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Carbon isotope of total organic carbon (d13Corg) and long-chain n-alkanes, which are terrestrial plant
biomarkers, and their compound-specific carbon isotope ratios (d13CALK) were investigated in the sedi-
ment of the Jeongok-ri Paleolithic Site in central Korea to interpret changes in paleovegetation and
paleoclimate. The d13Corg ranged between approximately �24‰ and �27‰, suggesting different organic
matter sources. Relatively lighter d13Corg occurred in lower part and the occurrence of heavier d13Corg in
upper part may indicate terrestrial C3 plant dominance and/or a mixture of C3 and C4 plants, respectively.
The patterns of n-alkane distribution were characterized by a continuous predominance of odd-
numbered n-alkanes, particularly nC29 and nC31, and by variation in the distribution of even-
numbered n-alkanes. Total concentration of n-alkanes and distributions of each number of n-alkanes
are quite different over time, suggesting paleovegetation changes. The average chain length (ACL) and
carbon preferences index (CPI) showed gradual variations with distinctive switching points at about
160 ka. This variation reflecting changes in paleovegetation type, is coincident with those of the d13Corg.
Individual n-alkane isotopes, d13CALK, ranged between �18.64‰ and �38.09‰, suggesting different
sources of n-alkanes. Although some petrogenic sources of n-alkanes were possible, the distribution of n-
alkanes and their d13CALK support paleovegetation and paleoclimatic variations in Jeongok-ri Paleolithic
site, Korea for the last 300 ka.

© 2015 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Records of paleoclimatic variation reveal the alternation of dry
and cold climate conditions during glacial periods and warm and
humid climate conditions during interglacial periods, particularly
in the East Asian monsoon system. These cyclic glacialeinterglacial
variations are commonly recognized as the dominant geological
characteristic during the late Quaternary. Millennial-scale cold and
warm climatic signals known as DansgaardeOeschger (D-O) cycles,
have been clearly demonstrated in marine sediments from East
Asian marginal seas (Tada et al., 1999; Nagashima et al., 2011).
reserved.
Cyclic and alternating paleoclimatic and oceanic records can be
observed in awide range of terrestrial and oceanic sediment (Kukla
and An, 1989; Rea, 1990; Tada et al., 1999; An, 2000; Lim et al.,
2005). As a result, sedimentological and geochemical research has
been used to track changes in paleoclimate.

Loess sequences are regarded as an excellent proxy for East
Asian monsoon variation, particularly the deposits in inland China
(e.g., Xiao et al., 1999; Porter, 2001; Zhang et al., 2006). Dry con-
ditions are generally dominant during glacial periods, causing a
large amount of eolian dust and other terrestrial materials to be
deposited or transported across the continent to the ocean by
strong winds (e.g., Rea, 1990; An, 2000). Glacial and interglacial
transport of eolian dust from inland China to the Pacific Ocean and
to other land areas has been observed in many areas, demon-
strating the alternation of paleoclimatic cycles (e.g., An, 2000; Lee
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et al., 2008; Lim et al., 2013). The variation in the monsoon system
provides valuable information regarding local paleoclimatic and
vegetation changes, as well as paleoenvironmental changes that are
strongly related to human habitation. Therefore the reconstruction
of past paleoclimatic variation can be essential for understanding
past environmental changes in some areas.

Vegetation changes are often a consequence of climatic changes,
as many terrestrial plants are strongly linked to the temperature
and humidity of specific environments. Many studies have shown
that changes in vegetation are directly associated with changes in
local climatic conditions (Takahara et al., 2010; Lim et al., 2013). The
impact of this tight association between climatic and vegetation
changes may have a global effect (Litwin et al., 2013), perhaps even
affecting human life (Alley et al., 2003). In particular, paleo-
vegetation changes has been tracked and interpreted in terms of
paleoclimate variation using organic proxy such as n-alkanes in
various environments (e.g., Yamamoto et al., 2010; Zhang et al.,
2010; Zech et al., 2012).

The study area of Jeongok-ri is situated in the central part of the
Korean Peninsula andwas located in the path of the Asianmonsoon
winds (westerly jet belt) during the Quaternary (Fig. 1A).
Monsoonal patterns may be preserved in the sediment of this area,
serving as a record of paleoclimatic variation during the late
Fig. 1. The Korean peninsula and surrounding area. Schematic representation of monsoon
vertical view of the site (C). Asterisk indicates the sampling site.
Quaternary. Additionally, Jeongok-ri is a known site of Paleolithic
human habitation (Bae et al., 2001; Shin et al., 2004). These con-
ditions have inspired numerous studies of sediment stratigraphy
(Shin et al., 2004), geochronology (Kim et al., 2010), and paleo-
environmental changes (e.g., Kim et al., 2012). However, most of
these studies focused on inorganic geochemical changes, and few
tested the variability of terrestrial biomarkers. This study used n-
alkane biomarkers and their compound-specific isotope ratios to
reconstruct paleovegetation changes and paleoclimatic variation.
Results were compared with those from previous inorganic sedi-
mentary analyses for more precise interpretation.
2. Study site and sampling

The study area is located in the northeastern part of Gyeonggi
Province, central Korea (Fig. 1A, B). This site is known for the
occurrence of East Asian Acheulian-type stone artifacts (Yi and
Clark, 1983). Geologically, Precambrian gneiss is overlain by Juras-
siceCretaceous granite, and an unconsolidated gravel and sand
deposit known as the Baekyuri Formation overlies the granite (Lee
et al., 1983). Most of the Baekyuri Formation consists of so-called
Jeongok basalt. Therefore, the uppermost fine-grained unconsoli-
dated sediment overlies this basalt (Fig. 1C).
variability (A), the location of the study area, the Jeongok-ri Paleolithic site (B), and
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According to Shin et al. (2004), the unconsolidated upper 4 m of
this sequence consists of a loessepaleosol deposit, whereas the
lower part is composed of fluvial and lacustrine sediment. It has
been demonstrated that the upper part of the sediment can be
distinguished from the lower part by color changes and geochem-
ical differences (Kim et al., 2012). The geochemical signature of the
lower part indicates a highly felsic source rock and suggests that the
Hantan River delivered sediment from its catchment area (Fig. 1B).
In contrast, increased quartz content and a very fine homogenous
grain size in the upper part imply that deposition was associated
with eolian processes. A previous study by Kim et al. (2012) showed
that the rare earth element (REE) characteristics of the upper part
of the sediment were derived from a source with mixed
geochemical character, representing the Chinese loess sediments
and local sediments from the Korean Peninsula.

In this study, we subsampled for various geochemical analyses
from a pre-existing 12-m-long column of sediment, examining a
total of 27 samples from the upper 5 m interval. After subsampling,
all the samples were dried at 60 �C overnight and crushed by a
grinder. The powdered sediment samples were pre-treated in
accordance with each analysis.

3. Methods and materials

3.1. Age determination and lithostratigraphy

Many approaches have been used to determine the exact sedi-
mentary age of the Jeongok-ri sediment (Bae et al., 2001; Shin et al.,
2004; Kim et al., 2010). The age of the basalt basement is difficult to
determine by KeAr and optically stimulated luminescence (OSL)
age dating, with previous studies showing a variety of ages
(Table 1). To constrain a more reliable age-depth model, two 14C
ages were determined using organic matter from the sediment, and
thesewere compared with previous data. The 14C age samples were
collected from sediments at 7.5- and 62-cm depths, and testing was
performed by Beta Analytic, Inc. (USA). All the 14C age data and the
other measurement results were compared with the previous data
and used in this study for a standard lithostratigraphy.

3.2. Organic matter and carbon isotopes

The organic matter content of the Jeongok-ri sediment was
measured using a CHNS analyzer (EA1112), and the carbon isotope
ratios of the organic matter (d13Corg) were measured using an
isotope ratio mass spectrometer (IRMS) (Thermo Fisher Delta 5) at
the Korea Polar Research Institute (KOPRI). Total carbon (TC) con-
tent was first measured directly without chemical pre-treatment.
The total organic carbon (TOC) content was measured after treat-
ment by 1 mol HCL to eliminate inorganic materials at the Korea
Table 1
Age control points mentioned in previous studies (Bae et al., 2001; Kim et al., 2012).
Two 14C age dates (based on organic matter) were added in this study.

Depth (cm) Age (ka) Methods Materials MISa References

7.5 24.55 ± 120 BP 14C dating Orgnic matter 2 This study
40 24e25 ka Tephra Tephra 2 Yi et al. (1998)
62 34.15 ± 270 BP 14C dating Orgnic matter 3 This study
90 123 TT-OSL Sediment 5 Kim et al. (2010)
150 132 OSL Sediment 6 Kim et al. (2010)
210 135, 137 OSL Sediment 6 Kim et al. (2010)
270 154, 159 OSL Sediment 6 Kim et al. (2010)
330 182 OSL Sediment 7 Kim et al. (2010)
390 200 TT-OSL Sediment 7 Kim et al. (2010)
Basement 216 Fission track Basalt 7 Bae et al. (2001)

a MIS is marine isotope stage.
Institute of Ocean Science and Technology (KIOST). Duplicate ana-
lyses revealed high precision, less than about 1% for carbonate and
TOC contents, respectively.

3.3. n-alkane analysis

Lipids were extracted over three extraction cycles from dried
sediment (about 10 g) using a DIONEX Accelerated Solvent
Extractor (ASE 200) at 100 �C and 1500 psi with dichloromethane
(DCM)/methanol (MeO)H (95:5). The total lipid extract was
concentrated with nitrogen gas using a pressured gas blowing
concentrator (D-016, EYELA Tokyo Rikakikai Co.) at KIOST. The
extracted lipid was saponified with 1 N KOH/MeOH, and neutral
lipid was separated by hexane extraction. The extracted neutral
lipid was further separated into four fractions using silica gel col-
umn chromatography: F1 (hydrocarbon), F2 (aromatic hydrocar-
bon), F3 (ketones), and F4 (polar compounds) eluted with hexane
(100%), hexane/DCM (2:1, v/v), DCM (100%), and DCM/MeOH (95:5,
v/v), respectively.

Gas chromatography (GC) for the analysis of n-alkanes in the F1
fraction was conducted using an Hewlett Packard 6890 series GC
with a split/splitless injector operated in pulsed splitless modewith
electronic pressure control systems and a flame ionization detector
(FID). The CP Sil5CB column (60 m � 0.32 mm i.d.) was used with
the oven temperature programmed at 50e120 �C at 30 �C/min, at
120e320 �C at 7 �C/min, and then held at 320 �C for 50min. Prior to
quantification of lipids, a known aliquot of an internal standard, 5a-
Cholestane (Sigma Aldrich), was added to the hydrocarbon fraction.
The compound peak areas were normalized to those of the internal
standards and converted to mass quantities using response curves
for about 18 hydrocarbon standard compounds (Hydrocarbon
Window Defining Standard, AccuStandard) analyzed in concen-
trations ranging from 10 to 200 mg/ml.

3.4. Carbon isotope of individual n-alkanes (d13CALK)

After the n-alkane concentration analysis, the fractions were
used for the individual n-alkane carbon isotope (d13CALK) analysis
using the GC/IRMS at Hanyang University, Korea. A total of 1 ml of
the n-alkane concentration was injected into a fused silica capillary
column (30 m * 0.32 mm i.d.) for analysis, with helium used as
carrier gas. The GC oven temperature was programmed for a
stepwise increase from 50 to 310 �C at rates of 30 �C, 6 �C, and 9 �C/
min.

All d13CALK values reported in this study were checked for pre-
cision and accuracy to interpret small differences in d13CALK values.
The standardmaterial (Methyl heneicosanoate, C22H44O2) were used
and its precisions of d13CALK values from GC/IRMS analyses were
reported as the standard deviations (s) of populations of at least
three analyses. The standard deviation of GC/IRMS data for n-al-
kanes was usually less than 0.3‰.

4. Results and discussion

4.1. Comparative lithostratigraphy

The Jeongok-ri sediment column was deposited in the central
part of Korea, where Paleolithic remains have been identified. To
reconstruct the exact stratigraphy and to evaluate prehistoric
environmental changes at this site, a detailed depth versus age
model was reconstructed using previous age data and newly added
14C ages (Table 1). Previous studies attempting age determination
were based on sedimentology, geochemistry, magnetic suscepti-
bility, and inorganic elemental concentrations. These studies
determined that the sedimentary column was deposited
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successively over the last 300 ka (Bae et al., 2001; Shin et al., 2004;
Kim et al., 2010). However, the lower part of the sediment column
was regarded as fluvial sedimentmixed with a larger grain size. The
previous age data obtained by KeAr, OSL, tephra, and magnetic
susceptibility were fundamental for establishing the lithostratig-
raphy (Kim et al., 2012).

The magnetic susceptibility of this site was examined based on
the sedimentary column, revealing a general high intensity in the
middle part of the sediment column (Fig. 2). Magnetic susceptibility
of the neighboring site in the Dukso area, however, showed high
fluctuations similar to the marine isotope stages (MIS) (Yu et al.,
2008). Both sites contain similar loess units (units L1LL2, L2, and
S2) (Kukla et al., 1988). Given that magnetic susceptibility can be a
useful proxy for correct stratigraphy and that the loess units in the
two sites are correlative (Meng et al., 1997), our data indicate that
the age of the bottom layer of our sedimentary column may
correspond to about 300 ka. Age dating by KeAr and OSL methods
revealed a similar age for the bottom layer despite their showing
slightly wide range of variability (Table 1).

To determine precise age control, we compared these inorganic
data with the MIS SPECMAP curve. The magnetic susceptibility of
the sediment column seemed to show a moderate resemblance to
that of the nearby Dukso area (located about 50 km away from the
study area), and the lithology of the study site and the neighboring
site were correlative. Additionally, the magnetic susceptibility of
the Dukso site showedmoderate correlationwith theMIS curve (Yu
et al., 2008) (Fig. 2). A comparison of the lithology and stratigraphy
of the two sites and the MIS curve showed that the loess-paleosol
Fig. 2. Stratigraphic column of pit E55S20 (From Bae et al., 2001) with magnetic susceptib
derived from Bae et al. (2001), modified by Kim et al. (2010), and further modified by the auth
(Yu et al., 2008).
stratigraphy in the Jeongok-ri sediment column may correlate
with the general loess stratigraphy in China and further reflects
global-scale MIS variation.

Elements such as Al, Ti, and trace and REEs are regarded as
proxies for sediment discrimination (e.g., Yang et al., 2003). Thus,
their combination can be useful for sediment provenance deter-
mination and as a stratigraphic tool. The major elemental ratio
showed a gradual upward variation with reversals at around 240
and 160 ka (Fig. 3). In particular, the vertical profiles of Th, V, and La
show similar variations, with reversals at 220, 190, and 160 ka,
corresponding to the boundaries of MIS 8/7 and MIS 6. The Th
concentration showed an upward decrease at 180 ka, which is
roughly coincident with the variation in La and themajor elemental
ratio. These vertical distributions of major and minor element
concentrations imply that different source materials were depos-
ited with a boundary of 160 ka, thus the vertical variation in major
and trace elements indicates environmental changes. The magnetic
susceptibility showed a significantly different pattern (Fig. 2), and
the lithology of the sediment column is highly correlated with the
neighboring Dukso area. Therefore, our lithostratigraphy strongly
indicates that the sediments in the lower and upper portions of the
column at this site are composed of different source materials, with
a distinctive geochemical boundary at about 160 ka (Fig. 3).

Based on comparison with previous work and our newly
established chronology, the bottom of the sediment was judged to
date from approximately 300 ka. Distinctive lithological changes
indicate that this sediment column may reflect environmental
changes during the past 300 kyr, implying that several
ility and standard marine isotope stages (MIS) indicated. This pit column section was
ors. The loessepaleosol units that occurred in both sites were cited from previous work



Fig. 3. Vertical variations in Al2O3/TiO2, Th, V, and La in the Jeongok-ri sediments show
clear lithological changes, implying gradual changes in the sediment characteristics
and sources. All major and trace element data were derived from Kim et al. (2012) and
modified in this study. A horizontal bar indicates geochemical boundary.

Fig. 4. Vertical profiles of TOC and d13Corg. General upward increases in TOC (%) con-
tent and heavier trends in d13Corg were observed.
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glacialeinterglacial cycles are recorded in the sediment. The sedi-
ment components, including loess, may be evidence of paleocli-
matic changes.

4.2. TOC and carbon isotopes of organic matter (d13Corg)

TOC content (%) was relatively low (<0.4%, average: 0.22%,
n ¼ 27) and generally increased upward, with some decreases be-
tween 100 and 75 ka (Fig. 4). TOC content alone does not elucidate
the exact source and the pathway even though it has been used
widely (e.g., Stein, 1990). Carbon isotopes of organic matter
(d13Corg) can provide more reliable information for organic matter
source (Minoura et al., 1997) and degradation (Freudenthal et al.,
2001), as its value is source dependent. Lighter values of d13Corg
(around �27‰) indicated a terrigenous C3 plant dominant source,
and heavier values of d13Corg (around �22‰) indicate environ-
ments dominated by C4 plants (Lamb et al., 2006; Lim and Fujiki,
2011).

In our study, d13Corg values showed a relatively narrow range of
variation, between �26.94 and �23.32‰. The excursion of d13Corg
showed an upward heavier trend from about 270 ka to approxi-
mately 150 ka and then remained relatively stable with moderate
fluctuation (Fig. 4). When previously published end-members were
compared with our results, the lightest values in our study reached
approximately �27‰, which is the end-member of C3 plants.
Therefore, lighter d13Corg values in the lower sediments can be
interpreted as indicating a dominance of terrigenous C3 plants. In
contrast, the d13Corg values showed upward heavier trends but did
not reach �22‰, the end-member of C4 plants. This indicates an
environment composed of a mixture of C3 and C4 plants since
~160 ka.

The variation in d13Corg can be divided into two stages, with the
first stage occurring during approximately 270e160 ka, and the
second stage during 160 ka to present (Fig. 4). Before the 160 ka,
d13Corg increased gradually over time from �27 to �24‰ (Fig. 4),
indicating an increasing trend of C4 plants and a decreasing trend of
C3 plants over a 120 ky period. After 160 ka, the values seemed to
stabilize at around�23‰, indicating a shift in the environment that
may have favored both C3 and C4 plant communities.

Assuming that the d13Corg source for this study area is limited to
the terrestrial realm, the amplitude of the d13Corg variation can be
considered either to reflect variation in the surrounding plant
community or to represent a long-distance influx of eolian dust
from mainland China. The westerly jet means that the material
could have originated in the surrounding area or from inland China.
The d13Corg variation showed two stepwise changes indicating pa-
leoclimatic variation; thus, the plant community should have
changed in accordance with local environmental changes and pa-
leoclimatic changes. However, it is difficult to determine the degree
of transportation of organic materials in this area from d13Corg
variation only. More detailed consideration using the terrestrial
biomarker n-alkane is discussed in the following section.

4.3. Distribution of terrestrial n-alkane and its implications

As terrestrial biomarkers, long-chain n-alkanes are abundant in
a variety of environments and are useful for assessing environ-
mental changes. In general, high-molecular-weight n-alkanes such
as nC29 and nC31 can originate in typical epicuticular leaf waxes of
higher plants, and these biomarkers can easily be transported long
distances into the open ocean (Ohkouch et al., 1997; Yokoyama
et al., 2006). Usually, n-alkanes derived from epicuticular leaf
waxes are dominated by long, odd-numbered alkanes within the
nC24enC35 range (Eglinton and Eglinton, 2008). In addition, n-al-
kanes from petrogenic sources such as crude oil and high-grade
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coal generally show a destruction of the preference for odd carbon
numbers with dominance in the nC15enC25 range (Petersen et al.,
2007). In this study, the distribution of n-alkanes was generally
characterized by predominance of odd-numbered n-alkanes over
even-numbered n-alkanes. In particular, high-molecular-weight n-
alkanes were dominated by nC31 and nC29 (Fig. 5).

N-alkane predominance can be used to determine the type of
higher plant (Sikes et al., 2009; Ahad et al., 2011). In most cases, C3
plants show a predominance of nC29 and nC31 n-alkanes, and C4
plants show nC33 n-alkane predominance. This characteristic dis-
tribution of n-alkanes is strongly coincident with our n-alkene
distribution pattern. Therefore, n-alkane and d13Corg variations
observed through time support a likely change in source plant type
occurring in conjunction with local paleoenvironmental and global
paleoclimatic changes.

Average chain length (ACL) provides valuable information about
n-alkane sources (Jeng, 2006; Bush and Mclnerney, 2013) in
particular. ACL values reflect the contribution of petroleum-derived
n-alkanes in coastal marine sediments versus non-contaminated
riverine sediments (Jeng, 2006). Therefore, it is possible to delin-
eate the possible n-alkane source by identifying environmental
differences, even though the usefulness of this approach is con-
strained to source-specific n-alkane distribution only (Jeng, 2006).
Fig. 5. Distribution of n-alkanes. Six representative n-alkane distributions are illustrated. T
ovegetation changes of surrounding area and/or changes in source area.
In present study, the fluctuation in ACL corresponds roughly to the
variation in the carbon preference index (CPI) in the upper part of
the sediment column (Fig. 6). This pattern can be interpreted as
variation in the plant community in whole interval (from 270 ka to
present). However, ACL and CPI were relatively constant since
160 ka, suggesting that the majority of plant groups were main-
tained homogenously. Similar distributions of nC29, nC31 and nC33
may support an homogenous plant type dominant environment as
indicated by ACL and CPI (Fig. 6).

CPI, which is an index of alkanes sources, is known to be
higher in terrestrial plant waxes, whereas its value in n-alkanes
from fossil fuels is relatively lower (Bi et al., 2005). Terrestrial
plant waxes generally have high CPI (>3), whereas lower CPI is
reflective of short-chain n-alkane distribution. This may indicate
a contribution from macrophytes, algae, and bacteria (Bi et al.,
2005). Therefore, CPI is expressed as a weighted average of the
various averages of carbon chain lengths, provides information
for source discrimination. In our study, CPI values fluctuated
greatly from the base of the sediment to approximately 160 ka,
with relatively slight upward increase from 160 ka to present
(Fig. 6). However, CPI values generally exceeded 3, indicating that
most of n-alkane distribution in our study reflected a terrestrial
leaf wax source.
he n-alkane distribution was clearly differentiated from time to time suggesting pale-



Fig. 6. Average chain length (ACL) and carbon preference index (CPI). Representative odd-numbered n-alkanes (nC29, nC31, nC33) are shown. ACL of n-alkanes (nC25 to nC35) and CPI
were calculated by the formula described by Collister et al. (1994). An horizontal bar indicate organic geochemical switching boundary, coincide with TOC (%) and d13Corg
boundaries.
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A locally dominant source contributing these two n-alkane
compounds may be likely because the study area is located in the
central part of an inland area. It is possible that these compounds
could have been transported from distant terrestrial areas such as
inland China, because these compounds can be easily transported
from land to the Pacific Ocean (Ohkouch et al., 1997). Additionally, it
has been established that large amounts of eolian dust were
transported from inland China during late Quaternary (Lim et al.,
2005; Lee et al., 2008; Nagashima et al., 2011; Lim et al., 2013). It
is difficult to determine the quantity of terrestrial compounds that
were transported to our study area. Nevertheless, terrestrial input
Fig. 7. Vertical profiles of nC27/nC31, Paq and individual n-alkanes carbon isotope ratio
(C23 þ C25 þ C29 þ C31) (Yamamoto et al., 2010).
from other places such as inland China is possible, and this issue is
discussed in the following section.

4.4. Individual carbon isotopes of n-alkanes (d13CALK) and sources

Investigation of the n-alkane compound-specific isotopic
(d13CALK) ratio has a high potential for complementing n-alkane
distributions and providing more reliable n-alkane provenances
(Collister et al., 1994). For this reason, d13CALK has beenwidely used
for n-alkane source discrimination because n-alkane isotopes show
no fractionation during photo oxidation and microbial degradation
s (nC27, nC29, nC31 and nC33 unit in permil (‰). Paq is expressed as (C23 þ C25)/



S. Hyun et al. / Quaternary International 384 (2015) 4e12 11
(e.g., Bakel et al., 1994; Ahad et al., 2011). This means that different
sources have distinct characteristics for d13CALK values. Previous
research showed that d13CALK values for C4-derived n-alkanes were
all within the range of�18.5 to�24.5‰, and those for C3-derived n-
alkanes were more depleted, ranging from approximately �31.4 to
�38.6‰ (Collister et al., 1994).

The entire range of n-alkane carbon isotopes of this study varied
from �18.64 to �38.09‰, with slightly heavier d13C of n-alkane
values in younger-age intervals. The excursion of d13CALK of nC27
and nC33 shows upward heavier trend even though they remain
stable in uppermost part and since about 100 ka, respectively.
However, the excursion of nC29 and nC31 seems to stable with
higher amplitude (Fig. 7). Assuming that the d13CALK values for C4-
and C3-derived n-alkanes were all within the range of �18.5 to
�24.5‰ and �31.4 to �38.6‰ is accepted, our wide variability of
d13CALK values may imply of mixture of C4 and C3-derived n-al-
kanes. For example, nC29 showed clear lighting trend within short
time period (arrow in Fig. 7) suggesting that major paleovegetation
has been shifted from C4 plant to C3 plant at the boundary of
100 ka.

To understand more detailed variations on paleovegetation, we
used nC27/nC31 and paleoplant proxy (Paq), which are used for
proxy of paleovegetation changes (Yamamoto et al., 2010). As
shown in A) of Fig. 7, distinctive changing boundary was found in
nC27/nC31 at 160 ka. This excursion shows tight match with carbon
isotope of organic matter as shown in Fig. 4. Rather gradual upward
variation also recognized in Paq. Thus, these two paleovegetation
proxies suggest that major plant community has been changed in
study area and/or source areas. However, these two paleo-
vegetation proxies do not match with the variation of major
d13CALK..

Several researchs showed n-alkane contamination can be
detectable in coastal and estuary sediments (Ishiwatari et al., 1994;
Ahad et al., 2011). Ishiwatari et al. (1994) found isotopic difference
in odd and even n-alkanes (nC27~nC33), and explained higher plant
n-alkanes mixed with n-alkanes from oil pollution in marine sed-
iments by using two end-member mixing models. Also, Ahad et al.
(2011) pointed out the possibility of hydrocarbon contamination in
estuaries sedimentary environments. However, these samples are
likely being undertaken secondary contamination such an envi-
ronment, and are quite different environment from our study
environment. Judging from the d13CALK range in our study, it is hard
to account that current d13CALK values were contaminated. There-
fore, carbon isotopes of individual n-alkanes, particularly d13CALK of
nC31 and d13CALK of nC33, can provide insight into the source area as
well as the changing plant community.

5. Conclusions

Long-chain n-alkanes, which are terrestrial plant biomarkers,
and their compound-specific carbon isotope ratios (d13CALK) were
investigated in the sediment of the Jeongok-ri Paleolithic Site in
central Korea to interpret changes in paleovegetation and paleo-
climate over the last 300 ka. Major changes in n-alkane distribution
were maintained by a high abundance of three major compounds
(nC29, nC31, and nC33), followed by a changing abundance of even-
numbered n-alkane compounds. This distribution showed
repeated characteristics between high abundance of odd-
numbered n-alkanes with low abundance of even-numbered n-
alkanes, and high abundance odd-numbered long chain n-alkane
with relatively high abundance of even-numbered n-alkanes. These
two distribution patterns are themost distinguishing feature of this
study. Therefore, the n-alkane distribution may suggest that the
vegetation communities varied during the last 300 ka. Further-
more, it implies paleoenvironmental changes in the local forest.
Therefore, global climatic variation may have influenced the
vegetation community. Compound-specific carbon isotope ratios
showed gradual heavier trend in the lower part (270e120 ka) and
constant in the upper parts (120 ka ~ present) of the sediment
column. Therefore, d13ALK values reflected the dominant of C3 plants
in lower part of the sediment and the mixture of C4 and C3 plants in
the upper part. This characteristic observed in individual d13CALK
values was confirmed by the variation in d13Corg values, further
indicating that this study area has experienced vegetation changes.
Potential glacialeinterglacial-scale paleoclimatic variation has
influenced the paleovegetation changes of the study area and the
East Asian region.
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