
Sediment core profiles of long-chain n-alkanes in the Sea of Okhotsk:

Enhanced transport of terrestrial organic matter from the last

deglaciation to the early Holocene

O. Seki,1,2 K. Kawamura,1 T. Nakatsuka,1 K. Ohnishi,1 M. Ikehara,1,3

and M. Wakatsuchi1

Received 27 November 2001; accepted 29 May 2002; published 2 January 2003.

[1] Terrestrial plant-derived n-alkanes (C25–C35) were
measured in three piston cores (PC1, PC2 and PC4) in the
Sea of Okhotsk covering the last 30 kyrs. Down core
profiles of the n-alkane concentrations and mass
accumulation rates (MAR) were characterized by deglacial
maxima. In particular, cores PC2 and PC4, which were
collected from the central and western Sea of Okhotsk,
respectively, show a two-step increase around the Meltwater
Pulse events (MWP) 1A (14.5–13.5 kyr BP) and 1B (about
10 kyr BP). This finding was interpreted by the outflow of
terrestrial organic matter from the submerged land shelf to
the Sea of Okhotsk through the East Sakhalin Current. This
study demonstrated that the sea level rise forced by global
warming in the deglaciation period may have caused the
enhanced transport of terrestrial organic matter in marginal
seas. INDEX TERMS: 3022 Marine Geology and Geophysics:

Marine sediments—processes and transport; 4267 Oceanography:

General: Paleoceanography; 1055 Geochemistry: Organic

geochemistry. Citation: Seki, O., K. Kawamura, T. Nakatsuka,

K. Ohnishi, M. Ikehara, and M. Wakatsuchi, Sediment core

profiles of long-chain n-alkanes in the Sea of Okhotsk: Enhanced

transport of terrestrial organic matter from the last deglaciation to

the early Holocene, Geophys. Res. Lett. , 30 (1), 1001, doi:10.1029/
2001GL014464, 2003.

1. Introduction

[2] The Sea of Okhotsk is a large marginal basin located
on the Northwestern Pacific rim (Figure 1). Despite its
location in a mid latitudinal region, this sea is characterized
by an extended seasonal sea ice area. The sea-ice generation
and subsequent brine release on the northwestern continental
shelf produce a cold and saline water [Martin et al., 1998;
Gladyshev et al., 2000], which spreads out all over the basin
through the intermediate water depth around 300 m [Glady-
shev et al., 2000;Wong et al., 1998]. This water is thought to
be the source of the North Pacific Intermediate Water [Talley,
1991; Freeland et al., 1998]. Recent observation revealed
that this intermediate water in the Sea of Okhotsk is also
characterized by a high turbidity due to the strong tidal
mixing on the continental shelf and plays an important role

in a transport of resuspended particles from the continental
shelf to the south Sea of Okhotsk [Nakatsuka et al., in press].
[3] Global sea level rise that occurred during the last

deglaciation developed modern continental shelves in the
Sea of Okhotsk. Therefore, this global event should have a
significant influence on the formation of sea ice and
intermediate water and the sedimentation process in the
Sea of Okhotsk. A previous paleoceanographic study in the
southern Sea of Okhotsk (GGC-15; see Figure 1) docu-
mented an enhanced marine and terrigenous input during
the last deglaciation [Ternois et al., 2001]. However, the
core site is far south from the northwestern continental shelf
of the sea, and the core did not show a signal of the
environmental change associated with the expansion of
the continental shelf. To better understand the transport
mechanism of terrestrial materials from the continental shelf
to the central Sea of Okhotsk during the deglaciation, we
conducted organic geochemical studies on three sediment
cores in the sea. Here, we present significant variations of
terrestrial higher plant biomarkers (long-chain n-alkanes)
with bulk elemental and isotope analyses for the last 30 kyr.

2. Material and Method

[4] Three piston cores: XP98-PC1 (location 51�000N
152�000E, water depth 1107 m), PC2 (location 50�240N
148�200E, water depth 1258 m) and PC4 (location 49�300N
146�070E, water depth 664 m) were obtained along an east-
west transect of the central Sea of Okhotsk during the cruise
of R/V Khromov (Figure 1). The ages of the XP-cores were
determined by Ikehara et al. [submitted] based on the
analyses of magnetic susceptibility, tephra chronology, oxy-
gen isotopes and AMS-14C ages of the planktonic foramin-
ifera. Age control points and dating methods for three cores
are shown in Table 1.
[5] Total organic carbon (TOC) contents and stable

carbon isotopic ratios of bulk organic matter (d13Corg) were
determined using a Fisons NA 1500 CHN analyzer and
Delta Plus IRMS after the removal of carbonate by HCl.
The reproducibility of TOC and analytical error of d13C
were within 1% and 0.2%, respectively.
[6] Total lipids were extracted from dry sediments using

an accelerated solvent extractor (Dionex, ASE 200). The
extracts were saponified with 1.0 M KOH/methanol under
reflux. Neutral lipids were separated by extraction with n-
hexane/dichloromethane (10:1) and further separated into
four subfractions using silica gel column chromatography
[Kawamura, 1995]. The aliphatic hydrocarbon fraction was
analyzed with a HP6890 GC. The identification of n-
alkanes was achieved with GC/mass spectrometry using
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authentic standards. Recoveries of n-C29 and n-C32 n-alkane
were >90%. Reproducibilities for C25–C35 n-alkane meas-
urements were within 8%, based on duplicate analyses.

3. Results and Discussion

3.1. Molecular Distributions of n-Alkanes

[7] Molecular distributions of C25–C35 n-alkanes in PC1,
PC2 and PC4 show a strong odd to even carbon number
predominance. Carbon preference indices (CPI) of the n-
alkanes [Bray and Evans, 1961] varied between 3.7 and 5.7.
The odd carbon numbered n-alkanes (C25–C35) have been
reported as major components of higher plant epicuticular
waxes [Eglinton and Hamilton, 1967] and widely used as
indicators of higher plant input to marine [e.g., Ohkouchi et
al., 1997; Ternois et al., 2001] and lacustrine sediments
[Kawamura and Ishiwatari, 1985].

3.2. Down Core Profiles

[8] Figure 2 represents down core profiles of sedimentary
MAR, TOC, d13Corg, C/N ratio, concentrations and MARs
of C25–C35 n-alkanes in cores PC1, PC2 and PC4 for the
last 30 kyrs. Sedimentary MARs and TOC contents in three
cores showed lower values in the glacial and high values in
the Holocene (Figures 2a–2f). The C/N ratio and d13Corg

values that can be used to evaluate the source strength of

sedimentary materials [Eadie and Jeffrey, 1973], showed
ranges from 6.3 to 9.3 and from �23.7% to �20.4%,
respectively (Figures 2g–2l). Although little differences
exist among the three cores, the C/N ratio and d13Corg were
higher and lower in the 15-4 kyr BP, respectively. This
indicates an enhanced contribution of terrestrial organic
matter to the sediments from the deglaciation to the mid
Holocene.
[9] C25–C35 n-alkanes are more specific indicators for

the input of terrestrial organic matter to the marine sedi-
ments than C/N and d13Corg. Concentrations of C25–C35 n-
alkanes in three cores show maxima during the period from
the deglaciation to the mid Holocene (15-4 kyr BP; Figures
2m–2o). MARs of C25–C35 n-alkanes also show high
values in three cores during the period (Figures 2p–2r).
Among these sediment cores, core PC4 exhibited the high-
est concentrations and fluxes of terrestrial biomarkers
whereas core PC1 showed the lowest values. An abrupt
increase was recognized in both PC2 and PC4 with a jump
at around 14 and 10 kyr BP. The high levels of terrestrial
input in PC4 lasted until 4 kyr BP. Core PC2 showed a
similar profile, except for the sudden decrease in the
terrestrial input, which preceded ca. 4–5 kyr before the
decrease observed in PC4.

3.3. Cause of Enhanced Terrestrial Input in the
Deglaciation

[10] Atmospheric transport of eolian dusts has been
proposed as a process for the supply of terrestrial organic
matter to the open ocean [Simoneit et al., 1977; Gagosian
and Peltzer, 1985]. However, this process is not important
in a marginal sea like the Sea of Okhotsk where a large river
(Amur River) can be a major transport pathway. The
enhanced riverine input of terrigenous materials to the
Okhotsk Sea by the Amur River during the deglaciation

Figure 1. Bathymetric map of the Sea of Okhotsk with the
location of XP98-PC1, PC2, PC4 and GGC-15 sediment
cores. Arrows represent the directions of surface currents.
Large open arrow represents the pathway of shelf water
outflow into the intermediate layer driven by sea ice brine.
The surface water circulation in the Okhotsk Sea is
dominated by a cyclonic gyre consisting of the northward
flow of the West Kamchatka Current and the southward
flow of the East Sakhalin Current [Talley and Nagata,
1995]. The continental shelf located between the Shantars-
kiy Bay and the Shelikof Gulf is wider than 200 km.

Table 1. Age control points for cores PC1, PC2 and PC4

Core Depth (cm) Events Age (kyr)

PC4
0.0 Core top 0.00

138.4 MS1 3.69
232.9 MS2 9.31
289.7 MS3 14.62
382.8 MS4 25.89
570.1 MS5 45.10

PC2
0.0 Core top 0.00
11.1 AMS 0.46
39.5 AMS 1.94
81.4 AMS 4.07
103.6 AMS 5.32
189.2 AMS 10.83
214.1 AMS 14.14
368.6 MIS 3.1 33.83

PC1
0.0 V34-98 2.50
63.4 AMS 6.11
122.2 AMS 10.55
213.1 AMS 22.43
404.0 MIS 3.3 50.21

AMS: 14C ages by accelerator mass spectrometer.
MIS: Ages were estimated by marine isotope stage events.
MS: Ages were estimated by comparison of magnetic susceptibility in

that of PC2, because foraminifera shells were dissolved in PC4.V34–98:
Age was estimated by comparison of d18O and d13C of foraminifera in those
of V34–98 [Gorbarenko et al., 2002].
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can be caused by (1) an increase in precipitation in East
Siberia and/or (2) melting of the continental ice sheet in the
same region. However, according to a pollen study, precip-
itation in East Siberia was high in the mid Holocene (8-4
kyr BP), but low before 9 kyr BP relative to the present day
[Velichko et al., 1997a; Edwards et al., 2001], suggesting
that riverine input is not a likely cause of the enhanced
terrestrial input during the deglaciation except for the mid
Holocene at PC4 as discussed later. On the other hand, the
estimated volume of the ice sheet developed around East
Siberia was rather small during the last glacial age [Velichko
et al., 1997b]. Thus, the meltwater transport of terrestrial
materials was not strong enough to explain the enormous
terrestrial input observed in this study.
[11] Alternatively, we consider that the enhanced terres-

trial input to the Sea of Okhotsk in the deglaciation is
caused by changes in the land-ocean interaction associated
with oceanographic settings. According to Fairbanks
[1989], sea level in the LGM (around 18 kyr BP) was about
120 meters below the present level and a significant portion
of the northwestern Sea of Okhotsk was once a land. Land

shelf has been eroded by transgressions from 18 kyr BP to 6
kyr BP. Two mechanisms are considered to cause the
enhanced input of terrestrial materials to the Sea of Okhotsk
in the deglaciation, associated with the land shelf erosion by
the rise of seal level. One is an effective uptake of terrestrial
organic matter by sea ice through freezing processes in the
submerged land shelf and subsequent transport of terrestrial
organic matter offshore by sea ice. Another is the resus-
pension of terrestrial organic matter due to the tidal mixing
in the submerged land shelf and then transport offshore with
downslope tidal currents.
[12] Initially, Ternois et al. [2001] explained the

enhanced terrigenous input observed in the southern Sea
of Okhotsk (GGC-15; see Figure 1) at the early deglaciation
by the first mechanism. Study of diatom assemblage sug-
gested that sea ice coverage in the Sea of Okhotsk had been
enhanced in the glacial period [Shiga and Koizumi, 2000].
However, the numbers of ice rafted debris in cores PC2 and
PC4 increased in the glacial period, but decreased before
MARs of C25–C35 n-alkanes reached the maximum in the
deglacial [Sakamoto et al., submitted]. This implies that the
ice rafting process was not important for the enhanced
transport of the terrestrial organic matter to the sites of
cores PC2 and PC4.
[13] Another process is more likely. It was reported that

the transgression promoted the transport of terrigenous
organic matter from the submerged land shelf to offshore
by the tidal currents in the East China Sea during the
deglacial period [Oguri et al., 2000]. Especially, the Sea
of Okhotsk has an effective transport process of resus-
pended particulate materials from the northwestern conti-
nental shelf to the southern deep basins through the
intermediate layer, that is driven by brine water rejection
from sea ice and a strong western boundary current (East
Sakhalin Current) [Nakatsuka et al., in press]. Hence,
discharge of terrestrial materials from the submerged land
shelf due to transgression may be significant during the
deglacial period in the Sea of Okhotsk.
[14] As shown in Figure 2, the abrupt increase in the

concentrations and MARs of terrestrial biomarkers in PC2
and PC4 closely correlates with global-scale Meltwater
Pulse (MWP) events 1A (14.5-13.5 kyr BP) and 1B (about
10 kyr BP), respectively [Cronin, 1999]. In these periods,
the rate of sea level rise was estimated to be more than 40
mm/yr [Blanchon and Shaw, 1995], with large areas of the
land being submerged within a short period of hundred
years. These results and interpretations strongly suggest that
marine transgression is a cause of enhanced terrestrial
organic matter input to the ocean. The water depth of a
continental shelf must be shallower in the deglacial period
than that at the present level. Under the shallower water
level in the deglacial, resuspended particles from tidal
mixing on the northwestern continental shelf might be
transported southward not only through the intermediate
water but also by the East Sakhalin Current. Thus, terrestrial
organic materials were probably transported along the east
Sakhalin coast (see Figure 1).
[15] On the other hand, the high MARs of terrestrial

biomarkers lasted untill 4 kyr BP in PC4. This suggests that
another mechanism should be involved with the material
transport from land to the Sea of Okhotsk, because the
transgression process ceased early in the Holocene. High

Figure 2. Down core profiles of mass accumulation rates
(MARs), TOC (wt%), d13Corg, C/N ratios, concentrations
and MARs of C25–C35 n-alkanes from PC1 (right), PC2
(center) and PC4 (left) for the last 30 kyrs. Dashed lines
represent the events of Meltwater Pulse (MWP) 1A (14.5–
13.5 kyr BP) and 1B (about 10 kyr BP) proposed by Cronin
[1999]. Shaded areas represent the last deglacial period.
MARs were calculated by using the following equation;
MAR = DBD � LSR. Where DBD is the dry bulk density
(g/cm3), LSR is the linear sedimentation rate (cm/kyr).
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MARs of terrestrial biomarkers in PC4 at the mid Holocene
might be related to enhanced river discharge from the Amur
River due to the increase in precipitation around East
Siberia [Velichko et al., 1997a; Edwards et al., 2001].
Finally, the decreased input of C25–C35 n-alkanes into core
PC4 from about 3 kyr BP to the present could be explained
by decreased precipitation in East Siberia as estimated by
pollen data [Velichko et al., 1997a; Monserud et al., 1998;
Edwards et al., 2001].

4. Conclusions

[16] Down core profiles of terrestrial biomarkers from
three different sites in the Sea of Okhotsk showed an
extensive terrigenous input from the last deglaciation to
the early Holocene. The enhanced terrestrial input was
interpreted to be caused by the tidal current in the sub-
merged land shelf in the northwestern sea, coupled with the
subsequent lateral transport to the central Sea of Okhotsk
through the East Sakhalin Current as well as intermediate
water. The latter is involved with the production of seasonal
sea ice and the formation of dense and cold brine water. The
proposed transport of terrigenous materials may be charac-
teristic of the marginal seas in the high latitudes.
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