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Abstract

A 328 cm-long piston core (KODOS 02-01-02) collected from the northeast equatorial Pacific at 16°12′N, 125°59′W was
investigated for eolian mass fluxes and grain sizes to test these proxies as a tool for the paleo-position of the Intertropical Convergence
Zone (ITCZ). The eolianmass fluxes of the lower interval below 250 cm (15.5–7.6Ma) are very uniform at 5±1mg/cm2/103 yr, while
those of the upper interval above 250 cm (from 7.6 Ma) are over 2 times higher than the lower interval at 12±1 mg/cm2/103 yr. The
median grain size of the eolian dusts in the lower interval increases from 8.4ϕ to 8.0ϕ downward, while that of the upper interval
varies in a narrow range from 8.8ϕ to 8.6ϕ. The determined values compare well in magnitude to those of central Pacific sediments for
the upper interval and equatorial and southeast Pacific sediments for the lower interval. This result suggests a possibility that the study
site had been under the influence of southeast trade winds at its earlier depositional period due to the northerly position of the ITCZ,
and subsequently of the northeast trade winds for a later period when the upper sediments were deposited. This interpretation is
consistent with a mineralogical and geochemical study published elsewhere that assigned the provenance of the study core dust to
Central/South America for the lower interval and to Asia for the upper interval. This study suggests that the distinct differences in
eolian mass flux and grain size observed across the ITCZ can be used to trace the paleo-latitude of the ITCZ.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The Intertropical Convergence Zone (ITCZ), the
place where the southeast and northeast trade winds
meet, is an important climatic component that reflects
the tropical atmospheric circulation pattern (Pisias and
Mix, 1997). The ITCZ shifts in its latitudinal position
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depending on the relative strength of the northeast and
southeast trade winds, which is in turn controlled by the
temperature gradient between pole and equator in each
hemisphere (Flohn, 1981; Hovan, 1995; Pisias and Mix,
1997). Flohn (1981) suggested that the ITCZ was
located at around 12°N during the late Tertiary, farther
north than its present annually averaged position of
∼6°N. It was attributed to a much stronger temperature
gradient between pole and equator in the southern
hemisphere under the late Tertiary situation of an ice-
free Arctic and Antarctic ice-cap volume similar to or
even greater than that of today. This theoretical
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estimation was documented in many deep-sea sedimen-
tary cores through the investigation of down-core
variations in source regimes, eolian dust fluxes, and
grain size distributions (Kyte et al., 1993; Rea, 1994;
Hovan, 1995; Lyle et al., 2002; Pettke et al., 2002;
Vanden Berg and Jarrard, 2004; Hyeong et al., 2005).

The ITCZ separates northern and southern hemi-
spheres in dust deposition because of associated heavy
rainfall and resulting washing-out of dust particles from
the atmosphere (Merrill et al., 1989; Rea, 1994; Hovan,
1995; Pettke et al., 2002; Vanden Berg and Jarrard, 2004).
As a result, north of the ITCZ, surface sediments are
dominated by China loess transported by the zonal west-
erlies and northeast trade winds while, south of theITCZ,
sediments are dominated by Central/South American dust
transported by the southeast trade winds (Griffin and
Goldberg, 1963; Corliss et al., 1982; Merrill et al., 1989;
Olivarez et al., 1991; Nakai et al., 1993; Jones et al., 1994).
Thus the paleo-location of the ITCZ can be delineated by
distinguishing these sources through the investigation of
down-core variation in mineralogical, geochemical, and
isotopic composition of eolian components in deep-sea
cores (Rea, 1994; Pettke et al., 2002; Lyle et al., 2002;
Hyeong et al., 2005).

For example, Rea (1994) interpreted the transition in
mineralogy, chemistry, and flux in central north Pacific
core LL44-GPC3 as a result of ITCZ position far to the
north of its present position during the Early Neogene.
Based on the Nd isotope composition of the same core,
Pettke et al. (2002) documented a northerly position of the
ITCZduring theCenozoic and suggested an ITCZ location
of ∼23°N at around 40 Ma. Lyle et al. (2002) reached
similar conclusions but proposed a further north position
of the ITCZ at ∼27°N at around 20 Ma and moving
southward since then, based on shifts in mineralogy from
illite-rich to smectite-rich composition in ODP Leg 199
cores. Hyeong et al. (2005) investigated mineral and geo-
chemical composition of KODOS 02-01-02 core from the
northeast Pacific and proposed the paleo-latitude of the
ITCZ at around 12°N during the Late Miocene.

The ITCZ can also be traced by means of eolian fluxes
and grain size variations (Rea, 1994; Hovan, 1995;Vanden
Berg and Jarrard, 2004). High rainfall and efficient
removal of dust particles in the ITCZ result in an increased
flux of eolian sediments to the pelagic ocean beneath it.
Conversely, atmospheric circulation intensity is weakest in
the ITCZ and increases toward the trade winds regime to
the north and south (Wyrtki and Kilonsy, 1984), resulting
in an accumulation of the finest dust material beneath the
ITCZ and a coarsening of it to the south and north away
from the ITCZ (Hovan, 1995). Thus, the paleo-position of
the ITCZ may be recorded in the form of increased dust
flux and decreased grain size in deep-sea cores and can be
traced by investigating down-core variation of these two
proxy data. Using them, for example, Hovan (1995) esti-
mated the paleo-latitude of the ITCZ to be north of 7°N
during the latest Miocene in the east Pacific. However,
Vanden Berg and Jarrard (2004) suggested a relatively
fixed location of the ITCZ centered near the equator since
the Eocene using the same approach.

Besides the grain size distribution and eolian flux
variation directly associated with the ITCZ, careful exa-
mination of the existing data reveals a significant differ-
ence in eolian fluxes and grain sizes of Pacific sediments
across the ITCZ (Rea and Janecek, 1982; Janecek and
Rea, 1983, 1985; Janecek, 1985; Bloomstine and Rea,
1986; Rea and Bloomstine, 1986; Chuey et al., 1987;
Rea, 1994, Rea et al., 1994; Rea and Hovan, 1995).
Present-day dust fluxes in the eastern Pacific, for exam-
ple, fall by 1 to 2 orders of magnitude from north to south
across the ITCZwhile median grain size shows about 1ϕ
to 2ϕ increase from north to south. Such contrasts in
eolian flux and grain size between the south and north
Pacific were found to have been maintained since early
Oligocene. These temporal and spatial variations of eo-
lian flux and grain size distribution across the ITCZ are
due to the changes in availability of dust materials in
source regimes and differences in intensities of zonal
wind systems that carry the dust particles (Parkin and
Shackleton, 1973; Rea, 1982; Rea and Janecek, 1982;
Rea et al., 1985; Rea, 1994). It implies, not tested yet,
that the large contrast in MARs and grain size of eolion
dust observed across the ITCZ might be used to trace the
paleo-position of the ITCZ in deep-sea cores.

This study aims at the documentation of transition in
mass flux and grain size distribution of eolian dusts, cor-
related with a corresponding source change, as a proxy
tool for tracing the ITCZ. For this, we investigated the
mass flux and grain size of eolian dust in a piston core
(KODOS 02-01-02) that was dominantly recording down-
core variation of source regimes from northern to southern
hemispheres across the ITCZ. The combination of the
techniques of physical and geochemical characterization
of the eolian dust component provides a powerful tool for
the interpretation of pelagic sediment sources and tracing
of the ITCZ.

2. Study area

A 328 cm-long piston core (KODOS 02-01-02) was
collected from 16°12′N, 125°59′W at 4550 m water
depth in the region between the Clarion and Clipperton
(C–C) Fracture Zones of the northeast Equatorial Pa-
cific (Fig. 1). The coring site is more than 2000 km west



Fig. 1. Site locations of the study core (KODOS 02-01-02) and other cores discussed in the study. The locations of the cores other than the study site
are Rea and Janecek (1982), Janecek and Rea (1983, 1985), Bloomstine and Rea (1986), Janecek (1985), and Chuey et al. (1987). Open symbols
represent the backtrack path of the study site with increments of 5 Myr (http://odsn.de/odsn/services/paleomap/paleomap.html, based on the work of
Hay et al., 1999). The proposed paleo-locations of the ITCZ proposed are shown as horizontal lines: a, Hyeong et al. (2005) and b, Pettke et al. (2002).
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of the East Pacific Rise and Central America, and thus
likely devoid of hemipelagic sedimentation (e.g. Rea,
1994). Calcareous oozes and marls dominate surface
sediments south of the Clipperton Fracture Zone, but are
Fig. 2. Plots of age (a), mineral composition (b), and Eu/Sm ratios (c) agains
determined from Sr isotope ratios of fish teeth. Ph, Qtz, Sm, and Il stand for p
were calculated for peak areas and phillipsite/quartz for peak intensities. A fac
(Biscaye, 1965).
replaced with siliceous ooze and pelagic red clay in the
region to the north with increasing water depth and
shallowing of carbonate compensation depth from 4800
to 4400 m (Piper et al., 1979; Muller et al., 1988). The
t depth of the study core. Data are from Hyeong et al. (2005). Age was
hillipsite, quartz, smectite, and illite, respectively. Smectite/illite ratios
tor of 4 was multiplied to the area of illite peak for smectite/illite ratios
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Table 1
Data for calculation of eolian mass accumulation rates

Depth
(cm)

Age
(Ma)

Porosity
(%)

DBD
(g/
cm3)

LSR
(cm/
103 yr)

MAR
(mg/
cm2/
103 yr)

Eolian
(wt.%)

Eolian
MAR
(mg/cm2/
103 yr)

3 0.1 86.2 0.43 0.032 13.7 67.3 9.2
16 0.6 77.8 0.58 0.032 18.5 66.9 12.3
36 1.1 76.7 0.61 0.032 19.4 68.0 13.2
50 1.2 77.3 0.59 0.032 18.8 62.1 11.7
62 1.3 77.9 0.57 0.032 18.2 63.2 11.5
75 1.4 77.6 0.58 0.032 18.5 66.4 12.3
87 1.6 77.1 0.59 0.032 18.8 67.2 12.6
100 2.0 76.6 0.60 0.032 19.1 68.5 13.1
112 2.2 77.2 0.59 0.032 18.8 67.7 12.7
137 3.2 76.9 0.59 0.032 18.8 66.5 12.5
162 4.6 74.3 0.58 0.032 18.5 60.3 11.1
175 5.4 75.1 0.62 0.032 19.7 58.2 11.5
187 5.8 75.0 0.65 0.032 20.7 67.1 13.9
201 6.2 75.1 0.64 0.032 20.4 58.9 12.0
212 6.5 75.4 0.63 0.032 20.1 66.5 13.3
225 6.8 75.0 0.64 0.032 20.4 65.3 13.3
237 7.2 73.4 0.68 0.032 21.7 43.3 9.4
250 7.5 73.4 0.68 0.032 21.7 64.1 13.9
255 8.0 72.7 0.69 0.011 7.6 66.4 5.0
262 8.7 72.0 0.71 0.011 7.8 66.7 5.2
265 9.0 72.1 0.71 0.011 7.8 66.1 5.2
272 9.8 72.1 0.71 0.011 7.8 65.2 5.1
275 10.1 72.1 0.70 0.011 7.7 67.2 5.2
281 10.4 72.1 0.70 0.011 7.7 65.9 5.1
290 10.8 71.5 0.71 0.011 7.8 65.9 5.1
300 11.3 71.3 0.72 0.011 7.9 66.8 5.3
310 12.3 71.3 0.72 0.011 7.9 67.4 5.3
320 13.5 72.6 0.71 0.011 7.8 66.2 5.2
325 14.2 70.4 0.74 0.011 8.1 68.0 5.5

217K. Hyeong et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 241 (2006) 214–223
C–C region shows a zonal sediment distribution pattern
of siliceous ooze and pelagic red clay roughly in a N–S
direction, but the northeastern part of the C–C zone,
where the coring site is located, is dominated by pelagic
red clays (Muller et al., 1988). Sedimentation rates vary
over a wide range from less than 0.5 mm/103 yr to
several mm/103 yr in the C–C region, largely depending
on sediment types (Piper and Williamson, 1977; Theyer,
1977; Muller and Mangini, 1980; Muller et al., 1988). In
general, sedimentation rates are higher for calcareous
ooze in the south and lower for red clays in the northern
part of the C–C region, thus decrease northward. Local
redistribution of fine material due to bottom currents
may play a minor role in local scale variation in sedi-
mentation rates (Piper and Blueford, 1982; Muller et al.,
1988). The seafloor of the study area is covered with
abundant manganese nodules, more than 5 kg/m2 (Jeong
et al., 1994; Jung et al., 1998).

3. Description and source regime of the study core

The core sediments consist of slightly bioturbated ho-
mogenous pelagic clays and are divided into two intervals
based on a distinct color change; an upper interval above
250 cm composed of dark brown sediments and a lower
interval of yellowish-brown sediments below 250 cm to
the bottom of the core (328 cm), hereafter called “upper
and lower intervals”, respectively. The lower interval se-
diments show lower water contents and include more
micro-manganese nodules than the upper interval.

The upper and lower intervals are also distinctive in the
mineralogical and geochemical compositions of eolian
components. The eolian components below 250 cm are
characterized by smectite- and phillipsite-rich mineral
composition, depleted heavy REEs ((La/Yb)CN=6.3),
and high Eu/Sm ratios (0.30–0.33) (Fig. 2), indicative of
volcanic-rich composition (Hyeong et al., 2005). These
characteristics are found in equatorial and south Pacific
surface sediments, of which eolian particles are supplied
from volcanic arcs and young continental crusts of Cen-
tral/South America (Griffin and Goldberg, 1963; Corliss
et al., 1982; Olivarez et al., 1991; Nakai et al., 1993; Jones
et al., 1994; Weber et al., 1996; Jones et al., 2000; Lyle et
al., 2002). In contrast, eolian components of the upper
interval are characterized by quartz- and illite-rich mi-
neralogy, and more shale-like REE and trace element
compositions (Fig. 2) (Hyeong et al., 2005), which are
common in surface sediments of the central Pacific north
of the ITCZ, where eolian particles are mainly derived
from Asia (Griffin and Goldberg, 1963; Corliss et al.,
1982; Olivarez et al., 1991; Kyte et al., 1993; Nakai et al.,
1993; Rea, 1994; Weber et al., 1996; Lyle et al., 2002).
The hemispheric source change from Central/South
America to Asia now occurs across the hemispheric dust
barrier of the ITCZ. It has been proposed that the ITCZ
was located at ∼27°N at around 20 Ma and shifted
southward toward its present position since then (Rea,
1994; Lyle et al., 2002; Pettke et al., 2002). Thus, the
observed hemispheric source change is likely attributed
to the northerly position of the ITCZ during late Mio-
cene, when the hemispheric source change was recorded
in the study core (Hyeong et al., 2005). Backtrack path
construction of Pacific plate (http://odsn.de/odsn/
services/paleomap/paleomap.html, based on the work
of Hay et al., 1999) indicated paleo-location of the
ITCZ north of 12°N (±2°) prior to late Miocene
(Hyeong et al., 2005) (Fig. 1).

4. Methods

Sub-samples were taken at 1 cm intervals from the
split core on board ship and stored in a refrigerator for
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future geotechnical, chemical, and mineralogical anal-
yses on land.

4.1. Stratigraphic control

The stratigraphy of the core was established using Sr
isotope ratios of fish teeth (ichthyoliths) following the
work of Gleason et al. (2002) (Hyeong et al., 2005).
Based on the age–depth curve (Fig. 2a), the converted
age increases systematically with increasing depth from
1.1 Ma at 25 cm depth and to 15.5 Ma at 327 cm, with a
resolution of ±1 Myr for the most intervals. A break in
slope in the constructed age–depth curve occurs at
250 cm, corresponding to an age of 7.6 Ma. It indicates
different sedimentation rates for the upper and lower
intervals. Based on it, the linear sedimentation rates
(LSRs) were estimated at 0.3 mm/103 yr in average for
the upper interval and 0.1 mm/103 yr in average for the
lower interval (Table 1, Fig. 2a).

4.2. Extraction of eolian dust

The inorganic silicate fraction of bulk pelagic sedi-
ments, hereafter termed eolian dust, was extracted from
the bulk pelagic sediment using a method outlined by Rea
and Janecek (1981b). The samples were treated with a
25% acetic acid to remove the carbonate fraction and
subsequently with a hot sodium citrate–sodium dithionite
solution buffered with sodium bicarbonate to remove Fe–
Mn oxides and hydroxides. The solid residue remaining
after above two dissolution steps were sieved at 63 μm to
Fig. 3. Plots of grain sizes and mass accumulation rates (MAR) of eo
remove coarse biogenic component and then treated with
hot sodium carbonate to remove the remaining biogenic
silica. The extracted eolian dust samples were freeze-
dried for the future analysis and inspected with SEM to
make sure of the near complete removal of undesired
components.

4.3. Size analyses

The bulk and extracted eolian fractions were treated
with hydrogen peroxide to remove organic matter and
stored in distilled deionized water with a dispersant (so-
dium hexametaphosphate) to prevent flocculation. Grain
size analysis of the eolian component was carried out
between 0.31 and 301 μm size intervals using a Master
Sizer Micro from Malvern Instrument Inc. Accuracy of
the analysis is ±2% on volume median diameter. The
Master Sizer provides a size distribution by volume, but it
can be assumed that the volume distribution represents the
corresponding mass distribution because the mineral
grains have similar densities. The grain size analysis re-
sults are reported asmedian grain size (ϕ50 of Folk, 1974).

4.4. Mass accumulation rate

The mass accumulation rate (MAR), the mass flux of
bulk sediment, is the product of the linear sedimentation
rate (LSR) and the dry bulk density of the sample. Then,
theMARof eolian fraction was calculated bymultiplying
the eolian percentage by the determined MAR. The dry
bulk density of the sediment (DBD) was calculated from
lian components against depth (a) and age (b) in the study core.
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the determined porosities (P) and grain density of
sediments (ρ) (Table 1) using the relationship of P=
(1−P / 100)×ρ (Rea and Janecek, 1981b).

5. Results

The estimated fluxes of eolian components were
low, less than 14 mg/cm2/103 yr for all the intervals
(Fig. 3). However, decreases in eolian MARs are
apparent across the 250 cm boundary that separates the
upper and lower interval. The eolian MARs of the
lower interval are very uniform at 5±1 mg/cm2/103 yr,
while those of the upper interval vary between 9 and
14 mg/cm2/103 yr with an average of 12 mg/cm2/
103 yr. There is more than a two-fold increase in the
MAR across the 250 cm boundary between the lower
and upper intervals. Large variations in eolian MAR are
observed in the upper interval. In the 187–250 cm
interval (5.8 to 7.6 Ma), eolian MAR increases up to
14 mg/cm2/103 yr. Above 150 cm interval (from around
4 Ma), eolian MAR increases toward the top of the core
from 11 to 13 mg/cm2/103 yr.

The median grain size of the eolian dusts in the upper
interval varies in a narrow range from 8.8ϕ (2.3 μm) to
8.6ϕ (2.6 μm) with an average of 8.7ϕ (2.5 μm) (Table
2, Fig. 3). In contrast, the median grain size of the eolian
dusts in the lower interval increases gradually down-
ward from 8.4ϕ (3.0 μm) at 255 cm depth 8.0ϕ (3.8 μm)
at 320 cm depth. Along with the decrease in the MARs
of the eolian dusts, a pronounced change in median
grain size is also apparent across the interval boundary
Table 2
Grain sizes of eolian material in the study core

Depth
(cm)

Age
(Ma)

Median grain size

(μm) (Φ)

16 0.6 2.5 8.7
36 1.1 2.4 8.7
62 1.3 2.5 8.6
87 1.6 2.6 8.6
112 2.2 2.5 8.6
137 3.2 2.5 8.7
162 4.6 2.3 8.8
187 5.8 2.3 8.8
212 6.5 2.3 8.7
237 7.2 2.5 8.6
255 8.0 3.0 8.4
262 8.7 3.1 8.3
265 9.0 3.1 8.3
281 10.4 3.3 8.3
290 10.8 3.5 8.2
310 12.3 3.7 8.1
320 13.5 3.8 8.0
at 250 cm, in which average median grain size increases
from 8.7ϕ (2.5 μm) to 8.2ϕ (3.5 μm), about a 0.5ϕ
(1 μm) increase, across the interval boundary at 250 cm
(Fig. 3, Table 2).

6. Discussion

Deep-sea sediments more than 1000 or 2000 km
away from the land are devoid of hemipelagic material
and contain wind-blown eolian dust as an important
non-authigenic, inorganic component (Rea, 1994). The
average grain size of eolian dust becomes in equilibrium
with the strength of the transporting wind with time and
distance (1000–2000 km), and thus reflects the intensity
of zonal wind system that carries dust particles beyond
the distance of this range (Rea, 1982; Rea and Janecek,
1982; Rea et al., 1985; Rea, 1994; Rea and Hovan,
1995). On the other hand, the mass accumulation rate of
wind-borne dust depends mainly on the climate of the
source region that controls the availability of dust ma-
terial (Parkin and Shackleton, 1973; Rea and Janecek,
1981a; Rea, 1982; Rea et al., 1985; Rea, 1994). Thus the
pronounced changes in the eolian MARs and grain sizes
at 250 cm depth of the study core might be attributed to
changes in zonal wind system and availability of eolian
material in the source region.

The average of median grain size (8.7ϕ) of the upper
interval is 0.5ϕ (1 μm) finer than that (8.2ϕ) of the
lower interval, implying decreased zonal wind intensity
since about 7.6 Ma, the estimated age for the boundary
between the upper and lower intervals (Fig. 3). Further-
more, eolian MARs (12 mg/cm2/103 yr in average) of
the upper interval are more than 2-times higher than
those (5 mg/cm2/103 yr in average) of the lower interval,
indicative of increased availability of the dust material
during the same period of time (Fig. 3).

These pronounced down-core changes in the eolian
MARs and grain size can not be explained by climatic
change in the source region (wetter conditions in Asia)
and stronger westerlies prior to 7.6 Ma under the zonal
wind system and provenance same as of today. Two
north Pacific cores, LL44-GPC3 and DSDP 576, that
have been under the influence of the westerlies and
northeast trade winds since 40 Ma (Pettke et al., 2002)
show a gradual decrease in both eolian MAR values and
grain size with increasing depth and do not show pro-
nounced variation in MAR values and grain size for the
past 16 million years (Janecek and Rea, 1983; Janecek,
1985) (Fig. 4). It leads us to consider a possibility of
change in both source region and zonal wind system to
explain the down-core variation of eolian dust in the
study core.



Fig. 4. Mass accumulation rate (MAR) and grain size of eolian components from DSDP 598 (Bloomstine and Rea, 1986), DSDP 463 (Rea and
Janecek, 1982), DSDP 576 (Janecek, 1985), and LL44-GPC3 (Janecek and Rea, 1983) cores. Data are from Bloomstine and Rea (1986). Core
locations are shown in Fig. 1.
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A mineralogical and geochemical study carried out
on this same core by Hyeong et al. (2005) supports this
possibility. The eolian dusts of the lower interval show a
geochemical and mineralogical affinity to equatorial and
southeast Pacific surface sediments, and those of the
upper interval to north Pacific sediments (Hyeong et al.,
2005). Based on the observations, Hyeong et al. (2005)
reached a conclusion that eolian dusts of the upper
interval were supplied mainly from Asia and those of the
lower interval were from Central/South America. Such a
source change occurs across the ITCZ as Chinese loess
prevails north of the ITCZ while Central/South Ame-
rican dust does south of the ITCZ (Griffin and Goldberg,
1963; Merrill et al., 1989; Nakai et al., 1993; Rea, 1994;
Hovan, 1995; Jones et al., 2000; Pettke et al., 2002; Lyle
et al., 2002). It indicates that the study site had been
under the influence of the southern hemispheric zonal
wind system during its earlier depositional period, and
subsequently of the northern hemispheric system at a
later period when the sediments of upper interval were
deposited (Hyeong et al., 2005). If this is the case, the
decrease in median grain size and corresponding in-
crease in MARs of the upper interval can be attributed to
the same cause.

This interpretation is consistent with the MAR and
grain size variations of east Pacific surface sediments
encountered across the ITCZ. Dust fluxes of today in the
north Pacific, derived from surface sediments (see Fig. 7
in Rea, 1994) and sediment trap experiments (see Fig. 6
in Duce et al., 1991), decline to the east toward North
America and to the south toward the ITCZ. Dust fluxes
are over 1000 mg/cm2/103 yr in the northwest Pacific
directly downwind from Asia and decrease to less than
20 mg/cm2/103 yr near the study site north of the ITCZ.
They further drop to only 1–2 mg/cm2/103 yr in the
southeast Pacific because of low availability of dust
material in the source region, Central and South Ame-
rica (Duce et al., 1991; Rea, 1994; Rea et al., 1994). The
remarkably low dust flux to the southeast Pacific has
been maintained at about 1 to 4 mg/cm2/103 yr since the
Early to Middle Miocene (Fig. 4) (Bloomstine and Rea,
1986; Rea and Bloomstine, 1986; Rea, 1989). These
values are more than two orders of magnitude less than
the Plio–Pleistocene fluxes to the north Pacific and
more than 3-fold less than the pre-glacial Neogene
fluxes observed in LL44-GPC3, DSDP 463, and DSDP
576 cores raised in the north Pacific (Fig. 4, see Fig. 1
for locations) (Rea and Janecek, 1982; Janecek and Rea,
1983; Janecek, 1985; Rea, 1989). The large contrast in
dust mass fluxes to pelagic ocean between south and
north of the ITCZ has remained at least for the past
16 million years (Fig. 4). The MARs of the upper and
lower intervals of core agree well with those of the north
and south Pacific in magnitude.

We can draw a similar conclusion from grain size
data. When disregarding the coastal areas affected by
hemipelagic sedimentation, grain size of eolian dust
distributed in the surface of the north Pacific varies in a
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narrow range along a west to east transect, from 8.0ϕ to
8.2ϕ (3.9–3.4 μm) in the northwestern part to 8.3ϕ to
8.5ϕ (3.2–2.8 μm) in the northeastern part (Rea and
Hovan, 1995). There are only a few tenths of a ϕ unit
decrease in grain size over a nearly 6000 km-long dis-
tance. However, eolian grain size of east equatorial
Pacific surface sediments, located south of the ITCZ, is
coarser than the northern part at 7.71 to 8.33ϕ (3.1–
4.8 μm) (Rea and Hovan, 1995). The discussed grain
size variation observed from north to south of the east
Pacific matches well down-core variation of the study
core in trend and magnitude.

The large contrast in grain size of eolian dust between
south and north of the ITCZ has also remained at least for
the past 16 million years (Fig. 4). Mean grain sizes of
sediments in the north Pacific core, LL44-GPC3, general-
ly decrease from a maximum value of 8.6ϕ at the surface
to 9.0ϕ at 15Ma (Fig. 4) (Janecek and Rea, 1983). DSDP
463 showed a similar grain size variation from 8.4ϕ to
8.8ϕ for the last 7 million years (Fig. 4) (Rea and Janecek,
1982). DSDP 576 core, located at about 4000 km west to
the LL44-GPC3, showed down-core grain size variation
similar to LL44-GPC3 but 0.2ϕ to 0.5ϕ coarser than that
of the time equivalent horizon in LL44-GPC3, likely due
to its proximal location to the source (Fig. 4). The range
(8.4ϕ–9.0ϕ) of eolian grain size variation recorded in
these three north Pacific cores includes that (8.6ϕ–8.8ϕ)
of the upper interval of study core.

In contrast, high resolution paleo-environmental study
of RC11-210 core, raised from the equatorial Pacific
under the influence of southeast trade winds (Fig. 1),
showed wide variation in eolian grain size from 9.30ϕ
(1.58 μm) to 7.18ϕ (6.9 μm) for the past 1 million years
(Chuey et al., 1987). This core showed an average mean
grain size similar to or slightly coarser than those reported
by an eolian grain size study of Pacific cores beneath the
prevailing westerlies (Core KK7502; Janecek and Rea,
1985, LL44-GPC3; Janecek and Rea, 1983, DSDP 576;
Janecek, 1985). Unlike these north Pacific cores,
however, RC11-210 showed high down-core fluctuations
in mean grain size and much coarser grain size over 8.0ϕ,
demonstrating the influence of a zonal wind system that is
able to supply coarser dust material to the site.

Other southeast Pacific cores, DSDP 597, 598, and
601, also showed median grain size varying from 7ϕ to
8ϕ at the surface, 1ϕ to 2ϕ coarser than north Pacific
cores. In the DSDP 598 core in which complete grain
size data are available back to 16 Ma, the grain size of
the eolian dust from sediments younger than 9.5 Ma was
uniform at around 7.2ϕ (Fig. 4). Sediments older than
9.5 Ma exhibited the reduced grain size of 8.2ϕ on
average with rather wide variation from 7.2ϕ to 9.0ϕ
(Fig. 4). The grain sizes of eolian dust in the lower
interval of the study core are slightly finer than those of
the southeast Pacific cores, but bracketed by the grain
size range observed in the southeast Pacific cores.

Eolian MARs and grain sizes of the study core
compare well to north Pacific cores in the upper interval
above 250 cm, and to equatorial and southeast Pacific
cores in the lower interval. It indicates that the study site
had been under the influence of southern hemispheric
zonal wind system at its earlier depositional period and
subsequently of the northern hemispheric system at a
later period when the upper interval was deposited.
These results support the conclusion drawn from the
mineralogical and geochemical study assigning the
source of the upper and lower intervals to Asia and
Central/South America, respectively. Furthermore, this
interpretation is consistent with the geologic history of
the ITCZ moving southward toward the geographical
equator through the Neogene from its prior northerly
position (Rea, 1994; Lyle et al., 2002; Pettke et al.,
2002). This study suggests that distinct MAR and grain
size difference in eolian components of Pacific sedi-
ments south and north of the ITCZ are recorded in deep-
sea cores and can be used to trace the paleo-location of
the ITCZ, alone or along with geochemical and mine-
ralogical characteristics.

In addition, the study core might also record the
northerly passage of this core beneath the Late Miocene
ITCZ. It is known that eolian flux increases beneath the
ITCZ compared to the north and south because of ef-
fective wet-depositional scavenging of aerosol particles
associated with high rainfall rates (Hovan, 1995). Thus,
the increased eolian MAR values of the 187–250 cm
interval from 5.8 to 7.6 Ma, right above the interval that
marks the change in source regime, likely represent the
interval when the study site was beneath the ITCZ. If
this is the case, it indicates a possibility that the ITCZ
was located further north at ∼13°N during the Late
Miocene, 1° north to the paleo-latitude of 12°N pro-
posed by Hyeong et al. (2005) using the same core.

Meanwhile, the study core also shows the increase in
eolian MAR value above 150 cm interval (from ∼4 Ma).
It might be attributed to drier northern hemisphere con-
tinents and slightly stronger atmospheric circulation as-
sociated with the late Cenozoic northern hemisphere
cooling that began 3.5 Ma (Rea and Janecek, 1982; Rea
et al., 1988; Rea, 1994).

There is a concern about direct comparison of grain
size data because of slight discrepancies in results pro-
duced from different analyzer systems. However, pub-
lished data clearly show clear distinction in grain size
variation across the ITCZ and good agreement with our
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data in magnitude. Thus, it can be assumed that the
differences in grain size distribution of eolian dust
across the ITCZ are real and large enough to overcome
inter-instrumental errors. It indicates that grain size
variation can be used as a proxy for geographical loca-
tion relative to the ITCZ.

7. Conclusions

The mass fluxes and grain sizes of eolian compo-
nents are distinctly different in the lower and upper
intervals of the study core. The eolian MARs of the
lower interval are very uniform at 5±1 mg/cm2/103 yr,
while those of the upper interval are more than 2 times
higher than the upper interval at 12±1 mg/cm2/103 yr.
The median grain size of the eolian dusts in the lower
interval increases gradually downward from 8.4ϕ
(3.0 μm) at 255 cm depth to 8.0ϕ (3.8 μm) at 320 cm
depth. Those of the upper interval vary in a narrow range
from 8.8ϕ (2.3 μm) to 8.6ϕ (2.6 μm). There is about
0.5ϕ (1 μm) down-core increase in median grain size
across the interval boundary at 250 cm.

Eolian MAR and grain size variation of the study
core compare well to north Pacific cores in the upper
interval above 250 cm, and to the equatorial and south-
east Pacific cores in the lower interval. It indicates that
the study site had been under the influence of southern
hemispheric zonal wind system at its earlier depositional
period and subsequently of the northern hemispheric
system at a later period during which the upper interval
was deposited. These results support the conclusion
drawn from the mineralogical and geochemical study
assigning the source of the upper and lower intervals to
Asia and Central/South America, respectively (Hyeong
et al., 2005). This interpretation is consistent with the
geologic history of the ITCZ moving southward toward
the geographical equator through the Neogene from its
prior northerly position (Rea, 1994; Lyle et al., 2002;
Pettke et al., 2002). This study suggests that distinct
MAR and grain size difference in eolian components of
Pacific sediments south and north of the ITCZ are re-
corded in deep-sea cores and can be used to trace the
paleo-location of the ITCZ, alone or along with geo-
chemical and mineralogical characteristics.
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