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The  water-level-fluctuation  zone  (WLFZ)  between  the  elevations  of  145–175  m  in China’s  Three  Gorges
Reservoir  has  experienced  a novel  hydrological  regime  with  half  a  year  (May–September)  exposed  in
summer  and  another  half  (October–April)  submerged  in  winter.  In  September  2008  (before  submergence)
and  June  2009  (after  submergence),  soil  samples  were  collected  in  12 sites  in  the  WLFZ  and  heavy  metals
(Hg,  As,  Cr,  Cd,  Pb,  Cu,  Zn,  Fe,  and  Mn)  were  determined.  Enrichment  factor  (EF),  factor  analysis  (FA),  and
factor analysis-multiple  linear  regression  (FA-MLR)  were  employed  for  heavy  metal  pollution  assessment,
source  identification,  and  source  apportionment,  respectively.  Results  demonstrate  spatial  variability  in
heavy  metals  before  and  after  submergence  and  elements  of  As,  Cd,  Pb, Cu,  and  Zn  are  higher  in  the  upper
nrichment factor
ource identification
ource apportionment

and low  reaches.  FA  and  FA-MLR  reveal  that  As and  Cd  are  the  primary  pollutants  before  submergence,  and
over  45%  of  As  originates  from  domestic  sewage  and  59%  of  Cd from  industrial  wastes.  After  submergence,
the  major  contaminants  are  Hg,  Cd,  and  Pb, and  traffic  exhaust  contributes  approximately  81%  to  Hg
and industrial  effluent  accounts  about  36%  and  73%  for  Cd  and  Pb, respectively.  Our  results  suggest  that
increased  shipping  and  industrial  wastes  have  deposited  large  amounts  of  heavy  metals  which  have  been
accumulated  in  the  WLFZ  during  submergence  period.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Heavy metals are involved in various industrial processes, agri-
ultural activities, domestic wastes, and vehicles emission, and they
re considered as one of the most serious pollutants due to their
ersistence in the environment, bioaccumulation and high toxi-
ity [1–4]. In a landscape, riparian zone is an effective sink for
eavy metals due to its integration and accumulation of pollu-
ants from both the terrestrial and aquatic environments [5].  In
he non-flood season, heavy metals in the riparian zone generally
ome from natural weathering and anthropogenic activities, such
s riverine discharge, industrial wastewater, and domestic sewage
6,7]. In flood season, heavy metals in the aquatic environment and
he inputs from human activities in the uplands can be deposited
nto the riparian zone by flooding [8].  Therefore, heavy metals in
he riparian zone have been affected by flooding through fluvial

ransport and frequent material exchanges between the aquatic
nd terrestrial systems [9,10].

∗ Corresponding author. Tel.: +86 27 87510702; fax: +86 27 87510251.
E-mail addresses: qzhang@wbgcas.cn, syli2006@163.com (Q. Zhang).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.04.090
Research on heavy metal pollution in the riparian zone has
received increasing attention [11–13],  and geochemical approaches
(i.e., enrichment factor, EF) and multivariate statistical analysis
have been widely used [12,13]. EF which is defined as the observed
metal to reference metal ratio in the sample of interest divided by
the background metal to reference metal ratio, is an index to assess
the status and degree of soil heavy metal pollution in the riverine,
estuarine, and coastal environments [14,15].  Nevertheless, multi-
variable statistic analyses, such as factor analysis (FA) and factor
analysis-multiple linear regression (FA-MLR) analysis, have been
frequently applied to identify pollution sources and quantify their
contributions [16,17]. These techniques could offer valuable tools
for developing appropriate strategies for effective management of
soil and water conservation [18].

With the completion of the Three Gorges Dam, the Three
Gorges Reservoir (TGR) inundates a total of area of 1080 km2. The
water level of the reservoir fluctuates from 145 m a.s.l. in summer
(May–September) 2008 to 172 m in winter (October–April), result-
ing in formation of the water-level-fluctuation zone (WLFZ) with

a total area of 350 km2 in the reservoir [19]. There are concerns
that heavy metal from industrial activities and domestic consump-
tion in the uplands may  be carried on to and accumulated in the
WLFZ by floods [20]. Previous studies have reported that soils in

dx.doi.org/10.1016/j.jhazmat.2011.04.090
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:qzhang@wbgcas.cn
mailto:syli2006@163.com
dx.doi.org/10.1016/j.jhazmat.2011.04.090
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ig. 1. Location of the sampling sites in the water-level-fluctuation zone of Three
orges Reservoir, China.

he upstream of the TGR were polluted by industrial wastewater
nd domestic sewage from Chongqing city with a population of 32
illions and industrial centers in the adjacent area [21–24].  In the

ownstream of the reservoir, intensive land use has increased non-
oint pollutants in the reservoir region [24]. However, there is little

nformation available about the heavy metals pollution in the WLFZ
nd their changes after prolonged submergence.

We  hypothesized that the heavy metal concentrations, source
rofiles, and source distributions had altered after submergence.

n this study, EF, FA, and FA-MLR were used in heavy metal pollu-
ion assessment, source identification, and source apportionment
efore and after submergence in the WLFZ. The objective is to help
evelop soil conservation strategies for the WLFZ and water con-
ervation for the TGR, China.

. Materials and methods

.1. Site description

The TGR region (29◦16′–31◦25′N, 106◦–111◦50′E) lies in a
00 km valley from Yichang to upstream Chongqing, a transitional
one from the Tibetan Plateau in the west to the east rolling hills
nd plains of China’s subtropical region (Fig. 1). Its annual mean
emperature is 16.5–19 ◦C, ranging from 3.4–7.2 ◦C in January to
8–30 ◦C in July. Annual mean precipitation is about 1100 mm with
0% falling in April–October. Zonal soil is composed of red soil, yel-

ow soil, and mountain yellow soil [25]. With the Three Gorges
am fully functioning in 2010, the water level in the reservoir
uctuates from 145 m in summer to 175 m in winter. The rever-
al of flooding time and prolonged submergence duration have
ramatically altered the hydrological regime in the WLFZ [26].
efore submergence, vegetation in the WLFZ was dominated by
nnuals, i.e.,  Setaria viridis,  Digitaria ciliaris,  and Leptochloa chi-
ensis, perennials including Cynodo dactylon, Hemarthria altissima,
nd Capillipedium assimile, and woody plants such as Ficus tikoua,
terocarya stenoptera,  and Vitex negundo [27]. However, after the
rolonged submergence, annual plants such as S. viridis,  D. ciliaris,
nd L. Chinensis are dominant species [27], and a few alien invasive
lants, such as Eupatorium adenophorum and Alternanthera philoxe-
oides,  are present in the WLFZ [19].
.2. Soil sampling

Field surveys were conducted in September 2008 and June
009 when the reservoir’s water level was 145 m and the WLFZ
aterials 191 (2011) 366– 372 367

was  exposed to the air after submergence. From October 2008
to May  2009, the water level of the reservoir reached 172 m and
all the sampling sites were submerged. We  selected 12 sam-
pling sites based on the geographical characteristics of the WLFZ
from upstream to downstream in the TGR (Fig. 1). In each site,
6 sampling plots (1 m × 1 m each) were randomly selected in
the elevation from 145 m to 172 m.  However, in site 1, sam-
plings were only collected between the elevations of 165–172 m
because of the high water level during the sampling period.
At each plot, we  collected five top soil samples (i.e.,  0–20 cm)
and the samples were well mixed to form a composite sam-
ple. All the samples were sealed in plastic bags and stored at
4 ◦C for analysis.

2.3. Sample analysis

The concentrations of heavy metals (i.e., Hg, As, Cr, Cd, Pb,
Cu, Zn, Fe, and Mn)  and total organic carbon (TOC) in soils
were analyzed. TOC was determined by titration with FeSO4 after
digestion with K2Cr2O7–H2SO4 solution [13]. For metal analy-
sis, total sediment digestion was performed in Teflon vessels
following the classical open digestion procedures with a mix-
ture of concentrated HF–HClO4–HNO3 (i.e.,  10 ml HNO3, 5 ml  HF
and 5 ml  HClO4) [28]. Concentrations of metals in solutions were
determined using flame atomic absorption spectrometry (FAAS)
(Analytikjena AAS vario6, Germany) for Cr, Cd, Pb, Cu, Zn, Fe,
and Mn,  and cold vapor AAS for Hg with the method detection
limit (MDL) of 0.02 mg  kg−1 [13]. As was  determined by diethyl
disulfide and carbamate silver colorimetric method (DDC-Ag)
with the MDL  of 0.05 mg  kg−1, recommended by the State Envi-
ronmental Protection Administration of China (GB15618-1995)
[29]. Method accuracy and quality control were verified by trip-
licate analysis of soil reference material (GBW07309). A good
agreement was observed between the data analyzed and those cer-
tified by the reference material and the analytical precision was
within ±10%.

2.4. Data analysis

2.4.1. Enrichment factor (EF)
EF is used to evaluate the soil heavy metal pollution status.

Because Fe is abundant in soil and is considered to be free from
anthropogenic contribution in our study area, it is commonly used
for normalization purpose [30]. Fe concentration showing spatial
variations is contributable to the spatial differences in geological
setting and soils (Fig. 2) [21–24].  Mathematically, EF is expressed
as following [30,31]:

EF = (Me/Fe)sample

(Me/Fe)reference
(1)

where (Me/Fe)sample is the metal to Fe ratio in the sample of
interest; (Me/Fe)reference is the reference value to Fe ratio. Blaser
et al. [32] suggested that local background value as the refer-
ence may  provide a more meaningful basis for calculating EF than
average crust value. Thus, this study used the local background
values as reference values, 0.05 mg  kg−1 for Hg, 5.84 mg kg−1 for
As, 78.03 mg  kg−1 for Cr, 0.13 mg  kg−1 for Cd, 23.88 mg  kg−1 for
Pb, 25.00 mg  kg−1 for Cu, and 69.88 mg  kg−1 for Zn [33]. The ref-
erence values of Fe and Mn  were 29,400 mg kg−1 and 583 mg kg−1,
respectively [34].

The EF value has been used to evaluate anthropogenic influences
on heavy metal pollution [13]. Zhang and Liu [35] recommended

using EF = 1.5 as an assessment criterion. When EF values are
between 0.5 and 1.5, it suggests that the trace metals might
be entirely from crustal materials or natural weathering, while
an EF value greater than 1.5 suggests that a significant portion
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he  two  sampling times (before submergence and after submergence) at p = 0.05 lev

f the trace metal is delivered from non-crustal materials [35].
dditionally, Han et al. [36] suggested that a trace metal ele-
ent with an EF value less than 2 was not a major concern

ollutant.

.4.2. Statistical analysis
Paired-samples T test was performed to compare the trace metal

oncentrations before and after submergence. Two-way ANOVA

as used to examine the spatial and temporal variations of the

lements. Multivariate analyses including factor analysis (FA) and
ultiple linear regression on factor analysis (FA-MLR) were used

o identify their sources and quantify their contributions, respec-
tively [37]. FA provided qualitative information about the sources
of the contaminant. The multiple regression method was used
following the FA, which was named as FA-MLR for supplying quan-
titative information about the contributions of each source type.
The accuracy of the FA-MLR was tested by calculating “estimated
to observed” ratios of the elements [37,38]. Prior to the multi-
variate analysis, data were standardized by ln-transformation to
minimize the effects of differences in measurement units [38].

Kaiser–Meyer–Olkin (KMO) and Bartlett’s sphericity test were
conducted to examine the suitability of the data for factor anal-
ysis [39]. All the processes were performed using SPSS 13.0
for windows.
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Table 1
Statistically significant differences of heavy metals based on two-way ANOVA.

Variables Hg As Cr Cd Pb Cu Zn Fe Mn  SOC

Sampling sites n.s. *** *** *** *** *** *** *** *** ***

Time *** *** n.s. *** *** * *** *** n.s. n.s.
Sampling sites × Time n.s. *** *** ** ** * n.s. n.s. ** n.s.

Note: n.s.: not significant; Time: before and after submergence.
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* p < 0.05.
** p < 0.01.

*** p < 0.001.

. Results

.1. Spatial pattern of heavy metals

All the heavy metals excepting Hg show significantly spatial
ariation in the 12 sampling sites (p < 0.001) (Table 1), and the con-
entrations of As, Cd, Pb, Cu, and Zn are higher in the upper (sites
–4) and low reaches (sites 9–12) than those in the middle reach
sites 5–8), both before and after submergence (Fig. 2). Enrichment
actor analysis also indicates spatial variability with higher values
n the upper and low reaches, i.e.,  As and Cd with EF values greater
han 2 in the upper and low reaches, and EF (Pb), EF (Cu), EF (Zn),
nd EF (Mn) greater than 1.5 in the upper reach before and after
ubmergence (Table 2).

.2. Changes in heavy metals after submergence

The concentrations of Hg, Cd, Pb, Cu, and Zn significantly

ncrease, and As and Fe decrease after submergence (p < 0.001)
Tables 1 and 3). The average EF (Hg) is 1.73 ± 0.11 before sub-

ergence and changes to 3.20 ± 0.35 after submergence, and EF
As) decreases from 3.98 ± 0.34 before submergence to 1.30 ± 0.10

able 2
nrichment factor (EF) of heavy metals in the water-level-fluctuation zone of the Three G

EF(Hg) EF(As) EF(Cr) EF(C

(a) Before submergence
Site 1 1.82 4.36 0.52 4.55
Site  2 1.70 3.86 0.53 3.51
Site  3 1.68 3.28 0.73 3.69
Site  4 1.85 3.02 0.56 3.05
Site  5 1.84 3.46 0.51 2.22
Site  6 1.53 2.91 0.55 1.87
Site  7 2.63 2.89 0.61 1.86
Site  8 1.98 3.08 0.62 3.02
Site  9 1.74 4.76 0.51 5.31
Site  10 1.00 6.75 0.51 4.44
Site11 1.59 5.22 0.55 2.23
Site  12 1.45 4.20 0.55 2.42
Minimum 1.00 2.89 0.51 1.86
Maximum 2.63 6.75 0.73 5.31
Mean  1.73 3.98 0.56 3.18
SE  0.11 0.34 0.02 0.33

(b)  After submergence
Site 1 4.86 1.34 0.57 4.41
Site  2 1.99 1.65 0.58 5.63
Site  3 4.35 1.26 0.63 4.83
Site  4 2.35 1.00 0.57 3.57
Site  5 3.21 1.00 0.63 3.50
Site  6 2.66 0.89 0.36 2.98
Site  7 4.30 0.90 0.63 2.80
Site  8 5.46 1.02 0.77 3.48
Site  9 2.49 1.56 0.87 6.85
Site  10 2.04 1.93 0.82 5.51
Site11 2.05 1.68 0.80 3.83
Site  12 2.63 1.40 0.84 3.89
Minimum 1.99 0.89 0.36 2.80
Maximum 5.46 1.93 0.87 6.85
Mean  3.20 1.30 0.67 4.27
SE 0.35 0.10 0.04 0.35
after submergence (Table 2). The mean EF values of heavy metals
decrease in the order of As > Cd > Hg > Pb > Cu > Mn  > Zn > Cr before
submergence, and the order is Cd > Hg > Pb > Cu > Zn > As > Mn  > Cr
after submergence (Table 2).

4. Discussion

4.1. Spatial variations of heavy metals

The significantly spatial variability of heavy metals in the WLFZ
(p < 0.001) (Table 1 and Fig. 2) before and after submergence indi-
cates great impacts on heavy metals by anthropogenic activities,
i.e., point sources such as chemical industry and domestic sewage
runoff [18]. As, Cd, Pb, Cu, and Zn in the upper reach (sites 1–4)
might be correlated to the industrial activities and municipal
sewage discharges from Chongqing city, with developed economy
and high dense population (Fig. 1) [13]. Heavy metals in the low

reach (sites 9–12) (Fig. 2) are attributable to agriculture in this
region, which is consistent with previous study [28]. Moreover, a
few heavy metals (i.e., Cr, Cu, and Zn) with higher concentrations in
the low reach could also be contributable to the natural weathering

orges Reservoir, China.

d) EF(Pb) EF(Cu) EF(Zn) EF(Mn)

 2.19 2.99 1.84 1.52
 1.99 2.19 1.57 1.31
 1.92 1.82 1.51 1.33

 1.38 1.12 1.14 1.10
 1.41 0.74 0.99 1.13
 1.28 0.82 0.96 1.15
 1.35 0.90 1.21 1.25

 1.47 0.56 1.00 1.23
 1.73 1.06 1.01 1.26
 1.46 1.32 0.96 1.36
 1.30 1.11 0.91 0.93
 1.42 0.82 0.96 1.19
 1.28 0.56 0.91 0.93
 2.19 2.99 1.84 1.52
 1.58 1.29 1.17 1.23
 0.09 0.20 0.09 0.04

 2.53 2.04 1.89 1.30
 3.48 3.62 2.16 1.52
 3.16 2.85 1.94 1.39
 1.88 1.92 1.51 1.07

 1.82 1.39 1.26 1.31
 1.52 0.80 1.19 0.94

 1.71 1.07 1.64 1.05
 2.01 0.81 1.47 1.06
 2.46 1.52 1.43 1.15
 1.71 1.53 1.17 2.35
 1.53 1.22 1.12 0.96
 1.54 0.91 1.13 1.01

 1.52 0.80 1.12 0.94
 3.48 3.62 2.16 2.35
 2.11 1.64 1.49 1.26
 0.19 0.25 0.10 0.11
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Table  3
Heavy metal concentrations (mg  kg−1; mean ± SE) in the Three Gorges Reservoir region, China.

Region Hg As Cr Cd Pb Cu Zn Reference

Cultivated soil in the
riparian zone

0.07 ± 0.01 7.48 ± 0.74 49.41 ± 1.64 0.39 ± 0.07 48.18 ± 2.83 21.14 ± 1.89 84.75 ± 2.95 [2]

Water-level-fluctuation
zone

0.06 ± 0.04 8.65 ± 2.23 0.32 ± 0.27 29.3 ± 13.20 37.00 ± 22.20 72.70 ± 12.70 [22]

Draw-done zone 0.04 ± 0.05 5.50 ± 2.36 0.29 ± 0.17 21.66 ± 8.42 29.42 ± 18.31 82.46 ± 24.87 [23]
Agriculture soil 25.45 ± 8.80 29.96 ± 12.80 64.79 ± 18.79 [45]
Reservoir region 0.06 ± 0.18 7.40 ± 4.54 79.40 ± 23.40 0.21 ± 0.16 25.30 ± 4.54 23.50 ± 8.09 71.60 ± 14.90 [24]
Background values 0.05 5.84 78.03 0.13 23.88 25.00 69.88 [33]
Water-level-fluctuation

zone  in 2008 (before
submergence)

0.07 ± 0.00 22.24 ± 1.16 41.99 ± 1.06 0.40 ± 0.02 35.41 ± 1.26 29.78 ± 2.52 76.57 ± 3.05 This study
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Water-level-fluctuation
zone  in 2009 (after
submergence)

0.12 ± 0.01 6.59 ± 0.34 44.72 ± 1.51 

ecause the EF values lower than 1.5 (Table 2), and these elements
ave high background values in the region [33,35].

.2. Pollution assessment

EF has been widely used to evaluate anthropogenic influences
o heavy metals pollution in soils and sediments [13]. In this study,
he average EF of Hg, Pb, Cu, Zn, and Mn  are less than 2 before sub-

ergence (Table 2), suggesting that their contaminations are not a
ajor concern according to the assessment criteria recommended

y Han et al. [36] although moderate enrichment of these met-
ls has been found in the upper reach (sites 1–3) [36]. In contrast,
he average EF of As and Cd are greater than 2 before submergence
Table 2), suggesting that they are the major contamination. In fact,

oderate to significant enrichment of As and Cd are found in the
pper and low reaches (Table 2), which is consistent with the spa-
ial patterns of heavy metals, suggesting that the main pollutions
f As and Cd are correlated to anthropogenic activities [18]. The
pper reach (sites 1–4) is near the industrial parks and urban, and
he low reach (sites 9–12) is near large sewage outlet due to the
evelopment of agriculture [22,24].
After the inundation, EF (Hg), EF (Cd), and EF (Pb) increase and
ecome the major concern contaminations with their average EF
alues greater than 2 (Table 2). The increase in EF (Cd), EF (Pb),
nd EF (Hg) are found in all the sampling sites, suggesting that

able 4
arimax rotated factor loading (PCA) and identified sources of heavy metals in soils of th

(a) Before submergence 

Variable Factor 1 Factor 2 Factor 3 Factor 4 

Hg 0.97 

As  0.52 0.68 

Cr  0.91 

Cd  0.83 0.30 

Pb  0.92 

Cu  0.87 

Zn  0.82 0.33 

Fe  0.41 0.79 

Mn  0.80 

SOC  0.90 

Eigenvalues 5.03 1.55 1.21 0.78 

Percent of
variance

41.22 18.58 14.77 11.11 

Cumulative
percentage

41.22  59.80 74.56 85.68 

Possible source Industrial
wastewater

Crustal
materials
associated with
Fe-oxides

Domestic
sewage

Traffic
exhaust

ote: SOC: soil organic carbon.
.49 ± 0.02 42.89 ± 2.06 35.70 ± 3.10 88.09 ± 3.21 This study

there are additional sources to the WLFZ in the submergence period
[13]. During the submergence period, water transport in the WLFZ
becomes more frequent, which might contaminate the reservoir by
vehicle exhaust containing Hg [40].

4.3. Source identification by factor analysis (FA)

FA allows identify the possible sources that influence soil qual-
ity [18]. A factor represents one type of possible pollution source. In
this study, four factors are obtained, accounting for 86% of the total
variance before submergence and 84% after submergence (Table 4),
and the extracted factors contain critical information to explain
metal contamination in the study region. Before submergence, Fac-
tor 1, accounting for 41% of the total variance, has the highest
loadings of Cd, Pb, Cu, Zn, and Mn  and medium loadings of As
and Fe (Table 4), and can be considered as industrial wastewater
source [28]. Frequent industrial activities result in the higher con-
centrations of Cd, Pb, Cu, Zn, and Mn  in the upper reach (Fig. 2 and
Table 2) [13], which reveals the contribution of industrial wastewa-
ter to these heavy metals pollution in the soil. Factor 2, accounting
for 19% of the total variance with the highest loadings of Cr and

Fe and intermediate loading of Zn (Table 4), could be considered
as crustal source associated with Fe-oxides [35]. The results also
show that the EF (Cr) is less than 1.5 (Table 2), which exhibits the
contribution of natural rock weathering. Factor 3, which has the

e water-level-fluctuation zone, the Three Gorges Reservoir, China.

(b) After submergence

Variable Factor 1 Factor 2 Factor 3 Factor 4

Hg 0.98
As 0.76 0.35
Cr 0.60 0.64
Cd 0.60 0.55 0.33
Pb 0.93
Cu 0.88 0.34
Zn 0.93
Fe 0.33 0.77
Mn 0.33 0.75
SOC 0.88
Eigenvalues 4.80 1.68 1.02 0.85
Percent of
variance

31.84 26.32 14.83 10.55

Cumulative
percentage

31.84 58.16 72.99 83.54

Possible source Industrial
wastewater

Crustal
materials
associated
with Fe- and
Mn-oxides

Crustal
materials
associated with
organic matters

Ttraffic
exhaust
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Table 5
Source contribution (%) and the estimated to observed ratios (E/O) of heavy metals using factor analysis-multiple linear regression (FA-MLR).

Industrial wastewater Crustal materials associated
with Fe-oxides

Domestic sewage Traffic exhaust E/O R2

(a) Before submergence
Hg 11.0 4.7 4.1 80.0 1.00 0.97
As  34.3 16.6 45.2 3.9 1.00 0.80
Cr  15.8 72.7 10.4 1.2 1.00 0.88
Cd  59.0 6.6 21.3 13.1 1.03 0.82
Pb  73.3 20.0 0.6 6.1 1.00 0.91
Cu 62.2  14.8 5.3 17.7 1.01 0.87
Zn 50.3  20.4 17.2 12.1 1.00 0.90

Industrial wastewater Crustal materials associated
with Fe- and Mn-oxides

Crustal materials associated
with organic matters

Traffic exhaust E/O R2

(b) After submergence
Hg 8.1 7.0 4.2 80.6 1.00 0.98
As  19.3 50.6 23.5 6.6 1.02 0.79
Cr  4.0 43.0 45.6 7.3 1.00 0.79
Cd  35.5 32.5 19.2 12.8 1.05 0.83
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Pb  72.9 19.2 

Cu  63.4 24.3 

Zn  67.0 14.6 

ighest loadings of As and SOC and accounts for 15% of the total
ariance (Table 4), could be considered as domestic sewage source
28]. Previous study had interpreted that organic pollution could
e attributed to the domestic sewage [28]. In the present study,
e also find that places with density population and agriculture
earby often have higher concentration of As in the soil (i.e., upper
nd low reach) (Fig. 2). Factor 4 has high loading of Hg (Table 4)
nd could be regarded as the traffic source [41]. Although the con-
amination of Hg is not a major concern before submergence, there
s high enrichment in site 7 (i.e., EF (Hg) > 2) (Table 2) located near

 big commercial harbor, i.e.,  Wanzhou Harbor (Fig. 1). Therefore,
he Hg pollution is attributed to the traffic exhaust.

After the inundation, Factor 1, with the highest loadings of Cd,
b, Cu, and Zn and medium loadings of Fe and Mn,  and account-
ng for 32% of the total variance (Table 4), could be considered as
ndustrial source (Fig. 2 and Table 2) [28]. Factor 2, accounting for
6% of the total variance, has the highest loadings of As, Cr, Fe, and
n  and intermediate loadings of Cd and Cu (Table 4) and could be

onsidered as crustal source associated with Fe- and Mn-oxdies.
he EF (As) and EF (Cr) are less than 1.5 (Table 2), suggesting that
hey might be entirely from crustal materials or natural weather-
ng [35]. Factor 3, accounting for 15% of the total variance with the
ighest loadings of Cr and SOC and intermediate loadings of As and
d (Table 3), could be considered as crustal source associated with
rganic matters [13]. The EF (Cr) is less than 1.5 (Table 2), suggest-
ng that the contribution of crustal materials to the origination of Cr
n a form which is associated with organic matters [13,35]. Factor
, with high loading of Hg only (Table 4), could be contributable to
he traffic source [41]. In the submergence season, the pollution of
g is correlated to the non-point traffic exhausts in the TGR region

40].

.4. Source apportionment for heavy metals

After determining the possible sources by the FA, source appor-
ionment of heavy metals was then computed using FA-MLR, a
roven effective approach for quantifying contributions from vary-

ng sources [42,43]. Before submergence, As and Cd are the primary
ollutants and the domestic sewage and industrial wastewater are
he major pollution sources, which accounts over 45% for As and

bout 59% for Cd, respectively (Table 5). After submergence, the
rimary contaminations are Hg, Cd and Pb, and traffic exhausts
nd industrial effluents are the major contributors of these heavy
etal pollutions (Table 5). Individually, traffic exhausts contribute
5.7 2.3 1.00 0.94
9.2 3.2 1.00 0.91
9.2 9.2 1.00 0.93

approximately 81% to Hg, and industrial effluents account about
36% for Cd and 73% for Pb (Table 5). The ratio between the esti-
mated and observed values (E/O) of each element is around 1.00,
suggesting acceptable results by the FA-MLR [37].

4.5. Changes in heavy metals before and after submergence

Submergence could influence heavy metals in the riparian zone
by fluvial transport and materials exchange between the uplands
and riparian zone [5].  There are significant increase in the concen-
trations of Hg, Cd, Pb, Cu, and Zn, and decrease in As and Fe (p < 0.05)
(Tables 1 and 3) after inundation. During the submergence period,
Hg, Cd, Pb, Cu, and Zn resulting from traffic exhaust and industrial
wastes, might have been transported from the river system to the
WLFZ by hydrodynamics [20,44]. The inundation would also deliver
materials from the WLFZ to river by active materials exchange,
resulting in the decrease in As and Fe (Table 3) [5].  Additionally,
the contamination of As before submergence is mainly caused by
domestic sewage runoff, and in winter (inundation season) the
sewage runoff becomes smaller due to the dry season [28], leading
to the decreased As (Table 3).

The heavy metal pollution in the WLFZ also changes by the sub-
mergence. Before the submergence, the major pollutants, As and
Cd are mainly from domestic sewage and industrial wastewater
discharged by the anthropogenic land-based point activities. After
the inundation, the main contaminations are Hg, Cd, and Pb which
are primary from traffic exhaust and industrial wastewater. The
increased EF values of Hg, Cd, and Pb indicate the contribution of
non-point pollutants to the WLFZ during the submergence period
[5]. Moreover, another crustal source associated with organic mat-
ters are presented after the inundation (Table 3), and it is related
with a layer of silty mud  being deposited, i.e.,  the increase in SOC
and Cr, in the WLFZ during the submergence period (Fig. 2) [20].

Our results on the concentrations of Hg, Cd, Pb, Cu, and Zn are
comparable with previous studies, while extremely high concen-
tration of As occurs before the submergence in 2008 (Table 3).
The higher levels of As might be attributed to the larger domestic
sewage runoff, which is caused by the urbanization and economic
development particularly in the recent years. However, after the

inundation in 2009, increase in the inundated areas and introduc-
tion of the non-point sources by the submergence should have
provided additional pollutants to the WLFZ, leading to the increases
in Hg and Cd (Table 3).
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. Conclusion

Heavy metals show significantly spatial variability both before
nd after submergence in the soil of the water-level-fluctuation-
one (WLFZ) of the Three Gorges Reservoir, China. Elements
ncluding As, Cd, Pb, Cu, and Zn are higher in the upper and low
eaches. The major pollutants are As and Cd before submergence,
nd Hg, Cd, and Pb after submergence by the EF assessment. The
ajor pollutants (As and Cd) primarily originate from domestic

ewage and industrial wastes before submergence, and the main
ontaminations (Hg, Cd, and Pb) after-submergence are primarily
ontributable to traffic exhaust and industrial effluents. Moreover,
ubmergence results in deposition of Hg, Cd, Pb, Cu, and Zn by
dditional non-point source of pollutants and facilitate material
xchange of As and Fe in the WLFZ. The results suggest that the
hipping and the industrial waste waters should be regulated to
rotect the WLFZ in the Three Gorges Reservoir, China.
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