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[1] Sinking particles collected at two depths at two sites off Sakhalin Island in the western
region of the Sea of Okhotsk were analyzed to determine their major chemical components
(lithogenic material, biogenic opal, calcium carbonate (CaCO3), and total organic
carbon (TOC)). The lithogenic and opal fluxes increased downward, indicating the lateral
input of resuspended sedimentary particles into the lower traps, while the CaCO3 or TOC
fluxes did not change greatly between the upper and lower traps. The lithogenic particle
flux in the lower traps showed intermittent increase events frequently during periods
when cold water masses penetrated into the intermediate layer at the mooring sites. This
coincidence between the flux increase and the cooling of the intermediate layer clearly
indicates that the cold and turbid Dense Shelf Water (DSW) is discharged from the bottom
of the northwestern continental shelf to the pelagic intermediate layer, supplying large
amounts of particulate matter onto the bottom of the slope and deep basin. After removing
the effect of the lateral input, the time series of the opal export from the surface water at
the mooring sites were reconstructed using the upper trap data. There were two
predominant characteristics in the seasonal variations of the opal export, which is nearly
equal to the diatom production, in the area off Sakhalin. One is the relatively large
opal flux in autumn, and the other is the southward propagation of the spring diatom
bloom, although the sea ice retreats northward every spring. Both of these characteristics
suggest that the river water discharged from the Amur, together with the seasonal sea ice
cover, regulates primary production in this area. INDEX TERMS: 4863 Oceanography:

Biological and Chemical: Sedimentation; 4805 Oceanography: Biological and Chemical: Biogeochemical

cycles (1615); 4219 Oceanography: General: Continental shelf processes; 4558 Oceanography: Physical:
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1. Introduction

[2] Particle transport from the shelf to the open ocean is
key in understanding the material cycles in the coastal zones
of oceans. This is because high biological productivity and
river discharge supplies large numbers of biogenic and
lithogenic particles into the shelf area and the fate of these
particles controls the budgets of materials, including the
organic and inorganic carbon in this zone. Since Walsh et al.
[1981] pointed out the potential role of the particle export

from the shelf as a missing sink of atmospheric CO2, many
interdisciplinary studies have been carried out in order to
clarify the fate of biogenic particles produced on the shelf
[Monaco et al., 1990; Biscaye et al., 1994; McCave et al.,
2001]. However, the primary finding of these studies was
that the particles on the shelf are not exported effectively to
the adjacent slope area due to the existence of physical
barriers, such as a thermohaline front, at the shelf edge
[Biscaye et al., 1994]. In contrast, the high latitudinal ocean
has a very efficient particle transport system from the shelf
to the open sea, which can be attributed to dense water
production on the shelf due to sea ice formation. Because
the dense water produced on the shelf can be easily
exported through the shelf edge as a gravity flow [Schauer,
1995], the dense water may transport large numbers of
particles out of the shelf [Honjo et al., 1988].
[3] Our previous study [Nakatsuka et al., 2002] reports

an efficient system of particle transport from the shelf to the
open sea in the Sea of Okhotsk. The Sea of Okhotsk is a
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marginal sea located on the northwest rim of the Pacific
Ocean and is known as a seasonal sea ice area. Despite the
low latitudes of this area (below 60�N), every winter, large
amounts of sea ice are produced along the Siberian coast on
the northwestern continental shelf of the Sea of Okhotsk
[Alfultis and Martin, 1987; Kimura and Wakatsuchi, 2000]
as a result of the cold winter monsoon blowing from East
Siberia and the fresh water discharge from the Amur River.
The sea ice formation rejects a large volume of brine water,
which sinks down to the northwestern continental shelf and
forms a dense bottom boundary layer of what is referred to
as Dense Shelf Water (DSW) [Martin et al., 1998;
Gladyshev et al., 2000]. Because of the intermediate density
range of the DSW (26.7–27.0sq) due to the low salinity of
the original freezing water there, DSW does not sink to the
bottom of the open sea, but rather penetrates into the
intermediate layer in the Sea of Okhotsk [Kitani, 1973].
This intermediate water mass is further exported into the
North Pacific Ocean and joins the formation of North
Pacific Intermediate Water (NPIW) [Talley, 1991; Wong et
al., 1998].
[4] Previously, we clarified that the DSW contains large

numbers of suspended particles that are transported into the
intermediate layer in the open sea through the shelf edge,
based on measurements of turbidity profiles in September
1999 [Nakatsuka et al., 2002]. Although the turbidity
profiles clearly demonstrated that some intermediate layers
of the Sea of Okhotsk are extremely turbid due to the DSW

outflow, those instantaneous profiles do not explain the
dynamics of the particle transport in detail. Here we report
the 2-year-long temporal variations in the flux of lithogenic
and biogenic particles monitored at two depths at two
stations off the east coast of Sakhalin Island, downstream
of the DSW outflow. Furthermore, we compare these fluxes
with temporal variations of the water current and tempera-
ture at the mooring sites of sediment traps. Because the
lithogenic particles are not produced or decomposed in the
water column of the ocean, we can discuss purely
the dynamics of particle transport using the variations in
lithogenic particle flux.
[5] The area off the east coast of Sakhalin Island is also

characterized as a zone of high biological productivity
[Sorokin and Sorokin, 1999; Saitoh et al., 1996]. There
are two predominant factors for the biological productivity
in this area. One factor is seasonal sea ice. The sea ice
produced on the northwestern continental shelf expands
southward along the east coast of Sakhalin every winter.
In spring, the sea ice retreats northward along the same
route of expansion. Because the melting of sea ice is
believed to enhance the primary productivity as an ice edge
phytoplankton bloom [Sullivan et al., 1988], we herein
examine in detail the relationship between sea ice retreat
and the flux of biogenic particles, particularly diatoms
represented by opal in order to estimate the effect of sea
ice on biological productivity. The other factor in this area is
the Amur River discharge. The Amur River is the largest
river in the far eastern region of Russia, and has a gigantic
annual discharge of approximately 300 km3 [Ogi et al.,
2001]. The fresh water discharged from the Amur River
mouth into the northwestern region of the Sea of Okhotsk
spreads southward along the east coast of Sakhalin under
the influence of the East Sakhalin Current. Because the river
water is usually rich in major and micro nutrients for
phytoplankton growth, the river water may play a key role
enhancing the biological productivity in the western region.

2. Materials and Methods

2.1. Sediment Trap Moorings

[6] Sediment traps were moored at two stations (M4 and
M6) off the east coast of Sakhalin Island (Figure 1) from
August 1998 to June 2000. Two sediment traps were set at
different depths for each station, together with other tem-
perature and current meters (Table 1 and Figure 2). Because
the mooring systems had been recovered once and were
then redeployed in 1999, the bottom depths and mooring
depths of the instruments were changed between the two
periods (1998–1999 and 1999–2000). However, in this
paper we will deal with the time series data obtained from
the two mooring periods as sequential data because the
differences in the instrument depths are very small and
appear to be insignificant.
[7] Deployment and recovery of mooring systems were

performed during research cruises of RV Professor
Khromov, Far Eastern Regional Hydrometeorological Re-
search Institute, Vladivostok, Russia. During the three
cruises (July 1998, September 1999, and June 2000),
hydrographic and chemical properties in the water columns
were observed at numerous sites, approximately 100 sta-
tions each year, including mooring sites that use a Seabird

Figure 1. A map of the Sea of Okhotsk with the sites of
sediment trap moorings (inverted triangles). Open circles, a
square, and crosses correspond to the stations where the
water column structures referred to in this paper are located.
Arrows in the insert figure indicate schematic circulation
pattern, and the star denotes the position where a sediment
trap study was carried out previously [Honda et al., 1997].
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CTD/water sampling system, equipped with 24 Niskin
bottles (10 L). Water samples were analyzed for nutrients
(silicate, phosphate, nitrate, nitrite, and ammonium) on
board using continuous-flow-type nutrient auto-analyzers.
[8] The sediment trap (McLane MARK78GW-21) had 21

time series sampling cups. In all cases, the sampling period
was equally divided for each of the 21 sampling cups. In
order to avoid in situ microbial decomposition of sinking
particles, all cups were filled with Okhotsk deep water
containing 5% formaldehyde solution neutralized by sodium
tetra borate before deployment of the sediment traps. After
recovery of the sediment traps, sample cups were immedi-
ately removed from the trap and stored in a refrigerator until
analyses at a shore-based laboratory.

2.2. Chemical Analyses

[9] Because the sediment trap samples, especially those
obtained from the upper sediment traps, contained a large
number of zooplankton, all samples were first sieved with
1-mm mesh to remove swimmers. Then the particle sam-
ples, less than 1 mm in diameter, were divided into
10 aliquots using a rotary splitter.
[10] For inorganic chemical analyses, three of 10 aliquots

were filtered onto a preweighted 0.6 mm j nucleopore filter.
Filters were rinsed with distilled water and dried in an oven
at 60�C for 2–3 days. The dried samples were then
weighted to calculate the total mass flux. Dried samples
were ground using a pestle and mortar, and parts of sample
powders were weighted and combusted at 450�C for
24 hours to remove organic matter. The combusted residues
were placed into a Teflon container along with a 1-mL
mixed acid (HNO3:HCIO4:HF = 3:3:1), which was then
heated at 150�C for 5–7 hours in order to decompose all
particles into solutions. During the decomposition process,
part of the silicon was vaporized as SiF6. However, we have
certified that all of the evaporated SiF6 redissolved into
solution during the cooling process, as can be detected
quantitatively in the following analytical procedure. Small
amounts of decomposed solutions were diluted and mea-
sured for total Si using the molybdenum yellow method.
The remainder of the solution was again dried and dissolved
in 1 mL of HNO3. This solution was diluted and analyzed
for total Al and Ca using flameless and flame atomic
absorption spectrometers (Hitachi Z-8000), respectively.
[11] Major inorganic components in sediment trap sam-

ples were calculated as follows, based on average ele-

mental components in crust [Taylor, 1964]: lithogenic
material (%) = 100/8.1 � Al (%), opal (%) = Total
SiO2 (%) � lithigenic material (%) � 0.6, and CaCO3

(%) = 100/40 � Ca (%).

Table 1. Mooring Information at M4 and M6 Sites

Station Latitude Longitude Bottom Depth Mooring Period (Trap Sampling Period) Instruments (Depths)a

M4 (1998–1999) 52�58.990N 145�28.570E 1729 m 29 July 1998 to 6 Sept. 1999 ST (280 m, 1547 m)
(7 Aug. 1998 to 7 Aug. 1999) CM (487 m)

TM (280 m)
M4 (1999–2000) 53�01.250N 145�30.250E 1722 m 6 Sept. 1999 to 17 June 2000 ST (259 m, 1530 m)

(8 Sept. 1999 to 7 June 2000) CM (468 m)
TM (259 m, 362 m)

M6 (1998–1999) 49�30.630N 146�30.330E 794 m 2 Aug. 1998 to 4 Sept. 1999 ST (278 m, 693 m)
(7 Aug. 1998 to 7 Aug. 1999) CM (485 m, 751 m)

TM (278 m)
M6 (1999–2000) 49�30.530N 146�28.740E 783 m 24 Sept. 1999 to 15 June 2000 ST (268 m, 682 m)

(27 Sept. 1999 to 6 June 2000) CM (473 m, 740 m)
TM (268 m, 370 m)

aST, McLane sediment trap MARK 78GW-21 (sampling periods were equally divided for each of 21 sampling cups at all cases); CM, Union current
meter RU-1 (this current meter includes a thermistor); TM, Nichiyu-Giken Thermistor NWT-SN/DN.

Figure 2. Instruments moored at M4 and M6 sites in
Figure 1. Inverted triangles indicate sediment traps. Open
circles and rectangles are thermistors and current meters,
respectively. See Table 1 for the detailed information about
the positions, depths, periods, and types of instruments
moored.
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[12] For organic chemical analysis, one of 10 aliquots of
the split sample was filtered onto a precombusted Wattman
GF/F filter. Filters were dried at 80�C for 12 hours, and dried
samples were ground using a mortar and pestle. The tem-
perature, 80�C, is somewhat high for usual organic chemical
analyses. However, in this study, only elemental and isotopic
compositions of carbon and nitrogen were measured, and we
have certified that these compositions are not affected by
drying at 80�C. Sample powders were placed into silver
capsules and acidified using small amounts of 20% HCl
solution to remove inorganic carbon. The carbonate-free
samples were dried and wrapped in large tin capsules, after
which they were analyzed for total organic carbon (TOC)
using an elemental analyzer (Fisons NA-1500).
[13] The percentages of each chemical component were

calculated as a ratio of each chemical component with
respect to the sum of all chemical components (lithogenic
material, CaCO3, opal, organic matter). The flux of total
organic matter (OM) was estimated as follows: OM =
1/0.35 � TOC [Honda et al., 1997]. The sum of all
chemical components is not exactly equal to the total mass
flux, because each chemical component was estimated
based on an individual elemental composition and a sepa-
rate assumption. However, the sum of all chemical compo-
nents accounts for 96.9 ± 6.7 (1s)% of the total mass flux,
indicating that the total mass flux consists of the four major
chemical components (lithogenic material, CaCO3, opal,
organic matter) exclusively, and the method estimating each
chemical component is basically valid.

3. Results

[14] Fluxes of total mass and chemical components mea-
sured at all sediment traps are shown in Figure 3. The yearly
fluxes at each trap are listed in Table 2. Because the
mooring period from 1999 to 2000 was about 9 months
(the summer months were not included), the yearly flux
from 1999 to 2000, which was simply calculated by
multiplying the average daily flux at that period by 365 days,
may be underestimated. The percentages of each chemical
component in all of the sediment trap samples are illustrated
in Figure 4. For the sake of comparison, the yearly fluxes
previously reported at the central area of the Sea of Okhotsk
(star in Figure 1) [Honda et al., 1997] are listed together in
Table 2.

3.1. Vertical Distributions

[15] Although the CaCO3 and TOC fluxes of the lower
traps are comparable with those of the upper traps at both M4
andM6 sites, the lithogenic and opal fluxes in the lower traps
were much larger, sometimes 10 times larger, than those in
the upper traps (Table 2). Vertical distributions in the fluxes at
M4 and M6 are very different from those reported at the
central site of the Sea of Okhotsk. There are two possible
explanations for such an increase in particle flux in the deeper
traps. One is the input of resuspended sedimentary particles
into the lower traps [Honjo et al., 1982; Itou et al., 2000;
Otosaka and Noriki, 2000]. Because the M4 andM6 sites are
both located close to the continental shelf and slope area
(Figure 1), the resuspension and lateral transport of sedimen-
tary particles must occur frequently [Nakatsuka et al., 2002].
In contrast to M4 and M6, there is a very small lithogenic

particle flux at the central site of the Sea of Okhotsk (Table 2),
indicating that the lithogenic particles at M4 and M6 origi-
nate from adjacent slope and shelf regions. The other
explanation for downward increase of the flux is lower
efficiency in capturing the sinking particles in the near-
surface traps. Yu et al. [2001] measured the fluxes of 230Th
and 231Pa intercepted by sediment traps and demonstrated
that the trapping efficiency in the mesopelagic zone is often
reduced to less than 0.4 although that in the bathypelagic
zone is close to 1. This undertrapping is partly due to higher
current velocity at shallower depths [Honjo and Manganini,
1993]. Because both M4 and M6 sites are influenced by a
strong western boundary current, namely the East Sakhalin
Current, where the current velocity often exceeds 20 cm/s
[Mizuta et al., 2003], the trapping efficiency of the upper
traps may be reduced to less than 0.4 [Yu et al., 2001]. The
yearly fluxes of biogenic particles at the upper traps of M4
and M6 are in fact unexpectedly low, compared to those at
corresponding depths of the central site in the Sea of Okhotsk
(Table 2) [Honda et al., 1997], although the primary pro-
ductivity in the western region of the Sea of Okhostk is
believed to be higher than that in the central area [Sorokin
and Sorokin, 1999; Saitoh et al., 1996].
[16] The TOC fluxes of the lower traps at M4 and M6 are

not much larger than those of the upper traps, although the
input of resuspended particle into the lower traps and/or the
lower trapping efficiency at the upper traps must cause
the apparent downward increase in the TOC flux, because
TOC is contained primarily in fine particles, as well as in
lithogenic material and opal. The apparent downward
increase in the TOC fluxes may be compensated by the
effect of biological decomposition of particles during the
settling process, as shown in the TOC flux at the central site
of the Sea of Okhotsk (Table 2) [Honda et al., 1997].
[17] The CaCO3 flux also does not change vertically.

However, the reason for this is very different from that of
TOC flux. The CaCO3 measured in the present study
consisted primarily of large foraminiferal skeletons, which
sink very rapidly and cannot be resuspended in the water
column or increase the lower trap flux. This property can
also explain the similar temporal variations of CaCO3 flux
between the upper and lower traps throughout the sampling
periods (Figures 3g and 3h). However, the amount of
coccolith, a very small CaCO3 particle that is not a main
component of the CaCO3 examined in the present study,
increased greatly at the lower trap depths at M4 and M6, as
was the case for lithogenic material and opal (H. Okada,
unpublished data, 2001). In contrast to M4 and M6, the
coccolith flux at the central site of the Sea of Okhotsk did
not increase but decrease downward [Broerse et al., 2000]
as well as opal at the same site (Table 2) [Honda et al.,
1997]. Therefore the vertical distributions of particle fluxes
must be controlled by the size of particles rather than by
their chemical species, except for organic matter, which is
easily decomposed in the water column.

3.2. Seasonal Variations

[18] We frequently find very large and episodic increases
in particle flux at the lower traps (Figure 3). These events
are always accompanied by increases in the amount of
lithogenic particles (Figures 3c and 3d), which cannot be
produced by biological processes, and occur even under the
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Figure 3. Temporal variations in the fluxes of (a, b) total mass, (c, d) lithogenic material, (e, f ) opal,
(g, h) calcium carbonate and (i, j) total organic carbon at M4 (Figures 3a, 3c, 3e, 3g, and 3i) and M6
(Figures 3b, 3d, 3f, 3h, and 3j) sites. Open and solid circles indicate the fluxes at the sediment trap of
upper and lower depths, respectively.
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seasonal sea-ice cover (see Figure 9 in section 4.2). There-
fore these events cannot be explained solely by the increase
in biological productivity in the corresponding surface
water, and rather must be correlated with some physical
oceanographic processes.
[19] Fluxes of biogenic particle (Opal, CaCO3, TOC) at

the upper traps showed regular seasonal cycles. Opal flux
increased every spring and autumn at both M4 and M6 sites,
whereas the opal fluxes were very low in the winter,
indicating that the opal flux is controlled by phytoplankton
productivity in the surface water (Figures 3e and 3f ). On the
other hand, CaCO3 showed a large flux only in the autumn
(Figures 3g and 3h). As a result, the Opal/CaCO3 ratio
increases in spring (�10 at M4 and M6 upper traps) and
decreases in late autumn (�1 at M4 and M6 upper traps)
(Figure 4), similar to the seasonal variation reported for
open ocean areas [Honda et al., 1997]. However, even in
autumn, the opal percentages are high (>20%) at the upper
traps of both M4 and M6 sites (Figure 4). In contrast to M4
and M6, low (�10%) percentages of opal were reported in
autumn at the upper trap of the central site of the Sea of
Okhotsk [Honda et al., 1997].

4. Discussion

4.1. Cause of Episodic Increases in Lithogenic
Particle Flux

[20] Episodic increases in lithogenic particle flux are
usually caused by resuspension events of sedimentary
particles at the water bottom near the sediment trap site
due to a meteorologically induced current intensification

Table 2. Yearly Flux of Total Mass and Each Chemical

Component (g/m2/yr)a

Trap TMF Lithic CaCO3 Opal TOC

M4 (1998–1999)
280 m 27.4 3.0 3.6 13.0 2.7
1547 m 89.6 25.0 3.9 45.7 3.1
Lo/Up 327 843 109 350 114

M4 (1999–2000)
259 m 11.7 3.4 1.4 3.4 1.1
1530 m 79.7 24.8 2.5 41.2 2.3
Lo/Up 680 730 178 1196 215

M6 (1998–1999)
278 m 15.8 1.1 2.5 6.9 1.9
693 m 43.8 12.1 3.0 20.7 2.0
Lo/Up 278 1077 121 300 108

M6 (1999–2000)
268 m 21.0 4.7 2.5 8.2 1.7
682 m 75.9 21.6 2.6 39.2 3.1
Lo/Up 362 461 105 480 183

Central Site of the Sea of Okhotsk [Honda et al., 1997]
258 m 47.7 0.7 16.0 41.4 4.1
1061 m 37.6 3.0 10.6 24.8 1.7
Lo/Up 79 421 66 60 42

aTMF, Lithic and TOC indicate the total mass flux, lithogenic material
and total organic carbon, respectively. Lo/Up denotes ratios (%) of the
lower flux against the upper flux at the corresponding sampling periods.
Fluxes at the central site of the Sea of Okhotsk (star in Figure 1) were
observed from August 1990 to August 1991 [Honda et al., 1997].

Figure 4. Temporal variations in the weight percentages of the chemical components in the sinking
particles at M4 (a) upper and (b) lower sites and M6 (c) upper and (d) lower sites.
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[Honjo et al., 1988] and/or an earthquake event [Itou et al.,
2000]. At the M6 site, the lower sediment trap was moored
approximately 100 m above the water bottom, and a current
meter was also attached 40 m above the water bottom
(Figure 2, Table 1). If the lower trap at M6 is affected by
the current-induced resuspension of bottom sediment, the
episodic increase in lithogenic material flux (Figure 3d)
must be related to the change in the current speed or
direction monitored just below the sediment trap. However,
there was no significant coincidence between the lithogenic
material flux at the M6 lower trap and the current speed or
direction underneath (Figure 5). Although the lithogenic
material flux was much higher in late 1999 and early 2000
than in the period before early 1999, the current speed and
direction did not show a large interannual change. This
result suggests that the suspended particles did not originate
from the in situ bottom sediment but rather from a more
distant area.
[21] We found a very good correlation between the water

temperature, rather than water current, and the lithogenic
material flux of the lower traps at both the M4 and M6 sites.
In Figure 6, we show the temporal variation of lithogenic
material flux at the lower trap and the time series data for
water temperature measured at several different depths at
the mooring site. The two time series data show very good
negative correlation. The increase in lithogenic material flux
in the lower traps occurred only when the water temperature
decreased sporadically, except for May 2000 when ice-
rafted debris (IRD) and/or aeolian dust inputs may affect
the lithogenic material flux (as discussed later). This corre-
lation was clearer at M4 than at M6. Interestingly, the
temperature did not change at the depth near the lower trap
itself, but decreased at the intermediate layer, 200–500 m in
depth, far above the lower trap depths.

[22] On the basis of a previous study on the turbidity
profiles in the Sea of Okhotsk [Nakatsuka et al., 2002]
(Figure 7), we can explain why the intermediate temperature
decrease induces the increase in lithogenic particle flux in
the deep sediment trap as follows. In the western region of
the Sea of Okhotsk, there are often extremely turbid and
cold intermediate layers (Figure 7a). Such a cold and turbid
water mass can also be found on the bottom of the
northwestern continental shelf (Figure 7b). Because both
layers have the same density range, sq = 26.8 � 27.0, the
turbid and cold intermediate layers are believed to have
originated from the bottom of the continental shelf. As the
mechanisms of production and transport of the turbid water
mass, the following scenario could be presented [Nakatsuka
et al., 2002] (Figure 7c). In winter, large amounts of sea ice
are produced on the northwestern continental shelf along the
Siberian coast due to strong winter monsoon winds from
Eastern Siberia [Alfultis and Martin, 1987; Kimura and
Wakatsuchi, 2000]. During the sea ice formation, cold and

Figure 5. Temporal variations in the lithogenic particle
flux at the lower trap of M6 (solid circle) and the current
components at the bottom current meter. Dark and light
shaded lines indicate daily averages of the eastward and
northward components, respectively, and black line shows
the daily average speed.

Figure 6. Temporal variations in the lithogenic particle
flux (solid circles) at the lower traps of (a) M4 and (b) M6
sites, and daily average temperatures at the mooring sites.
Blue, green, red, and gray lines show the temperature
measured at upper (�280 m), middle (�370 m), and lower
(�480 m) positions of the intermediate layer and at the
bottom layer (�750 m), respectively. See Table 1 for the
exact depths of the thermistors and the current meters,
which were equipped with thermistors. There are very good
negative correlations between the temperature and litho-
genic particle flux except for the flux increase in May 2000.
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dense brine waters are rejected from the sea ice and settle
down on the shelf bottom. The rejected dense water mass
does not flow out of the shelf immediately, but remains on
the shelf during the following spring and summer seasons
[Gladyshev et al., 2000; Itoh et al., 2003]. On the shelf, the
cold and dense water mass is mixed with surrounding
waters by a strong tidal current [Kowalik and Polyakov,
1998; Ohshima et al., 2002] and the density of the water
mass gradually decreases to approximately 26.8–27.0sq,
which is equal to that of the Okhotsk Sea Intermediate
Water [Gladyshev et al., 2000; Itoh et al., 2003]. During the
development of the homogenous cold bottom water
(Figure 7b), the sedimentary particles are also resuspended
into the benthic layer, forming an extremely cold and turbid
water mass. Finally, in the next autumn, this water mass is
exported from the shelf to the slope area as a density flow or
by the southward East Sakhalin Current that is intensified
by the onset of winter monsoon, penetrating into the
intermediate layer according to its density range. The
outflow of this DSW could be observed frequently during
autumn by the mooring systems off Sakhalin Island in the
present study [Fukamachi et al., 2004].
[23] The very good negative correlation between the

temperature decrease at the intermediate depths and the
increase in lithogenic particle flux at the lower traps
(Figure 6) therefore indicates that the intermittent outflow
of this cold and turbid water mass actually occurs from the

shelf to the mooring sites. Because the M4 site is located
closer to the northwestern continental shelf than the M6 (see
Figure 2), it is reasonable that the correlation is clearer at
M4 than at M6 (Figure 6). Figure 8 shows the time series of
current velocity and water temperature, recorded at an
intermediate depth (�480 m) of M4. The correlation
between the two time series clearly demonstrates that the
cold and turbid intermediate water mass enters M4 only
when the intensified intermediate current flows northeast-
ward, which is perpendicular to the contour line around this
site (Figure 1). In autumn of 1998, the intermediate water
above M4 flowed northeastward, probably due to the
existence of an eddy system there [Mizuta et al., 2003]
for a significant period of time, and as a result must have
brought a large amount of suspended particles from the
shelf to M4, as detected by the huge lithogenic material flux
in the autumn of 1998 at the M4 lower trap (Figure 3c).
Since the current system in the region off northeast Sakhalin
is governed by the East Sakhalin Current, which always
flows southward [Ohshima et al., 2002; Mizuta et al.,
2003], the cold and turbid intermediate water mass dis-
charged from the northwestern continental shelf must be
transported mainly southward on the slope along the east
coast of Sakhalin. The intermittent increases of lithogenic
material flux at M4 during periods of outward intermediate
water flow from the slope therefore suggest that the inter-
mediate layer near the slope contains a much larger amount

Figure 7. Vertical profiles of the turbidity (solid line) and the temperature (dashed line) at sites (a) 78
and (b) 61 in Figure 1. These data were obtained in September 1999 and are taken from the Nakatsuka et
al. [2002]. (c) A schematic diagram explaining causes of the extremely turbid and cold intermediate water
masses in the Sea of Okhotsk: 1, deposition of cold and dense brine waters on the shelf bottom due to the
sea ice formation; 2, resuspension of sedimentary particles into a benthic boundary layer due to a tidal
mixing; and 3, outflow of the cold and turbid water masses into the oceanic intermediate layer.
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of suspended particles and that the cold and turbid inter-
mediate water mass must play a fundamental role in the
transport of materials from the continental shelf to the open
ocean in the Sea of Okhotsk.
[24] In order to understand the role of the cold and turbid

DSW in transporting particulate matter from the shelf to the
ocean interior more quantitatively, we estimated the flux of
lithogenic particles due to DSW outflow approximately and
compared it with the apparent increases in the lithogenic
particle flux at lower traps of M4 and M6. Because the
particle concentration in DSW that has a density larger than
26.8 sq is about 1.0 mg/L [Nakatsuka et al., 2002] and the
rate of DSW discharge from the shelf can be assumed to be
0.5 Sv [Itoh et al., 2003], the total flux of particulate matter
discharged from the shelf together with DSW is calculated
as 16 Tg/yr. If the particles in DSW contain 30 wt% of
lithogenic component as well as the particles captured in
lower traps at M4 and M6 (Figure 4) and all the particles
discharged with DSW eventually settle down in the western
region of the central basin of the Sea of Okhotsk, which
covers 180,000 km2 from 55�N to 49�N within 300 km
(twice of the distance to sediment trap sites) from the
Sakhalin coastal line [Nakatsuka et al., 2004], the averaged
annual flux of lithogenic particles sinking from the cold and
turbid intermediate layer must be 26 g/m2/yr within this
area. This is very consistent with the apparent increases of
lithogenic particle flux from the upper to lower traps at M4
and M6 (Table 2), indicating that the cold and turbid DSW
actually governs the transport of materials from the shelf to
the ocean interior.
[25] There remains one process that has not yet been

clarified. That is the particle transport from the intermediate
layer to the lower traps. As shown in Figure 7a, the turbid

intermediate water corresponds to the cold water mass,
suggesting that the suspended particles in the water mass
have a conservative nature. We can therefore infer the two
processes that may be responsible for the vertical compo-
nent of particle motion. One is scavenging by large biogenic
particles. The other is self-sinking of the suspended par-
ticles. It is well known that large biogenic particles, such as
aggregates of phytoplanktons, capture fine particles during
the settling process [Nozaki et al., 1987]. This may be the
case for the increase in lithogenic particle flux in autumn,
when phytoplankton blooms may occur. However, the flux
increase in February of 2000 (Figure 6) cannot be explained
by scavenging, because the sea surface above the M4 and
M6 sites was completely covered by the seasonal sea ice at
that time. Therefore the second process may be dominant.
For this purpose, it is very important that in future studies
the turbidity meter be equipped at the sediment trap together
with a thermistor.

4.2. Estimation of the Biogenic Flux From the
Surface Layer

[26] The temporal variations in the fluxes of all chemical
components measured at the upper trap depth are illustrated
in Figure 9, together with the seasonal changes in sea ice
concentration monitored by microwave from satellite
(T. Sakamoto et al., Millennium-scale sudden and abrupt
sea-ice extension events in the Sea of Okhotsk based on
analysis of ice-rafted debris (IRD) in marine sediment cores,
submitted to Paleoceanography, 2004) (hereinafter referred
to as Sakamoto et al., submitted manuscript, 2004). We also
find the intermittent increases of lithogenic particle flux in
the upper traps (Figures 9a and 9b), although the amount of
the flux is far less than that observed in the lower traps
(Figures 3c and 3d). The increase events for lithogenic
particle flux in the upper traps are categorized into two
cases. One (indicated by open triangles) is the increase event,
which is also recognized in the lower traps. The other
(indicated by inverted solid triangles) is the increase in
spring due to the sea ice melting and/or the aeolian dust
(KOSA) input. The former can be explained by the mech-
anism of particle transport through the cold and turbid
intermediate layers, as discussed earlier. The temperature
decreases in the intermediate layer were detected not only
below the upper trap depths (�280 m), but also at the upper
traps themselves at M4 and M6 sites (Figure 6). On the other
hand, the latter cases were not accompanied by temperature
decreases in the intermediate layer (Figure 6). This type of
increase in lithogenic material flux may be explained by the
dropping of IRD due to sea ice melting. IRD, often referred
to as ‘‘sand’’ or ‘‘granule’’ particles, found in open ocean
sediments was actually found in the sediment trap samples in
this case (Sakamoto et al., submitted manuscript, 2004). The
aeolian dusts from the Asian continent may also elucidate
the increase of lithogenic particle flux in spring, because the
input of mineral dust to the western Sea of Okhotsk is
approximately 2 g/m2/yr [Uematsu et al., 2003], which is
comparable with the annual lithogenic particle flux moni-
tored at the upper traps (Table 2), and they are usually
transported as KOSA in spring.
[27] Comparing the biogenic particle fluxes at the upper

traps (from Figures 9c–9h) and those of lithogenic material
flux (Figures 9a and 9b), it is clear that the many peaks of

Figure 8. Temporal variations in daily average tempera-
ture (upper black line) and the eastward (shaded line) and
northward (lower black line) current components measured
at the intermediate depth (�480 m) of the M4 site. Middle
black line indicates the periods when the intermediate water
flows northeastward (i.e., both eastward and northward
current velocities are positive).
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biogenic particle fluxes observed at the upper traps may be
affected by the lateral input of suspended particles from the
intermediate layer. Of course, some of the increase events in
biogenic particle flux, such as the spring increase in opal
and TOC fluxes, are independent of lateral particle trans-
port, suggesting that the events are controlled by biological
activity in the surface water, such as the diatom bloom
(indicated by stars). However, in order to quantitatively
estimate the surface water process from the biogenic flux at

the upper traps, it is necessary to eliminate the effect of the
lateral input from the upper trap data set.
[28] Figure 10 illustrates the above-mentioned situation.

In usual cases of the continental slope area, suspended
particles supplied into the near-bottom traps are principally
transported not only through the intermediate layer but also
along the bottom as well [Biscaye et al., 1988]. However, in
the present study area, particle concentration in the cold
intermediate water mass is extremely high (Figure 7a)

Figure 9. Temporal variations in fluxes of (a, b) lithogenic material, (c, d) opal, (e, f ) total organic
carbon, and (g, h) calcium carbonate at the upper traps (�280 m depth) of M4 and M6 sites. Shaded lines
correspond to the variations of sea ice concentration at the sediment trap sites (Sakamoto et al., submitted
manuscript, 2004). Open and solid inverted triangles indicate the increase events of lithogenic particle
flux originating from the turbid intermediate water and the other sources such as ice-rafted debris and/or
aeolian mineral dust, respectively. Stars show the peaks of biogenic particles, probably due to the increase
in the export production from the surface water.
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[Nakatsuka et al., 2002] compared to that on the bottom.
Therefore we can infer that most of the particles captured by
the lower trap must originate from the intermediate layer
during the intermittent increase events of lithogenic particle
flux coupled with the occurrence of the cold intermediate
water.
[29] We must estimate the temporal variability of the in

situ surface water production from the upper trap flux.
However, the lateral input of the suspended particles affects
the flux not only in the lower traps but also in the upper
traps. Here we can calculate the flux of biogenic particles at
the upper traps derived from the lateral input, using an
estimated ratio of the biogenic component to the lithogenic
material in the suspended particles in the intermediate layer,
because the particles sinking from the surface water do not
contain lithogenic components, except during the period of
sea ice melting (Sakamoto et al., submitted manuscript,
2004) and/or the KOSA (aeolian dust) events [Uematsu et

al., 2003] in spring. The ratio of opal to lithogenic material
can be inferred from the data obtained at the lower traps
(Figure 11). The opal/lithogenic ratio in the lower traps
actually varies considerably with season. In spring and early
autumn, when the biological productivity is very high, the
opal/lithogenic ratio is high. However, this ratio is low and
uniform during the other seasons, including the periods
when large lateral inputs of suspended particles were
observed. During the large lateral input events, the opal/
lithogenic ratio ranges from 1.11 to 1.69, and the averaged
value was 1.35. This value must reflect the actual opal/
lithogenic ratio of the suspended particles in the intermedi-
ate turbid layer, because almost all of the particles collected
in the lower traps at these events must have originated from
the intermediate turbid zone. Using this value, the opal flux
at the upper trap depth sinking from the surface layer (Fo (s))
can be calculated as

Fos ¼ Fom � Fcm � 1:35;

where Fom and Fcm are the measured fluxes of opal and
lithogenic material at the upper traps, respectively, and Fos
is the estimated flux sinking directly from the in situ surface
water.
[30] In Figure 12 we show the results of calculation for

temporal variations in opal flux coming directly from the
surface water, together with those for temporal variations in
opal flux coming from the lateral input. Although the
greatest part of the opal flux in spring and early autumn
originates from the in situ surface water, the opal flux in late
autumn and winter is from lateral input. As for spring, the
fraction of ‘‘lateral input’’ may be overestimated and may
contain the flux from the surface water, because the litho-
genic particle flux at that time may originate from sea ice
melting and/or aeolian dust. Therefore the apparent large
lateral input of opal particles at the upper M4 trap in May
2000 (Figure 12a) may be composed of the flux due to a
diatom bloom.

4.3. Factors Controlling Phytoplankton Blooms

[31] In spite of the uncertainties in the calculation, we can
identify two distinct characteristics in the time series of the

Figure 10. A schematic diagram illustrating the origins of
sinking particles captured at the upper and lower tarps at M4
and M6. See text for how to estimate the opal/lithogenic
ratio, 1.35, of the suspended particles in the intermediate
layer.

Figure 11. Temporal variations in the lithogenic particle flux (solid circle) and the opal/lithogenic ratio
(open circle) observed at the lower trap depths of the (a) M4 and (b) M6 sites.
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in situ opal flux in Figure 12. One is the larger flux of opal
in autumn compared to that in spring. In high latitudinal
oceans, opal flux originating from diatom production
usually increases in spring, and alternately in autumn, the
CaCO3 flux dominates [Honda et al., 1997]. Although, in
the present study, increases in the CaCO3/Opal ratio in
autumn were observed for the sinking particles, the larger
opal flux in autumn rather than in spring is an unusual
characteristic in the northern North Pacific region [Honda et
al., 1997]. The other distinct characteristic is the timing of
the spring diatom bloom between M4 and M6. In this
region, the seasonal sea ice always retreats from the south
to the north in spring as illustrated in Figure 12. Because the
diatom bloom is thought to occur just after melting of the
sea ice, the diatom bloom must start earlier at M6 than M4,
because M6 is located at a lower latitude. Solar radiation
also increases earlier at M6, inducing the development of a
seasonal thermocline that is preferable for phytoplankton
bloom in spring. However, the spring diatom bloom starts
earlier at the M4 site than at the M6 site.

[32] The chemical and biological properties in the surface
water column observed in June and September at M4 and
M6 are presented in Figure 13. In June, vertical profiles of
silicate and nitrate are similar, and there are large amounts
of these nutrients in the upper 20 m. In September, the
silicate is depleted completely in the upper 30 m, whereas
the nitrate concentration remains approximately 10 mM at a
depth of 30 m. This discrepancy between the two major
nutrients can be explained by the high Si/N ratio of diatom
demand and the difference in the regeneration efficiency
between these nutrients. The vertical profiles of chlorophyll
a indicate the shift of the main production zone of phyto-
plankton from June to September. In both seasons, the
maximum concentration of chlorophyll a is located at the
uppermost depth at which silicate can be detected. There-
fore silicate must play an important role in the growth of
phytoplankton in both spring and autumn in this region.
[33] The western region of the Sea of Okhotsk, particu-

larly off the east coast of Sakhalin, has a great advantage for
the supply of silicate. Figure 14 shows the profiles of the
physical and chemical properties observed at station 86 in
June 2000 (Figure 1). This station is located near the mouth
of Amur River, which is the largest river in the far eastern
region of Russia. According to the surface salinity, the
surface layer at this station contains approximately 50%
river water. Although the total inorganic nitrogen is com-
pletely depleted at this station, this surface water mass is
very rich in silicate. In contrast to other large Siberian
rivers, the flow rate of this river reaches its maximum in
autumn [Ogi et al., 2001] because the summer monsoon
provides large precipitation in the upstream areas. The water
discharged from the Amur River flows clockwise along
Sakhalin as the East Sakhalin Current. Therefore the bio-
logical production, especially the diatom production, at M4
and M6 may be influenced directly by the Amur River
discharge into this region.
[34] In order to compare the condition of the upper water

column for diatom bloom in spring between M4 and M6,
we compiled the temperature, salinity, and nitrate profiles
observed in June 2000 at 53�N and 49.5�N east-west
transects in the slope area adjacent to M4 and M6
(Figure 15). Despite the difference in latitudes, the temper-
ature in the surface layer was higher at 53�N than at 49.5�N.
Nitrate is almost depleted in the upper 20 m layer at 53�N,
but the concentration remains greater than 5 mM even in the
upper 10 m at 49.5�N. These signatures of the surface water
condition coincide with the fact that the spring phytoplank-
ton bloom occurs earlier at M4 than at M6. The salinity in
the surface layer appears to be lower at 53�N than at
49.5�N, suggesting the formation of a more stable pycno-
cline near the surface at 53�N, which is preferable for
phytoplankton bloom. We propose two possible causes for
the earlier development of phytoplankton bloom conditions
at the northern site off Sakhalin. One is the effect of sea ice
amount. The other is the effect of Amur River inflow.
[35] In seasonally ice-covered areas, diatom bloom

usually occurs at the ice edge in a well-stratified surface
water mass produced by sea ice melting [Sullivan et al.,
1988; Niebauer et al., 1995]. In order to establish this
mechanism, however, a certain amount of sea ice must be
present before spring. In the Sea of Okhotsk, the sea ice
concentration is always high in the northwestern continental

Figure 12. Temporal variations in the estimated opal
fluxes originating from the in situ surface water (solid bar)
and the turbid intermediate layer (open bar) captured at
the upper traps of (a) M4 and (b) M6, together with
the variations in the sea ice concentrations (shaded lines)
at the moorings (Sakamoto et al., submitted manuscript,
2004). In the case that the calculated flux of opal from the
turbid intermediate layer exceeds the total flux of opal at
that time, the lateral input of opal is assumed to be equal to
the total flux. Shaded bars also indicate the opal flux from
the turbid intermediate layer, but they may overestimate due
to the sea ice melting or aeolian dust input. The two dashed
lines indicate the timing of sea ice retreat and the occurrence
of spring phytoplankton bloom at M4, respectively.
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Figure 13. Vertical profiles of silicate (black line) and nitrate (shaded line) concentrations, together with
chlorophyll a (solid circle), in the upper water column at the M4 and M6 sites. Data are obtained on
(a) June 17 and (b) September 6 at M4 and on (c) June 14 and (d) September 4 at M6, respectively.

Figure 14. Vertical profiles of (a) temperature and salinity and (b) silicate, total inorganic dissolved
nitrogen, and particulate nitrogen observed at the site 86 in June 2000.
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shelf area during winter [Alfultis and Martin, 1987; Kimura
and Wakatsuchi, 2000], but the concentration decreases
southeastward. The effect of sea ice melting therefore may
not shift from the south to north according to the retreating
of sea ice, but may spread from the northwestern shelf
region after sea ice melting in the shelf area. The Amur
River discharge usually starts to increase in early May after
the melting of river ice [Ogi et al., 2001]. Because fresh
water discharge from high latitudinal rivers in spring
promotes the formation of stable surface water, the spring
bloom usually begins earlier at sites near the river mouth
than in the open ocean at the same latitude [Mann and
Lazier, 1991]. However, Mizuta et al. [2003] demonstrated
that it takes approximately 2 and 5 months for the East
Sakhalin Current Water (ESCW) affected by Amur River
discharge to arrive at the M4 and M6 sites, respectively,
suggesting that the Amur River water discharged in early
May cannot contribute to the occurrences of spring phyto-
plankton bloom at M4 (in June) and M6 (in July). The
Amur River discharges large amounts of fresh water in
autumn rather than in spring [Ogi et al., 2001], producing a
strong southward gradient of surface salinity off Sakhalin in
winter. The horizontal difference in surface salinity in winter
may remain until next spring, as shown in Figure 15,
possibly controlling the timing of occurrence of the spring
phytoplankton bloom in the next year.

5. Conclusion

[36] We succeeded in mooring the sediment traps and
clarifying the spatiotemporal distributions in major chemi-
cal components of the sinking particles in the western

region of the Sea of Okhotsk for the first time. Vertical
distributions of lithogenic particle fluxes and their intermit-
tent increases at the deeper traps clearly indicated that the
cold and turbid intermediate water originating from the
bottom of the northwestern continental shelf region mainly
regulates the sedimentation process of the deep basins of the
Sea of Okhotsk. This is very important in understanding the
material cycles in the Sea of Okhotsk and in investigating
past oceanographic conditions from the sediment cores
collected in the deep basins of the Sea of Okhotsk. As for
the biological productivity in the western region of the Sea
of Okhotsk, we determined a number of characteristic
features of the diatom bloom. The bloom started earlier in
spring at the northern area in this region despite the late
retreat of sea ice there, and significant diatom bloom
occurred not only in spring, but also in autumn. Both
phenomena may be explained by the river water discharge
from the Amur River, which creates the strong density
stratification and provides large amounts of silicate for the
surface water. The amount and quality of the water dis-
charged from the Amur River may control the biological
productivities in the Sea of Okhotsk at present.
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