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Abstract: Heavy metal (Cr, Ni, Cu, Zn, Cd, and Pb) pollution, fractionation, and ecological 

risks in the sediments of Lake Chaohu (Eastern China), its eleven inflowing rivers and its only 

outflowing river were studied. An improved BCR (proposed by the European Community 

Bureau of Reference) sequential extraction procedure was applied to fractionate heavy metals 

within sediments, a geoaccumulation index was used to assess the extent of heavy metal 

pollution, and a risk assessment code was applied to evaluate potential ecological risks. Heavy 

metals in the Shuangqiao and Nanfei Rivers were generally higher than the other studied sites. 

Of the three Lake Chaohu sites, the highest concentrations were identified in western Chaohu. 

Heavy metal pollution and ecological risks in the lake’s only outflowing river were similar 

to those in the eastern region of the lake, to which the river is connected. Heavy metal 

concentrations occurred in the following order: Cd > Zn > Cu > Pb ≈ Ni ≈ Cr. Cr, Ni,  

and Cu made up the largest proportion of the residual fraction, while Cd was the most 

prominent metal in the exchangeable and carbonate-included fraction. Cd posed the greatest 
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potential ecological risk; the heavy metals generally posed risks in the following order:  

Cd > Zn > Cu > Ni > Pb > Cr.  

Keywords: heavy metal; sediment; ecological risk; Lake Chaohu 

 

1. Introduction 

Worldwide, heavy metals are transported via aerial, terrestrial, and aquatic systems [1].  

Because of their persistence in the environment, heavy metals can accumulate in organismal tissues 

through the food chain. When heavy metals are not metabolized by an organism, especially  

toxic metals present at low concentrations, they can become toxic to that organism [2,3]. As a result, 

heavy metal pollution is a significant global problem. The input of heavy metals into aquatic  

ecosystems is affected by natural processes and anthropogenic activities, including geological 

weathering, mining effluents, industrial effluents, domestic effluents, urban stormwater runoff, rural 

nonpoint source pollution, and atmospheric deposition [1,4]. Intensive anthropogenic activities 

accelerate the input of heavy metals into aquatic ecosystems [5,6]. Heavy metals can be distributed in 

the water column, suspended particles, and sediments of aquatic ecosystems [7]. Suspended particles 

adsorb pollutants from the water before being deposited as sediment, resulting in the accumulation of 

higher levels of heavy metals in sediments [1,8]. In addition, heavy metals may later separate from 

sediments and reenter the water column because of changes to environmental factors, such as pH, 

dissolved oxygen, salinity, and sediment disturbances, increasing aquatic organisms’ risks of 

contamination [9].  

Total concentration is a sediment indicator that provides information on the status of heavy metal 

accumulation (contamination); however, this measure does not provide enough information to identify 

ecological risk or perform a bioavailability assessment [10]. Heavy metals exist in different chemical 

fractions within sediments, and these different fractions have different levels of mobility, bioavailability, 

and potential toxicity. As a result, ecological risk and bioavailability are more dependent on the chemical 

forms of heavy metals within an aquatic environment than on their total concentrations [11,12].  

To examine the ecological risk and bioavailability of sediment-based heavy metals, we first had to 

quantify their fractions. The fractionation of heavy metals within sediment is usually achieved 

quantitatively using sequential extraction procedures [11,13]. The three-step BCR sequential extraction 

is a simple procedure that produces a water/acid soluble and exchangeable fraction, a reducible fraction, 

and an oxidizable fraction. This sequential extraction was first proposed by the European Community 

Bureau of Reference (BCR) [14] and then thoroughly tested in inter-laboratory studies involving expert 

European laboratories [15], which verified the extractable contents of the reference material [16].  

This procedure was improved in subsequent studies and is widely used in the fractionation of metals 

from sediment [13].  

Lake sediment is known to act as a pollutant sink in the water basin [17]. A comprehensive study of 

the sediments in the lake and surrounding rivers will reveal the transportation patterns of heavy metals 

from various parts of the basin. Lake Chaohu is a eutrophic lake in Eastern China (N 31°25′–31°43′,  

E 117°16′–117°5′) with an area of 770 km2 and a mean depth of 2.69 m [18,19]. This lake plays a key 
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role in the local fishing industry, the urban drinking water supply, navigation, and tourism activities. 

Because of rapid industrial and agricultural development and urban expansion around Chaohu, 

eutrophication, algal blooms, and toxic pollutants in the lake have become serious issues in the past 

several decades [19–21]. Heavy metals in Lake Chaohu have received substantial attention in this 

century, particularly because of the intensity of the pollution and the importance of the lake. However, 

although most studies on this topic focus on heavy metals in the lake [22–24], no comprehensive study 

of the heavy metal pollution and ecological risk associated with sediments in the lake and its inflowing 

and outflowing rivers has been performed. The present study aimed to: (1) investigate heavy metal  

(Cr, Ni, Cu, Zn, Cd, and Pb) pollution in sediments from Lake Chaohu and surrounding rivers;  

(2) analyze the fraction distributions and assess the potential ecological risks of heavy metals in the 

associated aquatic ecosystems; and (3) investigate the influence of river inputs on heavy metal levels in 

the lake.  

2. Materials and Methods 

2.1. Field Sampling 

There are 11 main rivers flowing into Lake Chaohu: the Nanfei River (NF), Shiwuli River (SW), 

Tangxi River (TX), Paihe River (PH), Hangbu River (HB), Baishitian River (BS), Zhaohe River (ZH), 

Shuangqiao River (SQ), Zhegao River (ZG), Qiyang River (QY), and Tongyang River (TY)  

(Figure 1). NF, SW, and TX flow through Hefei City, the capital city of Anhui Province, SQ and  

PH flow through Chaohu City and the county town of Feixi County, respectively. The urban  

population of Hefei City, Chaohu City, and Feixi Cunty town were separately 2,408,000, 272,000, and  

148,000 [25,26]. The major land uses in the drainage areas of these five rivers are constructed land and 

cropland. The major pollution sources are industrial wastewater, domestic sewage, urban surface runoff, 

agricultural non-point pollution. For the other six rivers, the drainage areas are mainly cropland, forest, 

and grassland, with a ratio of about 15:3.6:1 [27]. In these six rivers the major pollution sources are 

agricultural non-point pollution and rural domestic sewage. The Yuxi River (YX) is the only outflow 

from Lake Chaohu and discharges into the Yangtze River. We selected 15 sampling sites, three of which 

were located in Lake Chaohu (western Chaohu (WC), middle Chaohu (MC), and eastern Chaohu (EC)), 

and the rest of which were placed along the rivers. Each river flowing into or out of Lake Chaohu was 

sampled at one sampling site. For rivers flowing into Chaohu, the sampling site was located 

approximately 0.5 km upstream from the river mouth. The sampling site on the outflowing river was 

located 0.5 km downstream from the river’s starting point. At each site, one sediment core was collected 

using a core sampler with a Plexiglas tube (length: 50 cm, inner diameter: 8.6 cm) in December 2013. 

Each tube was sealed with rubber stoppers at both ends and transported to the laboratory immediately 

after sampling.  
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Figure 1. Map of the sampling sites showing 11 rivers flowing into and one river  

(the Yuxi River) flowing out of Lake Chaohu.  

2.2. Analyses of Sediment Physico-Chemical Properties and Total Heavy Metals 

The 2-cm-deep surface sediment was sliced for each sediment core. Sediment samples were dried at 

45 °C to a constant weight, and the weight difference before and after drying was used to calculate the 

water content (W, %). Dry sediments were ground to pass through 150-μm mesh. Total nitrogen (TN), 

total phosphorus (TP), and loss on ignition (LOI) of the sediment samples were analyzed. Specifically, 

TN was examined after sediment digestion by alkaline potassium persulfate, and TP was extracted using 

3.5-mol·L−1 HCl according to the SMT method [28]. All TP extracts and TN samples were analyzed 

using a UV-Vis spectrophotometer (UV-2550, Shimadzu, Kyoto, Japan) according to the molybdenum 

blue and ultraviolet methods, respectively [29]. Organic matter in sediment samples was measured 

according to the LOI at 550 °C for 5 h. Three replicates were analyzed for each sample site, and the 

mean results are presented in the Results section. The sediments were completely digested with HCl-

HNO3-HF-HClO4 in a Teflon beaker, and total concentrations of Cr, Ni, Cu, Zn, Cd, and Pb were 

examined by inductively coupled plasma mass spectroscopy (ICP-MS, Agilent 7700x, Santa Clara,  

CA, USA). 

2.3. Sequential Extraction of Heavy Metals from Sediment 

Sequential extraction is an important and widely used tool to identify the bound forms of heavy metals 

in sediment. In this study, an improved three-step BCR sequential extraction procedure was used to 

separate different forms of heavy metals (Cr, Ni, Cu, Zn, Cd, and Pb) found in the sediment  

samples [13]. In the first step, sediment samples were extracted with 0.11 mol·L−1 acetic acid for 16 h. 
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The resulting substance is called the water/acid soluble and exchangeable fraction and the  

carbonate-included fraction (F1). In the second step, the residue from step 1 was extracted using  

0.5 mol·L−1 hydroxylamine hydrochloride, resulting in what is known as the reducible fraction (F2).  

In the third step, the residue from step 2 was oxidized twice using 8.8 mol·L−1 H2O2 and then extracted 

with 1.0 mol·L−1 ammonium acetate. The resulting fraction is known as the oxidizable fraction (F3).  

For further details about the extraction procedure, please reference Rauret et al. [13]. Similar to the 

measurement of the total heavy metals present, the residues from step 3 were completely digested with 

HCl-HNO3-HF-HClO4 in a Teflon beaker, generating a residual fraction (F4) [22]. The concentrations 

of Cr, Ni, Cu, Zn, Cd, and Pb in the extraction solution were determined using ICP-MS. The sequential 

extraction was performed in triplicate, and the means are given in the Results section.  

2.4. Calculation and Statistical Analysis 

The geoaccumulation index (Igeo) was used to assess the extent of heavy metal pollution in sediments. 

This index was originally introduced by Müller as follows [30]: 

2log
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 
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where Cn is the measured metal concentration n, and Bn is the geochemical background metal concentration 

n. In this study, the background value of soils in Anhui Province was used as the Bn (with Cr, Ni, Cu, Zn, 

Cd, and Pb concentrations equaling 66.5, 29.8, 20.4, 62.0, 0.097, and 26.6 mg·kg−1, respectively) [31]. A 

value of 1.5 was used as the background matrix-correction factor to account for the lithogenic effect.  

Based on the BCR fractionation results, the risk assessment code (RAC) was used to investigate the 

potential risk attributable to the presence of individual heavy metals. The RAC assessment is classified 

by the percent of F1 in the total metal. The criteria governing Igeo and the RAC criteria are summarized 

in Table 1 [32–34]. 

Table 1. Criteria for the accumulation index (Igeo) and risk assessment code (RAC). 

Igeo Classes RAC Classes 

Igeo Class Pollution Status F1 (%) Class Risk 

<0 0 unpolluted <1 1 No risk 

0–1 1 unpolluted to moderate 1–10 2 Low risk 

1–2 2 moderate 11–30 3 Moderate risk 

2–3 3 moderate to heavy 31–50 4 High risk 

3–4 4 Heavy >50 5 Very high risk 

4–5 5 Heavy to extreme    

>5 6 extreme    

A correlation analysis was performed to investigate the relationships among the examined heavy 

metals (Cr, Ni, Cu, Zn, Cd, and Pb) and the physico-chemical properties (W, LOI, TN, and TP) of the 

sediments. A hierarchical cluster analysis was used to identify the similarity of heavy metals (Cr, Ni, 

Cu, Zn, Cd, and Pb) in 15 sampling sites following data normalization (range 0 to 1). All statistical 

analyses were performed using the SPSS 13.0 software (SPSS Inc., Chicago, IL, USA).  
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3. Results and Discussion 

3.1. Sediment Characteristics  

In the fifteen examined sites, the sediment water content varied between 47.9% (YX) and 82.7% (SQ) 

(Table 2). Organic matter (LOI) was the highest at SQ (13.42%) and lowest at HB (4.21%). TP was 

greater than 1‰ in the NF, SW, PH, and SQ rivers, with the highest value recorded at the NF site 

(3.09‰). TP was less than 1‰ at other sampling sites, with the lowest value detected at the YX site 

(0.25‰). TN was less than 1‰ along the HB and YX rivers, while it was greater than 2‰ for the BS, 

SQ, WC, and EC rivers. At other sites, TN varied between 1‰ and 2‰.  

Table 2. Water content (W), loss on ignition (LOI), total nitrogen (TN), and total phosphorus 

(TP) of sediment samples.  

Groups Sampling Sites 
W LOI TN * TP * 

(%) (%) (‰) (‰) 

Inflowing rivers 

Nanfei River (NF) 63.5 6.44 1.80 3.09 

Shiwuli River (SW) 59.8 6.22 1.65 1.04 

Tangxi River (TX) 59.5 5.24 1.54 0.49 

Paihe River (PH) 53.1 4.38 1.33 1.07 

Hangbu River (HB) 54.6 4.21 0.38 0.52 

Baishitian River (BS) 72.3 7.78 2.62 0.62 

Zhaohe River (ZH) 62.0 4.90 1.32 0.60 

Shuangqiao River 

(SQ) 
82.7 13.42 3.63 2.32 

Zhegao River (ZG) 72.4 7.57 1.88 0.69 

Qiyang River (QY) 63.7 7.07 1.63 0.41 

Tongyang River (TY) 54.6 5.66 1.83 0.63 

Lake Chaohu 

Western Chaohu 

(WC) 
68.6 8.37 2.39 0.95 

Middle Chaohu (MC) 59.0 6.65 1.82 0.49 

Eastern Chaohu (EC) 68.0 9.93 2.52 0.60 

Outflowing river Yuxi River (YX) 47.9 5.50 0.94 0.25 

* TN and TP of the inflowing rivers are derived from Zhang et al. 2015 [35].  

Of the eleven rivers flowing into Chaohu, higher organic matter content and nutrient loading were 

present in the NF and SQ rivers [36], which explains the higher TN and TP values in the NF and SQ 

rivers and the higher LOI in SQ. Although water flow is the highest in HB (15 × 108 m3·a−1) of all the 

inflowing rivers, the river has low organic matter content and nutrient loading [36], resulting in relatively 

lower LOI, TN, and TP values in the sediment from this river. YX is a shipping channel that connects 

Lake Chaohu to the Yangtze River. The surface sediment in YX has been dredged intermittently to meet 

shipping demands, resulting in relatively low observed TP, TN, water content, and LOI values in the 

sediment from this lone outflowing river. Of the three sites located in Chaohu, water content, LOI, TP, 

and TN were the lowest at MC, while higher values were detected at the WC and EC sites. This is 

because large amounts of pollutants from Hefei City and Feixi County have been discharged into WC 
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through the NF, SW, TX, and PH rivers, resulting in serious eutrophication and harmful algae blooms 

in western Chaohu [35,37].  

3.2. Heavy Metals in the Sediments 

Cr, Ni, and Cu had similar distribution patterns throughout the fifteen sampling sites (Figure 2). Cr, Ni, 

and Cu ranged from 55.2 to 122 mg·kg−1, 20.6 to 49.0 mg·kg−1, and 23.1 to 67.7 mg·kg−1, respectively. 

The highest concentrations of Cr, Ni, and Cu were identified in SQ, and the lowest were found in PH. The 

highest concentration of Zn was observed in NF (722 mg·kg−1) and was 12 times greater than the lowest 

value, which was recorded in HB (59.4 mg·kg−1). Pb concentrations varied between 17.0 and 79.2 mg·kg−1, 

with the largest and smallest concentrations identified in WC and PH, respectively. The concentration of 

Cd in SQ (2.62 mg·kg−1) was more than 20 times that found at the TX site (0.13 mg·kg−1). Cd showed the 

largest rangeability of the six metals examined across the fifteen sampling sites. 

 

Figure 2. Cr, Ni, Cu, Zn, Cd, and Pb concentrations in sediments from 15 sampling sites. 

Specifically, there are 11 samples (NF, SW, TX, PH, HB, BS, ZH, SQ, ZG, QY, and TY) 

corresponding to 11 rivers flowing into Lake Chaohu, 3 samples (WC, MC, and EC) from 

Chaohu, and 1 sample (YX) from the river flowing out of Chaohu.  
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The hierarchical cluster analysis results were rendered as a dendrogram (Figure 3). SQ and NF were 

separately clustered as one group because of the high levels of heavy metals in these two rivers. WC, 

ZG, YX, and EC were clustered as a third group and exhibited heavy metal concentrations that were 

generally lower than those found in SQ and NF but higher than those at other sites. The remaining sites 

were clustered as a fourth group, in which the presence of heavy metals was generally lower than in the 

previous three groups. 

Of the 11 rivers flowing into Chaohu, the heavy metal concentrations in SQ and NF were generally 

higher than those in the other studied rivers (Figures 2 and 3). Cheng et al. also found that Cr, Cu, Cd, 

and Pb in NF sediments were higher than in five other studied rivers flowing into Chaohu [38]. This is 

because both SQ and NF flow through cities: SQ through Chaohu City and NF through Hefei City 

(Figure 1). The urban populations in Hefei City and Chaohu City were separately 2,408,000 and 272,000 

in 2013 [25,26]. Water in the SQ River comes from the Western Flood Drainage Channel of Chaohu 

City, farm drainage, and surface runoff. The Western Flood Drainage Channel receives industrial 

wastewater and domestic sewage from Chaohu City and discharges directly into the SQ River;  

in addition, agricultural nonpoint source pollutants also enter the SQ River as runoff [39]. Large 

quantities of heavy metals have accumulated in the sediments from the urban rivers of Chaohu City 

because of anthropological activities [40]. As a result, greater heavy metal levels were recorded in SQ. 

The NF River receives approximately 1.8 × 108 tons of domestic sewage and industrial wastewater from 

Hefei City [41], which has resulted in heavy metal accumulation in the sediments of this river [42].  

 

Figure 3. Dendrogram derived from the hierarchical cluster analysis of heavy metal 

concentrations in the analyzed sediments. 

Of the three sites in Lake Chaohu, all six heavy metals were present in their highest concentrations at 

the WC site. The lowest Zn values were recorded in EC, while the concentrations of the other five heavy 

metals were lowest in MC (Figure 2). Wen et al. and Kong et al. also found higher heavy metal levels 

in western Chaohu [43,44]. The discharge of NF is responsible for the higher heavy metal concentrations 
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in this area [43,44]. The heavy metal concentrations in the only outflowing river (YX) were similar to 

those in EC, to which it is connected (Figure 3).  

In the correlation analysis of heavy metals, Cr was correlated with all other metals except Zn, while 

Ni was correlated with Cr, Cu, and Pb. Cu was correlated with Cr, Ni, and Cd (Table 3). Zn was only 

correlated with Pb. Cd was correlated with Cr and Cu. Pb was correlated with Cr, Ni, and Zn. All heavy 

metals except Zn were significantly correlated with LOI. Cr, Ni, Cu, and Cd were significantly correlated 

with TN, and Cu, Zn, and Cd were significantly correlated with TP. All of these correlations illustrate 

that heavy metal pollution is positively related to organic matter pollution in the sediments from the 

studied area.  

Table 3. Pearson correlation matrix for metal concentrations, W, LOI, TP, and TN. 

 Cr Ni Cu Zn Cd Pb W TP TN LOI 

Cr 1          

Ni 0.905 ** 1         

Cu 0.853 ** 0.634 *  1        

Zn 0.364 0.172  0.496  1       

Cd 0.644 ** 0.467  0.589*  0.372 1      

Pb 0.594 * 0.631 *  0.489  0.738 ** 0.316  1     

W 0.633 * 0.604 *  0.589*  0.262  0.566 * 0.360 1    

TP 0.442  0.142  0.620*  0.887 ** 0.635 * 0.491 0.407  1   

TN 0.709 ** 0.662 ** 0.526* 0.283 0.649 ** 0.425 0.856 ** 0.419 1  

LOI 0.867 ** 0.839 ** 0.642 ** 0.228 0.692 ** 0.450 0.831 ** 0.376 0.900 ** 1 

** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed). 

3.3. Heavy Metal Pollution  

Igeo relates the accumulation of heavy metals in sediment to background values. Comparing the 

calculation results (Figure 4) with the Igeo criteria (Table 1) revealed that, except unpolluted to moderate 

pollution of Cr in SQ, Ni in SQ and WC, and Pb in NF and WC, these three metals did not exist at 

contamination levels at any other sites. The Igeo of Cu in SQ indicated moderate Cu pollution in this 

river, while other rivers were unpolluted or had a value ranging from unpolluted to moderate pollution 

for Cu. NF was moderately to heavily polluted by Zn, while SW, SQ, and WC were moderately polluted 

by this metal. Zn pollution at other sites was unpolluted or ranged from unpolluted to moderately 

polluted. There was only one site at which Cd pollution was not present (TX) and five sites (HB, BS, 

QY, TY, and YX) where Cd levels ranged between unpolluted and moderately polluted. The SW, ZH, 

ZG, MC, and EC sites were moderately polluted by Cd, while the NF, PH, and WC sites were moderately 

to heavily polluted. SQ was heavily to extremely polluted with Cd. 

Of the six examined heavy metals, the pollution levels occurred as follows: Cd > Zn > Cu > Pb ≈ Ni 

≈ Cr (Figure 4). In a previous study on the sediment in Chaohu, Cd and Zn exhibited significant pollution 

levels, while Cr and Ni showed limited accumulation [45,46]. In 45 lakes along the mid-lower reaches of 

the Yangtze River, the similar heavy metal pollution orders were also found: Zn > Cu > Pb > Ni > Cr [6]. 

Of the fifteen examined sites, SQ, NF, and WC were generally more heavily polluted than the other sites 

(Figure 4). This finding was in accordance with the cluster results (Figure 3). The discharge of industrial 
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wastewater and domestic sewage from Hefei and Chaohu City has caused the accumulation of metals in 

the NF and SQ rivers. NF is a large river with an annual flow rate of 4.50 × 108 m3 [36]; when it flows 

into western Chaohu, it combines with discharges from SW and PH, resulting in relatively serious 

pollution in WC. The annual flow rate of SQ (0.41 × 108 m3) is less than ten percent that of NF [36],  

and thus, its influence in EC is not as obvious as that of NF in WC.  

 

Figure 4. Geoaccumulation index (Igeo) in sediments from 15 sampling sites.  

3.4. Heavy Metal Fractions 

Cr, Ni, and Cu were primarily present in sediments as F4 (Figure 5), with values ranging from 65.9% 

to 90.9%, 56.6% to 75.0%, and 43.1% to 74.6%, respectively. For Cr, the orders of the three extractable 

fractions generally followed an F3 > F2 > F1 pattern, while Ni was present as F3 ≈ F2 > F1. Cu existed 

generally equally in all three remaining fractions. 
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Zn exhibited a distinctly different pattern, occurring least often in F3 (2.6%~9.2%),  

F1 (9.4%~66.6%), F2 (14.7%~45.4%), and F4 (6.9%~66.7%) varied greatly between sampling sites. 

For example, Zn was present in F1 at relatively higher rates at NF, SW, PH, SQ, and WC than other 

sites. Similarly, these five sites accumulated higher total Zn concentrations than other sites (Figure 2). 

In contrast, Zn was present in F2 to a greater extent at WC and MC than other sites, while it existed in 

F4 in relatively smaller ratios at the six above mentioned sites.  

Pb was present in small percentages in F1 (0.5%~3.4%) and F3 (5.9%~13.4%) and in varying extents 

in F2 (25.6%~67.1%) and F4 (23.2%~60.1%). The percentages of F2 Pb were less than 40% in TX, PH, 

HB, BS, and SQ, while the percentages of F4 at these five sites were slightly greater than 50%.  

For the other ten sites, the opposite situation was observed.  

 

Figure 5. Percentages of Cr, Ni, Cu, Zn, Cd, and Pb existing as different fractions of the 

BCR sequential extraction procedure for sediments sampled at 15 sites. F1, exchangeable 

and carbonate included fraction; F2, reducible fraction; F3, oxidizable fraction; and F4, 

residual fraction. 
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Cd contributed an average of 56.1% (49.0%~71.3%) of the F1 fraction for all fifteen studied sites. 

Overall, Cd existed in F1 to a greater extent than any other examined heavy metal. In previous studies 

on the sediments in Chaohu, the percent values of F1 Cd were reported to be 56% [44] and 63% [45].  

In other aquatic ecosystems, Cd was also reported to be present primarily as F1 in sediments; for 

example, 88% of the Cd in the estuarine sediments from Guadiana saltmarshes on the Iberian Peninsula 

was reported to be present as F1 [33]. Cd effectively binds to organic matter and carbonate [10]. Cd has 

been found to exhibit a high affinity for calcium under alkaline and oxidizing conditions, while the 

selective oxidation of pyrite and the formation of secondary carbonates are capable of retaining Cd [33].  

3.5. Potential Ecological Risk 

RAC focuses on the rate at which total heavy metals exist as F1 and classifies potential ecological 

risks into five classes (Table 1). The potential ecological risks of the six examined heavy metals are 

shown in Table 4 based on those metals’ F1 percentages (Figure 5) and RAC classes (Table 1).  

Other than the low risk observed in SW, Cr presented no risk at any other site. Pb resulted in no 

ecological risks at NF and SQ and presented a low risk for the rest of the sites. The risks presented by 

Ni were moderate in NF, SW, and PH and low at other sites. Except for the low risk in TX, HB, BS, and 

SQ, Cu presented a moderate ecological risk throughout the region. The potential ecological risk of Zn 

ranged from low to very high, with low risk in YX; high risk in SW, SQ, and WC; and very high risk in 

NF and PH. The potential risks of Cd varied from high (TX, HB, and TY) to very high (other sites).  

Of the six examined heavy metals, the order of potential ecological risk generally followed the pattern 

Cd > Zn > Cu > Ni > Pb > Cr (Table 4). The potential ecological risks of Cd, Zn, and Cu were in 

accordance with their overall accumulations in the studied area (Figure 4). The same order was also 

found in studies concerning the potential ecological risks of heavy metals in Chaohu [22,44]. In other 

aquatic ecosystems, such as estuaries in Iberian Peninsula and Mahanadi basin (India), there are also 

higher ecological risks for Cd than other examined heavy metals in the estuarine sediments [10,33].  

Table 4. Potential ecological risk classes based on RAC.  

Sampling Sites Cr Ni Cu Zn Cd Pb 

NF 1  3  3  5  5  1  

SW 2  3  3  4  5  2  

TX 1  2  2  3  4  2  

PH 1  3  3  5  5  2  

HB 1  2  2  3  4  2  

BS 1  2  2  3  5  2  

ZH 1  2  3  3  5  2  

SQ 1  2  2  4  5  1  

ZG 1  2  3  3  5  2  

QY 1  2  3  3  5  2  

TY 1  2  3  3  4  2  

WC 1  2  3  4  5  2  

MC 1  2  3  3  5  2  

EC 1  2  3  3  5  2  

YX 1  2  3  2  5  2  
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Of the eleven rivers flowing into Chaohu, the NF, SW, PH, and SQ rivers exhibited relatively high 

environmental risks. This is because each of these rivers flows through an urban area, which increases the 

potential ecological risks associated with some heavy metals. Although intensified agriculture has also 

been shown to increase heavy metal accumulation in the agricultural region of the Chaohu basin [47],  

our results demonstrate that generally higher ecological risks occur in rivers flowing through urban areas 

than in those flowing through rural areas. The ecological risks of heavy metals in YX (flowing out of 

Chaohu) mirrored those found in EC, in accordance with their similar heavy metal concentrations.  

Of the three sites in Chaohu, the potential risks of Cr, Ni, Cu, Cd, and Pb were the same across sites. 

However, there were higher risks associated with Zn in WC than in EC and WC. Clearly, the highest 

concentration (Figure 2) and potential ecological risk for Zn (Table 4) also existed in NF. In addition, 

NF flows through Hefei City at a high flow rate, and the discharge of NF plays an important role in the 

Zn pollution of western Chaohu [22]. The potential ecological risk of Zn in PH was also very high  

(Table 4). All these likely explain why the potential ecological risk of Zn in WC was high.  

4. Conclusions 

Of the 15 studied sites, which included 3 in Lake Chaohu, 11 in rivers flowing into the lake and 1 in 

a river flowing out of it, the Igeo and cluster analysis showed that the sediments in the NF and SQ rivers 

were more heavily polluted than those from other sites. This situation may arise because both of these 

rivers flow through urban areas. In the three lake sites, the heavy metal levels in WC were higher than 

those in MC and EC, which was contributed by the large quantities of inputs from the NF, SWL, PH, 

and TX rivers. Of the six examined heavy metals, pollution levels occurred in the following order:  

Cd > Zn > Cu > Pb ≈ Ni ≈ Cr. As for the fractional constitution, Cr, Ni, and Cu occurred primarily as 

F4, while Cd made up the largest fraction of F1 of all six examined heavy metals. The order of potential 

ecological risk generally followed the pattern Cd > Zn > Cu > Ni > Pb > Cr, in which the potential 

ecological risks of Cd, Zn, and Cu were in accordance with their overall accumulations in the studied 

area. The potential ecological risk of Cd was high to very high, as was Zn in certain sites. Additional 

attention should be paid to Cd and Zn and to the NF and SQ rivers in future pollution-control and aquatic 

environment-restoration efforts in the Lake Chaohu basin. This study also illustrate that rivers flowing 

through urban may polluted more heavily by heavy metals in a lake basin, and the input of these rivers 

will cause the heavy metal accumulation and produce the higher ecological risks in the receiving lake area. 

Acknowledgments 

This study was funded by the State Major Project for Water Pollution Control and Management 

(2013ZX07113001) and the Basic research program of Jiangsu Province (BK20140657). We sincerely 

thank Weijie Gao for his assistance during the sediment analysis.  

Author Contributions 

This study was designed by Lei Zhang and Qianjiahua Liao. Field sampling was conducted by  

Lei Zhang and Shiguang Shao. Chemical analysis in the laboratory was performed by Nan Zhang,  

Cheng Liu, and Qiushi Shen. The manuscript was prepared by Lei Zhang and Qianjiahua Liao.  



Int. J. Environ. Res. Public Health 2015, 12 14128 

 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Förstner, U.; Wittmann, G.T. Metal Pollution in the Aquatic Environment, 2nd ed.; Springer: Berlin, 

Germany, 1981; pp.1–2, 30–58. 

2. Vukosav, P.; Mlakar, M.; Cukrov, N.; Kwokal, Ž.; Pižeta, I.; Pavlus, N.; Špoljarić, I.; Vurnek, M.; 

Brozinčević, A.; Omanović, D. Heavy metal contents in water, sediment and fish in a karst aquatic 

ecosystem of the Plitvice Lakes National Park (Croatia). Environ. Sci. Pollut. Res. 2014, 21,  

3826–3839. 

3. Suresh, G.; Sutharsan, P.; Ramasamy, V.; Venkatachalapathy, R. Assessment of spatial distribution 

and potential ecological risk of the heavy metals in relation to granulometric contents of Veeranam 

lake sediments, India. Ecotox. Environ. Safe. 2012, 84, 117–124. 

4. DÍaz-de Alba, M.; Galindo-Riaño, M.D.; Casanueva-Marenco, M.J.; García-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. Hazard. Mater. 2011, 190, 177–187. 

5. Yi, Y.; Yang, Z.; Zhang, S. Ecological risk assessment of heavy metals in sediment and human 

health risk assessment of heavy metals in fishes in the middle and lower reaches of the Yangtze 

River basin. Environ. Pollut. 2011, 159, 2575–2585. 

6. Zeng, H.; Wu, J. Heavy metal pollution of lakes along the mid-lower reaches of the Yangtze River in 

China: Intensity, sources and spatial patterns. Int. J. Environ. Res. Public Health 2013, 10, 793–807. 

7. Pertsemli, E.; Voutsa, D. Distribution of heavy metals in Lakes Doirani and Kerkini, Northern 

Greece. J. Hazard. Mater. 2007, 148, 529–537. 

8. Turner, A.; Millward, G.E. Suspended particles: Their role in estuarine biogeochemical cycles. 

Estuar. Coast. Shelf S. 2002, 55, 857–883. 

9. Atkinson, C.A.; Jolley, D.F.; Simpson, S.L. Effect of overlying water pH, dissolved oxygen, salinity 

and sediment disturbances on metal release and sequestration from metal contaminated marine 

sediments. Chemosphere 2007, 69, 1428–1437. 

10. Sundaray, S.K.; Nayak, B.B.; Lin, S.; Bhatta, D. Geochemical speciation and risk assessment of 

heavy metals in the river estuarine sediments—A case study: Mahanadi basin, India. J. Hazard. 

Mater. 2011, 186, 1837–1846. 

11. Tack, F.M.; Verloo, M.G. Chemical speciation and fractionation in soil and sediment heavy metal 

analysis: A review. Int. J. Environ. Anal. Chem. 1995, 59, 225–238. 

12. Jain, C.K. Metal fractionation study on bed sediments of River Yamuna, India. Water Res. 2004, 38, 

569–578. 

13. Rauret, G.; López-Sánchez, J.F.; Sahuquillo, A.S.; Rubio, R.; Davidson, C.; Ure, A.;  

Quevauviller, P. Improvement of the BCR three step sequential extraction procedure prior to the 

certification of new sediment and soil reference materials. J. Environ. Monit. 1999, 1, 57–61. 

  



Int. J. Environ. Res. Public Health 2015, 12 14129 

 

14. Ure, A.M.; Quevauviller, P.; Muntau, H.; Griepink, B. Speciation of heavy metals in soils and 

sediments. An account of the improvement and harmonization of extraction techniques undertaken 

under the auspices of the BCR of the Commission of the European Communities. Int. J. Environ. 

Anal. Chem. 1993, 51, 135–151. 

15. Quevauviller, P.; Rauret, G.; Muntau, H.; Ure, A.M.; Rubio, R.; López-Sánchez, J.F.; Fiedler, H.D.; 

Griepink, B. Evaluation of a sequential extraction procedure for the determination of extractable 

trace metal contents in sediments. Fresenius J. Aanal. Chem. 1994, 349, 808–814. 

16. Quevauviller, P.; Rauret, G.; López-Sánchez, J.-F.; Rubio, R.; Ure, A.; Muntau, H. Certification of 

trace metal extractable contents in a sediment reference material (CRM 601) following a three-step 

sequential extraction procedure. Sci. Total Environ. 1997, 205, 223–234. 

17. Fan, C.; Zhang L. Preface. In Lake Taihu: Principles of Sediment Pollution and Remediation;  

Fan, C., Zhang, L., Eds.; Science Press: Beijing, China, 2009; pp. 3–4. 

18. Wang, S.; Dou, H. Biography of Lakes in China; Science Press: Beijing, China, 1998; pp. 230–235. 

19. Xie, P. Reading About the Histories of Cyanobacteria, Eutrophication and Geological Evolution in 

Lake Chaohu. Science Press: Beijing, China , 2009; pp. 1–25, (in Chinese). 

20. Liu, E.; Shen, J.; Birch, G.F.; Yang, X.; Wu, Y.; Xue, B. Human-induced change in sedimentary 

trace metals and phosphorus in Chaohu Lake, China, over the past half-millennium. J. Paleolimnol. 

2012, 47, 677–691. 

21. Qin, N.; He, W.; Kong, X.Z.; Liu, W.X.; He, Q.S.; Yang, B.; Wang, Q.M.; Yang, C.; Jiang, Y.J.; 

Jorgensen, S.E. Distribution, partitioning and sources of polycyclic aromatic hydrocarbons in the 

water–spm–sediment system of Lake Chaohu, China. Sci. Total Environ. 2014, 496, 414–423. 

22. Liu, E.; Shen, J. A comparative study of metal pollution and potential eco-risk in the sediment of 

Chaohu Lake (China) based on total concentration and chemical speciation. Environ. Sci. Pollut. 

Res. 2014, 21, 7285–7295. 

23. Yin, H.; Deng, J.; Shao, S.; Gao, F.; Gao, J.; Fan, C. Distribution characteristics and toxicity 

assessment of heavy metals in the sediments of Lake Chaohu, China. Environ. Monit. Assess. 2011, 

179, 431–442. 

24. Zhang, M.; Xu, J.; Xie, P. Metals in surface sediments of large shallow eutrophic Lake Chaohu, 

China. Bull. Environ. Contam. Toxicol. 2007, 79, 242–245. 

25. Hefei Municipal Bureau of Statistics. 3–8 Urban Population of Hefei City. Available online: 

http://tjj.hefei.gov.cn/n7216006/n9376603/n9377097/n9377118/n36794982/36834889.html 

(accessed on 8 August 2015). 

26. Hefei Municipal Bureau of Statistics. 3–9 Populations of Four Counties and One County-Level City 

in Hefei City. Available online: http://tjj.hefei.gov.cn/n7216006/n9376603/n9377097/n9377118/ 

n36794982/36834924.html (accessed on 8 August 2015). 

27. Wu, L. Analysis on land-use change and ecosystem function value for the Chaohu Lake basin during 

past 20 years. Soils 2009, 41, 986–991. 

28. Ruban, V.; López-Sánchez, J.; Pardo, P.; Rauret, G.; Muntau, H.; Quevauviller, P. Selection and 

evaluation of sequential extraction procedures for the determination of phosphorus forms in lake 

sediment. J. Environ. Monit. 1999, 1, 51–56. 

  



Int. J. Environ. Res. Public Health 2015, 12 14130 

 

29. Chinese EPA. Methods for the Examination of Water and Wastewater, 4th ed.; China Environmental 

Science Press: Beijing, China, 2002; pp. 243–258. 

30. Müller, G. Index of geoaccumulation in sediments of the Rhine River. Geojournal 1969, 2, 108–118. 

31. Wei, F.; Chen, J.; Wu, Y. Background Element Values in Soils of China. China Environmental 

Science Press: Beijing, China, 1990; pp. 329–493. 

32. Perin, G.; Craboledda, L.; Lucchese, M.; Cirillo, R.; Dotta, L.; Zanette, M.; Orio, A. Heavy Metal 

Speciation in the Sediments of Northern Adriatic Sea—A New Approach for Environmental 

Toxicity Determination. Available online: http://www.researchgate.net/publication/233912246_ 

Heavy_metal_speciation_in_the_sediments_of_Northern_Adriatic_Sea._A_new_approach_for_en

vironmental_toxicity_determination (accessed on 16 September 2015). 

33. Delgado, J.; Barba-Brioso, C.; Nieto, J.M.; Boski, T. Speciation and ecological risk of toxic elements 

in estuarine sediments affected by multiple anthropogenic contributions (Guadiana saltmarshes, SW 

Iberian Peninsula): I. surficial sediments. Sci. Total Environ. 2011, 409, 3666–3679.  

34. Bermejo, J.C.S.; Beltrán R.; Ariza, J.G. Spatial variations of heavy metals contamination in 

sediments from Odiel river (Southwest Spain). Environ. Int. 2003. 29, 69–77. 

35. Zhang, L.; Shao, S.; Liu, C.; Xu, T.; Fan, C. Forms of nutrients in rivers flowing into Lake Chaohu: 

A comparison between urban and rural rivers. Water 2015, 7, 4523–4536. 

36. Wang, S.; Jiang, X.; Jin, X. Classification and pollution characteristic analysis for inflow rivers of 

Chaohu Lake. Environ. Sci. 2011, 32, 2834–2839. 

37. Zhang, M.; Kong, F. The process, spatial and temporial distribution and mitigation strategies of the 

eutrophication of Lake Chaohu (1984–2013). J. Lake Sci 2015, 27, 791–798. 

38. Cheng, J.; Li, X.; Hua, R.; Tang, J.; Lu, H. Distribution and ecological risk assessment of heavy 

metals in sediments of Chaohu Lake. J. Agro-Environ. Sci. 2008, 27, 1403–1408. 

39. Zhang, Q. A Study of Contaminative Characteristics of Sediments and Their Ecological Risk 

Assessment From Shuangqiao River near Chaohu Lake. Master’s Thesis, Hefei University of 

Technology, Hefei, China, 2007.  

40. Li, F.; Chen, L.; Zhang, H.; Wang, J. Heavy metal pollution in surface sediment of urban river in 

chaohu city and its risk assessment. J. Tongji Univ. 2012, 40, 1852–1856. 

41. Zheng, L.G.; Liu, G.J.; Kang, Y.; Yang, R.K. Some potential hazardous trace elements 

contamination and their ecological risk in sediments of western Chaohu Lake, China.  

Environ. Monit. Assess. 2010, 166, 379–386. 

42. Shao, S.; Xue, L.; Liu, C.; Shang, J.; Wang, Z.; He, X.; Fan, C. Assessment of Heavy Metals in 

Sediment in A Heavily Polluted Urban River in the Chaohu Basin, China. Available online: 

http://link.springer.com/article/10.1007/s00343-015-4240-5 (accessed on 16 September 2015). 

43. Wen, S.; Shan, B.; Zhang, H. Metals in sediment/pore water in Chaohu Lake: Distribution, trends 

and flux. J. Environ. Sci. 2012, 24, 2041–2050. 

44. Kong, M.; Dong, Z.; Chao, J.; Zhang, Y.; Yin, H. Bioavailability and ecological risk assessment of 

heavy metals in surface sediments of Lake Chaohu. China Environ. Sci. 2015, 35, 1223–1229. 

45. Yu, X.; Huo, S.; Zan, F.; Zhao, G.; Xi, B.; Su, J. Distribution characteristics and contamination 

assessment of heavy metals in surface sediments of Chaohu Lake, China. Chin. J. Environ. Eng. 

2013, 7, 439–450. 

  



Int. J. Environ. Res. Public Health 2015, 12 14131 

 

46. Liu, C.; Shao, S.; Fan, C.; Zhou, Q.; Shang, J. Pollution status and risk assessment of heavy metal 

in the sediment of the severe polluted confluence area of Lake Chaohu. China Environ. Sci. 2014, 

34, 1031–1037. 

47. Tang, W.; Shan, B.; Zhang, H.; Mao, Z. Heavy metal sources and associated risk in response to 

agricultural intensification in the estuarine sediments of Chaohu Lake valley, East China. J. Hazard. 

Mater. 2010, 176, 945–951.  

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


