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a b s t r a c t

We describe the environmental variation in the Banda Sea over the past 820 ka by using the magnetic
parameters and oxygen isotope data from the core MD012380. Overall, characteristics of the magnetic
parameters show simultaneous variation with marine isotope stage (MIS), especially in the last 420 ka.
There are fewer, coarser and more oxidative magnetic minerals in glacial periods, and turn to opposite
conditions in interglacial periods. Spectral results clearly present the Milankovitch periods over the last
820 ka, especially the eccentricity period (400-ka and 100-ka). However, the magnetic data shows differ-
ent pattern before and after 420 ka. Thus, we segmented the time-series data into two periods: MIS 20 to
MIS 12 and MIS 11 to MIS 1. During MIS 20 to MIS 12, the spectra of magnetic data show clear periods
related to the obliquity (41-ka) and precession (23-ka and 19-ka), while they present only the eccentric-
ity period (100-ka) during MIS 11 to MIS 1. This feature, which splits the late Pleistocene at around
420 ka, could be attributed to the mid-Brunhes event (MBE). In the Banda Sea, main factor controlling
the variation of the magnetic minerals is considered as the fluctuation of the Indonesian Throughflow
(ITF) intensity due to sea-level change. Thus, the magnetic data show clear 400-ka and 100-ka periods
(main MIS cycle). Besides, the eccentricity signals are relatively dominant in the last �420 ka, implying
that the ITF might become more important after the MBE in the Banda Sea.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

With increasing evidences, the tropical ocean now has been
considered as a key role of modulating global climate change on
orbital/suborbital time scales in the last decade (Cane and Clement,
1999; Scott et al., 2002; Visser et al., 2003; Wang et al., 2003). One
of the important regions in the tropical Pacific, the Western Pacific
Warm Pool (WPWP), is the area with constantly high sea surface
temperature (SST) over 28 �C (Yan et al., 1992). Located in the
WPWP, the Banda Sea is also characterized by high SST and high
net precipitation, approximately 2000 mm/year (Gagan et al.,
2004). Sea-water circulation in the Banda Sea is dominated by
the Indonesian Throughflow (ITF), which connects the sea-waters
of the Pacific Ocean and the Indian Ocean. Surface water current
and precipitation variation are also influenced by a biannual mon-
soon system, which the Inter-Tropical Convergence Zone (ITCZ) is
considered as the driving force behind the variability. In austral
summer, the ITCZ situating near/over northern Australia (Hobbs
et al., 1998) leads to the northwest (NW) monsoon and the sea-
water flows from the Java Sea into the Banda Sea (Fig. 1). In austral
winter, on the contrary, the ITCZ shifting northward (Hobbs et al.,
ll rights reserved.
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1998) drives the monsoon and sea-water current in an opposite
direction.

In the last glacial period, sea-level at the adjoining Timor Sea
was approximately 125 m lower than that of the present day
(Yokoyama et al., 2001). Large portions of the Java Sea, Arafura
Sea and Timor Sea were exposed above sea-level (Fig. 1). This
reduction of sea-level would significantly modify the sea-water
circulation because many passages among the islands were closed.
Modeling results indicated that the ITF intensity reduced in the last
glacial period (Kuhnt et al., 2004). Also, a study from the Timor Sea
reported that the fluctuation of the ITF intensity was modulated by
the sea-level change (Holbourn et al., 2005). In general, glacial-
interglacial variation which influences sea-level change can be
conveniently explained by the Milankovitch theory. The theory is
proposed that the amount of the solar radiation reaching the earth
surface could trigger an ice age or warm up the earth. There are
three main factors of the theory: the eccentricity, obliquity and
precession whose mean periods are centered at 400-ka, 100-ka,
41-ka and 23-ka or 19-ka respectively.

In this paper, we present new time-series magnetic data ob-
tained from the core MD012380, including magnetic susceptibility
(v), saturated isothermal remanent magnetization (SIRM), ARM/v
(ARM: anhysteretic remanent magnetization) and S-ratio (defined
as IRM�0.3T/IRM0.95T). To understand the magnetic characteristics
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Fig. 1. Bathymetric map around the Banda Sea. Red star symbol is the location of the core MD012380. White areas indicate the regions where the water depth is shallower
than 125 m. Blue dashed lines show the main paths of the Indonesian Throughflow. Red dashed lines are the position of the ITCZ in austral summer (southern hemisphere)
and in austral winter (northern hemisphere). Red arrow represents the direction of the NW monsoon in austral summer. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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in glacial/interglacial periods, we compare these records with the
d18O data from the same core (Chen et al., 2008). Furthermore,
we compute the Fast Fourier Transform (FFT) spectrum to explain
the periodicities related to the orbital forcing. Our purpose of the
study is to understand the relationship among the magnetic data,
their dominant periods and the environmental variation, especially
the fluctuation of the ITF intensity, in the Banda Sea for the late
Quaternary.
2. Material and methods

The core MD012380, with a total 39.9 m in length, was obtained
from the Banda Sea (Lat. 5�45.640S; Long. 126�54.250E; water depth
3232 m; Fig. 1) during IMAGES (International Marine Global
Change Study) VII Cruise in 2001. Core sediments are mostly com-
posed of clay and silty clay with spotted pyrite, organic and glau-
conitic spots. Clay compositions are dominated by oozes with
foraminifers and diatoms (Bassinot and Baltzer, 2001). There are
only few bio-disturbances in the core so it provides good data for
paleomagnetic analysis. All specimens were sampled by using a
U-channel with 1.5 m in length and then sequentially applied to
the magnetic experiment.

The paleomagnetic experiments were performed in a magnetic
shielding room to ensure that there was no external magnetic ef-
fect during measuring. All the measurements were sequentially
measured with an interval of 1 cm. Magnetic susceptibility was
measured by using the Bartington MS-2 magnetic susceptibility
meter mounted on a long core system. Detailed alternating field
(AF) demagnetization processes were done by using the 2G 755
SRM Superconducting Quantum Interference Device (SQUID) cryo-
genic magnetometer. The ARM was acquired by applying a 0.1 mT
stable field within a 100 mT alternating field simultaneously, and
then treated by AF demagnetization from 0 mT to 60 mT with
10 mT increment. Finally, a spiral-coil impulse magnetizer was
used to induce the IRMs at peak field steps [25, 50, 75, 100, 150,
200, 250, 300, 500, 750 and 950 mT] progressively.

Based on the experiments, we obtained four magnetic parame-
ters related to environmental variation, including magnetic sus-
ceptibility (v), SIRM, ARM/v and S-ratio. Magnetic susceptibility
generally measures the concentration of all magnetic minerals,
while SIRM primarily relates to the change of the RM carriers, such



Table 1
Age model of the core MD012380.

Depth
(m)

Age
(ka)

Method

0.41 4.17 AMS 14C dating
1.11 7.71
1.91 14.55
3.01 18.34
4.11 23.63
4.61 34 d18O stratigraphy (correlated to the low-latitude stack)
8.51 65
9.71 78

10.51 86
12.61 106
14.51 126
15.01 134
15.71 150
16.81 164
13.84 119 RPI simulation (correlated to the SINT-800)
18.05 193
19.37 214
22.75 290
31.81 552
35.89 677
38.70 780
28.40 458 Biostratigraphy (LAD P. lacunose)
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as magnetite and hematite (Opdyke and Channell, 1996). Both
parameters give information about abundance of magnetic miner-
als of core sediments. Larger values of v and SIRM represent that
there are more magnetic minerals, while smaller values indicate
an opposite condition (Opdyke and Channell, 1996). S-ratio, de-
fined as IRM�0.3T/IRM0.95T in the study, is associated with the
change of magnetic mineralogy (Opdyke and Channell, 1996). S-ra-
tio values close to one indicate the dominance of the ferrimagnetic
mineralogy with lower coercivity, such as magnetite. The values
decreasing away from one represent the increasing amount of
higher coercivity magnetic minerals, such as hematite. ARM/v is
conveniently used to identify relative grain size variation of mag-
netic minerals dominated by magnetite (King et al., 1982). Larger
values of ARM/v indicate finer magnetic grains and lower values
represent coarser magnetic grains in core sediments.

To reconstruct the age model of the core MD012380, four data
sets were performed in the study, including the relative paleoin-
tensity (RPI) simulation, d18O stratigraphy, accelerator mass spec-
trometry (AMS) 14C dating and biostratigraphy. The RPI
simulation of the core was compared with the SINT-800 (Guyodo
and Valet, 1999) to get the well controlled age points (Huang
et al., 2009). Correlated with the low-latitude stack (Bassinot
et al., 1994), the marine isotope stage (MIS) of the core was cali-
brated (Chen et al., 2008). The AMS 14C dating was applied on
the upmost part of the core and analyzed by the Rafter Radiocar-
bon Laboratory, New Zealand. Last appearance datum (LAD) of
the Pseudoemiliania lacunosa, delimited between 22.75 m and
31.81 m (about at 28.4 m), was provided an additional age control
point at 458 ka (Berggren et al., 1995). In total, twenty-two age
control points were used to establish the age model in the study
(Fig. 2 and Table 1). The model shows that core MD012380 covers
an age over the past �820 ka with a total depth of 39.9 m, implying
an average sedimentation rate of �4.8 cm/ka.

For analyzing the periodicities recorded in the parameters, the
FFT spectrum was applied. Because there are many regional and
irregular signals in our paleomagnetic data, such as sharp peaks
or troughs, we estimate the FFT power spectrum density (PSD)
by applying the Welch-Overlapped-Segment-Averaging (WOSA)
Fig. 2. Age model of the core MD012380. Four methods were applied to control the
core age in the study, including the AMS 14C dating, d18O stratigraphy, RPI
simulation and biostratigraphy.
method (Welch, 1967) in the study. Time-series data were seg-
mented into three equal segments with 50% overlap by applying
the Hanning window, and the obtained periodgram was averaged
by the PSD of each segment. By using the WOSA method, the noises
could be mostly average out and the signals become clearer.

3. Results

3.1. Properties of the magnetic data

By applying the age model (Fig. 2 and Table 1), four time-series
magnetic data could be obtained (Fig. 3). We compared these mag-
netic data with the d18O (MIS) variation to study the magnetic
characteristics in glacial/interglacial periods. Overall, four mag-
netic data show similar variation related to MIS change, especially
in the last �420 ka: lower values in glacial periods and higher val-
ues in interglacial periods (Fig. 3). It indicates that the magnetic
minerals are fewer, coarser and more oxidative in glacial periods,
and turn to opposite conditions in interglacial periods.

A long-term trend is also observed in these magnetic records
(Fig. 3b–e). The values of magnetic data decrease gradually from
�700 ka to �420 ka and present a minimum at �350 ka, and then
increase slowly after �350 ka. Besides, the magnetic parameters
vary rapidly and frequently before �420 ka but show regular vari-
ation related to MIS change after �420 ka (Fig 3b–e). Moreover,
there are several clear peaks appeared in both v and SIRM before
420 ka, especially between 700 ka and 600 ka (Fig. 3b–c). The most
notable event recorded in all data is observed between �80 ka and
�40 ka (Fig. 3b–e). This event indicates that magnetic minerals
suddenly became fewer, coarser and more oxidative in MIS 4
thought the feature is ambiguous in the d18O data (Fig. 3a). These
features may be caused by environmental events and we will dis-
cuss the details in the later section.

3.2. Orbital signals

It is generally accepted that main cycle of MIS variation is 100-
ka period (Broecker and van Donk, 1970), which could be related to
the glacial-interglacial variation. Chen et al. (2008) reported that
the d18O spectrum of the core MD012380 shows the 100-ka period.
In our study, the values of magnetic data also show variation



Fig. 3. Time-series data including (a) d18O record, (b) magnetic susceptibility, (c) SIRM, (d) S-ratio and (e) ARM/v. Gray/white areas indicate the identified glacial/interglacial
periods and the numbers give the glacial stages respectively. Red dashed lines show the eccentricity signal for each parameter. Blue arrows mark the long-term trend
recorded in the magnetic data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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related to the main MIS change and present a long-term trend. To
understand more about these magnetic characteristics, we further-
more extracted the eccentricity signal, which is composed of
100-ka and 400-ka periods, for each parameter (red dashed lines
in Fig. 3).

Unquestionably, good relationship is shown between the eccen-
tricity signal and the d18O data (Fig. 3a). Amplitudes of both signals
are about the same and become weaker before �600 ka. As for the
magnetic parameters, all of them present similar patterns. Better
relationship between the eccentricity signals and magnetic records
is observed after �420 ka, especially in the last �200 ka (Fig. 3b–e).
However, the relationship is ambiguous and the amplitude be-
comes weaker in the older ages. The long-term trend embedded
in the magnetic data could also be evidently related to the long
eccentricity period (400-ka) and present a minimum at �350 ka
(Fig. 3b–e). Besides, it seems that the eccentricity signals of the
magnetic data are in advance of the d18O data (Fig. 3), although it
is difficult to quantify the value.
3.3. FFT power spectra

For further study, power spectral analyses based on the WOSA
FFT method were applied to all the data. The d18O record is firstly
analyzed and its spectrum clearly shows the Milankovitch periods
centered at 400-ka, 100-ka, 41-ka and 23-ka in addition to a non-
orbital 30-ka period (Fig. 4).

As for the magnetic records, both v and SIRM spectra show sim-
ilar periodicities centered at 400-ka, 100-ka, 60-ka, �41-ka (45-ka
and 43-ka), 34-ka, 26-ka, 22-ka, 20-ka and 18-ka (Fig. 5a and b).
The S-ratio spectrum presents four minor periods centered at 41-
ka, 30-ka, 25-ka and 19-ka besides three dominant periods, 400-
ka, 100-ka and 60-ka (Fig. 5c). Unlike the other magnetic records,
the ARM/v spectrum shows similar periodicities to the d18O spec-
trum. The dominant periods center at 400-ka, 100-ka, 41-ka, 30-ka
and 21-ka (Fig. 5d). These observed periodicities could be easily
attributed to the orbital forcing including the eccentricity
(400-ka and 100-ka), obliquity (45-ka and 43-ka) and precession



Fig. 4. Spectrum result of the d18O data of the core MD012380. The Milankovitch
periods are clearly presented besides a 30-ka period.

Fig. 5. Spectral results of the magnetic records of the core MD012380, incl
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(26-ka, 25-ka, 22-ka, 21-ka, 20-ka, 19-ka and 18-ka). However, two
non-orbital periods centered at 60-ka and 30-ka are also presented
in the spectra.
4. Discussion

4.1. Magnetic characteristic in glacial/interglacial periods

Based on the results, we have understood that magnetic miner-
als vary with MIS change simultaneously, especially in the last
�420 ka (Fig. 3). Chen et al. (2008) proposed that the planktonic
foraminiferal d18O record of the Banda Sea is influenced by the
SST change, ice-volume effect and local salinity variation. For inor-
ganic magnetic minerals, we suggest that fluctuations of magnetic
minerals might be mostly controlled by the ocean circulation re-
lated to ice-volume effect (sea-level change). At present, the ITF
is considered as an important factor controlling the ocean current
in the Banda Sea. However, in glacial periods, many passages of the
ITF would close because of sea-level reduction. A model describing
the Neogene history of the ITF indicated a decrement of the ITF
intensity in the last glacial period (Kuhnt et al., 2004). A study form
the Timor Sea had also suggested that the ITF intensity was mod-
ulated by sea-level change (Holbourn et al., 2005).

In our study, variation of the magnetic characteristics is in
agreement with the past studies. In glacial periods, the ITF inten-
uding (a) magnetic susceptibility, (b) SIRM, (c) S-ratio and (d) ARM/v.
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sity decreased so the magnetic minerals brought by the ITF would
become fewer and coarser. Besides, more land exposed above sea-
water due to the reduction of sea-level. Coarser and more oxidative
minerals from the land would be brought into the sea because of
stronger weathering and erosion. On the contrary, there should
be more, finer and less oxidative magnetic minerals due to the
opposite environmental conditions in interglacial periods.

The long-term trend, observed in the magnetic records (Fig. 3),
might also be related to the fluctuation of the ITF intensity caused
by sea-level change. It implies that both 400-ka and 100-ka eccen-
tricity cycles may dominate the ITF intensity in the Banda Sea.
Moreover, a notable event is observed between �80 ka and
�40 ka in the magnetic records though there is no similar feature
found in d18O data (Fig. 3). We considered that there was a larger
Fig. 6. The comparison of the ETP signals (composed of 400-ka, 100-ka, 41-ka, 23-ka a
magnetic susceptibility, (b) SIRM, (c) S-ratio and (d) ARM/v.
reduction of sea-level in MIS 4 but more evidences are needed
for further explanation.

4.2. Milankovitch cycles

We had extracted the eccentricity signal for each record and
found it could evidently describe the main variation of each record
(Fig. 3). We furthermore extracted the ETP signal (composed of
400-ka, 100-ka, 41-ka, 23-ka and 19-ka) for each record respec-
tively (Fig. 6) because all the spectra present the clear Milankovitch
periods (Figs. 4 and 5). Overall, the ETP signals of all the magnetic
data vary simultaneously with that of the d18O data after �420 ka
(Fig. 6). However, the signals are relatively complex and inconsis-
tent, and the amplitudes are weaker before �420 ka. This feature is
nd 19-ka periods) between the d18O data and the magnetic records, including (a)



Fig. 7. The eccentricity signals (composed of 400-ka and 100-ka periods) of the used data of the core MD012380. The signals are complex before 420 ka and become regular in
the last 420 ka.
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more distinct if we arrange only the eccentricity signals together
(Fig. 7). It implies that the factors controlling the environmental
variation are relative simplification in the last �420 ka. Besides,
the ETP signals of the magnetic data are likely in advance of that
of the d18O record, but it is difficult to quantify the value. We
may roughly estimate the value of this phase different by using
the eccentricity signals instead. The eccentricity signals of the
magnetic records lead that of the d18O data about 18� to 36� in
the last �420 ka. The reason of this phase difference might be sug-
gested: The detrital magnetic minerals would vary instantly with
the fluctuation of the ITF intensity, while the d18O data might de-
posit secondly due to some organic processes.

Except for the typical Milankovitch periods, we find some quasi-
obliquity periods (45-ka and 43-ka) and quasi-precession periods
(26-ka, 25-ka, 22-ka, 21-ka, 20-ka, and 18-ka) in the spectra of mag-
netic data (Fig. 5). These periods close to the obliquity and preces-
sion cycles could also be attributed to the orbital forcing though
they present a little bias somehow. Moreover, a 60-ka period is ap-
peared except for the ARM/v spectrum, and a �30-ka period is
found in all spectra (Fig. 5). Muller and MacDonald (2000) reported
that the obliquity consisted of a clear 41-ka period with two weak
periods centered at 53-ka and 29-ka. Therefore, the 60-ka and 30-ka
periods may also be explained as the obliquity signals.

Besides, Pisias and Rea (1988) reported that the 30-ka period is
commonly recorded in climatic proxies, especially in the Pacific
Ocean. A different aspect about the 30-ka period was proposed
as reflecting the variation of the El Niño-Southern Oscillation
(ENSO) variability (Beaufort et al., 2001). Such ENSO-like period
(30-ka) is also recorded in the marine sediment core from the
adjoining Timor Sea (Kershaw et al., 2003).

4.3. Mid-Brunhes event

From the line discussing above, we have known that different
variation pattern is presented before and after �420 ka, especially
in the magnetic records. The feature implies that there might be an
environmental event at around 420 ka. Therefore, we segmented
the time-series data into two periods at 420 ka, that is, MIS 20 to
MIS 12 and MIS 11 to MIS 1. During MIS 20 to MIS 12, the d18O
spectrum shows only a clear period close to 100-ka (Fig. 8). How-
ever, the spectra of v and SIRM present obvious PSD signals cen-
tered at the periods of obliquity (40-ka) and precession (22-ka,
20-ka and 19-ka) besides the 100-ka period. The S-ratio spectrum
shows a clear period centered at about 70-ka, and two minor peri-
ods (125-ka and 23-ka) are also appeared. Similar to the spectra of
v and SIRM, the ARM/v spectrum presents clear periods centered
at 100-ka and 40-ka though there is ambiguous period related to
the precession. On the contrary, the spectra of all data present an
obvious 100-ka period during MIS 11 to MIS 1.

This dramatic feature, which splits the late Pleistocene at
around 420 ka, could be attributed to the mid-Bronhes event
(MBE). The MBE is characterized by showing an asymmetric cli-
mate conditions between the Northern Hemisphere (NH) and
Southern Hemispheres (SH) around the middle Brunhes epoch
(Jansen et al., 1986). Climate was colder (glacial conditions) in
the NH while it became warmer (interglacial conditions) in the
SH and equatorial regions. Because of the warmer climate condi-
tions, sea-level might be higher in equatorial regions. It confirms
our suggestion that sea-level might rise gradually in the last
�420 ka. Because of sea-level raise, the IFF intensity might increase
and become dominant in the Banda Sea. The magnetic minerals
dominated by the ITF therefore become relative simplification with
a main period centered at 100-ka in the last 420 ka.

5. Conclusion

Over the past 820 ka, the magnetic minerals show simultaneous
variation with MIS change in the Banda Sea. This variation could be
attributed to the fluctuation of the ITF intensity. In glacial periods,
the ITF intensity might decrease because of sea-level reduction.
The magnetic minerals brought by the ITF therefore become fewer,
coarser and more oxidative. On the contrary, there should be more,
finer and less oxidative magnetic minerals due to the opposite
environmental conditions in interglacial periods. As for the FFT
spectral results, all spectra clearly show the Milankovitch periods
in the study, especially the 400-ka and 100-ka periods (main MIS
cycle). It also implies that the fluctuation of the ITF intensity might
be dominated by sea-level change. Moreover, the dominant orbital



Fig. 8. Segmented spectra of the used data in the study. The time-series data is segmented into two periods at 420 ka, that is, MIS 20 to MIS 12 and MIS 11 to MIS 1. Different
orbital periods are present in two periods clearly.
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periods, recorded in the magnetic data, are entirely different before
and after �420 ka. Values of the magnetic data vary rapidly, and
show periods related to the obliquity and precession before
�420 ka. But they become relative simplification and present only
a clear 100-ka period in the last �420 ka. The feature splitting the
late Pleistocene at around 420 ka could be attributed to the MBE.
From the results of the segmented spectra, we could also suggest
that the ITF is more dominant in the Banda Sea after the MBE.
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