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ABSTRACT

Hydrocarbons in coastal sediments record organic matter sources, and thus are widely used to elucidate both nat-
ural and anthropogenic inputs and for the estimation of pollution levels. Surface sediments were taken from
Xiaoqing River and Laizhou Bay of eastern China in spring and summer of 2014, and were analyzed to determine
the characteristics of aliphatic and aromatic hydrocarbons. Various hydrocarbons were identified, including n-
alkanes, monomethylated alkanes (MMAs), isoprenoid alkanes, linear alkylbenzenes (LABs), hopanes, steranes
and polycyclic aromatic hydrocarbons (PAHs). They were used to track both biogenic (terrestrial plant and mi-
crobial inputs) and anthropogenic inputs (petroleum and fossil fuel or biomass burning) in this ecosystem. The
major part of hydrocarbons identified came from anthropogenic inputs including petroleum residues and syn-
thetic detergents related hydrocarbons (16.2-90.3%), followed by higher plant (4.5-80.5%) and microbial inputs
(0.8-57.5%). Interestingly, significant differences in hydrocarbon concentrations and distributions were observed
between spring and summer. In particular, significant higher percentages of microbially derived hydrocarbons,
but lower percentages of anthropogenic and vascular plant derived hydrocarbons were observed in summer
than spring. Further principal component analyses suggested that the overall distribution of aliphatic hydrocar-
bons was mainly controlled by seasonality instead of spatiality. In contrast, the distribution of PAHs showed in-
significant spatial and seasonal differences. Physical processes such as atmospheric transportation and further
deposition, may be factors influencing the distribution of PAHs in the study area with widely biomass and fossil
fuel burning. The decoupled distributions of aliphatic and aromatic hydrocarbons warrant further study for a
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comprehensive understanding of long term sedimentary hydrocarbon sources and input dynamics with increas-

ing human activities.

Major finding: Seasonal difference in aliphatic hydrocarbon composition was observed in surface sediments of
Laizhou Bay, which is mainly caused by stronger phytoplankton and microbial inputs in summer under the over-

all high pollution background.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Coastal areas receive tremendous amount of natural and anthro-
pogenic organic matter (OM) from land through river transport
(Canuel and Hardison, 2016). Hydrocarbons, as an important compo-
nent of OM, have received great attention since they adsorb onto
particles, settle and accumulate in surface sediments, making surface
sediments an important pool of hydrophobic contaminations
(e.g., Volkman et al., 1992; Commendatore et al., 2012; Shirneshan
et al., 2016). During resuspension and remobilization, hydrocarbons
can be released from sediments into the overlying water, resulting in
secondary pollution in the coastal environment (Gobas and MacLean,
2003; Dong et al., 2016).

Hydrocarbon composition and concentration impact the biodiver-
sity and biogeochemistry of the coastal environment (Harris et al.,
2011; Canuel and Hardison, 2016). Therefore, the determination of hy-
drocarbon composition and source is crucial in further protecting eco-
logical environment and human health (e.g., Birgel et al., 2004; Rushdi
et al., 2006). Natural coastal ecosystems have a large proportion of
hydrocarbons derived from biogenic sources, such as vascular plants
and microbes (e.g., Medeiros et al., 2005; Bajt, 2012). Additionally,
petroleum and its derivatives carried by rivers are another contributor
of hydrocarbons (e.g., Zheng and Richardson, 1999). The latter ones,
sometimes, are a major source of hydrocarbons in coastal environments
owing to severe anthropogenic influences such as waste water dis-
charges, shipping activities, offshore oil production and transport, as
well as fossil fuel combustion from industrial processes (Wakeham,
1996). Overall, hydrocarbons in coastal sediments are detected as com-
plex mixtures including aliphatic and aromatic hydrocarbons deriving
from multiple sources (Medeiros et al., 2005; Bianchi and Canuel,
2011). Therefore, the determination and differentiation of hydrocar-
bons between natural and anthropogenic sources are crucial for envi-
ronmental health evaluation and require the application of multiple
reliable indicators (Bianchi and Canuel, 2011; Peters et al., 2005).

With the development of analytical tools in the last several decades,
numerous organic biomarkers were established to fingerprint the origin
and cycling of hydrocarbons (Bianchi and Canuel, 2011). For example,
aliphatic hydrocarbons are widely applied to separate natural
(e.g., leaf waxes) from anthropogenic inputs (e.g., petroleum and
derivatives) (Eglinton and Hamilton, 1967; Yunker et al., 2002;
Commendatore et al.,, 2012). Hopanes and steranes are commonly
used as indicators of petroleum contaminations (Aboul-Kassim and
Simoneit, 1996; Shirneshan et al., 2016). Linear alkylbenzenes (LABs),
a series of compounds that have been added in the manufacture of com-
mercial detergents since 1960s, can serve as an exclusive indicator of
domestic waste inputs through fluvial transport (e.g., Takada and
Ishiwatari, 1987; Medeiros et al., 2005). Polycyclic aromatic hydrocar-
bons (PAHSs), a class of persistent organic pollutants commonly found
in coastal environments, are usually related to (i) pyrolytic sources,
such as vehicle and other exhaust emissions, the burning of biomass, pe-
troleum and its derivatives; (ii) petrogenic sources, such as effluents
from oil refineries and small oil spills by shipping traffic; and (iii) less
contributions from natural sources (diagenetic origin), including the
post depositional transformation of biogenic precursors (Yunker et al.,
2002). The application of the multi-biomarkers has allowed a better un-
derstanding of both natural and anthropogenic inputs of OM in the
highly productive coastal environment (Pisani et al., 2013).

Due to rapid industrial and economic development, Chinese mar-
ginal seas have been affected severely by anthropogenic activities,
such as fossil fuel combustion, petroleum spills, and sewage contamina-
tions (Zhang et al., 2010; Liu et al., 2012). A typical example is the
Laizhou Bay, a semi-closed bay within the Bohai Sea. The Xiaoqing
River, with a length of ca. 240-km, is the second longest river draining
into the Laizhou Bay, only secondary to the Yellow River. However, in
contrast to the Yellow River that is dominated by natural OM (Tao
et al,, 2015), the Xiaoqing River is a major source of organic pollutants
to the Laizhou Bay owing to significant anthropogenic inputs, such as in-
dustrial and manufacturing related inputs and waste water from several
large cities and agricultural non-point sources (Jiang et al., 2017). In ad-
dition, the Bohai Bay Basin is known for its petroleum source beds,
which could be another hydrocarbon source to the Xiaoging River and
Laizhou Bay (Pang et al., 2003). With relatively small water exchange,
low tidal effects and high sedimentation rates (Li et al., 2012), fast accu-
mulation of pollutants was detected in the Laizhou Bay (Zhang et al.,
2009).

Most studies on organic compositions in surface sediments from the
Laizhou Bay, to date, have focused primarily on crude oil pollution or
specific pollutants such as organochlorine pesticides, perfluoroalkyl
acids (PFAAs), polychlorinated naphthalenes (PCNs) and polybrominated
diphenyl ethers (PBDEs) (Pan etal.,, 2011; Zhong et al.,2011; Zhao et al.,
2013), whereas few studies have investigated sources of hydrocarbons
comprehensively. Although some recent studies have examined hydro-
carbon compositions in the Laizhou Bay, few of them have linked the
hydrocarbon in the Laizhou Bay to its adjacent rivers (Liu et al., 2009;
Huetal,, 2009, 2011; Wang et al., 2015). It largely limits our knowledge
on the sources and transformation of hydrocarbons along the river-to-
estuary transect. In addition, temporal variation of hydrocarbon compo-
sition and concentration is an important indicator of environment
health in coastal zones, but it has usually been studied over decadal or
centurial scales (e.g., Huetal., 2011). So far, the seasonal variation of hy-
drocarbon concentration and composition has been reported in typical
large river-estuary systems with high sedimentation rates. For instance,
both concentrations and sources of PAHs varied seasonally in the sur-
face sediments of the Yangtze River estuary (Yu et al., 2016). However,
study on the variation of the overall composition and concentration of
hydrocarbon along an anthropogenically disturbed river-estuary
system is lacking on a seasonal scale. In this respect, this work is
based on a suite of surface sediments collected from the Xiaoqing
River and the Laizhou Bay and focused on multiple geochemical
markers including n-alkanes, isoprenoid alkanes (pristine and phy-
tane), monomethylated alkanes (MMAs), hopanes, steranes, LABs, un-
resolved complex mixtures (UCM) and PAHs. Several relevant proxies
are also calculated to discriminate natural from anthropogenic hydro-
carbon inputs. The purposes are to (i) assess both spatial and seasonal
variations of hydrocarbons, and (ii) evaluate the possible sources and
dynamics of these hydrocarbons and its linkages with human activities
in the drainage basin.

2. Methods and materials
2.1. Study area and sampling

Two field sampling trips were performed in spring (early April) and
summer (late August) of 2014. Sampling sites were selected to provide
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a wide spatial coverage of the Xiaoging River to Laizhou Bay system
(Fig. 1, Table S1; He et al., 2018). In total, 33 surface (top ca. 4 cm)
sediment samples were collected. Spatially and temporally, these
samples were divided into three groups, including samples obtained
from upstream of the Xiaoqing River in spring (x1 to x11), samples
obtained from the Laizhou Bay in spring (L1sp to L11sp) and summer
(L1su to L11su), respectively (Fig. 1). Upon collection, each sample
was wrapped in pre-cleaned alumina foil and stored frozen at —20 °C.
Before extraction, ~10 g of each was subsampled, freeze dried, homoge-
nized and sieved to obtain the <125 pm fraction.

2.2. Sample preparation and analysis

The bulk parameters, including sediment grain size, bulk total or-
ganic carbon (TOC) and '*C,yq, were measured following the method
described previously (Y. He et al., 2013, 2015a,c) and were detailed in
a previous study (He et al., 2018; Table S1). For the hydrocarbon analy-
sis, all sediment samples were Soxhlet extracted using dichloromethane
and methanol (2:1; v:v). The extractions were concentrated to almost
dryness using a gentle stream of ultra-high purity nitrogen gas. After
redissolved in n-hexane, the extractions were then fractionated into
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saturated and aromatic hydrocarbon fractions following a method de-
scribed previously (D. He et al., 2014). Each fraction was further concen-
trated before gas chromatography mass spectrometry (GC-MS)
analysis. Briefly, the GC-MS analysis was carried out on an Agilent
7890 gas chromatographer coupled to a 5977 Mass Selective Detector.
A DB-1MS fused silica capillary column (60 m x 0.25 um i.d.) was
used with helium as the carrier gas (D. He et al., 2016a,b). The GC
oven temperature was programmed from 60 °C (2 min hold) to 310 °C
at the 6 °C min™—' ramp rate and held for 30 min. The MS was operated
in the electron impact mode with ion source energy of 70 eV. In order to
cover a large scope of hydrocarbon compounds, full scan was used for
the GC-MS analysis in this study.

2.3. Identification, quantification, quality assurance and quality control

(QA/QC)

The identification of n-alkanes, hopanes, steranes, LABs, PAHs was
based primarily on GC retention times, their key ion patterns, mass
spectra (i.e., fragmentation patterns) and the comparison with NIST
2008 library. MMAs were identified following the elution order and
fragmentation patterns as previously described (D. He et al.,, 2015a,
2015b). All compounds were quantified relative to the internal stan-
dards: Csg n-alkane-d10 for alkanes, hopanes, steranes and LABs; and
phenanthrene-d10, benzo(e)pyrene-d10 and coronene-d10 for PAHs,
assuming similar responses (D'Anjou et al., 2012; D. He et al., 2014).
The internal calibration method based on six-point calibration curves
was used for the quantification of individual aliphatic and aromatic hy-
drocarbon in sediment samples.

Although surrogate was not spiked prior to extraction for each sam-
ple, mean recoveries of the compounds spiked into samples x1 and L1
were >88% for Csg n-alkane-d10 and >84% for benzo(e)pyrene. In addi-
tion, based on a triplicate analysis of sample L1, the standard deviations
of most hydrocarbon concentrations were <15% (D. He et al., 2014). The
reported concentration of each compound identified in this study was
not recovery-corrected and thus considered as semi-quantitative. The
detection limits of this study were 1.5-3.3 ng/g dry weight (ng/gdw)
for aliphatic hydrocarbons and 0.7-2.9 ng/gdw for PAHs based on a
10-g sample (L1sp). The UCM concentration was also semi-
quantitatively determined by integrating the total GC area with subtrac-
tion of the resolved peaks and using the average response factor of Csg
n-alkane-d10 during the instrumental calibration. No background con-
tamination from laboratory processing was observed using procedural
blanks. The concentration of each individual hydrocarbon and UCM
was presented and abbreviated in Tables S2-54.

2.4. Biomarkers and related proxies

In this study, the sums of the total n-alkanes, MMAs, PAHs, hopanes,
LABs and steranes were defined as >_n-alkanes, >_MMAs, >_PAHs,
> hopanes, Y _LABs, and _steranes, respectively. The homologues of
biogenic n-alkanes were found in the range of 11 to 37 carbons. In gen-
eral, short-chain n-alkanes (<C,o) are produced by algae/bacteria
(Volkman et al., 1992), whereas long-chain n-alkanes (>C,5) are derived
from higher plants (Eglinton and Hamilton, 1967). Based on this differ-
ence, a series of well-established n-alkane based proxies were calcu-
lated to assess hydrocarbon sources. These proxies included the low
molecular weight to high molecular weight ratio (LMW/HMW), terrig-
enous/aquatic ratio (TAR), carbon preference indices (CPI), average
chain length (ACL), and odd even carbon number predominance
(OEP) (Brassell and Eglinton, 1980; Volkman et al., 1992; Prahl et al.,
1994; Aboul-Kassim and Simoneit, 1996; Meyers, 1997;
Commendatore et al., 2000; Pearson and Eglinton, 2000; Yunker et al.,
2002; Peters et al., 2005; Wang et al., 2006; Hu et al., 2009; Silva et al.,
2012; Ranjbar Jafarabadi et al., 2017). The detailed description of each
n-alkane based proxy will be detailed in Section 3.2. In addition to n-
alkanes, hopanes, LABs, steranes and PAHs were mainly used to

differentiate anthropogenic inputs (Yunker et al., 2002; Medeiros
et al., 2005).

2.5. Statistical analyses

The statistical platform R3.1.1 was used for statistical analysis. Signif-
icant differences of biomarker concentrations and biomarker related ra-
tios among different groups of samples were estimated based on
Student's t-test, and a P value of <0.05 was considered as statistical sig-
nificance. To explore the significance of variables that elucidate the po-
tential groupings and patterns of the inherent properties of the whole
dataset, principal component analysis (PCA) with varimax normalized
rotation was performed.

3. Results and discussion
3.1. Bulk parameters: grain size, TOC and 6'>Coyq

The surface sediments were predominantly composed of silt (40.9%
to 77.8%; Table S1), denoting generally weak hydrodynamic conditions
in the study region. The highest sand content (53.0%) was observed at
station L5 in spring, suggesting relatively intense waves and tidal cur-
rents close to the Xiaoging River mouth. However, in general, no spatial
trend was observed for clay, silt or sand contents. The TOC contents
showed a large range from 0.04% (L6) to 4.01% (x8; Table S1), generally
reflecting different inputs of OM, hydrodynamic sorting processes, and
possibly post-depositional biodegradation (Meyers, 2003). The 6]3Cm-g
values ranged from —26.2%. to —22.6%0, —25.5%0 to —22.1%., and
—26.7%0 to —25.0%. for the Lsp, Lsu and X samples, respectively. Since
513C values of typical C3 plants from Chinese Loess Plateau, fresh phyto-
plankton, microbial biomass and marine OM were —27.1 + 2.4%., —29
to —23%o0, —18.9 to —26%., and —20.0 + 1.0%. (McCallister et al., 2004;
Liu et al., 2005; Zhang et al., 2007), respectively, the 613C0rg values ob-
served in this study suggested OM inputs from mixed (e.g., terrestrial
and marine) sources (Zhang et al., 2007). A general increase of §'3Cq,yg
values and a decrease of TOC contents were observed at stations with
higher surface water salinity (or spatially the Xiaoging River to the
Laizhou Bay), indicative of a natural gradient where terrestrial OM gen-
erally decreased when gradually being dominated by marine environ-
ment (Zhang et al., 2007; He et al., 2018).

3.2. Spatiotemporal variability of hydrocarbon biomarkers

Examples of GC chromatograms with main features and major hy-
drocarbons (e.g., n-alkanes, MMAs, hopanes, steranes, UCM and PAHs)
were shown in Figs. ST and S2. Source identification of detected bio-
markers (both anthropogenic and natural sources) were conducted
based on reported chemical markers and diagnostic indices from related
literatures (e.g., Peters et al., 2005; Bianchi and Canuel, 2011 and refer-
ences therein).

3.2.1. Spatiotemporal variability of aliphatic hydrocarbons

The total n-alkane concentrations ranged from 3300 to 34,000, 1300
to 41,000, and 5600 to 25,000 ng/gdw for X, Lsp and Lsu samples
(Fig. S3). These wide ranges may be caused by the complexity of this en-
vironment in terms of hydrocarbon sources, cycling, sedimentation and
microbial degradation processes (Kostka et al,, 2011; Wang et al., 2015).
The lowest total n-alkane concentration was observed at station L11sp,
which is the farthest from the Xiaoqing River mouth, whereas the
highest total n-alkane concentration was found at station L1sp located
in the Yangkou harbor, pointing to a possible source from intensive
ship traffics and occasional oil spills from vessels (Table 1; Table S3;
also see Section 3.2.2). Although no clear spatial pattern was observed
among the X and Lsu samples, a spatial decrease in n-alkane concentra-
tions was observed from L1sp to L11sp in spring.
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Table 1

Typical biomarker concentration and biomarker related parameters among the X, Lsp and Lsu samples, respectively.
Sampling station X samples n=11 Lsp samples n=11 Lsu samples n=11
Parameters Range Mean SD Range Mean SD Range Mean SD
>_n-Alkane (ng/gdw) 3300-35,000 13,000 8500 1300-41,000 10,000 14,000 5600-25,000 13,000 8600
>_n-Alkanes;s_3; (ng/gdw) 1763-27,869 9712 7092 912-16,321 4887 5166 689-10,712 3256 2976
LMW/HMW n-alkane ratio 0.02-0.49 0.20 0.16 0.05-0.78 0.29 0.26 1.0-83 34 2.1
>_MMaAs (ng/gdw) 120-3300 1200 1100 <LD-8200 1800 2900 2700-32,000 9500 8100
2>_MMAs LMW (ng/gdw) <LD-2200 890 830 <LD-5700 1200 1900 2200-25,000 7900 6200
2_MMAs HMW (ng/gdw) <LD-1800 340 580 <LD-2400 590 960 62-7200 1600 2000
LMW/HMW MMA:s ratio 0-15 6.1 5.6 1.4-2.9 21 0.56 3.2-110 15 31
Pr (ng/gdw) 16-910 430 250 10-4200 900 1400 190-1200 560 390
Ph (ng/gdw) 43-1100 650 350 24-5600 1300 1900 410-2700 1100 750
Pr/Ph ratio 0.38-0.89 0.63 0.16 0.30-0.90 0.66 0.19 0.35-0.81 0.54 0.13
CPli1-37 1.3-21 1.8 0.21 14-29 19 0.52 0.99-1.9 13 0.26
High CPly4_35 1.9-33 24 0.49 1.4-45 2.6 1.0 2.6-6.3 4.5 15
Low CPly1-22 0.71-1.3 0.92 0.15 0.79-1.4 1.0 0.18 0.84-1.1 0.94 0.06
ACLy7_33 28.8-29.7 29.4 0.28 29.1-29.8 29.5 0.25 29.5-29.9 29.8 0.13
TAR 24-76.8 14.6 21.2 1.2-284 9.7 9.0 0.2-16 0.58 0.44
OEP 0.9-14 1.2 0.14 1.1-14 1.2 0.09 1.1-15 13 0.16
PLK;-aikane (Ng/gdw) 380-1600 820 420 66-9500 1900 3300 430-12,000 4200 3000
TRE,-aikane (Ng/gdwW) 1400-9700 7300 5300 820-14,000 4000 4600 170-8400 2800 2400
PETROp-aikane (ng/gdw) 120-2100 860 560 68-7600 1500 2600 460-14,000 4500 3600
2_Hopanes (ng/gdw) 240-18,000 6300 4700 320-25,000 7100 9900 150-13,000 2800 3800
T,/Tm ratio 0.75-1.0 0.82 0.08 0.74-0.95 0.79 0.06 0.66-1.2 0.87 0.13
C31 S/(S + R) ratio 0.54-0.59 0.57 0.02 0.55-0.59 0.58 0.01 0.54-0.59 0.57 0.02
C,7 steranes (ng/gdw) 38-950 430 280 19-2500 670 990 10-1300 240 400
Cyg steranes (ng/gdw) 41-630 380 200 23-2500 620 890 13-1.100 220 330
Cyg steranes (ng/gdw) 52-820 540 280 37-2900 830 1200 17-1.500 320 470
2_Steranes (ng/gdw) 130-2400 1400 730 78-7400 2100 3100 40-400 790 1200
C57/Cyg sterane 0.48-1.2 0.75 0.19 0.51-1.1 0.72 0.16 0.55-0.87 0.68 0.10
-Carotane (ng/gdw) <LD-780 220 250 <LD-780 220 310 <LD-160 70 70
LABs (ng/gdw) 92-2300 670 630 27-2700 680 980 30-1100 340 360
UCM (ng/gdw) 4400-99,000 51,000 29,000 4700-250,000 74,000 98,000 11,000-130,000 49,000 43,000
221 PAHs (ng/gdw) 970-32,000 8800 8700 67-51,000 8400 14,000 95-10,000 3600 3200
>3 ring PAHs (%) 15.0-31.1 242 5.8 0-41.9 228 0.11 16.3-38.8 26.1 7.7
2_4ring PAHs (%) 42.5-69.2 54.3 83 44.1-53.9 492 0.04 41.7-54.4 48.5 35
>_5ring PAHs (%) 10.5-29.8 18.2 6.0 11.4-39.5 244 0.08 11.2-27.8 221 5.0
2_6 ring PAHs (%) 0-10.4 3.1 33 1.2-6.5 3.7 0.02 1.5-4.3 3.4 0.8
LMW/HMW PAHs ratio 0.18-0.45 0.33 0.10 0-0.72 0.32 0.19 0.22-0.63 037 0.15
Ant/(Ant + Phe) ratio 0.02-0.57 0.15 0.16 0.02-0.25 0.10 0.08 0.03-0.35 0.15 0.11
Fla/(Fla + Pyr) ratio 0.10-0.60 0.50 0.13 0.50-0.58 0.54 0.03 0.38-0.55 0.48 0.05
BaA/(BaA + Chr) ratio 0.12-0.60 0.31 0.17 0.18-0.31 0.24 0.04 0.18-0.32 0.27 0.04
InP/(InP + BgP) ratio 0.29-0.48 0.42 0.05 0.30-0.88 0.43 0.15 0.39-0.48 0.42 0.03

Note: Pl 3= P26+ 0425051 LMW/ m-lkameratio = = (1-Co-Coo - (1-Corn-Cs): High CP 35 = B 6368+ "B G Low CPh 2 =

1[nC254nC7+4..4C35 4 nCl]+nCl3+A..+C35]: ACLy_33 = 27(n€27)+29(nC29)+31(nC31)+33(nC33). TAR — nC274nC29+nC31. OEP — nCil(rTéizgng"%Ez)CZS: PLK (planktonic) = nCys + nCy; + nCyg + nCyy; TRE (ter-

2 InC24+nC26+...C34 nC14+nC16+...C36 nC27+nC29+nC31+nC33 '

nC15+nC17+nC19’

rigenous) = nCy3 + nCys + nCy7 + nCyg + nCzy + nCs3; PETRO (petrogenic) = nCq, + nCy4 + nCyg + nCyg + nCyo; Ts: 22, 29, 30-Trisnorneohopane, Tm: 22, 29, 30-Trisnorhopane; C3; S/
(S + R) = af> C31. BaA: Benzo(a)anthracene; Chy: chrysene; InP: indeno(123cd)pyrene; BghiP: benzo(ghi)perylene; Flu: fluoranthene; Pyr: pyrene; An: anthracene; Phe: phenanthrene.

SD denotes standard deviation; LD, limit of detection.

Other than spatial variations, n-alkanes showed strong seasonal var-
iations with two major chromatographic patterns (Fig. S1a, b, c). The
first pattern displayed a significant odd even carbon number predomi-
nance (OEP) at the long-chain range, with n-alkane peaked at n-Cyg, in-
dicative of dominant contribution from terrestrial higher plant waxes
(Brassell and Eglinton, 1980). The second pattern presented an insignif-
icant OEP with peak chain length at C;7-C; 9, indicative of carbon contri-
bution dominated by microbes and phytoplankton (Gogou et al., 2000),
nevertheless, the input from petroleum cannot be totally neglected. The
latter pattern is similar to that of surface sediments from the Bohai Bay
and its adjacent rivers (P. Li et al., 2015; S. Li et al., 2015; Wang et al.,
2015). Comparatively, the major chain length ranged from C;3 to Cs37
with the maximum concentration at Cag (Cax = 29) for all the X (x1
to x11) and Lsp samples with the exception of L1sp, where the Cax
was at C;7. In contrast, the Cy,,.x Was at Cyg for all the Lsu samples, except
for L2su, L3su, L6su and L7su that had Cp,,x at C;g and L9su at Cyg, re-
spectively. It suggested that sources of n-alkanes to the Laizhou Bay var-
ied seasonally and may be linked with riverine inputs. Considering that
the sedimentation rates of the sampling area in Laizhou Bay varied be-
tween 6.4 and 9.4 cm/yr (Li et al., 2012), the seasonal signatures in sur-
face sediments (top ca. 4 cm) collected may have been weakened,
further implying that the seasonal differences may have been even

stronger than the hydrocarbon compositional differences being ob-
served in this study. Similarly, strong seasonal variations in both con-
centrations and compositions of hydrocarbons have been observed in
various river-estuary ecosystems worldwide, such as the Yangtze
River estuary, China, and Tamar Estuary, UK and a coastal watershed
in Tunisia (Hird and Rowland, 1995; Yu et al., 2016; Gdara et al., 2017).

In order to further decipher spatial and seasonal variations of n-
alkane sources, multiple deterministic ratios were calculated (Table 1;
Fig. 2). The low molecular weight to high molecular weight ratio
(LMW/HMW) and terrigenous/aquatic ratio (TAR) have commonly
been used as source indicators of n-alkanes in estuarine sediments
(e.g., Prahletal, 1994; Huetal., 2009). LMH/HMW ratios of >2 generally
indicate fresh oil inputs. LMW/HMW ratios close to 1 represent n-alkane
from petroleum and phytoplankton, whereas LMH/HMW ratios of <1
usually represent terrestrial n-alkanes produced by higher plants, ma-
rine animals and sedimentary bacteria (Wang et al., 2006). However,
with the preferential degradation of LMW hydrocarbons, the presence
of heavier oil or more degraded crude oil would result in lower ratios
of LMW/HMW (<1) (Commendatore et al., 2000). The LMW/HMW ra-
tios of the X and Lsp samples were all <1, whereas all the Lsu samples
(except for station L4su) had LMW/HMW ratios of >1. In contrast to
the seasonal n-alkane differences in this study, previous studies
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Fig. 2. Box-whisker plots showing different biomarkers or biomarker related proxies among the X (red box), Lsp (green box) and Lsu (blue box) samples. (a) LMW/HMW ratio; (b) MMAs
(ng/gdw); (c) TAR ratio; (d) PLK n-alkane (ng/gdw); (e) TRE n-alkane (ng/gdw); (f) PETRO n-alkane (ng/gdw); (g) anthropogenic hydrocarbons (ng/gdw); (h) vascular plant hydrocar-

bons (ng/gdw); (i) microbial hydrocarbons (ng/gdw).

observed LMW/HMW of <1 in both April and November 2012 in surface
sediments from the Bohai Bay and coastal areas off the Yellow River
mouth (Wang et al., 2015, 2017). It suggested that the variability of n-
alkane sources is more frequent than seasonal. The TAR has been widely
used to evaluate the relative importance of terrestrial versus aquatic in-
puts (Silliman et al,, 1996; Mille et al., 2007). The TAR values were >1 for
the X and Lsp samples, confirming the significance of terrestrial inputs
in the Xiaoqing River and coastal area of the Laizhou Bay in spring.
High TAR values could also be caused by the preferential preservation
of terrestrial hydrocarbons over planktonic ones in coastal environ-
ments. However, all the Lsu samples (except for stations L1su and
L4su) had TAR values <1, suggesting predominant input of n-alkanes
from aquatic inputs during summer. The seasonal differences in TAR ra-
tios also implied that preferential preservation is unlikely an explana-
tion for high TAR values found in X and Lsp samples. The high n-
alkane inputs from planktonic source in summer were also supported
by the dominance of odd-numbered short chain n-alkanes (Cyg, Cig
and Cyp). In the meantime, planktonic OM may stimulate bacterial com-
munity in summer due to warm temperatures (Wu et al., 2001; Alongi
et al., 2005; Bianchi, 2011; Resmi et al., 2016), which well explained the
predominance of even-numbered short chain n-alkanes in some cases.
Spatially, TAR ratios did not show any distinct trend, which was likely
due to well-mixing of hydrocarbon signatures in this region owing to
strong hydrodynamic conditions and gentle sea-floor topography. Sim-
ilarly, no spatial trend of TAR was also observed from the Yellow River to
the Bohai Bay (Wang et al., 2015).

The carbon preference indices (CPI) and average chain length (ACL)
are also indicators of OM sources. The CPI;,5_3s, defined by the odd to
even HMW n-alkanes (Czs_35), has been commonly used to identify vas-
cular plant wax contribution (CPI >1.0, typically 4.0-6.0) versus fossil
fuel contamination (CPI <1.0) (Aboul-Kassim and Simoneit, 1996; Y.
He et al., 2014, 2015b, 2016). The high values of CPI,5_35 (1.9 to 6.9)

together with strong OEP implied that the long chain n-alkanes were
dominated by vascular plants, consistent with the supposition based
on high ACL,;_33 values that ranged between 29.0 and 29.9 (avg. 29.6;
Table 1). In contrast to CPl,5_35, CPl{1_50 values in 25 out of 33 samples
(mostly the Lsu samples) were close to 1.0 or <1.0 with no obvious OEP,
implying inputs from fossil fuel hydrocarbons as well as bacterial activ-
ities (Pearson and Eglinton, 2000).

Similar to Ranjbar Jafarabadi et al. (2017, 2018), the sum of
phytoplankton- (odd n-alkanes from Cys to C,1), terrestrial- (odd n-
alkanes from Cy3 to C33), and petroleum-derived (even n-alkanes from
Cy; to Cy, PETRO) n-alkanes were calculated to estimate their domi-
nance in this study (Table 1). The terrestrial derived n-alkanes (TRE)
were the dominant (45% to 97%) in all the X and Lsp samples, whereas
the Lsu samples had more phytoplankton (27% to 43%) and petrogenic
sourced n-alkanes (24% to 49%) (Table 1).

In addition to the diverse n-alkanes detected, a wider variety of
monomethylated alkanes (MMAs), usually ranging from Cy; to Cpq,
was detected in most sediments. The total concentrations of MMAs
ranged from 120 to 3300 ng/gdw, below detection limit to
8200 ng/gdw and 910 to 32,000 ng/gdw for the X, Lsp and Lsu samples,
respectively (Table 1). Since MMAs were widely reported in natural and
anthropogenic sediments (e.g., oil sand) (D. He et al., 2015a), the short
chain MMAs (with carbon chain length <23) were believed to derive
from microbial sources (Han and Calvin, 1969; Shiea et al., 1990),
while the long chain MMAs could be derived from diverse sources in-
cluding microbial and terrigenous inputs (D. He et al., 2015a, 2015b).
In this study, the major MMAs featured a carbon chain length from Cyg
to Cyo and the methyl substituents at both even- and odd-numbered
carbon atoms (Fig. S4), indicative of predominant inputs from microbial
sources (Shiea et al., 1990; Kenig et al., 1995). The average concentra-
tion of MMAs detected in the Lsu samples was significantly higher (>6
to 9 times) than those of the X and Lsp samples (Fig. 2). Moreover, the
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concentrations of the LMW MMAs were even higher than n-alkanes
within the range of C;; to Cy in the Lsu samples. The distinctive differ-
ences of MMAs abundances between summer and spring suggested sig-
nificantly higher microbial inputs during summer, possibly owing to
higher temperature and phytoplankton-derived OM (Carstensen et al.,
2015).

Unresolved complex mixture (UCM), a mixture of structurally com-
plex isomers of homologous branched and cyclic hydrocarbons that
cannot be resolved by capillary columns, is another effective indicator
of petroleum contamination, such as chronic emission from vehicles,
volatiles from diesel (Simoneit, 1989; Gough and Rowland, 1990;
Tolosa et al.,, 2004; Mille et al., 2007) and degraded petroleum
(Brassell and Eglinton, 1980). Nevertheless, bacteria-derived UCMs can-
not be ignored (Bouloubassi et al,, 2001). In this study, the UCM was ev-
ident in most samples. The ratio of UCM/n-alkanes ranged from 0.26 to
0.94, indicating a pollution diluted by natural inputs for all samples
(Silva et al., 2012). The highest concentrations were found in L1 during
both spring (25,000 ng/gdw) and summer (130,000 ng/gdw), consis-
tent with overall significant petroleum inputs at this location as men-
tioned earlier. Generally, UCM in the lower chain-length end (<Cyp) is
associated with slightly weathered petroleum since heavy weathering
removes LMW and shifts UCM toward HMW (Jacquot et al., 1999;
Lima et al., 2012). UCM occurred as both short-chain (C < 20) and
long chain (C > 25) hydrocarbons in all the X and Lsp samples, but oc-
curred predominantly as short-chain hydrocarbons in all the Lsu sam-
ples (Fig. S1), suggesting more chronic petroleum contamination in
summer. In addition to petroleum derivative inputs, microbial
reworking is an additional source of UCM on the short-chain end
(Carstensen et al., 2015). However, since UCM derived from microbial
reworking is a process over long-time scales (longer than a year), the
UCM detected in this study should be driven by petrogenic input.

3.2.2. Spatiotemporal variability of petrogenic biomarkers: hopanes,
steranes, gammacerane, [3-carotane, pristine and phytane

Although petrogenic hydrocarbon inputs have been suggested by n-
alkanes derived indices, the presence of petrogenic hydrocarbons is fur-
ther confirmed through the identification of a suit of petroleum and fos-
sil carbon related biomarkers, including the hopane and sterane series,
pristane (Pr), phytane (Ph), gammacerane and 3-carotane (Philp and
Fan, 1987; Fu and Sheng, 1989; Volkman et al., 1992). For example,
Pr/Ph ratio was <0.9 in all samples, suggestive of petrogenic OM inputs.
Coincidently, much lower ratios of Pr/n-Cy7 and Ph/n-C;g in the Lsu sam-
ples (<1) than in the X and Lsp samples (>1) were highly linked with a
recent oil pollution in summer, 2014 (Mille et al., 2007; Commendatore
et al., 2012). Additionally, steranes and hopanes were detected in all
samples. The tight correlation (R?> = 0.99, P< 0.0001) between steranes
and hopanes suggested their common sources and similar dynamic pro-
cesses from the Xiaoqing River to the Laizhou Bay (Fig. S5).

Gammacerane, a nonhopanoid Cs triterpane, was detected in all
samples except x7. This compound is commonly found in most Chinese
crude oils formed in lacustrine environments (Philp and Fan, 1987). 3-
Carotane, derived from carotenoids in photosynthetic plants or mi-
crobes, was detected in 30 out of 33 samples, with the highest concen-
tration at L3sp followed by x3 and L1sp. This compound has been
reported in several oil sands in the Bohai Bay Basin (Wang et al,,
2013) and is widely used as an indicator of petroleum inputs (Fu and
Sheng, 1989; Chen et al., 1996).

The hopane indice, Ts/Tm, ranged from 0.7 to 1.0, 0.7 to 1.0 and 0.7 to
1.2 for the X, Lsp and Lsu samples, respectively, while the ratios of 22S/
(22S + 22R) epimers of aBRC3; homohopanes had a narrow range of
0.55-0.60 (Fig. S6), comparable to the equilibrium oil with full maturity
(Peters et al., 2005). Similar hopane indices were reported for the sur-
face sediments in the Yellow River Estuary (Wang et al., 2011), possibly
owing to similar sources of petrogenic contaminants to those found in
Laizhou Bay. The gammacerane/C3, hopane ratios were all <0.2, except
sample L6su (Fig. S6). These ratios are different to oils from Shengli oil

field (e.g., Shi et al., 1982), but similar to those observed in a recent
study from the surface sediments in Laizhou Bay (Sun et al., 2018), sug-
gesting the majority of oil pollution may not be directly from Shengli oil
field. Furthermore, the ratios of dibenzothiophene to phenanthrene and
Pr/Ph ratios ranged from 0.05 to 0.17 and 0.38 to 0.90 (Fig. S6), respec-
tively, pointing to a potential oil sourced from a lacustrine (sulfate-
poor) depositional environment with variable lithologies (Hughes
et al.,, 1995). Based on these biomarkers and proxies, the petrogenic hy-
drocarbon inputs in this region were either from oil pollution most
likely contributed by occasional oil spills due to intense traffic of ships,
or fossil organic carbon from upstream Xiaoqing River with similar bio-
marker distributions.

3.2.3. Spatiotemporal variability of linear alkylbenzenes (LABs)

LABs are raw material for synthesizing anionic surfactants that are
commonly used in synthetic detergents. The occurrence of LABs in the
aquatic environment is therefore resulted from their incomplete sulfo-
nation during the synthesis of detergents and the subsequent sewage
discharge associated with domestic wastes (Raymundo and Preston,
1992). LABs with alkyl chains ranging from 10 to 13 carbon atoms
(C10-LABs, C;1-LABs, C1,-LABs and C;3-LABs; Tables 1; S2-S4) were de-
tected in all samples and were dominated by C;,-LABs, in agreement
with the most common composition in commercial detergents
(Raymundo and Preston, 1992). The total LABs concentrations varied
between 30 and 2700 ng/gdw and were similar to those reported in es-
tuarine sediments from the North Sea (Raymundo and Preston, 1992)
and a largest lagoon in South America (Medeiros et al., 2005), but
lower than levels reported in sediments from the Tokyo Bay (Takada
and Ishiwatari, 1987). The highest concentration was observed at sta-
tion L1sp within the Yangkou harbor (2700 ng/gdw), suggesting accu-
mulation of considerable domestic wastes from upstream and local
harbor. The second highest concentration of LABs was detected at sta-
tion x1 (2300 ng/gdw), which is located in Jinan City, the largest city
in Shandong province with a population of ca. 7.1 million (Fig. 1). Sta-
tion x1 was thus susceptible to severe sewage discharges from both do-
mestic and industrial sewage inputs (He et al., 2018).

3.24. Spatiotemporal variability of PAHs

The concentrations of PAHs were 970 to 32,000, 70 to 51,000 and
100 to 10,000 ng/gdw for the X, Lsp and Lsu samples, respectively
(Table 1), without significant differences among each group. These
ranges were larger than most typical estuaries in China, such as the Yel-
low River Delta (3590 to 27,100 ng/gdw; Wang et al., 2011), Yangtze
River Estuary (27 to 622 ng/gdw; Wang et al., 2016), and Pearl River Es-
tuary (126 to 3829 ng/gdw; Zhang et al., 2015), suggesting generally
higher anthropogenic inputs in Xiaoqing River and Laizhou Bay system.
Based on the pollution levels defined by Baumard et al. (1998), most of
the stations were characterized by moderate to extensively high pollu-
tion levels, with the most severe cases at stations x1 and L1sp.

In order to identify potential sources of PAHs, four commonly used
diagnostic ratios were proposed (Fig. S7; Table 1), including anthracene
to anthracene plus phenantrene [Ant/(Phy + Ant)] ratio, fluoranthene
to fluoranthene plus pyrene [Flu/(Flu 4 Pyr)] ratio, indeno(123cd)
pyrene to indeno(123cd)pyrene plus benzo[ghi|perylene [InP/(InP
+ BghiP)] ratio, and benzo(a)anthracene to benzo(a)anthracene plus
chrysene [BaA/(BaA + Chry)] ratio (Yunker et al., 2002). In this study,
the wide range of [Ant/(Phe + Ant)] ratios (0.02-0.57) and most of
the [BaA/(BaA + Chry)] ratios suggested mixing sources. The high ratios
of [Flu/(Flu + Pyr)] (>0.4) at most stations constrained the PAHs being
dominated by combustion sources. Furthermore, the [InP/(InP
+ BghiP)] ratios implied the most possible mechanism was fossil fuel
combustion. However, it is noteworthy that these diagnostic ratios
sometimes come with multiple explanations, especially in estuarine en-
vironments (Yunker et al.,, 2002). Examples of inconsistencies based on
PAH diagnostic ratios have been reported in Persian Gulf, Iran
(e.g., Ranjbar Jafarabadi et al., 2017). Therefore, our study area serves
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as another system that these PAH diagnostic ratios may not work per-
fectly in tracking sources of PAHs. Furthermore, neither concentrations
nor compositions of PAHs showed strong seasonal differences, which
is in contrast with the sharp seasonal differences of aliphatic hydrocar-
bons (Figs. S1, S2; Fig. 2). It further suggested that sources of PAHs may
differ to those of aliphatic hydrocarbons, and implied that data interpre-
tation in coastal systems like this could be strongly biased if only one
group of biomarkers was used.

3.3. Spatiotemporal variability revealed by overall hydrocarbon distribu-
tion patterns and statistical analyses

Although multiple biomarkers have been applied in carbon
source-tracking in previous sections, we further used these bio-
markers for a semi-quantitative estimation of hydrocarbon sources,
e.g., anthropogenic, microbial, and vascular plant sources. In this
study, the sum of petroleum n-alkanes, hopanes, steranes, LABs, [3-
carotane, gammacerane and PAHs was used to assess anthropogenic
sources of hydrocarbons. The total concentrations of MMAs and leaf
wax n-alkanes were used to assess microbial and vascular plant sources,
respectively. The relative percentage of each source was roughly calcu-
lated by taking the sum of the hydrocarbon biomarker of that source
divided by the sum of all hydrocarbon biomarkers detected (anthropo-
genic, microbial and vascular plant biomarkers) and multiplied by 100.
Currently, we admit that it is impossible to precisely assess the relative
percentage of each source of hydrocarbons to a particular sample be-
cause (i) the contribution degree of each types of hydrocarbons may
vary depending on their significance in each source; and (ii) the limita-
tion of GC-MS which can only detect part of hydrocarbons, increasing
the variability of calculations. Although this calculation must introduce
lots of uncertainties, it is helpful to assess the variability among differ-
ent samples, and thus has been applied in numerous studies (Pisani
et al., 2013; Rushdi et al., 2014, 2017, 2018). Therefore, based on our
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criteria specified above, the anthropogenic derived hydrocarbons
detected were 940 to 100,000 ng/gdw. The vascular plant derived
hydrocarbons detected were from 100 to 11,000 ng/gdw, whereas the
microbial derived hydrocarbons detected were from <LD (limit of
detection) to 32,000 ng/gdw (Fig. 2). Anthropogenic derived hydrocar-
bons were the dominant in most stations (38% to 97%), suggesting an-
thropogenic influences were the major driver of hydrocarbon inputs
in Xiaoqing River and Laizhou Bay, a typical eutrophication area in east-
ern China. The averaged relative percentages of terrestrial and anthro-
pogenic hydrocarbons were significantly higher (P <0.01) in the Lsp
samples than Lsp samples, whereas microbial derived hydrocarbons
were significantly higher (P < 0.01) in the Lsu samples (18% to 58%)
than Lsp samples (0 to 10%; Fig. 2; Table S5).

PCA was further used to distinguish groups of samples based on sta-
tions and to assess sources, spatial and seasonal variations of hydrocar-
bons (Fig. 3). The first PCA included all saturated hydrocarbons,
including n-alkanes, MMAs, hopanes, steranes, LABs, (3-carotane, UCM,
and some commonly used ratios, such as CPI, ACL, TAR (Table 1;
Fig. 2), as variables. In this analysis, the first and second principal com-
ponents (PC) explained 39.0% and 24.7% of the total variation, respec-
tively. Based on PCA loadings, samples were distinguished into two
groups according to their origins: (i) the Lsu samples dominated by
MMAs, ACL,7_33, CPly4_36, and PLK, and (ii) the Lsp and X samples by
petrogenic biomarkers (hopanes, steranes, 3-carotane), LABs, HMW n-
alkanes, TRE, TAR, and petrogenic n-alkanes (PETRO). Without any sig-
nificant differences, these two groups of samples were only separated
along the PC2. Based on the loading of each parameter, the Lsu samples
were characterized by more phytoplankton and microbial inputs com-
pared with the X and Lsp samples, which were more enriched in
petrogenic hydrocarbons and anthropogenic derived biomarkers, such
as LABs. All in all, our data demonstrated that the saturated hydrocar-
bons had strong seasonal differences, while spatial differences were
not observed based on PCA.
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Fig. 3. Principal component analysis using aliphatic hydrocarbons as loadings (a, b) and various PAHs as loadings (c, d).
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As mentioned earlier, seasonal differences seemed not to be ob-
served for PAHs, therefore, the second PCA analysis was specifically on
PAHs to further investigate the driving force of their variation (Fig. 3).
The PC1, explaining 35.0% of the total variation, was positively associ-
ated with LMW PAHs (e.g., 3-ring PAHs), and negatively correlated
with HMW PAHSs, especially 5-ring PAHs. The PC2, explaining 22.9% of
the variability, was associated inversely with 4-ring PAHs. The PCA load-
ings distinguished three groups of samples according to their origins:
(i) a group mainly composed of LWM PAHs (3 rings), (ii) a group dom-
inated by HMW PAHs (5 and 6 rings), and (iii) a group primarily con-
structed by middle molecular weight PAHs (4 rings). The X, Lsp and
Lsu samples were not distinguished spatially or seasonally based on
PCA scores, suggesting overall non-point source inputs of PAHs across
our study area. Nevertheless, stations away from the Xiaoqing River
mouth, such as L7-L11, seemed to be more associated with LMW PAHs
and therefore higher LMW/HMW PAHs ratios. Since LMW PAHSs are
more volatile, they have higher chances of being transported over lon-
ger distances than HMW PAHs. Therefore, atmospheric deposition
may be one of the most important processes affecting the distribution
of PAHs. However, further spatial and seasonal investigations of the
aerosol PAHs in this area are needed in the future in order to confirm
this speculation.

4. Conclusion

The study demonstrated the necessity of applying multiple bio-
markers in comprehensively characterizing hydrocarbon inputs at sea-
sonal or even monthly levels. Our results demonstrated that each
group of biomarkers have its advantages in tracking specific sources of
carbon inputs. Our study also confirmed that the characterization of hy-
drocarbons to riverine-coastal systems may vary more frequently than
seasonal. By using multiple biomarkers, anthropogenic sourced hydro-
carbons were found to be the dominant ones in this area. This is consis-
tent with our expectation since this region is influenced severely by
anthropogenic activities.

The dominant anthropogenic hydrocarbons detected were derived
mainly from petroleum and manufacturing activities. In particular, the
ubiquitous presence of UCM and -carotane, gammacerane, and com-
position patterns of hopanes and steranes, indicated that the petroleum
contamination in the Xiaoqing River to Laizhou Bay was mainly from
offshore oilfields and ship activities. The presence of LABs suggested
strong sewage discharges from surrounding rivers. PAHs concentrations
suggested most stations were under moderate to very high pollution
levels. Furthermore, PAHs isomeric ratios indicated that the PAHs
were mostly of petroleum combustion origin. Besides the anthropo-
genic input, the natural hydrocarbons were mainly derived from vascu-
lar plants, which is indicated by spatial distributions of LMW/HMW, CPI
and TAR. Notably, both microbial and phytoplankton inputs were signif-
icantly higher in summer than spring, which may be caused by higher
temperature, the growth of phytoplankton and associated heterotro-
phic microbes in summer. PCA revealed that the seasonal differences
were higher than the spatial differences for aliphatic hydrocarbons. In
contrast, spatial variation was seen in the composition of aromatic hy-
drocarbons, implying a livelihood of nonpoint source inputs through
aerosol. The strong decoupling between aliphatic and aromatic hydro-
carbons is important to note for an integrated view of hydrocarbon
sources and transportation mechanisms in this ecosystem. Lastly, the
current study provided background information for policy making
aiming at reducing anthropogenic impacts and promoting the health
of this estuarine ecosystem and other typical urbanized river-estuary
systems in eastern China.
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