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ABSTRACT: The offshore of Leizhou Peninsula (LP, China), which
contains unique ecosystems such as mangroves, seagrass beds, and coral
reefs, is an environmentally sensitive area. For this reason, the levels of
aliphatic hydrocarbon including biomarkers (hopanes, steranes) in the
offshore seafloor sediments were analyzed in terms of their composition,
distribution, and input sources and aimed to evaluate the extent of possible
petroleum hydrocarbon contamination in the sediments of coastal areas. The
total aliphatic hydrocarbons (TAH) fraction, the content of total n-alkanes
(nC14−nC37) (∑n-alkanes), and content of hopane + sterane are in the range
of 13.76−99.53, 1.22−8.33, and 0.02−0.23 μg/g dw, respectively. The
presence of unresolved complex mixture (UCM) hydrocarbons hump and
petrogenic steranes and hopanes in these seafloor sediments suggest that
petrogenic sourced hydrocarbon inputs were present. The stations on the
peninsula’s southwest side had the lowest values of UCM/resolved aliphatic compounds (UCM/R) and UCM/n-alkanes. These
findings suggest that seafloor sediments from the southwest offshore of the peninsula were likely contaminated by recently inputted
petroleum hydrocarbons. The presence of relatively high ∑n-alkanes content in seafloor sediments from southwest offshore of the
LP, combined with relatively low natural n-alkane ratios (NARs), indicates an increased influence of petrogenic hydrocarbons. The
elevated levels of recent petrogenic hydrocarbon contamination in the sediments from the LP’s southwestern offshore were likely
related to petroleum exploitation in the Beibu Gulf’s Maichen and Wushi sags.

1. INTRODUCTION

Marine sediments are the predominant long-term sink for
organic carbon in the biogeochemical reduced carbon cycle as
they incorporate organic matter (OM) into the geochemical
carbon cycle.1,2 Despite accounting for only 7.6% of the global
ocean, continental shelf sediments receive significant terrestrial
and marine organic carbon inputs and account for more than
80% of the organic carbon buried in oceans.3,4 In recent
decades, anthropogenic activities such as industrial discharge,
agricultural emission sewage input, marine fish farming, and so
on have had extremely significant impacts in the coastal and
estuarine regions. It is essential to delineate the origins of OM
in seafloor sediments for a quantitative understanding of the
global/regional carbon cycle, as well as environmental
evaluations and ecosystem preservation.
Hydrocarbons from both natural and anthropogenic sources

are ubiquitous in the marine environment. Organic geo-
chemistry played a significant role in the identification and
quantification of organic matter sources. Biomarkers, in
particular, can provide valuable information on OM origin
and transformation processes. The hydrocarbon compounds,

including biomarkers (hopanes and steranes), are widely used
in petroleum and environmental geochemical studies.5−7

The Leizhou Peninsula (LP) is located on the Chinese
mainland’s southernmost tip, northwest of the South China
Sea. It has a winding coastline with numerous bays and islands,
as well as distinctive ecosystems such as mangroves, seagrass
beds, and coral reefs. The coastal environment of the LP is
complex owing to the influence of the Pearl and Red River
plumes, river runoff from the LP and Hainan Island, and
saltwater from the South China Sea. Furthermore, the uneven
distribution and development of industry and agriculture
caused certain disturbances to the surrounding ecosystem. As
one of China’s most critical subtropical mangrove regions, the
LP has significant marginal effects on the carbon pool of
offshore marine sediments (Figure 1).8
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Few studies have been carried out on the organic
geochemistry of seafloor sediments in the offshore area of
the LP9−14 In this study, we report the concentration of n-
alkanes and biomarker levels in seafloor sediments surrounding
the LP and determine their distribution, composition, and
sources in this area.

2. RESULTS AND DISCUSSION

2.1. Content of Total Aliphatic Hydrocarbons (TAHs).
The total aliphatic hydrocarbons (TAHs) in the seafloor
sediments from offshore of LP were composed of resolved
compounds (e.g., n-alkanes and isoprenoids) and unresolved
complex mixtures (UCM), as shown in Figure 2. TAH

concentrations ranged from 13.76 to 99.53 μg/g dw (sediment
dry weight), all of which were less than 100 μg/g dw, with the
highest values recorded at sites P40 and P51 (Table 1).
Intertidal and estuarine sediments with TAHs in concen-
trations lower than 10 μg/g dw are considered unpolluted.
Sediments having total aliphatic hydrocarbons contents more
than 100 μg/g dw, on the other hand, are associated with
petroleum inputs.15,16 When TAH concentrations are lower
than 50 μg/g dw, a more detailed analysis of the hydrocarbon
constituents is required to assess the magnitude of
contamination.16 The TAH concentrations in our research
were much lower than those reported in severely contaminated
areas such as the Xiamen Harbor, China (133−943 μg/g

Figure 1. Map of the study area and sampling locations.
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dw),17 and New York Bight (500−3000 μg/g dw).18 In
general, seafloor sediment samples in our research contained
relatively low levels of TAHs (concentrations < 100 μg/g dw)
and are considered slightly polluted.
2.2. Content and Composition of n-Alkanes. n-Alkanes

were detected in the range of n-C14−n-C37. Except for Site P22,
the n-alkanes in all samples exhibited bimodal distributions,
with n-C17 or n-C18 and n-C27, n-C29, or n-C31 as maxima
(Figure 2). On a dry weight basis, the total concentrations of n-
alkanes (∑n-alkanes) ranged from 1.22 to 8.33 μg/g dw, with
an average value of 4.24 μg/g dw (Table 1). The maximum
value was obtained at station P34, while the lowest value was
obtained at station P47. The seafloor sediments in our research
had higher ∑n-alkanes values than those from the Pearl River
Estuary (0.53−0.87 μg/g dw),19 Yellow River Estuary (0.356−
0.572 μg/g dw),20 Bohai Sea (0.39−4.4 μg/g dw),21 Laizhou
Bay (0.18−1.42 μg/g dw),22 and Yangtze River Estuary (0.16−
1.88 μg/g dw).23 The∑n-alkanes values of the sediments from
two short cores in our study area ranged from 0.37 to 6.03 μg/
g dw.14 The relatively high ∑n-alkanes concentrations in our
study were recorded at stations P31 to P38 located on the
southwestern coast of the LP (Figure 1).
There are numerous sources that contribute to the presence

of sedimentary n-alkanes with varying distribution character-
istics. Marine phytoplankton produces mostly short-chain n-
alkanes, predominantly n-C15, n-C17, and n-C19, and have a
strong odd-to-even carbon preference. Both microbial activity
and fossil fuel input contribute to the production of short-
chain n-alkanes, but neither has a strong odd-to-even carbon
preference. The Carbon Preference Index (CPI) has been
widely used as a source indicator for n-alkanes in marine
sediments.24,25 CPI25−33

26 and CPI15−19
27 are two parameters

that are frequently used to indicate sources of low-molecular-
weight compounds (LMW, n-C14−21) and high-molecular-
weight compounds (HMW, n-C22−34), respectively. The
CPI15−19 ranged from 0.54 to 1.12 in the sediments collected
for this study (Table 1), indicating a weak even-carbon-
number predominance. Even-carbon-number preferences in
the LMW compounds for marine sediment indicate mainly
microbial activity, although petroleum-derived inputs are also
possible.28−30 Terrestrial higher plants produce the long-chain
n-alkanes n-C25−35 with a strong odd-to-even carbon
preference, predominantly n-C27, n-C29, and n-C31. Long-
chain n-alkanes can also be derived from marine phytoplank-
ton, microorganisms, and oil pollution but with no carbon
preference.15 Furthermore, biological sources of long-chain n-
alkanes, such as microalgae and cyanobacteria, can also
contribute to the abundance of n-C15 and n-C17. Generally,
CPI25−33 values ranging from 3 to 6 indicate n-alkanes derived
from terrestrial vascular plants, whereas CPI25−33 values close
to 1 suggest petrogenic hydrocarbon inputs. Furthermore,
CPI25−33 values less than 1 indicate microbial sources of
hydrocarbons,31 while 1 < CPI25−33 < 3 are thought to infer
oiled sediments.18 Our sediments had CPI25−33 values ranging
from 1.07 to 1.66 (Table 1). These results indicated that all
marine sediments are contaminated with petrogenic hydro-
carbons and that a mixture of petrogenic and biogenic
hydrocarbons was likely to exist in the sediments.
The natural n-alkane ratio (NAR) can be used to distinguish

between petrogenic and biogenic sources of n-alkanes. A low
NAR value (close to 0) may indicate crude oil and petrogenic
hydrocarbons. In contrast, a high NAR value (close to 1)
usually indicates biogenic inputs. The NAR values obtained
from this study’s samples ranged from 0.011 to 0.180, with an
average of 0.087 (Table 1). The NAR values suggested that the
n-alkanes in the seafloor sediments predominantly originated
from petrogenic hydrocarbon sources. Samples P31−P35,
which emerged from the LP’s southwestern offshore, had a
relatively low NAR (Figure 1).

2.3. Abundance of Unresolved Complex Mixture. All
samples included UCM containing cycloalkanes, branched
alkanes, and other compounds unresolved by the capillary
column; which appeared as a “hump” below the resolved
compounds.32 UCM concentrations <10 μg/g dw are common
in coastal environments and can be caused by bacterial
degradation of OM.15,33 The presence of UCM and hydro-
carbon biomarkers can indicate the input of petrogenic
hydrocarbons. In our study, UCM made up the major
component of aliphatic hydrocarbons, with concentrations
ranging from 10.86 to 81.10 μg/g dw and accounting for 63−
84% of the TAH. High concentrations of both TAH and UCM
were also found at sites P40 and P51. High UCM
concentrations indicate petroleum contamination or a chroni-
cally degraded complex hydrocarbon mixture.23,34 The ratio of
UCM to resolved aliphatic compounds (UCM/R) or UCM/
∑n-alkanes can distinguish contamination from fresh and
degraded petroleum.35−38 Values of UCM/R <4 and UCM/
∑n-alkanes <10 suggest recent pollution that has been diluted
by natural inputs, whereas UCM/R >4 and UCM/∑n-alkanes
>10 values confirm extensive biodegradation of petroleum-
related inputs. Table 1 shows our samples’ UCM/R and
UCM/n-alkanes values, which varied from 1.67 to 5.32 and
1.96 to 20.39, respectively. Almost all of the highest values
came from the LP’s northwestern coast, indicating a high
degree of biodegradation and chronic contamination from

Figure 2. Typical gas chromatography−mass spectrometry (GC−
MS) chromatograms of n-alkanes (squares) and isoprenoids (circles)
for seafloor sediments from station 10 (a) and station 44 (b) from the
offshore Leizhou Peninsula. Pr for Pristane; Ph for Phytane; UCM for
unresolved complex mixtures; std for standard (C24D50).
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degraded petroleum. Lower UCM/R and UCM/∑n-alkanes
ratios at stations P31 to P35, on the other hand, indicated a
recent input of fresh oil. Meanwhile, concentrations of ∑n-
alkanes were higher at those stations. Stations P31−P35 are
near the oil exploration regions of Wushi and Maichen (Figure
1).39 Oil spills and leaks may have occurred recently during oil
exploration and transportation processes, resulting in the input
of petroleum-related hydrocarbons.40

2.4. Content of Isoprenoid Hydrocarbons. Pristane
(Pr) and phytane (Ph) are common components in petroleum;
high Pr and Ph concentrations, associated with low Pr/Ph
ratios (<1), can indicate that these components originated
from fossil hydrocarbons.41 All sediment samples contained Pr
and Ph, with concentrations ranging from 0.01 to 0.37 μg/g dw
and 0.05 to 0.52 μg/g dw, respectively. The Pr/Ph value was
within 0.26 to 0.96, suggesting petrogenic rather than biogenic
sources. The Pr/n-C17 and Ph/n-C18 ratios ranged from 0.39 to
1.01 and from 0.64 to 1.04, respectively, and averaged 0.82 and
0.87. The Ph/n-C18 and Pr/n-C17 ratios were less than 1,
indicating a recent oil input, which was consistent with the
scenario suggested by the UCM/R and UCM/∑n-alkane
values.36,42

2.5. Content of Hopanes and Steranes. Petroleum
biomarkers such as hopanes and steranes are common
constituents of crude oils and petrogenic hydrocarbons. The
presence of these molecular fossils in the marine environment
suggests inputs from petrogenic hydrocarbons.27,35 The typical
mass chromatograms of hopanes (m/z 191) and steranes (m/z
217) of our sample determined by GC−MS are shown in
Figure 3. All samples contained a series of hopanes (C27 to C34,
excluding C28); C30 hopane was the dominant homologue. The

distribution of homohopanes showed a decreasing pattern,
from C31 to C34. Gammacerane was also present. These
biomarkers were detected in our seafloor sediments at
concentrations ranging from 0.02 to 0.23 μg/g dw (Table
2). These values were lower than those found in sediment
cores from a tropical Brazilian estuarine system (0.15−1.63
μg/g dw)37 and those recorded in core sediments from coral
Islands in the Persian Gulf, Iran (0.59−7.58 μg/g dw).7 The
similarly low values of Hop/∑n-alkanes (Table 2) also
suggested that the biomarker inputs were probably diluted
by natural inputs.

2.6. Possible Source Inputs of Aliphatic Hydro-
carbons in Seafloor Sediments. There are a variety of
hydrocarbons sources that could have contributed to the
petrogenic hydrocarbon background in marine sediments, both
naturally and anthropogenically. Natural oil seeps or erosion of
carbon-rich formations are natural sources of petrogenic
hydrocarbons. Anthropogenic petrogenic hydrocarbons can
enter marine systems through petroleum extraction, crude oil
transportation, sewage discharge, and roadside runoff.
Residual oil stains, asphaltic sandstones, and organic-rich

mudstones have been found in exposures in Hanoi and Dong
Ho, Vietnam,43 as well as on islands in the Beibu Gulf.44 Oil
seeps occur on and off the shore of Vietnam, as well as off the
southwestern coast of Hainan Island.45 The Beibuwan Basin, a
Cenozoic sedimentary basin covered by the Beibu Gulf and the
LP, is rich in oil and gas reservoirs.46 According to our
previous research,14 natural petroleum sources contributed to
the petrogenic hydrocarbon background in the southern and
southwestern offshore areas of Leizhou Peninsula, although the
exact sources are uncertain. Natural petroleum sources could
potentially contribute to petrogenic hydrocarbons in seafloor
sediment from offshore of the LP.
Several cities along or near the coast of the LP are home to

oil refineries. The Qiongzhou Strait is an important traffic
channel. The ports of Zhanjiang and Maoming are vital traffic
hubs and maritime terminals. Zhanjiang, a city located on the
LP, discharges a large quantity of industrial and domestic
sewage into its coastal waters every year. Marine trans-
portation, offshore drilling in the Beibu Gulf, nearshore
refining, roadside runoff, and sewage discharge may all
contribute petrogenic hydrocarbons to the sea around the
coast of the LP.

3. CONCLUSIONS
Seafloor sediments collected from offshore areas of the
Leizhou Peninsula had relatively low concentrations of TAHs
compared to those reported for highly contaminated areas, but
higher than those from pristine environments. The coexistence
of UCM, high Pr and Ph concentrations, low Pr/Ph ratios, and
sterane and hopane biomarkers suggested that petrogenic
hydrocarbons contaminated the sediments collected for our
study. The UCM/R and UCM/∑n-alkanes values higher than
4 and 10, respectively, were recorded in northwestern coast
sites, indicating contamination by degraded/weathered petro-
leum in those areas. The southwestern coast had the lowest
UCM/R and UCM/∑n-alkanes values, which coupled with
the higher ∑n-alkanes concentrations, indicating fresh oil
inputs. The highest concentration of ∑n-alkanes came from
the Wushi and Maichen oil exploration area in the Beibu Gulf.
Further research is needed to determine the specific origins of
the petrogenic hydrocarbons found off the coast of the Leizhou
Peninsula.

Figure 3. Mass chromatograms of m/z = 191 and m/z = 217 for
hopanes (a) and steranes (b) in the seafloor sediments from site 10.
Note: Ts for 22,29,30-trisnorneohopane; Tm for 22,29,30-trisno-
rhopane; TNH for 25,28,30-trisnorhopane; N28 for 28-norhopane;
C29Ts for 30-norneohopane; and G for gammacerane.
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4. MATERIALS AND METHODS

4.1. Sampling. Seafloor sediments were collected using a
gravity box sampler deployed from the R/V Hai Long of the
Guangdong Ocean University (GDOU) in autumn 2017
(September 29 to October 7). A total of 41 seafloor sediment
samples (0−5 cm) were collected from 57 predetermined
sampling sites (Figure 1). All surface samples were placed in
sample bags and stored at −20 °C for subsequent processing.
4.2. Analysis of Aliphatic Hydrocarbons. The aliphatic

hydrocarbon analysis was carried out in accordance with the
method described by Li47 and Jia.48 Sediment samples were
freeze-dried using a vacuum freeze dryer (cold trap at −50 °C),
ground in an agate mortar, and sieved to obtain <150 μm fine
particles. Approximately 50 g of the sediments were soxhlet
extracted continuously for 72 h with dichloromethane
(DCM)/methanol solution (93:7, v/v). Activated copper was
added to the solvent to remove elemental sulfur from the
samples. After extraction, the solvent was concentrated by

rotary evaporation, and the extract was weighed. Asphalt
fractions were collected through precipitation separation using
n-hexane. The saturates, aromatics, and resins fractions were
separated and eluted using silica gel column chromatography,
with n-hexane, n-hexane/dichloromethane (3:2, v/v), and
methanol, respectively. The saturated fractions were concen-
trated to 1 mL using a rotary evaporator. Per-deuterated n-
tetracosane-d50 (C24D50) was added to the extract as an
internal standard for the instrumental analysis. A gas
chromatograph-mass spectrometer (GC−MS) analysis of the
aliphatic hydrocarbons was performed using an ISQ 7000
(Thermo Scientific) system interfaced with a TRACE 1300 gas
chromatograph. Chromatographic separation was achieved by
a 30m DB-5 capillary column (diameter = 0.25 mm, film
thickness = 0.25 μm; J&W Scientific). The samples were
injected in splitless mode at an injector temperature of 280 °C.
For the GC analysis, the oven was programmed to increase
from 80 °C (3 min) to 300 °C (15 min) at 3 °C/min, with the

Table 2. Content of Hopanes and Steranes in Offshore Seafloor Sediments of the Leizhou Peninsulaa,b

sampling site Hop (μg/g dw) Ster (μg/g dw) Hop + Ster (μg/g dw) Hop/n-alkane

P1 0.08 0.02 0.10 0.04
P2 0.12 0.03 0.15 0.04
P3 0.08 0.02 0.10 0.03
P4 0.14 0.03 0.16 0.05
P5 0.07 0.02 0.09 0.03
P6 0.10 0.03 0.13 0.03
P7 0.12 0.03 0.15 0.02
P9 0.09 0.03 0.12 0.02
P10 0.09 0.03 0.12 0.02
P13 0.06 0.02 0.08 0.02
P15 0.12 0.03 0.15 0.03
P18 0.07 0.02 0.08 0.02
P19 0.06 0.02 0.08 0.01
P21 0.05 0.01 0.07 0.02
P22 0.03 0.01 0.04 0.01
P23 0.04 0.01 0.05 0.01
P27 0.07 0.02 0.09 0.01
P29 0.05 0.02 0.07 0.01
P30 0.05 0.02 0.07 0.01
P31 0.07 0.02 0.09 0.01
P32 0.04 0.02 0.06 0.00
P33 0.03 0.01 0.04 0.00
P34 0.09 0.03 0.12 0.01
P35 0.05 0.02 0.07 0.01
P36 0.10 0.03 0.13 0.02
P37 0.09 0.03 0.12 0.01
P38 0.07 0.03 0.09 0.01
P39 0.06 0.02 0.07 0.02
P40 0.10 0.04 0.14 0.02
P42 0.07 0.02 0.10 0.02
P43 0.03 0.01 0.04 0.01
P44 0.04 0.02 0.06 0.01
P45 0.05 0.02 0.07 0.01
P47 0.01 0.01 0.02 0.01
P48 0.02 0.01 0.03 0.01
P51 0.18 0.05 0.23 0.05
P52 0.04 0.02 0.06 0.02
P54 0.07 0.02 0.09 0.02
P56 0.02 0.01 0.03 0.01
P57 0.06 0.02 0.08 0.02

aHop: Hopanes. bSter: Steranes.
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total duration time of the GC run 91.3 min. The mass
spectrometer was operated in the electron ionization mode (70
eV). Mass scanning combined selective ion monitoring with
full-scan detection between m/z 50 and 650 amu, with the ion
source temperature of 300 °C. The flow rate of the carrier gas,
helium, was constant at 1 mL/min. Concentrations of n-
alkanes were determined based on their peak areas compared
to the internal standard. The UCM fraction was calculated by
subtracting the peaks of identifiable alkane from the total
aliphatic fraction. The total aliphatic hydrocarbons (TAHs)
and the unresolved complex mixture (UCM) were quantified
by assuming a response factor of 1.0 based on n-alkanes. The
total area of resolved peaks and the total area obtained
previously from a stored column compensation (blank) run are
subtracted from the total detector response. The remaining
area is assigned to UCM.5 The steranes and hopanes in the
saturated fraction of the samples were quantified against the
per-deuterated n-tetracosane-d50 (m/z 66; relative concen-
tration values), and their identification was validated by GC−
MS based on their mass spectral features, peak sequence, and
previous research.
The quantification of hydrocarbons was performed using the

internal calibration method. Method blanks were also used to
check for contamination. The solvents used throughout
(DCM, hexane, and methanol) were chromatographic grade.
Silica used for chromatography was solvent extracted, and
glassware was cleaned and heated at 450 °C for 4 h. Analysis of
the blanks confirmed no noticeable introduced contamination
or other interference over the whole experiment.
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(4) Tesi, T.; Miserocchi, S.; Goñi, M. A.; Langone, L.; Boldrin, A.;
Turchetto, M. Organic matter origin and distribution in suspended
particulate materials and surficial sediments from the western Adriatic
Sea (Italy). Estuarine, Coastal Shelf Sci. 2007, 73, 431−446.
(5) Peters, K. E.; Walters, C. C.; Moldwan, J. M. Biomakers and
Isotopes in Petroleum Exploration and Earth History. In The
Biomarker Guide, 2nd ed.; Cambridge University Press: Cambridge,
2005; Vol. 2, pp 483−625.
(6) Maioli, O. L. G.; Rodrigues, K. C.; Knoppers, B. A.; Azevedo, D.
A. Pollution source evaluation using petroleum and aliphatic
hydrocarbons in surface sediments from two Brazilian estuarine
systems. Org. Geochem. 2010, 41, 966−970.
(7) Jafarabadi, A. R.; Dashtbozorg, M.; Bakhtiari, A. R.; Maisano, M.;
Cappello, T. Geochemical imprints of occurrence, vertical distribution
and sources of aliphatic hydrocarbons, aliphatic ketones, hopanes and
steranes in sediment cores from ten Iranian Coral Islands, Persian
Gulf-ScienceDirect. Mar. Pollut. Bull. 2019, 144, 287−298.
(8) Yang, J.; Gao, J.; Liu, B.; Zhang, W. Sediment deposits and
organic carbon sequestration along mangrove coasts of the Leizhou
Peninsula, southern China. Estuarine, Coastal Shelf Sci. 2014, 136, 3−
10.
(9) Liu, J.; Yan, W.; Chen, Z.; Lu, J. Sediment sources and their
contribution along northern coast of the South China Sea: Evidence
from clay minerals of surface sediments. Cont. Shelf Res. 2012, 47,
156−164.
(10) Zhang, C.; Lin, H.; Sun, X. Sources and distribution of
sedimentary organic matter in typical bays of Guangdong Province. J.
Trop. Oceanogr. 2012, 31, 62−68.
(11) Bauer, A.; Radziejewska, T.; Liang, K.; Kowalski, N.; Dellwig,
O.; Bosselmann, K.; Stark, A.; Xia, Z.; Harff, J.; Bottcher, M. E.; et al.
Regional Differences of Hydrographical and Sedimentological Proper-
ties in the Beibu Gulf, South China Sea. J. Coastal Res. 2013, 66, 49−
71.
(12) Li, F.; Lin, J.-Q.; Liang, Y.-Y.; Gan, H.-Y.; Zeng, X.-Y.; Duan,
Z.-P.; Liang, K.; Liu, X.; Huo, Z.-H.; Wu, C.-H. Coastal surface
sediment quality assessment in Leizhou Peninsula (South China Sea)
based on SEM−AVS analysis. Mar. Pollut. Bull. 2014, 84, 424−436.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03529
ACS Omega 2021, 6, 34286−34293

34292

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jia+Xia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4071-8573
https://orcid.org/0000-0002-4071-8573
mailto:xiaj@gdou.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuan+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1487-3844
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yongqiang+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingqian+Tan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yao-Ping+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0994-6030
https://orcid.org/0000-0003-0994-6030
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sibo+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03529?ref=pdf
https://doi.org/10.1016/S0016-7037(02)01412-6
https://doi.org/10.1016/S0016-7037(02)01412-6
https://doi.org/10.1016/S0016-7037(02)01412-6
https://doi.org/10.1038/nature02299
https://doi.org/10.1016/0304-4203(95)00008-F
https://doi.org/10.1016/0304-4203(95)00008-F
https://doi.org/10.1016/j.ecss.2007.02.008
https://doi.org/10.1016/j.ecss.2007.02.008
https://doi.org/10.1016/j.ecss.2007.02.008
https://doi.org/10.1016/j.orggeochem.2010.03.013
https://doi.org/10.1016/j.orggeochem.2010.03.013
https://doi.org/10.1016/j.orggeochem.2010.03.013
https://doi.org/10.1016/j.marpolbul.2019.05.014
https://doi.org/10.1016/j.marpolbul.2019.05.014
https://doi.org/10.1016/j.marpolbul.2019.05.014
https://doi.org/10.1016/j.marpolbul.2019.05.014
https://doi.org/10.1016/j.ecss.2013.11.020
https://doi.org/10.1016/j.ecss.2013.11.020
https://doi.org/10.1016/j.ecss.2013.11.020
https://doi.org/10.1016/j.csr.2012.07.013
https://doi.org/10.1016/j.csr.2012.07.013
https://doi.org/10.1016/j.csr.2012.07.013
https://doi.org/10.2112/SI_66_5
https://doi.org/10.2112/SI_66_5
https://doi.org/10.1016/j.marpolbul.2014.04.030
https://doi.org/10.1016/j.marpolbul.2014.04.030
https://doi.org/10.1016/j.marpolbul.2014.04.030
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(13) Zhang, Z.; Chen, L.; Wang, W.; Li, T.; Zu, T. The origin,
historical variations, and distribution of heavy metals in the
Qiongzhou Strait and nearby marine areas. J. Ocean Univ. China
2017, 16, 262−268.
(14) Gao, Y.; Tan, J.; Xia, J.; Wang, Y.-P.; Wang, S.; Han, Y.; He, J.;
Song, Z. Characteristics of organic matter and biomarkers in core
sediments from the offshore area of Leizhou Peninsula, South China
Sea. Front. Earth Sci. 2021, 9, No. 647062.
(15) Volkman, J. K.; Holdsworth, D. G.; Neill, G. P.; Bavor, H. J., Jr
Identification of natural, anthropogenic and petroleum hydrocarbons
in aquatic sediments. Sci. Total Environ. 1992, 112, 203−219.
(16) Readman, J. W.; Fillmann, G.; Tolosa, I.; Bartocci, J.;
Villeneuve, J. P.; Catinni, C.; Mee, L. D. Petroleum and pah
contamination of the black sea. Mar. Pollut. Bull. 2002, 44, 48−62.
(17) Ou, S.; Zheng, J.; Zheng, J.; Richardson, B. J.; Lam, P. K. S.
Petroleum hydrocarbons and polycyclic aromatic hydrocarbons in the
surficial sediments of Xiamen Harbor and Yuan Dan Lake, China.
Chemosphere 2004, 56, 107−112.
(18) Farrington, J. W.; Tripp, B. W. Hydrocarbons in western North
Atlantic surface sediments. Geochim. Cosmochim. Acta 1977, 41,
1627−1641.
(19) Guo, W.; Jia, G.; Ye, F.; Xiao, H.; Zhang, Z. Lipid biomarkers in
suspended particulate matter and surface sediments in the pearl river
estuary, a subtropical estuary in southern China. Sci. Total Environ.
2019, 646, 416−426.
(20) Wang, S.; Liu, G.; Yuan, Z.; Da, C. n-Alkanes in sediments from
the Yellow River Estuary, China: Occurrence, sources and historical
sedimentary record. Ecotoxicol. Environ. Saf. 2018, 150, 199−206.
(21) Hu, L.; Guo, Z.; Feng, J.; Yang, Z.; Fang, M. Distributions and
sources of bulk organic matter and aliphatic hydrocarbons in surface
sediments of the Bohai Sea, China. Mar. Chem. 2009, 113, 197−211.
(22) Sun, D.; Tang, J.; He, Y.; Liao, W.; Sun, Y. Sources,
distributions, and burial efficiency of terrigenous organic matter in
surface sediments from the Yellow River mouth, northeast China. Org.
Geochem. 2018, 118, 89−102.
(23) Bouloubassi, I.; Fillaux, J.; Saliot, A. Hydrocarbons in surface
sediments from the Changjiang (Yangtze River) Estuary, East China
Sea. Mar. Pollut. Bull. 2001, 42, 1335−1346.
(24) Prahl, F. G.; Ertel, J. R.; Goni, M. A.; Sparrow, M. A.;
Eversmeyer, B. Terrestrial organic carbon contributions to sediments
on the Washington margin. Geochim. Cosmochim. Acta 1994, 58,
3035−3048.
(25) Wang, M.; Wang, C.; Hu, X.; Zhang, H.; He, H.; Lv, S.
Distributions and sources of petroleum, aliphatic hydrocarbons and
polycylic aromatic hydrocarbons (PAHs) in surface sediments from
Bohai Bay and its adjacent river, China. Mar. Pollut. Bull. 2015, 90,
88−94.
(26) Bray, E. E.; Evans, E. D. Distribution of n-paraffins as a clue to
recognition of source beds. Geochim. Cosmochim. Acta 1961, 22, 2−
15.
(27) Xing, L.; Zhang, H.; Yuan, Z.; Sun, Y.; Zhao, M. Terrestrial and
marine biomarker estimates of organic matter sources and
distributions in surface sediments from the East China Sea shelf.
Cont. Shelf Res. 2011, 31, 1106−1115.
(28) Nishimura, M.; Baker, E. W. Possible origin of n-alkanes with a
remarkable evento-odd predominance in recent marine sediments.
Geochim. Cosmochim. Acta 1986, 50, 299−305.
(29) Grimalt, J.; Albaiges, J. Sources and occurrence of C12-C22 n-
alkane distributions with even carbon-number preference in
sedimentary environments. Geochim. Cosmochim. Acta 1987, 51,
1379−1384.
(30) Harji, R. R.; Yvenat, A.; Bhosle, N. B. Sources of hydrocarbons
in sediments of the Mandovi estuary and the Marmugoa harbour, west
coast of India. Environ. Int. 2008, 34, 959−965.
(31) Rushdi, A. I.; DouAbul, A. A.; Mohammed, S. S.; Simoneit, B.
Compositions and sources of extractable organic matter in
Mesopotamian marshland surface sediments of Iraq. I: aliphatic
lipids. Environ. Geol. 2006, 50, 857−866.

(32) Commendatore, M. G.; Esteves, J. L.; Colombo, J. C.
Hydrocarbons in coastal sediments of Patagonia, Argentina: levels
and probable sources. Mar. Pollut. Bull. 2000, 40, 989−998.
(33) Silva, T. R.; Lopes, S. R. P.; Sporl, G.; Knoppers, B. A.;
Azevedo, D. A. Evaluation of anthropogenic inputs of hydrocarbons in
sediment core from a tropical Brazilian estuarine system. Microchem. J.
2013, 109, 178−188.
(34) Mille, G.; Asia, L.; Guiliano, M.; Malleret, L.; Doumenq, P.
Hydrocarbons in coastal sediments from the Mediterranean Sea (Gulf
of Fos area, France). Mar. Pollut. Bull. 2007, 54, 566−575.
(35) Simoneit, B. R. T. Some applications of computerized GC-MS
to the determination of biogenic and anthropogenic organic matter in
environment. Int. J. Environ. Anal. Chem. 1982, 12, 177−193.
(36) Mazurek, M. A.; Simoneit, B. R. T. Characterization of Biogenic
and Petroleum-Derived Organic Matter in Aerosols over Remote
Rural and Urban Areas. In Identification and Analysis of Organic
Pollutants in Air; Keith, L. H., Ed.; Ann Arbor Science/Butterworth:
Boston, 1984; pp 353−370.
(37) Tolosa, I.; Mora, S.; Sheikholeslami, M. R.; Villeneuve, J.-P.;
Bartocci, J.; Cattini, C. Aliphatic and aromatic hydrocarbons in coastal
Caspian Sea sediments. Mar. Pollut. Bull. 2004, 48, 44−60.
(38) Tissot, B. P.; Welte, D. H. Geochemical Fossils and Their
Significance in Petroleum Formation. In Petroleum Formation and
Occurrence, 1st ed.; Dug, J., Ed.; Springer-Verlag: New York, 1978; pp
92−122.
(39) Li, Y.; Lan, L.; Wang, K.; Yang, Y. Differences in lacustrine
source rocks of Liushagang Formation in the Beibuwan Basin. Acta
Pet. Sin. 2019, 40, 1451−1459.
(40) Acosta-González, A.; Marqués, S. Bacterial diversity in oil-
polluted marine coastal sediments. Curr. Opin. Biotechnol. 2016, 38,
24−32.
(41) Steinhauer, M. S.; Boehm, P. D. The composition and
distribution of saturated and aromatic hydrocarbons in nearshore
sediments, river sediments, and coastal peat of the Alaskan Beaufort
Sea: Implications for detecting anthropogenic hydrocarbon inputs.
Mar. Environ. Res. 1992, 33, 223−253.
(42) Commendatore, M. G.; Nievas, M. L.; Amin, O.; Esteves, J. L.
Sources and distribution of aliphatic and polyaromatic hydrocarbons
in coastal sediments from the Ushuaia Bay (Tierra del Fuego,
Patagonia, Argentina). Mar. Environ. Res. 2012, 74, 20−31.
(43) Traynor, J. J.; Sladen, C. Seegapge in Vietmanonshore and
offshore examples. Mar. Pet. Geol. 1997, 14, 345−362.
(44) Nytoft, H. P.; Fyhn, M. B. W.; Hovikoski, J.; Rizzi, M.; Abatzis,
I.; Tuan, H. A.; Tung, N. T.; Huyen, N. T.; Guong, T. X.; Nielsen, L.
H. Biomarkers of Oligocene lacustrine source rocks, Beibuwan-Song
Hong basin junction, offshore northern Vietnam.Mar. Pet. Geol. 2020,
114, No. 104196.
(45) Huang, B.; Zhang, Q.; Zhang, Q. Investigation and Origin of
Oil−Gas Seepages in the Yinggehai Sea; China Offshore Oil & Gas,
1992; Vol. 6, pp 1−7.
(46) Huang, B.; Tian, H.; Wilkins, R. W. T.; Xiao, X.; Li, L.
Geochemical characteristics, palaeoenvironment and formation model
of Eocene organic-rich shales in the Beibuwan Basin, South China
Sea. Mar. Pet. Geol. 2013, 48, 77−89.
(47) Li, S.; Zhang, S.; Dong, H.; Zhao, Q.; Cao, C. Presence of
aliphatic and polycyclic aromatic hydrocarbons in near-surface
sediments of an oil spill area in Bohai Sea. Mar. Pollut. Bull. 2015,
100, 169−175.
(48) Jia, W.; Xiao, Z.; Yu, C.; Peng, P. Molecular and isotopic
compositions of bitumens in Silurian tar sands from the Tarim Basin,
NW China: Characterizing biodegradation and hydrocarbon charging
in an old composite basin. Mar. Pet. Geol. 2010, 27, 13−25.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03529
ACS Omega 2021, 6, 34286−34293

34293

https://doi.org/10.1007/s11802-017-2926-3
https://doi.org/10.1007/s11802-017-2926-3
https://doi.org/10.1007/s11802-017-2926-3
https://doi.org/10.3389/feart.2021.647062
https://doi.org/10.3389/feart.2021.647062
https://doi.org/10.3389/feart.2021.647062
https://doi.org/10.1016/0048-9697(92)90188-X
https://doi.org/10.1016/0048-9697(92)90188-X
https://doi.org/10.1016/S0025-326X(01)00189-8
https://doi.org/10.1016/S0025-326X(01)00189-8
https://doi.org/10.1016/j.chemosphere.2004.02.022
https://doi.org/10.1016/j.chemosphere.2004.02.022
https://doi.org/10.1016/0016-7037(77)90173-9
https://doi.org/10.1016/0016-7037(77)90173-9
https://doi.org/10.1016/j.scitotenv.2018.07.159
https://doi.org/10.1016/j.scitotenv.2018.07.159
https://doi.org/10.1016/j.scitotenv.2018.07.159
https://doi.org/10.1016/j.ecoenv.2017.12.016
https://doi.org/10.1016/j.ecoenv.2017.12.016
https://doi.org/10.1016/j.ecoenv.2017.12.016
https://doi.org/10.1016/j.marchem.2009.02.001
https://doi.org/10.1016/j.marchem.2009.02.001
https://doi.org/10.1016/j.marchem.2009.02.001
https://doi.org/10.1016/j.orggeochem.2017.12.009
https://doi.org/10.1016/j.orggeochem.2017.12.009
https://doi.org/10.1016/j.orggeochem.2017.12.009
https://doi.org/10.1016/S0025-326X(01)00149-7
https://doi.org/10.1016/S0025-326X(01)00149-7
https://doi.org/10.1016/S0025-326X(01)00149-7
https://doi.org/10.1016/0016-7037(94)90177-5
https://doi.org/10.1016/0016-7037(94)90177-5
https://doi.org/10.1016/j.marpolbul.2014.11.017
https://doi.org/10.1016/j.marpolbul.2014.11.017
https://doi.org/10.1016/j.marpolbul.2014.11.017
https://doi.org/10.1016/0016-7037(61)90069-2
https://doi.org/10.1016/0016-7037(61)90069-2
https://doi.org/10.1016/j.csr.2011.04.003
https://doi.org/10.1016/j.csr.2011.04.003
https://doi.org/10.1016/j.csr.2011.04.003
https://doi.org/10.1016/0016-7037(86)90178-X
https://doi.org/10.1016/0016-7037(86)90178-X
https://doi.org/10.1016/0016-7037(87)90322-X
https://doi.org/10.1016/0016-7037(87)90322-X
https://doi.org/10.1016/0016-7037(87)90322-X
https://doi.org/10.1016/j.envint.2008.02.006
https://doi.org/10.1016/j.envint.2008.02.006
https://doi.org/10.1016/j.envint.2008.02.006
https://doi.org/10.1007/s00254-006-0257-6
https://doi.org/10.1007/s00254-006-0257-6
https://doi.org/10.1007/s00254-006-0257-6
https://doi.org/10.1016/S0025-326X(00)00042-4
https://doi.org/10.1016/S0025-326X(00)00042-4
https://doi.org/10.1016/j.microc.2012.02.012
https://doi.org/10.1016/j.microc.2012.02.012
https://doi.org/10.1016/j.marpolbul.2006.12.009
https://doi.org/10.1016/j.marpolbul.2006.12.009
https://doi.org/10.1080/03067318208078326
https://doi.org/10.1080/03067318208078326
https://doi.org/10.1080/03067318208078326
https://doi.org/10.1016/S0025-326X(03)00255-8
https://doi.org/10.1016/S0025-326X(03)00255-8
https://doi.org/10.1016/j.copbio.2015.12.010
https://doi.org/10.1016/j.copbio.2015.12.010
https://doi.org/10.1016/0141-1136(92)90140-H
https://doi.org/10.1016/0141-1136(92)90140-H
https://doi.org/10.1016/0141-1136(92)90140-H
https://doi.org/10.1016/0141-1136(92)90140-H
https://doi.org/10.1016/j.marenvres.2011.11.010
https://doi.org/10.1016/j.marenvres.2011.11.010
https://doi.org/10.1016/j.marenvres.2011.11.010
https://doi.org/10.1016/S0264-8172(96)00040-2
https://doi.org/10.1016/S0264-8172(96)00040-2
https://doi.org/10.1016/j.marpetgeo.2019.104196
https://doi.org/10.1016/j.marpetgeo.2019.104196
https://doi.org/10.1016/j.marpetgeo.2013.07.012
https://doi.org/10.1016/j.marpetgeo.2013.07.012
https://doi.org/10.1016/j.marpetgeo.2013.07.012
https://doi.org/10.1016/j.marpolbul.2015.09.009
https://doi.org/10.1016/j.marpolbul.2015.09.009
https://doi.org/10.1016/j.marpolbul.2015.09.009
https://doi.org/10.1016/j.marpetgeo.2009.09.003
https://doi.org/10.1016/j.marpetgeo.2009.09.003
https://doi.org/10.1016/j.marpetgeo.2009.09.003
https://doi.org/10.1016/j.marpetgeo.2009.09.003
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

