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Abstract The contamination levels and ecological risks
of heavy metals in the sediments of the Nansi Lake were
investigated. The contents of Cd, Cr, Cu, Pb, Zn, Ni, and
Co in the surface sediments collected at 20 sites ranged
from 0.08 to 1.12, 58.92 to 135.62, 38.09 to 78.65, 24.51
to 53.95, 110.51 to 235.36, 11.30 to 65.40, and 4.12 to
20.14 mg/kg, respectively. The results of partitioning
analysis revealed that the proportions of soluble and
exchangeable fraction were less than 1 %, the proportions
of carbonate, amorphous oxides, organic matter, and
crystalline oxides fraction were less than 10 %, and
10.52 % of Cd was associated with carbonate. The aver-
age proportions in the residual fraction ranged from
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48.62 % for Cu to 73.76 % for Ni, indicating low mobil-
ity and bioavailability. The geoaccumulation index (Zg,),
relative enrichment factor (REF), sediment pollution in-
dex (SPI), and potential effect concentration quotient
(PECQ) values of the heavy metals in the sediments were
not in agreement with each another. The average REF
values of Cd and Zn were higher than those of other
metals. However, the average PECQ values were higher
for Cr and Ni than those of other metals, indicating that
these two metals would cause higher adverse biological
effects. Therefore, it is suggested that future management
and pollution control might focus on Cd, Zn, Cr, and Ni
in the sediments of the Nansi Lake.

Keywords Sediment - Heavy metals - Distribution -
Ecological risk

Introduction

Heavy metals contamination in sediments has become a
critical area of growing concern worldwide in recent
years, because it is one of the greatest threats to water
quality, the aquatic ecosystem, and human health. Trace
element pollution is regarded as a serious threat to the
environment due to pollutants’ toxicity, environmental
persistence, and the ability to be incorporated into food
chains (Long et al. 2006; Sadiq et al. 2007; Sakan et al.
2009). Sediment has been widely recognized as the
main sink for pollutants including trace metallic and
metalloid elements (Forstner and Wittmann 1981; Jain
et al. 2005). Heavy metals accumulate in sediments via
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several pathways: disposal of liquid effluents, terrestrial
runoff, and leachate carrying chemicals originating from
numerous urban, industrial, and agricultural activities,
as well as atmospheric deposition (Rivail Da Silva et al.
1996; Maxwell and Kastenberg 1999; Karageorgis et al.
2002; Mucha et al. 2003). Metal-contaminated sedi-
ments may release metals into the overlying water col-
umn and thus pose a risk to aquatic life and ecosystems
(Calmano et al. 1990). Sediment can reflect the quality
of water system, and its capacity to accumulate contam-
inants is an important factor to assess environmental
impact on aquatic ecosystems (Silva and Rezende
2002; Jain et al. 2008). Therefore, sediments have been
widely used as environmental indicators, and their mon-
itoring can present important information on the degree
of pollution in a given region (Singh et al. 2002).

Heavy metals discharged into a river system either by
natural or anthropogenic sources (Ouyang et al. 2002;
Choi et al. 2007; Yao et al. 2007). Anthropogenic
sources include industrial and energy production, vehi-
cle exhaust, waste disposal, fossil fuel combustion, and
fertilizer and pesticide use. A large proportion of heavy
metals deposited in aquatic sediments are adsorbed to
and co-precipitated with sediments (Gaur et al. 2005;
Varol 2011). Numerous studies have been conducted to
assess and establish the extent of heavy metals in sedi-
ments worldwide (Samecka-Cymerman and Kempers
2001; Mays and Edwards 2001; Bragato et al. 2006),
including lakes (Ozmen et al. 2004; Kamala-Kannan
et al. 2008; Zhang et al. 2009; Selvam et al. 2012;
Suresh et al. 2012; Kankilic et al. 2013; Igbal et al.
2013; Li et al. 2014; Kukrer et al. 2014; Swarnalatha
et al. 2014), rivers (Fan et al. 2002; Audry et al. 2004;
Singh et al. 2003), and marine areas (Yuan et al. 2012;
Dou et al. 2013; Liang et al. 2004).

Additionally, the overall behaviors of heavy metals in
an aquatic environment are strongly influenced by the
association of metals with various geochemical phases
in sediments, which determine their mobilization capac-
ity, and bioavailability (Tessier et al. 1979). Aquatic
sediments consist of several geochemical phases, main-
ly carbonates, sulfides, organic matter, iron, and man-
ganese oxides, and clays, which act as scavengers of
trace metals in the environment (Tessier and Campbell
1987). Therefore, sequential selective extraction (SSE)
techniques have been developed to separate the total
metal content into these forms (Tessier et al. 1979; Ure
etal. 1993; Han and Banin 1999). The most widely used
methods are based on sequential extraction procedures

@ Springer

whereby several reagents are used consecutively to ex-
tract operationally defined phases from the sediment in a
sequence.

The present study investigated the total contents and
the chemical partitioning of heavy metals in the sedi-
ments of the Nansi Lake. The objectives of this study
were to assess the enrichment, contamination, and po-
tential ecological risk of heavy metals in the sediments
of the Nansi Lake. These results from this study provide
an initial judgment on the cleanup and dredging opera-
tion and management of the sediments in this region.

Materials and methods
Study area

The Nansi Lake (34°27'-35°20'N, 116°34'-117°21'E)
is a typical shallow lake with an area of 1,266 km?* and
average depth of 1.46 m, including four lakes: the
Nanyang Lake, the Dushan Lake, the Zhaoyang Lake,
and the Weishan Lake (Fig. 1). It is the largest freshwa-
ter lake in the southwest of Shandong province and
become one of the largest buffering reservoirs in the
East Route of China’s South-North Water Transfer Pro-
ject. After the building of a dam in 1960s, Nansi Lake
was divided into two parts: the upper lake and lower
lake. The upper lake including the Nanyang Lake, the
Dushan Lake, and the Zhaoyang Lake drains an area of
more than 1,000 km?. The lower lake referring to the
Weishan Lake drains an area of more than 200 km?.

The urban streams are often contaminated by efflu-
ents and other wastes from industrial and domestic
sources. There has been a rapid economic development
in the region around the Nansi Lake since 1970s and this
rapid industrialization and urbanization might lead to an
excessive release of pollutants into the Nansi Lake.
Generally, the untreated effluents from industrial and
municipal activities, the runoff from mining sites and
agricultural land, and the deposition of air pollutants all
contribute to the increase of heavy metal levels in the
sediments. According to the “Water pollution Preven-
tion Planning of the South-to-North Water Diversion
Project (east route) of Shandong Section”, water quality
of the lake should be better than the Grade III of the
“China surface water quality standard”. However, pre-
vious researches indicated that the sediments of the
Nansi Lake and its main inflow rivers were polluted
by heavy metals (Liu et al. 2007).
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Sediment sampling

In this study, surface sediment samples of the Nansi
Lake were collected at 20 sites in May 2013 (Fig. 1).
At each site, the surface sediment samples (from 0 to
15 cm depth) from five locations were collected using
cable operated sediment samplers (Van Veen grabs,
Eijkelkamp), mixed together to make composite sam-
ples to improve site representation, and placed in dark-
colored polyethylene bags. Then they were taken to the
laboratory immediately after collection. All sediment
samples were freeze-dried (FD-1A, China), slightly
crushed, passed through a two millimeter sieve, and
stored at 4 °C in glass bottles in the dark before analysis.

Analytical methods

The pH value of the sediment samples was measured in
a 1:10 solid/liquid ratio suspension using a combination
pH electrode (Orion, USA). The amount of sediment
organic matter (SOM) was determined by the potassium
dichromate dilution heat colorimetric method (Bao
1999). Carbonate content was measured by the mano-
metric method following the addition of dilute HCI to

dissolve carbonates (Loeppert and Suarez 1996). The
grain size distribution of the sediment samples was
analyzed using a LS 230 laser diffraction particle ana-
lyzer (Beckman Coulter) and the percentages of clay
(<2 um), silt (2-20 wm), and sand fractions (20—
2,000 um) were calculated. Sediment samples were
digested using the method of HCIO,—~HNO;-HF (GB/
T 17138, 17141-1997). The contents of Cr, Mn, Ti, Al,
Fe, Ca, Mg, Na, and K in the digestion solution were
measured by inductively coupled plasma atomic emis-
sion spectrometry (ICP-AES) (IRIS Intrepid II, Thermo
Electron Co., USA). While Cd, Co, Cu, Ni, Pb, and Zn
were measured with an inductively coupled plasma
mass spectrometer (ICP-MS) (X Series II, Thermo
Electron).

The accuracy of the method was checked by replicate
analyses of the elements in the certified reference mate-
rials GSS1 and GSS3 from the Institute of Geophysical
and Geochemical Exploration, Chinese Academy of
Geological Science. The results demonstrated that the
analytical error (accuracy) for all elements ranged from
—8.5 to 11.4 %. In details, the analytical error was —8.5
to 8.3 % for Cd, —4.1 to 11.4 % for Co, —6.4 to 7.9 % for
Cr, 4.2 t0 3.2 % for Cu, —5.0 to 1.9 % for Mn, —6.6 to
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7.2 % for Ni, —0.4 to 8.8 % for Pb, —3.6 to 2.5 % for Ti,
—0.71t02.5 % for Zn, —5.3to 4.4 % for Al, =3.9t0 5.8 %
for Fe, —2.8 to —1.9 % for Mg, —1.7 to 5.8 % for Ca,
—3.5t0 —0.9 % for Na, and —1.2 to —0.4 % for K.

Taking into account the behavior of heavy metals in
the sediment samples, the six-step sequential extraction
procedure from Han and Banin (1995) was performed
using 1 g of dry sediment. The extraction procedures
were designed to separate specific environmental com-
partments of heavy metals and other trace metals in the
sediment samples (Table 1). The chemical forms were
operationally fractioned into six phases: (1) the soluble
and exchangeable fraction (EXC); (2) bound to carbon-
ate minerals (CARB); (3) bound to easily reducible
oxides (ERO); (4) bound to organic matter (OM); (5)
bound to reducible oxides (RO); and (6) the residual
fraction (RES). In this study, only the first five forms
displayed in Table 1 were extracted and measured, and
the contents of meals in the residual fraction were cal-
culated by subtracting the sum of the first five forms
from the total content.

Evaluation method of ecological toxicity of heavy
metals in sediments of the Nansi Lake

Geoaccumulation index (Iye,)

In this study, the index of geoaccumulation proposed by
Miiller (1969) and described by Forstner et al. (1990)
was applied as a quantitative measure of the degree of
metal pollution in aquatic sediment [Eq. (1)].

Lo = 1og2c,,/(1.5 x B,) (1)

where C,, is the measured content in the sediment,
B, is the background content in the shale sediment
(Table 2), and 1.5 is a correction factor due to
lithogenic effluents.

The following classification is given for the
geoaccumulation index by Forstner et al. (1990):
<O=practically unpolluted, 0—1=unpolluted to mod-
erately polluted, 1-2=moderately polluted, 2-3=
moderately to strongly polluted, 3—4=strongly pol-
luted, 4-5=strongly to very strongly polluted, and
>5=very strongly polluted.
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Relative enrichment factor (REF)

For a better estimation of anthropogenic input, a REF was
calculated for each trace element by dividing its ratio to a
normalizing element by the same ratio found in the chosen
baseline. The upper continental crust (UCC) has often
been used as the baseline and Al has often been used as
the normalizing element to calculate the enrichment fac-
tors of trace metals (TM) (Mil-Homens et al. 2007,
Pasternack and Brown 2006). In this study, the REF for
each trace element was calculated from the formulae:

REF = ([TM]/[Al]) gympie/ ([TM]/[AT]) ycc (2)

where the concentrations of TM and Al in the UCC
were taken from Wedepohl (1995) (Tables 2, and 3);
REF values of <2, 2-5, 5-20, 2040, >40 suggest no or
minimal, moderate, significant, strong, and extreme en-
richment or pollution, respectively (Sutherland 2000).

Sediment pollution index (SPI)

Singh et al. (2002) introduced the SPI concept. The SPI
is a multi-metal approach for an assessment of sediment
quality with respect to trace metal concentrations and
toxicity. The SPI in this study can be expressed as:

SPI =" (EF, x W,)/> Wy (3)

where EF is the ratio between total sediment content
in a given sample and the average shale concentration of
a metal m (Table 2) and W, is the toxicity weight for a
metal m. A toxicity weight 1 was assigned to Cr and Zn,
a weight of 2 was assigned to Cu and Ni, a weight of 5
was assigned to Pb, and a weight of 300 was assigned to
Cd (Singh et al. 2002). The following classification is
given for the SPI: 0—2=natural sediment, 2—5=Ilow
polluted sediment, 5—10=moderately polluted sedi-
ment, 10-20=highly polluted sediment, and >20=dan-
gerously polluted sediment.

Probable effect concentration quotient (PECQ)

The probable effect concentrations (PECs) were intended
to identify contaminant concentrations above which
harmful effects on sediment-dwelling organisms were
expected to frequently occur. The PECs, developed by
Ingersoll et al. (2001), have been adopted as an informal
tool to evaluate sediment chemical data in relation to
possible adverse effects on aquatic biota. A PEC quotient
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Table 1 The steps used in the selective sequential dissolution (SSD) procedure (Han and Banin 1995)

Step Symbol Targeted component Reagent used pH Ratio of T(°C) Time  Note
soil/solution

1 EXC Soluble and exchangeable 1 M HN4NO; 7 1:25 25 30 min

2 CARB  Carbonate 1 M CH;COONa-CH;COOH 5 125 25 6h

3 ERO Easily reducible Oxides 0.04 M NH,OHHCI-25 % CH;COOH 2 1:25 25 30 min

4 oM Organic matter 30 % H,0,-0.01 M HNO; 2 1:25 90 3h Water Bath

5 RO Reducible oxides 0.04 M NH,OHHCI-25 % CH;COOH 2  1:25 90 3h Water Bath

6 RES Residual

(PECQ) was calculated for each chemical in each sample
by dividing the concentration of a chemical by the PEC
for that chemical (Ingersoll et al. 2001). The mean
PECQs (mPECQ) were then calculated for each sample
by summing the individual quotient for each chemical
and dividing this sum by the number of reliable PECs
evaluated in Table 2 (Ingersoll et al. 2001).

PECQ = TMsample / TMPEC (4)

mPECQ = » " PECQ,/n (5)

where TMgmplc is the content of a give trace metal in
a sample, TMpg( is the PEC vale for a give trace metal

(Table 3), PECQ; is the PECQ value for ith trace metal, n
is the total number of trace metal.

The mPECQ values of <0.1, >0.1-1.0, and >1.0
indicate relatively uncontaminated sediments, moder-
ately contaminated sediments, and highly contaminated
sediments, respectively (Long et al. 2006).

Results and discussion
General properties of the sediments in the Nansi Lake

A selection of general physical and chemical character-
istics of the sediments is shown in Table 2. The amount
of sediment organic matter (SOM) ranged from 4.32 to
14.32 %. Higher OM content was observed at some sites

Table 2 Mineral matrix elemental concentration in Nansi Lake sediment, UC, world shale, and world sediments and properties of the Nansi

Lake sediments

Mn (mg/kg) Ti(mgkg) Al (%) Fe (%) Ca (%) Mg (%)

pH OM (%) Clay (%) Silt(%) Sand (%) Caronate (%)

Average  512.80 2,979.55 6.17 348 761 0.95
Std* 216.77 1,342.53 097 036 403 0.41
CV%® 42.27 4506 15.73 1042 53.01 43.06
Maximum 985.6 5,796 749 430 1498 2.02
Minimum 151.2 1,025 446 282 200 0.25
Median 530.85 3,100 6.41 3435 7.055 097
uce 527.0 3,117 774 309 295 1.35
Shale? 870.0 4,600 8.80  4.80 1.60 1.60
WSs*® 770.0 3,800 720 410  6.60 1.40

7.87 898 19.74 51.05 2921 0.39
0.27  2.65 3.47 3.42 4.15 0.35
3.45 29.51 17.59 6.71  14.22 90.17
8.21 1432 25.36 5548  36.52 1.21
7.01 432 12.24 40.84  22.68 0.04
7.93  9.04 19.82 52.09 2832 0.21
257 287
0.59 245
0.57  2.00

 Standard deviation

Y Coefficient of variance

© Average contents in the upper continental crust (Wedepohl 1995)
4 Average contents in the earth’s shale (Turekian and Wedepohl 1961)

¢ Average contents in the global sediment (Bowen 1979)
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Table 3 Concentration of heavy metals (in milligram per kilogram) in the Nansi Lake sediment, UC, world shale, and world sediments and

potential effect concentrations

Cd Cr Cu Pb Zn Ni Co
Average 0.35 90.57 57.00 4358 159.60 2538 10.88
Std* 0.25 19.15 12.80 8.60 34.83 12.36 4.12
CV%"° 73.00 21.15 22.46 19.73 21.82 48.69 37.83
Maximum 1.12 135.62 78.65 53.95 235.36 65.4 20.14
Minimum 0.08 58.92 38.09 24.51 110.51 11.3 4.12
Median 0.28 88.115 58.22 45.15 163.41 23.55 10.245
uce 0.1 35 14.3 17 52 18.6 11.6
Shale! 0.22 90 39 23 120 68 19
WSs* 0.17 72 33 19 95 52 14
PECs! 4.98 111 149 128 459 48.6

# Standard deviation
® Coefficient of variance
¢ Average contents in the upper continental crust (Wedepohl 1995)

4 Average contents in the earth’s shale (Turekian and Wedepohl 1961)

¢ Average contents in the global sediment (Bowen 1979)
fProbable effect concentrations (Long et al. 2006)

located in the Nanyang Lake and Dushan Lake, espe-
cially in the Dushan Lake. A long-term monitor indicat-
ed that annually about 2,900 million tons of untreated
domestic sewage and industrial wastewater from the
Jining, Zaozhuang, and Heze cities discharged into the
Nansi Lake through the thirteen main inflow rivers
flowing into the Nanyang Lake and Dushan Lake, and
the contents of chemical oxygen demand (COD) and
biological oxygen demand (BOD) in these rivers were
higher than the Grade V of the “China surface water
quality standard” (Zhang et al. 1999). In addition, inor-
ganic and organic materials are carried and deposited by
water from the upper lake to the lower lake under natural
conditions. Therefore, the content of SOM was higher in
the upper lake sediments than that in the lower lake
sediments. Faster development of aquaculture as well
as richness in aquatic plants in the Dushan Lake than
other lakes might also contribute to high SOM contents
in the Dushan Lake sediments (Qu et al. 2001). The pH
values of the sediments in the Nansi Lake were in the
range of 7.01-8.21, showing an alkaline characteristic.
The carbonate content ranged from 0.01 to 1.17 %. The
amounts of Al and Fe in the sediments of the Nansi Lake
ranged from 4.10 to 7.46 and 2.74 to 4.13 %, respec-
tively (Table 2). For all the sediment samples of the
Nansi Lake, the Al and Fe contents were in the range
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of 4.46-7.49 and 2.82-4.3 %, respectively, had no big
change. The content of Ca in the sediments of the Nansi
Lake was in the range of 2.00-15.43 %. It was observed
that the Ca content of the sediments at sites 4-11 was
higher than that of other sites. The average content of Ca
of the sediments was the highest in the Dushan Lake.
The limestone is widespread in the eastern mountain of
the Dushan Lake, which might contribute to the high
content of Ca in the sediments nearby the mountain
(Lang 1983). Silt particles were found to be dominant
in all of the samples (40.84-55.48 %), followed by sand
(22.68-36.52 %) and clay (12.24-25.36 %). The aver-
age contents of clay and silt in the sediments were 19.82
and 52.09 %, respectively, had no big differences for all
the sediment samples of the Nansi Lake, though it
fluctuated at some sampling sites. In summary, the
sediments of the Nansi Lake were generally alkaline
and silt, with low level of carbonate and moderate levels
of Fe and Al and high levels of SOM.

Contents of heavy metals in the sediments of the Nansi
Lake

The contents of Cd, Cr, Cu, Pb, Zn, Ni, and Co in the
surface sediments of the Nansi Lake were showed in
Table 3. The average levels of Cd, Cr, Cu, Pb, Zn, Ni,
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and Co in the sediments of the upper lake including
Nanyang Lake, Dushan Lake, and Zhaoyang Lake were
0.38, 94.73, 60.18, 46.17, 166.66, 26.89, and
11.07 mg/kg, respectively. Whereas the contents of the-
se trace elements in the Weishan Lake were 0.15, 67,
38.99, 28.86, 119.58, 16.8, and 9.77 mg/kg, respective-
ly. Therefore, the concentrations of heavy metals in the
sediment samples of the upper lakes were generally
higher than that of the Weishan Lake. In addition, from
the results of this study, the average and median contents
of heavy metals except Ni and Co were higher than
those generally found in sediments globally; however,
the minimum concentrations of Cu, Pb, and Zn in the
sediments of the Nansi Lake were higher than the global
average concentration (Table 3). This comparison may
indicate that most of the sediment samples from the
Nansi Lake are polluted heavily by these metals.
Industries such as manufacture of pharmacy, fertiliz-
er, textile, mining and quarrying, power, smelting and
pressing of ferrous metal, raw chemical material and
chemical products, and printing developed extremely
quickly in the Jining, Zaozhuang, and Heze cities, which
might result in the emission of heavy metal pollutants. It
was reported that 9.34x10°, 7.41x10° and 1.98x10° t
of untreated industrial wastewater were discharged into
the Nansi Lake from Jining, Zaozhuang, and Heze cities
annually, respectively (Zhang et al. 1999). A long-term
monitor indicated that thirteen inflow rivers were all
polluted by heavy metals due to various industries (Liu
et al. 2007). Thus, industrial effluents were one impor-
tant reason that resulted in the relatively high content of
heavy metals in the sediments of the Nansi Lake, espe-
cially in the upper lake. In addition, the rapid develop-
ment of fisheries and aquaculture also favored the accu-
mulation of heavy metals such as Cr, Cu, and Pb in the
sediments of the Nansi Lake. The elements Pb and Zn
were generally regarded as the identified elements of
traffic pollution (Paterson et al. 1999; Dai 2001). Diesel
boats are among the main vehicles in the Nansi Lake,
vehicle exhaust and leached diesel to water body contain
some heavy metals. Therefore, traffic transportation
might be a potential source of heavy metals in the study
area. In addition, Pb, Zn, and their compounds might
originate from domestic and industrial sewage from
cities around the Nansi Lake and the heavy application
of agricultural chemicals in the adjacent arable fields, as
they are contained in different manufactured goods (e.g.,
paints, cosmetics, automobile tires, and batteries) and in
agricultural fertilizers (Mico et al. 2006). The coal

resources are very rich in the region around the Nansi
Lake. There are some big coal-fired power plants such
as Jining, Zoucheng, Jiaxiang, and Liyan power plants
nearby the Nansi Lake, and their total installed capacity
is more than 10 million kilowatts. The coal mining
waste might be an important pollution source of heavy
metals for the sediment of the Nansi Lake. In addition,
water flows from the upper lake to the lower lake in the
Nansi Lake, so the sediments of the upper lake are
affected firstly by the effluents. After aggradation and
decontamination in the upper lake, sediments in the
lower lake are at a corresponding low-grade contamina-
tion level. Therefore, the heavy metal contents of the
sediments in the upper lake are higher than that of the
lower lake.

Partitioning of heavy metals in the sediments of Nansi
Lake

The behaviors including chemical interaction, mobility,
biological availability, and potential toxicity of heavy
metals in sediments are strongly influenced by their
chemical forms. It is important to identify and quantify
their association with various geochemical phases in
sediments to evaluate processes of downstream trans-
port, deposition, and release under changing environ-
mental conditions and gain a more precise understand-
ing of the potential and actual impact of elevated levels
of heavy metals in sediment (Singh et al. 2005). The
fractional distribution of heavy metals in samples from
the 20 sites was shown in Fig. 2.

Soluble and exchangeable fraction (EXC): The form
of heavy metals had high immediate mobility and bio-
availability. The proportion of heavy metals in these
forms was generally less than 1 %, indicating the low
immediate metal reservoir for aquatic organisms.

Bound to carbonate minerals (CARB): This propor-
tion of heavy metals in this fraction, on average,
displayed the following order: Cd (10.52 %)>Zn
(9.42 %)>Pb (7.78 %)>Cu (6.51 %)>Co (5.32 %)>
Ni (4.2 %). As the size of Cd ion is similar to that of the
Ca ion, Cd is preferentially associated with calcite min-
erals (Zachara et al. 1991). The partitioning pattern
found for Cd was not unusual; high percentages of total
Cd have been found to be associated with carbonate
phase by many studies (Han and Banin 1995; Singh
et al. 2005; Nasrabadi et al. 2010; Wang et al. 2011).

Bound to easily reducible oxides (ERO): The average
proportion of heavy metals in the ERO fraction (the
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Fig. 2 Average proportions of 80
toxic trace metals in the soluble
and exchangeable fraction (EXC),
bound to carbonate minerals
(CARB), bound to easily
reducible oxides (ERO), bound to
organic matter, bound to
reducible oxides (RO), and in the
residual fraction (RES)
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amorphous Fe/Mn oxide phase) displayed the following
order: Co (10.21 %)>Cu (9.25 %)>Zn (8.56 %)>Cr
(7.23 %)>Pb (6.52 %)>Cd (5.84 %)>Ni (2.64 %).

Bound to organic matter (OM): The average propor-
tion of heavy metals in the OM phase displayed the
following order: Cu (18.03 %)>Zn (12.75 %)>Co
(11.84 %)>Cd (10.02 %)>Ni (9.85 %)>Cr (8.25 %)>
Pb (5.11 %).

Bound to reducible oxides (RO): The average pro-
portion of heavy metals in the RO fraction (crystalline
Fe/Mn oxides) displayed the following order: Cu
(18.03 %)>Zn (12.11 %)>Pb (13.35 %)>Cr
(10.35 %)>Ni (9.13 %)>Co (6.21 %)>Cd (3.72 %).

Residual fraction (RES): Metals found in the RES
fraction are expected to be chemically stable and bio-
logically inactive. Most of the metals, including Cr
(68.77 %), Ni (73.36 %), Pb (67.0 %), Zn (56.32 %),
Co (65.8 %), Cu (48.62 %), and Cd (69.05 %), were
found in the residual fraction.

In summary, these results suggest that the average
proportions of heavy metals in residual fraction ranged
from 48.62 % for Cu to 77.76 % for Ni; these propor-
tions are generally not susceptible to mobility and bio-
availability even if fluvial conditions change. However,
approximately 10.52 % of the Cd in the Nansi Lake
sediments was bound to carbonate minerals; thus, the
mobility and bioavailability of Cd in the sediments were
higher in comparison to the other heavy metals.

Potential ecological risk assessment of heavy metals
in the sediments of the Nansi Lake

The overall mean Iy, for Cr, Ni, and Co was nega-
tive, showing that the mean levels of these elements
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in the Nansi Lake sediments are lower than the aver-
age shale concentrations (Table 4). For other ele-
ments including Cd, Cu, Pb, and Zn, the values of
I,eo Were positive in some sampling sites, revealing
that the mean concentrations of these heavy metals in
the Nansi Lake sediments are higher than the average
shale concentrations (Table 4). The maximal value of
Iyeo was 1.76 for Cd at site 1, indicating that the
sediment at the site 1 was moderately polluted by Cd.

To quantify potential anthropogenic impacts,
REF values were calculated for each metal and site
(Table 4). The average REF values of Cd, Cr, Cu,
Pb, Zn, Ni, and Co were 4.44, 3.32, 2.16, 3.29,
3.95, 1.79, and 1.24, respectively. These values
suggest significant enrichment of the heavy metals
in the lake sediments.

The results of SPI and mPECQ are shown in Fig. 3.
The highest SPI value was 4.99 at site 1, 2.04 at site 2,
2.93 at site 3, 2.44 at site 5, 2.10 at site 10, 3.06 at site
12. These values indicate that the sediments at these
sites had low pollution levels. The mPECQ value ranged
from 0.23 to 0.55 for all the sites. Therefore, heavy
metals in the Nansi Lake sediments may have a moder-
ate potential for adverse biological effects.

From the results mentioned above, the /,c,, REF, SPI,
and PECQ values were not in agreement with one
another. The average /,., values were much higher for
Pb and Cu, while average REF values were much higher
for Cd and Zn (Table 4). The average /., and REF
values were not correlated. Because the REF takes sed-
iment heterogeneity into account, it is expected to be
more accurate than /., for the contamination assess-
ments of sediments at the watershed scale. In contrast,
the average PECQ value was much higher for Cr and Ni
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Table 4 Basic statistical parame-
ters of /o, REF, and PECQ for Cd Cr Cu Pb Zn Ni Co
the Nansi Lake sediments
Geoaccumulation index (Zge,)
Average -0.25 -0.61 -0.07 0.31 -0.21 -2.14 -1.50
Std® 1.00 0.30 0.34 0.32 0.32 0.63 0.59
CV%° -400.15 —49.89  —456.49 103.87  —154.01 -29.22 3952
Maximum 1.76 0.01 0.43 0.65 0.39 -0.64 —-0.50
Minimum —2.04 -1.20 —-0.62 —-0.49 -0.70 -3.17 -2.79
Median -0.25 —0.62 —-0.01 0.39 -0.14 -2.11 —1.48
Enrichment factor (EF)
Average 4.44 3.32 2.16 3.29 3.95 1.79 1.24
Std 3.26 0.84 0.48 0.81 1.04 1.04 0.58
CV% 73.41 25.39 22.46 24.62 26.37 58.24 46.77
Maximum 13.44 4.81 2.98 475 5.79 5.22 2.58
Minimum 0.98 2.07 1.44 1.77 2.24 0.63 0.37
Median 3.65 323 2.20 3.38 4.10 1.50 1.14
Probable effect concentration quotient (PECQ)
Average 0.07 0.82 0.38 0.34 0.35 0.52
Std 0.05 0.17 0.09 0.07 0.08 0.25
CV% 73.00 21.15 22.46 19.73 21.82 48.69
Maximum 0.22 1.22 0.53 0.42 0.51 1.35
. o Minimum 0.02 0.53 0.26 0.19 0.24 0.23
Standard deviation Median 006 079 039 035 036 048

b . .
Coefficient of variance

than for other metals, suggesting that these two metals
would cause higher adverse biological effects than other
metals. The SPI values was significantly correlated to
and mainly attributed to the Cd content in the sediments,
because its toxicity weight of 300 was too substantially
higher than that of the other metals. Therefore, whereas
Iy, and SPI showed that sediments at most sites were
not contaminated by heavy metals. REF and mPECQ
suggested that toxic trace elements were enriched in the

Fig. 3 Sediment pollution index 6.0 1

(SPI) and mean PECQ (mPECQ)
of the sediment at each sampling
site

5.0 A

4.0 A

3.0 A

SPI

2.0

Nansi Lake sediments and might have a moderated
potential for adverse biological effects. In addition, it
was found that the sediments of the Nansi Lake were
formed by bedload from flooding of the Yellow River
(Lang 1983). Considering the parameters in the evalua-
tion methods in this study, the REF and PECQ are more
suitable to show the contamination and biological ef-
fects of heavy metals in sediments at a watershed scale,
respectively.

r 0.6

—o—SPI —e— mPECQ

r 0.5

r 0.4

+ 0.3
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Conclusions

The average levels of Cd, Cr, Cu, Pb, Zn, Ni, and Co in
the sediments of the Nansi Lake were 0.35, 53.33,
27.01, 25.52, 63.17, 25.38, and 10.88 mg/kg, respec-
tively. The levels of heavy metals in the sediments of the
upper lake were generally higher than that in the
Weishan Lake. The average and median concentrations
of Cd, Cr, Cu, Pb, and Zn in the sediments of the Nansi
Lake were higher than that in sediments globally, while
Ni and Co were lower. Industry, metallurgy, coal burn-
ing, and using of agricultural fertilizer and pesticide with
heavy metals might favor the accumulation of heavy
metals in the sediments in this region. In addition, the
heavy metals were mostly bound in the residual fraction,
ranging from 48.62 % for Cu to 73.76 % for Ni, indi-
cating low mobility and bioavailability. Among these
heavy metals, Cd was the most mobile metal because it
presented the highest percentages bound to carbonate
and the lowest percentage in the residual fraction. From
the results of ecologic risk assessment, these heavy
metals were minimal or moderate enrichment in the
Nansi Lake sediments and might have a moderate po-
tential for adverse biological effects. Average REF
values of Cd and Zn and average PECQ values of Cr
and Ni were higher among these heavy metals. There-
fore, it is necessary to focus more attention on Cd, Cr,
Zn, and Ni in the sediments in the future management
and pollution control of the Nansi Lake.
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