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The concentrations of polycyclic aromatic hydrocarbons (PAHs) in two 2'°Pb-dated sediment cores
collected from mud deposits along the southeastern coast of the Liaodong Peninsula were investigated to
reconstruct the sedimentary records of PAHs and their relationship with anthropogenic and natural
activities. The concentrations of 16 PAHs (> _PAHs) were low and remained stable before the year 1820,
reflecting an autarkic agricultural civilization. From 1820 to 1900, with the gradual lifting of prohibition,
people migrated into Northeast China, resulting in the release of large amounts of > PAHs into the
environment. At the beginning of the 1900s, the >"PAH levels in the two cores displayed increasing
trends with significant fluctuations, linked to a period of social turbulence with continuous wars in
Northeast China. After 1949, vertical > PAH trends in the cores predominantly reflected trends in eco-
nomic development. Based on the different PAH composition trends (2—3-ring and 4—6-ring PAHs), we
consider that historical energy usage in Northeast China can be divided into three stages: biomass fuel
use dominated before 1920, biomass and fossil fuels co-existed from 1920 to 1980, and fossil fuels
dominated after 1980. In addition, this study also demonstrates that the PAH concentrations (2—3-ring
PAHSs) in these two sediment cores can be used, to a certain extent, to identify anthropogenic fire events.

© 2018 Elsevier Ltd. All rights reserved.

* Corresponding author. Key Laboratory of Coast and Island Development
(Nanjing University), Ministry of Education, Nanjing 210093, China.

E-mail address: jhgao@nju.edu.cn (J. Gao).

https://doi.org/10.1016/j.chemosphere.2018.10.093
0045-6535/© 2018 Elsevier Ltd. All rights reserved.


mailto:jhgao@nju.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2018.10.093&domain=pdf
www.sciencedirect.com/science/journal/00456535
www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2018.10.093
https://doi.org/10.1016/j.chemosphere.2018.10.093
https://doi.org/10.1016/j.chemosphere.2018.10.093

32 C. Wang et al. / Chemosphere 216 (2019) 31-39

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are usually classified
as environmental pollutants owing to their toxic, carcinogenic,
mutagenic, and persistent characteristics. These compounds pre-
dominantly originate from anthropogenic activities, such as
incomplete combustion of fossil fuels and biomass, vehicle emis-
sions, etc. (Yunker et al., 2002; Han et al., 2015). In addition, natural
processes, such as forest fires, can also contribute to high PAH
concentrations over a regional scale (Vergnoux et al., 2011; Choi,
2014). Therefore, PAHs should not be classed solely as pollutants,
but can also be used as geochemical markers of anthropogenic and
natural activities (Liu et al., 2012; Denis et al., 2012; Ma et al., 2017).
On the one hand, previous studies have demonstrated that vertical
PAH concentration profiles in sediment cores can be used to reflect
energy consumption and population density, and thus can recon-
struct the economic development history of a region (Kannan et al.,
2005; Guo et al., 2006; Lin et al., 2012; Bandowe et al., 2014). On the
other hand, PAHs are byproducts of fire events, and so can be used
as markers to reconstruct the history and intensity of local fires, and
to aid paleofire research (Shen et al., 2011; Denis et al., 2012, 2017;
Battistel et al., 2017).

Once PAHs are released into the environment, they will be
present ubiquitously, including in the air, water, soil, sediment, and
snow (Jiang et al., 2018; Wang et al., 2016a; b; Dudhagara et al.,
2016; Parajulee et al., 2017; Wang et al., 2013). However, most
PAHs are eventually deposited in marine sediments via two major
pathways: riverine runoff and atmospheric precipitation. There-
fore, marine sediments are considered important sinks of PAHs.
Continental shelf mud deposits, which are usually elongated mud
belts occurring along the coastline, represent a typical sedimentary
system in coastal oceans, and have an abundant terrestrial sedi-
ment supply (Gao and Collins, 2014). Generally, mud deposits are
predominantly composed of fine-grained sediments and have a
relatively high deposition rate (Xu et al., 2012; Gao and Collins,
2014). These deposits are considered to be a significant sink for
terrigenous materials, and consequently are an important sink for
PAHs (Lin et al., 2013; Wang et al., 2017). Therefore, and because of
their high resolution and continuous stratigraphic sequences, such
sedimentary systems are generally considered ideal locations to
study PAH histories (Guo et al., 2006, 2007; Liu et al, 2012). A
number of mud deposits are located on the continental shelf of the
Chinese marginal seas, including the mud belts of the Zhejiang-
Fujian coast, Shandong Peninsula, Pearl River, and Liaodong
Peninsula (Liu et al., 2007, 2014; Chen et al., 2013). Mud deposits
near large-scale rivers, such as the Changjiang, Huanghe, and Pearl
rivers, have attracted considerable attention over the past decade.
However, the mud deposits along the southeastern coast of Liao-
dong Peninsula, which are controlled by small-scale rivers such as
the Yalu, Zhuang, and Dayang rivers (Fig. 1), have received insuffi-
cient attention. The history of human activities in Northeastern
China follows well-known variations that may be recorded in ma-
rine sediments. In addition, the Northeast is one of the three largest
forest regions in China, and is very vulnerable to forest fires owing
to its dry climate. Therefore, studies of PAHs in the mud deposits
along the southeastern coast of Liaodong Peninsula are necessary,
as they could aid understanding of the historical anthropogenic and
natural activities in Northeast China.

Two sediment cores were collected from mud deposits along the
southeastern coast of the Liaodong Peninsula. In this study, we
attempted to reconstruct the histories of anthropogenic and natural
activities in Northeast China, including economic development,
population size, wars, and fire events, via the sedimentary PAH
records of these cores.

2. Materials and methods
2.1. Regional setting

The study area, located along the southeastern coast of the
Liaodong Peninsula, receives terrestrial matter from many rivers,
including the Yalu River, providing a sediment discharge of
1.13 x 108 tons per year (Xu et al., 2018). In addition, the Dayang and
Biliu rivers discharge considerable amounts of sediment (0.69 x 10°
and 0.53 x 10° tons per year, respectively) into the study area (Xu
et al., 2018). The circulation pattern is dominated by the Liaonan
Coastal Current, which is predominantly formed by the Yalu River
Diluted Water (Chen et al., 2013; Xu et al., 2018). Sediments dis-
charged from the Yalu River are resuspended, transported south-
westward over a long distance, and deposited along the
southeastern coast of the Liaodong Peninsula to form mud deposits
(Chen et al., 2013). The mud deposits along the southeastern coast
of the Liaodong Peninsula were first noticed by Wang (2001), who
discovered fine-grained deposits in a seismic profile. Chen et al.
(2013) further explored its structures, provenance, and dynamic
mechanisms. The mud deposits are up to 14 m thick and are
distributed along the southeastern coast of the Liaodong Peninsula,
180—300 km from the Yalu River Estuary, and extend alongshore to
Dalian Bay (Fig. 1), which has water depths of 20—40 m (Chen et al.,
2013). Therefore, considerable amounts of information concerning
anthropogenic and natural activities in the river basins may be
recorded in this sedimentary system.

2.2. Sample collection

Sampling was carried out in March 2017 in the mud deposit
along the Liaodong Peninsula. Two sediment cores, 02 (123°13.58'E,
39°34.46'N) and 04 (122°10.53’E, 39°02.10'N), were collected using
a gravity corer, and their locations are shown in Fig. 1. The length of
the sediment cores obtained at the 02 and 04 sites were 300 cm and
330 cm, respectively. The upper 100 cm of the two cores were
sectioned at approximately 2 cm intervals and placed in aluminum
foil cleaned with n-hexane. Each section was then freeze-dried,
homogenized, and stored at —20 °C prior to analysis.

2.3. Grain-size analysis

All samples were dispersed in sodium metaphosphate for 24 h,
and then dispersed and homogenized using an ultrasonicator for
30s to ensure the sediment was fully dispersed. The grain-size
composition of the samples was measured using a laser diffrac-
tion particle size analyzer (Mastersizer 2000, Malven Instruments
Ltd., UK) with a measuring error of less than 3%. Grain-size pa-
rameters, including the mean, sorting coefficient, skewness, and
kurtosis were calculated using the Mcmanus (1988) formulae.

2.4. *1%pp analysis and dating

219pp analyses were performed on the two sediment cores to
determine the sediment ages. 2—3 g of sediment powder was
spiked with a known volume of 2°°Po and digested in concentrated
HF, HNO3, and HCL. Then, 2°°Po and 2!%Po were plated onto nickel
planchets and counted by alpha spectroscopy to determine the
total 21°Pb activity. 226Ra-supported activity was assumed to equal a
low uniform value below the radioactive decay section of the
sediment cores (Palinkas and Nittrouer, 2007; Szczucinski et al.,
2009), and the unsupported (excess) 21°Pb (>'%Pbey) activity was
extracted from the total activity. The deposition rate was deter-
mined from the logarithmic regression profile of 21°Pbe, versus
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Fig. 1. Study area and location of sampling sites. YSWC: Yellow Sea Warm Current; YSCC: Yellow Sea Coastal Current; LCC: Liaonan Coastal Current; WKCC: West Korea Coastal

Current.

depth using the constant initial concentration (CIC) model (Robbins
and Edgington, 1975; Mckee et al., 1983).

2.5. PAH extraction and analysis

PAH extraction followed the method reported by Wang et al.
(2016a). Approximately 10g of sediment were freeze-dried,
ground, and spiked with a mixture of recovery standards consist-
ing of five deuterated PAHs (acenaphthene-dyo, phenanthrene-dqg,
chrysene-di,, perylene-dj;, and naphthalene-dg). The samples
were Soxhlet extracted using 100 mL of n-hexane/acetone (1:1 v/v)
over 24 h, and 2 g activated copper was added to remove sulfur. The
extracted solution was concentrated to approximately 1 mL, and
fractionated using a chromatography column (25cm x 1 cm, in-
ternal diameter) with 5g silica gel and 2 cm anhydrous sodium
sulfate. The concentrated solution was eluted with 50 mL n-hex-
ane/dichloromethane (3:2 v/v), and then concentrated, solvent-
exchanged with n-hexane, and finally concentrated to 1 mL.

Denis et al. (2012) demonstrated that high-performance liquid
chromatography with a fluorescence detector (HPLC-FLD) has a
higher sensitivity than gas chromatography mass spectrometry for
detecting PAHs. Therefore, HPLC-FLD was selected to analyze PAHs
in this study, using the method described in Denis et al. (2012) and
the National Environmental Protection Standards of China
(Ministry of environmental protection of the People's Republic of
China, 2016). The samples were analyzed using an Agilent 1200
series chromatograph with a binary pump interfaced to a diode
array detector (DAD) and fluorescence detector. A 16-PAH standard
mixture solution (Supelco, Bellefonte, PA, USA) was obtained to

develop the DAD method to assess the separation and elution order
of PAHs. This method was then developed on the FLD to optimize
the signal for each PAH compound while maintaining a suitable
chromatogram. Separations were performed with a
25cm x 4.6 mm (length x internal diameter), 5.0-um particle,
Supelcosil LC-PAH obtained from Supelco. The temperature of the
HPLC column was kept constant at 35 °C to obtain reproducible PAH
retention times. This reproducibility is of paramount importance
when using a defined wavelength program, which allows sensi-
tivity optimization for each PAH. Acetonitrile (ACN) and water were
used as mobile phases. The gradient was managed as follows: a
60:40 ACN:H,0 combination was used for 8 min, followed by a
change to 100:0 ACN:H,0 over 18 min, which was then held con-
stant for 28 min, followed by a change to 60:40 ACN:H,O over
28.5 min, which was then held constant for 35 min. The injection
volume was set to 10 pL via an LC flow rate of 1 mL/min. Detection
was performed at selected excitation and emission wavelengths
(Table 1). The following PAHs were analyzed: naphthalene (Nap),
acenaphthene (Ace), fluorene (Flu), phenanthrene (Phe), anthra-
cene (Ant), fluoranthene (Flo), pyrene (Pyr), benz[a]anthracene
(BaA), chrysene (Chr), benzo[b]fluoranthene (BbF), benzo[k]fluo-
ranthene (BkF), benzo[a]pyrene (BaP), dibenz[ah]anthracene
(DahA), indeno[123cd]pyrene (IcdP), and benzo[g,h,i]perylene
(BghiP).

A procedural blank and spiked samples were analyzed with
every 12 samples. Duplicates were run every 12 samples, and
samples were reanalyzed if differences exceeded 15%. PAHs were
quantified using the external standard method. Calibration curves
were drawn based on sets of five standard concentrations: 10 ng|/L,
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Table 1
Wavelength detection program for quantification of PAHs.

Peak order PAHs Recommended Aex/Aem Optimum Aex/Aem
1 Nap 280/324 280/334
2 Ace 280/324 268/308
3 Flu 280/324 280/324
4 Phe 254/350 292/366
5 Ant 254/400 253/402
6 Flo 290/460 360/460
7 Pyr 336/376 336/376
8 BaA 275/385 288/390
9 Chr 275/385 268/383
10 BbF 305/430 300/436
11 BKF 305/430 308/414
12 BaP 305/430 296/408
13 DahA 305/430 297/398
14 BghiP 305/430 300/410
15 IcdP 305/500 302/506

50 ng/L, 100 ng/L, 250 ng/L, and 500 ng/L. The standard curve was
checked daily using the reference standard to ensure satisfactory
linear regression coefficients (R*>>0.999) for all tested PAHs.
Average PAH recoveries based on spiked samples ranged from 74.0%
to 92.5%. Detection limits were calculated as being three times the
standard deviation of the blank concentrations, which were be-
tween 0.1 ng/g and 0.5 ng/g for all analytes.

3. Results and discussion
3.1. ?1°ph dating and sedimentary features
The total >!°Pb activities of cores 02 and 04 are shown in Fig. 2,

which displays apparent decay and the background region. Core 02
exhibited normal decay of 21°Pb activity in the upper 39 cm, and a

Core 02
21%b/(Bg/g)

y=-10.293x+36.001
1’=0.9818
Deposition rate
=0.31cm/yr

Depth(cm)

| m Total?'°Pb activity

48 & m 299ph_ activity

background region below 39 cm. A similar trend was observed in
core 04, which showed normal decay in the upper 29 cm, and a
background region below 29 cm. The excess 2°Pb (*'°Pbey) activ-
ities of cores 02 and 04 are displayed in Fig. 2, which shows an
obvious exponential decay trend. The constant initial concentration
model was used to calculate deposition rates in this study, and the
results give deposition rates of 0.31 cm/a and 0.23 cm/a for cores 02
and 04, respectively.

The results of grain-size analyses show that the sediments in
cores 02 and 04 were dominated by silt (Fig. 3a). The average
percentages of silt, clay, and sand in core 02 were 68%, 27%, and 5%,
respectively. The content of fine-grained sediments, which con-
sisted of silt and clay and are generally termed “mud deposits,” in
the down-core was nearly constant (Fig. 3a), indicating a stable
sedimentary environment in this region. Core 02 was dominated by
silt with an average grain-size of 7.03 + 0.48 ®. The vertical trend in
the sediment grain-sizes in core 04 shows clear differences when
compared with core 02 (Fig. 3b). Although core 04 was dominated
by mud deposits, it also had a relatively high sand content. The
average contents of silt, clay, and sand in core 04 were 64%, 16%, and
20%, respectively. The vertical trend in the sediment grain-size in
core 04 can be divided into three stages (Fig. 3b), including a
coarser trend from the bottom up to the surface. However, the
sediment grain-sizes show consistency within each stage, which
indicates a stable sedimentary environment in this region.

According to the vertical distribution trends of 2!°Pb and sedi-
ment grain-sizes, we considered that these two sediment cores
were ideal materials to study anthropogenic and natural activities
in the river basins. In this study, we attempted to reconstruct the
economic development history of northeast China via the sedi-
mentary PAH records, and to explore whether this proxy could be
used to provide information on wars and even fire events.

Core 04
21%b/(Bq/g)
0 1

y=2260xT2T 4TS

1?=0.8771

Deposition ratem
=0.23cm/yr

Dcpth(cm)

| = Total*'°Pb activity

48 m 210pp_ activity
n

Fig. 2. Sediment records of 2'°Pb and recent accumulation rates for the sediment cores.
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Fig. 3. Grain-size variations in sediment cores 02 and 04.

3.2. Historical variations of the 16 PAH concentrations

The vertical distributions of the 16 PAH concentrations (> PAHs)
in cores 02 and 04 are displayed in Fig. 4. The >_PAH levels in core
02 ranged from 3.9 to 211.5 ng/g, with an average concentration of
50.5 ng/g. The >_PAH levels in core 04 ranged from 1.8 to 234.6 ng/
g, with an average concentration of 52.1 ng/g. There were obvious
differences in the vertical distribution trends of > PAHs between
core 02 and 04, especially in regard to the period that PAHs began to
increase (Fig. 4). The vertical distribution of >"PAHs in core 02
showed a clear increasing trend after 1890 but, in core 04, this
turning point occurred in the 1820s (Fig. 4). Previous studies have
demonstrated that sedimentary records of PAHs can be used to
reconstruct socio-economic history, and they generally show an
increasing trend in China after the Opium Wars (1840) (Fig. 5) (Guo
et al., 2006, 2007; Liu et al., 2012; Ma et al., 2017) because the
Westernization Movement (1860s), which forced the initiation of
industrialization in China, occurred after this period. However, this
typical phenomenon did not occur in our study, and our results
display completely different increasing trends (Fig. 4). To better
understand their difference, we collected sediment cores from tidal
flats, coastal oceans, and inland lakes throughout the nation, which
are displayed in Fig. S1. The vertical distribution of }_PAHs in core
02 showed stable low PAH concentrations before 1890, which may
reflect an autarkic agricultural civilization (Guo et al., 2006; Ma
et al, 2017). In core 04, > PAH concentrations began to increase
after 1820; this variation began earlier than the Westernization

Movement in the 1860s, and earlier than that in core 02. Therefore,
the vertical distribution patterns of PAHs in our study area appear
not to have been strongly influenced by the Westernization
Movement. Although there was a clear increasing trend in > PAH
levels in core 04 after 1840 (the First Opium War), this signal cannot
reflect the Westernization Movement, due to the fact that a pro-
hibition policy forbidding population migration and industrial
development was implemented in Northeast China by the Qing
Government in 1668. Under the influence of this prohibition,
Northeast China remained in a relatively primitive state for a long
time. After the prohibition was broken, some population migration
occurred, thereby accelerating agricultural development in North-
east China (Fig. 5). Therefore, government intervention could have
been the primary influence upon the vertical distribution trend of
PAHs in the Northeast China in the 1800s. Although the vertical
distribution }_PAH trends in cores 02 and 04 do not reflect national
trends, they do reflect the local economic development of North-
east China. We also explored why the PAH increases in cores 02 and
04 began at different times, and found an explanation in their
sampling locations (Fig. 1c¢). Core 04 was located nearby Dalian City,
a region that saw relatively high levels of development in the early
1820s. However, core 02 was located far from the developed re-
gions, and was probably only influenced by human activities in the
middle and late 1800s after the large population influx to Northeast
China (Fig. 5). Therefore, the intensity of human activity could be a
dominant factor that determined the vertical distribution patterns
for PAHs in these two cores.
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Fig. 4. Vertical distribution trends of Y PAHs, LMW PAHs, HMW PAHs, and HMW/LMW in (a) core 02 and (b) core 04.

From the beginning of the 1880s in core 02, and the 1820s in
core 04, >"PAH levels displayed increasing trends with significant
fluctuations, which could reflect the close relationship between
economic and social stability determined by factors such as
migration and wars. The prohibition of the Qing Government
gradually eased in the early 1800s, resulting in the first > PAH peak
occurring in 1820 (Fig. 4). In this period, some people migrated into
Northeast China, resulting in the release of large amounts of PAHs
into the environment over this period. In addition, the vertical
distribution trends of the PAH levels for this period are consistent
with the population migration which began in the early 1800s
(Fig. 5). The increase in PAH levels became more rapid in core 04
between 1840 and the 1880s, culminating in a > PAH peak at 1880,
which also occurred at this period in core 02. The vertical distri-
bution patterns of PAHs in core 02 and 04 displayed increasing
trends with significant fluctuations after 1900 (Fig. 4), which could
be due to the fact that Northeast China entered a period of social
turbulence with continuous wars after 1900. At the same time, the
population size in Northeast China dramatically increased (Fig. 5).
Relatively low }"PAH levels occurred in core 02 in 1900, 1920, 1930,
and in the early 1940s, which could reflect wars, such as the Russo-
Japanese War (1904—1905), the Mukden Incident (1931), the Anti-
Japanese War (1937—1945), and the Liberation War (1945—1949).
In addition, rapid increasing > PAH trends can be observed after the
wars, suggesting typical post-war resumption of production.
Similar low > PAH levels can also be seen in core 04 in 1900, 1920,
1930, and 1940, but the phenomenon is not as obvious as in core 02
because of the relatively low time-resolution of core 04. Therefore,
from the beginning of the 1900s to the late 1940s, the observed
S"PAH fluctuations correspond to known social turbulence in
Northeast China.

The vertical distribution pattern of PAHs in core 02 can be used
to reflect socio-economic development after the founding of the
People's Republic of China (1949) due to its relatively high temporal
resolution. PAHs began to increase after 1953 and peaked in the
mid-1960s, before beginning to decrease and forming a dip in the
mid-1970s (Fig. 4a). These variation trends are more consistent

with the socio-economic development of this period. After 1949,
production quickly resumed and the “Five Year Plan” was imple-
mented (1953), which caused rapid socio-economic development.
However, the Cultural Revolution occurred during 1966—1976,
which resulted in the closure or reduced production of many
manufacturing plants during this period (Guo et al., 2006). After the
Cultural Revolution, the PAHs began to increase in core 02 due to
the “Reform and Open” Policy implemented in 1978, which resulted
in an accelerated rate of economic development. At the same time,
the gross domestic product and energy consumption in Northeast
China drastically increased, which is also reflected in the PAH
sedimentary record of core 02 (Fig. 5).

3.3. Vertical trends for high molecular weight (HMW) and low
molecular weight (LMW) PAHs

The concentrations of LMW PAHs (2—3-ring PAHs) and HMW
PAHs (4—6-ring PAHSs) are also displayed in Fig. 4. Previous studies
have demonstrated that LMW PAHs predominantly originate from
low and moderate temperature burning processes, such as biomass
burning, whereas HMW PAHs are predominantly formed by high
temperature burning processes, such as fossil fuel combustion. In
addition, the ratio of individual PAHs, such as Flu/(Flu + Pyr), IcdP/
(IcdP + BghiP), and Ant/(Ant + Phe), were also used to identify PAH
sources. However, these indicators could not be used in this study
due to low PAH concentrations, some of which were lower than the
detection limit, which resulted in these indicators losing their ef-
ficacy. Therefore, we used HMW PAHs and LMW PAHs to replace
the isomer ratio method to identify PAH sources and energy usage
trends (Guo et al.,, 2006; Zhang et al., 2013; Ma et al,, 2017). As
expected, vertical distributions of LMW PAHs in cores 02 and 04
show similar variation trends to } PAH levels during 1920—1980.
Therefore, the vertical distributions of > PAH levels in cores 02 and
04 can be divided into three stages: before 1920, 1920—1980, and
after 1980. Before 1920, the concentrations of HMW PAHs were
very low in cores 02 and 04, and the Y PAH levels predominantly
consisted of LMW PAHs, which suggests an agricultural society
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Fig. 5. Vertical distributions of HMW PAH concentrations in cores 02 and 04 compared with population and total energy consumption trends.

dominated by biomass fuels. This situation is consistent with the
socio-economic development of Northeast China governed by the
prohibition of the Qing Government. During 1920—1980, although
the vertical Y PAH trends were consistent with those of the LMW
PAHs, the concentrations of HMW PAHs began to increase, which
changed the > PAH composition. Early in this period (1920—1949),
Northeast China entered a period of social turbulence with
continuous wars, and large amounts of fossil fuels, such as coal and
oil, were consumed. Therefore, the ratios of HMW/LMW in core 02
and 04 displayed a fluctuating upward trend. During 1949—1980,
the > " PAH compositions were a combination of LMW and HMW
PAHs, and the proportion of HMW PAHSs gradually increased. After
1980, HMW PAHs dominated cores 02 and 04, and the concentra-
tions of LMW PAHs show a marked decrease. However, the HMW
PAHs in core 04 displayed an obvious decreasing trend in the sur-
face layer (down to 6 cm), which was different from the trend in
core 02 (Fig. 4). This phenomenon was unexpected, and we care-
fully considered the factors that may have led to this decreasing
trend; we determined that human disturbance due to intensive
farming activities in this region could have been the primary factor
that influenced the vertical distribution trend of PAHs in core 04.
Additionally, the ratio of HMW/LMW showed an increased trend,

which suggested that this indicator can also be used to identify PAH
sources. In this period, the Northeast was the most important heavy
industry base in China, with developed energy, steel, and machine
manufacturing industries. Data on the energy consumption, pop-
ulation, and GDP value in Northeast China was collected, and dis-
played an increasing trend after 1980 (Fig. 5), which had a good
correspondence to the vertical distribution trend of HMW/LMW.
Therefore, the energy source trends of Northeast China can be
divided into three stages: biomass fuels dominated before 1920,
biomass and fossil fuels co-existed during 1920—1980, and fossil
fuels dominated after 1980.

3.4. Detection of fires events

Previous studies have demonstrated that LMW PAHs predomi-
nantly originate from low and moderate temperature combustion
processes such as biomass burning, and so can be used to identify
historical fire events (Denis et al., 2012; Bandowe et al., 2014).
Therefore, we also attempted to detect fire events in this study
using the vertical distribution trends of LMW PAHs in cores 02 and
04. Before 1900, some peaks in the LMW PAH concentrations were
detected; for example, peaks in 1820 and 1890 were detected in
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both cores. In this period, large amounts of refugees moved into
Northeast China, and a large number of grassland and forest areas
were burnt down to provide land. In addition, another peak in the
LMW PAH levels was also found in core 02 in 1840. Before 1900,
there was little industrial activity in Northeast China, and Y PAH
levels were dominated by LMW PAHs (Fig. 4). However, after 1900,
the concentrations of HMW PAHs in the sediment cores began to
increase and overwhelmed LMW PAH concentrations. Overall, the
concentrations of LMW PAHs in these two sediment cores can be
used to identify anthropogenic fire events to a certain extent.

4. Conclusions

In this study, historical trends of >_PAHs, LMW PAHs, and HMW
PAHs were investigated in dated sediment cores from mud deposits
along the southeastern coast of the Liaodong Peninsula to recon-
struct the sedimentary records of PAHs and investigate their
response to anthropogenic and natural activities. The results of
210pp dating and sediment grain-size analyses in cores 02 and 04
show a relatively stable sedimentary environment in the study
area, and the sedimentary sequences are continuous. Therefore,
these two sediment cores provided ideal material to study the
anthropogenic and natural activity histories in the river basins. The
S>"PAH levels, mainly consisting of 2—3-ring PAHSs, significantly
increased from 1820 to 1890. This increase was due to the growing
population and developing agriculture caused by the end of the
Qing Government's prohibition. From the beginning of the 1900s,
>"PAH levels displayed an increasing trend with significant fluc-
tuations, which could reflect the close relationship between eco-
nomic and social stability, especially as observed during wars.
Simultaneously, the concentrations of HMW PAHs gradually began
to increase. After the founding of the People's Republic of China
(1949), the >"PAH and HMW PAH levels showed good degrees of
correspondence with socio-economic development. The different
vertical trends of LMW PAHs and HMW PAHs clearly reflect the
transition of energy usage from biomass burning to fossil fuel
combustion. Therefore, the energy usage trends of Northeast China
can be divided into three stages: biomass fuels dominated before
1920, biomass and fossil fuels co-existed during 1920—1980, and
fossil fuels dominated after 1980. In addition, sedimentary records
of LMW PAHs in these two sediment cores can be used to identify
anthropogenic fire events, with some limitations.
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