Environ Monit Assess (2015) 187:4110
DOI 10.1007/s10661-014-4110-1

Fraction distribution and bioavailability of sediment heavy
metals in the environment surrounding MSW landfill: a case

study

M. H. Sayadi - M. R. Rezaei + A. Rezaei

Received: 15 April 2014 / Accepted: 28 October 2014 /Published online: 30 November 2014

© Springer International Publishing Switzerland 2014

Abstract The aim of this study was to characterize the
sediment samples from vicinity of a landfill in Qayen
City, Iran. The samples were obtained from four differ-
ent sampling stations. Sequential extraction was per-
formed via a four-step procedure defined to evaluate
the distribution of the element fraction in various sam-
ples. In the stations 3 and 4, Cd was found in large
quantities during the first extraction F1, accounting for
40.4 and 38.7 %, respectively. Pb was primarily present-
ed in F2 of station 1 (approximately 44.80 %), station 2
(approximately 41.8 %), and station 4 (approximately
37.7 %). Moreover, principal component analysis
showed that heavy metal fraction in the sediment sam-
ples can be explained by two principal components
(PCs). PC1 represented Cd, Cr, Ni, and Zn, while PC2
represented Pb and Cu. Pearson correlation coefficient
indicated significant correlations in Cu-Pb, Zn-Cu, and
Cr-Zn pairings. The present study concluded that the
spatial distributions of sediment heavy metals were
influenced by MSW landfill.
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Introduction

Generally, the disposal of municipal solid waste is a
major concern throughout the world. However, many
landfills are not properly managed and pose a serious
threat to the environment. Landfill leachate leads to
contamination of water, soil, and sediment (Kjeldsen
1993; Sayadi and Sayyed 2011). Although organic com-
pounds are the principal contaminants in leachate-
contaminated environments, additionally, inorganic
compounds including metals (such as Cd, Ni, Pb, Cu,
Zn, and Cr) also commonly leach from the landfills
(Christensen et al. 2001). Heavy metal pollution as a
serious and widespread environmental problem is due to
the toxic, persistent, and nonbiodegradable and bioac-
cumulation properties of these contaminants (Yuan et al.
2004). A study conducted in soil at eastern part of Iran
(Birjand City) showed the highest concentration of Pb
(166.64 mg/kg), Zn (346.50 mg/kg), and Cd
(8.57 mg/kg) which are greater than the threshold
values, indicating that the environment is contaminated
(Sayadi and Rezaei 2014). The surface sediments have
become a feeding source for biological life, a
transporting agent for pollutants, and an ultimate sink
for organic and inorganic settling matters (Algan et al.
2009). The reliable concentration determination of var-
ious trace metal chemical forms in sediments is one of
the most challenging problems faced by environmental-
ists. Speciation and determination studies of trace metals
have been widely carried out in sediments (Mendil et al.
2010; Oyeyiola et al. 2011; Sayadi et al. 2008, 2010).
Various studies have reported the enrichment of heavy
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metals in the streams sediments influenced by a sanitary
landfill (Mantei and Coonrod 1989; Olivares-Rieumont
et al. 2007). Similarly, heavy metal quantities have been
reported in the sediments of rivers affected by leachate
landfill (Mantei and Sappington 1994).

Modified Community Bureau of Reference
(BCR) sequential extraction procedure provides
useful information for migration assessment in the
landfill since the amounts of metals mobilizable
under different changes in environmental conditions
can be determined. This should be effectively con-
sidered if the contaminated sediment is to be
dredged (Velimirovi¢ et al. 2010). The BCR meth-
od is faster, simpler, and validated for routine lab-
oratory unlike the Tessier scheme. Consequently,
the three-step or modified four-step BCR procedure
is a good approach to partition and predict the
mobilization and dynamic processes of metals in
sediments affected by contamination. A partitioning
study showed that more easily mobilized forms of
toxic metals were dominant (Kazi et al. 2005). The
study in the vicinity of an old unmonitored munic-
ipal landfill in Prague, Czech Republic, showed the
environment is polluted by toxic metals and spon-
taneous precipitation of metal-bearing calcite
exhibiting significant concentrations of Fe, Mn,
Mg, Sr, Ba, Pb, Zn, and Ni and binding to Fe(III)
oxyhydroxides like Pb, Zn, Cu, and Ni and also
preferential bonding to sediment organic matter like
Cu (Ettler et al. 2005). Fractions and bioavailability
of sediment heavy metals have rarely been investi-
gated in the areas with rapid landfill intensification
in Iran. In addition, few studies have discussed the
relationships between river sediment heavy metal
bioavailability and landfill. Therefore, the objec-
tives of this research were to (I) analyze fraction
concentrations of heavy metals, (II) investigate the
relationships between different fractions of sediment
heavy metals, and (III) explore the controlling factor of
sediment heavy metals within the study area.

Materials and methods

Sediment samples were collected from four different
sites: S1 (before the landfill area), S2 (surrounding the
landfill area), S3 (after the landfill area), and S4 (those
surrounding the pound were formed by the rivers com-
ing from the landfill area) (Fig. 1). The sediments were
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air-dried in clean air, grounded using clean mortar and
pestle, sieved through less than 63-pum mesh for heavy
metal determinations, homogenized, and later stored in
previously acid-soaked sample bottles. Analysis of the
heavy metal concentration to less than 63-pm sediment
fraction is recommended as these particles contain sig-
nificant organic matter and metals in sediments (Soares
and Boaventura 1999; Olivares-Rieumont et al. 2005)
and sieving does not affect the metal concentration
(Soares and Boaventura 1999).

Sequential extraction test and determination
of heavy metals

The total concentrations of metals, viz. Cr, Ni, Pb, Cu,
Zn, and Cd in the river sediment samples, were deter-
mined by the modified sequential extraction described
by QUWYV AUVIL. Sequential extraction was per-
formed by four-step procedure defined to investigate
the distribution of the element fraction in various sedi-
ment samples. During the extraction, metals were clas-
sified into acid-soluble/exchangeable fraction (F1), re-
ducible Fe-Mn oxides and hydroxide fraction (F2), ox-
idizable organic matter bound fraction (F3), and resid-
ual fraction (F4), respectively. The detailed procedure is
described as follows (Purushothaman and Chakrapani
2007; Yao 2008; Qiao et al. 2013):

F1 (acid-soluble/exchangeable fraction)
Sediment sample (1 g) was introduced in 20 ml of
11 M HOACc and shaken for 16 h at room temperature.
The solution and solid phases were separated by
centrifugation at 6000 rpm for 20 min.
Subsequently, the suspension was filtered through a
0.45-pum membrane filter and the solid residues were
preserved for the subsequent extractions.

F2 (reducible Fe-Mn oxides and hydroxide fraction)
The residue from F1 was leached with 20 ml of 0.1 M
NH,OH-HCI (adjusted to pH 2 with nitric acid) for
16 h. The extraction procedure was similar to that of F1.

F3 (oxidizable organic matter bound fraction)
The residue from F2 was mixed with 5 ml of hydrogen
peroxide (30 %) and digested at room temperature for
1 h with occasional shaking. A second 5-ml aliquot of
hydrogen peroxide was introduced into and digested at
85 °C (water bath) for 1 h. The contents were evapo-
rated to a small volume (1-2 ml). Twenty-five millili-
ters of ammonium acetate (0.1 ml/l, adjusted to pH 2
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Fig. 1 Map of the study area with sampling stations

with nitric acid) was added to the cool and moist
residue. The sample was then shaken and centrifuged,
and the extract was separated as described in F1.
F4 (residual fraction)

The residue from F3 was digested with 5 ml HNO; in
acid. The contents were heated on a hot plate and
evaporated to almost dryness. After cooling, the res-
idues were dissolved in 5 % (v/v) HNOs. The resultant
solutions were subsequently used to determine the
heavy metals. The concentration of Cr, Ni, Pb, Cu,
Zn and Cd in different fractions and the resultant
solutions obtained in the different fractions were de-
termined using a Contra AA 700 flame atomic adsorp-
tion spectrophotometer with detection limits (mg/1) for
Cr(1.7),Ni(2), Pb(3.5), Cu(1),Zn (0.3) and Cd (0.5).
Tests on each sample were conducted in triplicate, and
average values of results were reported.

59°7°30"E 59°9'0"E £9°10°30"E

Results
Physicochemical properties of sediment

Table 1 presents the properties of the sediment samples,
indicating relatively high values with pH ranging from
6.94 to 8.09. The organic carbon concentrations ranged
from 9.2 to 16.1, 2.13 to 3.84 % for total N, 1.60 to
3.41 % for total P, and 0.64 to 1.92 % for total K,
respectively.

Total concentration of heavy metals in sediment
Heavy metal concentrations of sediment are presented in
Table 2. The Cd content varied from 0.97 to 10.97 mg/kg

with an average of 6.629 mg/kg in the sediment sam-
ples. As shown in Table 2, the Cd content is higher than
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Table 1 Physicochemical properties of the sediment in the different sampling stations

No. pH Organic carbon % Total N % Total P % Total K % w (Ca) % w (Mg) % w (Na) %
S1 8.09 9.2 2.13 1.60 0.64 3.50 0.8 4.08
S2 6.94 11.1 3.84 3.41 1.92 4.01 0.33 6.67
S3 723 16.1 3.03 223 1.78 3.82 0.28 5.16
S4 7.35 152 2.74 1.78 1.62 3.74 0.31 5.42

the world average sediment (0.3 mg/kg), so it can be
suggested that the Cd concentrations are releasing from
anthropogenic activities. Similar high level of Cd was
reported in the Izmit Bay, Turkey (Pekey 2006). The Ni
content of the samples varied from 16.64 to 63.54 mg/kg
with an average of 48.29 mg/kg in the sediment sam-
ples. The related Ni concentration was found in San
Francisco Bay (van Geen and Luoma 1993), while the
reported Ni concentration in the Tilehbon River sedi-
ments was 108.5 mg/kg (Goorzadi et al. 2009). The Ni
content is lower than the world average sediment
(68 mg/kg). The Pb content of the samples varied from
39.45 to 76.44 mg/kg with an average of 53.39 mg/kg in
the sediment samples. The comparable Pb concentration
was indicated in Yamuna River in India and Shantou in
China (Jain 2004; Qiao et al. 2013). The Pb content is
much higher than the world average sediment
(20 mg/kg) which suggests that the samples are highly

affected by anthropogenic activities. Cu content varied
from 20.77 to 71.75 mg/kg with an average of
44.69 mg/kg in sediment samples. Nevertheless, high
Cu content level (60.6-139 mg/kg) was found in Izmit
Bay, Turkey (Pekey 2006). S4 and S2 presented higher
Cu concentration than the world average sediment
(45 mg/kg). Zn content varied from 50.44 to
159.93 mg/kg with an average of 109.88 mg/kg in
sediment samples. As shown in Table 2, the identical
Zn concentration was found in Shantou River, China
(Qiao etal. 2013). Zn content in S2, S3, and S4 is higher
than the world average sediment (95 mg/kg). Cr content
varied from 62.99 to 166.55 mg/kg with an average of
123.85 mg/kg in the sediment samples. The similar Cr
concentration was found in the Tilehbon River
(152.5 mg/kg) (Goorzadi et al. 2009). The Cr content
in S2, S3, and S4 was higher than the world average
sediment (90 mg/kg).

Table 2 Total contents of Cd, Ni, Pb, Cu, Zn, and Cr in different sediments collected from the river and control standards for pollutants in

sediments
No. Total content (mg/kg)
Cd Ni Pb Cu Zn Cr Reference
S1 0.97 16.64  39.45 20.77 50.44 62.99 Present study
S2 4.08 5036 59.55 45.57 101.66 107.05 Present study
S3 10.97 62.62 38.14 40.69 127.49 158.83 Present study
S4 10.5 63.54  76.44 71.75 159.93 166.55 Present study
Word average sediment 0.3 68 20 45 95 90 Turkian and Wedepohl (1961)
Shantou Bay (China) 0.67 2295 51.63 48.52 153.28 53.56 Qiao et al. (2013)
San Francisco Bay (USA)  0.14 33 19 33 60 19 van Geen and Luoma (1993)
Yamuna River, India 10.1 - 58 22 62 - Jain (2004)
Tapacura River, NE Brazil 0.3 1.1 0.2 12.5 18.9 1.7 Aprile and Bouvy (2008)
Canada 10 100 200 500 2000 1000 Fuentes et al. (2004)
Izmit Bay 3389 - 23.8-178  60.6-139  500-1190  57.9-116.1  Pekey (2006)
Tilehbon River (Iran) 0.33 108.5 24.75 37.43 92.28 152.5 Goorzadi et al. (2009)
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Discussion

Total Cd, Ni, Pb, Cu, Zn, and Cr contents as well as the
control standards for pollutions in sediment rivers are
listed in Table 2. Generally, the sediment samples had
higher concentrations of Cd, Pb, Cu, Zn, and Cr, but
relatively low concentration of Ni at the different sta-
tions. A comparison of sediment metal concentrations
with permissible values indicated that the concentrations
of Cd and Pb in all sampling stations and Cu, Zn, and Cr
in all sites except SI exceeded the permissible values
(Turkian and Wedepohl 1961). Even it was interesting to
note that with a few exceptions, the concentrations of
heavy metals in the study area were always lower than
the Canada standards (Fuentes et al. 2004).

BCR procedure could be useful as a potential method
to determine if the heavy metals can be removed by

remediation techniques or predict removal efficiency
(Mulligan et al. 2001). Cd, Ni, Pb, Cu, Zn, and Cr
fractions were determined by the BCR procedure in
the sediment and presented as the percentage of total
concentrations in sediment, as shown in Fig. 2. The
results of each heavy metal fraction in the sediment
samples are listed in Table 3.

Cd distribution in various fractions showed different
patterns for each sediment sample. Particularly, in the
samples S3 and S4, Cd was found in large quantities
during the first extraction F1, accounting for 40.4 and
38.7 %, respectively. These results are consistent with
the findings of Dongting Lake, central China (Yao
2008), and Kongsfjorden, Svalbard (Grotti et al. 2013).
However, Cd was hardly detected in the reducible frac-
tion, inferring that cadmium bound to Fe and Mn oxides
in S3 and S4 samples was low. Over 30 % of the total Cd
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Fig. 2 Percentage of each fraction of heavy metals in sediment extracted by BCR sequential extraction procedure
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Table 3 Mean concentrations of heavy metal fraction in the sediment samples (mg/kg)

Element Fraction Content of heavy metal
Station 1 Station 2 Station 3 Station 4
Cd Fl1 0.341+0.063 1.31+£0.38 3.56+1.31 5.30+1.86
F2 0.232+0.041 1.15+£0.36 1.88+0.32 1.45+0.6
F3 0.204+0.027 0.81+0.28 1.92+0.56 3.44+1.03
F4 0.207+0.037 1.56+0.70 3.75+1.21 1.73+0.87
Ni F1 2.25+0.59 11.88+2.74 13.64+1.44 16.99+3.18
F2 3.91+£1.06 12.55+3.46 9.86+0. 37 14.30+1.22
F3 5.61+2.6 19.75+4.63 23.3145.63 15.06+2.81
F4 4.07+£1.58 7.14+1.34 16.75+£3.42 18.39+3.26
Pb F1 9.92+0.38 15.04£1.36 10.28+0.98 16.22+2.45
F2 18.34+1.57 22.82+43.53 6.46+0.29 23.05+3.78
F3 5.27+0.93 6.54+0.44 10.08+1.76 23.32+2.49
F4 6.06+0.64 11.72+1.87 13.27+2.34 13.92+1.85
Cu Fl1 5.70+0.20 11.52+1.48 10.75+£0.97 16.65+1.36
F2 5.82+0.24 17.81+£2.67 5.27+0.30 25.20+2.79
F3 4.58+0.57 6.06+£0.24 14.71£1.47 12.79+0.83
F4 5.60+0.47 9.50+1.06 9.24+0.85 17.94+1.57
Zn F1 15.41+£0.67 3791+1.74 23.32+4.21 43.29+3.28
F2 6.06+0.13 9.10+0.32 9.03+0.28 57.93+5.41
F3 11.38+1.06 20.03+1.51 53.25+7.68 32.39+2.83
F4 16.64+0.82 35.11+£2.37 39.94+6.32 26.68+1.79
Cr F1 16.53+1.71 28.79+1.24 41.35+3.11 36.56+1.53
F2 10.61+£0.22 11.98+0.73 18.92+1.32 60.01+2.64
F3 12.10+0.78 23.87+0.98 45.97+4.47 39.12+2.11
F4 2421+2.13 44.22+1.86 49.73+3.63 31.51+1.67

was distributed in the fraction F2 and F3 in the
sediment samples S3 and S4, showing high bio-
availability in an environment when sediment con-
ditions changed. Similar studies assessing the met-
al pollution in the sediments of Yamuna River
(India), highly polluted by contaminants contained
in domestic and industrial effluents, showed that
Cd which had a high percentage in the exchangeable
fraction presented an optimal risk to the environment
(Jain 2004).

In the samples S2 and S4, Cu was found in large
quantities during the second extraction (F2), accounting
for 41.8 and 37.4 %, respectively. These results are
consistent with the findings of Alvarez et al. (2002)
and Huang et al. (2013). However, in S3, F3 was pre-
dominant, with Cu as high as 38.8 %. Cu in the
natural soils is primarily associated with the
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residual fraction and secondarily with the organic/
sulfide fraction (Wong et al. 2002).

Ni was found in large quantities during the first
extraction (F1) of acid-soluble/exchangeable fraction.
Quantities varied from 15.9 % in S1 to 28.1 % in S4.
Ni was widely distributed in the four fractions. The sum
of'the first two fractions ranged from 34.4 % in sediment
S1 to 51.1 % in sediment S4. However, in the last two
samples, Ni was mainly associated to the oxidizable
fraction (48.9 and 65.6 % extraction, respectively).
This high mobility of Ni was also suggested by
Fuentes et al. (2004) and Liu and Sun (2013) in the
speciation of heavy metals in different sediment
samples.

A high proportion of metal Zn was extracted from
fractions F1 (21.12 % in S3 to 35.83 % in S2), F2
(6.45 % in S3 to 38.33 % in S4), and F3 (18.74 % in
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S2 to 38.5 % in S3), respectively. Thus, Zn appeared to
have high bioavailability and ecotoxicity potential. The
present result reflects the findings of Alvarez et al.
(2002). The highest value for Zn was observed in the
oxidizable fraction in the sediment samples of S4.
Moreover, the chemical speciation data showed that
Zn in an unstable form bound to carbonates and Fe/
Mn oxides. Therefore, it can be safely concluded that Zn
exchanged easily.

Surprisingly, the distribution of Pb in S1, S2, and S4
stations showed a strong affinity with the reducible
fraction that is potentially bioavailable. Pb was primarily
present in F2 of S1 (approximately 44.80 %), S2 (ap-
proximately 41.8 %), and S4 (approximately 37.7 %).
Our results are consistent with the findings of Dongting
Lake, China (Yao 2008), and Shantou Bay, China (Qiao
et al. 2013). Likewise, in the paddy sediments, a large
fraction of Pb was bound in Fe-Mn oxide phase, and the
second most important fraction was the residual phase
(Wong et al. 2002). However, in S3, F4 was predomi-
nant, with Pb accounting for 32.4 %. The importance of
soil organic matter in limiting Pb bioavailability has also
been demonstrated. Under reducing conditions, the de-
composition of Fe and Mn oxides can result in the
remobilization of Fe** and Mn*" into the aquatic sys-
tems (Boughriet et al. 2006), and Pb in the reducible
fraction F2 turned unstable and had the potential to be
transferred to available forms of the redox potential
(Guven and Akinci 2008).

Cr was principally distributed between F3 and F4 (F3
and F4 accounted for over 60 %, except S4), as men-
tioned in the literature (Alvarez et al. 2002; Liu and Sun
2013). The results showed that although most of the Cr
in S1, S2, and S3 in the tributary sediment samples are
retained in the residual fraction (F4 and F3), Cr was
mainly associated with the residual fraction. Our results
are in concurrence with the findings of the Izmir Inner
Bay, Turkey (Guven and Akinci 2013). Nevertheless, in

S4, F2 was predominant, with Cr accounting for 34.9 %.

The orders of heavy metals in F1 were Zn>Cd>Cu>
Cr>Pb>Niin S1, Zn>Cr>Pb>Cd>Cu>Niin S2, Cd>
Cr>Pb>Cu>Zn>Ni in S3, and Cd>Ni>Zn>Cr>Cu>
Pb in S4, respectively. The dominant proportion of Cd,
Zn, and Pb was found in the soluble fraction indicating
their binding to carbonates. Therefore, it can be con-
cluded that the sediments containing high percentages
of Cd and Zn could be potentially hazardous to the
environment. Other studies also reported cadmium and
zinc association with labile fractions in sediments

(Garcia de Oliveira et al. 2008; Yao 2008; Alshemmari
et al. 2012).

In F2 (reducible fraction), the largest amount of Pb
and Cu is associated with iron and manganese oxide
fractions in S1, S2, and S3 (40 %). The orders of heavy
metals in F2 were Pb>Cu>Cd>Ni>Cr>Zn in S1, Pb>
Cu>Ni>Cd>Cr>Zn in S2, Pb>Ni>Cd>Cu>Cr>Zn
in S3, and Cu>Zn>Pb>Cr>Ni>Cd in S4, respectively.
In the reducible fraction, the Pb and Cu content associ-
ated with Fe and Mn hydrous oxides was high. The
results obtained for Pb and Cu were similar to those
reported by the district (Yu et al. 2010; Nemati et al.
2011). Indeed, most of the Pb is present in the reducible
fraction. This is in agreement with results reported in the
study of Morillo et al. (2004) who reported that Fe and
Mn hydrous oxides are important scavengers of Pb in
sediments. The heavy metals might be present as metal
oxides, but it is more likely that the metals are adsorbed
in or onto the large amounts of iron oxide present in the
sediment (Dyoar et al. 2008).

In F3 (oxidizable fraction), the result showed that the
distributions of metals were somewhat different for each
station: Ni>Zn>Cd>Cu>Cr>Pb in S1, Ni>Cd>Cr>
Zn>Pb>Cu in S2, Ni>Cu>Zn>Cr>Pb>Cd in S3, and
Pb>Cd>Cr>Ni>Zn>Cu in S4, respectively. In the ox-
idizable fraction, the Ni content associated with organic
matter was very high, accompanied by high amounts of
organic matter. Other studies also reported Ni associa-
tion with labile fractions in sediments (Nemati et al.
2011; Alvarez et al. 2002). However, nickel is a com-
mon pollutant resulting from various industrial activities
like mining and refining of Ni ore, electroplating, pro-
duction of Ni-Cd batteries, waste incineration and
others, domestic wastewater, landfill, and to a lesser,
from natural weathering (Sayyed and Sayadi 2011;

Table4 The principal component analysis of sediment heavy metals

Metal Component 1 Component 2 Communalities
Cd 0.739 0.122 0.561

Ni 0.800 0.136 0.658

Pb 0.71 0.958 0.923

Cu 0.486 0.800 0.876

Zn 0.853 0.304 0.821

Cr 0.873 0.227 0.813
Eigenvalue 3.58 1.06

Percent variance 48.61 28.91

Cumulative 48.61 77.52
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Fig. 3 The principal component

Component Plot in Rotated Space

analysis loading plot of the

T . . P
studied metal in the sediments 1.0 A b
Cu
A
0.5+
Zn
o~ o
¥ Ni
E 00 Cr
o 00 Cd
=%
£
o
(8]
-0.57
1.0
1 1 1 T
10 05 00 05 10

Sayadi and Sayyed 2011). The presence of a nonpoint
source in the nearby landfill area along with leached
landfill could account for the high Ni contents in the
oxidizable fraction.

In F4 (reducible), the result showed that the distribu-
tion of metals were somewhat different for each station:
Cr>Zn>Cu>Cd>Ni>Pb in S1, Cr>Zn>Cd>Cu>Ni>
Pb in S2, Zn>Pb>Cr>Cd>Ni>Cu in S3, and Ni>Cu>
Cd>Pb>Cr>Zn in S4, respectively. In the residual frac-
tion, the Cr and Zn content associated with crystal
lattices was high. These results indicate that Cr has the
strongest association to the crystalline structures of sed-
iments (Cuong and Obbard 2006). In the present study,
similar results (except S4) for the speciation of Cr were
observed by Huang et al. (2013). In 2013, the Cr asso-
ciation with liable fractions in sediment was reported by
Zhang et al. (2013).

Component 1

Principal component analysis

Principal component analysis (PCA) reduced the six
heavy metal variables mapped in the PRE to two prin-
cipal components using a varimax rotated method for
comparison with the work of Zhou et al. (2004).
Principal component analysis was performed on the
metal concentration data from four fractions at four
different sampling sites. Table 4 shows that the two
factor principal components for six variables in sedi-
ments were represented by four cases corresponding to
eigenvalues >1 and cumulative variance of 77.52 %,
which was sufficient to provide information for the data
structure. The first factor (PC1) represented Cd, Ni, Zn,
and Cr, while factor 2 (PC2) represented Pb and Cu.
These two principal factors explained 77.52 % of the
total variance: factor 1 (48.61 %) and factor 2 (28.91 %).

Table S Correlation coefficients for the total sequential extraction fractions

Parameters Cd Ni Pb Cu Zn Cr
Cd 1

Ni 0.554* 1

Pb 0.296 0.184 1

Cu 0.365 0.547* 0.709%** 1

Zn 0.492 0.605* 0.315 0.656%* 1

Cr 0.564* 0.550* 0.269 0.578* 0.900%** 1

*P<0.05, significant at the 0.05 probability level; **P<0.01, significant at the 0.01 probability level
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Moreover, the principal component analysis loading
plot (Fig. 3) showed that these metals were classified
into group 1 (Cd, Ni, Zn, and Cr) and group 2 (Pb and
Cu) according to the similarities in behavior and metal
distributions in sediments.

Pearson correlation coefficient

In order to measure the strength of correlation between
variables, the Pearson correlation was not only per-
formed for four different sites but also between averages
from four fractions of varied heavy metals using SPSS
17 software. Table 5 shows the correlation among Cd,
Ni, Pb, Cu, Zn, and Cr in the sediment. The pairs of Cu-
Pb, Zn-Cu, and Cr-Zn showed very high correlations at
(0.01) confidence level. High correlations between spe-
cific heavy metals in the sediments may reflect similar
levels of contamination and/or release from the same
sources of pollution (Li et al. 2009). Yi and associates
(in 2011) showed a positively strong correlation be-
tween Pb-Cu, Cu-Zn, and Cr-Zn in sediments of the
Yangtze River basin. Similarly, a positively strong cor-
relation between Pb and Cu in the sediment river basin
(Portugal) was reported (Soares and Boaventura 1999).

Conclusion

Fraction concentrations of heavy metals in sediments
were investigated to present their bioavailability using
the BCR sequential extraction procedure. Cd, Cu, Ni,
Zn, and Pb were mainly presented in the reducible
fraction and oxidizable fraction, while Cr was mostly
presented in their residual fractions. Cd distribution in
various fractions showed different patterns for each
sediment sample. Particularly, in the samples S3 and
S4, Cd was found in large quantities during the first
extraction F1, accounting for 40.4 and 38.7 %, respec-
tively. In the samples S2 and S4, Cu was found in large
quantities during the second extraction (F2), accounting
for 41.8 and 37.4 %, respectively. The distribution of Pb
in S1, S2, and S4 stations showed a strong affinity with
the reducible fraction that is potentially bioavailable. Pb
was primarily present in F2 of S1 (approximately
44.80 %), S2 (approximately 41.8 %), and S4 (approx-
imately 37.7 %). Furthermore, principal component
analysis indicated that heavy metal fraction in the sedi-
ment samples can be explained by two principal

components. PC1 represented Cd, Cr, Ni, and Zn, while
PC2 represented Pb and Cu, respectively. Finally, the
Pearson correlation coefficient exhibited significant cor-
relations in Cu-Pb, Zn-Cu, and Cr-Zn pairings. Thus, it
can be safely concluded that the spatial distributions of
heavy metals were effectually influenced by MSW land-
fill and sediment physicochemical properties.
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