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ARTICLE INFO ABSTRACT

Editor: Dr. C. LingXin As one of the most abundant metals in heavy oils, Ni has suffered so notably increasing impacts from industrial

and traffic activities that anthropogenic Ni emissions have altered natural geochemical processes. The coral Ni/

Keywords: Ca has become a reliable proxy for characterizing marine pollution, but this potential has been unexploited for
Nickel ) highlighting oil pollution. Here, we utilized a high-resolution record of geochemical parameters (Ni/Ca, 5'%0,
2‘;‘::11 China Sea and §'3C) in a Porites coral of an offshore island in the northern South China Sea to reconstruct of Ni distribution
Weizhou Island patterns in surface seawater from 1984 to 2015. The coral Ni/Ca ratios exhibit minor fluctuations, except for
Oil spills multiple mutation peaks (0.20 + 0.42 pmol/mol) during the period from 1984 to 1993. The ratio was low and

stable (0.10 + 0.09 pmol/mol) from 1994 to 2008, and then increased rapidly with significant variations (1.60 +
4.56 pmol/mol) from 2009 to 2015. The coral Ni/Ca ratios captured all significant Ni discharges, and this
demonstrates its potential for recording oil spill episodes. The historical variations in the contributions of Ni
indicate that industrial and traffic activities should be responsible for changes in the anthropogenic input. The

leaks and consumptions of petroleum likely account for the primary Ni emission sources.

1. Introduction

Nickel (Ni) is a transition metal, which acts as a bio-limiting
micronutrient for marine microorganisms at the surfaces of oceans,
and thus, it significantly influences enzyme activities in marine phyto-
plankton (Aciego et al., 2015; Mackey et al., 2002; Sunda, 1989). Its
residence time in the ocean of approximately 1340 + 690 a (Kadko et al.,
2019) between those of conservative and active elements. A significant
imbalance exists between its input to the ocean and the associated
output: the sedimentary inputs are considerably lower than the outputs
(Gaillardet et al., 2003; Li and Schoonmaker, 2003). In the open ocean,
the concentration of Ni generally varies between 2 and 4 nmol/kg in the
surface water and between 5 and 12 nmol/kg in the deep water, with a
global average of ~ 8.2 nmol/kg (Archer et al., 2020; Dupont et al.,
2009; Mackey et al., 2002; MBARI, 2012; Takano et al., 2017). Com-
prehending long-term variations in the concentration of Ni in seawater is
significant for tracking the evolution of the biosphere and understanding
environmental dynamics including climate change. However,

conventional approaches (e.g., sediment core) used for the assessment of
Ni in the ocean generally involve a low resolution (Amorosi, 2012).
Consequently, a continuous high-resolution Ni record for the ocean is
unavailable, and this hinders the understanding of its dynamics in the
ocean and the association to global climate change.

In addition to their utility for the extraction of resources, reef corals
in tropical seas enable quantification of ancient and modern environ-
mental changes in the ocean (Lough, 2010; Xu et al., 2021). In fact,
compared to conventional media, coral reefs with the properties of
high-resolution, high-precision, easy dating, a closed system, relatively
complete records, etc., can provide more detailed information on
changes in the ocean (Gagan et al., 2000; Yu et al., 2005). Owing to the
higher concentrations of metals in coral compared to primitive seawater,
coral metal/Ca ratios have been employed as tracers of different metals
in the marine environment. Based on Porites collected from Sabah
(Malaysia), the distribution coefficient ((Metal/Ca)coral/(Metal/Ca)gea-
water) Of Ni in coral is ~ 0.59 (Mokhtar et al., 2012). In fact, the Ni/Ca
ratio obtained using coralline red algae revealed the different stages of

* Correspondence to: School of Marine Sciences, Guangxi University, Nanning 530004, PR China.

E-mail addresses: jianwe@gxu.edu.cn (W. Jiang), kefuyu@scsio.ac.cn (K. Yu).

https://doi.org/10.1016/j.jhazmat.2021.127422

Received 22 July 2021; Received in revised form 24 September 2021; Accepted 1 October 2021

Available online 5 October 2021
0304-3894/© 2021 Elsevier B.V. All rights reserved.


mailto:jianwe@gxu.edu.cn
mailto:kefuyu@scsio.ac.cn
www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2021.127422
https://doi.org/10.1016/j.jhazmat.2021.127422
https://doi.org/10.1016/j.jhazmat.2021.127422
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2021.127422&domain=pdf

X. Wuetal

mining activities in New Caledonia (Nicolas et al., 2018). However,
studies on Ni in coral reefs have focused on its potential negative effects
on corals, rather than its utility as a proxy for pollution (Ali et al., 2011;
Gillmore et al., 2020; Gissi et al., 2019; Jayaraju et al., 2009).

Although Vanadium(V) and Ni are both commonly abundant in
heavy oils, but the existing studies on tracing petroleum pollution usu-
ally employ the V/Ca ratio of corals, while the Ni/Ca is neglected
(Bastidas and Garcia, 1999; Guzman and Carlos, 1992; Guzman and
Jarvis, 1996). Generally, V dominates in sulfur-rich petroleum, while Ni
is prevalent in low-sulfur and high-nitrogen petroleum (Dechaine and
Gray, 2010; Lopez and Lo Monaco, 2017). In China, crude oil is
commonly low-sulfur and contains higher Ni relative to V because of
their origin from terrestrial organisms (Zhao et al., 2015), and thus, the
coral Ni/Ca ratio is a potential proxy for tracing oil pollution in Chinese
waters. The combustion of fossil fuels, oil field development and leakage
from oil tankers represent major anthropogenic sources of dissolved Ni
in seawater (Alharbi et al., 2017). During oil field development, for
example, the risk of oil spills of varying magnitudes exists at different
stages, and the Ni involved can be released to the seawater column
through bacterial decomposition and oil dissolution, and then deposited
on marine sediments (Canti et al., 2000; Liu et al., 2015; Santo-
s-Echeandia et al., 2005, 2008). In addition, because Ni is among the
most abundant trace metals in ship fuel oils, it is increasingly exploited
as a tracer of ship emissions (Celo et al., 2015; Corbin et al., 2018). Zhao
et al. (2021) reported that ship emissions contributed approximately
40% of Ni released in most coastal regions in East Asia. Ni emitted to the
atmosphere commonly remains near the source vessel, and subsequently
dissolves in the surface seawater (Endres et al., 2018), which under
appropriate conditions is incorporated into coral skeletons.

The Weizhou Island (WZI) in the northern South China Sea (SCS) is
an ideal area for evaluating the utility of the Ni/Ca ratio of corals for
reconstructing pollution events. This is because the WZI is a touristic
island for which environmental and climatic data that can be used for
validation of the of coral records are available. In addition, many coral
reefs are developing in the WZI, and these record surface seawater Ni
concentrations, which can be unraveled using high-resolution coral Ni/
Ca data. Further, the WZI involves the only offshore oilfield operations
in the coast of Guangxi, with an annual output of approximately 2 x 10°
tons of crude oils (Wang et al., 2020). The development of the tourism
industry and the prosperity of offshore oilfields have significantly
elevated oil spills and oil pollution in the area since 2008. In addition,
because the WZI is in the center of the northern Beibu Gulf, which offers
access to the sea in the Southwest China, ships likely contribute to the
pollution.

Therefore, in the present study, we utilized geochemical proxies (Ni/
Ca, 5'%0, 8'3C, etc.) based on a monthly resolution from measurements
involving coral skeletons dating back to 1984 in the WZI to evaluate
chronological variations of Ni in the surface seawater in the northern
SCS. The overall aim of the present study was to reconstruct marine
environmental changes in the WZI using the coral Ni/Ca ratio. This
investigation enabled an exploration of factors controlling its fluctua-
tions and to evaluate its potential for recording pollution events. The
findings of the present study are valuable for assessing the efficiency of
environmental law enforcement in local sea areas, marine management
of the marine environment, seawater protection, and oil pollution
reconstruction.

2. Materials and methods
2.1. Study site

The WZI is a volcanic area in the northern SCS (109° 05'-109° 13'E,
21° 02'-21° 09’N), which falls in the south subtropical monsoon climate
zone. Annual temperatures in the area range between 15.3 °C and
28.9 °C, with January as the coldest month and July as the hottest, while
the average annual precipitation is ~ 1380.2 mm. The WZI is
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unassociated with a perennial river and the marine chemistry is mini-
mally impacted by surrounding continental rivers because of the long
distance apart. Weather-related phenomena that significantly impact
the WZI include typhoons, rainstorms, cold, and fog. Since exploration
started near the WZI in the late 1970s, several oilfields have been
discovered and developed. Therefore, crude oil transport and treatment
terminals, natural gas plants, and supporting facilities are present in the
WZI region (Zhong and Pan, 1997).

Thus, as anthropogenic activities including the development of
tourism in the WZI accelerated in recent years, the marine ecological
environment was severely impacted, especially because of oil pollution,
which has been detected in many places (He et al., 2009). Tourists to the
island increased from 9 x 10% in 2005 to 20 x 10 in 2008, while pas-
senger ships correspondingly increased from 1-2 to 4 voyages per day.
In 2019, the gross marine revenue of Guangxi increased by 13.4%
relative to previous year to 166.4 billion yuan, and this included growth
rates of 34.3% and 11.5% for the coastal tourism industry and the ma-
rine transportation industry, respectively. The Beihai Port in the south
border of Guangxi in the northern SCS connects Guangxi to other areas
(Fig. S1).

2.2. Coral sampling

In October 2015, a Porites coral was collected from the W3 site
(21°4'7"N, 109°5'24"E) in the WZI, northern SCS, at a sampling depth of
4 m (Fig. 1), and was labeled as W3 coral. Near the W3 site, shipping
lanes have been operational since 2008. In the laboratory, the colony
was cut into slabs measuring ~ 8 cm wide and ~ 1 cm thick along the
major growth axis using a cutting machine, followed by drying. Taking
the X-ray photos (see Xu et al., 2018), the powder samples were cut
intensively along the growth axis of the skeleton slices (with an interval
of about 0.5-0.8 mm), and each sample was 15-20 mg.

2.3. Analyses of samples and quality control

In total, 415 powder samples were produced from the coral collected
from the W3 site. Approximately 3 mg of coral powder of each sample
was placed in a centrifuging tube and ~ 18 g of 2% HNO3 was added to
yield an acid—sample ratio of 6000:1. These samples were used for the
determination of major and trace elements. In addition, 3 mg of the
coral powder samples were used for measuring the oxygen/carbon
isotope ratios of the corals. The §'0 and 5'3C values of the same coral
samples have been reported by Xu et al. (2018), and were applied in this
study.

The concentrations of Ni and Ca for the samples were determined by
inductively coupled plasma mass spectrometry (ICP-MS). In the batch
testing process, duplicate samples were utilized for quality control and
the testing stability was monitored. Tests were conducted in triplicate
and the RSD values were less than 5%. The measurements were per-
formed in the Guangxi laboratory on the Study of Coral Reefs in the
South China Sea, Guangxi University. Details on the elemental and
isotope measurements were reported in our previous study (Jiang et al.,
2020).

2.4. Age model

The annual linear growth (mm/a) of the W3 coral was calculated by
measuring the distance between consecutive density couplets along the
major axis visible on the X-radiograph. High-resolution 5'80 data were
utilized to validate the growth chronology of the W3 coral by attrib-
uting, in which each 51%0 cycle to 1 year (Xu et al., 2018). Based on the
age model and the temperature data from the instrument, and assuming
that the consistent growth rates for the corals is consistent, the 5'80 data
were resampled to a monthly resolution through linear interpolation of
the summer and winter marker points. The maximum 580 value cor-
responded to the lowest point of the temperature cycle and vice versa.



X. Wu et al. Journal of Hazardous Materials 424 (2022) 127422

B
ship route
(]
Z
>
=)
&
o
N
Z <4
:c ; \ ) \
g e G ~)
[o\] N
Depth (m)
9848

-4 4500
z : \ 3000
s 2500
g 2000
-] 0
- South China Sea 250 s

: 250
50 100 1 0 50
iles 0
106°0'0"E 108°0'0"E 110°0'0"E

Fig. 1. A) Maps showing the location of the study area (black spot). The colored lines indicate (the colors represent different levels of typhoons near the WZI
including the following: red: super typhoon; orange: typhoon; green: severe tropical storm; blue: tropical storm; yellow: tropical depression) represent the typhoon
paths identified to affect the WZI during the studied period between 1984 and 2015; B) Illustration of the sampling area showing the location of the W3 coral site
(green point) and the wharf (ship’s anchor), while the line in purple represents the ship route. Symbols representing the infrastructure near the WZI include the
following: blue chimney: oil terminal processing plant; blue oil and gas tank: natural gas base; C) General view of the WZI. Details on the tropical cyclones are
provided in Table S1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

However, because of the complex internal structure of corals, the actual 2.5. Data processing
growth rates may be inconsistent, and this probably explains the minor
deviations in the monthly resolution time series. The original data in the study were obtained from instrumental de-

terminations, while the monthly resolution data were generated by
interpolation of the coral chronology established by assigning the
maximum (most positive) and minimum (most negative) 5'80 values in

R — Pl-momeemeem fmeeme e P2 - P3----- | Fig. 2. Plot showing relationships between the
T Ni/Ca ratios, 5'0 (V-PDB, %), and §'3C (V-

;% -4 9 it ) ?’\ Cﬂz % o e | PDB, %o) values from the coral skeletons during
g o i %‘) ;io) T% ﬁ’ ‘?%%’jf I%)Cc:’? ég\’ O\ % CE‘Z ?j; A gi E Oﬁi ?%5% é{\» j)‘) the period between 1984 and 2015 in the WZI
&5 bt ob 7 \Ici 03988 5% o e A%%C\’% 10 C‘\,%i’&é !{ | %5%“@; 8 W &i 9;; area. This data were interpolated to produce a
gf i 78 g’ ° %i % 3 $ TH Ty 00 < monthly resolution, thereby yielding 12 points
Z -6 per year. Three periods (P1, P2, and P3)

emerged and these are highlighted by distinct
colors (purple, white, and orange, respectively).
The blue color represents an enlargement
showing the coral Ni/Ca ratios during the P2
stage. The coral Ni/Ca ratio data are presented
as the mean + standard deviation (SD) during
each period, and while the coral 5'0 data are

N also presented as the mean + SD for two stages
______ to divided by the broken line in purple. (For
interpretation of the references to color in this
figure legend, the reader is referred to the web
version of this article.)

(0% ‘ddd-A) O¢,Q

000 2002 2004 2006 2008!

Ni/Ca (umol/mol)

Year



X. Wuetal

each annual cycle to the coldest and warmest months of the year,
respectively. The annual average coral Ni/Ca data were then obtained
from the averages of the interpolated monthly data. Statistical analysis
was performed using the SPSS 22.0, while ArcGIS 10.0 was utilized to
draw the sampling points map, and Origin 2019 was used to produce
charts.

3. Results

Based on the chronologies of the W3 coral (Xu et al., 2018), monthly
resolution data representing the period between 1984 and 2015 were
obtained. The monthly Ni/Ca ratios from W3 coral vary greatly between
0.0027 and 32.12 pmol/mol, with an overall average of
0.46 + 2.22 pmol/mol. As shown in Fig. 2, the coral Ni/Ca data from
1984 to 2015 can be partitioned into three stages. The first stage (P1)
involves data from 1984 to 1993, which produced an average of
0.20 + 0.42 pmol/mol, and peaks for most years are significantly
smaller than those for 1986 and 1991, which are significantly higher
than 0.62 pmol/mol. The second stage (P2) represents the period from
1994 to 2008, which is characterized by low and stable Ni/Ca ratios,
with an average of 0.10 + 0.09 pmol/mol. In the third stage (P3)
involving the interval from 2009 to 2015, the Ni/Ca ratios are higher
than those for P1 and P2. These exhibit significant fluctuations involving
multiple peaks, and ratios range between 0.093 and 32.12 pmol/mol,
with an average of 1.60 + 4.56 pmol/mol.

The coral Ni/Ca peaks are near points of the negative shift in the
coral 8'3C data, which were previously attributed to oil spills (Xu et al.,
2018). In contrast, the coral §!%0 data essentially stable for the entire
study duration (Fig. 2). Considering the background value of Ni in the
ocean, the location, and human activities in the study area, we infer that
the abnormal Ni peaks in the P1 and P3 stages are associated with
anthropogenic activities, while Ni concentrations in the P2 stage are
mostly natural.

4. Discussion
4.1. Natural concentration of Ni in surface seawater

The background value of Ni in seawater from around the world
varies between 2 and 12 nmol/kg (MBARI, 2012). According to the
distribution coefficient of Ni in corals (Saha et al., 2016), we calculated
the corresponding seawater Ni during the three periods and compared
these to the worldwide average (~ 8.2 nmol/kg). The average concen-
tration of Ni in the P2 period is 2.496 nmol/kg, which excluding a few
extreme values, reflects the only stage with values that are extreme
peaks are within the range for surface seawater worldwide (Fig. 3).
Thus, we used this period to highlight natural characteristics of Ni in
surface seawater.
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River input is a significant source of the dissolved Ni in the ocean,
and this load represents a substantial portion of the total loads (Revels
etal., 2021). In addition, runoff associated with heavy rainfall transports
significant terrigenous materials into coastal waters. Owing to the strong
adsorption capacity of sediments for heavy metals, transported Ni is
quickly adsorbed to form stable complexes with sediments (Liang et al.,
2005). In the northern SCS, heavy rainfall is restricted to the wet season
(April-September), and as shown in Fig. S2, the coral Ni/Ca ratios
exhibit obvious seasonal variations. To confirm the relationship between
the Ni concentrations and rainfall, we compared data for the wet and dry
seasons. In the P2 stage, the coral Ni/Ca values for most years, especially
before 2004, are higher in the wet than in the dry season (Fig. 4). To test
the strength and stationarity of the relationship between local precipi-
tation and the monthly Ni/Ca ratios from 1994 to 2008 and to eliminate
effects of deviations in the interpolation time series, the sliding-window
correlation analysis was performed using a 12-month moving window.
Fig. S3 shows that precipitation and the coral Ni/Ca ratios are signifi-
cantly correlated because most sliding correlation coefficients are > 0.3
(p < 0.01). However, according to previous studies on the wet deposi-
tion flux studies, rainwater minimally contributes to the total Ni depo-
sition (Chance et al., 2015; Wang et al., 2017). Further, the site of the
coral studied is quite far from the mainland and owing to the absence of
perennial rivers in the WZI, the contribution of Ni from riverine sources
to the surface seawater is likely negligible.

Therefore, high Ni in the summer during the P2 period is associated
with another source linked to high precipitation. The WZI falls in the
monsoon climate zone, which is mainly characterized by the monsoon
and tropical cyclones during intense precipitation in the summer (Zhang
et al., 2017). In addition to rainfall, these weather-related phenomena
are often accompanied by strong winds (Zhang et al., 2017), and thus,
the impact of such winds requires consideration. Ni is a biologically
active element that exhibits characteristics of nutrients in modern
oceans (Sutherland and Costa, 2002; Aciego et al., 2015). Continental
shelf sediments represent an important source of dissolved trace metals
in the ocean, and river-transported sediments are abundant in the SCS
shelf area (Laluraj and Nair, 2006; Liu et al., 2016). Strong winds can
weaken the seawater stratification and alter redox conditions in water
overlying the marine sediments. Under such circumstances, Ni in the
relatively enriched bottom water migrates to the surface, and coupling
of this the reactivation and mixing enhances dissolved Ni in the surface
water (Guan et al., 2021). The wind speeds, coral Ni/Ca ratios, and
rainfall in Fig. 5, reveals an average coral Ni/Ca ratio of 0.11 pmol/mol
in the summer, which is significantly higher than the winter average of
0.07 pmol/mol. Therefore, the remobilization of Ni in marine sediments
and the subsequent transport to the surface seawater because of vertical
mixing triggered by winds may contribute to elevating the surface
seawater Ni concentrations.

The annual average coral Ni/Ca ratios and the East Asian summer
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Fig. 4. Time series highlighting annual changes
in geochemical indicators for the W3 coral in
the WZI (1994-2008) and precipitation in the
dry and wet seasons. The black border light
blue and dark blue histograms represent the
annual averages of Ni/Ca in the dry and wet
seasons, respectively, while the orange border
light blue and dark blue histograms display the
annual average rainfall in the dry season and
wet seasons, respectively. The orange back-
ground indicates a period characterized by
inconsistent trends. (For interpretation of the
references to color in this figure legend, the
reader is referred to the web version of this
article.)
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monsoon index (Li and Zeng, 2005) exhibit no correlation (Fig. S4).
Therefore, monsoon-derived Ni cannot explain temporal changes in the
surface seawater Ni concentrations. However, the strong correlation
between the coral Ni/Ca ratios and the maximum wind speeds in the
WZI shown in Figs. 5 and S5 highlights possible effects of tropical cy-
clones and winter monsoons on the WZIL This suggest that the weak-
ening of the seawater stratification and alteration of redox conditions in
the bottom water attributed to strong winds along with tropical cyclones
are responsible for the seasonal variations in the surface seawater Ni
concentrations. Nevertheless, the coral Ni/Ca data in Fig. 5 involve
abrupt variations in the winter which cannot be explained by the trop-
ical cyclones. Therefore, the strong winter monsoon is the dominant
driver that diminished seawater Ni stratification in the Beibu Gulf (Tang
et al., 2003), and thus, increased the surface seawater Ni concentrations,
similar to the concentrations of REEs and V reported by Li et al. (2019)
and Steven and Sarah (1991), respectively.

4.2. Reliability of coral Ni/Ca as a proxy of oil pollution

The increase in Ni concentrations in oceans is closely related to

1 1 L 1 L ]
2006 2007 2008 2009

anthropogenic sources, such as the shipping industry and oil field
exploitation (Li and Schoonmaker, 2003; Liu et al., 2015). The disso-
lution of oil, for example, can release abundant Ni to the water column
(Santos-Echeandia et al., 2005). Li et al. (2015) and Xu et al. (2019)
reported pollution of sediments in many areas of the Beibu Gulf, and the
pollution was primarily attributed to petroleum. Pollution by petroleum
can be associated with the drilling of oil, sewage discharge, and oil
transportation (Liu et al., 2015). Therefore, because of the continuous
development of offshore oil and gas platforms as well as the marine
transportation industry in the WZI, oil pollution has been increasing
(Chen, 2014; Chen et al., 2018). Based on the history of the development
of oilfields and the incidence of oil spills in the WZI (Zhong and Pan,
1997), we observed that the coral Ni/Ca ratio fluctuations are closely
linked to oil pollution (Figs. 6 and 7).

Evidently, the high coral Ni/Ca ratios in 1986 and 1991 coincide
with the production periods of the WZ10-3 and WZ11-4 oilfields in the
P1 stage. During the oilfield development stage, the Ni/Ca ratio fluc-
tuates significantly, and then relatively stabilizes after production
began. In the initial stage of the development of an oilfield, pollutants
can be dispersed in the surrounding environment, and the subsequent
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Fig. 6. Time series of the Ni/Ca ratios from W3 coral skeletons (1984-1993). The Ni/Ca ratios in the blue background and red circle corresponded to the devel-
opment and production periods of the WZ10-3 and WZ11-4 oilfields. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

Fig. 7. Plot showing relationships between the W3 coral
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—O— Import and export of Guangxi

Import and export
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Ni/Ca ratios, the import and export in Guangxi, and the
cargo throughput in the Beihai Port between 1985 and
2015. The bolded lines represent 3-year (36 months)
running averages, while arrows indicates an abrupt in-
crease or decline. The area in yellow represents the P3
period, and the four orange circles show that the coral Ni/
Ca ratios higher than the average are coincide with four oil
spill incidents, while the circled question mark circle in-
dicates possible artificial disturbances. (For interpretation
of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Data sources: Guangxi Statistical Yearbook (Guangxi
Zhuang Autonomous Region Statistics Bureau, 2016).

[5o3
(=}

oo -
(=2
(uore3aA)
ndygnoxy) o31e)

Or
(=}

“nowm

D
(Jowy/jown)e)/IN

——
2001
Year

—
1997

entry of such pollutants into seawater (Chen, 2014; Jurado et al., 2005;
Lucey et al., 2001) can explain the abrupt variations in the coral Ni/Ca
ratios observed in the study area. Meanwhile, because oil production
involves controllable discharges, the associated pollution is reduced
(Shamkhani, 2013). These results demonstrate that the coral Ni/Ca ra-
tios of the colony from the W3 site adequately reflect the oilfield
development history in the WZIL.

Beyond 2008, the coral Ni/Ca ratio plot involves multiple abrupt
peaks (Fig. 2), which coincided with reported oil spills in 2009, 2011,
2012, and 2014 in the WZI area (Fig. 7). The highest values
(27.5-32.1 pmol/mol) appear in 2009, when oil measuring ~ 500 m in
length and ~ 10 m in width of drifted through wave activity from an
oilfield and appeared offshore in the west of the WZI. Several peaks are
present in the coral Ni/Ca ratio (2.4-2.9 pmol/mol) plot for 2011, when
~ 3 km? floating oil emerged in the west coast of the WZI. Minor peaks
(~ 1.55 pmol/mol) are also observed in 2012 when approximately 10
tons of diesel oil leaked from a damaged ship. Prominent peaks
(3.4-5.4 pmol/mol) abruptly appear in 2014 because of several tons of
bunker oils that leaked after a cargo ship accident in the west wharf of
the WZI. The plot of 513C values of W3 coral reported by Xu et al. (2018)
exhibited many abrupt negative shifts after ~ 2008, and these were also
attributed to oil spills. Considering the deviation of the age model

(Gagan et al., 2012), the coral Ni/Ca ratios adequately recorded four oil
spills in the WZI area, and these results confirm that it is a reliable proxy
for oil pollution in the marine environment. Therefore, the abrupt
elevated coral Ni/Ca ratios in 2004 may be associated with an unknown
oil spill (Fig. 7), and this probably explains the elevated ratios during the
dry season in 2004 (Fig. 4).

4.3. Industrial transformation in the SCS area based on seawater Ni

Deforestation, agriculture, mining and metallurgical industry activ-
ities as well as coal and oil usage alter the biogeochemical cycles of
many trace elements (Sen and Peucker-Ehrenbrink, 2012). After depo-
sition on marine sediments as non-volatile components of crude oils,
metals such as Ni may be adsorbed, thereby elevating its concentration
in the continental shelf (Steffy et al., 2013). In the present study, Ni
concentrations data of W3 coral in the WZI were used to reconstruct
variations of Ni concentration in the surface seawater. These data are
further examined to assess their relationship to industrial trans-
formation in the area. Around 1992, a significant decline is observed in
the plot of the coral Ni/Ca ratios (Fig. 7), and this is probably associated
with environmental protection measures in the Environmental Protec-
tion Law introduced in the People’s Republic of China at the end of
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1989.

The SCS receives abundant sediments from nearby rivers (Liu et al.,
2016), and thus, dissolved trace metals can be easily transported to the
WZI on the continental shelf (Li et al., 2019; Rea and Ruff, 1996). Ac-
cording to Ho et al. (2011) and Takano et al. (2020), winds and rivers
exert varying influences on the stratification of Ni in the northern SCS.
Possibly, the anthropogenic Ni input from fluvial sediments in the Beibu
Gulf before 1992 concealed the impacts of winds (Zhao et al., 1995).
However, after 1992, winds were supposed to dominantly control the
surface seawater Ni concentrations because of the decline in anthropo-
genic Ni inputs related to the environmental protection measures.
Despite the minor contribution of dissolved Ni from rivers to the surface
seawater in the WZI area, the impact of Ni transported to the continental
shelf from marine sediments cannot be neglected. Notably, this trans-
portation of Ni from estuaries to the continental shelf is a slow process
(Wang et al., 2018). This supports the decline in anthropogenic Ni
contribution in the early 1990s after the introduction of Environmental
Protection Law in China.

The relatively low Ni concentrations lasted ~ 14 years, and then
increased suddenly in 2009. Ships became the principal sources of pol-
lutants in the WZI, as the development of tourism and offshore oilfields
proceeded (Gao et al., 2017). Tao et al. (2017) and Zhao et al. (2021)
reported that ship transportation was an important source of Ni
contribution in coastal regions, including the northern SCS. Ni emissions
to the atmosphere can affect the surface seawater near the source vessels
through deposition and dissolution (Endres et al., 2018), and these can
be recorded in coral skeletons. As shown in Fig. 7, the import and export
volume in Guangxi have significantly increased since 2009. In fact, the
import and export volume in Guangxi and the throughput of Beihai Port
both suddenly changed around 2008, and continued to grow signifi-
cantly growth (Fig. 7). Considering that the W3 site is near the busiest
sea route in the study area, we infer that local pollution sources asso-
ciated with the development of the shipping industry dominantly ac-
count for the increase in Ni contributions during the P3 stage, and this
was independent of the elevated Ni contributions in the P1 stage.
Clearly, the coral interred Ni contributions in the WZI area mainly
depended on the revolution and development of the industry in the
Beibu Gulf. Coincidentally, because of changes in fuel usage and in-
dustrial practices, a similar trend emerged in Ni contributions in some
areas in the past decades. That is, reduction because of environmental
protection policies and increase caused by transportation and industrial
development (Allan et al., 2013; Marx et al., 2010; Pontevedra-Pombal
et al., 2013).

In summary, anthropogenic contributions of Ni in the northern SCS
reveal the following stages of industrial change: 1) a high-contribution
stage dominated by traditional industrial and agricultural activities; 2)
a sustained low- contribution stage that was promoted by environmental
protection measures; 3) a booming stage involving the development of
the transportation industry, especially the shipping industry, which
involved several unusual peaks related to oil spills.

5. Conclusion

In the present study, Ni/Ca ratios were determined using coral
skeletons collected from the WZI in the central part of the Beibu Gulf,
and monthly Ni concentrations in the surface seawater from 1984 to
2015 were estimated. The temporal evolution of the Ni concentrations
revealed industrial transformation in the Beibu Gulf. During the 32 years
involved in the present study, significant increases in the concentrations
of Ni in surface seawater in the study area were directly related to
human activities. The P1 stage was characterized by relatively high coral
Ni/Ca ratios, which indicated contributions from industrial and agri-
cultural activities in the surrounding areas, such as, exploration, pro-
duction, and transportation in oilfields near the WZI. In the P2 stage, the
coral Ni/Ca ratios significantly declined because of the implementation
of the Environmental Protection Law introduced at the end of 1989 CE.
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Conversely, in the P3 stage, the coral Ni/Ca ratios were the highest
because offshore the operations linked to the development and opera-
tion of the Beibu Gulf Economic Zone from 2009, which were associated
with several oil spills. Besides human activities, Ni concentrations also
highlighted the impact of surface winds linked to tropical cyclones in the
summer and monsoons in the winter in the study area. Considering the
rapid development of offshore oilfields and marine transportation, the
coral Ni/Ca ratio exhibited potential for reconstructing the oil pollution
history. The findings of the present study are valuable for testing the
efficiency of environmental law enforcement in local sea areas and this
can be applied in other areas affected by oil pollution where corals are
present around the world.
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