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Abstract

Anthropogenic emission sources (mainly vehicular and industrial emission) are one of the major emission sources of the heavy
metals in aquatic ecosystems which have significant potential to perturb the marine geochemistry and ecosystem as well as
human life also. In the present study, we tried to investigate the accumulation of heavy metals (Zn, Cr, Ni, Cu, Pb, Co, As, Cd, and
Hg) at two sediment cores near the Bohai Bay in Southern Tianjin and reconstruct their historical trends over the last hundred
years to understand the impacts of anthropogenic activities. The concentration of Zn and Cr is found maximum than the other
studied heavy metals. Results suggest that in the mid-twentieth century, the maximum concentrations of Zn, Cr, Ni, Cu, and Pb
are mainly because of the opening of Dagang Oilfield which emits a huge amount of heavy metals into the environment. Source
apportionment analysis has been carried out using positive matrix factorization (PMF) model which suggests three major
emission sectors of heavy metals, i.e., coal combustion, manufacturing, and smelting dust, having different contribution 32%,
40%, and 28% respectively to the total heavy metal burden. Industrial emissions are found to be the major sources of Cr, Ni, and
Co while Pb is mainly originated from the coal combustion. The risk assessment analysis shows the value of mean effects range
median (ERM) quotients ~ 0.17 for the two sediment cores which suggest nearly 21% toxicity of the studied metals indicating
towards the policymakers for the mitigation of air pollution surrounding Tianjin.
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Introduction

During the last few decades, the rapid urbanization/
industrialization and economic development of China has
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led to an increasing trend of heavy metal pollution into the
environment (Liu et al. 2019; Peng et al. 2019; Wan et al.
2019; Sun et al. 2018, Tian et al. 2015 and reference
therein). Heavy metal is one of the most hazardous pollutants
of the environment due to its complex emission sources, toxic
nature, and potential for bioaccumulation (Hu et al. 2019; Liu
et al. 2019; Hoang et al. 2018; Marchant et al. 2017). They
have adverse effects on marine geochemistry, aquatic ecosys-
tem, and fishery industry (Yan et al. 2019; Zhang et al. 2019;
Keshavarzi and Kumar 2018). Anthropogenic emission
sources such as oil industry, mining, and burning of fossil
fuels are recognized as the major sources of heavy metals
(Wang et al. 2019; Tian et al. 2015; Chen et al. 2012). They
can transport over a large distance from one continent to an-
other through the air, rivers, and oceans (Ming et al. 2019;
Wang et al. 2019; Macedo-Miranda et al. 2016, Fang and
Chen 2010). They have detrimental impacts on human health
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due to access exposure through contaminated foods causing
several health diseases like cardiovascular diseases, neurobe-
havioral disorders, and diabetes. (Sun et al. 2019; Jordanova
et al. 2018; Praveena et al. 2015; Li et al. 2014). Mercury
(Hg), lead (Pb), arsenic (As), and cadmium (Cd) are the most
hazardous among heavy metals and the chronic effects of
these heavy metals are well known individually; however,
the combined effects of heavy metal on human health are very
limited (Khaiwal and Mor 2019; Zhou et al. 2019; Song and
Li 2015; Zhang et al. 2015; Li et al. 2014 and reference
therein). Earlier, mean concentrations of As, Cd, and Ni in
China are reported nearly 51.0 £ 67.0, 12.9 + 19.6, 29.0 +
39.4 ng m° respectively which is quite higher than the upper
limit of 6.6, 5, and 25 for World Health Organization (WHO)
guidelines (Duan and Tan, 2013). Sediments are a very good
indicator of heavy metal pollution from anthropogenic activ-
ities due to their hydrophobic nature and tendency to accumu-
late in sediments as a sink (Liu et al. 2019) and play a crucial
role in the transportation of heavy metal in the aquatic system
(He et al. 2019; Luczynska et al. 2018). Heavy metals in
sediments could act as a proxy of the pollution levels and
reveal the history of natural and anthropogenic pollution,
and hence dating of the sediment is an excellent screening tool
to the fingerprint of recent and historical natural and anthro-
pogenic activities (Lin et al. 2017; Grigholm et al. 2016). A
recent study found an increasing trend of heavy metals in the
sediments over the mainland of China and surrounding oce-
anic region (Sun et al. 2019; Kang et al. 2018; Tian et al. 2015)
which is consistent with the fast economic growth (Chen et al.
2010; Lin et al. 2017). Tian et al. (2015) found an enhance-
ment in heavy metal emission (mainly Hg, Hg, As, Se, Cd, Cr)
over China at an annual average growth rate of nearly 5-8%
during 1949-2012. On the other hand, the concentration of Zn
and Cu decreased by 5-27% in the sediments of Yangtze
River during 2005-2016, while a sharp increase in As is also
found after 1990 is mainly associated with excessive use of
pesticides in agricultural activities (Sun et al. 2019). The con-
tamination levels and distribution of heavy metals are largely
influenced by the types of emission sources and their spatial
distribution (Yin et al. 2016; Islam et al. 2018). Studies report-
ed that Cu, Zn, Cd, Cr, and Ni were mainly emitted from
natural sources while Pb, Cd, As, and Hg from the industrial
and agricultural sources (Liu et al. 2019; Zhang et al. 2019;
Kang et al. 2018). Thus, the identification of potential emis-
sion sources of heavy metals is necessary to investigate the
major sectors of environmental pollution. Several methods are
used (e.g., principal component analysis (PCA), isotope meth-
od, receptor models etc.) to characterize the emission sources
and contamination of heavy metals in sediments (Liu et al.
2019; Sun et al. 2019; Huang et al. 2018; Fang et al. 2016;
Tian et al. 2015; Gao et al. 2013). PCA method is widely used
to characterize the emission sources of pollutants but unable to
handle noisy data, resulting in the negative factors loading
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(Huang et al. 2018); however, isotope method for source ap-
portionment is quite accurate but relatively more expansive
and need a database of the various source samples for refer-
ences (Gao et al. 2013). On the other hand, potential matrix
factorization (PMF) model, an advanced multivariate receptor
model, overcomes these limitations and widely used for the
source apportionment of environmental pollutants present in
atmosphere and water as well as sediment (Liu et al. 2019; Li
et al. 2018; Men et al. 2018; Fang et al. 2015; Li et al. 2014).
Using PMF model, Liang et al. (2017) found four different
emission sectors viz. natural source, atmospheric deposition,
industrial activities, and agricultural activities which have dif-
ferent contributions 33.6%, 26.05%, 23.44%, and 16.91% re-
spectively in soil sediments of Lianyuan city, while Liu et al.
(2019) found three different emission factors of heavy metal
having different contributions in the surface sediments of es-
tuary (Modaomen) in China. Due to the toxic nature, heavy
metals are widely used in environmental health risk assess-
ment worldwide through different indices, i.e., geo-
accumulation index (/4e,), potential ecological risk index
(PERI), pollution load index (PLI), toxic risk index (TRI),
contamination severity index (CSI), and bioavailable metal
index (BMI) (Feng et al. 2018; Kumar and Singh 2018; Gao
et al. 2018; Zhang et al. 2017; Gusiatin and Kulikowska
2014). The I, quantify the pollution degree of heavy metals
in sediments while PERI provides the toxicity and
concentration of heavy metals and can be used to investigate
the risk assessment. Using these indices, recently, Zhang et al.
(2019) found the pollution level of Cd and Hg relatively
higher than the other heavy metals in the surface sediments
of Subei Shoal, China, while moderate contamination of
heavy metals in the order of Ag > Hg > Se > Sb > As is
reported in the sediment of Jinzhou Bay using Iy, (Li et al.
2016a).

The coastal region surrounding Bohai Bay is one of the
most populated and industrialized areas in the mainland of
China and experienced a huge amount of pollutants mainly
emitted from Tianjin, Beijing, and Hebei province. Earlier
studies in this region found relatively higher Pb and Cd than
the standard level and led to an increasing trend of Ni, Cu, and
Zn (Ran et al. 2010). The concentrations of As, Pb, Hg, Cu,
Ni, Zn, and Cr are found below the environmental quality
standard for soils (15, 35, 0.15, 35, 40, 100, and 90 pg/g
respectively) in the North China Plain (NCP). However, the
concentration of As, Pb, Cu, Ni, Zn, and Cr reached a maxi-
mum level in Tianjin province and its surroundings, mainly
due to the high density of industrial and mining enterprises
and burning of coal for heating in winter (Tan et al. 2011).
Although during the last two decades extensive studies of
sediments have been carried out over NCP and Bohai Bay
for the better understanding of heavy metal pollution, their
transportation, emission sources, and potential health/
ecological risk (Liu et al. 2019; Sun et al. 2019; Huang et al.
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2018), large uncertainties are still there mainly in their emis-
sion sources, and chemical composition of sediments, because
of the complex hydrodynamics of river discharge and other
atmospheric phenomenon. Thus, more in-depth study on soil
sediments with higher accuracy is highly needed which will
help to control the anthropogenic activities in the NCP. The
main objective of the present study is (1) to determine the
concentration of heavy metals, their historical trend during
the last century, and impacts of anthropogenic activities; (2)
to investigate the potential emission sources of and heavy
metal; and (3) to evaluate the risk assessment of heavy metal
using mean ERM (effects range median) method. With these
objectives, the surface sediments near the Bohai Bay have
been analyzed using different techniques which are further
described in upcoming sections.

Materials and methods
Study area and sample collection

The Bohai Sea is a semi-enclosed sea to the north Yellow Sea,
shaped by three marine bays, i.e., Liaodong Bay in the north-
east, Laizhou Bay in the south, and Bohai Bay in the west.
Bohai Bay covers 15900-km? area and has a coast of ~ 200 km
long with an average water depth ~ 12.5 m, tidal range of 2.4
m surrounded by the deltas of Luanhe and Yellow river from
north and south respectively. Along with the coast of the Bay,
several small rivers including Hai River and Duliujian River
also enter into the Bay through the Tianjin new port near
Tanggu. The industrial pollution mainly dominated by petro-
chemicals and metallurgical industries is highly toxic and
discharged into the Bay through the rivers. In this region, at
two salt-marsh sites, S4 and S5 (Fig. 1), and sediment samples
are collected from the sidewall of the 1-m-deep pit at every 1-
cm interval. The detail of the sampling location is given in
Table 1. The collected samples are kept in an airtight bag and
kept at ~ 4° C until analysis.

Analytical methods
Geochronology

In the laboratory, subsamples are grounded after being dried
and stored in an airtight box for more than 1 month to ensure
the equilibrium between **°Ra and its daughter **Rn (half-
life of 3.8 days). The activities of total 210py 137Cg and >*°Ra
(by way of its granddaughter 2'*Pb) are measured using gam-
ma spectrometry based on the photon energies at 46.5, 662,
and 295 + 352 keV, respectively. 2'°Pbe,. for each sample is
calculated by subtracting **°Ra (*'*Pb) from the total *'°Pb
(Bq kg_l) measured. The measurements have been carried out
using a detector (GWL-120-15, ORTEC) installed at the

Nanjing Institute of Geography and Limnology, Chinese
Academy of Sciences (NIGL, CAS), which is well calibrated
by radioisotope standards from the Environmental
Radioactivity Research Center of University of Liverpool
and China Institute of Atomic Energy. An age model, constant
initial concentration (CIC), is used to calculate the age of
sediment and the observed uncertainty is found within the +
4 years.

Chemical analysis

Cupper (Cu), cobalt (Co), chromium (Cr), nickel (Ni), zinc
(Zn), cadmium (Cd), and lead (Pb) of sediment samples are
measured with an inductively coupled plasma mass spectrom-
etry (ICP-MS, X Siereis, America). 0.1 g sample is dissolved
in ultra-pure HNO3/HCIO4/HF to digest the sediments and
remain heavy metals in the residues (Li et al. 2000). Then
the electro-thermal board is used to heat and resolve the sam-
ple. After heating, (1 + 1) HNO; 10 mL is used to resolve the
residue. Such demineralization sediments are diluted in 200
mL of water and measured with the ICP-MS which is calibrat-
ed with an external standard.

An atomic fluorescence spectrometry (AFS, AFS-933,
China) is used to determinate As and Hg in the sediments.
0.5 g sample was put in a 25 mL colorimetric tube. Ten mil-
liliters (1 + 1) of aqua regia is added to the tube, which is used
to digest all remaining metals in the residue. After, that tube is
heated in boiling water for 1 h. After heating, 1 mL potassium
permanganate (1%) is used to digest the residue and dilute
with oxalic acid (1%) to 25 mL. Four different Chinese geo-
chemical standard references, i.e., GSD5a, GCD-16, GSS13,
and GSS-19, are used to control the analytical quality. The
20% of the total samples (i.e., 12 out of 60 samples) are tested
in duplicate and the average relative standard deviation is
found around 4%. The average difference in standard and
observed values is found by nearly 8%.

Loss of ignition measurement

The loss of ignition (LOI) is a very popular, fast, inexpensive,
and widely used method to estimate the organic and carbonate
component in sediments (Dai et al. 2019; Chen et al. 2018;
Ghosh and Maiti 2018). In this method, accurate 1 g of sample
is placed into a high-temperature furnace and burnt at 950—
1000° C for 15-20 min and weighed it for the calculation of
the LOL. The LOI of the sample is given by:

LOI (%) = (G1—G,)/Gy x 100 (1)

where G, and G, are the mass of the sample before and
after burning respectively.

@ Springer
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Fig. 1 Location map and sampling sites
Positive matrix factorization model
We used a positive matrix factorization (PMF) model to re-

solve the major sources of heavy metals. It is a bilinear recep-
tor model and based on the following equation:

P
Xij = kgl il t ey (2)

where x;; is the concentration of j species obtained on i sample,
p is the number of factors, g is the contribution of factor £ on
sample 7, f;; is the concentration of species j in factor £, and e;;

Duliujian River Bohai Bay

® Sampling Sites
Rivers

- - — —
012 4 & 8
117° 40

is the error of this model for the j species measured on i
sample. It can be used as source apportionment without source
file information (Fang et al. 2016; Lin et al. 2011; Hopke,
1991). PMF model is based on the inherent correlation be-
tween observed data and analyses of the main contributing
emission factors of heavy metals. The object function (Q) is
the weighted sum of squares of differences between the PMF
output and the original data set and used to estimate the sta-
bility of the model. One of the main objectives of PMF anal-
ysis is to minimize the Q value. Further details about the PMF
model is discussed elsewhere (Li et al. 2018). In the present
study, Environmental Protection Agency—EPA PMF 5.0

Table 1 Sampling information of

sediment cores Code Location Sub environment Description
S4 38°46' 05.5" N, 117°31' 50.0" E Salt marsh 1.0 m long, yellowish brown clayey silt
S5 38°46'05.3" N, 117° 30" 38.8" E Salt marsh 1.0 m long, yellowish brown clayey silt
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model software—approved by the US Environmental
Protection Agency is used to simulate the concentration of
nine heavy metals (Cu, Pb, Zn, Cr, Ni, Co, Cd, Hg, and As)
at sites S4 and S5. In the process of PMF simulation, in order
to select the optimal number of factors, 2 to 5 factors are
examined. The model has been run for 20 times with a random
seed to determine the stability of O values (Kara et al. 2015).
The variability in the PMF solution is estimated by error esti-
mation (EE) diagnostics and summarized in Table S3 and S4.
The value of Qrobust/Qexp decrease and reached from 0.426
to 0.177 as we increase the number of factors from 2 to 5. In
the present study, the optimal 3-factor solution was selected
for the PMF analysis. Once the optimal solution of factor is
obtained, the rotational ambiguity is handled using the Fjcax
parameter (0.1, 0.5, — 0.5, 1, — 1) to explore alternative solu-
tions by estimating the variation of the Q values. The correla-
tion between measured and PMF simulated concentrations
was significant (R* = 0.93). In the present study, the uncertain-
ty about 20% is adopted based on the results from earlier work
(Lietal 2018; Lin et al. 2011).

Time series trend analysis

A Mann—Kendall test has been applied to detect whether the
trends in species are statistically significant (Hirsch et al. 1982).
The trend test is a non-parametric test that has been proved to be
applicable for those data which does not have normal distribution
due to having low sensitivity to abrupt breaks (Carslaw 2005). It
is recommended by the World Meteorological Organization
(WMO) for public application and widely used in evaluation of
trend in climatic, hydrological, and water resources data set (Tian
et al. 2015, Maes et al. 2018; Montanher et al. 2018; Rahman
et al. 2018; Jaiswal et al. 2015). In the present study, the time
series of chemical species are tested and statistical parameters,
i.e., mean and standard deviation (STD), are calculated for nor-
mal distribution while median and median absolute deviation
(MAD) is calculated for non-normal distribution.

Results and discussion
Sediment properties

The LOI for both sediment core (S4 and S5) as a function of
depth (cm) is shown in Fig. 2. A relatively higher value of LOI
is observed for core S5 than S4, suggesting the higher con-
centration of organic matter at S5 which may be mainly due to
larger deposition of pollutants through the river discharge. The
figure also reveals a constant LOI value before 6.5 cm depth
and then after it increases abruptly at both S4 and S5 cores.
The increase in LOI in the upper layer of sediments may
suggest faster deposition of organic matter through the anthro-
pogenic activities. Recent studies also found a higher

Loss on Ignition (%)
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Fig. 2 Sediment core loss on ignition in S4 and S5

concentration of organic matter in the sediment of Bohai
Sea, Yellow Sea, and East China Sea (Ji et al. 2019; Chen
et al. 2018; Fang et al. 2018). A close correlation between
the loss on ignition (LOI) of lake sediments with the organic
matter and carbonate of the sediments is also reported by
earlier researchers (Ziting et al. 2006). The age of the sedi-
ments for both core sites (S4 and S5) are given in Table 2
which reflect a little difference in ages. The sediment’s age
is also well correlated with LOI which indicates that the dras-
tic increase in LOI since the early 1990s that may be mainly
because of the rapid increase in anthropogenic activities

Table 2 Geochronology of cores S4 and S5

Depth (cm) Year
S4 S5
0-1 2011 2010
1-2 2008 2006
2-3 2004 2002
34 1999 2000
4-5 1996 1998
5-6 1992 1995
67 1987 1991
7-8 1982 1986
89 1978 1980
9-10 1977 1976
10-11 1974 1974
11-12 1969 1973
12-13 1967 1970
13-14 1962 1963
14-15 1952 1954
15-16 1940 1941
16-17 1935 1930
17-18 1925 1909
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(mostly from the industry and transportation) in the NCP and
will be further discussed in the upcoming section. A large
increase in organic matter deposition since 1990 is also report-
ed in sediments of Chaohu and Taihu lakes (Han et al. 2011) in
Southern China, in Eastern China Marginal Seas (Fang et al.
2018), in Sanjiang Plain (Gao et al. 2014), in the remote lake
Qinghai (Han 2015), and in the Nam Co Lake (Cong et al.
2013) in the Tibetan Plateau.

Heavy metal concentrations and their trends

The concentrations of heavy metals as a function of depth
(cm) are summarized in Table 3 and Table 4 along with
their average (AVQ), standard deviation (STD), median,

and median absolute deviation (MAD) for the core sites
S4 and S5, respectively. As shown in the table, the mean
concentrations of heavy metals in sediments of S4 are as
follows: 33.82 pg g ' for Cu, 23.81 ug g ' for Pb,
75.02 ug g ' for Zn, 66.37 pg g ' for Cr, 29.01 pg g
for Ni, 11.70 ug g~' for Co, 0.17 pug g~* for Cd, 10.53 ug
g ' As, and 0.02 pg g~ for Hg respectively which are in
the order of Zn > Cr > Cu > Ni > Pb > Co > As > Cd >
Hg to their concentrations. On the other hand, the mean
concentrations of heavy metals for sediments of site S5
are as follows: 27.97 ug g ' for Cu, 24.24 ug g ' for Pb,
77.87 ug g ' for Zn, 64.63 pg g ' for Cr, 3021 ug g’
for Ni, 12.13 ug g ' for Co, 0.15 ug g ' for Cd, 11.24 ug
g ! for As, and 0.02 ug g~ for Hg respectively which are

Table 3 Heavy metal

concentrations at core S4 (ug g ") Depth (cm) Cu Pb Zn Cr Ni Co Cd As Hg

0-1 28.3 25.7 96.7 61.2 28.8 10.6 0.15 8.65 0.023
1-2 30.7 26.5 102 64 31.6 11.7 0.13 11.2 0.029
2-3 28.8 31.2 88.9 684 31.1 122 0.12 119 0.022
34 28.9 21.5 75.6 63.7 28.2 11.5 0.12 11.1 0.026
4-5 29.2 26.9 754 63.8 27.7 114 0.15 10.6 0.014
5-6 32.8 35.8 75.8 63.6 27.8 11.7 0.15 104 0.016
67 342 21 712 65.1 28.1 11.6 0.2 10.4 0.014
7-8 33.9 24.5 74.1 68.9 30 122 0.24 11 0.015
89 34.9 245 70.5 68.3 29.7 11.8 0.22 9.83 0.046
9-10 435 22.8 82.8 68.4 29.8 122 0.16 112 0.021
10-11 51 26.6 83.3 71.5 29.4 11.8 0.21 9.81 0.016
11-12 48.2 213 76.5 713 29.6 122 0.12 10.1 0.015
12-13 394 20.4 74.8 69.6 29.3 12 0.15 10.5 0.022
13-14 38.1 25.5 76.7 68.9 29.6 11.9 0.2 11.1 0.016
14-15 36.6 22 76.9 672 28.6 11.7 0.18 10.8 0.018
15-16 36 23.1 72.9 66.2 29.8 11.8 0.19 112 0.017
16-17 31.6 22.3 68.9 67.6 28.6 11.6 0.19 10.9 0.053
17-18 34.1 25.8 74.1 672 29.5 119 0.22 10.5 0.016
18-19 31.8 24.6 73.8 65.3 28.7 11.5 0.2 8.98 0.013
19-20 332 21.9 67 67.8 28.6 11.7 0.18 10.6 0.015
20-21 30.1 26.2 66.8 67.7 27.9 113 0.19 9.39 0.012
21-22 312 19.9 66.4 65.7 27.2 112 0.16 9.74 0.012
22-23 30 222 67.1 66.8 284 114 0.12 9.99 0.012
23-24 314 17.7 67.6 63.5 27.5 112 0.13 10.2 0.014
24-25 279 20.2 65 62.6 27 113 0.14 10.1 0.015
25-26 31.1 212 70.7 64.4 28.7 115 0.16 10.7 0.013
26-27 324 232 70.4 65.5 29.9 119 0.19 11.1 0.012
27-28 34.8 214 70.2 66.4 29.9 12.1 0.15 11.4 0.012
28-29 323 27.7 75.5 65.9 30 122 0.19 11.4 0.012
29-30 282 20.6 729 64.7 29.3 12 0.15 11.2 0.016
Mean 33.82 23.81 75.02 66.37 29.01 11.70 0.17 10.53 0.02
STD 5.57 3.66 8.51 2.49 1.09 0.38 0.03 0.75 0.01
Median 32.35 22.95 73.95 66.3 29.05 11.7 0.16 10.6 0.0155
MAD 2.40 2.15 3.35 1.95 0.75 0.25 0.03 0.50 0.0025
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Table 4 Heavy metal

concentrations at core S5 (ug g ") Depth (cm) Cu Pb Zn Cr Ni Co Cd As Hg
0-1 26.4 332 123 67.6 35 11.2 0.25 10.5 0.031
1-2 25.4 34.2 105 64.6 338 11.9 0.14 11.3 0.027
2-3 25.7 34.6 91.7 65.8 343 12.6 0.12 11.7 0.039
34 29.5 28.5 87.2 66 329 12.3 0.12 12.8 0.022
4-5 325 26.5 82.9 66.1 31 12.3 0.16 12 0.016
5-6 28.5 24.9 76.8 65.1 29.9 12.2 0.18 11.8 0.016
67 26.7 239 70.8 65.5 30.2 12.4 0.17 11.6 0.013
7-8 28.4 25.1 72.3 65.9 29.6 12.2 0.17 12 0.013
89 26.5 25.1 79.1 66 30.2 12.3 0.2 11.5 0.013
9-10 30.8 22.6 78.4 65.9 30.5 12.4 0.14 11.9 0.02
10-11 28.5 26.7 78.8 64.5 29 11.8 0.26 10.7 0.016
11-12 29.5 22.8 73.6 65 29.1 12 0.16 10 0.016
12-13 29.1 21.7 78.4 66.9 29.4 12.1 0.13 10.8 0.016
13-14 24.6 19.7 71 64.2 28.7 11.9 0.12 10.6 0.013
14-15 27.4 22 75 63.4 29.4 12 0.14 10.6 0.017
15-16 28.5 222 72.1 63.2 28.6 11.9 0.15 11 0.018
16-17 26 21.6 69.2 66.5 29.8 12.3 0.13 11.1 0.013
17-18 24.1 229 67.3 65.4 29.7 12.4 0.15 10.7 0.016
18-19 29.9 20.3 76.8 63.4 29.6 12.2 0.14 11.3 0.015
19-20 26 21 73.2 64.3 29.7 12.3 0.12 10.2 0.016
20-21 28.2 23 80.1 63.4 304 12.5 0.14 11 0.015
21-22 37.8 23.6 87.3 63.5 29.9 12.1 0.16 114 0.013
22-23 25.5 21.3 68.7 64.4 29.7 12.1 0.15 12 0.012
23-24 25.6 23.4 73 63 29.8 12.3 0.14 11.6 0.012
24-25 33.8 23.6 73.2 62.6 29 11.8 0.15 114 0.015
25-26 26.4 29.5 67.1 64.1 29.4 12 0.1 11 0.014
26-27 254 22.1 65.6 63.6 29.4 12.1 0.14 11.1 0.012
27-28 28.3 18.8 69.2 62.9 28.8 11.9 0.12 11.3 0.013
28-29 26.4 223 76.8 63.5 30 12.3 0.13 11.7 0.013
29-30 27.7 20 72.4 62.6 29.4 12.2 0.12 10.6 0.014
Mean 27.97 24.24 77.87 64.63 30.21 12.13 0.15 11.24 0.02
STD 291 4.11 11.85 1.37 1.63 0.27 0.04 0.62 0.01
Median 27.55 2295 74.3 64.45 29.7 12.2 0.14 11.3 0.015
MAD 1.55 1.8 43 1.05 04 0.15 0.02 0.45 0.002

in order of Zn > Cr > Ni> Cu > Pb > Co > As > Cd > Hg
in their concentrations. The concentrations of Zn and Cr
are found maximum for both sites varying in between 65—
102 ug g ' (S4), 65.6-123 pg g ' (S5), and 61.2-71.5 pg
g ! (S4), and 62.6-67.6 ug g ' (S5), respectively, while
minimum concentrations are observed for Hg with value
in the range of 0.012-0.046 pg g ' and 0.012-0.039 g
g ' followed by Cd having value in the range of 0.12—
0.24 pg g ' and 0.10-0.25 ug g ' for sites S4 and S5
respectively. Relatively higher concentration and small
variability are observed for Zn, Cr, and Pb suggesting that
they may be influenced by similar kinds of anthropogenic
emission factors. The figure clearly reflects the similar
variation of heavy metals with respect to time for both

the sites S4 and S5, having an increasing trend for Zn,
Ni, and Pb (Fig. 3(a—c)). A sharp increase in these three
elements is observed in the early 1990s and reached a
peak value in 2011 that may be associated with the
rapid economic development, urbanization, and
population expansion which cause a large consumption
of fossil fuels and energy demands. Similar results are
also observed by Kang et al. (2018) in the sediments of
Jiaozhou Bay while Sun et al. (2019) found that the an-
thropogenic activities cause the higher concentration of
heavy metals in the sediments of Yangtze River Estuary
and the East China Sea. On the other hand, a large fluc-
tuation in trend is observed for Cr, Cd, and Cu (Fig. 3(d—
f)) which reached a peak value in 1980 suggesting
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towards the intensification in industrial waste and smelter
emissions from the industries. After that, a negative trend
can be easily seen in Fig. 3 (d—f) for all the three elements
at both the sites having different “z” values which are
mainly because of the different industrial emission control
policies implemented by the State Development Planning
Commission. After 2000, a sharp increasing trend in Cd is
also observed at both the sites S4 and S5, suggesting the
enhancement in chemical industries near the sites. Apart
from this, the concentration of the rest of the three trace
elements, i.e., Co, As, and Hg, shows an overall decreas-
ing trend at both sites S4 and S5 (Fig. 3 (g - 1)). A sharp
decrease in the trend of Co and As is observed after the
year 2000 while for Hg, it is in since early 1940 which
may be due to emission control policies from the govern-
ment for the mitigation of hazardous materials (e.g., Hg
and As).

Potential emission sources of heavy metals

The correlation among the heavy metals may reflect the com-

mon emission source and migration of these metals (Islam
Fig. 3 Time trends of —+—84——85
concentrations (uggfl) of Zn (a), 130
Ni (b), Pb (¢), Cr (d), Cd (e), Cu 120}
(), Co (g), As (h), and Hg (i). The 0
lines in black color were based on
the data of metals in S4; the lines
in red color were based on the
data of metals in S5
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et al. 2018; Kiikrer et al. 2014). In order to investigate the
common emission sources of the heavy metals in sediments,
the Pearson’s correlation analysis has been performed and the
correlations among the heavy metals at both sites are given in
Table 5. The concentration of Cu, Cr, Ni, and Co at site S4 and
Pb, Zn, Ni, Cr, and Hg at site S5 showed a strong correlation to
each other indicating the probably common emission sources
(Liu et al. 2019; Sun et al. 2018). However, the concentration
of other metals at both the sites S4 and S5 showed a negative
or poor correlation to each other suggesting their different
emission sources (Zhang et al. 2019; Sun et al. 2018). In
addition, the PMF model has been also performed and three
major emission factors which are viz. coal combustion,
manufacturing, and smelting dust are identified. The percent-
age factor profiles and the concentration of PMF estimated
factors of each heavy metal are given in Fig. 4. Factor 1
(i.e., coal combustion) is largely considered by Pb, Zn, and
Ni with their fractional contribution of nearly 79%, 67%, and
19% respectively. The second factor (i.e., manufacturing) is
mainly dominated by the Cr, Ni, and Co having their fraction-
al contribution nearly 87%, 72%, and 65% respectively. Apart
from this, factor 3 (i.e., smelting dust) is mainly associated
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Table 5 Correlation matrix between different heavy metals at core site S4 and S5
S4 Cu Pb Zn Cr Ni Co Cd As Hg

Cu 1.00

Pb —0.038 1.00

Zn 0.121 0.453* 1.00

Cr 0.757%% 0.015 —0.065%* 1.00

Ni 0.273 0.287 0.597 0.401* 1.00

Co 0.477%* 0.16 0.041 0.642%* 0.674%** 1.00

Cd 0.23 0.12 —0.207 0.344 0.124 0.201%* 1.00

As —-0.012 0.07 0.088 0.144 0.525%* 0.698 —0.101 1.00

Hg —0.033 0.038 0.196 0.103 0.204 —0.004 0.089 0.059 1.00
S5 Cu Pb Zn Cr Ni Co Cd As Hg

Cu 1.00

Pb —0.091 1.00

Zn 0.101 0.741%* 1.00

Cr -0.127 0.453* 0.431* 1.00

Ni -0.133 0.841%* 0.867%* 0.521%* 1.00

Co —0.067 -0.172 —0.409* 0.023 -0.071 1.00

Cd 0.108 0.291 0.427* 0.35 0.177 —0461* 1.00

As 0.222 0.2156 04 0.159 0.267 0.397* —0.101 1.00

Hg -0.119 0.786% 0.754%* 0.412% 0.858%* —-0.121 0.118 0.407 1.00

Significant correlations are shown in italics
*Significant at p < 0.05 levels
**Significant at p < 0.01 levels

with Cd, Zn, and Cr with their contribution 75%, 33%, and
29% respectively. Earlier studies also suggest that coal com-
bustion (Bing et al. 2019), waste incineration (Wang et al.
2019), agricultural sources (Huang et al. 2018), and steel
smelting (Zhang et al. 2018) are the major sources of Zn into
the environment. During the last three decades, the rapid de-
velopment of economy in NCP causes a large consumption of
coal and oil to fulfill energy demands resulting to the increas-
ing trend of Zn into the atmosphere which is also clearly
reflected in Fig. 3 (a). Coal and leaded gasoline combustion
are the major emission sources of Pb (Jingchun et al. 2012).
The emission from steel, plastic, and paint production and
their wastewater discharge are also found to be the main con-
tributors of the Pb. Earlier studies reported that Cr and Ni are
abundant in anthropogenic waste, including sewage sludge
and wastewater (Liu et al. 2019; Dwivedi and Vankar 2014,
Li et al. 2014). Studies also suggest that As and Cd mainly
come from the industrial wastewater such as chemical indus-
try waste, electroplating, mining, and refining processes (Liu
et al. 2019; Oliveira Zoffoli et al. 2013; Tian et al. 2010). Cu
mainly comes from the metal smelting industries and printed
circuit board industries (Chen et al. 2012), while Co is widely
used in magnetic materials and emitted from the stainless
steel, alloys, and batteries industries (Islam et al. 2018).

There are a large population (over 13 million) and a number
of industries/factories in the Tianjin region and hence is attrib-
uted to the emission sources of heavy metals. Based on the
results of the source resolution of the PMF model, emission
from manufacturing have the maximum contribution (40%) to
the total heavy metals in sediments followed by the coal con-
sumption (32%) and smelting dust (28%) (Fig. 5), which at-
tributed to higher concentration of Pb, Cr, Ni, and Zn respec-
tively (Bozkurt et al. 2018; Liu et al. 2017; Belis et al. 2013).
A relatively larger fraction of heavy metals from manufactur-
ing is mainly because of Tianjin Nangang Industrial Park,
which focuses on the development of petrochemical industry,
port logistics industry, and metallurgical equipment
manufacturing industry (Lu 2016).

Impacts of local emissions on heavy metal loadings

The core sites are surrounded by a large number of industries
mainly from the petrochemicals, oils, and steel plants which emit
tons of hazardous environmental pollutants into the atmosphere
and cause several complications. Figure 6 shows the trend of
major heavy metals at both the core sites S4 and S5 (Fig. 6a
and b) and consumption of coal and crude oil (Fig. 6¢) in
Tianjin province. The figure reflects that during the mid-
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twentieth century, the concentration of Zn, Cr, Cu, and Pb at both
sites increased which is more prominent after 1964 mainly
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28%
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Fig. 5 Relative contributions of coal, manufacturing, and smelting dust
for both core sites S4 and S5
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Pb Zn Cr Ni Co Cd As Hg

attributed to the opening of Dagang Oilfield (Fig. 6a and b)
and injected plenty of heavy metals into the atmosphere. The
sharp increase in Cu, Zn, and Pb, in contrast to the relatively
smaller increase in Cr concentrations, suggests that the opening
of Dagang Oilfield affects Cu, Zn, and Pb loadings more strongly
than Cr loadings which also reflect by relatively larger consump-
tion of crude oil than coal (Fig. 6¢). Earlier studies also suggest
that oil field development can lead to the enhancement in heavy
metal concentration (Xiaowen et al. 2015; Liu 2015). A higher
concentration of few heavy metals, i.c., Zn (288.7 ug g '), Pb
(66.1 pgg ™), Cu(22.7 ugg "), Ni(15.3 ugg "), and Cd (3.1 pg
g "), is reported for oily sludge (John 2013). Rong et al. (2015)
also found multiple heavy metals, i.e., Zn, Cd, Pb, Cu, As, and
Hg, in drilling solid waste having their concentrations 1803,
62.1, 37.2, 255, 3.2, and 0.14 pug g_l, respectively. However,
the concentration of Ni, Co, and As is mostly unaffected by the
Dagang Oilfield suggesting towards small amount emission of
these heavy metals from the oil industry. After the late 1970s, the
concentration of these heavy metals decreases (Fig. 6a and b) that
may be mainly because of changes in electricity generation and
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different environmental legislative laws. In 1978, the State
Development Planning Commission, the State Economic
Commission, and the leading group for environmental protection

Years

under the State Council jointly formulated the first list of key
industrial and mining enterprises in China to mitigate the serious
environmental pollution within a time limit (Hongchun 2009). A
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Table 6 Laws and regulations

carried out in 2013 and 2014 Pollution prevention

Energy conservation

(https://wenku.baidu.com/view/
3b2dcbf2cc58bd63086bd53.

html) technology policy

2013.5 Steel industry pollution prevention and

control technology policy

2013.5 Sulfuric acid industrial pollution
prevention and control technology policy

2013.5 Volatile organic pollution control

technology policy

2013.9 Town drainage and sewage treatment

regulations

2013.5 Cement industry pollution prevention

2013.5 Guideline for accelerating the development of green
recycling and low-carbon transportation

2013.8 Opinions on accelerating the development of energy
conservation and environmental protection industries

2014.7 Guidance on accelerating the promotion and
application of new energy vehicles

2014.8 New production of environmental protection standards
for motor vehicles

2014.9 New energy vehicle promotion work plan for public
service areas such as Beijing-Tianjin-Hebei bus

sharp increase in Zn after the 1990s is mainly attributed to the
higher consumption of coal and crude oil which is more intense
after the year 2000 (Fig. 6a and b) and can be easily seen in Fig. 6
c. A decreasing trend in heavy metals (mainly in Zn) is observed
in 2013 which may be mainly due to the changes in power
consumption method, i.e., from “coal to gas” and “coal in elec-
tricity,” causing a reduction in heavy metal pollution along with a
series of different laws and regulations focusing on environmen-
tal protection (Table 6). In addition, rapid increase during 2005—
2010 may be also associated with the large consumption of coal
from the major provinces adjacent to the studied area (Shandong,
Hebei, Tianjin, and Beijing). A large number of heavy metal
pollutants are reported through the coal consumption with the
order of Pb > Cd > Zn > Ni > Co > Cu in their concentration
(Yong et al. 2007).

Risk assessment of heavy metals

Characterizing heavy metal contamination is also essential for
effective ecosystem management, as the remobilization of heavy
metal poses a serious threat to both the ecosystem and human
health. To assess the potential risk of the heavy metal contami-
nation present in sediments, the risk assessment analysis is per-
formed. Since heavy metals in sediments always occur as

Table 7 The metal guideline values of some different criteria used to
distinguish sediment quality (ug g ")

Cd Cr Cu Ni Pb Zn As  Hg

Target® 04 25 20 20 35 75 0.2
Trigger® 1.0 50 55 35 65 150 0.8
Action® 15 80 65 40 75 200 1.0
ERL 12 81 34 209 47 150 82 0.5
ERM 9.6 370 270 516 218 410 70 0.7

#The desired quality for fairly clean sediment that is close to background
levels

® The sediment is moderately contaminated
¢ Heavily polluted sediments
ERL eftect range low (NOAA), ERM effect range medium (NOAA)

@ Springer

complex mixtures, the mean ERM quotient method has been
applied to determine the possible biological effect of combined
toxicant groups. It is a well-accepted and widely used tool to
understand the toxic effects of the pollutants on living organisms
in the polluted environment (Tunca et al. 2018; Li et al. 2016b;
Long et al. 2000). Further details about this method are described
elsewhere (Gao and Chen 2012). ERM guideline values indicate
concentrations above which adverse effects on biota are frequent-
ly observed while effects range low (ERL) guideline values in-
dicate concentrations below which adverse effects on biota are
rarely observed. The mean ERM quotients’ value less than 0.1
suggests a 9% probability of being toxic; the value in the range of
0.11-0.5 has a 21% probability of being toxic; and the value in
between 0.51 and 1.5 has a 49% probability of being toxic while
the mean ERM quotients of > 1.50 have a 76% probability of
being toxic (Birch 2018; Tunca et al. 2018; Long et al. 2000).
The calculated mean ERM quotients of S4 and S5 for all the
eight studied metals (no previous ERM data of Co has been
found) are found ~ 0.17 for both sites, indicating the environment
is relatively less toxic (i.e., nearly 21% probability of being toxic)
and action for the mitigation is still needed. Sediment quality is
based on a criterion given in Table 7 (Joy et al. 2019; Birch 2018;
Tunca et al. 2018). The concentrations of Cr is found higher than
trigger values (Table 7) which suggest the moderate contamina-
tion of sediments; however, the concentrations of Cu, Ni, and Zn
are found higher than the target values, and lower than the trigger
values. On the other hand, concentrations of Pb, Cd, and Hg
found lower than target values indicate virtually no pollution in
the sediments. Our results suggest that Ni and As exceeded the
ERL guideline values, which is potentially harmful to the benthic
organisms.

Conclusion

The outcomes of the present study provide information about
the characteristics of heavy metal pollution at two nearby salt
marsh site close to Bohai Bay. The present study reveals that
the overall sediment quality has been largely impacted by
heavy metal concentrations. Results suggest that Zn and Cr
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have maximum concentration among all the studied heavy
metals. An overall increasing trend in heavy metal is found
with significant fluctuation which is mainly associated with
different anthropogenic emission sources, energy consump-
tion methods, and environmental protection policies. PMF
model suggests three major emission source sectors, i.e., coal
combustion, manufacturing, and smelling dust, having their
contribution of 32%, 40%, and 28% respectively to the total
heavy metal burden. Results also suggest that Cr, Ni, and Co
mainly originated from the industrial sources and Cd mainly
originated from the smelting dust; however, coal combustion
is found to be the major source of Pb. The observed mean
ERM quotients in this study indicate that the combination of
the eight studied metals might be relatively less toxic (21%
probability of being toxic), and this situation should be miti-
gated by related policies and regulations. Historical recon-
struction of heavy metal pollution demonstrates that while
modern heavy metal loading is substantial, the historical
heavy metal loading can be significantly larger. This study
also reveals that control in heavy metal emissions from the
industries through different environmental policies could be
quickly lost due to the establishment of other industries. For
example, in the late 1970s, concentrations of heavy metals
decreased as a result of related policies being established,
but this trend did not last very long; in the late 1990s, it
bounced back due to other industries. Thus, with the rapid
increase in industrialization and economic development in this
region, additional consideration should be paid and effective
environmental policies and legislative laws in long-term fu-
ture perspective are highly needed.
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