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Abstract

Sedimentation of biogenic and abiogenic components was studied in cores NGC108 (36‡36.85PN, 158‡20.90PE;
water depth 3390 m) and S2612 (32‡19.84PN, 157‡51.00PE; water depth of 2612 m) from the Shatsky Rise to
understand fluctuations in primary productivity and abiogenic sedimentation in the mid-latitude of the western North
Pacific during the late Quaternary. The mean COrganic/N atomic ratio of 6.0^7.8 in both cores indicates that organic
matter is mainly marine in origin. Organic carbon is positively correlated with biogenic opal in core NGC108 in
contrast to a weak correlation in core S2612. Although the maxima of paleoproductivity estimates in both cores
generally occur during glacial times, the paleoproductivity estimates, biogenic opal/carbonate ratios and the COrganic/
CCarbonate ratios have always been higher in core NGC108 than in core S2612 during the last 180 kyr, suggesting that
the surface water at site NGC108 could have been influenced more by Subarctic water mass than at site S2612.
However, the opal/carbonate ratio in core S2612 remains fairly constant relative to that in core NGC108, which might
mean that the transition zone between Subarctic and Central water was narrower in latitude in at the oxygen isotope
stage (OIS) 2/3 boundary, OIS 4 and OIS 6. Sedimentation of 13 inorganic elements has been measured in both cores.
These elements are classified into four groups based on correlation between each element in content: (1) terrigenous
components (Al, Ti, Fe), (2) biogenic calcareous material (Ca, Sr), (3) biogenic-scavenged elements (Mg, Zn, Cr, Be),
and (4) the other elements (Mn, Ba, Cu, Ni). The terrigenous mass accumulation rates were elevated in OIS 2, 3 and 4
and late OIS 6 in core NGC108 while they were higher in early OIS 1, OIS 2, 4 and 6 in core S2612. MnO2 and Ba
might be redistributed during the sub-surface reduced condition. Especially precipitation of particle-reactive Be, which
could be accelerated by both enhanced terrigenous input and biogenic vertical transport, has fluctuated largely in
response to climatic change because of its short residence time (on the order of the oceanic mixing time). A 2002
Elsevier Science B.V. All rights reserved.
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1. Introduction

The middle latitude area of the western North
Paci¢c is sensitive to climatic change because it is
located under the northern westerly wind system
and in a transition zone between Subarctic Pacif-
ic Waters and Western North Central Water
(Thompson and Shackleton, 1980; Thompson,
1981; Sancetta and Silvestir, 1986; Haug et al.,
1995; Thunell and Mortyn, 1995). The Shatsky
Rise is the only broad topographic plateau on
the 4^5-km-deep abyssal sea£oor in the western
North Paci¢c and therefore the sediments have
recorded both marine and terrestrial environmen-
tal changes (e.g., Maiya et al., 1976; Hovan et al.,
1989; Ohkushi et al., 2000). Especially, regarding
marine environments, the sea surface temperature,
nutrient concentrations and primary productivity
are sharply changed in the transition zone. For
example, the Subarctic water mass shows higher
primary productivity with higher biogenic opal
£ux in sinking particles, which could reduce
PCO2 in the surface water during the late spring
(Kawahata et al., 1998a). In contrast, the Central
(Subtropical) water mass is characterized by oli-
gotrophic condition, which corresponds to a low
primary productivity due to the permanent ther-
mocline in the surface water. Regions in the Ku-
roshio Extension show steep gradients in biologi-
cal £uxes and composition, and their latitudinal
position would have shifted with global climatic
change during the late Quaternary (Thompson
and Shackleton, 1980).
On the other hand, land-derived materials are

signi¢cant components of many marine sedi-
ments, and wind is known to be an important
agent for transporting this continental material
to the world ocean (e.g., Windom, 1975; Johnson,
1979; Janecek and Rea, 1985). The tiny dust par-
ticles are removed quickly, at hundreds of meters
per day, from the surface ocean by large amor-
phous aggregates and fecal pellet transport (Hon-
jo et al., 1982). It is well known that these eolian
inputs have £uctuated at mid-latitude during the
late Quaternary (e.g., Sarnthein et al., 1981, 1982;
Dersch and Stein, 1994; Hovan et al., 1991;
Hesse, 1994; Kawahata et al., 2000).
In order to improve our current understanding

of sedimentation variability of biogenic and abio-
genic components a¡ected by climatic change,
some useful records can be obtained from the
western North Paci¢c. Therefore, we document
changes in sedimentation of carbonate, organic
carbon (OC), biogenic opal and inorganic ele-
ments during the late Quaternary on the Shatsky
Rise. Then we evaluate the past productivity and
discuss the £uctuation of abiogenic sedimentation
in the mid-latitude of the western Paci¢c during
the late Quaternary.

2. Study area and sediment sample

2.1. Study area

Westerlies stand between cold and warm atmo-
spheres. Western North Paci¢c surface water is
divided into Subarctic Paci¢c Water and Western
North Central Water (Tomczak and Godfrey,
1994). The former is characterized by the exis-
tence of spring bloom caused by mixed layer de-
velopment associated with thermocline disappear-
ing in winter (Thompson, 1981). The latter
consists of warm and saline water and features a
permanent thermocline with a thick mixed layer
(Thompson, 1981). Between these water masses, a
transition zone is formed where the Kuroshio Ex-
tension £ows eastward. Steep temperature, salini-
ty and nutrient gradients are observed in the tran-
sition zone (Stommel and Yoshida, 1972; Joyce,
1987; Levitus et al., 1993; LEVITUS94; Kawa-
hata et al., 1998a).
Sediment trap experiments across the transect

at 175‡E (Fig. 1) demonstrated that annual
mean organic matter (OM) £uxes increased from
the Western North Central Water to the Subarctic
Paci¢c Water. Mean biogenic opal £ux showed a
similar latitudinal pro¢le, but increased markedly
from 34‡N to 46‡N. Therefore, biogenic opal/car-
bonate ratios in annual mean £uxes showed a
steep gradient in the transition zone, under which
the Shatsky Rise is located. It has an area of
750 000 km2, extends over 1300 km trending
northeast, and consists of three plateaus rising
to depths of 3.5^2.5 km. Observation of a region-
al geomagnetic ¢eld suggests that the rise was
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formed by a magmatic pulse on a hot-spot triple-
junction intersection between the Late Jurassic
and the Early Cretaceous (Nakanishi et al.,
1989). The calcite compensation and lysocline
depths in this area are estimated to be around
4.4 km and 3.2 km, respectively (Berger et al.,
1976; Chen et al., 1988).

2.2. Core NGC108

The gravity core NGC108 was retrieved from
the northwest plateau (36‡36.85PN, 158‡20.90PE;
water depth 3390 m) during the NH95-1 cruise of
the R/V Hakurei-maru under the Northwest Pacif-
ic Carbon Cycle Study (NOPACCS) program
(Fig. 1). The total length of the sediment core is
645 cm, which is mainly composed of gray to
olive gray silica-rich calcareous nannofossil ooze
intercalated with two ash layers at 328^331 cm
and 331^332 cm (Ioka et al., 1997). For this
study, 86 samples for N

18O isotopic analyses
were taken at approximately 8-cm intervals, giv-

ing an average temporal sample interval of
around 2.3 kyr.

2.3. Core S2612

A sedimentary core (S2612) of 329 cm length
was collected from a water depth of 2612 m at
32‡19.84PN, 157‡51.00PE (Fig. 1). The core con-
sists of dull yellowish brown oxidized calcareous
nannofossil ooze at the top 12 cm and gray bio-
turbated calcareous ooze intercalated with a vol-
canic ash layer at 249 to 251 cm (Kawahata et al.,
1999).

3. Analytical procedure

Separate samples were taken for chemical and
foraminiferal isotopic analyses. Sediment aliquots
for chemistry were frozen on board and kept at
320‡C prior to analysis in a land-based laborato-
ry. They were crushed to ¢ne powder after drying

Fig. 1. Location of cores NGC108 and S2612 in the western North Paci¢c. The shaded circle indicates the location of core
H3571 (see Kawahata et al., 2000). The path of the Kuroshio Extension is based on Mizuno and White (1983). The shaded ar-
row indicates a dust input pattern in spring based on the model of Navy Aerosol Analysis and Prediction System (http://
www.nrlmry.navy.mil/aerosol/).
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at 40^50‡C, and split into several subsamples for
analyses.
Full details of the analytical procedure for total

carbon, OC, and total nitrogen contents have
been described elsewhere (Kawahata and Eguchi,
1996; Kawahata et al., 1998b). In brief, these pa-
rameters were determined with a Yanako CHN
Corder MT5 elemental analyzer at AIST. Pow-
dered sample was weighed out about 10 mg and
60 mg on ceramic sample boats for total carbon
and total nitrogen concentrations measurement,
respectively. For OC contents determination sam-
ples were weighed out 95 mg and 1 N HCl was
added to remove carbonate within ceramic sample
boats. After 12 h the samples were dried up to
take o¡ HCl and water at 50‡C for at least 3 h
until the determination of carbon. Carbonate is
calculated as follows:

Carbonate ¼

ðTotal carbon content3OC contentÞU8:333 ð1Þ

The relative standard deviations of carbonate,
OC, total nitrogen and biogenic opal were 1%,
7%, 8% and 4% in the case of duplicate analyses
for their contents of 90 wt%, 0.2 wt%, 0.02 wt%
and 10 wt%, respectively.
Biogenic opal contents were determined using a

modi¢cation of the method developed by Mort-
lock and Froelich (1989). Samples of 20 mg after
removing carbonate by acidi¢cation and OM with
H2O2 were digested in 10 ml of a 7% Na2CO3
solution at 85‡C for 5 h in 20-ml polyethylene
bottles, followed by measurement of Si through
molybdate-blue spectrophotometry.
Sediment samples for foraminiferal stable iso-

topic analysis were disaggregated and wet-sieved
with a 63-Wm pore size sieve. Forty to ¢fty speci-
mens of Globorotalia in£ata, s 250 Wm in size,
were picked for N18O estimation using a Finnigan

MAT 252 of the Mountain Mass Spectrometry.
The oxygen isotopic data are reported in N nota-
tion relative to the Peedee belemnite (PBD) stan-
dard. The standard deviation for the N

18O was
R 0.04x.
Contents of inorganic elements were measured

with inductively coupled plasma atomic emission
spectrometry (ICP-AES) and inductively coupled
plasma mass spectrometry (ICP-MS) at AIST.
Samples were decomposed according to the fol-
lowing procedure: an aliquot of 100 mg of
grained powder sample was weighed into a
50-ml Te£on beaker, which was placed on a hot
plate. 3 ml of HClO4, 2.5 ml of HCl and HNO3
and 5 ml of HF were added. After the sample was
decomposed once at 95‡C for 10 h and twice at
140‡C for 12 h, the solutions were diluted with
5 ml of HNO3 and distilled MilliQ0 water to ad-
just the total volume to 100 ml. Thus prepared
sample solution was analyzed by Jobin-Yvon-38
ICP-AES and HP-4500 ICP-MS analyzers. Refer-
ence rock standards provided by the Geological
Survey of Japan (JB-2, JA-2, JG-1A, JG-2, JR-1)
as well as standard solutions prepared from pure
elemental standard solutions were used for cali-
bration. The relative standard deviation of s 3
ppm for major and minor elements was less
than 1% for contents in the sediments while for
trace elements it was less than 5%.
Dry bulk density (DBD) was determined di-

rectly by sampling a known volume of sediment
with paleomagnetic cubes. The dry weight of these
samples was determined and divided by the wet
volume of the sample to obtain the DBD. Errors
associated with the estimation of box weights are
in the order of R 0.04 g. Incomplete ¢lling or
compaction may give errors in the order of
R 0.1 g resulting in total error of approximately
R 0.02 g cm33.
To quantify the true variability of each sed-

imentary component, eliminating some biased

6

Fig. 2. The values of N18O, age and time control points in cores NGC108 (solid square and black arrow, respectively) and S2612
(open square and white arrow, respectively) (a). The SPECMAP stack N

18O record is presented for comparison (solid line). Time
series records of LSR (b), lithogenics (c), carbonate (d), biogenic opal (e), OC (f), and COrganic/N atomic ratio (g).
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percentage data, we determined the mass accumu-
lation rate (MAR: mg cm32 kyr31) of each com-
ponent separately. Conversion of weight percent
of the component to the MAR was accomplished
using the following equation:

MAR ¼ 1000U½Comp=100�UDBDULSR ð2Þ

where Comp is the content of each component in
wt%, DBD is the sediment dry bulk density in
g cm33, and LSR is the linear sedimentation
rate in cm kyr31 for each sample.

4. Results

4.1. Biogenic component in core NGC108

The stratigraphic framework is based on oxy-
gen isotope record of planktonic foraminifer Glo-
borotalia in£ata. The N18O stratigraphy is charac-
terized by glacial^interglacial N18O amplitudes of
approximately 0.6^2.4x. The stratigraphy is
used to establish a simple age model. The de¢ni-
tion of oxygen isotope stage (OIS) and conversion
into absolute ages follow the time scale of SPEC-
MAP stack (Imbrie et al., 1984) (Fig. 2a). It
shows that the record of this core reaches back
to OIS 6. The age^depth relationship in the core
is presented in Table 1a. The age model of the
core yields LSR from 2.25 to 4.70 cm kyr31, aver-
aging 3.6 cm kyr31 (Fig. 2b).
Carbonate accounts for 27.4^52.3 wt% with a

mean value of 39.8 wt% (Fig. 2d). The minima
exist in glacial OIS 2 and 4. The carbonate con-
tents in core NGC108 are lower than in core
S2612 during the last 180 kyr, but display a sim-
ilar pattern which has maxima in interglacial
times and minima in glacial times. The biogenic
opal contents £uctuate from 4.2 to 9.1 wt% with
an average value of 6.2 wt%. High values are
observed in OIS 6 (Fig. 2e). OC contents in core
NGC108 vary between 0.19 and 0.87 wt%, with a
mean value of 0.48 wt% (Fig. 2f). The maxima
occur in OIS 2, around 48 ka, OIS 4, and late
OIS 6. The COrganic/N ratio varies from 2.8 to
8.8, and the mean value is 6.0 (Fig. 2g). High
values are found in OIS 2, early OIS 3 to OIS

4, and OIS 6 generally accompanied by higher
OC contents.
The MARCarbonate ranges from 438 to 1467 mg

cm32 kyr31, with a mean value of 827 mg cm32

kyr31. The lower MARCarbonate values are found
at the core top, in OIS 2/3 and 4/5 boundaries
(Fig. 3b). The MAROpal varies from 58 to
214 mg cm32 kyr31, with an average value of
137 mg cm32 kyr31. The higher MARsOpal occur

Table 1a
Age picked and LSR in the studied cores

Depth
in core

Estimated
age

Isotopic
event

Linear
sedimentation
rate

(cm) (kyr) (cm kyr31)

Core NGC108
0 0

2.25
28 12 2.0

4.20
199 53 3.3

4.33
252 65 4.2

2.79
428 128 6.0

4.70
536 151 6.4

3.19
640 183 6.6
Core S2612
0 0

1.63
31 19 2.2

1.18
71 53 3.3

1.33
87 65 4.2

0.63
123 122 5.5

0.62
131 135 6.2

1.56
187 171 6.5

1.74
227 194 7.1

0.36
243 238 7.5

1.05
263 257 8.3

1.57
310 287 8.5
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Fig. 3. Time series of MARLithogenics (a), MARCarbonate (b), MAROpal (c), MAROrganic (d), primary productivity (e), opal/carbonate
weight ratios (f), and COrganic/CCarbonate weight ratios (g).
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in OIS 2^4 and late OIS 6 (Fig. 3c). The
MAROrganic ranges from 3.3 to 21.2 mg cm32

kyr31 (average 10.2 mg cm32 kyr31). The maxima
generally occur in the glacials : OIS 2^4 and late
OIS 6 (Fig. 3d). The MAROpal and MAROrganic
give similar pro¢les. The lithogenics content was
calculated as follows:

Lithogenics ¼ Total3Carbonate3Opal3

ðOCU1:8Þ ð3Þ

Lithogenics constitutes from 42 to 86 wt%, with a
mean of 53 wt% (Fig. 2c). The MAR of lithogen-
ics (MARLithogenics) ranges between 468 and 1645
mg cm32 kyr31. The mean value is 1098 mg cm32

kyr31. The maxima of MARLithogenics occur
around 48 ka, OIS 4, and late OIS 6 (Fig. 3a).

4.2. Sedimentation of inorganic elements in
core NGC108

High concentrations of Al2O3, TiO2 and FeO*
are observed in OIS 2/3 boundary, OIS 4, early
OIS 5 and early OIS 6. CaO and Sr concentra-
tions show peaks in OIS 1, early OIS 3 and late
OIS 5. MgO, Zn, Cr and Be concentrations have
three large maxima in OIS 2/3 boundary, around
48 ka and OIS 4 with relatively high values in OIS
6. MnO2 and Ba contents give large peaks at the
core top. Similar pro¢les are observed in Cu and
Ni contents with high values at the core top, OIS
2/3 boundary, around 48 ka, OIS 6.

4.3. Biogenic component in core S2612

A detailed 299-kyr-long record of oxygen iso-
topic values and the MARs of biogenic compo-
nents have already been reported (Kawahata et
al., 1999). Carbonate makes up 16.2^75.6 wt%
(average 55.2 wt%) of the sediments (Fig. 2d).
The MARCarbonate ranges from 116 to 940 mg
cm32 kyr31 with an average value of 566 mg
cm32 kyr31 (Fig. 3b). The MAROpal ranges be-
tween 17 and 103 mg cm32 kyr31, averaging
51 mg cm32 kyr31 (Fig. 3c). MAROpal maxima
are in OIS 1/2, 3/4, and 6/7 boundaries and mid-
dle OIS 8. OC forms 0.14^0.70 wt% of the sedi-

ments. The average value is 0.31 wt% (Fig. 2f).
The mean COrganic/N atomic ratio is 7.8 (Fig. 2g).
The MAROrganic ranges between 0.47 and 7.55 mg
cm32 kyr31 (Fig. 3d) with a mean value of 3.16 mg
cm32 kyr31. Relatively high MAROrganic occurs in
OIS 2, 6 and 8. Primary productivity records, es-
timated by using an empirical formula proposed
by Sarnthein et al. (1988), have maxima of pri-
mary productivity at late OIS 2, late OIS 4, late
OIS 6 and OIS 8 (Fig. 3e).

4.4. Sedimentation of inorganic elements in
core S2612

High concentrations of Al2O3 are observed
around OIS 4, 7 and early OIS 8. TiO2, FeO*
and MgO have similar pro¢les except in OIS 7.
CaO and Sr concentrations show a high value in
OIS 1, early OIS 3, OIS 6, OIS 8. Higher concen-
trations of Zn, Cr and Be are found in OIS 7.
Large peaks of MnO2, Ba, and Ni contents occur
at the core top. Cu concentration marks three
peaks in OIS 3, 4 and 7.

5. Discussion

5.1. OC accumulation and paleoproductivity

OM in sediments is commonly a mixture of
marine and terrestrial origins. In general,
COrganic/N ratios provide useful information on
sources of the OM. Terrestrial and marine OM
show COrganic/N ratios of s 20 (Hedges and
Parker, 1976) and 6^7 (Emerson and Hedges,
1988), respectively. Several samples which have
very low OC values of 6 0.4% show COrganic/N
ratios below 5. It could be attributed to a higher
contribution of inorganic nitrogen (¢xed as am-
monium ions in the interlayers of clay minerals,
especially illite) and/or more preservation of or-
ganic nitrogen compounds by adsorption to clay
minerals protecting them against bacterial attack
(Stevenson and Chen, 1972; Mu«ller, 1977). Set-
tling particles obtained by sediment trap deployed
at the transition zone showed annual mean
COrganic/N atomic ratios of 7.5^8.6 (Kawahata et
al., 1998a). More than 40% of total nitrogen of
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these settling particles originated from peptide
amino acids which were synthesized by marine
organisms (Gupta, personal communication). In
addition, Naraoka and Ishiwatari (2000) demon-
strated that terrestrial OM is quite limited for OM
in the surface sediments in the western Paci¢c
(38‡N, 142^147‡E) based upon the analysis of
N
13C of bulk OC, fatty acid, and alkanes. There-
fore, OC in cores NGC108 and S2612 can be
mainly of marine origin.
Since MARsOrganic generally re£ect primary

productivity in the surface water rather than the
in£uence of decomposition by dissolved oxygen in
the bottom water if OC is of marine origin
(Jahnke, 1990; Kawahata et al., 1998b), higher
MAROrganic in core NGC108 than in core S2612
probably indicates higher primary productivity at
the former site. Ru«hlemann et al. (1999) discussed
factors controlling OC preservation in marine
sediments and o¡er some di¡erence on paleopro-
ductivity estimates using di¡erent equations.
Therefore the calculated productivity could be
rough estimates. We calculated the paleoproduc-
tivity by using the equations proposed by Mu«ller
and Suess (1979), Stein (1986) and Sarnthein et al.
(1988, 1992), and compared the results on the top
sediments. Compared with modern values around
60 g C m32 yr31 in this region (Berger, 1989), the

values using the formula of Mu«ller and Suess
(1979) were too low while those using the formula
of Sarnthein et al. (1992) were too high. The best
¢t values (61 g C m32 yr31 in core NGC108 and
65 g C m32 yr31 in core S2612) were deduced
from the formula of Sarnthein et al. (1988). It
was an empirical equation to estimate paleopro-
ductivity based on the relationships among OC
accumulation rates in surface sediments, sedimen-
tation rates, water depths, and measured (recent)
surface water productivity.

PP2 ¼ 0:0238U%OC0:6429ULSR0:875U

DBD0:5364UZ0:8292UðLSRð13%C=100ÞÞ30:2392

ð4Þ

where PP is primary productivity (g C m32 yr31),
%OC is OC content (wt%), LSR is linear sedimen-
tation rate (cm kyr31), DBD is dry bulk density
(g cm33), and Z is water depth (m).
The calculated PP record in core NGC108 for

the last 180 kyr varies from 57 to 100 g C m32

yr31 with a mean value of 79 g C m32 yr31 (Fig.
3e). The higher PP values occur in OIS 2^4 and
late OIS 6. The minima are observed in OIS 1 and
early OIS 5. On the other hand, the PP estimates
of S2612 (Kawahata et al., 1999) display a similar

Table 2
Correlation factors between each component content in core NGC108

OC Carbo-
nate

Biogenic
opal

Al2O3 TiO2 FeO* CaO MgO MnO2 Sr Zn Cr Be Ba Cu

Carbonate 30.45
Biogenic opal 0.71 30.42
Al2O3 0.15 30.89 0.08
TiO2 0.14 30.84 0.05 0.97
FeO* 0.23 30.73 0.14 0.73 0.77
CaO 30.44 0.99 30.40 30.90 30.85 30.74
MgO 0.60 30.79 0.41 0.74 0.76 0.82 30.81
MnO2 30.22 0.33 30.18 30.34 30.32 30.27 0.37 30.37
Sr 30.53 0.95 30.47 30.81 30.78 30.70 0.96 30.82 0.47
Zn 0.47 30.77 0.27 0.77 0.75 0.68 30.79 0.84 30.29 30.78
Cr 0.69 30.67 0.50 0.61 0.62 0.61 30.69 0.92 30.39 30.72 0.76
Be 0.57 30.71 0.44 0.69 0.67 0.63 30.73 0.89 30.29 30.72 0.82 0.92
Ba 30.44 0.54 30.33 30.49 30.50 30.46 0.58 30.60 0.75 0.68 30.44 30.63 30.49
Cu 0.14 30.20 30.11 0.28 0.32 0.20 30.17 0.27 0.37 30.06 0.31 0.23 0.27 0.24
Ni 0.31 30.30 0.13 0.27 0.29 0.42 30.32 0.48 0.45 30.29 0.58 0.41 0.50 0.09 0.45

FeO*: calibrated as total iron.
Original data tables are electronically archived in Marine Geology and other web sites (background data set2).
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pro¢le with maxima in glacial times. However, the
values range between 66 and 75 g C m32 yr31,
and are always lower than those in core NGC108.
OC is highly correlated with biogenic opal con-

tent in core NGC108 (r=0.70) in contrast to a
poor correlation in core S2612 (r=0.03) (Tables
2 and 3), which suggests that biogenic opal could
play a signi¢cant role in primary productivity at
site NGC108. Since NGC108 (36‡N) and S2612
(32‡N) are located in the northern part and near
the southern edge of the transition zone, respec-
tively, both sites should be sensitively in£uenced
by the Subarctic front migration. In fact, sediment
trap experiments reported that OC and biogenic
opal £uxes increased markedly from the transition
to Subarctic zones along 175‡E (Kawahata et
al., 1998a). The £uxes were 4.8, 5.2, 11.6 and
14.6 mg m32 day31 for OC and 3.2, 3.7, 17.5
and 143.4 mg m32 day31 for biogenic opal at sites
6 (30‡00.1PN), 5 (34‡25.3PN), 7 (37‡24.2PN) and 8
(46‡07.2PN), respectively. On the other hand, car-
bonate £uxes were 30.2, 23.3, 41.5 and 38.5 mg
m32 day31 at sites 6, 5, 7 and 8, respectively,
which £uctuated much less than biogenic opal
£ux.
As the sediment trap experiments show a large

increase in annual biogenic opal/carbonate ratios

from the transition zone to the Subarctic zone, the
ratios in the cores could provide information
about the latitudinal shift of the Subarctic front
with time if the carbonate dissolution e¡ect is not
signi¢cant. The lysocline depth at the Shatsky
Rise is approximately 3200 m at present (Chen
et al., 1988), which is comparable to the sea£oor
depth (3390 m) at site NGC108. Paci¢c deep
water is less corrosive during glacial times while
more during interglacial times, when the carbon-
ate content was, actually, signi¢cantly reduced in
the equatorial Paci¢c (Farrell and Prell, 1989;
Kahawahata, 1999). However, no de¢nite £uctua-
tion on carbonate content was observed through
glacial and interglacial times in core NGC108.
Therefore it is suggested that the dissolution e¡ect
has not been a primary factor to control carbon-
ate content in the core.
Fig. 3f shows that core NGC108 has higher

values of opal/carbonate ratios (0.09^0.25) than
S2612 (0.05^0.13) through time, even during in-
terglacial times. It suggests that the surface water
around site NGC108 has been a¡ected more by
Subarctic water mass in contrast to site S2612
which is more a¡ected by Central water mass.
These ratios in core NGC108 are generally higher
in OIS 2/3 boundary, OIS 4 and OIS 6, which

Table 3
Correlation factors between each component content in core S2612

OC Carbo-
nate

Biogenic
opal

Al2O3 TiO2 FeO* CaO MgO MnO2 Sr Zn Cr Be Ba Cu

Carbonate 0.17
Biogenic opal 0.02 30.39
Al2O3 30.28 30.97 0.39
TiO2 30.23 30.74 0.33 0.81
FeO* 30.04 30.58 0.20 0.65 0.90
CaO 0.13 0.97 30.39 30.95 30.68 30.53
MgO 0.06 30.47 0.24 0.56 0.88 0.93 30.39
MnO2 0.36 0.36 30.25 30.46 30.49 30.46 0.33 30.46
Sr 0.13 0.97 30.39 30.96 30.71 30.57 0.95 30.48 0.46
Zn 0.28 30.67 0.35 0.73 0.84 0.77 30.68 0.80 30.22 30.68
Cr 0.04 30.47 0.36 0.56 0.83 0.75 30.39 0.91 30.50 30.47 0.82
Be 30.21 30.88 0.48 0.93 0.80 0.60 30.85 0.61 30.49 30.88 0.78 0.71
Ba 0.08 0.20 30.16 30.20 30.18 30.23 0.07 30.32 0.57 0.25 30.04 30.31 30.24
Cu 0.15 0.04 30.11 0.02 0.18 0.18 0.04 0.23 0.11 0.05 0.27 0.20 0.07 0.21
Ni 0.60 0.29 30.15 30.38 30.24 30.16 0.29 30.05 0.84 0.38 0.13 30.07 30.31 0.37 0.24

FeO*: calibrated as total iron.
Original data tables are electronically archived in Marine Geology and other web sites (background data set2).
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correspond roughly to periods when MAROrganic
and PP are also elevated. It is consistent with the
southward shift of the Subarctic front in OIS 2, 4,
and 6 based upon the planktonic foraminifer as-
semblage proposed by Thompson and Shackleton
(1980). They suggested that the Subarctic front
might have reached as far south as 35^38‡N and
32^35‡N in OIS 2 and 6, respectively. The Sub-
arctic front in the western North Paci¢c identi¢ed
by the 5‡C isotherm is seen at around 41‡N at
present (Tomczak and Godfrey, 1994). However,
the opal/carbonate ratio in core S2612 remains
fairly constant during the last 180 kyr relative to
that in core NGC108. This may suggest that the
southern transition zone is more stable than the
northern transition zone. Therefore the transition
zone between Subarctic and Central water masses
might be smaller in latitudinal width in the OIS 2/
3 boundary, OIS 4 and OIS 6 relative to that
during interglacial times. It is consistent with pol-
len and spore results. It demonstrated that the
warm-temperate^subtropical forest pollen, origi-
nating mainly from around the South China
Sea, contributed much to the sediments on the
Hess Rise at the mid-latitude of the North Paci¢c
during the glacial times, which means that the
Kuroshio Extension £uctuated latitudinally only
to a small extent (Kawahata and Ohshima, 2002).
The sedimentary cycle of OC and carbonate

carbon production and preservation exerts a large
in£uence on the amount of CO2 in the oceans and
atmosphere. Every mole of CaCO3 formed in the
sea by the combination of Ca2þ and HCO33 lib-
erates a mole of CO2. Conversely the burial of
OC in sediments can be thought of as CO2 remov-
al from the ocean^atmosphere system (e.g., Far-
rell and Prell, 1989; Sha¡er, 1993). In this sense,
the COrganic/CCarbonate rain ratio preserved in sedi-
ments is a proxy indicator of the long-term CO2
budget, that is, the lower the COrganic/CCarbonate
rain ratio, the more CO2 is available to the envi-
ronment from the relative preservation of these
components. The COrganic/CCarbonate rain ratio
was apparently higher in core NGC108 than in
core S2612 during the last 180 kyr (Fig. 3g). Es-
pecially an increase in the rain ratio in OIS 2,
middle OIS 3, OIS 4 and OIS 6 promotes the
carbon removal from surface water to deep sea.

5.2. Sedimentation of inorganic elements

Based upon correlation between each element,
13 elements were classi¢ed into four groups:
(1) terrigenous components (Al2O3, TiO2,
FeO*), (2) biogenic calcareous material (CaO,
Sr), (3) biogenic-scavenged elements (MgO, Zn,
Cr, Be) and (4) the other elements (MnO2, Ba,
Cu, Ni).

5.2.1. Terrigenous components
It has been concluded that the alumino-silicate

minerals such as feldspar and clay minerals could
be mainly transported from the Asian continent
to the Hess Rise through the atmosphere (Fig. 1)
based upon a highly positive correlation of the
aerosol quartz chemically isolated from sediments
with Al2O3 content and MAR (correlation coe⁄-
cients of 0.88 and 0.91, respectively) (Kawahata et
al., 2000). It is consistent with the fact that vol-
canic ash quartz accounts for approximately 25%
of total quartz in the S2612 sediments based upon
particle size and shape analysis of quartz (Oka-
moto et al., 2002). Therefore a quarter of alumi-
no-silicate originates from volcanics while the rest
is of aerosol origin. TiO2 and FeO* were highly
correlated with Al2O3 (Tables 2 and 3). Ti/Al and
Fe/Al (w/w) ratios (Table 4) were comparable to
those of Nanjing loess (0.051 and 0.28, respec-
tively) (Taylor et al., 1983). These results indicate

Table 4
Comparison of metal/Al ratios

Metal/Al ratio NGC108 S2612 Nanjing Loess
(w/w) (w/w) (w/w)

Ti/Al 0.047 0.047 0.051
Fe/Al 0.540 0.530 0.280
Ca/Al 4.690 8.658 0.062
Mg/Al 0.287 0.282 0.103
Mn/Al 0.018 0.022 0.008
Sr/AlU1034 238 426 6.75
Cr/AlU1034 7.85 7.05 4.48
Zn/AlU1034 18 15 5.06
Be/AlU1034 0.26 0.26 0.16
Ba/AlU1034 297 369 31

Nanjing loess data from Taylor et al. (1983).
Original data tables will be electronically archived in Marine
Geology or other web sites (background data set2).
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that these three elements belong to terrigenous
components. The MARs of Al2O3, TiO2 and
FeO* were elevated in OIS 2, 3 and 4 and late
OIS 6 in core NGC108 while they were higher in
early OIS 1, OIS 2, 4 and 6 in core S2612 (Fig. 4).
These pro¢les are roughly consistent with that of
MAR of Al2O3 observed on the Hess Rise (Ka-
wahata et al., 2000).

5.2.2. Biogenic calcareous elements
Chinese loess is depleted in Sr while biogenic

calcareous skeletons are enriched in Sr (Table
4). Sr is highly correlated with CaO (r=0.96 in
NGC108; r=0.95 in S2612), indicating that Sr

replaces some Ca in the biogenic calcite or arago-
nite crystals. Sr/Ca weight ratios of 50.8U1034

and 35.2U1034 in cores NGC108 and S2612
were comparable to that observed in common
biogenic carbonate (52.5U1034) (Turekian,
1964).

5.2.3. Biogenic-scavenged elements
Although MgO, Zn, Cr, and Be are correlated

with Al2O3 (Tables 2 and 3), Mg/Al, Zn/Al, Cr/Al
and Be/Al (w/w) ratios were about 1.6^2.9 times
higher than that of mean relative Nanjing loess
abundance (Table 4). In addition, these elements
were fairly correlated with both OC (r=0.60,

Fig. 4. Time series pro¢les of MARs of Al2O3 (a), TiO2 (b), FeO* (c). The shaded circles in panel (a) display the result from
H3571 published by Kawahata et al. (2000).
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0.47, 0.69 and 0.57, respectively) and biogenic
opal (r=0.41, 0.27, 0.50 and 0.44, respectively)
in core NGC108, which is enriched in biogenic
opal. In contrast, these elements showed no cor-
relation in core S2612. Kawahata et al. (2000)
reported that the aerosol silica supply to the
ocean may have some potential to a¡ect the bur-
ial of biogenic silica into sediments. Particle sizes
of these dust minerals and volcanic ash on the
Hess Rise are commonly less than 8 Wm and
around 10 Wm, respectively. Such small size of
particles is di⁄cult to remove rapidly from the
surface ocean. As indicated by Honjo et al.
(1982), biogenic aggregates such as diatoms and
coccolithophores cause accelerated sinking of
small non-biogenic particles due to scavenging
and agglutination. Incorporated or attached
non-biogenic particles may accelerate the sinking
rates of pellets or amorphous aggregates and re-
duce the particle residence time and degradation
rate (Haake and Ittenot, 1990). Diatoms, coccoli-
thophores and foraminifers were major biogenic
debris in settling particles (Tanaka and Eguchi,
personal communication). Therefore sedimenta-

tion of these four elements could be a¡ected by
terrestrial input and biological vertical transport
process.

5.2.4. The other elements
Sediment trap experiments reported that the

Mn concentration and the Mn/Al (w/w) ratio in-
crease continuously with water depth (Brewer et
al., 1980; Tsunogai et al., 1982; Martin et al.,
1985; Masuzawa et al., 1989). Therefore Mn is
classi¢ed into the scavenging type of elements ; it
is, however, also a very sensitive element for ox-
idation/redox condition. When Mn can be dis-
solved under reduced condition such as in organ-
ic-rich layers of sediments, it accumulates under
oxidized condition such as in the surface oxidized
layer. Sometimes such deposited Mn is dissolved
again when being reduced and redistributed in the
sedimentary column (Lynn and Bonatti, 1965;
Bonatti et al., 1971; Burdige and Gieskes, 1983).
These processes may be responsible for enrich-
ment of MnO2 in the surface 20-cm-thick sedi-
ments of core NGC108, where Ba also showed
high values (Fig. 5). The subsurface maxima in

Fig. 5. Time series pro¢les of contents of MnO2 (a) and Ba (b).
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Mn and Ba may be attributed to the observation
that dissolved Mn and Ba di¡use downwards into
the sediment under anoxic condition and upwards
into the overlying oxic horizon where they are
reprecipitated as Mn oxides and barite, respec-
tively.
Ba contents show some £uctuation with glacial/

interglacial variations. In cores NGC108 and
S2612 high values are observed in OIS 1, 5, and
7 while low values are seen in OIS 2, 3, 4, 6 and 8.
Although Ba has been proposed as a paleopro-
ductivity indicator, Ba is not correlated with
OC. Instead, Ba contents are correlated with car-
bonate contents in core NGC108 (r=0.58), which
suggests that carbonate may be a major carrier
for Ba. This observation is consistent with a low
terrigenous contribution. Assuming that the mean
Ba/Al (w/w) ratio of the continental crust is
68.3U1034 (Taylor and McLennan, 1985) and
the mean Al contents in cores NGC108 and
S2612 are 3.96 wt% and 3.14 wt%, respectively,
this could result in a relative contribution of Ba of
100^150 ppm.

5.3. Fluctuation in Be precipitation

Of MgO, Zn, Cr and Be, Be has been exten-
sively studied with respect to its behavior in the
ocean because of its potential in dating marine
deposits (e.g., Bourle¤s et al., 1989; Sharma et
al., 1989). It has been generally envisioned that
in the ocean, 10Be (half-life 1.5 Ma) is chie£y sup-
plied from the atmosphere by spallation of oxy-
gen and nitrogen atoms by galactic cosmic rays

(Lal and Peters, 1967) whereas the stable counter-
part 9Be, as a weathering product of continental
rocks, enters the ocean via riverine and eolian
transports. Although the absolute concentration
of 10Be is subject to variation, due to changes in
sedimentary composition and accumulation rates
and to variations in the e⁄ciency of its scavenging
from the water column, 9Be is a major isotope for
Be abundance because the 10Be/9Be ratio is 0.8^
3.2U1037 in the Paci¢c seawater (Kusakabe et al.,
1990). Simple mass balance calculations have sug-
gested that alumino-silicate aerosols may be a sig-
ni¢cant source of 9Be to the oceans (Kusakabe et
al., 1991; Ku et al., 1990; Brown et al., 1992), but
it has also been proposed that they provide active
surfaces for scavenging removal of 10Be (Sharma
et al., 1987; Southon et al., 1987). The nutrient-
like recycling behavior for both Be isotopes, in-
volving surface scavenging and deep water regen-
eration, is manifested by the vertical pro¢les in
the Paci¢c. In contrast, in the equatorial Atlantic,
the surface enrichment of 9Be can be ascribed to
the eolian dust input mainly from the Sahara Des-
ert (Prospero et al., 1981). The excess inputs of
9Be overtake the surface particulate scavenging
mechanism, and prevent the establishment of a
surface de¢ciency of 9Be. The MAR of Be in
OIS 2, 3 and 4 and middle OIS 6 at site
NGC108 was about four times higher than that
observed at site S2612 (Fig. 6). These time series
pro¢les were generally consistent with that of
aerosol particles. MAR of mineral aerosol
(MARAerosol) maxima occur in OIS 4 to latest
OIS 5, middle OIS 6, and moderate maxima occur

Fig. 6. Time series pro¢les of MAR of Be.
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in early OIS 1 to 2, late OIS 3 and middle OIS 3
on the Hess Rise (Kawahata et al., 2000). The
MARAerosol varies from 156 to 732 mg cm32

kyr31 on the Hess Rise, which is consist with
MARLithogenics obtained between cores NGC108
and S2612.
Scavenging is a general term that includes ad-

sorption, absorption, complexation and biological
uptake (Anderson et al., 1994). While the compo-
sition of particulate matter certainly in£uences the
partitioning of reactive chemical substances be-
tween dissolved and particulate phases, the £ux
of particulate matter through the water column
seems to be the principal factor regulating the
overall intensity of scavenging (Lao et al., 1992,
1993). Sharma et al. (1987) indicated that primary
carrier phases for the Be isotopes in the water
column might be alumino-silicates based upon
good correlation among 10Be, 9Be and 27Al. It is
also suggested that scavenging of Be may be re-
lated to opal productivity in surface waters (Lao
et al., 1992). In contrast, biogenic carbonates may
not contribute signi¢cantly to nuclide scavenging
(Southon et al., 1987). Actually Be is correlated
not with carbonate but with OC, biogenic opal
and lithogenics in core NGC108. On the other
hand, Be has only a positive relation with biogen-
ic opal and lithogenics in the carbonate-rich core
S2612. These observations suggest that alumino-
silicate has enhanced aerosol Be inputs during
glacial times, when higher £uxes of alumino-sili-
cate, OC and biogenic opal could work as a scav-
enging carriers.
Be is one of the most particle-reactive chemical

substances in the ocean, resulting in the most en-
hanced deposition (Anderson et al., 1994). These
results provide important implications for the past
geochemical cycle of Be. The residence time of Be
in the oceans is relatively short, on the order of
the oceanic mixing time (Anderson et al., 1990;
Kusakabe et al., 1991). Therefore enhanced eolian
input and elevated primary productivity in asso-
ciation with biogenic opal during glacial times
have modi¢ed Be abundance in the oceanic reser-
voir rapidly. This means that, regarding Be, the
ocean reservoir is not in a steady-state condition
but £uctuates largely in response to climatic
change.

6. Summary and conclusion

Detailed records of contents and MARs of bio-
genic components and inorganic elements were
presented from the Shatsky Rise in the western
North Paci¢c during the late Quaternary in order
to verify the £uctuation of biogenic sedimentation
and the related vertical transport of inorganic el-
ements.
(1) OM around the Shatsky Rise is mainly of

marine origin based upon the mean COrganic/N
atomic ratios of 6.0 and 7.8 from cores NGC108
and S2612, respectively. The high correlation be-
tween OC and biogenic opal contents observed in
core NGC108 is in contrast to the poor correla-
tion in core S2612. Although the PP estimated in
cores NGC108 and S2612 generally increases dur-
ing glacial times and decreases during interglacial
times, the PP, biogenic opal/carbonate ratios and
the COrganic/CCarbonate ratios have always been
higher in core NGC108 than in core S2612 during
the last 180 kyr. These results suggest that the
surface water at site NGC108 has been in£uenced
more by Subarctic water in contrast to site S2612,
which has been more a¡ected by Central water
through time.
(2) The opal/carbonate ratio in core S2612 re-

mains fairly constant relative to that in core
NGC108, which may suggest that the transition
zone between Subarctic and Central water was
narrower in latitude in OIS 2/3 boundary, OIS 4
and OIS 6.
(3) The COrganic/CCarbonate ratio in core NGC108

shows higher values in OIS 2, middle OIS 3, OIS
4 and OIS 6, which indicates that the carbon re-
moval from surface water to deep sea was pro-
moted in these periods.
(4) Thirteen elements are divided into four

groups based on correlation between each element
in content: (1) terrigenous components (Al, Ti,
Fe), (2) biogenic calcareous material (Ca, Sr),
(3) biogenic-scavenged elements (Mg, Zn, Cr,
Be), and (4) the other elements (Mn, Ba, Cu,
Ni). The terrigenous MARs are elevated in OIS
2, 3 and 4 and late OIS 6 in core NGC108 while
they are higher in early OIS 1, OIS 2, 4 and 6 in
core S2612. Although biogenic-scavenged ele-
ments are correlated with Al2O3, the ratio of
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each element to Al2O3 is about 1.6^2.9 times
higher than in Nanjing loess. MnO2 and Ba might
be redistributed during the sub-surface reduced
condition. Therefore these elements do not record
the past environment.
(5) Sedimentation of particle-reactive Be could

be accelerated by both enhanced terrigenous input
and biogenic vertical transport. Since its residence
time in the oceans is relatively short, on the order
of the oceanic mixing time, the ocean reservoir
regarding Be is not in a steady-state condition
but has £uctuated largely in response to climatic
change.
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