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Abstract Sediments from 14 stations in the FoshanWaterway,
a river crossing the industrial district of Guangdong Province,
South China, were sampled and subsequently analyzed. The 14
stations were selected for the pollution discharging features of
the river, such as the hydrology, the distribution of pollution
sources, and the locations of wastewater outlets. The ecological
risks were assessed, and the pollution sources were identified to
provide valuable information for environmental impact assess-
ment and pollution control. The spatial variability was high and
the range were (in milligrams per kilogram dry weight): Pb,
46.0~382.8; Cu, 33.7~ 482.3; Zn, 62.2~1,568.7; Ni,
28.5~130.7; Cr, 34.7~1,656.1; Cd, 0.50~8.53; Hg, 0.02~8.27;
and As, 5.77~66.09. The evaluation results of enrichment
factor and potential ecological risk index indicate that the metal
pollution in the surface and bottom sediments were severely
polluted and could pose serious threat to the ecosystem in most
stations. Although the hazard levels of the trace element dif-
fered among the stations, Hg was the most serious pollutant in
all stations. The results of principal component analysis (PCA)
show that the discharge of industrial wastewater is the most
important polluting factor whereas domestic sewage, which

contains a large amount of organic substances, accelerates
metal deposition. And potential pollution sources were identi-
fied by the way of integrating the analysis results of PCA and
data gained from the local government. Therefore, the conclu-
sion is drawn that Foshan Waterway is seriously polluted with
trace elements, both in the surface sediment (0 to 20 cm) and
the bottom sediments (21 to 50 cm) are contaminated.
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Introduction

The toxicity of trace metals has long been a concern consid-
ering they are not removed from aquatic ecosystems by self-
purification [1] and accumulate in suspended particulates and
sediments [2, 3], thereby potentially threatening human health
and ecosystems via the food web [4–6]. Consequently, eval-
uating ecological risk from trace elements has become a hot
topic [7–9]. Concentrations of Cd, Cu, Ni, Pb, Zn, and other
metals are often elevated above crustal (background) levels in
sediments that have been affected by human activities [10,
11], particularly from mining and smelting waste sites
[12–17]. In rivers, trace elements can be transported hundreds
of kilometers along hydrologic gradients within a relatively
short time [18–20]. Moreover, trace elements are released in
both dissolved and particulate forms [9, 21, 22]. When re-
leased in particulate form or adsorbed onto particles, trace
elements settle and are deposited in the bottom river sediments
under favorable hydraulic conditions [23–25]. Therefore, sed-
iments, which act as both carriers and sinks for contaminants,
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play a major role in determining the pollution pattern of
aquatic systems [26–29], reflecting the history of pollution
[30–32] and providing a record of catchments inputs into
aquatic ecosystems [33–35].

Numerous methods for assessing heavy metal toxicity
have been created and used in the past decades, [36–41].
Enrichment factors [42], geoaccumulation index, and
Hakanson potential ecological risk assessment are frequently
used for assessing polluted rivers [43–46]. For example,
Louri˜no-Cabana (2011) [47] evaluated the potential sediment
cumulative damage and toxicity due to metal contamination in
a polluted zone of Deûle river (in northern France) using metal
enrichment factors and geoaccumulation index, and this same
method was used to evaluate the metal pollution status of the
surface sediments of the Seyhan Dam reservoir in Turkey
[48]. Metal enrichment factors and the geoaccumulation index
were also employed in the analysis of the metal contamination
in surface sediments (0 to 5 cm) from 59 stations within the
Yangtze River Intertidal Zone (YRIZ) [49]. An ecological risk
assessment was conducted based on the data analysis of the
contents of typical pollutants (Pb, Cu, Cr, Cd, and Zn) in the
sediments of the Yangtze River within the Wanzhou section
[50]. These methods have different features, applicable range,
and limitations [51–53]. However, few studies combine these
methods to comprehensively evaluate the trace elements in
sediments. Multivariate statistical study has been introduced
to determine the background and anthropogenic influence of
metals on river sediments [52, 54, 55]. PCA, a commonly used
multivariate analysis method, facilitates the study of trace
elements in river sediments: it has been applied to interpret
the variations in tracemetals and organic matter concentrations
in sediment samples to assist in identifying possible pollution
sources with the spatial distribution of trace elements in river
sediments, and to establish the correlations between any two
binding fractions of trace elements [46, 49, 53, 56].

The Pearl River Delta (PRD) in Guangdong Province, with
a densely crisscrossing river network, is one of the most
abundant water resource areas in China [46]. Since China
implemented reforms and opening up policy, this area has
experienced rapid economic and social development, and
has become a worldwide manufacturing base. However, large
amounts of industrial wastewater and domestic sewage are
directly discharged into the river, which exerts great environ-
mental pressure and causes the degradation of the PRD and its
tributaries, even threatening the safety of drinking water
sources. Especially in recent years, several severe heavy metal
contamination accidents have endangered the downstream
drinking water sources of millions of people. The Foshan
Waterway, a typical river in the PRD, flows through the
densely populated and developed industrial district of
Foshan. Its environmental quality has drawn wide attention
because it links Beijiang River (an important drinking water
source) and the Guangzhou section of the Pearl River (one of

the drinking water sources of Guangzhou). In the past years,
local government has made a huge investment (partly from the
World Bank loans) in river rehabilitation to ensure the safety
of drinking water, but failed to achieve the desired results.
According to the limited information available, dredging of
the Foshan Waterway was proposed because of its severe
sediment contamination. Contaminant remediation through
dredging is very costly [57] and the negative impact of dredg-
ing is obvious, for example, the physical disturbance of metal-
polluted sediments may pose severe risks to the aquatic envi-
ronment through increased metal remobilization and habitat
deterioration [58]. Therefore, dredging should not be carried
out if heavy metal pollution in sediment is not particularly
serious, and then, determining the content, spatial distribution
of trace elements, and accurately assessing the ecological risk
are crucial. Furthermore, there is a choice between shallow
dredging (dredging depth is 20 cm) and deep dredging (dredg-
ing depth is 50 cm). Shallow dredging is more economical,
but inadequate, when the bottom sediment has been polluted.
Therefore, a comprehensive ecological risk assessment is
badly needed. In addition, potential heavy metal sources
should be identified to manage them appropriately. In this
study, sediments from 14 stations in the Foshan Waterway
were sampled and analyzed to conduct an integrated ecotoxi-
cological assessment. Moreover, multivariate statistical analy-
sis was carried out to help identify the sources of trace metals.

The present study has been initiated with the following
objectives: (1) to determine the levels of trace elements con-
tamination and the spatial distribution of them along the
Foshan Waterway; (2) to evaluate potential ecological risks
from metal pollution using a variety of methods and to com-
pare the results; in particular, the risks involving the lower
layer sediments; (3) to identify the sources of heavy metal
contamination and to determine the causes of pollution. The
results of this investigation would have implications in the
development of a rational rehabilitationmethod for the Foshan
Waterway. In addition, such a scientific and preventive ap-
proach based on a better understanding of the source, fate, and
effects of metal contaminants in aquatic systems would be of
great interest in the development of pollution control and
sediment remediation strategies in other polluted rivers in
the world.

Materials and Methods

Study Area

The Pearl River Delta (PRD) is formed by the Beijiang River,
the Xijiang River, and the Dongjiang River, the three main
branches of the Pearl River, which is China’s second largest
river after the Yangtze in terms of annual average flow. The
PRD is the most economically developed region in China. It is

302 Li et al.



also one of the most important manufacturing bases on the
world and known as “the World's Factory.”

Guangzhou and Foshan are two of themost important cities
in the PRD. Guangzhou, in particular, is well-known as an
essential city in South China. The two cities are linked by the
Foshan Waterway, which is 26.4 km long (Fig. 1). It flows
westward from Shakou Gate, Chancheng District of Foshan,
mingles with Pingzhou Waterway in Shawei Bridge, and then
runs into the Guangzhou section of the Pearl River (Fig. 1).
The Foshan Waterway is the only river that flows through
downtown of Foshan City, connecting the two important
waters (Beijiang River and the Guangzhou section of the
Pearl River). However, in recent decades, large amounts of
industrial wastes and domestic sewage have been poured into
the Foshan Waterway, which caused serious pollution to
Foshan but also spreads the contamination to Guangzhou.

Sampling and Sample Preparation

Based on a previous pollution investigation and a study of the
files provided by the local government, 14 sampling stations
(Fig. 1) were selected to represent the sediments in the Foshan
Waterway, considering the features of pollution discharge of
the river such as the geometric characteristic of the river way,
the hydrology, the distribution of pollution sources, and the
locations of wastewater outlets (Table 1). Samples were col-
lected in July 2005 using core samplers. The core samples
were collected from the left and right banks at each sampling
station. In each bank, three undisturbed sediment cores were
collected using 60-cm-long Perspex tubes. Each sample was
cut in situ into an upper layer (0 to 20 cm) and a lower layer
(21 to 50 cm) and sealed in polyethylene bags. The sealed
bags were then transferred to a box with ice. The environmen-
tal conditions at the sampling stations were also recorded.

The samples were spread out and placed in a designed air-
dried shelf in a special room with air conditioners in the
laboratory. After 2 weeks, some samples on the shelf were
tested and verified to assure the complete evaporation of water
(The samples were taken into a dry oven at 105 °C to test, and
the weight difference before and after drying was evaluated).
The dried samples were disposed: firstly, the gravel, shells,
weeds, and other large materials in the dried samples were
removed. Then, the samples were spread on an organic glass,
pressed to pass completely through a 20-mesh (840μm) nylon
screen [50]. The sieved samples were divided into 5- to 10-g
aliquots via the four cent method, homogenized and ground
using an agate mortar, and then passed through a 100-mesh
(150 μm) nylon screen. The screened samples were stored in a
refrigerator.

Sample Analysis and Data Processing

The prepared sediment samples were digested according to
the SW-846 method 3052 [59]. Briefly, about 0.5 g of each
homogenized sediment sample was digested using 12 mL of
aqua regia (9 mL HNO3+3 mL HCl) and 1 mL of HF in a
Teflon vessel and heated in a microwave oven at 180 °C for
10 min. The digested solution was diluted to 50 mL using
deionized water (Milli-Q). The same procedure was used for
the blank solutions. Spiked samples were also prepared to
calculate the recovery rate of the digestion procedure. After
filtering the diluted solution, the total concentrations of sedi-
mentary metals (Fe, Cu, Ni, Pb, Cr, and Zn) were determined
using flame atomic absorption spectrometry (FLAA, Hitachi
Z-5000), whereas Cd was determined using a Graphite
Furnace AA (GFAA, Hitachi Z-5000).

The sediment samples for Hg and As were processed and
determined differently [60]. Briefly, 0.2500 g samples were

Fig. 1 Locations of Foshan
Waterway (including its
branches), Beijiang River,
Guangzhou section of the Pearl
River, and the sampling stations
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Table 1 Sediment sampling sites at Foshan Waterway

Stations Specific locations Sampling strategy

S0 Upstream Foshan Waterway, near Shakou Gate
which is the starting point of the river. The
coordinates: 23°2.24´N, 113°1.81´E

Located at the starting point of Foshan Waterway, and water flows from
Beijiang River via Shiken Gate. There were no pollution sources nearby
based on the results of pollution source investigation. It could serve as
the referee site and baseline values could be obtained from the analytical
results of sediments collected from the stations.

S1 Upstream Foshan Waterway, about 200 m away
from the mouth of Luocun Creek.

The coordinates: 23°3.00´N, 113°2.86´E)

Influenced by sewage from Luocun Creek which is the main drainage of
Luocun town where there are many small factories including electroplate
industry, printing and dyeing industry, textile industry, battery and circuit
board manufacturing and so on. Water upstream was polluted by industry
and domestic wastewater, so it may be the interface of water quality.

S2 Upstream Foshan Waterway, between the mouth of
Luocun Creek and the mouth of Nanbeida Creek.

The coordinates: 23°3.24´N, 113°2.99´E

Influenced by sewage from Luocun Creek and Nanbeida Creek, which is the
main drainage of many dyeing factories. Impacted both by domestic sewage
and industrial wastewater. Sewage mainly produced by an intensive residential
area located in the right bank of the section of Foshan Waterway. Industrial
wastewater mainly produced by the industrial zone located in the left bank of
the river including knit dyeing factories, metal jewelry factories

S3 Upstream Foshan Waterway, between the mouth of
Nanbeida Creek and the mouth of Jiujiangji Creek.

The coordinates: 23°3.16´N, 113°4.21´E

Influenced by sewage from Nanbeida Creek and Jiujiangji Creek. There was
an industrial zone near Nanbeida Creek, where there were many factories
including metal manufacturing, knitting and ceramics. In addition, there
was a coal terminal near this station.

S4 Midstream Foshan waterway, near the mouth
of Jiaobian Creek.

The coordinates: 23°3.01´N, 113°5.74´E

The station located in the bend reach of Foshan Waterway at the edge of Foshan
City downtown. The water flow quietly, which facilitates the deposition of trace
elements. The station was influenced by wastewater from Jiaobian Creek and
Jiujiangji Creek. There were many paint manufacturing factories, printing and
dyeing factories, and ceramics factories along the Jiujiangji Creek.

S5 Midstream Foshan Waterway, about 100 m away from
the mouth of Junqiao Creek. Downtown Foshan City.

The coordinates: 23°2.97´N, 113°6.86´E

Influenced by domestic wastewater from downtown and sewage from
Junqiao Creek, which is the largest creek of the Foshan Waterway.
The river turns the corner here, and suspended solids carrying large
amounts of pollutants may deposit here. This station was influenced
by wastewater produced by electroplating industry, battery manufacturing,
mechanical and electrical industry located in the right bank of the Foshan
Waterway, and by wastewater produced by cosmetics, rubber manufacturing,
leather production located in left bank of Junqiao Creek.

S5-1 Midstream Foshan Waterway, near the mouth
of Wusheng Creek.

The coordinates: 23°3.51´N, 113°6.98´E

Influenced by the sewage from Wusheng Creek. There were some potential
trace element pollution sources along it, such as cotton industry,
electroplating industry, electric power industry. It is located near the shoal
covered with vast areas of plants where trace elements may subside here.

S6 Midstream Foshan Waterway, near the mouth
of Xiebian Creek.

The coordinates: 23°4.49´N, 113°7.15´E

Influenced by sewage from Xiebian Creek, Wusheng Creek, and Yuelisha Creek.
There were some factories along Xiebian Creek, such as aluminum factory,
printing and dyeing factory, and some potential trace element pollution sources,
such as ceramics, stainless steel industry, located in the coast of Yuelisha Creek.

S7 Downstream Foshan Waterway, between the mouth
of Yuelisha Creek and the mouth of Huadi Creek.

The coordinates: 23°4.50´N, 113°9.92´E

The shallow water had a slow flow speed and a grassy bank. This station was
influenced by sewage from Wusheng Creek and Huadi Creek. There were
also some trace element pollution industries, such as non-ferrous metal
production, battery manufacturing, electronics manufacturing, located
in the left bank of Foshan Waterway.

S8 Downstream Foshan Waterway, between the mouth
of Diejiao Creek and the mouth of Shian Creek.

The coordinates: 23°4.03´N, 113°10.48´E

The broad river with slow flow speed was surrounded by luxuriant plants
on the banks. This station was influenced by industry wastewater, which
was discharging into the creek, produced by electroplating industry, ceramics
and dyeing industry located in the Diejiao Creek basin and Shian Creek basin.

S9 Downstream Foshan Waterway. Near the mouth
of Sanzhou Creek.

The coordinates: 23°2.73´N, 113°12.42´E

This station was influenced by the sewage from Sanzhou Creek which
was an industry area containing the printing and dyeing, textile, glazed tiles
industries located in the left bank and a community located in the right bank.

S10 Downstream Junqiao Creek.
The coordinates: 23°2.53´N, 113°7.06´E

This station was located in the bend of Junqiao Creek where the water flowed
flatly and was influenced by the sewage downstream of Junqiao Creek.
There were many factories including a clothing factory and leather factory
located in the left bank of Junqiao Creek and the electroplating industry,
paper mills, printing and dyeing, pottery industry located in the upper
reach of Junqiao Creek.
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placed into 50-mL colorimetric tubes with stoppers, and
10 mL of aqua regia was poured into each tube. The filled
tubes were allowed to stand overnight after vigorous shaking.
The tubes were then heated in a thermostat water bath for 3 h,
during which, the tubes were shaken every 30 min. Upon
cooling, 5 mL of a solution of thiourea and ascorbic acid
was added into the tubes. Then, the tubes were filled with
deionized water up to the graduation line, shaken well, and
allowed to settle to collect the clear supernatant for further
study. A blank control was simultaneously prepared. The total
concentrations of Hg and As were determined using hydride
generation–atomic fluorescence spectrometry (Titan AFS-
8230). Content of organic carbon (OC) was determined as
0.58 times loss on ignition (loss on ignition after heating for
3.5 h at 550 °C) [61].

The data were processed using SPSS for Windows ver.
11.0 and Excel 2003. Correlation analysis and PCA were
conducted using SPSS for Windows ver. 11.0. Prior to analy-
sis, all data were tested for normality using the K–S method
(non-parametric analysis of SPSS).

Quality Assurance/Quality Control

All glassware and plasticware were cleaned by soaking in
10 % HNO3 (v /v ) for 24 h, followed by soaking and rinsing
with deionized water (Milli-Q). All reagents used in the ex-
periment were at least of analytical grade. The blank, replicate,
and spiked samples were analyzed in each batch of sampling.

The analysis results of certified reference material (CRM,
GBW07301a) were within the specified range except for Hg
(Pb 103 %, Cu 102 %, Zn 98 %, Ni 96 %, Cr 95 %, Cd 91 %,
As 109%, and Hg 85%). The measurement uncertainty of Hg
is 6 % higher than the allowable deviation of CRM (9%). The
recovery rates of spiked samples ranged from 83 % to 137 %
(Pb 110 %, Cu 108 %, Zn 103 %, Ni 92 %, Cr 107 %, Cd
109 %, Hg 83 %, As 137 %). Four of them exceeded the
allowable deviation of CRM (Cu 1 % higher, Cr 2 % higher,
Hg 8 % higher, and As 22 %). The results of spiked samples
were not so good especially as far as As was concerned.

Results and Discussion

The Features of Pollution Discharge of the River

Foshan Waterway, with steady banks, concrete or rock
constructed revetment, is merely eroded. The sediments in
the waterway mainly come from sedimentation of the
suspended particles in wastewater. As a result, the distribution
of sediment contaminants has a close relationship with the
pollution discharge conditions along banks nearby including
the locations of pollution source, discharge quantity and di-
rections and so on. Because of the tide, the river flows rela-
tively slow and the pollutants in the water move a short
distance along downstream. The sediments from downstream
(of importance because sometimes countercurrent happens to
be influenced by the tide) and upstream make a pollution
discharge record on relevant catchment areas. They should
be sampled and studied in order to report the regional pollu-
tion discharge and find the main pollution sources.

The pollution discharge in the study region is characterized
by an important feature: at first, most sewage of the catchment
area discharge into the branches (creeks) of the Foshan
Waterway then run into the waterway through water gates,
which connect the creeks and Foshan Waterway. Therefore,
those gates are practical sewage draining exits. There are 12
main branches (also 12 main gates) along the Foshan
Waterway: Junqiao Creek, Nanbei Creek, Jiaobian Creek,
Jiujiangji Creek, Luocun Creek, Hongxing Creek, Xiebian
Creek, Yuelisha Creek, Diejiao Creek, Huadi Creek,
Wusheng Creek, Shian Creek, and Sanzhou Creek (Fig. 1).
To reflect the real situations of pollution, the sampling stations
should locate near those gates. Besides, some factors such as
the width and curve changes of river bays and special reaches
have been taken consideration. For instance, there is a shoal
between the Renmin Bridge and Xiedie Bridge along the
Foshan Waterway, which broadens suddenly and slows down
the flow speed causing plentiful aquatic particle sedimenta-
tion. In addition, the shoal is covered with a vast area of plants
and is high in organic matter due to the decayed leaves. In this

Table 1 (continued)

Stations Specific locations Sampling strategy

S11 Midstream Junqiao Creek.
The coordinates: 23°1.61´N, 113°8.11´E

Water with slow flow speed was surrounded by luxuriant plants on the banks.
This station was located in the edge of the old city center in Foshan and
was influenced by the sewage from midstream of Junqiao Creek. The main
pollution of this station was the sewage from the old city and some
industrial wastewater, like ceramics.

S12 Upstream Junqiao Creek.
The coordinates: 23°1.64´N, 113°8.37´E

There has a Shiken Gate connecting the Beijiang River, located upstream of
Junqiao Creek. The high-quality water from Beijiang river via this gate
flows into Junqiao Creek. Herein, it was polluted less severely and has
better water quality, but a number of lighting industry and the glass industry
were also located in the vicinity.
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way, lots of trace elements may subside here and it deserves a
sample station (This is why station S5-1 was added).

The sampling stations were set mainly according to the
features of pollution discharge of the river (Foshan Waterway),
as can be seen in Fig. 1 and Table 1.

The Concentrations of Trace Elements and Ecological Risk
Assessment

Concentrations of trace elements and OC in sediments are
given in Fig. 2. The results were compared with those of
similar studies at home and abroad. The comparison between
the present concentrations and those in the literature indicated
that the concentrations in the Foshan Waterway were higher
(Table 2). Hg was the most prominent among the eight trace
metals. The average Hg concentrations in this study were ten
times higher than those in the sediments from the Lan-yang
River [53] and Erh-jen River [53]. Likewise, the average Cd
and Cr concentrations in this study were five times higher than
those in the sediments from the Seyhan Dam [48], Yangtze
River [49], Lan-yang River, and Erh-jen River. Pb, Cu, Zn,
and Ni were also three to four times higher than in the
sediments from other regions. The Cu concentrations were
close to those in the sediments from the Lan-yang River and
Erh-jen River. As shown in the aforementioned comparisons,
the Foshan Waterway is severely polluted.

The threshold effect levels (TEL) and the probable effect
levels (PEL) were used to assess sediment ecosystem health,
and it was reported that the biological toxic effects may be
absent when the heavy metal content was below the TEL,
whereas at heavy metal content higher than the TEL, biolog-
ical toxic effects often occur, and episodic toxic effects occur
when the heavy metal content ranges from TEL to PEL [64].
The trace element concentrations in the Foshan Waterway
sediments were compared with elements in sediments
obtained in other research, also with TEL and PEL (Fig. 2;
Table 2), and the results indicate that Pb, Cu, Zn, Ni, and Cd in
the Foshan Waterway may cause the risk of toxic effects.

Enrichment factor (EF) is one of the indicators most often
used for estimating anthropogenic inputs [38, 46, 47]. Using
this technique, the sediment EF ratio can be used as a pollution
index by comparing the concentrations of selected metals to
the background levels of metals in sediments or suspended
particulate matter from local or worldwide rivers. The advan-
tage using measurement concentration of local sediments as
the background values is that they can be better for compar-
ison. The widely used elements for normalization are Al [49,
63] and Fe [40, 48]. In this study, Fe was used as a conserva-
tive element to differentiate natural from anthropogenic com-
ponents. In the polluted river, baseline values were obtained
from the analysis of sediments collected from station S0,
which is located upstream (lightest polluted area) of the river
(Fig. 1). In station S0, the high-quality water flows from

Beijiang River via Shiken Gate, and there are no pollution
sources nearby. The concentrations of various elements in
station S0, shown in Fig. 2, were almost the lowest among
those sampling stations.

The element EF is defined as follows:

EF ¼
M sample

Fesample

� �

Mbaseline

Febaseline

� � ; ð1Þ

where M sample is the concentration of the examined metal in
the examined sediment, Fesample is the concentration of the
reference metal in the examined sediment, Mbaseline is the
concentration of the examined element in station S0, and
Febaseline is the concentration of the reference element in
station S0.

The calculation results of EF in polluted sediments of the
river and grading of pollution based on EF are shown in Fig. 3.
Hg had the highest EF among the eight elements studied, the
upper layer in all stations (except S5-1) have reached extreme-
ly severely polluted levels according to the grading standards
[65]. Based on the EF values, the degrees of metal pollution
are in the following order: Hg>Cr>Zn>Cu>Cd>As>Pb>
Ni. It was noted that the maximum values of Cr, Zn, Cu, Cd,
Pb, Ni appeared in the lower layers (Fig. 3), and the EF values
of the lower layers were higher than the upper layers in most
stations (S3, S4, S5, S5-1, S8, S9, S10, and S12). Lower
sediment layers present the past pollution discharge.
According to the study of Lin et al. [66], the deposition rate
of those waters near to FoshanWaterway is about 4~5 cm a−1.
So it is deduced that lower sediment layers have reached a
height of at least 20 cm during the past 4 or 5 years, which also
reflects the pollution discharge 4 or 5 years ago. The content
of lower sediment layers were higher than baseline values
except for Ni and As in some stations, and the highest EF
value of the lower sediment layer reached 42.10 (Hg, station
S5). We can consequently draw a conclusion that a huge
number of trace elements has accumulated in surface as well
as bottom sediments during the past years.

Although EF may reflect the accumulation of trace ele-
ments in sediments through a comparison with the back-
ground values, it could not directly reflect the trace element
ecological risks. This flaw could be partially compensated by
the Hakanson potential ecological risk index which describes
the ecological risk index using the weighted sum on the
ecological toxicity index of sedimentary enrichment and the
related trace elements for evaluation [37]. Hakanson’s method
is often used in ecological risk assessment as a diagnostic tool
to determine the many possible avenues towards a potential
ecological risk index, i.e., to sort out which drainage area,
reservoir, and substances should be given special attention
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[50]. It is recognized as a relatively comprehensive method
because it considers factors such as the toxicity of different
trace elements, the bioavailability of the different trace ele-
ments, and the discrepancy of regional background levels of
trace elements [67].

The formula for potential ecological risk index is as fol-
lows:

RI ¼ ∑Er
i ¼ ∑Tr

i � C f
i ð2Þ

Er
i ¼ Tr

i � C f
i ð3Þ

C f
i ¼ Cs

i=Cn
i ð4Þ

where RI is the potential ecological risk index (Eq. (2)); Er
i is

the potential ecological risk index for a certain heavy metal,
which can be calculated using Eq. (3); Tr

i is the toxicity
coefficient that reflects the toxicity of trace elements and

Fig. 2 Concentrations of trace elements and organic carbon (OC) in sediments and the comparison with TEL (threshold effects level) of Pb, Cu, Zn, Ni,
and Cd [64]
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sensitivity to trace elements (Table 3) [37];Cf
i is the pollution

coefficient of a single metal, calculated using Eq. (4); Cs
i is

the measured level of sedimentary trace elements; Cn
i is the

background level of sedimentary trace elements (obtained
from station S0). Among the several trace elements, the top
three are Hg, Cd, and As (Table 3). They are greatly harmful to
ecosystems because of their high toxicity, persistence, and
bioaccumulation [68], especially as far as Hg is concerned.
Hg was well-known as a hazardous contaminant byMinamata
disease. In Japan, 2,252 people have been affected and 1,043
have died due to Minamata disease for the past two decades,
caused by elevated mercury pollution from a chemical plant
[69].

The RIs of the sedimentary trace elements in the Foshan
Waterway were shown on Fig. 4. The RI levels in all sampling
stations (except for S0 which was the reference site) exceeded
600 (Fig. 4), which may cause severe ecological harm
according to the evaluation standards [37, 50, 67]. The highest
level in the samples from stations S5 and S10 reached 3,790
and 3,470, respectively. It was noted that in the six stations
(S1, S4, S5, S5-1, S8, S10), the RI levels in the lower layer
samples were higher than those in the upper layer, and all
levels exceeded 1,000. Furthermore, the peak values appear in
the lower layer sample, indicating that the bottom sediments
(depth>20 cm) have also been heavily polluted and the po-
tential ecological risk was unacceptable. In this study, RIs
were also calculated by summing the RI values of each station
with a view to comparing ecological risks of various elements
(Fig. 5). It was shown from Fig. 5 that the RI values of Hg
were higher than the other elements. Cd came in second place
and the sequence for the hazardous level is Hg>Cd>As>Cu>
Pb>Cr>Zn.

It is worth mentioning that RI is defined considering the
comprehensive ecological impact of various trace elements,
but chemical species have not been concerned specifically.
Chemical species of trace elements may modify in sediments
after deposition, modifying the ecological and human risk, the
transference, bioaccumulation and biomagnification patterns,
and having the chance to be mobilized to the water column
and redistributed in the aquatic system. This is typical for Hg,
which is mostly released in inorganic form (Hg2+) but meth-
ylated to methyl mercury (MeHg) in anoxic sediments, which
is the most toxic form of mercury. In aquatic systems, even
very low concentrations of MeHg may cause high levels of
mercury bioaccumulation in fish or benthic fauna through
food chain, increasing dramatically the risk for humans [70]
[71].

Pollution Source Identification

Trace elements may come from natural weathering and ero-
sion, or many other individual pollution sources such as dust,
rainfall, water interchange, polluted overlying water, domesticT
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sewage, agricultural and industrial sewage, and so on. Although
Foshan is an important industrial city of China, there is only
limited data about industrial pollution discharge in the last few
years, even worse the data are still incomplete. Actually, the list
does not include many enterprises which discharge severely,
and even the listed enterprises do not declare the real discharge
amount. Multivariate statistical analysis helps identify the
sources of contaminants [46, 52, 55]. Principal component
analysis (PCA), a method for handling inconsistencies, reflects
most information of multivariable origin by simplifying statis-
tics, which means employing less comprehensive indices in-
stead of more relative indices [53]. Given this advantage, PCA
is frequently used to analyze the sources of sedimentary trace

elements [52, 54]. Therefore, it is essential to make inference
combined with measured data so as to find the pollution
sources.

Figure 2 shows the sedimentary trace elements and OC
contents in the Foshan Waterway. The statistics was checked
using the K–S method of SPSS to analyze the geographic
distribution. Pearson’s correlation was used to analyze eight
trace elements and OC (Table 4). As shown in Table 4, Pb, Cu,
Ni, Cd, and As have distinct correlations with each other,
which proves that these five contaminant trace elements may
be discharged from the same sources. Hg was hardly correlat-
ed with other metals except Zn, indicating that Hg is different

Fig. 3 Enrichment factors (EF) calculated for trace elements Pb, Cu, Zn, Ni, Cr, Cd, Hg, and As in polluted sediments of Foshan Waterway and the
evaluation results of pollution grading [65] based on EF

Table 3 The toxicity coefficient (Tr
i) that was used to calculate

Hakanson potential ecological risk index [37]

Cr Cu Zn Pb As Hg Cd

Tr
i 2 5 1 5 10 40 30 Fig. 4 Hakanson potential ecological risk index (RI) in the sampling

stations and the grading of pollution based on RI [37, 50, 67]
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from other metals. OC played a totally different role
depending on the heavy metal considered. Pb, Zn, Hg, As,
and OC were greatly correlated at p <0.05, whereas the other
four metals were not correlated with OC. The KMO checking
coefficient was 0.780<1, and the concomitant probability of
Bartlett test was less than significance level 0.05. Hence, the
data from this study is suitable for the factor analysis.

Table 5 and Fig. 6 show the results of PCA analysis.
According to Table 5, the two principal components reflect
70.862 % of the information of nine sedimentary variables,
i.e., analyzing two principal components providing the major-
ity of the information. The contribution of the first principal
component is 44.263 %, and the main feature is that factor
variables have a high positive load in the concentrations of Pb,
Cu, Ni, Cr, and Cd. Surveys on contaminant sources indicate
that trace elements are mainly from industrial sewage.
Consequently, based on the contribution of five metals to the
first principal component, the first principal component re-
flects the trace element pollution from industrial pollution to
sediments. In Table 4, Pb, Cu, Ni, Cr, and Cd are closely
correlated, which indicates that the first principal component
dominates the sources of Pb, Cu, Ni, Cr, and Cd in sediments.
The contribution of the second principal component is
26.598 %, and the high load on OC reaches 0.757, showing
that OC, as metal ion conjugates, are of great importance
(Table 5). In addition, Table 5 shows the high load of the
second principal component in Hg, As, Pb and Zn, which are

all correlated with OC (As shown in Table 4). Accordingly,
the second principal component reveals the contribution of
OC to sedimentary trace elements accumulation. Among the
four elements, Hg has the highest load (0.820), and the highest
correlation coefficient (0.444) with OC. Consequently, the
second principal component mainly dominates the sources
of Hg and partly dominates the sources of As, Zn, and Pb.

Figure 6 also helps describe the two-dimensional load of
each contaminant. The degree of dispersion among each ele-
ment directly reflects two factors that influence the trace
elements in the Foshan Waterway sediments: industrial sew-
age and the complexation and absorption of OC. Many re-
searchers consider that directly discharging organic sewage
into rivers and lakes is the main method by which organic
content increases in polluted river and lake sediments [8, 30,
48, 53]. Organic sewage includes domestic sewage and tertia-
ry industry sewage, as well as industrial sewage. Therefore,
the second principal component suggests the influence of
domestic and industrial sewage to trace elements accumula-
tion, that is, the fundamental reason for the trace elements

Fig. 5 Hakanson potential ecological risk index (RI) for each element
(firstly, RI values have been calculated by summing the RI values of each
station with a view to comparing ecological risks of various elements,
then they were taken with the logarithm)

Table 4 Correlation coefficient
matrix of the trace elements and
organic carbon in sediments
of Foshan Waterway

*p <0.05; **p <0.01

Pb Cu Zn Ni Cr Cd Hg As OC

Pb 1.000

Cu 0.836** 1.000

Zn 0.659** 0.556** 1.000

Ni 0.795** 0.819** 0.689** 1.000

Cr 0.552** 0.600** 0.221 0.481** 1.000

Cd 0.765** 0.733** 0.569** 0.796** 0.533** 1.000

Hg 0.353 0.277 0.498** 0.290 0.210 0.062 1.000

As 0.592** 0.407* 0.672** 0.400* 0.421* 0.509** 0.396* 1.000

OC 0.398* 0.229 0.380* 0.308 0.075 0.319 0.444* 0.381* 1.000

Table 5 The two principal components that reflect most of the informa-
tion of nine sedimentary variables

Principal
component 1

Principal
component 2

Characteristic value 3.984 2.394

Contribution rate % 44.263 26.598

Accumulative contribution rate % 44.263 70.862

Load of Pb 0.832 0.405

Load of Cu 0.888 0.197

Load of Zn 0.515 0.674

Load of Ni 0.849 0.294

Load of Cr 0.728 0.010

Load of Cd 0.881 0.169

Load of Hg 0.041 0.820

Load of As 0.447 0.615

Load of OC 0.092 0.757
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accumulation in the Foshan Waterway sediment is the dis-
charge of domestic and industrial sewage, which hastens the
accumulation of trace elements. These results are consistent
with the pollution discharge features in this area: wastewater
(mixed with domestic and industry sewage) were all discharged
into the creeks, and then flowed into the Foshan Waterway.

To further understand the pollution discharge situations and
identify the main pollution sources of trace elements, the
analysis results of PCAwere integrated with data gained from
the local Environmental Protection Agency. Hg is one of the
most toxic trace elements in the environment and represents a
global contamination problem [70, 71]. Hg and compounds
within it all are highly toxic chemicals, which can gradually
store up in the human body via the food web. Natural sources
of Hg are mainly from atmospheric deposition including
volcanic emissions and forest fires. Potential anthropogenic
Hg sources include insecticides, fungicides, electrical equipment,
paint, plastics, cosmetics, anti-fouling and mildew-proofing
paints, phosphate fertilizers, batteries, fireworks. According to
the analysis of information from the local environmental

protection agency and the experimental results, it is concluded
that Hg pollution in the Foshan Waterway is caused by certain
industries such as cosmetics, electrical equipment, and battery.
The pollution sources of Hg are located in the FoshanWaterway
and Jiaobian Creek coast (Fig. 7; 2). Similarly, it can be con-
cluded that Cd pollution results from the industries including
non-ferrous metal production, refuse incineration, sewage
sludge, insecticides and batteries. And its pollution sources lie
on the Foshan Waterway and Wusheng Creek coast (Fig. 7; 3).
And industries like leather, pesticides, and pharmaceutical result
in As pollution, whose sources are along the Junqiao Creek
(Fig. 7; 4). Industries such as metal plating, brake lining wear,
fungicides, insecticides, rubber, and phosphate fertilizers lead
to Cu pollution, whose sources are in Jiujiangji Creek and
Junqiao Creek (Fig. 7; 2). In addition, the pollution sources of
Pb and Cr are along the Luochun Creek (Fig. 7; 1). And the
pollution sources of Zn and Ni are in the downstream of
Junqiao Creek (Fig. 7; 4).

Conclusion

Foshan Waterway is severely polluted with trace elements,
both the surface sediments (0 to 20 cm) and the bottom
sediments (21 to 50 cm) being contaminated. Hg is the most
serious pollutant. Industrial sewage is the fundamental source
of high concentrations of trace elements in river sediments,
and organic matter from domestic wastewater hastens the
accumulation of those trace metals. If from the perspective
of the high ecological risk only, further dredging is probably
essential. Above all, it must be prohibited that both indus-
trial wastewater and domestic sewage are discharged into
the rivers.

Fig. 6 The two principal components calculated by PCA reflecting the
relationship of eight trace elements and OC

Fig. 7 Potential pollution sources
of Hg, Cd, As, Cu, Pb, Zn, Ni,
Cr were identified by way of
integrating the analysis results of
PCA and data gained from the
local government. Red arrows
refer to the direction of water
when the seawater is at high
tide; black arrows refer to the
direction of water when the
seawater is at low tide
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