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Abstract 

 
Investigating Climate Variability over the Last Four Glacial Cycles  

using Surface and Thermocline Dwelling Foraminifera  

from the Sulu Sea in the Far Western Pacific 

 

Thomas L. Weiss 
 

The geographic location of the Sulu Sea in the far western equatorial Pacific results in the 

basinôs oceanographic sensitivity to: 1.) the East Asian Monsoon strength, 2.) the Kuroshio 

Current and open western Pacific conditions, 3.) Indonesian Strait geometry, 4.) past sea level, 

and 5.) the Indonesian Throughflow (ITF). Due to the seaôs unique bathymetry as a deep basin 

(~5,000 m maximum depth) surrounded by shallow sills with maximum depths of 440 m, Sulu 

Sea bottom water is relatively warm with minimum temperature of ~10°C, low dissolved 

oxygen, high carbonate concentrations, excellent CaCO3 preservation, and low bioturbation 

which combine to produce a remarkable sedimentological record. Sulu Sea sediments have 

previously been utili zed to generate high-resolution paleoclimate records of past variability of 

surface ocean conditions using the planktonic foraminifera Globigerinoides ruber. However, past 

changes in the Sulu Sea subsurface and thermocline have been largely unexplored until now. 

Here I will show that reconstructing subsurface upper ocean conditions in the Sulu Sea reveals a rich 

archive of paleoclimatic information relating to past upper ocean dynamics. In this dissertation I seek 

to understand Indo-Pacific and global glacial-interglacial variability over the last four glacial cycles 

by generating foraminiferal ŭ18O, Mg/Ca-based temperature, and seawater ŭ18O (ŭ18Ow) records 

using the thermocline calcifying foraminifera Globorotalia tumida from high-resolution sediment 

core MD97-2141 from the Sulu Sea. Additionally, I extend existing G. ruber Mg/Ca-based 

temperature and ŭ18Ow paleoclimatic results to now span intervals of the last four glacial cycles. Sulu 

Sea thermocline reconstructions monitor regional paleoclimate on their own while also providing 



 

 

insight into surface variability when the surface and thermocline depth paleoclimatic records are 

compared. 

In Chapter 1 of this dissertation, I use Sulu Sea G. tumida reconstructions to investigate the 

North Equatorial Current (NEC) bifurcation latitude. After flowing east to west across the Equatorial 

Pacific, the NEC bifurcates into the northward flowing Kuroshio Current and the southward flowing 

Mindanao Current. The latitude of bifurcation migrates seasonally and interannually, controlling the 

partitioning of water between the two currents and the transfer of energy to the North Pacific. Using 

modern instrumental data, I show that by controlling the strength of the Kuroshio Current, the NEC 

bifurcation latitude also controls the leakage of relatively salty western Pacific water into the South 

China and Sulu Sea thermoclines, thus playing a major role in the salinity of the thermocline in both 

basins. I then use Sulu Sea thermocline ŭ18Ow generated using the foraminifera G. tumida from core 

MD97-2141 to show that the NEC bifurcation latitude was north during Heinrich Stadial I (17.5-15 

ka), the Younger Dryas Chronozone (12.9-11.6 ka), and from ~9.5-8.5 ka and south during the 

Bølling-Allerød and early Holocene. 

Understanding the calcification depth of foraminifera is crucial for interpreting paleoclimate 

records. In Chapter 2 of this dissertation, I present ŭ18O records from six foraminiferal species and 

size fraction combinations from core MD97-2141 spanning ~12.75-10.75 ka. I calculate the ŭ18O 

difference between those records and previously published G. ruber data from the same core and 

use modern instrumental temperature and salinity data from the Sulu Sea to estimate calcification 

depths for each species and size fraction combination. I estimate that Sulu Sea G. tumida in the 

400-600 µm size fraction calcify at a mean depth of 115m with the middle 95% of foraminifera 

geochemically analyzed yielding calcification depths between 99-131 m. G. tumida with no size 

constraint and in the >600 µm size fraction calcify at mean depths of 112 m and 107 m with the 

middle 95% of individual samples at 99-120 m and 88-117 m respectively. Globorotalia 



 

 

menardii was found to calcify at a mean depth of 106 m and the middle 95% of samples between 

92-117 m. Neogloboquadrina dutertrei calcifies at a mean depth of 112 m (middle 95% between 

102-120 m). Lastly, Pulleniatina obliquiloculata calcifies at a mean depth of 93 m (middle 95% 

between 68-108 m). Estimated calcification depth ranges for the all six species and size fraction 

combinations overlap. My results suggest that larger G. tumida calcify shallower in the Sulu Sea. 

I also show evidence that calcification depths in the Sulu Sea did not change for any of these 

species through time. 

Chapter 3 focuses on Marine Isotope Stage 3 (MIS3) (60-26 ka). I present results which 

demonstrate that the opening and closing of the ~36 m deep Karimata Strait at the southern terminus 

of the South China Sea with rising and falling sea level plays a substantial role in Sulu Sea surface 

salinity. I generated surface and thermocline ŭ18Ow records spanning ~125-20 ka in order to 

determine when the Karimata Strait was open and closed. I then use the depth history of the Karimata 

Strait to constrain maximum sea level during MIS 3 to -22±6 m relative to modern sea level and 

minimum possible sea level during MIS 5a and 5c (117-72 ka) to -12±7 m relative to modern. My 

record is the first to unequivocally demonstrate the Karimata Strait was subaerial during MIS 3 and 

suggests it could have facilitated the first human migration to the island of Borneo which occurred 

during that time. 

During the Younger Dryas paleoclimatic event (~12.9-11.6 ka), there was a return to near 

glacial conditions during the transition from the Last Glacial Maximum to the early Holocene 

(Termination I) (~18-11 ka). This was the most significant climate event during Termination I, but it 

is still unknown if it was a one-off event or if such millennial-scale events are intrinsic to glacial 

terminations. In Chapter 4 of this dissertation, I present Sulu Sea thermocline ŭ18O and Mg/Ca-based 

temperature records and a surface ocean Mg/Ca record to investigate millennial-scale events during 

Terminations II (~135-125 ka), III (~252-240 ka), and IV (~341-330 ka) in order to determine if 



 

 

the Termination II-IV events in the Sulu Sea demonstrate the same structure as the event during the 

Younger Dryas Chronozone. My results show that the millennial-scale event in the Sulu Sea 

thermocline during Termination III was most similar to the Younger Dryas Chronozone event, while 

the Termination II and IV events were largely similar to the Younger Dryas Chronozone with some 

differences. My reconstructions of these events are very consistent with the Termination III event in 

the Sulu Sea and somewhat consistent with the Termination II and IV events in the Sulu Sea being 

driven by the same mechanism as the Sulu Sea Younger Dryas Chronozone event. 

As a whole, my dissertation takes a unique approach to characterizing millennial-scale 

climatic events by combining surface and thermocline foraminiferal ŭ18O and Mg/Ca reconstructions 

and attributing mechanistic drivers to each. In doing so, I am able to draw the most possible 

information from a core. Such an approach that utilizes both the surface and the subsurface of the 

water column also allows interpretation of the differences between the surface and thermocline and 

these differences can improve our interpretations of previously existing surface records. Furthermore, 

my dissertation develops a new approach to constraining sea level using foraminiferal ŭ18O results by 

tying them to physical structures such as the Karimata Strait that have a direct relationship to sea 

level. The conclusions I reach in my dissertation shed light on North Equatorial Current bifurcation 

latitude variability since the Last Glacial Maximum, furthering our understanding of the controls of 

Indo-Pacific and western Pacific climate variability and the Indonesian Throughflow. They also 

improve our understanding of foraminiferal calcification depth in the Sulu Sea and through time, help 

constrain sea level during Marine Isotope Stages 3 and 5, and help develop our understating of 

millennial scale events during glacial terminations.
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Introduction  

The Indo-Pacific is the most densely populated region of the world, with more than half 

of global population living in the area (Dewey, 2013). Furthermore, the Indo-Pacific is critical to 

both regional and global climate for a multitude of reasons. First, the Indo-Pacific is home to the 

highest sea surface temperatures on the planet (Reynolds et al., 2002). These elevated sea surface 

temperatures produce atmospheric convection and moisture that helps feed multiple monsoon 

systems and leads to some of the highest rates of precipitation globally (Adler et al., 2003). 

Second, the region influences the strength and is the source of the warmth of the Kuroshio 

Current which plays a large role in North Pacific climate by carrying energy northward and 

fueling storms (Imawaki et al., 2013; Hu et al., 2015). Third, the Indonesian Throughflow (ITF), 

an important limb of global thermohaline circulation, a strong influence on Indian and Pacific 

Ocean temperature and salinity, and the only low latitude connection between ocean basins, 

flows through the Indonesian seas and has its temperature, salinity, and velocity profile 

controlled by the oceanographic and bathymetric conditions of the region (Vranes et al., 2002; 

Gordon et al., 2012). Given the population density of the region and wide-scale climatic 

significance, it is important that we understand the evolution of Indo-Pacific paleoclimate.  

Due to its unusual bathymetry and location, the Sulu Sea is uniquely positioned to 

monitor Indo-Pacific paleoclimate. The Sulu Sea is a relatively deep basin with a maximum 

depth of ~5,000 m, but it is surrounded by islands and narrow shallow sills with maximum 

depths that range from 132-440 m (Gordon et al., 2011). As a result, relatively few variables 

impact Sulu Sea subsurface oceanographic conditions, meaning paleoceanographic records 

potentially have fewer confounding variables (Weiss et al., 2021). Inflow into the Sulu Sea 

primarily comes from the South China Sea (SCS) to the north. With a surface salinity of 33, SCS 
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surface water is relatively fresh due to high runoff of the East Asian and Southeast Asian 

Monsoons (Miao et al., 1994). Advection of this relatively fresh water is the strongest control on 

Sulu Sea surface salinity which is also relatively fresh with a salinity of ~34 (Miao et al., 1994). 

This strong connection between Sulu Sea surface salinity and monsoonal runoff means large 

changes in East Asian Monsoon strength are recorded in Sulu Sea surface salinity (Rosenthal et 

al., 2003). Volume of flow into the Sulu Sea from the SCS is strongly correlated to the strength 

of flow into the SCS through the Luzon Straight (Gordon et al., 2012), which is in turn strongly 

influenced by the strength of the Kuroshio Current (Zeng et al., 2016). Luzon Strait throughflow 

plays a major role in SCS and Sulu Sea subsurface salinity (Zeng et al., 2016). Sea level can also 

play an important role in the strength of Sulu Sea inflow and its salinity by changing strait 

bathymetry, particularly that of the ~36 m deep Karimata Strait to the south of the SCS (Linsley 

et al., 2010). Sulu Sea outflow is primarily to south into the Sulawesi Sea and northern Makassar 

Strait where strong outflow acts as a plug, deepening and cooling maximum velocity ITF flow 

(Gordon et al., 2012). By monitoring Sulu Sea paleoceanographic conditions it is possible to gain 

insight into East Asian Monsoon strength, the Kuroshio Current and western Pacific conditions, 

Indonesian strait geometry, sea level, and the ITF. 

Not only does the unique bathymetry of the Sulu Sea make oceanographic conditions 

ideal for monitoring regional oceanography, it also promotes ideal conditions for Sulu Sea 

sediments as a paleoclimate archive. Any water that ventilates Sulu Sea bottom water must reach 

a depth of at least 440 m, the deepest passage through the shallow sills surrounding the basin. 

Based on the temperature and salinity characteristics of Sulu Sea bottom water, Gordon et al. 

(2011) estimate that Sulu Sea bottom water deeper than 1,250 m is ventilated through the Sibutu 

Passage from depths in the Sulawesi Sea of ~245-527 m. Because Sulu Sea bottom water is 
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sourced from such shallow depths, its characteristics are unusual for water so deep. Sulu Sea 

bottom water temperature is remarkably high at ~10°C (Gordon and Villanoy, 2011) and 

elevated temperatures and carbonate concentrations result in a deep lysocline of ~3,800 m, about 

600 m deeper than in the SCS and 300 m deeper than the western equatorial Pacific, and a deep 

carbonate compensation depth of ~4,800 m, ~800 m deeper than in the SCS and ~200 m deeper 

than in the western equatorial Pacific (Linsley et al., 1985). Limited ventilation of Sulu Sea 

bottom water also leads to low dissolved oxygen of 1.3-1.6 mL/L (Linsley et al., 1985). 

Additionally, apparent oxygen utilization is higher at each depth below the subsurface than in the 

open North Atlantic and west Pacific (Linsley et al., 1985). Warm bottom water temperatures 

and a shallow lysocline lead to excellent CaCO3 preservation and promote a relatively high 

average sedimentation rate of >15 cm/ka (Oppo et al., 2003). Furthermore, low dissolved oxygen 

limits bioturbation (mixing coefficient <0.04 cm2/year below 3,000 m water depth) (Kuehl et al., 

1993). High sedimentation rates, excellent CaCO3 preservation, and low bioturbation make the 

Sulu Sea an ideal sediment archive for paleoclimate reconstructions. 

A multitude of important surface calcifying foraminiferal-based paleoclimate studies 

have leveraged the significance of Indo-Pacific climate, the unique ability of Sulu Sea 

oceanography to track that climate, and the excellence of the sedimentary record. Linsley (1996) 

showed that G. ruber ŭ18O from ODP core 769A was lower than expected during Marine Isotope 

Stage 3 (60-26 ka) based on the SPECMAP benthic ŭ18O stack (Imbrie et al., 1984) and proposed 

that sea level was higher during this interval than previously thought, an interpretation that soon 

fell out of favor. More recent work (Dannenmann et al., 2003; Oppo et al., 2003; Rosenthal et al., 

2003) has utilized IMAGES core MD97-2141 (08°78ǋN, 121°28ǋE), a 36 m giant piston core that 

was collected at 3,633 m water depth during the IPHIS-IMAGES III cruise of the R/V Marion 
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Dufresne in May 1997. Due to the high sedimentation rate in the Sulu Sea, the core was slab 

sampled at 1 cm intervals allowing for very high-resolution paleoclimate records. Rosenthal et 

al. (2003) generated ŭ18O, Mg/Ca-based temperature, and seawater ŭ18O (ŭ18Ow) records 

spanning the Last Glacial Maximum to the mid-Holocene (~22-4 ka) using G. ruber from core 

MD97-2141. Their results showed the Sulu Sea was 2.3±0.5°C colder during the last glacial and 

that there was a millennial-scale increase in surface salinity during the Younger Dryas 

Chronozone (~12.9-11.6 ka) in response to a weak East Asian Monsoon. Dannenmann et al. 

(2003) extended MD97-2141 G. ruber ŭ18O and Mg/Ca-based temperature through Marine 

Isotope Stage 3 and found evidence of millennial-scale surface salinity variability in sync with 

variability in the strength of the East Asian Monsoon and North Atlantic stadials and 

interstadials. MD97-2141 G. ruber ŭ18O was further extended to 400 ka by Oppo et al. (2003) 

who found that the amplitude of ŭ18O variability on orbital timescales was similar to changes 

driven by ice volume alone, indicating that ice volume and monsoon driven salinity variability 

obscured any temperature variability. They also found that variations at 4-10 ka frequencies were 

strongly correlated to East Asian Monsoon and suborbital North Atlantic variability. While G. 

ruber ŭ18O, Mg/Ca-based temperature, and ŭ18Ow have been used extensively to understand Sulu 

Sea surface ocean variability over the last ~60 ka and G. ruber ŭ18O over the last ~400 ka, 

subsurface and thermocline calcifying foraminifera from the Sulu Sea have been underutilized. 

In this dissertation I present new ŭ18O, Mg/Ca-based temperature, and ŭ18Ow results using 

the thermocline calcifying foraminifera Globorotalia tumida from Sulu Sea core MD97-2141 to 

investigate paleoclimate variability over the last four glacial cycles. Additionally, I extend 

MD97-2141 G. ruber Mg/Ca-based temperature and ŭ18Ow to cover important intervals of the 

last four glacial cycles in order to deconvolve temperature, salinity, and ice volume signals 
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contained in G. ruber ŭ18O records. Sulu Sea thermocline reconstructions provide value in two 

ways. First, Sulu Sea thermocline conditions can be utilized to monitor a variety of local and 

regional paleoclimate variability. Second, because surface and thermocline conditions are 

controlled by some similar and some different processes, comparing records of thermocline 

variability to surface variability can provide further insight into the drivers of previously 

observed surface variability. 

Chapter 1 of this dissertation focuses on the transition from the Last Glacial Maximum to 

the early-Holocene (Termination I). I use modern instrumental salinity and sea surface height 

data to tie Sulu Sea thermocline salinity variability to the bifurcation latitude of the North 

Equatorial Current (NEC). I then present G. tumida ŭ18O, Mg/Ca-based temperature, and ŭ18Ow 

from MD97-2141 spanning the Last Glacial Maximum to the mid-Holocene in order to 

investigate NEC variability over that interval. 

In Chapter 2 I present ŭ18O data spanning ~12.75-10.75 ka from core MD97-2141 for six 

foraminiferal species and size fraction combinations: large G. tumida (>600 µm), G. tumida with 

no size constraint, the Globorotalia menardii (>600 µm) endmember of its morphotype 

intergrade with G. tumida, Pulleniatina obliquiloculata (350-500 µm) and Neogloboquadrina 

dutertrei (250-500 µm). I compare those ŭ18O records to instrumental temperature and salinity 

profiles and the already published G. ruber ŭ18O data in order to estimate calcification depths for 

each species and size fraction combination. 

In Chapter 3 I extend existing G. ruber Mg/Ca-based temperature and ŭ18Ow to Marine 

Isotope Stage 6 (~145 ka) and present new G. tumida ŭ18O, Mg/Ca-based temperature, and ŭ18Ow 

that span Marine Isotope Stage 3 through Marine Isotope Stage 5e (~130-30 ka). I compare these 

surface and thermocline ŭ18Ow records in order to investigate why G. ruber ŭ18O was lower than 
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expected during Marine Isotope Stage 3 based on both the SPECMAP (Imbrie et al., 1984) and 

LR04 (Lisiecki and Raymo, 2005) benthic ŭ18O stacks. I tie G. ruber ŭ18O during this interval to 

opening and closing of the Karimata Strait due to rising and falling sea level and use the 

elevation history of the Karimata Strait along with this new record of inundation of the strait to 

constrain sea level. 

In chapter 4 I investigate millennial-scale events during Terminations II (~135-125 ka), 

II I (~252-240 ka), and IV (~341-330 ka) contained in the previously published MD97-2141 G. 

ruber ŭ18O records. I generate G. ruber Mg/Ca-based temperature and ŭ18Ow data and G. tumida 

ŭ18O data to determine whether the structure of these events in the Sulu Sea was similar to the 

structure of the millennial-scale event during the Younger Dryas Chronozone contained in G. 

ruber and G. tumida ŭ18O and ŭ18Ow records. I then speculate if the millennial-scale events in the 

Sulu Sea during Terminations II, III, and IV were driven by the same mechanisms and the 

millennial-scale event in the Sulu Sea during the Younger Dryas Chronozone. 
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Abstract 

The meridional migration of the bifurcation latitude of the Pacific North Equatorial Current 

(NEC) in the western boundary of the tropical Pacific modulates the strength of the Kuroshio 

Current. Using salinity reanalysis data, we show the NEC bifurcation latitude also acts as the 

dominant control on thermocline salinity of the Sulu Sea, just west of the Philippine archipelago, 

by regulating influx of western Pacific thermocline water via the Luzon Strait. We used oxygen 

isotopes (ŭ18O) and Mg/Ca in the thermocline dwelling foraminifera Globorotalia tumida from 

Sulu Sea sediment core MD97-2141 to determine past thermocline ŭ18Ow and salinity variability 

spanning ~20-5 ka with an average sampling interval of ~50 years and infer past changes in the 

NEC bifurcation latitude. Our Sulu Sea thermocline reconstruction reveals high salinity from 

~18.8-15.5 ka, ~12.2-11.5 ka, and from ~9.5-8.5 ka indicating the NEC bifurcation latitude was 

shifted north and the Kuroshio was weak at those times. Low Sulu Sea thermocline salinity from 

https://doi.org/10.1016/j.quascirev.2021.106999
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~13.0-12.4 ka, ~11.5-10.9 ka, and from ~8.5 ka until the end of the record at ~5.6 ka indicates 

the NEC bifurcation latitude was shifted south and the Kuroshio Current was relatively strong. 

Comparison to other paleoclimate records suggests the observed northward (southward) shifts of 

the NEC bifurcation latitude were driven by southward (northward) shifts of the Indo-Pacific 

ITCZ, consistent with modern mechanisms controlling interannual NEC bifurcation variability. 

The NEC bifurcation latitude shifts likely modulated northward energy transport via the 

Kuroshio Current and the mean temperature and salinity of the Indonesian Throughflow. 

 

1.1. Introduction 

The Pacific North Equatorial Current (NEC) flows westward as the southern limb of the 

North Pacific subtropical gyre (Hu et al., 2015). Upon reaching the Philippine archipelago at the 

western boundary of the Pacific Basin, the NEC bifurcates, diverting a fraction of its waters 

southward to form the Mindanao Current and the remaining water northward to form the 

Kuroshio Current (Fig. 1.1). Trade wind driven changes in western Pacific wind stress curl force 

seasonal and interannual meridional migrations of the NEC bifurcation latitude that have a 

substantial impact on local and regional climate by regulating partitioning of the NEC between 

the Kuroshio and Mindanao currents (Hu et al., 2015) (see Table 1.1). For example, 

a more southerly position of the NEC bifurcation latitude diverts a larger proportion of NEC 

flow into the Kuroshio over the Mindanao which tends to strengthen North Pacific typhoons and 

enhance summer convection leading to a stronger East Asian Monsoon (Hu et al., 2015). The 

opposite occurs when the NEC bifurcation latitude shifts northwards. The NEC bifurcation also 

influences the strength and temperature of the Indonesian Throughflow (ITF), the only low 
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latitude connection between ocean basins, by modulating the strength of flowthrough the Sulu 

Sea and thereby the development of a freshwater cap in the Makassar Strait (Gordon et al., 

2012).  

 

 
 

Figure 1.1: Geographic and temporal salinity variability associated with the NEC bifurcation 

latitude. a and b: GODAS (Behringer and Xue, 2004) plots of average salinity at 135 m depth for 

March 2000 during a strong La Niña event (a) and March 2016 during a very strong El Niño 

event (b). These months are representative of the salinity pattern for strong low and high salinity 

years. Blue arrows represent current strengths when NEC bifurcation latitude is shifted south 

such as during La Niña events or when the Indo-Pacific ITCZ is north (panel a) and when NEC 

bifurcation latitude is shifted north such as during El Niño events and when the Indo-Pacific 

ITCZ is shifted south (panel b). Arrow thicknesses are not quantitative and only represent 

relative differences in current volume and velocity between the same current in the two different 

panels. Over the period of 2003-2011, Luzon Strait throughflow was found to range from 2 Sv 

westward to 2 Sv eastward, while flow through the Sulu Sea was found to range from 8 Sv 

southward to 2 Sv northward (Gordon et al., 2012). As such, both currents are shown with 

dashed arrows in panel a to represent reversing flow. White arrows indicate the direction in 

which the NEC bifurcation latitude shifts. NEC: North Equatorial Current BL: NEC bifurcation 

latitude MC: Mindanao Current KC: Kuroshio Current LTF: Luzon Strait throughflow SCSTF: 

SCS throughflow. The approximate locations of core MD97-2141 (white triangle with orange 

border) and MD98-2188 (white circle with black border) are shown in panel a. c: Average annual 
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NEC bifurcation latitude calculated from GODAS sea surface height anomalies (Behringer and 

Xue, 2004) using equation two from Qiu and Chen (2010) (blue). Average annual salinity from 

the Sulu Sea box in a and b (7°-10° N 118°-122° E) at 135 m depth (orange). d: Average annual 

NEC bifurcation latitude (blue) compared to average annual NINO3.4 anomaly (Rayner, 2003; 

Smith, 2018) (black), and average annual daily precipitation in box 0°-10° N and 130°-160° E 

from GPCP Precipitation data (Adler et al., 2003) (green). Wu et al. (2019) show this 

precipitation index is a good indicator of the latitude of the western Pacific ITCZ and is strongly 

correlated to the NEC bifurcation latitude. 

 

 

 
 

Table 1.1: Oceanographic and climatic changes associated with migrations of the NEC 

bifurcation latitude (Qiu and Lukas, 1996; Wu et al., 2013, 2019). 

 

Given its importance in modulating the Kuroshio, ITF, and western Pacific climate, it is 

critical to understand the full range of NEC bifurcation latitude variability. Instrumentally, the 

location of the NEC bifurcation latitude can be tracked using sea surface height anomalies in the 

region 12°-14° N and 127°-130° E (Qiu and Chen, 2010). Sea surface height anomaly records 

show the NEC bifurcation latitude shifts by a couple degrees of latitude southward during boreal 

summer and northward during boreal winter (Gordon et al., 2012; Hu et al., 2015) (Table 1.1). 

Interannually, the NEC bifurcation latitude migrates through a larger latitudinal range between 
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~8° and 17° N and has been shown to be controlled by a combination of El Niño-Southern 

Oscillation (ENSO), the Indo-Pacific Intertropical Convergence Zone (ITCZ), and the Pacific 

Decadal Oscillation (PDO) (Table 1.2) (Kim et al., 2004; Qiu and Lukas, 1996; Wu, 2013; Wu et 

al., 2019). The bifurcation shifts northward during El Niño events and when the ITCZ is south 

and southward during La Niña events and when the ITCZ is north (Qiu and Lukas, 1996; Wu et 

al., 2019) (Fig. 1.1 and Table 1.1).  

 

 
 

Table 1.2: NEC bifurcation latitude correlations. Correlation coefficients (R-values) from 1980 

to 2019 between the annual average North Equatorial Current bifurcation latitude and annual 

averages of various climate indices. ITCZ Index is calculated as average annual daily 

precipitation in box 0°-10° N and 130°-160° E (Adler et al., 2003; Wu et al., 2019). 

 

As a result of the relative short extent of instrumental records however, it is unclear 

whether these relationships between the NEC bifurcation latitude and its drivers remain constant 

through the gamut of climate states and whether the bifurcation latitude is capable of millennial 

scale variability. Previously, Dang et al. (2012) generated a Mg/Ca based thermocline water 

temperature reconstruction using the foraminifera Pulleniatina obliquiloculata in IMAGES core 

MD98-2188 from the Pacific margin of the Philippines spanning 13-0 ka and interpreted it as a 

record of the NEC bifurcation latitude. As this record primarily covers the Holocene and does 

not extend to the Last Glacial Maximum (LGM), its utility in capturing NEC variability during 

climate states different from those observed in the instrumental record is limited. Several other 

paleo-reconstructions extending as far back as ~180 ka, use sediment provenance or 

foraminiferal species assemblages to monitor the strength and location of the Kuroshio Current 
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and thus can be used to indirectly infer shifts in the NEC bifurcation latitude. However, these 

records were not originally intended to capture high resolution variability in the NEC bifurcation 

and as such, they suffer from low temporal resolution (Ujiié et al., 2016), masking of the 

Kuroshio Current signal by other controls on sediment sources (Dou et al., 2010; Chen et al., 

2011; Li et al., 2015; Zheng et al., 2016), or uncertainty in the past path of the Kuroshio Current 

(Dou et al., 2010; Chen et al., 2011; Li et al., 2015; Ujiié et al., 2016; Zheng et al., 2016).  

Just to the west of the Philippine archipelago the Sulu Sea, a ~4,700 m deep basin 

bounded entirely by islands and shallow sills with maximum sill depth of ~570 m provides a 

unique opportunity to generate an extended record of the NEC bifurcation latitude (Fig. 1.2). It 

has been shown that as a result of its geographic setting, a relatively limited set of mechanisms 

control Sulu Sea thermocline variability (Linsley and Thunell, 1990; Gordon et al., 2011) and, as 

we discuss below, Sulu Sea thermocline salinity variability appears to be driven by the NEC 

bifurcation latitude. When the NEC bifurcation latitude is north and the Kuroshio is weak, strong 

flow through the Luzon Strait and South China Sea (SCS) carry relatively salty open western 

Pacific water into the SCS and Sulu Sea thermoclines (Table 1.1). Conversely, when the NEC 

bifurcation latitude is south, greatly reduced Luzon Strait and SCS throughflow increase 

residence times of surface and thermocline waters in the SCS and Sulu Sea and reduces the input 

of west Pacific water (Qu et al., 2004; Gordon et al., 2012). Zeng et al. (2016) show that strong 

modern Luzon Strait throughflow, also known as the Kuroshio Intrusion, results in a strong 

salinity maximum in the northern SCS between 120 and 150 m, while the salinity maximum is 

muted when Luzon Strait throughflow is weak. Luzon Strait throughflow flows through the SCS 

and Sulu Sea as the SCS throughflow and modern data show the strength of flow through the 

Luzon Strait and Sulu Sea are highly correlated (Gordon et al., 2012). As a result, variability in 
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the SCS thermocline salinity maximum should propagate into the Sulu Sea thermocline leading 

to a strong correlation between Sulu Sea thermocline salinity and the NEC bifurcation latitude, 

the primary control on the strength of these currents.  

 

 
 

Figure 1.2: Location and bathymetry of the Sulu Sea in relationship to Indonesian region. X's 

indicate the location and depth of the shallowest points of the deepest routes water must pass to 

ventilate Sulu Sea deepwater and the Karimata Strait. Approximate coring locations are shown 

for core MD97-2141 (white triangle with orange border) and MD98-2188 (white circle with 

black border). A: Sibutu Passage B: Balabac Strait C: Mindoro Strait D: Panay Strait. Figure was 

made using the GeoMapApp: http://www.geomapapp.org (Ryan et al., 2009). Bathymetric 

shading is from the Global Multi-Resolution Topography synthesis (GMRT) (Ryan et al., 2009) 

and are consistent between panels. Sulu Sea strait depths are from Gordon et al. (2011) and 

Karimata Strait depth is from Wang et al. (2019). 

http://www.geomapapp.org/
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In this study, we take advantage of this direct relationship between Sulu Sea thermocline 

salinity and the NEC bifurcation latitude as well as the high-resolution sediment archive in the 

Sulu Sea to generate a high-resolution record of NEC bifurcation latitude variability that captures 

a wider range of climate states than is represented by existing instrumental and paleo-records. 

The 36 m giant piston core IMAGES MD97-2141 (08°78ǋN, 121°28ǋE, 3633 m depth) was 

retrieved during the IPHIS-IMAGES III cruise of the R/V Marion Dufresne in May 1997. We 

generated high-resolution ŭ18O, Mg/Ca, and trace metal records from the thermocline dwelling 

foraminifera Globorotalia tumida and Neogloboquadrina dutertrei (only ŭ18O) from this core 

spanning ~20-5 ka. In addition, we compare these records to previously published ŭ18O and 

Mg/Ca records from the surface-dwelling foraminifera Globigerinoides ruber from the same 

core and samples spanning the same interval (Rosenthal et al., 2003). Modern core top studies 

suggest that in the Indo-Pacific, G. tumida calcify between 100 and 260 m water depth (Mohtadi 

et al., 2011; Hollstein et al., 2017) and N. dutertrei at 90-160 m (Hollstein et al., 2017). As a 

result, variations in thermocline salinity and temperature are recorded in the ŭ18O of their tests 

and salinity variability can be decoupled from temperature fluctuations using the sensitivity of 

the Mg/Ca of those tests to water temperature. Because the NEC bifurcation latitude directly 

controls the salinity of the Sulu Sea thermocline, this sediment core record provides a unique 

opportunity to monitor past NEC bifurcation latitude migrations using a relatively well 

understood set of proxies. 

 

1.1.1 Environmental setting 

Analysis of Global Ocean Data Assimilation System (GODAS) (Behringer and Xue, 

2004) salinity data (Fig. S1.2) shows that annual average Sulu Sea thermocline salinity was 
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significantly correlated to the annual average NEC bifurcation latitude from 1980 to 2019 (Fig. 

1.1), with a maximum correlation coefficient of 0.62 (p-value< 0.01) at 135 m water depth and 

correlation coefficients above 0.53 (p-values<0.01) between 85 m and 165 m (Table S1.2). 

GODAS SCS thermocline salinity is also significantly correlated with the NEC bifurcation 

latitude, but the depth of maximum correlation is slightly shallower (r = 0.65 from 95 to 105 m) 

(Table S1.2). While Sulu Sea salinity at 135 m does have a moderately strong correlation to 

precipitation in the Sulu Sea region (7.5°-10° N, 117.5°-122.5° E) (R-value = 0.39, p-value = 

0.01), there is no correlation between Sulu Sea surface salinity and regional precipitation 

(R-value = 0.06, p-value = 0.73). Limitations on vertical mixing and the lack of a correlation 

between surface salinity and precipitation indicate the correlation between thermocline salinity 

and precipitation is not a result of the precipitation signal mixing from the surface to the 

thermocline. Furthermore, surface and thermocline salinity in the Sulu Sea are out of phase, with 

peak thermocline salinity occurring at the same time as the NEC bifurcation latitude reaches its 

northernmost latitude in November and December (Qiu and Chen., 2010) and ~10 months after 

peak surface salinity which occurs in March (Fig. S1.2). As modern local precipitation and the 

NEC bifurcation latitude are highly correlated to ENSO, it is likely Sulu Sea thermocline salinity 

is correlated to local precipitation due to their shared correlation to ENSO via different 

mechanisms. 

The Sulu Sea is an ideal location for capturing the NEC bifurcation latitude signal in the 

sediment archive. Low dissolved oxygen and elevated temperatures in Sulu Sea deep water lead 

to reduced rates of bioturbation (mixing coefficient <0.04 cm2/year below 3000 m water depth) 

(Kuehl et al., 1993) and excellent CaCO3 preservation coupled with relatively high average 

sedimentation rates of >15 cm/ka (Oppo et al., 2003) which have resulted in the preservation of a 
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high-resolution sediment archive. Core MD97- 2141 was originally slab sampled at 1 cm 

intervals and the previously published age model indicates the core contains century-scale 

resolution that would be unavailable in the open ocean (de Garidel-Thoron et al., 2001; Beaufort 

et al., 2003; Dannenmann et al., 2003; Oppo et al., 2003; Rosenthal et al., 2003). Due to its 

isolation and the sensitivity of Sulu Sea thermocline salinity to changes in the NEC bifurcation 

latitude, high sedimentation rate of core MD97-2141, and general reduced bioturbation of Sulu 

Sea sediments, our paleo-record of changing Sulu Sea thermocline conditions is a novel approach 

to understanding past NEC bifurcation latitude variability. 

 

1.2. Materials and methods 

1.2.1. Modern indices 

The NEC bifurcation latitude (Yp(t) (°N)) was calculated using equation 2 from Qiu and 

Chen (2010): 

Yp(t) = 11.9 ï 0.13 x hô(t) 

where hô(t) is the average monthly sea surface height anomaly in cm in the box bounded by 12-

14° N and 127-130° E. Monthly sea surface height anomalies were taken from the NOAA NCEP 

EMS CMB GODAS: Global Ocean Data Assimilation System (Behringer and Xue, 2004) and 

have 1° E-W resolution and 1/3° N-S resolution prior to being averaged over the box of interest. 

Modern precipitation data come from the GPCP version 2.3 combined precipitation data set 

(Adler et al., 1997) provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from 

their Web site at https://www.esrl.noaa.gov/psd/. Spatial resolution is 2.5 x 2.5° before being 

averaged over the area of interest. Modern correlations (R-values) and their significance (p-

values) were calculated using the ñcorrcoefò function in Matlab. 
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1.2.2. Age model 

The age model for core MD97-2141 was originally published in de Garidel-Thoron et al. 

(2001) and subsequently used in Rosenthal et al. (2003). We update the age model using the 

original uncalibrated radiocarbon dates (Table S1.1) and the Marine13 calibration curve from 

CALIB 7.04 (Stuvier et al., 2020). The updated age model was generated using linear 

interpolation between the same 13 AMS radiocarbon dates used in the original age model. The 

default CALIB 7.04 time-dependent reservoir correction of ~400 years was applied to the 

calibration. Tie point calibration errors range from 51 to 245 years. Once interpolated to cm 

resolution, the updated age model ranges from ~460 years older than the original age model at 

~19.7 ka to ~100 years younger than the original age model at ~14 ka. The topmost sample (0-1 

cm) from core MD97-2141 dates to 4.29 ka indicating a disturbance of the top of the sediment 

column during the coring process. Below the core top, the core was slab sampled at 1 cm 

intervals (average temporal resolution of 48 years per sample) for the results previously 

published in de Garidel-Thoron et al. (2001), Rosenthal et al. (2003) and Oppo et al. (2003). 

 

1.2.3. Stable isotopes 

Eleven G. tumida in the 400-600 mm size fraction and 11 N. dutertrei in the 250-400 mm 

size fraction were picked from each 1-cm interval sample for stable oxygen (ŭ18O) and carbon 

(ŭ13C) isotope analysis. To ensure that only foraminifera of a specific morphotype and narrow 

size range, with no secondary calcification were analyzed, we used a Keyence VHX-5000 

Digital Microscope to view and sort all foraminifera. Minimum and maximum diameters were 

measured on all foraminifera utilizing the maximum-area measurement application and all were 
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viewed under high magnification (100x-200x) to select only the most pristine foraminifera tests. 

Specimens that did not meet the narrow selection criteria were not geochemically analyzed. 

Because G. tumida were discolored in the top 33 cm of the core (<5.63 ka), those samples were 

excluded from analysis. To minimize the selective loss of fine test fragments that would bias the 

geochemical results, specimens were not cleaned prior to stable isotope analysis. For each 

sample, the scanned set of 11 foraminifera was finely crushed and homogenized, and 50-80 mg 

of mixed fragments were randomly selected for stable isotopic analysis.  

Samples were analyzed for ŭ18O and ŭ13C at the Lamont-Doherty Earth Observatory 

(LDEO) Stable Isotope Lab using a Thermo DeltaV + mass spectrometer with a Kiel IV 

autosampler device. Samples were dissolved in ~105% dewatered H3PO4 at 70 °C, and the 

resulting gas was cryogenically stripped of H2O and the purified CO2 analyzed. Results are 

reported in per mil (ă) vs VPDB. The international standard NBS-19 was analyzed every ~ 

tenth sample and had a standard deviation of 0.07ă. Approximately 10% of all samples (44 total 

replicates) were analyzed in replicate and were sourced from the same homogenized fragments. 

The mean difference between replicates was 0.11ă. Samples from 142 to 156 cm (10.94-11.26 

ka) were picked and analyzed in duplicate in order to determine the validity of the decrease in 

ŭ18O that begins at ~11.3 ka. Mean values of replicates and duplicates in the 10.94-11.26 ka 

interval are plotted in all figures. 

 

1.2.4. Trace metals 

For trace metal analysis, the Keyence VHX-5000 Digital Microscope was again used to 

select eleven clean G. tumida in the 400-600 mm size fraction from samples at 1 cm intervals 

from 34 to 282 cm (5.61-17.59 ka) and 2 cm intervals from 285 to 333 cm (17.7-19.52 ka). The 
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11 selected individual foraminifera tests (~500 mg) were gently cracked open and washed using 

the methods of Yu et al. (2005) and a combination of Barker et al. (2003) and Rosenthal et al. 

(1997). This method involves a reductive cleaning step using a solution of hydrazine, citric acid, 

and ammonium hydroxide to remove metal oxides, followed by an oxidative cleaning step using 

sodium hydroxide and hydrogen peroxide to remove organics. The cleaned fragments were then 

dissolved in trace metal clean 0.065N HNO3 (OPTIMA®). Trace metal analyses were performed 

at the Lamont-Doherty Earth Observatory (LDEO) Trace Metal Lab using a ThermoScientific 

iCAPQ Q-ICP-MS in conjunction with a HEPA-filtered enclosed autosampler. An aliquot of 

each sample was first analyzed to determine its Ca concentration. For final analyses, samples 

were then diluted to ~50 ppm Ca with 0.065N HNO3 (OPTIMA®) to avoid matrix effects within 

the plasma that would result from variable Ca concentrations (Rosenthal et al., 1999). 

Eight standards with a range of trace metal ratios were analyzed prior to each sample run 

to calibrate the sample analyses. Results were also linearly corrected for drift using quality 

control standards bracketing every 10 samples. Two process blanks were analyzed every 

instrument run in order to correct for instrument noise and contamination. Three standards with 

different trace metal ratios were analyzed every ~9 samples to determine precision. Average 

analytical precision (RSD) for the three standards was Ò0.55% for Mg/Ca. Furthermore, ~10% of 

samples were run in replicate and root mean squared deviation (RMSD) was 4% for Mg/Ca. 

Following the methods of Schmidt et al. (2004), washing efficacy was determined by monitoring 

Fe/Ca and Al/Ca ratios and all samples with anomalously high values (>40 mm/mol for Al/Ca 

and >18 mm/mol for Fe/Ca) of either trace metal ratio were discarded. Anomalous Mg/Ca values 

> 0.4 mmol/mol different from nearby data points were also discarded. Mg/Ca shows no 
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correlation to Fe/ Ca or Al/Ca (Fig. S1.1), suggesting mineral phases including these elements do 

not affect Mg/Ca (Schmidt et al., 2004).  

 

1.2.5. Mg/Ca-based temperature and seawater ŭ18O calculations  

Estimates of past changes in water temperature were calculated from G. tumida Mg/Ca 

using the Anand et al. (2003) multi-species calibration. Although the Hollstein et al. (2017) 

calibration was generated using modern core-top sediments from the Philippines and Papua New 

Guinea coasts and is species specific, they do not report species specific error estimates, resulting 

in error estimates of ~ ±2 °C for our G. tumida Mg/Ca data. We favor the Anand et al. (2003) 

calibration because it produces temperature estimates only ~0.8 °C colder than the Hollstein et 

al. (2017) G. tumida specific calibration, while producing a substantially smaller error of ±0.96 

°C. Seawater ŭ18O (ŭ18Ow) was calculated from foraminiferal ŭ18O (ŭ18Of) and Mg/Ca-based 

temperature using the Bemis et al. (1998) low light Orbulina universa calibration. We add 

0.27ă from the calibration output to move the data from the PDB scale to the SMOW scale. In 

combination with the colder temperatures produced by the Anand et al. (2003) temperature 

calibration, the Bemis et al. (1998) ŭ18Ow calibration based on a surface-dwelling species 

produces values that are clearly too low as the G. tumida record overlaps with the G. ruber 

record. We however still use the Bemis et al. (1998) calibration over a species-specific 

calibration as it reduces the error and produces similar relative variability to species-specific 

calibrations (exponential term of -4.8 compared to -4.95 for the Farmer et al. (2007) G. tumida 

specific calibration which has an error ~ twice as large). Standard errors for both ŭ18Ow and 

temperature were calculated following the methods of Mohtadi et al. (2014) using average 

reproducibility for ŭ18O and RMSD for Mg/Ca and average 0.23ă and 0.96 °C respectively. 
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ŭ18Ow was corrected for changes in ice volume following the methods of Gibbons et al. (2014), 

which assumes a change in sea level from the LGM to the Holocene (ȹSL) of -130 m ± 7.5 m 

and a change in global d18Ow (ȹŭ18Ow) of 1ă Ñ0.1ă. The correction is then scaled through 

time using coral-based sea level records and assuming a constant ȹŭ18Ow/ȹSL through time. 

Error for the ice volume correction was also calculated following the methods of Gibbons et al. 

(2014). Propagated error for G. tumida ice volume corrected ŭ18Ow (ŭ18Ow-IVC) averages 0.33ă. 

The ŭ18Ow-IVC gradient was calculated by subtracting G. ruber d18Ow-IVC interpolated to a 50- 

year time step from G. tumida ŭ18Ow-IVC calculated from low-pass filtered Mg/Ca. One ă was 

added to G. tumida ŭ18Ow-IVC so the two records don't overlap. 

 

1.2.6. Low-pass filtering and differences in means 

In order to isolate and interpret low frequency variability that is otherwise obscured by 

high frequency variability and noise, G. tumida ŭ18Ow-IVC was low-pass filtered and G. tumida 

ŭ18Ow-IVC was calculated from low-pass filtered Mg/Ca. Prior to low-pass filtering, G. tumida 

ŭ18Ow-IVC and Mg/Ca were interpolated using a spline to an even 50-year time step, slightly 

larger than the average sampling interval for the core during the studied interval of ~48 years per 

sample. Frequencies greater than 1/1000 cycle per year were then removed using the ñlowpassò 

Matlab filter. G. tumida ŭ18O and the Gibbons et al. (2014) sea level correction were 

subsequently interpolated following the same methods in order to calculate G. tumida ŭ18Ow-IVC 

from the filtered Mg/Ca and unfiltered ŭ18O. Statistical significance was determined by selecting 

age cutoffs for the intervals that provide the greatest contrast between those that were compared. 

A z-score for the difference of mean G. tumida ŭ18Ow-IVC between two intervals of interest was 

calculated using: 
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where µ is the mean G. tumida ŭ18Ow-IVC for the interval of interest, e is the mean error, and n is 

the number of data points in the interval. For ŭ18Ow-IVC calculated from low-pass filtered 

interpolated Mg/Ca and unfiltered interpolated ŭ18O, e and n were determined using the 

unfiltered ŭ18Ow-IVC data from the same intervals of interest. P-values were then calculated using 

a one-tailed significance test. Plotted errors for these intervals were calculated as 
Ѝ

.  

 

1.3. Results 

1.3.1. G. tumida depth habitat 

Our new ŭ18O and Mg/Ca based temperature results from analysis of thermocline 

dwelling G. tumida in core MD97-2141 are compared to the similar data from the surface 

dwelling foraminifera G. ruber extracted from the same samples (from Rosenthal et al., 2003) in 

Figures 1.3 and S1.4. In order to utilize our Sulu Sea G. tumida ŭ18Ow results as a record of past 

NEC bifurcation latitude variability, it is necessary to show that the depth habitat of G. tumida in 

the Sulu Sea can be constrained to the depth where the NEC bifurcation latitude has the greatest 

influence on salinity. We estimate depth habitats for Sulu Sea G. tumida by comparing average 

Mg/Ca and ŭ18O from the youngest ~1.4 ka of our G. tumida records (7.01-5.63 ka) to six 

modern temperature and salinity profiles from the Sulu Sea (Gordon and Villanoy, 2011). When 

compared to modern temperature profiles, average Mg/Ca based temperature from the youngest 

~1.4 ka of our record of 18.91 ± 1.12 °C suggests G. tumida in the Sulu Sea calcify at a mean 

depth of ~135 m (120-148 m 1ů), in the center of the depth range that shows the strongest  
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Figure 1.3: Sulu Sea foraminiferal ŭ18O, Mg/Ca based temperature, and ŭ18Ow. a: G. ruber (red), 

G. tumida (dark blue), and N. dutertrei (light blue) ŭ18Of. Black dots represent age model 
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radiocarbon tie points with 1ů error b: G. ruber and G. tumida Mg/Ca-based temperature and 

1,000 year low-pass filtered G. tumida temperature (black) c: G. ruber and G. tumida-based 

ŭ18Ow. All G. ruber data was initially published in Rosenthal et al. (2003). Error bars for all G. 

tumida records are based on average replicate reproducibility and represent maximum error as 

errors vary by datum. 

 

 
 

Figure 1.4: Potential temperature and salinity profiles from the Sulu Sea. Data and station 

numbers are from Gordon and Villanoy (2011). Stations 76 and 77 were sampled on 1/18/08. 

Station 88 was sampled 1/20/08. Approximate depth habitat of G. tumida based on our Mg/Ca 

based temperature record is highlighted in gray with the mean in red and based on ŭ18O with the 

mean in blue. The R-value plot shows the correlation between annual average Sulu Sea salinity 

at each depth and the annual average NEC bifurcation latitude. 

 

correlation to the NEC bifurcation latitude (Fig. 1.4). To estimate a depth habitat from ŭ18O, we 

assume G. ruber live at the shallowest depth for each profile (0-2 m) and assign average G. ruber 

ŭ18O from 7.01-5.63 ka as the expected foraminiferal ŭ18O for that depth. Assuming slopes of -

0.22ă/°C and the surface and subsurface ŭ18O vs salinity slopes of 0.33ă/salinity unit and 
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0.37ă/salinity unit (from Hollstein et al. (2017) who used modern instrumental salinity and ŭ18O 

data from the Philippines and New Guinea margins), we calculate expected foraminiferal ŭ18O 

profiles for both the surface and subsurface salinity slopes. Both the surface and subsurface ŭ18O 

vs salinity relationships indicate G. tumida calcify at ~107 m (102-113 m 1ů) in the Sulu Sea. 

Similar ŭ18O values of Sulu Sea G. tumida and shallow dwelling N. dutertrei (reported depth 

range of 90-160 m (Fig. 1.3a) (Hollstein et al., 2017)) further support our estimated depth range. 

While our estimated calcification depths for Sulu Sea G. tumida based on Mg/Ca and ŭ18O do not 

overlap, both clearly fall into the depth range where Sulu Sea salinity is strongly correlated to the 

NEC bifurcation latitude and we therefore conclude that Sulu Sea G. tumida are ideal for 

capturing millennial scale NEC bifurcation latitude variability. 

 

1.3.2. MD97-2141 paleo-data 

Similar to G. ruber ŭ18O, G. tumida ŭ18O shows a clear glacial-interglacial cycle with 

smaller magnitude millennial scale variability (Fig. 1.3a). G. tumida ŭ18O shows a larger glacial-

interglacial amplitude of ~1.5ă than G. ruber which has a glacial-interglacial amplitude of ~1ă 

(Rosenthal et al., 2003) (Fig. 1.3a). We interpret G. tumida Mg/Ca (Fig. S1.4)) to primarily be a 

record of water temperature and to be minimally impacted by salinity and dissolution (see 

appendix A). In contrast to ŭ18O, the glacial-interglacial thermocline temperature signal derived 

from G. tumida of <2 °C is smaller than the ~2.3 °C amplitude derived from G. ruber (Rosenthal 

et al., 2003) (Fig. 1.3b). Minimal millennial scale variability in our G. tumida Mg/Ca (Fig. 1.3b) 

based temperature record (all variability is smaller than the propagated error), indicates Sulu Sea 

thermocline ŭ18O variability was primarily driven by changes in ŭ18Ow (Fig. 1.3a). Though G.  
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Figure 1.5: Ice Volume corrected foraminiferal ŭ18Ow.a: G. tumida (blue) and G. ruber (red) 

ŭ18Ow-IVC and 1,000 year low-pass filtered G. tumida ŭ18Ow-IVC (black). b: G. tumida ŭ18Ow-IVC 

calculated using 1,000 year low-pass filtered Mg/Ca and unfiltered ŭ18O (blue) and 1,000 year 

low-pass filtered G. tumida ŭ18Ow-IVC (same as in a) (black). Red horizontal bars in a and b 
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represent the time step for which average G. tumida ŭ18Ow-IVC was calculated for the respective 

data sets. c. Sulu Sea surface ocean to thermocline ŭ18Ow gradient calculated as the G. tumida 

ŭ18Ow-IVC from low-pass filtered Mg/Ca and G. ruber ŭ18Ow-IVC difference. Vertical colored bars 

represent the timing of significant climatic events discussed in the text. HS1: Heinrich Stadial 1 

B/A: Bølling-Allerød YD: Younger Dryas Chronozone. Note that the timing indicated for 

Heinrich Stadial 1, the Younger Dryas, and the Bølling-Allerød reflects the generally accepted 

age of these events, not necessarily in timing reflected in the Sulu Sea. For example, the Bølling-

Allerød and Younger Dryas Chronozone events in our record are delayed relative to the 

corresponding chronozones. 

 

tumida based ŭ18Ow incorporates the Mg/Ca based temperature record, it still shows similar 

variability to G. tumida ŭ18Of (Fig. 1.3c).  

We apply an ice volume correction (IVC) to account for changes in global seawater 

ŭ18Ow due to deglacial ice melt (Fig. 1.5a). Because ŭ18Ow is linearly related to salinity (Craig 

and Gordon, 1965; Hollstein et al., 2017), we attribute millennial scale shifts in G. tumida 

derived ŭ18Ow-IVC to changes in local salinity. Low-pass filtered G. tumida ŭ18Ow-IVC is shown in 

Fig. 1.5 a and b and G. tumida ŭ18Ow-IVC calculated from low-pass filtered Mg/Ca and unfiltered 

ŭ18O is shown in Fig. 1.5b. Both records display a minimum from the beginning of the records at 

~19.6 ka until they rapidly increase by ~0.4ă at ~18.8 ka. ŭ18Ow-IVC remains elevated until 15.5 

ka when it abruptly increases by ~0.3ă, resulting in a broad maximum that we interpret as a 

thermocline salinity maximum in the Sulu Sea. Following the abrupt decrease ~15.5 ka, Sulu Sea 

low-pass filtered G. tumida ŭ18Ow-IVC and G. tumida ŭ18Ow-IVC calculated from low-pass filtered 

Mg/Ca decrease to a minimum from ~13-12.4 ka. Consistently elevated ŭ18Ow-IVC values ~0.3ă 

greater those during the previous interval occur from 12.2-11.3 ka. This is accompanied by G. 

ruber ŭ18Ow-IVC that is ~0.5ă higher than the previous interval (Fig. 1.5b and c). At ~11.5 ka, G. 

tumida ŭ18Ow-IVC decreases by ~0.4ă, accompanied by a decrease in G. ruber ŭ18Ow-IVC of about 

0.5ă. After 10.9 ka, Sulu Sea thermocline ŭ18Ow-IVC increased gradually until abruptly 

increasing by ~0.3ă at ~9.5 ka and remaining elevated until ~8.5 ka. This increase in Sulu Sea 
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thermocline ŭ18Ow-IVC indicates an increase in thermocline salinity that was substantially larger 

than the muted response in the mixed layer which shows a ~0.1ă increase in G. ruber ŭ18Ow-IVC 

~9.1-8.9 ka (Fig. 1.3c). Following this period of relatively elevated Sulu Sea thermocline 

salinity, G. tumida ŭ18Ow-IVC decreases by 0.6ă beginning at ~8.5 ka, indicating a freshening in 

the Sulu Sea thermocline in the mid-Holocene that continued to the youngest interval of our 

reconstruction at 5.6 ka. 

 

1.4. Discussion 

1.4.1. Evidence of NEC bifurcation latitude variability since the LGM 

Substantial millennial scale variability in our Sulu Sea G. tumida ŭ18Ow-IVC record 

suggests that the Pacific NEC bifurcation latitude did indeed undergo millennial scale 

migrations. Elevated low-pass G. tumida ŭ18Ow-IVC and G. tumida ŭ18Ow-IVC calculated from 

lowpass Mg/Ca indicate that Sulu Sea thermocline salinity experienced a maximum from ~18.8-

15.5 ka (Fig. 1.5c). This maximum is not mirrored in G. ruber ŭ18Ow-IVC which instead steadily 

increases during this interval from a minimum at ~20 ka (Fig. 1.5a), supporting our conclusion 

that precipitation signals are unable to mix to the thermocline and therefore, precipitation 

variability was not driving the increase in G. tumida ŭ18Ow-IVC during the ~18.8-15.5 ka interval. 

An argument could be made that lower sea level during this interval affected Sulu Sea 

thermocline salinity as it nearly closed the Balbac Strait which has a maximum depth of ~131 m 

(Fig. 1.2) (Sathiamurthy and Voris, 2006; Gordon et al., 2012). However, the deepest modern 

passage through the Mindoro Strait is ~440 m, meaning even with a maximum potential LGM 

sea level change amplitude of ~118-135 m (Clark and Mix, 2002; Yokoyama et al., 2018), the 

passage was still deeper than the depth habitat of G. tumida. The same can be said about the far 
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deeper and wider Luzon Strait. Rosenthal et al. (2003) do attribute relatively fresh conditions in 

the Sulu Sea surface during the LGM to low sea level directing a larger proportion of relatively 

fresh SCS outflow into the Sulu Sea by closing the Karimata Strait which is currently ~36 m 

deep. As the modern depth habitat of G. tumida is already substantially lower than the depth of 

the Karimata Strait, it is unlikely closing the strait would have any influence on G. tumida ŭ18Ow-

IVC. Having ruled out precipitation and sea level as drivers, we attribute the increase in Sulu Sea 

thermocline salinity from ~18.8-15.5 ka to a prolonged northward shift of the NEC bifurcation 

latitude weakening the Kuroshio and strengthening Luzon Strait and SCS throughflow, 

confirming that the NEC bifurcation latitude can experience prolonged millennial scale shifts 

during colder climate states. Foraminiferal species assemblage and Mg/Ca data from two 

sediment cores south of Japan (Ujiié et al., 2016) and sediment provenance studies from the 

Okinawa Trough (Chen et al., 2011; Li et al., 2015; Zheng et al., 2016) are consistent with our 

interpretation, showing evidence of a weaker Kuroshio current for the duration of the LGM. 

Elevated average unfiltered G. tumida ŭ18Ow-IVC and ŭ18Ow-IVC calculated from low-pass 

Mg/Ca during ~12.2-11.5 ka are significantly different from the prior minimum from ~13.0-12.4 

ka and the following minimum after ~11.5 ka at p Ò 0.051 (Fig. 1.5b) (Table S1.3), indicating 

that Sulu Sea thermocline salinity was high during that period. Given that the Luzon Strait and 

all the passages between the SCS and Sulu Sea would have been open and that the Karimata 

Strait was closed for the duration of these intervals (Sathiamurthy and Voris, 2006; Gordon et al., 

2012), we do not think sea level played any role in modulating Sulu Sea thermocline. Rosenthal 

et al. (2003) attribute the concurrent much larger peak in Sulu Sea surface salinity from ~13.8-12  
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Figure 1.6: Comparison of Sulu Sea G. tumida ŭ18Ow-IVC to other regional climate records. a: G. 

tumida ŭ18Ow-IVC calculated using 1,000 year low-pass filtered Mg/Ca and unfiltered ŭ18O (blue) 
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and 1,000 year low-pass filtered G. tumida ŭ18Ow-IVC (black). Red horizontal bars indicate the 

interval over which average G. tumida ŭ18Ow-IVC was calculated b: composite Chinese 

speleothem ŭ18O record (Cheng et al., 2016) (dark green), Borneo speleothem ŭ18O (Partin et al., 

2007) (light green) and pollen-based precipitation estimates from a northern Chinese lake (Chen 

et al., 2015) (orange) c: interhemispheric temperature gradient (Shakun et al., 2012) (dark 

purple) and a compilation of surface ŭ18Ow-IVC records from the equatorial Pacific (Gibbons et 

al., 2014) (light purple) d: northern Australia speleothem ŭ18O from Ball Gown Cave (Denniston 

et al., 2013) (brown) and Brazilian speleothem ŭ18O from Botuvera Cave (Wang et al., 2007) 

(green). 

 

ka to a reduction in precipitation during the Younger Dryas Chronozone. They attribute the 

minima in salinity before and after the Younger Dryas Chronozone to elevated precipitation 

during the Bølling-Allerød and early Holocene. These inferred changes in precipitation are all 

evident in Chinese speleothem monsoon paleoclimate records (Cheng et al., 2016). Any 

precipitation/runoff related salinity anomalies would easily have been advected at the surface 

from the SCS to the Sulu Sea with a closed Karimata Strait (Fig. 1.6b). As stated earlier 

however, limitations of vertical mixing and modern instrumental data suggest the precipitation 

signal observed in the Sulu Sea surface could not have mixed to the thermocline to be captured 

by our G. tumida ŭ18Ow-IVC records. Instead, we attribute the maximum in thermocline salinity 

from ~12.2-11.5 ka to a prolonged northward shift of the NEC bifurcation latitude and the 

minima in salinity from ~13.0-12.4 ka and after ~11.5 ka to southward migrations of the NEC 

bifurcation latitude. These shifts in the NEC bifurcation latitude would be accompanied by a 

weakened Kuroshio Current from ~12.2-11.5 ka and a strengthened current from ~13.0-12.4 ka 

and after ~11.5 ka. Based on modern precipitation driven Sulu Sea surface salinity variability 

being larger than modern NEC bifurcation latitude driven thermocline variability, a reduction in 

the surface to thermocline ŭ18Ow-IVC gradient when salinity was high from ~12.2-11.5 ka and 

increases in the gradient when conditions were relatively fresh from ~13.0-12.4 ka and after 
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~11.5 ka support out interpretation that precipitation controlled surface salinity and the NEC 

controlled thermocline variability (Fig. 1.5c). 

In agreement with our Sulu Sea thermocline record, Philippine margin thermocline 

temperature suggests the NEC bifurcation latitude was shifted north from ~12.2-11.5 ka (Dang et 

al., 2012) (Fig. 1.7) and some Okinawa Trough sediment provenance proxies (Zheng et al., 2016) 

are consistent with a weakened Kuroshio current during that interval. Low temporal resolution  

likely precludes the Ujiié et al. (2016) Kuroshio strength reconstruction from capturing this event 

while the event may be obscured by other controls on sediment provenance in other records (Dou 

et al., 2010; Chen et al., 2011; Li et al., 2015). 

The largest excursions in our reconstruction of Sulu Sea thermocline ŭ18Ow are the 

increasing ŭ18O and ŭ18Ow conditions from ~9.5-8.5 ka indicating relatively salty conditions in 

the Sulu Sea thermocline followed by a prolonged decrease in ŭ18Ow and freshening from ~8.5 ka 

to the end of the record (Fig. 1.5c). The difference in mean value for the 9.5-8.5 ka interval and 

the intervals before and after in the unfiltered ŭ18Ow-IVC record (Fig. 1.5a) and ŭ18Ow-IVC 

calculated from low-pass filtered Mg/Ca (Fig. 1.5b) represented by horizontal red bars are 

statistically different at a p-value of Ò0.05 (Table S1.3). Linsley et al. (2010) argued that at ~9.5 

ka, rising sea level open the Karimata Strait, which then began to syphon relatively freshwater 

through the strait and away from the Sulu Sea, freshening the Sulu Sea surface. We agree with 

this interpretation and attribute steadily increasing Sulu Sea surface salinity beginning at ~9.7 ka 

to the opening of the Karimata Strait, but as previously stated, it is unclear how the ~36 m deep 

Karimata Strait could affect G. tumida with its substantially deeper depth habitat. As it is clear 

precipitation doesn't mix to the thermocline and furthermore, proximal speleothem-based 

precipitation records from China and Borneo don't show minima from ~9.5-8.5 ka or increase  
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Figure 1.7: Comparison of Sulu Sea G. tumida ŭ18Ow-IVC to Philippine margin conditions. a: G. 

tumida ŭ18Ow-IVC calculated using 1,000 year low-pass filtered Mg/Ca and unfiltered ŭ18O (blue) 

and 1,000 year low-pass filtered G. tumida ŭ18Ow-IVC (black) b) Philippines margin thermocline 

water temperature from Dang et al. (2012). The record is plotted with a 1,000 year low-pass filter 

in black. Tie points for the age model used in Dang et al. (2012) and generated in Lin et al. 

(2006) are shown in black with analytical error. 
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after ~9.5 ka, we attribute the salinity maximum in the Sulu Sea thermocline from ~9.5-8.5 ka to 

a northward shift in the NEC bifurcation latitude and a weakened Kuroshio Current and the 

proceeding freshening in the thermocline to a southward shift in the NEC bifurcation latitude and 

a weakening Kuroshio. Because only the thermocline responded to these events, opposite to the 

salinity variability that occurred from ~13.0-11.5 ka, the increase in thermocline salinity from 

~9.5-8.5 ka increased the thermocline gradient and the decrease in salinity reduced the gradient. 

To our knowledge, similar increases in thermocline salinity during the ~9.5-8.5 ka 

interval have not been identified in any other Indo-Pacific thermocline paleo-salinity records (Xu 

et al., 2008; Holbourn et al., 2011; Xu, 2014). The limited regional extent of this salinity event 

would be consistent with our interpretation that strengthened SCS throughflow due to a 

northward shift in the NEC bifurcation latitude decreased Sulu Sea thermocline salinity. 

Philippine margin thermocline water cooled at ~9.8 ka (Fig. 1.7), indicating a northward shift in 

NEC bifurcation latitude ~300 years prior to our record (Dang et al., 2012), a small age offset 

considering the age model for Philippine margin core MD98-2188 has only three tie points 

between 13 and 3 ka (Fig. 1.7b) (Dang et al., 2012), while our age model for core MD97-2141 

has no tie points between 10 and 7.5 ka (Fig. 1.7a). Warming is observed in the Philippine 

margin core, suggesting a southward shift of the NEC bifurcation latitude from ~8-5 ka, again a 

small age offset from our record considering age model uncertainties. 

 

1.4.2. Controls on the NEC bifurcation latitude through time 

1.4.2.1. The Indo-Pacific ITCZ  

Having shown that several millennial scale shifts in the NEC bifurcation latitude have 

occurred since the LGM, we seek to determine whether those shifts can be attributed to similar 
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drivers as shifts in the NEC bifurcation identified in instrumental records and if so, whether there 

was a dominant driver. The timing of the inferred northerly position of the NEC bifurcation 

during ~18.5-15.5 ka corresponds approximately to that of Heinrich Stadial 1 (HS1) (17.5-15 ka 

(McManus et al., 2004)). While HS1 is theorized as a cooling of the North Atlantic in response 

to a weakening of the Atlantic Meridional Overturning Circulation (AMOC) (McManus et al., 

2004), several records suggest that in response to Northern Hemisphere cooling, the Indo-Pacific 

ITCZ shifted in concert with the global southerly shift of the ITCZ. Sediment core temperature 

and SSS compilations show that the Northern Hemisphere cooled on average relative to the 

Southern Hemisphere (Shakun et al., 2012) and suggest the ITCZ shifted southward as a result 

(Gibbons et al., 2014) (Fig. 1.6c). In agreement, speleothems from China contain evidence of 

reduced Northern Hemisphere Monsoonal precipitation during HS1 (Cheng et al., 2016), while 

speleothems from southern hemisphere sites in Australia and Brazil show increased precipitation 

(Wang et al., 2007; Dennison et al., 2013) (Fig. 1.6b and d). The prolonged southward shift of 

the ITCZ during HS1 is reminiscent of the modern southward shifts of the ITCZ that have been 

shown by instrumental records to drive northward migrations of the NEC bifurcation latitude 

through their modulations of the Indo-Pacific wind field (Wu et al., 2019). We therefore 

hypothesize that it was this shift in the Indo-Pacific ITCZ that drove the northward migration of 

the NEC bifurcation latitude at ~18.5-15.5 ka.  

Similar Indo-Pacific and global ITCZ variability is observed during the ~13.0-11.5 ka 

interval. During the Younger Dryas (12.9-11.6 ka), a weakened AMOC is hypothesized to have 

cooled the North Atlantic relative to warmer conditions during the preceding Bølling-Allerød 

(14.6-12.9 ka) and after the end of the Younger Dryas when AMOC was stronger (McManus et 

al., 2004). Northern and Southern Hemisphere averages of globally distributed paleo-temperature 
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records (Fig. 1.6c) show that the Northern Hemisphere cooled relative to the Southern 

Hemisphere (Shakun et al., 2012) during Younger Dryas and the many records suggest the Indo-

Pacific and global ITCZ and Indo-Pacific rainbelts shifted south in response. For example, 

Chinese speleothems, northern Chinese Pollen records (Fig. 1.6b), and Cariaco Basin down-core 

percent titanium show decreased precipitation in the Northern Hemisphere during the Younger 

Dryas Chronozone, while Australian and Brazilian speleothems show increased precipitation in 

the Southern Hemisphere (Haug et al., 2001; Wang et al., 2004, 2007; Denniston et al., 2013; 

Chen et al., 2015; Cheng et al., 2016) (Fig. 1.6d). Equatorial Pacific SSS compilations (Fig. 1.6c) 

show a similar pattern, demonstrating increased salinity in the Northern Hemisphere relative to 

the Southern Hemisphere during the Younger Dryas (Gibbons et al., 2014). We hypothesize that 

this southward shift of the Indo-Pacific ITCZ during the Younger Dryas drove a northward 

migration of the NEC bifurcation latitude and freshened the Sulu Sea thermocline from ~12.2-

11.5 ka. Relatively fresh conditions and the apparent southerly position of the NEC bifurcation 

latitude during the preceding and following intervals can therefore be attributed to the relatively 

northerly position of the Indo-Pacific ITCZ. 

There is also evidence that a southward migration of the ITZC was responsible for the 

northward migration of the NEC bifurcation latitude, weakening of the Kuroshio, and increase in 

Sulu Sea thermocline salinity from ~9.5-8.5 ka. Several century-scale North Atlantic cooling 

events have been observed in Greenland ice core records at 8.2 ka, 9.3 ka, and 9.95 ka 

(Rasmussen et al., 2007). Many paleo-precipitation reconstructions have been interpreted to 

show short term shifts of the global and Indo-Pacific ITCZ and monsoonal precipitation during 

these cold intervals observed in Greenland ice records. For example, speleothem ŭ18O 

precipitation records from China, Oman, and Brazil show century scale reductions in Northern 
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Hemisphere monsoonal precipitation and an increase in Southern Hemisphere precipitation 

during the 8.2 ka event (Cheng et al., 2009). Chinese speleothems also show a reduction in 

precipitation at ~9.2 ka (Cheng et al., 2016) (Fig. 1.6b). Several other records suggest longer 

southward shifts of the ITCZ during this interval. Although the authors argue that any Holocene 

variability isn't statistically significant, equatorial Pacific SSS compilations (Fig. 1.6c) indicate 

decreased precipitation in the Northern Hemisphere relative to the Southern Hemisphere from 

~10-8 ka (Fig. 1.6c). Chinese lake core pollen, and a reduction of paleosol formation in the 

Chinese Loess Plateau indicate a precipitation minimum in the Northern Hemisphere from ~9.5-

8.5 ka and ~10-9 ka respectively (Wang et al., 2014; Chen et al., 2015) (Fig. 1.6c). These paleo-

precipitation reconstructions show clear evidence that the Indo-Pacific ITCZ was shifted south 

for at least part of the ~9.5-8.5 ka interval. 

 

1.4.2.2. ENSO 

ENSO is considered the dominant control on modern interannual NEC bifurcation 

latitude and as such, millennial scale changes in the mean state of ENSO or the frequency or 

intensity of El Niño or La Niña events would likely produce changes in the wind field sufficient 

to shift the NEC bifurcation latitude. However, while there is general consensus on the timing 

and direction of meridional shifts of the global and Indo-Pacific ITCZ since the LGM, there is 

less consensus on the behavior of ENSO (for example Koutavas et al., 2002; Rein et al., 2005; 

Koutavas and Joanides., 2012; Ford et al., 2015; Partin et al., 2015; White et al., 2018). As such, 

whether ENSO appears to be driving the NEC bifurcation latitude shifts we observe or the two 

appear to vary asynchronously is dependent on our choice of paleo-ENSO records and it is 
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difficult to identify ENSO as a major driver of NEC bifurcation latitude variability since the 

LGM. 

 

1.5. Conclusions 

Our analysis of instrumental salinity and sea surface height-based NEC bifurcation 

latitude records shows that modern Sulu Sea thermocline salinity is strongly correlated to the 

NEC bifurcation latitude, increasing when the bifurcation is north and freshening when the 

bifurcation latitude is south. Our G. tumida ŭ18Ow-IVC based record of Sulu Sea thermocline 

salinity shows that NEC bifurcation latitude migrations have occurred on a millennial scale at 

least since the LGM. Our Sulu Sea results indicate that the NEC bifurcation latitude was 

positioned further north around the time of HS1 from ~18.8-15.5 ka, during the Younger Dryas 

Chronozone from ~12.2-11.5 ka, and during the early Holocene from ~9.5-8.5 ka. The 

bifurcation latitude was shifted south during the Bølling-Allerød from ~13.0-12.4 ka, during the 

early Holocene from ~11.5-10.9 ka and during the mid-Holocene from ~8.5 ka until the end of 

the record at ~5.6 ka. Comparison of our paleoreconstruction of the NEC bifurcation latitude to 

other paleoclimate records suggests that the observed millennial-scale NEC bifurcation latitude 

variability may have been driven by the same mechanisms that resulted in the interannual 

bifurcation latitude variability observed in instrumental records. The most likely driver of the 

millennial-scale shifts in the NEC bifurcation latitude is the Indo-Pacific ITCZ which was shifted 

south during HS1, the Younger Dryas, and the 8.2 ka event all when our record suggests the 

NEC bifurcation latitude was shifted north. The Indo-Pacific ITCZ was shifted north during the 

Bølling-Allerød and early Holocene when our record indicates the NEC bifurcation latitude was 

shifted south. Such variability of the NEC bifurcation latitude has the potential to substantially 
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affect the strength of the Kuroshio Current, northwest Pacific climate, and the characteristics of 

the ITF. 

 

1.6 Chapter 1 Supplement 

1.6.1 Salinity and Preservation Effects on Mg/Ca  

Many studies have shown that foraminiferal test Mg/Ca is primarily dependent on water 

temperature (e.g., Nürnberg et al., 1995; Rosenthal et al., 1997; Lea et al., 1999; Anand et al., 

2003; Hollstein et al., 2017), but there is evidence that salinity and test preservation can have an 

impact on foraminiferal Mg/Ca as well (Kisakürek et al., 2008; Mathien-Blard and Bassinot, 

2009). The modern range of annual average Sulu Sea thermocline salinity since 1980 was 34.4-

34.6 psu (Fig. 1.1c). As large changes in salinity of 1 salinity unit are required to generate 

relatively small changes in apparent temperature of 0.5-1.6 °C (Kisakurek et al., 2008; Mathien-

Blard and Bassinot, 2009), we do not believe millennial scale shifts in Sulu Sea thermocline 

salinity would have been large enough to meaningfully impact G. tumida Mg/Ca. To account for 

preservation, Rosenthal et al. (2003) used a size normalized shell weight corrected Mg/Ca 

temperature calibration to calculate temperature from the Sulu Sea G. ruber Mg/Ca record. 

When the calibration is applied, there is no change in millennial scale variability relative to the 

uncorrected Mg/Ca record, suggesting that foraminifera shell post-deposition alteration had little 

effect on Sulu Sea millennial scale Mg/Ca variability through Termination I (Fig. 1.4c and d). 

Core MD97-2141 is located ~170 m above the modern Sulu Sea lysocline (Linsley et al., 1985) 

and does not show evidence of changes in carbonate content or foraminiferal preservation since 

the LGM (Miao et al., 1994), further suggesting preservation didn't affect G. tumida Mg/Ca 

millennial scale variability during Termination I. Having ruled out changes in salinity and 
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preservation as drivers of Mg/Ca, we interpret G. tumida Mg/Ca from our Sulu Sea record as 

record of thermocline temperature variations. 

 
Figure S1.1: Cross plot comparison of G. tumida Mg/Ca to G. tumida Al/Ca and Fe/Ca of the 

same samples. 
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Figure S1.2: Average annual Sulu Sea Salinity in box 7°-10° N 118°-122° E at various depths 

from GODAS (Behringer and Xue, 2004). Note the different scales on the y-axes on the three 

panels. 
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Figure S1.3: GODAS (Behringer and Xue, 2004) average salinity by month in the Sulu Sea 

from the in the box from Fig. 1.1 (7°-10° N 118°-122° E). Salinity is averaged from 1980 to 

2019, the same interval as shown in Fig. 1.1a and b. 

 
Figure S1.4: G. tumida (blue) and G. ruber (red) Mg/Ca and Mg/Ca based temperature. G. 

tumida data sets are also plotted with a 1,000 year low-pass filter (black). Error bars show 

maximum error as error varies by datum. G. ruber data were initially published in Rosenthal et 

al. (2003). 
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Table S1.1: Age model radiocarbon tie points (See Methods). 

 

 
Table S1.2: Correlation coefficients between the annual average NEC bifurcation latitude and 

annual average Sulu Sea and South China Sea salinity at various depths. The NEC bifurcation 

latitude was calculated from sea surface height anomalies using equation 2 from Qiu and Chen 

(2010) (see Methods). Salinity data are from GODAS (Behringer and Xue, 2004). Sulu Sea 

salinity is from the box from Fig. 1.1 (7-10° N 118-122° E) and South China Sea salinity is from 

16-21° N and 114-119° E. 
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Table S1.3: z-scores and p-values for differences in means from intervals in the G. tumida 

ŭ18Ow-IVC records. Age ranges represent intervals for which mean ŭ18Ow-IVC were calculated to 

produce maximum contrast between compared intervals, not the full extent of the events. 

 

1.6.2 Mg/Ca Thermometer Comparison 

 We compare absolute and relative temperature variability calculated from Sulu Sea G. 

tumida Mg/Ca using four different calibrations in figures S1.5 and S1.6. While there are clear 

differences in absolute temperatures, differences in relative temperature are minimal and do not 

affect our interpretations. Absolute and relative ŭ18Ow variability calculated using the same four 

temperature calibrations and the Bemis et al. (1998) ŭ18Ow calibration are compared in figures 

S1.7 and S1.8 and similarly show minimal differences in relative variability. We are confident in 

our choice of the Anand et al. (2003) calibration as it shows similar relative Mg/Ca and ŭ18Ow 

variability to the Hollstein et al. (2017) and Mohtadi et al. (2011) calibrations, both of which are 

based on nearby core-top data (Hollstein et al. (2017) on Philippine and New Guinea margin 

cores, Mohtadi et al. (2011) on eastern Indian Ocean cores).  
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Figure S1.5: Absolute temperature variability calculated from Sulu Sea G. tumida Mg/Ca using 

four different calibrations. 

 

 

Figure S1.6: Relative temperature variability calculated from Sulu Sea G. tumida Mg/Ca using 

four different calibrations and normalized to the youngest data point. 
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Figure S1.7: Absolute ŭ18Ow variability calculated from Sulu Sea G. tumida Mg/Ca and ŭ18O 

using four different calibrations and the Bemis et al. (1998) ŭ18Ow calibration. 

 

Figure S1.8: Relative ŭ18Ow variability calculated from Sulu Sea G. tumida Mg/Ca and ŭ18O 

using four different calibrations and normalized to the youngest data point 
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Chapter 2: 

Calcification Depths of Different Thermocline Dwelling 

Foraminifera Species Estimated from Shell ŭ18O in Sulu Sea 

Sediments 

 

Abstract 

Accurately constraining planktonic foraminiferal calcification depths of species that live in the 

subsurface is crucial to interpreting their geochemical records (e.g.: ŭ18O, Mg/Ca) in a 

paleoclimatic context. In the Sulu Sea, elevated and constant 10°C water below the thermocline, 

coupled with low dissolved oxygen and relatively high average sedimentation rates of >15 cm/ka 

have resulted in excellent CaCO3 preservation and reduced rates of bioturbation. These factors 

have combined to preserve a high-resolution sediment archive. This setting has resulted in more 

limited number of processes effecting thermocline temperature and salinity and fewer influences 

on foraminiferal ŭ18O. Thus, the Sulu Sea is an ideal location to investigate foraminiferal 

calcification depths. We generate ŭ18O data from six combinations of foraminiferal species and 

size fraction (Globorotalia tumida >600 µm, G. tumida 400-600 µm and G. tumida with no size 

constraint, Globorotalia menardii in the >600 µm size fraction, Pulleniatina obliquiloculata in 

the 350-500 µm size fraction, and Neogloboquadrina dutertrei in the 250-500 µm size fraction) 

spanning ~12.75-10.75 ka from Sulu Sea sediment core MD97-2141. We estimate average 

calcification depths for each species and size fraction by calculating the difference from 

previously published G. ruber ŭ18O data from the same core and comparing that difference to 

modern instrumental temperature and salinity profiles from the Sulu Sea. We estimate that G. 

tumida in the 400-600 µm size fraction calcify at a mean depth of 115 m in the Sulu Sea with the 

middle 95% of our individual samples calcifying at 99-131 m. G. tumida with no size constraint 

and in the >600 µm size fraction calcify at mean depths of 112 m and 107 m with the middle 

95% of samples calcifying at 99-120 m and 88-117 m respectively. G. menardii calcifies at a 

mean depth of 106 m and the middle 95% of our samples at 92-117 m, N. dutertrei calcifies at a 



48 

 

mean depth of 112 m with the middle 95% at 102-120 m, and P. obliquiloculata calcifies at a 

mean depth of 93 m and the middle 95% at 102-120 m. G. tumida appear to calcify at a 

shallower depth with increasing size. We attribute any changes in ŭ18O difference through time 

between the studied species and G. ruber to changes in oceanographic conditions rather than 

changes in calcification depth. 

 

2.1. Introduction  

 Foraminiferal test chemistry (ŭ18O, Mg/Ca, ŭ18O and Mg/Ca based ŭ18Ow) is widely used 

in paleoceanographic studies as a proxy for a multitude of variables including ocean temperature, 

salinity, and ŭ18Ow as well as global ice volume (e.g., Anand et al., 2003; Bemis et al., 1998; 

Craig and Gordon, 1965; Lea et al., 2000; Rosenthal et al., 1997). Studies such as these, utilize a 

range of planktonic foraminiferal species and size fractions to understand paleoceanographic 

variables from throughout the water column, ranging from the surface to the deep thermocline to 

the ocean floor (e.g.: Lisiecki and Raymo et al., 2005; Rosenthal et al., 2003; Weiss et al., 2021; 

Weiss et al., under review). In order to interpret these records, it is necessary to accurately and 

precisely constrain the calcification depth of the species and size fraction of study (Hollstein et 

al., 2017; Lahkani et al. 2022). It must further be assumed that calcification depth remains 

relatively constant through time and a changing depth habitat is not responsible for any 

variability observed in these geochemical records (Weiss et al., 2021). Only once a calcification 

depth has been constrained and assumed to be constant through time can geochemical data be 

tied to oceanographic processes that are limited to specific depths in the water column and only 

then can climatic significance be interpreted. Previous studies have endeavored to constrain 

species and size fraction calcification depths by comparing core top ŭ18O, Mg/Ca based 

temperature, and ŭ18Ow to instrumentally measured temperature and salinity profiles, however 

they also clearly demonstrate that calcification depths are spatially heterogeneous, particularly 
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for species that calcify in the subsurface and thermocline (e.g.: Cleroux et al. 2013; Farmer et al., 

2007; Hollstein et al., 2017; Lahkani et al., 2022; Mohtadi et al., 2011). As such, any 

paleoceanographic study will be greatly benefited by a local calcification depth study.  

 

 
Figure 2.1: Map of the Sulu Sea with the location of core MD97-2141 and the three TS profile 

sites from Gordon and Villanoy (2011). 

 

 Stable isotope and trace metal records generated using surface and thermocline dwelling 

foraminifera from Sulu Sea sediment cores (Fig. 2.1) have been used to gain insight into 

paleoclimate and paleoceanographic variability on a wide range of timescales (Dannenmann et 
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al., 2003; Linsley, 1996; Oppo et al., 2003; Rosenthal et al., 2003; Weiss et al., 2021; Weiss et 

al., Under Review). Globorotalia tumida is a species commonly used to reconstruct thermocline 

conditions, but it has a wide range of reported calcification depths that vary spatially (Cleroux et 

al. 2013; Farmer et al., 2007; Hollstein et al., 2017; Lahkani et al., 2022; Mohtadi et al., 2011). 

By comparing G. tumida ŭ18O and Mg/Ca based temperature from ~7.01-5.63 (the youngest ~1.4 

ka of the record) to instrumental temperature and salinity records, Weiss et al. (2021) estimate 

that G. tumida in the 400-600 µm size fraction calcify at ~102-148 m in the Sulu Sea. That 

calcification depth was then used by Weiss et al. (2021) to generate a record of the North 

Equatorial Current bifurcation latitude since the Last Glacial Maximum (LGM) (~20 ka) using 

G. tumida ŭ18O, Mg/Ca based temperature, and ŭ18Ow data from Sulu Sea core MD97-2141. 

Preliminary G. tumida ŭ18O data with no size constraints from Weiss et al. (2021) showed a 

much larger amplitude decrease (~0.7ă) beginning at ~11.5 ka than the updated record 

generated from G. tumida from the 400-600 µm size fraction (~0.3ă amplitude) (Fig. 2.2), 

suggesting the >600 µm G. tumida included in the preliminary data have a shallower 

calcification depth and the large amplitude of the event in the no size constraint data set was due 

to integrating the shallow and deep calcification depths of large and small G. tumida. Weiss et al. 

(Under Review) used the difference in response in ŭ18O, Mg/Ca based temperature, and ŭ18Ow 

data from G. tumida in the 400-600 µm size fraction and G. ruber in the 212-250 µm size 

fraction from Sulu Sea core MD97-2141 to constrain sea level during Marine Isotope Stages 3 

and 5. Given that the North Equatorial Current bifurcation latitude only impacts a narrow depth 

range in the Sulu Sea and this is crucial to the conclusions drawn by Weiss et al. (2021) and 

Weiss et al. (Under Review), it is important that the calcification depth of G. tumida in the Sulu 
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Sea is well constrained. It is further insightful to understand how G. tumida size fraction affects 

calcification depth in the Sulu Sea and how those calcification depths compare to other species. 

 

 
 

Figure 2.2: Time series of Sulu Sea G. tumida ŭ18O with no size constraint and in the 400-600 

µm size fraction. The gray bar highlights the interval beginning at ~11.5 ka where G. tumida 

ŭ18O in both size fractions decrease. 

 

Here we present new ŭ18O data from ~12.75-10.75 ka from Sulu Sea sediment core 

MD97-2141 for large G. tumida (>600 µm), G. tumida with no size constraint, the Globorotalia 

menardii (>600 µm) endmember of its morphotype intergrade with G. tumida, Pulleniatina 

obliquiloculata (350-500 µm) and Neogloboquadrina dutertrei (250-500 µm) and estimate 

species and size fraction calcification depths by comparing those data to instrumental 
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temperature and salinity (TS) profiles. Due to its warm bottom water temperatures of ~10° C, 

CaCO3 preservation in the Sulu Sea is exceptional and primary calcification ŭ18O is likely 

preserved, limiting confounding factors related to preservation and making the basin an excellent 

location to investigate calcification depths. We further leverage the time series nature of our 

depth estimates to investigate how each species responded to the event at ~11.5 ka that affected 

G. tumida in the 400-600 µm size fraction and G. tumida with no size constraints differently and 

speculate whether different responses to that event between species and size fractions are the 

result of changing calcification depths or changing salinity or temperature gradients. 

 

2.2. Methods  

2.2.1 Stable Isotope Analyses 

 For each species and size fraction combination (Table 2.1), 11 individual specimen tests 

were selected for each sample analyzed for ŭ18O. Three size fractions were analyzed for G. 

tumida, 400-600 µm (analyzed by Weiss et al. (2021) following the same methods as this study), 

>600 µm, and a random distribution of all size fractions. G. menardii in the >600 µm size 

fraction, N. dutertrei in the 250-400 µm size fraction, and P. obliquiloculata in the 350-500 µm 

size fraction were also analyzed for ŭ18O. All picked foraminifera were viewed under a Keyence 

VHX-5000 Digital Microscope under high magnification (100-200x) to ensure they conformed 

to the specific species morphotype and that there was no evidence of secondary calcification. 

Any specimens that did not fit these strict criteria were discarded. We then used the Keyenceôs 

maximum-area-measurement tool to confirm each test was in the correct size fraction. To reduce 

selective loss of fine test fragments that could bias geochemical results and because only 

specimens deemed pristine were selected, foraminifera were not cleaned prior to stable isotope 
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analysis. For each sample, the 11 specimens that passed screening were finely crushed and 

homogenized and 50-80 µg of mixed fragments were randomly selected for stable isotopic 

analyses. 

Table 2.1: Foraminifera species and size fraction combinations analyzed for this study. 

 

 Stable isotopic analyses were performed in the Lamont-Doherty Earth Observatory 

(LDEO) Stable Isotope Lab using a Thermo DeltaV + mass spectrometer with a Kiel IV 

autosampler device. Samples were dissolved in ~105% dewatered H3PO4 at 70 °C and the 

resulting gas was cryogenically stripped of H2O and the purified CO2 analyzed. Results are 

reported in per mil (ă) vs VPDP. The international standard NBS-19 was analyzed every ~10 

sample and the ŭ18O standard deviation was ~0.06ă. Additionally, ~10% of samples for each 

species each species was run in replicate. G. tumida in the 400-600 µm size fraction had an 

average difference between replicates of 0.11ă. G. menardii and G. tumida in the >600 µm size 

fraction had a combined average difference between replicates of 0.14ă. P. obliquiloculata had 

an average difference between replicates of 0.1ă. N. dutertrei from this section of the core were 

not analyzed in replicate, however replicates from samples deeper in the core analyzed following 

the same methods had an average difference of 0.16ă.  

 



54 

 

2.2.2 Calcification Depth Calculation 

 To calculate an estimated calcification depth for each species and size fraction 

combination, we used six instrumental TS profiles from the Sulu Sea (three hydrographic 

stations measured twice each over two cruises) (Gordon and Villanoy, 2011) to generate an 

expected foraminiferal ŭ18O profile that we could then compare to our measured foraminiferal 

ŭ18O (Fig. 2.3). Because 1) we do not have seawater ŭ18O (ŭ18Ow) measurements to calculate 

absolute expected foraminiferal ŭ18O and 2) we are estimating calcification depths in the past 

when temperatures were colder and salinity was likely higher, we anchor our expected 

foraminiferal ŭ18O profiles by assuming G. ruber (senso stricto) calcify at the shallowest depth in 

the TS profiles (0-2 m) and setting G. ruber s.s ŭ18O as the expected foraminiferal ŭ18O for that 

depth. For each depth in the TS profiles, we then use temperature and salinity to calculate 

expected ŭ18O differences from that shallowest G. ruber value by using a ŭ18O vs temperature 

relationship of -0.22ă/°C (Hollstein et al., 2017) and two different ŭ18O vs salinity relationships 

derived by comparing measured ŭ18Ow and salinity off the coast of Papua New Guinea (Hollstein 

et al., 2017). We use the Hollstein et al. (2017) relationships because they were derived using 

nearby cores and are therefore more likely to have a similar relationship to the Sulu Sea. The first 

ŭ18O vs salinity relationship was calculated using surface water and is 0.37ă/psu and the second 

was calculated using thermocline water and is 0.33ă/psu. Due to the small amplitude of salinity 

variability in the Sulu Sea water column (Gordon and Villanoy, 2011), the surface and 

thermocline ŭ18O vs salinity relationships produce the same salinity profiles to the nearest 0.01 

ă. Because we are calculating the expected ŭ18O difference from G. ruber, our profile is 

applicable to any time step for which we have G. ruber ŭ18O measurements.  
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Figure 2.3: Sulu Sea TS profiles compared to expected foraminiferal ŭ18O difference from G. 

ruber. Horizontal errors represent the apparent calcification depth of G. tumida in the Sulu Sea 

from Weiss et al. (2021) based on Mg/Ca based temperature from ~7.01-5.63 (red) and based on 

ŭ18O from ~7.01-5.63 (blue). Grey error windows for those estimates are based on the average 

difference between ŭ18O and Mg/Ca replicate analyses. 

 

 

Our method for calculating calcification depths relies on two key assumptions. The first 

is that the temperature and salinity profiles remained approximately constant through time. The 

validity of this assumption is investigated in section 2.4.4 using our estimates of calcification 

depths and their variability through time. The second is that we vital effects on the temperature 

and salinity relationship to ŭ18O are constant between species. Vital effects such as symbiont 

photosynthesis, incorporation of low ŭ18O metabolic CO2, calcification rate variability between 

species, gametogenic calcite, and seawater CO3 variability have been shown to result in 

calcification out of equilibrium with sea water (Ravelo and Hil laire-Marcel, 2007). If these vital 

effects were constant between species, they would be canceled out when we calculate the ŭ18O 

difference between each species and G. ruber. However, they have been shown to vary by 

species and are represented by constant decreases in foraminiferal ŭ18O of 0.0-1.0ă (Hollstein et 
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al., 2017). Advantageously for our study, because we are differencing foraminiferal ŭ18O from G. 

ruber ŭ18O, only the difference between the vital effect for each species and for G. ruber impacts 

our calcification depth estimates, limiting the importance of vital effects.  Given the range of 

factors that control vital effects that make it difficult to account for them precisely, Hollstein et 

al. (2017) did not correct for them when estimating calcification depths using Philippine and 

New Guinea margin cores. We take a similar approach. 

For each sample and species and size fraction combination we selected the depth from 

each of the six expected ŭ18O difference profiles that best matched the measured ŭ18O difference 

from G. ruber, then averaged those six depths to calculate an apparent calcification depth. This 

produces a time series of apparent calcification depths for each size fraction and species 

combination. We estimate the average calcification depth for each species and size combination 

by taking the average calcification depth of all the samples in the entire time series. We report 

the middle 95% of calcification depth estimates for each species and size fraction combination to 

represent the range of possible calcification depths without overemphasizing outliers. While we 

report our estimated mean a middle 95% of calcification depths to the nearest meter, we do not 

believe our estimates are accurate to that precision. 

 

2.3. Results 

 Time series of foraminiferal ŭ18O are plotted in figures 2.4 and 2.5. For the duration of 

the records, all foraminifera analyzed for this study and Weiss et al. (2021) have ŭ18O at least 

1ă greater than G. ruber which has an average of -2ă from 5.63-20.21 ka. Of those species and 

size fraction combinations, P. obliquiloculata has the closest ŭ18O to G. ruber, averaging 1.17ă 

greater than G. ruber. G. menardii and G. tumida >600 µm share approximately the same values 
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and are the next lowest, averaging 1.55ă and 1.59ă greater than G. ruber respectively. G. 

tumida with no size constraint averages 1.76ă greater than G. ruber and N. dutertrei 1.75ă 

greater. G. tumida in the 400-600 µm size fraction have the greatest average ŭ18O, averaging 

1.87ă greater than G. ruber.  

 
Figure 2.4: Sulu Sea foraminiferal ŭ18O time series. G. ruber data were initially published in 

Rosenthal et al. (2003). G. tumida from the 400-600 µm size fraction and N. dutertrei data were 

initially published in Weiss et al. (2021). The gray bar represents the same interval beginning at 

~11.5 ka as Figure 2.2 where small and no size constraint G. tumida ŭ18O decrease. See Figure 

2.5 for detail of data from 10 to 13 ka. 
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Figure 2.5: Sulu Sea foraminiferal ŭ18O time series focused on the 13-10 ka interval. G. ruber 

data were initially published in Rosenthal et al. (2003). G. tumida from the 400-600 µm size 

fraction and N. dutertrei data were initially published in Weiss et al. (2021). The gray bar 

represents the same interval beginning at ~11.5 ka as Figure 2.2 where small and no size 

constraint G. tumida ŭ18O decrease. 

 

2.4. Discussion 

2.4.1 Calcification Depth Estimates 

 With the lowest ŭ18O of the deeper dwelling planktonic foraminifera analyzed, the 

apparent calcification depth of P. obliquiloculata is the shallowest of the studied species with a 

mean estimated calcification depth of ~93 m and the middle 95% of individuals calcifying at 68-

108 m (Fig. 2.6). The apparent calcification depth of the other five species all overlap 

substantially. G. menardii and G. tumida in the >600 µm size fraction have the shallowest 
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apparent calcification depths of this group with mean calcification depths of ~106 m and ~107 m 

and the middle 95% of individuals calcifying at 92-117 m and 88-117 m respectively. G. tumida 

with no size constraint and N. dutertrei share approximately the same mean apparent 

calcification depth at ~112 m. The two species have the narrowest middle 95% estimated 

calcification depth ranges with of G. tumida with no size constraint calcifying at 99-120 m and 

N. dutertrei at 102-120 m. The deepest mean apparent calcification depth of ~115 m belongs to 

G. tumida in the 400-600 µm size fraction with a middle 95% calcification range of 99-131 m. 

 All six species and size fraction combinations appear to calcify in a narrow depth range 

that is clearly below the mixed layer. One potential control on calcification depth is seawater 

density, however all six species and size fraction combinations clearly calcify within the 

pycnocline far from its bottom or top, so it is unclear what density feature they would be 

targeting. We do note that our calcification depth estimates are based on modern TS and density 

profiles while our foraminiferal ŭ18O data are from ~12.75-10.75 ka, so the late Pleistocene to 

early Holocene TS and density profiles may tell a different story. Weiss et al. (2021) estimated 

G. tumida (400-600 µm size fraction) calcification depth using the youngest ~1.4 ka (~7.01-5.63) 

of ŭ18O (102-113 m) and their calcification depth estimates is approximately the same as those 

we find using the whole record and are still well above the bottom of the pycnocline. Conversely, 

they also estimate G. tumida (400-600 µm size fraction) calcification depth using the youngest 

~1.4 ka of Mg/Ca based temperature data and do find an apparent calcification depth of 120-148 

m that is approximately the bottom of the pycnocline meaning ŭ18O could be indicate a 

calcification depth that is slightly too shallow. 
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Figure 2.6: Calcification depth estimates for each species and size fraction combination in the 

Sulu Sea. Panel a is a compilation of the individual species data in panels b-g. Triangles 

represent the estimated calcification depth for each individual sample. Error bars represent the 

mean and middle 95% of the distribution of individual samples for each species and size fraction 

combination.  

 

We note that an important assumption we make when calculating apparent calcification 

depths is that G. ruber calcify at the shallowest depth in each TS profile. If they do instead 

calcify at deeper depths with substantially higher salinity and lower temperature the expected 

ŭ18O profile would affectively be shifted deeper and our apparent calcification depths would be 
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deeper. However, given the minimal temperature and salinity variability within the mixed layer, 

a deeper G. ruber calcification depth would have little effect on the calcification depths of the 

other species provided G. ruber still calcified within the mixed layer. Lahkani et al. (2022) 

estimate a G. ruber mean calcification depth of 17 m with a 95% confidence interval of 0-86 m 

and well withing the mixed layer. Hollstein et al., (2017) estimate a mean calcification depth of 

~26 m with a range equivalent to the 0-80 m depth of the mixed layer. Based on these two 

studies, it is unlikely that the mean calcification depth of G. ruber in the Sulu Sea is exactly at 

the surface, but both studies indicate G. ruber calcify within the local mixed layer and 

furthermore, the mean calcification depth for both studies are within the Sulu Sea mixed layer, so 

we are confident that our assumption that G. ruber calcify in the mixed layer is reasonable and 

does not affect our estimated calcification depths. 

 G. tumida in the 400-600 µm size fraction clearly calcify within the depth range in which 

Sulu Sea salinity is strongly correlated to the North Equatorial bifurcation latitude (r-value>0.55 

from 95-165 m) supporting the conclusions of Weiss et al. (2021) that ŭ18O of the species tracks 

the bifurcation latitude. N. dutertrei also calcify predominantly in that depth range and are likely 

a reliable recorder of the bifurcation latitude. P. obliquiloculata calcify at too shallow a depth to 

be consider a reliable indicator of the North Equatorial bifurcation latitude. The two larger G. 

tumida size fractions and G. menardii primarily calcify withing the depth range where they could 

capture North Equatorial Current bifurcation latitude variability, however because they calcify at 

the edge of the depth range where the correlation between Sulu Sea salinity the North Equatorial 

Current bifurcation latitude begins to weaken, any shallow outliers would calcify outside that 

range and make large G. tumida and G. menardii a less reliable proxy for those purposes. 
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2.4.2 Comparison of Calcification Depths to Other Estimates 

 Our middle 95% of estimated calcification depths of all six species and size fraction 

combinations overlaps with the two standard deviation or 95% confidence interval of at least one 

other study (Fig. 2.7), suggesting all of our estimates are reasonable. Our three G. tumida 

calcification depth estimates fall in the shallow range of estimates, plotting above three other 

calcification depth estimates (Farmer et al., 2007; Hollstein et al., 2017), but our estimates 

overlap with the top of the Lakhani et al. (2022) estimate error window and almost entirely 

within the Cleroux et al. (2013) and Mohtadi et al. (2011). Geographically, itôs no surprise that 

our estimate is similar to the Mohtadi et al. (2011) estimate which is based on proximal eastern 

Indian Ocean margin cores. It is also no surprise that our estimate overlaps with the Lakhani et 

al. (2022) estimate thatôs based on a global distribution of cores. In contrast, it is somewhat 

surprising that our estimate is shallower than the Hollstein et al. (2017) calibration based on 

Philippines and New Guinea Pacific margin cores but overlaps with the Cleroux et al. (2013) 

estimate based on an Atlantic meridional transect. As G. tumida has the least overlap between 

error envelopes of the four species even though it has the largest error envelopes, it is clear that 

the calcification depth of G. tumida is spatially heterogeneous. As a result, we advocate caution 

and argue it is necessary for a local calcification depth estimate and strong understanding of the 

processes that control the water column when using G. tumida to create records of 

paleoceanographic conditions. 

 Our P. obliquiloculata and N. dutertrei calcification depth estimates match other studies 

remarkably well, overlapping with all other error envelopes and with all average estimates falling 

within a 30 m range for each species. The consistency among calcification depth estimates 

indicates P. obliquiloculata and N. dutertrei are ideal species for paleoceanographic 
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reconstructions. Our G. menardii calcification depth estimate overlaps with that of Farmer et al. 

(2007), but it is difficult to draw many conclusions from only two estimates. 

 

 
Figure 2.7: Comparison of calcification depths between studies. Colored estimates are mean and 

the middle 95% of individual samples from this study. The Farmer et al. (2007) and Lakhani et 

al. (2022) estimates are the mean and the 95% confidence interval. The Hollstein et al. (2017) 

and Cleroux et al. (2013) estimates are the mean plus or minus two standard deviations. The 

Mohtadi estimates are the mean and range of estimates. 

 

2.4.3 Test Size vs. Calcification Depth 

 Because initial data showed that the ŭ18O decrease in G. tumida with no size constraint 

ŭ18O at ~11.5 ka was larger than in G. tumida in the 400-600 µm and resulted in lower average 

ŭ18O for the no size constraint fraction, we expected G. tumida in the 400-600 µm to have the 

deepest calcification depth, G. tumida in the >600 µm size fraction to have the shallowest 

calcification depth, and G. tumida with no size constraint to have a calcification depth between 
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the other two size fractions, signifying a mixture of the two. Although there is substantial overlap 

between the two standard deviation envelopes of the three size fractions, there is a clear 

population in the 400-600 µm size fraction that calcified deeper than any samples in the other 

two size fractions and a clear population in the >600 µm size fraction that calcified shallower 

than any samples in the other two size fractions. The Monte Carlo derived 95% confidence 

intervals for the mean calcification depth of each size fraction are also significantly different at 

114-116 m for the smallest fraction, 110-113 m for the mixed size fraction, and 105-109 m for 

the largest size fraction.  

The shallower calcification depth for larger G. tumida individuals within a given location 

appears to be consistent with other studies that analyzed the relationship between foraminiferal 

size and calcification depth using G. tumida and using other species (DôHondt et al., 1994; 

Hollstein et al., 2017), but such studies are limited. As a species that hosts photosynthetic 

symbionts (Gastrich, 1987), it is possible that a shallower calcification depth would increase 

photosynthetic rates and help G. tumida grow larger. The relationship between G. tumida 

apparent calcification depth and their size could also be driven by their life cycle. Erez et al. 

(1991) observed that fully grown Globigerinoides sacculifer sink below the photic zone 2-3 days 

before releasing their gametes. The newly formed juveniles then rose back into the photic zone. 

If no new calcification occurs below the photic zone, then large adult G. sacculifer would retain 

a ŭ18O signature dominated by their most recent and largest chambers calcified at the surface. In 

contrast, the ŭ18O signature of smaller G. sacculifer would be dominated by their deeper juvenile 

chambers. A similar balance could occur in G. tumida. 

It is impossible to make quantitative conclusions regarding the relationship of 

foraminiferal size and calcification depth when we incorporate other studies given 1) the overlap 
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and inconsistent range of size fractions, 2) our lack of confidence in a normal distribution within 

stated size fraction, and 3) geographic heterogeneity. We are however able to make qualitative 

conclusions. We do not see a clear inter-study trend in either the G. tumida or the N. dutertrei 

data. Larger P. obliquiloculata do appear to have a shallower calcification depth. We cannot 

draw any conclusions for G. menardii with only two studies that have such overlapping size 

fractions. 

 

2.4.4 Calcification Depth Through Time 

 There are two potential drivers of shifts in apparent calcification depth through time 

(Figs. 2.8 and 2.9). First, foraminiferal calcification depth could actually be changing over time. 

Second, changes in oceanographic conditions could affect water at the G. ruber calcification 

depth and the calcification depth of the other species differently such that the difference in ŭ18O 

between the two species changes as a result of changes in the TS gradient rather than 

calcification depth changes. A substantial change in either apparent calcification depth or 

thermocline TS occurs at ~11.5 ka. At that time, increases in thermocline foraminifera ŭ18O 

suggest either G. tumida in the 400-600 µm size fraction and N. dutertrei calcified much deeper 

and G. tumida in the >600 µm size fraction and with no size constraint somewhat deeper (Table 

2.2), or TS conditions in the Sulu Sea thermocline changed such that the difference between 

thermocline foraminiferal ŭ18O and G. ruber ŭ18O increased. Weiss et al. (2021) interpret the 

decrease in small G. tumida ŭ18O at this time to be the result of a shift in the North Equatorial 

bifurcation latitude freshening the Sulu Sea thermocline. Rosenthal et al. (2003) showed that  
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Figure 2.8: Times series of apparent calcification depths in the Sulu Sea assuming the vertical 

temperature and salinity structure in the thermocline remain unchanged over time. The gray bar 

represents the same interval beginning at ~11.5 ka as Figure 2.2 where small and no size 

constraint G. tumida ŭ18O decrease. 

 

there was a concurrent and larger magnitude freshening in the Sulu Sea Surface due to a 

strengthened East Asian Monsoon. Because freshening in the surface had a larger magnitude, the 

difference between surface and thermocline ŭ18O increased, making it appear as the calcification 

depth of thermocline foraminifera increased. There is a clear gradient during this interval with 

deeper dwelling species and size fraction combinations behaving similarly to G. tumida in the 

400-600 µm size fraction (N. dutertrei) and showing the largest increase in calcification depth, 

the next shallowest species and size fraction combinations showing intermediate increases in 

calcification depth (large G. tumida and G. tumida with no size constraints), and shallower 
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species showing little change in calcification depth because their ŭ18O mirrors that of G. ruber 

(G. menardii and P. obliquiloculata). We therefore conclude that changes in apparent 

calcification depth during this interval are the result of shallow and deep species being 

differently affected by oceanographic conditions and argue they are not the result of actual 

changes in calcification depth.  

 Our conclusion that apparent changes in calcification depth are the result of shifts in the 

temperature or salinity gradients and resulting shifts in the expected ŭ18O gradient in the Sulu 

Sea contradicts our assumption for calculating estimated calcification depths that the temperature 

and salinity gradients remained constant through time. Because it is likely that the early 

Holocene temperature and salinity gradients more closely resemble the modern gradients than 

the pre-11.5 ka gradients do, it is probable that our pre-11.5 ka calcification depth estimates are 

too shallow. However, as the largest change in expected calcification depth pre- and post-11.5 ka 

event is only ~10 m for G. tumida in the 400-600 µm size fraction (Table 2.2), the impact of a 

changing gradient during that event is substantially smaller than the range of the middle 95% of 

calcification depths of any of the six species and size fraction combinations investigated here. 

Furthermore, when we compare the mean calcification depth G. tumida in the 400-600 µm size 

fraction and P. obliquiloculata, the two longest records, between the whole record and the 

youngest ~1.5 ka (5.63-7.01 ka) of the records, mean calcification depth for G. tumida in the 

400-600 µm size fraction is only ~8 m shallower during the youngest interval and P. 

obliquiloculata only ~3 m shallower. Ultimately, we do believe that potential changes in the 

temperature and salinity gradients do introduce some uncertainty to our calcification depth 

estimates, particularly the mean estimates, but we believe they primarily introduce variability 

between individual samples and do not invalidate our estimates. 
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Figure 2.9: Times series of apparent calcification depths in the Sulu Sea focused on the 13-10 ka 

interval. The gray bar represents the same interval beginning at ~11.5 ka as Figure 2.2 where 

small and no size constraint G. tumida ŭ18O decrease. 

 

With only G. tumida in the 400-600 µm size fraction and P. obliquiloculata extending 

much beyond the ~12.75-10.75 ka interval there is less evidence to determine whether changes in 

the apparent calcification depth are the result of changes in oceanographic conditions or actual 

changes in calcification depth, but based on our interpretation of the ~12.75-10.75 ka interval, 

we think other changes in apparent calcification depth are also oceanographic in nature. 
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Table 2.2: Difference in expected calcification depth before and after the 11.5-11.1 ka interval 

(gray bar in Figure 2.2). A negative difference indicates calcification depth became shallower. P-

values are the Monte Carlo derived likelihood of an increase in calcification depth that large. 

 

2.5. Conclusions 

 We calculated apparent mean calcification depths in the Sulu Sea for six foraminiferal 

species size fraction combinations by assuming G. ruber calcify at the surface then using TS 

profiles to calculate expected ŭ18O differences from G. ruber at each depth in the water column 

which we then compared to our ŭ18O records spanning ~12.75-10.75 ka. G. tumida in the 400-

600 µm size fraction have an average apparent calcification depth of 115 m (middle 95% of our 

samples at 99-131 m) in the Sulu Sea. G. menardii calcifies at ~106 m (middle 95% at 92-117 

m), N. dutertrei calcifies ~112 m (middle 95% at 102-120 m), and P. obliquiloculata calcifies at 

~93 m (middle 95% at 102-120 m). The calcification depth of G. tumida in the 400-600 µm size 

fraction supports the conclusions of Weiss et al. (2021) who interpret G. tumida ŭ18O to be 

strongly influenced by shifts in the North Equatorial bifurcation latitude which is highly 

correlated with Sulu Sea thermocline salinity at (95-165 m water depth). G. tumida with no size 

constraint and in the >600 µm size fraction have average calcification depths of 112 (middle 

95% of samples at 99-120 m) m and 107 m (middle 95% at 88-117 m) respectively. Our G. 

tumida calcification depth estimates indicate that larger G. tumida calcify shallower in the water 



70 

 

column. This trend does not continue when comparing calcification depth estimates from other 

studies, however that may be the result of geographical heterogeneity. Comparing N. dutertrei 

calcification depth estimates with other studies also shows no clear trend with test size, but P. 

obliquiloculata may indicate a shallower calcification depth with increasing size. We donôt see 

any obvious evidence for shifts in calcification depths with time and instead attribute any 

changes in apparent calcification depth to changes in oceanographic conditions that affected the 

surface and thermocline unequally, but not to such a degree that our estimates are invalidated. 
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Abstract 

Global mean sea level (GMSL) during intermediate interglacial Marine Isotope Stage 3 (MIS 3) 

(60-26 ka) has proven difficult to constrain. Paleo-sea level estimates based on ice margin, 

modelling, and paleo-shoreline reconstructions indicate that MIS 3 GMSL was substantially 

higher than reconstructed from deep-ocean benthic foraminifera oxygen isotope (ŭ18O) and coral 

records, implying much smaller ice sheets during MIS 3 than previously thought. Here we use 

the ŭ18O and Mg/Ca chemistry of surface and thermocline dwelling foraminifera in the Sulu Sea 

in the western Pacific margins to estimate relative changes of the influx of South China Sea 

surface and thermocline flow through the Sulu Sea over the last 140 ka. We show that this South 

China Sea throughflow is controlled in-part by GMSL effects on the depth of the 36 m deep 

Karimata Strait at the southern end of the South China Sea. We constrain maximum allowable 

GMSL at the beginning and end of MIS 3 to -22±6 m and -29±5 m respectively and minimum 

allowable GMSL during interglacial stages MIS 5c and 5a (117-72 ka) to range from -3±8 to -

8±8 m and -11±7 to -12±7 m respectively. Our results indicate the Sunda Shelf was subaerially 
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exposed during most of MIS 3, do not support the highest MIS 3 GMSL estimates available, and 

favor the shallowest MIS 5a and 5c estimates. Our results confirm that the Sunda Shelf served as 

a land bridge for human and megafauna migration during MIS 3 when humans first arrived in 

Borneo. 

 

3.1. Introduction 

Marine Isotope Stage 3 (MIS 3), considered a relatively warm transitional interglacial 

stage that lasted from 60 ka to the beginning of the Last Glacial Maximum (LGM; 26 ka), is 

characterized by highly variable climate, punctuated by repeated millennial-scale warming 

episodes, called Dansgaard-Oeschger events, during which the North Atlantic warmed 8-15° C 

(Blunier et al., 1998). The extent and variability of continental ice sheets and global mean sea 

level (GMSL) during MIS 3 relative to the LGM and to the preceding interglacial (MIS 5), has 

been implicated in causing this climate variability (Siddall et al., 2008 and references therein) 

and remains controversial. Constraining MIS 3 GMSL is crucial for: (1.) evaluating how quickly 

ice sheets grew and sea level fell as global climate transitioned into the LGM (Dalton et al., 

2019; Pico et al., 2017), (2.) understanding ice sheet stability in the past, and (3.) projecting 

future ice sheet melting because it precedes the LGM and is characterized by substantial climatic 

instability. It has proven difficult however, to constrain sea level during this interval (Siddall et 

al., 2008; Pico et al., 2017). Many studies have estimated global ice volume from foraminiferal 

ŭ18O either by using paleo-reconstructions from regions where foraminiferal ŭ18O is thought to 

be strongly correlated to ice volume (Rohling et al., 2008; Siddall et al., 2003; Siddall et al., 

2008) or by accounting for temperature using Mg/Ca based temperature compilations (Spratt and 

Lisiecki, 2016). These estimates generally suggest that peak MIS 3 sea level was -30-60 m 
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relative to today (Rohling et al., 2008; Siddall et al., 2003; Siddall et al., 2008; Spratt and 

Lisiecki, 2016). More direct coral and ice margin-based reconstructions are rare because 

shorelines are generally below modern sea level and glacial features were destroyed by 

subsequent ice sheet advance during the LGM (Siddall et al., 2008). Those that do exist do not 

show strong agreement, suggesting a wide range of maximum MIS 3 sea level of -30-80 m 

(Chappell et al., 1996; Chappell, 2002; Cutler et al., 2003; Hanebuth et al., 2006; Thompson et 

al., 2005; Thompson and Goldstein, 2006; Yokoyama et al., 2001). While direct geological and 

indirect marine sediment core ŭ18O records of GMSL describe a range of maximum MIS 3 

GMSL, most tend toward lower GMSL (-60-80 m) (Cutler et al., 2003; Siddall et al., 2008; 

Thompson and Goldstein, 2006).  

More recent sea level and ice sheet extent studies have argued for higher MIS 3 sea level, 

suggesting substantially more rapid ice sheet growth from MIS 3 to the LGM. Pico et al. (2017) 

used ice sheet modelling in concert with paleo-shoreline indicators from the Albemarle 

Embayment in Virginia and North Carolina to argue that peak MIS3 GMSL was only -40 m. A 

similar conclusion was reached by Pico et al. (2016) who argue for peak MIS3 global mean sea 

level of -38±7 m relative to today on the basis of modelling and analysis of Yellow Sea sediment 

cores. Batchelor et al. (2019) estimate a similar MIS 3 GMSL range based on their global 

compilation of Pleistocene ice sheet margin indicators, as do Gowan et al. (2021) using a 

combination of ice sheet margin indicators and modelling. Accurate understanding of MIS 3 sea 

level is crucial given: (1.) the importance of understanding rates of ice sheet growth as Earthôs 

climate transitioned into the LGM, (2.) how rapid climatic variability during MIS 3 impacted sea 

level, and (3.) the ubiquitous use of stacked benthic foraminifera ŭ18O composites as a indicators 

of ice volume and sea level. It is therefore clear that more research is needed to determine 
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whether MIS 3 sea level is better represented by deeper coral and foraminiferal ŭ18O-based 

estimates (Chappell, 2002; Cutler et al., 2003; Hanebuth et al., 2006; Siddall et al., 2008; Spratt 

and Lisiecki, 2016; Thompson et al., 2005; Thompson and Goldstein, 2006) or more recent 

shallower modelling, shoreline, and ice sheet margin indicator-based estimates (Pico et al., 2017; 

Pico et al., 2016; Batchelor et al., 2019).  

While coral and foraminiferal ŭ18O-based estimates of MIS 3 sea level vary widely, they 

almost universally agree that MIS 3 sea level was substantially lower (generally >40 m) than 

MIS 5a-5d (72-117 ka), the previous warm period (Siddall et al., 2008; Dalton et al., 2019; Spratt 

and Lisiecki, 2016; Thompson et al., 2005; Thompson and Goldstein, 2006). In contrast, more 

recent modelling, shoreline, and ice sheet margin indicator-based estimates suggest MIS 3 and 

MIS 5a-5d sea level were much more similar, with MIS 3 sea level only ~20 m below MIS 5a-5d 

(Batchelor et al., 2019; Pico et al., 2016; Pico et al., 2017). Previously published ŭ18O results 

from Sulu Sea sediment cores generated using the surface-dwelling foraminifera G. ruber have 

been proposed to accurately reflect variations in sea level based on their near identical scaling of 

glacial-interglacial variability with benthic foraminifera ŭ18O stacks (Dannenmann et al., 2003; 

Linsley et al., 1996; Oppo et al., 2003; Rosenthal et al., 2003). The most obvious departure from 

this trend however occurs during MIS 3, when Sulu Sea G. ruber ŭ18O in MD97-2141 and Ocean 

Drilling Program Site 769A is nearly equivalent to MIS 5a-5d (Dannenmann et al., 2003; Linsley 

et al., 1996; Oppo et al., 2003; Rosenthal et al., 2003) (Fig. 3.1 and 3.2). The surface mixed-layer 

foraminifera ŭ18O record from the Sulu Sea appears to support more recent modelling and ice 

margin-based reconstructions of MIS3 sea level, but foraminiferal ŭ18O is controlled by a 

combination of temperature and local seawater ŭ18O (ŭ18Ow) which is a function of global ice 

volume/sea level effects on global ocean ŭ18Ow and local salinity. Because the Sulu  



75 

 

Figure 3.1: The Sulu Sea and marginal Indonesian Seas. A: Sibutu Passage B: Balabac Strait C: 

Mindoro Strait D: Panay Strait. Figure was made using the GeoMapApp: 

http://www.geomapapp.org (Ryan et al., 2009). Black lines indicate flow paths from the South 

China Sea. The dashed path only exists when the Karimata Strait is open. Locations of sediment 

cores north (upstream) of the Karimata Strait from Linsley et al. (2010) are marked in yellow and 

cores south (downstream) of the strait are marked in red. MD97-2141 is labeled as MD41 for 

shorthand. The location of Gunung Mulu National Park where Borneo speleothems were 

collected (Carolin et al., 2016a) is indicated in white. Belitung Island is marked in red (Sarr et al., 

2019). Bathymetry in the white box is shown in the inset map. Bathymetry in the red dashed box 

is shown in Figure S3.1. 

 

Sea is a marginal basin located in the center of the Indo-Australian Monsoon Region, any surface 

ocean-based foraminiferal shell ŭ18O record is susceptible to changes in local temperature and 

salinity potentially obscuring the sea level signal (Fig. 3.1).  

about:blank
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Figure 3.2: A: Lisiecki and Raymo (2005) benthic ŭ18O stack (LR04 Stack) (black), Sulu Sea G. 

ruber ŭ18O (Dannenmann et al., 2003; Oppo et al., 2003; Rosenthal et al., 2003) (red), Sulu Sea 

G. tumida ŭ18O (blue). B: Lisiecki and Raymo (2005) benthic ŭ18O stack (black), Sulu Sea G. 

ruber Mg/Ca based temperature (Dannenmann et al., 2003; Oppo et al., 2003; Rosenthal et al., 

2003) (red), Sulu Sea G. tumida Mg/Ca based temperature (blue). C: Lisiecki and Raymo (2005) 

benthic ŭ18O stack (black), Sulu Sea G. ruber ŭ18Ow
 (Dannenmann et al., 2003; Oppo et al., 

2003a; Rosenthal et al., 2003) (red), Sulu Sea G. tumida ŭ18Ow (blue). Light red and blue data 

were previously published while dark red and blue are published by this study. 


















































































































