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A B S T R A C T

A total of 21 surface sediments from the Yellow River Estuary (YRE) and a sediment core from the abandoned
Old Yellow River Estuary (OYRE) were analyzed for n-alkanes using gas chromatography-mass spectrometry
(GC-MS). n-Alkanes in the range C12-C33 and C13-C34 were identified in the surface sediments and the core,
respectively. The homologous series were mainly bimodal distribution pattern without odd/even predominance
in the YRE and OYRE. The total n-alkanes concentrations in the surface sediments ranged from 0.356 to
0.572 mg/kg, with a mean of 0.434 mg/kg on dry wt. basis. Evaluation of n-alkanes proxies indicated that the
aliphatic hydrocarbons in the surface sediments were derived mainly from a petrogenic source with a relatively
low contribution of submerged/floating macrophytes, terrestrial and emergent plants. The dated core covered
the time period 1925–2012 and the mean sedimentation rate was ca. 0.5 cm/yr. The total n-alkanes con-
centrations in the core ranged from 0.0394 to 0.941 mg/kg, with a mean of 0.180 mg/kg. The temporal evo-
lution of n-alkanes reflected the historical input of aliphatic hydrocarbons and was consistent with local and
regional anthropogenic activity. In general, the investigation on the sediment core revealed a trend of regional
environmental change and the role of anthropogenic activity in environmental change.

1. Introduction

Coastal and estuarine regions are areas where active interaction
between land and ocean exists (Wang et al., 2015). In recent decades,
the impact of industrial discharge, agricultural emission and other an-
thropogenic activities have been extremely prominent in coastal and
estuarine regions. Aliphatic hydrocarbons, which widespread in the
estuarine region, have aroused extensive attention worldwide (e.g. Hu
et al., 2011; Wang et al., 2015). Estuarine sediments are a major re-
servoir of aliphatic hydrocarbons from anthropogenic input and natural
input (Hostettler et al., 1999; Tahir et al., 2015; Wu et al., 2001). Due to
their hydrophobic nature, aliphatic hydrocarbons generally have a high
tendency to adhere to particles (Guo et al., 2011; Silva et al., 2013).
Eventually, they may accumulate in estuarine areas through riverine
runoff and/or atmospheric deposition and be preserved in sediments for
a long period of time (Hostettler et al., 1999; Wang et al., 2015).
Therefore, the analysis of sediment cores is an efficient way of re-
constructing the depositional history of aliphatic hydrocarbons and
environmental changes in estuarine environments (Hostettler et al.,
1999).

Aliphatic hydrocarbons such as n-alkanes are released to the en-
vironment primarily through anthropogenic (vehicle exhaust, petro-
leum and industrial releases) and natural sources (aquatic organisms,
plankton and terrestrial plants) (Wang et al., 2012a). n-Alkanes in se-
diments are widely used as a sensitive indicator for source identification
of aliphatic hydrocarbons (Ho et al., 2015; Wang et al., 2017; Zhang
et al., 2009). Although they only account for a small fraction of the
aliphatic hydrocarbons, their composition keeps a sufficient record of
information regarding the source and maturity of aliphatic hydro-
carbons (Hostettler et al., 1999; Kaiser et al., 2014).

The Yellow River has flowed into the Bohai Sea since 1855 from
Shandong Province, North China. The Yellow River Delta (YRD) has
plentiful wetland and biological resources, with tremendous developing
potentiality and ecological sensitivity (Wang et al., 2011). Moreover, it
is also an important oil-producing base for China (Nie et al., 2009). The
Shengli Oilfield was discovered in the YRD in the 1960s, accelerating
industrialization and promoting the economic development of China.
However, with the development of the oil industry, the estuarine wet-
land ecosystem has been significantly affected by oil exploration,
transportation, storage and consumption. Aliphatic hydrocarbons and
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other oil-related organic pollutants have been released into the wetland
ecosystem and may cause a health risk to humans and living organisms.

The course of the Yellow River was frequently diverted after 1855,
owing to the effect of natural and human factors. An artificial diversion
was conducted to relocate the course from Diaokou to Qingshuigou
channel in 1976 (Wang et al., 2006a). Since then, the Old Yellow River
Estuary (OYRE) has served the river for 20 yr (1976–1996). The term-
inal channel of the Yellow River shifted to the current course in 1996.
The Yellow River has flowed through the Yellow River Estuary (YRE)
into the sea until now. Various anthropogenic activities in the OYRE
and YRE, including industrial discharge, domestic sewage, agricultural
activity and shipping activity, may cause a negative impact on the
ecological environment. In addition, the OYRE has experienced two
major shifts of river channel in the past decades, which may have the
potential to change the concentration and source of aliphatic hydro-
carbons in estuarine sediments. Therefore, it is necessary to investigate
the effect of socio-economic development as well as local and regional
anthropogenic activity on ecological environment in the OYRE and call
attention to the protection of wetland ecological environment.

However, previous researches have been focused on the YRD and
the present YRE (Nie et al., 2010; Wang et al., 2011; Yamei et al., 2009;
Yu et al., 2011; Zhang et al., 2009). There are few studies of the ali-
phatic hydrocarbons in both the present YRE and the OYRE. The major
objectives of the present study were to solve the following problems:
What are the sources of aliphatic hydrocarbons in the sediments? Has
the exploitation of the Shengli Oilfield and the relocation of the course
of the Yellow River changed the input sources of the aliphatic hydro-
carbons?

The study was designed to (i) estimate potential sources and con-
centration of n-alkanes in the surface sediments from the present YRE
and the sediment core from the OYRE and (ii) investigate any corre-
lation between anthropogenic activity and environmental change over
the last eight decades. It was hoped that the results may provide va-
luable insight into understanding the role of human activity in en-
vironmental change and a reliable prerequisite for future studies of
organic pollutants in the region.

2. Material and methods

2.1. Sample collection

The sampling locations are illustrated in Fig. 1. Surface sediments
(21; i.e. S1 to S21) were collected with a stainless steel grab sampler in

the YRE in August 2013. In addition, a sediment core was collected
from the OYRE (37°39′5.48″N, 119°16′19.15″E) in July 2012, by using
a gravity corer with an inner diameter of 80-mm to prevent physical
disturbance of the surface sediment layers. Three cores were collected
randomly from the same intertidal mud-flat area in the OYRE during
sampling and the core without any physical disturbance was selected
for use. The selected core, collected from the surface to 41 cm depth,
was located at the mouth of the Qingshuigou course, the abandoned
course of the Yellow River. It was immediately sectioned into 1 cm
intervals using a stainless steel cutter. All the samples, including the
surface sediments and the sectioned samples, were transferred to pre-
cleaned Al foil. Then these were transported to the laboratory in an ice
box and kept frozen at −20 ℃ prior to analysis.

2.2. 210Pb dating of core

Short-lived 210Pb (t1/2=22.3 years) is applicable for establishing the
chronology of short sediment core on a time-scale of ~100 years
(Baskaran et al., 2017; Renfro et al., 2016). Therefore, the dating of the
studied core was conducted using the 210Pb method as described by Guo
et al. (2007) and Wu et al. (2015). The activity of 210Pb, 226Ra, and
137Cs were determined using an Ortec HPGe GWL series well-type de-
tector. Three reference materials (RGU-1, RGTh-1 and RGK-1) from the
International Atomic Energy Agency (IAEA) were used for system ca-
libration. The sediment intervals were sealed in centrifuge tubes for
over three weeks to allow radioactive equilibration to be reached before
radionuclide determination. The 210Pb activity and 226Ra activity were
measured via gamma emissions at 46.5 keV and 352 keV, respectively.
The 137Cs was measured simultaneously at 662 keV. The activity of the
excess 210Pb (210Pbex, Fig. 2) was calculated by subtraction of the 226Ra
activity from the total 210Pb activity. The dating and sedimentation rate
were calculated using the constant rate of supply (CRS) model (Al-Mur
et al., 2017; Enrico et al., 2017).

2.3. Sample extraction and separation

Each freeze-dried sediment sample was ground and homogenized
using an agate mortar and pestle. The samples were sieved through a
stainless steel sieve (125 mesh). Powdered sediment intervals (5 g dry
wt.) and powdered surface sediments (10 g dry wt.) were used for n-
alkanes extraction. Microwave-assisted solvent extraction (MASE) was
used for the surface sediment samples and soxhlet extraction for the
core samples. Activated Cu was added to the extracts for

Fig. 1. Sampling locations of the surface sediments and the se-
diment core in the YRE and OYRE.
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desulfurization. Each extract was concentrated with a vacuum rotary
evaporator and then redissolved in hexane. It was purified using a
chromatography column filled with alumina (6 cm), silica gel (12 cm)
and anhydrous Na2SO4 (2 cm) from bottom to top. The n-alkanes
fraction was eluted with 15 ml hexane and concentrated to 1 ml under a
gentle stream of N2.

2.4. Gas chromatography–mass spectrometry (GC-MS)

Identification and quantification of the n-alkanes were carried out
using a Thermo Trace Ultra GC unit interfaced to a Thermo DSQ II MS
unit, equipped with a TR-5MS column (30 m × 0.25 mm × 0.25 µm).
The mass spectrometer was operated in the selective ion monitoring
(SIM) mode with positive ion electron impact ionization (EI) mode
(70 eV). Samples were injected in splitless mode (1 μl) and high purity
helium (99.999%) was used as carrier gas at 1.0 ml/min. The oven

temperature program was: 70 ℃ (4 min) to 290 ℃ (held 40 min) at
10 ℃/min. Gas chromatogram of n-alkanes was given in Fig. 3.

2.5. Quality assurance and quality control (QA&QC)

The quantification of n-alkanes was performed using the external
calibration method. To avoid contamination and other interference,
QA&QC were conducted strictly for each experimental procedure, in-
cluding extraction, separation and instrumental analysis. In order to
validate the method, recovery experiments were conducted prior to
sample extraction. Recovery was determined by adding n-alkanes
standards to a cleaned matrix (without the target analytes), in the range
75–102%. In addition, a matrix blank (standards added to a cleaned
matrix), reagent blank (only solvent), spiked blank (standard added to
solvent) and replicate sediment sample were run with each batch of the
sediment samples. Analysis of the blanks confirmed that there was no
introduced contamination or other interference over the whole ex-
periment. The relative standard deviation was< 5%, indicating good
repeatability.

2.6. Statistical analysis

Comparisons of n-alkanes concentrations were conducted by in-
dependent samples t-test using SPSS 17.0 for windows. Statistical dif-
ferences were considered significant at p<0.05.

Several n-alkanes proxies were combined to investigate potential
sources of aliphatic hydrocarbons in sediments in the study area. They
were calculated from n-alkanes abundance based on earlier research as
discussed below.

Both the carbon preference index (CPI) and natural n-alkane ratio
(NAR) are useful for the identification of anthropogenic and biological
sources (El Nemr et al., 2013; Mille et al., 2007; Salem et al., 2014).
NAR was defined by Mille et al. (2007) as:

=
∑ − − ∑ −

∑ −
NAR

(C C ) 2 (C C )
(C C )

19 32 20 32 even

19 32

CPI was calculated for the entire range of n-alkanes, modified ac-
cording to Górka et al. (2014):

− = − −CPI C C Σ C C Σ C C( ) ( ) / ( )odd even12 33 13 33 12 32

The aquatic macrophytes n-alkane proxy (Paq) was defined by
Ficken et al. (2000) as: Paq = (C23+C25)/(C23+C25+C29+C31).
Emergent and terrestrial plants are characterized by an abundance of
long chain n-alkanes (C29 and/or C31; Ficken et al., 2000). However,
non-emergent plants (submerged and floating macrophytes) generally
display a dominance of mid chain n-alkanes (C23 and/or C25; Ficken
et al., 2000; Seki et al., 2010). Therefore, Paq can be used to estimate
the relative contribution of non-emergent plants vs. emergent and ter-
restrial plants.

The wax n-alkane content (Wax Cn) was calculated (Górka et al.,

Fig. 2. Depth profile of 210Pbex in the sediment core from the OYRE.

Fig. 3. Gas chromatogram of n-alkanes.
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2014; Mandalakis et al., 2002; Simoneit, 1999) using the following
equation: Wax Cn = Cn − 0.5(Cn-1 + Cn+1), where negative values are
treated as zero. The proportion (%) of wax derived n-alkanes (WNA) is
expressed as the ratio between the sum of Wax Cn and the total con-
centrations of n-alkanes (Górka et al., 2014; Mandalakis et al., 2002;
Simoneit, 1999).

3. Results and discussion

3.1. Concentrations and potential sources of n-alkanes in the surface
sediments

n-Alkanes in the range C12-C33 were detected in the surface sedi-
ments from the YRE. The n-alkanes in all the samples exhibited a bi-
modal distribution pattern centered at C16-C18 and C26-C31 (Fig. 4)
without odd/even predominance. The n-alkanes concentrations in the
surface sediments are listed in Table 1. The total n-alkanes

concentrations ranged from 0.356 to 0.572 mg/kg, with a mean value
of 0.434 mg/kg on a dry wt. basis.

The relatively high n-alkanes concentrations were recorded in sites
9, 11, 12, 13 and 14. The mean concentration of these five sites was
significantly (p=0.000, Table 2) higher than that of the remaining
sites. These sites were all located in the area near the Hongliu Oilfield, a
branch of the Shengli Oilfield. Oil spills and leakages may occur in the
process of oil exploration and transportation and result in the con-
tamination from petroleum-related hydrocarbon (Acosta-González and
Marqués, 2016). Hence, these sites with high n-alkanes concentrations
were probably influenced by the nearby Hongliu Oilfield.

In contrast, sites 15–21 had relatively low n-alkanes concentrations.
The mean concentration of these seven sites was significantly
(p=0.001, Table 2) lower than that of the remaining sites. These sites
were located in the area relatively far away from the Hongliu Oilfield
and near the mouth of Yellow River. As mentioned above, hydrophobic
organic compounds (such as n-alkanes) are apt to adsorb on particulate
matter, especially fine particulate matter (Guo et al., 2011; Silva et al.,
2013). High flow velocity and large water volume at the mouth of
Yellow River are propitious for the transportation of fine suspended
particles to the Bohai Sea. Hence, in addition to the low impact of the
Hongliu Oilfield, the loss of a large amount of organic matter may also
lead to low n-alkanes concentrations at these sites.

The n-alkanes concentrations in the surface sediments were com-
pared with other regions in the world to assess the concentration level
of aliphatic hydrocarbons in the YRE. Compared with the background
concentrations, the n-alkanes concentrations in the YRE were similar to
those in the pristine sediments of the islands in South Orkney, Antarctic
(0.4 mg/kg), but lower than that in the deep basin of the Mediterranean
Sea (1.1 mg/kg) (Cripps, 1994; Tolosa et al., 1996, 2004). Compared
with the human-impacted locations, the n-alkanes concentrations in the
YRE were similar to those in marine sediments in the Fladen Ground,
North Sea (0.025–0.49 mg/kg; Ahmed et al., 2006) and the Bay of
Marseille (0.034–2.2 mg/kg; Syakti et al., 2015). However, they were
significantly lower than those in the Songhuajiang River
(7.91–14.70 mg/kg; Guo et al., 2011), Ushuaia Bay (0.28–11.72 mg/kg;
Commendatore et al., 2012), Jiaozhou Bay, Qingdao, China
(0.50–8.20 mg/kg; Wang et al., 2006b), South Caspian Sea
(0.50–17.00 mg/kg; Tolosa et al., 2004) and Bohai Sea (0.39–4.4 mg/
kg; Hu et al., 2009). The comparison indicates that the concentration
level of aliphatic hydrocarbons in the surface sediments of the YRE was
relatively low.

Major hydrocarbons and diagnostic ratios were combined to iden-
tify the potential sources of aliphatic hydrocarbons in the surface se-
diments. Major hydrocarbons and related n-alkanes proxies are de-
picted in Table 1. The CPI and NAR values ranged from 0.794 to 1.08
and 0–0.0530, with a mean value of 0.897 and 0.008, respectively. Ca.
81% of samples had CPI values< 1 and NAR values of 0. A high CPI
value (> 5) is indicative of a terrestrial vascular plants origin (e.g.
Schefuß et al., 2003), while a low CPI value (less than or equal to 1) is
considered as an input from petroleum hydrocarbons, recycled organic
matter, and/or microorganisms (e.g. Fang et al., 2014). Similarly, a
high NAR value (close to 1) is considered as a biogenic-related input,
while petroleum hydrocarbons usually exhibited a low NAR value
(close to 0; Akhbarizadeh et al., 2016; Mille et al., 2007). Based on the
above analysis, both CPI and NAR values indicated a predominantly
petrogenic input of hydrocarbons in the surface sediments.

In all the surface sediment samples, an evident dominance of long
chain n-alkanes was observed. Three major hydrocarbons were identi-
fied as C27, C28 and C29. Odd n-alkanes were also abundant in samples
(Fig. 4), considered to be indicative of biogenic source. Therefore, Paq
and WNA were calculated to investigate the relative contribution of
different plant species to biogenic hydrocarbons.

Paq, ranging from 0.166 to 0.227, reflected a mixed source including
submerged/floating macrophytes, terrestrial and emergent plants based
on previous studies (Ficken et al., 2000; Havelcová et al., 2015). WNA

Fig. 4. Typical distribution of n-alkanes in the surface sediments from the YRE.

Table 1
n-Alkanes concentrations (mg/kg dry wt.) and related proxies in the surface sediments
from the YRE.

Sample Concentration MHa CPIb NARc WNAd% Paqe

S1 0.442 C27, C28, C29 0.909 0 19.7 0.173
S2 0.424 C27, C28, C29 0.924 0 17.5 0.187
S3 0.446 C27, C28, C29 0.820 0 17.7 0.186
S4 0.446 C27, C28, C29 0.899 0 19.9 0.177
S5 0.419 C27, C28, C29 0.801 0 17.4 0.201
S6 0.417 C27, C28, C29 0.835 0 19.5 0.196
S7 0.450 C27, C28, C29 0.887 0 19.5 0.200
S8 0.426 C27, C28, C29 0.889 0 17.9 0.203
S9 0.489 C27, C28, C29 0.898 0 18.1 0.190
S10 0.436 C27, C28, C29 0.839 0 19.4 0.207
S11 0.467 C27, C28, C29 0.914 0 16.4 0.210
S12 0.520 C27, C28, C29 1.03 0.015 19.5 0.168
S13 0.461 C27, C28, C29 0.840 0 16.6 0.227
S14 0.572 C27, C29, C31 1.06 0.051 23.7 0.166
S15 0.421 C27, C28, C29 0.925 0 18.0 0.182
S16 0.388 C27, C28, C29 0.820 0 16.9 0.182
S17 0.359 C27, C28, C29 1.08 0.053 28.3 0.177
S18 0.356 C27, C28, C29 1.05 0.040 27.4 0.186
S19 0.387 C27, C28, C29 0.794 0 17.4 0.189
S20 0.388 C27, C28, C29 0.815 0 17.0 0.181
S21 0.408 C27, C28, C29 0.825 0 20.3 0.184

a Major hydrocarbons.
b Carbon preference index.
c Natural n-alkane ratio.
d Wax n-alkane content.
e Aquatic macrophytes n-alkane proxy.
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was calculated to assess the proportion of terrestrial plants derived n-
alkanes, providing strong evidence for a limited input of terrestrial
higher plants (ranging from 16.4% to 28.3%).

In summary, aliphatic hydrocarbons in the surface sediments from
the YRE were derived mainly from a petrogenic source, with relatively
low contribution of submerged/floating macrophytes, terrestrial and
emergent plants.

3.2. Concentrations and potential sources of n-alkanes in the sediment core

The dating of the sediment core was conducted using the 210Pb
method. The results showed that the entire core (41 cm) covered the
period from 1925 to 2012. The average sedimentation rate was ca.
0.5 cm/yr. n-Alkanes ranging from C8 to C40 were analyzed, but only
C13-C34 n-alkanes were detected in the sediment core. The variations in
total n-alkanes (T-ALK), low molecular weight (<C25, LMW) n-alkanes
and high molecular weight (≥ C25, HMW) n-alkanes concentrations are
plotted vs. depth and depositional age in Fig. 5. T-ALK concentrations
varied within a small range, from 0.0394 to 0.941 mg/kg (avg.
0.180 mg/kg) on a dry wt. basis. LMW and HMW n-alkanes con-
centrations ranged from 0.00556 to 0.182 and 0.0158–0.848 mg/kg dry
wt. (mean 0.0687 and 0.130 mg/kg, respectively).

T-ALK concentrations were compared with those of other regions in
the world. The n-alkanes concentrations in the OYRE were lower than
the background concentrations in the world, such as the South Orkney
islands in the Antarctic (0.4 mg/kg) and the Mediterranean Sea deep
basin (1.1 mg/kg) (Cripps, 1994; Tolosa et al., 1996, 2004). As for the
human-impacted locations, the n-alkanes concentrations were sig-
nificant lower than those in the sediment cores from the Yellow Sea

(0.70–15.80 mg/kg; Wu et al., 2001), Bohai Sea (0.88–3.48 mg/kg; Li
et al., 2015), the Upper Scheldt River (2.80–29.00 mg/kg; Charriau
et al., 2009), Lansquenet pond, France (2.30–29.50 mg/kg; Bertrand
et al., 2012) and Chini Lake, Peninsular Malaysia (7–78 mg/kg;
Bakhtiari et al., 2011). Although the sampling time and the length of
sediment cores are diverse in the above mentioned areas, it can be in-
ferred from the comparison that the concentration level of aliphatic
hydrocarbons, at least roughly, was relatively low in the sediment core
from the OYRE.

The depth profile of CPI is shown in Fig. 6. CPI values ranged from
0.503 to 2.11 (avg. 1.05). The low CPI values (around 1) were apparent
in most samples of the core, indicating a predominant petrogenic
origin. The samples in the upper section of the core (0–6 cm) showed
relatively high CPI values, possibly contributing to a reduction in pet-
roleum hydrocarbon input.

3.3. Correlation with anthropogenic activity

As illustrated in Fig. 5, the temporal trend in T-ALK concentrations
is similar to that of the HMW n-alkanes concentrations, but different
from that of the LMW n-alkanes concentrations. In brief, the con-
centrations of total, HMW and LMW n-alkanes sharply increased from
40 cm depth and reached a peak at 37 cm depth, where the estimated
age was 1939, followed by a significant decrease until 1950 (35 cm
depth). Afterwards, the HMW n-alkanes concentrations fluctuated
slightly from 35 to 12 cm depth (over the period from 1950 to 1999).
However, the total and LMW n-alkanes concentrations gradually in-
creased during this period. Then, an abrupt increase in total and HMW
n-alkanes concentrations was observed from a depth of 12 cm, followed

Table 2
The results of independent samples t-test.

Levene's Test for Equality of Variances T-test for Equality of Means

F Sig t df Sig Mean Difference Std Error

Comparison A of n-alkanes concentrationsa Equal variances assumed 1.398 0.252 5.124 19 0.000 0.08864 0.01730
Equal variances not assumed 4.102 5.139 0.009 0.08864 0.02161

Comparison B of n-alkanes concentrationsb Equal variances assumed 1.517 0.233 −4.045 19 0.001 −0.07150 0.01768
Equal variances not assumed −4.894 18.717 0.000 −0.07150 0.01461

a Comparison A：Comparison between five sites (site 9 and 11–14) and the remaining sites (site 1–8, 10 and 15–21).
b Comparison B：Comparison between seven sites (site 15–21) and the remaining sites (site 1–14).

Fig. 5. Depth profile of total, HMW and LMW n-alkanes con-
centrations in the sediment core from the OYRE.
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by a significant decrease to the top horizons of the core. The LMW n-
alkanes concentrations gradually decreased with decreasing depth in
the upper 6 cm layer.

The historical input of n-alkanes and the environmental change
spanning over eight decades were recorded in the sediment core.
Moreover, the depth profile of n-alkanes was consistent with the local
and regional anthropogenic activity in the study area and the energy
structure of China in the past decades. During the Second Sino-Japanese
War (1937–1945), Japan occupied most regions of China, including the
Shandong, Hebei and Shanxi provinces. Mineral resources, especially
coal mines, were quite abundant in these regions. A number of fac-
tories, such as steel mills, sprang up there. Many prospecting and ex-
traction activities were conducted in these regions throughout the war.
Fig. 7 shows that even long chain n-alkanes (C28, C30 and C32) were
dominant at depths of 37, 36 and 35 cm (1939, 1945 and 1950, re-
spectively). According to previous studies, the abundance of even long
chain n-alkanes was probably due to fossil fuel combustion (Fang et al.,
2014; Wang et al., 2012a). Moreover, as shown in Fig. 6, CPI values
were all< 1 at these depths, indicating a predominant petrogenic
source. As a result, fossil fuel contamination resulting from the pro-
duction and operation of steel mills and the exploitation of coal during
this period was probably recorded in the core, which was displayed as
the significant increase in n-alkanes concentrations around the 1940s.

An increasing trend of the total and LMW n-alkanes concentrations
was observed over nearly half a century (35–12 cm depth, 1950–1999).
In the 1960s, the Shengli Oilfield was discovered in the Yellow River
Delta and exploited. The LMW n-alkanes concentrations significantly
increased from 32 to 29 cm depth (approximately 1961–1967).
Furthermore, CPI values were all< 1 during this period (Fig. 6), in-
dicating a predominant petrogenic source. Hence, the increase in n-al-
kanes concentrations could be ascribed to the petroleum hydrocarbon
input after 1961.

In 1976, an artificial diversion of Yellow River was conducted to
relocate its course from Diaokou to the Qingshuigou course (Fig. 1).
Yellow River then flowed into the Bohai Sea through the OYRE (Fig. 1)

during the period 1976–1996. The increase in total and LMW n-alkanes
concentrations was observed during the same period (1977–1997, 25 to
15 cm depth). Similarly, low CPI values were also apparent at depths of
25–15 cm (Fig. 6), indicating the predominant petrogenic input. With
the relocation of Yellow River's course, more organic matter, including
petroleum hydrocarbons, were probably transported here from the
upper reaches, which may result in the increasing trend of total and
LMW n-alkanes concentrations from 1977 to 1997. However, the slight
fluctuation of HMW n-alkanes concentrations was observed from 25 to
15 cm depth. The significant dominance of C28, C29, C30, C31 and C32 n-
alkanes was observed in these layers. In general, terrestrial higher
plants generally maximize at odd long chain n-alkanes, including C29

and C31 (Brincat et al., 2000; Wang et al., 2012b). Therefore, it can be
inferred that the terrestrial higher plant input wasn't affected by the
relocation of the Yellow River's course. As mentioned above, even long
chain n-alkanes were probably derived from fossil fuel combustion
(Fang et al., 2014; Wang et al., 2012a). However, fossil fuel combustion
entered the estuarine sediment primarily through atmospheric deposi-
tion, which was little affected by river diversion.

The total and HMW n-alkanes concentrations were sharply in-
creased from the depth of 12 cm (1999). The highest n-alkanes con-
centrations occurred at 8 cm depth (2005). Distributions of n-alkanes in
the layers with high concentrations (10, 8 and 7 cm) are also illustrated
in Fig. 7. They all showed a unimodal distribution pattern with a sig-
nificant dominance of even long chain n-alkanes (C28 and C30). Even
long chain n-alkanes were generally considered to be the indicative of
fossil fuel combustion (Fang et al., 2014; Wang et al., 2012a). More-
over, these layers with high n-alkanes concentrations also had low CPI
values (around 1), suggesting the dominant petrogenic input. The
Yellow River mouth was diverted again in 1996. The terminal channel
of the Yellow River was shifted from the Qingshuigou course to the
current course (Yellow River Estuary, Fig. 1), resulting in the decreased
influence of Yellow River derived sediments on the abandoned OYRE.
The studied sediment core probably well reconstructed the historical
inputs of fossil fuel combustion owing to its special geographical lo-
cation. To adapt to the development trend of economic globalization,
China joined the World Trade Organization (WTO) in 2001, which
promoted the rapid development of economy. The rapid industrial de-
velopment and weak awareness of environmental protection may have
exacerbated fossil fuel contamination in China during this period,
which may result in the abrupt increase of n-alkanes concentrations
from 1999 to 2007.

Over a long historical period, the energy consumption structure of
China has been dominated by coal with low energy efficiency, which
urges us to change energy production and consumption patterns.
Moreover, developing renewable energy is important and inevitable.
With the implementation of relevant environmental protection policies
by the government and the enhancement of national environmental
awareness, environmental contamination has generally been con-
trolled, which may have led to the decreasing trend in n-alkanes con-
centrations after 2007 (at a depth of 6 cm).

4. Conclusion

The study showed that the concentration level of aliphatic hydro-
carbons in the surface sediments of the YRE and the sediment core of
the OYRE were relatively low. Surface sediment samples suffered from
the contamination of petroleum hydrocarbons. The evaluation of di-
agnostic ratios indicated that aliphatic hydrocarbons in the surface
sediments were derived mainly from a petrogenic source, with a rela-
tively low contribution of submerged/floating macrophytes, terrestrial
and emergent plants. In addition, the historical deposition of n-alkanes
spanning over eight decades was registered in the sediment core from
the abandoned OYRE. The sedimentary record of n-alkanes concentra-
tions provided significant complementary information regarding the
role of anthropogenic activity in environmental change. Contamination

Fig. 6. Depth profile of carbon preference index (CPI) in the sediment core from the
OYRE (The dot line is at CPI=1.0; CPI value ≤1.0 indicates a petrogenic source.).
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from fossil fuels and the side effect of China's rapid economic devel-
opment were marked by the abrupt increase in n-alkanes concentra-
tions. The exploitation of the Shengli Oilfield and the relocation of the
Yellow River's course caused accumulation of petroleum hydrocarbons
in the sediment core during 1961–1967 and 1977–1997. Overall, the
systematic study of the potential sources and temporal evolution of n-
alkanes in the surface sediments and sediment core can provide valu-
able insights into future investigations of other organic compounds in
the Yellow River Delta. This investigation gave an assessment of the
current impact of fossil fuel combustion and petroleum hydrocarbon.
The obtained results may be useful for related environmental mon-
itoring in future.
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