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[1] Studies of sediment cores from the Sea of Okhotsk,
which is characterized by seasonal sea ice, have shown a
large variability of sea ice indicators during the glacial-
interglacial cycles. In this study, we apply the relative
abundance of the C37:4 alkenone to total C37 alkenones
(%C37:4) as a molecular indicator of salinity and water
masses to further investigate surface oceanographic
condition in the Sea of Okhotsk in the glacial period. We
found a large fluctuation of %C37:4 (4–35%) with higher
values (20�35%) during the last glacial period and lower
values (<8%) during warm periods, suggesting a decreased
surface salinity in the glacial period. The variation of
%C37:4 was found to be consistent with the ice rafted debris
(IRD) in the sediment core (correlation coefficient (r2)
between %C37:4 and IRD: 0.72). This suggests that the
duration of seasonal sea ice was longer in the glacial period
than today. The lowered surface salinity in the glacial might
also have been seriously affected by the close-off of the
shallow Soya Strait, which currently transports massive
volumes of saline water from the Sea of Japan to the Sea
of Okhotsk. Citation: Seki, O., K. Kawamura, T. Sakamoto,

M. Ikehara, T. Nakatsuka, and M. Wakatsuchi (2005), Decreased

surface salinity in the Sea of Okhotsk during the last glacial

period estimated from alkenones, Geophys. Res. Lett., 32,

L08710, doi:10.1029/2004GL022177.

1. Introduction

[2] The Sea of Okhotsk is a semi-closed marginal sea
located in the western rim of the North Pacific, it
characterized by being the southern boundary of seasonal
sea ice in the northern hemisphere [Kimura and Wakatsuchi,
1999]. This sea is also considered as a source region of the
North Pacific Intermediate Water, whose formation is a
function of brine production, densification and subsequent
sinking during seasonal sea ice formation [Talley, 1991].
Therefore, the Sea of Okhotsk plays an important role for
hydrological circulation in the Pacific Ocean. Paleoclimato-
logical studies in the Sea of Okhotsk have demonstrated that
seasonal sea ice was greatly extended during the glacial
period [Shiga and Koizumi, 2000; Sakamoto et al., 2001;

Koizumi et al., 2003]. During the glacial period when the
sea level declined, the Sea of Okhotsk is expected to
become less saline because the Soya Strait was completely
closed and the saline water input from the Sea of Japan was
shut-off. Therefore, to further understand surface oceano-
graphic conditions in the Sea of Okhotsk during the glacial
period, it is important to estimate changes in sea surface
salinity in the past and to investigate its relation to sea ice
formation and subsequent brine ejection.
[3] Recent field studies have shown a negative relation-

ship between the relative abundance of the tetraunsaturated
C37 alkenone to total C37 alkenones (%C37:4) and surface
salinity in cold and low salinity regions [Rosell-Melé, 1998;
Sicre et al., 2002; Harada et al., 2003]. These studies
indicated that haptophytes produce more C37:4 alkenone
under cold and lower salinity conditions. Sedimentary
records in the North Atlantic supported the use of %C37:4

as paleo-salinity indicator [Rosell-Melé, 1998; Bard et al.,
2000; Rosell-Melé et al., 2002]. But, further study has
cautioned the use of %C37:4 as quantitative estimation of
salinity [Bendle et al., 2005]. However, it has been con-
firmed that %C37:4 could be used as a good indicator to
estimate relative contribution of low salinity Arctic/Polar vs
warm saline water masses in the North Atlantic and possibly
other regions [Bendle et al., 2005]. C37:4 alkenones, whose
sources are still unknown, have also been detected abun-
dantly in fjords, Scottish lochs and the Baltic Sea [Ficken
and Farrimond, 1995; Schulz et al., 2000]. In coastal
regions, it seems that high %C37:4 values are related to
the occurrence of freshwater inputs, i.e. runoff or river
inputs to the marine water mass. Although %C37:4 values
as an indicator of paleosalinity are still in controversial
[Sikes and Sicre, 2002], %C37:4 can be useful for inferring
variation of the surface salinity in certain oceanic regions.
[4] Recently, we have detected high relative concentra-

tions of the C37:4 alkenone in a sediment core taken from the
Sea of Okhotsk, which is a seasonal sea ice ocean. This
suggests that %C37:4 may have applicability to estimate
paleo-salinity changes in the Sea of Okhotsk. Here, we
report sedimentary %C37:4 values and discuss their variation
by comparing them with the profile of ice rafted debris
(IRD) in the Sea of Okhotsk, which is an indicator of sea ice
formation and transport in the past.

2. Samples and Methods

[5] The piston core used in this study was collected
during XP-98 cruise by R/V Professor Khromov as part of
the Joint Japanese-Russian-U. S. Study of the Sea of
Okhotsk (Figure 1). The age model of PC-2 and analytical
procedures for alkenone measurements have been described
by Seki et al. [2004a]. Alkenone paleotemperature data were
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already represented elsewhere [Seki et al., 2004b], except for
%C37:4 data.

3. Results and Discussion

3.1. Profiles of %C37:4 in the Sediment Core for the
Last 85 kyr in the Okhotsk Sea

[6] Abundant concentrations of the C37:4 alkenone were
detected in the sediment core. Its relative abundance to total
alkenones (%C37:4) ranged from 4 to 35% over the last 85 kyr
with a minimum in the interglacial (marine isotope stage
(MIS) 1and 5) and a maximum in the glacial period (MIS 2
and 4) (Figure 2a). The glacial values (20–35%) are appar-
ently much higher than those (ca. 5% at most) reported in the
sediments from temperate open ocean [Mangelsdorf et al.,
2000; Yamamoto et al., 2000]. The upper limit (about 35%) of
our data is comparative to those reported for the low salinity
and cold oceans [Schulz et al., 2000; Sicre et al., 2002;
Harada et al., 2003;Bendle et al., 2005]. Therefore, increases
in sedimentary %C37:4 of up to 8% should correspond to
decreases in surface salinity in the glacial Sea of Okhotsk.
[7] Although %C37:4 has only been established as a

qualitative indicator of paleo-salinity, we tentatively use
the regressions that were previously reported to estimate a
departure of the salinity from the present (Dsalinity).
Currently, a relationship between salinity and %C37:4 has
been proposed based on field experiments. Rosell-Melé
[1998] and Sicre et al. [2002] obtained a correlation from
the North Atlantic and Nordic Sea. On the other hand,
Harada et al. [2003] derived an equation from the Bering
Sea. Based on salinity vs. %C37:4 relationship of Harada et
al. [2003], the changes in %C37:4 (4–35%) corresponds to a
freshening of 0–2.6 psu (see Figure 2b). On the other hand,
the estimate based on the equation of Sicre et al. [2002] gave
smaller salinity changes (about 0.6 psu) during the glacial-
interglacial cycle. The estimate from the Rosell-Melé [1998]
equation gave the largest salinity change (up to 3.4 psu)
among the three equations.

[8] We think that Harada et al. [2003] equation is best
applicable to the Sea of Okhotsk, because the genotypes of
the haptophyte algae (E. hux) in the Sea of Okhotsk are
likely the same as those of the Bering Sea where the Harada
et al. [2003] equation was obtained. Haptophytes from the
Sea of Japan may be transported into the Sea of Okhotsk via
the Soya Strait today, however such contributions should
have been impossible about 12 kyr B.P. and before, because
of complete isolation of the Sea of Okhotsk from the Sea of
Japan due to sea level decrease during the glacial period
(i.e. the Soya Strait was closed at that time). However, a
site-specific assessment and culture studies are needed to
confirm the applicability of a potential %C37:4-salinity
indicator and to better reconstruct the alkenone paleo-
salinity in the Sea of Okhotsk.

3.2. Possible Mechanism to Lower the Surface Salinity
During the Glacial Period: Shut Down of the Soya
Current to the Sea of Okhotsk

[9] The relatively high abundances of C37:4 alkenone in
the glacial period indicates either transport and/or develop-
ment of cold and low salinity water masses or increases in
riverine input of fresh water from river in the Sea of Okhotsk.
The surface salinity in the sea is a function of river runoff
from the Amur River (300 km3 yr�1 [Ogi et al., 2001]), the
precipitation-evaporation balance of the basin and sea ice
formation. However, it is generally accepted that East Asia
was dried during MIS 2 and MIS 4 compared to the intergla-
cial period, leading to decreased freshwater runoff in the
MIS 2 and MIS 4 [Chebykin et al., 2002; Yuan et al., 2004].
[10] A possible cause for lowered surface salinity in the

Sea of Okhotsk during the glacial period is a shut down of
the inflow of the saline, warm Soya Current. During the
glacial age, the coastline morphology of the Sea of Okhotsk
was significantly changed by the sea level decline (approx-

Figure 1. Map showing sampling location of core PC-2
(latitude: 50�23.70N, longitude: 148�19.40E, water depth:
1258 m, core length: 10.23 m) in the Sea of Okhotsk. Bold
lines show roughly estimated glacial coastline in the Sea of
Okhotsk when sea level was 100 m below present level.

Figure 2. Down core profiles of (a) the percentage of C37:4

alkenone (%C37:4) and (b) estimated paleosalinity change
based on %C37:4 in core PC-2 over the last 85 kyr.
Dsalinities were calculated using the slopes of salinity and
%C37:4 obtained from Harada et al. [2003] (solid circle),
Rosell-Melé [1998] (open triangle) and Sicre et al. [2002]
(open square). Shaded area represents the estimated period
that the Soya Strait had been closed off due to the drop in
sea level. MIS = marine isotope stage.
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imately 60–140 m) in the last glacial period [Fairbanks,
1989; Yokoyama et al., 2000]. The estimated coastline in the
glacial Okhotsk Sea is shown in Figure 1, when sea level
was 100 m lower than the present. The most drastic change
is the close off of the Tartarskii and Soya Straits (the
shallowest water depth: 20 m and 40 m, respectively),
which should have shut down the inflow of saline water
(>33.6 psu) from the Sea of Japan to the Sea of Okhotsk
[Itoh et al., 2003]. The annual mean volume transport of the
Soya Warm Current transport is estimated to be 0.08 Sv
[Itoh et al., 2003], which is 8 times larger than that of the
Amur River. Shut down of the Soya Warm Current during
the glacial periods should have made the Sea of Okhotsk
less saline in spite of reduced freshwater inflow from the
Amur River. Further, most of the northwestern continental
shelves would have been subaerally exposed to the air
during the glacial period with the coastline moving east-
wards, and therefore the mouth of Amur River should have
extended to further offshore, probably a few hundred km.
Under such a geographical situation, the Amur River runoff
might have had more influence on the surface salinity over
the PC-2 site than today.

3.3. Relationship of Surface Salinity to Seasonal Sea
Ice and Glacial Surface Hydrology

[11] According to inferences from diatom assemblages in
Okhotsk Sea sediments, sea ice cover in the glacial Okhotsk
Sea extended further to the east than the present and the
western region of the sea became a perennial-like sea ice
zone with sea ice persisting until the summer season [Shiga
and Koizumi, 2000]. This is supported by higher IRD
deposition was observed in the glacial sections of core
PC-2, whereas no IRD was detected during the Holocene
interval [Sakamoto et al., 2001].
[12] Figure 3 shows the relationship of IRD and %C37:4

in PC-2. In the seasonal sea ice area, the grains on the coast
are entrained into sea ice during coastal suspension and
freezing processes. The grains are subsequently transported
from the coast to offshore by drifting sea ice. A positive
correlation (r2 = 0.72) between %C37:4 and IRD in PC-2
suggests that the higher %C37:4 values were related to
seasonal sea ice. Sediment trap experiment indicates that,
alkenone production occurs only in autumn in the modern
Okhotsk Sea (O. Seki et al., manuscript in preparation,
2005). Hence, the glacial higher %C37:4 values suggest that

seasonal sea ice has persistently existed until summer and
autumn, when the haptophyte bloom occurred in the glacial
periods. Our result supports previous suggestions that cold
and low salinity water stimulated the haptophyte algae to
produce more C37:4 alkenone and therefore, that %C37:4 can
be useful for the inferring characteristics of water masses in
cold oceans [Bendle et al., 2005]. The melting of large
volumes of sea ice would have contributed persistently to
lower summer surface salinity in the Sea of Okhotsk during
the glacial period. Because the subsequent melting of the
sea ice in summer supplies more freshwater to the surface
ocean, a melting of large volumes of sea ice acts as a
positive feedback for sea ice formation in the following
winter.
[13] The lower surface salinity of the glacial Okhotsk Sea

would have formed a stratified layer (picnocline) in the
surface ocean. Strong picnocline formation could depress
the upward transport of nutrients from the deeper to the
surface ocean, decreasing biological productivity. Geo-
chemical studies in the Okhotsk Sea sediments suggested
that the productivity was decreased in the sea during the
glacial period [Ternois et al., 2001; Gorbarenko et al., 2002;
Seki et al., 2004b]. The present study reinforces the
hypothesis that the decreased productivity of the Sea of
Okhotsk in the glacial period must have been caused by a
decreased nutrient supply from the deep waters due to a
sharp stratification in the surface ocean during the summer
(when seasonal sea ice melts) [Seki et al., 2004b].
Decreased productivity associated with a depressed nutrient
supply during the glacial period has also been reported in
the entire northern North Pacific including the Bering Sea
[Kienast et al., 2004, and references therein]. These and the
present studies further support the suggestion that surface
waters in the subarctic North Pacific in the glacial period
were significantly more stable than today, due to the
lowered salinity conditions.

4. Summary and Conclusion

[14] Abundance of the C37:4 alkenone relative to total C37

alkenones in the Okhotsk Sea sediment core showed higher
%C37:4 values (20–35%) during the glacial period over the
last 85 kyr, suggesting a decreased surface salinity in the sea
for the last glacial period. Such a lowered salinity can be
interpreted by the shut down of the inflow of warm and
saline water to the Sea of Okhotsk from the Sea of Japan,
which was caused by a sea level decrease in the glacial
periods. Further, higher %C37:4 values in the glacial period
are likely explained by the increased volume of seasonal sea
ice with a longer persisting period until summer and its
subsequent melting, which provides cold freshwater to the
surface ocean, during the haptophyte algae growing season
(summer). This is supported by a positive correlation
between %C37:4 and the abundance of ice rafted debris,
which is an indication of sea ice formation and
transport.
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Figure 3. Scatter plot of %C37:4 vs. ice rafted debris (IRD)
in PC-2.
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