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ABSTRACT: Indonesian Throughflow (ITF), which is part of the global thermohaline
circulation, is known to play an important role in the heat exchange between the Pacific and Indian
Oceans. The flow of the ITF is highly complex, it depends on temperature and salinity. This study
presents a proxy study from 25,000-18,000 years ago from two sites that are connected by the
Indonesian Throughflow in the Makassar Strait. Oceanographic characteristics, including Sea
Surface Temperature (SST) and Sea Surface Salinity (SSS) were reconstructed and analyzed
during the Last Glacial Maximum (LGM) period. A 295 cm marine sediment core coded SO217-
18522 (1°24.106'N; 119°04.781'E, water depth 978 m) and SO217-18519 (0°34.329'N;
118°06.859'E, water depth 1658 m) from the SONNE 217 research cruise in 2011 was used as

research material. Oxygen isotope §'®0 analysis, planktonic foraminiferal Mg/Ca geochemistry,
and radiocarbon dating were used in this study. The SST reconstruction shows that the temperature
during the LGM reach the minimum during ~20 ka BP and the SST value was significantly lower
by ~2-3 °C compared to the Late Holocene value. The SST also shows significant cooler in marine
sediment SO2017-8519 located in the southern site compared to the northern site. Salinity
reconstructions during the LGM shows that SSS value was 0.82—1.13 psu higher than in the
Holocene. The south—north gradients of SST and SSS in the Makassar Strait were larger over the
23.2-24.2 ka BP (SST gradient by 0.5—-1 °C and SSS gradien by 1-1.7 psu) compared to the Late
Holocene. The increase in SST and SSS gradients during the ~20 ka BP likely indicates a
weakened intensity of the surface ITF relative to conditions during the Late Holocene.

Keywords: [Indonesian Throughflow, Last Glacial Maximum, Sea Surface Temperature, Sea Surface
Salinity

ABSTRAK: Arus Lintas Indonesia (Arlindo) yang merupakan bagian dari sirkulasi arus
termohalin global diketahui memainkan peran penting dalam pertukaran panas antara Samudra
Pasifik dan Samudra Hindia. Aliran massa air Arlindo sangat kompleks dan bergantung pada
suhu serta salinitas. Penelitian ini menyajikan studi proksi pada 25.000—18.000 thl dari dua lokasi
yvang dihubungkan oleh Arlindo di Selat Makassar. karakteristik oseanografi, termasuk Suhu
Permukaan Laut dan Salinitas Permukaan Laut direkonstruksi dan dianalisis. Inti sedimen laut
sepanjang 295 cm dengan kode SO217-18522 (1°24,106°LU; 119°04,781'BT, kedalaman air 978
m) dan SO217-18519 (0°34,329°LS; 118°06,859'BT, kedalaman air 1.658 m) hasil pelayaran riset
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SONNE 217 pada tahun 2011 digunakan sebagai bahan penelitian. Analisis oksigen isotop s§80 ,
geokimia Mg/Ca foraminifera planktonik dan radiocarbon dating digunakan dalam penelitian ini.
Rekonstruksi SPL menunjukkan bahwa suhu selama LGM mencapai minimal sekitar ~20 ribu thl
dan secara signifikan lebih rendah sebesar ~2—3 °C dibandingkan dengan pada saat Holosen
Akhir. SPL juga menunjukkan pendinginan yang signifikan pada sedimen laut SO2017-18519
yang terletak di selatan dibandingkan dengan di utara. Rekonstruksi salinitas selama LGM
menunjukkan bahwa nilai salinitas permukaan laut lebih tinggi sebesar 0,82—1,13 psu
dibandingkan saat Holosen akhir. Gradien selatan—utara SPL serta SSS di Selat Makassar
menunjukkan gradien lebih besar pada periode 23,2—24,2 ribu thl (gradien SST sebesar 0,5—1 °C
dan gradien SSS sebesar 1-1,7 psu) dan lebih tinggi dibandingkan saat Holosen akhir.
Peningkatan gradien SST dan SSS selama 20 ribu thl kemungkinan menunjukkan melemahnya
intensitas ITF permukaan relatif terhadap kondisi selama Holosen Akhir.

Kata Kunci: Arus Lintas Indonesia, Glasial Maksimum Terakhir, Suhu Permukaan Laut, Salinitas

Permukaan Laut

INTRODUCTION

Indonesian Throughflow (ITF) is the only
connecting circulation between low latitude regions
that carries upper thermocline water masses and
surface water masses from the Pacific Ocean to the
North Atlantic (Gordon, 1986). ITF, caused by the
sea level difference between the Pacific and Indian
Oceans (Wyrtki, 1961, 1987), transfers water mass
and heat from the western equatorial Pacific to the
Indian Ocean (Godfrey, 1996; Gordon et al., 2010;
Sprintall et al., 2014; Vranes et al., 2002).

Under modern conditions, the strength of the
ITF is known to modify the heat budget and
freshwater and air-sea heat fluxes in the Pacific and
Indian oceans seasonally, and influence the El Nifio
Southern Oscillation (ENSO), Indian Ocean Dipole
(IOD) and monsoon. Climate models consistently
project a weakening of the ITF in response to
increasing greenhouse gases due to global warming
(Ding et al., 2013; Feng et al., 2018; Sen Gupta et al.,
2016). In this case, the study of the ITF variability
and it’s influence mechanisms in the Makassar Strait
during the past periods of major climate change can
provide important insights regarding the sensitivity
of the ITF to various climate changes.

One of the most important periods among other
geological periods is the Last Glacial Maximum
(LGM). LGM is generally known as a period of
global cooling and significant sea level changes.
During this period, Sunda Shelf including Java Sea,
Gulf of Thailand, South China Sea (SCS) and Sahul
Shelf was exposed as sea levels dropped down to 120
meters (Peltier & Fairbanks, 2006) compared to
modern conditions. During this period, the path of the
ITF was only through the Makassar Strait and Timor
Sea, therefore it is very interesting to study the Sea
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Surface Temperature (SST), Sea Surface Salinity
(SSS) and ITF variability during this time periods.

In the past 30 thousand years (30 ka BP), a
previous study demonstrated that the south—north
thermocline temperature gradient reached its
maximum value during the time intervals of 27-24.2
ka BP and 19-13.4 ka BP, respectively. These two
intervals of enhanced S—N thermocline hydrological
gradient indicated a weaker ITF (Fan et al., 2018).

In this study, two marine sediment cores SO217-
18522 (1°24.106'N; 119°04.781'E, water depth 978
m) and SO217-18519 (0°34.329'N; 118°06.859'E,
water depth 1658 m) were collected from the
Sulawesi Sea region (representing north of Makassar
Strait) and the Makassar Strait (representing south of
Makassar Strait), respectively, during the SONNE
217 research cruise in 2011. The water masses in the
surface and thermocline layer at both locations are
linked by the ITF from the Pacific Ocean to the
Indian Ocean. The SST and SSS obtained from
proxies at both sites were then compared, enabling an
assessment of the variability of the past ITF
conditions during the LGM.

METHODS

This study uses two marine sediment cores
obtained from the SONNE 217 research cruise in
2011, namely SO217-18519, and SO217-18522
(Figure 1). The marine sediment cores were taken in
the Makassar Strait as these locations are the main
pathways of the ITF (~80% of water masses from the
Pacific Ocean to the Indian Ocean enter through the
Makassar Strait and Sulawesi Sea).

Age Model
The absolute age dating (quantitative age) of the
marine sediment cores SO217-18522 and SO217-
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Figure 1. Study area (sediment sampling locations shown by red circles)

18519 was determined using Accelerator Mass
Spectrometry (AMS)14C measurements. These
AMS!*C measurements followed the methodology
outlined in previous studies (Fraser et al., 2014;
Hendrizan et al., 2017). The age dating for the marine
sediment cores SO2017-18522 and SO217-18519
was based on eight AMS!4C data point published by
Schroder et al.(2018).

Stable Oxygen Isotopes 5180 Analysis

The stable isotope proxies that are frequently
used in this research are the 8'%0. The term & used in
this notation reflects the ratio of 130/160 compared
to a standard: PeeDee Belemnite (PDB). The
variation of 8'%0 is expressed in permille (%o).

The §'%0 isotope analysis of planktonic
foraminifera was measured at 2-5 cm intervals,
equivalent to a time resolution of hundreds of years to
thousands of years (Hendrizan et al., 2017; Schroder
et al.,, 2016). Each sample contains 40 shells of
planktonic foraminifera Globigerinoides ruber
(fraction size 315-250 pm) for 5180 analysis. Stable
isotope measurements were performed using a
Finnigan MAT 253 instrument located in the Leibniz
Laboratory at Kiel University.

Temperature Reconstruction derived from
Mg/Ca Measurements

The Mg/Ca analysis was conducted using
planktonic foraminifera Globigerinoides ruber

obtained from marine sediment cores SO217-18522
and SO217-18519. For this analysis, about 30
specimens were picked from the 315-250 um sieve
with sample intervals of 4-10 cm. The Mg/Ca
analysis was carried out at the Institute of
Geosciences, University of Kiel, Germany, using
ICP-OES (Spectro Ciros SOP 34 CCD, Spectro
Analytical Instruments, Germany). Each Mg/Ca data
was then normalized using a value of 3.82 mmol/mol
Mg/Ca (Greaves et al., 2008). After monitoring the
data quality of the measurement results, the Mg/Ca
ratio was converted into calcification temperature
using the Globigerinoides ruber calibration (Anand
et al., 2003) as formulated in Equation 1:

Mg/Ca = 0,38 (£0,009) x exp (0,090((£0,003) x T) (1)

where Mg/Ca is the Mg/Ca measurement result
(%o0); T is the temperature (°C).

Salinity Reconstruction From SISOSW

The reconstruction of 580, was calculated
from the equation derived by Bemis et al. (1998)
based on the Mg/Ca and 8'%0 data pairs of
Globigerinoides  ruber with the following
formulation (Equation 2):

5180, = 0,27 + (T- 16,5 + 4,8 x §80)/48 (2)
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Where 5'%0,,, is the seawater stable oxygen
isotope (%o), T is the temperature (°C); and 8180 is
calcite/Globigerinoides ruber stable oxygen isotope
(%o).

In this case, the results of the calculation of
618OSW cannot be used directly as a proxy for
seawater salinity, but still need to be completed by
calculating the effect of ice volume. The calculation
of the ice volume correction is obtained based on the
reconstruction of past sea level changes from the
global ocean 81808“, data (Sarnthein et al., 2011).
Salinity were calculated based on Equation 3
(Fairbanks et al., 1997).

5180, = 0,273 (5) - 9,14 3)

where 81805W is the seawater stable isotope
(%o), S is the salinity (PSU)

RESULTS

Depth and Age of Sediment Cores

The absolute age dating (quantitative age) of
marine sediment cores from the Makassar Strait in
this analysis uses data from Schroder et al., (2018),
performing the AMS"C measurement. Interpolation
curves were generated from AMS'C tie points using
the Stineman function (a function in Kaleidagraph).
The AMS™C measurement data for these two marine
sediment cores, derived from planktonic
foraminifera, indicate that the sediment ages of cores

S0O217-18522 and SO217-18519 range from 25 ka
BP (thousand years ago/ka before present) (Figure
2). These cores provide a more complete climate
record, spanning from the LGM (25—18 ka BP) to the
Late Holocene (50 ka BP).

Stable Isotopes 6'30 Variability

The 8'%0 values of Globigerinoides ruber in
marine sediment cores SO217-18522 and SO217-
18519 exhibit a highly consistent trend with a
glacial-interglacial contrast of ~2%o (Figure 3) in the
Makassar Strait.

During the Late Holocene period, which lasted
approximately ~5-0 ka BP, both marine sediment
cores in southern and northern site shows the §'30 of
Globigerinoides ruber an average value of around
-2.9%o. and -2.8%o, respectively. The average value
of the 5'%0 in northern site (S02017-18522) during
the Late Holocene is 2.9%o with a maximum 5'%0 of
-2.76%o around ~0.6 ka BP and minimum §'%0 of
-3.21%o around ~0.3 ka BP. The average value of
§8'30 in southern site (S02017-18519) is -2.9%o with
a maximum 5'80 of -2.78%o around ~2.3 ka BP ka
BP and minimum 8'80 of -3.17%o around ~1.4 ka BP.

The 5'80 of Globigerinoides ruber in northern site
(SO217-18522) indicates that the oldest sediment layer,
corresponding to the LGM or 25—18 ka BP, shows 5'%0
values ranging from -0.7 to -1.3%o with an average of -
1%o. The 8'30 of Globigerinoides ruber in southern site
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Figure 2. Age Model of marine sediment cores SO217-18522 and SO217-18519 (Schrdder et al., 2018)
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Figure 3. The §'%0 in Marine Sediment Cores SO217
(LGM) to the Late Holocene

(SO217-18519) shows 8180 values ranging from -0.8 to
1.28 %o with an average of 1%eo.

Sea Surface Temperature Reconstruction
From Mg/Ca Measurements

The SST reconstruction derived from Mg/Ca
analysis of Globigerinoides ruber in marine
sediment cores S0217-18522 and SO217-18519
exhibit a highly consistent trend with a glacial-
interglacial contrast of ~2-3°C (Figure 4) in the
Makassar Strait. Mg/Ca ratios measured in both
marine sediment cores SO217-18522 and SO217-
18519 at the LGM and Late Holocene period are not
significantly different. The detailed Mg/Ca trend can
be observed in Figure 4.

During the Late Holocene period, which lasted
approximately ~5—0 ka BP, both marine sediment
cores in southern and northern site shows an average
concentration of around 4.72 mmol/mol and 4.73
mmol/mol, respectively. Increasing trend of Mg/Ca
is equivalent to a increase in SST of approximately
~2 °C. The average value of SST in northern site

25
Age (ka BP)
-18522 and SO217-18519 from the Last Glacial Maximum

(SO2017-18522) during the Late Holocene is 27.98
°C with a maximum SST of 28.79 °C around ~1.4 ka
BP and minimum SST of 26.65 °C around ~0.3 ka
BP. The average value of SST in southern site
(S02017-18519) is 27.98 °C with a maximum SST
of 28.57 °C around ~3.9 ka BP ka BP and minimum
SST of 27.66 °C around ~2.3 ka BP.

During the LGM period, which lasted
approximately ~25-18 ka BP, both marine sediment
cores SO217-18522 and SO2017-18519 shows a
decreasing trend with an average concentration of
around 3.78 mmol/mol and 3.62 mmol/mol,
respectively. Decreasing trend of Mg/Ca is

equivalent to a decrease in SST of approximately ~2
°C. The average value of SST in northern site
(S02017-18522) during the LGM is 25.48 °C with a
minimum SST of 24.57 °C around ~19.9 ka BP. The
average value of SST in southern site (SO2017-
18519) is 25.06 °C with a minimum SST of 24.57 °C
around ~20.1 ka BP.
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Figure 4. Mg/Ca Ratio of Marine Sediment Cores (a) SO217-18522 and (b) SO217-18519 from the Last Glacial

Maximum (LGM) to the Late Holocene
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5180/8'%0,,, and Sea Surface Salinity

The corrected 3'30,, record, based on the Mg/
Ca and 5'%0 data pairs, shows that SSS values
increase at the LGM for both marine sediment cores
S02017-18522 and SO2017-18519. The 61805W and
salinity reconstruction in both marine sediment cores
S0O217-18522 and SO217-18519 at 25-18 ka BP
shows the difference between the northern and
southern sites. The marine sediment core SO2017-
18522 located in the north exhibits higher 580y, and
salinity values compared to the marine sediment core
S0O2017-18519 in the southern site. The detailed
518osw and salinity reconstruction trend can be
observed in Figure 5.

During the Late Holocene period, which lasted
approximately ~5—0 ka BP, both marine sediment
cores in southern and northern site shows the average
value of 8'%0y, is around -0.01%o and 0.7%o,
respectively. The average value of SSS in northern
site (SO2017-18522) during the Late Holocene is
33.39 psu with a minimum SST of 32.63 psu around
~4.5 ka BP. The average value of SSS in southern site
(SO2017-18519) is 33.37 psu with a minimum SSS
0f32.31 psu around ~1.4 ka BP and maximum SSS of
33.80 psu around ~4.5 ka BP.

During the LGM period, approximately The
880, values in marine sediment core SO217-
18522 wvary between -0.1%0 and 0.6%0 with an
average of 0.1%o. The 8! 8OSW values in sediment core
SO217-18519 vary between -0.08%o and 0.4%o with
an average of 0.2%o. The mean sea surface salinity
value derived from the Mg/Ca and 8'%0 data pairs in

sediment core SO217-18522 is 34.61 psu and 34.19
psu in sediment core SO217-18519.

DISCUSSIONS

Trend SST and SSS in the Makassar Strait on the
LGM indicates cooling SST and increasing SSS from
25 to 18 ka BP for both marine sediment cores
S0O2017-18522 and SO2017-18519 (Figure 6). The
reconstructed SST and SSS results are consistent
with other published marine sediment records in
Makassar Strait (Visser et al., 2003; Fan et al., 2013,
2018; Schroder et al., 2018).

The trend of Mg/Ca values from 25 — 18 ka BP
indicates a decrease in both sediment cores from the
northern (SO217-18522) and southern (SO217-
18519) sites with small fluctuations during the LGM
period (Figure 6). Based on the trend analysis, the
Mg/Ca value for the sediment core at the northern site
(SO217-18522) is -0.00061 mmol/mol, while the
sediment core at the southern site (SO217-18519)
shows a value of -0.004 mmol/mol during the LGM.
The Mg/Ca trend during this period is lower in the
sediment core located in the south (SO217-18519)
compared to the northern site (SO217-18522). These
Mg/Ca values for the northern site (SO217-18522)
align with similar trends observed in previous studies
(Fan et al., 2018), which suggests that the decrease in
Mg/Ca values during the LGM is consistent across
different locations.

SST value in both marine sediment cores shows
significantly cooler in the southern region (SO217-
18519) compared to the northern region (SO217-
18522) (Figure 5). During the LGM period both two
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cores reach the minimum SST during ~19.8-20.2 ka
BP. The results are consistent with two other sediment
cores in the Makassar Strait, which indicate a
maximum decrease of SST around ~23-18 ka BP
(Fan et al., 2018; Lis., 2019). This decrease is shows
that peak of the LGM period in both cores SO2017-
18522 and SO2017-18519 in the Makassar Strait
reached its maximum at ~19.8 ka BP.

The trend of SSS values from 25 — 18 ka BP
indicates an increase in both sediment cores from the
northern (SO217-18522) and southern (SO217-
18519) sites during the LGM period (Figure 6).
Based on the trend analysis, the sediment core at the
northern site (SO217-18522) shows an increase of
0.42 %o, while sediment core in southern site
(S0O217-18519) shows an increase of 0.19 %o during
the LGM. The SSS trend during this period is higher
in the sediment core located in the north (SO217-
18522) compared to the southern site (SO217-
18519), indicating a more significant rise in the
northern part.

The highest SSS values in the northern site,
along the ITF pathway during the LGM, show a
similar trend to SSS values observed in previous
studies (locations MD98-2178 and MD98-2161; Fan
et al.,, 2018). The difference in SSS between the
southern and northern parts of the Makassar Strait
during the LGM period is believed to be related to
differences in freshwater input from the Kalimantan
region (Hendrizan et al., 2020). This freshwater input
leads to lower SSS values in the southern site
compared to the northern site.

Indonesian Throughflow Intensity

The south-north SST and SSS gradient
represents the amount of warm and salty water mass
transported through the Makassar Strait (Pang et al.,
2021; Fan et al., 2018). The south-north SST and
SSS gradients in the Makassar Strait, relatively
increased from the Last Glacial Maximum (LGM) to
the Late Holocene period, with a significant peak
between 23.8-20.6 ka BP (Figure 7). Fan etal. (2018)
suggest that, over multi-millennial timescales,
greater temperature gradients likely indicate a
reduction in ITF transport compared to Holocene
conditions.

Figure 7 shows that the south-north gradients of
SST and SSS across the Makassar Strait were higher
during the LGM compared to the Late Holocene, with a
notable peak between 24.2 and 23.2 ka BP. Under
modern conditions, ITF intensity is weaker, especially
during the west monsoon (seasonal), El Nifio
(interannual), and positive Pacific Decadal Oscillation
(PDO) phases, as indicated by lower SST, higher SSS,
and a shallower thermocline in the Makassar Strait
(Gordon et al., 2012; 2019; Susanto et al., 2012).

Assuming similar conditions during the glacial
period to those of the modern era, a possible
explanation for the increased trend of South—North
SST gradient in the Makassar Strait could be related
to a weakened ITF. Weakened ITF would results in
less warm and saline Pacific water reaching the
southern end of the Makassar Strait, which, in turn,
enhances the temperature gradients between the
southern and northern areas, as reflected by cores
S0217-18522 and SO217-18519.
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During long periods over the past hundreds to
thousands of years that show reduced ITF intensity, a
deeper mixed layer and thicker thermocline should
have occurred, similar to the modern seasonal ITF
pattern (Xu et al., 2008). In this scenario, ITF
transport is reduced and generally occurs in the
mixed layer. This results in a larger SST gradient
between the southern and northern ends of the
Makassar Strait (Fan et al., 2018). Using this
framework, our data suggests a decrease in
throughflow during the LGM relative to the Late
Holocene. Our results show that ITF transport was
also reduced in the mixed layer, increasing the SST
gradient between the southern and northern ends of
the Makassar Strait (Fan et al.,, 2018). Our data
suggest a decrease in ITF transport during the LGM
compared to the Late Holocene. We observe that ITF
transport was reduced in the mixed layer, as indicated
by the greater south-—north gradient of SST and SSS.
This negative gradient reflects weakened ITF
transport during the LGM, with less warm, saline
water reaching the southern Makassar Strait. The
result is a more stratified water column, with cooler,
fresher water remaining in the south, thus increasing
the SST and SSS gradient.

In relation to the short-term (e.g. seasonal)
intensity of the Indonesian Throughflow (ITF), SST
gradients between the southern and northern ends of
the Makassar Strait exhibit variations. These
variations likely reflect seasonal changes in wind
patterns and surface currents that modulate the ITF
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strength. But in an equilibrium state on the scale of
hundreds to thousands of years, the increase in SST
and SSS gradients over the past 20 ka BP likely
indicates weakened ITF transport relative to the
situation during the Holocene (Fan et al., 2018; Lis,
2019).

The observed decrease in the south-north SST
gradient during the LGM period suggests a potential
link to changes in large-scale ocean-atmosphere
circulation patterns, particularly El Nifio-Southern
Oscillation (ENSO), the dominant mode of
interannual climate variability in the tropical Pacific.
The prolonged El Nifio-like conditions occurs during
the LGM and reduced the pressure gradient
difference between the western Pacific and the
eastern Indian Ocean. Previous studies (Dang et al.,
2015; Fan et al., 2018, 2013; Zhang et al., 2018)
suggest that during "El Nifo-like" conditions,
weakened trade winds and enhanced westerlies in the
Indo-Pacific region can lead to drier conditions in
Indonesia, particularly in Kalimantan and Sulawesi.
This reduced rainfall, coupled with altered surface
currents and ocean-atmosphere interactions, likely
contributed to the increased SST gradient in the
Makassar  Strait. Understanding the complex
interplay between ENSO, ITF variability, and SST
gradients in this region is crucial for assessing the
potential impacts of climate change on the marine
ecosystem. Future research should focus on
quantifying the relative contributions of these



mechanisms and predicting how they may respond to
changes in global climate patterns.

CONCLUSSIONS

Variability of the ITF during the LGM period is
largely reflected in the SST and SSS reconstruction
results from the two marine sediment cores SO217-
18522 and SO217-18519. During this period, oxygen
isotope analysis and Mg/Ca geochemistry of the
planktonic foraminifera Globigerinoides ruber
showed changes in SST and SSS in the Makassar
Strait. Trends in SST and SSS shows that SST
decreased and SSS increased during the LGM period.
The south—north gradients of SST and SSS in the
Makassar Strait increased (reflected by the negative
S—N SST values) since this period relative to the Late
Holocene conditions and was higher at ~20 ka BP,
indicating a weakening of the ITF transport in the
mixed layer. These results agree with previous
research findings which showing that the Indonesian
Throughflow weakened during the glacial period
with a peak at 20 ka BP in this sites.
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