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Abstract The concentrations and speciation of heavy

metals (As, Cd, Cr, Cu, Hg, Ni, Pb and Zn) in the sedi-

ments of the nearshore area, river channel and coastal

zones of the Yangtze estuary, China, were systematically

investigated in this study. The concentrations of all heavy

metals except Ni in the sediments of the nearshore area

were higher than those of the river channel and coastal

zones. In the nearshore area, the concentrations of most

heavy metals except Hg in the sediments of the southern

branch were higher than those of the northern branch

because of the import of pollutants from the urban and

industrial activities around. When compared with the

threshold effect level (TEL) and geochemical background

levels, Cr, Ni and As accumulated and posed potential

adverse biological effects. The speciation analysis sug-

gested that Cd, Pb and Zn in the sediments of the three

zones showed higher bioavailability than the other heavy

metals, and thus posed ecological risk. Significant corre-

lations were observed among Cr, Cu, Ni and Zn (r [ 0.77)

in the nearshore area, Ni, Cu, Zn and Pb (r [ 0.85) in the

river channel and Ni, Cu, Cr, Pb and Zn (r [ 0.75) in the

coastal zone. Principal component analysis (PCA) indi-

cated that the discharge of unban and industrial sewage,

shipping pollution and the properties of the sediments

(contents of Fe, Mn, Al, TOC, clay and silt) dominated the

distribution of heavy metal in the nearshore area, river

channel and coastal zones of the Yangtze estuary.
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Introduction

Heavy metal pollution in natural environment has caused

serious environmental problems around the world because

of their toxicity, wide source, non-biodegradable proper-

ties, and accumulation behaviors (Wei et al. 2009; Yu et al.

2008). Therefore, the fate of heavy metals in sediment has

recently been the subject of extensive discussion (Sundaray

et al. 2011; Tang et al. 2010). With the rapid industriali-

zation and economic development, heavy metals are

continuing to be introduced to the water environment by

several pathways, including industrial activities, agricul-

tural activities, and atmospheric deposition (Karimi et al.

2011; Yang et al. 2011). These heavy metals from nearby

urban zones and industrial areas could accumulate in sed-

iment because of complex and dynamic environments

(Li et al. 2007). When the environmental conditions

change, adsorbed heavy metals could be desorbed from

sediment into water and cause a secondary pollution, which

may affect population health and ecological environment if

the contents exceed the limit of bearing capacity (Bai et al.

2011; Kong et al. 2011).

The Yangtze River, the largest river in China and the

third largest in the world, carries about 470 9 106 tons of

sediment to the East China Sea annually (Chen et al. 2004;

Song et al. 2011). The Yangtze estuary is one of the

world’s largest estuaries, where half of Yangtze River-

derived sediment is deposited (Lin et al. 2002). In addition,
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one of the most developed regions in China, including

Shanghai city, is located on the southern branch of the

Yangtze estuary, containing a dense population of 13

million and concentrated industry (Chen et al. 2004; Wang

and Liu 2003). After the recent two decades of prosperous

economy and booming industrial development, a tremen-

dous amount of both natural and anthropogenic heavy

metals is carried by the Yangtze River and settled in the

estuary (Feng et al. 2004; Zhang et al. 2009, 2001). For

example, every year, it is estimated that about

3 9 1010 tons of sewage is discharged along the Yangtze

River into the estuary, consisting of 68 % industrial and

32 % domestic waste water discharge (Zhang 1999). The

environment of the Yangtze estuary is dynamic and com-

plex. Heavy metals here, which are affected by the special

physicochemical conditions, such as salinity, pH and redox

(Yue et al. 2003) could be transported and transformed

easily. In addition, they can be absorbed by the plants and

animals in the estuary, which are considered as an indis-

pensable component of the food chain and are thus

potentially harmful to human health (Buggy and Tobin

2008). Therefore, heavy metals in the Yangtze estuary

should attract more attention and social concern.

Generally, it is regarded that the bioavailability of heavy

metals is closely related to the chemical forms rather than

the total concentrations in sediment (Clozel et al. 2006).

The different geochemical forms of heavy metals in sedi-

ments have distinct mobility, biological toxicity and

chemical behaviors, which offer a more realistic estimate

of actual environmental impact (Cuong and Obbard 2006).

Therefore, it is essential to distinguish and quantify the

forms of heavy metals to obtain a better estimate of the

potential and environmental impact of contaminated

sediments.

In this paper, comparative studies of the contents, spe-

ciation and source of heavy metals in surface sediments

from the nearshore, river channel and coastal areas in the

Yangtze estuary were systematically conducted and sta-

tistically analyzed by correlation analysis, principal com-

ponent analysis (PCA) and cluster analysis (CA). The

results obtained here could provide foundation for the

future remediation as well as the protection of water quality

of the Yangtze estuary.

Study area and collection of samples

The Yangtze estuary is the largest estuary in China (Zhang

et al. 2001). Industrial and domestic sewage from coastal

cities like Shanghai and tributaries mainly runs through this

long channel to the East China Sea.

According to the spatial distribution (Fig. 1), 33 samples

from the nearshore area of the Yangtze estuary (N1–N33),

10 samples from the river channel (R1–R10) and 20 sam-

ples from the coastal area (C1–C10) were collected in May

and August 2010. Figure 1 showed the details of the

sampling points. The surface sediments were sampled to a

depth of 2–5 cm using a Van Veen Grab. The samples were

Fig. 1 Map of sediments sampling sites in the nearshore (N), river

channel (R) and coastal areas (C) from the Yangtze estuary
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stored in a polyethylene bag, placed in a cooler, and then

shipped immediately to the laboratory.

Data and methods

Analytical methods

The concentrations and speciation of heavy metals were

measured at Institute of Geophysical and Geochemical

Exploration (IGGE), Chinese Academy of Geological

Sciences, which is certificated by the China National

Accreditation Board for Laboratories. Detailed description

of the method is showed here.

In the laboratory, sediments were defrosted and air-dried

at room temperature. The samples were then ground with

agate pestles and mortars, and sieved with 200-mesh nylon

sieve (pore diameter: 0.074 mm). For digestion, the dried

sediment (0.25 g) was put into digestion solution (5 mL

HNO3, 10 mL HF, 2 ml HClO4) at 200 �C in a closed system

for 12 h. After digestion and cooling, the residue was

digested again in the same way and then mixed with 8 mL

aqua regia and heated until 2–3 mL solution was left. Next,

the solution was rinsed with 25 mL ultrapure water. This

diluted solution was recorded as solution (A). Solution

(A) (1 mL) was taken and diluted with ultrapure water to

10 mL for analysis of Cr, Cu, Ni, Zn and Mn using Induc-

tively Coupled Plasma Mass Spectrometer (ICP-MS,

Thermo) and Fe2O3, Al2O3 using Inductively Coupled

Plasma Optical Emission Spectrometer (ICP-OES, Thermo).

Solution (A) (1 mL) was taken and diluted with 2 % nitric

acid to 10 mL for analysis of Cd and Pb using Inductively

Coupled Plasma Mass Spectrometer (ICP-MS, Thermo).

The dried sediment (0.25 g) was digested with 8 mL aqua

regia and heated until 2–3 mL solution was left. Next, the

solution was rinsed with 25 mL ultrapure water. The diluted

solution was deal with 1 % KMnO4 and 1 % oxalic acid for

analysis of As and Hg by Hydride Generation-Atomic

Fluorescence Spectrometry (HG-AFS, IGGE).

Particle size analysis was performed using a Microtrac

S3500 Particle Size Analyzer (0.25–1,400 lm) (Microtrac,

USA). Total organic carbon (TOC) content of the sediment

samples was determined using a Liqui TOC analyzer

(Elementar, Germany).

Various extraction methods, such as Tessier procedure

(Tessier et al. 1979), BCR procedure (Ure et al. 1993), and

GSC procedure (Hall et al. 1996) are widely used for heavy

metals speciation. When considering the nature of the studied

sediment (neutral pH, medium organic matter and extractable

Fe2O3 content), Tessier procedure was used in our study. The

procedure is illustrated as follows (Tables 1, 2, 3):

1. Exchangeable fraction (EXC) Two grams soil was

extracted with 20 mL of 1.0 mol/L MgCl2 in a Teflon

centrifuge tube for 2 h at 25 �C and pH = 7 with

continuous agitation, then centrifuged for 20 min at

4,000 rpm/min. The wash water was added to the

supernatant. The mixture was filtered through a

0.45 lm membrane and deionized water was added

to make a volume of 25 mL for measurement. The

residue was retained for the next steps. The same

centrifugation–decantation–washing procedure was

also used after each of the following steps.

2. Carbonate bound fraction (CARB) Residue from

exchangeable fraction was extracted with 20 mL of

1.0 mol/L NaOAC (pH = 5) for 5 h at 25 �C with

continuous agitation, then centrifuged for 20 min at

4,000 rpm/min.

3. Fe–Mn oxide fraction (Fe–Mn) Residue from the

carbonate fraction was extracted with 20 mL of

0.04 mol/L NH2OH/HCl in 25 % acetic acid for 5 h

at 25 �C with continuous agitation, and then centri-

fuged for 20 min at 4,000 rpm/min.

4. Organic matter bound fraction (OM) Residue from the

Fe–Mn oxide fraction was extracted with 3 mL of

30 % H2O2 and 2 mL of 0.02 mol/L HNO3 for 2 h at

85 �C and pH = 2 with occasional agitation; addi-

tional 3 mL H2O2 was added again with occasional

agitation for 3 h; and 10 mL of 3.2 mol/L NH4OAC in

20 % HNO3 was added for 30 min at 25 �C with

continuous agitation, then centrifuged for 20 min at

4,000 rpm/min.

5. Residual fraction (RES) Residues from the organic

fraction were together digested with 3 mL HNO3,

1 mL HF and 1 mL HClO4 for 5 h, and then added

with another 1 mL HNO3. Digestion was conducted in

a water bath at 80 �C for 16 h.

Quality assurance and quality control

Quality assurance and quality control were assessed using

duplicates, method blanks, and standard reference materi-

als (GBW07436, GSS22, GSS23 and GSS24, obtained

from Chinese Academy of Measurement Sciences) with

each batch of samples (1 blank and 1 standard for each 5

samples). The qualified rates of primary reference material

and duplicate sample were 100 %. The percentage of

recovery ranged from 96 to 110 %. The detection limits

were 0.5 lg/g for Cr, Pb and Zn, 0.3 lg/g for Ni and Cu,

0.1 lg/g for As, 0.02 lg/g for Cd, 0.002 lg/g for Hg, 3, 5,

10 lg/g for Fe2O3, Mn and Al2O3.
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Statistical analysis

All statistical calculations, including Pearson’s correlation

coefficients, principal component analysis (PCA) and

cluster analysis (CA) were conducted using SPSS13.0.

Results and discussion

Distribution of heavy metals in sediments

The concentration range, median, mean, standard deviation

(SD), coefficient of variation (CV) and the geochemical

background levels of As, Cd, Cr, Cu, Hg, Ni, Pb and Zn in

the sediments from the Yangtze estuary, as well as the

threshold effect level (TEL) and the probable effect level

(PEL) which were established by the Canadian Council of

Ministers of the Environment, are given in Table 1. The

adverse biological effects are expected to occur when the

concentrations of heavy metals exceed the TEL

(MacDonald et al. 1996). The ratios of heavy metal con-

centrations in the sediments from the nearshore, river

channel and coastal areas of the Yangtze estuary and TEL

are shown in Fig. 2.

When compared with the geochemical background

levels, the mean concentrations of As, Cr, Ni, Pb and Zn in

the sediments from the Yangtze estuary were higher. These

result suggested that there was the accumulation of As, Cr,

Ni, Pb and Zn due to anthropogenic factors. The mean

levels of Cd, Cu and Hg were lower than the geochemical

background levels, which indicated that no obvious con-

tamination of these heavy metals occurred in the Yangtze

estuary.

In the nearshore zone, the mean concentrations of all

heavy metals expect Cd were higher than the geochemical

background levels, which might be due to that anthropo-

genic factors were obvious in the nearshore area. In the

coastal areas, the mean concentrations of As, Cr, Ni, Pb

and Zn were higher than the geochemical background

levels because pollutants from runoff accumulated there. In

the river channel, the mean concentration of Pb was higher

than the geochemical background level, which was also

observed in the other two zones. This indicated there was

the accumulation of Pb in all zones of the Yangtze estuary.

Table 1 Concentrations of heavy metals in the sediments from the nearshore, river channel, coastal areas of the Yangtze estuary

Sample sites Concentration/lg/

g

As Cd Cr Cu Hg Ni Pb Zn TOC/

%

Claya/

%

Siltb/

%

Sandc/

%

Nearshore Max 18.4 0.61 117 54 0.27 45 43 163 1.31 7.5 95.9 100

Min 6.1 0.11 56 9 0.01 24 17 52 0.10 0f 64.8 3.9

Median 9.5 0.29 89 34 0.08 34 30 101 0.63 1.1 77.6 20.9

Mean 10.5 0.30 88 35 0.09 35 30 103 0.65 1.8 66.2 32.1

SD 3.3 0.13 16 12 0.05 6 7 30 0.27 2.0 26.7 27.7

CV 0.31 0.45 0.18 0.34 0.55 0.17 0.24 0.29 0.42 1.1 0.4 0.9

River channel Max 13.2 0.30 110 37 0.38 41 30 101 0.60 8.9 88.0 99.5

Min 5.8 0.09 54 9 0.01 20 15 41 0.10 0f 0.5 3.2

Median 7.5 0.16 64 14 0.02 26 20 63 0.18 0f 8.2 93.0

Mean 8.0 0.19 75 18 0.07 27 21 70 0.27 1.7 27.4 70.9

SD 2.1 0.07 17 9 0.11 7 4 19 0.19 3.3 36.6 39.5

CV 0.25 0.37 0.23 0.50 1.66 0.25 0.21 0.27 0.70 2.0 1.3 0.6

Coast Max 16.4 0.24 111 40 0.08 43 33 118 0.77 23.3 87.7 92.3

Min 5.6 0.06 49 11 0.02 22 19 54 0.19 0f 7.7 0f

Median 9.9 0.15 91 30 0.05 39 26 92 0.58 14.2 78.1 5.6

Mean 10.5 0.15 87 28 0.05 36 25 87 0.52 12.1 65.3 22.7

SD 3.0 0.04 16 8 0.02 7 4 17 0.16 7.2 24.8 30.8

CV 0.29 0.29 0.18 0.29 0.36 0.19 0.16 0.20 0.31 0.6 0.4 1.4

Yangtze estuary Mean 10.1 0.23 86 29 0.07 34 27 93 0.55 5.0 59.8 35.2

Standard TEL 7.2 0.60 42 36 0.17 16 35 123 – – – –

PEL 42.0 3.50 160 197 0.49 43 91 315 – – – –

Geochemical

background

10.0d 0.50d 80d 30d 0.08e 33e 20d 80d – – – –

a Particle size \4 lm; b particle size was 4–63 lm; c particle size[63 lm; d from Sheng et al. (2008); e from Zhao and Yan (1992); f below the

detection limit
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Table 2 Correlation analysis of heavy metals and characteristics of the sediments from the nearshore, river channel and coastal zones of the

Yangtze estuary

As Cd Cr Cu Hg Ni Pb Zn

Nearshore

As 1.000

Cd 0.428 1.000

Cr 0.487** 0.533** 1.000

Cu 0.598** 0.758** 0.773** 1.000

Hg 0.144 0.294 0.403* 0.496** 1.000

Ni 0.598** 0.616** 0.856** 0.897** 0.503** 1.000

Pb 0.451** 0.635** 0.672*** 0.690** 0.393* 0.698** 1.000

Zn 0.310 0.695** 0.849** 0.814** 0.500** 0.803** 0.692** 1.000

Mn 0.852** 0.505** 0.664** 0.771** 0.473** 0.799** 0.609** 0.520**

Al2O3 0.811** 0.294 0.637** 0.683** 0.342 0.772** 0.451** 0.411

TFe2O3 0.838** 0.345 0.658** 0.726** 0.299 0.750** 0.520** 0.448**

TOC 0.655** 0.509** 0.777** 0.686** 0.304 0.730** 0.579** 0.652**

Claya 0.657** -0.137 0.423* 0.273 0.075 0.452** 0.128 0.116

Siltb 0.480** 0.220 0.515** 0.563** 0.412* 0.600** 0.364 0.403

Sandc -0.513** -0.200 -0.527** -0.562** -0.401* -0.611** -0.359* -0.396*

River channel

As 1.000

Cd 0.554 1.000

Cr 0.437 -0.054 1.000

Cu 0.792** 0.424 0.834** 1.000

Hg -0.230 -0.205 0.113 -0.028 1.000

Ni 0.554 0.210 0.917*** 0.892** -0.182 1.000

Pb 0.844** 0.562 0.675* 0.927** -0.312 0.859** 1.000

Zn 0.606 0.407 0.760 0.874 -0.236 0.899** 0.859** 1.000

Mn 0.448 -0.145 0.886** 0.778** -0.069 0.857** 0.674* 0.644*

Al2O3 0.565 0.108 0.847** 0.858** -0.163 0.914** 0.844** 0.757*

TFe2O3 0.456 -0.073 0.974** 0.836** 0.052 0.923** 0.714* 0.732*

TOC 0.763* 0.270 0.854** 0.967** -0.098 0.911** 0.922** 0.826**

Claya 0.565 -0.047 0.869** 0.803** -0.060 0.893** 0.748* 0.745*

Siltb 0.707* 0.191 0.903** 0.960** -0.045 0.924** 0.877** 0.829**

Sandc -0.700* -0.172 -0.906** -0.954** 0.047 -0.928** -0.873** -0.828**

Coast

As 1.000

Cd 0.153 1.000

Cr 0.196 0.344 1.000

Cu 0.424 0.396 0.886** 1.000

Hg 0.414 0.627** 0.703** 0.832** 1.000

Ni 0.269 0.203 0.908** 0.923** 0.669** 1.000

Pb 0.581** 0.462* 0.754** 0.893** 0.755** 0.838** 1.000

Zn 0.445* 0.378 0.862** 0.948** 0.768** 0.930** 0.959** 1.000

Mn 0.459* 0.322 0.886** 0.812** 0.678** 0.804** 0.734** 0.815**

Al2O3 0.251 0.166 0.961** 0.884** 0.660** 0.938** 0.748** 0.877**

TFe2O3 0.341 0.230 0.961** 0.894** 0.695** 0.933** 0.783** 0.893**

TOC 0.329 0.251 0.891** 0.931** 0.774** 0.940** 0.833** 0.916**

Claya 0.159 -0.105 0.783** 0.735** 0.393 0.886** 0.656** 0.788**

Siltb 0.156 0.205 0.893** 0.904** 0.730** 0.908** 0.731** 0.847**

Sandc -0.162 -0.141 -0.902** -0.899** -0.679** -0.937** -0.741** -0.865**

** Correlation is significant at the 0.01 level (2-tailed)

* Correlation is significant at the 0.05 level (2-tailed)
a Particle size \4 lm; b particle size was 4–63 lm; c particle size[63 lm
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The mean concentrations of Ni, Cr and As in the near-

shore, river channel and coastal areas were higher than the

TEL, but lower than the PEL (Fig. 2a). The mean con-

centrations in the three zones were about 1.71–2.23 times

as high as the TEL for Ni and Cr and 1.11–1.46 times for

As. These suggested that Ni, Cr and As in the sediments

from the three zones posed potential biological adverse

effects. The mean levels of the other studied heavy metals

in the three zones were lower than the TEL, which indi-

cated that no adverse effects of these heavy metals occur-

red in the Yangtze estuary. In addition, the concentrations

of all heavy metals except Ni in the sediments from the

nearshore area were the highest among the three zones,

which may be due to anthropogenic point and non-point

input, such as the discharge of urban runoff, industrial and

domestic sewage. The concentrations of all heavy metals

except Cd and Hg in the sediments from the river channel

were lower than that from the nearshore and coastal areas

because of high flow rate. What’ more, the concentration of

all heavy metals except Hg in the sediments from the south

branch (N1–N11, N18–N23) of the nearshore area were

higher than that from the north branch (N12–N17)

(Fig. 2a). This distribution pattern might be related to the

import of a number of tributaries into the south branch,

such as the Liuhe mouth, Shidong mouth, and Huangpu

River. These tributaries flow through Shanghai city, which

is one of the largest cities of China, and bring a large

number of pollutants into south branch. Additionally,

industrial discharge from the factories which located at the

south bank was another cause.

The concentrations of Ni and Cr in all sediments from

the three zones were higher than the TEL (Fig. 2b). The

mean concentrations of Ni and Cr in the nearshore and

coastal areas were higher than that in the river channel.

These results indicated that potential adverse effects of Ni

and Cr occurred in the nearshore and coastal areas. The

higher concentrations of Ni in the three zones occurred at

N5, R5, C9 and C20. The level of TOC in the sediment

from N5 site (about 1.31 %) was significantly higher than

that in other sites, so more Ni could be attached to organic

matter by adsorbing, ion exchanging or chelate effect

(Zhang et al. 2009). Ni is usually associated with Ni ore

and the production of alloy and chemicals (Yang et al.

2009). Therefore, the increasing industrial discharge from

the steel industry, ore–Ni mining and refining is responsi-

ble for the introduction quantity of Ni (such as at N5, R5).

The suspended particulate matter, which could adsorb

heavy metals and settle into sediment together, is another

reason for the high levels of Ni in sediments, such as at site

C4, which is in the greatest turbidity zone. In addition, the

high Ni concentration at C20 might be due to low flow rate.

The higher concentrations of Cr in the three zones

occurred at N2, N5, N31, R5 and C9. Obviously, the higher

concentrations of Cr occurred at the same sites as Ni, such

as N5, R5 and C9. Therefore, the distribution pattern of Cr

might also be related to the influences of the increasing

Table 3 Rotated component matrix for principal component analysis loading for heavy metals and properties of the sediments at the Yangtze

estuary

Nearshore area River channel Coastal area

PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3

As 0.345 0.851 0.003 0.456 0.752 -0.110 0.097 0.098 0.980

Cd 0.880 0.042 -0.010 -0.133 0.951 -0.073 0.031 0.970 0.062

Cr 0.733 0.399 0.280 0.954 0.071 0.139 0.913 0.302 0.072

Cu 0.805 0.364 0.328 0.814 0.568 0.063 0.843 0.380 0.307

Hg 0.412 -0.076 0.685 -0.004 -0.146 0.986 0.563 0.685 0.280

Ni 0.732 0.464 0.371 0.912 0.285 -0.141 0.947 0.157 0.179

Pb 0.789 0.206 0.158 0.701 0.667 -0.221 0.684 0.402 0.515

Zn 0.876 0.076 0.296 0.731 0.495 -0.170 0.836 0.328 0.366

Mn 0.493 0.723 0.341 0.972 -0.031 -0.068 0.772 0.261 0.365

Al2O3 0.280 0.843 0.415 0.932 0.204 -0.142 0.962 0.125 0.141

TFe2O3 0.365 0.850 0.274 0.989 0.046 0.065 0.927 0.180 0.237

TOC 0.631 0.591 0.061 0.895 0.423 -0.033 0.913 0.235 0.220

Clay -0.090 0.901 0.161 0.942 0.105 -0.054 0.932 -0.190 0.103

Silt 0.149 0.484 0.800 0.929 0.348 0.013 0.936 0.219 0.022

Sand -0.135 -0.536 -0.780 -0.937 -0.330 -0.008 -0.970 -0.132 -0.041

Eigenvalue 5.075 4.928 2.548 9.881 3.054 1.144 9.836 2.221 1.844

% of variance 33.83 32.85 16.99 65.87 20.36 7.63 65.57 14.81 12.29

Cumulative % 33.83 66.68 83.67 65.87 86.24 93.86 65.57 80.38 92.67
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discharges of contaminants from local industrial, such as

the mining, smelting, electroplating, paint manufacturing,

urban activities (Yu et al. 2008).

The concentrations of As in 90.9 % of samples from the

nearshore area, 35.3 % from the river channel, and 85.0 %

from the coastal areas of the Yangtze estuary were higher

than the TEL. Maximum levels of As from the three zones

occurred in the sediments from N31, R10 and C6, which

were 2.55, 1.83 and 2.28 times as high as the TEL,

respectively. Besides the discharging of urban sewage and

industrial wastewater (such as N31), agricultural non-point

pollution discharged into the Yangtze estuary might

explain the high As levels in the sediment from some site

such as R10.

The distribution patterns of Cu, Pb and Zn in the near-

shore area were obviously different from those in the river

channel and coastal areas (Fig. 2c). The concentrations of

Cu, Pb and Zn in all sites from the nearshore area were

fluctuating around the TEL, while they were less than the

TEL in the river channel and coastal areas. This suggested

that Cu, Pb and Zn in the nearshore area posed potential

adverse effects. Higher concentrations of Cu, Pb and Zn,

ranged from 1.15 to 1.51 times as high as the TEL,

occurred at the sampling sites N18, N19, N27 and N26.

The sites N18 was located at BaoYang dock. Therefore

higher Cu, Pb and Zn contents there might be due to the

leak through transportation, such as mineral slag, crude oil

and sewage. In addition, a large amount of urban waste-

water, industrial sewage and import of tributaries was

responsible for high levels of Cu, Pb and Zn at some site

(such as N26 and N27) (Liu et al. 2003).

The concentrations of Cd and Hg in the sediments from

all sampling sites of the Yangtze estuary were lower than

the TEL except Hg for N16 and R4 (Fig. 2d). Accordingly,

there were no adverse effects of Cd and Hg in the sedi-

ments from the Yangtze estuary.

Speciation of heavy metals

The bioavailability of heavy metals in sediments is closely

associated with their chemical forms rather than the total

concentrations. The partitioning of the speciation including

EXC fraction, CARB fraction, Fe–Mn oxide fraction, OM

fraction and RES fraction of heavy metals in the sediments

from the nearshore, river channel and coastal areas of the

Yangtze estuary was showed in Fig. 3.

The chemical speciation partitioning of Cd was similar

in the samples from the three zones. Higher EXC and

CARB fractions in all areas were observed. The EXC-Cd

and CARB-Cd in the three zones accounted for as high as

25–31 and 30–34 %, respectively. As is known, the EXC

and CRAB fractions have the greatest tendency toward
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Yangtze estuary
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remobilization from sediment phase to the more bioavail-

able pore water phase (Kim et al. 2010). Therefore, when

the environmental conditions changed, Cd would pose a

higher ecological risk at the Yangtze estuary.

Pb, Zn and Cu exhibited similar chemical partitioning in

the sediments from the three zones. The predominant

fraction for Pb, Zn and Cu in the three zones was RES

fraction (about 45–62 % for Pb, 57–74 % for Zn and

46–72 % for Cu). In addition, their EXC fraction was all

lower than 1.3 %. For Pb, Fe/Mn-Pb, CARB-Pb and OM-

Pb fraction were 20–31, 7.8–14 and 9.4–16.0 %, respec-

tively. The Fe/Mn-Pb was related with Fe and Mn dioxide.

When the surrounding redox potential changed, this frac-

tion can be easily released from sediment into water (Liu

et al. 2003). In addition, Pb, as a kind of environmental

hormone, could affect the procreation ability of the bio-

logical system (Yang et al. 2009). Therefore, Pb in the

sediments from the three zones of the Yangtze estuary

posed ecological risk. Furthermore, Pb in the nearshore and

coastal areas possessed relative higher risk than that in

the channel because of higher fractions of CARB-Pb and

Fe/Mn-Pb. The sum of CARB-Zn and Fe/Mn-Zn fraction

reached 31 % for the nearshore area, 25 % for the channel

and 17 % for the coastal areas, respectively. These sug-

gested that Zn at the Yangtze estuary also posed ecological

risk. The sum of CARB-Cu and Fe/Mn-Cu fraction in the

nearshore sediments was higher than the other two zones.

These indicated that Cu had more mobility in the nearshore

zones of the Yangtze estuary.

Hg exhibited different chemical partitioning in the

sediments from the three zones, but the main fractions were

the RES-Hg and OM-Hg. The percentage of OM-Hg from

the coastal areas (about 51 %) was far more than that from

the other two zones (about 25 % for the nearshore area and

33 % for the river channel). The high data for OM-Hg in

the coastal areas may be connected with the high contents

of organic matter and sulfides in the sediments from the

coastal zones, where Hg could be bound to active sites of

molecules, such as carboxyl and phenolic OH- groups or

precipitated matter as sulfides (Fernandes 1997). In addi-

tion, in the river channel, the sum percentage of EXC-Hg,

CARB-Hg and Fe/Mn-Hg (about 28 %), which might be

released from sediments to water easily, was much higher

than that in the nearshore and coastal areas (for only 5.6

and 6.2 %). These suggested that higher bioavailability of

Hg occurred in the river channel than the other two zones.

The predominant partitioning of As, Cr and Ni in sedi-

ment from three zones was RES fraction. The percentages

were as high as 85–92, 79–93 and 73–82 %, respectively,

while the other fractions were all less than 8 %.The results

were consistent with the distribution of Cr and Ni in the

sediments of Loure River (Filgueiras et al. 2004). Overall,

As, Cr and Ni posed lower bioavailability and less eco-

logical risk compared to the other metals in the Yangtze

estuary.

Multivariate analyses

Pearson’s correlation coefficient among heavy metals,

TOC and grain sizes in the surface sediments from three

zones of the Yangtze estuary were presented in Table 2. In

the nearshore area, the data showed a significantly positive

correlation among Cr, Cu, Ni and Zn (r [ 0.77) (the main

metals commonly produced in industrial activities), which

suggested the same or similar source input. Pb and Cd also
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correlated to most heavy metals positively except for Cd–

Hg, Pb–As and Pb–Hg pairs, suggesting that Pb and Cd

may be impacted by some industrial activities, such as

smelting, mining activities (Wei et al. 2009). In the river

channel, the results showed intensive correlations among

Ni, Cu, Zn and Pb (r [ 0.85). As and Ni correlated to most

heavy metals positively except for As–Cr, As–Hg, Ni–Cd

and Ni–Hg pairs, and Cr showed significant correla-

tions(r [ 0.67) with Cu, Ni, Pb and Zn. In the coastal

areas, there were significant correlations among Ni, Cu, Cr,

Pb and Zn (r [ 0.75), the main metals used in the industrial

activities. The results indicated that these metals might

originate from the discharging of industrial, such as pol-

lutants from mining, smelting, printing and so on (Yang

et al. 2009). However, in the nearshore area of the Yangtze

estuary, there were no significant correlations between As,

Hg and the most of other heavy metals except for As–Cu,

As–Ni, Hg–Ni and Hg–Zn pairs. In the river channel, Hg

did not showed significant correlations with all of other

heavy metals. In the coastal zones, except for As–Pb and

Cd–Hg, As and Cd had no significant correlations with

others. The results suggested that these heavy metals were

not associated with others, and they had different behavior

during transport in most areas of the Yangtze estuary;

except Cd, Cu and Zn in the nearshore area, As, Cd and Hg

in the river channel and As and Cd in the coastal areas, Mn,

TFe2O3 and Al2O3 showed statistically significant positive

correlation with other heavy metals. These might be due to

that heavy metals could be adsorbed with Mn, TFe2O3 and

Al2O3 by bounding to surface active sites.

Significant correlations occurred between TOC and

most heavy metals in the Yangtze estuary except Hg, As

and Cd in the sediments from some zones. This indicated

that they might have a common resource, or the heavy

metals introduced to environment were attached to organic

matters by adsorbing, ion exchanging or chelate effect (Yu

et al. 2008). In the nearshore area, there were no significant

correlations between heavy metals and grain size except

the pairs of Cr–silt, Cu–silt and Ni–silt. This suggested that

grain size might be unimportant in heavy metal distribution

as compared to TOC in the sediments from the nearshore

area. In the river channel and coastal areas, clay and silt

contents correlated with most heavy metals positively

except Cd, Hg–clay and As, Cd–silt pairs. This implied that

clay and silt here could adsorb heavy metals easily and

move together (Fukue et al. 2006).

Principal component analysis (PCA), a multivariate

statistical tool, is generally employed for pattern recogni-

tion, classification, modeling and the dimensionality of a

data reducing (Filgueiras et al. 2004; Glasby et al. 2004;

Tang et al. 2010). In our study, three principal components

(PC) in sediments from the three zones were extracted

respectively. They accounted for about 83.67, 93.86 and

Na

Nb

Na1

Na2

Ra

Rb

Ra1

Ra2

Ca1

Ca2

Cb

Ca
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92.67 % of total variance (Table 3), and played a critical

role in explaining metal contamination.

In the nearshore zones, PC1 was dominated by Cr, Zn

and Cu. These three heavy metals had significant correla-

tions with each other (Table 2) and showed the same dis-

tributions (Fig. 2); especially, their levels were all higher at

N5 and N7 site which were seriously polluted by urban and

industrial sewage. Therefore, PC1 was related to the dis-

charge of urban and industrial sewage. PC2 was the highest

loading of As and Fe, Mn, Al and clay contents. As loading

(0.851) was higher than the other heavy metals, and cor-

relation analysis showed that As had no obvious relation-

ship with most other heavy metals here (Table 2). All of

these implied that As had an independent behavior (such as

mining). Owing to high loading of Fe, Mn, Al and clay

contents and their significant correlations with other met-

als, PC2 was controlled by the mining industry (which was

related to As), releasing heavy metals binding with Fe, Mn,

Al compounds and clay. PC3 was dominated by silt.

Overall, the discharge of urban and industrial sewage,

releasing of heavy metals binding with clay and Fe, Mn, Al

compounds, and grain sizes dominated the heavy metal

distribution in the sediments from the nearshore of the

Yangtze estuary.

In the river channel and coastal zones, PC1 was both

dominated by Cr, Ni and Cu. Moreover, significant corre-

lations were observed among these three metals (Table 2),

indicating same source such as shipping pollution and

wastewater from the nearshore area. At the same time, the

properties of sediment (Fe, Mn, Al, TOC, Clay and Silt)

loading were obviously high. In general, PC1 was related

to the discharge of wastewater, shipping pollution and the

properties of the sediments from river channel and coastal

zones. In the river channel zones, PC2 was dominated by

As and Cd, while PC3 by Hg only. In the coastal zones,

PC2 and PC3 were dominated by Cd and As, respectively.

Cd and Hg in the river channel and Cd and As in the

coastal areas had no obvious relationship with most other

heavy metals (Table 2). These might be due to their dif-

ferent behavior. In all, discharge of pollutants from near-

shore zone, shipping pollution, and the properties of

sediments impacted the heavy metals distribution in the

river channel and coastal zones of the Yangtze estuary.

Cluster analysis as an amalgamation rule, the squared

Euclidean distance and a measure of the proximity between

samples was investigated to quantitatively identify some

areas of contamination (Fang et al. 2010; Zhang et al.

2009). Three dendrograms showed samples from the

nearshore, river channel and coastal zones at Fig. 4. There

were two major clusters noted at every zone. Clusters Na1,

Rb (R5), Ca2 represent highly contaminated sites in the

nearshore, river channel and coastal zones, respectively,

where high ecological risk might be occurring.

Accordingly, these sites should be paid more attention in

remediation process. The other clusters noted moderate

(Na2, Ra1 and Ca1) and low [Nb, Ra2 (R4), Cb (C4)] heavy

metal contaminate sites in the sediments.

Conclusions

The assessment of heavy metals (As, Cd, Cr, Cu, Hg, Ni,

Pb and Zn) in the sediments from the nearshore, river

channel and coastal zones of the Yangtze estuary indi-

cated that the concentrations of all heavy metals except

Ni in the sediments from the nearshore area were higher

than that from the river channel and coastal zones. Higher

contents of most heavy metals except Hg in the sediments

from the southern branch than the northern branch

occurred because of the import of pollutants from urban

and industrial activities around. The contents of Cr, Ni

and As were higher than the TEL and geochemical

background levels, which indicated they accumulated and

posed potential adverse biological effects. The mean

levels of Cd, Cu and Hg in the sediments were lower than

the TEL and geochemical background levels. The mean

concentrations of Pb and Zn were lower than the TEL,

but higher than geochemical background levels. The

speciation analysis suggested that Cd, Pb and Zn showed

higher bioavailability than other heavy metals, and posed

some ecological risk in the sediments from the three

zones. Low ecological risk was observed for As, Cr, and

Ni in the three zones because of high residual fraction.

The result of correlation analysis demonstrated that sig-

nificant correlations occurred among Cr, Cu, Ni and Zn

(r [ 0.77) in the nearshore, Ni, Cu, Zn and Pb (r [ 0.85)

in the river channel and Ni, Cu, Cr, Pb and Zn (r [ 0.75)

in the coastal zone. PCA analysis showed that the dis-

charge of unban and industrial sewage, shipping pollution

and the properties of sediments (contents of Fe, Mn, Al,

TOC, Clay and Silt) dominated the heavy metal distri-

bution in the nearshore, river channel and coastal zones of

the Yangtze estuary.
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