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Selected heavymetals (Cu, Pb, Zn, Cr, Cd, and As) in 47 river sediment samples collected in the Jiaozhou Bay (JZB)
catchmentwere evaluated to assess their spatial distributions and the potential ecological risks. The heavymetal
concentrations in the sediments ranged from 4.5–178.7 mg kg−1 for Cu, 8.2–65.8 mg kg−1 for Pb, 8.2–
325.7 mg kg−1 for Zn, 12.2–185.5 mg kg−1 for Cr, 0.013–1.486 mg kg−1 for Cd, and 1.2–20.6 mg kg−1 for As.
The results showed that the overall sediment quality in the area generally met the China Marine Sediment Qual-
ity criteria. Based on the effect-range classification (the threshold effect level (TEL)/probable effect level (PEL)
Sediment Quality Guidelines, Cu, Cr, and As were likely to have adverse biological impacts on local aquatic eco-
systems. The geoaccumulation index (Igeo), enrichment factor (EF), contamination factor (CF), and pollution
load index (PLI) values suggested that elevated levels of Cd, As, and Pb contamination occurred in the eastern
JZB catchment (i.e., Hongjiang River, Moshui River, Baisha River, Loushan River, Licun River, and Haipo River).
This study presents the current state of the sediment quality in the JZB catchment. The results may assist in
the definition of future coastal and river management measures specifically targeted at monitoring heavy
metal contamination.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Heavy metals in aquatic sediments originate from both natural
sources (mainly erosion and rockweathering) and anthropogenic activ-
ities (e.g., industrial discharge,mining, agriculture, transportation, dam-
ming, sewage disposal, andwastewater runoff) (Çevik et al., 2009; Feng
et al., 2011; Hernández-Crespo and Martín, 2015; Keshavarzi et al.,
2015; Sun et al., 2015; Xu et al., 2016a). Heavy metals are recognized
as a group of pollutants with high ecological significance because they
are not removed from water via self-purification (Ghrefat and Yusuf,
2006). They can accumulate in suspended particulates and sediments,
be released back into aquatic systems under favorable conditions,
enter the food web, and cause health problems (Ghrefat and Yusuf,
2006; Varol, 2011; da Silva et al., 2015; Keshavarzi et al., 2015; Morina
et al., 2015).

Over 50% of the global population lives in urban centers. Therefore,
understanding the processes that affect urban systems is a global issue
(Taylor and Owens, 2009). Expanding urbanization and industrialization
hina University of Petroleum,
hina.
has resulted in enormous increases in the volumes of heavymetals being
discharged intourban rivers. Therefore, people living in and aroundurban
centers are often exposed to unhealthy environments (Taylor andOwens,
2009; Lin et al., 2012; Sibanda et al., 2015; Xu et al., 2016a). Heavy metal
contamination in urban river sediments has become the most serious
problem in urban environments, and it has attracted increased attention
from researchers (Gaur et al., 2005; Lin et al., 2012; Keshavarzi et al.,
2015; Kadhum et al., 2016). Studying the distributions of heavy metals
in urban river sediments can aid in assessing anthropogenic contamina-
tion in rivers and provide evidence of the anthropogenic impacts on
ecosystems.

Qingdao is a coastal city situated at the southern tip of the Shandong
Province in northern Chinawith an area of 11,282 km2 and a population
of 9.0 million. Jiaozhou Bay (JZB) is a typical semi-enclosed coastal em-
bayment located within the territory of Qingdao, and it connects to the
Yellow Sea through a 3 km-wide channel (Fig. 1). Due to rapid economic
and social developments in this region, JZB is influenced by human ac-
tivities, leading to increased industrial, agricultural, and aquacultural in-
puts. Previous studies have indicated that heavy metal levels have
increased in JZB in recent years (State Oceanic Administration (SOA)
of China, 2004; Dai et al., 2007; Wang et al., 2007; Xu et al., 2016a).
However, data were only available in the river outlet, intertidal, and/

http://crossmark.crossref.org/dialog/?doi=10.1016/j.catena.2016.11.004&domain=pdf
http://dx.doi.org/10.1016/j.catena.2016.11.004
mailto:xufangjiangg@163.com
http://dx.doi.org/10.1016/j.catena.2016.11.004
http://www.sciencedirect.com/science/journal/03418162
www.elsevier.com/locate/catena


Fig. 1. Locations of the study area and river sampling sites in the Jiaozhou Bay catchment, Qingdao (a), Shandong Province (b), China (c). XA-Xin'an River; DE-Daoer River; CW-Caowen
River; YH-Yanghe River; WJT-Wangjiatan River; DG-Dagu River; HJ-Hongjiang River; MS-Moshui River; BS-Baisha River; LS-Loushan River; LC-Licun River; HP-Haipo River.
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or deep water areas (Dai et al., 2007; Wang et al., 2007; Deng et al.,
2010; Ye et al., 2011; Xu et al., 2016a). Thus, studies of the urban rivers
around thebay are lacking, limiting our understanding of the potentially
adverse environmental impacts associated with heavy metal pollution
in the area.

In recent decades, various indices have been developed to assess
heavy metal contamination in sediments and the associated ecological
risk. Geochemical normalization approaches such as the
geoaccumulation index (Igeo), enrichment factor (EF), contamination
factor (CF), and pollution load index (PLI)methods have been common-
ly used for this purpose (Müller, 1979, 1981; Feng et al., 2011; Hu et al.,
2013; Zhao et al., 2015). This study addresses existing research gaps and
provides valuable information regarding the spatial distributions of se-
lected heavy metals in the urban rivers around the JZB catchment. The
goals of this paper are to (1) determine the concentrations of heavy
metals (Cu, Pb, Zn, Cr, Cd, and As) in the surface sediments of twelve riv-
ers around the JZB catchment, (2) assess the potential ecological risks of
these metals using the Sediment Quality Guidelines (SQGs), and (3) as-
sess the heavy metal contamination using the Igeo, EF, CF, and PLI
methods.
Table 1
Lengths, drainage areas, water discharges, and sediment loads in small rivers of the Jiaozhou B

Rivers Area Length (km) Drainage area (km2) Water di

Xin'an River Western Jiaozhou Bay 12 20.96 ND
Daoer River 25 82.9 413
Caowen River 25.35 128.75 1089
Yanghe River 49 303 2106
Wangjiatan River 12.7 37.3 315
Dagu River 179.9 6131.3 50,366
Hongjiang River Eastern Jiaozhou Bay 25.5 56 558
Moshui River 42.3 317.2 3734
Baisha River 33 215 3133
Loushan River 5.1 26.5 721
Licun River 22.5 131.5 3576
Haipo River 7 14 381

ND: no data.
2. Materials and methods

2.1. Study area and sampling

Qingdao is located in the warm temperate monsoon climate zone.
The annual mean temperature is 12.7 °C, and the annual average rain
precipitation is 662.1 mm (Chen and Wang, 2012). From 1949 to
2013, the population of Qingdao City increased from 4.0 × 106 to
9.0 × 106 (Qingdao Municipal Statistics Bureau, 2014). The wastewater
discharge in urban districts was 84.6 × 106 t yr−1 in 1980 (Shen, 2001),
and it increased to 472 × 106 t yr−1 in 2013 (Qingdao Municipal
Statistics Bureau, 2014). The Jiaozhou Bay Bridge (Fig. 1), which
stretches 42 km and is the longest sea bridge in the world, was opened
in July 2011.

More than 10 small seasonal riverswith varyingwater and sediment
loads discharge into the bay, notably, the Xin'an (XA), Daoer (DE),
Caowen (CW), Yanghe (YH), Wangjiatan (WJT), Dagu (DG), Hongjiang
(HJ), Moshui (MS), Baisha (BS), Loushan (LS), Licun (LC), and Haipo
(HP) Rivers (Fig. 1; Table 1). However,most of these rivers have become
channels for industrial and domestic waste discharge due to increased
ay catchment, Qingdao.

scharge (104 m3 a−1) Sediment load (104 t a−1) References

ND Qingdao Daily (2012)
0.431 Zhao (2007); Sheng et al. (2014)
1.136 Zhao (2007); Sheng et al. (2014)
2.215 Zhao (2007); Sheng et al. (2014)
0.329 Zhao (2007); Sheng et al. (2014)
36.590 Zhao (2007); Sheng et al. (2014)
1.027 Zhao (2007); Sheng et al. (2014)
6.867 Zhao (2007); Sheng et al. (2014)
1.280 Zhao (2007); Sheng et al. (2014)
1.057 Zhao (2007); Sheng et al. (2014)
5.245 Zhao (2007); Sheng et al. (2014)
0.559 Zhao (2007); Sheng et al. (2014)



Table 3
Aluminum(%), heavymetal concentrations (mg kg−1) andmean grain sizes (φ) in the riv-
er sediments of the Jiaozhou Bay catchment.

Sampling
site

Area Mean
grain
size

Al Cu Pb Zn Cr Cd As

XA1 Western
Jiaozhou
Bay

6.5 13.9 12.3 15.7 39.2 56.3 0.030 3.0
XA2 5.5 13.6 10.5 15.7 32.7 36.5 0.070 3.0
XA3 5.8 14.3 73.1 26.9 162.9 129.0 0.282 5.9
DE1 5.6 13.1 13.0 15.7 34.1 48.9 0.048 7.9
DE2 6.6 14.6 14.0 12.6 52.4 70.0 0.067 6.1
DE3 4.6 13.3 14.7 11.6 37.5 59.0 0.065 5.0
DE4 4.7 12.8 17.1 13.1 48.0 74.1 0.057 9.4
CW1 5.6 12.0 11.2 12.6 30.3 52.9 0.045 7.9
CW2 5.6 11.6 10.3 12.9 34.7 49.8 0.062 4.6
CW3 5.8 12.0 11.1 14.6 38.2 52.9 0.073 4.7
CW4 4.6 13.7 13.1 15.0 46.1 62.4 0.060 8.5
CW5 5.8 13.2 16.1 17.1 47.1 68.6 0.043 8.6
YH1 6.1 12.5 14.6 18.3 44.3 59.6 0.084 7.6
YH2 5.3 10.1 7.5 11.9 23.7 41.4 0.024 3.6
YH3 5.8 12.1 12.0 15.6 41.8 61.4 0.045 5.1
YH4 6.5 15.1 17.0 14.8 52.7 73.9 0.056 9.7
WJT1 4.2 13.6 19.0 14.9 52.6 86.8 0.063 11.8
WJT2 3.4 7.7 4.5 8.2 8.2 12.2 0.013 1.2
WJT3 6.4 11.7 10.6 13.3 34.6 60.5 0.043 5.7
WJT4 4.3 10.0 6.9 12.9 20.5 43.0 0.037 3.1
WJT5 3.8 10.8 6.1 13.0 23.8 29.9 0.029 4.2
DG1 6.3 14.8 27.3 15.4 59.0 79.9 0.097 11.4
DG2 6.7 14.9 17.8 15.2 56.0 73.3 0.069 9.6
DG3 6.7 16.2 21.9 14.5 63.6 83.0 0.052 12.4
DG4 5.1 13.0 10.4 15.5 32.7 53.0 0.051 6.0
DG5 3.2 14.0 16.4 13.9 47.5 68.7 0.058 10.4
DG6 5.2 13.8 20.9 14.0 48.2 75.9 0.067 9.9
HJ1 Eastern

Jiaozhou
Bay

5.5 10.7 13.4 13.9 37.5 84.5 0.066 5.5
HJ2 6.2 15.4 29.2 16.0 71.2 91.2 0.125 10.7
HJ3 6.5 15.8 26.4 15.9 68.5 91.0 0.129 12.1

11F. Xu et al. / Catena 150 (2017) 9–16
economic activities and population in the region (Zhang, 2007; Shi et al.,
2011).

Surface sediment samples (top 2 cm)were scraped carefully from47
sites using plastic spoon in the urban rivers in December 2015. These
samples were distributed evenly across the study area (Fig. 1). During
sample collection, a hand-held global positioning system (GPS) was
used to identify the locations of the sites. After sampling, the sediment
samples were sealed in clean polyethylene bags and transported back
to the laboratorywithin a fewhours. Theywere kept frozen until further
analysis. The sediment sampleswere then oven-dried at 60 °C, and large
calcareous debris as well as rock and plant fragments were removed.

2.2. Analytical methods

Grain size measurements were performed using a Bettersize-2002
laser particle analyzer according to Xu et al. (2016a). This facility can
measure grains in the 1 to 2600 μm range, with a measurement repeat-
ability error of b3%. The textural classification of the sediment samples
was based on the relative percentages of clay (b4 μm), silt (4–63 μm)
and sand (63–2000 μm) (Wentworth, 1922).

The samples that were used for the elemental analysis were
pretreatedwith 1mol L−1 HCl in a water bath at 60 °C for 1 h to remove
calcium carbonate. This process was similar to those used byWan et al.
(2015) and Xu et al. (2016a). The suspension was centrifuged
(3500 rpm, 6 min) 3 times with distilled water, and the upper clear liq-
uid was discarded. The residues of the leached samples were heated to
dryness at 60 °C and then ground into powders using an agate mortar
and pestle. The major (Al) and heavy metal (Cu, Pb, Zn, Cr, Cd, and As)
concentrations were determined using a Thermo IRIS Intrepid II XSP
and a Perkin Elmer ELAN9000 ICP-MS, respectively. The analytical accu-
racy was assessed by analyzing United States Geological Survey (USGS)
and Chinese certified reference materials (BHVO-2, GBW07315, and
GBW07316). Overall, the measured values of the reference material
were within the range of the certified values (Table 2).

2.3. Sediment quality guidelines (SQGs)

The Marine Sediment Quality Standards (GB 18668-2002) were
established to prevent and control marine sediment pollution, protect
marine life and resources, encourage the sustainable use of marine re-
sources, maintain marine ecological equilibrium, and protect human
health (CSBTS, 2002). The threshold effect level (TEL)/probable effect
level (PEL) SQGs were also applied to assess the degree to which the
sediment-associated metals might adversely affect aquatic organisms
(Long et al., 1995;MacDonald et al., 2000). The TELs represent chemical
concentrations below which adverse biological effects rarely occur, and
the PELs represent chemical concentrations above which adverse bio-
logical effects frequently occur (Long et al., 1995; MacDonald et al.,
2000).
Table 2
Results of an analysis of certified referencematerials (GBW07315, GBW07316, and BHVO-
2). The concentrations are in mg kg−1.

Element GBW07315 GBW07316 BHVO-2

Measured
values

Certified
values

Measured
values

Certified
values

Measured
values

Certified
values

Al 11.31 11.41
± 0.22

7.92 7.7 ± 0.3 13.41 13.5
± 0.2

Cu 289 357
± 20

207 231
± 10

118 127 ± 7

Pb 33.8 37 ± 4 18.9 22 ± 5 1.96 NA
Zn 127 137

± 15
140 142

± 22
116 103 ± 6

Cr 63.9 59 ± 6 42.8 38 ± 2 290 NA
Cd 0.292 0.250 0.2 0.3 0.159 NA
As 6.94 7.1 ± 0.6 5.2 4.6 ± 0.5 1.35 NA

NA: not available.
2.4. Assessment of sediment contamination

The Igeo, EF, CF, and PLI methods are commonly used to estimate an-
thropogenic inputs (Müller, 1979, 1981; Feng et al., 2011; Hu et al.,
2013; Zhao et al., 2015). According to thesemethods, themetal concen-
trations were normalized to the metal concentrations of average shale
(Ghrefat and Yusuf, 2006; Çevik et al., 2009) or average crust (Hu et
al., 2013; Xu et al., 2015). However, these metal levels tend to be very
general and may be misleading in certain areas (Gibbs, 1993). There-
fore, several researchers have recommended the use of regional back-
ground values (Rubio et al., 2000; Christophoridis et al., 2009; Xu et
al., 2016a). In this study, the elemental abundances in the upper crust
of East China (Gao et al., 1998) were used as background references.

The Igeo values were calculated using the following equation: Igeo =
log2(Cn / 1.5Bn), where Cn is the metal concentration and Bn is the back-
ground concentration of that metal. The factor 1.5 represents a
HJ4 6.7 15.1 22.2 15.5 62.6 80.9 0.084 9.4
MS1 2.0 10.8 25.0 13.4 26.3 63.0 0.151 5.2
MS2 5.5 14.8 52.3 20.8 107.5 97.4 0.305 8.2
MS3 6.2 14.3 29.0 16.2 66.4 85.1 0.130 8.8
BS1 5.7 13.1 15.4 13.6 47.2 58.3 0.082 4.9
BS2 5.6 12.5 7.5 13.3 27.4 31.3 0.050 2.7
BS3 6.7 18.6 19.4 49.4 178.9 38.6 0.443 4.1
BS4 5.3 11.5 14.5 13.3 40.8 45.8 0.088 6.9
BS5 6.0 15.7 23.5 18.7 70.7 92.1 0.113 9.7
LS1 6.1 13.4 23.3 22.3 70.8 87.5 0.151 20.6
LS2 6.7 16.0 29.9 63.5 133.5 185.5 0.568 7.5
LS3 6.1 20.2 47.6 54.2 105.9 106.7 0.387 7.9
LC1 5.8 14.8 23.0 27.2 59.1 49.9 0.198 5.4
LC2 5.8 12.3 25.6 32.3 38.8 60.9 0.157 19.4
LC3 5.1 11.6 15.6 18.1 49.0 54.9 0.125 3.8
LC4 6.1 15.1 58.6 48.7 325.7 70.9 0.936 10.8
HP1 5.9 14.4 178.7 65.8 233.4 117.0 1.486 11.6
Minimum 2.0 7.7 4.5 8.2 8.2 12.2 0.013 1.2
Maximum 6.7 20.2 178.7 65.8 325.7 185.5 1.486 20.6
Mean 5.6 13.5 23.6 20.2 64.6 69.3 0.159 7.7



Table 4
A summary of heavymetal concentrations in river sediments of the Jiaozhou Bay catchment. The average upper crust values in East China and the related values reported for surface sed-
iments in other estuaries and coastal areas are shown for comparison. The concentration units are mg kg−1 dry weight for all the elements.

Location Cu Pb Zn Cr Cd As References

Jiaozhou Bay rivers, China Range 4.5–178.7 8.2–65.8 8.2–325.7 12.2–185.5 0.013–1.486 1.2–20.6 This study
Mean 23.6 20.2 64.6 69.3 0.159 7.7

Intertidal Jiaozhou Bay, China Mean 38.8 55.2 107.4 69.9 0.42 9.2 Xu et al. (2016a)
Yellow River Estuary, China Mean 22.85 43.05 54.12 44.09 NA NA Sun et al. (2015)
Yangtze River Estuary, China Mean 24.7 23.8 82.9 79.1 0.19 9.1 Wang et al. (2015)
Pearl River Estuary, China Mean 45.7 57.9 177 106 NA NA Yu et al. (2010)
Masan Bay, Korea Mean 43.4 43.97 206.26 67.07 1.24 NA Hyun et al. (2007)
Gironde Estuary, France Mean 24.5 46.8 168 78.4 0.48 18.7 Larrose et al. (2010)
Average crust of East China Mean 32 18 70 80 0.079 4.4 Gao et al. (1998)
MSQ-1a 35 60 150 80 0.5 20 CSBTS (2002)
MSQ-2a 100 130 350 150 1.5 65 CSBTS (2002)
MSQ-3a 200 250 600 270 5.0 93 CSBTS (2002)

NA: not available.
a The MSQ-1, MSQ-2, and MSQ-3 are the Marine Sediment Quality Standards (GB 18668–2002) issued by the China State Bureau of Quality and Technical Supervision (CSBTS, 2002).
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backgroundmatrix correction factor that includes possible variations of
the background values due to lithogenic effects (Müller, 1979). Müller
(1981) established seven classes of geoaccumulation index values:
Class 0 (practically unpolluted), Igeo ≤ 0; Class 1 (unpolluted to moder-
ately polluted), 0 b Igeo b 1; Class 2 (moderately polluted), 1 b Igeo b 2;
Class 3 (moderately to heavily polluted), 2 b Igeo b 3; Class 4 (heavily
polluted), 3 b Igeo b 4; Class 5 (heavily to extremely polluted),
4 b Igeo b 5; and Class 6 (extremely polluted), Igeo N 5.

The EFs of heavymetals have commonly been used to assess anthro-
pogenic contamination. To identify anomalous metal contributions, Al
was chosen as the normalizing element (Yang et al., 2003; Wan et al.,
2015). The EFs were calculated using the following equation: EF =
(CM / Al)sample / (CM/Al)background, where (CM/Al)sample and (CM/
Al)background represent the heavy metal to Al ratios in this study and in
the background sample, respectively. Generally, EFs b 1.5 (or 2) are typ-
ical of heavy metal levels, reflecting the regional rock composition,
whereas EFs N 1.5 (or 2) indicate non-crustal contributions and/or
non-natural weathering processes (e.g., anthropogenic influences)
(Sutherland, 2000; Zhang and Liu, 2002; Andrews and Sutherland,
2004;Wang et al., 2007; Xu et al., 2016a; Xu et al., 2016b). In the studied
region, EF = 1.5 is adopted as the assessment boundary, according to
Wang et al. (2007) and Xu et al. (2016a).

The CF and PLI are also used to evaluate the status of heavy metal
contamination (Håkanson, 1980; Varol, 2011; Li et al., 2013; Zhao et
al., 2015). The CF of eachmetal is the ratio obtained by dividing the con-
centration of themetal in the sediment by the background value, which
is defined as follows:

CF ¼ Cheavy metal=Cbackground

CF valueswere interpreted as follows: CF b 1 indicates noor lowcon-
tamination; 1 ≤ CF b 3 is moderate contamination; 3 ≤ CF b 6 is
Table 5
Comparison between the heavy metal concentrations (mg kg−1) in the Jiaozhou Bay
catchment and sediment quality guidelines (SQGs), with the percentage of samples in
each guideline.

Sediment quality guidelines Metal concentration (mg kg−1)

Cu Pb Zn Cr Cd As

TEL 18.7 30.2 124 52.3 0.68 7.2
PEL 108.2 112.2 271 160.4 4.2 41.6

Compared with TEL and PEL (% of sample in each guideline)
bTEL 58 87 89 23 96 47
≥TEL b PEL 40 13 9 75 4 53
≥PEL 2 0 2 2 0 0
considerable contamination; and CF ≥ 6 is very high contamination
(Håkanson, 1980; Kadhum et al., 2016).

The PLI was determined as the nth root of the n contamination fac-
tors (CFn) multiplied using the following equation:

PLI ¼ CF1 � CF2 � CF3 �⋯� CFnð Þ1=n

PLI N 1 indicates a polluted sediment condition,whereas PLI b 1 indi-
cates no metal contamination (Tomlinson et al., 1980).

3. Results and discussion

3.1. Sediment types and geochemistry

All 47 sediment samples were identified as sandy silt according to
Folk's classification (Folk et al., 1970). The mean grain size of the sedi-
ments varied from 2.0 to 6.7 φ, with an average of 5.6 φ (Table 3).

The concentrations of heavy metals in the sediments of the JZB
catchment are summarized in Table 3. The elemental concentrations
ranged from 7.7 to 20.2% for Al (mean 13.5%), 4.5–178.7 mg kg−1 for
Cu (mean 23.6 mg kg−1), 8.2–65.8 mg kg−1 for Pb (mean
20.2 mg kg−1), 8.2–325.7 mg kg−1 for Zn (mean 64.6 mg kg−1), 12.2–
185.5 mg kg−1 for Cr (mean 69.3 mg kg−1), 0.013–1.486 mg kg−1 for
Cd (mean 0.159 mg kg−1), and 1.2–20.6 mg kg−1 for As (mean
7.7 mg kg−1).

In this study, the heavy metal concentrations of the river sediments
in the JZB catchment were compared with those of other estuaries and
coastal areas. The heavy metal concentrations in the study area were
Fig. 2. Box-and-whisker plots for the geoaccumulation index of heavy metals (Cu, Pb, Zn,
Cr, Cd, and As) in the river sediments of the Jiaozhou Bay catchment.



Table 6
Sediment contamination assessed by Igeo, EF, CF, and PLI in the Jiaozhou Bay catchment.

Samples Area Igeo-Pb Igeo-Cd Igeo-As EFPb EFCd EFAs CFPb CFCd CFAs PLI

XA1 Western Jiaozhou Bay −0.79 −1.97 −1.16 0.86 0.38 0.66 0.87 0.38 0.67 0.57
XA2 −0.78 −0.76 −1.13 0.88 0.89 0.69 0.87 0.88 0.69 0.58
XA3 −0.01 1.25 −0.17 1.42 3.40 1.27 1.49 3.57 1.34 1.98
DE1 −0.78 −1.31 0.25 0.91 0.63 1.87 0.87 0.60 1.79 0.70
DE2 −1.10 −0.83 −0.12 0.65 0.79 1.29 0.70 0.84 1.38 0.78
DE3 −1.22 −0.87 −0.40 0.66 0.84 1.16 0.64 0.82 1.14 0.69
DE4 −1.04 −1.05 0.51 0.78 0.77 2.28 0.73 0.72 2.14 0.85
CW1 −1.10 −1.40 0.25 0.79 0.65 2.04 0.70 0.57 1.79 0.64
CW2 −1.07 −0.92 −0.53 0.84 0.93 1.23 0.72 0.79 1.04 0.62
CW3 −0.89 −0.70 −0.49 0.92 1.05 1.21 0.81 0.92 1.07 0.68
CW4 −0.84 −0.98 0.37 0.83 0.76 1.93 0.84 0.76 1.93 0.80
CW5 −0.66 −1.46 0.39 0.98 0.56 2.03 0.95 0.54 1.96 0.82
YH1 −0.56 −0.49 0.20 1.11 1.17 1.89 1.01 1.07 1.73 0.86
YH2 −1.18 −2.30 −0.87 0.89 0.41 1.11 0.66 0.30 0.82 0.44
YH3 −0.79 −1.39 −0.38 0.98 0.65 1.30 0.87 0.57 1.15 0.68
YH4 −0.87 −1.08 0.55 0.74 0.64 1.99 0.82 0.71 2.20 0.88
WJT1 −0.86 −0.91 0.84 0.83 0.80 2.70 0.83 0.80 2.69 0.98
WJT2 −1.72 −3.14 −2.51 0.81 0.30 0.47 0.46 0.17 0.26 0.19
WJT3 −1.03 −1.45 −0.21 0.86 0.64 1.50 0.74 0.55 1.29 0.63
WJT4 −1.06 −1.68 −1.08 0.98 0.64 0.97 0.72 0.47 0.71 0.45
WJT5 −1.06 −2.01 −0.66 0.91 0.47 1.20 0.72 0.37 0.95 0.43
DG1 −0.81 −0.29 0.78 0.79 1.13 2.38 0.86 1.22 2.58 1.12
DG2 −0.83 −0.79 0.53 0.77 0.80 1.99 0.84 0.87 2.17 0.93
DG3 −0.90 −1.18 0.91 0.68 0.56 2.36 0.81 0.66 2.81 0.99
DG4 −0.80 −1.21 −0.15 0.90 0.68 1.42 0.86 0.65 1.35 0.65
DG5 −0.95 −1.03 0.66 0.76 0.72 2.32 0.77 0.74 2.37 0.86
DG6 −0.95 −0.82 0.59 0.77 0.85 2.24 0.78 0.85 2.25 0.93
HJ1 Eastern Jiaozhou Bay −0.96 −0.83 −0.26 0.99 1.08 1.60 0.77 0.84 1.25 0.76
HJ2 −0.76 0.08 0.69 0.79 1.40 2.15 0.89 1.58 2.43 1.24
HJ3 −0.76 0.12 0.87 0.76 1.41 2.37 0.88 1.63 2.74 1.24
HJ4 −0.80 −0.49 0.51 0.78 0.97 1.94 0.86 1.07 2.14 1.04
MS1 −1.01 0.35 −0.34 0.95 2.42 1.50 0.75 1.91 1.19 0.86
MS2 −0.38 1.37 0.32 1.06 3.56 1.72 1.16 3.86 1.87 1.72
MS3 −0.74 0.14 0.42 0.86 1.57 1.92 0.90 1.65 2.00 1.18
BS1 −0.99 −0.53 −0.42 0.79 1.08 1.17 0.75 1.04 1.12 0.77
BS2 −1.02 −1.24 −1.28 0.81 0.69 0.67 0.74 0.63 0.62 0.47
BS3 0.87 1.90 −0.67 2.01 4.12 0.69 2.74 5.61 0.94 1.49
BS4 −1.02 −0.43 0.07 0.88 1.33 1.87 0.74 1.11 1.57 0.76
BS5 −0.53 −0.07 0.56 0.91 1.24 1.92 1.04 1.43 2.21 1.19
LS1 −0.27 0.35 1.64 1.27 1.95 4.78 1.24 1.91 4.68 1.44
LS2 1.23 2.26 0.18 3.01 6.13 1.45 3.53 7.19 1.70 2.37
LS3 1.01 1.71 0.27 2.04 3.32 1.22 3.01 4.90 1.81 2.08
LC1 0.01 0.74 −0.30 1.40 2.32 1.12 1.51 2.51 1.22 1.10
LC2 0.26 0.41 1.56 2.00 2.22 4.92 1.80 1.99 4.42 1.32
LC3 −0.58 0.07 −0.79 1.18 1.85 1.02 1.01 1.58 0.87 0.83
LC4 0.85 2.98 0.71 2.44 10.71 2.22 2.70 11.85 2.45 2.90
HP1 1.29 3.65 0.81 3.46 17.78 2.49 3.66 18.81 2.64 4.13

The underlined bold values denote the contaminated samples sites.
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comparable to or lower than those in the intertidal JZB (Xu et al., 2016a),
Yellow River Estuary (Sun et al., 2015), and Yangtze River Estuary
(Wang et al., 2015) in China, as listed in Table 4. In addition, the metal
Fig. 3. Box-and-whisker plots for the enrichment factor of heavymetals (Cu, Pb, Zn, Cr, Cd,
and As) in the river sediments of the Jiaozhou Bay catchment.
concentrations were significantly lower than those found in larger in-
dustrialized/urban ports and estuaries around the world (Table 4),
such as the Pearl River Estuary in China (Yu et al., 2010), Masan Bay in
Korea (Hyun et al., 2007), and the Gironde Estuary in France (Larrose
et al., 2010).
3.2. Assessment of the potential ecological risk

When compared with GB 18668-2002 (Table 4), 42 of the 47 sam-
pling sites met MSQ-1 for Cu, and 4 and 1 sites met MSQ-2 and MSQ-
3, respectively; 45 sites met MSQ-1 for Pb, and 2 sites met MSQ-2; 43
sites met MSQ-1 for Zn, and 4 sites met MSQ-2; 33 sites met MSQ-1
for Cr, and 13 and 1 sites met MSQ-2 and MSQ-3, respectively; 44 sites
met MSQ-1 for Cd, and 3 sites met MSQ-2; and 46 sites met MSQ-1 for
As, and 1 site met MSQ-2. In general, the concentrations of the six
heavy metals in this study suggest that the overall sediment quality in
the JZB catchment has not been significantly impacted by heavy metal
contamination.

A comparison of the TEL and PEL SQGs indicates that the concentra-
tions of Cu, Pb, Zn, Cr, Cd, and As were below the TEL for 58%, 87%, 89%,
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23%, 96%, and 47% of the sample sites, respectively, while 40%, 13%, 9%,
75%, 4%, and 53% of the samples fell in the range between the TEL and
PEL (Table 5). For Cu, Zn, and Cr, 2% of the samples slightly exceeded
the PEL. Therefore, Cu, Cr, and As in the JZB catchment are likely to
have adverse biological effects on local aquatic ecosystems.
Fig. 4. Enrichment factor distributions of the heavy metals Pb (a), Cd (b) and As (c). The
green shaded area indicates heavy contamination in the river sediments of the Jiaozhou
Bay catchment.

Fig. 5. Box-and-whisker plots for the contamination factor of heavy metals (Cu, Pb, Zn, Cr,
Cd, and As) in the river sediments of the Jiaozhou Bay catchment.
3.3. Assessment of sediment contamination

The average Igeo values below zero that were observed for Cu (−
1.42), Pb (−0.62), Zn (−1.04), Cr (−0.91), and Cd (−0.39) suggest a
lack of contamination by these metals in the region (Fig. 2). However,
the Igeo value of As (0.03) suggests moderate As contamination in this
area. Although the Igeo values of Cd (−0.39) and Pb (−0.62) were less
than zero, 15 and 7 sites, respectively, had positive values, indicating
minor to moderate metal contamination (Table 6).

The EFs of the river sediments in the study area are shown in Fig. 3,
and they exhibit the following order: Cd N As N Pb N Zn N Cr N Cu. The
average EFs of Pb (1.1), Zn (0.9), Cr (0.9), and Cu (0.7) were b1.5 in
the JZB catchment, suggesting that thesemetals are notmajor concerns.
However, moderate enrichment of Pbwas found at 6 sites in the eastern
JZB catchment (2.0 to 3.5, mean of 2.5, Fig. 4a; Table 6). By contrast, the
average EFs of Cd (1.9) and As (1.8) were N1.5, suggesting that Cd and
As contamination occurs in the study area (Fig. 4b and c; Table 6). Sim-
ilar to the distribution of Pb, most of the heavy Cd contamination oc-
curred in the eastern part of the JZB catchment (Fig. 4b). Among the
sampling sites in the eastern JZB catchment, 11, 13, and 6 of 20 EF values
were N1.5 (Table 6), suggesting that 55.5%, 65%, and 30% of the sites are
contaminated by Cd, As, and Pb, respectively.

As discussed above, when compared with the Marine Sediment
Quality Standards (GB 18668-2002), 45, 44, and 46 sites in the study
area met MSQ-1 for Pb, Cd, and As, respectively. When compared with
the TEL-PEL SQGs, 87%, 96%, and 47% of the sample sites were below
the TEL for Pb, Cd, and As, respectively. However, the EF and Igeo values
of Pb (1.1 and −0.62, respectively), Cd (1.9 and −0.39, respectively),
and As (1.8 and 0.03, respectively) clearly show that elevated concen-
trations of Cd and As, as well as partial elevation of Pb, occurred in the
region. Therefore, both Igeo and EF are more suitable tools for assessing
heavy metal contamination in the region than the Marine Sediment
Quality Standards (GB 18668-2002) and the TEL-PEL SQGs.

The CF values of sediments in the JZB catchment were 0.1 to 5.6
(mean of 0.7) for Cu, 0.5 to 3.7 (mean of 1.1) for Pb, 0.1 to 4.7 (mean
of 0.9) for Zn, 0.2 to 2.3 (mean of 0.9) for Cr, 0.2 to 18.8 (mean of 2.0)
for Cd, and 0.3 to 4.7 (mean of 1.7) for As (Fig. 5), decreasing in the
same order as the EFs as follows: Cd N As N Pb N Zn N Cr N Cu. Among
the sampling sites in the eastern JZB catchment, 18, 17, and 11 of 20
CF values were N1 (Table 6), suggesting 90%, 85%, and 55% of the sites
were contaminated by Cd, As, and Pb, respectively.

The PLI values were between 0.2 and 4.1, with a mean of 1.1. Among
all sampling sites, 16 of 47 valueswere N1 (Table 6), suggesting that 34%
of the sites were contaminated by metals to some extent. As shown in
the spatial distribution map of the PLI values, the most substantial con-
tamination occurred in the eastern part of the JZB catchment (Fig. 6),
which is similar to that observed for Cd (Fig. 4b). Among the sampling



Fig. 6. Spatial distributions of the pollution load index. The green shaded area indicates heavy contamination in the river sediments of the Jiaozhou Bay catchment.

15F. Xu et al. / Catena 150 (2017) 9–16
sites in the eastern JZB catchment, 14 of 20 PLI valueswere N1 (Table 6),
suggesting that 70% of the sites were contaminated by metals.

The Igeo, EF, CF, and PLI values showed that considerable contamina-
tion occurred in the eastern part of the JZB catchment (i.e., Hongjiang
River, Moshui River, Baisha River, Loushan River, Licun River, and
Haipo River, Fig. 6; Table 6). Rapid urbanization within the JZB area, es-
pecially in the eastern part due to changes in economic policies, in-
volved changes in land use activities. These changes caused rivers to
bemore susceptible to different contamination issues, such as industrial
and domestic sewage and agrochemical inputs (fertilizers and herbi-
cides). Hundreds of enterprises exist around the JZB coast, including
dozens of chemical plants. Since Qingdao was selected as the co-host
of the 2008 Beijing Olympic Games, measures have been adopted to
manage the JZB and the river inputs, such as wastewater treatment
and improved effluent treatment projects in the eastern JZB (Wang et
al., 2007). However, millions of tons of untreated wastewater are
discharged into the bay annually via the rivers (Li et al., 2009). Further-
more, these rivers do not have significant fresh water discharges to the
bay throughout the majority of the year, instead serving as the main
pathways for urban runoff and sewage and industrial waste water
discharge to the JZB (Wang et al., 2007). Consequently, the rivers
around the JZB, especially in the eastern JZB, must be comprehensively
studied.

The rivers in the eastern part of the catchment were the most seri-
ously polluted rivers around the JZB. However, this is not the case for
otherwatersheds or regions. A recent studynoted considerable contam-
ination in the northeastern JZB, which is likely related to the construc-
tion of the Jiaozhou Bay Bridge (Xu et al., 2016a). Model results
showed that the Jiaozhou Bay Bridge had a relatively large impact on
the hydrodynamic environment of the bay, which was most obvious
in decreasing the tidal flow and tidal flux (Li et al., 2014). Therefore,
heavymetal contamination in the eastern and northeastern JZBmay in-
crease in the future due to increasing heavymetal inputs and decreasing
tidal flow and tidal flux outputs. Under the current government plan,
eachwatershed region in the JZBwas forced to reduce the same propor-
tion of their current annual discharge of pollutants without considering
differences in regional capacities (Qingdao Municipal Government,
2013). Therefore, the Qingdao government must strengthen integrated
river and coastal zone management and create regional reduction tar-
gets for pollutant discharge.
4. Conclusions

In this study, the concentrations and spatial distributions of heavy
metals (Cu, Pb, Zn, Cr, Cd, and As) were analyzed in the river sediments
of the JZB catchment. The concentrations of the six heavy metals in this
study suggested that the overall sediment quality has been impacted by
heavymetal contamination. The Igeo, EF, and CF values indicated that no
Cu, Cr, and Zn contamination occurred in the study area on the whole,
while some areas were polluted by Cd, Pb, and As. The Igeo, EF, CF and
PLI results suggested that the contamination in the eastern part of the
JZB catchment (i.e., Hongjiang River, Moshui River, Baisha River,
Loushan River, Licun River, and Haipo River) was higher than contami-
nation in other areas. This study presents the current state of sediment
quality in the JZB catchment, and the results may assist in the definition
of future coastal and rivermanagementmeasures that specifically target
the monitoring of heavy metal contamination. With increased industri-
alization and economic development in the study region, additional at-
tention should be paid to the eastern part of the JZB catchment. The
Qingdao government must strengthen integrated river and coastal
zone management and create regional reduction targets for pollutant
discharge.
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