America) including 20 countries,
e.g., France [36], Spain [42, 43], Greece [37, 38], Turkey
[24], Albania [35], Italy [39, 41], USA [7, 47-49],
French Guiana [53], Mexico [46], China [12, 26-28],
India [30, 31], Korea [29], Azerbaijan [23], Iran [23],
Kazakhstan [23], Russia [23], Fiji [34], Australia [33],
and Africa [20]. Table 1 summarizes sediment metal con-
centrations in selected areas around the world. Average
metal concentrations at each site range from 0.096 to
10.9 % for Al, 0.21-13.8 % for Fe, 3-81 kg ' for Ag,
0.04-998 mg kg ' for Cd, 1.0-463 mg kg ' for Cr, 0.5
604 mg kg ' for Cu, 0.01-1.8 mg kg ' for Hg, 0.4-4,
643 mg kg ' for Mn, 2-240 mg kg ' for Ni, 3-2,
369 mg kg ' for Pb, and 7-4,430 mg kg ' for Zn, re-
spectively (Table 1). The wide variations in toxic metal
concentrations reflect the different natural mineral com-
positions in the sediments as well as anthropogenic input
in some of these coastal areas.

Sediment Pollution Assessment

Excess amount of toxic metals in environment can cause
pollution problems in coastal areas. To evaluate metal
pollution in the sediments, metal enrichment factor (EF)
has been widely used as the assessment criteria to screen
sediment metal concentrations of environmental concern
(e.g., [7, 11, 12, 28, 55-60]). Because EF values can be
used to distinguish natural metal concentrations from
those of anthropogenic origin, it is widely used for
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sediment quality assessment (e.g., [7, 11, 12, 55, 57, 58, 60,
61]). Mathematically, it is expressed as (e.g., [62]):

(ﬁrel:e) Background

EF =

where Me is the metal concentration of concern,
(srde—) sample is the metal to Al or Fe ratio in the
sample, and (57%+) Background 1S the metal to Al or
Fe ratio in the background. Al and Fe are used here
as geochemical normalization elements because both
Al and Fe are the most abundant elements in the earth
crust [2, 3]. The metal background concentration should
be derived from the sampling site if available [63].
However, the background data are not readily available
in most of the cases. For metal EF calculation, when
the local metal background values are not available, the
upper continental crust values can be used as the back-
ground values [64-71]. In this case, metal concentra-
tions in the upper continental crust [3] were adopted
as alternatives for the background values.

Metal EF values indicate the extent of metal enrich-
ment in the sediments and can be used as sediment
assessment reference criteria [60, 72, 73]. As a simple
guideline, EF~1 indicates natural crustal origin, whereas
EF>10 suggests anthropogenic source [74]. Zhang and
Liu [60] also recommend that 0.5<EF<1.5 suggests that
the metals may be entirely from crust natural weathering
processes, whereas EF>1.5 indicates that a significant
portion of the metal is delivered from non-crustal mate-
rials. In another classification, metal EF values are di-
vided into five categories based on the degree of enrich-
ment, i.e., (1) EF<2 suggests deficiency to minimal en-
richment, (2) EF=2-5, moderate enrichment, (3) EF=5-
20, significant enrichment, (4) EF=20-40, very high
enrichment, and (5) EF>40, extremely high enrichment
[72].

The estimation of metal EF relies on the data avail-
ability of the geochemical normalization element in the
site of interest. We managed to estimate the metal EF
values for 38 selected coastal areas around the world.
The results show that metal EF values vary widely from
minimal to extremely high enrichment (Fig. 2). Specif-
ically, the EFs calculated from the average metal con-
centrations at each site range from 7.2 to 43 for As (n=
9), 0.5-1,582 for Cd (n=26), 0.1-15 for Cr (n=31),
0.07-29 for Cu (n=34), 0.02-5 for Mn (n=26), 0.3—
56 for Ni (n=33), 0.6-130 for Pb (n=31), and 0.8—44
for Zn (n=38), respectively (Fig. 2).

As shown in Table 2, cases of moderate to high
metal enrichment (EF>2) account for 19-100 %, de-
pending on the metals, of which relatively high
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Fig.

1 Selected sites of estuaries and coastal areas worldwide

percentages of enrichment occur to As (100 %), Cd

(73

%), Ni (58 %), and Cr (55 %). The results show

that metal EFs reflect the impact of external metal
sources on the sediment quality. Metal enrichment
among the selected coastal areas is shown in Fig. 2
and summarized below:

1.

As—Barents Sea surface sediments (Russia) and Candarli
Gulf (Greece) show extremely high enrichment of As
(EF>40), and Caspian Sea, Gulf of Cadiz (Spain), Bells
Creek catchment (Australia), and California tidal salt marsh
(USA) show significant enrichment of As (5<EF<20).
Cd—Suez Gulf (Egypt), Alang—Sosiya coast intertidal
zone (India), Oum er Rbia (Morocco), and Mediterranean
Coastal Region (Israel) show extremely high enrichment
of Cd (EF>40). Sebou (Morocco), Bou Regreg (Moroc-
co), and Loukkos (Morocco) show very high enrichment
of Cd (20<EF<40). Marmara Sea (Turkey), Hudson Riv-
er (USA), Gulf of Cadiz (Spain), Masan Bay (Korea),
Gulf of Mannar (India), and California tidal salt marsh
(USA) show significant enrichment of Cd (S<EF<20).
Caspian Sea (Russia) and Yangtze River intertidal zone
(China) show moderate enrichment (2<EF<5) of Cd.
Cr—Gulf of Mannar (India), Suez Gulf (Egypt), Lower
Paraiba do Sul estuary (Brazil), and Adriatic Albanian
coast (Montenegro) show significant enrichment (5S<EF
<20) of Cr. Caspian Sea, Marmara Sea (Turkey), Gulf of
Cadiz (Spain), Taranto Gulf (Italy), Yangtze River inter-
tidal zone (China), Barents Sea (Russia), California tidal
salt marsh (USA), and Alang—Sosiya coast intertidal zone
(India) show moderate enrichment (2<EF<5) of Cr.

@ Springer

4.

6.

(%
Suva Harbour
ells’ k Cat ent
e

Cu—Suez Gulf (Egypt) and Odiel River (Spain) show
very high enrichment of Cu (20<EF<40). Lower Paraiba
do Sul estuary (Brazil) shows significant enrichment (5<
EF<20) of Cu. Oum er Rbia (Morocco), Adriatic Albani-
an coast (Montenegro), Hudson River (USA), Gulf of
Cadiz (Spain), Marmara Sea (Turkey), Sebou (Morocco),
Suva Harbor (Fiji), Loukkos (Morocco), Alang—Sosiya
coast intertidal zone (India), Caspian Sea (Russia), and
Taranto Gulf (Italy) show moderate enrichment (2<EF<
5) of Cu.

Mn—ULower Paraiba do Sul estuary (Brazil) shows signif-
icant enrichment (5<EF<20) of Mn (Fig. 2). Suez Gulf
(Egypt), Adriatic Albanian coast (Montenegro), and
Caspian Sea (Russia) show moderate enrichment (2<EF
<5) of Mn.

Ni—Suez Gulf sandy sediment (Egypt) shows very high
enrichment (20<EF<40) of Ni. Suez Gulf muddy sedi-
ment of (Egypt), Colorado River Delta (USA), Oum er
Rbia (Morocco), Adriatic Albanian coast (Montenegro),
Marmara Sea (Turkey), Sebou (Morocco), and Bou
Regreg (Morocco) show significant enrichment (S<EF<
20) of Ni (Fig. 2). Loukkos (Morocco), Upper Gulf of
California (USA), Caspian Sea (Russia), Gulf of Mannar
(India), Taranto Gulf (Italy), tidal salt marsh in California
(USA), Candarli Gulf surficial sediments (Greece),
Caspian Sea (Kazakhstan), Caspian Sea (Iran), Caspian
Sea (Azerbaijan), and Alang—Sosiya coast intertidal
(India) show moderate enrichment (2<EF<5) (Fig. 2).
Pb—Odiel River (Spain) and sandy sediment of Suez
Gulf (Egypt) show extremely high enrichment (EF>40)
of Pb. Muddy sediment of Suez Gulf (Egypt) shows very
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Fig. 2 Wide variations of metal (Cd, Cr, Cu, Ni, Pb, and Zn) enrichment factors (EF) reflect different sources and enrichment levels of metals in the

sediments from different regions. High enrichment (EF>2) suggests various degrees of metal pollution

intertidal (India), and California tidal salt marsh (USA)

show moderate enrichment (2<EF<5) of Pb.
8. Zn—Odiel River (Spain) shows extremely high enrich-

high enrichment (20<EF<40) of Pb. Mediterranean

Coastal Region (Israel), Hudson River (USA), Marmara
Sea (Turkey), Taranto Gulf (Italy), Gulf of Cadiz (Spain),

Suva Harbor (Fiji), Candarli Gulf surficial sediments

ment (EF>40) of Zn. Suez Gulf sandy sediment (Egypt)
shows very high enrichment (20<EF<40) of Zn. Lower

(Greece), Gulf of Mannar (India), Alang-Sosiya coast
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Table 2 Percentage of coastal areas that have different degrees fo potential contamination caused by As, Cd, Cr, Cu, Mn, Ni, Pb and/Zn

Elements Total cases Percentage of coastal areas with EF values of Total
(n) <2 2~5 5~20 20~40 >40
As 9 0.0 0.0 77.8 11.1 11.1 100
Cd 26 26.9 23.1 19.2 11.5 19.2 100
Cr 31 452 323 22.6 0.0 0.0 100
Cu 34 55.9 324 2.9 8.8 0.0 100
Mn 26 80.8 15.4 3.9 0.0 0.0 100
Ni 33 42.4 30.3 18.2 6.1 3.0 100
Pb 31 58.1 323 0.0 3.2 6.5 100
Zn 38 68.4 18.4 7.9 2.6 2.6 100

Five categories of metal enrichment are defined based on metal enrichment factor (EF): 1) deficiency to minimal enrichment (EF<2), 2) moderate
enrichment (EF=2-5), 3) significant enrichment (EF=5-20), 4) very high enrichment (EF=20-40), and 5) extremely high enrichment (EF>40)

Paraiba do Sul estuary (Brazil), Suez Gulf muddy sedi-
ment (Egypt), and Oum er Rbia (Morocco) show signifi-
cant enrichment (5<EF<20) of Zn. Alang-Sosiya coast
intertidal (India), Loukkos (Morocco), Sebou (Morocco),
Gulf of Mannar (India), Hudson River (USA), Bou
Regreg (Morocco), and Gulf of Cadiz (Spain) show mod-
erate enrichment (2<EF<5) of Zn (Fig. 2).

Metal Pollution and Ecological Impact

Ecotoxicity and biogeochemical circulation of metals in an
ecosystem are determined by the metal concentration that or-
ganisms are exposed to. When the metal concentration in sed-
iment exceeds certain threshold level, adverse biological ef-
fects frequently occur. At molecular level, excessive metal
accumulation in the organism might stimulate biological
counter stress processes such as induction of antioxidant en-
zymes, physiological impairment, and extra energy consump-
tion [75]. As a result, organism mortality rises continuously
when sediment metal concentrations increase [54].

To avoid adverse ecological effects from sediments, several
approaches have been developed to assess the metal hazard
potential to organisms as guidance for coastal ecosystem pro-
tection and restoration [54, 76, 77]. Generally, the potential
ecotoxicological risk of metals on organisms in the sediments
can be evaluated using the sediment guidelines (e.g., [54, 76,
78-80]). In order to better predict the toxicity of contaminants,
Long et al. [54] defined the effect range-low (ERL) and effect
range-median (ERM) system based on the compilation of
matching biological and chemical data from numerous model-
ing, laboratory, and field measurement in marine and estuarine
sediments. According to Long et al. [54], ERL is defined
based on the concentration when 10th percentiles of organ-
isms are influenced by the toxicity of a specific contaminant,

@ Springer

while ERM value is decided when 50th percentiles of organ-
isms are influenced by the toxicity of the contaminant in that
concentration. Three effect ranges of contaminant level could
be set up based on ERL and ERM. When the contaminant
concentration is below ERL, a very rare biological adverse
effect is anticipated, and when the concentration is between
ERL and ERM, an occasional biological adverse effect is ex-
pected. However, when the concentration is greater than ERM
value, a frequent biological adverse effect (>50 % chances)
could occur [54, 76, 78]. To evaluate the potential biological
adverse effect, hazard quotient (HQ) is one kind of single-
value estimate and is also the simplest method to estimate
toxicity potential of the selected pollutants in the sediments
[77, 81]. According to Urban and Cook [77], the HQ is de-
fined as

SCC

"% 506

(2)
where SCC is the sediment chemical concentration and SQG
stands for the concentration defined by the sediment quality
guideline. Both SCC and SQG are in milligram per kilogram.
Since ERL is more reasonably predictive of non-toxic condi-
tion (SQGs), the SQG is set at ERL levels: Cd=1.2, Cr=81,
Cu=34,Ni=20.9, Pb=46.7, and Zn=150 [54]. fHQ<O0.1, no
adverse effects are expected; if 0.1 <HQ<1, low potential haz-
ards are expected; in the range of 1.0<HQ<10, some adverse
effects or moderate hazards are probable; and when HQ>10,
high hazard potential is anticipated [81, 82].

As showed in Fig. 3, HQ values calculated from the aver-
age metal concentrations in the selected coastal sediments
range from 0.36 to 22 for As (n=13), 0.03 to 832 for Cd
(n=36), 0.01 to 6 for Cr (n=38), 0.01 to 18 for Cu (n=49),
0.07 to 12 for Hg (n=12), 0.01 to 12 for Ni (n=36), 0.06 to 51
for Pb (n=49), and 0.05 to 30 for Zn (n=53). The percentages
of the coastal areas facing various degree of hazard potential
from no adverse effects (HQ<0.1) to high hazard potential
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Fig. 3 Hazard quotients (HQ) of Cd, Cr, Cu, Ni, Pb, and Zn in the
sediments from the selected coastal areas. Moderate (1<HQ<10) to
high (HQ>10) hazard potential that can cause adverse biological effect
are anticipated in some coastal areas. Location numbers: / Suez Gulf
(mud), Egypt; 2 Suez Gulf (sand), Egypt; 3 Bou Regreg, Morocco; 4
Lagoon of Oualidia, Morocco; 5 Loukkos, Morocco; 6 Oum er Rbia,
Morocco; 7 Sebou, Morocco; 8 Caspian Sea, Azerbaijan; 9 Haihe River
Estuary, China; /0 Mingjiang Estuary, China; // Pearl River estuary,
China; /2 Port of Tianjin, China; /3 Western Bohai Bay, China; /4
Xiamen-Jinmen, China; /5 Yangtze River intertidal zone, China; /6
Yongding River estuary, China; /7 Alang-Sosiya coast intertidal zone,
India; /8 Gulf of Mannar, India; /9 Caspian Sea, Iran; 20 Mediterranean
Coastal Region, Israel; 2/ Caspian Sea, Kazakhstan; 22 Masan Bay,
Korea; 23 Caspian Sea, Russia; 24 Marmara Sea, Turkey; 25 Bells Creek
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catchment, Australia; 26 Suva Harbor, Fiji; 27 Cajarc Site, Lot
River, France; 28 Marcenac Site, Lot River, France; 29 Shoreface,
France; 30 Sinnamary mangroves, France; 3/ Temple Site, Lot River,
France; 32 Kaw mangroves, France; 33 Candarli Gulf, Greece; 34
Keratsini Harbor, Saronikos Gulf, Greece; 35 Gulf of Manfredonia,
Italy; 36 Naples City Port, Italy; 37 Taranto Gulf, Italy; 38 Adriatic
Albanian coast, Montenegro; 39 Barents Sea, Russia; 40 Estuary of
Huelva and adjacent Atlantic shelf, Spain; 4/ Gulf of Cadiz, Spain; 42
Odiel River, Spain; 43 Tees Estuary, UK; 44 Vancouver Harbor, Canada;
45 Baja California, California, USA; 46 California, Tidal salt marsh, US;
47 Colorado River Delta, US; 48 Hudson River, USA; 49 Oyster Rock
Landing salt marsh in Delaware, USA; 50 Upper Gulf of California, US;
51 Wolfe Glade Delaware salt marsh, USA; 52 Jacarepagua Basin, Brazil;
53 Lower Paraiba do Sul estuary, Brazil

0.01 -
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(HQ>10) are shown in Table 3. In most of the areas, only low
hazard potentials (0.1<HQ<1) are expected. However, As
(15 %) and Cd (14 %) show relative high percentage in hazard
potentials (HQ>10) (Table 3). The potential adverse biological
effects caused by each individual metal are summarized below:

1.

Table 3 Percentage of coastal

As—High hazard potential (HQ>10) caused by As is
anticipated in Estuary of Huelva and adjacent Atlantic
shelf (Spain) and Keratsini Harbor, Saronikos Gulf
(Greece); moderate hazard potential (1<HQ<10) in Ba-
rents Sea (Russia), Candarli Gulf (Greece), Gulf of
Manfredonia (Italy), Naples City Port (Italy), Caspian
Sea (Iran and Kazakhstan), California tidal salt marsh
(USA), and Gulf of Cadiz (Spain); and low hazard poten-
tial (0.1<HQ<1) in Caspian Sea (Kazakhstan and Russia)
and Bells Creek catchment (Australia) (Fig. 3).
Cd—High hazard potential (HQ>10) caused by Cd is
anticipated in Keratsini Harbor, Saronikos Gulf (Greece),
Cajarc Site, Lot River (France), Alang-Sosiya coast inter-
tidal zone (India), Temple Site, Lot River (France), and
Suez Gulf muddy sediment (Egypt); moderate hazard po-
tential (1<HQ<10) in Suez Gulf (Egypt), Tees Estuary
(UK), Estuary of Huelva and adjacent Atlantic shelf
(Spain), Oum er Rbia (Morocco), Sebou (Morocco),
Bou Regreg (Morocco), Loukkos (Morocco), and Masan
Bay (Korea); and low hazard potential (0.1<HQ<1) in
Hudson River (USA), Naples City Port (Italy), Marcenac
Site, Lot River (France), Gulf of Cadiz (Spain), Marmara
Sea (Turkey), California tidal salt marsh (USA), Vancou-
ver Harbor (Canada), Mediterranean Coastal Region (Is-
rael), Yangtze River intertidal zone (China), Adriatic Al-
banian coast (Montenegro), Xiamen-Jinmen (China),
Gulf of Mannar (India), Port of Tianjin (China), Haihe
River Estuary (China), Baja California (USA), Mingjiang
Estuary (China), Caspian Sea (Iran and Azerbaijan),
Western Bohai Bay (China), and Yongding River estuary
(China).

3.

Cr—Moderate hazard potential (1<HQ<10) caused by
Cr is anticipated in Keratsini Harbor (Greece), Adriatic
Albanian coast (Montenegro), Alang-Sosiya coast inter-
tidal (India), Tees Estuary (UK), Gulf of Mannar (India),
Baja California (USA), Jacarepagua Basin (Brazil), Low-
er Paraiba do Sul estuary (Brazil), Gulf of Cadiz (Spain),
Taranto Gulf (Italy), Caspian Sea (Azerbaijan), and
Caspian Sea (Iran); low hazard potential (0.1<HQ<1) in
Gulf of Manfredonia (Italy), Yangtze River intertidal
(China), Naples City Port (Italy), California tidal salt
marsh (USA), Masan Bay (Korea), Barents Sea (Russia),
Guiana shoreface sediments (France), Suez Gulf muddy
sediment (Egypt), Port of Tianjin (China), Vancouver
Harbor (Canada), Sinnamary mangroves (France), Haihe
River Estuary (China), Kaw mangroves (France), Odiel
River (Spain), Lagoon of Oualidia (Morocco), Western
Bohai Bay (China), Estuary of Huelva and adjacent At-
lantic shore (Spain), Marmara Sea (Turkey), Candarli
Gulf (Greece), Suez Gulf sandy sediment (Egypt),
Caspian Sea (Russia), Caspian Sea (Kazakhstan), Upper
Gulf of California (USA), and Colorado River Delta
(USA).

Cu—High hazard potential (HQ>10) caused by Cu is
anticipated in Odiel River (Spain) and Estuary of Huelva
(Spain); moderate hazard potential (1<HQ<10) in
Keratsini Harbor (Greece), Marcenac Site (France),
Alang-Sosiya coast intertidal (India), Vancouver Harbor
(Canada), Suez Gulf muddy sediment (Egypt), Naples
City Port (Italy), Tees Estuary (UK), Adriatic Albanian
coast (Montenegro), Cajarc Site in Lot River (France),
Hudson River (USA), Lower Paraiba do Sul estuary (Bra-
zil), Jacarepagua Basin (Brazil), Suva Harbor (Fiji), Gulf
of Cadiz (Spain), Sebou (Morocco), Taranto Gulf (Italy),
Gulf of Manfredonia (Italy), Bou Regreg (Morocco), Ma-
san Bay (Korea), Port of Tianjin (China), California tidal
salt marsh (USA), Wolfe Glade Delaware salt marsh
(USA), Pear River estuary (China), Lagoon of Oualidia

areas that have potential adverse Elements Total cases Percentage of coastal areas with HQ values of

effects caused by As, Cd, Cr, Cu,

Hg, Ni, Pb and/Zn (n) <0.1 0.1<HQ<1 1.0<HQ<10 HQ>10 Total
As 13 0.0 23.1 61.5 15.4 100
Cd 36 83 55.6 222 13.9 100
Cr 37 2.7 64.9 324 0.0 100
Cu 49 4.1 38.8 53.1 4.1 100
Hg 12 83 25.0 583 83 100
Ni 39 2.6 5.1 89.7 2.6 100
Pb 46 44 56.5 32,6 6.5 100
Zn 53 3.8 60.4 321 3.8 100

The hazardous quotient value (HQ) suggests no adverse effects (HQ<0.1), low adverse effects (0.1 <HQ<1),
moderate adverse effects (1.0<HQ<10), or high adverse effects (HQ>10)
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(Morocco), Oum er Rbia (Morocco), and Caspian Sea
(Iran); and low hazard potential (0.1 <HQ<1) in Suez
Gulf sandy sediment (Egypt), Loukkos (Morocco),
Caspian Sea (Azerbaijan), Yangtze River intertidal (Chi-
na), Lot River Temple site (France), Oyster Rock Landing
salt marsh in Delaware (USA), Haihe River Estuary (Chi-
na), Western Bohai Bay (China), Mingjiang Estuary (Chi-
na), Guiana shoreface sediments (France), Candarli Gulf
surficial sediments (Greece), Marmara Sea (Turkey),
Sinnamary mangroves (France), Xiamen-Jinmen (China),
Barents Sea (Russia), Baja California (USA), Caspian Sea
(Russia), and Caspian Sea (Kazakhstan). Hg—High haz-
ard potential (HQ>10) caused by Hg is anticipated in
Estuary of Huelva and adjacent Atlantic shelf (Spain);
moderate hazard potential (1<HQ<10) in Candarli Gulf
(Greece), Lagoon of Oualidia (Morocco), Sinnamary
mangroves (France), Gulf of Cadiz (Spain), Kaw man-
groves (France), Guiana shoreface sediments (France),
and Adriatic Albanian coast (Montenegro); low hazard
potential (0.1<HQ<1) in Caspian Sea and Barents Sea
(Russia) (Fig. 3).

Ni—High hazard potential (HQ>10) caused by Ni is an-
ticipated in Adriatic Albanian coast (Montenegro); mod-
erate hazard potential (1<HQ<10) in Alang-Sosiya coast
intertidal (India), Colorado River Delta (USA), Sebou
(Morocco), Bou Regreg (Morocco), Suez Gulf muddy
sediment (Egypt), Oum er Rbia (Morocco), Suez Gulf
sandy sediment (Egypt), Loukkos (Morocco),
Jacarepagua Basin (Brazil), California tidal salt marsh
(USA), Taranto Gulf (Italy), Caspian Sea (Iran), Caspian
Sea (Azerbaijan), Gulf of Manfredonia (Italy), Upper Gulf
of California (USA), Candarli gulf surficial sediments
(Greece), Vancouver Harbor (Canada), Tees Estuary
(UK), Marmara Sea (Turkey), Guiana shoreface sedi-
ments (France), Kaw mangroves (France), Port of Tianjin
(China), Haihe River Estuary (China), Pear] River estuary
(China), Yangtze River intertidal (China), Sinnamary
mangroves (France), Western Bohai Bay (China), Odiel
River (Spain), Gulf of Cadiz (Spain), Masan Bay (Korea),
Baja California (USA), Barents Sea surface sediments
(Russia), Gulf of Mannar (India), and Estuary of Huelva
(Spain); low hazard potential (0.1<HQ<1) in Caspian
Sea (Russia), Caspian Sea (Kazakhstan), and Estuary of
Huelva and adjacent (Spain).

Pb—High hazard potential (HQ>10) caused by Pb is an-
ticipated in Odiel River (Spain), Keratsini Harbor
(Greece), and Lot River Cajarc site (France); moderate
hazard potential (1<HQ<10) in Tees Estuary (UK), Estu-
ary of Huelva (Spain), Alang-Sosiya coast intertidal (In-
dia), Wolfe Glade Delaware salt marsh (USA), Naples
City Port (Italy), Lot River Marcenac site (France), Lot
River Temple site (France), Suez Gulf muddy sediment
(Egypt), Hudson River (USA), Suez Gulf sandy sediment

(Egypt), Taranto Gulf (Italy), Jacarepagua Basin (Brazil),
Lagoon of Oualidia (Morocco), Xiamen-Jinmen (China),
and Pearl River estuary (China); and low hazard potential
(0.1<HQ<1) in Suva Harbor (Fiji), Gulf of Cadiz
(Spain), Masan Bay (Korea), Mingjiang Estuary (China),
California tidal salt marsh (USA), Oyster Rock Landing
salt marsh (USA), Candarli Gulf surficial sediments
(Greece), Vancouver Harbor (Canada), Guiana shoreface
sediments (France), Yangtze River intertidal (China),
Kaw mangroves (France), Sinnamary mangroves
(France), Marmara Sea (Turkey), Haihe River Estuary
(China), Port of Tianjing (China), Western Bohai Bay
(China), Caspian Sea (Iran), Gulf of Manfredonia (Italy),
Gulf of Mannar (India), Barents Sea (Russia), Baja Cali-
fornia (USA), Mediterranean Coastal Region (Israel), and
Caspian Sea (Kazakhstan).

7. Zn—High hazard potential (HQ>10) caused by Zn is
anticipated in Lot River Cajarc Site (France) and Odiel
River (Spain); moderate hazard potential (1<HQ<10) in
Keratsini Harbor (Greece), Alang-Sosiya coast intertidal
(India), Lot River Temple site (France), Estuary of Huelva
(Spain), Tees Estuary (UK), Jacarepagua Basin (Brazil),
Naples City Port (Italy), Lagoon of Oualidia (Morocco),
Masan Bay (Korea), Lower Paraiba do Sul estuary (Bra-
zil), Hudson River (USA), Sebou (Morocco), Kaw man-
groves (France), Oum er Rbia (Morocco), Bou Regreg
(Morocco), Sinnamary mangroves (France), and Suez
Gulf sandy sediment (Egypt); and low hazard potential
(0.1<HQ<1) in Guiana shoreface sediments (France),
Vancouver Harbor (Canada), Lot River Marcenac site
(France), Suez Gulf muddy sediment (Egypt), Loukkos
(Morocco), California tidal salt marsh (USA), Gulf of
Cadiz (Spain), Suva Harbor (Fiji), Port of Tianjin (China),
Adriatic Albanian coast (Montenegro), Pearl River estu-
ary (China), Xiamen-Jinmen (China), Taranto Gulf (Ita-
ly), Mingjiang Estuary (China), Yangtze River intertidal
(China), Candarli Gulf surficial sediments (Greece),
Caspian Sea (Iran), Haihe River Estuary (China), Western
Hohai Bay (China), Caspian Sea (Azerbaijan), Gulf of
Manfredonia (Italy), Wolfe Glade Delaware salt marsh
(USA), Gulf of Mannar (India), Baja California (USA),
Oyster Rock Landing salt marsh (USA), Barents Sea
(Russia), Upper Gulf of California (USA), Marmara Sea
(Turkey), Colorado River Delta (USA), Bells Creek
Catchment (Australia), and Caspian Sea (Russia).

Discussion
Besides anthropogenic sources, metal accumulation and dis-

tribution in the estuary sediments are also influenced by the
interaction between metals and sediments. Therefore, factors
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such as sediment grain size, sediment surface dynamic equi-
librium, and exposure time can also influence the spatial ac-
cumulation of metals in marine sediments [7, 12, 46]. Among
all the 52 sites summarized in this review, seven major coastal
areas adjacent to highly industrialized and urbanized regions
were chosen to further investigate the major factors determin-
ing metal accumulation and spatial distribution in costal sed-
iments. These seven coastal areas including New York Har-
bor—Hudson River Estuary [7], Egypt Suez Gulf [20], China
Tianjin Port-Bohai Bay [12], India Gulf of Cambay [30],
Greece Saronikos Gulf [38], and Mexico Baja California
and USA California Gulf [46] were selected because detailed
information on the source and cause of metal distribution in
sediments were provided by the authors. The major sources of
metal contamination include upriver input (PCBs in Hudson
River estuary), urban wastewater runoff (New York Harbor,
Suez Gulf, Bohai Bay, Saronikos Gulf, and Baja California),
port transportation (Tianjin Port and Saronikos Gulf), and in-
dustrial wastes (Suez Gulf, Gulf of Cambay, and Saronikos
Gulf).

The enrichment level and spatial distribution of metals
along the coastal area in the selected sites varied with contam-
ination sources and the time of exposure. In the New York
Harbor—-Hudson River estuary coastal area, the distribution of
metal in sediments was mainly influenced by upriver source,
urban source, and sediment particle grain size. Silver was
identified as tracer of urban source contamination based on
correlation analysis [7] (Fig. 1). The sandy and muddy sedi-
ments in Gulf of Suez were analyzed separately, and metal
concentrations were different between the two because their
capacities to adsorb metals from water were different. In ad-
dition, metals in the sediments showed three different accu-
mulation clusters (Cr, Cu, Fe, and Mn; Cd and Pb; and Co),
possibly because the metals were from various contamination
sources such as offshore oil fields, industrial wastes, and bal-
last water [30] (Fig. 1). In Tianjin Port-Bohai Bay coastal
area, high metal enrichment was mostly observed in sediments
collected in Tianjin Port. 2'°Pb analysis indicated that metal
concentrations were increasing in the recent years, suggesting
that the contaminants were continuously released into the
coastal area while the further transportation of contaminants
into Bohai Bay was limited [12] (Fig. 1). Among all the coast-
al sites investigated, the Alang-Sosiya yard in the Gulf of
Cambay has the highest metal contamination level. In addi-
tion, metal concentrations in the sediment close to the ship
scrapping workshop were much higher than that in the sedi-
ment collected in the gulf intertidal zone, which was only
0.5 km from the ship scrapping workshop. It can be indicated
that the ship scrapping industry and the domestic waste charge
along it is possibly the main source of metal in the sediment.
Moreover, metal concentrations in the bulk sediment lower
than that in the fine sediment confirmed that metals were more
bounded to the fine fraction of sediment due to its larger
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surface area [30] (Fig. 1). Greece Saronikos Gulf is another
port that is heavily influenced by port transportation. Howev-
er, compared to Tianjin Port, the level of metal enrichment
was relatively high. This is possibly due to the discharge of
sewage outfall into the gulf from the adjacent highly industri-
alized areas [38] (Fig. 1). Finally, the spatial variation of metal
accumulated in the USA—Mexico (Baja California—Califor-
nia) estuary varied with the anthropogenic activities along
the seashore. Among the 19 sampling sites that ranged from
Pt. Loma Wastewater Treatment Plant in San Diego (USA) to
Punta Bandera Treatment Plant in Tijuana (Mexico), sites
close to Punta Bandera had higher concentration of Cu, Zn,
Ni, and Cr. At the same time, Cd, Ag, and Pb showed different
accumulation pattern, indicating a different metal discharge
source other than Punta Bandera Treatment plant [46] (Fig. 1).

Finally, the dynamic biogeochemical circulation and accu-
mulation of metals in sediments are also affected by the
ecotoxicity of metals in sediments. The dynamic physiochem-
ical ecological processes that mediated the transportation of
substances within the ecosystem can redistribute the accumu-
lation of metals in coastal sediments by concentrating, perma-
nently depositing, and transporting metals to various me-
diums. For example, phytoplankton bloom can concentrate
metal in sea water into biomass and increase bioaccumulation
of metals in clams, eventually introducing significant amount
of metals into food chain [75].

Future Perspectives

In summary, based on the analysis of the summarized infor-
mation collected in this study, coastal sediment metal contam-
ination should continue to raise our concern. It is not new that
metal contaminations are still present in the world’s estuaries
and coastal areas. The current issues are how we can effec-
tively exercise the contamination assessment, environmental
protection, ecosystem restoration, and sustainable develop-
ment of the coastal areas. In the future, more attention should
be paid to develop more precise contamination evaluation and
ecological risk assessment approaches as well as more sustain-
able remediation strategies for contaminated coastal sites.
Although the choice of geochemical normalization element
is critical when evaluating the enrichment level of metals
based on EF, a more accurate assessment should be achieved
by choosing the local background values from adjacent sites
with less anthropogenic disturbance [83]. It should also be
noted that the HQ based on the total sediment concentration
is only a conservative evaluation of the potential ecological
risk of metal accumulated in the sediment because only the
bioavailable fraction of metals can pose potential risk to the
ecosystem [84]. Therefore, the actual ecological risk could be
different from what is indicated by the HQ in this study as total
metal concentration applied for the HQ calculation includes
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both bioavailable metal concentration and non-bioavailable
metal concentration [84]. To properly estimate the actual eco-
logical risk of metals accumulated in sediment, it is more
important to determine the concentration of bioavailable metal
[83].

Besides determining the fraction of bioavailable metals in
total sediment metal concentration for the sediment risk as-
sessment, metal speciation in sediment pore water is also high-
ly concerned because not all the dissolved metals in the pore
water are available for organisms to absorb. Dissolved metals
in solution usually exist as free ions or associated with com-
plexes (e.g., proton complexes, ligands, chelates) and organ-
isms tend to uptake metals in free ion or small-molecular
metal complex forms [85]. Furthermore, metal toxicity also
varies with metal speciation. For example, As(IIl) is more
toxic than As(V), Cr(VI) is more toxic than Cr(III), and meth-
ylated metals (e.g., methylated mercury) have higher toxicity
[84, 86]. Therefore, special attention should be given to the
development of analytical approaches that can measure the
concentration and speciation of dissolved metal in pore water
effectively and accurately [87].

Finally, as sediment metal contamination is becoming a
worldwide environmental issue, remediation strategies are
needed to eliminate the potential environmental impacts on
human health [88]. Conventional remediation techniques for
contaminated sediment such as in situ capping, landfill dis-
posal, and sea dumping were once very popular for coastal
sediment remediation. However, these techniques are not
long-term sustainable as contaminants are potentially mobile
after the treatment. In the recent decades, new remediation
techniques such as biological treatment, thermal treatment,
and in situ chemical treatment are under development, which
significantly increased the efficiency and reliability of sedi-
ment remediation [89]. The selection of an appropriate tech-
nique for a specific remediation project usually depends on
human and ecological risk before and after the remediation. In
recent years, it is proposed to apply life cycle assessment to
assist the selection of ideal sediment remediation technique in
order to take environmental footprint into consideration [90].
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