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Abstract The Bohai Sea is a semi-enclosed sea affected
by intense industrial and maritime activities which may
lead to heavy metal contamination. The major objective of
this study was to reveal the distribution, and assess the
potential risk of heavy metals in the sediments of the
central Bohai Sea (CBS). Eight metals (Pb, Cd, Cu, Fe, Ni,
Mn, Zn, and Co) in sediments obtained at 29 sites in
summer and winter, 2011 were analyzed by inductively
coupled plasma-mass spectrometry. The pollution assess-
ments were carried out with three methods including
marine sediment quality, the geoaccumulation index and
Hakanson potential ecological risk index. Results showed
that higher concentrations of heavy metals (except for Mn)
were generally found in the northwest of the CBS, near the
Luanhe Estuary, and higher concentrations of Mn were
found in the north of the CBS. The distribution of heavy
metals was mainly affected by contents of total organic
carbon and clay percentage in sediment. In terms of pol-
lution assessment, Cd was the major pollutant in the CBS.
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The CBS was moderately contaminated in summer and
uncontaminated in winter. The most contaminated zone
was near the Luanhe Estuary, and anthropogenic sources
from the Luanhe Estuary might be the main contributor.
The results of three assessment methods were similar.
Hakanson potential ecological risk index is more useful for
the risk assessment of trace metals as it considers both
potential ecological risks and biological effects. The
combination of several pollution assessment methods is
suggested in practice to obtain comprehensive and accurate
results.
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Introduction

Large quantities of elements and compounds are dis-
charged into coastal seas as contaminants each year (Gao
et al. 2014). Heavy metal pollution poses a serious threat to
coastal and marine ecosystems as well as to the inhabitants
due to its persistence, bioaccumulation and ecological
damage (Gao and Chen 2012; Huang et al. 2013; Pekey
2006; Wang and Wang 2007; Xu et al. 2014). Heavy
metals in the sea originate from both natural processes and
anthropogenic activities. Geological and geochemical
processes like tectonic activities and rock weathering pro-
cesses set the geochemical background values for heavy
metals (Zhang et al. 2003a). In coastal zones, metals enter
the sea through atmospheric deposition of metal-contained
dust from burning of fuels (Meng et al. 2008; Zhan et al.
2010; Zheng et al. 2008), surface runoff, and industrial and
domestic sewage discharges (Meng et al. 2008), with the
last being the most important (He et al. 2009).
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Sediments can act both as source and sink for heavy
metals (He et al. 2009; Meng et al. 2008), providing a
record of possible environmental changes caused by
anthropogenic activities (Jiang et al. 2014; Qiao et al.
2013). The status of marine sediments is a significant cri-
terion in the evaluation of the condition of aquatic systems
(Meng et al. 2008; Xu et al. 2014; Zhan et al. 2010). Heavy
metal concentrations in sediments are influenced by many
factors including hydrodynamic condition (Yuan et al.
2012), sediment type (according to percentages of differ-
ent-sized particles), sedimentation rate due to terrestrial
input and hydrodynamic condition (Gao and Chen 2012;
He et al. 2009; Teng et al. 2002), total organic carbon
(TOC) (Gao and Chen 2012; He et al. 2009; Yuan et al.
2012; Zhan et al. 2010), the existing forms of heavy metals
(He et al. 2009), and biological factors (Cagador et al.
1993).

The Bohai Sea is a nearly enclosed inland sea located
in northeast China (Fig. la) and consists of Liaodong
Bay, Bohai Bay, Laizhou Bay, and the central Bohai Sea
(CBS) (Fig. 1b) (Gao et al. 2014; Wang et al. 2010). It
has a total area of approximately 7.7 x 10* km? and a
water volume of 1.7 x 10° km>. The mean depth is 18 m,
with the deepest region of about 70 m located near the
northern coast of the Bohai Strait (Gao et al. 2014). There
are more than 40 rivers flowing into the Bohai Sea,
among which the Yellow River, Haihe River, Luanhe
River, Shuangtaizihe River and Liaohe River are the five

Fig. 1 Map showing a the
location of the Bohai Sea, b the
sampling sites during summer in
2011, and ¢ the sampling sites
during winter in 2011 and the

major ones (Gao et al. 2014; Wang et al. 2010). The
amount of particulate matter inputted from the rivers into
the Bohai Sea is about 1.3 x 10° t~year71, and the sedi-
mentation rate of the Bohai Sea is about
1.0-44.2 mrn~year_l (Li et al. 1995). Due to intensive
urbanization and industrialization, the Bohai Sea with its
nearby coastal areas and estuaries has been facing severe
metal pollution problems (Xu et al. 2013, 2014). The
bulletins released by the State Oceanic Administration,
P.R. China (SOA 2012-2014) indicated that the polluted
areas of the Bohai Sea in 2012 (13,080 km2) and 2013
(8490 km?) were significantly larger than that in 2011
(4210 km?). The main polluted areas were Liaodong Bay,
Bohai Bay, and Laizhou Bay.

Many studies have been conducted on heavy metals in
surface sediments in the Bohai Sea, mainly in the three
bays, but there have been few studies in the CBS. These
bays were more polluted than the CBS (Gao et al. 2014;
SOA 2012-2014) due to more intense port transportation,
more sewage discharge, more industrial activities, and
slower water-exchange rate inside the bays. Therefore, it
may overestimate the contamination status of the whole
Bohai Sea with ignorance of the CBS. The concentrations
of Mn, Fe, and Co and their seasonal variation in the CBS
have also been rarely studied. The objectives of this paper
are: (1) to measure the concentrations of Pb, Cd, Cu, Fe,
Ni, Mn, Zn, and Co in sediments collected from the CBS,

locations of the Luanhe Estuary
and the Yellow River Estuary 40° 4
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environmental variables and heavy metals, and (3) to assess
pollution status of heavy metals by three methods.

Materials and Methods
Study area and sample collection

Two cruises were conducted onboard the vessel “Dong-
fanghong IT” in the CBS, between 37°43/-39°38'N and
118°58'-120°55'E, from the 13th to 30th June, 2011
(summer cruise) and from the 20th November to 7th
December, 2011 (winter cruise). Surface sediments were
collected from 16 sites in summer (Fig. 1b) and 13 sites in
winter (Fig. Ic) using a 0.1 m? stainless steel box-corer.
The top 3 cm of sediment samples were sealed in poly-
ethylene bags, and refrigerated at —20 °C.

Sample analysis
Heavy metals analysis

After transportation to the laboratory, samples were de-
frosted and air-dried at room temperature (20 °C) to con-
stant weight, then ground and homogenized with a glass
mortar and pestle. The dried samples were then passed
through a nylon sieve of 160 meshes (96 pm) and stored in
polyethylene bags. The pretreatment of sediment were
according to Jiang et al. (2014). Eight heavy metals (Pb,
Cd, Cu, Fe, Ni, Mn, Zn, and Co) in sediments were mea-
sured using an inductively coupled plasma-mass spec-
trometer (ICP-MS, Optima 2100 DV ICP System, Perkin
Elmer Inc., USA). The instrument detection limits of
metals are as follows: Pb, 0.0176; Cd, 0.0029; Cu, 0.0033;
Fe, 0.0036; Ni, 0.0054; Mn, 0.0048; Zn, 0.0042; Co,
0.0048 mg L™, respectively. All samples were analyzed in
duplicate, and the data shown herein represent the average
of the duplicates.

Quality assurance and quality control (QA/QC) was
assured by the analysis of a marine sediment reference
material, GBW-07314 (the Second Institute of Oceanog-
raphy, SOA). The materials used during analytical deter-
minations were kept in metal-free containers. The plastic
and glassware were pre-cleaned by soaking in HNO;
(viv = 1:3) for at least 24 h, followed by soaking and
rinsing with de-ionized water. All reagents used in the
analysis were of analytical grade.

TOC analysis
The water content of sediment was measured as a per-

centage of weight loss by drying the sediment at 60 °C for
24 h. The TOC content was determined by the (K,Cr,O;,—

H,SO,) oxidization method (SOA 2007; Mudroch et al.
1997).

Sediment type and grain size analysis

Sediment granulometry was analyzed using a Mastersizer
2000 laser diffractometer (Malvern Instrument Ltd., UK)
capable of analyzing particle sizes between 0.02 and
2000 pm. The percentages of the following three groups of
grain sizes were determined: <4 um (clay, Y), 4-63 um
(silt, T), and >63 pum (sand, S). The naming of the sedi-
ment types was based on Shepard (1954).

Pollution assessment of heavy metals
Marine sediment quality (GB 18668-2002)

China national standard—marine sediment quality, GB
18668-2002 (SOA 2002), is widely used to judge the
potential risks of metals in marine sediments. This standard
classifies the marine sediments into three classes based on
the area’s function and protection target. The first class
quality area is suitable for mariculture, nature reserves,
leisure activities, and industries that relate to human con-
sumption directly; the second class quality area is used for
general industry and tourism; the third class quality area is
applied to sea ports and special ocean exploration.

The geoaccumulation index

The geoaccumulation index (/,.,) is defined by Eq. (1)
(Miiller 1969):

Igeo = 10g2<CH/kB") (1)

where C, is the measured concentration of the metal (n) in
the sediment, and B,, is the geochemical background value
of the same metal. Factor & is the background matrix cor-
rection factor due to lithospheric effects, which is usually
defined as 1.5 (Ghrefat et al. 2011; Miiller 1969; Rubio
et al. 2000; Shafie et al. 2013; Xu et al. 2014). Samples
may be classified as:

Class O (uncontaminated): 4., < 0;

Class 1 (uncontaminated to moderately contaminated):

0<lypo < 1;
Class 2 (moderately contaminated): 1 < I, < 2;
Class 3 (moderately to heavily contaminated):
2< Igeo <3

Class 4 (heavily contaminated): 3 < I, < 4;

Class 5 (heavily to extremely contaminated):
4 <lgeo <55

Class 6 (extremely contaminated): Io., > 5.

Ideally, B,, of heavy metals should be estimated from
local sediments (Teng et al. 2002; Feng et al. 2011). The
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background values of Cu, Pb, Zn, and Cd in the CBS were
22.1, 14.0, 65.2, and 0.088 pg g~ ', respectively (Li et al.
1995). However, in the absence of the background values
of Fe, Ni, Mn, and Co in the CBS, the background values
of the adjacent region could be effectively substituted
(Feng et al. 2011). For this reason, the B,, of the Bohai Bay
sediments were chosen, i.e. 3.62 % for Fe, 36.1 pg g_1 for
Ni, 571.0 ng g~ ! for Mn, and 13.2 ng g~ ! for Co (Wu and
Li 1985; Feng et al. 2011; Xu et al. 2014).

Hakanson potential ecological risk index

Hakanson potential ecological risk index (RI) evaluates the
combined pollution risk of an aquatic system through a
toxic-response factor for a given substance (Hakanson
1980). RI is defined as follows (Egs. (2) and (3)):

E =T x C'/C! (2)

m:iﬁi (3)
i=1

where T} is the toxic-response factor for a given substance,
eg, Pb=Cu=Ni=Co=5 Mn=Zn=1, Cd =30
(Hakanson 1980; Xu et al. 2008, 2014), but Yi-Fe was
unavailable. C' and Cflrepresent the concentration of metals
determined in the sediment samples and the geochemical
background values of metals, respectively. The value of C,
is as same as B, above. E. and RI represent the monomial
and sum potential ecological risk factor, respectively.
Samples could be classified as:
Low ecological risk: E’, < 40, RI < 150;
Moderate ecological risk:
150 < RI < 300;
Moderate to high ecological risk: 80 < E’, < 160;
High ecological risk: 160 < E’, < 320, 300 < RI < 600;
Very high ecological risk: E’, > 320, RI > 600.

40 < E' < 80,

Analysis software

Surfer 8.0 (Golden Software Inc., USA) was used for
drawing the distribution maps of the TOC content and

Fig. 2 The spatial distribution

metal concentrations in surface sediments. Microsoft excel
2010 (Microsoft Inc., USA) was used for drawing his-
tograms and scatterplots. Statistical analyses were con-
ducted with SPSS 18.0 software (SPSS Inc., USA).

Results and discussion
Environmental variables

The TOC content varied between 0.02 and 1.09 % of the
dry sediment weight in summer and between 0.15 and
1.08 % in winter. The spatial distributions of the TOC are
shown in Fig. 2. The higher content of TOC in summer
(Fig. 2a) was generally found in the west of the CBS,
decreasing coastward. The content of TOC in winter
(Fig. 2b) was higher in the northwest of the CBS, near the
Luanhe Estuary. As shown in Fig. 3, the sediments were
predominantly composed of silt. The sediment types in the
CBS have been classified into four groups: S-sand, ST-
sandy-silt, TS-silty-sand, and YT-clayey-silt, according to
Shepard (1954). The numbers of sites of those four groups
were 2, 2, 4, and 8 in summer, and 0, 4, 2, and 7 in winter,
respectively. The type YT accounted for about 50 % of the
sites in both seasons.

Spatial distribution of heavy metals and influencing
factors

Spatial distribution of heavy metals

The metal concentrations in surface sediments collected
from all sites in the CBS were ranked in decreasing order,
as follows: Fe > Mn >Zn > Ni > Cu > Pb > Co > Cd
in summer and Fe > Mn > Zn > Cu > Ni > Pb > Co >
Cd in winter (Table 1). To compare the concentrations of
these eight metals between summer and winter, an inde-
pendent-sample ¢ test was conducted and the details are
represented in Table 1. There were no significant differ-
ences among them between the two seasons (p > 0.05)

of the TOC concentrations in
surface sediments of the CBS in
summer (a) and winter (b). The
dots represent the sites
(similarly hereinafter)
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Fig. 3 The grain size compositions in surface sediments of the CBS in summer (a) and winter (b)
Table 1 Average concentrations (Mean + SD) and details about the t test of the metals
Metal Pb (ng/e) Cd (ng/e) Cu (ng/e) Fe (%) Ni (ng/g) Mn (pg/g) Zn (pglg) Co (ng/g)
Summer 11.36 £4.25 1.65+ 1.53 16.84 +6.81 130+ 0.34 1850 £5.72 50296 + 204.43 41.87 £ 11.75 7.69 £ 2.09
Winter 1198 £ 443 0204+0.12 1823 £6.17 126 £0.29 1744 +£4.72 53481 £ 15574 39.74 + 8.69 7.76 + 1.83
P 0.706 0.002 0.574 0.755 0.597 0.647 0.592 0.931

with exception of Cd (p < 0.01). The concentration of Cd
in summer was significantly higher than that in winter.

The spatial distributions of eight heavy metals are shown
in Figs. 4 and 5. The distribution patterns of individual
metals were as follows: (1) Fe, Ni, Zn, and Co: Higher
concentrations were generally found in the northwest of the
CBS, near the Luanhe Estuary. The concentrations
decreased in northwest-to-southeast direction; (2) Pb and
Cu: The distribution patterns were similar to (1). Another
high level of Pb in both seasons and Cu in summer was
found in the southwest of the CBS, near the Yellow River
Estuary; (3) Cd: The distribution was similar to (1) in
summer, and similar to Pb in winter; and (4) Mn: Unlike any
other heavy metals, the higher concentrations of Mn were
found in north of the CBS. The Site B41 in summer showed
another distinct peak situated at 38.33° N and 120.20° E.

The distribution of Mn showed a distinct pattern with
other metals in the sediments of the CBS. This phe-
nomenon has also been found in many other studies (Jiang
et al. 2014; Li et al. 2012; Yuan et al. 2012). The con-
centration of Mn may not be derived from industrial
activities but from geological processes (e.g., Li et al.
2012). The dissolved Mn tends to be adsorbed on, or
incorporated into freshly precipitated CaCO; in seawater
(e.g. Wartel et al. 1990). According to V. M. Goldschmidt
(Zhang et al. 2003b), heavy metals belonging to the same
group have similar chemical properties.

Many studies have been conducted on heavy metals in
surface sediments throughout the world. The range and

mean concentrations of metals in sediments of the Bohai
Sea and other seas are summarized in Table 2. Heavy
metal concentrations (except for Cd) in the CBS were
comparable to others observed in the Bohai Sea or other
sea areas. The contents of Cd in summer were markedly
higher than the majority of the previous studies.

Statistical analysis

The relationships between every pair of heavy metals,
TOC, sand %, silt %, and clay % in both seasons were
analyzed and the Pearson correlation coefficients are
shown in Table 3. In summer, Cd and Mn showed no
significant correlation with other variables except Cd-Mn
pair. Six other heavy metals showed highly significant
positive correlations between each other. Clay percentage
presented a significant or highly significant positive cor-
relation with those six metals. TOC had significant positive
correlations with Cu, Ni, and Co. The relationships
between these variables in winter were similar to summer.
Unlike the situation in summer, Cd had a highly significant
positive correlations with Pb, Cu, Fe, and Ni and significant
positive correlations with Zn and Co in winter. Clay per-
centage presented highly significant positive correlations
with all heavy metals except Mn. Sand percentage and silt
percentage seldom had significant correlations with heavy
metals in either season.

Positive correlation between heavy metals suggests that
those metals have common sources (Facchinelli et al. 2001)
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sediments from the CBS in

Fig. 4 Spatial distribution of
heavy metals in surface
summer, 2011
P
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and identical behavior during transportation (Bastami et al.
2014). The concentration of Mn showed very weak corre-
lations with the concentrations of the other metals, indi-
cating that Mn had different sources from others. This is
consistent with the discussion above about the distribution
of Mn.

Grain size is one of the controlling factors affecting
natural concentrations of heavy metals in sediments (Gao
and Chen 2012; He et al. 2009; Jiang et al. 2014; Yuan
et al. 2012). Sediment of smaller grain size such as clay
tends to adsorb more heavy metals due to higher surface
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area-to-volume ratio (Jiang et al. 2014; Yuan et al. 2012).
For this reason, the heavy metal content increased with
increasing percentage of clay in sediment. TOC is another
factor that controls heavy metal concentrations in sediment
(Gao and Chen 2012; He et al. 2009; Jiang et al. 2014;
Yuan et al. 2012; Zhan et al. 2010). Natural organic matter
shows a high affinity through adsorption or complexation
of heavy metals in the aquatic environment (EI Bilali et al.
2002). The TOC in sediment was adsorbed onto clay
mostly (He et al. 2009), accounting for the positive cor-
relations with clay percentage as shown in Table 3. For this
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Fig. 5 Spatial distribution of
heavy metals in surface
sediments from the CBS in
winter, 2011
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reason, the percentage of clay increased with TOC, leading
to the increased heavy metal content. It is noteworthy that
the TOC seldom showed significant correlation with heavy
metals in summer (Table 3). When several sites were
excluded, as shown in Fig. 6, the TOC correlated well with
heavy metals (except Cd and Mn) in summer. The con-
centrations of heavy metals at Sites B49 and B70 (adding
B65 for Pb) in summer were somewhat higher than those in
adjacent regions, suggesting the metal concentrations at
those sites were probably influenced by anthropogenic
activity.

C
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Pollution assessment

Comparison of marine sediment quality

Table 2 shows the upper limits of Pb, Cd, Cu, and Zn of the
first, second, and third class of marine sediment quality
according to GB 18668-2002. As shown in Table 2, the Pb,
Cu, and Zn concentration at all sites in both seasons and the
Cd content in winter was below the upper limit for Class I
sediment. That means all sampling sites in winter were
clean enough to be classified as Class I marine sediment

@ Springer



Environ Earth Sci (2016) 75:364

364 Page 8 of 14

A1oanoadsar ‘Ayifenb JuawIpas suLrewr JO SSE[D PIIY) Uk ‘puodds Is1y oy jo sy 1addn oy = III pue ‘I[ T SseD

SuoneNuUAdU0d d3eraAe juasardar sasoyjuared ur sonjep

elep ou gN
00T VYOS aN 009 aN aN aN 00T 00°S 0ST oIII sser)
00T VOS aN 0S¢ an aN aN 001 0S'1 0€1 oI SSEeD
00T VYOS aN 051 aN aN aN 0°se 00S°0 009 ol SserD
7661
uI31g pue anpog 0°0€—00°L 081-00'9 LT16-CS1 191-00'9 1€°9-T'0 026009 an 0'¥6—008 BIBUWLIR]A JO ©OS
9661 (8°sD) (¥'28) (129) (L°L9) (TL'o) (1'zs) (1'c0)
uIIg pue eIy 0'LE00°L 801-0°0S S6¥T—SS¢ ¥07-0'8€ 0 70¢'T 0'89-0'6T an 0'SE-0¥1 ©og or[g
(0°09) (¥8%) 092 12 (X)) 0'L2)
600T 'Te 30 Sueq aN F11-0'81 TST11-TS1 0'6v-0T'8 L6'€-079°0 0T 0cy aN 067001 ©ag vUIY) Iseq
9%'8) (T9%) (€L9) (8'81) (CIN0) (6°S1) (€10 (TuIm)
¥10T ‘Te 10 Suelf CEI-IEY 1'78-8'81 FE€€1-981 ¥'Te-1€'8 7190 1'97-S6'¢  (STT°0) €L£°0-0 7'8I-1¢Y B3OS MO[[OX YL
#T'8) (€Ly) 19) (9°81) (€ (rsn (€cn (Jowwuns)
¥10T 'Te 30 Suelf 0€I-1T'% 796-6'1C €6ST-L'¥8 I'T€-€t'8 LTT19°0 L'ST-€6'S (€15°0) 17’80 6’17087 ©OS MO[[OX YL
(¥'69) F61) (€€n) (T02)
10T 'Te 3@ nH aN ¥'€6-€ Ve aN 6'€E9L aN ¥'9z-6'c  (180°0) ST0'0-0 ['€€-9°11 feg noyzrer]
i ($20) 61 (8'1¢)
€10¢ 'Te 3@ nH an SYI-S¥1 an S'0v—-00'L an I'LE-L'S an T19-6'81 Aegq Suopoery
(Tren Loy ($'8¢) ((T440)] (L¥¢)
T10T UdyD pue oen aN LS7—€°SS aN L'TS¥'€T aN 6'79-10C 99'0—0T1°0 $'99-6'0CT Aeg reyog [eiseo)
L00T
Suep pue Suepm aN an an aN aN 06'T) o1¢°0) orn ©ag reqog oYL
oL'L) (L'6€) (L1) oz'1) (T8D) (661°0) (¥40)
Apmys sy, 1'01-6t'F 967861 (SES) 9.8-ST¢ Y'ET-LL'S 99'T1-LL0 €97-+89 9T 0—+90°0 6Ty (TuIm) gD dYL
(69°L) ©'19) ($'81) (18] (8'91) LT
Apms siy, 8°01-9L°¢ TLSS61  (£0S) SH6—9¥C T8T€C’L 08'1-899°0 €97-98°¢ (S9'1) 8T'L-T¥8°0 SET-ry (Fourms) S YL
SQOUAIJOY (,_83) 0p (,_838M) uz (,_8 31) upy (,_8 8) IN (%) o (,_83Mnp (,_831) pD (,_831) qd uoned0

SBaS JO SJUAWIPaS delIns Ul SUONEBIIUIDUOI [ejold \m>a®£ jo EOmCNQEOQ ¢ 9lqel

pringer

A's



Page 9 of 14 364

Environ Earth Sci (2016) 75:364

wo>d
S00>d>100 ,
I 910 LFPL0— ,699°0 ,.L06°0 ..7S8°0 €rF 0 ,.906°0 ,.C68°0 .LS60 LLTLO L.£C8°0 (%) LepD
I L9660~ LOT'0— Y00 ¥60°0 950°0 6£C°0 SLTO S0€°0 500 881°0 (%) s
I ¥81°0— .885°0— 0It'0— 81T0— 6£S°0— L195°0— ,609°0— STE0— 891°0— (%) pues
I L8780 L7680 vero LS80 LV80 LL180 7950 ,609°0 J0L
I 8960 69€°0 ,.066°0 ,.586°0 L1L6°0 P90 WILLO o)
! SH0 LLEL60 L6560 P60 ,959°0 L.C8L°0 uz
I 0S€°0 81€°0 S0¥°0 061°0 90€°0 U
I L7660 L9L60 LETLO ,.908°0 N
I L7960 LSTLO L96L°0 of
I LPSL0 ..058°0 nH
I ,.558°0 PO
I ad REHITIN
I L2190 ,.86L°0— LCTL0 ,S09°0 LE65°0 (4440 ,.6L9°0 L0290 L.S0L°0 6¥€°0 LLOL0 (%) Kerd
I 1 596°0— 16£°0 Y20 $8C°0 89C°0 18€°0 1+€°0 S1€0 0ST°0 97T0 (%) s
I L8€5°0— 87F0— yIv0— rE0— SIS0~ S9%0— YLy 0— 0€T0— 9T 0— (%) pues
I L1050 060 S91°0 LCES0 9840 LE1S0 60T°0 rEP0 O0L
I L.L86°0 T5€°0 LLL60 L1660 1.096°0 €820 L.90L°0 o)
I 1€7°0 L6 L.0L60 0960 €2€°0 WL uz
I 1140 LOE0 76€°0 L9rS0 TTE0 uN
I LILE60 1960 9et'0 WLELO IN
1 5960 1€2°0 LFELO o
I 14 L.LS80 n)
I 0¥T0 PO
T qd ouung
% Ke[) % NS 9% pues O0L 0D uz Uy IN of n) PO ad uoseag

110 ‘I9MUIM pue Jowwns ul S0 Yl WOIJ SJUAWIPIs JOBJINS Ul 9, AB[O PUB ‘) I[IS ‘95 pues ‘DOL ‘S[eloul 10J XL UOIR[ALI0) € J[qRL

pringer

A



364 Page 10 of 14

Environ Earth Sci (2016) 75:364

25 - B65
*
20 A
15 Bzo
- 1 B49 *
< * *
7]
P * .
| *
& v s
5 {® .
R2=0.4813 (exclude B49, B70, and B65)
0 T T T T T )
0 0.2 0.4 0.6 0.8 1 1.2
TOC (%)
30 4
25| B49 B70 *
* o * *
—_ 201 * o
3]
= *
X 151 . *
3 * 3
O 10 4
5 e * R? =0.6519 (exclude B49 and B70)
0 T T T T T |
0 0.2 0.4 0.6 0.8 1 1.2
TOC (%)
30 ~ -
B49
25 A *
.20
B
% 15
< 10+
5 _’ R? =0.6226 (exclude B49 and B70)
0 T T T T T ,
0 0.2 0.4 0.6 0.8 1 1.2
TOC (%)
70 +
B49 B70
60 -
= 50 - . *
= 40 A *
2 -
= * %
c 30 -
N
20 14 * R? =0.7179 (exclude B49 and B70)
10 -
0 T T T T T y
0 0.2 0.4 0.6 0.8 1 1.2
TOC (%)

Cd (ug/g)

R*=0.0438

* - * *

O = N W & U1 O N ®
L

1.8 1
1.6 1
1.4 1
1.2 1

Fe (%)

0.8 1
0.6 1
0.4 4
0.2

0.6
TOC (%)

0.2 0.4

B49
4 B70 *

. * it -

* 0‘

* R? = 0.6920 (exclude B49 and B70)

* *

1000 -
900 -
800 -
700 ~
600 -
500 -
400 -
300 -
200 -
100 -

Mn (ug/g)

* * *

0.6 0.8 1 12

TOC (%)

0.2 0.4

R*=0.0274

12 4

10 -

Co (ug/g)

0.6 1.2

TOC (%)

0.2 0.4 0.8 1

B‘49 B70 *
* * o0

s T+ $ ¢

R? =0.6591 (exclude B49 and B70)

0.6
TOC (%)

0.2 0.4 0.8 1 1.2

Fig. 6 Relationship between the TOC and heavy metal concentrations in the sediments from the CBS in summer, 2011

quality. In summer, however, the Cd concentration at sites
11, 4, and 1 was within the range for Class I-II, Class II-
III, and above Class III threshold values, respectively. Site

@ Springer

B50 was heavily contaminated in summer with the Cd
concentration (7.28 pg g=') in excess of Class IIIL
According to SOA (2012-2014), with 6.25 % of sites
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Table 4 The values of I, E' and RI in surface sediments in the CBS in summer and winter, 2011

Season Site Ige{,/Eﬂ RI
Pb Cd Cu Fe Ni Mn Zn Co

Summer B39 —1.82/2.13  3.35/459.49 —3.10/0.87 —3.02/- —2.88/1.02 —1.73/045 —2.32/0.30 —2.40/1.42 465.68
B41 —1.19/3.28 2.67/286.98 —1.44/2776  —-2.39/- —1.94/195 —0.06/1.44 —1.49/0.53 —1.65/2.38 299.33
BYO1 —1.04/3.65 2.83/320.45 —1.15/3.38 —2.15/- —1.70/2.31 —1.24/0.64 —1.20/0.65 —1.46/2.73 333.81
B42 —1.21/3.24  2.79/310.69 —1.42/2.80 —2.27/- —1.82/2.12 —-0.72/091 —1.47/0.54 —1.55/2.56 322.86
B45 —0.90/4.01 2.82/316.73 —0.74/450 —1.80/- —1.27/3.10 —0.70/0.92 —0.98/0.76 —1.10/3.49 333.51
B47 —0.68/4.67 2.98/355.36 —0.42/559 —1.59/- —1.08/3.56 —0.97/0.77 —0.79/0.87 —0.87/4.11 374.92
B49 —0.63/4.84  3.18/406.84 —0.48/5.38 —1.63/~ —1.16/3.35 —0.62/0.98 —0.81/0.86 —0.98/3.81 426.05
B50 —0.50/5.29 5.79/2481.49 —0.41/5.63 —1.75/- —0.94/3.91 0.14/1.66 —0.77/0.88  —0.97/3.83  2502.68
B51 —1.32/3.00 3.55/526.39 —1.32/3.00 —-2.41/- —1.89/2.02 —0.24/1.27 —1.50/0.53 —1.67/2.35 538.58
B55 —0.92/3.97 3.35/458.79 —0.71/4.58 —1.85/- —1.30/3.04 —1.80/043 —1.05/0.72 —1.08/3.56 475.09
B56 —1.02/3.69  3.33/453.27 —1.35/2.95 —2.42/- —1.93/196 —1.18/0.66 —1.50/0.53 —1.65/2.39 465.45
B65 0.16/8.39 3.53/521.22 —0.33/596 —1.79/~ —1.24/3.18 —-0.73/091 —0.97/0.77 —1.14/3.40 543.82
B66 —0.87/4.11  3.33/451.08 —0.99/3.78 —2.15/- —1.58/2.50 —1.18/0.66 —1.39/0.57 —1.52/2.62 465.33
B68 —1.18/3.30  3.70/584.54 —1.21/3.25 —-2.18/- —1.68/2.34 —1.11/0.69 —1.41/0.57 —1.52/2.62 597.32
B70 —0.47/5.40  3.63/557.80 —-0.52/5.24 —-1.77/- —1.28/3.09 —0.31/1.21 —0.83/0.84 —1.04/3.64 577.23
B71 —1.95/1.94 3.48/501.28 —-2.55/1.28 —2.71/- —=2.30/1.52 —1.59/0.50 —2.09/0.35 —2.13/1.72 508.59

Winter B41 —0.93/3.94  0.26/53.90 —1.35/2.95 —2.24/- —1.80/2.15 —0.83/0.84 —1.36/0.59 —1.53/2.60 66.98
BYO1 —0.97/3.82 0.78/77.38 —1.14/3.40 —-2.22/- —1.77/2.19 —1.28/0.62 —1.32/0.60 —1.53/2.60 90.61
B42 —0.78/4.37  0.27/54.12 —0.88/4.07 —2.02/~ —1.60/2.47 —0.66/0.95 —1.28/0.62 —1.32/3.00 69.60
B45 —0.40/5.69  1.69/145.18 —0.33/595 —-1.71/- —1.21/3.24 —048/1.07 —0.99/0.75 —1.02/3.70 165.60
B47 —0.59/4.98  0.84/80.69 —-0.40/570 —-1.79/- —1.24/3.18 —1.01/0.75 —1.05/0.73 —1.01/3.73 99.74
B50 —0.54/5.16  1.18/101.68 —0.41/5.63 —1.78/- —1.26/3.14 —0.15/1.35 —0.98/0.76 —1.00/3.76 121.49
B51 —1.12/3.46  0.48/62.77 —1.22/3.21 —-243/- -1.93/196 —0.77/0.88 —1.56/0.51 —1.67/2.35 75.15
B59 —1.07/3.58 —0.48/32.17 —-0.97/3.83 —-2.28/- —1.77/2.19 0.03/1.53 —1.29/0.61 —1.44/2.76 46.68
B61 —1.40/2.83 —0.83/25.34  —1.37/291 —-2.55/- —2.13/1.71 —0.59/0.99 —1.62/0.49 —1.75/2.23 36.50
B63 —0.75/4.47 —0.21/39.01 —0.52/521 —1.82/- —1.28/3.08 —0.81/0.85 —1.01/0.75 —0.97/3.82 57.19
B65 0.13/8.20 1.63/139.68 —0.38/5.76 —1.87/- —1.34/297 -0.57/1.01 —1.09/0.70 —1.11/3.46 161.78
B70 —1.09/3.52  0.16/50.32 —1.12/3.45 —-2.38/- —1.99/1.89 —0.96/0.77 —1.55/0.51 —1.59/2.48 62.94
B71 —2.25/1.58 —1.04/21.86  —2.28/1.55 —2.81/- —2.63/1.21 —1.44/0.55 —2.30/0.30 —2.14/1.70 28.75

having bad quality in summer, the CBS was moderately
contaminated.

The geoaccumulation index

As shown in Table 4, the I, values (Miiller 1969) of Cu,
Fe, Ni, Zn, and Co at all sites and of Pb and Mn at most
sites were below zero, indicating the CBS was uncontam-
inated by those metals. The I, values of Cd indicated the
CBS was moderately (2 </, < 3) to extremely con-
taminated (Ig., >5) in summer and uncontaminated
(Igeo < 0) to moderately contaminated (0 < /I, < 1) in
winter. The pollution status of the CBS in summer was
more severe compared with winter. In summer higher

values of /,.,-Cd were found in the northwest of the CBS,

especially at Site B50 located near the Luanhe Estuary. It is
suggested that anthropogenic sources from the Luanhe
Estuary might be the main contributor of Cd at Site B50.

Hakanson potential ecological risk index

The E: and RI values (Hakanson 1980) of sediments of the
CBS are shown in Table 4. In summer, 81.25 % of sites
were at very high ecological risk of Cd (E.-Cd > 320). In
winter, the Ei—Cd at 4, 5, and 4 sites were low, moderate,
and moderate to high ecological risk, respectively. The E.
values of the other seven metals at all sites were below 40
in both seasons. Because of the higher T} (Ti—Cd = 30) and
relatively higher concentration of Cd compared to the
background value, Cd was the priority pollutant in the

@ Springer
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CBS. In summer, the RI value at Site B5S0 was higher than
600, indicating a high ecological risk of metals. The RI
values at 14 sites were above 300, which meant consider-
able ecological risk from metals. In winter, 84.62 % of
sites were at low ecological risk (Rl < 150). According to
the values of E’, and RI, the pollution status of the CBS in
summer was considerably worse than that in winter.

The results of the three methods were generally similar.
The main contaminated zone was near the Luanhe Estuary.
Cd was the most important pollutant in comparison with
other heavy metals in the CBS. The pollution status of the
CBS in summer was worse than that in winter. River runoff
and anthropogenic activities are suggested as the main
pollution sources in China Seas (Liu and Diamond 2005).
The Bohai Sea Economic Rim, the coastal region sur-
rounding the Bohai Sea, is one of the three most densely
populated and industrialized zones in China. Due to the
shallow depth, narrow connection with the outer ocean and
slow water-exchange rate, the self-cleaning capacity of the
Bohai Sea is very limited (Dang et al. 2013). The ecosys-
tem of the Bohai Sea is being rapidly degraded (Gao et al.
2014). The concentrations of heavy metals in sediment may
affect the heavy metal content in organisms and the
bioaccumulation capacity of heavy metals by organisms
(Gao et al. 2014; Liang et al. 2004). Liang et al. (2004)
found that the concentrations of Cd, Cu and Zn in gas-
tropod and oyster samples in the Bohai Sea exceeded the
MPLs established by WHO (1989).

Each of the three methods has its own advantages and
disadvantages. It is simple to compare the contents of the
heavy metals to marine sediment quality. In terms of the
concentrations of the heavy metals, this standard can
classify the studied area into three classes with different
function and protection target. However, the sediment
qualities for many metals such as Ni, Mn, Co are not
available in the standard. The geochemical background
values in a certain area were not considered yet. The
geoaccumulation index is used widely with the simple
principle and formula, so it is convenient for comparison
to previous studies. The background values of heavy
metals are considered in the geoaccumulation index.
Different from the above two methods, Hakanson poten-
tial ecological risk index is more complex. It is recog-
nized as useful for the risk management of trace elements
in sediments because sediment adverse biological effects
and potential ecological risks are considered in Hakanson
potential ecological risk index. To reduce the potential for
bias and to better characterize the likelihood for adverse
environmental effects in the studied sea area, the appli-
cation of several metrics for pollution assessment is
advisable.

@ Springer

Conclusions

To effectively manage potential environmental and bio-
logical impacts of contaminated sediments in a semi-en-
closed sea, in the present study, the concentrations of eight
metals in sediments from the CBS were measured with
ICP-MS and pollution status was assessed with three
methods. Higher concentrations of heavy metals (except
for Mn) were generally found in the northwest of the CBS,
near the Luanhe Estuary. The TOC and clay percentage
were the main controlling factors affecting the distribution
of heavy metals. According to the pollution assessment, the
CBS was moderately contaminated in summer and
uncontaminated in winter, 2011. The main contaminated
zone was near the Luanhe Estuary, and Cd was the main
contaminant compared to others in the CBS. Anthro-
pogenic sources from the Luanhe Estuary might be the
main contributor.

Compared the three pollution assessment methods,
marine sediment quality and the geoaccumulation index
methods are much simpler for calculation but they ignore
the biological impacts of heavy metals in the sediments.
Hakanson potential ecological risk index is a better method
because biological effects and potential ecological risks are
both considered. The present study provides researchers
and policy makers with basic data to develop a better
understanding of the geographic distribution and potential
risks of metals in the CBS. In future, more background
values from local sediments are needed to meaningfully
assess pollution status. The combination of several pollu-
tion assessment methods is suggested in the risk manage-
ment of trace metals in sediments to obtain comprehensive
and accurate results.
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