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Abstract: Modified potential ecological risk index (MRI) was proposed based on the potential ecological risk index (RI) and risk 
assessment code (RAC) by modifying an index. The modified index was relevant to the chemical speciation of heavy metals. Xiawan 
Port, a typical region contaminated by industrial production, was selected as a case study area. The total concentrations and chemical 
speciation of heavy metals in sediments of Xiawan Port were analyzed. The experimental data indicate that Xiawan Port is seriously 
polluted by heavy metals, especially by Cd. The risks of heavy metals are evaluated by RI, RAC and MRI, respectively. The resluts 
of MRI show that the risks of heavy metals are in the decreasing order of Cd>Pb>Cu>Zn. Comparison of results by different 
methods reveals that MRI integrates the characters of RI and RAC. MRI is recognized to be useful for risk managemnt of heavy 
metals in sediments. 
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1 Introduction 
 

Heavy metal contamination has become an 
environmental problem today in both developing and 
developed countries throughout the world [1,2]. Heavy 
metals are of considerable environmental concern due to 
their toxicity, wide sources, non-biodegradable properties 
and accumulative behaviors [3]. With the rapid 
industrialization and economic development in 
watershed region, the pollution of water body sediment 
has become very widespread in China [4,5]. Depending 
on hydrodynamics, biogeochemical processes and 
environmental conditions of rivers, sediments act as an 
important sink of heavy metals, as well as a potential 
non-point pollution source which may directly affect 
overlying waters [6,7]. To some extent, heavy metal 

contents in sediments can reflect the quality of water 
body. Although sediments act as one of the ultimate sinks 
for heavy metals input into the aquatic environment, they 
cannot fix heavy metals permanently [3]. Adsorbed 
heavy metals may desorb from sediments and result in 
some secondary pollution problems when environmental 
conditions change [8]. Taking into account the 
importance of sediments and the toxicity of heavy metals 
in them, related researches have been done to understand 
the effects of heavy metals on ecological systems [9,10]. 
The risk assessment of heavy metals would provide a 
certain theory support for risk management. 

Risk assessment code (RAC) is a method for risk 
assessment of heavy metals. It classifies the risk levels 
based on the chemical speciation of heavy metals [11]. 
Potential ecological risk index (RI) is a methodology 
developed  by  HAKANSON [12]  to  evaluate  the 
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ecological risks of heavy metals in sediments. In terms of 
RAC, the toxic-response factors for different heavy 
metals are ignored. Although RI considers both the 
toxicities and total contents of heavy metals, the 
chemical speciation is neglected. Significant differences 
of noxious properties exist in different chemical 
speciations of heavy metals [13]. Most of recently 
reported studies dealing with the evaluation of heavy 
metal contamination in sediments use only the total 
content of heavy metal as a criterion for determining 
their potential effect on the environments. However, the 
total concentrations of heavy metals provide inadequate 
information for assessing their bioavailability or toxicity 
[14]. In this study, RI was modified by multiplying a 
toxic index corresponding to different chemical 
speciations of heavy metals, which were related to RAC. 
The chemical speciations of heavy metals in sediments 
could be obtained from a sequential extraction technique. 
In the modified potential ecological risk index (MRI) 
model, the toxicity and chemical speciation of heavy 
metals were considered simultaneously. In this work, 
MRI model was applied to evaluating the risk of heavy 
metals in sediments of Xiawan Port. The assessment 
conclusions would be beneficial for the management and 
control of heavy metal pollution in sediments of Xiawan 
Port. 
 
2 Materials and methods 
 
2.1 Study area and sampling 

Xiawan Port is located in Zhuzhou city of Hunan 
province, China. It is the receptor of urban and industrial 
sewage of Qingshuitang industry zone. It is also one of 
the main pollution sources of Xiangjiang River. The total 
length of Xiawan Port is about 6.0 km, and the drainage 
area is 11.8 km2. Xiawan Port originates from 
Ganhantang which is located in the northwest of 
Zhuzhou city, flows through Qingshuitang from the north 
to the south and finally runs into Xiangjiang River. The 
heavy metal pollution is very severe in Xiawan Port, 
which significantly threatens ecological systems and 
human health. In addition, long-term wastewater pollution 
results in serious sediment contamination. Therefore, it is 
necessary to analyze the potential ecological risk of 
heavy metals in sediments of Xiawan Port. 

Considering the representativeness of heavy metal 
pollution in Xiawan Port, five sampling sites were 
chosen near the outlets of industry companies. Five 
locations were Zhuzhou chemical plant, Zhuzhou 
smelting works, Tongxia road, Zhuzhou sewage disposal 
work and the outfall of Xiawan Port, which were 
designed as Site 1, Site 2, Site 3, Site 4 and Site 5, 
respectively. The locations of sample points are shown in 
Fig. 1. 

 

 
 
Fig. 1 Map of sampling sites in Xiawan Port 
 
2.2 Sample analysis 

For the analysis of total heavy metal concentrations 
(Cd, Cu, Zn and Pb), 0.1 g sample was placed in Teflon 
tube and digested with HNO3, HF, and HClO4. Then the 
solutions were dissolved with 2% (volume fraction) 
HNO3 to a final volume of 50 mL, and analyzed with an 
atomic absorption spectrophotometer (AAnalyst700, 
Perkin- Elmer Inc, US). 

The chemical speciation of heavy metals was 
obtained through a sequential extraction procedure 
proposed by AKCAY et al [15] and TESSIER [16]. This 
sequential extraction procedure was widely used in 
analysis of heavy metals’ speciation distribution [17−19]. 
 
2.3 Risk assessment code 

It is evident that the heavy metals in sediments are 
distributed in different fractions with different strengths, 
which give a clear connection with the presence of heavy 
metals in related aquatic environment [14]. Different 
extents of risk corresponding to different fractions could 
be expressed and regulated by RAC [13]. RAC 
determines the availability of heavy metals in sediments 
by applying a scale to the percentage of heavy metals in 
the exchangeable and carbonate fractions [11,14]. 
According to the RAC guideline, for any metal, when the 
total ratio of the exchangeable and carbonate fractions is 
less than 1%, the environment can be seen as secure; 
when the total ratio is more than 50%, the hazard is very 
high, and the heavy metals are very easy to enter the 
food chain [20]. The classification of risk has been 
categorized in terms of RAC and is tabulated in Table 1. 
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Table 1 Classification of RAC [21] and values of ∂ 

Risk Metal in carbonate and 
exchangeable fraction/% ∂ 

No risk <1 1.00 

Low risk 1−10 1.00 

Medium risk 11−30 1.20 

High risk 31−50 1.40 

Very high risk > 50 1.60 
∂—Toxic index 
 
2.4 Potential ecological risk index 

RI is introduced to assess the ecological risk degree 
of heavy metals in soil or sediments, which was 
originally proposed by HAKANSON and widely used 
[22,23]. The value of RI can be calculated by the 
following formulas [12]: 
 

f D R=i i iC C C                                 (1) 
 

r r f
i i iE T C= ×                                  (2) 

 

r
1

RI
m

i

i
E

=
= ∑                                     (3) 

 
where RI is the sum of potential risk of individual heavy 
metal; r

iE  is the potential risk of individual heavy 
metal; r

iT  is the toxic-response factor for a given heavy 
metal; f

iC is the contamination coefficient; D
iC  is the 

present concentration of heavy metals in sediments; R
iC  

is the pre-industrial record of heavy metal concentration 
in sediments. 

Based on the HAKANSON approach, the 
toxic-response factors for Pb, Cu, Cd and Zn are 5, 5, 30 
and 1, respectively. In this study area, the pre-industrial 
concentration records for Cd, Cu, Pb and Zn are 0.2, 26, 
35, and 94 mg/kg, respectively [24]. HAKANSON [12] 
defined five categories of r

iE , and four categories of RI, 
as shown in Table 2. 

 
Table 2 Indices and grades of potential ecological metals 
contamination [9]  

r
iE  

Grade of 
ecological risk 
of single metal 

RI value 
Grade of potential 
ecological risk of

environment 

r
iE <40 Low risk RI<150 Low risk 

40≤ r
iE <80 Moderate risk 150≤RI<300 Moderate risk

80≤ r
iE <160 Considerable 

risk 300≤RI<600 Considerable risk

160≤ r
iE <320 High risk RI≥600 Very high risk

r
iE ≥320 Very high risk   

 
2.5 Modified potential ecological risk index 

The risk of heavy metal pollution depends on not 
only the total content of heavy metals, but also their 

chemical speciation. The researches about the 
relationship between heavy metal speciation and 
bioavailability certified that heavy metals’ speciation 
could greatly affect their bioavailability [25,26]. But so 
far，the chemical speciation of heavy metals was not 
considered in the risk assessment models which only 
considered their total concentrations [5,23]. 

In this study, different toxic indexes were given to 
different percentages of exchangeable and carbonate 
fractions in risk analysis. The calculation formulas of 
MRI are shown as follows: 
 

A B= ∂ +Ω                                (4) 
 

D D
i iC = C% Ω                                  (5) 

 
f D R/i i iC = C C% %                                 (6) 

 
r r f
i i iE T C= %%                                   (7) 

 

r
1

MRI
m

i

i=
= E∑ %                                 (8) 

 
where f

iC% , D
iC% , r

iE% , and MRI are the modified forms of 
f
iC , D

iC , r
iE ,and RI, respectively; Ω is the modified index 

of heavy metal concentration; A is the percentage of 
exchangeable and carbonate fraction; B is the value of 
1−A; ∂ is the toxic index corresponding to different ratios 
of exchangeable and carbonate fraction. The value of ∂ 
listed in Table 1 was obtained according to RAC and 
expert consultation. 
 
3 Results and discussion 
 
3.1 Contamination evaluation of heavy metals 

The total concentrations of Cd, Cu, Pb and Zn in 
sediments of Xiawan Port are presented in Table 3. It is 
obvious that higher concentrations of heavy metals were 
detected at Site 3 and Site 4 which were located at lower 
reaches of Xiawan Port. The contents of Cd and Zn 
seriously exceeded Grade III standard of China 
environmental quality standard for soil (GB15618—
1995). In particular, Cd was considered to be the critical 
polluting substance in this study area. The concentrations 
of Cd and Zn in all samples transcended the standard 
values by 10−170 times and 2.2−10.2 times, respectively. 
The concentrations of Pb at Site 1 and Site 4 exceeded 
the standard value by 1.22 and 2.08 times, respectively. 
And Cu transcended the standard value at Site 4 by 1.4 
times. Compared with the contents of heavy metals in 
other sites around China (Table 3), the concentrations of 
Cd, Cu, Pb and Zn in sediments of Xiawan Port were 
relatively high. In a word, the sediments of Xiawan Port 
were contaminated seriously by heavy metals. 

Combined pollution index (CPI) was used to 
evaluate the pollution level of heavy metals. There are 
two steps in this assessment process [29]. 



ZHU Hui-na, et al/Trans. Nonferrous Met. Soc. China 22(2012) 1470−1477 

 

1473

Table 3 Concentrations of heavy metals in sediments of 
Xiawan Port 

Concentration/(mg·kg−1) 
Sample 

Cd Cu Pb Zn 

Site 1 10.00 350.00 610.00 2 000.00

Site 2 20.00 190.00 210.00 1 100.00

Site 3 170.00 300.00 350.00 5 100.00

Site 4 100.00 460.00 1040.00 4 000.00

Site 5 50.00 210.00 300.00 2 000.00

Grade III of 
national standards ≤1.00 ≤400.00 ≤500.00 ≤500.00

Soil along the 
Yellow River [27] 7.43 132.82 223.22 224.86

Sediment from 
Yilong Lake, 

Yunnan province [28]
0.76 31.40 53.19 86.82 

 
First step: Contamination coefficient of heavy metal 

is obtained by:  

f

i
i

i
n

CC
C

=                                     (9) 
 

Second step: combined pollution index is obtained 
by: 

f
1

CPI /
m

i

i
C m

=
= ∑                              (10) 

 
where iCf  is the contamination coefficient of heavy 
metal; Ci is the concentration of heavy metal in sediment; 

iCn is the background value. In Hunan province, the 
background values of Cd, Cu, Pb and Zn are 0.20, 26, 35 
and 94 mg/kg, respectively [24]; m is the number of 
heavy metals; CPI is the combined pollution index. 

When the CPI<1, sediment is un-polluted; when the 
CPI≥1, sediment is contaminated by heavy metals, and 
the pollution extent increases with the increment of CPI. 

Contamination coefficients for four heavy metals in 
all sites are summarized in Table 4. According to this 
table, it is clear that all contamination coefficients exceed 
the critical value “1”. The contamination coefficients of 
Cd and Zn in Site 3 are 850 and 54.26, respectively. It 
could be concluded that the contamination degrees of 
heavy metals in this study area were ranked in the order 
of: Cd>Zn>Pb>Cu. 

Figure 2 illustrates the CPI of heavy metals in 
sediment samples. The values of CPI increased in the 
order of Site 1(25.54)<Site 5(71.98)<Site 2(21.25)<Site 
4(147.49)<Site 3(231.4). A conclusion may be made that 
the contamination extent of heavy metals in downstream 
sediments was more serious than in upstream. 
Meanwhile, the midstream’s sediments were most 
heavily polluted by heavy metals. 

Table 4 Contamination coefficient of heavy metals 

Contamination coefficient 
Sample 

Cd Cu Pb Zn 

Site 1 50.00 13.46 17.43 21.28 

Site 2 100.00 7.31 6.00 11.70 

Site 3 850.00 11.54 10.00 54.26 

Site 4 500.00 17.69 29.71 42.55 

Site 5 250.00 8.08 8.57 21.28 

 

 
Fig. 2 Combined pollution index of heavy metals in sediments 
of Xiawan Port 
 
3.2 Results of RAC 

The distributions of heavy metals in various 
geochemical fractions are depicted in Fig. 3. The results 
of the sequential extraction (Fig. 3(a)) reveal that Cd at 
Site 1 and Site 5 posed a very high risk to the environ- 
ment for its higher ratios of F1 and F2 ((F1+F2)Cd,site1= 
55.56%, (F1+F2)Cd,site5=80.61%). Furthermore, the 
proportions of Cd at Site 2 and Site 3 bound to F1 and 
F2 were 11.41% and 22.50%, respectively, indicating the 
medium risk category. In addition, the RAC value for Cd 
at Site 4 was below 10%, suggesting a relatively low risk. 
All in all, except at Site 4, Cd could easily enter the food 
chain and pose serious threat to the ecosystem for its 
higher toxicity and availability. 

The chemical partitions of Cu and Pb are plotted in 
Figs. 3(b) and (c), respectively. For Cu and Pb, sediment 
samples may be classified as no risk ((F1+F2)Cu,site4= 
0.88%, (F1+F2)Pd,site4=0.00%, (F1+F2)Pd,site5=0.70%), 
low risk ((F1+F2)Cu,site2=6.29%, (F1+F2)Cu,site3=2.67%, 
(F1+F2)Pd,site1=4.80%), and medium risk ((F1+F2)Cu,site1= 
14.83%, (F1+F2)Cu,site5=22.17%, (F1+F2)Pd,site2= 12.89%, 
(F1+F2)Pd,site3=29.68%). 

The authors’ findings of 50.27% show carbonate 
and exchangeable Zn fractions placed at site 5 in the very 
high risk category. Sites 1, 3 and 4 show medium risk 
category by Zn ((F1+F2)Zn,site1=27.37%, (F1+ F2)Zn,site3= 
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Fig. 3 Partitioning patterns of Cd, Cu, Pb and Zn in sediments of Xiawan port: (a) Cd; (b) Cu; (c) Pb; (d) Zn 
 
29.01%, (F1+F2)Zn,site4=10.59%). In addition, at Site 2, 
Zn posed low risk to the environment ((F1+F2)Zn,site2= 
4.79%), as shown in Fig. 3(d). 

On the basis of above analysis, these heavy metals 
are considered to be easily dissolved into the water by 
acidity. The relative amounts of easily dissolved phase of 
heavy metals in the sediments are in the order of 
Cd>Zn>Cu>Pb. According to RAC, the risks of Cd and 
Zn were very high. So, Cd and Zn should be recognized 
as priority pollutants in the sediments of Xiawan Port. 
 
3.3 Results of MRI and RI 

According to Formula (4) and Table 1, toxic indexes 
of heavy metals were calculated and illustrated in Table 
5. The values of toxic indexes were related to the 
chemical speciation of heavy metals. Compared with 
other metals, the toxic indexes of Cd and Zn were higher 
due to their higher percentages present in exchangeable 
and carbonate fractions. 

The ecological risk assessment results of toxic 
heavy metals in sediments of Xiawan Port are 
summarized in Table 6. It is found that the risk indices 
( iEr

~ ) of heavy metals were ranked in the order of 

Table 5 Toxic indexes (Ω) of heavy metals 

Ω 
Sample

Cd Cu Pb Zn 

Site 1 1.33 1.03 1.03 1.05 

Site 2 1.05 1.00 1.00 1.00 

Site 3 1.03 1.00 1.00 1.06 

Site 4 1.00 1.00 1.00 1.02 

Site 5 1.48 1.04 1.03 1.20 

 
Zn<Cu<Pb<Cd. The average ecological risk of Cd in the 
study area was 11172.00, indicating that Cd posed a very 
high risk to the local ecosystem. The monomial 
ecological risk of Pb and Cu denoted moderate- 
considerable risk to the environment. iEr

~ values for Zn 
were below 80, indicating low-moderate risk. The very 
high risk to environments posed by Cd should give rise 
to widespread concerns. 

In order to quantify the overall potential ecological 
risk of observed heavy metals in sediments of Xiawan 
Port, the values of MRI are shown in Fig. 4. MRI in five  
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Table 6 iEr

~ and iEr  of each heavy metal 
iEr

~ / iEr  
Sample 

Cd Cu Pb Zn 
Site 1 1800.00/1350.00 66.73/64.81 86.97/84.79 21.63/20.51 
Site 2 3135.00/3000.00 33.65/33.65 29.29/29.29 11.23/11.23 
Site 3 25695.00/24975.00 53.94/53.94 46.93/46.93 54.94/51.93 
Site 4 14325.00/14325.00 86.83/86.83 143.86/143.86 41.74/40.87 
Site 5 10905.00/7350.00 38.06/36.44 45.07/43.71 23.64/19.68 

Average 11172.00/10200.00 55.84/55.13 70.42/69.72 30.64/28.84 

 

 
Fig. 4 Comparison of total risk under MRI and RI 
 
samples ranged from 1975.33 to 25850.81, with an 
average of 11328.90. All of MRI values in five samples 
were higher than 600, indicating very high potential 
ecological risk. In Site 3, the overall risk caused by four 
heavy metals was the highest as 25695.00. The overall 
risks of four heavy metals in five sites under MRI were 
in declining order of Site 3>Site 4>Site 5>Site 2>Site 1. 

MRI could characterize sensitivity of local 
ecosystem to the toxic heavy metals and represent 
ecological risk resulting from the overall contamination 
[30]. The contribution percent of individual heavy metal 
to overall potentially ecological risk could be calculated 
by iEr

~ in Table 6. It could be obtained that the element 
of Cd accounted for most of the total risk, and the 
percentages arranged from 91.12% to 99.40% with a 
mean of 97.07%. Pb ranked the second among the heavy 
metals contributing to the total risk, and the average was 
1.38%, which was followed by 1.12% (Cu), 0.43% (Zn). 
It could be concluded that the high ecological risk was 
primarily dominated by Cd. 

The risks of each heavy metal based on MRI and RI 
were different, especially for Cd. The possible reason 
may be the higher values of Ω for Cd. Comparisons of 
total risks of heavy metals in sediments of Xiawan Port 
calculated by methods of MRI and RI are presented in 
Fig. 4. It is shown that the total risk under MRI was 
higher than that under RI. Especially, the total risk of 

heavy metals in Site 5 under MRI was about 1.50 times 
that under RI. 
 
4 Conclusions 
 

1) Contamination assessment based on CPI shows 
that the four heavy metals in the study area appear to be 
“heavily contaminated” with the CPI>1. Cd appears to be 
“very heavily contaminated”. Meanwhile, other three 
heavy metals could be characterized as “heavily 
contaminated”. The overall pollution degrees of heavy 
metals are in the order of Cd>Zn>Pb>Cu. 

2) According to RAC, Cd poses very high risk to the 
ecosystem due to its higher toxicity and percentage in the 
exchangeable and carbonate fractions which poses an 
adverse impact on aquatic biota. The overall risks levels 
of heavy metals are in the declining order of 
Cd>Zn>Cu>Pb. 

3) Based on the chemical speciation and 
bioavailability of heavy metals, MRI was established and 
used to analyze the risk of heavy metals in Xiawan Port. 
The results show that Cd is the only metal posing a very 
high risk to the environments. The risks of four heavy 
metals under MRI are in a declining order of  
Cd>Pb>Cu>Zn. The overall risk indexes caused by the 
four toxic heavy metals rang from 1975.33 to 25850.81, 
corresponding to very high risk. The overall risks of four 
heavy metals in five sites are in the declining order: Site 
3>Site 4>Site 5>Site 2>Site 1. Cd is the priority 
pollutant in the sediments of Xiawan Port, and Cd 
contributes most (average 97.07%) of the total overall 
ecological risk. 

4) The comparison results of risk values of heavy 
metals based on different methods show that there are 
several disagreements. The main reason may be that 
RAC determines the risk level of heavy metals only 
focusing on the chemical speciation. And the 
toxic-response factors for different heavy metals are 
ignored. RI considers both the total concentration and 
toxic-response factors of heavy metals. But the toxic 
indexes corresponding to chemical speciation of heavy 
metals are neglected. 

5) The chemical speciation and toxicities of heavy 
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metals are both two significant factors in the risk 
assessment process. MRI established in this study 
integrates RAC and RI. The total concentration, chemical 
speciation and toxic response factor of individual heavy 
metal are considered simultaneously. Therefore, MRI, is 
recognized to be useful for improvement of ecological 
risk assessment and management of heavy metals in 
sediments. 
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基于改进的潜在生态风险指数的 

霞湾港底泥重金属生态风险评价 
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摘  要：基于潜在生态风险指数(RI)和风险评价代码(RAC)，建立改进的潜在生态风险指数(MRI)。该方法考虑了

单个重金属不同形态毒性的不同。以株洲霞湾港底泥为例，研究 Cd、Cu、Pb、Zn 的污染状况及其形态特征，并

分别运用潜在生态风险指数、风险评价代码以及改进的潜在生态风险指数 3 种方法对霞湾港底泥进行风险评价。

实验数据显示，霞湾港底泥的重金属污染严重。根据改进的潜在生态风险指数，重金属生态风险呈现 Cd＞Pb＞

Cu＞Zn 递减的顺序。通过对比得出，改进的生态风险评价综合了潜在生态风险指数和风险评价代码 2 种方法的

优点，评价结果更加可靠，能够为风险管理提供一定的理论依据。 

关键词：重金属；化学形态；改进的潜在生态风险指数；底泥；霞湾港 
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