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Environmental impact 

The safety of water supply has been attracted considerable concerns in the Pearl River Delta (PRD) 

area due to the severe pollution of water environment associated with rapid urbanization and 

industrialization. Migration and potential risk of heavy metals, as a kind of hazardous element, were 

assessed in Shima river, which is connected to Dongjiang River and may affect water supply for Hong 

Kong and Shenzhen. The findings of this research suggested that river water pollution could be 

attenuated by meteorological factor (heavy rainfall) or less release of heavy metals from the urban or 

industrial areas, while the secondary pollution of river water remain due to potential release of heavy 

metals from the aquifer (soil) along the river bank. Understanding the migration of heavy metals 

between river water and groundwater and the relative potential ecological risks are vital for 

implementation of pollution remediation and safety of water supply in the PRD area. 
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Distribution, migration and potential risk of heavy metals in the Shima River 

catchment area, South China 
Lei Gao,a Jianyao Chen, *b Changyuan Tang,a Zhiting Ke,b Jiang Wang,b Yuta Shimizuc and 

Aiping Zhub 

Abstract  The distribution, migration and potential risk of heavy metals in water and soil 

environments, related to city water supply, were investigated. Heavy metal concentrations in waters 

from the Shima River water ranged from not detected (n.d.) to 749 μg·L–1 for Mn, n.d. to 151 μg·L–1 

for Ni, 7.00 to 494 μg·L–1 for Zn, n.d. to 93.0 μg·L–1 for Cu and n.d. to 9860 μg·L–1 for Fe, respectively. 

The highest concentration of heavy metals was found at an upstream site in February as the result of 

industrial effluent discharge. Groundwater (GW1–GW5) and soil (S1–S8) samples along the river bank 

showed similar levels of contamination due to a close hydraulic relationship and frequent exchange of 

water, probably resulting in migration of heavy metals from river water to the aquifer and accumulation 

at the interface. The mean concentrations of heavy metals in soil profiles were in the ranges 2.50–19.0 

mg·kg–1 for As, 2.80–11.2 mg·kg–1 for Cd, 20.3—165 mg·kg–1 for Cr, 14.5–298 mg·kg–1 for Cu, 

11.4–102 mg·kg–1 for Ni, 7.00–95.0 mg·kg–1 for Pb, 40.4–465 mg·kg–1 for Zn, 8.80×103–21.8×103 

mg·kg–1 for Fe, and 62.2–430 mg·kg–1 for Mn, showing severe soil pollution by Cd. LUMISTox testing 

and the potential ecological risk index (RI) were used to assess the potential for adverse ecological 

effects caused by heavy metals in water and soil media. River water samples posed slight acute toxicity 

to Vibrio fischeri with luminescent inhibition rates (LIR) ranging from 24.6% to 38.4% in February. 

Elevated Zn and Cu significantly contributed to toxicity. However, groundwater did not exhibit any 

toxicity to Vibrio fischeri. The severity of the potential ecological risk for individual metals (Ei
r) 

decreased in the order Cd>Cu>Ni>As>Pb>Zn>Cr. RI values indicated that all soil samples in the study 

area posed a high level of ecological risk. Cd contributed significantly (95.5–98.9%) to potential 

ecological risk in soils.  

Keywords: Shima River catchment; water pollution; soil quality; heavy metals; river-groundwater 

interaction; potential ecological risk; 

Introduction 

The Pearl River Delta (PRD) located in Guangdong Province in south China is one of the most 

developed areas of China. There are nine cities with a total area of 41700 km2, including Guangzhou, 

Shenzhen, Zhuhai, Foshan, Huizhou, Zhaoqing, Jiangmen, Zhongshan and Dongguan.1 Chinese 

reform, beginning in 1979, brought accessibility from the outside world and a time of rapid 

industrialization, urbanization and transition from traditional agriculture to industrial and 

technologically based agriculture.2 The PRD area was significantly affected by economic expansion 

and heavy industry, resulting in one of the largest manufacturing locations in China. Some of the major 

manufacturing products include electronics, toys, dyes, clothing, leather, papers and petrochemicals, 

which discharge 3 ×109 tons of effluent annually, 1, 3 leading to the deterioration of water and soil 

quality over the past three decades in the PRD area.1, 4  

Heavy metals are considered a ubiquitous substance and common pollutant in contaminated 

environments, arousing public interest due to their properties such as chemical stability, 
a School of Environmental Science and Engineering, Sun Yat-Sen University, Guangzhou, 
510275, P.R.China 
b School of Geography and Planning, Sun Yat-Sen University, Guangzhou, 510275, P.R. 
China. E-mail: chenjyao@mail.sysu.edu.cn or nvtoo@sina.com; Tel: +86 20 84115930 
c National Agricultural Research Center for Western Region, National Agriculture and 
Food Research Organization, Hiroshima 7218514, Janpan 
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bio-accumulation, non-degradation and long-lasting harmful effects. 5-7 Vast preliminary research 

conducted on heavy metal pollution in river water, groundwater and soils 8-10 has included 

identification of sources, migration patterns and ecological effects. 11-14 Generally, heavy metals are 

derived from point sources, such as mining and smelting activities and industrial effluents, and 

non-point sources, such as indiscriminate use of heavy metal-containing fertilizers and pesticides in 

agricultural fields, as well as from the lithosphere. 8, 11 With respect to migration in a drainage basin, 

the study of movement of heavy metals driven by water cycling between or among environmental 

media has been the primary approach, and it has been found that metals can be transported by river 

water flow from upstream to downstream areas, into the aquifer along the river bank, by rainfall 

penetration from the surface to underground layers, or by groundwater flow from the aquifer back to 

river water at distant sites. 10 Atmospheric circulations is another migration pathway for heavy metals. 
15-18 Different migration behaviors of heavy metals are closely associated with various environmental 

media; however, few studies regarding the exchange of heavy metals between different media have 

been reported. Winde et al. 19 reported that groundwater-stream interactions resulted in the migration of 

uranium in an aquifer and subsequent contamination of stream water. It was previously found that 

groundwater inputs of Cd and Zn contributed 43% and 28%, respectively, to the total annual Cd and Zn 

fluxes along 200 m of the Riou Mort River in 2004.20 Hence, movement of heavy metals between river 

water and groundwater/aquifers along the river bank in a drainage basin is of great importance for 

understanding environmental behaviors and fate. 

    Excessive accumulation of heavy metals in a drainage basin can pose ecological risks 9, 21 and 

impose significant adverse effects on the surrounding ecological system. Furthermore, one pathway for 

toxicity in humans is from toxic effects in aquatic organisms in aquatic ecosystem-based food chains.15 

Effective tools for determining the ecological effects of heavy metal pollution are generally chemically 

and biologically based. Nevertheless, chemical-based models for assessing the potential risks caused by 

toxic substances in coastal sediment were integrated, 22 and the method was extended to the study of 

soil pollution. 23, 24 In the aquatic environment, organism toxicity testing is currently considered the 

most effective method for assessing water safety, as the aqueous medium may contain diverse, complex 

and variable contaminants. Integrated effects (e.g., antagonistic, additive and synergistic) of chemicals 

on the aquatic ecosystem may then be characterized directly. 25 It was found that interactive effects 

between copper and zinc and between lead and zinc on the bioluminescence of V. fischeri were 

synergistic, 26 indicating that toxicity tests may provide a direct quantitative measure of actual toxicity, 

adequately reflecting aquatic environmental conditions and supplementing the deficiencies in 

physicochemical assessments for establishing ecological risks. However, little information is available 

on the distribution, migration and toxic effects of heavy metals among different media resulting from 

river water-groundwater interaction in a catchment with extensive human activity, such as the PRD 

area.   

The main objectives of the present study in the Shima River catchment are therefore 1) to 

investigate the temporal-spatial variation and sources of heavy metals in river water, groundwater and 

soil; 2) to analyze the migration of heavy metals via river water–groundwater interaction and calculate 
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pertinent mass fluxes; 3) to assess the toxic effects of river water and groundwater using the 

LUMISTox® (Vibrio fischeri) system and identify potential toxins; and 4) to quantify soil pollution 

levels of heavy metals along the river bank along with the potential risks. Results may provide 

evidence for decision-making related to pollution control and protection of water and soil environments 

in the PRD water resource area. 

Materials and methods  

2.1 Study area 

Shima River catchment, situated in Dongguan city, Guangdong province, south China (Figure 1), 

has a southern subtropical monsoon climate and experiences an annual mean precipitation of 1954 mm 

and mean temperature of 22.9 . Typhoons are frequent in the study area in June, July, August, and 

September, and rainstorms occur regularly. Dongguan city is covered by unconsolidated Quaternary 

sediments with a clay soil thickness ranging from 0 to 18 m. The upstream area of the catchment is 

mainly underlain by Carbonatite, while the downstream area is dominated by hydatogenic rock and 

gritstone. The major soil types are lateritic red soil and calcareous yellow soil.  

The Shima River (site R1–R6) with a length of 88 km and a catchment area of 1249 km2, 

originates in Baoan county, a dense industrial area in Shenzhen City, and is the largest tributary of the 

Dongjiang River in Dongguan city. The Shima flows from south to north and discharges through an 

outlet located at Qiaotou (R6), and then joins the Dongjiang River near a water supply pumping station 

in a vital water resource area in the PRD, providing approximately 80% of Hong Kong’s portable water 

through river extraction. Hence, the Shima River catchment is of strategic importance in protection of a 

safe water supply. In the dry season, the river water is obstructed by a rubber dam with a height and 

length of 3.25 m and 92 m, respectively, to avoid contamination of the inlet. The Tonghu River merges 

with the Shima River via an underground pipe between R6 and R7, then flows to the Xiaohai, Renhe, 

Hanxi Rivers and finally to the Dongguan Canal. River water, ultimately, flows into the Pearl River 

estuary through the town of Humen (R11). Four sluice gates within the Dongguan Canal - Xiakou (R8), 

Shigu (R9), Xinji Clough (R10) and the rubber dam (R6) - drain to the Dongjiang River (south main 

stream) during heavy rainfall.  

2.2 Sample collection  

River water (R1–R11) was collected by grab-sampling during three seasons, in February, June 

and November of 2012. Five piezometers (GW1–GW5) were constructed at varying distances from the 

river bank by hand drilling, and soil samples were collected at a depth 30 cm from the surface. The five 

piezometers (GW1–GW5) and two wells (GW6 and GW7) were sampled using a portable vacuum 

pump, with the well depth and water table measured in situ. Water and soil samples were collected in 

sterilized polyethylene bottles and plastic packets, respectively, and stored in a portable refrigeration 

unit. Water samples were transferred to refrigeration (4 ) under dark conditions in the laboratory, and 

soil samples were air-dried prior to analysis. Relevant data for the sampling sites are presented in Table 

1 and Figure 1. 

2.3 Physicochemical and biological analysis 

2.3.1 Analysis of water samples 
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The electrical conductivity (EC), temperature (T), pH and dissolved oxygen concentration (DO) 

of water samples were measured in situ using a portable instrument (Horiba 3-in-1). Water samples 

were filtered through a polypropylene membrane with a diameter of 0.45 μm, 1 M HNO3 was added to 

adjust the pH to 2, and the samples were then stored in a refrigerator at 4  until analysis. Trace metals 

(Cd, Cr, Cu, Fe, Mn, Ni, Pb and Zn) were measured using inductively coupled plasma–atomic emission 

spectrometry (ICP–AES). The detection limits were 1 μg·L–1 for Cd, 5 μg·L–1 for Pb, Mn, Zn, Fe and 

10 μg·L–1 for As, Ni, Cr and Cu.  

2.3.2 Analysis of soil samples 

Soil samples were ground using an agate mortar after air-drying at room temperature and 

removing coarse debris. Samples were then homogenized by straining through a 1-mm nylon sieve, 

and pH and EC were measured in a 1:2.5 (w/v) ratio of sub-soil to deionized water. A Malvern 

Mastersizer 2000 was used to analyze particle size. The dichromate oxidation method, as detailed by 

Nelson and Sommers, 27 was applied to determine soil organic matter content, and total soil 

phosphorus (P) was determined by wet oxidation in a mixture of concentrated perchloric and 

sulphuric acid. 28 Approximately 0.5 g each sub-sample was weighed and digested with 10 ml aqua 

regia (2.5 ml nitric acid and 7.5 ml hydrochloric acid) at 140-160  and heated on a hot plate. 29 50 

ml of 2% HNO3 were then added to each mixture after cooling, followed by polypropylene membrane 

(0.45 μm) filtration of the supernatant for each sub-sample. Heavy metal (As, Cd, Cr, Cu, Ni, Pb, Zn, 

Mn, and Fe) concentrations were then measured using ICP-AES. The validity of the data were 

maintained by implementation of standard methods including calibration of a standard curve during 

ICP-AES measurement and application of standard operating procedures. Blanks, triplicates and 

recovery rates were applied for quality control of the heavy metal analysis. A standard solution of 

known metals was measured to calibrate the standard curve. Soil metal concentration data presented 

in this paper were corrected by subtracting the blank value. Detection limits were 0.1 μg·g–1 for Cd, 

0.5 μg·g–1 for Pb, Mn, Zn, Fe, and 1 μg·g–1 for As, Ni, Cr and Cu, respectively. The standard 

deviation of each sample was within 10%, and the recovery rate fell in the range of 90–113% for all 

heavy metals.  

2.3.3 Ecotoxicity assay  

Luminescent bacterium Vibrio fischeri has been widely used as a sensitive, rapid and 

cost-efficient tool for monitoring toxicity in water quality studies. 30 The LUMISTox® measuring 

station using Vibrio fischeri was employed to assess the potential ecological risks of polluted water 

bodies in the study area, and the relative method is detailed in ISO-11348. 31 Briefly, the three 

analysis steps were as follows: first, water salinity was adjusted to 2% by mixing water samples (10 

mL) and NaCl (0.2 g) in a centrifuge tube (15 mL); second, freeze-dried luminescent bacteria were 

reactivated by injection of a reconstitution solution (1 mL) and then warmed from -18 to 4  in a 

refrigeration unit. The luminescent bacteria suspension was diluted with 2% NaCl until the lowest 

emission intensity of 500 luminescent units (LU) was met, and then assayed after ~15 min. Finally, 

the ecotoxicity of the water samples was tested at a 1:1 (v/v) ratio of luminescent bacteria solution 

(0.5 mL) to sample (0.5 mL) in a cuvette at 15 . The luminescence inhibition rate (LIR, %) of Vibrio 
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fischeri was obtained after 15 and 30 min incubations. Toxicity classification was determined 

according to LIR percentage: no acute toxicity for a LIR<20 %, slight acute toxicity for 20% <LIR 

<50%, acute toxicity for 50% <LIR <100% and high acute toxicity for a LIR of 100%. 32 Each water 

sample was diluted with an equal amount of 2% NaCl to determine the dose-response relationship for 

calculation of EC20 or EC50, i.e., the effective concentration (%) of water samples causing a 20 or 

50% reduction in luminous intensity when the LIR of the sample exceeded 30 or 60%, respectively. 

Ecotoxicity assays were performed in quadruplicate, and test results were expressed as mean values 

with standard deviations. 

2.3.4 Ecological risk assessment 

Risk indices (RI) were adopted to characterize qualitatively and quantitatively the potential 

ecological risk of heavy metals in soils from the river bank: 22  
7 7 7

1 1 1

( )
  

    
i

i i i i s
r r r r i

i i i n

C
RI E T C T

C
, 

where RI is the sum of the individual potential ecological risks for all heavy metals evaluated, i
rE  is 

the RI of an individual heavy metal, i
rT is the toxic-response factor, defined as 10, 2, 30, 5, 1, 5, and 5 

for As, Cr, Cd, Cu, Zn, Pb, and Ni, respectively; 22, 24 
s
iC is the concentration of heavy metals in soil 

samples and i
nC are reference values, in this case the environmental background values for soils in 

Guangdong province (Table 4). Table S1 shows the varied grade of potential ecological risk for heavy 
metals. 

2.4 Monitoring of hydrological variation 

Three conductivity, depth and temperature (CDT) sensors, calibrated prior to the monitoring 

process, were installed in river water and groundwater at sites R2, GW2 and GW3 to monitor changes 

in hydrological parameters. The monitoring program was started at 6:30 p.m. on 22 June 2012 and 

concluded at 2:30 p.m. on 24 June 2012 with data recorded at 10-min intervals. Groundwater table 

variations can reflect responses to fluctuations in river water levels, and the hydraulic gradient may be 

approximately determined using Darcy’s Law. 33 The hydraulic gradient between the river and 

groundwater was calculated using the following equation: 

Gradient (%)= R GH H

L

 ,              

where HR (cm) is the hydraulic potential of the river, HG (cm) is the hydraulic potential of groundwater 

and L (cm) is the distance between the river and monitoring site of groundwater. 

2.5 Data analysis 

    To describe differences in potential risk originating from water pollution during three typical 

periods and explain distributional variances in heavy metals at different soil sampling sites, one-way 

ANOVA with Duncan’s test was applied to the LIR results from water samples. Significant 

differences were considered if p<0.05 or p<0.01. Hierarchical cluster analysis based on the farthest 

neighbor method with squared Euclidean distance and correlation analyses were used to identify the 

sources of heavy metal pollution in soils from the river bank. The Pearson coefficient was also 

adopted to assess the relationship between LIR and the sum of heavy metal (Cu, Fe, Mn, Ni and Zn) 
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concentrations in water samples. Significant relativity was obtained if p<0.05 or p<0.01. Statistical 

analysis was completed using SPSS 16.0. 

Results and discussion  

3.1 Heavy metal concentrations in water bodies and river water–groundwater interactions 

    The results of physicochemical analysis are presented in Tables 2–3, and the detected values 

were compared with the Drinking Water Standards issued by the World Health Organization (WHO) 
34 and the Ministry of Environmental Protection of China (MEP). 35 

3.1.1 River water 

The water quality of samples R1–R11 was better in June than in February or November, 

probably due to dilution by tropical storm “Typhoon Talim”, which generated a cumulative 

precipitation of 171 mm from 22-24 June, 2012. Monthly precipitation amounts descended in the 

order of June (256 mm)> November (168 mm)> February (51.2 mm). Acid-based properties of the 

river water remained stable, and the pH of samples in all three periods remained within the 

recommended range recommended by the MEP (6-9) and the WHO (6.8–8.5), 34, 35 except for R7 in 

June, during which an acidic pH was found in the Tonghu River. The dissolved oxygen (DO) 

threshold for protection of aquatic life recommended by Canadian Council of Ministers of the 

Environment (CCME ) 36 is 5.5 mg·L–1, while that recommended by the MEP 34 is 6 mg·L–1. 84.8% of 

water samples were below or close to the threshold by CCME, 36 while no samples met the value 

recommended by the MEP. 34  

Metal concentrations in river water samples ranged from not detected (n.d.) to 749 μg·L–1 for 

Mn, n.d. to 151 μg·L–1 for Ni, 7.00 to 494 μg·L–1 for Zn, n.d. to 93 μg·L–1 for Cu and n.d. to 9860 

μg·L–1 for Fe, as shown in Table 2, with As, Cd, Cr and Pb at levels below the detection limits. The 

highest concentration of heavy metals was detected at site R1 in February, suggesting abundant heavy 

metals originating from upstream locations, exclusively from discharge of industrial effluent in Baoan 

district, Shenzhen city. The relatively lower concentrations found at R7 compared with R6, 

particularly for Zn and Fe, may likely be attributed to dilution from the confluence of the Shima and 

Tonghu Rivers. A decreasing trend in metal concentrations from upstream to downstream was 

observed and may be attributed to the dilution of contaminants and deposition following adsorption of 

heavy metals onto suspended particles. 17, 37 Relatively lower metal concentrations were found in June 

and November (Table 2). Heavy metal concentrations in all water samples met the WHO and MEP 

standards for drinking-water quality, with the exception of Mn concentrations in November. Mn 

pollution remains an issue, as unsightly stains and a brown/black precipitate may result. 37 

Comparable total heavy metal concentrations were observed at site R11 (Humen District) in June and 

November, despite heavy rainfall in June. In combination with the increasing trend from R8 to R11, it 

may be concluded that heavy metal release occurred in urban areas, especially Humen town. The 

temporal-spatial variation in heavy metal distributions demonstrated combined impacts from domestic 

wastewater, industrial effluents and meteorological factors. 

3.1.2 Groundwater 
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    Heavy metal concentrations in groundwater along the river bank (GW1–GW5) ranged from 14.0 

to 800 μg·L–1 for Mn, n.d. to 91.3 μg·L–1 for Ni, n.d. to 196 μg·L–1 for Zn, n.d. to 36.0 μg·L–1 for Cu 

and n.d. to 686 μg·L–1 for Fe (Table 3). Metal concentrations (GW1–GW5) were comparable to or 

lower than those found in river water during the dry season (February) and may be attributable to an 

existing river water and groundwater hydraulic relationship along the river bank, allowing 

groundwater quality purification by the adsorption of heavy metals to soil particles. Mn 

concentrations in all groundwater samples (GW1–GW5) in February and November were higher than 

the value of 100 μg·L–1 recommended by the WHO 35 and MEP (Class I). 38 GW2 with a shallow 

groundwater depth of 108 cm displayed the highest concentrations of 64.0 μg·L–1 for Ni, 196 μg·L–1 

for Zn and 36.0 μg·L–1 for Cu in June (Table 3), suggesting more concentrated metal sources exist at 

the aquifer/soil interface. As shown in Table 4 and S2, soils with the highest heavy metal 

concentrations and organic matter content at this site (S3) had greater potential to release metals into 

the aquifer due to the water induction of the unsaturated zone resulting from river water-groundwater 

interaction, leading to desorption of heavy metals from soils associated with reductive dissolution of 

iron and manganese oxides. 39 

GW6 and GW7 were collected from wells with depths of 431–451 and 431–451 cm, 

respectively, in Humen town. Water quality in GW6 and GW7 is not likely to be affected by river 

water pollution because of their distance (100 m and 120 m) from the river channel, and hence 

weakened hydraulic relationships between groundwater and river water. The EC and pH of GW7 

were relatively stable compared to GW6 across the three seasons, as GW7 had a protective cover in 

place to ensure safe human consumption. The pH of waters from GW7 ranged from 4.86 to 5.40 

(Table 3), illustrating acidification of the local unconfined aquifer. One contributing factor is likely to 

be acid precipitation and infiltration into the aquifer; acid precipitation from 2007 to 2012 in 

Dongguan City with intensified acid precipitation in 2007 and 2008 has been recorded in the Report 

on the State of Guangdong Provincial Environment. 40 Another factor may be the impact of pyrite 

oxidation. Forced oxidation of FeS2 and FeS to H2SO4 under oxidizing conditions will generate H+ 

ions and lower the pH of groundwater, a result supported by research conducted in Shenzhen city 

(near Dongguang city). 41 Fe concentrations in GW7 ranged from 1870–2560 μg·L–1 in different 

periods, exceeding Class V water quality standards 38 and rendering this water no longer suitable for 

human consumption. The higher Fe concentrations found in the aquifer are consistent with the effects 

of pyrite oxidation. Fe and Mn concentrations were lower in June than in February or November in 

GW6 compared with the sealed well (GW7), as a result of strong dilution by precipitation. 

3.1.3 River water–groundwater interactions 

    River water and groundwater samples demonstrated similar concentrations of heavy metals 

during the dry season. Analysis of the hydraulic relationships between river water and groundwater 

was performed to understand the interaction process (Figure 2). A high correlation occurred in the 

hydraulic head time-series in river and groundwater, demonstrating a close hydraulic link between 

these two water bodies. Statistical time-series analysis yielded a significantly positive correlation 

(p<0.01) between water-level fluctuations in river water and groundwater, and strong linear 
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regressions between R2 and GW2 (R=0.828) and between R2 and GW3 (R=0.776) were identified. 

The response time of groundwater lagged behind the river water by 30–70 min and 60–100 min when 

the monitoring distance was extended from 0.5 to 1.5 m from the river channel, showing that 

hydraulic effect reduced with increasing distance from the river bank. 

The direction and velocity of water flow between river water and groundwater were controlled 

by the hydraulic gradient (Figure 3) and hydraulic conductivity of the aquifer at the river 

water-groundwater interface. A positive hydraulic gradient value (Period I and III) indicates that river 

water recharged into groundwater, and the reverse process (Period II and IV) occurred when the 

hydraulic gradient was negative, implying the possibility of water movement-driven heavy metal 

exchange between these two water bodies. However, metals would also accumulate by absorption 

(e.g., electrostatic force) and/or adsorption (e.g., deposition, precipitation and complexation) on soil 

particles once the metals accessed the soil porous medium. 8, 12 

3.2 Spatial distribution of soil heavy metals along the river bank 

3.2.1 Soil properties and heavy metal content along the river bank 

The soil properties (e.g., pH, EC, texture, organic matter and total P content) presented in Table 

S2 are key factors in controlling the spatial distribution of heavy metals. The EC and pH values of 

soils ranged from 4.98 to 131 ms·m-1 and from 6.14 to 7.46, respectively, with 69.2% of soil samples 

showing slight acidity. SOM (soil organic matter) and total P content were significantly higher 

(p<0.01) at midstream (S3, S4, S5 and S6) sites than at upstream or downstream sites along the river 

banks, likely as a result of fertilizer application at midstream sites where vegetation or crops have 

been cultivated over long periods. Soil particles with a diameter less than 63 μm were defined as the 

fine particle components (FPC) and were found in proportions ranging from 52.0–75.1 % with no 

significant differences among sampling sites. 

Table 4 summarizes the measured concentrations of heavy metals in different soil profiles. Mean 

heavy metal concentrations were in the range 2.50–19.0 mg·kg–1 for As, 2.80–11.2 mg·kg–1 for Cd, 

20.3—165 mg·kg–1 for Cr, 14.5–298 mg·kg–1 for Cu, 11.4–102 mg·kg–1 for Ni, 7.00–95.0 mg·kg–1 for 

Pb, 40.4–465 mg·kg–1 for Zn, 8.80×103–21.8×103 mg·kg–1 for Fe, and 62.2–430 mg·kg–1 for Mn. Cr, 

Ni, and Pb concentrations in all soil samples were close to or below soil quality thresholds (SQTs, 

Class II). 42 In contrast, Cd, Cu and Zn levels exceeded the standard values at some sites. Nearly all 

heavy metal concentrations exceeded the soil background value for Guangdong Province with the 

exception of Fe, confirming heavy metal pollution in soil along the river banks. As SQTs were not 

developed to assess the potential ecological effect of heavy metals, 43 sediment quality guidelines 

(SQGs) were applied to assess the ecological risks caused by heavy metals. SQGs include two 

thresholds: the threshold effect level (TEL), below which adverse effects on aquatic ecosystems are 

not expected to occur and the probable effect level (PEL), above which adverse effects are expected 

to be observed. 44 The mean concentration of As was lower than the TEL, while mean concentrations 

of Cr, Ni, Pb, and Zn were between the TEL and PEL (Table 4 and Figure 4). Notably, 85% of 

samples exceeded the PEL for Cd, indicating potential ecological risks in the soil environment.  

    To provide a detailed assessment of soil pollution in the Shima River catchment, heavy metal 
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concentrations in the study area were compared with those reported at other sites in China (Table 5). 

Soil As concentrations in Shima River catchment were comparable to those found in the Yangtze Delta, 

East China. 8 Similar mean values of Cr, Ni, and Pb were found in the Pearl River Delta as well as in 

other study areas (e.g. Liaoning province, Yangtze Delta and Yellow River).43,47,49 However, average 

concentrations of Cu and Zn were significantly higher than those measured at all other sites. The most 

severe heavy metal pollution was found in Wenling city, PRD  and Liaoning city  with 

concentrations of 317 mg·kg-1 for Cr, 934 mg·kg-1 for Cu, 208 mg·kg-1 for Pb, and 2368 mg·kg-1 for Zn. 
48,49 It is notable that the Cd concentration reported in the present study ranged from 2.00 to 11.2 

mg·kg-1 with a mean value of 5.84 mg·kg-1, 307-fold higher than that reported in the Yellow River area. 
43 The highest concentration of Cd (11.2 mg·kg-1) was comparable to that found in the Nanpan River 

(11.0 mg·kg-1) near an industrial district. 50 

3.2.2 Distribution of soil heavy metals   

As a whole, soil Cd, Cr, Cu, Ni, Pb, Zn, and Mn concentrations were higher at midstream sites 

than at upstream or downstream sites; this distributional pattern was similar to that of soil SOM and 

total P content (Table 4 and S2). Furthermore, significantly positive correlations among Cr, Cu, Ni, 

Pb, Zn and Mn concentrations and between SOM and total P content were identified (p<0.01) (Table 

6). It is well known that SOM may act as a major sink for heavy metals including Cd, Cr, Cu, Ni, Pb 

and Zn due to a strong complexing capacity for metallic contaminants, 13 and that phosphate can 

reduce Cu, Pb or Zn mobility by ionic exchange and promote the accumulation of heavy metals in soil. 
8 Soil As and Fe concentrations exhibited insignificant changes from upstream to downstream sites, 

and the former correlated with FPC (p<0.05), suggesting that fine particles may be a crucial factor in 

As distribution. 

Distinct reductions in Cu, Ni, Zn and Mn concentrations from profile S3 to S5, as shown in 

Figure 4, were associated with river water—groundwater interactions, probably a result of 

transportation of heavy metals by river water into groundwater resulting in accumulation at closer 

sites (e.g. S3). Simultaneously, the hydraulic effect decreased with increasing distance from the river 

channel (Figure 2), allowing fewer metals to move further from the site. It was notable that soil Cd, 

Cr, Ni, Cu and Zn concentrations increased at a depth of 120 cm below the ground at sites S1, S3, S4, 

and S6, emphasizing the hydraulic relationship between polluted river water and groundwater as the 

groundwater table ranged from 108 to 150 cm (Table 1). An additional factor may be that the highest 

SOM and total P contents were found at these sites, with SOM measured as 1.77%, 4.34%, 3.07%, 

and 2.41% and total P as 1.78%, 2.38%, 2.63%, and 2.25% in S1, S3, S4 and S6 respectively. 

Decreasing Cr, Cu, Ni and Zn concentrations from top to bottom soil layers were found at S4 and S5, 

resulting mainly from reduced SOM and total P content. 

3.2.3 Source identification of heavy metals 

The hierarchical cluster analysis of soil heavy metals revealed three major clusters (Figure 5). 

Cd, Fe, and Pb were clustered as C1, while Cr, Ni, Cu, Zn, and Mn clustered as C2, and As occurred 

independently in C3. Although C1 incorporated Cd, Fe, and Pb, these metals likely originated from 

different sources, because Cd concentrations were 21.3–117-fold higher than the background value 
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and showed insignificant differences across the study area, suggesting a non-point pollution source. 

The main source of soil Cd in Dongguan City is the application of agrochemicals (e.g., fertilizers and 

pesticides) in Dongguan city. 51 Mean concentrations of Pb (e.g., 60.0 and 60.8 mg·kg–1) exceeding 

the background value were higher at midstream sites (e.g. S5 and S6) near the roadside, and soil Pb 

generally stemmed from atmospheric deposition near roads with considerable traffic transportation or 

near factories. Thus the relative pollution approach for Pb in the PRD area proposed in previous 

studies was supported, 8, 51 implying that the source was likely terrestrial rather than polluted river 

water. For cluster C2, correlation analysis also showed a positive correlation (p<0.01) among Cr, Cu, 

Zn, Ni and Mn (Table 6), demonstrating an identical source. In addition, excess Pb, Cd, Zn, Cu, Ni, 

and Cr were recognized as typically anthropogenic as supported by Han, et al. 52and Rodriguez 

Martin et al. 53 Fe and As concentrations might be geogenic, as their concentrations are close to 

background values, although they belong to different clusters. Clustered heavy metals probably imply 

identical sources of statistical similarity; however, a more accurate source identification of soil heavy 

metals should take the corresponding background and other reference values into consideration. 

3.3 Potential risks of heavy metals in environmental media 

3.3.1 Acute toxicity of water samples on Vibrio fischeri  

LUMISTox® toxicity testing with Vibrio fischeri was employed to test the ecotoxicity of river 

water. A decreasing trend in the LIR of river water was consistent with that of heavy metal 

concentrations in February (Figure 6a and Table 2). The LIR of samples R1–R5, R9 and R10 

exceeded the value of 20% which was considered to represent slight acute toxicity, with the most 

toxic water sample identified at site R1 with a LIR of 38.4%. The LIR of river water was significantly 

higher (p<0.01) in February than in June or November, except at site R7 and R11. A comparable toxic 

effect was found at R11, with LIR values of 16.8%, 15.6% and 20.1% in February, June and 

November, respectively. The LIR values of all water samples were higher in November than in June 

except for in R10. Heavier rainfall in June was the main factor reducing both contamination and LIR 

on Vibrio fischeri. Ecotoxicity of river water roughly followed a decreasing trend in the order of 

February>November>June.  

No groundwater samples had significant toxicity on Vibrio fischeri over a 30-min exposure 

(Figure 6b), as relatively lower concentrations of heavy metals were observed. The LIR of 

groundwater samples was lower than 20 %; however, Hsieh et al. 54 found that the lowest observable 

effect concentration of Cu and Zn to Vibrio fischeri ranged from 6.78–13.6 μg·L–1 and 10.0–80.4 

μg·L–1, respectively, after a 22-h incubation period. Cu and Zn could apparently exhibit chronic toxic 

effects to Vibrio fischeri even at low levels in groundwater samples (Table 3).  

3.3.2 Preliminary identification of toxins in water samples  

A significantly positive correlation (p<0.01) between the sum of heavy metal concentrations and 

LIR was identified for all water samples during the three periods (Figure 7), demonstrating an 

increase in LIR as metal concentrations increased. The EC50 of heavy metals to Vibrio fischeri have 

been reported to be 7440–8640 μg·L–1 for Mn, 22900 μg·L–1 for Fe, 104–576 μg·L–1 for Cu, 420–858 

μg·L–1 for Zn and 1600–3640 μg·L–1 for Ni.55-58 Sample R1 exhibited the most toxic effect to Vibrio 
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fischeri having the highest concentration of Zn (494 μg·L–1) and Cu (49.0 μg·L–1) close to the ranges 

of the corresponding EC50 values, while Ni, Mn and Fe concentrations were significantly lower than 

the corresponding EC50 values. EC20 values of R1, R3, R4 and R5 decreased from 61.3%, 62.3%, 

65.4% and 58.7% to 54.9%, 51.1%, 46.0% and 54.2%, respectively, for 15- and 30-min exposures 

(Table S3), suggesting that R1, R3, R4 and R5 would not exhibit acute toxicity once diluted 1.82-, 

1.96-, 2.17- and 1.85-fold, respectively, after a 30-min exposure. This decreasing trend in EC20 was 

consistent with the toxic mechanism of heavy metals found by Petala et al. 59 It could therefore be 

concluded that Zn and Cu significantly contributed to ecotoxicity. River water (except R1, R3 and 

R11 in November) did not exhibit significant toxicity to Vibrio fischeri associated with the relatively 

lower concentrations of heavy metals in June and November. Slight acute toxicity of R1, R3 and R11 

was partially attributed to interactive effects among different heavy metals. Tsiridis et al. 26 reported 

that interactive effects among Zn, Cu and Pb on Vibrio fischeri were synergistic even at low 

concentration combinations. The accurate identification of toxins requires further study as other 

explanations for toxic effects on Vibrio fischeri include undetected chemicals (e.g., PAHs, PCBs and 

DDT etc.), especially endocrine-disrupting chemicals, which have been found at elevated levels in the 

Shima River.60 

3.3.3 Potential ecological risk of heavy metals in soil along the river bank 

    A potential ecological risk index was constructed in Håkanson 22 to determine the potential 

ecological risk posed by hazardous substances.49 The calculated potential ecological risk of individual 

metals is summarized in Table S4. Based on the mean Ei
r of metals, the contamination caused by 

heavy metals decreased in the order: Cd>Cu>Ni>As>Pb>Zn>Cr. The Ei
r of Cd ranged from 894 to 

3550, indicating a very high risk to the soil ecosystem, while Cu exhibited low or considerable risk; 

low risk was also presented by other metals. To quantify the overall potential ecological risk of heavy 

metals in soil, RI values are presented in Figure 8. Mean values at eight sites ranged from 1791 to 

2293, suggesting that all soil samples in the study area pose a high level of ecological risk. It is 

notable that Cd contributed significantly (95.5%–98.9%) to the potential ecological risk index. 

According to other reports, 23, 49, 61 Cd is a hazardous element and contributes significantly to 

ecological toxicity. The similar result obtained in the present study highlights the potential ecological 

risk caused by Cd.  

Conclusions 

    Industrialization, urbanization and human activities have significantly impacted water and soils 

in the Shima River catchment area. Severely polluted river water exhibiting high concentrations of 

heavy metals in the dry season has led to groundwater contamination and imposed significant threats 

on the drinking water resource area.  

Observations of the interactions between river water and groundwater in June revealed heavy 

metal exchanges between the two water bodies. The long term of exchange of heavy metals has 

resulted in soil pollution along the river bank. In contrast, the polluted aquifer acts as a pollution 

source, triggering secondary river water pollution during interactions under conditions of heavy 

precipitation. Soil Cu, Zn, Ni and Mn originated mainly from polluted river water, and the 
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concentrations of these metals decreased with increasing distance from the river bank. Pb presented 

an exception to this trend, and concentrations were varied based on a land-source origin rather than 

river water.  

An ecotoxicity assessment concluded that water samples collected from some monitoring 

sections exerted slight acute toxicity to Vibrio fischeri in the dry and wet seasons, with Cu and Zn 

significantly contributing to ecotoxicity, and groundwater samples exhibiting no acute toxicity. 

According to the potential ecological risk index, high risk was identified at sites S3, S4, S5, and S6 

with the highest contribution from Cd (95.5%–98.9%), strongly suggesting these soils were no longer 

suitable for agricultural production, and that soil remediation should be implemented immediately. 

Protection of water and soil resources necessitates agrochemical application control, reduction of 

industrial wastewater discharge into rivers and the establishment of additional sewage plants in the 

study area. 

Acknowledgements  

    Thanks are given to Ms. Xueyun Yang and Dr. Lichun Xie of Sun Yat-Sen University for their technical 

assistance and help. This work was financially supported by the National Natural Science Foundation 

(41371055), Scientific and Technological Project of Guangzhou Water Authority (0835-1501224N0781), 

Experimental Station for physical geography in the coastal basin of Sun Yat-Sen University and International 

Program of Project 985, Sun Yat-Sen University. 

References 
1. B. Chen, J. C. Duan, B. X. Mai, X. J. Luo, Q. S. Yang, G. Y. Sheng and J. M. Fu, Chemosphere, 2006, 63, 

652-661. 
2. S. C. Wong, X. D. Li, G. Zhang, S. H. Qi and Y. S. Min, Environmental Pollution, 2002, 119, 33-44. 
3. D. Huang, J. Xu and S. Zhang, Environmental Science & Policy, 2012, 15, 38-47. 
4. X. R. Bai JH, Cui BS, Zhang KJ, Wang QG, Liu XH, et al, Environmental Pollution, 2011, 159, 817-824. 
5. L. Y. Hong, H. S. Hong, W. Q. Chen, X. H. Wang and L. P. Zhang, Journal of Environmental Science, 2003, 

15, 116-122. 
6. C. Luo, R. Yang, Y. Wang, J. Li, G. Zhang and X. Li, The Science of the total environment, 2012, 431, 26-32. 
7. N. F. Y. Tam and Y. S. Wong, Environmental Pollution, 2000, 110, 195-205. 
8. J. Bai, R. Xiao, B. Cui, K. Zhang, Q. Wang, X. Liu, H. Gao and L. Huang, Environ Pollut, 2011, 159, 817-824. 
9. S. Crévecoeur, V. Debacker, C. Joaquim-Justo, S. Gobert, M. L. Scippo, W. Dejonghe, P. Martin and J. P. 

Thome, Environ Pollut, 2011, 159, 2461-2466. 
10. H. El Khalil, O. El Hamiani, G. Bitton, N. Ouazzani and A. Boularbah, Environmental monitoring and 

assessment, 2008, 136, 147-160. 
11. T. Baumann, P. Fruhstorfer, T. Klein and R. Niessner, Water research, 2006, 40, 2776-2786. 
12. G. Bin, X. Cao, Y. Dong, Y. Luo and L. Q. Ma, Critical Reviews in Environmental Science and Technology, 

2011, 41, 336-372. 
13. G. D. Laing, J. Rinklebe, B. Vandecasteele, E. Meers and F. M. G. Tack, Science of the Total Environment, 

2009, 407, 3972-3985. 
14. A. P. Schwab, D. S. Zhu and M. K. Banks, Chemosphere, 2008, 72, 986-994. 
15. K. C. Cheung, B. H. T. Poon, C. Y. Lan and M. H. Wong, Chemosphere, 2003, 52, 1431-1440. 
16. R. Rez and G. Singh, International Journal of Environmental Science and Technology, 2010, 7, 785-792. 
17. M. Varol and B. Şen, Catena, 2012, 92, 1-10. 
18. Q. Zhang, X. Shi, B. Huang, D. Yu, I. Öborn, K. Blombäck, H. Wang, T. F. Pagella and F. L. Sinclair, Catena, 

2007, 69, 57-64. 
19. F. Winde and I. Jacobus van der Walt, Journal of Hydrology, 2004, 287, 178-196. 
20. A. Coynel, J. Schafer, A. Dabrin, N. Girardot and G. Blanc, Water research, 2007, 41, 3420-3428. 
21. G. Liu, Y. Yu, J. Hou, W. Xue, X. Liu, Y. Liu, W. Wang, A. Alsaedi, T. Hayat and Z. Liu, Ecological 

Indicators, 2014, 47, 210-218. 
22. L. Håkanson, Water research, 1980, 14, 975-1001. 
23. S. Islam, K. Ahmed, M. Habibullah Al and S. Masunaga, The Science of the total environment, 2015, 512-513, 

94-102. 
24. R. Mirzaei, H. Ghorbani, N. Hafezi Moghaddas and J. A. R. Martín, Journal of Geochemical Exploration, 

2014, 147, 268-276. 

Page 13 of 20 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 E

nv
ir

on
m

en
ta

lS
ci

en
ce

:P
ro

ce
ss

es
&

Im
pa

ct
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

13 
 

25. J. Zha and Z. Wang, The Science of the total environment, 2006, 357, 112-119. 
26. V. Tsiridis, M. Petala, P. Samaras, S. Hadjispyrou, G. Sakellaropoulos and A. Kungolos, Ecotoxicology and 

environmental safety, 2006, 63, 158-167. 
27. D. W. Nelson and L. E. Sommers, American Society of Agronomy, Wisconsin, 1982. 
28. S. D. Bao, China Agricultural Press, 2007, 70-76. 
29. International Organization for Standardization (ISO). Soil quality—Extraction of trace elements soluble in 

aqua regia (ISO 11466). 1995. 
30. C. Kyungho and M. Peter G, Environmental Toxicology, 16, 136-141. 
31. International Organization for Standardization (ISO). Water Quality– Determination of the Inhibitory Effect of 

Water Samples on the Light Emission of Vibrio fischeri(Luminescent bacteria test)(ISO 11348). 1999. 
32. G. Libralato, V. G. Annamaria and A. Francesco, Ecotoxicology and environmental safety, 2010, 73, 

1602-1611. 
33. H. Darcy, Dalmont, Paris., 1856. 
34. Ministry of Environmental Protection of the People`s Republic of China (MEP). Environmental quality 

standards for surface water. 2002. http://datacenter.mep.gov.cn/trs/query.action. 
35. World Health Organiztion (WHO). Guidelines for drinking-water quality (Forth edition). 2011. 

http://whqlibdoc.who.int/publications/2011/9789241548151_eng.pdf?ua=1. 
36. Canadian Council of Ministrers of the Environment. Canadian water quality guidelins (CCME). 2007. 

http://www.ccme.ca/assets/pdf/imid- acloprid_ssd_1388.pdf.  
37. B. Koukal, J. Dominik, D. Vignati, P. Arpagaus, S. Santiago, B. Ouddane and L. Benaabidate, Environmental 

Pollution, 2004, 131, 163-172. 
38. Ministry of Environmental Protection of the People`s Republic of China (MEP). Quality standard for  ground 

water. 1993. 
39. M. Mukwaturi and C. Lin, Journal of hazardous materials, 2015, 285, 445-452. 
40. Department of Environmental Protection of Guangdong Province(GPEMC). Report on the State of Guangdong 

Provincial Environment. Guangzhou, 2007-2012. 
41. K. Chen and J. J. Jiao, Environ Pollut, 2008, 151, 576-584. 
42. Ministry of Environmental Protection of the People`s Republic of China (MEP). Environmental quality 

standard for soils. 1995. 
43. P. Li, H. Qian, K. W. F. Howard and J. Wu, Environmental Earth Sciences, 2014, 73, 3403-3415. 
44. D. D. MacDonald, Florida Department of Environmental Protection Office of Water Policy, 1994. 

(http://www.floridadep.org/waste/quicktopics/publications/documents/sediment/volume2.pdf) 
45. E. Esen, F. Kucuksezgin and E. Uluturhan, Environmental monitoring and assessment, 2010, 160, 257-266. 
46. X. S. Wang, Journal of Applied Geophysics, 2013, 98, 73-78. 
47. X. Xu, Y. Zhao, X. Zhao, Y. Wang and W. Deng, Ecotoxicology and environmental safety, 2014, 108, 

161-167. 
48. W. Li, B. Xu, Q. Song, X. Liu, J. Xu and P. C. Brookes, The Science of the total environment, 2014, 472, 

407-420. 
49. X. Qing, Z. Yutong and L. Shenggao, Ecotoxicology and environmental safety, 2015, 120, 377-385. 
50. S. Yang, D. Zhou, H. Yu, R. Wei and B. Pan, Environ Pollut, 2013, 177, 64-70. 
51. L. M. Cai, J. Ma, Y. Z. Zhou, L. C. Huang, L. Dou, C. B. Zhang and S. M. Fu, Environmental Science 2008, 

29, 3498-3502 (in Chinese). 
52. D. P. Han YM, Cao JJ, Posmentier ES, Science of the Total Environment, 2006, 355, 176-186. 
53. J. A. Rodriguez Martin, M. L. Arias and J. M. Grau Corbi, Environ Pollut, 2006, 144, 1001-1012. 
54. C. Y. Hsieh, M. H. Tsai, D. K. Ryan and O. C. Pancorbo, The Science of the total environment, 2004, 320, 

37-50. 
55. F. Abbondanzi., A. Cachada., T. Campisi., R. Guerra., M. Raccagni. and A. Iacondini., Chemosphere, 2003, 

53, 889-897. 
56. W. L. Kudlak B, Namieśnik J, Environmental monitoring and assessment, 2011, 174, 509-516. 
57. J. T. McCloskey, M. C. Newman and S. B. Clark, Environmental Toxicology and Chemistry, 1996, 15, 

1730-1737. 
58. M. C. Newman and J. T. McCloskey, Environmental Toxicity and Chemistry, 1996, 15, 275-281. 
59. M. Petala, V. Tsiridis, S. Kyriazis, P. Samaras, A. Kungolos and G. P. Sakellaropoulos, Proceedings of the 9th 

International Conference on Environmental Science and Technology, 2005, 1200-1205. 
60.C. Y. Tang, J. Y. Chen and Y. Z. Zhang, Fresenius Environmental Bulletin, 2012, 21, 3911-3919. 
61.D. Hou, J. He, C. Lu, L. Ren, Q. Fan, J. Wang and Z. Xie, Ecotoxicology and environmental safety, 2013, 93, 

135-144. 
 

Page 14 of 20Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 E

nv
ir

on
m

en
ta

lS
ci

en
ce

:P
ro

ce
ss

es
&

Im
pa

ct
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 
Fig. 1 Sampling sites and distribution of stream net in the study area. 

 

 

Fig. 2 Delay of groundwater response to river flow fluctuation in Shima river catchment.  

 

 

Fig. 3 Hydraulic gradient between river water and groundwater (GW2). 
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Fig. 4 Vertical distribution of heavy metals in five soil profiles (black dotted line shows the threshold effect level, 

TEL; red long dash line shows the probable effect level, PEL). 

 

Fig. 5 Dendrogram of heavy metals in soil samples along the river bank. 
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Fig. 6 LIR of water samples after a 30-min exposure in February, June and November (a, Temporal-spatial 

variation of LIR of river water samples; b, Temporal-spatial variation of LIR of groundwater samples; c, LIR 

exhibited significant differences at p<0.01 in the order February>November>June; d, LIR exhibited significant 

differences at p<0.01 in the order February>November and June, with no significant differences observed 

between November and June; e, LIR exhibited significant differences at p<0.01 in the order November>June, and 

no significant difference was observed between February and June; f, No significant difference was observed at 

p<0.01; CDE, significant differences of LIR in groundwater among different investigational periods at p<0.01). 
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Fig. 7 Fitting relationship between LIR and sum of heavy metal concentrations (LIR, luminescent inhibition 

rate, %;). 

 
Fig. 8 Potential ecological risk of individual heavy metal and RI of soil profiles. 
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Table 1 Information on groundwater and soil sampling sites 

Site 
Distance from 
river bank (m) 

Groundwater 
site

a
 

Well depth 
(cm) 

Water depth 
(cm) 

Soil sampling site and depth 
(cm) 

Land-use 

R1 
1.5 GW1

b
 150 112–150 S1(30, 60, 90, 120 and 150) Uncultivated 

land 6 —
d
 — — S2(30, 50,70, 90, 120 and 150) 

R2 

0.5 GW2
 b
 175 108–128 S3(30, 60, 90 and 120) 

Farm land 1.5 GW3
 b
 150 130–150 S4(30, 60, 90, 120 and 150) 

10 — — — S5(30, 60, 90, 120 and 150) 

R3 5 — — — S6(30, 60, 90, 120 and 150) Farm land 

R7 
0.5 GW4

 b
 150 118–138 S7(30, 60, 90 and 120) 

Forest land 
1.5 GW5

 b
 160 120–150 S8(30, 60, 90, 120 and 150) 

R11 
100 GW6

 c
 1705 431–451 — 

Resident area 
120 GW7

 c
 1449 422–457 — 

a
 unconfined aquifer, 

b
 newly built piezometer, 

c
 Domestic well, 

d
 data were unavailable 

 

Table 2 Physicochemical parameters of river water samples 

Site pH 
T EC DO  As Cd Cr Pb Mn Ni Zn Cu Fe 

℃ m·s
–1

 mg·L
–1

  µg·L
–1

 

 February 

R1 7.46 21.0 73.3 1.12  n.d. n.d. n.d. n.d. 748 151 494 49.0 9860 

R2 7.26 19.1 31.3 5.60  n.d. n.d. n.d. n.d. 84.0 30.0 85.0 18.0 6550 

R3 7.48 22.4 61.2 2.50  n.d. n.d. n.d. n.d. 420 52.0 116 25.0 2390 
R4 7.37 21.9 59.1 2.48  n.d. n.d. n.d. n.d. 749 61.0 119 28.0 5050 

R5 7.35 22.1 57.8 1.55  n.d. n.d. n.d. n.d. 443 80.0 104 24.0 2700 
R6 7.15 21.1 57.2 0.34  n.d. n.d. n.d. n.d. 436 130 247 93.0 1480 
R7 7.24 18.4 55.9 1.08  n.d. n.d. n.d. n.d. 394 95.0 88.0 39.0 1120 

R8 7.33 17.2 55.3 1.81  n.d. n.d. n.d. n.d. 315 71.0 94.0 39.0 2000 

R9 7.41 18.7 53.3 4.60  n.d. n.d. n.d. n.d. 298 72.0 113 n.d. 1100 
R10 7.26 19.2 47.9 1.43  n.d. n.d. n.d. n.d. 257 46.0 54.0 n.d. 1040 

R11 7.21 20.1 51.9 3.48  n.d. n.d. n.d. n.d. 236 42.0 120 n.d. 922 

Mean 7.32 20.1 54.9 2.36  n.a. n.a. n.a. n.a. 398 75.5 149 39.4 3110 
Max 7.48 22.4 73.3 5.60  n.a. n.a. n.a. n.a. 749 151 494 93.0 9860 

Min 7.15 17.2 31.3 0.34  n.a. n.a. n.a. n.a. 84.0 30.0 54.0 18.0 922 
S.D. 0.11 1.71 10.1 1.61  n.a. n.a. n.a. n.a. 203 37.3 124 23.9 2880 

C.V. (%) 1.48 9.97 32.4 473  n.a. n.a. n.a. n.a. 241 124 230 133 312 

 June 

R1 7.54 27.7 21.1 5.31  n.d. n.d. n.d. n.d. n.d. n.d. 12.0 n.d. 10.0 

R2 7.48 27.0 50.3 5.75  n.d. n.d. n.d. n.d. 24.0 22.0 24.0 n.d. 8.00 

R3 7.41 27.2 26.1 5.58  n.d. n.d. n.d. n.d. n.d. n.d. 24.0 n.d. n.d. 
R4 7.30 27.5 32.5 5.05  n.d. n.d. n.d. n.d. n.d. 13.0 21.0 n.d. n.d. 

R5 7.33 29.4 35.2 3.60  n.d. n.d. n.d. n.d. 36.0 14.0 34.0 n.d. n.d. 

R6 7.23 28.3 28.3 3.41  n.d. n.d. n.d. n.d. n.d. 21.0 14.0 n.d. n.d. 
R7 6.29 28.6 22.1 3.29  n.d. n.d. n.d. n.d. 12 22.0 22.0 n.d. 8.00 
R8 6.93 27.9 23.5 2.46  n.d. n.d. n.d. n.d. 13 15.0 11.0 n.d. 8.00 

R9 7.10 28.1 28.8 1.88  n.d. n.d. n.d. n.d. 125 14.0 16.0 n.d. 7.00 
R10 7.03 28.2 26.8 2.14  n.d. n.d. n.d. n.d. 126 13.0 14.0 n.d. 6.00 

R11 7.29 27.6 34.0 2.05  n.d. n.d. n.d. n.d. 160 n.d. 10.0 n.d. 10.0 

Mean 7.18 28.0 29.9 3.68  n.a. n.a. n.a. n.a. 70.9 16.8 18.36 n.a. 8.14 

Max 7.54 29.4 50.3 5.75  n.a. n.a. n.a. n.a. 160 22.0 34.0 n.a. 10.0 

Min 6.29 27.0 21.1 1.88  n.a. n.a. n.a. n.a. 12.0 13.0 10.0 n.a. 6.00 

S.D. 0.35 0.68 8.22 1.50  n.a. n.a. n.a. n.a. 63.4 4.13 7.32 n.a. 1.46 
C.V. (%) 5.52 2.51 38.9 79.6  n.a. n.a. n.a. n.a. 529 31.8 73.3 n.a. 24.4 

 November 

R1 7.23 27.1 59.5 3.68  n.d. n.d. n.d. n.d. 127 58.0 21.0 n.d. 14.0 
R2 7.4 26.4 56.9 1.41  n.d. n.d. n.d. n.d. 268 55.0 13.0 n.d. 35.0 

R3 7.04 24.4 52.5 2.04  n.d. n.d. n.d. n.d. 168 51.0 12.0 n.d. 24.0 
R4 7.12 23.9 55.2 3.02  n.d. n.d. n.d. n.d. 146 40.0 12.0 n.d. 24.0 

R5 7.11 23.5 51.9 4.54  n.d. n.d. n.d. n.d. 239 45.0 16.0 n.d. 21.0 

R6 7.07 24.1 49.8 4.03  n.d. n.d. n.d. n.d. 303 42.0 11.0 n.d. 14.0 
R7 7.04 23.9 23.8 4.15  n.d. n.d. n.d. n.d. 322 42.0 10.0 n.d. 13.0 

R8 7.35 23.5 45.9 3.38  n.d. n.d. n.d. n.d. 199 43.0 15.0 n.d. 17.0 

R9 7.37 23.5 45.9 4.03  n.d. n.d. n.d. n.d. 183 41.0 9.00 n.d. 11.0 
R10 7.23 23.5 44.5 3.03  n.d. n.d. n.d. n.d. 196 42.0 7.00 n.d. 15.0 

R11 7.20 23.7 48.2 2.18  n.d. n.d. n.d. n.d. 177 28.0 10.0 n.d. 16.0 

Mean 7.20 24.3 48.6 3.23  n.a. n.a. n.a. n.a. 212 44.3 12.4 n.a. 18.6 

Max 7.40 27.1 59.5 4.54  n.a. n.a. n.a. n.a. 322 58.0 21.0 n.a. 35.0 

Min 7.04 23.5 23.8 1.41  n.a. n.a. n.a. n.a. 127 28.0 7.00 n.a. 11.0 
S.D. 0.13 1.25 9.52 1.00  n.a. n.a. n.a. n.a. 63.4 8.13 3.85 n.a. 6.98 

C.V. (%) 1.88 5.30 40.0 70.9  n.a. n.a. n.a. n.a. 50.0 29.0 55.1 n.a. 63.4 

WHO
a
 6.5-8.5 n.i. n.i. n.i.  10 3 50 10 100 70 3000 1000 - 

MEPC
b 

6-9 n.i. n.i. 6  50 1 10 10 100 n.i. 50 10 300 

MEPC
c
 6-9 n.i. n.i. 2  100 10 100 100 n.i. n.i. 2000 1000 n.i. 

n.d.- not dected; n.i.-not issued; n.a.-not available; S.D. – standard deviation; C.V. – coefficient of variation. 

a- Drinking water quality guideline of World Health Organization (WHO), 2011;  
b and c- Environmental quality standard (Class I and V) for surface water of China, 2002; 
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Table 3 Physicochemical parameters of groundwater samples 

Site pH 
T  EC  DO   As Cd Cr Pb Mn Ni Zn Cu Fe 

℃ m·s
–1

 mg·L
–1

  µg·L
–1

 

 February 

GW1 7.26 20.3 51.6 1.98  n.d. n.d. n.d. n.d. 159 27.0 13.3 n.d 363 

GW2 7.08 18.9 92.2 3.12  n.d. n.d. n.d. n.d. 202 51.9 38.0 n.d 615 

GW3 6.91 18.6 50.7 2.86  n.d. n.d. n.d. n.d. 295 91.3 62.7 21.0 686 
GW4 6.80 18.3 50.8 2.06  n.d. n.d. n.d. n.d. 800 67.0 41.1 n.d 102 

GW5 7.34 19.0 54.8 3.36  n.d. n.d. n.d. n.d. 378 69.0 35.2 n.d 298 

GW6 5.07 20.4 60.3 5.68  n.d. n.d. n.d. n.d. 531 27.0 71.0 n.d 174 
GW7 5.19 19.9 16.57 5.39  n.d. n.d. n.d. n.d. 510 22.0 161 20.0 2560 

Mean 6.52 19.3 53.9 3.49  n.a. n.a. n.a. n.a. 411 50.7 60.3 20.5 685 

Max 7.34 20.4 92.2 5.68  n.a. n.a. n.a. n.a. 800 91.3 161 21.0 2560 
Min 5.07 18.3 16.6 1.98  n.a. n.a. n.a. n.a. 159 22.0 13.3 20.0 102 

S.D. 0.97 0.85 22.1 1.49  n.a. n.a. n.a. n.a. 223 26.5 48.3 0.71 854 

C.V.(%) 19.1 4.62 133 75.1  n.a. n.a. n.a. n.a. 140 120 363 3.54 837 

 June 

GW1 6.75 27.6 76.0 3.67  n.d. n.d. n.d. n.d. 28.0 27.0 n.d. n.d. 20.0 

GW2 7.21 28.3 55.4 2.94  n.d. n.d. n.d. n.d. 42.0 64.0 196 36.0 n.d. 

GW3 7.16 27.9 70.5 3.06  n.d. n.d. n.d. n.d. 14.0 18.0 37.0 10.0 n.d. 
GW4 6.67 28.7 29.1 2.40  n.d. n.d. n.d. n.d. 68.0 16.0 19.0 n.d. 6.00 
GW5 6.29 28.3 22.1 2.13  n.d. n.d. n.d. n.d. 50.0 24.0 34.0 n.d. 16.0 

GW6 7.25 27.1 17.0 6.56  n.d. n.d. n.d. n.d. 17.0 n.d. 8.00 n.d. 56.0 

GW7 5.40 24.7 14.6 4.57  n.d. n.d. n.d. n.d. 522 14.0 55.0 n.d. 1870 

Mean 6.68 27.5 40.7 3.62  n.a. n.a. n.a. n.a. 106 27.2 58.2 23.0 394 

Max 7.25 28.7 76.0 6.56  n.a. n.a. n.a. n.a. 522 64.0 196 36.0 1870 
Min 5.40 24.7 14.6 2.13  n.a. n.a. n.a. n.a. 14.0 14.0 8.00 10.0 6.00 

S.D. 0.66 1.35 26.1 1.53  n.a. n.a. n.a. n.a. 184 18.7 69.4 18.4 826 

C.V.(%) 12.3 5.45 178 71.8  n.a. n.a. n.a. n.a. 1318 134 868 184 13800 

 November 

GW1 6.46 28.6 66.7 6.99  n.d. n.d. n.d. n.d. 206 n.d. 14.0 n.d. n.d. 
GW2 7.90 26.0 60.2 3.80  n.d. n.d. n.d. n.d. 124 45.0 9.00 n.d. 208 

GW3 7.60 25.6 49.0 2.59  n.d. n.d. n.d. n.d. 168 n.d. 37.0 n.d. 113 
GW4 7.61 25.2 30.7 6.80  n.d. n.d. n.d. n.d. 200 43.0 29.0 n.d. 19.0 
GW5 7.28 24.9 28.7 2.60  n.d. n.d. n.d. n.d. 207 55.0 62.0 n.d. n.d. 

GW6 6.45 24.3 35.4 4.95  n.d. n.d. n.d. n.d. 100 n.d. 11.0 n.d. 101 

GW7 4.86 24.3 18.7 4.71  n.d. n.d. n.d. n.d. 620 20.0 63.0 n.d. 1970 

Mean 6.88 25.6 41.4 4.63  n.a. n.a. n.a. n.a. 232 40.8 32.1 n.a. 482 

Max 7.90 28.6 66.7 6.99  n.a. n.a. n.a. n.a. 620 55.0 63.0 n.a. 1970 

Min 4.86 24.3 18.7 2.59  n.a. n.a. n.a. n.a. 100 20.0 9.0 n.a. 19.0 
S.D. 1.06 1.48 17.7 1.80  n.a. n.a. n.a. n.a. 176 14.8 23.1 n.a. 834 

C.V.(%) 21.7 6.10 94.6 69.4  n.a. n.a. n.a. n.a. 176 74.0 256 n.a. 4390 

WHO
a
 6.5-8.5 n.i. n.i. n.i.  10 3 50 10 100 70.0 100 2000 300 

MEP
b
 6-9 n.i n.i n.i  5 0.1 5 5 50 5 50.0 10.0 100 

MEP
c
 <5.5 or >9 n.i n.i n.i  50 10 100 100 1000 100 5000 1500 1500 

n.d.- not dected; n.i.-not issued; n.a.-not available; S.D. – standard deviation; C.V. – coefficient of variation. 
a- Drinking water quality guideline of World Health Organization (WHO), 2011; 
b and c- Quality standard for groundwater (Class I and V) of China, 1993; 

 

Table 4 Statistical summary of heavy metal concentrations in different soil profiles along Shima River, background, 

TEL, and PEL values (mg·kg–1) 

Site As Cd Cr Cu Ni Pb Zn Fe (·10
3
) Mn 

S1(n=5) 
7.30a 

2.50–11.0 
5.60a 

4.20–6.80 
65.0a 

34.8–131 
76.0ab 

14.5–148 
31.3a 

14.4–47.2 
15.2A 

10.0–20.0 
197.8AB 
68.8–343 

14.5a 
12.7–17.2 

223ab 
108–301 

S2(n=6) 
4.90a 

2.50–9.00 
6.70a 

2.80–11.2 
48.4a 

34.1–56.1 
17.6a 

9.7–48.6 
23.4a 

13.7–39.3 
35.7AB 

3.00–95.0 
93.1A 

47.9–211 
15.3a 

8.80–21.8 
157a 

62.2–323 

S3(n=4) 
8.50a 

8.00–9.00 

6.03a 

5.50–7.10 

88.2a 

77.9–99.4 

172cd 

135–190 

57.4b 

48.2–65.5 

53.3AB 

44.0–64.0 

423C 

349–457 

15.0a 

14.1–16.4 

369c 

312–430 

S4(n=5) 
8.00a 

7.00–10.00 

5.40a 

4.60–6.40 

56.9a 

28.1–80.5 

114.8bc 

84.7–166 

37.5ab 

32.6–41.1 

36.8AB 

16.0–59.0 

279BC 

230–344 

14.4a 

12.8–15.7 

296bc 

235–330 

S5(n=5) 
6.80a 

5.00–9.00 
5.80a 

4.00–6.90 
53.0a 

20.3–83.1 
77.3ab 

22.2–99.2 
30.7a 

11.4–40.9 
60.0B 

45.0–74.0 
206AB 

40.4–295 
15.1a 

12.8–16.8 
318ab 

201–409 

S6(n=5) 
8.80a 

6.00–12.0 

6.90a 

4.40–7.90 

71.3a 

38.2–85.8 

212d 

96.6–298 

47.8ab 

26.5–62.0 

60.8B 

38.0–73.0 

331BC 

177–465 

15.6a 

12.7–17.2 

343b 

250–383 

S7(n=4) 
11.8a 

10.0–14.0 

5.55a 

4.10–6.80 

70.5a 

35.5–165 

59.6ab 

19.0–144.2 

47.4ab 

19.1–102 

40.8AB 

17.0–66.0 

119A 

65.9–259 

15.2a 

12.8–17.5 

284bc 

194–322 

S8(n=5) 
12.8a 

9.00–19.0 
4.60a 

3.40–6.40 
45.9a 

25.5–105 
42.9a 

16.8–99.9 
36.0ab 

13.9–69.7 
16.8A 

7.00–35.0 
101A 

54.6–210 
13.3a 

11.6–15.6 
292bc 

245–340 
SQTs

a
 25.0 0.30 300 100 50.0 300 250 — — 

BVs
b
 13.52 0.094 56.53 17.65 17.8 35.87 49.71 24.2 279 

TEL
c
 7.24 0.68 52.3 18.7 15.9 30.2 124 — — 

PEL
d
 41.6 4.21 160 108 42.8 112 271 — — 

Data expression: mean (minimum–maximum);  

abc exhibited significant differences at p<0.05;  

ABC exhibited significant differences at p<0.01;  

a- Environmental quality standard for soil of China (6.5<pH<7.5), 1995;  

b- Environmental background value for soil of Guangdong province, 1990;  

c,d- (MacDonald, 1994; Esen et al., 2010) 
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Table 5 Comparison of heavy metal concentrations in soil between the Shima River catchment and other sites in 

China. Concentrations are reported in mg·kg-1 for all heavy metals 

Region As Cd Cr Cu Ni Pb Zn Reference 

Shima River, South 
China 

8.44
a
 

2.50–19.0
b
 

5.84 
2.00–11.2 

61.2 
20.3–165 

93.5 
9.70–298 

37.9 
11.4–102 

39.44 
3.00–95.0 

213 
40.4–465 

Present 
study 

Wanqingsha, Pearl 

River Estuary 
N.A. 1.18–2.43 91.4–125 47.4–321 41.2–61.6 32.2–51.3 127–240 8 

Pearl River Delta, 

South China 
N.A. 

0.58 

n.d. –1.47 

71.4 

14.8–317 

33.0 

4.10–189 

21.2 

3.08–62.5 

40.0 

10.1–180 

84.7 

11.1–284 
2 

Xuzhou city, East 

China 
N.A. 

0.71 

0.53–1.19 
N.A. 

68.0 

56.0–110 
N.A. 

55.0 

43.0–67.0 

209 

165–338 
46 

Yangtze Delta, 

East China 

8.55 

4.07–12.5 

0.221 

0.078–1.26 

87.8 

55.7–125 

32.4 

16.6–61.7 

36.4 

23.2–51.0 

33.9 

16.6–49.4 

94.9 

53.8–188 
47 

Wenling, 
East China 

N.A. 
0.316 

0.080–5.29 
N.A. 

47.3 
13.7–934 

31.7 
5.93–165 

N.A. 
131 

68.7–650 
48 

Liaoning,  
Northeast China 

N.A. 
0.86 

0.27–1.87 
69.9 

22.9–155 
52.3 

11.0–514 
33.5 

13.5–49.6 
45.1 

14.6–208 
213 

38.1–2368 
49 

Yellow River, 

Northwest China 
N.A. 

0.019 

0.011–0.037 

74.4 

66.1–89.5 

1.72 

1.25–2.39 

26.0 

23.8–27.8 

17.8 

13.9–21.9 

53.1 

37.2–72.0 
43 

Nanpan River, 
Southwest China 

N.A. 
2.38 

0.89–11.0 
N.A. 

40.2 
22.1–68.4 

N.A. 
47.0 

22.0–183 
157 

65.7–766 
50 

a average concentration of heavy metals 

b range of heavy metals concentration 

N.A. not available 

 

 

Table 6 Correlation between heavy metal concentrations and soil properties 

 As Cd Cr Cu Ni Pb Zn Fe Mn 

As 1         
Cd 0.186 1        
Cr 0.270 0.405* 1       

Cu 0.177 0.323* 0.646** 1      

Ni 0.326* 0.316 0.829** 0.719** 1     

Pb 0.086 0.696** 0.177 0.391* 0.162 1    
Zn 0.096 0.327* 0.663** 0.915** 0.708** 0.375* 1   

Fe 0.281 0.959** 0.343* 0.198 0.261 0.682** 0.225 1  

Mn 0.375* 0.200 0.443** 0.697** 0.688** 0.417** 0.739** 0.188 1 

pH -0.298 -0.175 -0.436** -0.573** -0.626** -0.085 -0.478** -0.107 -0.541** 

EC -0.173 0.106 0.281 0.368* 0.299 0.337* 0.601** 0.092 0.449** 
FPC 0.418** 0.063 0.312 0.206 0.270 0.122 0.226 0.081 0.296 

SOM 0.052 0.090 0.546** 0.706** 0.654** 0.228 0.876** 0.068 0.692** 

Total P 0.057 0.304 0.578** 0.798** 0.637** 0.338* 0.887** 0.232 0.670** 

* and ** represents significant correlation at the level of p<0.05 and p<0.01(two-tailed), respectively. FPC, fine particle component (<63µm) 
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