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Abstract

This paper details the Late Quaternary palacoceanography of the Banda Sea based on analysis of core SHI 9016, located east
of Timor. This core is located below the pathway of the Indonesian Throughflow, at a depth of 1805 m bsl. Planktonic
foraminifera assemblages, the 6'%0 and 6'C of the foraminifer Globigerinoides ruber, and the total carbonate content of each
sample were used to reconstruct the vertical structure of the water column through the past ~80,000 yr.

Today, the core site is characterised by high sea-surface temperature and high precipitation, which results in the formation of
a low-salinity boundary layer. Sea-surface temperature estimates down core indicate minimal cooling during the last glacial
maximum. Mean sea-surface temperatures ranged between 29.8 °C and 26.6 °C for the past ~80,000 yr; sea-surface seasonality
never increased above 3 °C. In addition, the abundance of the planktonic foraminifera Neogloboquadrina dutertrei, Neoglo-
boquadrina pachyderma, and Globigerinoides quadrilobatus indicates that the mixed layer (the low-salinity boundary layer of
the Throughflow) thinned during Marine Isotope Stages 3 and 2. This enhanced a deep chlorophyll maximum (DCM) layer. The
Northwest Monsoon was less intense for about 60,000 yr and then ‘switched on’ at ~15,000 cal yr BP. This thickened the mixed
layer, reducing the DCM, and increased SST seasonality in the Banda Sea.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The flow of surface water from the Pacific Ocean
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these two major oceans. This region is one of three
global centres of tropical convection where warm,
low-salinity water is injected into the global circu-
lation system (Kinkade et al., 1997). The heat and
freshwater carried by the Throughflow into the In-
dian Ocean participates in global oceanographic cir-
culation (Gordon, 1986). However, locally, the
Throughflow strengthens the Indian Ocean South
Equatorial Current, the Leeuwin Current, and affects
the heat budget of the Indian Ocean (Godfrey,
1996).

Hydrological characteristics are modified within
the Throughflow by the regional climate. The
‘Indo-Pacific Warm Pool’ (WP) is the largest single
expanse of warm water on the planet with a sea-
surface temperature (SST) consistently higher than
28 °C (Yan et al., 1992). The high temperature of the
WP enhances the transfer of moisture from the sea
surface to the atmosphere. As a result, this region
has the most extensive coverage of organised deep
convective cloud on Earth. Within the 26.5-29 °C
range of SST, organised convection is much in-
creased (Waliser and Graham, 1993; De Deckker et
al., 2003). Because of high precipitation, there is a
net gain of freshwater over evaporation, resulting in
warm, low-salinity surface water within the Through-
flow. This low-salinity cap is frequently referred to
as the “barrier layer” (sensu Lukas and Lindstrom,
1991).

Despite the importance of the Indonesian region,
little is known about how the oceanography
responded to climate change in the past. During the
last glacial maximum (LGM), a reduction in sea level
may have significantly modified circulation by signif-
icantly changing the land margins of the Indonesian
Archipelago. During most of the glacial/interglacial
cycle, the Java and Flores Seas (Sunda Shelf), the
Strait of Malacca, and a large portion of the Banda
and Arafura Seas were exposed above water (De
Deckker et al., 2003). The region between 20°N-—
20°S and 90°E-130°E presently has 4.1 times more
water than land. It is believed that during the LGM,
the same area covered by water was only 1.6 times the
area compared to land (De Deckker et al., 2003). Such
large changes are likely to have impacted upon the
monsoonal regime across the Indonesian Archipelago,
which would influence the paleoceanography of the
Banda Sea.

Palaeoclimatic studies undertaken within the In-
donesian region have produced a range of results,
some of which are contradictory. This paper aims to
improve understanding of the palaeoceanography of
the Indonesian Archipelago since Marine Isotope
Stage (MIS) 5a. The location of core SHI 9016
(8°27.35'S, 128°14.28'E) in the Banda Sea, the
largest and deepest of the basins within the Indone-
sian Archipelago, is well placed to record oceano-
graphic conditions in the past. Using planktonic
foraminifera, we investigate changes in SST and
potential disruptions to the upper surface layer of
the Banda Sea because of changes in the Asian
Monsoon.

2. Regional setting
2.1. Climate

The modern climate of the Indonesian Archipelago
is dominated by biannual monsoonal -circulation.
Heavy rain accompanies northwesterly winds between
November and March (Austral summer), during the
Northwest (NW) Monsoon. The dry season corre-
sponds to the Southeast (SE) Monsoon period from
May to September (Austral winter). The resultant
climate in northern Australia, southern New Guinea,
the Lesser Sunda Islands, and Timor is characterised
by a strong seasonal contrast in rainfall (van der Kaars
et al., 2000).

The intertropical convergence zone (ITCZ) is the
driving force behind monsoonal variability. The
ITCZ, a pressure trough where the southeast and
northeast trade winds meet, usually lies about 10°—
15° north of the equator in the Austral winter and
migrates south, close to or over northern Australia in
summer (Hobbs, 1998). At present, the yearly move-
ment of the ITCZ in Australasia is larger than any-
where else in the world (Singh and Agrawal, 1976).

The interactions between the high-pressure system
over Australia and a low-pressure system over Asia
during winter (August) promote southwesterly winds
over the Indian subcontinent. Conversely, a low-pres-
sure system over Australia and a high-pressure system
over Asia during summer (February) promote north-
easterly winds over Southeast Asia (Tomczak and
Godfrey, 1994).
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During the Austral summer, the NW Monsoon
gathers large amounts of moisture while crossing
the sea from the Asian high-pressure belt on its
way to the ITCZ, which has shifted south. The
northwesterly winds are then moisture-laden and a
low-pressure gradient is established between the Pa-
cific and Indian Oceans (Ahmad et al., 1995). At the
ITCZ, the moisture-laden air rises, resulting in heavy
rains (van der Kaars et al., 2000). During the Austral
winter, the SE Monsoon originates from the South-
ern Hemisphere high-pressure belt and is relatively
dry and cool (van der Kaars et al., 2000). The semi-
permanent South Pacific high-pressure system,
which generates the southeast trade wind flow, is
centred between 85°-100°W and 27°-37°S (Hobbs,
1998).

2.2. Oceanography

A horizontal pressure gradient causes the flow
of Pacific Ocean surface water into the Indian
Ocean. The volume of water transported from the
Pacific to the Indian Ocean ranges between 2 and 24
Sv (1 Sverdrup=10° m > s~ ') (Godfrey, 1996). The
Throughflow also provides the only connection be-
tween the main thermocline of two major oceans at
low latitudes (Hautala et al., 1996). The Through-
flow can be subdivided into: (1) the shallow western
region (<75 m) over the Sunda Shelf, primarily the
Java and South China Seas, and (2) the eastern
region, consisting of a series of deep (>1000 m)
basins connected by shallower sills (Hautala et al.,
1996).

Pacific intermediate waters enter the Indonesian
Archipelago and follow a western or eastern route
(Fig. 1). The eastern route is the pattern of flow
which presently influences conditions above core
site SHI 9016. The eastern route, through the Hal-
mahera and Molucca Seas, reaches the Banda Sea
from the north. From the Banda Sea, there are two
deep passages to the Indian Ocean: (1) the Ombai
Strait, between the Alor and Timor Islands; and (2)
the Timor Passage, between the Roti Islands and
the Australian continental shelf (Molcard et al.,
1996).

The WP region is recognized for its high rainfall,
and as a site of formation of low-density oceanic
water. Excess precipitation/runoff over evaporation

in the western Indonesian Archipelago, and subse-
quent vertical mixing down into the water column,
can be seen in surface water (0-200 m) that is fresher
(§<34.50) than either of the Pacific sources in the
western Banda Sea and in the outflow passages
(Timor and Ombai Straits) (Hautala et al., 1996;
Fig. 2).

Presently, the water masses of the Banda Sea and
adjacent areas are highly influenced by the biannual
monsoonal system, creating ‘seasonal’ cycles in the
area. Observations of SST at the site of core SHI 9016
show a difference between the two ‘seasons.” During
the NW Monsoon, SST is 29 °C, and is 26.8 °C
during the SE Monsoon (Levitus and Boyer, 1994).
During a shorter period of observation, Troelstra et al.
(1989) found that SST varies between 30.1 °C (Sula-
wesi) and 28.3 °C (Timor) during non-upwelling per-
iods. Kinkade et al. (1997) found that during the SE
Monsoon, SST is 1 °C lower in the western seas (from
29.2 °C to 28.1 °C) and 2.5 °C lower (from 29.0 °C to
26.6 °C) in the eastern seas. This is due to increased
vertical mixing during the SE Monsoon (Kinkade et
al., 1997; see Fig. 3).

Within the Throughflow, the thermocline appears
to adjust to changes in thickness of the low-salinity
surface layer and to the biannual monsoon regime
(Wijffels et al., 1996). Bray et al. (1996) estimated a
thermoclime depth of ~110-120 m at the 21 °C
isotherm east of Timor. Measurements by van Iperen
et al. (1993) suggest that the thermocline adjusts
seasonally, clearly showing uplift of the thermocline
during the SE Monsoon: from 70 to 90 m in Febru-
ary/March to 3040 m in August. Therefore, the
thermocline can be observed to be the shallowest
during the period of maximum Throughflow trans-
port (Fig. 3). During the SE Monsoon (May—Sep-
tember), currents flow to the west from the Arafura/
Banda area, creating ‘“upwelling” of cooler, more
nutrient-rich waters in the eastern Banda Sea
(Wyrtki, 1961; Troelstra and Kroon, 1989). This
can be observed by an almost linear increase in
chlorophyll a with decreasing SST in August (Kin-
kade et al., 1997).

Wyrtki (1961) indicated that during the NW Mon-
soon (November—March), strong eastward currents
from the Java and Flores Seas flow into the Banda
Sea. Winds are not favourable for removal of the
water from the Banda Sea into the Indian Ocean.
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Fig. 1. The location of deep-sea cores within the Australasian region referred to in the text and the principal water movements associated with
the Indonesian Throughflow. Core K12 was analysed by Barmawidjaja et al. (1993), and SHI 9014 by Ahmad et al. (1995) and van der Kaars et
al. (2000). Core SHI 9016 was analysed in this paper and was also investigated by Gingele et al. (2001). Cores GC 4 and GC 5 were analysed by
Miiller and Opdyke (2000), and core G6-4 by Wang et al. (1999). Cores FR 2/96-17, FR10/95-20, and FR10/95-17 were analysed by Martinez
et al. (1999) and Takahashi and Okada (2000), and core FR10/95-11 by Martinez et al. (1999). Currents from Wijffels et al. (1996).

Consequently, low-salinity water accumulates in the
Banda Sea and depresses the thermocline (Fig. 3). The
pressure gradient from the Pacific to the Indian Ocean
is also weak; therefore the Throughflow from the
Pacific to the Indian Ocean is reduced during the
NW Monsoon (Wyrtki, 1987). The ‘downwelling’
season is characterised by oligotrophic conditions
(Troelstra and Kroon, 1989).

3. Planktonic foraminifera and the deep
chlorophyll maximum

There have been very few studies of foraminifera
conducted within the Indonesian Archipelago. Infor-
mation supplied by the Snellius-II Expedition, cruise
G5, in 1984 still remains the main body of work for this
region. Most studies have concentrated on present
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Fig. 2. Salinity measurements for the entire water column above core SHI 9016 for the four seasons (Levitus et al., 1994). Note the dramatic
changes in salinity near the surface caused by differences in local precipitation in the region: high precipitation corresponds to the Northwest
Monsoon and high salinity to the Southeast Monsoon. Insert shows the salinity change in the upper 150 m of the water column. Closed
circles=summer temperature profile; open circles=autumn temperature profile; closed squares=winter temperature profile; open squares=

spring temperature profile.

ecological patterns (e.g., Troelstra and Kroon, 1989)
and Gieskes et al. (1988) showed that these seasonal
differences are reflected in the phytoplankton stock.
During the fertile upwelling period (SE Monsoon),
phytoplankton biomass is two times higher than during
the downwelling season (NW Monsoon) (Troelstra and
Kroon, 1989). Planktonic foraminifera abundances re-
spond to these changes in phytoplankton abundance.

Plankton tows from the Snellius-II Expedition,
cruise G5, found a total of 28 planktonic foraminiferal

species in the Banda Sea. The species Globigerinoides
ruber, Globigerinoides quadrilobatus, Globigerinita
glutinata, Neogloboquadrina dutertrei, and Globoro-
talia menardii are the most abundant, with less fre-
quent Globigerinella aequilateralis and Pulleniatina
obliquiloculata. In addition, Globigerina bulloides is
common (5-23% of the fauna), associated with a
shallower thermocline during the SE Monsoon (Troel-
stra and Kroon, 1989). The abundance of N. dutertrei
and G. bulloides in planktonic tows of the Snellius-II
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Fig. 3. The water column temperature profiles of the four seasons above the core site SHI 9016 (Levitus et al., 1994). Note the thermocline is
fixed below ~100 m for all of the seasons. Insert shows the temperature profiles in the upper 150 m. Note the SST change in winter resulting
from Southeast Monsoon winds cooling and mixing the upper ~50 m of the water column. The symbols are the same as Fig. 2.

Expedition suggests that a deep chlorophyll maximum
(DCM) layer develops during the SE Monsoon.

A DCM develops when the thermocline lies above
or near the light compensation depth and causes an
increase in chlorophyll production at the bottom of the
photic zone (Fairbanks and Wiebe, 1980; Barmawid-
jajaetal., 1993). The DCM layer may be seasonal or a
permanent feature, which is fuelled with new nutrients
by cross-isopycnal or along isopycnal mixing (Hay-
ward, 1987).

Herbivorous foraminifera with specific temperature
tolerances, such as N. dutertrei and Neogloboquadrina
pachyderma, exploit the DCM and this results in an
increase of relative abundance of these species. G.

bulloides is also regarded as typical of upwelling
systems and shows a preference for productive cold
waters (Bé and Hutson, 1977; Hemleben et al., 1989).
However, Hilbrecht (1996) recognised that N. dutertrei
increased when G. bulloides decreased due to different
availabilities of phytoplankton and competition.
Studies within the Indonesian Throughflow
and the eastern Indian Ocean, such as Barmawidjaja
et al. (1993) and Martinez et al. (1999), have used
planktonic foraminifera to indicate possible reduc-
tions in temperature of the eutrophic layer and the
increase of nutrients in the photic zone promoting
DCM characteristics. The core top study of Martinez
et al. (1999) showed the abundance of species such
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as N. pachyderma, N. dutertrei, and G. bulloides
varied around the region and depended on the
mixed-layer thickness and the intensity of the Java
upwelling system.

4. Materials and methods
4.1. Core details

In 1990, a collaborative French and Indonesian
cruise, named ‘SHIVA,” took a selection of cores
among the Indonesian islands. Core SHI 9016 was
taken at 8°27.35'S, 128°14.28'E, at the depth of 1805
m bsl (Fig. 1).

The sediments within core SHI 9016, particularly
on the basis of grain size, indicate continuous pelagic
sedimentation (Fig. 4). Sediments alter down core
from pale grey, foraminiferal-rich clay (0-50 cm) to
dark grey foraminiferal-rich clay (60-146 cm). Be-
tween 50 and 60 cm, faint laminations are visible,
indicating lack of bioturbation. At 148 cm, there is
another colour change to olive grey clay, with some
foraminiferal sand lenses that possibly indicate win-
nowing effects.

The foraminiferal sand lenses are less conspicuous
slightly below 180 cm (see Fig. 4). Below 232 cm,
there is a sharp wavy contact and a corresponding
grain size and colour change. We infer that the clay
fraction has been removed between 232 c¢cm and 360
cm by winnowing processes. This is supported by the
carbonate content, which is over 90%. Winnowing of
smaller foraminifera species such as Globoturborota-
lita rubescens may have also occurred. Reworking
occurs from 232 cm to the end of the core (650
cm). Therefore, only the upper 232 cm of SHI 9016
is described here. Fragmentation is high below 160
cm, reducing the reliability of the results in the
interval 160-232 cm. The data from this paper are
stored at the WDC-A for Palaeoclimatology (http://
www.ngdc.noaa.gov/paleo) and the Australian
Quaternary Data Archive (http://www.aqua.org.au/
archive.html).

Table 1

Radiocarbon dates from core SHI 9016

Laboratory Depth (cm) 14C dates 14C cal yr (BP)
code number

GifA 101566 0-1 2200 + 60 1710+ 100
GifA 101567 18-19 5450+ 70 5740 + 130
GifA 101568 22-23 6000+ 110 6330+ 130
GifA 101569 28-29 7520+ 110 7920 £ 130
GifA 101570 32-33 7810+ 110 8180+ 150
GifA 101571 4243 11210 + 140 12720+ 190
GifA 101572 58-59 16800 £ 180 19360 + 360

4.2. Isotope analysis

Each sample, consisting of ~3 g of sediment from 4
or 6 cm intervals, was wet-sieved. Approximately 15
G. ruber were handpicked from the 150-250 mm size
fraction for isotope analysis. The foraminifera were
cleaned in 100% ethanol to remove any clay. The
stable isotopes in these samples were analysed in a
Finnigan Mat 251 Mass Spectrometer at the Research
School of Earth Sciences at the Australian National
University. The analytical error for 6'*0 is better than
+0.08%0 and for 6'°C is better than +0.05%0 (Joe
Cali, personal communication).

4.3. Age model

Ten samples, consisting of 10 mg of G. ruber, were
radiocarbon-dated by AMS. Target preparations fol-
lowed standard techniques at the Tandetron of Gif-sur-
Yvette (Tisnérat-Laborde et al., 2001). The radiocar-
bon dates were used to construct an age model for the
upper sections of SHI 9016 (Table 1). Dates were
calibrated using the INTCAL98 marine curve and
the Calib 4.3 program (Stuiver et al., 1998). For the
oceanic reservoir correction, the regional AR mean for
NW Australia and Java of 64 24 was used (Bow-
man, 1985; Southon et al., 2002).

To obtain an age model for the older part of the
core, the 0'®0 data were correlated against the SPEC-
MAP age model of Martinson et al. (1987). Events
used and their corresponding ages are listed in Table
2. Likely errors for this age model range from + 1370

Fig. 4. Stable isotope data, fragmentation, and carbonate percentage versus depth in core SHI 9016. The schematised core log of SHI 9016
shows a gradational colour change from pale grey (pg) clay to olive grey (og) clay with depth. Dots on the log indicate location of AMS
radiocarbon samples. Laminations are also highlighted on the schematic log at 50-60 cm as shown by square brackets and foraminifera sand

lenses from 140 cm as shown by curved brackets.
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Table 2
Age model for core SHI 9016 and corresponding 6'>C and §'%0
results for depth and age

Depth (cm)  Dating Age model 60  6"3C  %CaCO,

0 4c 1711 —272 1.52 4465
4 2605 -277 163 -
8 3499 —2.69 145 45.69
12 4394 —267 146 -
18 4c 5735 - - 48.18
22 l4c 6328 —-271 153 -
24 6859 —270 152 -
26 7389 —259 154 -
28 4c 7920 —231 141 4101
30 8051 —263 138 -
32 4c 8181 —248 143 -
38 10904 —233 140 43.09
42 4c 12719 —-199 1.13 -
48 15211 —1.85 129 5555
50 16041 —-1.79 115 -
52 16872 —1.50 122 -
54 17702 —139 144 -
56 18533 —152 112 -
58 4c 19363 —1.12 123 5555
60 19969 —124 125 -
62 20574 —121 104 -
68 22392 —138 141 4849
72 23603 —131 147 -
78 MIS 3.1 25420 —1.67 143 4434
82 27289 —156 149 -
88 30093 —1.77 158 46.07
92 31962 —1.67 143 -
98 34766 —1.51 146 4538
102 36636 —1.63 139 -
108 39440 —1.68 1.46 48.80
112 41309 —1.61 141 -
1175 3.13 43880 —1.78 133 4455
122 45844 —1.72 143 -
1275 48246 —1.69 1.14 33.67
132 33 50210 —1.87 113 -
137.5 52011 —1.81 1.40 32.74
140 52830 —1.67 121 -
148 3.31 55450 —1.87 122 41.65
152 4.0 58960 —1.79 1.14 -
158 60884 —1.53 1.15 45.69
162 62166 ~159 103 -
168 422 64090 —1.66 138 3481
172 65245 —1.67 127 -
178 66978 —149 128 30.56
182 68134 —1.81 132 -
188 69866 —1.54 136 2331
192 71022 —-176 127 -
198 72755 —1.61 1.53 26.46
202 5.0 73910 —190 133 -
208 75512 —1.99 139 39.69
212 76580 —205 123 -
2175 78182 —1.98 149 43.05

Table 2 (continued)

Depth (cm) Dating  Age model 0'%0  6'°C  %CaCO,

222 5.1 79250 —-234 149 -
228 80318 —2.03 146 32.11
232 81030 -2.10 151 -

Ages calibrated using '*C values indicated up to 19343 '*C cal yr
BP. Martinson et al. (1987) isotopic stack is used after the age
limitation of radiocarbon dating. Isotopic events are indicated.
MIS = Marine Isotope Stage.

cal yr BP at stage 2.2 to £ 5560 cal yr BP at stage 4.0
(Martinson et al., 1987).

4.4. Planktonic foraminifera

Counts of planktonic foraminifera were made on
splits of the >150 um fraction to exclude juvenile
specimens. At least 400 planktonic foraminifera per
sample were identified to species level. The number of
fragments was also recorded to give an indication of
the preservation status of the sample. We follow the
taxonomy of Saito et al. (1981). However, we use the
earlier synonym of G. quadrilobatus for Globigeri-
noides sacculifer to incorporate all its morphological
forms (Chaproniere, 1991).

4.5. Total carbonate

To determine total carbonate content, samples were
taken throughout the core at 10-cm intervals. Each
sample was homogenised into a fine powder in a
mortar to aid in the dissolution of the sample. Titra-
tions were conducted by using Metrohm Ion analysis,
716 DMS Titrino Series 6.0, and AG CH-9101 pH
meter; the precision of these instruments is £ 0.04 %.
Approximately 0.3 g of sediment was dissolved in 1
M HCI and titrated against 0.5 M NaOH.

4.6. Modern analogue technique

Sea-surface temperatures were estimated from the
planktonic foraminifera assemblage data using the
modern analogue technique (MAT), in conjunction
with the AUSMAT-F4 database (Barrows and Juggins,
2005). This database represents an upgrade of the
AUSMAT-F3 database (Martinez et al., 2002). We
estimated mean annual SST (7ean), and the tempera-
ture of the warmest and coolest months. In a tropical
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monsoonal setting, the months with the most extreme
temperatures are usually not the calendar months in the
middle of summer and winter. The temperature mini-
mum (7,in) of the sea surface corresponds to condi-
tions during the SE Monsoon, when upwelling that
cools the surface occurs (Troelstra and Kroon, 1989;
van Iperen et al., 1993) and there is increased vertical
mixing (Gordon, 1986; Kinkade et al., 1997). The sea-
surface temperature maximum (7,,,) reflects the NW
Monsoon due to apparent downwelling during this
period (December; according to Levitus and Boyer,
1994) (Wyrtki, 1961; Troelstra and Kroon, 1989; Fig.
6). This highlights the importance of reconstructing the
temperature of these months whenever they occur
throughout the year (Barrows and Juggins, 2005).

In addition to SST parameters, we estimated tem-
perature at 50 m, 100 m, and 150 m depth (using data
for the core top analogs from Levitus and Boyer,
1994). These depth levels are important because the
highest concentration of foraminifera lives below the
surface, in the mixed layer, and at the top of the
thermocline. The 100 m and 150 m depth levels are
at the base of the photic zone where a DCM could
develop in regions with a thin mixed layer such as
the Banda Sea. Therefore, these temperature variables
should be more representative of the changes influ-
encing the assemblage.

Each SST estimate was calculated as the mean of
the best 10 analogues from the global database, using
the squared chord distance as the dissimilarity coeffi-
cient. The distance to the nearest analogue, the mean
distance, and the standard deviation were also calcu-
lated to assess the quality of the analogue.

5. Results
5.1. Stable isotope record

Results from the stable isotope analyses are given
in Table 2. Event 2.2 during the LGM occurs at 58 cm
and is directly dated at 19,360 '*C cal yr BP. This is
close to 18,200 + 1500 cal yr BP determined by Bar-
rows and Juggins (2005) for this event in the western

Pacific Ocean. The difference between the LGM and
core top 0'%0 is 1.6%o, which is 0.5-0.6%o greater
than the ice volume effect (Schrag et al., 1996).

The maximum range of 6'°C is from 1.04%o at
21,700 cal yr BP to 1.63%o during the Holocene.
Therefore, the maximum variation of 6'>C is 0.59%o
over the past ~80,000 cal yr BP (Fig. 4). The carbon-
ate is relatively enriched in '*C during the stadials
MIS 2 and 4 (Fig. 5). Conversely, the carbonate is
relatively enriched in '*C during the interstadials at
the end of MIS 5a, during MIS 3, and the Holocene.

5.2. Planktonic foraminifera abundance

Fragmentation and foraminiferal abundances in
SHI 9016 are plotted in Fig. 5. Fragmentation is
generally low but is highest in the oldest part of the
core before 60,000 yr BP (Fig. 5). The solution-resis-
tant species P. obliquiloculata is significantly more
abundant during this period. However, the solution-
susceptible species (like G. glutinata) are not notice-
ably less abundant during this period compared to
other parts of the core. Sand lenses occur in the
lower part of the core, indicating winnowing through
bottom current activity. Therefore, fragmentation
might be the result of mechanical abrasion. Increased
etching of foraminifera fragments also points to more
corrosive water at the sea floor during this period.

5.2.1. Thermocline dwellers

Thermocline-dwelling foraminifera were most
abundant between 15,000 and 80,000 cal yr BP. The
relative abundance of N. dutertrei is lowest during the
Holocene. N. pachyderma is most abundant during
MIS 3 and is only a minor species during the Holo-
cene interval.

G. bulloides is most abundant during stadial peri-
ods, apart from a brief increase early in the Holocene
(see Fig. 5). Several minor deep-dwelling species only
appear during the LGM and/or MIS 3. These include
Globorotalia crassaformis, Globorotalia truncatuli-
noides, Hastigerina parapelagica, and sinistral N.
pachyderma. These were grouped with other thermo-
cline-dwelling species in Fig. 6.

Fig. 6. Temperature variations in core SHI 9016: temperature mean (7 yean; “C), temperature mean standard deviation (S.D.; °C), temperature
maximum (7, °C), temperature maximum standard deviation (°C), temperature minimum (7, °C), temperature minimum standard
deviation (°C), relative abundance of mixed-layer dwelling species, and relative abundance of thermocline dwelling species.
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5.2.2. Mixed-layer dwellers

Mixed-layer dwellers are most abundant during
the Holocene interval (Figs. 5 and 6). G. ruber is
the most common species throughout SHI 9016,
representing at least ~20% of the population.
Apart from minor decreases in abundance during
the warmer intervals of MIS 5a and early in MIS 3,
G. ruber abundance is constant through the core
(Fig. 5).

Together with G. ruber, the abundance of G.
quadrilobatus indicates the presence and temperature
of the mixed layer. This is a shallow, mixed-layer
species mainly residing in the upper 0-75 m of the
ocean (Hemleben et al., 1989). This species rapidly
increases after the LGM into the Holocene (Fig. 5).
The highest relative abundance of this species was
11.5% at 8200 '*C cal yr BP and was least abundant
during MIS 3 and 2. As a euryhaline species that
prefers oligotrophic conditions and temperatures >24
°C, this reduction may be due to cooling of the
mixed layer.

Pink G. ruber appears in SHI 9016 at 55,400
cal yr BP. This is long after the local extinction
date of 125,000 cal yr BP in the Pacific and
Indian Oceans (Thompson et al., 1979). This may
indicate bottom current reworking during MIS 4
and 5. This appears to be confirmed by a change
of carbonate percentages and foraminifer fragmen-
tation (see Section 5.3).

5.3. CaCOj; content of core SHI 9016

Total carbonate content is highest during the LGM,
at a value of 56% (Fig. 4), with high percentages
throughout MIS 2 and 3. Notable drops in carbonate
percentage occur during MIS Sa and early in MIS 3.
The earlier interval corresponds to a period of intense
fragmentation where carbonate preservation was at its
lowest level (Fig. 4).

Sedimentation rates are greatest in the Holocene
and MIS 4 at rates of 3.3 cm 1000 yr~ ' and 3.4 cm
1000 yr~ ', respectively (Fig. 4). Sedimentation rates
are slowest during MIS 2 and 3 at 2.0 cm 1000 yr~ '
and 2.5 cm 1000 yr ', respectively. The average
sedimentation rate for the core (0-232 cm) is 2.9 cm
1000 yr—'. A reduction in terrestrial sediment input
during MIS 2 and 3 would explain the higher carbon-
ate percentages (Fig. 5).

5.4. Sea-surface temperature reconstruction

Sea-surface temperature estimates from the MAT
are shown in Fig. 6. All of the SST estimates have
squared chord distances of <0.2, indicating that the
samples have good analogues in the AUSMAT-F3
database. The highest-quality estimates are in the
youngest interval (<16 ka), where the distances are
~0.1 or less. Below this level, distances are mostly
>0.1.

Modern observations of SST for the core site are
29.7 °C and 26.6 °C for Ty and Ty, respectively
(Levitus and Boyer, 1994). The MAT SST estimates
for Thax and T, respectively, at the core top are
29.4 °C and 26.8 °C, which are in very close agree-
ment with modern day SST observations. Mean SST
varies little during the past 80,000 cal yr. The tem-
perature of the warmest month (7., fluctuates be-
tween 28.3 °C and 29.8 °C, and the temperature of the
coolest month (7y,;,) fluctuates between 26.1 °C and
28.2 °C. There is a low correlation between T, and
Tin of 72=0.37.

The lack of temperature change is consistent with
the relatively high abundance of the mixed-layer
dweller G. ruber (white), an indicator of warm SST.
The highest SST is recorded at 8000 '*C cal yr BP
when the mixed-layer dwellers (particularly G. quad-
rilobatus) are most abundant (see Figs. 5 and 6).

Temperature estimates for the LGM and Isotope
Stage 4 are within errors of the core top values, al-
though these periods correspond to the lowest abun-
dances of the mixed-layer dwellers. Any SST change
here is close to the error of the technique, and is
therefore difficult to resolve. Seasonality varied be-
tween 1.5 and 3.0 °C, and is lowest during the periods
of high SST during the Holocene. Seasonality in-
creased during the relatively cooler intervals (see Fig.
6).

6. Discussion
6.1. The deep chlorophyll maximum layer

Changes in the relative abundances of planktonic
foraminifera within core SHI 9016, which inhabits

different water depth levels, indicate that the vertical
structure of the water column changed through time
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(Figs. 5 and 6). The species N. dutertrei and N.
pachyderma are more abundant from approximately
48,000 to 15,000 cal yr BP, indicating a more nutrient-
rich, intermediate photic zone than present. These
conditions are usually associated with an enhance-
ment of the DCM. The appearance of the temperate
species N. pachyderma at the latitude of core SHI
9016 can only be accounted for by the presence of
cool, nutrient-rich waters at depth.

There is a regional pattern of DCM development in
the Indonesian Archipelago during MIS 3 and 2. In
the northern Molucca Sea, Barmawidjaja et al. (1993)
found higher relative abundances of N. dutertrei and
N. pachyderma during the past ~27,000 yr. Barma-
widjaja et al.’s (1993) explanation of these results was
that the upper part of the thermocline was residing
consistently above the light compensation depth (i.e.,
an enhancement of the DCM). This implies that the
glacial temperatures, at the base of the euphotic layer,
were lower than today (Barmawidjaja et al., 1993).
Similarly, Linsley et al. (1985) and Ding et al. (2002)
found that N. dutertrei and N. pachyderma were
approximately 20% and 10% more abundant, respec-
tively, in the Sulu Basin during MIS 3 and 2. Ding et
al. (2002) also found that N. pachyderma increased to
10-20% during the LGM in cores from the Makassar
Strait and northeastern Indian Ocean.

The persistence of G. ruber throughout the core
indicates the continual presence of a tropical mixed
layer. In addition, G. menardii and P. obliquiloculata
are not abundant during MIS 3 and indicate that
upwelling did not occur. However, the increased
abundance of thermocline dwellers in the assemblages
during MIS 2 and 3 indicates that the mixed layer was
thinner during this time. At ~15,000 cal yr BP, an
increase in the relative abundance of oligotrophic
species, especially G. quadrilobatus, indicates that
the mixed layer thickens while the DCM layer
declines through to the Holocene (Fig. 5). This
event was very similar to the timing of DCM removal
in core K12 in the Molucca Sea at 14,000 yr BP
(Barmawidjaja et al., 1993).

6.2. The Northwest Monsoon ‘switch’
In the modern Banda Sea, as noted above, the

mixed layer thins seasonally during the SE Monsoon
and is thickest during the NW Monsoon. The obser-

vation that the mixed layer was significantly thinner in
the Banda Sea during MIS 3 and 2, until ~15,000 cal
yr BP, points to a reduction in the influence of the NW
Monsoon. This result closely matches the estimate of
NW Monsoon ‘switching on’ in Australia at 14,000 yr
BP estimated by Wyrwoll and Miller (2001) and van
der Kaars and De Deckker (2002).

We suggest that the ITCZ was north of the Banda
Sea during MIS 3 and 2 most, if not all, of the year,
promoting the trade winds to blow across the Banda
Sea, without incursions of the ITCZ into northern
Australia. This essentially has the effect of the oper-
ation of a ‘perpetual’ SE Monsoon (c.f. Barrows and
Juggins, 2005). Stott et al. (2004) have suggested that
even in the early Holocene, the ITCZ was further
north than present in the western tropical Pacific
Ocean. In core SHI 9016, we see that the NW Mon-
soon strengthens in the early Holocene. However, at
~7500 yr BP, a small spike in 7',c,, can be seen and a
positive response in thermocline species suggests a
momentary strengthening of the SE Monsoon.

Studies of the vegetation history of areas flanking
the western Indonesian Throughflow (Barmawidjaja
et al., 1993; van der Kaars and Dam, 1995) indicate
that MIS 3 was drier and this is attributed to the
reduction of the NW Monsoon. The vegetation history
of the Indonesian region indicates drier climates cul-
minating at the LGM (van der Kaars, 1989; Barma-
widjaja et al., 1993; van der Kaars and Dam, 1995;
Wang et al., 1999; van der Kaars et al., 2000). Clay
analysis by Gingele et al. (2001) also indicates a dry
climate during the LGM. In addition, the vegetation
history reveals an increase in wetter climatic condi-
tions from 17 to 14 ka (van der Kaars, 1989; Barma-
widjaja et al., 1993; Wyrwoll and Miller, 2001).
Northern Australia studies by Magee et al. (1995),
Magee and Miller (1998), Croke et al. (1999), Veeh et
al. (2000), English et al. (2001), van der Kaars and De
Deckker (2002), Hesse and McTainsh (2003), and
Hesse et al. (2004) also indicate drier conditions
during MIS 3 and 2 and suggest greater influence of
the SE Monsoon.

The NW Monsoon seems to strengthen at 10,300
cal yr BP, indicating that the biannual monsoonal
system was most intense at this time (Fig. 6). Simi-
larly, seasonality is high at 65,000-70,000 cal yr BP,
and at 78,000 cal yr BP. Magee et al. (1995) suggested
that the NW Monsoon promoted wetter phases in the
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Lake Eyre catchment of central Australia at 125,000
yr BP, 80,000 yr BP, 65,000 yr BP, and 40,000 yr BP.
Although our record does not extend back to 125,000
cal yr BP, we see similar timings for the incursion of
the NW Monsoon across the Banda Sea at 80,000 and
65,000 yr BP. In contrast, Gingele et al. (2002) sug-
gested that the NW Monsoon was more dominant
during 70,000-55,000 and 35,000-20,000 yr BP in
the eastern Indian Ocean, due to the direction and
source of clays in the South Java Current.

6.3. Sea-surface temperature and regional aridity
during the LGM

Our SST estimates do not indicate a significant
change in SST during the LGM in core SHI 9016
and that most of the change in fauna is due to changes
in mixed-layer depth as a response to surface wind
forcing. The main change in temperature is at 150 m
water depth which suggests the movement of the
thermocline into the photic zone during MIS 3 and
2 (Fig. 6).

Surface temperature estimates around the Indone-
sian Archipelago vary widely and are often contradic-
tory. However, these estimates are over a wide
geographical area and from different oceanographic
settings. The lack of evidence for cooling during the
LGM supports the findings of Ahmad et al. (1995) and
Linsley (1996), but differs from the SST estimates of
Thunell et al. (1994) and Ding et al., 2002, and also
Mg/Ca results of Lea et al. (2000), Stott et al. (2002),
Visser et al. (2003), and Stott et al. (2004). Ding et al.
(2002) found a reduction in SST of 1 °C in the Makas-
sar Strait and a reduction of 1.9 °C in the northeastern
Indian Ocean. Stott et al. (2002) also found a 2 °C
reduction during the LGM, using Mg/Ca analyses, at
the eastern edge of the Indonesian Archipelago. Fur-
thermore, recent studies by Thunell et al. (1994) esti-
mate 0—1.5 °C cooling, whereas Lea et al. (2000) and
Visser et al. (2003) estimate 3 °C cooling during the
LGM in the western equatorial Pacific and the Makas-
sar Strait, respectively. We note that the SST reduction
of 1 °C in the Makassar Strait in the study by Ding et
al. (2002) used the AUSMAT-F3 database (Barrows et
al., 2000), but in this study of core SHI 9016, we use
an updated version (AUSMAT-F4). Thunell et al.
(1994) also used the older database of Prell (1985)
with the MAT. Taken together, these studies indicate

that the Throughflow was not cooler than present by
more than ~3 °C.

Without significant SST change, the 6'*0 differ-
ence between the LGM and present (A5'%0) of
0.4%o in SHI 9016 can be explained by sea-surface
salinity increase due to decreased precipitation dur-
ing the LGM. De Deckker et al. (2003) believe that
the altered configurations of the land margins during
the LGM may have increased the salinity of surface
water. Ganssen et al. (1989) found that the A5'%0
was 1.2%o in the Banda Sea. This is close to the
estimated value of the ice volume effect of 1.0-1.1%o
of Schrag et al. (1996). However, Ahmad et al.
(1995) found a Ad'®0 of 1.6 %o in core SHI 9014
also in the Banda Sea (Fig. 1). They supported
CLIMAP’s estimate of no SST change during the
LGM and explained the A5'®0 of 0.4%0 as a result
of increased salinity. A A5'%0 of 0.8%o was reported
by Barmawidjaja et al. (1993) for the northern
Molucca Sea in core K12 (Fig. 1). This indicates
that during the LGM, the northern Molucca Sea
surface water was either 3 °C cooler or was 1.5—
1.9%o saltier, or some combination of the two para-
meters (Barmawidjaja et al., 1993). Martinez et al.
(2002) showed that there was a ~3 °C SST change
within core K12, based on planktonic foraminiferal
assemblages, favouring the former interpretation.
However, evidence from the semi-isolated Sulu Sea
basin by Oppo et al. (2003) suggests that salinity did
not change and Visser et al. (2003) suggests that an
increase in salinity was not apparent in the Makassar
Strait and decreased temperature explained all of the
6"%0 residuals.

On a regional scale, salinity appears to be higher
during the Pleistocene; Ahmad et al. (1995) and Lins-
ley (1996) found that salinity was more influential
than SST during the LGM. This is confirmed by the
study of Martinez et al. (1997) and De Deckker et al.
(2003), which examined 'O residuals for the entire
WP region. Presently, during the SE Monsoon, sea-
surface salinities are greater than during the NW
Monsoon ‘wet season’ by ~3%o (Wyrtki, 1961).
Again, there seems to be evidence that the SE Mon-
soon was the dominant phase of the Australasian
Monsoon during MIS 3 and 2 due to the apparent
reduction of precipitation.

Regional vegetation changes (Wang et al., 1999;
van der Kaars and Dam, 1995; van der Kaars et al.,
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2000, 2001; Haberle et al., 2001; Hope, 2001)
indicate that precipitation was reduced during the
LGM and this might largely explain the increase
in salinity. Modified clay mineralogies, potentially
related to changes in river discharge, appear to
support reduced precipitation during the LGM (Gin-
gele et al., 2001).

6.4. The Indonesian Throughflow

Studies conducted in the eastern Indian Ocean
indicate a stronger Java upwelling system between
the LGM and today (Martinez et al., 1998, 1999;
Takahashi and Okada, 2000; Gingele et al., 2001).
In addition, palacoproductivity proxy investigations
by Miiller and Opdyke (2000) in the Timor passage
indicate increased nutrients in the mixed layer during
MIS 2. Miiller and Opdyke (2000) concluded that
during the LGM, there was higher surface ocean
productivity than during the Holocene due to a reduc-
tion or absence of the low-salinity cap.

Presently, upwelling along the coast of Java oper-
ates between August and September (Wyrtki, 1962)
due to the SE Monsoon. However, blooms associated
with increased nutrients are limited due to the capping
effect of the low-salinity boundary layer (sensu Lukas
and Lindstrom, 1991) of the Throughflow, which
increases during the SE Monsoon (Tomczak and God-
frey, 1994). A more dynamic and productive Java
upwelling system encouraged by the SE Monsoon is
indicated in studies by Martinez et al. (1999) and
Gingele et al. (2002). With less precipitation in the
area during the LGM, it is possible that characteristics
of the present-day, low-salinity boundary layer were
not applicable.

7. Conclusion

We establish that the NW Monsoon over northern
Australian and the Banda Sea was not operating dur-
ing the LGM and ‘switched on’ about 14,000 yr ago.
Therefore, there were no excursions of the ITCZ south
of the Banda Sea that today bring moisture to Aus-
tralia. A scenario where the NW Monsoon does not
operate would create a situation analogous to the SE
Monsoon operating throughout the year because the
trade winds would blow continually across the Banda

Sea. Like today, this would promote a thinner mixed
layer and a shallower thermocline. This situation is
supported by the planktonic foraminifera data, which
indicate that the mixed layer was thinner during the
LGM and thickened at the beginning of the Holocene.
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