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Abstract: The heavy metal (such as Cr, Ni, Cu, Cd, Pb, and Zn) concentration, speciation, and pollution source in 43 sediment 
samples from the Xiangjiang River were investigated using sequential extraction combined with Pb isotope analysis. Cu, Cd, Pb, and 
Zn concentrations are higher than their background values, while Cr and Ni concentrations are close to those. Sequential extraction 
demonstrates that heavy metals have different fractions, showing different bioavailabilities. The w(206Pb)/w(207Pb) ratio increases 
with decreasing bioavailability in the order of exchangeable<carbonate≈Fe-Mn oxides≈organic<residual (p<0.05). Wastewater, dust, 
and slag from mining and smelting areas, and the residual Pb are assumed to be the primary anthropogenic and natural sources of Pb, 
respectively. The percentages of anthropogenic Pb in the exchangeable, carbonate, Fe-Mn oxides, and organic fractions are 
(91.5±16.7)%, (61.1±13.9)%, (57.4±11.1)%, and (55.5±11.2)%, respectively, suggesting a significant input of anthropogenic Pb in 
these four fractions. 
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1 Introduction 
 

Heavy metal pollution is one of the greatest threats 
to environmental quality and human health because of 
the toxicity, persistence, non-degradability, and the 
bioaccumulation of heavy metals in the environment 
[1−3]. It is well recognized that heavy metals from 
industrial, urban, and agricultural sources that are 
introduced into rivers will be ultimately combined with 
sediments and become immobilized [1−2, 4]. However, 
when the environmental conditions change, heavy metals 
in sediments can be released into the water, thus causing 
potential ecological risks to the aquatic system [5−8]. 
Consequently, sediments are the main repositories of 
heavy metals and act as both carriers and potential 
pollution sources [6, 9−10]. For example, ZOUMIS et al 
[10] investigated the change in heavy metal mobility in 
sediments stored at different conditions (anoxic or oxic) 
and found that oxic conditions caused considerable 
amounts of heavy metals to be immobilized and, therefore, 
bioavailable. 

Given the complexity of heavy metals in sediments, 
total metal concentration alone is not sufficient to 
evaluate the environmental influence of polluted 

sediments. Heavy metals in sediments are retained by 
various mechanisms (ion exchange, adsorption, and 
precipitation or co-precipitation) and thus exist in 
different fractions [11]. Many sequential extraction 
schemes using different chemical reagents and 
experimental conditions have been developed for 
determining the speciation of heavy metals [12−14]. 
Among these schemes, Tessier’s sequential extraction 
procedure is the most widely used method, which is 
initially developed for sediment analysis [12, 15]. In 
Tessier’s method, heavy metals are classified as five 
fractions: exchangeable, bound to carbonate, bound to 
Fe-Mn oxides, bound to organic matter, and residual 
fractions [12]. The mobility, bioavailability, chemical 
behavior, and related eco-toxicity of heavy metals mainly 
depend on their specific speciation [5, 16−19]. Therefore, 
the combination of total concentration and speciation 
analysis of heavy metals in sediments can offer a realistic 
estimate of their actual environmental impact [3, 20−21]. 

In addition to the assessment of contamination 
levels and the bioavailability of heavy metals, it is also 
extremely important to determine the source of pollution. 
Pb isotopes can serve as an effective tool for 
distinguishing various sources of Pb because the Pb 
isotopic composition exhibits a natural variability among 
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different sources, and the fractionation of Pb isotopes 
does not occur in industrial and environmental processes 
[22−26]. 206Pb, 207Pb, and 208Pb are commonly used for 
identifying Pb pollution sources. Research has shown 
that Pb derived from anthropogenic sources usually has a 
lower w(206Pb)/w(207Pb) ratio than natural Pb in 
sediments [1, 27−28]. Moreover, Pb in different fractions 
shows different Pb isotope ratios. Generally, the lowest 
w(206Pb)/w(207Pb) ratio was observed in the exchangeable 
fraction, while the residual fraction showed the highest 
w(206Pb)/w(207Pb) ratio [28]. This implies that Pb from 
anthropogenic sources is more prone to enrichment in 
non-residual fractions. 

The Xiangjiang River, which traverses a distance of 
817 km from its source in Xin’an of Guangxi Province to 
its confluence with the Yangtze River in Dongting Lake, 
is the largest river in Hunan Province and one of the 
major tributaries of the Yangtze River. The water of the 
Xiangjiang River is used for irrigation, domestic and 
industrial purposes. However, most of the ores for 
mining, mineral processing, and smelting of non-ferrous 
and rare metals in Hunan Province are located in the 
middle-downstream portion of the Xiangjiang River 
valley [29]. A long history of industrial activities in this 
area has led to the heavy metal contamination of 
sediments, especially in the vicinity of Hengyang and 
Zhuzhou [29]. Since the 1980s, research based on the 
total metal concentration and speciation of heavy metals 
in sediments from the Xiangjiang River has been 
conducted to assess the contamination levels and 
ecological risks [29−32]. However, most of previous 
studies were focused on specific tributaries or parts of 
the Xiangjiang River, and little information on the Pb 
isotopic composition of the sediments of the Xiangjiang 
River is available. 

In the present work, the heavy metal concentration 
and speciation of sediments sampled along the 
Xiangjiang River in Hunan Province were investigated, 
and the Pb isotope compositions in different chemical 
fractions were determined. The main objectives of this 
work are to examine the contamination level of heavy 
metals, evaluate the mobility and bioavailability of heavy 
metals by sequential extraction, and investigate the 
possible sources of heavy metal contamination using Pb 
isotopic composition. 
 
2 Materials and methods 
 
2.1 Sediment sampling and pretreatment 

Sediment samples were collected at 43 sites along 
the Xiangjiang River in January 2010 (Fig. 1). Surface 
sediment samples (0−15 cm) were collected using a grab 
sampler, placed in polyethylene plastic bottles, and 
labeled. To allow for further laboratory analysis, the 

 

 
Fig. 1 Locations of sampling sites of sediments from 

Xiangjiang River 

 
sediments were transported in an icebox and stored at 
−20 °C. Samples for metal concentration analysis were 
all air dried and passed through a 63 μm sieve [17, 33]. 
In addition, the smelting flue gas dust, wastewater, and 
slag samples discharged by metallurgical and chemical 
plants in two heavily polluted areas (Zhuzhou and 
Hengyang) were collected to determine the sediment 
pollution source [34]. 
 
2.2 Sequential extraction 

A five-step sequential extraction following the 
method of TESSIER et al [12] with little modification 
was conducted using 1 g of dried sediment. The 
extraction procedure is summarized as follows. 1) The 
exchangeable fraction was determined by adding 8 mL  
1 mmol/L MgCl2 solution (pH=7) and shaking for 1 h at 
25 °C with 200 r/min; 2) The carbonate fraction was 
determined by adding 8 mL of 1 mmol/L acetate buffer 
solution CH3COOH+CH3COONa at pH=5 and shaking 
for 5 h at 25 °C with 200 r/min; 3) The Fe-Mn oxides 
fraction was determined by adding 20 mL of        
0.04 mmol/L NH2OH.HCl in 25% acetic acid solution 
(V/v) and shaking for 5 h at 96 °C with 100 r/min; 4) The 
organic fraction was determined by adding 10 mL of 
30% H2O2 and three drops of concentrated nitric acid and 
shaking for 2 h at 85 °C with 100 r/min, adding an 
additional 5 mL of H2O2 and shaking for another 3 h, and 
then allowing the mixture to cool to room temperature 
before adding 10 mL of 0.5 mmol/L NH4CHCOOH in a 
20 mL acetic acid solution and shaking for an additional 
30 min with 200 r/min; 5) The residual fraction was 
determined by adding 10 mL concentrated nitric acid, 6 
mL HF, and 6 mL perchloric acid sequentially to the 
sediment and evaporating the mixture to near dryness on 
an electric hot plate. The total metal content was 
calculated by the sum of concentrations of five fractions. 

 
2.3 Measurement of metal concentrations and quality 

control 
The concentrations of Cr, Ni, Cu, Cd, Pb, and Zn 
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were analyzed by ICP-MS (Thermo Fisher XSeries II, 
Thermo Fisher Scientific). To preclude outside 
contamination, all the containers used in the experiments 
were soaked in a HNO3 solution for 24 h and washed 
thoroughly with ultra-pure deionized water. All reagents 
used were guaranteed reagent grade. 

An indirect examination of the reliability of metal 
concentrations determined by the sequential extraction 
procedure was made by working comparison of the sum 
of the concentrations found for the five fractions and the 
total metal concentration data using a certified reference 
material (GBW 08301, sediment of Xiangjiang River, 
National Institute of Metrology, China). Recoveries 
generally ranging from 80% to 120% were obtained, and 
mean recoveries were 91.1% for Cr, 103.7% for Ni, 
109.6% for Cu, 96.1% for Cd, 84.6% for Pb, and 124.8% 
for Zn, and the results demonstrate the robustness of the 
sequential extraction procedure used in this work. 
Duplicate analysis also showed a good precision as the 
mean RSD was less than 10% for Cr, Ni, Cu, Cd, Pb, and 
Zn. 

 
2.4 Pb isotope analysis 

The solutions extracted by sequential extraction and 
acid digestion were also used to determine the Pb 
isotopic composition using ICP-MS (Thermo Fisher 
XSeries II, Thermo Fisher Scientific). To optimize the 
analytical performance, the solutions were diluted to a Pb 
mass concentration of approximately 10−50 μg/L using 
2% HNO3 (volume fraction) [35]. Repeated analysis (six 
times per sample) showed a good precision, and the RSD 
was less than 0.5%. A standard reference material (NIST 
SRM 981) was used for quality control and run between 
each of the six samples to ensure the accuracy of isotope 
measurement. Measurements were repeated when the 
difference between the measured and certified values 
exceeded 0.5%. 

 
2.5 Contamination and bioavailability assessment 

The potential ecological risk index (RI) was used to 
assess the ecological risks of heavy metals in sediments 
[36]. RI was calculated using the following equations: 
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where 

iCf  is the single metal pollution index; 
iCn  is the 

total content of metal i in the samples; 
iC0  is the 

reference value for the metal i; 
iEr  is the single metal 

potential ecological risk index; 
iTr  is the metal’s toxic 

response factor, 1 for Zn, 2 for Cr, 5 for Cu, Ni and Pb, 

10 for As, 30 for Cd, and 40 for Hg [36−37]; and RI is 
the potential ecological risk caused by the overall 
contamination. HAKANSON [36] distinguished five 
classes of ,r

iE  and four classes of RI (Table 1). 
 
Table 1 Pollution grades of potential ecological risk of heavy 

metals 

Er
i 

Potential 
ecological risk

RI 
Ecological risk 
in environment

Er
i <40 Low risk RI<150 Low risk 

40≤Er
i<80 Moderate risk 150≤RI<300 Moderate risk

80≤Er
i<160 Considerable risk 300≤RI<600 Considerable risk

160≤Er
i<320 High risk 600≤RI Very high risk

320≤Er
i Very high risk   

 
The mobility and bioavailability of heavy metals 

were assessed using the risk assessment code (RAC), 
which evaluates mobility and bioavailability by the 
percentage of heavy metals in exchangeable and 
carbonate fractions. Five grades of environmental risk 
were classified by RAC: no risk (less than 1%), low risk 
(1%−10%), medium risk (11%−30%), high risk (31%− 
50%) and very high risk (more than 50%) [5, 38]. 

 
2.6 Statistical analysis 

All statistical analyses were conducted using SPSS 
16.0 for Windows. A one-way ANOVA was employed to 
test differences among various data sets. The graphs 
were created with Microsoft Excel 2007. 

 
3 Results and discussion 
 
3.1 Total content of metals 

The heavy metal concentrations in sediments 
collected from the Xiangjiang River are summarized in 
Table 2. The pollution index (PI) defined as the ratio of 
metals concentrations in sediments with corresponding 
background values is shown in Fig. 2. Compared with 
the samples collected from the highly polluted areas of 
the Xiangjiang River in previous studies (Table 2), lower 
concentrations of Cu, Cd, Pb, and Zn are observed in this 
work. The mean concentrations of metals are in the order 
of Zn>Pb>Cr>Ni>Cu>Cd (Table 2), while the PI values 
of metals are in the order of Cd>Zn>Cu>Pb>Cr>Ni  
(Fig. 2). Obviously, Cd had the highest contamination 
level. PI values for Cd at all sampling sites are greater 
than 1, and the mean PI value reaches 22.4. PI values for 
Cu, Pb, and Zn at most of the sampling sites are also 
greater than 1, and the mean PI values are 2.8, 2.8, and 
5.3, respectively. Higher PI values for Cu, Cd, Pb, and 
Zn are generally found at sites near Zhuzhou and 
Hengyang (Fig. 1), where a lot of mining and smelting 
industries are located. Thus, the anthropogenic mining 
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and smelting activities along the Xiangjiang River are 
probably responsible for the enrichment of these four 
metals as reported by GUO et al [29]. Although Cr and 
Ni show higher concentrations, their mean PI values are 
1.2 and 1.0, respectively. PI values for Cr and Ni at sites 
near Hengyang and Zhouzhou (Fig. 1) also show no 
peaks as Cu, Cd, Pb and Zn. This suggests little 
anthropogenic input of Cr and Ni to sediments. 

Correlation analysis shows significant correlation 
between Cu, Cd, Pb, and Zn (p<0.01), between Cr and 
Ni (p<0.05), and between Cr and Zn (p<0.05) (Table 3). 
Cr is not significantly correlated with Cu, Cd, or Pb, and 

Ni is not significantly correlated with Cu, Cd, Pb, or Zn 
(Table 3). Significant correlation among metals indicates 
their possible similar sources [40]. Thus, Cu, Cd, Pb, and 
Zn may have similar sources different from Cr and Ni. 
Combined with the PI values of Cu, Cd, Pb, and Zn 
discussed above, they probably originate from similar 
anthropogenic sources related to mining and smelting 
activities. Contrarily, Cr and Ni are probably from 
similar natural sources. Cd is usually associated with 
Pb-Zn ore and Cu ore, and thus is released into the 
environment together with Cu, Pb, and Zn during mining 
and smelting processes [3]. 

 

Table 2 Heavy metal concentrations in sediments (mg/kg) 

Data Value/Range Cr Ni Cu Cd Pb Zn 

This work 
Mean ± SD 65.7 ± 18.3 39.5 ± 13.5 60.9 ± 35.6 13.4 ± 10.8 111.8 ± 59.0 390.3 ± 253.4

Range 27.1−109.9 18.0−65.1 19.3−187.2 0.96−55.1 33.0−311.8 42.1−1207.7

Ref. [30] 
Mean — — 100 7.8 290 660 

Range — — 9.2−1500 0.17−78 11−2400 7.9−7500 

Ref. [31] Range — — 9.2−720 1.3−78.4 20−2300 12.2−6100 

Ref. [39]  54 40 22 0.6 40 73 
SD means standard deviation. 

 

 
Fig. 2 Pollution index (PI) of metals in sediment from sampling sites: (a) Mean pollution index; (b) Pollution indices for Cr and Ni;  

(c) Pollution indices for Cu and Pb; (d) Pollution indices for Cd and Zn 
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Table 3 Correlation matrix of heavy metals in sediments 

Element Cr Ni Cu Cd Pb Zn 

Cr 1.000      

Ni 0.380* 1.000     

Cu 0.209 0.208 1.000    

Cd 0.202 0.060 0.503** 1.000   

Pb 0.145 0.108 0.724** 0.597** 1.000  

Zn 0.332* 0.035 0.576** 0.706** 0.724** 1.000

 Significant at p<0.05 (two-tailed);  Significant at p<0.01 (two-tailed). 

 
The ecological risk assessment was conducted using 

Eqs. (1)−(3) listed and based on the sediment 
background values in Table 2. The mean values and 
ranges of Er

i for Cr, Ni, Cu, Cd, Pb, Zn are 2.4 (1.0−4.1), 
4.9 (2.3−8.1), 13.8 (4.4−42.5), 671.2 (48.0−2756.6), 14.0 
(4.1−39.0), 5.3 (0.6−16.5), respectively. The mean values 
of Er

i are in the order of Cd>Pb>Cu>Zn>Ni>Cr. Cd has 
the highest potential ecological risk (Fig. 3). Sites rated 
as very high risk account for nearly 80% of the sites 
sampled, and the remaining sites are at least in moderate 
risk. Contrarily, the other metals show low potential 
ecological risk, although concentrations of Cu, Pb, and 
Zn are also higher than corresponding background values. 
The present results suggest that the risk posed by Cd 
should be of great concern. 
 

  
Fig. 3 Percentage of sampling sites in different potential 

ecological risks based on results of Er
i (Cr, Ni, Cu, Cd, Pb, Zn) 

and RI. 
 

The risk factor RI was proposed by HAKANSON 
[36] based on eight metals (As, Hg, Cr, Ni, Cu, Cd, Pb, 
and Zn). In this work, As and Hg were excluded. Based 
on the background values of these metals, the ecological 
risk index RI values are calculated. The mean value and 
range of RI are 711.6 and (67.2−2797.1). The percentages 
of sampling sites that are classified as low risk, moderate 
risk, considerable risk, high risk, and very high risk are 

16.3%, 2.3%, 30.2%, 0%, and 51.2%, respectively   
(Fig. 3). This indicates that most of the sediments from 
the Xiangjiang River show considerable or very high 
potential ecological risk. Among the metals considered, 
Cd which contributes largely (~90%) to the RI in all 
sampling sites due to its high Er

i is the main pollution 
metal in sediments of the Xiangjiang River. 

 
3.2 Metal speciation 

Figure 4 summarizes the fractional distribution of 
heavy metals in all sampling sites. The residual fraction 
of Cr (61.8%−90.5%) is the most dominant fraction 
found in the sediments of all sampling sites, the Fe-Mn 
oxides fraction of Cr (4.3%−19.5%) is the second highest, 
but the exchangeable and carbonate fractions of Cr 
account for only a very small proportion. The residual 
(41.6%−85.9%) and Fe-Mn oxides (7.8%−44.9%) 
fractions are also the most dominant for Ni. Similar Cr 
fractionation results have been reported by ALBA et al 
[41] and DAVUTLUOGLU et al [7]. The fact that Cr and 
Ni are largely bound to the inert fraction also indicates 
their natural sources as shown by their concentrations 
and correlation analysis (Tables 2 and 3). 

For Cu, Fe-Mn oxides and organic fractions, which 
are 9.7%−47.0% and 16.2%−52.0%, respectively, are the 
most dominant fractions along with the residual fraction 
(13.1%−65.5%). A large proportion of Cu is found in the 
organic fraction, which is a result of Cu’s ability to form 
stable organic complexes [42]. This agrees with the 
results of previous studies that show a high proportion of 
organic Cu in sediments [17, 31−32]. 

Cd is mainly bound to non-residual fractions, 
mainly to the exchangeable (7.2%−54.4%), carbonate 
(7.6%−58.1%) and Fe-Mn oxides fractions (21.3%− 
62.3%), but rarely to the organic fraction (1.0%−28.6%). 
The fraction analysis of sediments from the Xiangjiang 
River carried out by other researchers also shows that a 
high proportion of Cd is in the carbonate (9%−33%) or 
Fe-Mn oxides fractions (15%−65%) [30−31]. Cd in 
sediments of the Yamuna River and the Yangtze River 
are also primarily bound with the exchangeable and 
carbonate fractions [3, 5]. The high proportion of 
carbonate-bound Cd in sediments from the Xiangjiang 
River may be ascribed to the fact that carbonates are 
common in this area and that the similarity of the ionic 
radii of Ca and Cd favors the co-precipitation of Cd 
carbonate and its incorporation into the calcite lattice   
[21, 31]. Pb and Zn are primarily bound to Fe-Mn oxides 
in proportions of 31.5%−64.0% for Pb and 17.5%− 
91.0% for Zn. The residual fraction of Pb (7.4%−35.9%) 
and Zn (10.9%−75.2%) also accounts for a large 
proportion. In addition, a moderate amount of Pb 
(8.7%−27.6%) exists in the organic fraction. ZHANG  
et al [32] also found that Pb and Zn are mostly found in 
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Fig. 4 Fractionation of trace metals in sediments from Xiangjiang River into five operationally-defined fractions in 43 sampling 
sites: (a) Cr; (b) Ni; (c) Cu; (d) Cd; (e) Pb; (f) Zn 
 
the Fe-Mn oxides fraction in sediments from the 
Xiangjiang River. Fe-Mn oxides have high scavenging 
efficiencies for heavy metals and thus become sinks for 
heavy metals [5, 43]. Consequently, in addition to Pb and 
Zn, higher Cr, Ni, Cu, and Cd concentrations are also 
found in the Fe-Mn oxides fraction. 

Heavy metals that exist in different fractions will 
show different bioavailability. The residual fraction, 
which is inert, is strongly bound to silicates and can only 

be released under very harsh conditions [11]. Heavy 
metals in the Fe-Mn oxides and organic fractions are 
subjected to release when the redox potential changes, 
whereas the exchangeable and carbonate fractions are the 
most liable to release into the environment [11]. Thus, 
the RAC which assesses the mobility and bioavailability 
of heavy metals by applying a scale to the percentage of 
metals in the exchangeable and carbonate fraction can 
provide further evaluation. 
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The values of RAC for Cr, Ni, Cu, Cd, Pb, and Zn 
are (1.0±0.3)%, (3.3±2.1)%, (3.1±1.4)%, (51.3±11.2)%, 
(3.1±2.5)%, and (7.2±3.5)%, respectively (Fig. 5). 
Generally, the RAC of Cr is less than 1%, indicating that 
Cr presents no risk, and the RACs of Ni, Cu, Cd, Pb, and 
Zn are in the range of 1%−10%, indicating their low risk. 
For Cd, 97.7% of the sampling sites are classified as high 
or very high risk according to the RAC. In another words, 
the bioavailability of metals following the order: Cd> 
Pb≈Zn≈Cu≈Ni>Cr(p<0.05). A higher risk of Cd was also 
found in other heavy-metal polluted rivers [5, 21]. 
Similar results were found by the ecological risk 
assessment and RAC. 
 

 
Fig. 5 Risk assessment code (RAC) of heavy metals in 

sediments from Xiangjiang River 

 

3.3 Pb isotope 
3.3.1 Identification of sources 

Table 4 shows the w(206Pb)/w(207Pb) ratios in 
various fractions to be in the order of exchangeable 
(1.163±0.012)<carbonate (1.179±0.005)≈Fe-Mn oxides 
(1.181±0.006)≈organic (1.182±0.006)<residual (1.208± 
0.017) (p<0.05). Moreover, the w(206Pb)/w(207Pb) ratios 
in the exchangeable fraction (1.163±0.012) is similar 
with the w(206Pb)/w( 207Pb) ratios in the wastewater, dust, 

and slag released by mining and smelting plants along 
the Xiangjiang River (1.162±0.020) (Table 4). It was 
reported that anthropogenic Pb is usually characterized 
by a low w(206Pb)/w(207Pb) ratio (<1.2), while geogenic 
background Pb generally presents a higher w(206Pb)/ 
w(207Pb) ratio (about 1.2) [28, 44]. Thus, in this work, Pb 
found in the exchangeable fraction may primarily come 
from anthropogenic sources. However, the w(206Pb)/ 
w(207Pb) ratio in the residual fraction (about 1.2) 
indicates a natural source. This is supported by SUN et al 
[44] who found that the w(206Pb)/w(207Pb) ratios of 
uncontaminated sediments collected at depth of 50−  
100 cm from the Xiangjiang River is approximately 1.2 
(1.198±0.002). The w(206Pb)/w(207Pb) ratios of the 
carbonate (1.179±0.005), Fe-Mn oxides (1.181±0.006), 
and organic fractions (1.182±0.006) are between those of 
the exchangeable and residual fractions, and no 
significant difference (p<0.05) among the three fractions 
was observed. This result is in agreement with the study 
conducted by LI et al [1], and explained by Pb in the 
three fractions are from the similar Pb sources of both 
natural and anthropogenic sources. SUN et al [44] 
showed that the mean value of the w(206Pb)/w(207Pb) ratio 
of total Pb content in polluted sediments collected at 
depth of 0−50 cm from the Xiangjiang River is 1.181, 
which is similar with the mean value of the 
w(206Pb)/w(207Pb) ratio of the three fractions in present 
work (Table 4) [44]. This confirms the impact of 
anthropogenic Pb on the three fractions. 

The correlation between Pb content and the 
w(206Pb)/w(207Pb)ratio in various fractions is shown in 
Fig. 6. An evident trend of decreasing w(206Pb)/w(207Pb) 
ratio with increasing Pb content is observed for Fe-Mn 
oxides and organic fractions, which is ascribed to the 
accumulation of anthropogenic Pb with lower 
w(206Pb)/w(207Pb)ratios. This indicates the input of 
anthropogenic Pb to these two fractions. However, the 
low contents of exchangeable and carbonate Pb shown in 

 
Table 4 Pb isotopic composition in sediments 

Type 
w(206Pb)/w(207Pb) w(208Pb)/w(206Pb) 

Mean ± SDa Range Mean ± SD Range 

Exchangeable 1.163 ± 0.012 1.148−1.206 2.099 ± 0.022 2.025−2.129 

Carbonate 1.179 ± 0.005 1.166−1.192 2.080 ± 0.008 2.062−2.100 

Fe-Mn oxides 1.181 ± 0.006 1.169−1.196 2.083 ± 0.010 2.056−2.098 

Organic 1.182 ± 0.006 1.166−1.193 2.083 ± 0.011 2.057−2.102 

Residual 1.208 ± 0.017 1.185−1.273 2.066 ± 0.020 2.013−2.102 

Waste water, dust and slagb 1.162 ± 0.020 1.129−1.180 2.122 ± 0.023 2.099−2.160 

XJ (0−50)c 1.181    

XJ (50−100)c 1.198 ± 0.02    
a SD means standard deviation; b Wastewater, dust, and slag released by metallurgical and chemical plants along the Xiangjiang River [34]; c XJ (0−50) 
sediments collected at depth of 0−50 cm from the Xiangjiang River, XJ (50−100) sediments collected at depth of 50− 100 cm from the Xiangjiang River [44]. 
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Fig. 6 Relationship between Pb content and w(206Pb)/w(207Pb) 

ratio in various fractions 
 
Fig. 4 makes this trend inconspicuous, yet lower w(206Pb)/ 
w(207Pb) ratios were also found for exchangeable and 
carbonate fractions (Table 4). Residual Pb shows no such 
trend because of its geogenic origin. SUN et al [44] and 
WONG et al [45] also found the Pb content and the 
w(206Pb)/w(207Pb) ratio in total content from sediments 
suffering heavy metal pollution showed the same trend. 

The isotopic composition of Pb, expressed as 
w(208Pb)/w(206Pb) vs. w(206Pb)/w(207Pb) ratios, is shown 
in Fig. 7. The linear relationship of the two ratios can be 
observed, and which was also found in other studies and 
indicates a binary mixing source of Pb [28, 44−47]. As 
demonstrated above, the residual fraction characterized 
by high w(206Pb)/w(207Pb)and low w(208Pb)/w(206Pb) 
ratios is representative of the natural source of Pb    
(Fig. 7). While, wastewater, dust, and slag (Table 4) 
characterized by low w(206Pb)/w(207Pb) and high 
w(208Pb)/w(206Pb)ratios are the major anthropogenic 
sources of Pb in sediments (Fig. 7). 
 

 
Fig. 7 Relationship between w(208Pb)/w(206Pb) and w(206Pb)/ 

w(207Pb) ratios in various fractions, and waste water, dust and 

slag 

3.3.2 Source apportionment 
The percentage of anthropogenic Pb can be 

calculated by 
 

/)Pb()Pb(/)Pb([Pb 206
MC

207206
AC www    

AC
207206

BC
207 )Pb(/)Pb(/[])Pb(           www  

])Pb(/)Pb(           BC
207206 ww                                      (4) 

 
where AC is the anthropogenic component, MC is the 
measured component, and BC is the background 
component [46, 48]. 

The mean value of the w(206Pb)/w(207Pb) (1.162) 
ratio of the wastewater, dust, and slag released by mining 
and smelting plants (Table 4) is assumed to be the 
w(206Pb)/w(207Pb) of the main anthropogenic Pb. The 
w(206Pb)/w(207Pb) of the residual fraction in sediments is 
regarded as the w(206Pb)/w(207Pb) of background Pb. On 
the basis of the assumption that two main sources exit, 
the percentages of anthropogenic Pb in the exchangeable, 
carbonate, Fe-Mn oxides, and organic fractions 
calculated by  Eq. (4) are (91.3±16.7)%, (61.1±13.9)%, 
(57.4±11.1)%, and (55.5±11.2)%, respectively. This 
confirms exchangeable Pb is primarily from 
anthropogenic sources. Moreover, for the sediments from 
the Xiangjiang River, the carbonate, Fe-Mn oxides, and 
organic fractions are also seriously polluted. According 
to SUN et al [34], the mean value of the w(206Pb)/w(207Pb) 
of total Pb content in the Xiangjiang River sediments is 
1.181. Thus, the contribution of anthropogenic Pb to total 
Pb in sediment calculated by Eq. (4) is (54.0±14.9)%. 
This suggests that more than half of the Pb in sediments 
from the sampled sites comes from pollution. The 
percentage of anthropogenic Pb can also be obtained by 
the total Pb concentration and the background Pb 
concentration found in Table 2, and the results show that 
anthropogenic Pb accounts for (55.5±21.1)% of the Pb 
found in surface sediments, which is similar to the results 
obtained by w(206Pb)/w(207Pb) ratios. This confirms the 
reasonability of using mean values of the w(206Pb)/ 
w(207Pb) ratio found for the wastewater, dust and slag 
released by mining and smelting plants to represent the 
w(206Pb)/w(207Pb) ratio of anthropogenic Pb. 

 
4 Conclusions 
 

Enrichment of Cu, Cd, Pb, and Zn is found in the 
sediments from the Xiangjiang River. Ecological risk 
assessment shows that Cd exhibits very high ecological 
risk, while other heavy metals only show low ecological 
risk. Sequential extraction reveals that the residual and 
Fe-Mn oxides fractions yield the highest percentages of 
Cr and Ni, the Fe-Mn oxides, organic and residual 
fractions yield the highest percentage of Cu, the non- 
residual fractions, mainly the exchangeable, carbonate, 
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and Fe-Mn oxides fractions, yield the highest 
percentages of Cd, and the Fe-Mn oxides fraction yields 
the highest percentages of Pb and Zn. Correlation 
analysis reveals that Cr and Ni are mainly derived from 
natural sources, while Cu, Cd, Pb, and Zn are mainly 
derived from anthropogenic sources. The Pb isotope 
analysis shows that the w(206Pb)/w(207Pb) ratios in 
various fractions are in the order of exchangeable 
(1.163±0.012)<carbonate (1.179±0.005)≈Fe-Mn oxides 
(1.181±0.006)≈organic (1.182±0.006)<residual (1.208± 
0.017) (p<0.05). Wastewater, dust, and slag from mining 
and smelting areas in the Xiangjiang valley are the 
primary anthropogenic sources of Pb, while residual Pb 
represents the natural sources of Pb. The percentages of 
anthropogenic Pb exchangeable, carbonate, Fe-Mn 
oxides, and organic fractions are (91.3±16.7)%, (61.1± 
13.9)%, (57.4±11.1)%, and (55.5±11.2)%, respectively. 
This confirms that the significant accumulation of 
anthropogenic Pb in the exchangeable fraction, and the 
serious pollution in carbonate, Fe-Mn oxides, and 
organic fractions. 
 
References 
 
[1] LI Xian-dong, SHEN Zhe-guo, WAI O W H, LI Y S. Chemical forms 

of Pb, Zn and Cu in the sediment profiles of the Pearl River Estuary 

[J]. Marine Pollution Bulletin, 2001, 42(3): 215−223. 

[2] SIN S N, CHUA H, LO W, NG L M. Assessment of heavy metal 

cations in sediments of Shing Mun River, Hong Kong [J]. 

Environment International, 2001, 26(5/6): 297−301. 

[3] YANG Zhi-feng, WANG Y, SHEN Zhen-yao, NIU Jun-feng, TANG 

Zhen-wu. Distribution and speciation of heavy metals in sediments 

from the mainstream, tributaries, and lakes of the Yangtze River 

catchment of Wuhan, China [J]. Journal of Hazardous Materials, 

2009, 166(2/3): 1186−1194. 

[4] CHEN Jin-feng, YUAN Jiang-gang, WU Shan-shan, LiN Bi-yun, 

YANG Zhong-yi. Distribution of trace element contamination in 

sediments and riverine agricultural soils of the Zhongxin River, 

South China, and evaluation of local plants for biomonitoring [J]. 

Jouranl of Environmental Monitoring, 2012, 14: 2663−2672. 

[5] JAIN C K. Metal fractionation study on bed sediments of River 

Yamuna, India [J]. Water Research, 2004, 38(3): 569−578. 

[6] DAVUTLUOGLU O I, SECKIN G, DEMET G K, YILMAZ T, 

CAGATAYHAN B E. Speciation and implications of heavy metal 

content in surface sediments of Akyatan Lagoon-Turkey [J]. 

Desalination, 2010, 260(1/3): 199−210. 

[7] DAVUTLUOGLU O I, SECKIN G, ERSU C B, YILMAZE T, SARI 

B. Heavy metal content and distribution in surface sediments of the 

Seyhan River, Turkey [J]. Journal of Environmental Management, 

2011, 92(9): 2250−2259. 

[8] LI Fei-peng, ZHANG Hai-ping, MENG Xiang-zhou, CHEN Ling, 

YIN Da-qiang. Contamination by persistent toxic substances in 

sediment of urban rivers in Chaohu City, China [J]. Journal of 

Environmental Sciences, 2012, 24(11): 1934−1941. 

[9] GIULIANI S, ROMANO S, TURETTA C, CU N H, BELLUCCI L G, 

CAPODAGLIO G, MUGNAI C, NHON, D H, FRIGNANI M. Soils 

and sediments of the Thua Thien-Hua Province (central Vietnam): 

recognizing trace element sources and the likely influence of natural 

events [J]. Journal of Environmental Monitoring, 2011, 13: 

1383−1392. 

[10] ZOUMIS T, SCHMIDT A, GRIGOROVA L, CALMANO W. 

Contaminants in sediments: remobilisation and demobilization [J]. 

The Science of the Total Environment, 2001, 266(1/3): 195−202. 

[11] FILGUEIRAS A V, LAVILLA I, BENDICHO C. Chemical 

sequential extraction for metal partitioning in environmental solid 

samples [J]. Journal of Environmental Monitoring, 2002, 4(6): 

823−857. 

[12] TESSIER, A, CAMPBELL P G C, BISSON M. Sequential extraction 

procedure for the speciation of particulate trace metals [J]. Analytical 

Chemistry, 1979, 51: 844−851. 

[13] URE A M, QUEVAUVILLER P, MUNTAU H, GREIPINK B. 

Speciation of heavy metals in solids and harmonization of extraction 

techniques undertaken the auspices of the BCR of the Commission of 

the European Communities [J]. International Journal of 

Environmental Analytical Chemistry, 1993, 51(1/4): 135−151. 

[14] QUEVAUVILLER P, RAURET G, MUNTAU H, URE A M, RUBIO 

R, LOPEZSANCHEZ J F. Evaluation of a sequential extraction 

procedure for the determination of extractable trace metal contents in 

sediments [J]. Fresenius Journal of Analytical Chemistry, 1994, 

349(12): 808−814. 

[15] MAIZ I, ARAMBARRI I, GARCIA R, MILLAN E. Evaluation of 

heavy metal availability in polluted soils by two sequential extraction 

procedures using factor analysis [J]. Environmental pollution, 2000, 

110(1): 3−9. 

[16] QUEVAUVILLER P, RAURET G, LOPEZ-SANCHEZ J F, RUBIO 

R, URE A, MUNTAUD H. Certification of trace metal extractable 

contents in a sediment reference material (CRM 601) following a 

three-step sequential extraction procedure [J]. The Science of the 

Total Environment, 1997, 205(2/3): 223−234. 

[17] MORILLO J, USERO J, GRACIA I. Heavy metal distribution in 

marine sediments from the southwest coast of Spain [J]. 

Chemosphere, 2004, 55(3): 431−442. 

[18] WU S C, LUO Y M, CHEUNG K C, WONG M H. Influence of 

bacteria on Pb and Zn speciation, mobility and bioavailability in soil: 

A laboratory study [J]. Environmental Pollution, 2006, 144(3): 

765−773. 

[19] CAI Jian-nan, CAO Ying-zi, TAN Hai-jian, WANG Yan-man, LUO 

Jia-qi. Fractionation and ecological risk of metals in urban river 

sediments in Zhongshan City, Pearl River Delta [J]. Journal of 

Environmental Monitoring, 2011, 13: 2450−2456. 

[20] LEE P K, YU Y H, YUN S T, MAYER B. Metal contamination and 

solid phase partitioning of metals in urban roadside sediments [J]. 

Chemosphere, 2005, 60(5): 672−689. 

[21] SUNDARAY S K, NAYAK B B, LIN S, BHATTA D. Geochemical 

speciation and risk assessment of heavy metals in the river estuatine 

sediments-A case study, Mahanadi basin, India [J]. Journal of 

Hazardous Materials, 2011, 186: 1837−1846. 

[22] WONG S C, LI X D, ZHANG G, QI S H, MIN Y S. Heavy metals in 

agricultural soils of the Pearl River Delta, South China [J]. 

Environmental Pollution, 2002, 119(1): 33−44. 

[23] LIU W X, LI X D, SHEN Z G, WANG D C, WAI O W H, LI Y S. 

Multivariate statistical study of heavy metal enrichment in sediments 

of the Pearl River Estuary [J]. Environmental Pollution, 2003, 121(3): 

377−388. 

[24] CHENG He-fa, HU Yuan-an. Lead (Pb) isotopic fingerprinting and 

its applications in lead pollution studies in China: A review [J]. 

Environmental Pollution, 2010, 158(5): 1134−1146. 

[25] HARLAVAN Y, ALMOGI-LABIN A, HERUT B. Tracing natural 

and anthropogenic Pb in sediments along the mediterranean coast of 



J. Cent. South Univ. (2014) 21: 2349−2358 

 

2358

 

israel using Pb isotopes [J]. Environmental Science and Technology, 

2010, 44(17): 6576−6582. 

[26] SONDERGAARD J, ASMUND G, JOHANSEN P, ELBERLING B. 

Pb isotopes as tracers of mining-related Pb in lichens, seaweed and 

mussels near a former Pb-Zn mine in west greenland [J]. 

Environmental Pollution, 2010, 158(5): 1319−1326. 

[27] MARCANTONIO F, FLOWERS G, THIEN L, ELLGAARD E. Lead 

isotopes in tree rings: Chronology of pollution in bayou Trepagnier, 

Louisiana [J]. Environmental Science and Technology, 1998, 32(16): 

2371−2376. 

[28] XU Bing, GU Zhao-yan, HAN Jing-tai, ZHANG Yan-hui, CHEN 

Yong-fu F, LU Yan-wu. Sequential extractions and isotope analysis 

for discriminating the chemical forms and origins of Pb in sediment 

from Liaodong bay, China [J]. Archives of Environmental 

Contamination and Toxicology, 2009, 57(2): 230−238. 

[29] GUO Zhao-hui, SONG Jie, XIAO Xi-yuan, MING Hui, MIAO 

Xu-feng, WANG Feng-yong. Spatial distribution and environmental 

characterization of sediment-associated metals from middle- 

downstream of Xiangjiang River, southern China [J]. Journal of 

Central South University of Technology, 2010, 17(1): 68−78. 

[30] ZHANG Shen, DONG Wen-jiang, ZHANG Li-cheng, CHEN Xi-bao. 

Geochemical characteristics of heavy metals in the Xiangjiang River, 

China [J]. Hydrobiologia, 1989, 176/177: 253-262. 

[31] DONG Wen-jiang, ZHANG Li-cheng, ZHANG Shen. The research 

on the distribution and forms of heavy metals in the Xiangjiang River 

sediments [J]. Chinese Geographical Science, 1992, 2(1): 42−55. 

[32] ZHANG Li-cheng, ZHAO Gui-jiu. The species and geochemical 

characteristics of heavy metals in the sediments of Kangjiaxi River in 

the Shuikoushan Mine Area, China [J]. Applied Geochemistry, 1996, 

11(1/2): 217−222. 

[33] DASSENAKIS M, ANDRIANOS H, DEPIAZI G, KONSTANTAS A, 

KARABELA M, SAKELLARI A. The use of various methods for 

the study of metal pollution in marine sediments, the case of 

Euvoikos Gulf, Greece [J]. Applied Geochemistry, 2003, 18(6): 

781−794. 

[34] SUN Wei-ling, SANG Lei-xin, JIANG Bo-feng. Trace metals in 

sediments and aquatic plants from the Xiangjiang River, China [J]. 

Journal of Soils and Sediments, 2012, 12(10): 1649−1657. 

[35] MARGUI E, IGLESIAS M, QUERALT I, HIDALGO M. Precise 

and accurate determination of lead isotope ratios in mining wastes by 

ICP-QMS as a tool to identify their source [J]. Talanta, 2007, 73(4): 

700−709. 

[36] HAKANSON L. An ecological risk index for aquatic 

pollution-control-A sedimentological approach [J]. Water Researches, 

1980, 14(8): 975−1001. 

[37] XU Zheng-qi, NI Shi-jun, TUO Xian-guo, ZHANG Cheng-jiang. 

Calculation of heavy metals’ toxicity coefficient in the evaluation of 

potential ecological risk index [J]. Environmental. Science and 

Technology, 2008, 31(2): 112−115. (In Chinese) 

[38] GHREFAT H, YUSUF N. Assessing Mn, Fe, Cu, Zn and Cd 

pollution in bottom sediments of Wadi Al-Arab Dam, Jordan [J]. 

Chemosphere, 2006, 65(11): 2114−2121. 

[39] ZENG Bei-wei, PAN You-min, HUANG Zhan. The preliminary 

estimation on the pollution of Xiang Jiang River sediment [J]. 

Environmental Chemistry, 1982, 1(5): 352−358. (In Chinese) 

[40] OLICARES-RIEUMONT S, ROSA D, LIMA L, GRAHAM D W, 

ALESSANDRO K D, BORROTO J. Assessment of heavy metal 

levels in Almendares River sediments-Havana City, Cuba [J]. Water 

Research, 2005, 39(16): 3945−3953. 

[41] ALBA M D, GALINDO-RIANO M D, CASANUEVA-MARENCO 

M J, GARCIA-VARGAS M, KOSORE C M. Assessment of the 

metal pollution, potential toxicity and speciation of sediment from 

Algeciras Bay (South of Spain) using chemometric tools [J]. Journal 

of Hazardous Materials, 2011, 190(1/3): 177−187. 

[42] KIRKELUND G M, OTTOSEN L M, VILLUMSEN A. Investigation 

of Cu, Pb and Zn partitioning by sequential extraction in harbor 

sediments after electrodialytic remediation [J]. Chemosphere, 2010, 

79(10): 997−1002. 

[43] NAJI A, ISMAIL A, ISMAIL A R. Chemical speciation and 

contamination assessment of Zn and Cd by sequential extraction in 

surface sediment of Klang River, Malaysia [J]. Microchemical 

Journal, 2010, 95(2): 285−292. 

[44] SUN Guo-xin, WANG Xin-jun, HU Qin-hong. Using stable lead 

isotopes to trace heavy metal contamination sources in sediments of 

Xiangjiang and Lishui Rivers in China [J]. Environmental Pollution, 

2011, 159(12): 3406−3410. 

[45] WONG C S C, WU S C, DUZGOREN-AYDIN N S, AYDIN A, 

WONG M H. Trace metal contamination of sediments in an e-waste 

processing village in China [J]. Environment Pollution, 2007, 145(2): 

434−442. 

[46] MONNA F, DOMINIK J, LOIZEAU J, PARDOS M, ARPAGAUS P. 

Origin and evolution of Pb in sediments of Lake Geneva 

(Switzerland-France). Establishing a stable Pb record [J]. 

Environmental Science and Technology, 1999, 33(17): 2850−2857. 

[47] IP C C M, LI X D, ZHANG G, WONG C S C, ZHANG W L. Heavy 

metal and Pb isotopic compositions of aquatic organisms in the Pearl 

River Estuary, South China [J]. Environmental Pollution, 2005, 

138(3): 494−504. 

[48] KERSTEN M, CARBE-SCHONBERG C, THOMSEN S, 

ANAGNOSTOU C, SIOULAS A. Source apportionment of Pb 

pollution in the coastal waters of Elefsis Bay, Greece [J]. 

Environmental Science and Technology, 1997, 31(5): 1295−1301. 

(Edited by DENG Lü-xiang) 

 
 
 
 
 


