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ABSTRACT
The Indo-Pacific Warm Pool exerts a strong influence on the global climate
system because it partially controls heat and moisture exchange (pressure gradient)
between the atmosphere and ocean, and thus, the intensity of the Indonesian throughflow
(ITF) via the Makassar Strait, the main passage of water connecting the Pacific and
Indian Oceans. The magnitude of ITF is reflected by the structure of the oceanic
thermocline. Here, we use shell δ18O signatures and trace element composition of
foraminifera (Globigerinoides ruber, Pulleniatina obliquiloculata, and Globigerinoides
menardii) in two sediment records spanning the past 30 kya collected from the northern
and southern openings of the Makassar Strait. Reduced differences in δ18O records
between thermocline species suggest a stronger thermocline at both sites during the
deglaciation (19 to 11.7 kya), signifying a weaker ITF. During the Holocene, greater
differences among δ18O records from all species indicate a weaker thermocline and a
shallow mixed layer, indicating stronger ITF. Paired Mg/Ca -δ18Ocalcite records in the
mixed layer-dwelling species Globigerinoides ruber (G. ruber) allow us to derive
δ18Oseawater across the strait and indicates a substantial decrease in salinity and an increase
in freshwater during the Holocene compared to the last glacial maximum (LGM). Ba/Ca
ratios remain consistently high throughout our records, likely due to constant riverine
input. Combined, our data suggest that there was decreased ITF during the LGM and
deglaciation and increased ITF during the Holocene, which we hypothesize is due to sea
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level rise contributing to heavier rainfall and increased warm water transport to the Indian
Ocean.
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CHAPTER 1
INTRODUCTION
The Indo-Pacific Warm Pool (IPWP) exerts a strong influence on the global
climate system (Broecker, 1991: Godfrey, 1996; Cane and Clement, 1999; Lea et al.,
2000). It controls the majority of heat and moisture exchange between the oceans and the
atmosphere, which in turn effects global precipitation and temperature on seasonal,
decadal, and millennial timescales (Wyrtki et al., 1987; Yan et al., 1992; Qu et al., 2005).
The movement of tropical waters from the Pacific Ocean into the Indian Ocean, known as
the Indonesian Throughflow (ITF), primarily occurs through the Indonesian archipelago,
with approximately 80% of the tropical Pacific Ocean’s heat flux flowing through the
Makassar Strait (Figure 1.1; Gordon et al., 1996; Gordon et al., 2010). The ITF further
fuels the Indian monsoon and contributes water to the Agulhas current off the east coast
of Africa (Hirst et al., 1993). Because the IPWP has sea surface temperatures (SST) that
range from 30 - 35oC, warmer than any other equatorial region (Yan et al., 1992), it is a
key component influencing the precipitation belt along the equator. The ITF helps to
increase rainfall during seasonal monsoons and reduces surface salinity (Gordon et al
2003). Since the Last Glacial Maximum (LGM; ~ 26.5 to 19 kya) (Clark et al., 2012),
significant changes in sea level have influenced regional hydroclimate, and therefore the
strength of the ITF on millennial timescales (Di Nezio et al., 2016; Schroder et al., 2018).
The ITF is characterized by warm thermocline waters for the IPWP (14 to 16 °C),
a shoaling thermocline, and rapid flow (11.6 Sv) (Gordon et al., 2008). Today, the main
1

drivers of the ITF are seasonal variability in the northwest winter and southeast summer
monsoons, which are controlled by the position of the Intertropical Convergence Zone
(ITCZ) and the westerly winds that accumulate water on either side of the Indonesian
archipelago creating barotropic transport (Masumoto and Yamagata, 1996). The ITCZ
migrates on a seasonal basis, which is caused by differential heating between the northern
hemisphere Eurasia continent and the southern hemisphere Australia continent during
boreal to austral summers (Chang et al., 2005). This seasonal variation in the ITCZ
modulates the monsoonal winds and may change as sea-level rises and reduces the
amount of land mass available for moisture and heat (Griffiths et al., 2009). The
northwest winter monsoon (January – March) brings moisture with the winds that flow
from the Asian continent to the IPWP (Aldrian et al., 2003). Boreal winter monsoon
northeasterly winds push low salinity surface waters in the South China Sea and Java Sea
towards the southern opening of the Makassar Strait, creating a ‘freshwater plug’ and
reducing the surface flow and deepening the mixed layer. (Gordan et al., 2003; Figure
1.2a and Figure 1.3b). The ‘freshwater plug’ may even reverse the surface flow by
increasing the density gradient between the northern and southern openings of the
Makassar Strait (Gordan et al., 2003). The southeast boreal summer monsoon (JuneAugust) shifts winds northward and is associated with drier months (Aldrian et al., 2003),
removing the freshwater plug and increasing the ITF to 9 – 15 Sv through the Makassar
Strait (Susanto et al. 2006).
The magnitude of the ITF is also driven by variations in hydroclimate on
interannual timescales, with the most prominent example being the El Niño Southern
Oscillation (ENSO) (McBride et al., 2003). Previous studies have indicated that changes
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in SST and salinity in the IPWP are further influenced by ENSO variability. El Niño
states induce migration of the atmospheric Walker Circulation cell towards the central
Pacific, reducing rainfall in the IPWP on seasonal to decadal time scales. Decreasing
rainfall during El Niño events reduces freshwater riverine inputs and sediment transport
to the Java Sea and Makassar Strait, especially from the main river into the Makassar
Strait, Mahakam River in Borneo, and hundreds of others (Milliman & Farnsworth 2011;
Milliman et al., 1999; Bird et al., 2005). Changes in riverine runoff alter the oceanic
salinity gradient within the IPWP, and therefore the magnitude of the ITF (Newton et al.,
2011; Hendrizan et al., 2017). In contrast, precipitation increases in the IPWP during La
Niña (Wyrtki 1975). During the LGM there was an extended period of El Niño-like
conditions, that may have impacted the IPWP and the Pacific Ocean regional
hydroclimate (McPhaden and Picaut, 1990; Cane et al., 1998; Koutavas et al., 2002; Stott
et al., 2002), with a return to the modern zonal Pacific mean state in the Holocene
(Koutavas et al., 2002; Xu, 2014; Mohtadi et al., 2016, 2017;).
Variations in sea level also impact the intensity of the ITF on timescales of
thousands of years (Gordon et al. 2005). During the LGM, the Sunda Shelf was fully
exposed because of lowered sea level, which resulted in a drier climate (lowered
atmospheric moisture content and decreased precipitation) and higher salinity ITF surface
waters (Xu et al., 2008; Linsley et al., 2010). The ITF through the Timor Sea route also
likely weakened during the LGM because of the shallower depth in this area during that
time period (Xu et al., 2008; Figure 1.1). Deglacial sea level rise from the LGM to the
Holocene flooded the Sunda Shelf, increasing surface area, evaporation, and atmospheric
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moisture content from 14 to 9 kya and during the Holocene (Kienast et al., 2001, Griffiths
et al., 2009; Hanebuth et al., 2000).
Modeling studies of the LGM suggest a weakening of atmospheric Walker
Circulation and have characterized the IPWP as having a drier LGM climate (Braconnot
et al., 2007; DiNezio et al., 2011; DiNezio and Tierney et al., 2013). In contrast, eastern
Indian Ocean marine proxy studies show higher rates of precipitation during the LGM
relative to modern day, with strengthened atmospheric Walker Circulation and a deeper
thermocline due to higher rainfall (Mohtadi et al., 2017). Marine archives from the
Makassar Strait indicate a more El Niño-like mean state and a drier climate during the
LGM than in the Holocene (Visser et al., 2003; Schroder et al., 2018; Fan et al., 2018).
However, terrestrial lake sediments from Lake Towuti, on the island of Sulawesi, have
indicated higher levels of rainfall during the LGM (Russell et al., 2014; Konecky et al.,
2016). Speleothem d18O records suggest either drier conditions on Borneo (Partin et al.,
2007) or wetter conditions on Flores (Ayliffe et al., 2013) in the modern day relative to
the LGM. Taken together, these records suggest a high degree of regional variability in
climate throughout the IPWP, with the ITF impacted by seasonal and interannual
variability between glacial and interglacial time periods.
In order to provide more insight into ITF variability in the Makassar Strait during
the past 30 kya, we use trace metals and oxygen isotopes (d18Oc) recorded in the shells of
planktonic foraminifera to reconstruct thermocline structure and surface salinity at the
northern and southern ends of the Makassar Strait. Planktonic foraminifera inhabit
different depths in the water column based on temperature, nutrients, and light
availability (Ravelo and Fairbanks 1992; Spero et al., 2003; Mohtadi et al., 2009; Wejnert
4

et al., 2010), with their shells recording information about their environments in which
they were formed. We can therefore use the shells of multiple foraminifera species to
reconstruct variability in water column structure (Ravelo and Fairbanks 1992; Spero et
al., 2003; Wejnert et al., 2010) (Patrick and Thunell 1997). We hypothesize that during
rapid periods of global climate change, the ITF experiences changes in strength that are
expressed by Makassar Strait thermocline structure. For example, during periods of
weakened flow, stratification increases, and similar d18Oc values between species indicate
a stronger thermocline. In addition, we combine the d18O of foraminiferal calcium
carbonate with paired Mg/Ca and Ba/Ca results from the mixed layer-dwelling G. ruber
to reconstruct salinity and temperature throughout the upper water column (Anand et al.,
2003; Bemis et al., 1998; Hönisch et al., 2011). By using d18O in thermocline, and the
addition of Mg/Ca, and Ba/Ca measurements in the mixed layer, we provide evidence of
the timing of ITF intensity changes during the LGM and the Holocene from the mixed
layer and thermocline.
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Figure 1.1 The red squares mark the location of cores MD98-2177 and MD98-2160 at
the North and South openings of the Makassar Strait. The major currents are through
the Makassar Strait, South China Sea, Java Sea, and Flores Sea. Majority of the ITF
flows through the Makassar Strait and carries on to the Flores Sea and Lombok Strait
into the Indian Ocean. The bluelines arrows represent the ITF flow and the with the
dashed line representing the South China Sea Flow through the Sunda Shelf connecting
with the ITF.
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Figure 1.2 a - f) This two panel figure represents the modern day seasonal Asian
monsoon. a) The northwest winter monsoon occurs from January through March with
a surface salinity indicating changes in the accumulation of fresher water in the
Makassar Strait. The cross section is outlined in the red rectangle. Wind direction is to
the south east. In panel b) a cross section of temperature is shown with panel c)
depicting salinity. d) The southeast summer monsoon occurs from July through
September, with the surface salinity and the cross sections throughout the region. The
cross section is outlined in the red rectangle. Wind direction is to the north west. In
panel e) a cross section of temperature is shown with panel f) depicting salinity. Data
is from the World Ocean Atlas 2013 and displayed using Ocean Data Viewer, 2018.
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Figures 1.3. Thermocline profiles show seasonal temperature gradients differences
between the north (a) and south (b) sites. Green denotes the summer while, purple
denotes the winter season. The thermocline is deeper during the summer months when
the ITF is higher. Data is from the World Ocean Atlas 2013 plotted using Ocean Data
Viewer, 2018. (South site; Winter: Station ID 143, OCL Cruise Number 11536, Date
Feb 25,1994; Summer: Station ID 13, OCL Cruise Number 8451469, Date July 1,
1991) (North site; Winter: Station ID 446, OCL Cruise Number 11536, Date Feb 22,
1994; Summer: Station ID 4, OCL Cruise Number 9064, Date July 03, 1991)
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CHAPTER 2
METHODS
2.1 Sample collection
Two sediment cores located at the northern and southern openings of the
Makassar Strait were collected on the R/V Marion Dufresne in 1998: MD98-2160
(5°12.07 S, 117°29.20 E, southern end) and MD98-2177 (01°24.20 N, 119°04.68 E,
northern end) (Figure 1.1). The cores were retrieved from water depths of 968 m (MD2177) and 1185 m (MD- 2160), both of which are well above the present-day lysocline
(~3,500 m) in this region (Farrell and Prell, 1989; Ding et al., 2006).
Each core was sampled at a resolution of 10 cm, from 1 to 1200 cm depth,
yielding a total of 120 samples per core. Each sample was sieved (63-μm), cleaned with
hot sodium hexametaphosphate to separate fossils from clays, rinsed with distilled water,
sonicated in methanol, and dried (Feldmeijer et al., 2013). We studied the species G.
ruber that calcifies in the shallow mixed layer, Pulleniatina obliquiloculata (P.
obliquioculata) that calcifies in the upper thermocline, and Globorotalia menardii (G.
menardii) that calcifies in the lower thermocline (Mohtadi et al., 2009; Fairbanks, 1982;
Cleroux et al., 2007). G. ruber was picked from the 250-355 µm size fraction and G.
menardii and P. obliquiloculata where picked from the 355-500 µm size fraction. All
foraminifera were cleaned with methanol and sonicated to remove any residual clay prior
to geochemical analysis.
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2.2 Age Model
We selected 7 new intervals for AMS14C dating from each core, for a total of 14
new age-date tie points to complement an existing additional 4 (southern core; MD-2160)
and 5 (northern core; MD-2177) radiocarbon measurements from 0 to 200 cm (Newton et
al. 2011). The sample dates were measured AMS data was generated on samples of
picked planktonic species of G. ruber and G. sacculifer samples for a total of 5 mg per
sample (Table 2.1; Figure 2.1.). Samples were analyzed at the University of California
Irvine Keck Carbon Cycle Accelerator Mass Spectrometry Laboratory (Table 2.1). Both
the new and existing datasets were calibrated using the CALIB 7.1 program, with
AMS14C calibrated to the Marine13 curve (Reimer et al., 2013; Struviver and Reimer,
2019). Volcanic glass was found at 15 cm depth at the southern site, which corresponds
to the Tambora volcanic eruption in 1815 AD, and is used as an additional tie point for
southern core (Stothers, 1984).
2.3 Isotopic Analyses
Oxygen isotopes analyses for each sample contained either 10-15 G. ruber, 6-8 P.
obliquiloculata, or 6-8 G. menardii that were crushed and homogenized to achieve a
target mass of 60 – 150 µg of carbonate. Isotope analyses were carried out on a VG
Optima Elemental ISOPRIME isotope ratio mass spectrometer equipped with an
automated carbonate system, by reacting each sample with 100% H3PO4 reacted 90°C.
The data are reported in delta notation relative to Vienna Pee Dee Belemnite (VPDB)
using an internal working standard (Carrera marble). Carrera Marble has a long-term
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reproducibility (run every ~10 samples) of -1.92 ± 0.06 ‰ for d18O and 1.96 ± 0.04 ‰
for d13C.
2.4 Trace Metal Analyses
For trace metal analysis, 57 samples from the southern core and 49 samples from
the northern core comprised of 20-30 G. ruber shells each were gently crushed, sonicated
in methanol, subjected to reductive (hydrazine, ammonium citrate) and oxidative (sodium
hydroxide, hydrogen peroxide) cleaning, and acid leeched with a weak nitric acid
according to the methods described in Barker et al. (2003). This cleaning method is
designed to remove clay, silicates, and Mn-Fe coatings. Each sample was dissolved in 4%
nitric acid, and then diluted in a matrix of 2% nitric acid to achieve a final concentration
of 20 ppm Ca. Samples were run alongside standards containing 20 ppm 43Ca, and
varying concentrations of 24Mg, 7Li, 27Al, 87Sr, 111Cd, 137Ba,238U, 55Mn, and 57Fe. All
analyses were carried out on an HR ICP-MS ThermoFisher Element 2 in the Center for
Elemental Mass Spectrometry at the University of South Carolina. Threshold values
indicative of diagenetic alteration or insufficient cleaning (ferromanganese oxides) were
used to separate and remove contaminated samples by assessment of Al/Ca 100 μmol
mol-1, Mn/Ca 100 μmol mol-1, and Fe/Ca 1 mmol mol -1 according to Ni et al. (2007)
and Boyle and Rosenthal (1996). Using this criteria, results from 25 samples from the
southern core and 21 samples from the northern core were removed and are not further
discussed here.
We analyzed Mg/Ca and Ba/Ca in our foraminifera shells to assist in delineating
oscillations in sea surface temperature and freshwater inputs in our study area.
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Foraminiferal Mg/Ca is a widely used proxy for paleotemperature (e.g., Anand et al
2003; Gray and Evans, 2019). Although secondary influences on the uptake of Mg into
the calcite shell have been recognized (e.g., salinity, pH, carbonate ion concentration),
temperature is still the primary control. These secondary influences can be qualified if
not quantified for specific study sites and time intervals (Elderfield et al., 2006).
In certain environments, riverine input has been shown to correlate with Ba/Ca
ratios in foraminiferal shells as Ba is incorporated into the shell as a function of alkalinity
and surrounding water Ba concentrations (Weldeab et al 2007; Evans et al., 2015; Vetter
et al., 2017). Thus increasing freshwater inputs with higher Ba concentrations should be
reflected in foraminifera Ba/Ca ratios (Hönisch et al., 2011). Foraminifera shell Ba/Ca
ratios are also used as a proxy for changes in their microenvironment that reflect
enhanced marine productivity. Barite precipitates in the euphoric zone influencing Ba/Ca
ratios in the foraminifera shells (Lea and Spero, 1994; Griffith and Paytan, 2012).
2.5 Determination of d18Osw
The d18O of foraminifera (d18Oc) reflects the combined effects of temperature (T)
and the local oxygen isotopic composition of seawater (d18Osw), which in turn is
influenced by salinity and the relative volume of continental ice sheets. The Mg/Ca ratio
of foraminifera shells are driven primarily by temperature, with secondary influences
from salinity and seawater carbonate chemistry (see Equation 1; Lea et al., 1999;
Elderfield et al., 2006; Gray and Evans 2019;). If the influences of salinity and seawater
carbonate chemistry can be accounted for, Mg/Ca measurements can be combined with
d18O measurements to reconstruct seawater hydrography. The temperature component of
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the d18Oc signal is removed using Mg/Ca-derived temperatures. Sea level reconstructions
can then be used to isolate the ice volume contribution d18Osw, with the residual d18O
signal (d18Osw-ivf) attributed to changes in salinity (see Equation 2; Bemis et al. 1998). The
relationship between Mg/Ca and temperature is determined for a specific species based
on empirical calibration studies with typical standard errors of ±1.2 to ±1.4°C (Dekens et
al., 2002; Anand et al., 2003). The paleotemperature equation for G. ruber derived by
Anand et al., (2003) is used:
Equation 1)
𝑀𝑔/𝐶𝑎
𝑙𝑛 ( 0.328 ))
Temperature T°C ± 0.5°C=
0.09
Equation 2)
𝛿 23 𝑂56 (𝑉𝑆𝑀𝑂𝑊) ± 0.03
= 0.27 + (𝑇 − (16.5 ± 0.2) + (4.8 ± 016) × (𝛿 23 𝑂F (𝑉𝑃𝐷𝐵)/4.8 )
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Figure 2.1 Age-depth plots for models of the southern (MD98-2160) and northern
(MD98- 2177) sediment cores from 0 - 1200 cm based on all 14C dates (Table 1).
Reservoir ages were calculated using CALIB radio Calibration software version 7.1
(Struviver and Reimer, 2019). Each black circle represents an age depth sample with an
upper and lower range value of two sigma standard deviation represented by the dashed
line.
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Table 2.1 AMS 14C measurement age calibration

Depth, cm

14

C Age

lower
cal
range
BP

upper
cal
range
BP

median
(YBP)

Source

MD98-2177_0-1 cm

570

1

3

199

Newton et al.,
2011

MD98-2177_50-51 cm

1110

549

778

669

Newton et al.,
2011

MD98-2177_94-95 cm

1745

1209

1392

1296

Newton et al.,
2011

MD98-2177_130-131cm

2260

1739

1984

1868

Newton et al.,
2011

MD98-2177_200-201cm

3460

3210

3445

3338

Newton et al.,
2011

MD98-2177_340-341cm

8505

9019

9237

9125

This Study

MD98-2177_440-441cm

9670

10487

10657

10567

This Study

MD98-2177_480-481cm

10810

12098

12478

12304

This Study

MD98-2177_640-641cm

14240

16526

16964

16746

This Study

MD98-2177_740-741cm

17585

20555

20900

20719

This Study

MD98-2177_900-901cm

21740

25512

25846

25684

This Study

MD98-2177_1190-1191cm

30400

33722

34465

34063

This Study

MD98-2160_36-37cm

720

264

476

366

Newton et al.,
2011

MD98-2160_72-73cm

1005

524

647

587

Newton et al.,
2011

MD98-2160_138-139cm

1565

1014

1234

1126

Newton et al.,
2011

MD98-2160_200-201cm

2460

1937

2297

2112

Newton et al.,
2011

MD98-2160_530-531cm

6620

7072

7233

7160

This Study

MD98-2160_620-621cm

8420

8960

9110

9020

This Study

MD98-2160_760-761cm

12075

13393

13656

13513

This Study

MD98-2160_870-871cm

15335

17967

18310

18144

This Study

MD98-2160_1030-1031cm

20390

23820

24278

24046

This Study

MD98-2160_1110-1111cm

24100

27583

27984

27779

This Study

MD98-2160_1180-1181cm

26870

30524

30996

30768

This Study
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CHAPTER 3
RESULTS
3.1 Age Model
Based on AMS results for each core, our sample resolution is approximately 1
cm per 25 y (Figure 2.1). Our samples span an interval of 0.2 ± 0.06 to 34 ± 0.2 ky at the
northern site (MD-2177) and 0.15 ± 0.06 to 30.7 ± 0.2 ky at the southern site (MD-2160).
This gives a sedimentation rate of 45 cm/ky and 60 cm/ky for the northern and southern
sites respectively (Figure 2.1; Table 2.1). The southern site sedimentation rate increases
from 45 to 60 cm per ky from 9.0 ky to 2.1 ky (Figure 2.1).
3.2 d18O
The d18Oc differs significantly between the Holocene and the LGM (for all
foraminiferal species using a two tailed t-test and assuming a normal distribution, p value
< 0.001) (Figure 3.1 a & d). Over the last deglaciation, (19 kya to 11.7 kya) there is a -1.5
to -1 ‰ stepwise change in d18Oc observed in all three species (Figure 3.1 a & d). During
the LGM at the northern site, G. ruber has average d18Oc of -1.6 ± 0.3 ‰, while P.
obliquiloculata and G. menardii d18Oc averaged -0.2 ± 0.2 ‰ and -0.3 ± 0.3 ‰,
respectively. In the Holocene, mixed layer-dwelling G. ruber has an average d18Oc of -2.9
± 0.3 ‰, which is significantly lower than the LGM value (p < 0.001), while
thermocline-dwelling P. obliquiloculata has a significantly lower average d18Oc of -1.8 ±
0.3 ‰ (p < 0.001) followed by the deeper dwelling G. menardii average of -1.3 ± 0.5 ‰
(p < 0.001) (Figure 3.1 a).
16

The southern site had similar isotopic ranges for the mixed layer and thermocline
species. During the LGM, G. ruber had a significantly higher d18Oc average of -1.7 ± 0.2
‰ versus the Holocene average d18Oc of -3.0 ± 0.3 ‰ (p < 0.001). Pulleniatina
obliquiloculata and G. menardii have higher LGM d18Oc, with an average of -0.1 ± 0.2 ‰
and 0.3 ± 0.3 ‰ that are also significantly different from the Holocene averages of -1.9 ±
0.3 ‰ and -0.9 ± 0.3 ‰, respectively (p-values both < 0.001) (Figure 3.1 d).
In order to use the differences in d18Oc between species with different depth
habitats, we determined an Dd18Oc for the mixed layer, Dd18Omixed (G. ruber - P.
obliquiloculata) and for the thermocline, Dd18Othermocline (P. obliquiloculata – G.
menardii)
(Figure 3.1 b & e). The Dd18Omixed in the northern site is significantly different between
the LGM to the Holocene (p < 0.001). There were also several time periods that show
converging d18Oc values between thermocline species (Dd18Othermocline = 0) between 8.7 to
4.2 kya and 19 to 11.7 kya. In the southern site Dd18Omixed was relatively constant over the
Holocene and LGM and was not significantly different from that measured in the
northern site over the same time periods (p = 0.4, p = 0.03). There was also no significant
difference between the northern and southern Dd18Othermocline values during the
deglaciation from 19 to 11.7 kya (p = 0.01).
3.3 Mg/Ca and Temperature
Mg/Ca ratios measured in both the northern and southern sites were not
significantly different (LGM p = 0.1, Holocene p-value = 0.4;) and averaged 4.4 ± 0.2
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mmol/mol during the LGM and 4.8 ± 0.4 in the Holocene at the northern site. For the
southern site, Mg/Ca ratios averaged 4.2 ± 0.3 mmol/mol for the LGM and 5.0 ± 0.7
mmol/mol during the Holocene (Figure 3.1 c & f). Mg/Ca derived surface temperature
values (Equation 1) for the northern site averaged 28.7°C during the LGM and 29.9°C in
the Holocene (Figure 3.1 c). The southern site temperatures during the LGM derived
from Mg/Ca averaged 28.3°C, and 30.2°C during the Holocene (Figure 3.1 f). The
temperatures were significantly cooler in the LGM compared to the Holocene by ~1.2°C
(north) and ~1.3 °C (south) (p = 0.015). Using our temperature calibration, we derived
changes in d18Osw-corr (Equation 2). d18Osw-corr decreased from 1.5 ± 0.1 to 0.0 ± 0.3 from
the LGM to the Holocene at the northern site. The southern site experienced a similar
decrease, of 1.1 ± 0.1 to 0.1 ± 0.4 from the LGM to the Holocene.
3.4 Ba/Ca
The Ba/Ca ratios of G. ruber ranged from 1.4 to 5.5 µmol/mol in the northern site
and 0.62 to 4.2 µmol/mol in the southern site (Figure 3.1 c & f). The northern site Ba/Ca
averaged 2.9 ± 1.0 µmol/mol for the Holocene and 4.4 ± 0.2 µmol/mol during the LGM.
There is no significant difference between the northern site between the LGM and
Holocene (p = 0.02) The southern site has an average Ba/Ca ratio of 2.1 ± 0.7 µmol/mol
for the LGM and 2.3 ± 1 µmol/mol for the Holocene. Our data shows no significant
differences in Ba/Ca between the Holocene and the LGM at the southern site (p = 0.6)
(Figure 3.1 c & f).
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Figure 3.1 a-f). a) MD98-2177 (northern site) open symbols, d18Oc for is G. ruber (red
circles), P. obliquiloculata (blue squares), and G. menardii (green triangles). b) MD982177 Dd18Omixed (d18Oruber - d18Oobliquiloculata) are shown in green and between
Dd18Othermocline (d18Oobliquiloculata - d18Omenardii) are shown in purple. c) MD-92177 Mg/Ca
mmol/mol (open green triangles) and Ba/Ca µmol/mol (open orange squares). d) MD982160 (southern site) closed circles d18Oc G. ruber (red circles), P. obliquiloculata (blue
squares), and G. menardii (green triangles). e) MD98-2160 (bold lines) Dd18Omixed
(d18Oruber - d18Oobliquiloculata) are shown in green and between Dd18Othermocline
(d18Oobliquiloculata - d18Omenardii) are shown in purple. f) MD98-2160 Mg/Ca mmol/mol
(closed green triangles) and Ba/Ca µmol/mol (closed orange squares). The blue shading
represents periods of increased ITF and the yellow shading represents periods of
decreased ITF.
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CHAPTER 4
DISCUSSION
We used the geochemistry of multiple species of foraminifera to characterize
changes in the water column structure over the last 30,000 years in the Makassar Strait in
order to understand larger scale hydroclimate oscillations and changes in ITF in the
IPWP. Modern observations of the ITF show that throughflow strength results in
differences in thermocline structure. Assuming a similar dynamic on millennial
timescales, we infer changes in the Makassar Strait ITF using reconstructed thermocline
structure based on relative changes in d18Oc between species of planktic foramnifera that
calcify at different depths. These findings are supported by Mg/Ca and Ba/Ca records
from the mixed layer-dwelling G. ruber over the same time intervals.

4.1 Framework for interpreting throughflow
The various foraminifera species studied here record information about their
calcification environments in the d18O and trace metal concentrations measured in their
shells (Fairbanks et al., 1982; Ravelo and Fairbanks, 1992; Spero et al., 2003).
Globigerinoides ruber typically lives in the mixed layer 0 – 30 m, P. obliquiloculata the
upper-thermocline (60 – 90 m) and G. menardii in the lower-thermocline (100 – 150 m).
All of these species have been found to track these habitat depths near our core site
locations (Mohtadi et al., 2009) and in the tropical Pacific and Atlantic Oceans
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(Fairbanks et al., 1980, 1982; Ravelo and Fairbanks 1992; Spero et al., 2003; Wejnert et
al., 2010; Hollstein et al., 2017).
Modern observations show that at present, during periods of strong ITF, the
mixed layer shallows and peak ITF flow occurs in the thermocline (Susanto et al., 2005).
This weakens and expands the thermocline to deeper depths (Figure 1.2 b & e) and
increases the separation of species habitats (Figure 4.1 a). We would expect this to be
reflected in changes in the Dd18Omixed and Dd18Othermocline of our study species. For
example, during the Holocene, G. ruber is located shallower in the water column.
Pulleniatina obliquiloculata calcifies in the upper-thermocline, resulting in a smaller
Dd18Omixed. The deepest dwelling species, G. menardii, maintains its depth habitat deep in
the water column, but is spaced further apart from P. obliquiloculata (greater
Dd18Othermocline). Decreases in the d18Osw within the mixed layer further indicate increased
freshwater input, such as that derived from increased precipitation and river input, both of
which are also associated with decreased surface ITF during boreal winter (Qu et al.,
2005; Du et al., 2005; Fan et al., 2018). Ba/Ca ratios can also be indicative of regional
freshwater inputs associated with rivers (Weldeab et al., 2007; Evans et al., 2015; Vetter
et al., 2017) and an increase in Ba/Ca associated with strong ITF would suggest greater
freshwater inputs as well. At the southern site, greater freshwater inputs are likely due to
the proximity to the South China Sea, prehistoric Molengraaff Rivers that no longer exist
from the LGM, and present day Banjarmasin and Mahakam Rivers. (Molengraaff 1921;
Milliman et a.,1999; Bird et al 2005; Gordan et al., 2003; Gordan et al., 2012).
During long term periods of reduced ITF flow a deeper mixed layer and stronger
thermocline should occur, similar to modern day seasonal throughflow patterns (Xu et al.,
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2008; Figure 4.1 b). Under this scenario, ITF is reduced and generally occurs in the
mixed layer. This results in a stronger temperature gradient between the northern and
southern ends of the Makassar Strait (Fan et al., 2018). A deeper mixed layer results in a
greater difference between Dd18Omixed, in contrast to the small Dd18Othermocline observed
during periods of stronger ITF (Figure 4.1 b). The deeper mixed layer is cooler (Qu et al.,
2005; Du et al., 2005), and would be reflected by lower Mg/Ca ratios of G. ruber. Higher
salinity would be associated with lower Ba/Ca and higher d18Osw resulting from less
freshwater discharge.
4.2. Glacial-Interglacial Changes in Throughflow
Using this framework, our data suggests a decrease in throughflow during the
LGM relative to the Holocene. During the deglaciation, the Dd18Othermocline is minimal (Dd
= ~ 0) (highlighted in yellow shading, Figure 3.1); suggesting a stronger thermocline
(Figure 4.1 b). At the northern site we infer a shoaling of the thermocline based on a
smaller Dd18Othermocline during the Holocene from 8.7 to 4.2 kya coupled with a weaker
thermocline (blue shading Figure 3.1; Figure 4.1 a).
The Dd18Omixed in the northern site shows the mixed layer shoaling from 19 to 15
kya as a decreased Dd18Omixed signal and stronger thermocline during deglaciation relative
to the LGM from 19 to 12.9 kya (Figure 3.1; Figure 4.1 b). The southern Dd18Othermocline
shows no difference in d18O (Dd = ~ 0) between 26 and 24 kya in the LGM compared to
the northern site indicating that the ITF is weaker toward the south.
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The northern and southern sites’ trends in Dd18Omixed are comparable to Fan et
al.’s (2018) thermocline water temperature gradients (DTWT) during the LGM. Mg/Ca
temperatures and d18Osw show periods of cooling and decreased salinity from the LGM to
the Holocene and are consistent with other published records (Visser et al., 2003, Fan et
al., 2013, Xu et al., 2008). The northern opening of the Makassar Strait shows a
strengthened thermocline with more flow from the Mindanano Current north of the
Makassar Strait ITF (Figure 1.1) in the LGM. This is contrary to the southern opening
that experiences upwelling and mixing with increased ITF dominating in the surface layer
shown by our Dd18Othermocline and others (Bolliet et al., 2012; Xu et al., 2008) which
deepens the mixed layer environment (Figure 4.1 b).
The hydroclimate in the IPWP changed across the deglaciation from 19 to 11.7
kya. The difference in our Dd18Othermocline during the deglaciation occurred during a period
of atmospheric and oceanographic change with increasing moisture and winds relative to
the LGM (Clark et al., 2012; Schroder et al., 2018), causing the thermocline to strengthen
and decreasing flow. In the Holocene, the ITF shifts to flow within a shoaling
thermocline, resulting in a larger difference in d18O values between species (Figure 4.1
a).
The stepwise change in d18O of ~1.5 ‰ for G. ruber across the LGM and
Holocene in both sites is similar to previous work in the IPWP and represents a change in
global ice volume (Linsley et al., 2010; Xu et al., 2008; Fan et al., 2018; Schroder et al.,
2018). The d18Oc decrease in thermocline dwelling P. obliquiloculata from the LGM to
the Holocene follows similar trends in the thermocline water temperature (TWT) from
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LGM to Holocene of (- 2.5°C) observed in previous records (Fan et al., 2013; Fan et al.,
2018; Xu et., 2008; Dang et al., 2012; Bolliet et al., 2012). These studies show the same
trends in the thermocline. The results from our additional species, provides additional
support to the hypothesis of a deepening thermocline when the ITF strengthens during
sea level rise.
There is little difference between the d18O of G. ruber, P. obliquiloculata, and G.
menardii between the northern and southern sites during the LGM and Holocene This is
in contrast to Fan et al. (2018) who hypothesized that upwelling in the LGM injected
cooler waters into the thermocline and reduced foraminifera habitat ranges. The
Dd18Othermoclne is greater from 28 to 25 kya for the southern site suggesting at least some
upwelling influences, which is comparable to observations by Fan et al. (2018) who
found an increasing TWT in the south and a greater north-south difference in DTWT.
The Holocene climate maximum, as represented in our record by G. ruber d18Oc
between 11 to 5 kya (Ressen et al., 2009; Linsley et al., 2010), occurs when the Sunda
shelf and Karimata Strait are submerged at ~9.5 kya (Hanebuth et al., 2000; Kienast et
al., 2001, Griffiths et al., 2009; Figure 3.1 b & e). Prior to this event, periods of increased
continental ice sheet melting from 15 to 11 kya led to sea level rise (Bard et al., 1996)
and increased volume and mixing of the ITF (Bard et al., 1996, Xu et al., 2008).
Continued sea level rise due to glacial melt cooled the thermocline temperature after the
Holocene maximum and shifted the ITF from the surface to the thermocline throughout
the IPWP (Dang et al., 2012; Xu et al., 2008). The flooding would have also increased
the ocean surface area and thus precipitation and evaporation, and the accumulation of
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fresher waters at the southern opening of the Makassar Strait during the northwest
monsoons (Gordan et al., 2003; Linsley et al., 2010). Sea level rise and establishment of
the ‘freshwater plug’ subsequently forced the ITF into the thermocline and increased the
difference in Dd18Othermocline (Hanebuth et al., 2000; Gordan et al., 2003; Linsley et al.,
2010). This is shown as an increase in ITF in the northern and southern sites of our
second thermocline species d18O data (P. obliquiloculata) from the Makassar Strait and
others (Fan et al., 2018).
In addition, the sedimentation rate at the southern site increased from 45 cm/ky at
9 kya (620 cm) to 60 cm/ky at 2 kya (200 cm), similar to the results of Schröder et al.
(2018) and Fan et al. (2018). This increase in sedimentation rate may be due to increased
riverine flux and terrigenous sediment delivery to the Sunda Shelf until the land mass was
submerged, forming the new waterway from South China Sea to Java Sea (Bird et al.,
2005).
During the mid-Holocene, the ITCZ moved south over millennial periods when
there is prolonged Northern Hemisphere cooling, influencing wind strength and
precipitation in the IPWP (Wang et al., 2005; Oppo et al., 2009, Newton et al., 2011).
With additional surface water in the South China Sea, increasing the area of evaporation
and adding moisture to the region. Cooling of surface waters occurred, and thus a
weakening of the thermocline across the IPWP (Griffiths et al., 2013). The southward
movement of the ITCZ is supported by a larger Dd18Othermocline for (Figure 3.1 a & b)
millennial timescales and in nearby temperature records during the Holocene from 9.5 to
4.2 kya as (Fan et al., 2013) and could have increased ITF (Newton et al., 2011).
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Holocene d18Osw at the southern site east of the Sunda shelf has a larger decrease
in d18Osw (~1.5 ‰) relative to the northern site, indicative of relative freshening at the
southern site (Figure 3.1 f). This is consistent with sea level rise and a reconnection of the
low salinity South China Sea to the Java Sea through the Karimata Strait and southern
outlet of to the Makassar Strait (Linsley et al. 2010; Fan et al., 2013). Moreover, a
southerly position of the ITCZ and its associated rainfall leads to a decrease in salinity in
the southern Makassar Strait, increasing the salinity gradient between the northern and
southern sites (Newton et al., 2011). The ITCZ produces monsoonal winds as the ITCZ
seasonally shifts between the northern and southern hemispheres. The long term
southward shift of the ITCZ would have decreased salinity due to more precipitation, thus
effecting the surface water of the ITF in the Holocene by changing the surface density
gradient from the north to the south by increasing ITF in the thermocline (Newton et al.,
2011). Prior to the Holocene, salinity was greater during the LGM due to a drier climate
throughout the IPWP as shown in our records and others (De Deckker et al., 2003;
DiNezio and Tierney et al., 2013) This in turn reduced freshwater inputs to the southern
site. The LGM d18Oc data for all species show no difference between the northern and
southern sites. However, there are several periods of increased Dd18Othermocline at both sites
from 24 to 29 kya which we hypothesize is a period of reduced ITF with a strong
thermocline, and similar to previously observed studies (Fan et al., 2018).
The IPWP on interglacial-glacial timescales is characterized by regional
precipitation heterogeneity caused by variability in Walker Circulation, ENSO, and
southward migration of the ITCZ that influence wind intensity, riverine discharge, and
water column salinity (Partin et al., 2007; DiNezio and Tierney 2013; Griffiths et al.,
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2013; Stott et al., 2002; Ayliffe et al., 2013). These fluctuations influence the ITF
intensity as shown by our reconstruction of the thermocline in the Makassar Strait.
Falling sea level and cooler climates influence both the migration and location of the
ITCZ and the strength of the monsoon, weakening the pressure gradient that drives
throughflow intensity in modern times (Fan et al., 2013, 2018; Xu et al., 2008; Schroder
et al., 2018).
It is important to note that the freshwater pool that accumulates at the southern
opening of the Makassar Strait existed throughout the Holocene and would not have been
present in the LGM due to the absence of a South China Sea outlet of freshwater to the
Java Sea. Without this modern day ‘freshwater plug’ (Gordan et al., 2003), the surface
layer would hold ITF water during the LGM (Figure 3.1 b). Then with sea level rise, the
ITF would transition to the thermocline, as supported by our findings (Griffithes et al.,
2013; Xu Jain, 2014; Qu et al., 2005).
ENSO’s impact on ITF intensify in the IPWP during the LGM has been widely
debated due to the influences of sea level change and ice cap volume (Sott et al., 2002;
Xu 2014; De Deckker et al., 2003; DiNezio and Tierney et al., 2013). Extended El Niñolike conditions during the LGM would shift atmospheric convection from the IPWP
towards the eastern Pacific Ocean creating drier conditions in our study area. During the
Holocene, a decrease in the frequency or period of El Niño events would result in
relatively wetter climates (Stott et al., 2002).
Proxy data suggests that the eastern Pacific was characterized by more El Niñolike conditions during the LGM (Koustavas et al., 2012). We compared the 24 kya to 29
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kya Dd18Othermocline peaks in our records to Fan et al’s (2018) peaks, which they
characterized as a cooling of the thermocline throughout the Makassar Strait and IPWP.
We further interpret these peaks as periods of weaker ITF that could be related to either
increasing El-Niño like conditions or mixing and upwelling (Fan et al., 2013; 2018).
Thermocline dominated flow in the deglaciation and Holocene has been explained by
increased ITF during a more La Niña like state in the Holocene and El Niño in the LGM
(Xu Jain, 2014; Fan et al., 2018). However, given our sample resolution (25 y per cm), it
is difficult to comment upon decadal scale-ENSO variability in the LGM.
Average temperatures derived from G. ruber Mg/Ca using the relationship
developed by Anand et al. (2003) (Equation 1) are within error (± 3°C ) of previous
studies within the Makassar Strait that show a warming from the LGM to the Holocene
(Xu et al., 2008; Schröder et al., 2018, Fan et al., 2018). During the deglaciation, we
observe a decrease in Mg/Ca of ~1.5 mmol/mol or 1-2 ± 0.5 °C, lower than the 3-4 ± 0.5
°C measured by Stott et al. (2002). During the Holocene, the mixed layer is warmer in the
southern site compared to the northern site. The d18Osw-corr derived from paired Mg/Ca
and d18Oc (Equation 2) shows a decrease in d18Osw by ~1 ‰ from 19 to 12.9 kya. This
suggest that increased freshwater discharge occurred during the Holocene relative to the
LGM and is supported by a similar decrease in salinity observed at other sites (Schröder
et al., 2018; Fan et al., 2018). This freshening likely increased stratification and
facilitated the thermocline shoaling observed in the Holocene (Newton et al., 2011).
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4.3 Trace Metals
Ba/Ca in foraminiferal calcite has been used as a tracer of river discharge through time
(Weldaeb et al., 2007; Evans et al., 2015; Vetter et al., 2017). Foraminiferal shells
incorporate barium in proportion to its availability in near-surface seawater, which is
primarily controlled by riverine terrestrial inputs in most open ocean systems (Honisch et
al., 2011). Ba/Ca ratios in our sites are high throughout our records. The Ba/Ca of G.
ruber implies a seawater Ba concentration of 150 to 220 nmol/kg (Hönisch et al., 2011),
assuming a Ca concentration in seawater of 0.0103 mol/kg. Neighboring sites have
reported Ba concentrations of 200 to 350 nmol/kg near river mouths and estuaries
(Nozaki et al 2001). Our Ba/Ca ratios, while substantially higher than previous studies in
open ocean regimes, are consistent with the previous near shore measurements and do not
vary over time. Our site is likely influenced by many smaller rivers with high discharge
(Qu et al., 2005), such that the system lacks two clearly differentiated terrestrial and
open-ocean end members. In addition, upwelling of nutrient rich waters in this region
may have further influenced the Ba/Ca ratio (Setiawan et al., 2017). We further cannot
rule out diagenic contamination in our samples as an additional factor for high Ba/Ca
concentrations because our cleaning procedure did not specifically clean for barite. Thus,
the lack of a coherent change in Ba/Ca ratios in this study over time is likely due to a
number of factors that obfuscates the freshwater Ba signal in foraminifera shells.
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Figure 4.1 a-b) This graphic illustration shows two end-member scenarios of a stratified
water column. a) The top panel depicts a scenario characterized by a shallow mixed
layer and weak thermocline (medium blue). Arrow direction and thickness depicts flow
strength and direction. Species live at different depths that reflect their optimal
environment of growth. (right panel, a) The thermocline (green) and oxygen isotopic
ratio (blue) increase with depth and axes are proportionally the same for both. b) The
bottom panel depicts a scenario with a stronger thermocline (medium blue) and deeper
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mixed layer (light blue). The upper and lower thermocline species are therefore located
closer in proximity. (right panel, b) The thermocline(purple) and oxygen Isotopic ratio
(blue) increase as temperature decrease and salinity
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CHAPTER 5
CONCLUSION
Our results support that the thermocline weakened in the Makassar Strait and that
the ITF slowed in the IPWP during the deglaciation based on the d18Oc of multiple
species of foraminifera that calcify at different habitat depths in the water column. Since
the LGM, the oxygen isotopes from P. obliquiloculata and G. menardii show changes in
temperature and salinity in the mixed layer and thermocline. The addition of the third
species of G. menardii not shown in previous ITF reconstruction efforts provides a better
understanding of Makassar Strait ITF with depth of the water column. The similar
oxygen isotopic values among species (Dd18Othermocline and Dd18Omixed) indicates a
weakening of the thermocline and separation of habitats that is due to a change in ITF
within the thermocline and possible influences from the onset of flooding from the South
China Sea, ENSO, and ITCZ shifts affecting the seasonal monsoons. Our study confirms
temperature changes from the LGM to the Holocene shown in similar records that
observe shoaling of the thermocline throughout the IPWP. The regional and multiple
river influences on Ba/Ca ratios make this a challenging proxy for reconstructing riverine
flow in this region, including high levels of precipitation year-round for high amounts of
river discharge and possible point source issues from multiple rivers.
Changes in sea level in the IPWP clearly effected the flow of water from the
Pacific to Indian Ocean. With this in mind, the global implications of changing ITF
routes that enhanced the amount of warm surface ocean water entering the Indian Ocean
33

as sea level slowly increased. This could have increased the melting speed of global ice
volume as more water circulated throughout the southern hemisphere. In addition, sea
level rise would have contributed to more atmospheric evaporation and moisture around
the globe, fueling more rainfall globally.
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