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Abstract
Sediments core within the Yangtze River Estuary was collected for metal and grain size analysis. The vertical distribution
characteristics of eight metals along the core were investigated based on 137Cs and 210Pb radionuclide dating. The sediment
was mainly composed of sand and silt. The metals concentrations were Al, 4.67–6.83; Fe, 2.3–3.94; Mn, 0.046–0.07; Cr, 69.5–
103; Cu, 14.3–32.1; Zn, 47.3–96.7; Cd, 0.037–0.212; Pb, 13.7–23; Ni, 18.8–38.9 (mg·kg−1, except Al, Fe, and Mn as %),
respectively. Geoaccumulation indexes (Igeo) indicated that Cu, Zn, and Pb were of pollution-free level; Cd, Cr, and Ni were in a
slight polluted level. Based on potential ecological risk factors (EI), Cd posed a moderate risk to the local environment.
Correlation analysis showed that Fe, Al, and Mn had a close association with Cu, Zn, Pb, and Ni at p < 0.01. Clay was
significantly correlated with other metals except Cr and Cd.
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Introduction

Estuary is a region where land runoff interacts most with the
ocean and a region most strongly affected by anthropogenic
activities. A large amount of heavy metals substances pro-
duced by human activities enter the Estuary through rivers
and are deposited in the Estuary (Sheng et al. 2008).
Sediments are important components of the estuarine ecosys-
tems and the major sources and sinks of the toxic substances
including heavy metals, which are originated from anthropo-
genic activities, such as industrial, agricultural, and domestic
wastewater (Monikh et al. 2013). Therefore, it is of necessity

to assess the sediment contamination in the estuarine areas
(Liu et al. 2016).

The Yangtze River is the fourth largest river in the world in
terms of sediment flux (4.86 × 108 t·a−1) (Milliman andMeade
1983). It originates from the Goradandon Mountains in the
Qinghai-Tibet Plateau and flows from the west to the east into
the East China Sea in Shanghai. Located at the junction of the
East China Sea and the Yellow Sea, the Yangtze River
Estuary, which resembles a trumpet, is divided into two main
branches by Chongming Island and one of the largest estuaries
in the world (Chen et al. 2001; Liu et al. 2016). As a mesotidal
and partially mixed Estuary characterized by semidiurnal
tides, with a mean tidal amplitude of 2.8 m (Shi 2004) and
tidal currents of 1.0–2.0 m/s, under fair weather conditions,
the Yangtze River Estuary coast is less influenced by waves
(Zhang et al. 2009). Shanghai, as the main city along the
Yangtze River Estuary and one of the developed cities in
China, accounting for 3.71% of the Chinese Gross Domestic
Product (GDP), covers 6340 km2 and has a population of
24.18 million (Hu et al. 2017; Shanghai Statistical Yearbook
2018). More than 5 million tons of sewage is discharged into
the Yangtze Estuary every year (Zhang et al. 2009). 15 thou-
sand tons of heavy metals were discharged into the East China
Sea from the Yangtze River in 2002, and this value reached
22.6 thousand tons in 2008 (Chen et al. 2014; Lin et al. 2002).
Consequently, this leads to a large amount of pollutant
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deposition and poses a threat to the Estuary ecological envi-
ronment (Zhang et al. 2009).

Qiantang River is located in the northwest of Zhejiang
Province, which flows into the Hangzhou Bay. Hangzhou
Bay is loaded with 786 × 104 tons sediment from Qiantang
River and 486 × 106 tons from Yangtze River every year,
respectively. Consequently, both sedimentation and geochem-
ical characteristics of the Hangzhou Bay sediments were dom-
inated by the Yangtze River (Pang et al. 2015; Wright and
Nittrouer 1995) and areas surrounding of Qiantang River
and Hangzhou Bay with developed industry and huge
population. Yang et al. (2017) found that Cd and Cu concen-
trations in the Qiantang River are worse than Marine
Sediments Quality Grade II in 2014, which may pose a threat
to the environment.

In recent years, investigations of the distribution, pollution
status, and toxicity of heavy metals (such as Cr, Cu, Zn, Cd,
Pb, and Ni) in the coastal or estuarine surface sediments in the
Yangtze River Estuary Qiantang River and Hangzhou Bay
have been carried out (Cao et al. 2015; Chen et al. 2014; Li
et al. 2018; Liu et al. 2016; Yang et al. 2017; Yu et al. 2013).
Some studies have used isotopes to trace the sources of heavy
metals in the Yangtze Estuary. Other scholars have assessed
the toxicity of metals in surface sediments from the Yangtze
River Estuary based on acid-volatile sulfide (AVS)/simulta-
neously extracted metals (SEM) methods (Wang et al. 2015;
Wang et al. 2013; Li et al. 2018).

However, research reflecting the vertical distribution, tox-
icity assessment, and sources of heavy metals combined with
a chronology in the sediments of the Yangtze River Estuary is
still lacking. The aims of this study are to (1) examine the
vertical variation of metals in the sediments of the Yangtze
River Estuary, (2) study the grain size characteristics of sedi-
ments, (3) assess the level of sediments contamination and
toxicity, and (4) identify the possible sources of heavy metals.

Materials and methods

Sampling and analysis

A sediment core (86 cm) was collected from Jinshan
Petrochemical Base in the northeast of Jinshan District,
Shanghai in 2011 (Fig. 1) for the metals and physical-
chemical properties analysis of the sediment cores. The sedi-
ment core was cut into immediately at 2 cm intervals respec-
tively, with a plastic knife and placed into plastic bags. All
sediment samples were stored at − 20 °C in the refrigerator
until analysis (Liu et al. 2011).

Sediment samples were digested through following
steps: (1) dried sediment samples (0.5 g) were put into
Teflon vessel and added 6 mL HCl (guaranteed reagent)
and 4 mL HNO3 (guaranteed reagent) placed on an

electronic hot plate and then heat to 110 °C for 2 h; (2)
added 10 mL HF (guaranteed reagent) and 3 mL HClO4

(guaranteed reagent), samples were stayed overnight with
residual temperature; (3) heating to 150 °C till there was
no smoke, after cooling and added 3 mL HCl (1:1); and
(4) the mixture was poured into reagent tubes and diluted
to 50 mL.

The analysis of major and trace elements was carried
out in the Beijing Research Institute of Uranium Geology
(BRIUG). The metals, i.e., Al, Fe, and Mn concentrations,
in sediments were analyzed by X-ray fluorescence spec-
trometer (AB-104 L, PW2404, Ltd., the Netherlands).
Trace metals of Cu, Pb, Zn, Ni, and Cd in sediments were
analyzed by ICP-MS (ELEMENT I, Ltd., USA). Standard
reference materials (Chinese National Standard,
GBW07309) were used in the analysis for quality assur-
ance and quality control. The errors of the analyses as
relative standard deviation were less than 10%, and the
recovery was in the range of 88.7–97.6%.

Sediments grain size was determined after H2O2 digestion
using a laser size analyzer (Mastersizer 2000, Ltd., UK) at
Laboratory of Ocean School, China University of
Geosciences (Beijing). 210Pb and 137Cs dating analysis were
finished at the Nanjing Institute of Geography and Limnology,
Chinese Academy of Science.

Fig. 1 Maps of the geographic location of study area and sampling site
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Grain size parameter

The average particle size (x ), sorting coefficient (σ), skewness
(SK) and kurtosis (K) were calculated by Folk and Ward’s
(1957):

x ¼ Ф16 þФ50 þФ84

3
ð1Þ

σ ¼ Ф84 þФ16

4
þ Ф95 þФ5

6:6
ð2Þ

SK ¼ Ф84 þФ16−2Ф50

2 Ф84−Ф16ð Þ þ Ф95 þФ5−2Ф50

2 Ф95−Ф5ð Þ ð3Þ

K ¼ Ф95−Ф5

2:45 Ф75−Ф25ð Þ ð4Þ

where Ф = −log2 D and D denotes diameter and Фi repre-
sents the cumulative content on i percentage of the particle
size.

Contamination and risk assessment methods

Geo-accumulation index (Igeo)

The geo-accumulation index (Igeo) is commonly used to eval-
uate the pollution in sediments (Hui et al. 2015; Hussain et al.
2015); the formula of Igeo is defined as (Müller 1969):

Igeo ¼ log2 Ci= k � Bið Þ½ � ð5Þ

where Ci is the measured concentration of the examined
metal (n) in the sediment and Bi is the geochemical back-
ground concentration of the metal (i). 1.5 acts as a constant
to correct factors due to lithogeny effects.

Igeo not only can effectively determine the degree of heavy
metal pollution of human activities but also considerate the
impact of the geological process to the natural background
values (Zheng et al. 2015), The Igeo for each metal was clas-
sified in seven classes by Müller (1969) as follows: Igeo ≤ 0,
uncontaminated; 0 < Igeo ≤ 1, slightly contaminated; 1 < Igeo ≤
2, moderately contaminated; 2 < Igeo ≤ 3, moderately to heavi-
ly contaminated; 3 < Igeo ≤ 4, heavily contaminated; 4 < Igeo ≤
5, severely contaminated; and Igeo > 5, extremely
contaminated.

Potential ecological risk index

Potential ecological risk index (RI) was widely introduced to
assess the heavy metals contamination of sediments, accord-
ing to the toxicity of heavy metals and the response of the
environment (Wu et al. 2011; Xiao et al. 2015). Potential
carcinogenic risk can be evaluated through the following for-
mula (Hakanson 1980):

Ci
f ¼ Ci

k=C
i
n ð6Þ

Ei
r ¼ Ti

r•C
i
f ð7Þ

RI ¼ ∑Ei
r ¼ ∑Ti

r•C
i
f ¼ ∑Ti

r �
Ci

k

Ci
n

ð8Þ

where Ci
k , C

i
n, T

i
r, and Ei

r represent the measured concen-
tration, background concentration, toxicity coefficient, and
potential ecological risk factors of heavy metal i respectively.
RI is the potential ecological risk caused by the overall con-
tamination. The toxicity coefficients of Hg, Cr, Cu, Zn, Cd,
Pb, and Ni are 40, 10, 30, 5, 2, 5, and 1, respectively.

According to Ei
r, the ecological risk can be classified as

follows (Hakanson et al. 1980): Ei
r ≤ 40, low risk; 40 < Ei

r

≤ 80, moderate risk; 80 < Ei
r ≤ 160, relatively high risk; 160

< Ei
r ≤ 320, high risk; and E

i
r > 320, extremely high risk. RI is

calculated as follows: RI ≤ 150, low risk; 150 < RI ≤ 300,
moderate risk; 300 < RI ≤ 600, relatively high risk; and 600
< RI, extremely high risk.

Result and discussion

Sediments core dating

210Pb is a natural radionuclide with a half-life of 22.3 a, which
was first used in glacial dating and then widely used in 100-
year-scale dating of lake sediments and marine sediments
(Begy et al. 2011; Edgington et al. 1991; Lin 2009; Ren
et al. 2007; Robbins and Edgington 1975; Saravana-Kumar
et al. 1999; Wan 1997; Zheng et al. 2016). The specific activ-
ity of 210Pbtotal and

226Ra in core sediments at the same depth
was measured (Fig. 2). The 210Pbex activity decreased

Fig. 2 Depth profiles of 210Pbex and
226Ra of core
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approximately exponentially as a function with depth, making
it possible to use the CIC (constant initial concentration) mod-
el to calculate the sedimentation rates (Zhang et al. 2008).
Therefore, we have concluded an average deposition rate is
1.82 cm·a−1 of the core and estimated the age of the bottom of
sedimentary rock core was approximately 1965.

Grain size analysis

Figure 3 shows the vertical profiles of physical-chemical pa-
rameters in the core. The sediment is mainly composed of
sand and silt. The percentages of sand ranged from 10.94%
to 73.01%, with an average of 39.55%. The percentages of silt
were 25.40% to 78.03%, with an average of 56.38%. Sand
and silt percentages generally stayed stable in the upper part of
the core except for a large fluctuation at the bottom of the core.
The minimum and maximum of the sand percentages were
observed at 86 cm and 66 cm depth of the core, respectively.
The maximum of silt percentages occurred at 18 cm depth of
the core. The percentages of clay ranged from 1.60% to
19.39%, with an average of 4.06%, staying nearly stable
throughout the core, with a sharp increase between 78 cm
and 86 cm at the bottom of the core. TOC content ranged from

0.22% to 0.80%, and then generally kept stable from 4 cm to
the bottom.

The average particle size reflects the distribution of sedi-
ments particles and the sediment environment in the sampling
area. The particle size of the sample ranged from − 6.71Ф to −
3.78Ф (mean − 5.71Ф), which was relatively stable through-
out the core, except for two peak values at the bottom of the
core. The Md of the core had the similar trend with that of the
average particle size of the core. The sorting coefficient
ranged from − 1.95 to − 0.62, showing a good sorting.
Skewness ranged from − 0.49 to 0.18 (mean − 0.17).
Kurtosis is from 0.95 to 1.76 (mean 1.35), which is ranked
as medium to sharp level.

Concentrations and distribution of metals
in the sediment core

The concentration of heavy metals in the sediment core from
Yangtze River Estuary and some references are shown in
Table 1. The concentration ranges of metals in the sediment
core were as follows: Al, 4.67–6.83%; Fe, 2.3–3.94%; Mn,
0.046–0.07%; Cr, 69.5–103 mg·kg−1; Cu, 14.3–32.1 mg·kg−1;
Zn, 47.3–96.7 mg·kg−1; Cd, 0.037–0.212 mg·kg−1; Pb, 13.7–

Fig. 3 Vertical profiles of physical-chemical parameters in the solid phase
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23mg·kg−1; Ni, 18.8–38.9 mg·kg−1, respectively. The average
concentrations of Cu, Zn, Cd, Pb, and Ni were generally lower
than those in the Liaodong Bay. Cr concentration was higher
than Liaodong Bay, the Yellow River Estuary, and Shallow
Sea Sediments in China and background values. The concen-
trations of Cu and Cd were higher than those in the Shallow
Sea Sediments in China, while the concentrations of Zn, Pb,
and Ni were lower than. The concentrations of Cr, Cd, and Ni
were higher than those in the background values, and, espe-
cially, Cr was 2.35 times higher than those in the background
values. Cu, Zn, Cd, and Pb average concentrations except for
Cr were lower than in Hangzhou Bay and Qiantang River. The
concentrations of Cu, Zn, Cd, and Pb were lower than those in
the Pearl River Estuary and Marine Sediments Quality Grade
I. Cr and Ni concentrations in the sediment from the Yangtze
River Estuary were higher than Kavala Gulf and lower than
Strymonikos Gulf and Ierissos Gulf, and Cu, Zn, and Pb con-
centrations were lower than Kavala gulf, Strymonikos Gulf,
and Ierissos Gulf in Greece.

Vertical profiles of physical-chemical parameters and total
metals concentrations in the solid phase are shown in Fig. 3.
The variations of concentrations of Al, Fe, Mn, Cu, Zn, Pb,
and Ni are very similar, keeping generally stable since 1972.
The concentration of Cr stays stable in the core except for a
maximum value at the depth of 66 cm depth of the core,

approximately in 1976. The concentration of Cd reaches two
peak values at 34 cm and 6 cm depth, about in 1993 and 2006.

Assessment of the heavy metals contamination

Igeo of the metals is shown in Fig. 4. The average Igeo values of
the metals followed the order: Cr > Ni > Cd > Zn > Pb > Cu.
The Igeo values for Cr ranged from 0.4 to 0.97 (mean 0.64),
indicating that the pollution level of the metals was slight on
the whole. Cr could be affected by both industrial activities
and natural processes. The maximum Igeo values for Cu, Zn,
and Pb throughout core were all less than 0, suggesting that
the environment has not been polluted overall by these metals.
The Igeo values of the metals were − 2.02 to 0.5 (mean − 0.4)
for Cd and − 0.67 to 0.37 (mean − 0.37) for Ni, showing that
the metals on the whole were in the pollution-free level and
only in the individual layer there were some slight pollution
for the metals.

The potential ecological risk diagrams for heavy metals in
the sediments core is shown in Fig. 5. Potential ecological risk
index (RI) of heavy metals in sediments core samples from the
Yangtze Estuary decreased as follows: Cd > Ni > Cr > Pb >
Cu > Zn. The potential ecological risk index of Cd in the sam-
ples ranged from 11.1 to 63.6 (mean 37.42), of which 12
samples (54.5%) were ranked as low risk and 10 (45.5%) were

Table 1 Comparison of concentrations of heavy metals in the sediment from the Yangtze River Estuary and some references (mg·kg−1, except Al, Fe,
and Mn as %)

Al Fe Mn Cr Cu Zn Cd Pb Ni References

Average 4.98 2.6 0.051 82.3 17.16 58 0.125 15.24 23.48 This study

Max 6.83 3.94 0.07 103 32.1 96.7 0.212 23 38.9 This study

Min 4.67 2.3 0.046 69.5 14.3 47.3 0.037 13.7 18.8 This study

Standard Deviation 0.46 0.36 0.006 8.67 3.56 11.14 0.492 2.01 4.26 This study

Hangzhou Bay 56.9 42.3 109 0.169 22.6 Li et al (2018)

Hangzhou Bay 66.3 18.01 100.6 0.58 25.8 Yang et al. (2013)

Qiantang River 73.16 103.73 223.76 2.50 46.58 Yang et al. (2017)

Qiantang River 63.2 197.1 0.958 48.6 Shi et al. (2018)

Yangtze River intertidal zone 78.9 30.7 94.3 0.26 27.3 31.8 Zhang et al. (2009)

Yangtze River Estuary 87.17 25.51 84.91 0.15 24.18 32.24 Liu et al. (2016)

Yangtze River Estuary 75.8 23.7 76.2 0.15 23.1 31.0 He (2018)

Liaodong Bay 35.59 21.2 76.53 0.17 21.72 27.88 Song et al. (2016)

Yellow River Estuary 17.4 16.5 21.0 16.0 Wu et al. (2013)

Zhujiang River Estuary 280.14 794.3 303.85 3.37 59.0 Ke et al (2017)

Shallow Sea Sediments, China 60 15 65 0.07 20 24 He (2018)

Kavala Gulf, Greece 80.79 25.14 139.78 52.79 22.32 Stamatis et al. (2019)

Strymonikos Gulf, Greece 148.72 27.69 110.67 91.10 53.62 Stamatis et al. (2019)

Ierissos Gulf, Greece 190.71 69.81 420.08 637.66 68.88 Stamatis et al. (2019)

Background value 35 25 71 0.1 20 20 Liu et al. (2016)

Marine Sediments Quality Grade I 80 35 150 0.5 60 Marine sediments quality standard (2002)

Marine Sediments Quality Grade II 150 100 350 1.5 130 Marine sediments quality standard (2002)
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ranked as moderate risk. The potential ecological risk index of
Cd was relatively high in the Yangtze River Estuary, and as a
heavy metal, its pollution has been widely reported (Liu et al.
2016; Zhang et al. 2007). The potential ecological risk index
of Cr, Cu, Zn, Pb, and Ni in all samples was less than 40,
indicating a low risk to the ecological environment. RI ranged
from 30.08 to 81.98 with an average of 56.05, indicating low
risk of heavy metals to ecosystem in the Yangtze River
Estuary.

Source identification of metals

To further identify heavy metals sources, correlation analysis
was carried out. As shown in Table 2, Fe, Al, and Mn have
high correlations with Cu, Zn, Pb, and Ni at p < 0.01. Since Al
and Fe mainly exist in fine-grained sediments and clastic min-
erals and are not significantly affected by antigenic and bio-
logical processes (Ren et al. 2003), the high correlation coef-
ficients among Al, Fe, and the heavy metals suggest that the
metals are little affected by human activities and the metals
might be originated from same sources or influenced by

similar geochemical processes. There are significant correla-
tions among the four elements of Cu, Zn, Pb, and Ni
(p < 0.01), indicating that they have similar sources. In addi-
tion, the low correlation coefficient between Cr, Cd, and Al
and Fe suggest that there might be other sources such as an-
thropogenic activities for Cd and Cr. In addition, clay was
high correlated with other metals except Cr and Cd, possibly
due to that clay has a large specific surface area and, therefore,
has a strong adsorption on metals (Mayer and Rossi 1982;
Shen and Ma 2004), which is consistent with previous studies
(Wang et al. 2018; Yao et al. 2016).

Shanghai, the most important industrial city, witnessed a
great development of Chinese industry from 1949 to 1965,
which results in Al, Fe, Mn, Cu, Zn, Pb, and Ni reached peaks
in 1965. Then the Chinese economy was seriously damaged
by the Cultural Revolution between 1966 and 1976, possibly
resulting in a drastic decrease in industrial (Chen et al. 2014).
From the reform and opening up to 2011, Chinese economy
has developed steadily. With the emphasis on environmental
protection, the content of heavy metals (Al, Fe, Mn, Cu, Zn,
Pb, and Ni) has remained stable as a whole.

Fig. 4 The vertical variation of the Igeo of the metals in the sediments

Fig. 5 Potential ecological risk (Ei) diagrams for heavy metals in sediments core in the Yangtze River Estuary
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As the largest estuarine delta in China, the cities sur-
rounding of the Yangtze River Estuary, Hangzhou Bay,
and Qiantang River such as Shanghai , J iaxing,
Hangzhou, Shaoxing, and Ningbo cities, etc. have the
most developed economy and the highest degree of indus-
trialization in China. A large amount of toxic and harmful
substances were discharged into the Yangtze River
Estuary through rivers and the atmosphere annually sur-
rounding cities. Shanghai, as a petrochemical city,
discharged large quantities of Cd into the Yangtze River
Estuary. Human activities (including mining development
and urbanization) are one of the main ways to cause Cd
pollution (Barcellos and Lacerda 1994; Luo 2009). Cr and
Cd may come from discharge sewage from pharmaceuti-
cal factories in Shaoxing and Hangzhou city. Jinhua, lo-
cated in the upstream of Qiantang River, is mainly made
of metal fittings hardware, which can also have a certain
impact on the sampling point. Meanwhile, the agricultural
non-point source runoff and industrial sewage is also an
important source for Pb (Cao et al. 2015). Cu concentra-
tion was lower than background and other research in
Yangtze River Estuary, indicating that it was less affected
by anthropogenic activities.

Moreover, atmospheric deposition is also an important
source for Pb, Cr, Zn, and Ni. Pb content had remained stable
after leaded gasoline was banned by Chinese government in
2001, suggesting that the consumption of coal for combustion
and for nonferrous smelting has become the principal anthro-
pogenic source (Sun et al. 2019). Cr concentration was 2.35
times higher than background value, suggesting an influence
by anthropogenic activities. With the rapid development of
industry, we could presume that Cr and Ni may be derived
from such as fossil fuel consumption and metallurgical indus-
try (Tian et al. 2012).

Conclusion

The sediment in this study area was composed of silt with an
average particle size of − 5.71Ф. The sorting coefficient was
very good, the skewness was negative, and the kurtosis was
medium.

The average concentration of Al, Fe, Mn, Cr, Cu, Zn, Cd,
Pb, and Ni were as follows: 4.98, 2.6, 0.051, 82.3, 17.16, 58,
0.125, 15.24, and 23.48 (mg·kg−1, except Al, Fe and Mn as
%). Except for Cr, Cd, and Ni, the concentrations of other four
heavy metals were lower than background values.

Fe, Al, and Mn had high correlation with Cu, Zn, Pb, and
Ni at p < 0.01. Cu, Zn, Pb, and Ni were significant correlations
among each other (p < 0.01). Clay was significantly correlated
with other metals except Cr and Cd.

Results of Igeo suggested that metals Cu, Zn, and Pb are of
pollution-free level. Cd and Ni were in a level from unpolluted
to slight polluted throughout the core. Cr was in slightly pol-
luted level throughout the core. Based on EI, Cd posed a
moderate risk to the local environment. The average of RI
was 56.05, indicating that the Yangtze River Estuary was at
a low risk level.
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