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a b s t r a c t

The 2011 spill at platforms B and C of the Penglai 19-3 oil field in the Bohai Sea has been the worst oil
spill accident in China. To assess long-term effects, a comprehensive monitoring program of chemical and
biological variables (within a 2.2 km radius of the spill site) was conducted five years after the spill.
Comparison of nutrient, Chl-a and oil concentrations in seawater, TOC, PAHs, heavy metals concentra-
tions within the sediments, and the abundance and biomass of macrobenthic organisms to values ob-
tained before and after the oil spill in previous studies indicate habitat recovery has occurred within the
Bohai Sea following the episodic oil release. Observed elevated oil concentration in the water column and
higher concentrations of two heavy metals, five PAHs, TOC, TOC/TN and lower values of d13C, together
with a reduction in macrobenthic biomass in near-field samples, suggest the influence of contaminants
from chronic releases of oil and operational waste discharges within the vicinity of the oil platforms.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The Bohai Sea is a shallow water body in the northwestern Pa-
cific Ocean, semi-enclosed by Liaodong and Shandong Peninsulas,
and connects to the Yellow Sea (Huanghai) through the Bohai Strait.
Its area is 77,000 km2 with an average depth of 18.7 m. Oil explo-
ration in the Bohai Sea started in 1965, and it is now recognized as
China’s second largest oil field (Guo et al., 2013) with the estab-
lishment of over 50 offshore platforms that discharged approxi-
mately 9.9 million tons of petroleum-contaminated waters in 2006
(Yuan et al., 2017).

Between June 4 and July 12, 2011, a series of spills occurred at
the Penglai 19-3 and Suizhong 36-1 oil fields in the Bohai Sea. Two
spill incidents occurred at platforms B and C of the Penglai 19-3 oil
e by Charles Wong.
field (38.37�N, 120.08�E) on June 4 and 17. The first occurred in a
subsurface reservoir during water injection operations, causing the
release of oil from a natural geological fault. This was followed by
another accidental release due to the loss of well control on June 17
when operators hit an unanticipated high-pressure zone while
drilling a water injection well. ConocoPhillips China (COPC) re-
ported the release of 723 barrels of oil and 2620 barrels of mineral
oil-based drilling muds into the sea over a number of days (Liu
et al., 2015a). Environmental impacts were reported. Despite spill
response operations, on July 11, the State Oceanic Administration
reported a reduction of the “water quality ranking” of 840 km2 of
surrounding waters fromGrade 1 to Grade 4, and the downgrade of
an additional 3400 km2 of waters from Grade 3 to 4. Taking into
account the influx of polluted coastal waters reported by China
Environment News in October 2012, the downgraded ranking
applied to a total area of 5500 km2; about 7% of thewhole Bohai Sea
area (Li, 2013).

Oil contamination may persist in the marine environment for
years after a spill. While the media typically refer to major oil spills

mailto:dyliu@sklec.ecnu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2020.114343&domain=pdf
www.sciencedirect.com/science/journal/02697491
http://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2020.114343
https://doi.org/10.1016/j.envpol.2020.114343


Y. Wang et al. / Environmental Pollution 263 (2020) 1143432
as catastrophic ecological disasters, environmental recovery can be
relatively swift and complete within 2e10 years (Kingston, 2002).
Residence time for a system and its recovery rates can vary dras-
tically, depending on the type of oil spilled, environmental condi-
tions that influence its weathering rate, the habitat and species that
are affected, and the level of clean-up effort. For example, as a result
of genomic analysis, there is now general consensus among the
scientific community that indigenous microbes significantly
contributed to the removal of the oil released from the Gulf of
Mexico oil spill in 2010 (Maloy, 2011), in addition to the one to five
million barrels per year entering the region via natural seepage
(National Research Council, 2003). Observations made following
the Torrey Canyon oil spill, the Ekofisk Bravo blowout, and the Sea
Empress oil spill also showed that the effectiveness of natural re-
covery and the resilience of ecosystems limited the extent and
duration of detrimental impacts (Fingas, 2011). An analogous sit-
uation may exist within the Bohai Sea as the Penglai 19-3 oil field
was found in shallow reservoirs (700e1700 m depth) within the
most active fault zone in east China (Hao et al., 2009).

Recent publications have described the diversity and distribu-
tion of indigenous microorganisms within the Bohai Sea and their
effective capacity to degrade petroleum hydrocarbons (Wang et al.,
2013a; Li et al., 2016; Wang et al., 2016; Wang et al., 2018a). A
number of environmental effects monitoring studies have also been
conducted to assess the impact of the accidental release of oil at the
Penglai 19-3 field, the first large-scale oil spill event in the China
Seas. These programs assessed samples of seawater (Guo et al.,
2013), sediment (Li et al., 2015) and biota (Lei et al., 2015; Zhou
et al., 2016), in addition to the fisheries and mariculture industry
(Pan et al., 2015). The spill raised concentrations of oil in the
seawater up to 40.5 times above background levels, brought
abnormally high Chlorophyll-a (Chl-a) concentrations, altered the
distribution of red tides, impacted the benthic foraminifera and
macrobenthic community structure, and caused ecological damage
to fisheries and mariculture (Guo et al., 2013; Lei et al., 2015; Pan
et al., 2015; Cheng et al., 2016; Zhou et al., 2016). These initial
post-spill studies mainly focused on impacts to individual compo-
nents rather than taking a comprehensive ecosystem evaluation
approach that includes the analysis of physical, chemical and bio-
logical factors within the seawater and sediment environment.

To evaluate recovery five years after this major oil spill event and
the impacts of ongoing oil exploration and production within the
Bohai Sea, in 2016, integrated analyses of parameters in seawater,
sediment and biota were conducted at sites to a 2.2 km radius
around the Penglai 19-3 oil drilling platforms B and C, and com-
parison between these results and previous studies weremade. The
study will not only help us understand the environmental recovery
from the oil spill event within the Bohai Sea, but could provide
insights into the study of environmental impacts of crude oil re-
leases in other parts of the world.

2. Materials and methods

2.1. Sample collection

17 locations in a radial pattern out to a distance of 2.2 km from
the Penglai 19-3 platforms B and C were selected for collecting
water and sediment samples (Fig. 1a). From May 17 to 20, 2016,
temperature, salinity and pH values were measured (YSI 6600V2,
USA) in situ at three depths, surface (0e0.3 m), middle
(14.0e14.3 m) and bottom (27.5e28.0 m). Seawater samples at the
three depths were collected using a 5 L Go-Flo bottle. A 500 mL
subsample of seawater was preserved with 5 mL of 25% (v/v) sul-
phuric acid in a glass bottle for quantitative oil analysis. Seawater
samples (500 mL) for nutrient analysis were filtered through
cellulose acetate membranes (Whatman, 0.45 mm) in situ and
immediately frozen (�20 �C). For Chl-a extraction and quantifica-
tion, three replicate 200 mL seawater samples were collected on
Whatman GF/F filters under low vacuum, and then the filter was
stored at �20 �C until analysis. Sediments were recovered with an
Ekman-Birge bottom sampler (Hydro-Bios Apparatebau GmbH,
Germany). The top 10 cm of undisturbed sediment within the
bottom sampler was collected for heavy metal analysis with a corer
fabricated from a 1.5 cm diameter plastic syringe. Corresponding
subsamples for total organic carbon (TOC), total nitrogen (TN), d13C,
and polycyclic aromatic hydrocarbons (PAHs) analyses were
collected with stainless steel corers (10 cm diameter) from the top
10 cm of undisturbed sediment. Two replicate sediment samples
collected with a van Veen grab (0.25 � 0.25 m2 bite area) were
sieved through a 0.5 mm mesh to isolate macrobenthic organisms
which were preserved in 80% ethanol for laboratory identification.

2.2. Sample analysis

(see supplementary methods).

3. Results and discussion

3.1. Background information

Water depth in the study area (extending out 2.2 km from the
release point of the 2011 oil spill) was 27.9e28.6 mwith an average
of 28.2 m (Fig. 1b). During the sampling period, the wave height of
the study area was 0e1 m, sea surface current was 0e0.2 m/s, and
current at 5 m and 10 m was 0e0.3 m/s. Sea temperature was
11.6e13.6 �C in the surface layer (0e0.3 m), 10.1e11.2 �C in the
middle layer (14.0e14.3 m), and 10.0e10.2 �C in the bottom layer
(27.5e28 m). There was limited variance in the values for salinity
and pH within the study area during the sampling period. Salinity
was 33.7e33.9 psm in the surface and 33.9 psm in the middle and
bottom layers. Seawater pH was 7.98e8.07 in the surface layer,
8.05e8.08 in the middle layer and 8.02e8.07 in the bottom layer.
The vertical distribution of temperature and salinity indicatedweak
vertical mixing between surface and bottom layers.

3.2. Effects within the water column

3.2.1. Nutrients, Chl-a and oil concentrations in seawater
The concentrations and distribution for dissolved inorganic ni-

trogen (DIN: NO3
� þNO2

� þNH4
þ), dissolved organic nitrogen (DON),

dissolved inorganic phosphorus (DIP), and dissolved silicate (DSi)
are illustrated in Table 1 and Fig. 2a-l. Within the current study site,
DIN concentrations increased with depth, and DIP concentrations
also increased slightly from surface to bottom. DSi concentrations
were relatively higher in the middle layer and lower at the surface
and bottom (Table 1). Higher DIN and DIP observed in bottom
waters are likely the result of nutrient recycling within the benthic
zone (Liu et al., 2004; Liu et al., 2014a). Elevated concentrations of
nutrients were observed at Stations 0, 1, 2 and 3 in the surface layer
in close proximity to platforms B and C, and in the middle and
bottom layers at stations in the north and south of the study area
(Fig. 2a, d, g, j).

Chl-a concentrations exhibited a distinct increase with water
depth. Relatively higher Chl-a concentrations were generally
observed NeNW of the oil spill release site at all depths
(Fig. 2oem). Nutrients, light intensity, and temperature are known
environmental factors that influence the growth of phytoplankton.
The vertical distribution of Chl-a indicate that light intensity and
temperature were not dominant factors. Lower Chl-a concentra-
tions observed within in the surface seawater might be associated



Fig. 1. Sampling stations and water depth; red star indicates the location of the Penglai 19-3 oil platform. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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with limited nutrient levels in comparison to the higher Chl-a
concentrations observed in the bottom layer that may have
benefited from the release of nutrients from the sediment (Liu et al.,
2014a; Lee et al., 2015).

The concentration of oil within recovered seawater samples was
often used as an indicator of residual oil from the spill. The mean
concentrations of oil in the water column during our 2016 moni-
toring program were 28.3 mg/L in the surface layer, 27.7 mg/L in the
middle and 29.5 mg/L in the bottom (Table 1). Spatial distribution of
oil concentrations, however, showed an obvious trend of higher
near-field oil concentrations in all three layers toward the west of
the study area close to the platform, increasing from surface
(36.1 mg/L) to bottom (45.3 mg/L) (Fig. 2per).

3.2.2. Water column effects evaluation based on the comparison to
previous studies

Spilled oil at sea undergoes natural weathering processes that
include spreading, mixing, evaporation, dissolution, dispersion,
biodegradation, photo-oxidation, and sedimentation (Sharma,
1999; Cerniglia and Perry, 2010; Dubinsky et al., 2013). Typically
oil spilled at sea initially spreads over the water surface as a slick a
few millimeters thick and the volatile components in crude oil
rapidly evaporate after spillage. Wind and currents disperse the oil
slick over a greater area (Kingston, 2002). The spilled oil from the
Penglai 19-3 platforms has characteristics of high-density, high
viscosity and high colloid content (Guo et al., 2013), which may
have suppressed its rate of spreading and evaporation following its
accidental release. Furthermore, the rate of oil dissolution and
dispersion within the water column may have been constrained by
relatively weak water currents within the study area (Guo et al.,
2013; Wang et al., 2017).

Nutrients, Chl-a and oil concentrations before, during and after
the oil spill accident are listed in Table 1. DIN concentrations in this
study were comparable to that of May 1998e1999 before the oil
spill and in May 2012 after the oil spill, however, the vertical dis-
tribution differed from that in 2012. DIP concentrations were much
higher than that observed in May 2012 but close to those measured
in 1998e1999 (Table 1, Yu et al., 2000; Liu et al., 2014a). Biodeg-
radation by indigenous microorganisms is a key factor in the nat-
ural attenuation of oil spilled at sea. It is well known that
indigenous oil degrading marine bacteria rapidly adapt to spilled
petroleum hydrocarbons and that their optimal growth rates may
be limited by nitrogen and phosphate (Atlas, 1981). In May 2012,
the decreasing DIN concentrations from surface to bottom and the
lower DIP concentrations might have been related to the con-
sumption of these nutrients due to biodegradation of petroleum
hydrocarbons within the bottom layer. Based on the vertical
distribution of DIN and increased DIP concentrations, this con-
sumption was no longer evident in 2016. The relatively lower DSi
concentrations in May 2016 was mainly due to diatom consump-
tion and the reduction of freshwater discharge into the Bohai Sea in
spring.

The accidental release of oil in 2011 may have had an initial
impact zone that exceeded 3400 km2. The retention of oil slicks
around the source of the spill during this period was thought to be
the cause of an abnormal shift in the concentration and distribution
of Chl-a in the Bohai Sea, with concentrations reaching 13.66 mg/L
at platform area, including the induction of harmful algal blooms,
compared to less than 5mg/L in the surrounding area (Guo et al.,
2013). The Chl-a concentrations in this study were slightly lower
to Chl-a concentrations in the central Bohai Sea in 2014 and 2016
(Table 1, Liu et al., 2014a; Wang et al., 2018b). Based on reported
concentration and the spatial distribution data for Chl-awithin the
central Bohai Sea (including the current study area) from June to
July, 2016, abnormal Chl-a concentrations were not detected at the
study area (Fig. 2 m- o, Wang et al., 2018b).

According to previous studies in 2006e2007, oil concentrations
of surface seawater in the Bohai Sea averaged 25.2 mg/L in spring
and 30.5 mg/L in summer, with themaximumvalues being 48.4 mg/L
and 49.6 mg/L in these seasons respectively (Huo et al., 2011).
Following the Penglai 19-3 spill, substantially higher concentra-
tions of oil were observed in seawater samples collected near the
bottom over a four month period until October 2011. The loss of the
oil gradient with depth disappeared over time due to the weath-
ering of the oil and dispersion by currents (State Oceanic Admin-
istration, 2012). Our results, indicate that five years after the spill,
oil concentrations were within the range of reported values from
previous studies, and that sea water quality in the study area met
the first and second class of seawater quality standards for oil
concentration (50 mg/L, Standards of Seawater Quality, P. R. China)
(Table 1). In fact, oil concentrations in our study were comparable
to most Chinese coastal waters of the Southern Yellow Sea, East Sea
and South Sea, and were actually lower than the Changjiang River
(Yangtze River) estuary, Dongshan and Quanzhou Bay of the East
China Sea, the Bohai Strait, and the Northern Yellow Sea (Yuan et al.,
2005; Huo et al., 2011; Ding, 2012; Yang, 2013).

In a summary, five years after the oil spill, in comparison to
baseline data prior to the spill, there is no evidence of residual oil
significantly changing nutrient concentrations within the Bohai
Sea. The spilled oil had already been biodegraded or dissipated to
extremely low concentrations. The differences observed in the
spatial distributions of oil and Chl-a concentrations within the
study area are likely due to chronic inputs of oil from ongoing
routine exploration and production operations.



Table 1
Comparison of parameters in the study area at different periods.

Parameters Before oil spill During oil spill After oil spill This study (May 2016)

Seawater Nutrients DIN
Mean value of surface
and bottom water
6.55 mM
DIP
Mean value of surface
and bottom water
0.39 mM
DSi
Mean value of surface
and bottom water
4.86 mM
May 1998e1999, central
Bohai Sea (Yu et al., 2000)

DIN
Surface: 6.13 mM
Middle: 5.84 mM
Bottom: 4.74 mM
DIP
Surface: 0.014 mM
Middle: 0.017 mM
Bottom: 0.014 mM
DSi
Surface: 0.97 mM
Middle: 0.89 mM
Bottom: 1.06 mM
May 2012, Stn. B41
close to platform
(Liu et al., 2014a)

DIN
Surface: 4.93e9.43 mM, mean 6.64 mM
Middle: 4.86e10.16 mM, mean
8.05 mM
Bottom: 5.35e12.35 mM, mean
8.34 mM
DIP
Surface: 0.14e0.32 mM, mean 0.18 mM
Middle: 0.15e0.23 mM, mean 0.19 mM
Bottom: 0.12e0.25 mM, mean 0.20 mM
DSi
Surface: 0.37e0.77 mM, mean 0.52 mM
Middle: 0.41e1.12 mM, mean 0.57 mM
Bottom: 0.30e0.83 mM, mean 0.53 mM

Chl-a Surface
13.66 mg/L at platform area,
<5 mg/L in the surrounding area
Jun 12, 2011, platform area (Guo et al., 2013)

Surface: 2.1 mg/L
Middle: 1.6 mg/L
Bottom: 2.04 mg/L
May 2012, Stn. B41
close to the platform
(Liu et al., 2014a)

Surface: 2.5e5 mg/L
Middle: 2e4 mg/L
Bottom: 1.9e3.4 mg/L
JuneJul 2016, platform area
(Wang et al., 2018b)

Surface: 0.18e0.47 mg/L, mean
0.30 mg/L
Middle: 0.23e1.27 mg/L, mean
0.75 mg/L
Bottom: 1.21e1.86 mg/L, mean
1.53 mg/L

oil Surface
Spring: 25.2 mg/L Summer:
30.5 mg/L
2007, Bohai Sea (Huo et al.,
2011)

Surface: 20.1e36.1 mg/L, mean
28.3 mg/L
Middle: 20.7e40.5 mg/L, mean
27.7 mg/L
Bottom: 20.0e45.3 mg/L, mean
29.5 mg/L

Sediment TOC, TOC/TN,
d13C

TOC 0.28e0.47%
TOC/TN 6.26e6.61
d13C �22.37 to �22.07‰
Oct 2006,
Stn. A7, D5, A14 close to
platform (Hu et al., 2009)

TOC 0.72%
Jun 2011, Stn. B41 close to
platform (Shi, 2014)

TOC 0.4%
TOC/TN 7.8
d13C �21.7‰
Jun 2011, Stn. B41 close to
platform (Liu et al., 2015b)

TOC
Nov 2011: 0.93%
May 2012: 1.19%
Nov 2012: 1.02%
Stn. B41 close to
platform (Shi, 2014)

TOC
0.05e0.6%, mean 0.47%
Aug 2012, central Bohai Sea
(Li et al., 2015)

TOC
0e5 cm: 0.19e0.44%, mean 0.32%;
6e10 cm: 0.15e0.49%, mean 0.33%
TOC/TN
0e5 cm: 7.56e9.73, mean 8.60
6e10 cm: 6.81e10.06, mean 8.48
d13C
0e5 cm: 22.72 to �21.90‰,
mean �22.28‰
6e10 cm: 22.83 to �21.82‰,
mean �22.29‰

As, Hg Aug 2007
As 8.5e11 mg/g
Hg 0.024e0.026 mg/g
Aug 2009
As: 6e7 mg/g
Hg: 0.033e0.036 mg/g
platform area (Huo, 2011)

As:
0e5 cm: 4.48e6.76 mg/g, mean
5.58 mg/g
6e10 cm: 2.86e5.83 mg/g, mean
4.91 mg/g
Hg
0e5 cm: 0.021e0.050 mg/g, mean
0.030 mg/g
6e10 cm: 0.019e0.045 mg/g, mean
0.032 mg/g

P
PAH16 160e190 ng/g

Aug 2007, platform area
(Hu et al., 2013)

99.7e490.13 ng/g,
mean107.27 ng/g
Aug 2012, central Bohai
Sea (Li et al., 2015)

0e5 cm: 11.51e309.07 ng/g, mean
105.72 ng/g
6e10 cm: 7.51e368.35 ng/g, mean
85.24 ng/g

Macrobenthos Species
composition

Polychaeta > Crustacea >
Mollusca > Echinodermata >
others
ApreMay 1999,

Polychaeta > Mollusca >
Crustacea > Echinodermata >
others

Polychaeta > Mollusca >
Crustacea > Echinodermata >
others

Polychaeta > Crustacea > Mollusca >
Echinodermata > others
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3.3. Effects within the sediments

Although the marine environment can readily attenuate spil-
led oil over time, seafloor sediment samples have been used to
provide evidence of oil spills from tankers and operational re-
leases from drilling platforms (Wei et al., 2015; Xu et al., 2013). In
addition to being removed by biodegradation and photo-
oxidation processes, as it is being physically dispersed following
its release from a point source, a fraction of the spilled oil could
interact with drilling muds and other suspended inorganic (e.g.
mineral fines) and organic matter (e.g. plankton and their extra-
cellular products) to form oil-mineral aggregates (OMA) and
marine oil snow (MOS) (Bragg and Yang, 1995; Quigg et al., 2019)
that could effectively facilitate the transport of oil to the seabed
(Lee and Stoffyn-Egli, 2001; Niu et al., 2011; Daly et al., 2016).
Evidence from monitoring programs associated with offshore oil
exploration and production activities and oil spills has demon-
strated that a significant amount of oil and drilling muds may be
transported to the seabed as a result of operational oil exploration
and production activities and accidental spills (Candler et al.,
1995; Quigg et al., 2019). Based on a sedimentation rate within
the range of 0.29e0.5 cm/a for the study area within the Bohai
Sea, residues of spilled oil or drilling mud would be trapped
within the top 1.5e2.5 cm of sediments, if bioturbation activity
was limited (Hu et al., 2011). Thus, to trace the effects of the oil
spill and oil exploration activities, sediments in this study were
recovered for analysis of PAHs, TOC, TN, d13C and heavy metals at
0e5 cm and 6e10 cm depth for environmental comparison before
and after the 2011 oil spill accident. Related parameters of sedi-
ment around the platform in previous studies before, during and
after the oil spill are also shown in Table 1 to better illustrate the
environment recovery.

3.3.1. TOC, TOC/TN and d13C
TOC is often used to express the content of organic matter in

sediment. In our study, TOC values at 0e5 cm and 6e10 cm were
comparable to TOC of sediment samples before the oil spill (Hu
et al., 2009), slightly lower than samples taken during the acci-
dent by Liu et al. (2015b) and after the accident in Li et al. (2015),
andmuch lower than samples taken during and after the accident
in the study of Shi (2014) (Table 1). The reason for the higher TOC
values in Shi (2014) might be that potassium dichromate oxida-
tion was used for TOC analysis as compared to hydrochloric
acidization and elemental analyzer analysis used in the other
studies. Nevertheless, the Shi (2014) still indicated an increase of
TOCwithin one year of the oil spill. As a result, the relatively lower
TOC values in our study compared to that observed in 2011e2012
indicated that the impact from the oil spill almost disappeared
after five years. Spatial distribution of TOC showed higher near-
field TOC values in the surface layer sediments (0e5 cm)
(>0.40%) together with lower values at same place in the bottom
layer sediments (6e10 cm) (Fig. 3a and b). The higher near-field
TOC at the surface is likely the result of changes in biological
production and/or ongoing oil exploration and production.

Both the TOC/TN ratio and d13C have been used to determine
the source of organic matter. TOC/TN ratios for marine organic
matter range between 6.7 and 10.1, and >15 for terrigenous
organic matter (Meyers, 1994; Cifuentes et al., 1996). Typical d13C
values for marine phytoplankton are about �22 to�19‰ (Owens,
1987; Wada and Hattori, 1991), while C3 terrestrial plants have
d13C around �27‰ and C4 plants between �17 and �9‰ (Cai
et al., 1988; Boutton, 1991). The TOC/TN ratios and the d13C
values in our study indicated a mixture of organic matter from
marine and terrigenous sources, with the dominant source being
marine organic matter (Table 1; Fig. cef). Our study area is in the



Fig. 2. Spatial distribution of dissolved inorganic nitrogen (DIN), dissolved organic nitrogen (DON), dissolved inorganic phosphorous (DIP), dissolved silicate (DSi), Chl-a and oil
concentrations at three depths.

Y. Wang et al. / Environmental Pollution 263 (2020) 1143436



Fig. 3. Spatial distribution of TOC, TOC/TN, d13C and two heavy metals (As and Hg) at
sediment depths of 0e5 cm and 6e10 cm.
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central Bohai Sea, and thus terrigenous input would not be ex-
pected to be as predominant as that observed along the coast (Hu
et al., 2009; Hu et al., 2013). On comparison to previous studies,
TOC/TN ratios in our study were higher with the highest values in
the immediate area surrounding the platform. d13C were slightly
more negative, and the lower values were also observed around the
platform area (Table 1; Fig. cef; Hu et al., 2009; Liu et al., 2015b).
Crude oil is mainly composed of carbon and hydrogen, with very
little nitrogen, which would have resulted in much higher TOC/TN
ratios, compared to marine and terrigenous organic matter, if a
significant fraction remained. Previous studies showed that d13C of
crude oil normally range from �32 to �24‰ (Wang et al., 2013b;
Barrie et al., 2016; Muhammad et al., 2017). The ranges and mean
values of TOC/TN and d13C in our study indicated the presence of
impacts from oil. Spatial distributions of TOC, TOC/TN and d13C,
however, indicated that the impact might not be related to the oil
spill in 2011, but rather operational waste discharges and minor
losses of petroleum hydrocarbons from ongoing oil exploration and
production activities.

3.3.2. Heavy metals
Pollution from both recovered crude oil and production water

discharges during oil exploration and production may include pe-
troleum hydrocarbons, heavy metals, naturally occurring radioac-
tive materials and chemical treating agents. Arsenic (As) and
mercury (Hg) concentrations in sediment were used to trace im-
pacts within the study area from both oil exploration and produc-
tion activities (e.g. discharge of produced water and drilling muds/
fluids) and the oil spill. As and Hg are the first and third on the list of
hazardous substances prepared by the US Environmental Protec-
tion Agency (EPA) and the Agency for Toxic Substances and Disease
Registry of the US Department of Health and Human Services. In
comparison to other heavy metals (e.g. Ag, Zn, Cd etc.), As and Hg
exhibit higher levels of bioaccumulation and toxicity in marine
phytoplankton, seaweeds, zooplankton and benthic animals, and
especially in animals such as marine mammals, seabirds and sea
turtles (Klumpp, 1980; Fisher et al., 1984; Kubota et al., 2001;
Kunito et al., 2008; Pan and Wang, 2011; Wang, 2012).

Concentrations of As in sediment at the 17 stations in the study
areawere higher at 0e5 cm compared to 6e10 cm. For Hg, however,
therewas notmuch difference in themean concentrations between
sediment of 0e5 cm and 6e10 cm (Table 1; Fig. 3geh). A high
concentration was found beside the platform at 0e5 cm, indicating
the effects from produced water discharges during the ongoing oil
exploration (Fig. 3i and j). In our study, As concentrations were
lower than and Hg concentrations were comparable to previous
studies in 2007 and 2009 (Huo, 2011). Considering the inter-annual
variations of As and Hg concentrations in the study area (Table 1),
the differences observed in our study were within this variation
range (Huo, 2011). Moreover, the concentrations in our study were
not higher than other areas in China (such as the Yellow Sea) or in
other parts of the world, such as the Black Sea (Guo, 2011; Lan et al.,
2014; Bat et al., 2017). The As concentrations in our study
approached the standard of Grade I (<20 mg/g), and the Hg con-
centrations approached Grade II (<0.05 mg/g) according to the
marine sediment quality guidelines established by the P. R. China
(GB 18668-2002). Concentrations were also lower than the sedi-
ment quality guideline values of Australia (Simpson and Batley,
2016) and much lower than Canadian Interim Marine Sediment
Quality Guidelines (ISQGs, 7.24 mg/g for As and 0.13 mg/g for Hg).
Analysis of the two heavy metals suggested that instead of impacts
from the oil spill in 2011, natural background concentrations, and
oil exploration and production activities largely accounted for the
observed concentration and spatial distribution of As and Hg.

3.3.3. PAHs
Sixteen US EPA priority pollutant PAHs were quantified in the

sediment samples collected from the 17 stations (Table 1 in sup-
plement). The total concentration in the 0e5 cm layer ranged from
11.51 to 309.07 ng/g with an average of 105.72 ng/g, and in the
6e10 cm layer ranged from 7.51 to 368.35 ng/g with an average of
85.24 ng/g (Table 1). Although the mean concentration of the 16
PAHs in the surface sediment was slightly higher than in the bot-
tom, the maximum concentration was lower (Table 1 in
supplement).

In the absence of an established national sediment quality
assessment tool in China, the ISQGs of Canada (Table 1 in
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supplement) were used to provide a comparative assessment on
sediment-associated chemicals and their potential concentrations
linked to ecological damage. Concentrations of most PAHs were
much lower than the ISQGs with the following exceptions. Con-
centrations of naphthalene were higher than the ISQGs in the
surface sediment (0e5 cm) at three sites and in the bottom sedi-
ment (6e10 cm) at two sites. Acenaphthylene and phenanthrene
concentrations in the surface sediment of six sites and bottom
sediment of three sites exceeded the ISQGs. Fluorene exceeded the
ISQGs at six sites in the surface sediment and in the bottom sedi-
ment at two sites. The ISQGs for indeno[1,2,3-cd]pyrene was
exceeded at one site in the surface, and at two sites in the bottom
sediment layer. It is interesting to note that high values of these five
PAH species at 0e5 cm were for stations 4, 9, 10, 13, 14 and 16,
where the sediments at 6e10 cm showed high TOC and bottom
seawater showed high DIN concentrations (Figs. 2c and 3b; Table 1
in supplement). The PAH concentrations in this study were not
substantially higher than that observed in non-spill sites and in our
study area before oil spill. Compared with concentrations of the
sixteen priority PAH species in previous studies of surface sediment
before and after the oil spill accident, relatively lower values were
found in our study (Table 1; Hu et al., 2013; Li et al., 2015), and the
values were also found to be close to or higher than in the South
Fig. 4. PAH cross-plot correlations for the ratios Ant/(Ant þ Phe), BaA/(BaA þ Chr) and Icd
boundary lines are based on Yunker et al. (2002).
China Sea, higher than in the Northern Yellow Sea and lower than in
the Southern Yellow Sea (Table 2 in supplement). The study area,
predominantly mud and silt (Hu et al., 2009; Liu et al., 2014b), may
not have been an ideal deposition zone for spilled oil (Li et al.,
2015). Furthermore, the oil released during the 2011 oil spill acci-
dent was reported to have also been dispersed over a large area (the
sediment contamination was about 20 km2 by the end of July).
Lower molecular weight PAHs may have been biodegraded by
benthic microorganisms over a short time period (Kingston, 2002;
Atlas andHazen, 2011; Kappell et al., 2014). Efficient oil degradation
activity bacteria, such as g- Proteobacteria, have been found in the
study area after an oil spill event (Wu, 2013). Petroleum hydro-
carbon analysis has also shown that although the oil spill event had
affected the adjacent sediments with the petroleum hydrocarbons
concentrations increased, the impact had significantly reduced af-
ter one year (Liu et al., 2015c).

PAH isomer pair ratios have been used to determine PAH sour-
ces (Yunker et al., 2002; Hu et al., 2013; Li et al., 2015). With the
exception of Ant/(Ant þ Phe), PAH cross-plot correlations for the
ratios of Ant/(Ant þ Phe), BaA/(BaA þ Chr) and IcdP/(IcdP þ BghiP)
vs. Fla/(Flaþ Pyr) in this study indicated that the source of the PAHs
was primarily from combustion rather than a release of petroleum
hydrocarbons (Fig. 4). As similar source distributions were
P/(IcdP þ BghiP) vs. Fla/(Fla þ Pyr) at 0e5 cm (a, c, e) and 6e10 cm (b, d, f). Source
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observed for both sampling depths (0e5 cm and 6e10 cm), in terms
of calculating a mass balance for the oil spilled in 2011, sedimen-
tation and subsequent burial within the sediments did not appear
to be a major process.
3.3.4. Macrobenthos
Compared to the plankton species, benthos aremore susceptible

to oil contamination. Benthic organisms are used extensively as
biotic indicators of environmental quality because they generally
have limited mobility and thus cannot avoid adverse environ-
mental changes. Reductions in the density, biomass and diversity of
benthic fauna have been linked to spills of petroleum hydrocarbons
in the marine environment (Teal and Howarth, 1984; Kingston,
1992; Lee and Lin, 2013). Previous study of the impact of the 2011
oil spill onmacrobenthos revealed that 30% of the organisms in July,
95% of the organisms in August and 54% of the organisms in
December 2011 had petroleum hydrocarbon concentrations above
background levels. Petroleum hydrocarbon concentrations in
mantis shrimp (Orato squillaoratoria) were 4.4 fold higher than
background levels (State Oceanic Administration, 2006). Changes in
species composition of benthic foraminifera in addition to
abnormal development of specimens were observed in 2011
following the Penglai 19-3 spill incident (Lei et al., 2015). The
impact of the 2011 spill on macrofauna was analyzed by the com-
parison of macrobenthos abundance, biomass, Shannon-Wiener
indices (H0) and species composition in this study to previous
studies before, during and after the oil spill (Table 1).

There were 71 macrobenthic species at the 17 stations in the
present study. Polychaeta were the most abundant taxon with 46
species (65% of all the species), followed by Crustacea with 14
species (20%), Mollusca with 7 species (10%), Echinodermata with 2
species (3%), and both Nemertinea and Chordada with only 1 spe-
cies (1%) (Table 3 in supplement). Similar macrobenthic species
compositionwith Polychaeta being the most dominant species was
found before and after the oil spill (Table 1; Han et al., 2003; Liu
et al., 2014b; Shi, 2014; Zhou et al., 2016). Table 1 also shows that
prior to the 2011 spill, Crustacea were the second dominant species
and that from 2011 to 2014, Mollusca became the second dominant
species, indicated the macrobenthos was towards miniaturization
during this period. In our study in 2016, Crustacea exceeded Mol-
lusca and recovered to the second dominant species (Table 1).
Macrobenthos abundance showed that the values were decreasing
from June 2011 to September 2014 (Shi, 2014; Zhou et al., 2016), and
increased in June 2016 in our study (Table 1), indicating the re-
covery after five years of oil spill. The biomass, however, decreased
from 2008 to 2016, and the Shannon-Wiener indices (H0) for 2016
were comparable to previous studies in 1997e1999 and in 2014 in
the Bohai Sea (Table 1; Han et al., 2003; Liu et al., 2015d; Zhou et al.,
2016). Abundance Biomass Curves indicated that macrofauna
communities in the study area in 2014 have been moderately
Fig. 5. Spatial distribution of macrobenthic abundance (
disturbed and that some degree of recovery has occurred (Zhou
et al., 2016). Our study indicated significant evidence of further
recovery of macrobenthos five years after the spill. However, spatial
distributions of macrobenthic abundance, biomass and H�showed
low values in close proximity to the offshore platforms (Fig. 5),
suggesting an influence from the offshore platform. Considering
the magnitude of the 2011 oil spill and its large impact zone in the
sediment, a much more homogenous distribution would be ex-
pected if the influence was from the oil spill. Thus, point-source
chronic releases of petroleum hydrocarbons during exploration
and production operations, such as operational waste discharges,
are hypothesized to be the dominant source of pollutants that
impacted the macrobenthos populations under study.
4. Summary

The present study demonstrated the natural attenuation of
impacts from the Penglai 19-3 spill after five years. Values of nu-
trients, Chl-a and oil concentrations in seawater, and TOC, PAHs,
heavy metals, macrobenthic abundance and biomass in sediment
compared to that before and after the oil spill accident in previous
studies indicated the loss of major environmental impacts from oil
spill in 2011 and recovery of biomass. Furthermore, organic matter
traced by TOC/TN, d13C and PAH isomer pair ratios indicated a
mixture of marine and terrigenous sources as the dominant source
of PAHs rather than petroleum. On the other hand, the spatial
distributions of the value of chemical and biological factors in
seawater (e.g., Chl-a and oil concentrations) and surface sediment
(e.g., concentrations of heavy metals and PAHs and TOC, TOC/TN,
d13C and microbenthic biomass density) related to the proximity of
Platform B and C suggest the presence of near-field impacts from
operational waste discharges (e.g. produced water, drilling muds
and fluids) associated with offshore exploration and production
activities.

While a significant level of recovery within the central region of
the Bohai Sea has been observed since the oil spill in 2011, the long
term environmental impacts of that event should not be down-
played. For example, following oil spills, the bioaccumulation of
petroleum hydrocarbons up the food-chain can endanger a number
of organisms and human health (Kingston, 2002). Migration of fish
from the Bohai Sea to the Yellow Sea in winter has been affected by
the oil spill over an extended period (Guo et al., 2013). The negative
influence of the spilled oil is often multi-generational due to
detrimental effects on the survival, behavior and reproductive ca-
pacity of various organisms (Kocan et al., 1996; Adamas et al., 1999;
Pollino and Holdway, 2002). Some harmful components of petro-
leum (such as PAHs) could also be transported to other regions by
currents and mobile organisms following natural dissolution/
dispersion processes that may also include oil-particle interactions,
and incorporation into biomass. Suspended particle matter
a), biomass (b) and Shannon-Wiener index (H0) (c).
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contaminatedwith PAHswithin the of Bohai Sea has been known to
be transported through the Bohai Strait and deposited within the
sediments of the Yellow Sea (Li, 2000).

In summary, in terms of concentrations of the residual oil, the
central Bohai Sea has largely recovered from a major oil spill inci-
dent in 2011 as the result of spill response operations and natural
attenuation. Nevertheless, pollution of the central Bohai Sea region
remains an issue of concern due to ongoing chronic releases of
contaminant into the system. On the basis of evidence to date, a
comprehensive whole ecosystem (end-to-end) approach should be
considered in damage assessment, mitigation and resource man-
agement following oil spills that considers biophysical (environ-
ment, resources, impacts, etc.), economic and social factors.
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