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Abstract Heavy metal pollution in the surficial sediments

derived from the estuary in Daliao River and Yingkou Bay

is investigated to assess environmental quality, pollution

level, bioavailability and toxicity. The ranges of Pb, Co, Zn

and Cu concentrations in the surficial sediments are:

16.57–39.18, 3.61–16.02, 16.53–39.18, 2.77–43.80 mg/kg.

Results of the geoaccumulation index (Igeo) show that the

pollution levels of four metals are in the ‘‘unpolluted’’ class

except for Pb in 15 sampling sites. The pollution level of

the study area assessed by pollution load index (PLI) shows

that except for the moderately polluted region of sites 1, 2,

3, 8, 12 and 13, other sites belong to unpolluted state. The

sequence of pollution extent of different heavy metals is:

Pb [ Zn [ Co [ Cu. At all sampling sites, the grades of

potential ecological risk of Co, Cu, Pb and Zn are ‘‘light’’.

The order of potential ecological risk is: Pb [ Co [
Cu [ Zn. Sequential extraction of the metals indicates that

the states of Pb, Cu, Co and Zn in the sediment are rela-

tively stable at most sites of the estuary in Daliao River and

Yingkou Bay, which means that there is a low source of

pollution arriving in this area. While only at several sites,

Co, Pb and Zn are labile, which are considered as anthro-

pogenically originated.

Keywords Speciation � Sequential extraction �
Index of geoaccumulation � Potential ecological risk index �
Pollution load index � Enrichment factor

Introduction

Sediments are often the sinks of metal contaminants in an

aquatic system (Ridgway and Shimmield 2002). However,

some of the sediment-bound metals may be released back

to water with the change of environmental conditions and

impose adverse effects on living organisms.

The chemical forms of heavy metals redound to

understand the potential and actual environmental impacts

of contaminated sediments. Among pollutants present in

the environment, heavy metals have been of interest due to

their toxicity, persistence and prevalence (Shriadah 1999;

Tam and Wong 2000; Nasr et al. 2006). Heavy metals are

among the most widespread of various pollutants origi-

nating from anthropogenic activities (Audry et al. 2004).

They are distinct from organic substances, as they do not

degrade and can only migrate and accumulate in different

components of a natural ecosystem. Heavy metals can

endanger public health by being incorporated into the food

chain (Gladyshev et al. 2001; Shrivastava et al. 2003).

A few researches have been done to investigate the con-

tamination of sediments by metals and organic compounds

in Liaodong bay (Guo et al. 2006; Lin et al. 2009). This

research investigated the metal concentration, distribution,

speciation, contamination source and assessed metal

pollution in surficial sediment of the estuary in Daliao

River and Yingkou Bay, which is an important region of

Liaodong Bay (Northeast China).

Direct determination of specific chemical forms is

generally impractical due to various binding phases of
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metals and their structural properties (Amany and Ahmed

1999; Gianpiero et al. 2007; Edward et al. 2005). Alter-

natively, sequential extraction procedure, which defines the

metal activity by the analytical schemes, becomes pre-

ferred (Gonzalez et al. 2000). It was developed first by

Tessier, Campbell and Bisson (Tessier et al. 1980) and

afterwards modified in different ways (Campanella et al.

1995). In this paper, the six-step sequential extraction

scheme proposed by Han Fengxiang and Amos Banin (Han

and Amos 1997) was chosen as the experimental method.

YingKou Bay lies in the eastern part of Liaodong coast

between longitude 40�18034.700 and 41�34052.200 and Lati-

tude 122�03002.900 to 122�51035.600. Liao River system is

constituted by four main rivers: Hun River, Taizi River,

Daliao River, Liao River and their branches. Daliao River

lies in the middle and downstream of Liao River system,

which is the main waterhead in the Liaoning Province. The

area of Liao River system reaches 27,309 km2, including

big cities such as Shenyang, Fushun, Benxi and Anshan.

Yingkou Bay is the inner bay of Bo Sea and Liao River

system that flow into this bay. Yingkou Bay becomes a big

cesspool and the water quality is class IV. The main pol-

lution is organic contamination such as COD (386 thou-

sand tons/year) and NH3-N (46.9 thousand tons/year) (Wu

et al. 2011; Mu and Luan 2004). The type of Yingkou Bay

belongs to silt-muddy plain and strong corrosion coast.

Liaohe delta belongs to one part of the hollow of Bo Sea

and has endured strong subsidence since the movement of

the Himalaya Mountains. The thickness of accumulated

sediment adds 1,000–2,000 m, which is constituted by

incompact deposit layer of Quaternary period and the

bedrock is buried deeply (Wang and Li 1983; Song et al.

1997). The rock bodies are susceptible to erosion as

favored by both climate and tectonic factors. Tectonism

includes the presence of numerous faults, which have been

intermittently active during Quaternary period. This leads

to sediment compaction with simultaneous subsidence of

the basin. This unstable tectonic setting of the basin of

sedimentation is further aided by the prevailing wet, hot

and warm climate with high relative humidity and tem-

perature in summer. The sediment load shows a great

seasonal variation in discharge. Strong tidal currents lead to

a network of deeply scoured tidal channels overlapping the

tidal plain across the wash plain. Therefore, Liaohe delta is

the wash plain due to the fill of rivers. The status of the

land uses in Liaohe delta is: grassland, cultivated land,

woodland, building-sites land, Yan, unused land and water

bodies (Chang et al. 2002; Fan 2009). Liao River system

and the estuary are shown in (Fig. 1, ESM only).

This paper reports on the concentrations and speciation

of four metals (Co, Cu, Pb, Zn) in the surficial sediments of

estuary in Daliao River and Yingkou Bay. The main aims

are: (1) to determine total concentrations deposited in the

surficial sediments to determine their variability and origin;

(2) to assess the degree of pollution in the surficial sedi-

ments by index of geoaccumulation, pollution load index,

potential ecological risk index and enrichment factor; and

(3) to investigate the mobility and availability of heavy

metals in sediments using a six-stage sequential chemical

extraction technique.

Materials and methods

Sample collection and pre-treatment

The sampling location of the estuary in Daliao River and

Yingkou Bay is shown in Fig. 1. Coastal surficial sediment

samples are gathered from 35 sites in Daliao River and

Yingkou Bay including five sampling areas: I, downstream

area of Daliao River (1, 2, 3, 4); II, estuary in Daliao River

Fig. 1 The sampling locations of estuary in Daliao River and

Yingkou Bay
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(5, 6, 7); III, inner bay (8–16); IV, seawater interjunction of

inside bay and outside bay (17–25); V, outside bay

(26–35). The sampling areas are divided into five regions

from the downstream area of Daliao River to the outside

bay to investigate the variation rules of the distribution of

heavy metals along estuary in Daliao River and Yingkou

Bay. The surface sediment samples (15–20 cm) were col-

lected from 35 sampling sites during August 2007, using an

Ekman grab sampler according to the method (Inmaculada

et al. 2010; Ahmed and Soraya 2007). Sediment samples

were immediately isolated from the atmosphere inside a

plastic bag to prevent any oxidation reaction in the sedi-

mentary material and were placed in an icebox until

analysis. The physical and chemical properties including:

pH, EC (conductance), temperature of the overlying water,

TOC of the surficial sediments were determined according

to standard methods (Essien et al. 2009; Wajid et al. 2008;

Alessandra et al. 2008).

Reagents and apparatus

All chemicals used are of analytical grade from Bosi-

chuangqi Reagents and Apparatus Company. All solutions

were prepared using double-distilled water (DDW). All

calibration and reagent solutions were stored in vessels

made of boronsilica glass of the highest quality.

Sediment treatment and analysis

After collection, surficial sediment samples were dried at

room temperature, ground to pass through a 63-lm sieve

and preserved (Bryan and Langston 1992; Langston and

Spence 1994). After digesting with a mixture of concen-

trated HNO3–HF–HClO4 (GB 17378.5 1998), the sample

was analyzed to determine the concentrations of Co, Cu, Pb

and Zn by inductively coupled plasma mass spectrometry

(ICP-MS, X Series II). The chemical distributions of metals

(Co, Cu, Pb, Zn) are determined by the six-step sequential

extraction scheme proposed by Han Fengxiang and Amos

Banin (Han and Amos 1997). The method is described as

the following procedure, which is shown in Table 1 (ESM

only). Blank and certified reference materials [So-4(619),

So-1(F48)], supplied by Canadian Certified Reference

Material Project, Canada (CCRMP; Li et al. 1995) were

analyzed concurrently with sediment samples to ensure

consistency and accuracy of recoveries over metal analy-

ses. The determined results of total concentration obtained

in these experiments corresponded with those obtained for

the certified materials, and the recoveries of the six-step

fractionation with respect to the total metal concentrations

are described in Table 2 (ESM only). The description

of those reference materials has been given by Potts et al.

(1992).

Results and discussion

The character of sediment and overlying water

Physicochemical parameters of surficial sediments and the

overlying water (temperature, EC, pH, dissolved oxygen)

are displayed in Table 1. The TOC values in the analyzed

sediment ranged from 1.32 to 2.76% with the average of

2.29%. The TOC level is reduced approximately in this

order: I [ II [ III [ IV [ V, which reflects the mud con-

taining high organic matter in the river and the export of it

from the estuary to the bay. Organic carbon has the sig-

nificant role in the geochemical cycle of elements that

accumulate in sediments; it might be used as an index

of depositional environment and sedimentary processes

(Seralathan et al. 1993).

Total metal concentration in surficial sediment

Table 2 represents the total content of four metals in 35

sampling sites. The mean concentration of Co is 10.17 mg/

kg; the maximum at site 3 is 16.02 mg/kg and the mini-

mum at site 23 is 3.61 mg/kg. The average concentration of

Cu is 20.03 mg/kg; the maximum at site 12 is 43.80 mg/kg

and the minimum at site 23 is 2.77 mg/kg. The mean

concentration of Pb is 26.62 mg/kg; the maximum at site 3

is 39.18 mg/kg and the minimum at site 25 is 16.57 mg/kg.

The mean concentration of Zn is 69.38 mg/kg; the maxi-

mum at site 3 is 125.93 mg/kg; the minimum at site 23 is

16.53 mg/kg. The concentration of Co that increased at the

five different regions is in the order: I [ II [ III [
V [ IV; Cu is in the order: I [ II [ III [ V [ IV; Pb is in

the order: I [ II[ V [ III [ IV; Zn is in the order:

I [ III[ V [ II [ IV. Estuarine sediments may serve as

effective traps of river metals (De et al. 1985). The amount

of metallic concentration accumulated in residual phase

may be attributed to geopogen source, while the potentially

labile phases may be considered as anthropogenically

originated.

Comparison to other water bodies

To evaluate the pollution level of heavy metals in surficial

sediments of the estuary in Daliao River and Yingkou Bay,

the content of heavy metals in surficial sediments from

other water bodies have been described in Table 3

(Satyanarayana et al. 1994; Santosh et al. 2004; Muthu Raj

and Jayaprakash 2008; Yang 2007; Zhou et al. 2004). It

reveals that the level of heavy metals in the surficial sed-

iments of the study area is low compared with other sea

areas basically. The content of Co is lower than that of

Viskhapatnam Coast, India, Zhujang estuary, PRC, Tees

estuary, UK, higher than Bay of Bengal, India, but is

Environ Earth Sci (2012) 66:2417–2430 2419
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similar to that of Diamond Harbor, India, and Changjang

estuary, PRC. The content of Cu is lower than that of

Viskhapantnam Coast, India, Bay of Bengal, India, Zhuj-

ang estuary, PRC and Tees estuary, UK, but is similar to

Diamond Harbor, India, and Changjang estuary, PRC. The

content of Pb is lower than that of Viskhapantnam Coast,

India, Bay of Bengal, India, Zhujang estuary, PRC and

Tees estuary, UK, higher than that of Diamond Harbor,

India, but is similar to Changjang estuary, PRC. The con-

tent of Zn is lower than that of Viskhapatnam Coast, India,

Bay of Bengal, India, Zhujang estuary, PRC and Tees

estuary, UK, higher than Diamond Harbor, India, but is

similar to Changjang estuary, PRC.

Methods for estimating pollution impact

Index of geoaccumulation

The geoaccumulation Index (Igeo) is put forward by Müller

for the quantification of metal contamination in sediments

(Müller 1969) and widely applied by many researchers

(Muthu Raj and Jayaprakash 2008; Essien et al. 2009;

Table 1 The character of the

overlying water and sediment
Site no. Geographical coordinates pH Temperature

(�C)

DO

(mg/L)

EC

(ms/cm)

TOC

(%)
Latitude N Longitude E

1 40�41023.900 122�11014.800 7.55 18.54 0.17 32.1 2.34

2 40�42010.700 122�10014.000 7.34 16.52 1.56 5.3 2.45

3 40�42019.500 122�09006.500 7.13 17.56 1.2 7.63 2.54

4 40�40035.000 122�08057.700 7.42 17.89 1.59 13.48 2.76

5 40�40033.100 122�08055.300 7.32 17.65 3.44 5.3 2.32

6 40�40024.400 122�08049.800 7.25 18.06 4.84 30.6 2.12

7 40�40019.500 122�08058.400 7.54 19.01 1.65 13.48 2.16

8 40�40004.200 122�08059.300 7.11 18.65 1.6 13.48 2.15

9 40�40009.900 122�08013.800 7.31 18.32 7.37 42 2.45

10 40�39030.700 122�08039.500 7.53 18.21 5.58 29.4 2.09

11 40�39024.700 122�08059.300 7.33 18.05 1.98 13.48 2.62

12 40�38059.200 122�08059.000 7.43 17.95 2.22 12.86 2.12

13 40�40006.000 122�07031.200 7.32 17.08 6.97 41.6 2.54

14 40�39023.900 122�07029.100 7.22 18.06 6.96 43.8 2.62

15 40�39003.000 122�07030.000 7.26 18.14 6.84 43.8 2.09

16 40�38013.500 122�07028.400 7.29 19.05 5.62 43.8 2.18

17 40�40008.200 122�06026.000 7.25 20.06 6.92 36.2 2.67

18 40�39022.200 122�06024.200 7.36 19.75 7.2 43.5 2.62

19 40�39003.100 122�06026.400 7.4 18.07 7.46 43.8 2.49

20 40�38014.500 122�06021.100 7.47 19.06 6.35 43.8 2.6

21 40�37015.800 122�07006.000 7.49 19.54 3.08 37.2 2.61

22 40�40027.700 122�04030.200 7.45 19.76 4.92 32.1 2.08

23 40�39020.400 122�04029.000 7.46 19.07 6.64 36.6 2.13

24 40�38036.700 122�04036.900 7.48 19.03 7.92 32.1 2.05

25 40�37041.400 122�05003.300 7.5 19.76 6.89 32.1 2.08

26 40�40037.200 122�03003.900 7.52 19.73 6.03 42.6 2.14

27 40�39019.300 122�03003.300 7.47 19.23 7.39 42.6 1.65

28 40�38002.900 122�03002.900 7.37 18.05 7.5 42.6 1.67

29 40�34057.300 122�03028.200 7.53 18.64 6.41 42.6 1.62

30 40�33004.500 122�04018.300 7.5 18.06 6.11 37.2 1.65

31 40�32019.700 122�03016.100 7.53 18.67 5.86 34.7 1.75

32 40�28032.700 122�05015.300 7.47 18.98 6.04 35.8 1.52

33 40�22057.800 122�06042.600 7.48 18.06 5.87 37.5 1.46

34 40�19014.300 122�06025.100 7.45 19.03 4.87 36.5 1.43

35 40�18034.700 122�06033.100 7.36 20.04 5.09 37.6 1.32
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Getaneh and Alemayehu 2006; Krishna and Govil 2008).

It is expressed as the following:

Igeo ¼ log2 Cn= 1:5� Bnð Þ½ �

where Cn is the measured sedimentary concentration for

metal n; Bn is the background value (average shale) for the

metal n; 1.5 is in order to allow content fluctuations of a

given substance in the environment as well as very small

anthropogenic influences. The average shale values for

different metals are taken from Wedepohl (1995), which

are shown in Table 3 (ESM only). Müller has distinguished

six classes of the geoaccumulation index (Table 4, ESM

only). The geoaccumulation index (Igeo) of the four metals

is shown in Table 4. The most of Igeo of the four kinds of

metals of surficial sediment are below 0, which indicated

the ‘‘unpolluted’’ class. However, the pollution class of Pb

is ‘‘unpolluted to moderately polluted’’ class at sites 1, 2, 3,

4, 5, 6, 8, 11, 12, 13, 26, 28, 30, 31, 35. The sequence of the

pollution class of different heavy metals is: Pb [ Zn [
Co [ Cu. The sequence of pollution level in 35 samples is:

II [ I = V [ III [ IV.

Pollution load index (PLI)

Pollution load index was put forward by Tomlinson et al.

(1980) to understand the contamination state of heavy

metals, which was constituted by many kinds of heavy

metals in the assessment region and was calculated by

using the heavy metal data and average natural back-

ground. PLI can reflect the extent of contribution to pol-

lution of every kind of heavy metals and the changing

extent in time and space.

The contamination factor was calculated (CF = metal

concentration in sediment/background concentration for

that metal); then PLI was computed from the following

equation:

PLI ¼ CF1 � CF2 � � � �CFnð Þ1=n

where PLI is pollution load index, CF is contamination

factor, n is the number of metals investigated. The

assessment result is given in Table 5. The result of the

assessment shows that except for the moderately polluted

region of sites 1, 2, 3, 8, 12 and 13, other sites belong to

‘‘unpolluted state’’. The sequence of pollution extent

of different heavy metals is: Pb [ Zn [ Co [ Cu. The

PLIZone is 0.60 and it shows that the research area belongs

to ‘‘unpolluted state’’ on the whole. The sequence of the

pollution extent of different sampling area is: I [ II[
III [ V [ IV. The maximum of PLI is at sites 3 and 12,

while the lowest is at site 23.

Assessment of potential ecological risk contamination

of heavy metals

Potential ecological risk index (RI) is introduced to assess

the contamination degree of heavy metals in the sediment.

RI was founded by Hankanson (1980). The equations for

calculating the RI apply the following equations, according

to the toxicity of heavy metals and response of the

environment:

Table 2 Concentrations of heavy metals in surficial sediments of

estuary in Daliao River and Yingkou Bay (mg/kg)

Site no. Co Cu Pb Zn

1 14.68 30.12 34.31 109.67

2 14.75 30.07 36.95 117.44

3 16.02 36.34 39.18 125.93

4 12.05 25.01 36.17 91.11

5 13.56 28.47 36.51 104.19

6 12.40 30.16 32.59 32.59

7 10.08 18.92 27.65 70.68

8 15.17 32.08 36.71 116.48

9 4.36 4.13 16.89 22.05

10 10.35 19.37 26.00 77.67

11 14.39 30.35 32.56 99.65

12 15.43 43.80 33.49 125.93

13 14.48 29.60 35.97 106.59

14 10.60 20.46 26.19 76.62

15 6.89 9.75 21.13 42.42

16 8.69 14.22 22.62 57.92

17 6.10 8.06 19.68 37.17

18 4.72 4.50 17.21 33.59

19 9.96 16.81 25.44 62.59

20 6.69 8.84 18.50 38.53

21 11.22 21.06 20.90 67.72

22 4.31 4.55 16.69 20.57

23 3.61 2.77 18.29 16.53

24 4.97 5.69 16.86 24.07

25 4.65 4.59 16.57 24.98

26 13.33 28.23 31.69 109.80

27 4.91 6.51 20.81 26.10

28 14.18 30.23 32.38 112.76

29 4.62 4.49 18.14 23.27

30 14.71 29.60 31.25 107.34

31 14.08 29.76 32.03 108.21

32 11.83 23.39 25.59 80.01

33 4.69 10.93 17.36 25.11

34 12.89 25.14 26.73 84.53

35 10.52 33.21 30.71 75.42

Max. 16.02 43.80 39.18 125.93

Min. 3.61 2.77 16.57 16.53

Mean 10.17 20.03 26.62 69.38
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Ci
f¼

Ci

Ci
n

; Cd¼
Xn

i¼1

Cii
f

Ei
r ¼ Ti

r � Ci
f ; RI ¼

Xn

i¼1

Ei
r;

where Cii
f is the single-element pollution factor, Ci is the

concentration of the element in samples, and Ci
n is a ref-

erence value for the element which is considered to average

value of global shale. In this study, Ci is the measured

concentration value for the element. Ei
r is the potential

ecological risk index of an individual element. Ti
r is the

toxic factor of an individual element (Table 5, ESM only;

Essien et al. 2009). RI represents the sensitivity of the

biological risk caused by the toxic substance and illustrates

the potential ecological risk caused by the overall con-

tamination. Based on the single-element, pollution factor

(Ci
n) and its grades, the ecological risk of four kinds of

elements and the value is shown in Table 6. Grade stan-

dards for potential ecological risk are shown in (Table 6,

ESM only; Hankanson 1980; Li et al. 2008). The results

show that the ecological risk of four kinds of elements in

surficial sediments is low. At all sampling sites, the grades

of potential ecological risk of Co, Cu, Pb and Zn

are ‘‘light’’. The order of potential ecological risk is:

Pb [ Co [ Cu [ Zn. The order of RI shows that the pol-

lution extent is: I [ II[ III [ V [ IV. Potential ecological

risk index (RI) shows the maximum is at site 23 and the

minimum is at site 3.

Enrichment factor

To assess the relative contribution of natural and anthro-

pogenic metal input to sediments, it is necessary to have

some ideas of what natural concentrations are expected to

be in sediments of a given region. To assess metal inputs to

sediments in this region, it is necessary to standardize their

content in relation to the reference element, which is

assumed to have little variability of occurrence and is

present in trace concentration in the examined environ-

ment. The usual reference elements are Sc, Mn, Al, Fe

and Ti (Krzysztof et al. 1997). A reference element is

Table 3 Comparison of heavy

metals in studied area with

various water bodies around the

world (mg/kg)

Location Co Cu Pb Zn Reference

Viskhapantnam Coast, India 21–60 36–80 57–95 499–800 Satyanarayana et al. (1994)

Diamond Harbor, India 10.4 21.5 13.7 54.2 Santosh et al. (2004)

Bay of Bengal, India 8.1 506.21 32.36 126.83 Muthu Raj and

Jayaprakash (2008)

Changjang estuary, PRC 9.7–20.7 6.4–55.4 12–35.4 50.9–145.6 Yang (2007)

Zhujang estuary, PRC 40.18 46.15 59.26 150.06 Zhou et al. (2004)

Tees estuary, UK 34 103 307 392 Yang (2007)

Table 4 The geoaccumulation index (Igeo) of heavy metals in surfi-

cial sediments of estuary in Daliao River and Yingkou Bay

Site no. Igeo

Co Cu Pb Zn

1 -0.96 -2.32 0.19 -0.38

2 -0.95 -1.16 0.30 -0.28

3 -0.83 -0.89 0.38 -0.18

4 -1.24 -1.43 0.27 -0.64

5 -1.07 -1.24 0.28 -0.45

6 -1.20 -1.16 0.12 -2.13

7 -1.50 -1.85 -0.12 -1.01

8 -0.91 -1.07 0.29 -0.29

9 -2.71 -1.99 -0.83 -2.69

10 -1.46 -1.38 -0.21 -0.88

11 -0.98 -1.05 0.12 -0.52

12 -0.88 -0.62 0.16 -0.18

13 -0.98 -1.19 0.26 -0.42

14 -1.43 -1.72 -0.2 -0.89

15 -2.05 -2.8 -0.5 -1.75

16 -1.71 -2.24 -0.41 -1.30

17 -2.22 -3.06 -0.61 -1.94

18 -2.59 -3.90 -0.80 -2.08

19 -1.52 -2.00 -0.24 -1.19

20 -2.09 -2.93 0.00 -1.88

21 -1.34 -1.68 -0.52 -1.07

22 -2.72 -3.89 -0.84 -2.79

23 -2.98 -4.60 -0.71 -3.10

24 -2.52 -3.57 -0.83 -2.56

25 -2.61 -3.88 -0.86 -2.51

26 -1.10 -1.26 0.08 -0.38

27 -2.54 -3.37 -0.53 -2.45

28 -1.01 -1.16 0.11 -0.34

29 -2.62 -3.91 -0.72 -2.61

30 -0.95 -1.19 0.06 -0.41

31 -1.02 -1.18 0.09 -0.40

32 -1.27 -1.53 -0.23 -0.83

33 -2.60 -2.62 -0.79 -2.50

34 -1.14 -1.42 -0.17 -0.75

35 -1.44 -1.02 0.03 -0.92
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characterized by the low occurrence variability. Scandium

(Sc) is chosen as the geochemical normalizer because of its

conservative nature during diagenesis. Sc has little vari-

ability of occurrence and presents in trace concentration in

Daliao River and Yingkou Bay. (Fan 2009; Krzysztof et al.

1997; Tomza et al. 1982; Buat-Menard 1979). EF has also

been used as an indication of degree of pollution or envi-

ronmental contamination or both. The EF is defined as:

EFcrustal ¼ ðCx=CScÞ sample½ �= Cx=CScð Þ crust�

where (Cx/CSc) sample is the ratio of the concentration of

an element x in mg/kg in the analyzed sample and (Cx/CSc)

Table 5 The pollution load

index of heavy metals in

surficial sediments of estuary in

Daliao River and Yingkou Bay

(PLI)

*PLI(station) stands for the PLI

value of four metals in every

sampling station

**PLIzone, which stands for the

PLI value of the whole area, is

0.60

Sampling point PLI** Pollution level Pollution degree

Co Cu Pb Zn PLI (station)*

1 0.77 0.67 1.72 1.15 1.00 1 Moderately

polluted

2 0.78 0.67 1.85 1.24 1.05 1 Moderately

polluted

3 0.84 0.81 1.96 1.32 1.15 1 Moderately

polluted

4 0.63 0.56 1.81 0.96 0.88 0 Unpolluted

5 0.71 0.63 1.82 1.10 0.97 0 Unpolluted

6 0.65 0.67 1.63 0.34 0.70 0 Unpolluted

7 0.53 0.42 1.38 0.74 0.69 0 Unpolluted

8 0.80 0.71 1.84 1.23 1.06 1 Moderately

polluted

9 0.23 0.09 0.84 0.23 0.25 0 Unpolluted

10 0.54 0.43 1.30 0.82 0.70 0 Unpolluted

11 0.76 0.67 1.63 1.05 0.97 0 Unpolluted

12 0.81 0.97 1.67 1.35 1.15 1 Moderately

polluted

13 0.76 0.66 1.80 1.12 1.00 1 Moderately

polluted

14 0.56 0.45 1.31 0.81 0.72 0 Unpolluted

15 0.36 0.22 1.06 0.45 0.44 0 Unpolluted

16 0.46 0.32 1.13 0.61 0.56 0 Unpolluted

17 0.32 0.18 0.98 0.39 0.38 0 Unpolluted

18 0.25 0.10 0.86 0.35 0.29 0 Unpolluted

19 0.52 0.37 1.27 0.66 0.63 0 Unpolluted

20 0.35 0.20 0.92 0.40 0.40 0 Unpolluted

21 0.59 0.47 1.04 0.71 0.67 0 Unpolluted

22 0.23 0.10 0.83 0.22 0.25 0 Unpolluted

23 0.19 0.06 0.91 0.17 0.20 0 Unpolluted

24 0.26 0.13 0.84 0.25 0.29 0 Unpolluted

25 0.24 0.10 0.83 0.26 0.27 0 Unpolluted

26 0.70 0.63 1.58 1.16 0.95 0 Unpolluted

27 0.26 0.14 1.04 0.27 0.32 0 Unpolluted

28 0.75 0.67 1.62 1.19 0.99 0 Unpolluted

29 0.24 0.10 0.91 0.24 0.27 0 Unpolluted

30 0.77 0.66 1.56 1.13 0.97 0 Unpolluted

31 0.74 0.66 1.60 1.14 0.97 0 Unpolluted

32 0.62 0.52 1.28 0.84 0.77 0 Unpolluted

33 0.25 0.24 0.87 0.26 0.34 0 Unpolluted

34 0.69 0.56 1.34 0.89 0.82 0 Unpolluted

35 0.55 0.74 1.54 0.79 0.84 0 Unpolluted

Mean 0.49 0.35 1.26 0.62 0.68
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is the same ratio in the crustal material (natural background

level). The classes of enrichment factor are listed in

Table 7 (ESM only).

Table 7 presents the mean EF value of the metals with

respect to the natural background concentration (Table 3,

ESM only). The enrichment factor of Co at sites 4, 6, 7, 8,

19, 23, 24, 27, 32, 33 and 35 is ‘‘minor enrichment’’, while

at other sites it is ‘‘no enrichment’’. The enrichment factor

of Cu at sites 6, 8, 12, 33 and 35 is ‘‘minor enrichment’’,

while at other sites it is ‘‘minor enrichment’’. The enrich-

ment factor of Pb at sites 1, 2, 3, 6, 7, 8, 10, 11, 12, 13, 14,

15, 16, 17, 19, 20, 21, 26, 28, 29, 30, 31, 32, 34 is ‘‘minor

enrichment’’; at sites 4, 5, 9, 18, 22, 24, 25, 27, 33 and 35 it

is ‘‘moderate enrichment’’, but at site 23 it is ‘‘moderately

severe enrichment’’. The enrichment factor of Zn at sites 1,

2, 3, 4, 5, 7, 8, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 21, 23,

24, 26, 27, 28, 30, 31, 32, 33, 34 and 35 is ‘‘minor

enrichment’’; at sites 6, 9, 20, 22, 25 and 29 there is ‘‘no

enrichment’’.

Therefore, this study reveals EF value for Pb is ‘‘minor

enrichment’’ to ‘‘moderate enrichment’’ at most sites and

regions; for Zn it is ‘‘minor enrichment’’ at most sites and

Table 6 Potential ecological risk index (RI) of heavy metals in surficial sediments of estuary in Daliao River and Yingkou Bay

Site no. Cf Cd Eri RI

Co Cu Pb Zn Co Cu Pb Zn

1 0.77 0.67 1.72 1.15 4.31 3.85 3.35 8.60 1.15 16.95

2 0.78 0.67 1.85 1.24 4.54 3.90 3.90 9.25 1.24 18.29

3 0.84 0.81 1.96 1.32 4.93 4.20 4.05 9.80 1.32 19.37

4 0.63 0.56 1.81 0.96 3.96 3.15 2.80 9.05 0.96 15.96

5 0.71 0.63 1.82 1.10 4.26 3.55 3.15 9.10 1.10 16.90

6 0.65 0.67 1.63 0.34 3.29 3.25 3.35 8.15 0.34 15.09

7 0.53 0.42 1.38 0.74 3.07 2.65 2.10 6.90 0.74 12.39

8 0.80 0.71 1.84 1.23 4.58 4.00 3.55 9.20 1.23 17.98

9 0.23 0.09 0.84 0.23 1.39 1.15 0.45 4.20 0.23 6.03

10 0.54 0.43 1.30 0.82 3.09 2.70 2.15 6.50 0.82 12.17

11 0.76 0.67 1.63 1.05 4.11 3.80 3.35 8.15 1.05 16.35

12 0.81 0.97 1.67 1.35 4.80 4.05 4.85 8.35 1.35 18.60

13 0.76 0.66 1.80 1.12 4.34 3.80 3.30 9.00 1.12 17.22

14 0.56 0.45 1.31 0.81 3.13 2.80 2.25 6.55 0.81 12.41

15 0.36 0.22 1.06 0.45 2.09 1.80 1.10 5.30 0.45 8.65

16 0.46 0.32 1.13 0.61 2.52 2.30 1.60 5.65 0.61 10.16

17 0.32 0.18 0.98 0.39 1.87 1.60 0.90 4.90 0.39 7.79

18 0.25 0.10 0.86 0.35 1.56 1.25 0.50 4.30 0.35 6.40

19 0.52 0.37 1.27 0.66 2.82 2.60 1.85 6.35 0.66 11.46

20 0.35 0.20 0.92 0.40 1.87 1.75 1.00 4.60 0.40 7.75

21 0.59 0.47 1.04 0.71 2.81 2.95 2.35 5.20 0.71 11.21

22 0.23 0.10 0.83 0.22 1.38 1.15 0.50 4.15 0.22 6.02

23 0.19 0.06 0.91 0.17 1.33 0.95 0.30 4.55 0.17 5.97

24 0.26 0.13 0.84 0.25 1.48 1.30 0.65 4.20 0.25 6.40

25 0.24 0.10 0.83 0.26 1.43 1.20 0.50 4.15 0.26 6.11

26 0.70 0.63 1.58 1.16 4.07 3.50 3.15 7.90 1.16 15.71

27 0.26 0.14 1.04 0.27 1.71 1.30 0.70 5.20 0.27 7.47

28 0.75 0.67 1.62 1.19 4.23 3.75 3.35 8.10 1.19 16.39

29 0.24 0.10 0.91 0.24 1.49 1.20 0.50 4.55 0.24 6.49

30 0.77 0.66 1.56 1.13 4.12 3.85 3.30 7.80 1.13 16.08

31 0.74 0.66 1.60 1.14 4.14 3.70 3.30 8.00 1.14 16.14

32 0.62 0.52 1.28 0.84 3.26 3.10 2.60 6.40 0.84 12.94

33 0.25 0.24 0.87 0.26 1.62 1.25 1.20 4.35 0.26 7.06

34 0.69 0.56 1.34 0.89 3.48 3.45 2.80 6.70 0.89 13.84

35 0.55 0.74 1.54 0.79 3.62 2.75 3.70 7.70 0.79 14.94

Mean 0.53 0.44 1.33 0.74 3.05 2.58 2.24 6.65 0.74 12.30
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regions; for Cu and Co it is ‘‘minor enrichment’’ at most

sites and regions. The enrichment factor of ‘‘minor

enrichment’’, ‘‘moderate enrichment’’ and ‘‘severe enrich-

ment’’ means the metals have originated from non-crustal

sources, i.e. anthropogenic pollution. The enrichment fac-

tor of ‘‘no enrichment’’ indicates no enrichment and the

metals in sediment originate from crustal source.

Metals speciation in sediments

To study the fraction of sedimentary metals among the

geochemical phases and to assess their long-term potential

emission in the surrounding environment, selective chem-

ical extraction is widely used (Jones and Turki 1997).

Exchangeable fraction is considered to be the most mobi-

lized and bioavailable phase in the soil and sediment,

followed by the carbonate phase (Tessier et al. 1980;

Ahumada et al. 1999; Howari and Banat 2001). Easily

reducible oxides and reducible oxides exit as nodules,

concretions and cement between particles or as a coating

on particles. These oxides are excellent scavengers for

trace metals and can be mobilized under the reducing and

acidic conditions (Tessier et al. 1980; Banat et al. 2005).

The organic phase is a relatively stable phase in nature, but

it can be mobilized under strong oxidizing conditions due

to degradation of organic matter, which can result in the

release of the soluble metal (Tessier et al. 1980). The

residual solid should contain mainly primary and second-

ary minerals, which may hold trace metals within their

crystal structure. The metal in the residuals fraction cannot

be easily released to the environment as the metal is bound

to crystal lattice (Ahumada et al. 1999; Howari and Banat

2001; Huang et al. 2007). Therefore, the sequence of the

labile/stable extent of the six fractions is: EXC (more

labile) [ CARB (intermediately labile) [ ERO, OM, RO

(less labile and stable) [ RES (more stable). Assuming

that mobility is related to solubility, the metal solubility

decreases in the following order: EXC [ CARB [ ER-

O [ OM [ RO [ RES. The speciation of four heavy

metals is shown in Figs. 2, 3, 4, 5. The exchangeable

fraction in the sediment is able to retain heavy metals in

the following order (mean value): Cu (3.89%) [ Zn

(3.72%) [ Pb (2.98%) [ Co (2.04%). The carbonate

fraction in the sediment is able to retain heavy metals in

the following order: Pb (19.21%) [ Co (11.30%) [ Zn

(13.14%) [ Cu (3.40%). The easily reducible oxides

fraction in the sediment is able to retain heavy metals in

the following order: Pb (8.17%) [ Co (7.77%) [ Zn

(5.86%) [ Cu (3.18%). The organic matter fraction in the

sediments is able to retain heavy metals in the following

order: Co (14.14%) [ Pb (9.27%) [ Zn (8.22%) [ Cu

(6.85%). The reducible oxides in the sediment are able

to retain heavy metals in the following order: Cu

(29.85%) [ Pb (27.29%) [ Zn (19.31%) [ Co (18.07%).

The residual fraction in the sediment is able to retain heavy

metals in the following order: Cu (52.83%) [ Zn

(0.49.75%) [ Co (46.68%) [ Pb (33.08%). The residual

form is named an ‘‘inert phase’’ and corresponds to the part

of the metals which cannot be mobilized. The high per-

centages of heavy metals were found in residual phase,

which cannot be easily released in the aquatic environment

as they are bound to the crystal lattice of the minerals in the

sediments (Savvides et al. 1995). Based on the residual

fraction, the solubility and mobility of the metals may

decrease in the following order: Pb (fraction, 33.08%;

Table 7 Enrichment factors (EF) of heavy metals in surficial sedi-

ments of estuary in Daliao River and Yingkou Bay

Site no. EFCo EFCu EFPb EFZn

1 0.93 0.81 2.08 1.40

2 0.97 0.85 2.34 1.56

3 0.93 0.90 2.18 1.47

4 1.08 0.95 3.09 1.64

5 0.95 0.84 3.12 1.46

6 1.06 1.09 2.66 0.56

7 1.08 0.86 2.82 1.52

8 1.20 1.08 2.78 1.85

9 0.94 0.38 3.46 0.95

10 0.96 0.76 2.3 1.45

11 0.97 0.86 2.08 1.34

12 0.95 1.14 1.96 1.55

13 0.96 0.83 2.26 1.41

14 0.97 0.79 2.29 1.41

15 0.98 0.59 2.87 1.21

16 0.93 0.64 2.30 1.24

17 0.86 0.48 2.66 1.06

18 0.98 0.40 3.41 1.40

19 1.10 0.79 2.68 1.39

20 0.84 0.47 2.22 0.97

21 0.94 0.75 1.66 1.14

22 0.87 0.39 3.22 0.84

23 1.17 0.38 5.62 1.07

24 1.08 0.52 3.50 1.05

25 0.91 0.38 3.07 0.94

26 0.97 0.86 2.18 1.59

27 1.08 0.60 4.32 1.14

28 0.92 0.83 2.00 1.47

29 0.73 0.30 2.74 0.74

30 0.97 0.82 1.95 1.41

31 0.95 0.85 2.06 1.47

32 1.02 0.85 2.10 1.38

33 1.27 1.25 4.48 1.36

34 0.91 0.75 1.80 1.20

35 1.27 1.70 3.54 1.83
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concentration, 8.80 mg/kg) [ Co (fraction, 46.68%;

concentration, 4.75 mg/kg) [ Zn (fraction, 0.49.75%;

concentration, 34.52 mg/kg) [ Cu (fraction, 0.52.83%;

concentration, 10.58 mg/kg). Metals present in this fraction

are a measure of the degree of environmental pollution: the

higher the metals present in this fraction, the lower the

degree of pollution (Ahumada et al. 1999; Howari and

Banat 2001).

Co fraction

The percentage of Co associated with different fractions is

in the following order (mean value): RES (46.68%) [ RO

(18.07%) [ OM (14.14%) [ CARB (11.30%) [ ERO

(7.77%) [ EXC (2.04%). The RO, OM and CARB frac-

tions are reasonably high. At all sites, Co is mostly con-

centrated in the RES (17.66–85.35%) fraction with the

average value of 46.68%. At site I, it is found that EXC

(0.37%) and ERO (4.22%) fractions are absent; at site II, it

is found that EXC (0.71%) and RES (8.33%) fractions are

absent; at site III, it is found that EXC (0.37%) fraction is

absent; at site IV, it is found that EXC (2.97%) fraction

is absent; at site V, it is found that EXC (3.78%) and

ERO (7.12%) fractions are absent. These indicate that Co is

regarded as ‘‘more stable’’ in the sediment of the total area.

Metals in this fraction are the lower degree of pollution in

the sediment. In addition, the different chemical forms of

Co can affect the solubility and mobility of the metal in

sediments. The different distribution patterns of Co in dif-

ferent regions may be related to Co sources and sediment

characteristics. At all sites, the organic fraction is relatively

high ([10%). It shows that the sediments of those sites are

influenced by organic sewage. The main reasons are the

serious organic contamination in the study region and the

sedimentation (Chapman 1988). Textural characteristics,

major elements and total organic carbon in sediments were

marked as the causative factors of sedimentary pollution in

Yingkou Bay. Agricultural run-off, sewage outfall and the

redistribution of contaminated sediments from multifarious

industries are all potential contemporary sources of con-

tamination of organic fraction of Co in sediment. This

conclusion is consistent with the researches (Chapman

1988; Himer et al. 1990; Luoma and Phillips 1988).

Cu fraction

Generally, Cu associated with different fractions followed

the order (mean value): RES (52.83%) [ RO (29.85%) [
OM (6.85%) [ EXC (3.89%) [ CARB (3.40%) [ ERO

(3.18%). Cu is dominated by RES and RO fractions, and

other fractions are relatively low. From the speciation data

obtained, it appears that Cu basically exists in the RES

(average value, 52.83%) fraction, which consisted of

primary and secondary minerals essentially. Therefore, the

high Cu concentration (52.83%) in RES fraction indicates

that sediment is relatively unpolluted. At site I, it is found that

EXC (2.08%), ERO (1.54%) and OM (6.75%) fractions are

absent; at site II, it is found that EXC (2.21%), CARB

(3.36%), ERO (3.89%) and OM (4.06%) fractions are absent;

at site III, it is found that EXC (0.95%), CARB (3.02%), ERO

(2.61%) and OM (2.70%) fractions are absent; at site IV, it is

found that EXC (3.35%), CARB (2.78%), ERO (5.11%) and

OM (9.33%) fractions are absent; at site V, it is found that

EXC (8.25%), CARB (1.51%), ERO (2.41%) and OM

(9.22%) fractions are absent. These indicate that it should

contain mainly primary and secondary minerals, which

may hold trace metals within their crystal structure. Metals

in this fraction indicate the low degree of pollution. The

high percentage of Cu in residual fraction indicates the

sediment is relatively unpolluted and originates from

geochemical background rather than anthropogenic source.

Pb fraction

The percentage of Pb associated with different fractions is

in the following order (average value): RES (33.08%) [
RO (27.29%) [ CARB (19.21%) [ OM (9.27%) [ ERO

(8.17%) [ EXC (2.98%). The speciation pattern of Pb for

all sites indicates that Pb is bounded to RES (average

value, 33.08%) followed by RO (mean value, 27.29%) and

CARB (19.21%). For site I, it is found that EXC (0.24%),

CARB (0.06%), ERO (0.00%) and RO (2.49%) fractions

are absent; for site II, it is found that CARB (0.64%), ERO

(4.83%) and RO (0.64%) fractions are absent; for site III, it

is found that EXC (1.11%), CARB (0.00%), ERO (0.00%),

OM (0.7.87%) and RO (0.00%) fractions are absent; for

site IV, it is found that CARB (0.30%), RO (1.33%), OM

(7.12%) and ERO (8.15%) fractions are absent; for site V,

it is found that EXC (3.34%), CARB (6.73%), ERO

(0.00%) and RO (2.67%) are absent. These indicate that Pb

at most sites of the sediment occurs in highly resistant

minerals and therefore is unlikely to be released to pore-

water through dissociation. The high percentage of Pb in

RES fraction indicates that the sediment is relatively

unpolluted. The percentage Pb in organic fraction at site I,

II and V is relatively high ([10%), which shows that these

sites are influenced by organic sewage due to the same

reason in Sect. ‘‘Co fraction’’. At site III and IV, Pb orig-

inates from geochemical background rather than anthro-

pogenic source.

Zn fraction

Generally, Zn associated with different fraction follows the

order (mean value): RES (49.75%) [ RO (19.31%) [
CARB (13.14%) [ OM (8.22%) [ ERO (5.42%) [ EXC
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(3.72%). The RO and CARB fraction are reasonably high.

Therefore, the result indicates that the sediment is rela-

tively polluted. At site I, it is found that EXC (0.74%),

CARB (9.49%), OM (2.40%), ERO (2.40%) and OM

(9.72%) are absent; for site II, it is found that EXC

(4.31%), ERO (6.20%) and OM (9.33%) are absent; for site

III, it is found that EXC (1.22%) and OM (5.57%) are

absent; for site IV, it is found that EXC (0.00%), ERO

(5.60%) and OM (6.81%) are absent, for site V, it is found

that ERO (2.29%) is absent.

Conclusions

The reported metal concentrations may serve as a basis for

future investigations in Daliao River and Yingkou Bay.

The ranges of Pb, Co, Zn and Cu concentrations in surficial

sediment are: 16.57–39.18, 3.61–16.02, 16.53–39.18, 2.77–

43.80 mg/kg. In the downstream area of Daliao River (site

I) and estuary in Daliao River (site II), higher concentra-

tions of the four metals were detected, which indicate the

main pollution source of metals from Daliao River; while

at the other three sites (site III, IV, V), the concentrations

of the four metals were low, which indicate that dilution,

diffusion and self-purification capacity engendered by tide

process have some influences on the metal pollution. The

variation of heavy metals in sediment in different sites may

also be due to absorption, sedimentation and flocculation

dynamics that take place in the estuary and the bay. On the

whole, the level of total concentration of four metals in

surficial sediment is lower than or similar to other reference

coastal areas.

Four kinds of assessment methods: the geoaccumulation

index (Igeo), pollution load index (PLI), potential ecological

risk index (RI) and enrichment factor (EF) are used to

illustrate the pollution level. Results of the geoaccumula-

tion index (Igeo) show that the pollution level of four metals

is in the ‘‘unpolluted’’ class except for Pb at 15 sampling

sites. The pollution level of the study area assessed by

pollution load index (PLI) shows that except for the

moderately polluted region of sites 1, 2, 3, 8, 12 and 13,

other sites belong to the unpolluted state. The sequence of

pollution extent of different heavy metals is: Pb [ Zn [
Co [ Cu. At all sampling sites, the grades of potential

ecological risk of Co, Cu, Pb and Zn are ‘‘light’’. The order

of potential ecological risk is: Pb [ Co [ Cu [ Zn.

The sequential extraction scheme is used to understand

the mobility of heavy metals in the surficial sediment in the

research area. Sequential extraction of the metals indicates

that Co is predominately present in the RES fraction fol-

lowed by the RO, OM fraction; Cu is predominately present

in the RES fraction followed by the RO fraction; Pb pre-

dominates in the RES fraction followed by RO and CARB

fraction; Zn predominates in the RES fraction followed by

RO and CARB fraction, which indicates the sediment is

relatively unpolluted at most sampling sites and originates

from geochemical background rather than anthropogenic

source. The solubility and mobility of the metals may

decrease in the following order: Pb [ Co [ Zn [ Cu.

In the present study, Pb, Co, Zn and Cu are stable under

normal conditions. The organic fraction of Co is relatively

high ([10%), which shows that the sediment of those sites

is influenced by organic sewage. At most sites of Daliao

River and Yingkou Bay, Pb, Co, Zn and Cu are relatively

stable, which means that there is low source of pollution

arriving at this area. While only at several sites, Co, Pb and

Zn are labile, which are related to the source of pollution

from the plating plant, tannery, steelworks and paper mill.

Higher total concentrations and percentages of metals in

non-residual fractions indicate the anthropogenic inputs to

the sediment in the surrounding area.
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