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ABSTRACT
Sixty surface sediment samples from the intertidal zone of Yantai Sishili
Bay (YSB) have been analyzed for arsenic (As) and mercury (Hg) to
evaluate their contamination levels and potential ecological risks.
Concentrations of As and Hg ranged from 7.01–23.56 and 0.00–0.01 mg
g¡1 in the dry season; during the wet season, the corresponding data
were 1.44–6.17 and 0.00–0.02 mg g¡1. The geoaccumulation index (Igeo)
and potential ecological risk index (Er

i) were used to conduct a pollution
assessment. The results demonstrated that the intertidal zone of YSB has
good sediment quality and that As and Hg are not likely to cause
negative environmental impacts in the region.
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Introduction

As the intersection of marine and terrestrial environments, the intertidal zone performs signifi-
cant hydrological and ecological functions and is driven by both natural forces and human activ-
ities (Qian et al. 2016). Sediments accumulate at the junction of liquid and solid phases and are
one of the major reservoirs of heavy metals from both natural and anthropogenic sources
(Xu et al. 2016a; Zhang and Gao 2015). As environmental conditions change, sediments become
a potential secondary source of heavy metals that could be released back into the water column
(Pereira et al. 2015). For this reason, it is crucial to assess the levels of sediment contamination
found in marine and other aquatic ecosystems (Xu et al. 2016b). Heavy metals in aquatic ecosys-
tems have received extensive attention due to their toxicity, wide sources, nonbiodegradable
properties, and accumulative behaviors (Zhuang and Gao 2014). When they enter intertidal
zones, most heavymetals are deposited in sediments. As environmental conditions change, how-
ever, the heavy metals found in sediments can be released back into the water and pose a threat
to themarine environment (Zhuang and Gao 2015a). Surveys of heavymetals found in intertidal
sediments can therefore be used to assess the level of contamination inmarine environments and
provide basic information for evaluating environmental health risks.
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Arsenic (As) and mercury (Hg) are highly toxic heavy metals that accumulate primarily
in sediments and are biomagnified through the food chain, resulting in remarkable ecologi-
cal risks to benthic organisms, organisms that are dependent on sediments, and humans
(Zhuang and Gao 2015a). As is a toxic metalloid ubiquitous in groundwater, soil, and sedi-
ments, and has acute, chronic toxic and carcinogenic effects on aquatic organisms as well as
humans (Wang et al. 2016a). Hg and methylmercury (MeHg) are considered priority haz-
ardous substances due to their adverse biological effects and environmental toxicity. High
levels of MeHg can cause damage to the human brain and kidneys and also affect psycholog-
ical plant activity like transpiration, mineral uptake, and photosynthesis (Haris et al. 2017).
It is therefore important to monitor the concentrations of As and Hg to provide basic infor-
mation for environmental risk assessments.

In recent years, there have been numerous studies on the sources, distribution, and contami-
nation levels of heavy metals in sediments (Deng et al. 2013; Gati et al. 2016; Li et al. 2017;
Zhao et al. 2016). Among them, some have focused on the study of heavy metals in the sedi-
ments of Shandong province (Li et al. 2016; Lin et al. 2016; Liu et al. 2014; Xu et al. 2013;
Zhuang and Gao 2015a), which mainly concentrated on areas such as Jiaozhou Bay, Laizhou
Bay, and the Yellow River Delta. Few studies have been carried out in Yantai Sishili Bay (YSB),
which mainly focused on the nutrients, chlorophyll, hyperbenthos in the sediments, etc. (Hao
et al. 2011; Li et al. 2013). As one of the most important areas of aquaculture in northern China
and the primary region for aquaculture and tourism in Yantai, YSB has been influenced by
anthropogenic activities, particularly industrial and domestic wastewater disposal. The inter-
tidal zone of YSB is a typical sandy coast area in northern China under the influence of the
rapid urbanization. Over the last two decades, the rapid development of the surrounding Yantai
City had put a great stress on the marine ecosystem of YSB because of associated increases in
population, aquaculture, wastewater discharge, and cargo throughput, which may lead to the
input of heavy metals to YSB. For this reason, there is an increasing interest in studying the
environmental quality of YSB, especially the concentrations of heavy metals.

Quantitative geochemical methods, including enrichment factor (EF), geoaccumulation
index (Igeo), and potential ecological risk factor (Er

i), have been widely used to estimate the
impacts that heavy metals have on sediment quality and the environment (Yi et al. 2016).
Igeo is particularly successful because it considers the effects of human activities; however, it
ignores the differences in toxicity among individual metals. Er

i, on the other hand, compre-
hensively considers the differential effects of multiple contaminants and can make up for the
deficiency of Igeo (Liu et al. 2016). Hence, both Igeo and Er

i are used to assess the contamina-
tion of heavy metals in this study. The main objectives of the study are (1) to estimate heavy
metal concentrations and evaluate their contamination levels in intertidal sediments; (2) to
evaluate the potential ecological risk of heavy metals; and (3) to analyze the distribution and
possible sources of heavy metals in YSB in order to protect the environment of the bay and
promote local economic development.

Methods and materials

Study area

YSB is an ear-shaped, semi-closed bay located in the Northern Yellow Sea, China, with a
total surface area of about 130 km2, and with an average water depth of less than 15 m
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(Dong et al. 2012). The bay is an important harbor for Shandong province that supports
marine aquaculture for the province’s seafood market, and there are three important districts
along the coast of Sishili Bay in Yantai: Zhifu, Laishan, and Muping. Also along the coastline
is an estuary of the Guangdang River and an outlet of the Xin’anhe Sewage Plant, both of
which may be potential and significant sources of heavy metal contamination in the bay due
to rapid industrial and economic development in Yantai. Therefore, it is essential to assess
the contamination of heavy metals in YSB to develop appropriate strategies and approaches
for pollution control.

Sediment sampling and pretreatment

Two sampling expeditions were implemented in the intertidal zone of YSB in October 2014
and July 2015 (Figure 1). Sixty surface sediments (0–5cm) were collected using grab sam-
plers, including 15 surface sediments during the dry season (samples were taken in the
supratidal, tidal, and infralittoral zones of each sampling section) and 45 surface sediments
in the wet season (samples were taken in the supratidal, tidal, and infralittoral zones of each
sampling section). After the samples were collected, surface sediments were stored in a plas-
tic vessel and frozen at ¡20�C.

As and Hg were analyzed using Atomic Fluorescence Spectrometry (Beijing Ji Tian
Instrument Co., AFS-930). First, the sediments were dried in a lyophilizer (Germany Christ),
and then they were disaggregated and sieved through 160 mesh sieves. The sediments were
then digested with an acid mixture (HCl:HNO3:H2O D 1:3:5) in a boiling water bath before
final AFS analysis. Of the total number of samples, 20% (n D 12) were selected for parallel
sample detection, which found that the analysis was adequate. The quality assurance of the
analytical procedures was validated using the Chinese national geostandard sample (GBW-
07333), and results were in accordance with the reference values. All the labwares (bottles,
tubes, etc.) were pre-cleaned by soaking in 10% HNO3 (w/w) for at least 24 h, followed by
soaking and rinsing with deionized water. All reagents were guaranteed grade or higher level.
Only ultrapure water was used for experimentation. All the analyses were done with analyti-
cal blanks to assure the proceedings reliability.

Figure 1. Sampling stations in the intertidal zone of Yantai Sishili Bay.
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Results and discussion

Concentrations of As and Hg and comparison with sediment quality guidelines (SQGS)

Marine Sediment Quality Guidelines (MSQGS) have been established to evaluate sediment
toxicity, contamination levels, and ecological risks to aquatic ecosystems. Marine Sediment
Quality Standards (MSQS) were published by the State Environmental Protection Adminis-
tration of China, which includes three criteria for marine sediments that are listed in Table 1.
The threshold effect level (TEL) and probable effect level (PEL) were also used to evaluate
whether the related heavy metals could affect aquatic organisms; the evaluation criteria are
shown in Table 1 (Long et al. 2000; Sundaray et al. 2011).

According to the Chinese National Standard GB18668-2002 for marine sediment quality
(SEPA 2002; Table 2), concentrations of As in the surface sediments of the intertidal YSB
were lower than the corresponding upper limits of the Class I sediment category, except for
the sediment collected from site P02-1 in the dry season (Figure 2). This indicates that, based
on sediment quality, the study area is suitable for mariculture, nature reserves, protection of
endangered species, and recreational activities. During the dry season, concentrations of As
were higher than TEL (Table 2), except for the sediment from site P07-1, which indicated
that As may cause potential harm to aquatic organisms. Concentrations in the wet season
samples were lower than TEL, indicating a relatively uncontaminated state and that As could
pose only limited adverse risks to the study area. As concentrations in the dry season were
clearly higher than those in the wet season, due to the fact that higher temperatures favor
the release of heavy metals into aquatic environment, and these are more likely to be released
to water in the wet season due to the relatively large amount of rainfall compared with the
dry season. In general, As concentrations were relatively low in most of the surface sedi-
ments of the study area, although toxic effects are more likely to occur during the dry season.

Hg concentrations in the surface sediments of the YSB intertidal zone were lower than the
cutoff levels for Class I sediments and TEL in both the wet and dry seasons (Figure 3), indic-
ative of low Hg content overall and rare adverse biological effects. The Hg concentrations
during the wet season were higher than those in the dry, because Hg is not only derived
from the sediments but also affected by human activities such as water recreation activities,
catering, and construction, which occur more frequently in YSB during the wet season. In
summary, Hg concentrations in YSB pose insignificant adverse biological effects to aquatic
ecosystems.

As concentrations in the surface sediments of the YSB intertidal zone were in the range
7.01–23.56 mg g¡1 in the dry season, while concentrations of Hg were in the range
0.00–0.01 mg g¡1; in the wet season, As concentrations were 1.44–6.17 mg g¡1, while those
of Hg were 0.00–0.02 mg g¡1, most of which were even lower than the background value.
The reason was that the grain sizes of the sediments were all larger than 63 mm (Xu et al.
2017; Yang et al. 2017), leading to relatively low heavy metal adsorption. There was no sig-
nificant difference between the total content of arsenic and mercury in the high, medium,
and low tidal flat, showing no obvious differentiation of natural sedimentary features. The
reason was attributed to the strong human activities that changed the hydrodynamic condi-
tions around YSB and the natural sedimentation of tidal flat sediments (Luo et al. 2011).
The concentrations of As and Hg in the study area were comparable to corresponding values
reported in other coastal sediments in China. As and Hg sample values in this study were all
almost lower than those found in Jiaozhou Bay, Laizhou Bay, Bohai and the Yellow Sea,
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Zhifu Bay, the Yellow River Estuary, and Liaodong Bay during the same season (Table 3),
further demonstrating that the pollution levels of As and Hg were relatively low.

Scatter plots were created to explore the relationship between As and Hg concentrations
in two seasons, which was similar to the reported work (Zhuang and Gao 2015a,b; Figure 4).
There was a strong correlation (p < 0.0001) between As concentrations in summer and the
corresponding concentrations in autumn, indicating that sources of As do not vary signifi-
cantly between the two different seasons. The slope (4.98) and intercept (¡0.27) of the linear
regression equation shown in Figure 4, however, indicate that the source intensity was differ-
ent between the two seasons. This could be caused by differences in the intensity of dis-
charge, rainfall, and other dynamic conditions in aquatic environments.

There was no significant correlation (p D 0.66) between Hg concentrations in summer
and the corresponding samples in autumn, which implies that there are different sources for
Hg between the two seasons. This also implies that Hg was derived from multiple sources,
including factory runoff, urban wastewater discharge, agricultural runoff, and domestic
sewage.

Quantification of sediment pollution

Geoaccumulation index (Igeo)
The geoaccumulation index is a contamination index that was created by M€uller
(M€uller 1969), to estimate the enrichment of metals within a sample using the

Table 2. Geoaccumulation index (Igeo) and potential ecological risk factor (Er
i) sediment qualifications.

Igeo Sediment quality Er
i Sediment quality

Igeo � 0 Unpolluted Er
i < 40 Low risk

0 < Igeo � 1 Unpolluted to moderately polluted 40 � Er
i <80 Moderate risk

1 < Igeo � 2 Moderately polluted 80 � Er
i <160 Considerable risk

2 < Igeo � 3 Moderately to highly polluted 160 � Er
i<320 High risk

3 < Igeo � 4 Highly polluted Er
i � 320 Very high risk

4 < Igeo � 5 Highly to very highly polluted
Igeo > 5 Very highly polluted
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Figure 2. The concentration of As in surface sediments from the intertidal zone of Yantai Sishili Bay (the
solid line represents the value of Class I sediment category of China: 20 mg g¡1; the dashed line represents
the value of TEL: 7.3 mg g¡1).
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background level of the metallic component itself, which is defined using the following
equation:

Igeo D log2½Cn 6 1:5£Bnð Þ� (1)

where Cn is the measured concentration of metal n and Bn is the geochemical background
concentration of metal n. The background concentrations of As and Hg in the soil of
Shandong Province were used for this study (CNEMC 1990; Table 1). A factor of 1.5 is
used to minimize the effect of possible variations on the background values to the litholog-
ical variations in the sediment. The Igeo classes that were used to interpret the level of
pollution are shown in Table 2.

As shown in Figure 5, the Igeo values for As were all less than 0, except for three sedi-
ments in section P01 during the dry season, indicating that the study area was relatively
uncontaminated. The Igeo values for As in the sediments near P01 ranged from 0 and 1,
slightly higher than other sites, which was due to the fact that P01 was near the Xianan
River Sewage Estuary. The Xinan River Sewage Treatment Plant is near the Gaoling Reser-
voir Rivers and in the upper reaches of the Xinan River, hence it affects the whole river as
well as the estuary. Rivers are directly influenced by anthropogenic activities, which in
turn influence the sediments near the river estuaries. Igeo values for Hg were all below zero
(Figure 6), indicating that there was no contamination of mercury due to natural or
human activities.
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Figure 3. The concentration of Hg in surface sediments from the intertidal zone of Yantai Sishili Bay.

Table 3. Comparison of As and Hg in the surface sediments of Yantai Sishili Bay.

As (mg g¡1) Hg (mg g¡1)

Sampling site Sampling time Range Mean Range Mean Reference

Laizhou Bay July 2013 4.65–9.65 0.02–0.05 (Zhang and Gao 2015)
Bohai and Yellow Sea 2012 3.85–33.20 0.00–0.07 (Xu et al. 2016b)
Yellow River Estuary May 2011 4.33–47.88 0–0.81 (Jia et al. 2014)
Jiaozhou Bay April 2015 18.91 § 0.07 0.18 § 0.10 (Zhuang and Gao 2015a)
Zhifu Bay July 2009 0.02 (Wang et al. 2016b)
Liaodong Bay 2009 3.10–20.30 8.30 0.00–0.40 0.04 (Hu et al. 2013)
Yantai Sishili Bay October 2014 7.01–23.56 11.70 0.00–0.01 0.00 This study

July 2015 1.44–6.17 2.57 0.00–0.02 0.01
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Potential ecological risk factor (Er
i)

The potential ecological risk factor (Er
i) was originally developed by Ha

�
kanson (Ha

�
kanson

1979) and is an index that is widely used in ecological risk assessments for heavy metals in
sediments. Er

i can be determined using the following formula:

E i
rDTi

r£C i
f DTi

r£.Ci
0 6 Ci

n/ (2)

where Er
i is the potential ecological risk for a given element i and Tr

i is the toxic response
factor (the Tr

i of As is 10; the Tr
i of Hg is 40). Cf

i, Co
i, and Cn

i are the contamination factor,
the concentration in sediment, and the background reference level for the element i, respec-
tively. Like the Igeo calculation, the corresponding background concentrations for As and Hg
in the soil of Shandong Province were adopted to calculate the Er

i values used in this study.
Er

i values were classified into five major groups in Table 2.
The Er

As results showed that there was a low environmental risk due to As contamination
at all sites in both seasons, and the values of Er

As in the dry season were higher than those in
wet season (Figure 7). The calculated Er

Hg values are shown in Figure 8. Values for Er
Hg at

all sampling sites were lower than 40, except for P07-3 and P08-3 in the wet season,

Figure 4. Relationships between the summer and autumn data for As and Hg in the surface sediments of
the intertidal Yantai Sishili Bay.
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Figure 5. The Igeo value of As in surface sediments from the intertidal zone of Yantai Sishili Bay.
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Figure 6. The Igeo value of Hg in surface sediments from the intertidal zone of Yantai Sishili Bay.
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Figure 7. The Er
i value of As in surface sediments from the intertidal zone of Yantai Sishili Bay (the solid

line represents that the value of Er
i is 40).
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Figure 8. The Er
i value of Hg in surface sediments from the intertidal zone of Yantai Sishili Bay (the solid

line from the top to the bottom represents that the value of Er
i is 40).
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representative of a low potential ecological risk. Er
Hg values at sites P07-3 and P08-3 were

slightly higher than 40, indicating a moderate level of potential environmental risk, which
was due to the influence of the Guangdang River. This river is a landscape feature of the
Yantai Laishan District and the Guangdang River park along the banks is an important loca-
tion for public entertainment and recreation. Three direct sewage drainage channels
adversely affect the water quality of the Guangdang River. However, in light of this problem,
provincial planning departments have made an effort to lay runoff and sewage pipeline
infrastructure in a comprehensive transformation to put an end to water contamination.

Conclusions

As and Hg concentrations in the surface sediments of the YSB intertidal zone were measured
to investigate their levels of contamination and potential ecological risk. Results demon-
strated that As was in a practically uncontaminated status in the study area with a low poten-
tial ecological risk, posing little adverse biological effects on aquatic ecosystems. Hg also had
little evidence of contamination with low environmental risk, posing little adverse biological
threat to aquatic ecosystems. In conclusion, this study indicated that the sediment quality in
the surface sediments of intertidal zone of YSB was generally good with respect to contami-
nation levels of As and Hg.
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