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Abstract We present a high-resolution (~20 to 100 years temporal resolution) reconstruction of
hydrological changes in the Makassar Strait over the last 14 kyr from Core SO217-18517 retrieved off the
Mahakam Delta (1°32.1980S, 117°33.7560E; 698 m water depth) during the SO217 Makassar-Java Cruise. Sea
surface temperatures, based on Mg/Ca of Globigerinoides ruber and alkenone UK0

37, and seawater δ18O
reconstructions, based on G. ruber δ18O andMg/Ca, in combination with sortable silt grain sizemeasurements
and X-ray fluorescence (XRF) core scanner derived elemental data provide evidence for increased
precipitation during the Bølling-Allerød (BA) and early Holocene and for warmer and more saline surface
waters and a decrease in the intensity of the Indonesian Throughflow (ITF) during the Younger Dryas (YD).
XRF derived Log (Zr/Rb) records, sortable silt data and increased sedimentation rates indicate decreased
winnowing, interpreted as a slowdown of the ITF thermocline flow during the YD. We attribute this decline in
ITF intensity to slowdown of the Atlantic meridional overturning circulation during the YD. We suggest that
changes in Makassar Strait surface hydrology during this interval of Northern Hemisphere cooling and
Southern Hemisphere warming were related to a southward displacement of the Intertropical
Convergence Zone.

1. Introduction

The variability of the Indonesian Throughflow (ITF) during the last glacial cycle has been related to major
cooling events in the Northern Hemisphere and associated southward displacement of the Intertropical
Convergence Zone (ITCZ) (e.g., Holbourn et al., 2011; Mohtadi et al., 2011; Zuraida et al., 2009). Episodes of
intense cooling and slowdown or even collapse of the Atlantic meridional overturning circulation (AMOC)
during Heinrich Events (Ganopolski & Rahmstorf, 2001; Broecker, 2003; Piotrowski et al., 2005) exhibit striking
similarities to the Younger Dryas (YD) cooling event at the end of the last deglaciation (Denton et al., 2010),
which has even been referred to Heinrich 0 Event by some authors (Andrews et al., 1995; Kirby, 1998). A num-
ber of studies suggested that the YD climate change was probably related to a reduction in the AMOC (e.g.,
Stouffer et al., 2006), resulting in an increase of the Southern Ocean-derived deep-water volume in the North
Atlantic (Boyle & Keigwin, 1987) and a reduction of the North Atlantic deep-water export (Henry et al., 2016;
McManus et al., 2004). Numerical models predicted that a slowdown in the global thermohaline circulation
results in a weakening of the ITF, which in turn reduces the southward directed warm Leeuwin Current off
Western Australia and the fresh and cool thermocline flow feeding the South Equatorial Current (De
Deckker et al., 2003; Gordon, 2005). Temperature and δ18O of seawater (δ18Osw) reconstructions from Core
MD01-2378 in the Timor Sea indicated warm and salty upper thermocline water during Heinrich events
(HEs), related to weakening of the ITF through the Timor Strait (Zuraida et al., 2009). However, no evidence
for ITF variability during HEs or the YD is so far available from the upstream path of the ITF in the Makassar
Strait due to the scarcity of continuous, high-resolution records from thermocline water depths.

The first objective of this study was to address the lack of information on past ITF variability within the
Makassar Strait. Therefore, Core SO217-18517 (1°32.1980S, 117°33.7560E; 698 m water depth) was retrieved
~90 km off Borneo (Figures 1a and S1 in the supporting information) on a submarine high, offshore the south-
east distributary of the Mahakam River Delta. Today, the sea floor at this location below the main flow path of
the ITF is still influenced by the lower thermocline ITF with relatively low annual average southward flow
speed of ~0.1 m/s but seasonal maxima of ~0.3 m/s (Gordon et al., 2008). Winnowing of fine-grained particles
occurs seasonally and during periods of enhanced ITF such as during strong La Niña events. Significantly
higher flow speeds in the upper thermocline (up to 0.6 m/s annual average and seasonal maxima of
0.9 m/s (Gordon et al., 2008) additionally promote lateral advection of clay particles from more northerly
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sources into the central and southern part of the Makassar Strait (Dekov et al., 1999; Eisma et al., 1989). Thus,
the terrigenous particles accumulating at Site SO217-18517 may also include suspended material from
northern Borneo rivers with catchment areas in different climatic and geologic regions (Aldrian & Susanto,
2003; Hall & Nichols, 2002).

High concentrations of suspended sediment, in the range >2 mg/dm3, occur off the Mahakam River mouth
(Dekov et al., 1999; Eisma et al., 1989). The high terrigenous input from the Mahakam River plumemaintains a
relatively low carbonate content in sediments around the Mahakam River outflow in contrast to other loca-
tions in the Makassar Strait and Flores Sea, which are not affected by the high terrigenous flux from eastern
Borneo (Dekov et al., 1999). Eastern Borneo Rivers have among the highest yields of suspended matter in the
world, due to a combination of their locations in an active tectonic area, steep mountains, and torrential
seasonal rainfall (Milliman & Farnsworth, 2011; Milliman et al., 1999). In particular, the Mahakam River, which
is one of the largest rivers on Borneo, discharges 3.6 Mt of suspended load per year into the Makassar Strait,
where it has built up a large fan-shaped delta (Eisma et al., 1989; Milliman & Farnsworth, 2011). A character-
istic low salinity plume indicates preferential transport of Mahakam suspended load toward the SE into the
center of the Makassar Strait (Dekov et al., 1999; Eisma et al., 1989) with the position of Site SO217-18517
approximately in the center of this plume.

A second objective of this study was to closely monitor runoff and salinity changes at the front of the
Mahakam Delta over the last deglaciation and Holocene. The reconstruction of hydrological changes
related to tropical convective activity over the Indonesian archipelago on millennial timescale remains
a challenge due to the scarcity of high-resolution precipitation records from the maritime continent of
Indonesia. The few available records from North Australia, South Java, Flores (e.g., Griffiths et al., 2009;
Kuhnt et al., 2015; Mohtadi et al., 2011) show contrasting evidence of a dry HE1 and YD in Java and a
wet HE1 and YD in the Flores Sea and NW Australia. These records agree to some extent with the recent
hypothesis of enhanced tropical convection and intensified Walker circulation during global (tropical)
cooling (DiNezio et al., 2011). These modeling studies suggested that seasonal rainfall increases locally
during colder periods in the areas of the South China Sea, Celebes Sea, and Makassar Strait, where con-
vection is considerably enhanced (DiNezio et al., 2011). However, this hypothesis does not account for
the sharp regional contrast between records and needs to be tested in high-resolution sedimentary
archives that allow to differentiate variations in the salinity related δ18O of seawater and
continental runoff.

Figure 1. Seasonal changes in regional wind patterns associated with latitudinal displacement of ITCZ. (a) The ITCZ position occurs in the south during January; (b) the
ITCZ in the north during July. Wind data are derived from theNational Center for Environmental Prediction (NCEP) reanalysis project, available at http://www.esrl.noaa.gov/
psd/. Precipitation data are from Xie and Arkin (1997): Climate Prediction Center Merged Analysis of Precipitation (CMAP) precipitation estimates during 1981–2010,
available at http://iridl.ldeo.columbia.edu. Green dashed line indicates mean monthly position of ITCZ, following Waliser and Gautier (1993) and Fraser et al. (2014).
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The location of Site SO217-18517 and the adjacent catchment and delta of the Mahakam River are character-
ized by a tropical climate with significant rainfall throughout the year in the Samarinda region (supporting
information Figure S2). The rainfall averages ~2,100 mm/yr with ~120 mm even in the driest month and a
relatively small difference of ~100 mm between the wettest (March–April) and the driest months
(August–September). Today, the intensity of convective precipitation at this location is related to the seasonal
migration of the ITCZ, which passes over the area twice: in January–April during its northward swing and in
September–December during its southward displacement (supporting information Figures S2 and S3).
However, the seasonality of the ITCZ migration was substantially altered over the last deglaciation and
Holocene. Seasonal insolation, which drives the ITCZ position over the Mahakam Delta (1°S), differed from
the present day insolation maximum in January (driving the ITCZ northward). The early to middle
Holocene period was characterized by a dominant September insolation maximum (driving the ITCZ
southward), whereas a strong January maximum occurred at the end of HE1 (15 ka) (supporting information
Figure S3). These changes in the seasonality of insolationmay have had significant impact on local hydrologic
patterns and need to be taken into account in reconstructions of deglacial hydrology.

To fulfill these two main objectives, we generated sea surface temperature (SST) estimates from Mg/Ca of
Globigerinoides ruber and alkenone UK0

37, δ
18Osw records from δ18O and Mg/Ca of G. ruber, X-ray fluorescence

(XRF) core scanning data related to sediment discharge and winnowing, as well as bottom current intensity
estimates based on grain size (sortable silt) in Core SO217-18517. Our aims are to decipher changes in ITF
bottom water flow intensity in relation to surface hydrologic changes in the central Makassar Strait off East
Borneo over the last termination and Holocene. These new data will contribute to a better understanding
of the temporal and spatial evolution of tropical precipitation over central Indonesia and associated varia-
tions in ITF intensity during the last deglaciation and will, thus, help elucidate potential relations between
tropical climate variability, global circulation patterns, and high-latitude climate change.

2. Material and Methods

Core SO217-18517 was retrieved with a Split-Piston Corer during the SO217 Makassar-Java (MAJA) Cruise
aboard R/V Sonne in July–August 2011 (Kuhnt et al., 2011). The coring position was located at 1°32.1980S,
117°33.7560E in 698 m water depth, offshore the southeast distributary of the Mahakam River Delta, which
discharges large amounts of terrigenous sediment into the Makassar Strait (Dekov et al., 1999; Eisma et al.,
1989; Saller et al., 2004; Storms et al., 2005). The coring site was chosen on a topographic high to reduce
the likelihood of turbidite deposition (Kuhnt et al., 2011). Core SO217-18517 is 14.27 m long and mainly
consists of homogenous dark green/gray fine-grained clay (supporting information Figure S4).

2.1. Sampling Strategy

Core SO217-18517 was initially sampled at 10 cm intervals (1 cm thick half slices) equivalent to ~100 years
time resolution in the upper part of the core (middle to late Holocene). The lower part of the core (deglacial
to early Holocene) was subsequently sampled at 2 cm intervals (~20 years time resolution). A total of 375 and
345 samples were analyzed for planktonic foraminiferal stable isotopes and Mg/Ca, respectively. Stable
isotope and Mg/Ca preparation followed the procedure detailed in previous studies in this region (Bolliet
et al., 2011; Zuraida et al., 2009). In rare samples, where the number of foraminiferal tests was low, we
included foraminifers from the adjacent 1 cm thick half slice.

2.2. X-Ray Fluorescence Core Scanning

Technical details and practical operation of the XRF core scanner are described in Richter et al. (2006), and
metadata on scanning settings are provided in the supporting information. Single element areal counts
per second from the XRF measurements were normalized using log ratios to reduce volume effects related
to the abundance of other elements (Weltje & Tjallingii, 2008).

To estimate changes in grain density (related to grain size changes), we used the log normalized Zr/Rb. Zr is
enriched in heavy minerals (zircon) and associated with a coarser grained fraction, whereas Rb is enriched in
light clay minerals and characteristic of fine grain sizes (Dypvik & Harris, 2001; Kylander et al., 2011; Schneider
et al., 1997). Thus, the normalized Zr/Rb as an estimate of coarse and fine-grained detritus in the sediment can
serve as a proxy of current energy (Liu et al., 2002; Lo Giudice Cappelli et al., 2016; Schulte & Speijer, 2009). We
used the log ratio of potassium (K) and titanium (Ti) as a proxy of riverine sediment discharge (Kujau et al.,
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2010), based on the assumption that K dominates in the fine-grained fluvial sediment discharge from the
Mahakam River, since K weight percentages in surface samples from the Mahakam River reach relatively
high values of 2.4–2.6% in the clay fraction (<2 μm) (Liu et al., 2012). Bulk sediment (<63 μm) from this
area, which is more representative of the total runoff (including aeolian, small rivers, and along-slope
basinal transport), is characterized by lower K content (1.3 and 1.6%) and, thus, lower K/Ti log ratios. K/Ti
values are usually elevated in clay-rich sediments that have a relatively high illite content, derived from
source areas with common physical weathering such as the mountainous catchment areas of the
Mahakam River in the highland of Central Borneo.

2.3. Stable Isotopes

For δ18O analysis, approximately 10 tests of G. ruber were picked from the size fraction 315–250 μm at 10 cm
intervals over the interval 9 to 0 ka. Between 14 and 9 ka, sample spacing was decreased to 2 cm. All tests
were gently crushed into large fragments, agitated in ethanol for 1 s in an ultrasonic bath, decanted, and
dried at 40°C. δ18O was measured with a Finnigan MAT 253 mass spectrometer (Carbo-Kiel Device (Type
IV) for automated CO2 preparation from carbonate samples for stable isotopic analysis) at the Leibniz
Laboratory, Christian-Albrechts-University, Kiel. The samples were reacted by individual acid addition (99%
H3PO4 at 75°C). Standard external error is better than ±0.0 9‰ for δ18O, as documented by the performance
of international and laboratory-internal carbonate standard materials.

2.4. Mg/Ca Measurements

Thirty well-preserved tests of G. ruber were selected from the size fraction 315–250 μm, weighed with an
ultraprecision balance (Sartorius ME5 OCE), gently crushed between two glass plates to expose the inner
chamber walls and put into vials for cleaning. Cleaning procedures for removing contaminant phases were
applied with oxidative and reductive steps following the methods described in Martin and Lea (2002). A
freshly prepared subboiled HNO3 was used, and all work was conducted on a class 100 clean bench. The
dissolved samples were analyzed on a radial viewing simultaneous ICP-OES (Spectro Ciros SOP CCD,
Spectro Analytical Instruments, Germany) at the Institute of Geosciences, Christian-Albrechts-University
Kiel, applying an intensity calibration method (Villiers et al., 2002) and bracketing standards. The external
error is 0.1% rel. (1 sigma) for Mg/Ca. Matrix effects caused by the easily ionizable element Ca were investi-
gated and found to be negligible. Samples with a recovery in Ca concentration below 20% were rejected.
Fe/Ca, Al/Ca, and Mn/Ca were additionally monitored to test cleaning efficiency and samples showing a
significant correlation between Fe/Ca, Al/Ca, Mn/Ca, and Mg/Ca values were excluded, following Schmidt
et al. (2004).

Foraminiferal Mg/Ca were converted into temperature using the equation of Anand et al. (2003), providing an
accuracy of ±1.2°C in estimating calcification temperatures (T in °C):

Mg=Ca ¼ 0:38 exp 0:09 T for Globigerinoides ruber

We applied no correction for the reductive step included in the cleaning protocol, which generally results in a
small decrease in Mg/Ca leading to temperature underestimation of up to ~1°C (Barker et al., 2003).

2.5. UK0
37 SST Estimates

Sea surface temperatures were estimated at 10 cm intervals using the alkenone-based UK0
37 proxy over the

14–7 ka interval and at 50 cm intervals over the 7–0 ka interval. Alkenones were extracted from 1 g of homo-
genized bulk sediments and analyzed with double column gas chromatography at the Institute of
Geosciences, Christian-Albrechts-University Kiel, following the procedure of Rincón-Martínez et al. (2010).
The calibration of UK0

37 (ratio of 0.937 to 0.987) followed the temperature reconstruction of Muller et al.
(1998), which has been developed for temperature 0–29°C in core tops with a global distribution using
the equation:

SST °Cð Þ ¼ Uk
0
37 � 0:044

� �
=0:033

Toward the limits of alkenone saturation at ~29°C, the relationship between temperature and the UK0
37 index

becomes less reliable. It diverges from the linear relationship, which is the base of the calibration by Muller
et al. (1998), and tends to display a sigmoidal relationship (Conte et al., 2006; Sonzogni et al., 1997). This is
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reflected in the lower variability of SST in the Holocene part of the SO217-18517 record, when SST fluctuate
around 28.5°C, but does not affect the temperature reconstruction during the glacial termination, when alke-
none based SST consistently remains well below 28.5°.

2.6. Radiocarbon Dating and Age Model

For accelerator mass spectrometry (AMS) 14C dating, approximately 6 mg of well-preserved pteropod shells
were picked from the >355 μm size fractions, where sufficient numbers of shells were found. In instances of
low abundance, mixed planktonic foraminifers consisting of G. ruber, Globigerinoides sacculifer,
Globigerinoides trilobus were analyzed. AMS14C analysis was performed at the Leibniz Laboratory, Christian-
Albrechts-University, Kiel. One replicate measurement using a sample with mixed planktonic foraminifers
consisting of G. ruber, G. sacculifer, and G. trilobus (KIA 47980) and a sample with pteropods (KIA 47981) at
1,237 cm (section 14, 10–11 cm) indicates an age difference of 150 years (conventional age). We did not
correct for the slightly older age of pteropods, since this age difference is close to the combined standard
error. We applied a 400 years reservoir age correction before conversion to calendar ages, consistent with
other studies in this region (Linsley et al., 2010; Visser et al., 2003). Conventional ages were converted to
calendar ages following the protocol established by Fairbanks et al. (2005).

The age model is constrained by eight AMS 14C dates based on planktonic foraminifers and pteropods. An
interpolated curve was fitted through the eight AMS 14C tie points using a Stineman function (smooth
function in Kaleidagraph). The output of the function has a geometric weight applied to the current point
and ±10% of the data range. The resulting smoothed curve was, then, sampled at relevant intervals for each
data set.

2.7. Paleosalinity Reconstruction From δ18Osw

We calculated surface seawater δ18O (δ18Osw versus V-SMOW) from paired Mg/Ca and δ18O measurements of
G. ruber. For this, we used the equation of Bemis et al. (1998):

δ18Osw ¼ 0:27þ T °Cð Þ � 16:5þ 4:8�δ18O V � PDBð Þ� �
=4:8

Substituting the lower resolution UK0
37 temperature estimates does not affect the δ18Osw reconstruction

(supporting information Figure S8). As the equation deducts the effect of temperature during fractionation
of oxygen isotopes, the calculated δ18Osw is mainly related to continental ice volume and local δ18Osw fluc-
tuations associated with surface salinities. Therefore, to remove the ice volume effect in order to estimate sur-
face salinities, we additionally applied an ice volume correction based on the effect of past sea level changes
on δ18Osw of the global ocean (Sarnthein et al., 2011).

The relation between δ18Osw and salinity exhibits strong regional variability (Fairbanks et al., 1997; Morimoto
et al., 2002). A regression of δ18O versus salinity in the western Pacific warm pool (WPWP) indicates a slope of
0.42 (Morimoto et al., 2002), while samples from corals in the equatorial western and central Pacific Ocean
exhibit a slope of only 0.27 (Fairbanks et al., 1997). These differences are related to different evaporation-
precipitation conditions and resulting δ18O of precipitation in each region. Additionally, salinity measure-
ments in the Makassar Strait indicated that our coring site is influenced by the plume from the Mahakam
River (supporting information Figure S1), which disperses over an area of ~400 km to the southeast of the
Mahakam Delta with salinity values ranging from 33 to 34 practical salinity unit (psu) (Dekov et al., 1999;
Eisma et al., 1989; Storms et al., 2005).

2.8. Grain Size Analysis

Sediment grain sizes were measured with a Beckman Coulter LS 13 320 laser diffraction particle size analyzer
at the Institute of Geosciences, Christian-Albrecht-University, Kiel. The device allocates particles in 116 size
classes between 0.041 μm and 1,908.87 μm. Results were given in percentage relative to total sample. To
achieve reliable results, each sample measurement was repeated 10 times and the average value was calcu-
lated. A Sortable Silt mean (SS) value (McCave et al., 2008; McCave et al., 1995) for estimating paleobottom
current flow velocity was calculated by computing the weighted arithmetical means of the
10.29–60.52 μm grain size fractions for all samples as follows:
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X ¼
Pn

i¼1 WiXiPn
i¼1 Wi

where X is the weighted arithmetical mean, Wi is the measured values, and Xi is the size classes.

2.9. Carbonate Content

Carbonate content was measured on dried and crushed bulk sediment using a carbonate bomb (Müller &
Gastner, 1971). Samples were measured at 50 cm intervals throughout the core. The standard error of the
carbonate bomb is ±1%.
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Figure 2. Age model of Core SO217-18517, based on eight accelerator mass spectrometry (AMS) 14C dates (Table 1). (a) Depth/age plot. (b) Comparison of Northern
Hemisphere ice core δ18O (upper curve from Rasmussen et al., 2006) and SO217-18517 planktonic δ18O signals (lower curve).
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3. Results
3.1. Chronology

The planktonic δ18O record from Core SO217-18517 indicates recovery of a complete succession from the
Holocene down to Marine Isotope Stage 2 (Figure 2). AMS14C dates are provided in Table 1 and Figure 2a.

The ends of the Bølling-Allerød (BA, 15–12.9 ka) and of the Younger Dryas (YD, 12.9–11.7 ka) are constrained
by AMS 14C dates 7 and 6 (Table 1), providing a robust estimate of sedimentation rate changes during these
climate events. Average sedimentation rates are relatively constant at ~100 cm/kyr, except during the YD,
when sedimentation rates reach 170 cm/kyr (Figure 2a).

3.2. X-Ray Fluorescence Derived Elemental Ratios

Log (Zr/Rb) and Log (K/Ti) exhibit an out of phase trend from the last deglaciation until the middle Holocene
(14–7 ka) (Figure 3). Log (K/Ti) fluctuates between 0.23 and 0.35 during this interval with generally lower
values during the deglaciation and a distinct decrease in the later part of the YD, leading to a pronounced
minimum at the base of the Holocene (Figure 3f). The most prominent feature of the Log (K/Ti) curve is
the sustained increase during the early Holocene, between ~11.5 and 10 ka. This increase is followed by a
prolonged decrease to a minimum at ~7 ka, before a renewed increase between ~7 and 6 ka. After 6 ka,
Log (K/Ti) becomes highly variable with numerous short terms, high-amplitude fluctuations, including a pro-
minent minimum at ~1 kyr.

Log (Zr/Rb) is generally low during the deglaciation, except for a transient increase at the end of the BA
(Figure 3b). The YD interval is marked by the lowest values (0.15 to 0.225). At the end of the YD, Log (Zr/
Rb) increases rapidly from 0.2 to 0.3 between ~12.5 and 12 ka, leading the increase in Log (K/Ti) by at least
500 years. A prominent second rise in Log (Zr/Rb) from 0.23 to 0.35 occurs between ~9 and 7 ka, leading
to a maximum at ~7 ka, followed by a consistent decline to the present.

The relative abundance of terrigenous material (Ti, Fe, Al, and K) with respect to carbonate (supporting infor-
mation Figure S5) reflects a combination of river discharge of suspended material in the low-salinity plume
off the Mahakam Delta and transport/redeposition processes within the Makassar Strait. Log (K/Ca) and
Log (Al/Ca) show similar trends from the late deglaciation to the late Holocene (Figures 3d and 3e). The YD
is marked by maxima in Log (K/Ca) and Log (Al/Ca) with values of �0.2 and�0.5, respectively. A second, less
pronounced peak occurs at 9 ka with values of �0.5 and�1.1, respectively. During the remaining part of the

Table 1
Pteropod and Planktonic Foraminiferal AMS 14C Dates Used to Derive the Age Model in Core SO217-18517

No. Type Depth
Calendar age

(year B.P.) Description

1 Modern 0 0 Sediment-water interface
2 AMS14C 495 cm (section 6, 70–71 cm) 5,809 ± 62 Pteropods. Conventional ages: 5,460 ± 35 years. Reservoir age: 400 years.

Reference: KIA 485045,742 ± 93
3 AMS14C 605 cm (section 7, 80–81 cm) 6,925 ± 52 Pteropods. Conventional ages: 6,470 ± 40 years. Reservoir age: 400 years.

Reference: KIA 502266,856 ± 103
4 AMS14C 665 cm (section 8, 40–41) 7,936 ± 41 Pteropods. Conventional ages: 7,505 ± 50 years. Reservoir age: 400 years.

Reference: KIA 490397,874 ± 87
5 AMS14C 905 cm (section 10, 80–82 cm) 9,993 ± 128 Planktonic foraminifers: G. ruber, G. sacculifer, and G. trilobus. Conventional ages:

9,270 ± 50 years. Reservoir age: 400 years. Reference: KIA 485059,962 ± 139
6 AMS14C 1,047 cm (section 12, 20–21 cm) 11,586 ± 150 Pteropods. Conventional ages: 10,455 ± 55 years. Reservoir age: 400 years.

Reference: KIA 4850611,459 ± 180
7 AMS14C 1,237 cm (section 14, 10–11 cm) 12,704 ± 53 Pteropods. Conventional ages: 11,185 ± 55 years. Reservoir age: 400 years.

Reference: KIA 4798112,622 ± 70
8 AMS14C 1,237 cm (section 14, 10–11 cm) 12,666 ± 52 Planktonic foraminifers: G. ruber, G. sacculifer, and G. trilobus. Conventional ages:

11,035 ± 55 years. Reservoir age: 400 years. Reference: KIA 4798012,471 ± 124
9 AMS14C 1,281 cm (section 14, 54–55 cm) 13,087 ± 76 Pteropods. Conventional ages: 11,650 ± 70 years. Reservoir age: 400 years.

Reference: KIA 5022713,035 ± 120
10 AMS14C 1,377 cm (section 15, 50–51 cm) 13,850 ± 72 Planktonic foraminifers: G. ruber, G. sacculifer, and G. trilobus. Conventional ages:

12,450 ± 70 years. Reservoir age: 400 years. Reference: KIA 4904013,835 ± 123

Note. Calendar ages in italics are derived fromCalib 7.1.0with calibrationdata setmarine13.14c (Reimer et al., 2013) and aΔR (localmarine age correction) of 89± 70 years
(Southon et al., 2002). The two AMS14C dates for the depth of 1,237 cm (Nos. 7 and 8) represent replicatemeasurements using planktonic foraminifers and pteropods.

Paleoceanography 10.1002/2016PA003030

HENDRIZAN ET AL. ITF AND BORNEO RUNOFF OVER 14 KYR 1060



Holocene, Log (K/Ca) is characterized by an increasing trend from �0.8 and �0.4. In contrast, Log Al/Ca
fluctuates around a mean of �1.2 between 8 and 1 ka and displays an abrupt decline at ~ 1 ka.

3.3. Planktonic δ18O, Sea Surface Temperature, and δ18Osw Reconstructions
3.3.1. Globigerinoides ruber δ18O Variability
Surface δ18O in Core SO217-18517 shows an overall deglacial decrease from ~�1.4 to ~�3.0‰ (Figure 4a). In
the oldest part of the record, corresponding to the BA plateau between ~14 and 12.9 ka, δ18O exhibits a
stepwise decrease from �1.4 to �1.9‰. This is followed by a brief increase between 12.9 and 12.5 ka and

0.1

0.2

0.3

0.4

Age (ka)

lo
g(

Z
r/

R
b)

A

B

C S
or

ta
bl

e 
si

lt 
(µ

m
) 

Lo
g(

A
l/C

a)

High energy current

Low energy current

Reduced
     ITF

D

E

-2.5

-2

-1.5

-1

-0.5

-1

-0.8

-0.6

-0.4

-0.2

0
16

20

24

28

Lo
g(

K
/C

a)

2 4 6 8 10 12 14

2 4 6 8 10 12 140

4

6

8

10

12

14

16

C
aC

O
3 

(%
)

0
0.15

0.2

0.25

0.3

0.35

lo
g(

K
/T

i) F

Figure 3. Comparison of sediment characteristics used for paleocurrent reconstruction in Core SO217-18517. (a) Carbonate bombmeasurements at 50 cm intervals;
(b) Normalized ratio of Zr/Rb from X-ray fluorescence measurements at 1 cm intervals; (c) Grain size measurement at 50 cm intervals; (d) Normalized log (K/Ca) at
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a second plateau with δ18O in the range of �2‰ from ~12.5 to 12.0 ka,
which correspond to the YD cooling interval (12.9–11.7 ka) in Northern
Hemisphere high latitudes. δ18O values decrease rapidly from �2 to
�2.9‰ between ~12 and 9 ka and fluctuate between �2.8 and �3.3‰
from ~9 to 0 ka, with lowest values in the range of �3.3‰ between ~5
and 3 ka. However, the low sample resolution and the long interpolation
distance between the uppermost AMS 14C date at 5809 ± 62 ka and the
present sea floor age do not allow a precise delineation of this middle to
late Holocene δ18O minimum. A distinct δ18O increase to �2.45‰ in the
early part of this interval is tentatively attributed to a cooling event
at ~8.2 ka.
3.3.2. Mg/Ca Temperature Reconstruction
Mg/Ca in Core SO217-18517 exhibit an average of 4.66 mmol/mol, corre-
sponding to a mean of 27.8°C in SST during the deglacial to late
Holocene period. The total amplitude of Mg/Ca derived SST ranges from
26.1 to 29.5°C (Figure 4b). The most prominent feature of the record is
the overall increase of ~2°C between ~14 and 10.5 ka, followed by a rapid
decline by almost 1°C between 10.5 and 9.5 ka, resulting in a short-lived
cool period at ~9.5 ka with average temperatures of ~27.5°C. Holocene
SST fluctuates at ~28°C after 9.5 ka with a transient maximum of ~29.5°C
at ~6 ka and exhibits an overall cooling trend in the late Holocene.
3.3.3. UK0

37 Temperature Reconstruction
Alkenone-based SST in Core SO217-18517 exhibits a range of 27.1 to

28.6°C during the deglaciation and Holocene (Figure 4b). From the late deglaciation to earliest Holocene
(~14–9 ka), temperatures increase by ~1.5°C, then remain steady at ~28.5°C over the last 9 ka. A marked cool-
ing down to 27°C occurred at ~12.5 ka during the YD, following the BA temperature maximum of 27.8°
at ~13 ka.
3.3.4. δ18Osw Variability
During the deglaciation, δ18Osw (corrected for ice volume) fluctuates between�0.6 and 0.4‰ in Core SO217-
18517 (Figure 5b). During the BA, δ18Osw decreases to�0.2‰ followed by an increase to maximum values of
0.2‰ during the YD. A stepwise decrease in δ18Osw occurs between the late YD and early Holocene with a
minimum of �0.5‰ at ~9.5 ka, followed by a rapid increase to ~�0.1‰ at ~9 ka. The Holocene is character-
ized by a steady decrease from�0.1 to �0.5‰ between ~9 and 5 ka and a slightly increasing trend from ~5
to 0 ka.

3.4. Grain Size Variability

Estimates of paleobottom current intensity were obtained from sortable silt mean values in Core SO217-
18517 (Figure 3c). Finer grain sizes generally occur during the late deglaciation. A distinct minimum in grain
size is reached at 12.3 ka in the middle of the YDwith amean sortable silt value of 14.2 μm, followed by a slow
increase to ~16 μm and a rapid increase by ~10 μm from the end of the YD to the early Holocene (~10.3 ka),
where a first maximum of ~26 μm occurs. Mean grain sizes then decrease to a minimum at ~9 ka before a
second increase to a maximum of ~26 μm at ~7.5 ka. Decreasing grain sizes to a minimum of 14.8 μm at
~2 ka characterize the middle and late Holocene. Overall, the sortable silt records parallel the grain
density/size proxy records, based on Log (Zr/Rb) (Figures 3b and S6a). Both records show a consistent trend
toward finer grain sizes during the YD, followed by a rapid increase toward a double peaked maximum
during the early Holocene and a slow, but steady decline during the middle to late Holocene.

3.5. Carbonate Content

Carbonate content varies between 6 and 15% over the past 14 ka in Core SO217-18517 (Figure 3a) and is
closely reflected in the XRF scanner derived Ca Area counts (supporting information Figure S6b). The carbo-
nate content parallels the sortable silt and Log(Zr/Rb) curves. Lowest carbonate percentages occur during the
YD. Carbonate content values fluctuate between 10 and 15% during the Holocene, with highest values in the
early and middle Holocene and a decreasing trend toward the Recent.
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Figure 4. Paleotemperature and stable isotope records from Core SO217-
18517 combined with Southern Hemisphere ice core record. (a) δ18O of
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4. Discussion
4.1. ITF Variability and Mahakam Delta Discharge
4.1.1. Slowdown of the ITF During the YD
The lowest carbonate concentrations and highest accumulation of terrigenous material at Site SO217-18517
occurred during the last deglaciation and especially during the YD (Figure 3a). However, complex changes in
provenance, delta configuration, and associated discharge patterns as well as resuspension/winnowing
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processes at the site of deposition need to be considered when interpreting fluctuations in terrigenous accu-
mulation as a proxy for riverine runoff difficult. We therefore use two additional proxies for bottom current
speed, based on grain size (sortable silt) and grain density (Log (Zr/Rb)), to assess the influence of resuspen-
sion and winnowing on sediment accumulation at Site SO217-18517. We also use the ratios of K to other
terrigenous elements as an indicator of sediment provenance (Diekmann et al., 2008; Eisma & van der
Marel, 1971; Kujau et al., 2010; Potter et al., 2005; Rothwell & Croudace, 2015; Tian et al., 2011).

Paleocurrent indicators (sortable silt and Log (Zr/Rb)) indicate a dramatic decrease in bottom current veloci-
ties at ~640 m paleowater depth along the western margin of the Makassar Strait during the YD (Figures 3b
and 3c). The following increase in grain size and density at the end of the YD is paralleled by a decrease in Log
(Al/Ca) and Log (K/Ca), interpreted as reduced accumulation of clay minerals due to winnowing of the<2 μm
fine fraction by intensified bottom currents. Today, the maximum thermocline flow occurs during boreal
summer (August–September), when the SW trade winds are strongest and substantially reduce or even
reverse the ITF southward surface flow in the Makassar Strait (Gingele et al., 2001; Gordon et al., 2008).
While a strong surface flow transports clay minerals and other fine grained particles from Borneo southward
along the Makassar Strait (Eisma et al., 1989; Gingele et al., 2001; Kuhnt et al., 2004), a strong thermocline flow
may resuspend illite and kaolinite from the <2 μm fraction, which is the main source of K and Al in the sedi-
ment of Core SO217-18517. Thus, minimum values in the sortable silt record (Figure 3c) and an increase in
Log (K/Ca) and Log (Al/Ca) (Figures 3d and 3e) indicate a marked slowdown of the deep thermocline ITF in
the Makassar Strait during the YD. This weaker thermocline flow would reduce winnowing and resuspension
at the location of Core SO217-18517, leading to an increase in the accumulation of clay minerals and elevated
sedimentation rates between the age tie points at 12,704 ± 53 and 11,586 ± 150 years B.P. (Figure 2a and
supporting information Figure S7).
4.1.2. Early Holocene Increase in Mahakam Delta Discharge
Deviation of K from other siliciclastic elements and low correlation of K to Ti (r2 = 0.56) and Fe (r2 = 0.52) has
been used in a study of sediment discharge from the Mississippi into the Gulf of Mexico to discriminate
between different terrigenous sources for K, which is common in illite-rich clays (>2% K in illite-rich clays
and 6% in pure illite), and other terrigenous elements (Al, Si, Ti, and Fe) that dominate in kaolinite-rich clays
from areas exposed to intense tropical weathering (Kujau et al., 2010). Characteristically, K weight percen-
tages in surface samples from the Mahakam River range between 1.3 and 1.6% in the bulk sediment
(<63 μm) but reach 2.4–2.6% in the clay fraction (<2 μm) (Liu et al., 2012). In our records, the correlation
of K to Ti, Al, and Fe (r2 = 0.92, r2 = 0.91, and r2 = 0.76, respectively, supporting information Figure S5) is higher
than offshore the Mississippi Delta, indicating a more coherent source of the sediment discharge. However,
the downcore variability in Log(K/Ti) (Figure 3f) differs significantly from the grain size/current proxies
(Figures 3b and 3c). Low Log(K/Ti) values from K-depleted (illite-poor) sediments dominate until ~11.5 ka, while
sortable silt and grain size/bottom current indicator Log(Zr/Rb) increase substantially after ~12 ka. We interpret
the marked increase in Log(K/Ti) between ~11.5 and 9.5 ka as the intensification of runoff from the Mahakam
Delta. Decreases in Log(K/Ti) at ~7 ka and between ~4 and 1 ka with several spikes of unusually K-depleted
sediments were probably caused by changes in sediment deposition dynamics within the Mahakam Delta.
The delta prograded by ~60 km during the late Holocene slow rise in local sea level over the past 5 kyr
(Storms et al., 2005). Thus, the progradational delta system developed highly variable distributary and deposi-
tional patterns that likely caused substantial changes in the flux and characteristics of terrigenous sedimenta-
tion. However, the consistent trend in Log(Zr/Rb) over this period provides further evidence that this parameter
is reflecting ITF flow within the Makassar Strait rather than sediment dynamics within the Mahakam Delta.

4.2. Changes in Seasonality Across the YD

The Mg/Ca derived SST record reveals low variability through the last deglaciation, whereas G. ruber δ18O
increases at the beginning of the YD (Figure 4a). Moreover, alkenone-based temperature estimates show a
cooling to minimum values of 27°C in the early part of the YD (Figure 4b), whereas Mg/Ca derived SST indi-
cates a consistent warming during the YD period (Figure 4b). A discrepancy between alkenone and Mg/Ca-
based temperature estimates in the South China Sea during the last deglaciation was attributed to different
seasonalities of the proxies used for temperature reconstructions (Steinke et al., 2008).

Today, tropical UK0
37 temperatures are linked to the seasonal productivity of coccolithophorids, which thrive in

periods of intensified upwelling and upper ocean mixing during the boreal winter monsoon and develop
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intense blooms in early spring (Chen et al., 2007; Harada et al., 2001). In contrast, modern tropical Mg/Ca-
derived SST generally reflects boreal summer temperatures (Timmermann et al., 2014; Wang et al., 2013). A
strong seasonality in YD temperature reconstructions may be related to an intensified cross equatorial atmo-
spheric flow. An extreme southerly mean position of the ITCZ during the YD (e.g., Kuhnt et al., 2015), asso-
ciated with flooding of the vast Sunda shelf landmass (Hanebuth et al., 2000), probably promoted a
vigorous cross equatorial flow from the Northern Hemisphere during the boreal winter monsoon. This cool
air mass would explain the low UK0

37-derived SST (Figure 4b). In contrast, Mg/Ca-derived SST (Figure 4b), which
closely follows Southern Hemisphere δ18O ice core records (Figure 4c), may have been mainly influenced by
southeasterly trade winds during austral winter, as proposed for records from offshore East Africa (Wang
et al., 2013). Changes in local insolation may have additionally contributed to these seasonally biased tem-
perature records. Boreal summer (June–July) insolation at the latitude of the coring site (1°S) was consistently
higher than today, while winter (December) insolation was significantly lower (supporting information
Figure S3).

4.3. Variability in Convective Precipitation

Today, the convective precipitation over East Borneo is sensitive to annual changes in the position of the ITCZ
(Figure 1). In the Samarinda area, which is closest to our coring site, a double maximum in precipitation
occurs in December and April, when the ITCZ is on its annual southward and northward swings at the begin-
ning and end of the austral summer monsoon. The driest season occurs in June to October, associated with
the northern position of the ITCZ. Precipitation is also reduced during the peak Australian summer monsoon
in January–March, when the ITCZ is over northern Australia. Today, peaks in the Mahakam River discharge,
which has a yearly average rate of >8,000 m3/s (Sassi et al., 2011), occur in January and April following the
regional precipitation maxima. Most of the fluvial discharge is deposited in lakes within the catchment area
and on the Samarinda alluvial plain (supporting information Figure S1). A recent quantitative analysis of
depositional processes in the Mahakam Delta showed that 79% of the fine-grained sediment discharge is
transported through the southern distributaries of the Mahakam Delta (Lambiase, 2013), which are located
close to our coring site. Conductivity, temperature and depth measurements during R/V Sonne cruise
SO-217 indicated that low surface salinities of <33.5 psu prevail even during the dry season in August due
to the proximity of the Mahakam Delta (Kuhnt et al., 2011). This low salinity plume (supporting information
Figure S1) spreads along 400 km to the southeast within the Makassar Strait and transports suspendedmatter
in the order of 0.3 to 0.5 mg/dm3 (Eisma et al., 1989). Sediment accumulation and salinity changes at Site
SO217-18517 are, thus, closely related to water and sediment discharge from the southern distributaries of
the Mahakam Delta.

Deglacial records of convective precipitation over northern Borneo indicated that dry conditions in the
WPWP accompanied cooling events in the northern high latitudes (Carolin et al., 2013; Meckler et al., 2012;
Partin et al., 2007) (Figures 5b and 5c). These cooling trends were tentatively related to southward shifts of
the ITCZ during Northern Hemisphere cooling. Denton et al. (2010) proposed a linkage between increased
temperature seasonality and winter sea ice in the Northern Hemisphere with weakening of the Asian summer
monsoon during the YD and H1. Since these intervals coincide with increased precipitation in southern
Indonesia (Griffiths et al., 2009) (Figure 5e) and Australia (Kuhnt et al., 2015; Muller et al., 2008), these authors
proposed that southward swings of the ITCZ exerted a major control on precipitation patterns over most of
Indonesia and NW Australia. However, changes in the intensity of the tropical convection (Tierney et al.,
2010), Walker circulation, El Niño–Southern Oscillation system (Levi & Elderfield, 2007; Stott et al., 2004),
and sea level (Griffiths et al., 2009; Partin et al., 2007) may have strongly modified the influence of ITCZ swings
on precipitation patterns over the Australian-Indonesian region during the last deglaciation.

Our reconstructed δ18Osw at Site SO217-18517 (Figure 5b) shows an increase during the BA and a decrease
during the YD, which is in agreement with speleothem δ18O records from northeastern Borneo (Carolin
et al., 2013; Partin et al., 2007; Figure 5d). However, this is in contrast to the cave records of Flores and the
δDwax records offshore SW Sulawesi, which exhibit no significant difference between the BA and YD
(Griffiths et al., 2009, Griffiths, Drysdale, Gagan, et al., 2010, Griffiths, Drysdale,Vonhof, et al., 2010; Figure 5e)
or show a decreasing trend of δDwax from the BA to the YD (Tierney et al., 2012; Figure 5c). A possible
controlling mechanism for these latitudinal differences may be a southward shift of the ITCZ and tropical rain
belt during the YD, also detected in XRF scanner-derived terrigenous river runoff patterns from NW Australia
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(Kuhnt et al., 2015). Wet BA and dry YD conditions, as in East Borneo and south of Java (Mohtadi et al., 2011),
were associated with intense cross-equatorial moisture transport from the Northern Hemisphere (Mohtadi
et al., 2011). The deglacial sea level rise (Meltwater Pulse 1A at 14.3 ka, Hanebuth et al., 2000) and associated
flooding of large parts of Sundaland may have additionally led to intensification of the Indonesian-Australian
Monsoon during the BA (Griffiths et al., 2009; Partin et al., 2007). In contrast, the abrupt δ18Osw increase,
detected at ~9 ka in Core SO217-18517, is not apparent in reconstructed precipitation patterns from NE
Borneo (Carolin et al., 2013; Partin et al., 2007). This may reflect local, sea level-related dynamics of the
Mahakam River discharge and its associated low-salinity plume within the Makassar Strait.

5. Conclusion

Paleocurrent indicators (sortable silt and XRF scanner-derived Log (Zr/Rb)) indicate a dramatic decrease in
bottom current velocities at ~640 m paleowater depth along the western margin of the Makassar Strait dur-
ing the YD. Decreased winnowing in combination with increased sedimentation rates provides robust evi-
dence for a weakening of the thermocline ITF flow during the YD. The δ18O of seawater offshore the
Mahakam Delta decreases during the BA and increases during the YD, indicating a dry YD in the catchment
area of the Mahakam River in agreement with speleothem δ18O records from NE Borneo (Carolin et al., 2013;
Partin et al., 2007). The contrast with more southerly δ18O cave records and δDwax data, which exhibit no sig-
nificant difference or display a decreasing trend from the BA to YD (Griffiths et al., 2009. Griffiths, Drysdale,
Gagan, et al., 2010, Griffiths, Drysdale,Vonhof, et al., 2010, Tierney et al., 2012) is likely due to a southward shift
of the ITCZ and tropical rain belt during the YD. An extreme southerly mean position of the ITCZ during the
YD would have promoted a vigorous cross equatorial flow from the Northern Hemisphere during the boreal
winter monsoon.
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