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ABSTRACT. The effects of hydrodynamic conditions on sediment geochemistry, suspended solids, and the release of metal from met-

al-contaminated sediments were analyzed in a 23-day lab experiment involving two different experimental treatments (14 cm/s and 

3.2 cm/s). At seven different points in time (after 0, 1, 3, 6, 10, 16, and 23 days) the sediment and water physical-chemical conditions 

and the amount of metal released into the surface water were determined. The amounts of filterable metals in the surface water in-

creased by a factor of 21 and 4.1 (Cd), 10 and 1.7 (Pb), 13 and 1.8 (Cu), 3.6 and 1.7 (Cr), 3.7 and 1.5 (Ni), 11 and 4.7 (Fe), and 7.2 and 

0.12 (Mn) times in the 14 cm/s and 3.2 cm/s treatments, respectively, after 23 days. Cr was the metal that bound most strongly to sus-

pended solids, and Cd was the most readily released into the surface water. The metal equilibrium between dissolved and solid states 

was reached approximately 10 days after the experiment began. Pb required the longest time to reach equilibrium, whereas Cu required 

the least. Mn was the most easily affected by the hydrodynamic conditions. Results indicated that hydrodynamic conditions can dra-

matically enhance the mobility of metals, which may result in the release of sediment-bound metals to the surface water, and different 

metals show different characteristics during the release. 
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1. Introduction

Heavy metals are often released from the sediment into 

the surface water through resuspension during sediment distur- 

bances such as dredging, vessel movements, bioturbation, stor- 

ms, and waves (Eggleton and Thomas, 2004; Kalnejais et al., 

2010; Roberts, 2012; Singh et al., 2000). Taihu Lake, the third 

largest freshwater lake in China, is located in the southeastern 

part of the Yangtze River Delta. It has a catchment area of 

36,500 km2, a surface area of 2,338.1 km2, and an average wa- 

ter depth of 2.4 m (Authority, 2000). Heavy metals in the sedi- 

ment of shallow lakes such as Taihu are easily resuspended by 

hydrodynamic forces and the concentrations of metals in the 

surface water tend to increase immediately after hydrodynamic 

changes. Heavy metal contaminants in the surface water are a 

potential ecological risk because of their biotoxicity (Gao and 

Chen, 2012; Mattiuzzo et al., 2007; Roberts, 2012). The rate 

at which metal is released during resuspension is strongly in- 

fluenced by sediment properties including grain size, sulfide 

content, organic matter content and the presence of hydrous 

metal oxides of iron and manganese (Campana et al., 2013; 

Cantwell et al., 2008). The mechanisms of metal release likely 
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include ion-exchange reactions, stabilization by sediment-de- 

rived ligands and colloid formation and mobilization (Cantwell 

et al., 2008; Kalnejais et al., 2010). Previous studies have de- 

monstrated that metals are released in the aqueous phase due 

to sulfide oxidation and other mobilizing processes and are 

then reabsorbed or precipitated again to different extents de-

pending on the metal (Calmano et al., 1994). Many of the stu- 

dies that have been previously conducted involved oscillating 

grids and stirrers that disturb the sediment. A laboratory-based 

erosion chamber was used to quantify the release of dissolved 

metals (Fe, Mn, Ag, Cu, and Pb) due to resuspension in Boston 

Harbor, Massachusetts, USA (Kalnejais et al., 2010). Zheng et 

al. (2012) used a pneumatic annular flume to simulate the na- 

tural wind forces affecting the sediments present in shallow 

lakes to evaluate the concentrations, variations and partition-

ing of heavy metals (Cd, Pb, Cr, Ni, Cu, and Zn). De Jonge et 

al. (2012) showed that increasing oxygen concentrations can 

enhance the mobility of trace metals in sediment by using two 

containers with a circulating water system. However, in these 

studies the hydrodynamic conditions were not adequately taken 

into consideration. Water flow in Taihu Lake follows a certain 

pattern with hydrodynamic conditions remaining stable in most 

areas (Zou et al., 1996). The manner in which metal reaches 

equilibrium conditions is a long-term process. Many studies 

have focused on the adsorption and release of metal over short 

time periods (Cantwell et al., 2008; Huang et al., 2012; Kal-

nejais et al., 2010; Zheng et al., 2012). For this reason, it is 

very important to use an experimental process that can simulate 
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natural hydrodynamic conditions in assessments of the chara- 

cteristics of metals in balance. 

The main objective of the present study is to experimen-

tally evaluate the effects of different hydrodynamic forces in 

the overlying surface water on sediment geochemistry and on 

the release of metals from metal-contaminated sediments over 

time. 

2 Materials and Methods 

2.1. Sediment Sampling 

Natural sediment was sampled in June 2010 from Zhushan 

Bay in Taihu Lake (31°25′24′′N, 120°02′52′′E). The sampling 

site was chosen based on its high metal concentration (Zheng 

et al., 2012). Subsurface sediment samples were collected 

using a stainless steel Peterson grab sampler (WHL 15-HL-CN) 

in polyethylene bags. The samples were immediately placed 

in polyethylene boxes and transported to the laboratory. They 

were stored at 4 °C until the start of the experiment.  

2.2. Experimental Setup and Design 

Two hydrodynamic flumes that were each divided into 

three parallel polypropylene containers (200 × 30 × 40 cm) 

and connected to a circulating water system (Figure 1) served 

as treatment groups. A fixed volume of sediment (150 × 30 × 

10 cm) was added to each of the containers. 1000 L of tap wa- 

ter (Zheng et al., 2012) were stored prior to the experiment in 

the reservoir. A sink (200 × 100 × 50 cm) served as the control 

group and the sediment was kept in three parallel polypropyl-

ene containers (85 × 17 × 10 cm) in the sink. There was slight 

stir to homogenize the sediment in each container and then the 

sediment stabilized for 12 h before the experiment commenced. 

The regular flow speed in Taihu Lake is 10 cm/s when no wind 

is present. In the two flumes, water was pumped at approxi-

mately 80 and 20 m3/h from the reservoir into the right con-

tainer. The surface water depth was adjusted to 10 cm. The se- 

diment-water ratio in the control group was similar to the treat- 

ment group. After an equilibration period, the flow speed of 

treatment 1 was approximately 14 ± 1.3 cm/s, and the flow sp- 

eed of treatment 2 was approximately 3.2 ± 0.8 cm/s. The flow 

speed was monitored and kept constant throughout the entire 

experimental period using an Acoustic Doppler Velocimeter 

(ADV). 

At seven different points in time (after 0, 1, 3, 6, 10, 16, 

and 23 days) the redox potential (Eh), pH and temperature of 

the sediment were measured in situ to discount the effects of 

disturbances. Sediment samples were taken before and after the 

experiment to avoid disturbances and then frozen at -80°C 

until further analysis. Eh, pH, temperature, dissolved oxygen 

(DO) and the electrical conductivity (EC) of the surface water 

were measured in situ. Surface water samples were taken from 

each container and stored in 500 mL polypropylene bottles for 

granulometric analysis and TSS measurement. 100 mL water 

samples were acidified to pH < 2 using concentrated nitric acid 

and stored in acid-washed polypropylene bottles at 4 °C for 

metal analysis. Tap water was added to the reservoirs after sa- 

mpling to maintain the original water volume. The pH, tempe- 

rature, DO, EC, turbidity, Eh levels and particle size of the ov- 

erlying water were measured with the HACH pH Sension2, 

the Dissolved Oxygen Sension6, the Conductivity Sension5, 

the Turbidimeter 2100P Portable Monitors, the FJA-4 ORP 

Automatic Monitor and the Mastersizer 2000, respectively. 

2.3. Analytical Method 

First, 100 ml water samples were filtered through a 0.45 

μm cellulose acetate membrane to collect the suspended solids. 

Then, the membranes were put into an oven and heated at 

105 °C for 6 h. The TSS contents were calculated using the di- 

fference in dry weight of membranes before and after filtering. 

Levels of trace metals (Cd, Cr, Cu, Zn, Ni, and Pb) and of 

Fe and Mn were measured in unfiltered surface water and in 

surface water filtered through a 0.45 μm cellulose acetate filter. 

Particulate-bound metals in the surface water were calculated 

by subtracting the concentrations of dissolved metal from the 

total concentrations of each metal. Sediment and TSS samples 

for metal determinations were pretreated using the method des- 

cribed by a previous study (Zheng et al., 2012). Trace metals 

in surface water, TSS, and sediment were analyzed using a 

Perkine-Elmer, SCIEX Elan 9000 Inductively Coupled Plasma- 

Mass Spectrometer (ICP-MS, Agilent 7700). The amount of 

acid volatile sulfide (AVS) in the sediment was determined as 

described by van Griethuysen et al. (2002). The BaCl2-H2SO4 

forcing exchange method (Zhang et al., 2010) was used to de- 

termine the cation exchange capacity (CEC). 

All sampling equipment was rinsed with ultrapure water 

and all reagents were of analytical grade, except the nitric acid 

(guaranteed grade). Instrumental detection limits of heavy me- 

tals for this study were Cd > 0.03, Pb > 0.2, Cu > 0.2, Cr > 0.30, 

Ni > 0.5, Zn > 0.5, Fe > 20, Mn > 0.5 μg/L. Blanks, three du- 

plicates and standard reference materials (SRMs) issued by the 

Standardization Administration of the People’s Republic of 

China (SAC) were used to ensure analytical accuracy. A series 

of certified GSB solutions were used for water analysis, and a 

Stream Sediment GBW07347 was used for TSS and sediment 

measurements. Recoveries were within 10% of the certified 

values. 

2.4. Statistical analysis 

Correlation analysis and principle component analysis 

(PCA) were performed by means of SPSS 17.0. The data re-

garding heavy metal transportation were fit using Origin 8.0. 

3. Results

3.1. Sediment Geochemistry 

Information regarding the physical-chemical conditions 

of the sediment before the start of the experiment is presented 

in Table 1. 

Significant differences were observed between initial va- 

lues and those recorded at 23 days in Eh, total organic carbon 

(TOC) and AVS in the surface sediment of these treatments. 
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However, changes in the control group were barely detectable 

(Figure 2). A significant increase in these values was observed 

in both treatment groups, but Eh increased faster in the 14 cm/s 

treatment group than in the 3.2 cm/s treatment group. These 

increases were approximately 2.0 and 1.5 times more than th- 

ose for the control group, respectively. The TOC concentration 

decreased significantly in both treatment groups after 23 days, 

by approximately 26 and 25%, respectively. AVS showed cha- 

nges similar to those observed in TOC with decreases of appr- 

oximately 40 and 33% in the 14 and 3.2 cm/s treatment groups, 

respectively, but there was a decrease of only 8.7% in the con- 

trol group. 

In general, the concentrations of total heavy metals bound 

to the sediment changed only slightly. However, decreases in 

the surface sediment layer were observed in both treatment gr- 

oups (Figure 2). The concentrations of all of the heavy metals 

in the 14 cm/s treatment group decreased more than in the 3.2 

cm/s treatment group. Cd was found to be the most readily re- 

leased metal from the sediment. Cd showed an 18% decrease 

in the 14 cm/s group and a 6.5% decrease in the 3 cm/s group. 

Cd release was followed by Pb, Mn, Fe, Cu, Ni, Cr, and Zn 

release in the 14 cm/s treatment group. 

3.2. Release of Suspended Solids

Turbidity and the concentration of total suspended solids 

(TSS) were both measured during the experiment. A signifi-

cant difference between the treatments was found (Figure 3). 

Rapid increases in turbidity and TSS were observed in the 14 

cm/s treatment group, and slight increases were observed in the 

3.2 cm/s treatment group. After 10 days, maximum values of 

887 NTU and 1311 mg/L were reached in the 14 cm/s treat-

ment. Afterward, they remained constant approximately 860 

NTU and 1200 mg/L. On day 6, maximum values of 171 NTU 

and 287 mg/L were recorded in the 3 cm/s group, and after-

ward they remained constant at approximately 130 NTU and 

180 mg/L. Changes were barely visible in the control group. A 

significant positive correlation was found between turbidity 

and TSS (r2 = 0.99, n = 19): TSS (mg/L) = 1.42* turbidity 

(NTU). 

The concentrations of clay, silt, and sand in the surface 

water were detected and calculated (Figure 4). A rapid increase 

in clay concentration was observed in the 14 cm/s treatment 

group. After 10 days, the value remained constant at approxi-

mately 700 mg/L. The maximum value of clay of 82 mg/L was 

reached after six days in the 3 cm/s treatment group, after whi- 

ch a slight fluctuation was observed. A more rapid increase in 

silt was observed in the 14 cm/s treatment group. After 10 days, 

the maximum value of silt was reached with 516 mg/L, and 

then decreased slowly to 365 mg/L by day 23. Similar changes 

in silt concentration were observed in the 3.2 cm/s treatment 

group. The maximum value, 159 mg/L, was reached after six 

days, and the lowest value of 68 mg/L was reached at day 23. 

The sand concentrations were smaller and the changes were 

more acute. The maximum value was 82 mg/L in the 14 cm/s 

treatment group, and sand concentration decreased to almost 0 

Flume Sediment 

Water 

Pump 

Figure 1. Overview of the experimental setup in one treatment. Water in the lower reservoir is pumped into the right basin. 

Overflowing water is moved to the left basin through the flumes which contain the experimental sediment/water interface. The 

hydrodynamic force comes from a water pump with a max flow of 100 m3/h. 

Table 1. Physicochemical Characteristics of Experimental Sediment 

Sediment characteristics Heavy metals 

pH 7.1 ± 0.4 Cd (μg/g dw) 0.42 ± 0.04 

Eh (mv) 101 ± 10 Pb (μg/g dw) 23 ± 1 

CEC (cmol/kg) 0.96 ± 0.05 Cu (μg/g dw) 23 ± 0.2 

EC (mS/m) 137 ± 2 Cr (μg/g dw) 69 ± 1 

AVS (μmol/g dw) 8.9 ± 1.2 Ni (μg/g dw) 37 ± 2 

TOC (%) 0.53 ± 0.02 Zn (μg/g dw) 126 ± 3 

Clay (%) 6.3 ± 0.3 Fe (mg/g dw) 23 ± 0.1 

Moisture content (%) 35 ± 2 Mn (mg/g dw) 0.79 ± 0.01 
* Average values (n = 3) and standard deviations are presented 
** The average ± standard deviation values (n ≥ 3) were calculated 



P. F. Wang et al. / Journal of Environmental Informatics 27(1) 62-71 (2016)

65 

by the end of the experiment. 

Significant differences in the suspended concentrations of 

solid metals, except Zn, were noticed between treatments. 

Concentrations of Cd, Pb, Cu, Cr, Ni, Fe, and Mn were higher 

in the 14 cm/s treatment group than in the 3 cm/s treatment 

group. Obvious increases in the concentrations of all metals 

were observed in the 14 cm/s treatment group, and increases 

in the concentrations of Zn and Pb were observed in the 3 cm/s 

treatment group. The loading plots of the principle component 

analysis (PCA) in the suspended solid samples are shown in 

Figure 5. Metals and several physicochemical parameters of 

suspended solids were involved in this analysis. Component 1 

(Comp. 1) was found to explain 48% of the total variance. 

Comp. 1 showed high loadings on suspended solids and trace 

metals other than Zn. Component 2 (Comp. 2) was found to 

explain 26% of the total variance. It showed high loading with 

respect to the physicochemical parameters in surface water. 

3.3. Filterable Heavy Metals in the Surface Water 

Significant differences in filterable metal concentrations 

were noticed in all three groups. Concentrations of Cd, Pb, Cu, 

Cr, Ni, Fe, and Mn in the 14 cm/s treatment group were higher 

than in the 3 cm/s treatment group. Concentrations of filterable 

heavy metals other than Zn in surface water increased signifi-

cantly over time in the 14 cm/s treatment group and increased 

slightly over time in the 3.2 cm/s treatment group (Figure 6). 

After 23 days Cd, Pb, Cu, Cr, Ni, Fe and Mn increased by a 

factor of 21, 10, 13, 3.6, 3.7, 11 and 7.2 in the 14 cm/s group 
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Figure 2. Variations in Eh, TOC, AVS, and metal concentrations in the surface sediment over time. Initial concentrations (day 

0) and final concentrations (day 23) of each group are shown. Average concentrations (n = 3) and standard deviations are pre-

sented. 
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and 4.1, 1.7, 1.8, 1.7, 1.5, 4.7 and 0.12 in the 3 cm/s group, res- 

pectively. The concentration of Zn decreased by 67% in the 

14 cm/s treatment group and by 88% in the 3 cm/s treatment 

group. In the control group, Pb, Cu, Zn, and Mn decreased by 

42, 23, 96 and 85%, respectively, and Cd, Cr, Ni and Fe incr- 

eased by 86, 94, 86 and 146%, respectively, after 23 days. Fil- 

terable metals and suspended solids were involved in PCA. 

Component 1 (Comp. 1) was found to explain 59% of the total 

variance. It showed high loadings on TSS and trace metals oth- 

er than Zn. 

3.4. Evaluation of the Metal Transportations 

The data regarding the transportation of all heavy metals 

except Zn from the sediment to filterable phases in water are 

consistent with Equation (1): 

C = C0 × (1 – exp(- Kt × T)) (1) 

0 5 10 15 20 25

0

200

400

600

800

C
la

y
 (

m
g
/L

)

Time (days)

 14 cm/s

 3.2 cm/s 

 Control 

(A)

0 5 10 15 20 25

0

150

300

450

600 (B)

S
ilt

 (
m

g
/L

)

Time (days)

 14 cm/s

 3.2 cm/s 

 Control 

0 5 10 15 20 25

0

20

40

60

80

100
(C)

S
a
n
d
 (

m
g
/L

)

Time (days)

 14 cm/s

 3.2 cm/s 

 Control 

Figure 4. Clay (< 3.9 µm), silt (3.9 ~ 63 µm) and sand (63 ~ 2000 µm) concentrations in the surface water of all groups as a 

function of time. 
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and loading plot of principle component analysis (PCA) of suspended heavy metal concentrations. 
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Here, C is the concentration of each metal in the filterable ph- 

ase (μg/L) in water as a function of time. C0 stands for the final 

stable heavy metal concentration in the filterable phase (μg/L) 

in water. Kt is the coefficient of the rate of transportation of 

heavy metal from the sediment to the filterable phase in water. 

T is the time in days. In this study, the fitted curves for heavy 

metal transportation are shown in Figure 7, and the final heavy 

metal concentrations in the filterable phase and transport coe- 

fficients for heavy metals and significant relationships (r2) 

were calculated (Table 2). 

The data regarding the heavy metal concentrations in the 

14 cm/s treatment group were consistent with Equation (1) 

with significant relationships (r2) of 0.57 ~ 0.99. As shown in 

Table 2, the Kt values of the metals appeared in the following 

order: Pb > Mn > Cr > Cd > Fe > Ni > Cu. The data regarding 

the heavy metal concentrations in the 3.2 cm/s treatment 

group appeared in a similar order: Mn > Pb > Cr > Cd > Ni > 

Fe > Cu. The final filterable metal concentrations in water in 
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Figure 6. Filterable heavy metal concentrations in the surface water of all groups as a function of time and loading plot of 

principle component analysis (PCA) of filterable heavy metals. 

Table 2. The Final Heavy Metal Concentrations (C0) in Filterable Phase, Transport Coefficients (Kt) for Heavy Metals, and 

Adjusted Significant Relationships (Adj. r2) of both Treatments, n = 7  

Treatment 14 cm/s 3.2 cm/s 

Parameter C0 Kt Adj. r2 C0 Kt Adj.r2 

Cd 0.49 ± 0.07 1.1 ± 0.9 0.57** 0.16 ± 0.02 1.6 ± 1.5 0.21* 

Pb 21 ± 1 1.4 ± 0.4 0.94*** 6.0 ± 0.7 1.8 ± 1.6 0.46*** 

Cu 10 ± 0.3 0.32 ± 0.03 0.99*** 2.0 ± 0.2 0.84 ± 0.52 0.17*** 

Cr 1.1 ± 0.1 1.1 ± 0.5 0.75*** 0.77 ± 0.09 1.8 ± 1.6 0.23*** 

Ni 5.9 ± 0.4 0.79 ± 0.25 0.85*** 2.8 ± 0.3 1.4 ± 1.0 -0.28*** 

Fe 7170 ± 430 1.0 ± 0.4 0.86*** 3180 ± 340 1.1 ± 0.7 0.41*** 

Mn 372 ± 15 1.1 ± 0.3 0.94*** 74 ± 15 1.4E+07 -0.87* 

* p < 0.05, ** p < 0.01, *** p < 0.001, ****Average values (n = 3) and standard deviations are presented 
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the 14 cm/s treatment group were higher than in the 3.2 cm/s 

treatment group, but the transport rates were lower. 

The distribution between filterable heavy metals in surface 

water and total metals in sediment after 23 days is given by the 

balance coefficient (KB) as shown in Equation (2): 

KB = CW/CS (2) 

Here CW stands for the final heavy metal concentration in the 

filterable phase (ug/L) and CS is the concentration in sediment 

(μg/g). 

The KB values of all metals increased visibly with the flow 

speed (Figure 8). The KB values of the metals appeared to be 

in the following order in the 14 cm/s treatment group: Cd > 

Pb > Zn > Fe > Mn > Cu > Ni > Cr. The order was similar in 

the 3.2 cm/s and control groups. The contribution of hydrody- 

namic conditions in the 14 cm/s treatment to the Mn KB value 

was 5382% higher than in the control group and was also hi- 

gher for Pb (1930%), Cu (1754%), Cd (1182%), Zn (758%), 

Fe (500%), Ni (251%) and Cr (235%). The contribution of hy- 

drodynamic conditions in the 3.2 cm/s treatment to the Mn KB 
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Figure 7. Fitted curves for heavy metal transportation from 

the sediment to filterable phases in water for both treatments. 

values relative to the control group was 639% and was also hi- 

gher for Pb (461%), Cu (363%), Zn (280%), Cd (275%), Fe 

(233%), Cr (140%), and Ni (134%). 

The partitioning of heavy metals between filterable and 

particulate phases is also given by the distribution coefficient 

(KD) (Fan et al., 2007) as shown in Equation (3):  

KD = CP/CW (3) 

Here CP is the concentration in a particulate phase (μg/kg). The 

KD values of heavy metals increased as the velocity increased 

during the experiments (Figure 8). For the heavy metals inves- 

tigated, the partitioning coefficients were found to be in the or- 

der of Cr > Ni > Pb > Zn > Cu > Fe > Mn > Cd in the 14 cm/s 

treatment group, and a similar order (Cr > Ni > Pb > Zn > 

Cu > Mn > Fe > Cd) was observed in the 3.2 cm/s treatment 

group. 

4. Discussion

The process of heavy metal release is complicated. The 

release of metal occurs immediately after sediments are distur- 

bed. Slower reactions continuing on particles of sediment that 

remain suspended result in solute release in the surrounding 

fluid (Kalnejais et al., 2010). During this process, particles can 

aggregate into flocs relatively quickly and precipitate from the 

water much more rapidly than individual particles (Jackson and 

Burd, 1998; Olsen et al., 1982). Finally, the distribution of me- 

tals reaches a balance. In the present study, hydrodynamic for- 

ces increased sediment Eh and decreased sediment TOC. A sig- 

nificant increase of Eh for both treatments was noticed. This 

increase was 2.0 times greater in the 14 cm/s group and 1.5 ti- 

mes greater in the 3 cm/s treatment group after 23 days. How- 

ever, after 23 days the TOC concentration decreased by appro- 

ximately 26 and 25%, respectively, and AVS decreased by ap- 

proximately 40 and 33%, respectively. Hydrodynamic forces 

can dramatically change the surface water geochemistry. The 

dissolved oxygen in surface water increases followed by sedi- 

ment geochemistry changes, including Eh. The findings regar- 

ding Eh in sediment are consistent with research showing that 

an influx of dissolved oxygen causes a positive change in sedi- 

ment Eh (De Jonge et al., 2012; Eggleton and Thomas, 2004). 

AVS can form thermodynamically stable metal-sulfide precip-

itates that decrease the concentration of metal ions in the sedi- 

ment pore water and thereby reduce metal bioavailability (De 

Jonge et al., 2012). The precipitates are consumed during the 

process, which may lead to the release of heavy metals (Stone 

and Droppo, 1996). In the present study, Cd was found to be 

readily released from the sediment, followed by Pb, Mn, Fe, 

Cu, Ni, Cr and Zn, in that order. Each type of metal has differ- 

rent characteristics during the release process (Caille et al., 

2003; Eggleton and Thomas, 2004; Mattiuzzo et al., 2007). 

Previous studies have demonstrated that Pb and Cu are relea- 

sed more rapidly than Zn (Caille et al., 2003). Cd appeared 

most easily interchangeable, whereas Cr appeared to be the 

most different in the surface sediment samples of the Bahía 

Blanca estuary (Alvarez et al., 2011). 
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Particles in surface sediment were rushed into the water 

when water flow was included and the amount of the particles 

increased as the speed of the flow increased. Turbidity and TSS 

increased from just above 0 to 860 NTU and 1200 mg/L in the 

14 cm/s treatment group, which was markedly larger than in 

the 3 cm/s treatment group. A significant positive correlation 

was observed between turbidity and TSS (r2 = 0.991, n = 19): 

TSS (mg/L) = 1.42* turbidity (NTU). Correlations between 

TSS and turbidity may depend on location, geology, and fea-

tures of the landscape (Rügner et al., 2013). For conditions 

commonly observed in natural rivers, a linear or nearly linear 

relationship between NTU and TSS with slopes of 1 ~ 2.5 may 

be expected (Loperfido et al., 2010; Uhrich and Bragg, 2000). 

Values for the TSS/turbidity ratio are within the range of 0.9 

(Ammer springs) and 2.4 (Echaz River) in southwestern Ger-

many (Rügner et al., 2013). We found that the bigger the par-

ticles were, the less they suspended and the faster they settled 

to the sediment. Clay, however, could remain suspended. Heavy 

metals and other contaminants are released into the water with 

particles, especially clay. Cd, Cu, Cr, Pb, and Zn display pro-

nounced correlations with relative clay content (Dou et al., 

2013). This indicates that fine particles are important carriers 

of trace metals. This was also observed in resuspension/oxi- 

dation experiments of anoxic sediments and is attributed to 

translocation (re-adsorption or coprecipitation) of heavy metals 

onto more soluble solid phases such as carbonates, ferric hy-

droxides and clay minerals (Calmano et al., 1993; Förstner, 

1995; Stephens et al., 2001). That is because clay tends to bind 

with high quantity organic matter, such as humic and fulvic 

acids, colloids, and synthetic organic substances. Large amou- 

nts of heavy metals are associated with these types of organic 

matter (Förstner and Wittmann, 1979; Jain et al., 2005; Ulu-

turhan et al., 2011). Dou et al. (2013) indicated that Zn, Cr, Pb, 

Cd and partly Cu have a strong correlations with organic mat-

ter. This can also explain the reduced heavy metal concentra-

tions with reduced TOC concentrations in sediment. KD was 

calculated and used to indicate each element’s affinity to a par- 

ticulate phase. In this study, the magnitudes of the affinity were 

found to be in this order: Cr > Ni > Pb > Zn > Cu > Fe > Mn > 

Cd. This suggests that Cr is the metal most strongly bound by 

TSS and that Cd is the least partitioned metal in this phase. This 

is generally consistent with the Irving-Williams rule: Cu2+ > 

Ni2+ > Pb2+ > Co2+ >Zn2+ > Cd2+ > Fe2+ > Mn2+ > Mg2+ > Ca 2+ 

(Jiang et al., 2001), which used to explain the stability of dif-

ferent metal-organic complexes from laboratory experiments 

and stability sequences observed in natural waters (Cantwell 

et al., 2002; Guo et al., 2000). Only Cu and Cd were at diffe- 

rent positions, probably because of the complexity of ligands 

in the sediment. Previous studies have reported nearly the 

same order: Pb > Cr > Zn > Cu > Cd > Ni (Zheng et al., 2012), 

with Ni at a different position compared to our results. The KD 

values of Ni in the study of Couceiro et al. (2009) are 7.7 ~ 17 

after 8 h under hydrodynamic conditions of 50 cm/s, similar 

to our results. Cr is much less mobile. Cr(VI) is easily reduced 

to Cr(III) with the presence of organic matter and then bound 

to organic matter in aquatic environments (Cervantes et al., 

2001). The KD values of Cr on the eastern side of the Qatari 

peninsula are 16 ~ 63 (Dahab and Al-Madfa, 1997), which are 

close to our results. The PCA of suspended heavy metal con-

centrations suggests that the mobility of metals, especially Pb, 

may be associated with the suspended solids in the surface 

water. Pb was demonstrated to be easily adsorbed by particles 

(Wang et al., 2012). 

The amount of filterable metals released from sediment 

into the surface water increased over time. Faster flow promo- 

ted the release of metals. The concentrations of heavy metals, 

except Zn, were closely correlated with the fine particle con-

centration according to the PCA analysis. The results tentati- 

vely suggest that the filterable phase of metals may contain 

small materials, such as colloidal fractions, which can pass th- 

rough filter membranes with metals adsorbed in them. The 

same speculation was put forward by two previous studies 

(Huang et al., 2012; Kalnejais et al., 2010). The researchers 

used a polycarbonate 0.015 μm filter (Nucleopore) to filter co- 

lloidal fractions. In the present work, the colloidal metal and 

the dissolved metal in surface water were studied together for 

their biological toxicity. The transportation rates of each met-

al from the sediment to the filterable phases in water were di- 

fferent. The concentrations of all filterable heavy metals, ex-

cept Zn, were consistent with Equation (1), and the rates of 

transportation were found to be in the following order: Pb > 

Mn > Cr > Cd > Fe > Ni > Cu. Pb requires the maximum len- 
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gth of time to reach equilibrium, whereas Cu requires the mini- 

mum length. Zn concentration in the tap water was higher than 

in Taihu Lake because of its galvanized service pipes. The fil- 

tered surface Zn concentration was high at day 0, then the ex-

tra Zn rapidly adsorbed to the suspended solids and the sedi-

ment. 

The KB value was calculated to indicate each element’s 

ability to exit the solid phase when the system reached a bal-

ance. The KB value of Cd was the largest in the three groups, 

which shows that Cd tends to be desorbed more easily than 

other metals. This means that Cd may be relatively enriched 

in the dissolved phase despite only moderate sediment conta- 

mination (Bryan and Langston, 1992; Shine et al., 1998). 

Once released from particulates, Cd tends to remain in the di- 

ssolved state longer than other metals (Caetano et al., 2003). 

Caille et al. (2003) found Cu to be continuously released in so- 

lution during the experiments. The KB values of Mn were hi- 

gher in the 14 cm/s and 3.2 cm/s treatment groups than in the 

control group. This was the largest difference in the study. This 

shows that Mn is more easily affected by flow speed than other 

metals.  

5. Conclusions

Durative hydrodynamic forces decreased sediment TOC 

but increased sediment Eh and the amount of suspended solids 

in water. Because of these changes, metals were released from 

the sediment to the surface water in the form of a particulate 

and a filterable phase. The faster the water flowed, the more 

pronounced the changes and the more metals were released. 

Larger particles were suspended less and settled to the sedi-

ment faster during the process. Fine particles, clay for exam-

ple, are important carriers of trace metals from sediment to the 

surface water. The amount of filterable phase metal was also 

significantly correlated with fine particles. This indicated that 

many small materials rich in metals that could pass through the 

filter membrane, such as colloidal fractions, were suspended 

in the surface water with other particles.  

Cr is the metal that is most strongly bound to suspended 

solids and Cd is the least partitioned metal in the particulate 

phase. This is consistent with the order of the balance coeffi-

cient, which also suggests that Cd is desorbed more easily than 

other metals. Pb was found to take the least time to reach a ba- 

lance between a solid and dissolved state, and Cu was found 

to take the longest. The release of Mn was found to be the 

most readily affected by flow speed, followed by Pb, Cu, Cd, 

Zn, Fe, Ni, and Cr, in that order. The results of the present work 

indicate that hydrodynamic conditions can dramatically enha- 

nce the mobility of metals, which may result in the release of 

sediment-bound metals to the surface water, and different me- 

tals show different characteristics during the release. 
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