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ABSTRACT: We obtained marine primary production records from cores MD01-2422 and KH06-3-
PC8 in the modern Kuroshio flow region in the western North Pacific for the last 35 ka. The organic
carbon content of marine sediments is commonly used as a proxy for export production from the
surface ocean. Most sedimentary organic carbon was derived from marine organisms, because carbon
isotopes of organic matter (d13Corg) in sediments were approximately �21%, which is close to the
typical marine d13Corg value. The quantities of marine and terrestrial organic matter were reconstructed
from the mass balance of d13Corg in bulk total organic carbon. The accumulation of marine organic

carbon, and presumably marine production, was enhanced during the latter half of the last glacial
period in the subtropical gyre in the western North Pacific. Terrestrial organic matter varied
synchronously with marine organic carbon changes, suggesting that both increased in late Marine
Isotope Stage (MIS) 2. We conclude that in addition to aeolian dust supplied by the East Asia monsoon,
the lateral transport of nutrients from the East China Sea to the subtropical gyre as a result of a sea-level
rise at the last deglaciation played an essential role in enhancing palaeoproductivity during the last
glacial period. Copyright # 2009 John Wiley & Sons, Ltd.
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Introduction
The Kuroshio Current is one of the warmer and stronger
currents of the world’s oceans. The Kuroshio diverges from the
North Equatorial Current (NEC) east of the Philippine Islands
and forms the western boundary current in the North Pacific,
flowing along the western margin of the North Pacific
Subtropical Gyre. Along the Okinawa Trough and off Shikoku
Island, the Kuroshio Current flows northeastward, paralleling
the southern margin of the Japanese islands (Fig. 1). The
Kuroshio plays a main role in heat transport from the tropical
ocean to the subarctic North Pacific.

The North Pacific Subtropical Gyre is composed of clockwise
circulating currents in the northern Pacific Ocean. The western
subtropical gyre is a unique region in the North Pacific because
it is adjacent to the several marginal seas, and also is in the East
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Asian monsoon zone. This region is strongly influenced by
atmospheric forcing from winter to spring. A vertically
homogeneous water mass, the North Pacific Subtropical Mode
Water, is formed every winter as a result of intense ocean–
atmosphere heat fluxes (e.g. Suga and Hanawa, 1995; Yasuda
and Hanawa, 1999). During the severe and windy winter, a
large amount of nutrients is supplied to the euphotic zone by
deep convection in the mixed layer. In the past decade, many
observations and studies have revealed the relationship
between biological production and nutrient supply processes
in the oligotrophic subtropical gyre (e.g. Goes et al., 2001;
Limsakul et al., 2001; Li et al., 2004). Despite the importance of
the extensive subtropical gyre area in the western North Pacific,
no palaeoceanographic studies based on deep-sea sediment
cores in the western North Pacific Subtropical Gyre, including
the Shikoku Basin and the Kyushu–Palau Ridge, have been
conducted. The Shikoku Basin and the Kyushu–Palau Ridge are
also east of the Asian continent, where they can be affected by
westerly winds, which transport Asian dust to the North Pacific
mainly in spring. Therefore, the palaeoceanographic investi-
gation of the subtropical gyre is important for understanding
changes in the past land–atmosphere–ocean system, including
marine production, dust transport and nutrient supply over East
Asia and the western North Pacific.



Figure 1 (a) The Kuroshio Current in the western North Pacific. A reference site MD01-2421 is shown by a solid circle. (b) Coring sites: MD01-2422
was collected from the continental slope off Shikoku. KH06-3 PC8 (PC8) was taken from the northern edge of the Shikoku Basin

ENHANCED MARINE PRODUCTIVITY IN THE KUROSHIO REGION DURING THE LGM 849
Organic carbon fluxes in marine sediments have been used
to estimate carbon budgets in the geological past, and the total
organic carbon (TOC) content of sediments has been used as a
clue to estimate marine productivity (e.g. Sarnthein et al., 1988;
Sicre et al., 2000). In the middle latitudes of the western North
Pacific, primary productivity has been estimated from TOC,
and marine productivity variations have been reconstructed for
the last 300 ka above the Shatsky Rise (Kawahata et al., 1999).
Fluxes of marine organic carbon were higher during glacial
periods owing to enhanced marine production above the
Shatsky Rise (Amo and Minagawa, 2003). However, marine
productivity changes around the Japanese Islands have been
poorly reconstructed. Recently, Ueshima et al. (2006) reported
a pronounced TOC variation with a 41 ka periodicity off central
Japan during the past 145 ka. They also showed that primary
productivity in the Kuroshio–Oyashio mixing zone is related to
the intensity of the winter Aleutian Low. In addition, several
studies have used the mass balance of organic carbon isotopes
(d13Corg) in sediments to estimate the amount of marine and
terrestrial organic carbon in deep-sea sediment and to
reconstruct variations in past marine production in the western
North Pacific (e.g. Amo and Minagawa, 2003; Ueshima et al.,
2006) and the eastern North Pacific (McKay et al., 2004).
Therefore, we sought to reconstruct marine productivity
variations during past climate changes in the region of the
modern Kuroshio Current and the adjacent North Pacific
Subtropical Gyre. For this purpose, we analysed the oxygen
isotopes of planktonic foraminifera, TOC and d13Corg in two
piston cores from sites south of southwestern Japan forming a
latitudinal transect from the continental slope off Shikoku.
Table 1 Core locations

Core Cruise Latitude Longitude

MD01-2422 WEPAMA 328 08.70 N 1338 51.80 E
PC8 KH06-3 318 23.940 N 1348 49.86 E

Copyright � 2009 John Wiley & Sons, Ltd.
Materials and methods
A giant piston core MD01-2422 was collected from the
continental slope off Shikoku (Table 1 and Fig. 1) during the
WEPAMA2001 cruise of R/V Marion Dufresne. The core was
recovered to 47.3 m depth, and its sediments are composed
mainly of homogeneous silty clay. Piston core KH06-3-PC8
(PC8) was collected from the northern Shikoku Basin (Table 1
and Fig. 1) during the KH06-3 cruise of R/V Hakuho-maru. PC8
sediments are composed of homogeneous silty clay with
several ash layers.

Sediments were sampled from each of the cores with about
10 cm interval for MD01-2422 and 4.5 cm interval for PC8,
respectively. Sediments were washed with water through a
63mm mesh sieve and the residual samples on the sieve were
dried at 508C. Tests of the planktonic foraminifer Globorotalia
inflata between 250 and 355mm in size were then picked for
isotope analysis. These tests (20 specimens per sample) were
cleaned with methanol by ultrasonicator, slightly crushed in a
glass vial and weighed, and then approximately 100 mg of the
crushed specimens was reacted with 100% phosphoric acid at
908C in a vacuum. The released CO2 was purified and analysed
for d18O and d13C using an IsoPrime isotope ratio mass
spectrometer (IRMS) with a MultiPrep automated sample
preparation module (GV Instruments Ltd) at Kochi University.
The results are expressed in relation to the VPDB (Vienna
PeeDee Belemnite) standard. The estimated analytical pre-
cision was better than �0.05% for both d18O and
d13C measurements.
Water depth (m) Recovery (m) Area

2737 47.3 Continental slope
4002 3.16 Northern Shikoku Basin
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Table 2 Radiocarbon ages of planktonic foraminifera in core MD012422 (after Ikehara et al., 2006)

Sample
depth (m)

Mid-depth (m) Species Conventional
age (a)

Reservoir corrected
age (�400 a)

Error (a) Calibrated
age (a)

Lab no.

0.075–0.149 0.11 G. inflata 405 5 �25 Modern KIA 18289
0.572–0.646 0.61 G. inflata 2 955 2 555 �30 2 730 KIA 18290
1.367–1.441 1.40 G. inflata 4 795 4 395 �35 5 040 KIA 18291
2.069–2.143 2.11 G. inflata 5 775 5 375 �40 6 190 KIA 18292
3.570–3.644 3.61 G. inflata 10 720 10 320 �70 11 940 KIA 18293
3.867–3.941 3.90 G. inflata 11 140 10 740 �70 12 720 KIA 18294
4.770–4.844 4.81 G. inflata 12 870 12 470 �90 14 330 KIA 18295
5.382–4.431 5.41 G. inflata 13 380 12 980 �90 15 510 KIA 18296
6.072–6.146 6.11 G. inflata 14 290 13 890 þ100/�90 16 550 KIA 18298
7.600–7.649 7.62 G. inflata 16 370 15 970 �120 18 940 KIA 18300
9.027–9.102 9.06 G. inflata 18 280 17 880 �150 21 140 KIA 18301
11.271–11.346 11.31 G. inflata 22 490 22 090 �240 26 010 KIA 18302
13.467–13.529 13.50 G. inflata 28 770 28 370 þ360/�340 33 160 KIA 18936
15.028–15.052 15.04 G. inflata 35 060 34 660 þ800/�730 40 070 KIA 18937
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Accelerator mass spectrometry (AMS) 14C ages of G. inflata
(test size, 250–355mm) from MD01-2422 were measured at the
AMS facility of Christian-Albrechts-University, Kiel, Germany
(Table 2) (Ikehara et al., 2006). AMS 14C ages were calculated
using a half-life of 5568 a. All dates were corrected for the
reservoir age (400 a) in the Northwest Pacific (Bard, 1988) and
converted to calendar years (a BP) using the calibration
program CALIB 4.2 (Stuiver et al., 1998) for 14C ages younger
than 24 000 cal. a BP and the calibration equation of Bard et al.
(1998) for 14C ages older than 24 000 cal. a BP.

To determine the tephrochronology, recovered volcanic ash
layers by visual core description and microscope observations
were examined under a stereo microscope and the refractive
indices (RIs) of volcanic glass shards were measured. Tephra
samples were prepared by washing them in an ultrasonic
cleaner and then sieving to recover the >63mm size fraction.
The volcanic grains in that fraction were separated and
classified under a stereo microscope. The RIs of volcanic glass
shards in each tephra sample were analysed by the thermal
immersion method, as described by Danhara et al. (1992),
using a RIMS-2000 system (Kyoto Fission-Track Co.) to
correlate the several ash layers in cores with known widespread
tephras around the Japanese Islands.

To measure organic carbon, samples were collected from
each of the cores and dried in a oven at 508C, and dried samples
were ground to a fine powder and treated with 3 M HCl in an Ag
cup for 2 days to remove carbonate carbon. Carbonate-free
samples were dried in a desiccator for 2 days. Residual samples
were analysed by measurement of TOC content and the carbon
isotope ratios of organic matter, with an elemental analyser
(FlashEA1500) coupled to a Finnigan MAT DeltaPlus isotope
ratio mass spectrometer at Hokkaido University for MD01-
2422, and with a FlashEA1112 coupled to a Thermo Finnigan
DeltaPlus Advantage IRMS at Kochi University for PC8. The
analytical error for determination of organic carbon by this
method was within 0.01 wt%. The precision of the d13Corg

determinations was better than 0.1%.
Results and discussion
Age models of cores MD01-2422 and PC8

The age model of MD01-2422 was established from the
planktonic d18O record and AMS 14C ages (Ikehara et al., 2006).
Copyright � 2009 John Wiley & Sons, Ltd.
Fourteen AMS 14C ages on monospecific samples of G. inflata
were obtained from the upper section of the core, above 15 m
core depth (Table 2 and Fig. 2(a)). In addition, high-resolution
oxygen isotope analyses of G. inflata were conducted to obtain
the detailed d18O record from Marine Isotope Stage (MIS) 3 to
the present in the modern Kuroshio flow region off Shikoku,
southwest Japan (Fig. 2(a)). Two volcanic ash zones at 1.47–
2.24 and 11.87–12.05 m depth in the core were identified as
the Kikai–Akahoya (K-Ah) and the Aira–Tanzawa (AT) tephras
(Ikehara et al., 2006). Volcanic glass shards from each tephra
were broadly distributed in the MD01-2422 core sediments.
The eruption age of the K-Ah tephra is 7 325 cal. a BP
(Fukusawa, 1995), determined by the varve counting method
in Japanese lake sediments. On the other hand, the most
probable eruption age of the AT tephra has been estimated to be
28.3 cal. ka BP, based on 14C ages in core MD01-2422 (Ikehara
et al., 2006).

Core PC8 contains two distinct ash layers, from 0.515 to
0.72 m and from 3.09 to 3.10 m. According to the RIs of the
volcanic glass, the upper ash layer corresponds to the K-Ah
tephra and the lower to the AT tephra (Fig. 2(b)). Unfortunately,
d18O records could not be obtained from the upper 1.2 m of
core PC8, because few planktonic foraminiferal tests were
present owing to poor carbonate preservation. When the
planktonic d18O curve of core PC8 was compared with the
detailed d18O curve of MD01-2422 (Figs 2(a) and (b) and 3(a)),
it was possible to correlate seven horizons, including the two
ash layers. The age model indicated that the bottom of core PC8
dated to late MIS 3 (28.6 cal. ka BP). The average sedimentation
rate of core PC8, including the two ash layers, was 11 cm ka�1.
Hence an analytical interval of 4.6 cm corresponds to about
410 a.
Marine and terrestrial organic carbon estimates

The TOC content of PC8 varied between 0.22% and 0.96% of
CaCO3 free dry sediment (average, 0.66%) (Fig. 3(b)). TOC
contents of MD01-2422 ranged from 0.24% to 0.74% (average,
0.47%) (Fig. 3(b)). The variation pattern of TOC content was
similar in both cores, and higher TOC contents were observed
in the 15–14 cal. ka BP interval (Fig. 3(b)). Relatively lower TOC
contents were observed in the 7–6 cal. ka BP interval in cores
PC8 and MD01-2422 because the sediment samples in that
interval were diluted by K-Ah volcanic ash.
J. Quaternary Sci., Vol. 24(8) 848–855 (2009)
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Figure 2 Age models of the two cores MD01-2422 and PC8. (a) Oxygen isotope (d18O) profile of the planktonic foraminifer Globorotalia inflata in
core MD01-2422. Fourteen AMS 14C ages are also shown (Ikehara et al., 2006). (b) d18O profile of G. inflata in core PC8. Correlations of d18O between
PC8 and MD01-2422 are shown by dotted lines

ENHANCED MARINE PRODUCTIVITY IN THE KUROSHIO REGION DURING THE LGM 851
The d13C of organic matter in MD01-2422 varied between
�21.3% and �20.0%, with an average of �20.7% (Fig. 3(c)).
The d13C of organic matter in PC8 varied between �22.1%
and �20.3%, with an average of �21.0% (Fig. 3(c)). These
ranges overlapped the range typical of marine organic matter
(�22% to �20%) (Meyers, 1994), suggesting that the organic
matter was derived mostly from marine organisms, with a
minor contribution from terrestrial C3 plants. This inference is
also supported by the TOC to total nitrogen (C/N) weight
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ratio. The C/N ratio in the two cores varied between 4.4 and
10.9 during the past 35 ka. These values also fall within
the range typical of marine organic matter (4–10) (Meyers,
1994). In addition, these records indicate that the d13C of
organic matter did not show any variation corresponding
to the climate changes from the last glacial to the Holocene
(Fig. 3). Therefore, the origin of sedimentary organic
carbon in the study area hardly changed over the last glacial
cycle.
(d) (e)
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The terrestrial organic carbon (TOCterrestrial, %) and marine
organic carbon (TOCmarine, %) contents in marine sediments
can be estimated by using the following equations:

TOCterrestrialð%Þ

¼ fðd13Cmarine � d13CsedimentÞ=ðd13Cmarine � d13CterrestrialÞg

� TOCbulk

TOCmarineð%Þ ¼ TOCbulk � TOCterrestrial

where d13Cmarine and d13Cterrestrial are the end-member values of
carbon isotopic ratios of marine and terrestrial organic matter,
and d13Csediment is the value of the bulk sediment sample. We
assumed terrestrial and marine end-member values of �26.5%
and �19.4%, respectively. These end members were calcu-
lated using case study results for the carbon isotopes of
sedimentary organic matter. The d13C composition of terrestrial
organic matter derived from vascular C3 plants is between
�29.3% and �25.5%, with an average of �27% (Tyson,
1995). The end-member composition of d13Cterrestrial has also
been calculated to be �26.5% in Otsuchi Bay, northeastern
Japan (Wada et al., 1990). These values are similar to the
d13Cterrestrial estimates from Changjiang estuary sediments in the
East China Sea (�26%) (Gao et al., 2008). A d13Cterrestrial value
of �26.5% was therefore used to calculate past variation in
terrestrial TOC%.

The d13C values of particulate organic matter between 408 N
and 408 S in the whole ocean range from �22% to �18%
(Goericke and Fry, 1994), and the d13C composition of marine
organic matter in low and middle latitudes ranges from
�21.5% to �17.5%, with an average of approximately �20%
(Tyson, 1995). The marine end-member d13C composition in
the Changjiang estuary was estimated as �20% (Gao et al.,
2008). Surface sediments deposited on the continental slope
and in the Shikoku Basin are characterised by similar values
(�20.0% to �20.8%), suggesting that the isotopic composition
of organic matter is not altered as it settles through the water
column. Furthermore, there is no change in the
d13C composition in the upper 20 cm of slope deposits, so
post-depositional diagenesis is of little concern in this study. In
Figure 4 (a) d18O profiles of cores MD01-2422 (solid circles) and PC8 (
normalised by the weight of CaCO3 free dry sediment (cfds) of cores MD01-2
(LSR) in core PC8; (d) mass accumulation rate (MAR) of marine TOC (mg cm�2

PC8
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the d13C records from the cores, the heaviest d13C value of
�19.4% was observed in glacial sediments of core KPR-3PC
from the Kyushu–Palau Ridge in the North Pacific Subtropical
Gyre, so this value is most applicable for estimating the marine
contribution to TOC in subtropical gyre sediments, including in
MD01-2422 and PC8 in the study area.

The proportion of TOCterrestrial in TOC in cores MD01-2422
and PC8 ranged from 8% to 26% and from 12% to 38%, with an
average of 18% and 23%, respectively. These results indicate
that the organic matter in the two cores consisted mainly of
marine organic matter, and that the contribution of terrestrial
organic matter was extremely low far south of Japan and the
Asian continent during the glacial period. Terrestrial TOC
contents increased during the last glacial, MIS 2, whereas they
decreased during the Holocene (Fig. 3(e)), indicating that the
supply of terrestrial organic matter to the continental slope and
the northern Shikoku Basin was much larger during the Last
Glacial Maximum (LGM) than during the Holocene. Based on
the preliminary results of biomarker analysis, concentrations of
high molecular weight (C25 to C35) n-alkanes, which are known
as a typical terrestrial biomarker, were significantly increased
during the LGM at core MD01-2422 (Ikehara et al., unpub-
lished data).
Palaeoproductivity changes in the western North
Pacific Subtropical Gyre

Concentrations of marine-derived TOC in cores MD01-2422
and PC8 increased during glacial periods, from late MIS 3 to
MIS 2 (Fig. 4(b)). To quantify the variability of the sediment flux
of marine organic carbon, we determined the mass accumu-
lation rate (MAR), using the following equation:

MARðmg cm�2 ka�1Þ

¼ TOCmarineð%Þ � DBD � LSR=100 � 1000

where DBD is dry bulk density (g cm�3) and LSR is linear
sedimentation rate (cm ka�1). Unfortunately, the MAR of
open squares); (b) contents of marine organic carbon (TOCmarine) as
422 (solid circles) and PC8 (open squares); (c) linear sedimentation rate
ka�1) in core PC8; and (e) MAR of terrestrial TOC (mg cm�2 ka�1) in core
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TOCmarine in core MD01-2422 was not calculated in the
studied interval, because LSR overestimating is highly likely to
occur with the Calypso corer due to core-top expansion (e.g.,
Széréméta et al., 2004). We found that the sediment above 6 m
depth of MD01-2422 was about three times thicker than the
gravity core (KR02-06-GC2), which was recovered from the
same site, by correlation of colour indices and magnetic
susceptibility (Ikehara et al., unpublished data). According to
the magnetic fabric analyses, the upper 14 m part of MD01-
2422 was affected by a significant mechanical extension
(Ikehara et al., 2006). The uppermost 14 m interval corresponds
to the past 40 cal. ka. Thus we calculated the MAR of TOCmarine

for core PC8 only. In PC8, MAR of TOCmarine varied
between 9.3 and 86.0 mg cm�2 ka�1, with an average of
41.6 mg cm�2 ka�1. These MAR values are about 10 times those
from the Shatsky Rise in the western North Pacific, where Amo
and Minagawa (2003) reported that the MAR of bulk TOC
ranged from 1.1 to 9.6 mg cm�2 ka�1 and where marine organic
carbon comprised more than 86% of TOC in the core.

The MAR of TOCmarine was highest during late MIS 2 and
noticeably lower during the Holocene (Fig. 4(c)). A relative
small MAR peak also occurred during MIS 3, and MAR
decreased gradually from 14 to 7 cal. ka BP. These results
suggest that marine productivity was higher during late MIS 2
and MIS 3. If plankton productivity was enhanced in late MIS 2,
then the nutrient concentrations in the euphotic zone must have
increased at that time in the western subtropical ocean. One
possible cause of such an increase is a southward shift of the
Kuroshio. The Kuroshio is a typical oligotrophic western
boundary current, whereas the coastal water mass north of the
modern Kuroshio is characterised by high nutrient concen-
trations and low temperature (e.g. Taft, 1978; Shiomoto and
Matsumura, 1992).

A previous study of the planktonic foraminiferal assemblages
in the Okinawa Trough and the Ryukyu Trench slope (Ujiié and
Ujiié, 1999) reported a southern shift of the Kuroshio.
According to Ujiié and Ujiié (1999), during the glacial period
a Ryukyu–Taiwan land bridge prevented the inflow of the
Kuroshio main flow into the Okinawa Trough, causing the
Kuroshio to turn eastward south of the Ryukyu Arc. In addition,
they proposed that the Kuroshio may have flowed far south of
the Japanese islands during the LGM. However, the sea surface
temperatures (SSTs), determined by alkenone palaeotherm-
ometer, during the LGM were 2–38C lower than at present in
the Kuroshio region of the Nishishichitou Ridge off central
Japan (Sawada and Handa, 1998). According to our preliminary
alkenone SST reconstruction results, SSTs during the LGM were
decreased about 3–48C in cores MD01-2422 compared with
the present (Ikehara et al., unpublished data). This SST lowering
in the region of the modern Kuroshio flow south of Japan
corresponded to glacial cooling of the western Pacific warm
pool (Lea et al., 2000) and the Sulu Sea (Rosenthal et al., 2003),
which are the source regions of the Kuroshio. Thus the SST in
the modern Kuroshio flow region off central Japan was mainly
affected by a decrease in the SST of the Kuroshio Current itself,
indicating that the Kuroshio might not have shifted to the south
of its modern flow axis off the Japanese islands. Hence our
TOCmarine MAR results suggest that the enhancement of
productivity during MIS 2 could not have been caused by
the southward shift of the Kuroshio current and coastal waters.

This hypothesis is also supported by the carbon isotopes of
planktonic foraminifers. The variation in d13C of organic matter
is approximately 1% between Holocene and LGM. Such a
small shift is likely attributed to changes in isotopic
composition of dissolved inorganic carbon (DIC), if there
was influence from the Oyashio or Oyashio-like water. Oba
et al. (2006) showed the vertical profiles of d13C of the sea water
Copyright � 2009 John Wiley & Sons, Ltd.
at three stations off the east coast of Japan: SK4 in the Oyashio
Current, LM9 in the mixed water mass and LM6 in the Kuroshio
Current. According to the d13C profiles, the d13C values of
subsurface and intermediate waters from 100 m to 1000 m at
station LM6 in the Kuroshio are significantly heavier (up to 1%)
than those at stations SK4 and LM9. If the Oyashio-like water
was influenced to our core sites off Shikoku, it is expected that
the d13C values of planktonic foraminifera at core MD01-2422
were shifted to the lighter values during the last glacial period.
We compared the d13C values of G. inflata in core MD01-2422
with those of a reference core MD01-2421 (Oba et al., 2006),
which is located at the south of the modern mixed water mass
between the Oyashio and the Kuroshio. G. inflata is known as a
deep-dwelling species (Bé, 1977; Hemleben et al., 1989). Oba
and Hattori (1992) found peak abundances of G. inflata in
plankton nets deeper than 100 m water depth at the mixed
water mass region in November and February. Therefore,
carbon isotope values of G. inflata provide useful information
of the subsurface and intermediate waters. The d13C values of
G. inflata in core MD01-2422 are about 0.4% heavier than
those of core MD01-2421 during the Holocene (Fig. 5). On the
other hand, the G. inflata d13C differences between MD01-
2422 and MD01-2421 are slightly increased during the LGM
(Fig. 5). The d13C of MD01-2421 was significantly decreased
during the glacial period, suggesting that the water chemistry of
the southern mixed water mass was strongly affected by the
Oyashio water during the glacials. However, the Oyashio-like
water might not have influenced core sites off Shikoku, which is
the modern Kuroshio flow axis off the Japanese islands.

Organic carbon accumulation rates were higher during the
last glacial period. If this pattern is attributed to preservation, it
implies that glacial deep water in the Northwest Pacific was less
well ventilated (lower O2 concentration) than during the
Holocene. However, such an interpretation does not agree with
the pattern of carbonate deposition in this region. In core PC8,
carbonate content was slightly increased to approximately 5%
during the LGM, whereas that of the Holocene was decreased
by a few per cent (Ikehara et al., unpublished data). The records
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showed that carbonate preservation in the northern Shikoku
Basin was slightly better during the glacial, and this is attributed
to the presence of more nutrient-depleted deep waters with
lower CO2 content during this period. On the other hand, the
amount of carbonate components in the MD01-2422 where
water depth is shallower than at PC8 was decreased in the
glacial period. Thus it is suggested that the character of deep-
water masses was different between a water depth of �2700 m
(MD01-2422) and 4000 m (PC8). However, the variation
pattern of TOC of both MD01-2422 and PC8 are similar
(Fig. 3). These results indicate that the organic carbon burial
was not mainly controlled by deep-water chemistry in the
Northwest Pacific; the evidence also suggests that bottom
oxygen does not play a primary role in promoting organic
matter preservation (e.g. Calvert and Pedersen, 1992). On the
basis of this we conclude that water mass chemistry-controlled
preservation is not the primary factor controlling the organic
carbon accumulation pattern.

Another possible cause of the glacial increase in TOCmarine

MAR is the nutrient supply to the euphotic layer in the
subtropical gyre. Terrestrial organic carbon also accumulated
during late MIS 2, similar to TOCmarine MAR (Fig. 4(e)). Such an
increase in terrestrial input might cause higher primary
production because trace nutrients in the terrestrial fraction
are regarded as a limiting factor on phytoplankton growth
(Martin and Fitzwater, 1988). The terrestrial material would
have reached the study area via atmospheric deposition,
because the northwestern North Pacific is downwind of aeolian
dust carried from the Asian continent. Seasonal variations in
settling fluxes of major components have been analysed using a
time series of sediment traps, deployed at station SHIBT (298 300

N, 1358150 E) near the centre of the oligotrophic subtropical
gyre in the Shikoku Basin (Li et al., 2004). On the basis of the
distributions of strontium isotopes and the clay-sized fraction,
Li et al. (2004) concluded that many of the clay minerals in the
sediment traps in spring were derived mainly from Asian dust
via aeolian transport. In addition, they suggested that the
organic carbon flux increased in spring, and that a high
biogenic flux followed the deposition of Asian dust in early
spring of 1999. Therefore, high biological production in the
oligotrophic subtropical Shikoku Basin might be caused by the
Asian dust supply in spring (Li et al., 2004).

On the other hand, a change in the nutrient supply from the
East China Sea via the surface water is another possibly
important factor. Oguri et al. (2000) studied the organic carbon
MAR in two piston cores from the central Okinawa Trough in
the East China Sea covering the last 18 cal. ka, and showed
that the TOC MAR decreased gradually from 18 to 11 cal. ka
after the LGM. They also reported that d13Corg became depleted
at around 16 cal. ka (17.5–13 cal. ka) owing to large terrestrial
material inputs from the continental shelf. Sea-level change is
the most important factor controlling the nutrient cycle in this
marginal sea, which has an extensive continental shelf. Oguri
et al. (2000) therefore concluded that the offshore transport of
terrestrial organic matter was increased significantly by
meltwater pulse 1A, caused by the sea-level rise during the
last deglaciation. During the LGM, large amounts of lithogenic
matter were transported mainly from the coastal lowlands
created by the large drop in sea level of the northeastern East
China Sea (Kawahata et al., 2006). We thus hypothesised that
the higher accumulation rates of marine organic carbon
resulted from efficient biological production, which might
have been enhanced by increases in the aeolian dust supply
from China or by enhanced discharge of terrestrial materials
from the East China Sea to the oligotrophic subtropical Pacific.
Similar phenomena were recently reported in the Atlantic
Ocean based on the general circulation model experiments and
Copyright � 2009 John Wiley & Sons, Ltd.
observations, where there is a northward transport of inorganic
nutrients and dissolved organic nitrogen and phosphorus from
the tropics into the northern subtropical gyre associated with
the western boundary currents (Roussenov et al., 2006;
Williams et al., 2006).
Conclusions
This study investigated variations in TOC accumulation rates
and their d13C values in the western North Pacific Subtropical
Gyre, including the modern Kuroshio Current. On the basis of
marine and terrestrial organic carbon accumulations estimated
from the mass balance of d13Corg, marine organic carbon was
estimated to account for more than 62% of TOC over the
continental slope and northernmost Shikoku Basin. Cmarine

MAR was highest, 86 mg cm�2 ka�1, in late MIS 2 in the
Kuroshio and North Pacific Subtropical Gyre regions. Averaged
TOCmarine MAR during late MIS 2 was about five times that
during the late Holocene. We inferred that these higher
accumulation rates resulted from efficient biological pro-
duction, which might have been enhanced by increases in the
aeolian dust supply from China or by enhanced discharge of
terrestrial materials from the East China Sea to the oligotrophic
subtropical Pacific.
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