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Abstract The concentrations and spatial distributions
of eight heavy metals in surface sediments and sediment
core samples from a shallow lake in China were inves-
tigated to evaluate the extent of the contamination and
potential ecological risks. The results showed that the
heavy metal concentrations were higher in the northern
and southwestern lake zones than those in the other lake
zones, with lower levels of As, Hg, Zn, Cu, Pb, Cr, and
Ni primarily observed in the central and eastern lake
regions and Cd primarily confined to areas surrounding
the lake. The concentrations of the eight heavy metals in
the sediment profiles tended to decrease with increasing
sediment depth. The contents of Ni, Cu, Zn, Pb, and Cd
in the surface sediment were approximately 1.23—18.41-
fold higher than their background values (BVs), where-
as the contents of Cr, As, and Hg were nearly identical to
their BVs. The calculated pollution load index (PLI)
suggested that the surface sediments of this lake were
heavily polluted by these heavy metals and indicated
that Cd was a predominant contamination factor. The
comprehensive potential ecological risk index (PERI) in
the surface sediments ranged from 99.2 to 2882.1, with
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an average of 606.1. Cd contributed 78.7 % to the PERI,
and Hg contributed 8.4 %. Multivariate statistical anal-
yses revealed that the surface sediment pollution with
heavy metals mainly originated from industrial waste-
water discharged by rivers located in the western and
northwestern portion of the lake.
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Ecological risk assessment - Surface sediment

Introduction

In recent decades, thousands of contaminants, including
heavy metals, organochlorine pesticides, chlorinated
hydrocarbons, and polycyclic aromatic hydrocarbons,
have entered the environment through natural processes,
including ore-bearing rock erosion, volcanic activity,
and forest fires, and anthropogenic activities, such as
industrial and energy production, vehicle exhaust, waste
disposal, fossil fuel combustion, and fertilizer and pes-
ticide use (Bryan and Langston 1992; Mahbub et al.
2010; Yang et al. 2015). Heavy metal contamination has
become a common problem worldwide and attracted
increasing attention because of their non-biodegradable
nature as well as their bioaccumulation and
biomagnification through food chains, which pose a
potential threat to human health (Zhang et al. 2011;
Chabukdhara and Nema 2012; Yang et al. 2014). As
(metalloid) and the metals Cr, Cd, Cu, Pb, Hg, Ni, and
Zn are considered the most hazardous toxic heavy
metals and are included in the US Environmental
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Protection Agency’s list of priority pollutants (Cameron
1992; Sofianska and Michailidis 2015).

Sediment is a basic component of aquatic habitats
because it provides nutrients for macrophytes, zoo-
plankton, and phytoplankton (Mil-Homens et al.
2013). Sediment also faithfully records information as-
sociated with anthropogenic activities (Heikkiléd et al.
2010; Farmaki et al. 2014). Wastewater discharge and
atmospheric deposition are regarded as the dominant
pathways for heavy metal inputs to aquatic ecosystems
(Olivares-Rieumount et al. 2005; Radakovitch et al.
2008; Sanei et al. 2010). A large proportion of heavy
metals in the water column is adsorbed to and co-
precipitate with suspended particles. These particles
migrate to bottom sediments in calm hydrodynamic
regimes, and heavy metals are concentrated in the sur-
face sediment at levels several orders of magnitude
higher than in the overlying water (Gaur et al. 2005;
Liu et al. 2014). Thus, sediments are heavy metal sinks
in aquatic systems (Delgado et al. 2011; Li et al. 2013).
However, sediment can also become a potential source
of heavy metals when they are released to overlying
waters in response to disturbances associated with wind,
waves, trawling, dredging, and shipping; thus, heavy
metals impose an adverse effect on water quality (Jara-
Marini et al. 2008). Moreover, the benthic biota can
ingest sediment particles containing toxic heavy metals
and accumulate the metals in their tissues, which ulti-
mately has a detrimental impact on human health
(Suresh et al. 2012; Swarnalatha et al. 2014).

The sediments in aquatic ecosystems are subject to
heavy metal contamination (Chatterjee et al. 2007) and
have been recognized as an important indicator that can
be used to monitor contaminants in the aquatic environ-
ment (Bettinetti et al. 2003; Suresh et al. 2012). The
distribution of heavy metals in sediments adjacent to
populated areas could be used to investigate the anthro-
pogenic effects of these metals on ecosystems and assess
the ecological risks caused by discharged waste (Bai
et al. 2011). The analysis of heavy metal concentrations
and distributions in sediment can provide a better un-
derstanding of their behavior in aquatic ecosystems and
plays an important role in evaluations of heavy metal
contamination in sediments, thereby assisting environ-
mental managers in supervising water quality.

In recent years, different assessment indexes of heavy
metal pollution in sediments have been developed
(Caeiro et al. 2005; Chabukdhara and Nema 2012;
Hahladakis et al. 2013). Geochemical approaches have
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been successfully used to identify the sources of con-
taminants and indicate the effect of anthropogenic ac-
tivities on sediment quality (Loska and Wiechula 2003;
Chabukdhara and Nema 2012). Numerical sediment
quality guidelines (SQGs) have been developed by en-
vironmental agencies in North America for aquatic eco-
systems to identify critical concentrations associated
with the presence or absence of biological effects of
individual metals on communities (MacDonald et al.
2000; Caeiro et al. 2005; Swarnalatha et al. 2015). The
potential ecological risk index (PERI), which was first
proposed by Hékanson (1980), represents the sensitivity
of various biological communities to toxic substances
and evaluates the potential ecological risk imposed by
heavy metals in sediment (Bai et al. 2011; Yi et al.
2011). The high ecological risks imposed by heavy
metals are caused by their high toxic-response factors
(Wang et al. 2014). The combination of these evaluation
methods can effectively increase the reliability of heavy
metal pollution assessments in sediments (Delgado et al.
2011).

Since the 1980s, China has experienced rapid ur-
banization and intensive industrialization, which has
greatly accelerated increases in the gross domestic
product at a rate of approximately 8 % per year.
This rapid economic expansion has resulted in serious
heavy metal environmental contamination, notably in
lake sediments (Wang et al. 2014). Most freshwater
lakes in China serve multiple functions, including
flood control, irrigation, tourism, recreation, water
transport, and aquaculture, and they are also impor-
tant sources of drinking water for surrounding cities.
Lake Changdang has been significantly affected by
anthropogenic activities, such as the discharge of
industrial and domestic effluents, and heavy metal
contamination of the surface sediments of this lake
threatens the water quality. To prevent the pollution
of sediment, it is necessary to clarify the spatial and
vertical distribution of contaminants and risks of
heavy metal pollution in the sediments of this lake.

The main objectives of the present study were to (i)
determine the spatial and vertical distributions of heavy
metals in the sediments; (ii) evaluate the pollution status
and contamination risks of heavy metals in the surface
sediment of this lake using contamination factors, pol-
lution load indexes, sediment quality guidelines, and
potential ecological risk indexes; and (iii) explore the
natural and/or anthropic sources of heavy metals using
multivariate statistical techniques.
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Materials and methods
Study area

Lake Changdang is located in southern Jiangsu Province
to the west of the Lake Taihu Basin, one of the most
industrialized and urbanized regions in China. Lake
Changdang is a shallow lake with an average water depth
of 1.2 m, a surface area of 85.3 km?, and a mean hydrau-
lic retention time of 55.5 day, and it is 15.5-km long from
south to north and 9.0-km wide from east to west. The
primary inflow rivers include the Sudu, Xinjian, Xinhe,
Dapu, Baishi, and Houdu, and the important outflow
rivers surrounding the lake are the Huangli, Beigan,
and Zhonggan (Fig. 1). This region belongs to a subtrop-
ical humid monsoon climate zone. The annual average
rainfall is 1100.0 mm, of which approximately 60.7 %
occurs from May to September. The annual mean evap-
oration is 1058 mm, and the perennial dominant wind
directions are southeasterly and/or easterly with a multi-
year average wind speed of 3.5 m/s. Wind-induced flow
dominates in the lake, and the flow rate varies between
0.2 and 3.0 cm/s. A remarkable heterogeneity is noted in
the spatial distribution of the sediment depth, which
ranges from 0 to 110 cm. The maximum sediment depth
occurs in the northeast and western lake zones, and the
minimum depth occurs in the central lake region.

Sampling sites and sample collection

The lake monitoring sites are shown in Fig. 1. Forty-
eight sites (42 for surface sediments and 6 for sediment
cores) were selected based on the spatial distribution of
the inflow and outflow river estuaries and the sediment
depth. All of the sediment samples were collected in
January 2014. The surface sediments (0—10 cm) were
sampled from each site using a Van Veen grab Sampler
(Eijkelamp, the Netherlands). Sediment cores were also
collected by a self-made core sampler coupled with a
polyvinylchloride tube, which had an inner diameter of
9.0 cm and a length of 50.0 cm. These cores were sliced
at depths of 01, 1-2, 2-7, 7-12, 12-17, 17-22, 22-27,
and 27-34 cm, and the samples were sealed in self-
sealing polyethylene bags with marked labels and then
placed in a cooler at 4 °C. The samples were immedi-
ately transported to the laboratory for further analysis.
Subsamples were freeze dried, ground in an agate grind-
er, passed through 100-mesh nylon sieves, and stored at
4 °C prior to analysis.

Analysis and quality control

For the total heavy metal concentration analysis, 0.10—
0.15 g of each preprocessed sediment sample was
digested by an HCIO,—HNOs;-HF mixture in Teflon
vessels. The contents of Cu, Cd, Pb, Zn, As, Cr, and
Ni in the digestions were measured by inductively
coupled plasma-atomic emission spectrometry (ICP-
AES; Perkin-Elmer DV4300). Furthermore, atomic
fluorescence spectrometry (AFS) at 253.65 nm was used
to determine the Hg content. Reagent blanks were ana-
lyzed throughout the analysis to correct the analytical
results. Certified reference materials (GBW07309) were
obtained from the General Administration of Quality
Supervision, Inspection, and Quarantine of the
People’s Republic of China (NCRMAC 2007) to verify
the quality of the samples. The percentage recoveries of
the heavy metals measured in the sediment samples
ranged from 94 to 105 %. The precision of the analytical
procedures, which was expressed as the relative stan-
dard deviation, was within 10 %. All of the analyses
were performed in triplicate, and the results were
expressed as the mean. The total organic carbon
(TOC) content was determined according to the
K,Cr,0—H,S0,4 wet oxidation method described by
Walkley and Black (De Vos et al. 2007), and the preci-
sion of the duplicate analysis was within 10 %. After the
elimination of the organic matter in the dry subsamples
with hydrogen peroxide, sediment particle size distribu-
tion was determined using a laser diffraction particle
size analyzer (MS-2000, Malven Instruments Ltd.,
UK) at the State Key Laboratory of Lake Science and
Environment, Nanjing Institute of Geography and
Limnology, Chinese Academy of Sciences (CAS).

Sediment pollution assessment
Contamination factor

The contamination factor (CF) is calculated by the
following equation:

CF = Cheavy metal
Cbackground

where Cheavy metal T€presents the concentration of
each heavy metal determined in the sediment, and
Chackeround 1 the baseline value of each heavy metal
in a specific region according to Qu et al. (2001). A
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Fig. 1 Location of Lake
Changdang and the sampling sites
used in the present study
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value of CF<1 indicates low contamination;
1 <CF <3 indicates moderate contamination;
3 <CF <6 indicates considerable contamination; and
CF>6 indicates high contamination (Hékanson
1980).

Pollution load index

The pollution load index (PLI) is defined as the nth root
of the multiplied contents (CF metals), which is shown
in the following equation:

% CFn)/n

PLI = (CF; x CF, x

where CF,,.i1s 1S the contamination factor. The PLI is an
assessment of the comprehensive toxicity status of
heavy metals in a sediment sample and provides a
simple, comparative method of assessing the level of
heavy metal pollution. A PLI<1 indicates no contami-
nation, and a PLI> 1 represents heavy metal pollution in
the sediment (Varol 2011).

Sediment quality guidelines
The heavy metal concentrations in sediments at each site
were compared with the SQG values and classified

according to the proposal by MacDonald et al. (2000)
as follows: effect range low (ERL), effect range median
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(ERM), threshold effect level (TEL) and probable effect
level (PEL). The ERL and TEL indicate contents at
which detrimental effects on sediment dwelling fauna
are infrequent, whereas the ERM and PEL represent
concentrations at unfavorable effects are likely to occur
(Hahladakis et al. 2013; Wang et al. 2014).

Potential ecological risk index

The PERI value can be calculated using the following
formulas:

n n n
RI:Z:IEf,:Z:lTixC}:_Z::lTi x Cy /G,

where RI is a comprehensive ecological risk index for
heavy metals in each sample, ' is the potential ecolog-
ical risk index for a specific heavy metal, 7" is the toxic-
response factor for a given heavy metal, C; is the

pollution factor, Cj, is the content of metals in the
sediments, and C', is a background level for metals.
The toxic-response factors for Hg, Cd, As, Pb, Cu, Ni,
Cr and Zn were 40, 30, 10, 5, 5, 5, 2, and 1, respectively
(Hakanson 1980; Liu et al. 2014). The potential ecolog-
ical risks for a simple metal can be classified as follows:
low risk (E. < 40), moderate risk (40 < E' < 80),
considerable risk (80 < £’ < 160), high risk (160 < E'
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< 320), and very high risk (E. > 320). The potential
ecological risk for the overall heavy metal content in the
sediments of each sample is expressed as follows: low
ecological risk (PERI<150), moderate ecological risk
(I50<PERI<300), considerable ecological risk
(300<PERI<600), and very high ecological risk
(PERI=>600) (Li et al. 2013; Wang et al. 2014).

Statistical analysis

The total heavy metal and organic matter contents in the
surface sediments and sediment cores are presented as
the mean + standard deviation in this study. The normal
distribution of heavy metal levels in the six sediment
cores were tested using the one-sample Kolmogorov-
Smirnov test (1-sample K-S), and probability values (2-
tailed) ranging from 0.08 to 0.91 for As, 0.06 to 0.67 for
Cd, 0.32t0 0.88 for Cr, 0.15 to 0.94 for Cu, 0.55 t0 0.96
for Hg, 0.22 to 0.95 for Ni, 0.09 to 0.89 for Pb, and 0.11
to 0.74 for Zn indicated that the data follow a normal
distribution. Next, the average concentrations of heavy
metals at the different depths in the sediment cores at
specific sampling sites were compared by performing a
one-way ANOVA in conjunction with Duncan’s multi-
ple comparison methods. Statistical analyses, including
linear regression analyses, principal component/factor
analyses, and cluster analyses, were conducted in the
software SPSS for Windows (Version 11.5; Chicago, IL,
USA). Significant differences were noted at a level of
0.05.

Results and discussion

Spatial distribution of heavy metals in the surface
sediment

The spatial distribution patterns of heavy metals in the
surface sediment are shown in Fig. 2 using contour
maps plotted by Surfer 8.0 (Golden Software, Inc.,
Colorado, USA). The trends for all the heavy metals
(except Cd) were similar. Higher contents of As, Hg, Zn,
Cu, Pb, Cr, and Ni were mainly observed in the northern
and southwestern areas of the lake, whereas lower con-
tents were observed in the center and eastern areas of the
lake. Although patches with higher concentrations of Cd
were observed in the northern and southern areas, lower
concentrations were primarily confined to areas around

the lake. The total contents of the eight heavy metals in
the surface sediment showed evident inhomogeneity
(»<0.01) associated with the location of inflow estuar-
ies, enclosure culture regions, and sediment spatial dis-
tributions. The total contents of heavy metals in the
surface sediment ranged from 60.56 to 138.61 (average
83.78 +15.65) mg/kg for Cr; 28.02 to 71.59 (average
44.52+9.22) mg/kg for Ni; 19.13 to 101.19 (average
45.73+£17.91) mg/kg for Cu; 71.20 to 310.19 (average
147.56+60.95) mg/kg for Zn; 4.86 to 14.19 (average
9.72+£2.20) mg/kg for As; 0.60 to 27.38 (average 5.24
+6.63) mg/kg for Cd; 19.49 to 53.25 (average 34.97
+7.67) mg/kg for Pb; and 0.05 to 0.26 (average 0.11
+0.05) mg/kg for Hg (Table 1). The coefficients of
variation varied from 0.19 for Cr to 1.27 for Cd and
increased in the order of Cr<Ni<Pb<As<Cu<Zn
<Hg < Cd. This result indicated that the spatial distribu-
tion of these heavy metals in the surface sediment was
substantially heterogeneous and may be caused by dif-
ferent sources (Wang et al. 2014). Additionally, the Cd
contents in the surface sediment of this lake showed a
larger variation relative to the distribution of the other
heavy metals. Han et al. (2006) and Yang et al. (2011)
stated that heavy metal contamination exhibiting low
coefficients of variation is associated with natural
sources, and contamination with high coefficients of
variation is primarily derived from anthropogenic
sources.

Average concentrations of Ni, Cu, Zn, Pb, and Cd
above their corresponding background values were
found at all the sites, and 58.3, 56.3, and 43.8 % of the
48 sites displayed Cr, As, and Hg contents higher than
their background values, respectively (Table 1). Ni, Cu,
Zn, Cd, and Pb were 1.28-, 1.42-, 1.50-, 18.41-, and
1.23-fold higher than their background values, respec-
tively, and the Cr, As, and Hg contents were nearly
identical to their background values. The extent of
heavy metal enrichment above background values in
the surface sediment increased in the order of
Hg<As<Cr<Pb<Ni<Cu<Zn<Cd. The concentra-
tions of heavy metals in the surface sediment also
reflected their corresponding ERL/ERM and TEL/PEL
values, with 54.2, 97.9, 14.6, 60.4, 25.0, 47.9, and
20.8 % of the sites exhibiting Cr, Ni, Cu, Zn, Cd, Pb,
and Hg contents that exceeded their corresponding
ERL; only As exhibited content in all the sites that
was lower than its ERL. The Ni levels at eight sites
(16.3 %), Zn at two sites (3.8 %), and Cd at four sites
(8.5 %) were higher than their respective ERM values,
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Fig. 2 Spatial distribution of the heavy metal concentrations in the surface sediments from Lake Changdang
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Table 1 Statistical parameters and corresponding background values of the heavy metals in the surface sediments of Lake Changdang

(mg/kg DW)

Cr Ni Cu Zn As Cd Pb Hg
Max 138.61 71.59 101.23 310.19 14.19 27.38 53.25 0.26
Min 60.56 28.02 19.13 71.20 4.86 0.60 19.49 0.05
Mean 83.78 44.52 45.73 147.56 9.72 5.24 34.97 0.11
SD 15.65 9.22 1791 60.95 2.20 6.63 7.67 0.05
BV* 79.3 19.5 18.9 59.0 9.4 0.27 15.7 0.11
%° 583 100.0 100.0 100.0 56.3 100.0 100.0 43.8
ERL 80.0 30.0 70.0 120.0 33.0 5.0 35.0 0.15
% 54.2 97.9 14.6 60.4 0.0 25.0 47.9 20.8
ERM 145.0 50.0 390.0 270.0 85.0 9.0 110.0 1.30
%> 0.0 16.3 0.0 3.8 0.0 8.8 0.0 0.0
TEL 373 18.0 35.7 123.0 59 0.596 35.0 0.174
% 100.0 100.0 75.0 60.4 95.8 100.0 47.9 12.5
PEL 90.0 359 197.0 315.0 17.0 3.53 91.3 0.486
%° 29.2 81.3 0.0 0.0 0.0 375 0.0 0.0

# BV, background value of heavy metals in surface sediments of the Taihu Basin [Qu et al. 2001]. ERL, ERM, TEL, and PEL are from the
reference [MacDonald et al. 2000]

© o4 represents the percentage of sampling sites in which the heavy metal levels in the surface sediment exceeded their corresponding BV,

ERL, ERM, TEL, and PEL

whereas the remaining heavy metals were lower than
their respective ERM values at all the sites (Table 1).
The Cr, Ni, and Cd content in the surface sediment of all
the sites exceeded their respective TEL values.
Additionally, of the 48 sites, 75.0, 60.4, 95.8, 47.9,
and 12.5 % displayed contents of Cu, Zn, As, Pb, and
Hg that exceeded their corresponding TEL values, re-
spectively. The Cr contents at 14 sites (29.2 %), Ni
contents at 39 sites (81.3 %), and Cd contents at 18 sites
(37.5 %) were higher than their respective PEL values,
whereas the remaining other heavy metals were lower
than their respective PEL values at all the sites (Table 1).

A comparison of the heavy metal concentrations in
the surface sediment from the studied lake with that of
other freshwater lakes in China and other countries is
shown in Table 2. The Cd, Cu, Ni, and Zn contents in
the surface sediments of this lake were higher than the
contents in the other domestic lakes in Table 2, whereas
the As and Pb contents and the Cr and Hg contents were
lower than and similar to these contents, respectively.
Compared with the published data on the heavy metal
contents in surface sediment from other countries
(Table 2), the Cd content in all the lakes (except
Manchar Lake (Pakistan)) was lower than that in Lake

Changdang; the Cr and Ni contents in lakes Manchar
(Pakistan), Qaroun (Egypt), and Veeranam (India) were
higher than that in Lake Changdang; the As and Pb
contents in lakes Erie (USA), Manchar (Pakistan), and
Songkhla (Thailand) were higher than that in Lake
Changdang; the Cu and Zn contents in lakes Manchar
(Pakistan), Songkhla (Thailand), and Veeranam (India)
were higher than that in Lake Changdang. These find-
ings indicate that the extent of select heavy metal pol-
lution, notably Cd, in the surface sediments of Lake
Changdang is serious, which may be potentially ex-
plained by the intensive discharge of industrial and
domestic effluents from the rivers located along the
western and northern portion of Lake Changdang.

Vertical variations in the heavy metal levels
in the sediment cores

Figure 3 displays the vertical distribution of heavy metal
concentrations in the sediment cores at site 4, site 9, site
17, site 25, site 27, and site 41 in Lake Changdang. The
heavy metal levels in the sediment profiles ranged from
70.07 to 127.98 mg/kg for Cr, 33.62 to 68.24 mg/kg for
Ni, 26.58 t0 92.13 mg/kg for Cu, 80.43 to 246.53 mg/kg
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Table 2 Average contents of heavy metals in the surface sediment from lakes in different countries

Lake name Heavy metal concentrations in the surface sediment (mg/kg dry wt.) References

As Cd Cr Cu Ni Pb Zn Hg
L. Erie, USA 11.7 2.8 46.4 27.3 28.3 75.5 1234 NA Opfer et al. 2011
L. Victoria, Tanzania NA 2.5 11.0 21.6 NA 29.6 36.4 0.1 Kishe and Machiwa 2003
L. Manchar, Pakistan 18.5 8.7 254.0 376.2 73.7 323.0 667.5 NA Arain et al. 2008
L. Songkhla, Thailand ~ 25.0 2.5 NA 84.0 38.0 146.0 539.0 NA Pradit et al. 2010
L. Laguna, Philippines ~ NA 0.1 16.9 103.1 13.1 20.1 13.5 NA Hallare et al. 2005
L. Qaroun, Egypt 3.0 NA 128.6 44.1 56.9 14.0 66.4 NA El-Sayed et al. 2015
L. Veeranam, India NA 0.8 88.2 94.1 63.6 30.1 180.1 NA Suresh et al. 2012
L. Nansi, China 17.7 0.2 85.5 37.0 393 38.7 87.5 0.1 Wang et al. 2014
L. Yilong, China 15.5 0.8 86.7 314 36.0 53.2 86.8 NA Bai et al. 2011
L. Chaohu, China NA 0.4 NA 25.7 334 433 100.0 NA Yin et al. 2011a
L. Taihu, China 13.5 0.9 56.2 36.7 NA 51.8 NA 0.1 Yin et al. 2011b
L. Changdang, China 9.7 53 83.78 45.73 44.52 34.97 147.6 0.1 Present study

NA not available

for Zn, 6.14 to 13.06 mg/kg for As, 0.70 to 15.78 mg/kg
for Cd, 26.10 to 49.74 mg/kg for Pb, and 0.05 to
0.24 mg/kg for Hg, and the average coefficient of var-
iation was 11.7, 15.4, 29.8, 30.0, 32.9, 74.5, 23.0, and
36.1 %, respectively. The Cd levels in the sediment
profile indicated larger variations with increasing sedi-
ment depth at six sites relative to that of the other heavy
metals, indicating that Cd could be influenced by an-
thropogenic activities. The average coefficient of varia-
tion at a specific sampling site decreased in the order site
27> site 4>site 17> site 25 >site 41 >site 9, which may
be explained by the location of the inflowing and
outflowing estuary mouths.

The maximum contents of 151.7 mg/kg for Cr,
80.8 mg/kg for Ni, 114.5 mg/kg for Cu, 282.0 mg/kg
for Zn, 56.7 mg/kg for Pb, and 0.3 mg/kg for Hg
occurred at site 41, whereas the maximum contents of
15.9 mg/kg for As and 33.7 mg/kg for Cd occurred at
site 25. The minimum contents of almost all of the
heavy metals (except As) in the different sediment
layers were observed at site 4. As shown in Fig. 3, the
distribution trends of the eight heavy metals measured in
the sediment cores were similar at six sites, and their
concentrations at each site increased slightly in the
upper 0-2-cm layer and then decreased as the sediment
depth increased, with a sharp decrease observed in the
20-34-cm layer. This distribution was also observed by
Yin et al. (2011a) and Naimi and Ayoubi (2013). Heavy
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metals easily form complexes with organic matter, and
this process may be primarily responsible for the high
concentrations of heavy metals in the upper layer
(McManamon et al. 2012; Huo et al. 2015). For a
specific site, such as site 25, the concentrations of heavy
metals in the 0—1-cm layer were lower than those in the
1-2-cm layer, indicating a likely dilution because of
processes associated with sediment suspension induced
by wind-driven currents, bioturbation, trawling, dredg-
ing, and shipping (Yin et al. 2011b). In this study, the
contents of organic matter in the upper layers of the
sediment core at site 4, site 9, site 17, site 25, site 27,
and site 41 were 2.5-, 1.9-, 2.5-, 2.2-, 2.6-, and 1.3-fold
higher, respectively, than that in the 20-34-cm layer, and
a significant logarithmic correlation was also found
between the total organic carbon contents and As, Cd,
Cr, Cu, Hg, Ni, Pb, and Zn contents, which presented R-
squared values of 0.6936 (p<0.01, n=46), 0.2951
(»<0.01, n=46), 0.2804 (p<0.01, n=46), 0.4542
(»<0.01, n=46), 0.4584 (p<0.01, n=46), 0.4252
(p<0.01, n=46), 0.5506 (p<0.01, n=46), and 0.5224
(p<0.01, n=46), respectively. The contents of clay in
the sediment profile decreased with increasing sediment
depth at six sites; the opposite distribution trend was
observed for sand levels. The silk levels in the sediment
profile decreased with increasing sediment depth at site
4, site 9, site 25, and site 41, whereas the opposite trend
occurred at site 17 and site 27 (Fig. 4). Heavy metals
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Fig.3 Vertical distributions of heavy metals in the sediment cores
from Lake Changdang. a, b, ¢, d, e, and f refer to site 4, site 9, site
17, site 25, site 27, and site 41, respectively. All data are expressed

as the mean+standard deviation; heavy metal concentrations
marked with identical letters do not differ significantly at different
sediment depths (Duncan’s test, p <0.05)
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were easily adsorbed on the surface of clay minerals,
and the ability of clay minerals to adsorb heavy metals
has been well recognized (He et al. 2012; Li et al. 2014).
A significant power function relationship was found
between the clay levels and each of the As, Cd, Cr,
Cu, Hg, Pb, and Zn contents, with » values of 0.4202
(»p<0.01, n=46), 0.4040 (»p<0.01, n=46), 0.2961
(p<0.05, n=46), 0.2956 (p<0.05, n=46), 0.3079
(p<0.05, n=46), 0.4215 (p<0.01, n=46), and 0.3045
(p<0.05, n=46), respectively. However, there were no
significant correlations between the heavy metal con-
tents and either sand or silk levels for six sediment cores.
Therefore, organic matter and clay may play an impor-
tant role in the retention of heavy metals in the surface
sediment of this lake, which suggest that heavy metals
are only weakly mobile in the sediment core.

Sediment contamination index

The CF values calculated for each heavy metal and PLI
values calculated for the sediments of each site are
presented in Table 3. The CF values ranged from 0.76
to 1.75 for Cr, 1.44 to 3.67 for Ni, 1.01 to 5.36 for Cu,
1.21 to 5.26 for Zn, 0.52 to 1.51 for As, 2.21 to 101.42
for Cd, 1.24 to 3.39 for Pb, and 0.43 to 2.32 for Hg, and
the averages were 1.06+0.20, 2.28+0.47, 2.42+0.95,
2.50+1.03,1.034+0.23, 19.39+24.54,2.23+0.49, 0.99
+0.48, and 2.14+0.74, respectively. The maximum CF
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values for Cr, Ni, Cu, As, Pb, and Hg were observed at
site 41, and the maximum CF values of Zn and Cd were
observed at site 25, whereas the lowest CF values for
each heavy metal were found at site 39, which was
located near an estuary of the outflowing Zhonggan
River. The CF values for Cr, As, and Hg were lower
than three in the sediments from all the sites, suggesting
a “moderate contamination” level. The CF values indi-
cate “considerable contamination” for Ni at 3 sites
(6.3 %), Cu at 9 sites (18.8 %), Zn at 12 sites
(25.0 %), Pb at 3 sites (6.3 %), and Cd at 10 sites
(20.8 %). Cd was detected in the sediment of 37 sites
(77.1 %) at a “very high contamination” level, indicat-
ing that Cd pollution in the surface sediment of this lake
was likely associated with exogenous input of domestic,
municipal, and industrial wastewater discharges from
inflow rivers along the northwestern and southwestern
portions of this lake.

The PLI values for the sediment of each site varied
between 0.98 and 3.98 and had an average value of 2.14
+0.74 (Table 3), representing a substantial fluctuation.
The extent of heavy metal contamination increased as
the PLI value increased (Suresh et al. 2012). PLI values
above three were found at site 15, site 25, site 26, site 32,
site 33, site 35, and site 41, and the heavy metal pollu-
tion classification suggests that the sediment exhibited
significant pollution by all the eight heavy metals, which
is caused by the input of metallic discharge by the
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Table 3 Heavy metal CFs and the PLI for the sediments from all
sites in Lake Changdang

Site  CF PLI
no.

Ct Ni Cu Zn As Cd Pb Hg

098 219 206 197 1.07 645 242 077 1.80

2 1.00 209 188 211 0.87 417 209 053 1.55
3 092 189 144 150 0.68 3.16 173 045 126
4 091 1.88 172 170 094 420 192 061 148
5 089 180 161 157 084 313 191 058 136
6 1.10 237 260 276 128 3030 250 073 246
7 089 176 142 142 0.80 399 185 055 134
8 090 194 135 144 1.05 758 161 044 144
9 098 205 180 192 0.79 1559 1.84 058 1.76
10 124 262 211 233 0.83 18.17 1.82 091 2.11

11 111 241 252 246 134 10.14 275 106 225
12 1.02 221 195 159 081 6.06 189 0.67 1.60
13 080 1.62 136 138 0.71 518 1.74 054 131
14 1.03 234 249 288 1.12 3627 249 075 245
15 130 275 394 398 135 17.43 274 188 3.01
16 082 174 157 170 0.76 841 171 0.67 1.51
17 1.04 217 223 202 1.10 843 232 083 191
18 086 172 145 156 0.84 770 174 058 147

19 1.03 232 276 341 115 6531 253 1.1 288
20 091 201 196 212 083 1252 173 087 1.82
21 147 306 276 248 1.17 731 278 096 227

22 1.01 218 206 212 091 10.15 193 086 1.87
23 084 1.67 145 148 095 10.78 1.73 051 1.51
24 1.04 219 202 219 1.10 2689 203 078 2.16

25 132 292 396 526 145 10142 322 176 398
26 143 303 481 514 127 1045 320 229 3.19
27 1.08 234 255 233 112 778 260 1.02 2.08

28 .15 273 280 252 1.09 11.61 238 115 230
29 096 222 263 237 097 13.66 218 1.12 214

30 1.06 249 268 3.07 1.10 1923 242 123 247
31 099 207 246 262 1.09 2932 230 098 236
32 130 3.00 370 399 143 7440 269 145 3.53

33 127 285 393 461 135 91.24 280 193 3.80
34 1.08 243 262 239 1.07 10.02 229 1.07 213

35 129 289 361 436 141 9731 285 184 381
36 120 275 344 3.03 1.09 1386 2.80 154 2.62
37 1.06 236 262 254 104 1041 222 117 215

38 082 1.66 145 158 0.78 8.62 182 059 147
39 076 144 101 121 052 221 124 043 098
40 094 190 158 148 1.13 1290 1.70 051 1.64
41 1.75 367 536 457 151 1982 339 232 372
42 129 299 374 3.63 140 1405 288 159 2.88
43 1.09 249 255 3.05 099 459 231 117 2.00
44 1.16 254 253 235 1.07 505 233 110 199
45 095 208 205 224 090 1195 196 1.07 195
46 090 1.84 204 183 0.61 3.67 154 089 144

Table 3 (continued)

Site  CF PLI
no.

Ctr Ni Cu Zn As Cd Pb Hg

47 089 199 173 200 092 2201 190 0.69 1.89
48 091 191 180 1.81 1.02 594 209 061 1.60
Max 175 367 536 526 151 10142 339 232 398
Min 076 144 101 121 052 221 124 043 098
Mean 1.06 228 242 250 1.03 1939 223 099 214
SD 020 047 095 1.03 023 2454 049 048 0.74

inflowing river located along the northwestern portions
of this lake. Except at site 48, the remaining PLI values
ranged from one to three, indicating moderate contam-
ination by these heavy metals. The variation in PLI
values observed here was higher than that in Lake
Vembanad in India and Lake Rawal in Pakistan, in
which the PLI values of the sediments ranged from
0.49 to 3.70 (Prinju and Narayana 2006) and from
0.85 to 3.56 (Zahra et al. 2014), respectively. The range
in the sediments of Lake Changdang was lower than that
in the sediment of Lake Veeranam (Suresh et al. 2012);
however, the average PLI values in the sediment of Lake
Veeranam matched the average observed here.

Assessment of heavy metals in the surface sediment
using the potential ecological risk index

The potential ecological risk of the surface sediment in
the present lake was classified by the PERI values of the
individual and overall heavy metals (Table 4).
According to the PERI values of the individual heavy
metals, Cr, Zn, Pb, Ni, As, and Cu present a low poten-
tial ecological risk in the sediment of this lake; Hg
presents low and moderate potential ecological risk in
the sediment of 38 and 10 sites, respectively; and Cd
presents moderate, considerable, high, and serious risk
levels in the sediments of 1, 9, 17, and 21 sites, respec-
tively. Consequently, the Cd and Hg levels in the sedi-
ments might lead to higher potential ecological risks
relative to that of the other metals investigated. In terms
of the average PERI values of an individual heavy
metal, the ecological risk level increased in the order
Cr<Zn<Pb<Ni=As<Cu<Hg<Cd. The highest
PERI values for a single heavy metal were observed at
site 41 for Cr, Ni, Cu, As, Pb, and Hg; at site 26 for Zn;
and at site 25 for Cd, whereas the lowest values were
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Table 4 Potential toxicity response index and potential ecological risk index of heavy metals in the surface sediments of Lake Changdang

Site no. Potential toxicity response index for single heavy metals (E' j-) PERI
Cr Ni Cu Zn As Cd Pb Hg

1 1.78 991 9.31 1.79 10.75 175.44 10.98 25.20 245.15
2 1.82 9.46 8.51 1.92 8.73 113.54 9.48 17.42 170.89
3 1.67 8.58 6.53 1.36 6.79 85.98 7.84 14.87 133.62
4 1.65 8.50 7.80 1.55 9.43 114.16 8.70 20.19 171.98
5 1.61 8.15 7.28 1.43 8.44 85.11 8.65 19.05 139.72
6 2.00 10.73 11.80 2.51 12.77 824.05 11.33 23.93 899.11
7 1.61 7.96 6.43 1.29 7.98 108.59 8.37 18.02 160.25
8 1.62 8.78 6.12 1.31 10.49 206.08 7.29 14.22 255.92
9 1.77 9.28 8.15 1.75 7.86 423.98 8.34 19.07 480.19
10 2.24 11.88 9.54 2.12 8.26 494.27 8.27 30.04 566.61
11 2.00 10.93 11.41 2.24 13.44 275.78 12.47 34.73 363.00
12 1.84 10.01 8.83 1.45 8.08 164.84 8.57 21.95 225.57
13 1.46 7.36 6.18 1.26 7.05 140.78 7.90 17.67 189.66
14 1.86 10.62 11.29 2.62 11.23 986.67 11.27 24.64 1060.20
15 2.34 12.47 17.87 3.62 13.49 474.00 12.41 61.84 598.05
16 1.48 7.89 7.11 1.55 7.62 228.87 7.74 21.95 284.20
17 1.88 9.84 10.09 1.83 10.96 229.23 10.50 27.23 301.57
18 1.55 7.80 6.56 1.42 8.37 209.53 7.88 19.01 262.13
19 1.86 10.52 12.50 3.11 11.55 1776.47 11.48 36.49 1863.97
20 1.65 9.09 8.87 1.93 8.29 340.63 7.82 28.55 406.83
21 2.67 13.86 12.51 2.25 11.68 198.96 12.58 31.62 286.12
22 1.83 9.89 9.32 1.93 9.07 276.05 8.73 28.24 345.07
23 1.52 7.55 6.56 1.35 9.54 293.09 7.82 16.75 344.18
24 1.87 9.90 9.14 2.00 10.97 731.41 9.20 25.52 800.01
25 2.34 13.09 16.34 3.97 14.10 2758.71 12.93 60.63 2882.11
26 2.58 13.74 21.77 4.78 12.74 284.14 14.50 75.28 429.53
27 1.95 10.58 11.57 2.12 11.22 211.62 11.79 33.58 294.42
28 2.09 12.38 12.70 230 10.88 315.86 10.76 37.84 404.81
29 1.74 10.06 11.92 2.15 9.74 371.48 9.89 37.00 453.98
30 1.92 11.29 12.12 2.80 11.04 522.92 10.97 40.36 613.41
31 1.79 9.38 11.12 2.39 10.88 797.44 1041 32.30 875.72
32 236 13.61 16.76 3.63 14.27 2023.60 12.20 47.56 2133.99
33 230 12.93 17.80 4.19 13.46 2481.62 12.67 63.44 2608.42
34 1.95 10.99 11.87 2.17 10.67 272.44 10.36 35.06 355.51
35 239 13.21 17.92 4.68 14.52 2646.87 14.59 57.78 2771.96
36 2.17 12.46 15.59 2.76 10.95 376.89 12.69 50.52 484.03
37 1.91 10.70 11.88 231 10.37 283.04 10.05 38.41 368.67
38 1.49 7.51 6.58 1.44 7.76 234.44 8.22 19.33 286.77
39 1.65 8.67 8.15 1.65 10.23 161.66 9.48 19.94 221.44
40 1.71 8.61 7.15 1.34 11.31 350.83 7.71 16.82 405.48
41 3.16 16.63 24.26 4.16 15.09 539.19 15.36 76.38 694.24
42 233 13.56 16.96 3.31 14.00 382.08 13.06 52.15 497.45
43 1.96 11.28 11.55 2.77 9.94 124.73 10.46 38.51 211.22
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Table 4 (continued)

Site no. Potential toxicity response index for single heavy metals (E."/) PERI
Cr Ni Cu Zn As Cd Pb Hg

44 2.09 11.48 11.48 2.14 10.73 137.32 10.56 36.34 222.15
45 1.72 9.42 9.29 2.03 9.05 325.10 8.89 35.12 400.63
46 1.63 8.35 9.25 1.67 6.08 99.72 6.96 29.18 162.85
47 1.61 9.01 7.85 1.82 9.16 598.80 8.59 22.57 659.41
48 1.38 6.51 4.58 1.10 5.17 60.20 5.62 14.62 99.18
Max 3.16 16.63 24.26 4.78 15.09 2758.71 15.36 76.38 2882.11
Min 1.38 6.51 4.58 1.10 5.17 60.20 5.62 14.22 99.18
Mean 191 10.34 10.96 228 10.34 527.46 10.09 32.69 606.07
SD 0.36 2.14 4.29 0.94 2.34 667.56 221 15.95 682.55

found at site 48 for almost all of the heavy metals
(except Hg, for which the lowest value was at site 8).
The comprehensive PERI values calculated for
the eight heavy metals in the surface sediments
from the 48 sites varied between 99.2 and 2882.1
and had an average of 606.1, and the average
value was higher than the threshold of the very
high ecological risk level. The lowest and highest
integrated PERI values were observed at site 48
and site 25, respectively. The spatial distribution of
the comprehensive PERI in the surface sediment
was characterized by an increase from east to west
and south to north. The surface sediments with a
very high potential ecological risk level were
mainly located in a region 1.5 km from the estu-
aries of the Xinhe and Dapu rivers, whereas sed-
iments with a low potential ecological risk level
were located in the northeast and southern regions
of the lake, which were dominated by outflow
zones. The surface sediments with low, moderate,
considerable, and very high potential ecological
risk levels accounted for 6.3 % (3 sites), 33.3 %
(16 sites), 35.4 % (17 sites), and 25.0 % (12 sites)
of all the sites, respectively, suggesting that the
surface sediment pollution caused by heavy metals
was serious. Among the eight heavy metals stud-
ied, Cd contributed 78.7 % to the comprehensive
PERI, Hg contributed 8.4 %, and all of the others
contributed 12.9 %, indicating that Cd and Hg are
the dominant factors that should be addressed
when assessing the potential ecological risks in
the surface sediments of this lake. Moreover,

ecological risk assessments of heavy metals should
consider the pollution characteristics of an individ-
ual heavy metal and cumulative contamination
caused by different heavy metals in the surface
sediments.

Multivariate statistical analyses
Correlation matrix

A linear regression analysis was performed to determine
the relationships between different variables and explore
the potential sources of different heavy metals.
Pearson’s correlation coefficients for the different vari-
ables, including the eight heavy metals, TOC, PLI, and
PERI, were determined using SPSS 12.0 software and
are shown in Table 5. Significant linear correlations
were observed among the contents of the eight heavy
metals in the surface sediment in this lake. Suresh et al.
(2012) stated that the significant correlation coefficients
among the different heavy metals indicate mutual con-
taminant sources and identical environmental behaviors
during transport. The strong significant correlations
among the eight heavy metals investigated in this study
indicate that these metals may be derived from exoge-
nous inputs from the inflowing rivers located along the
western and northwestern portions of this lake. The
correlation coefficient between the Cd value and PERI
value was higher than that between the other heavy
metals and their PERI values, indicating the greater
contribution of Cd to the comprehensive potential eco-
logical risk in the surface sediment of this lake.
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Table 5 Correlation coefficients among the different variables

TOC Cr Ni Cu Zn As cd Pb Hg PERI PLI
TOC 1 0.32" 0.32" 0.17 0.11 0.16 0.04 0.16 0.14 005 0.15
Cr 1 097" 091" 0.83" 0.79" 040" 0.87"" 0.85" 0.43" 0.83"
Ni 1 0.93™ 0.86"" 0.82"" 046" 0.90" 0.87" 048" 0.87"
Cu 1 0.95™ 0.83" 051" 092" 097" 0.54™ 0.92""
Zn 1 0.81" 0.69" 0.88" 0.93™ 0.71" 0.96"
As 1 0.59" 0.89™ 075" 0.61°" 0.87"
cd 1 050" 0.50"" 0.98" 0.79"
Pb 1 0.85™ 0.53" 0.88"
Hg 1 0.53"" 0.89"
PERI 1 0.81""
PLI 1

" Significant at p <0.05 (two-tailed)
** Significant at p<0.01 (two-tailed)

However, the single trace element contributions to the
PLI were nearly identical. No significant linear correla-
tion was observed between the TOC and any of the
heavy metals (except Cr and Ni) in the surface sediment,
suggesting that the TOC contents may be affected by
inputs from the inflowing rivers and decomposition of
the aquatic vegetation and feeding culture; thus, the
TOC levels may be more changeable than the heavy
metal content in the surface sediment.

Principal component analysis/factor analysis

Prior to performing the principal component and factor
analyses, the suitability of the experimental data was
examined by the Kaiser-Meyer—Olkin (KMO) and
Bartlett’s sphericity tests. According to Varol (2011), a
KMO value approaching one generally indicates that the
principal component and factor analyses are valuable. A
probability value of less than 0.05 for the Bartlett’s
sphericity test indicates a significant correlation among
parameters. In the present study, the KMO value and
Bartlett’s sphericity test probability value were 0.88 and
0, respectively, indicating that the results derived from
the principal component and factor analyses were cred-
ible. The principal component and factor analyses were
applied to the normalized experimental dataset, which
included the heavy metals, TOC, PERI, and PLI values.
This analysis was performed to determine the factors
that influence each variable, and it employs a correlation
matrix among the above variables followed by a
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varimax rotation. The loading coefficients, eigenvalues,
and percentage of the total variance of the different
parameters in the correlation matrix and varimax rota-
tion are detailed in Table 6. Two components with
eigenvalues exceeding one explained 86.0 % of the total
variance. Component 1 was dominated by all the vari-
ables (0.72-0.99) except the Cd and TOC levels, and
this component accounted for 73.2 % of the total vari-
ance (Table 6). Component 2 explained 12.8 % of the
total variance and was not correlated with each variable.
Two other components were obtained through the
varimax rotation of the correlation matrix. Component
1 explained 57.7 % of the total variance and had signif-
icant loadings (0.78—0.95) for Cr, Ni, Cu, Zn, As, Pb,
Hg, and the PLI (Table 6), suggesting that almost all of
the heavy metals (except Cd) were important for the
PLI. Component 2 was dominated by Cd and the PERI
and explained 28.3 % of the total variance, indicating
that the Cd content in the surface sediment significantly
influenced the PERL

Cluster analysis

A cluster analysis was also performed on the heavy
metal, TOC, PLI, and PERI data to classify similar
objects into groups. Figure 5 presents a dendrogram of
all parameters grouped into three clusters. Cluster 1
included As, Cr, Cu, Ni, Pb, Zn, and the PLI, and it
indicates that the concentrations of these heavy metals
were responsible for the PLI and suggests that mutual
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Table 6 Parameter loadings on significant principal components
for the experimental dataset of the surface sediments of Lake
Changdang

Parameters Correlation Varimax

matrix rotation

PC1 PC2 PCl PC2
Cr 0.90 0.34 095 0.16
Ni 0.93 0.29 095 022
Cu 0.96 0.18 092 034
Zn 0.97 - 0.79 055
As 0.89 - 0.78 044
Cd 0.69 —0.67 026 0.93
Pb 0.93 0.15 0.88 034
Hg 0.92 0.14 0.87 035
PLI 099 -0.15 0.78 0.63
PERI 0.72 —-0.65 029 092
TOC 0.21 0.48 043 —0.31
Eigenvalue 8.06 1.40 635 3.11
% of total variance 73.2 12.8 577 283

% of cumulative total variance 73.2 86.0 577 86.0

Bold values indicate significant loadings

pollution sources may have occurred for these heavy
metals. Cluster 2 consisted of Cd and the PERI, and it
suggests that the Cd level in the surface sediment was
significantly related to the integrated PERI. In recent
years, a number of industrial plants located along the
inflow rivers in the north and northwestern portion of
this lake and associated with metal processing, smelting,
battery production, and electronic component produc-
tion have been decommissioned, which has caused the
discharge of a large amount of untreated industrial

Q —_
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0.80
Cluster 2

0.724

0.64
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0.48

0.404

0.324
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Fig. 5 Dendrogram of the variables based on similarity

wastewater into the lake water. However, heavy metals
have accumulated in the surface sediment and aggravat-
ed sediment pollution because of their non-
biodegradable nature. Cluster 3 consisted of the TOC,
which only significantly correlated with the metals Cr
and Ni. As discussed above, the results obtained from
the cluster analysis are consistent with those from the
principal component/factor analyses and Pearson corre-
lation analysis.

Conclusions

The concentrations of the eight heavy metals in
the surface sediment of Lake Changdang were
determined, and the regions with high contents of
heavy metals were mainly confined to the northern
and southwestern lake zones, which are strongly
influenced by the inflowing rivers. The vertical
distributions of As, Cd, Cr, Cu, Hg, Ni, Pb, and
Zn in the sediment cores displayed sharp concen-
tration decreases below the 20-cm layer. Eight
heavy metal levels in the surface sediments were
comparable to the corresponding background,
SQGs, PLI, and comprehensive PERI values,
showing that the sediments in this lake were con-
taminated by these heavy metals, particularly Cd.
Additionally, over 94 % of the sites evaluated for
Lake Changdang displayed at least a moderate
potential ecological risk. Industrial wastewater dis-
charge that contains metals from industrial plants
associated with metal processing and treatment
was the dominant pollution source, which is con-
sistent with the results of the multivariate statisti-
cal analyses. These findings will provide useful
information for the control and treatment of heavy
metal pollution in surface sediments by local en-
vironmental managers and regulators.
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