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ABSTRACT

Metal pollutions have been accused of consequences of the anthropogenic activities but few quantitative delineations
between environmental metal loads and socioeconomic development presented. A meta-data analysis study was car-
ried out on metal loads in coastal sediment in the provinces of China mainland reported in literature in the period
1980-2020. Eight metals with well-recognized anthropogenic sources were selected including arsenic (As), cadmium
(Cd), chromium (Cr), copper (Cu), mercury (Hg), nickel (Ni), lead (Pb), and zinc (Zn). Screened with three criteria, a
total of 1173 records from 405 published studies were finalized as the metal loads dataset in coastal sediment. Evident
provincial patterns were observed among the selected metals but element dependent after transformed to sample
number weighted contents (C,,). Against the regional marine backgrounds, anthropogenic increment rate (Ranerop)
of metal loads in nearshore sediment presented better provincial differentiation with the extremes at 7.58 for As
and 62.13 for Cu in Guangdong, 91.25 for Hg in Zhejiang, 3.19 for Ni in Tianjin, 7.72 for Pb in Fujian, and 13.51
for Zn in Liaoning. Metal loads in coastal sediment could be explained by characteristic industries in the provinces.
Nearshore sediment in Guangdong had high risk to metal loads and other provinces at low-to-medium risk to the
lowest thresholds of sediment quality guidelines in China and USA. Canonical correlations identified considerably
interactive explanations between integrative hazard quotients (XHQ) of the selected metals in nearshore sediment
and non-agricultural GDP per capita of non-agricultural population/urban population percentile provincially but
few significant fittings by the classic environmental Kuznets Curve model quantitatively. Findings of this study
explored uncertainty from both sides in explaining the interactions, i.e., data integrity of metal loads in coastal sedi-
ment in literature and appropriation of socioeconomic indicators in relation to metal emission industries.
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1. Introduction

Nearly 40% of the world population lives within 100 km from the coast-
line (Maul and Duedall, 2019), which hosts 22 out of 36 world megacities
(over 10 million urban population) by 2021 with approximately 412 mil-
lion urban populations according to the 17th Annual Edition of World
Urban Areas by Demographia (www.demographia.com/db-worldua.pdf).
Megacities and large urban agglomerations in the coast have led to consid-
erable multi-challenges to the environments (von Glasow et al., 2013).
Meanwhile, the inbound rivers also transport pollutants, especially nutri-
ents and metals, from their upstream watersheds (Lin and Yu, 2018).

Heavy metals are of great global concern due to their bio-accumulable
and toxic characteristics and non-biodegradability in the aquatic environ-
ment. Metals were found broadly enriched in tissue and shell of bivalve
and gastropod shellfish from estuaries (Liu et al., 2022). Abnormal “colored
oyster” (Crassostrea hongkongensis) is a typic bio-accumulative evidence
indicating severe metal contaminations in estuaries, mainly copper (Cu),
zinc (Zn), nickel (Ni), and chromium (Cr) (Weng and Wang, 2019). The
United States Environmental Protection Agency (USEPA) has listed arsenic
(As), cadmium (Cd), Cr, Cu, mercury (Hg), Ni, lead (Pb), and Zn as priority
control pollutants (USEPA, 2014). Sedimentary metal records in coastal
ecosystems were highly linked to anthropogenic impacts (Feng et al.,
2011; Sun et al., 2019). The most highlighted anthropogenic activities in
relation to sedimentary metals included land use changes (Yu et al.,
2014), energy consumption (Li et al., 2012a), vehicular exhausts (Ma
etal., 2016), waste recycling (Song and Li, 2014), and agricultural practices
(Ouyang et al., 2018). Numerous studies found that sedimentary metal
loads were significantly declined along the urban-rural gradient (Li et al.,
2012b; Li et al., 2013; Simon et al., 2014; Ma et al., 2016). These findings
hint that sedimentary metal loads in the coast might be highly associated
with socioeconomic development in a region, such as an upstream water-
shed (Tang et al., 2005; Yu et al., 2014). However, interactions between
metal loads in coastal sediment and socioeconomic development in a
regional catchment or watershed have been scarcely argued.

Classically, the interactions of socioeconomic development and
environmental change have been delineated by the Environmental
Kuznets Curve (EKC) model, an inverse U-shaped curve (Stern, 2004).
In the EKC model, the socioeconomic indicator is income (wealth) or
gross domestic product (GDP) per capita instead of land uses or imper-
vious surface area in the urban-rural gradient studies (Duan et al.,
2015; Sharley et al., 2016; Taka et al., 2016). The EKC model had abun-
dant fitting successes, for instance, atmospheric Cr emissions in
Singapore over 120 years (Chen and Taylor, 2020), but a great number
of failures were reported due to using the fixed socioeconomic indicator
(Gergel et al., 2004; Capps et al., 2016; Chen and Xu, 2017; Kim et al.,
2018). Zhou et al. (2019) identified non-agricultural GDP per capita of
non-agricultural population (NAGDP per capita) with better EKC fitness
to statistic discharges of chemical oxygen demand (COD) and ammonia
per GDP unit at a watershed scale instead of GDP per capita classically. It
was further confirmed by an EKC simulation between the measured
>DDT and 2PCB in estuarine sediment and NAGDP per capita in water-
shed (Hong et al., 2021).

China mainland has 11 coastal provinces and municipalities, approxi-
mately 13.5% of the national territory area, which hosted 44.8% of the
national population and contributed 52.8% of the national GDP by 2019
before the COVID-19 pandemic, according to the National Bureau of Statis-
tics of China (http://www.stats.gov.cn). The coast has been the frontline of
China mainland with rapid economic development since 1978 following
the reform and opening-up policy (Xie, 2020). In the past 40 + years, a
huge volume of literature reported that the coastal environments in China
mainland were contaminated with various pollutants, especially heavy
metals in sediment (Cheung et al., 2003; Wang et al., 2013; Zhuang and
Gao, 2014; Cao et al., 2015; Liang et al., 2016; Wang et al., 2016; Sun
etal., 2019; Zhang et al., 2019b). Meanwhile, review articles were available
for heavy metal pollution in sediment of China mainland coast, such as
Bohai Sea (Gao et al., 2014), East China Sea (Fang and Lien, 2020), South
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China Sea (Wang et al., 2013), and the whole coast (Pan and Wang,
2012). These studies made a great number of historic metal records in
coastal sediment available to explore socioeconomic pattern of coastal
metal loads along the coast of China mainland via coupling the economic
data in the 40 + year period, which were publicized by the National Bureau
of Statistics (data.stats.gov.cn). An early study analyzed impacts of eco-
nomic growth on coastal ecosystems of China mainland in the period
1950s5-2010 and pointed out further degradation would be accelerated
with development (He et al., 2014). This study aims to generate a long-
term spatial dataset of metal loads in coastal sediment via compiling the
published historic studies in China mainland in the period 1980-2020 for
the priority control metals (As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn). It is hypoth-
esized that spatiotemporal patterns of these metal loads in sediment would
be highly impacted by socioeconomic development in the coastal prov-
inces, among which diverse and uneven structures of socioeconomic devel-
opment coexisted in the past decades (Heilig, 2006). To comprehensively
illustrate the environmental risk of metal loads in the coast, a special hazard
quotient (XHQ) was calculated to integrate all the investigated metals
against sediment quality guidelines (SQGs) of China and the USA. The
interactions between metal load risks (ZHQ) in coastal sediment and pro-
vincial economic development would be expressed by the EKC model fit-
tings provincially. Given the rapid urbanization happened in the past
decades, provincial urban population percentile was included as an indica-
tor of socioeconomics with the economic indicators (GDP per capita, agri-
cultural GDP per capita of agricultural population (AGDP per capita), and
NAGDP per capita). Findings of this study would enhance understandings
quantitatively on environmental impacts of socioeconomic development
for policy- and decision-makers, who will strategize low-impact develop-
ment policies in the future.

2. Materials and methods
2.1. Data collection

2.1.1. Metal load data

Historic records were collected from the national marine surveys in
1980s (National Coastal Zone Office of China, 1989), 1990s (Editorial
Board of National Comprehensive Survey of Island Resources, 1996), and
2000s (Editorial Board of Comprehensive Investigation and Assessment in
Offshores of China, 2012). Meanwhile, a systematic literature search was
conducted using the Web of Science (WOS) and China National Knowledge
Infrastructure (CNKI) databases covering 11 coastal provinces and munici-
palities of China mainland (i.e., Liaoning, Hebei, Tianjin, Shandong,
Jiangsu, Shanghai, Zhejiang, Fujian, Guangdong, Guangxi, and Hainan)
(Fig. 1). An entry of keywords stated as “‘heavy metal OR arsenic OR cad-
mium OR chromium OR copper OR mercury OR nickel OR lead OR zinc’
AND ‘estuary OR coast OR sea OR bay OR port OR mangrove OR intertidal’
and ‘China’” with a period “Year = 1980-2020". The searched articles
were filtered by the following criteria: 1) containing total contents of any
metals (As, Cd, Cr, Cu, Hg, Ni, Pb, or Zn) in estuarine or coastal sediment
(surficial sediment or sediment core) of China mainland in mean or median
with standard deviation (SD) or standard error (SE); 2) containing geo-
graphic information of sampling sites/points with longitude, latitude, and
depth, and sampling time including dating year of sediment cores; 3) con-
taining information of reliable chemical analysis methods and analytical
instruments for metal quantification with quality assurance and quality
control (QA/QC). A workflow diagram could be found in Fig. S1 in the
Supplementary Materials. In total, 405 published studies (or articles) met
the criteria with 1173 mean records of metal loads from 56,468 surface sed-
iment samples and top layer of sediment cores. Part of the data without
reporting values was extracted from figures of the selected articles using
the GetData Graph Digitizer (Ver. 2.26, http://www.getdata-graph-
digitizer.com). The majority of sediment samples were collected in shallow
sea within a depth <90 m, classified into nearshore (water depth < 6 m at
the lowest tide) and offshore (water depth > 6 m) categories (Fig. 1). Over-
all, total content of metals was quantified in mixed acid digests (mixing
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two, three and even four concentrated acids as nitric acid, hydrogen fluo-
ride, perchloric acid, and chloric acid and few adding hydrogen peroxide)
using inductively coupled plasma (ICP) with mass (MS) or atomic/optical
emission spectrometry (A/OES), atomic absorption spectroscopy (AAS),
or atomic fluorescence spectroscopy (AFS). Part of data was determined
using X-ray fluorescence (XRF) with boric acid tablet.

2.1.2. Socioeconomic data

Yearly records of GDP and components, population and urban popula-
tion were collected for all the coastal provinces in the period 1980-2020
at https://data.stats.gov.cn. Socioeconomic indicators were calculated as
GDP per capita, agricultural GDP per capita of agricultural population
(AGDP per capita), non-agricultural GDP per capita of non-agricultural
population (NAGDP per capita), and urban population percentile. NAGDP
is the difference between GDP and agricultural GDP.

2.2. Calculation of indicators

2.2.1. Weighted metal content (C,,)

The collected data were mean values of various number samples over
time. To express metal loads provincially (or nationally) and yearly in the
period 1980-2020, a sample-number weighted content of each selected
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metal (C,,) was calculated to illustrate the overall metal-load status in
coastal sediment as the following equation (Eq. (1), Niu et al., 2020):

o zLICi XN,'

Cy T
) Zi:lNi

(6]

where C; is the collected mean record i, N; is number of samples in the col-
lected mean record i, n is number of the collected mean records.

2.2.2. Anthropogenic increment rate (Ranthrop)

Anthropogenic increment rate was calculated against the geological or
environmental background of each selected metal provincially as the fol-
lowing equation (Eq. (2), Han et al., 2019):

Cw - Cha(:kgmud

@

Ranthrop =
v Cbackground

where C,, is the sample number weighted mean of each selected metal of
province or nation (Eq. (1)), and Cpackground is the background value of
each selected metal in the shallow marine sediment of each province within
the four marine zones (Ji, 2011). The provincial background values of the
selected metals (Ni not available) were taken from the reported background
values of the adjunct seas, i.e., Bohai Sea for Liaoning, Hebei, and Tianjin,
Yellow Sea for Shandong and Jiangsu, East China Sea for Shanghai,
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Fig. 1. Distribution of coastal sediment sampling points along the coast of China mainland in the period 1980-2020 reported in the literature. The sampling points were
divided into nearshore (<6 m depth at the lowest tide) and offshore (>6 m depth at the lowest tide). The bathymetry was extracted from the ETOPO1 database by the Marine
Geology and Geophysics of the National Oceanic and Atmospheric Administration (NOAA) of the United States (Amante and Eakins, 2009).
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Zhejiang, and Fujian, and South China Sea for Guangdong, Guangxi, and
Hainan (Ji, 2011). The background value of Ni for the calculation was
obtained from the national one (24.0 mg kg~ !) for all the provinces
(Zhao and Yan, 1993).

2.2.3. Specific hazard quotient (2HQ)

Comprehensive metal risk in sediment of the coast was assessed by a
specific hazard quotient (ZHQ), which was calculated as the following
equation (Eq. (3), Piva et al., 2011):

n Cui 1%
Zi:l <(Class T or ERL); xR i) <1
HQ = - <

m Cwy’
" — = X RW; 3
+ X <(Classlor ERL), " @
>1

where C,, is the sample number weighted mean of each selected metal
of province or nation (Eq. (1)), n and m are numbers of the selected metals
with a ratio of (Clmfﬁ x RW) < 1 and >1, respectively; values of Class I
and ERL (effect range low) are from the sediment quality guidelines of
China (China-SQGs, GB18668-2002, General Administration of Quality
Supervision, 2002) and of the United States (NOAA-SQGs, National
Oceanic and Atmospheric Administration of the United States, 1999),
respectively; RW is risk weight for each selected metal, i.e., 1.0 for As, Cr,
Cu, and Zn; 1.1 for Ni and Pb; and 1.3 for Cd and Hg (Piva et al., 2011).
The comprehensive metal risk in sediment was categorized into four classes
by ZHQ, i.e., low, moderate, major, and severe risk with HQ ranging from
0to <2.6, 2.6 to <6.5, 6.5 to <13, and =13, respectively (Pivaetal., 2011).

2.2.4. Environmental Kuznets Curve model

A classic Environmental Kuznets Curve model was applied for delineat-
ing interactions between XHQ and the yearly provincial socioeconomic
indicators (SI, i.e., non-agricultural GDP per capita of non-agricultural
population (NAGDP per capita) and urban population percentile) following
the model (Eq. (4), Stern, 2004):

SHQ =a+b x InSI+c x (InSI)? @)

2.3. Statistical analysis

Nonparametric one-way ANOVA with a Kruskal-Wallis test was em-
ployed to compare provincial differences for the sample number weighted
content (C,) (Eq. (1)) of the selected metal loads in coastal sediment and
their anthropogenic increment rates (Rantrop) (Eq. (2)). Interactions
between Rapneirop and provincial socioeconomics were tested using canonical
redundancy analysis for each province and the national coast. The highly
related socioeconomic indicators were identified for the EKC fitting with
the special hazard quotients (Eq. (4)) of metal loads in coastal sediment pro-
vincially. The above statistical analyses were performed using SAS®
OnDemand for Academics (SAS Institute Inc., Cary, NC, USA).

3. Results

3.1. Spatiotemporal changes of metal loads in coastal sediment of China
mainland

Sedimentary loads of the selected 8 metals along the coast of China
mainland showed diverse differences among the 11 coastal provinces
(Table 1). Generally, the metals had more significant variations in the near-
shore sediment (water depth less than 6 m at the lowest tide) than those in
the offshore one except Hg with no statistical differences among the prov-
inces for both nearshore and offshore ones. Yearly means and medians of
each metal were summarized in Table 1 as well as the number of available
years. Most nearshore records of metal loads in sediment were greater than
the offshore ones but only few statistically significant (p < 0.05), and few
significant reverse exceptions existed (Table 1). Among the 11 coastal
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provinces, Guangdong had significant greater loads of the selected metals
(except Hg) in nearshore sediment over the period than others (p < 0.05,
Table 1). The greatest records for the selected metal loads (C,, sample
number weighted content) in nearshore sediment were found in Tianjin
(31.7 mg As kg ™! in 2009 and 76.6 mg Ni kg~ ! in 2012), Guangdong
(2.01 mg Cd kg~ ! in 1991, 185 mg Cr kg~ ' and 295 mg Cu kg’
in 2014), Guangxi (0.81 mg Hg kg~ ! in 1983), and Fujian (75.6 mg
Pbkg~!in 1990 and 327 mg Zn kg~ ! in 1984).

Over the period 1980-2020, the trends of temporal changes in sedimen-
tary metal content (C,,) depended upon metals and provinces. For instance,
Guangdong with the greatest loads of all the selected metals had three
temporal trends of sedimentary metal loads in nearshore, i.e., decline pat-
terns for As, Cd, Cr, and Ni; increase patterns for Cu and Hg; and flat pattern
for Zn (Fig. 2). Hebei was the province having decline temporal pattern for
all the selected metals at various rates while Tianjin surrounded by Hebei
had increase patterns for most of the selected metals over the period
(Fig. 2).

The anthropogenic increment rates (Rgnrop) Of the selected metal loads
in coastal sediment against the regional background values provided better
provincial differences than the content (C,,) (Table 2). Most provinces had
Ranthrop greater than 1.00, i.e., doubling the regional background values of
metal loads in coastal sediment. The nearshore sediments had higher
Ranehrop than the offshore ones in most coastal provinces in agreement
with C,, (Tables 1 and 2). Similarly, Guangdong had significantly greater
Ranihrop for As, Cd, Cu, and Ni loads in nearshore sediment than other prov-
inces but Runnrop of Cr, Hg, Pb, and Zn were significantly higher in
Shanghai, Zhejiang, Fujian, and Tianjin, respectively (Table 2). The
extreme yearly Ranmrop for the selected metal loads in nearshore sediment
were found in Guangdong (7.58 for As in 1989 and 62.13 for Cu in
2014), Shanghai (43.25 for Cd in 2006 and 8.33 for Cr in 2000), Zhejiang
(91.25 for Hg in 2019), Tianjin (3.19 for Ni in 2012), Fujian (7.72 for Pb
in 1990), and Liaoning (13.51 for Zn in 2010).

3.2. Hazard risk assessment of metal loads in nearshore sediment in China
mainland

According to the metal loads in sediment and the source-sink relation-
ship, the metal loads in nearshore sediment were used for the hazard risk
assessment. Except Guangdong, nearshore sediment in the provinces had
only few yearly records of metal load (C,) exceeding the threshold of
China SQGs - Class I (Table 3). Sediment in Guangdong nearshore had
Cd, Cr and Cu exceeders of the Class I at 28, 26, and 27 out of 39 yearly re-
cords as well as 15 out of 38 yearly records, but only 1 or 2 records exceed-
ing the Class II and III (Table 3). In contrast to the US NOAA SQGs, more
ERL exceeders of the yearly records in nearshore sediment of the provinces
were identified due to the ERL thresholds of the selected metals less than
the Class I except Cd (Table 3). The yearly records of Ni in nearshore sedi-
ment largely exceeded the ERL for all the provinces, such as Tianjin with 25
out of 25 yearly records, Guangdong with 39 out of 39 yearly records,
Jiangsu with 36 out of 37 yearly records, Shanghai with 14 out of 19 yearly
records, and Shandong with 11 out of 28 yearly records (Table 3).

On the other hand, hazard quotient (ZHQ) of multiple metal loads
(at least 4 metal records a year) in sediment also indicated that nearshore
sediment in Guangdong had medium to high risk against China SQGs -
Class I and high to extreme risk against US NOAA SQGs - ERL, and the
rest provinces had metal loads in nearshore sediment with low-medium
risk against both SQGs (Fig. 2). Guangdong had the greatest ZHQ at 21.6
(China SQGs Class I) and 24.3 (US NOAA SQGs - ERL) in 2014 and ranked
top for 6 and 10 years, followed by Shandong (7.49 and 10.0 in 2003) and
Zhejiang (5.34 and 9.79 in 2019), respectively.

3.3. Interactions between metal loads in nearshore sediment and socioeconomic
development in the coastal provinces of China mainland

The anthropogenic increment rate (Raneirop) Was used as an indicator
of metal loads in nearshore sediment to explore interactions with
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Fig. 2. Temporal changes of sample number weighted content (C,) of the selected metals in nearshore sediment of China mainland in the period 1980-2020. The linear
regression lines in color for each province only indicate change trends over the period. Thresholds of sediment quality guidelines (SQGs) for individual metals were presented

according to China SQGs (GB18668-2002) and US NOAA SQGs.

socioeconomic development in the coastal provinces of China mainland
due to the better provincial differentiation in comparison to C,, (Tables 1
and 2). According to the canonical redundancy analysis, interactive expla-
nations between metal Rgpnmrop and socioeconomics were remarkable on
a north-to-south order in Hebei (29% versus 58%), Tianjin (32% versus
12%), Shandong (13% versus 26%), Shanghai (26% versus 58%),
Zhejiang (21% versus 13%), Fujian (19% versus 17%), and Guangxi (13%
versus 50%) (Table 4). Among the four socioeconomic indicators, urban
population percentile and NAGDP per capita ranked on top in correlations
to the canonical variables of metal Rgprqp. However, metals varied for the
provinces in correlations to the canonical variables of socioeconomics, for
instance, Cd in Hebei with the highest correlation efficient, Ni and Zn in
Tianjin, Pb in Shandong, Ni in Shanghai, As, Cr, and Cu in Zhejiang, Cr,
Cu, and Zn in Fujian, and As, Cu, and Zn in Guangxi, respectively
(Table 4). Integrating the 11 coastal provinces, only Zn and urban popula-
tion percentile had slight high correlation efficient to the opposite dataset,
regardless of number of metals involved (Table 4).

To quantitatively delineate relationships between metal loads in near-
shore sediment and industrialization/urbanization in the coastal provinces,

the classic environmental Kuznets Curve (EKC) model was employed to fit
the integrative indicator ZHQ (a calculated overall risk value of multiple
metal loads in sediment) and socioeconomic indicator (NAGDP per capita
as economic development indicator or urban population percentile as
urbanization one). NAGDP per capita and urban population percentile
had been identified in high correlations to yearly anthropogenic increment
rates of multiple metal loads in nearshore sediment (R rop) fOr most prov-
inces by canonical redundancy analysis (Table 4). Two sediment quality
guidelines (SGQs) were used to calculate ZHQ for status recognition
(China SQGs) and international comparison (US NOAA SQGs). With fitting
the EKC model, both ¥HQ calculated by China SQGs - Class I and US SQGs -
ERL similarly had two patterns to NAGDP per capita, i.e., decline (inverse U
shape) and increase (U shape) patterns (Fig. 3). But, the two SQGs catego-
rized the 11 coastal provinces into different patterns. Guangdong, Hebei,
Liaoning, Shandong, and Shanghai consistently showed the decline pattern
while Guangxi, Jiangsu, and Zhejiang followed the increase pattern. Fujian,
Hainan, and Tianjin were shifted between the two SQGs, possibly because
that Ni was included in US SQGs. With the statistical test, only Shanghai
had a significant EKC fitting (p < 0.05) between NAGDP per capita and


Image of Fig. 2
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Table 3
Status of metal loads in nearshore sediment along the coast of China mainland in the
period 1980-2020.

Province Item As cd Cr Cu Hg Ni Pb Zn
Liaoning Number?® 8 11 9 12 9 2 12 1
China-ClassI°  1¢ 1 1 0 1 0 1
NOAA-ERL® 5 0 1 0 2 2 1 1
Hebei Number 2 9 6 9 7 2 9 9
China-Class I 0 3 0 0 1 0 0
NOAA-ERL 1 0 0 0 1 2 0 0
Tianjin Number 19 27 20 27 19 25 27 27
China-Class I 2 2 2 7 3 0 0
NOAA-ERL 18 0 2 8 3 25 1 0
NOAA-ERM 0 0 0 0 0 1 0 0
Shandong  Number 18 33 19 33 27 28 33 33
China-Class I 1 2 1 1 1 0 0
NOAA-ERL 13 0 1 1 2 11 1 0
Jiangsu Number 38 37 38 38 37 37 38 38
China-Class I 2 5 6 3 1 0 1
NOAA-ERL 32 0 4 4 2 36 0 1
NOAA-ERM 0 0 0 0 0 2 0 0
Shanghai Number 5 22 19 23 6 19 23 22
China-Class I 0 1 8 3 0 0 1
NOAA-ERL 5 0 8 3 0 14 0 1
Zhejiang Number 14 18 13 18 16 7 18 17
China-Class I 0 0 1 4 1 0 0
China-Class II 0 0 0 0 1 0 0
NOAA-ERL 11 0 1 5 1 7 0 0
NOAA-ERM 0 0 0 0 1 0 0 0
Fujian Number 15 22 13 23 17 12 22 21
China-Class I 0 2 0 5 0 3 4
NOAA-ERL 11 0 0 5 0 11 8 4
NOAA-ERM 0 0 0 0 0 1 0 0
Guangdong Number 38 39 39 39 36 39 39 39
China-Class I 15 28 26 27 5 0 6
China-Class II 0 2 1 1 1 0 0
China-ClassIII 0 0 0 1 0 0 0
NOAA-ERL 35 3 26 28 9 39 13 6
NOAA-ERM 0 0 0 1 0 3 0 0
Guangxi Number 32 32 9 32 32 2 32 30
China-Class I 0 1 0 0 0 0 0
NOAA-ERL 14 0 0 0 0 1 0 0
Hainan Number 9 12 8 12 9 3 12 12
China-Class I 0 2 0 0 0 0 0
China-Class II 0 1 0 0o 0 0 0
NOAA-ERL 5 1 0 0 0 0 0
Thresholds ~China-ClassI 20 05 80 35 020 - 60 150
(mg kgfl) China-ClassII 65 1.5 150 100 0.50 - 130 350
China-Class III 93 5.0 270 200 1.00 - 250 600
NOAA-ERL 82 1.2 81 34 015 209 46.7 150

NOAA-ERM 70 9.6 370 270 0.71 51.6 218 410

# Number refers to the number of years in 1980-2020 with C,, records.

b China SQGs refers to the environmental quality guidelines for marine sediment
issued by China Mainland Administration as GB18668-2002, which classifies into
Class L, II, and III.

¢ NOAA refers to the National Oceanic and Atmospheric Administration of USA,
and ERL is abbreviated from “Effect Range Low” and ERM from “Effect Range
Medium”.

4 The digit indicates the number of yearly C,, records exceeding the threshold.

ZHQ for both SQGs and Hebei and Guangxi were significantly fitted only
against US NOAA SQGs (p < 0.05, Fig. 3). No more significant fittings
were observed in the rest provinces. On the other hand, the EKC fittings
between ZHQ to urban population percentile did not show consecutive
patterns which depended on the urban population percentile change of
individual provinces (Fig. 4). HQ of both SQGs were similar to urban pop-
ulation percentile changes of the provinces in the period 1980-2020 with
no significant fittings.

4. Discussion
Anthropogenic increments of metal loads in coastal sediment were evi-

dent due to various anthropogenic activities emitting metals. Metal mining
and smelting activities were commonly considered as the primary sources
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for most metal loads in sediment. A 4500-year sediment core from the Ital-
ian coast recorded a sudden strong enrichment due to mining with industri-
alization in the 19th century (Bergamin et al., 2021). Another 3500-year
Mediterranean sediment core explored that Pb loads in sediment exponen-
tially increased from the end of the 19th century and coal combustion was
the predominant Pb source (Elbaz-Poulichet et al., 2011). However, some
arguments remained to decipher mining impacts or high geochemical back-
grounds (natural weathering) for metal loads in coastal sediment, such as in
estuaries of Chilean rivers (Viers et al., 2019) and Yangtze River (Guo and
Yang, 2016). Evidence from isotope analyses indicated that sedimentary
Cu and Zn were dominated by urban sources after smelter closed in the
1980s in Seattle region, USA (Thapalia et al., 2010). Urban regions have
significant metal loads in sediment from various sources, for instance,
coal combustion and vehicular exhausts (Li et al., 2012a, 2012b, 2013;
Ma et al., 2016). This study found that nearshore sediment of all the 11
coastal provinces in China mainland had considerable anthropogenic
metal loads in the period 1980-2020 (Table 2). According to the National
Bureau of Statistics, China (data.stats.gov.cn), Guangdong emitted
the greatest amounts of Pb (4947 kg), Hg (61 kg), and Cd (520 kg) via
wastewater discharge in 2020 while Zhejiang and Shandong led the dis-
charges of Cr (2961 kg with 849 kg as Cr VI) and As (653 kg), respectively
(Table 5). It is coincident to the findings of this study, i.e., Guangdong with
the highest mean C,, of Pb, Hg, and Cd loads in nearshore sediment among
the 11 coastal provinces in the period 1980-2020 but Hg not significantly
(p < 0.05, Table 1). However, Guangdong also had the greatest mean C,,
of As and Cr loads in nearshore sediment and were significantly higher
than Zhejiang and Shandong, respectively, in the period 1980-2020
(p < 0.05, Table 1).

As hypothesized, the spatiotemporal and element differences of
metal loads in nearshore sediment among the 11 provinces would be
associated with their various levels of industrialization and urbaniza-
tion (Figs. 2, 3, and 4, and Table 4). It is well-known that plating and
electroplating, and leather tannery are two industries which discharge
considerable metals in the wastes (Fu and Wang, 2011; Yuan et al.,
2016). As the Report of market forward and investment strategy plan-
ning on China plating industry (2022-2027) (https://bg.qianzhan.
com/report/detail/8fda9ellcacd4df2.html) summarized, Guangdong
has 20 plating industrial parks, followed by Jiangsu (8 parks), Zhejiang
(5 parks), Liaoning and Shandong (3 parks each), Fujian, Hebei and Tianjin
(1 park each); among the plating metals, Zn plating has 45-50% of market
share, Cu, Ni, and Cr about 30% share, anode treatment about 15% share,
and Pb/Tin and Au about 5% share in China mainland; but utilization rates
are about 65%, 75%, and 10.5% for Cu, Ni, and Cr plating, respectively.
Accordingly, electroplating and plating related metals would contribute
their loads in coastal sediment. Similarly, leather tannery is also highly dis-
tributed in the coastal provinces, including Hebei (123.7 million m?),
Zhejiang (63.6 million m?), Guangdong (33.2 million m?), Jiangsu
(19.6 million m?), Shandong (16.9 million m?), and Fujian (14.1 mil-
lion m?), all ranking in top 10 of light leather production in the first
half year of 2017 (https://www.askci.com/news/chanye/20180404/
171058121022.shtml). Obviously, the distribution of electroplating and
plating, and leather tannery in the coastal provinces might explain the par-
tial loads of these industry-related metals in nearshore sediment.

Energy combustion is another important source of metal emission (Le
Roux et al., 2016). Especially, Chinese coals are enriched with various
metals, including Pb (Fang et al., 2014), As (Kang et al., 2011), and Hg
and others (Ren et al., 1999). Coincidently, Shandong consumed the
greatest volume (431.3 million tons) of coal in 2019 and emitted 796 kg
Pb (No. 3) and 653 kg As (No. 1) among the 11 coastal provinces while
Hainan, Shanghai, and Tianjin used the lowest volumes of coal and also
emitted the lowest amounts of Pb and As accordingly (Table 5). The coinci-
dences might be confirmed by multiple sediment cores from Shanghai
parks, over 50% of Pb load in sediment derived from coal combustion (Li
et al., 2012a). However, in the period 1980-2020 the nearshore sediment
had the mean yearly loads (C,,) of Pb and As in Shandong not significantly
different to Hainan and Shanghai, and even had Pb loads significantly


http://data.stats.gov.cn
https://bg.qianzhan.com/report/detail/8fda9e11cacd4df2.html
https://bg.qianzhan.com/report/detail/8fda9e11cacd4df2.html
https://www.askci.com/news/chanye/20180404/171058121022.shtml
https://www.askci.com/news/chanye/20180404/171058121022.shtml
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Fig. 3. Provincial patterns of hazard quotient (HQ) of metal loads in nearshore sediment in relation to non-agricultural GDP per capita of non-agricultural population (NAGDP
per capita) simulated by the Environmental Kuznets Curve (EKC) model. Two sediment quality guidelines (SQGs) were employed as China SQGs (GB18668-2002, Class I with-
out Ni threshold) and US NOAA SQGs (ERL, effect range low). Risks of metal loads in sediment were classified into low risk (ZHQ < 2.6), medium risk (2.6 < ZHQ < 6.5), high
risk (6.5 < ZHQ < 13), and extreme risk (ZHQ > 13). The ZHQ by China SQGs - Class I included at least 4 metals out of As, Cd, Cr, Cu, Hg, Pb, and Zn, and the one by US NOAA
SQGs - ERL included at least 5 metals out of As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn. The number in parentheses after provinces in the legend was the number of the years in the
period 1980-2020 involved for the ZHQ calculations. Significant EKC fitting (p < 0.05) was labeled with “*” after the province in the legend.

lower than those in Tianjin (p < 0.05, Table 1). It is possibly due to
Shanghai (61.43 million tons in 2011) and Tianjin (52.98 million tons in
2012) dramatically reducing coal consumption in the past decade over
40% of the peak amount but Shandong (389.21 million tons in 2011)
increasing more than 10% amount (data.stats.gov.cn). On the other hand,
vehicular metal emission is also an important anthropogenic source (Le
Roux et al., 2016), for instance, vehicular Pb contributing approximately
10% of Pb load in sediment of Shanghai parks (Li et al., 2012a) and signif-
icantly increasing sedimentary Pb levels in the Hangzhou Xixi National
Wetland Park in three years (Ma et al., 2016). Some emerging industries,
such as e-waste recycling, resulted in considerable metal emissions in
Guangdong and Zhejiang (Song and Li, 2014).

The above argued interactions between metal loads in coastal sediment
and mainstream of economic development (indicated by NAGDP per
capita) in the coastal provinces by the EKC model fitting in this study sug-
gested that two possible patterns existed in the period 1980-2020,
i.e., metal emission decline (inversed U shape) or increase (U shape) with
the economic development (Fig. 3). Only 3 provinces shifted with the two
SQGs, maybe due to Ni contamination (US NOAA SGQs has Ni thresholds
and China SQGs does not). The two EKC patterns were observed by other
studies to fit economic indicator with CO, emission, air quality, or statisti-
cal pollutant emissions (Capps et al., 2016; Chen and Xu, 2017; Wang et al.,
2017). The inversed U shape (decline pattern) hints that these provinces
stepped on the low impact development of metal emissions while the U

£ 20 20
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Fig. 4. Provincial patterns of hazard quotient (ZHQ) of metal loads in nearshore sediment in relation to urban population percentile simulated by the Environmental Kuznets

Curve (EKC) model. Detailed information refers to Fig. 3.
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Table 5
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Selected socioeconomic indicators in 2019 and metal emissions via wastewater discharges in 2020 according to the National Bureau of Statistics, China (data.stats.gov.cn).

Province’”  Socioeconomic indicators in 2019 before the COVID-19 pandemic Metal emission via wastewater discharge in 2020

GDP* AGDP NAGDP Industrial GDP per AGDP per NAGDP per Coal Pb Hg Cd Cr As Cryp

(billion (billion (billion GDP capita capita capita consumption  (kg)  (kg) (kg) kg (kg (kg

CNY) CNY) CNY) (billion (CNY) (CNY) (CNY) (million ton)

CNY)

Liaoning 2486 218 2268 805 58,019 17,693 74,449 187.1 44 17 7 269 112 46
Tianjin 1406 19 1387 437 101,557 8544 118,751 37.7 23 5 3 125 20 32
Hebei 3498 35 3463 1131 47,036 1146 79,111 287.4 70 6 2 670 65 70
Shandong 7054 512 6542 2276 69,901 13,277 104,644 431.3 796 36 146 2664 653 255
Jiangsu 9866 430 9436 3723 116,650 18,427 153,755 249.0 312 29 10 2115 103 474
Shanghai 3799 11 3788 957 153,299 4034 171,093 42.4 58 3 15 197 47 48
Zhejiang 6246 209 6038 2252 98,770 11,516 132,315 136.8 409 7 90 2961 56 849
Fujian 4233 260 3973 1565 102,722 19,530 141,493 87.2 500 20 91 976 208 117
Guangdong 10,799 435 10,364 3914 86,956 12,736 114,225 168.3 4947 61 520 2330 444 602
Guangxi 2124 339 1785 525 42,778 14,467 67,629 80.2 848 30 252 253 350 45
Hainan 533 108 425 60 53,929 26,708 71,942 11.3 10 0 4 39 11 9

‘I Provinces were listed from north to south along the coast of China mainland.

§ GDP is abbreviated from gross domestic product; AGDP refers to agricultural GDP; NAGDP refers to non-agricultural GDP, a difference between GDP and AGDP.

shape (increase pattern) suggests more metal emissions during the develop-
ment, such as manufacturing holding or high energy consumption prov-
inces (Zhejiang and Jiangsu) or rapidly developing province (Guangxi
and Hainan) (Fig. 3; Destek and Sarkodie, 2019; Sarkodie and Strezov,
2019; Zhou et al., 2019). Overall, the EKC model fittings were only signifi-
cant in Shanghai for both SQGs (decline pattern), and Hebei (decline pat-
tern) and Guangxi (increase pattern) only for US NOAA SQGs (Fig. 3).
Integrating the results of canonical redundancy analysis and the EKC
model fitting, it suggests that a better explanation or coupling requires to
decouple socioeconomic sectors (i.e., NAGDP per capita) finely and to
identify metal-emission related sectors, like CO5 emission sectors done by
Congregado et al. (2016). However, urban population percentile (urbaniza-
tion indicator) might be inappropriate as a socioeconomic indictor for
exploring the interactions between environmental quality change and
urbanization among multiple regions under various urbanization levels
(Fig. 4). No significant EKC model fittings existed for the two SQGs
among the 11 provinces. It might be because urban population percentile
is not an indicator with consecutive or linearly relationships to metal emis-
sion from manufacturing, which is determined by production, and maybe
better for metal emissions from consumptions by regional population.

Although spatiotemporal variations of metal loads in nearshore
sediment among the 11 coastal provinces of China mainland in the period
1980-2020, metal pollutions were not serious as imagined. Most exceeders
of metal loads in nearshore sediment were found at the lowest or
best thresholds of China SQGs - Class I or US NOAA SQGs ERL (Table 4)
although Guangdong had the medium-to-high risk (Class I) or high-to-
extreme risk (ERL) (Fig. 3). In comparison to metal loads in coastal sedi-
ment, nearshore sediment of China mainland in 1980-2020 was relatively
higher than the southern coast in Korea (Hwang et al., 2019), the western
Gulf of Thailand (Liu et al., 2016), the Noakhali coast in Bangladesh
(Siddique et al., 2021), Pacific coast in Palau (Jeong et al., 2021), and
Gorgan Bay in Iran (Bastami et al.,, 2012) in Asia, and Jade Bay in
Germany (Beck et al., 2013) and Black Sea coast in Turkey (Alkan et al.,
2015) in Europe, and Jurujuba Sound coast in Brazil (Baptista Neto et al.,
2000) and Nador lagoon in Morocco (Maanan et al., 2015) had metal
loads in coastal sediment fully higher than the nearshore of China mainland
in the period 1980-2020 for all the selected metals. Other coasts in litera-
ture had metal loads in coastal sediment varying with metal elements in
comparison with nearshores of China mainland (Table 6).

5. Conclusions
Eight selected metal loads in nearshore sediment along the coast of

China mainland were summarized via extracting data from literature
in the period 1980-2020 with a sample number weighted content (C,,)

11

transformation. Significant spatial (geographic) variations in metal
loads (C,,) were presented among the 11 coastal provinces and better
spatial patterns were achieved with anthropogenic increment rate
(Ranthropo) calculated from yearly C,, records of each selected metal
against the regional coastal sediment backgrounds. Temporal changes
of the selected metals in nearshore sediment differed among the 11
provinces and could be partially explained by few key anthropogenic
sources of metal emissions, such as plating and electroplating, leather
tannery, and coal consumption. However, the quantitative delineations
by the classic EKC model fitting were not successful as hypothesized for
the interactions between metal loads in nearshore sediment and socio-
economic development although the canonical correlations were identi-
fied between the socioeconomic indicators and the metal loads
(Ranthropo) in nearshore sediment provincially. This study explored that
urban population percentile, a widely used indicator for urbanization,
could not explain the interactions between regional urbanization and
metal loads in coastal sediment. It might be because metal loads in
coastal sediment were derived from both manufacturing and population
consumption while urban population percentile mainly indicated an-
thropogenic consumption. Obviously, a large uncertainty existed for
explaining interactions between metal loads in coastal sediment and so-
cioeconomic development provincially. The uncertainty might be de-
rived from both sides. Socioeconomic indicators might have to break
down to metal emission sectors instead of general indicators although
NAGDP per capita used in this study is a subsector of GDP per capita.
On the other side, the collected data of metal loads in coastal sediment
only had few full yearly records for all the 8 selected metals as well as
considerable spatial heterogeneity in a province. A secondary uncer-
tainty might be derived from the analytical approaches upgrading and
diversity in the period 1980-2020, for instance, from AAS to ICP-A/
OES and ICP-MS, AFS, and XRF. To improve the delineations of the in-
teractions between metal loads in coastal sediment and socioeconomic
development in province, undisturbed sediment cores covering 100-
year history of environmental changes might be manipulatable instead
of the meta-data analyses in the future coupling with metal emission re-
lated socioeconomic indicators.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.156286.
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